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ABSTRACT

Wargus geophysesal sznsors are emploved for the purpose of detecting and clearng uncapicded
oudicance (U0 items buried in the battlefield inchuding inland, beachbead, surf-zons, and the
pcgin, Similar sensors are also used for environmental investigation of ordnance and explosive
wasts (QEW) sites including bombing mngss, largst practice areas, and explosive manofacturing
tacilitics, as well as nuclear, biolegical, and chemical (NEC) waste sites. One of the most impor-
tant 155ues is the concept of “standoff™ detection so that the sarvey crew and their equipment are
reazanably safe from accidentally setling off buried explosives or contacting hazardous materials,

Drespits the long histary of geophysical sensors used at LTXO sites, there exists a knowledgs
gap between geophysicists and the end-users in understanding the applicability and limitations of
the geophysical fools. I attempt in this article a heartstic review of classical reophysical methods
from a perspective of their nsefulness for standoff, non-intrusive target detection.

The most reutimely used KO sensors are magnetometers and metal detoctors, A magne-
tometer i5 a passive sensor that measwres the peomagnmetic distortion caussd by 3 nearby ferrous
target. A metal detector ectively broadeasts an elecromeagnetic field and receives the secondary
field induced by conductive targets. Barring unforeseen developments, [ advocate in thig article
that magnetc and electromagnetic methods ave, and will be, pechaps the only acceptable and
effective tools in the near future for detecting buried UK Qs.

A discussion follows on the resolving power of the magnetc and electromagnetic methods in
tormns of VX0 sizes and standoff distances. This quantitative discussion provides s theoretical
basiz for determining whether a given survey platform and 2 specified modus operandi wouold
detect and resolve 2 specific, bured U0 at a stipulated standoff distance. The relationship be-
nween the standofT distance and the required resolution also govemns whether survey platforms may

te ground-based or airbome.

Uverview of Various Geophysical Methods
for the UXO0 Survey

bstablished geophysical 1echniques having potential
applications to the UXO detection includs magnetic, electro-
magnetic, electrical, seismic, and groond-penctrating radar
(GPR) methods, Gensral advantages of geaphysical meth-
ads for the UXO probiem, if applicable, are obvious:

+ Minimal intrusion: thus, inherently safe for the survey
personoel during the initial phases of 2 site characteriza-
tion process;

+ Synopte description of 4 site: owing 0 rapid coverage
over & large area, the method can pinpoint, by eliminating
pottions of the site, locations for further sidies (e bor-
ing and renching); geophysical methods can be used for
both reconnaissance and delineation phases;

= Larpe search radiug: Because most geopliysical senisors

have finite “foctprints™ or ssarch swathe, they have [ess
chance of “missing” the tacget by a short distance, which

JEECE, vk e, 1 (Juby 1995, po 2529

15 common o borng and renching; and

+ Cost effectivencas: the methods provide relauvely high
retums én the amount of information versus cost incwrred;
nor do they require costly decontamination process com-
man to drilling and trenching.

For the TTXO problem, sslection of geophysical meth-
ods must be based on (1} acceplable degres of Infausiveness
of the survey methodology (some methods are mors intrusive
than othersh, (2} likely degree of success for detecting spe-
cific targets (some methods are not applicable for cedain tar-
gets); and (3) desired spatial resolution of the survey results.
[ will first discuss why some geophysical methods, in my
opinion, womld not be suitable for the TIKO problem.

Seismic and electrical methods require intrusive sur-
veys that inwolve planting peophones or electrodes as well as
inducing mechanical impacts or elecirical currents into the
earth, which may be considered dangerous for certain UK Os
From thegretical viewpaints, these methods are not capable
of detecting & =mall object; "small” in the sense that its di-
mension 15 much shorter than the wavelength of the imping-



20

Journal af Environsental and Brgincering Geopleystcs

Mg Arndly Paodin Acrast & Ephaiisll SHal

-

1= ; G L
% o ;
i e
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g field.  [Fmuolnple {preferably uncased) bopehwoles are avail-
able at a site (i.e., serous intrusive activities have already
scowrred), seizmic and electrical methods may be used as
single-hale logging or cross-hole tomographic (ools.

GPR. is often promoted as a “panacea” grophysical toal,
Based on years of ficld surveys under a varety of caltural
and geologic conditions, however, I consider that the ability
of GPR. to detect buried objects is rather overrated. This is
partially due to the unfortunate fact that most GPE profiles
shown in published articles present only the successiul ones,
leaving many failed ones unteld and unseen. Those suecess-
ful ooes render the uninformed an oversxpectation toward
the methed, as well as the illusion that such resolutions can
be routinely achieved,

There are some fundamental dmawbacks in GPR: (1)
the ability of an electromagnetic pulse emitted by a GPR to
penetrate into a geologic medium is severely limited by the
medium's electrical condwetivity (causing rapid attenuation
with depth); (2) typical shallow earth hosting 2 {arget ohject
is invarisbly heterogensous (boulders, iregular soil textare
and moisture egntent, ¢fe.} and, thus, generates numerous
false images and misinterpreted targets; and (3) GPE has a
wery narmow vision, particularly for shallow targets, and re-
quires dense survey coverapge, Thess drawbacks, which are
highly site-dependent and thus often unprediciable, make
GPR. one of the most finicky peophysical sensors, GPR iz
also *mildly intrugive™ for the TTXO search sines the sensor
ruist be o contact with the earth (an airbome GPE. is yet to
be demonsirated for UBLOs). It also requires preparing
smooth survey paths (ground bumps cause false targets) of a
few faet in width, often involving clearing vegetation and
leveling the pround.

GPE. can be, however, an excellent to0] during the fi-
nal stage of a KO survey when the search area hag been
reduced to an sbeolute minimum. In practics, GPR works in
favarable geologic conditions only when a target i= well un-

derstood in advance in terms of its physical properties and
approccimate peametry.

Thers are other methods that conceivably cin be used
for detecting UXOs, such as a chemical analyzer for vapors
that may emanate from bucied munition residues. Examples
also include infrared (IR) or other near-optical band sensors
that can be applicable to freshly buried UXOs over an arid or
unvegetated area; however, these are traditionally meferred to
a3 “remote-sensing” methods (in contrast to geophysical
methodsh and not eonsidersd in this report

Having reviewed warious geaphysici] methods in terms
of their theoretical and practical applicabilities to the UXO
detection, 1 now explain why the remaining o geophysical
methods, viz, magnetic and electromagnetic methods, could
be the mast promising techniques. Tadvocate e use aof thess
methods particulatly during the carly site characterization
stage. Bome of the prominent advantapes of the two meth-
ods include:

= Monintrosiveness: no hardware contact with ground thus
mininkal safety concerns and no decontamination reguire-
ment;

= Convenient survey modes: cither initial airborme survey

(te avoid explesion hazaed to survey personnel) or high
resolution ground survey;

* Light logistics and simple survey operation; and

= Daia integnity: high quality data can be obtained by tech-
nician-level survey personnel.
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I'he last iem refers to the fact that, owing 1o the wal-
tinuded physical principles and hardware, magnetic and elec-
romagnetic measurements are relatively simple 1 obtain and
their data are “honest”™ and not findcly as some other daiz
(&g, seismic and GPR require highly skilled surveyors te
2djust numercus knobs on the instrument panel.). By the
samne boken, processing and interpretation of magnetic and
gleciromagnetic data tend to be intvitive and less operator-
depesdent compared with some other methods,

Resolution of Magnetc and Electromagnetic
Methods for UX0 Survey

Haviog advocated the magnetic and slectromagnetic
methods as the most applicable geophysical toals, | now con-
sider the theoretically achievable resolution of the methods,
specifically for UXOs. Such theoretical sensitivity analyses
are indeed possible and very necessary in order to {1) set
theqretical operating parameters and thus prevent false hopes
and (2) fotus efforts on the most likely successful approaches
instead of the common “let-us-try-and-see-if-it-works™ at-
tude of some project managers who may not have a rigorous
gedphysics backpround and experience.

The physics of magnetic and electromagmetic metheds
i5 ooe of the best undersiood sciences and, therefore, the
mathematical reasoning slone can predict and thus deter-

ming lheir resolving power for & pamiculae UG of o given
size and geomelry buded at a given depth.  Specific ques-
tions to be angwered through such on analysis may inchude:

*  Given instrument resolution and typical kackground noise
feultural or geologic), what is the maximum distance at
which the sensor can detect the presence of a specific UX07?

= What is the minimum survey line density 10 assure the
detection ofa specific UMO of given size and hurial depth?

and,

Under what conditions does an airbome survey become &
viable option?

We cannol answer thess questions in gencralized terms
since UXO= come in various sizes and shapes and in differ-
ent materials. Mot having specified any parficolar UX0, 1
adopt in this discussion a simple UX0O model that is repre-
sented by a spherical shell of a specified radius and a shell
{casing) thickness. A typical ohlong UXO can be modaled
a5 an "equivalent” spherical shell whose diameter is some-
where between the short and Tong dimensions of the TENO.
‘The approximation is particularly good when the aspect ra-
tio batween the two dimengions is small. [[ emphasizs that a
figorous theoretical modeling iz possible for many simple
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LIXO shapes {e.g., a circular cylindrnical shell) for specified
geomeatry and bunial attitedes.] T also assume that the con-
tent within the shell iz neither magnetic nor elecincally con-
dictive. bnother words, the shell is considered empty in this
presentation, although the shell contents, whether chemical
compaunds or detonators, would likely enhance detection.

Eesolution of Magnetic Method for UXO Survey

A oan example, fip. | shows a theoretically computesd
magnedic anomaly profile across & spherical shell having a
radius of 20 cm and & shell thickness of | cm, bagnetic
properties of soil or geologic overburden can be ignored in
mest TG burial sites and are not considersd in the compu-
tation: =oils, overburden, and most sedimentary rocks are
knowm 10 be nonmagnetic.

This example shows the total feld anomaly profils
along a north-south survey line {thick-dashed line in the lower
half of ihe fig.) that is ptaced at 3 m directly above the single
UX0. For this computation, I assumed an ambient carth
field of 53,000 gamma with 2 geomagnetic inclination of &7
depress, typical in the Morth Carolina regien. The sarth
magnetic field moges from about 30,000 gamma &t the equa-
tor {with a zero-degree inclination) to about 60,HK) pamma
al the poles (with a 90-degree inclination).

Motice that the anomaly is about 20 gamma in ampli-
tude and spreads over a distance of about & m, twice the depth
of the TIX0. This spread, or “footprint,” helps reduce the
survey [ine density, by enabling the surveyor o soc a lange
area centered along the survey line. The footprint, at the
same time, can be considered to reduce the spatial resolution
since the anomaly covers an area much larger than the tar-
get, In practice, the line density problem is more imporiant
in the survey design since the spatial resolution can be en-
henced by preper data intespretation and possibly other fol-
bowr-up surveys (e.8., GFR),

Typical resolution of a portable ground survey magne-
tometer is | gamoma, while that of aithbome magnetometers
can be higher by an order of magnitude or twa. Comparsd
with the ambicnt carth figld, the instrument resolution iz,
therefore, in the mnge of 0.1 to 10 parts-per-million {ppm).
Unfortunately, however, it is the cultural noise (nearby build-
ings, powerlines, etc.), rather than the hardware resclution,
that would limit the achievable survey resolution in typical
UXO environments.

In fig. 2, | attempt 1o show the theoretical detection
fimnit of the magnetic method for various UXO targets, The
graph shows the maximum detcction distance as a function
of the radii of the “equivalent” sphere representing UXOs.
In a1l coses, the UXO is assumed to have a casing thickness
of 1 cm. Since the detection limit depends obviously on the
ambient magnetic noise level, | present two arbitranly as-
sumed {yet realistic, based on our survey expirience) noise
fevels of 5 gamma and 10 pamma.
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Figure 4. Theoretically compated, clectromagnetic deteciiog
distance a5 a fonction of the UXO skre.

Motice in fig, 2 that no individually isolated LIXOs,
even the bigpest ones, can be detected unless the magnetic
sensor is within a distance of 10 m or less from the @rget.
For a helicopter-towed magneiomacter, our cxpenience sug-
pests thar the lowest safe and siable sensor allilude, even over
flat terrain, cannot be less than about 15 w0 (about 30 feet)
above oround level (AGL), Thiz minimum AGL sensor ali-
tude 1= shown in fig, 2 az a thick dotted line. AL this survey
altitude fig. 2 shows the smallest detectable target iz about
1.5 m in radius or about 10 feet in diameter. It is obvious,
therefore, that even the largest of UXOe, of buriad in an iso-
lation, cannot be detected by an aichorne sensor.

O the other hand, fig. 2 demonstrates that all iselated
LIX0= car be detected iF the sensor is sufficientdy close to the
target. Bost single UXOs prodwes enough magnetic anomaly
to be detected within a distance of 2 to 10 m, depending an
their size, Since the footprint of these anomalies i3 approxi-
matehy torice the distance between the sensor and target, the
greund survey lines may be 4 to 20 m apart, depending on
the sizge of UXOs under scarch. Simply speaking, a typical
square prid of 10 feet (or preferably 3 fect over anomalous
areas) should be sufficient o locate most UXKOs. As fig 2
indicates, only massive and multiple LIXC bunal sites can be
detected by an airborne Surwey.

Resglotion of Electromagnetlc Methed for UXO Survey

Figure 3 shows a theoretically computed, slectromag-
netic anomaly profile acrosas the same sphere discussed in
the previous section, The anomaly is likewise computed at a
digtance of 3 m directly above the target, Unlike the mag-
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nehig method where the anomaly 15 caused by the ambient
earth field, the electromagnetic method (applicable to the
U0 problem) actively transmits its own feld, induces a sec-
 andary current flow in a conductive target, and measures the
secondary electromagmnetic field szen at the receiver location.
The received field, consisting of inphase and quadrature com-
poncnts, is then compased with the transmitted field, The
ratie between the transmitted fizld and the anomalous por-
fiom of the received fleld is commonly expressed in parts per
million (ppm) or, for some commercially available units, is
canverted into an “equivalent half-space conductivity™ in the
unit of Siemenm. The ppm upit is commenly used in air-
boroe survey, and & not absolute, but hardware-dependent.

Achizvable electromagnetic resolution is similar 10 that
of a magnetomeler, i.2., a range of 0.1 ppm to 10 ppm. For
instance, Geophex's Airborng Electromapnetic Systern
{Geophex AEM-1) has a resolution of abeut 0.1 ppm within
a frequency mange of about 300 Hz to 20 kHz. A handheld
version {Geophex GEM-2) currently has a resolution of about
1% ppro.

Figure 4 shows the theoretical detection limit of the
glectrpmagnetic method for varions UXO0 targets. The ppm
anomaly shown in this graph is based on the transmitter-
receiver geomeiry adopted for Geophex's GEM-1. The graph
shows the maximum detection distance 35 3 function of the
radii of the "zquivalent” spheee representing UXCe, As is
ihe case for the magnetic method, the detestion limil depemnds
on the ambient eleciromapnetic noise level, We present two
arbitrarly assumed (yat realistic, based on our survey expe-
rience) noise levels of 10 ppm and 100 ppm (the upper end
passibly being overly conservative)

Conclusions derived from fig. 4 are similar to those
fram fig. 2 for the magnetic methed, Ne individoally ise-
lated UKOs, even for the biggest ones, can be detected unless
the electromagnetic sensor is within a distine of 10 m or
less from the target. Similady, all isolated UX0s can be
detected if the sensor is sufficiently closs to the targed, while
only massive and multipls UXO burial sites can be viable
fargets for an airborne survey.

Conclusions

Summarizing this short discourse, [ present the following
conclusiong:

= Magnetic and ¢lectromagnstic methods are the most ac-
ceptable geophysical tools for an initial UXO survey,

+ The methods are theoretically well-understeod, predice-
ible, and modelable; produce dependable data quality with
technician-level field personnel; are leasi-intrusive; and
are logistically convenient;

= The mathods are applicable to gither ground or arborme

SUCvEys;

s Single KOs can be detecied only by ground survey at a
line spacing of 10 fest ar less; and

~  {Oinly massive and multiple X0 bunal sites can be de-
tected by the airborne survey.

There is no single panacea peaphy:cal method that
can solve the problem of detecting buried TJX0Os. It is funda-
mentally difficult to detecd a small, bured object. Some comm-
hination of different geophysical metheds would work if the
survey is well designed and comrectly implemented. [ advo-
cate in this report 3 combination of magnetic and electro-
magnetic methods, Although they are not perfect, these are
the best diagnostic tools we have, and a far more intelligent
approach than mindless and dangerous drilling and trench-

ing.



