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ABSTRALT

Magnclic and elecioomagnetic (EM) methods are perliaps the s converisns wid pupdlal gog
oy sac] survey methods for detecting buried manmade objeets, which is due to their non-intrusiveness.
Tight field logistics, high survey speed, and the quality of information. One should always consider the
pwor ethods as the precursor to any geophysical survey. Often, the data resulting from the tre methods
are sufficient for characlérizing buried abjects.

[ this paper, we present magnetic and BM data colleeted at four sites: (1} Cloud Chamber ut e
Mevada Test Site, {2) Anacostia Metro Tunnels in Washington, T.C., {3) Cold Test Pit st ldalho Natienal
Enginesring Laboratory, and (4] Unexploded ordnanee site at Tefferson Proving Grownd, Indiana. The
first twa sites may be considersd typical underground facilities, The last two sites. however, contain
smiall buried abjecks {storage tanks, ordnance, €ic.) specifieally prepared Lo 1£5t various ceophysical
methode fior detection and, possibly, discriminagon.

We find through these and numerous ofher comparisons thar broadband EM data are superior i
magnetic data in terms of the amount and the quality of information. The menopolar EM anomaly is
invariably easier to interpret, and thus can Jocate & buricd target more accurately than the dipolur mag-
netic anemaly, [n addition, the EM method senses both electrically conductive and magretically perme-
able targets. In conirast, the magnetic methed responds only te permeable, of ferteus, metals. In 1l
sense, the magnetic method should be considered o subger of the EM method, or a special “passive” EN

method at zero frequency.

Tniroducikion

Froin e viewpoints of non-intrusiveness, Geld logis-
tivs, and surwey speed. the magnetic and ¢lecromagnetic (El)
methods stand far ahead of other geophysical echaigues,
including gravity, electrical resigtivity, seismic refraction or
ceflection, and ground-probing radar (GPR}.

Frtrnsiveress: Magnetic and EM sensors are commaonly
mnat-=portable.  The methods do nod requireg groand contaet
{e.g., seismic and electrical resistivityor demand a stabilized
survew platform (e.g., gravity). The GPR is sensilive (0 ground
rauchness, particularly a0 high frequencies.

Field Logistics: Portable magnetic and EM sensars arc
asually light in weight, simple to operate, and consume rela-
itvely livle electrical ponwrer. The methods do nof involve an
amray of sensors connected by tangled cables and wires. as
wilild be comtman for seismic, electrical resistivity, and GPR
methodds.

Survey Speed: bapgnetic and EM sensors ¢an operate
continuously intime and in motien. With high-capacity data-
lopging elecironics comman te modem portakls sels, the sen-
5005 Gan ¢ollzct aver tens of thousand survey peints per hour.
Far a rypical high-resoluticn survey, this translates toan aceal
coverage ol ane acre (0.4 hectare} or mone per hour. The data
can be downloaded 1o 4 porable computer and the survey
resulis can be viewed, typically in a color contoar fommat, oo
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site within 2 few minutes.

Based on these adwanlipes, one should dlways codi-
sider conducting magnetic and EM surveys as the precursor
e any ground geophysical surveys for detecting buried ob-
jeats, including underground facilities. [f nathing ¢lse, they
are quick and casy and provide 3 firse geaphysical view of the
site. Quite often, the two methods provide enoogh data to
procecd with planned site activities.

Mostinanmade nbjects, cxcept for plastics, contain met-
als that arc casy to detect by the rragnetic andfor EM method,
Cuite often, the two methods can be complementary. In this
anticle, v compare the viabi ity of the two methods and present
example data ¢ollected over known butied ohjeats. We limil
oy discussions in this aricle ta ground-level geophysical
surveys, althougl similar arguments can be made for airbome
geophysical surveys.

Mature of Magnetic Ancmalics

Wheiher induced or permancnt, a buried, ferrolis abject
exhibits basically a dipolar magnetic source, Any object may
be represenicd as a sum of magnetie dipoles having vartous
megnetic moments and dipole arientations, The surface mani-
festation of this source on o survey plane (ie., the ground}
can be varied according to the source distribution, topopri-
phy, and geomagnetic latituds.
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As a hewristic example of s unit magpetic source, can-
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shoovn fig. | The indweed magnetic anomaly Af(in nT) can
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Figurc 2 shows the compuied magiaelic anomaly for z
spligre having 4 cadius of 25 cm placed in a free space. The
anomaly is computed at geomagnetic latitude of 45 with an
zarth field of 46,0 n'T. The depth of the spherce is one meter
(top}, tava micters {middie), and ctheee noeters (bottom ). A soled
cirgle at the center of gach map indicates the sphere location,
as vl | as ks relative size.

The example shows 1lie dipolar naiure of the mesured
magnetic anomaly; the source object is situated somewhers
along the slesp magnetic rradient connecting the positive
and negative anomalics. This can be a secious drawback of
the magnetic method: the source 15 located on the megnetic
slope rather than the peaks, which renders intuitive inerpreta-
fion difficult. Many peophyzical methods work well as “bump
finders™ to locate a target. In magnetics, however, oneg mvs
find & combination of positive and negative bumps and locate
a targed somewhere in bebween.

Matureof Eleciromagnetic Ancmales

Lnlike the magnetis meilad in which one measures o
existing ficld ata point, the zetive EM method brings in many
miore messurement variables, We limit this discussion toeac-
tiv'e EMW systerns that have a fixed eransmitter-receiver (T-R

geometry 50 eompact as 10 be man-pomable. Al Eb daca
shown here were acguired using the GEM-2 (Won e al., 1996)
of GEM-J (Won et al., [ 997 sensors developed by Geaphex.
For such porlable EM sensors, the T-R ssparation &5 usually
much smaller than the distance ta ihe target, resulting in an
eszentially co=located, or monestatic, system.  Mosl common
metal dedectors have manosiatic ceometry.

Figure 3 shows the basic seometry of an aclive EM svs-
tem involving a transmitter and a receiver eil. As a heoristic
example, consider a sphece having an infinite clectricul con-
ductivity lecated at (x, v, z) as indicated in fig. 5. For this
fimiling ¢ase, the response is enly in the inphiass component
with na guadraturs componcnt. The ratio bz} of the sccond-
ary field from the sphere o the primany ransmitier Geld at the
receiver coil can be shown as:
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Figure 2, Compured magnetic anomaly for a permcabic

sphere placed io & free space. The sphere is assamed o

bave a rodiws of 25 ¢m and i3 loeated at three different

depiths of 1-m {top), Z-m {middlc), and J-m {Bodlom),
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where Fis the sphigre volume ad xig the distance between
the two cails as shown in fig. 3. Forthe GEM-2 sensor (having
a T-R separation of about Lo ), we have fwa receiver colls (in
line with the transmitter coil) that are desizned to null the
prenkary field in free space, Therefore, the signal output com-
ined by the twao receiver coils constitutes the anomaly, Of-
fen, wense 3 pam-per-million (ppm} onic defined as:

secandorvmagnelic feldatreceiviro ol

pRa Primary sragaetic fiel ot receiver coil’ (%)

The ppm unit (commeonly 2 complex number made of the
mpliase and quadranire components) is dependent on the
sensor reometry and has little physical sigmificance. How-
ever, If 15 a convenient means oF nermalizing the anomaly
strength agrainst the tansmitter steength, Data expressed in a
ppem unit is sufficient for detecting and characterizing isolated
unomalics.

Figure d shows the compuicd GEM-2 anomaly over
perfectly conducting sphere. The sphere iz assumed to have
arading of 25 ¢rm and is locared at three different depths of one
meter (top), be meters {middle), and thres melers (bodiom ).
Figure 4 indicates that when the target depth is shallower than
the T-F. separation, we notice 3 slight elongation along the T-
R axis (top). As the target depth increases, the anomaly be-
comes circular {bottom ). Unlike the source lecation for a imag-
netic anomaly, the target sphere is always situated at the cen
fer of the EM anamaky. This coincidence of the large and the
anomnaly peak, an impodant featuce of mongstalic or near-
manostatic B sensors (e.g., GEM-2 and GEM-3), rénders data
interpretation simple and inirinsic,

Additional advantages of the Eb method come from
the fact that it senses both elecurically conductive and mag-

netically permeable targets. In contrast. the magne ic method
responds only 10 penneable, ar ferrous, metals. [n that sense.
the magnetie method may be considered 4 subsel of the EM
method, or il 15 & special “passive”™ EM mechod at zero fre-
quency.

While conduciive targels manifest a srong positive in-
phase anomaly, permeable targets producs 4 Sioong negative
inphase anomaly, particularly at low frequencies. For a rigor-
ous treatment of this subject, one should consider a linaely
condoctive and permeable sphere axcited by & dipole EM
source, This i5 one of the most classicel goophysical prob-
Tems with a knevwn analytic solution (Wad, 1953}, This dizcus-
siom is oul of the seope of this article. One of the interesting
features is that when the sphers is femous, the EM anomaly
exhibits a laege negative inphase component at low [requen-
cics and. at zero frequency, shows 3 [ magnetic respanse.
Al avery low frequency, 2 ferrous sphere is magnetized along
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tigure d. Computed GEM-2 anomaly over a3 perfecily
conducting sphere. The sphere is assumed to have a ra-
diug of 25 cm and is located at thiree different depths of
I-m {topk 2-m {middle), and 3-m {bottom}
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Figure & Major exposed features and survey coverage
at the Clowd Chamber site,

the cuternal field Hoes which, in thns case, are generizd by a
nagnelic dipole transmitter. As the frequency increases, the
inphase companent becomes dominanily positive with a van-
ishing guadrature component.

Buch phase relationship of the broadband EM angamaly
can be explaited nol only lor detecting a tarpet bt for dis-
criminating it in terms of target’s material composition. 16we
can measure 3 larget’s EM response in o traly broadband, we
may ke able to identify the target ag & particular known abject
based upon ils speciral signature.

Fizld Examples

I chie following, we present magnetic and E3 dua col-
bected at four sites: 1) Cloud Chamber at the Mevada Test Sie,
(2} Anacostia Subway Tunnels in Washington, DC . {3) Cold
Test Pit at [daho Mational Engineering Laboratory, and (43
Unexploded Crdnance at JefTerson Froving Ground. The first
e sites may be considercd typical underground facilities,
The lase two sites, however, contain small, burisd objects (stor-
age tanks, ordnance shells, ete ) speeifically prepared 1o tesc
various geophysteal methods for detection and, possibly, dis-
crimmation. We included the last bwo cxamples mainly be-
cause small, isolated targets manifest simple angmalies that
are easy 10 visualize, interpret, and compare.

Cloud Chamber at the Mevada Test Site

ACH)
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Figure 7, Total-field magnetic anamaly map over the
Cloud Chamber.
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The Cloud Chamber (CC) was buile in 19808 in Y ucea
Flatas a part of un experimental facility associated with under-
groond nuclear tests. Figure 5 shows the siructuee that is
buried in am alluvial bazin. The CC s 140- long and 32-ft wide
at its base and 16-11 high along the center (Coghill, 1995}, Pres-
ently, the CC is partially cxposed with its equipment secess
shutt und an entrance stairwell as shown approximaiely in fig.
i

Figure Tahows a total-field magnetic anomaly map pre-
pared from the date obtained by Coghill (19951 who vsed &
cesium-vapor magnetomeler (Geometrice 8220) 1o collect over
50000 dala poinis along north-south lines spaced at 5-f in-
tervals. The CC exhibils a predominantly dipolar magnetic
annraly having a peak-to-peak amplitede of more than 19,000
ol. When compared with fig. 6, we note that the cemtral CC
axis rens almost along the line dividing the positive (south)
and negative (north) magneric anomalies.

1t 35 not surprising that the magnetic duta did ot imndi-
cate the presence of the “line-af-sight" whe {sec fig- 5) thai
his a dismeter of 15 inches and is buried at about 25 feet in
depth. The tube is made of stainless steel (nonmagnetic),
Many small anomalies can be correlated with exposed fea-
wires s indicated in fig. 6. Small anomalies away from the CC
arc caused by & plethora of metallic deliris (s.g., wbes, cables,
sheetl metals) strewn over (he surface.

Figure § shows four EM anomaly maps, from the same
area, from GEM-2 data at two (arbitrary) frequencies of 12,150
Hzand 4.0530 Hz, For this sorvey, the GEM-2 wias used in 2
“horizontal” mode in which the plane of the transmiter and
receiver coils i8 horizontal (thus, ventical dipoles). The con-
tonr teviels arg in the ppm unit discussed carlier.

Being & largely metallic soucture, the CC manifess a
sirong inphase anomaly at both frequencies. All exposed fea-
tures are also well comelated. When we overlay fig. 6 on the
EM maps, we note that the structural exient of the CC eoin-
cides very well with the positive EM anomaly (the red area in
the inphese maps), Unlike the magnetic anomaly, the outline
of the EM anomaly, thevefore, represents the target struchirs
itsclt; this greatly simplifies the task of detenmining the target
location with respect to the measured EM anomaly. Some
tincar quadratune anomalies in fig. fig. & are likely due w subtle
changes in pround eonductivily resulting from geologic varia-
tiom or previous excavation activities.

It was disappointing that the EM maps shown in fig, $
failed to detect the line-of-sight tube As g varialion we con-
ducled an additional survey using the GEM-2 in a “vertical”
made in which the plane of all coils is vertical (thus, horizonta
dipoles). We also aligned the T-R exis along east-west. ap-
prostimately parallel with the tube (see fig. &) The rationale is
that this configuration should provide twice stronger cou-
pling between the GEM-2 and the whbe. Figure 9 shoves the
additional GEM-2 data at 7,290 Hz, collected over a 200-ft by
300-ft arcaabove the line-of-sight tube. For easy comparison,
the x=y coordinates are dhe same with figs, 6, 7, and 8. The tube

ic clearly seen in this dataat this frequency. Indications of the
tube in the quadrature data are weak at several (arbitcary) fre-
quencies used for this survey. Apparentby, the GEM-2 i the
anly geophysical sensor that has detected this line-of-sight
Tube.

Anacostia feirg Tunngis in Washingion, D.C.
We conducted a combined magnetic and EM survey

near Anacostis Metro Statton (Groen Line) in Washington,
DuC. The magnetic survey employed two vertical by separared,
cEsIuM-Vapar sensors {Oeometnics Model G-858), The GEM-2
employved two frequencies, 9,030 Heand 2,010 He, at this site.
All survey lines were spaced at 5-ft intervalg; aleng the line,
the duta density is about one per foo,

Figure 10 (iop eow} shows the iotal-field magnetic and
th verical magnetic gradicnt maps over a 2000 by 200-ft arca
directly above the wanel pair. [t is known that the tubes at
thiz location, each having a diameter of |4 feet, are buried at o
depth of aboot 40 feet. The horizontul distance of the two
tubes is approximately 40 fi

Figure 10 (second and fhird rows) shows the GEM-2

1.0 He Inphass

0 1K} 200

Driztance (Teed)
Figure 9. EM anomaly map at 7,290 Hz collected above
the line-ol-sight tube. The GEM-2 was used in 3 bori-
zantal-dipole made,
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Magnctic Anomaly Map: Anacostia Metro Tunncls
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Fipure 10, Totalk-field magnedic, vertical magnettc gradient, and EM anomaly maps {at 9,030 Hz and 2,010 Hz}
directly over a 200-it by Z00-ft area directly above the Anacestia funned pair.
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Figore 11, Ten separate waste fprms huried In the Cali-
bratbon Cells of the Cold Test Pit, INEL. Thc site bas
dimensions of abowt 40 by 13 i To Ingure the proper
eoverage, the geophysical survey rrid cxtended over &
-1t by J0-ft area,

data over the same area. All GEM-2 data shown below were
collected in a vettical mode. The EiA data indicates the pres-
ence 0f the two tubes much more elearly than does the mag:
netic data. The magnetic map at this sitg 15 somewhat puzzling
in i s¢nse that it Jecks the strong lincarity manifested by the
EM data. [t is intevesting o note that the EM data sirongly
suggrests thar the tubes are regularky disjointed at approni-
mately 30-ft intervals; the mbes are made and joined at 50-f
seclions.

old Test Piiae ldaho Mational Engincering Laboratory
Under the Environmeental Restoraton Progeam of the
115, Departmen of Enecay, the U5, Geolopical Survey in Den-
ver conducted & program oo test modern EM sensors for their
ahilify in napping and charucterizing buried waste. The dem-
onsiwation site is known as the Cold Test Pit {CTP) at the

Idaho National Enginesring Laboratoey.  Ulnder thig invita-
tion. Geophex conducted both mapenetic and GEM-2 surveys
at CTF. We present in this paper a small portion of the dataset
collected over the Calibmtion Cells site.

The local gealogy consists af surficial clavey snil un-
derlain by thick basalt flows. Figure L1 shows the ten separate
waste fprms buried in the Calibeation Cells. Table | lists de-
Lails of the waste forms. The site bas dimensions of about 40
by 13 fi. To insure the proper coverage, however, the URGE
established a survey rrid over a 60 by 30-F ares cemered at
the zite.

We collected magnetic dats vsing o Geomeirivs G358
cesium-vapor magnetomeder with two senzing heads verically
separated by 30 inches, The magnetc data were collecred
dlong cast-west lings at a 2-f line spacing and about 0.75-1
Jata interval along each ne. Figuce 12 {iop row) shows the
totel ficld and the vertical gradicnt maps.

The GEM-2 survey ower Lhe site waz conducied em-
pipving a similar data density. The cest of Gz, 12 shows GEM-
Z dataattheee frequenscies, vie, 12050 12 7,200 Flz, and 2,040
Hz. SGEM-2 data were collected ina ' verlical-inline” mode. As
expecied, the EM data are somewhat simpler than those of
megnetic data due to their dipolar neture.

Unexploded Crrdnance st Jefferson Proving Ground

As the Jast example, we present a set of magnetic and
EM data obtained over 2 200-ft by 200-ft plot in Jefferson
Proving Ground {1PG), Indiana, where unexploded ordnance
items presumably are buried. Like the INEL site, the Army
Environmental Center established the JPG 2ive 1o test vanous
ground and aicborne reophysical methods for detecting bur-
ied unexploded ordnance (LIX0Y). We chose to include this
example because the targats are small, isolated objects that
should ideally represent the characteristics of a poing source.
Therefore, we expect thut the comparison betwesn magnetic
and Eh data should be eelatively simple.

bagnatic data were collected using 4 Geomeatrics G358

Table 1, Waste forms placed in the INEL Cold Test Pit Calibration Cell.

liem Wt form lvpe Dimensions Weieht (gl Confens

A Do with linee (55 gal) 24 in, diux 3610 380 Concrete

I Plastic drum (30 gal) 12 in. dizx 2%in. 105 Sl water

C Drum with liner (55 gal) 2, diax 361n. 1.5 Foam

I Wood box Trdxdfi 5 Wood and paper
Ei Wood box 2xdx4M 4 Wood and paper
B Wood box 2xdxdfi 411 Ferrous meials

F Waood box 2ndxdf 252 Mixed metals

L] Wood hox 2aidxdf 405 Monferrons metals
H Wood box Z2x4x4fi o911 Dense-pack metals
Filc i S-drawer metal iibe cabinest [dx26% 57 in. 2% Empiy

FileZ  S-drawer metal file cabinet 14 x283x 37in = Empty
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Figure 12, TUhe tocad ficikd and vertical magocie gradent maps {lopf aod the GEM-I dats af (hree Tajueavies syer
the Calibratlon Cells, INEL-
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Figore 13.The total-field (top), the nerth-south, hor @en
al magnetle gradlent (middle), and the GEM-3 4,050
Hz quadratore ata 200-1t by 200-1t plot inJefferson Prov-
ing Groond, Indiana. The targets are buricd unexplodod
ardnanee,

CERILM-YAPQr magnetometer with two scnsors.  Figure L3
shows the total field map (op) ac abou ane [oe1 above the
around as well as the north-south, horizonial magnetic gradi-
ent (middle). The EM datawere collected ol this site using the
GEM-3, a mongstalic broadband EM indoction sensor (Wen
etal, 19971, We show in fig. 3 (botem) the GEM-=3 data only ar
4,050 Hz in quadrature.

[0 15 evident froan e total Geld magnetis data that most
LI X5 can be represented by a single dipole source with vary-
ing meimnents and orientations, Dipole eriettations in fig, 13
are almost randem with respect to the magnetic north at this
lecation, amplying that the buried objects may have gignifi-
cent permanent magnetic momments. The WX ars fikely lo-
cated at the steepest slope connecting local positive and nega-
tivez anomalies.

When we measwre the horzontal gradiend (in the north-
south direction in this case), an abject appears to be having 4
higher pole souree {e.g.. a spatial derivative of a dipale iz a
quedruple) as indicated in iz, 13 {middle}. Oneadvantage of
the herizantal magnetic gradient is that the object is now lo-
cated at the central peak {or valleyy anomaly struddiing two
vallews (or peaks); this central anamaly Jocation, again, ren-
ders the dava interpretation mors intrinsic than does the togal-
field ckata,

The GEM-3 anomaly map is shown in fig. 13 (bottom},
Aldmost all targets now appear to be monopalar anomalics,
which makes the target pasiticning very simple, Fora couple
of targets in fig. 13, the GEM-3 anomaly appears to be in an
opposite cobor {red vs, bluel indicating phase rotations, which
we found eccur commonly depending on the target metal types
{ferrous or non=ferrouz). Because of (his phase rofaton, a
target may be detected only within cortain frequency windows,
furher supporting the nead for mulifrequency measurements.

Conclusions

Magnee and M methods are perhaps the mast con
venicnt and popular geophysical survey methods dut to non-
intrugiveness, light field logistics, and high survey speed. Qne
should always consider the two methods as the précucsor 1o
any geophysical survevs. Odien, the data resulting from the
twi methods are sufficient for characterizing shallow buried
objects.

Onwing to its monopolar maure, the Ei dats, partlicu-
tarfy those from: monostatic or almost monaostatic scnsors, are
superior in locating a boried object 1o magoenc daa. Addi-
tinnal advantages of the EM method come from the fact that it
senses both electrically conductive and mapgnetically perme-
able targets, [n contrast, the magnetic method responds only
to permeable, or ferrous, metals. [n that sense, the magnetic
method may be cansidered 4 subset of the EM method, or it is
aspreial “passive’ Efbi method at zers frequency. Broadband
EN measurements may kad us noronky to an impeoved method
of detection, bui alzo to a possible discriminetion capabilities
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in terms of large's material composition.
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