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1     Introduction 

Background 

The cleanup of buried unexploded ordnance (UXO) on military properties 
(closed, closing, and active) requires UXO location surveys. UXO location is 
accomplished by geophysical surveys that detect and map surface anomalies of a 
geophysical parameter, such as the total magnetic field or an electromagnetic 
field property. Geophysical anomalies associated with UXO result from the con- 
trast in UXO physical properties relative to the host medium. Of course, local- 
ized geological features, as well as other buried cultural objects (ordnance scrap, 
cans, wire, etc.), also represent physical property contrasts and produce geophysi- 
cal anomalies. Fortunately, for many geological settings, the physical property 
contrasts between UXO and host medium are large, and UXO detection is not dif- 
ficult. The major problem that arises is that the geophysical anomalies associated 
with UXO cannot be readily distinguished or discriminated from anomalies (false 
alarms) caused by other buried objects. A commonly quoted statistic is that as 
much as 75 percent of UXO cleanup costs are associated with excavation and 
disposal of false alarm anomalies. 

UXO Detection and Discrimination 

The most frequently used geophysical systems for UXO detection surveys are 
total field magnetometers (TFM) and "simple" time domain electromagnetic 
induction (TDEM) instruments. "Simple" TDEM systems loosely refer to sys- 
tems such as the Geonics EM61 and EM61-HHthat measure one or two time 
windows (channels) from the transient decay signal. Application of these systems 
by experienced geophysical practitioners during demonstrations at controlled 
UXO test sites achieve probabilities of detection of UXO in excess of 90 percent 
(USAEC 1997), although the false alarm rates are still unacceptably high. 
Generally, for production surveys at large sites, only one of these systems will be 
deployed. Practitioners generally concede that there is insufficient information 
content in either TFM or simple TDEM datasets for effective discrimination of 
UXO anomalies from false alarm anomalies. Acquisition of both TFM and 
simple TDEM datasets gives some potential for discrimination (Barrow, Khadr, 
and Nelson 1996; Butler et al. 1998). Systems such as the Naval Research 
Laboratory Multi-Sensor Towed Array Detection System can acquire very high 
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resolution TFM and TDEM datasets cost effectively over large areas using 
ganged sensor systems (McDonald and Robertson 1996). 

Other geophysical methods that have been proposed for UXO detection sur- 
veys are ground penetrating radar (GPR), frequency domain electromagnetic 
induction (FDEM) systems, and airborne systems of various types. GPR is not a 
generally applicable tool or approach for large area UXO detection surveys, and 
efforts using GPR at UXO demonstrations and live site surveys have been fail- 
ures. Likewise, efforts to place GPR on booms and airborne platforms have been 
unsuccessful. However, GPR has applicability and considerable potential for 
small area UXO discrimination and identification efforts, where the UXO are 
located by other survey methods (Burr 1999). In general, past attempts at air- 
borne UXO detection surveys have been unsuccessful. Recently, TFM surveys 
from a helicopter platform at 1.5- to 2.5-m el have shown promise for large area 
UXO detection surveys, detecting areas of UXO concentration as well as larger 
individual ordnance items (Gamey and Mahler 1997; Gamey et al. 2000). Multi- 
frequency FDEM systems have performed well at UXO technology 
demonstrations and show promise for discrimination and identification (Burr 
1999), but these systems are not yet widely in use for production surveys. 

Additional approaches demonstrated or considered for UXO detection and 
discrimination are multi-channel and multi-component TDEM systems, multi- 
component (vector) magnetometers (Simms et al. 2000), magnetic gradiometers, 
acoustic/seismic methods, and gravimetry. Like GPR, some of these approaches 
will likely have very limited applicability to large area detection surveys but may 
contribute to small area surveys for discrimination. Gravimetry and 
seismic/acoustic methods, in particular, are likely to have only a very limited, 
niche role for small area UXO discrimination surveys. Multi-channel, multi- 
component TDEM systems, and multi-frequency FDEM systems have potential 
for large area UXO detection surveys, as well as possible near-real-time 
discrimination, in addition to follow-on, small area discrimination of detected 
anomalies (Won et al. 1998; Butler et al. 1998; McNeill and Bosnar 1996; Snyder 
et al. 2000). 

If gravity surveys and in particular microgravity surveys (Butler 1980, 1984, 
1996) can measure the gravitational anomaly produced by buried UXO, the 
results can be used to estimate the UXO mass excess (and the actual mass, if the 
soil density and density contrast is known or can be estimated). No other 
approach currently applied to UXO detection and discrimination directly gives a 
mass estimate. The induced TFM anomaly is independent of ferrous mass and is 
determined by the contained ferrous volume, the shell thickness, length-to- 
diameter ratio, magnetic permeability, and the orientation in the earth's magnetic 
field (Altshuler 1996; McFee and Das 1990). Joint inversion of TFM and micro- 
gravity datasets for a geometrically consistent model could yield mass and vol- 
ume and thus a density estimate. The density estimate will serve as a UXO 
discriminant, since the UXO bulk density will be less than that of solid steel but 
more than that of typical rocks or air- or other fluid-filled containers. Realisti- 
cally, however, microgravity surveys will have potential only for UXO discrimi- 
nation and identification with small area surveys of objects located by other 
methods and likely only for large UXO items. 
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Scope of Report 

This report documents part of the ongoing efforts to develop forward and 
inverse modeling tools for UXO, specifically, an analytical forward model solu- 
tion for the gravity response of a realistic UXO model. A prolate spheroid 
geometry, which is a special case of a general ellipsoid, is selected as an appro- 
priate, realistic model for most UXO. Some practical considerations for UXO 
survey applications will be considered, but the primary emphasis is on presenting 
the details of the analytical model and on discussing UXO response predictions 
using the model. Also, a limited microgravity measurement program was con- 
ducted over a typical ordnance item. The results of the microgravity survey are 
evaluated and compared to model predictions. Finally, based on the results of the 
model studies and the microgravity survey, conclusions and recommendations are 
presented. 
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2    UXO Gravity Model 

Concepts of the Potential Field Methods 

The total gravitational potential UTP(r) at a point P on the surface of the earth 
in which a UXO is buried is U-n>(r) = U0P(r) + UP(r), where U0P(r) is the normal 
earth's gravitational potential at P and UP(r) is the anomalous potential at P due 
to the UXO. UP (r) is given by 

UP (r) = - G JJJR [p(r0) /1 r - r,| ] d3r0, (1) 

where G is the gravitational constant (6.672 x 10"u N-m2/kg2), R is the region 
(volume) of space occupied by the UXO, r is the position vector of the point P, 
and r0 is the position vector of a volume element within the region R, where the 
density is p(r0) (actually the density contrast between the UXO and the sur- 
rounding soil). The gravitational force field or the gravitational acceleration of a 
unit mass at point P is given by 

g(r) = -VUP(r), (2) 

where g is the anomalous gravitational acceleration caused by the UXO (super- 
imposed on the gravitational acceleration of the earth). 

Similar to the development for the total gravitational potential, the anomalous 
scalar magnetic (magnetostatic) potential at point P due to the UXO is given by 

VP (r) = -JJJR M(r.). V( 1 /1 r - r01) d3r0. (3) 

where M(r0) is the magnetization (magnetic dipole moment per unit volume from 
both induced and remnant (permanent) magnetization in the UXO), and the 
gradient inside the integral is understood to be relative to r0(i.e., the source 
point). For the buried UXO, the earth's magnetic field is the inducing field for the 
induced magnetization component of M. The magnetic field strength at point P 
is then given by 

H(r) = - WP (r). (4) 

The potentials U and V, as well as the fields g and H, satisfy Laplace's 
equation in source-free space. Also, the components of the fields each satisfy 
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Laplace's equation in source-free space. For example, the vertical component of 
gravity gz satisfies Laplace's equation, where 

g(r) = igx(r) + jgy(r) + kgz(r),   gz (r) = SU(r) Id z,   andV2g2 = 0,      (5) 

and i, j, k are unit vectors in a local Cartesian coordinate system. 

Modern gravimeters measure the gravitational field along the local vertical 
direction, which by definition is the direction of the gravitational field. A local 
density contrast because of UXO produces a contribution to the total field that is 
very small, e.g., < 40 ppb of the earth's main field, and only the vertical 
component (gz) of its contribution to the total field is discernible. The nominal 
gravitational acceleration (go) the surface of the earth is 9.8 m/s2 (= 980 Gals, 
where 1 Gal = 1 cm/s2). Gravimeters used for field surveying are relative 
instruments, i.e., they measure differences in the gravitational field. Thus, while 
the relative measurements above a buried UXO include the contributions of the 
UXO gravity field superimposed on the earth's gravity field, the measurements 
are usually referenced to an arbitrary base station value rather than to an absolute 
gravity benchmark (Butler 1980). 

Most magnetometers in common use measure the magnitude of the total 
magnetic field in absolute terms. The magnetic field anomaly caused by a UXO 
(induced plus permanent components) will be smaller than the earth's main field 
but can be a much larger fraction of the main field than for gravity anomalies. 
Temporal variations in the earth's field are commonly removed using measure- 
ments from a base station recording magnetometer. 

Relative to the physical properties of the UXO, the gravitational field 
depends on the mass (density and volume) and the distribution (orientation) of 
that mass relative to the measurement surface (Equations 1 and 2), while the mag- 
netic field depends on the magnetization and its distribution through the UXO 
volume and the orientation of both relative to the surface of measurement 
(Equations 3 and 4). The magnetization of the UXO in turn is dependent on the 
inducing field, the magnetic susceptibility of the UXO material, and demagneti- 
zation effects of the geometry (Grant and West 1965). 

For the special case where the density and magnetization of the UXO are 
uniform and constant, Equations 1 and 3 for the potentials simplify, respectively, 
to 

Up (r) = - G p JJJR ( 1 /1 r - r0|) d3r0, and (6) 

Vp(r) = -M.VJjJR(l/|r-r0|)d3r0. (7) 

When the magnetization is produced solely by the inducing earth's field (i.e., the 
UXO has no permanent magnetization), M can be written M = M 9, where 9 is a 

unit vector in the direction of the earth's field He = He9, and Equation 7 becomes 

VP (r) = - M {dim) JJJR ( 1 /1 r - r01) d3r0 (8) 
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and (5/50) is the directional derivative in the direction of the earth's field. 
Demagnetization effects due to a spheroidal geometry (discussed later in this 
paper) are not considered in Equation 8. For this special case where M and p are 
constants, the identical volume integrals over the region of the UXO result in the 
relationship known as Poisson's relation (Grant and West 1965, Blakely 1995). 

Vp(r) = (M/Gp)((d/Se)Up(r),or (9) 

H(r) = (M / Gp ) (d/dQ) g(r) (10) 

This relation allows a measured gravity field to be transformed into a pseudo- 
magnetic field and vice versa, if the density p and magnetic susceptibility k (M = 
k He , in the absence of the demagnetizing effects of the UXO geometry) are 
constant and the direction of the earth's field is known. 

To use the above equations to compute a theoretical gravity or magnetic 
anomaly signature for a UXO, a model must be assumed for evaluation of the 
inverse distance-weighted volume integrals. The model is a geometric represen- 
tation of the UXO. A first approximation to the geometry of UXO is a sphere 
with radius selected to give a mass equivalent to the actual UXO (Barrow, Khadr, 
and Nelson 1996). Another approximation that better represents the elongated 
geometry of UXO is a finite-length, right circular cylinder. An even better 
approximation to the geometry of UXO, which can still be handled analytically, is 
the prolate spheroid (McFee and Das 1990, Altshuler 1996, Butler et al. 1998). 

Model for UXO Gravity Response 

The available gravity modeling approaches are not readily applicable to 
buried unexploded ordnance. Some of the approaches make inappropriate geo- 
metrical assumptions, such as two-dimensionality (2-D) of the sources, or require 
a complex parameterization of the source geometry, such as approximation of its 
surface by triangular planar facets or a complete discretization of the UXO source 
body. A realistic model for unexploded ordnance is a collection of homogeneous 
prolate spheroids. First, a reasonable approximation to the actual shape of the 
ordnance can be obtained by varying the spheroid parameters. Second, relatively 
few parameters are required to specify each spheroid: length, diameter, dip angle, 
and azimuth and density contrast. Third, a closed-form expression for the gravity 
field of a homogeneous spheroid (a special case of the general tri-axial ellipsoid) 
is known in terms of elementary functions (MacMillan 1958; Ramsey 1961). 
Thus, computing the gravity response of homogeneous spheroids should be 
straightforward. However, no software for modeling the gravity response of 
prolate spheroids is generally available. The prolate spheroid modeling capability 
for UXO was developed as an aid in evaluating the usefulness of gravity 
measurements in detecting unexploded ordnance. The geometry for the model 
development is shown in Figure 1. 
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Figure 1. Geometry for UXO model development 

Evaluating Equation 1 for exterior points to a homogeneous, tri-axial 
ellipsoid yields elliptic integrals of the first or second kind for the potential 
(MacMillan 1958, Arfken 1985). For the case of a spheroid, where two of the 
axes are equal, the elliptic integrals reduce to elementary integrals, which can be 
evaluated exactly. The anomalous gravitational potential at a point Q exterior to a 
spheroid is given by Equations 11 and 12, for the prolate (L > D) and oblate (D > 
L) cases respectively, 

UJr') = 7rGpD1L 
( 

1 + 
x2+y2-2z- ZV 

nGpD1L^L2+K(x2+y2^i nGplfL 

sinh"1. 
W-D1 

L2-If If+K Ü-D1 
^L2+K 

If+K 

L>D,and (11) 

UQ(0=7vGpDtL 
x2+y2-2z2 \ 

itf-L2) JUz^zF 
.  !   Lt-L2 

sin ,—;  
VDVK 

+ nGpD2L^lJ+Kfx2+y2]  nGplfL 

D2-I} If+K lf-L2 
2z2 

4W+K 
,D>L, (12) 

where p is the UXO bulk density, D is the diameter, L is the length of the major 
axis, (x,y,z) are coordinates of Q are in the body-centered system (x and y along 
the minor axis and z along the major axis; Figure 1), and the elliptic distance 
function K is given by 

x2 + y2        z2 

D
2
+K

+
 L2 +K 

(13) 
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The partial derivatives of UQ with respect to x, y, and z are the components of 
gravity in the body-centered coordinate system. 

As noted in Equations 2 and 5, the gravity field components are given as the 
directional derivatives of the potential in Equations 11 and 12.   The gravity 
measurements will be on the XY-plane (observation coordinate system), and the 
directional derivative of interest is dWdZ. If the body-centered system is fixed 
with the x-axis horizontal, so that dx/dZ = 0, then the anomalous vertical 
component of gravity at point P in the observation coordinates is 

&SZP = 

dUP 

dZ 

dUP 

dy 

dy_ 
dZ 

+ 
dUPYdz 
dz dZ 

(14) 

where dUP/5y and 5UP/3z are the required partial derivatives of Equations 11 or 
12. 

The observation coordinate system is connected to the body-centered system 
by a translation and rotation 

(X,Y,Z) = (X„,Y0,Z0) + A.(x,y,z), or inversely (15) 

(x,y,z) = A'1 . [(X,Y,Z) - (X0,Y0, Z0)] , 

where A is the Euler rotation tensor (Arfken 1985). 

For a buried ordnance item model, the depth is to the geometric center. The 
inclination or dip (5) of the spheroid is relative to the XY plane, and thus a dip of 
90 deg is vertical. Azimuth (a) of the spheroid is defined as the angle between a 
vertical plane through the long axis of the spheroid and north, with clockwise 
angles positive (Figure 1) and an azimuths of 0 deg and 180 deg are north-south. 

Using the inverse coordinate transformation relation from Equation 15, the 
gravity field in observation coordinates becomes 

^gz(XJ) = - 
fdU^ 

dy 
cos 8 + 

dz 
sin 5 (16) 

where the expressions for the partial derivatives are evaluated in observation 
coordinates. The prolate spheroid gravity modeling program computes the verti- 
cal component of the anomalous gravity field on the XY-plane over a specified 
area with specified grid spacing. The case L = D (a sphere) is treated separately 
in the program using the familiar analytical solution for a sphere; however, 
Equations 11 and 12 are well-behaved as L ->• D (but L * D), approaching the 
sphere solution. 

For comparison of the calculated gravity anomaly with measured gravity data, 
the measured data must be related to a local gravity base station and corrected for 
all known sources of spatial and temporal variation to give anomaly data 
(Chapter 4, herein, and Butler 1980). The resulting anomaly data may still con- 
tain superimposed larger spatial wavelength gravity variations (local regional 
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gravity field). Removing the larger spatial wavelength gravity component results 
in an anomaly, termed the residual anomaly, which can then be compared to 
computed anomalies. 

When the prolate spheroid with bulk density p is surrounded by earth mate- 
rial with density pe, it is the density contrast Ap = p - pe that is responsible for 
the gravity anomaly and which must be used in the spheroid modeling program. 
The excess mass AMass (= Ap • V, where V is the volume ) associated with the 
density contrast is estimated by application of Gauss' Law to vertical gravity 
component measurements on the observation plane (XY-plane) (Blakely 1995, 
Butler 1980). 

AMass= 
f 

M^s\h)^dY (17) 

where the second equation above assumes values calculated or measured on a 
grid of dimensions AX AY, the index T refers to the i* grid cell, and the summa- 
tion clearly must be carried out to regions of the XY-plane where Ag^ =» 0. If the 
spheroid bulk density and density contrast are known or can be estimated, the 
total mass of the spheroid is given or estimated as 

Mass = 
f      \ 

P AMass (18) 

UXO Gravity Modeling Program 

The spheroid model for UXO was originally developed in FORTRAN and 
subsequently converted to C++. The C++ program has a Windows graphical user 
interface (GUI) to facilitate parameter input and execution. Program input 
consists of the following: 

a. Specification of calculation grid (size limits and intervals): 

Xmin, Xmax, delta-X 
Ymin, Ymax, delta-Y 

b. Specification of geometric center of spheroid: 

Xo, Yo, Zo 

c. Length, diameter, and density contrast of spheroid: 

Length (L), Diameter (D), Density (Ap) 
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d. Orientation of spheroid: 

Dip (5), Azimuth (c<) 

All distance parameters are in meters (m), the density contrast is in g/cm3, and dip 
and azimuth angles are in degrees relative to horizontal and north, respectively. 
An optional input data file can be specified or alternatively input via the GUI data 
entry form. The program writes the computed gravity anomaly values as an 
ASCII file to a specified output file. The output file is then read by a database 
program to perform mass calculations (Equations 17 and 18) or by a general- 
purpose plotting program to produce contour or profile plots of the calculation 
results. Gravity anomaly values are in microgal (u.Gal). The microgal is a 
convenient unit for gravity anomalies produced by UXO (Chapters 3 and 4). 

•jO Chapter 2   UXO Gravity Model 



3    UXO Prolate Spheroid 
Model: Gravity Anomaly 
Calculations 

Bulk Density of Representative Ordnance Items 

While the total field magnetic anomaly signature is relatively independent of 
the magnetic permeability as long as u,- > 150 (where p« is the relative magnetic 
permeability), the gravity signature is directly dependent on the bulk density 
contrast. The bulk density of ordnance items varies from ~ 3 g/cm3 to > 6 g/cm3. 
For a typical soil density of 2 g/cm3, the density contrast will vary from ~ 1.2 g/ 
cm3 to > 4 g/cm3. Parameters for selected ordnance items for use in signature 
modeling with GRAVMOD are given in Table 1. 

Table 1 
Average Parameter Sets for C »rdnance Item Models 

Ordnance Item 
Length 
(m) 

Diameter 
(m) 

Mass 
(kg) 

Bulk Density 
(g/cm3) 

105-mm Projectile 0.48 0.105 15.3 5.4 
155-mm Projectile 0.70 0.155 45.2 5.2 
175-mm Projectile 0.87 0.175 66.8 4.8 
8-in. Projectile 0.86 0.203 98.4 5.4 
12-in. Projectile 1.21 0.304 393.6 6.5 
14-in. Projectile 1.48 0.356 638.9 6.6 
16-in. Projectile 1.69 0.406 1031.5 7.0 
500-lb Bomb 1.59 0.266 236.7 4.1 
750-lb Bomb 1.25 0.406 337 3.2 
1,000-lbBomb 1.84 0.339 453.7 4.2 
2,000-lb Bomb 2.50 0.457 907 3.4 
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The length, diameter, mass, and bulk density in Table 1 represent an average of 
up to five specific cases for each ordnance item entry. 
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Investigation of Gravity Anomalies of Prolate 
Spheroid Models of UXO 

The features of the gravity anomaly for a prolate spheroid model are illu- 
strated in Figure 2, for a 14-in. projectile model. For a horizontal spheroid model, 
the gravity anomaly is symmetric about two horizontal axes (Figure 2a). As the 
dip increases from zero, the anomaly is symmetric only about the projection of the 
major axis of the spheroid on the surface (Figure 2a and 2b). Unlike the total 
field magnetic anomaly, which is induced by the earth's field, the gravity 
anomaly field for a prolate spheroid model of UXO follows (i.e., does not lag) the 
azimuth of the spheroid. The gravity anomaly is rotationally symmetric about a 
vertical axis as the spheroid azimuth varies (Figures 2b and 2c). Doubling the 
depth of the spheroid from 0.3 m to 0.6 m results in a peak field decrease from 
-22 to ~ 7 ju.GaI (Figures 2c and 2d), along with the expected increase in 
anomaly width (spatial wavelength). The anomalies for all cases in Figure 2 are 
detectable with a well-executed microgravity survey. However, a 14-in. projectile 
is quite large (comparable to a 1,000-lb bomb in size, but with greater density). 

Compare the anomalies in Figure 2 with the cases in Figure 3 for a 155-mm 
projectile at depths of 0.1 and 0.2 m, where the peak magnitude decreases from 
~ 8 to ~ 3 u.Gal, respectively, as the depth is doubled. A 155-mm projectile at a 
depth of 0.2 m could only be detected with an extremely carefully executed 
microgravity survey. Applying Equations 17 and 18 to the 0.1-m depth anomaly 
for the 155-mm model results in a computed excess mass of 27.5-kg, which corre- 
sponds to a total mass of 44.7 kg. The actual mass of the 155-m projectile used 
for the model is 43 kg, i.e., the calculated mass is approximately 4 percent greater 
in this case. For the 0.2-m depth anomaly, the computed total mass is 42.2 or 
approximately 2 percent less than the actual model mass. Much of the 
differences in computed mass and actual model mass can be attributed to round- 
ing in the anomaly calculations and in the spreadsheet calculations. However, as 
the depth increases for a given ordnance item model and for a fixed calculation 
area size, the calculated mass will be increasingly less than the model mass due to 

more of the total anomaly located outside the calculation area (i.e., Ag* =* 0 
within the calculation area). 

All of the gravity anomalies in Figures 2 and 3 indicate that the causative 
source (in this case, the model) is elongated, i.e., compared to the perfectly 
symmetrical anomaly produced by a spherical source model. For all compact 
three-dimensional models regardless of their geometrical complexity, a source 
depth exists such that the gravity anomaly is indistinguishable from the anomaly 
due to a spherical source. Figures 4 through 6 investigate the nature of prolate 
spheroid model gravity anomalies relative to spherical model gravity anomalies. 
In Figure 4, the maximum gravity anomaly value for a 155-mm projectile model 
is compared to an equivalent volume spherical model as a function of depth. For 
depths greater than 0.5 m, the maximum gravity anomaly value caused by a 
155-mm projectile prolate spheroid model is identical to an equivalent volume 
spherical model. 
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Figure 2.   Gravity anomalies above a 14-in. projectile spheroid model for the cases: 
(a) depth = 0.3 m, dip = 0, azimuth = 0; (b) depth = 0.3 m, dip = 15 deg, 
azimuth = 0; (c) depth = 0.3 m, dip = 15 deg, azimuth = 45 deg; (d) depth = 
0.6 m, dip = 15 deg, azimuth = 45 deg 
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Figure 3.   Gravity anomalies above a 155-mm projectile spheroid model, with dip = 0 and 
azimuth = 0, for the cases: (a) depth = 0.1 m; (b) depth = 0.2 m 
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Figure 4.    Comparison of maximum gravity 
anomaly for a 155-mm prolate spheroid 
and an equivalent volume sphere 
models 
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The prolate spheroid model gravity anomalies are distinguished by different 
"spatial wavelengths" in the orthogonal directions along the major and minor 
axes. A "spatial wavelength" for a gravity anomaly is defined as the distance 
along a given profile direction between the half-maximum anomaly points (X^). 
Gravity profiles along the major and minor axis directions for the two cases in 
Figure 3 are shown in Figure 5, where the horizontal plot axes are equal and the 
vertical plot axes are proportional, to facilitate comparison of the spatial wave- 
lengths. The maximum and half-maximum values are indicated in Figure 5, and 
the wavelength for the major axis is defined in Figure 5b. Both the major and 
minor axis-direction spatial wavelengths increase as a function of depth. 

■ Profile along major-axis direction 
- Profile along minor-axis direction 

-Maximum 

-Half-Maximum 
£ 2 

5 

■ Profile along major-axis direction 
- Profite along minor-axis direction 

Major Axis 

(a) (b) 

Figure 5.   Gravity profiles along the major- and minor-axis directions for 
the cases in Figure 3: (a) 155-mm projectile model, depth = 
0.1 m; (b) 155-mm projectile model, depth = 0.2 m 

For a spherical model, the gravity anomaly is circularly symmetrical and the 
spatial wavelength is related to the depth (Zo) by the expression X./2 = 1.53 Zo. 
As noted above, at a sufficiently large depth, the gravity anomaly of a spheroid 
model will become indistinguishable from the gravity anomaly of a spherical 
model. The three spatial wavelengths, the major and minor spheroid wavelengths 
and the spherical wavelength, are plotted as a function of depth in Figure 6 for a 
1,000-lb bomb spheroid model. Plots of the three wavelength measures converge 
and for depths greater than approximately 2 m are equal. The nominal and 
maximum-likely detection depths (see following section and Chapter 4, this 
report) for the prolate spheroid are indicated. Since the major- and minor-axis 
spatial wavelengths are clearly distinct to depths greater than the maximum-likely 
detection depth, the elongated nature of the source body will be evident. 
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Figure 6.    Spatial wavelengths for 1,000-lb bomb spheroid model (along major 
and minor axes) and for a spherical model 

Gravity Anomalies of Representative Ordnance 
Items 

Gravity anomaly calculations similar to those shown in Figures 2 and 3 were 
performed for all the representative ordnance items in Table 1 as a function of 
depth. For these calculations, the spheroid models of the ordnance items were 
horizontal. The results of the calculations are summarized in Figure 7, where the 
maximum gravity anomaly values for all ordnance items are plotted as a function 
of depth. The smallest or shallowest depth for each ordnance item is for the 
upper surface of the item at the ground surface (i.e., the depth is equal to the 
radius of the item). The maximum gravity anomaly produced by any of the 
ordnance items is 40 pGal. 
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Figure 7.   Maximum gravity anomaly values for representative ordnance items 
oriented horizontally 

Detectability Considerations 

Three factors determine whether a gravity anomaly will be detectable and 
recognizable: (1) the magnitude of the anomaly, (2) the spatial wavelength of the 
anomaly relative to the measurement or calculation spacing (Nyquist spatial 
sampling considerations), (3) anomaly signal to site-specific noise considerations. 
For manual microgravimeters (such as the LaCoste and Romberg Model D, with 
electronic levels and readout options), Butler (1980) establishes a basic 
measurement accuracy of 2 to 3 p,Gal for a single measurement and 5 jiGal for a 
relative gravity determination (i.e., relative to a base station measurement). This 
measurement accuracy is for a set of very carefully executed measurements, in an 
area without significant topographic variation within the survey area and includes 
both measurement and correction errors (Chapter 4). 

Typical microgravity survey areas are in the range of 500 to 10,000 m2, with 
measurement spacing of 2 to 10 m. For these typical microgravity surveys, a rule 
of thumb is that anomalies with magnitude > 10 \iGal (i.e., two times the basic 
measurement accuracy) are routinely detectable. For the small area microgravity 
surveys proposed for UXO, the survey areas could be in the range 10 to 50 m 
with measurement spacing of 0.25 to 0.5 m. The measurement accuracy and 
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anomaly detectability should improve for these smaller area surveys, and a 
nominal detection threshold of 5 \iGal is reasonable. The basic reading accuracy 
and practical sensitivity of the manual microgravimeters is approximately 1 |iGal. 
However, as discussed by Ander et al. (1999), the thermodynamic noise limit of 
the gravimeter sensor is 0.012 |iGal, and there is no fundamental limitation to 
improving measurement accuracy to 0.1 u.Gal or better. This improvement in 
measurement accuracy is approached with new digital gravimeters that use force 
feedback nulling, real-time off-level and earth tide corrections, ensemble 
averaging, and digital recording. For the new gravimeters, a minimum detection 
threshold of 2 \iGal is feasible. 

Associated with the 5-u.Gal nominal detection and the 2-u.Gal minimum 
detection thresholds are detection depths, the nominal and the maximum, 
respectively, for each ordnance item. These two detection depths are indicated in 
Figure 6 for a 1,000-lb bomb. The 5-u.Gal detection threshold is shown in 
Figure 7. Nominal and maximum detection depths for all ordnance items in 
Figure 7 are summarized in Table 2. 

Table 2 
Nominal and Maximum Gravity Anomaly Detection Depths for 
Representative Ordnance Items (from Figure 7) 
Ordnance Item Nominal Detection Depth, m Maximum Detection Depth, m 

105-mm Projectile .09 .17 
155-mm Projectile .16 .30 
175-mm Projectile .18 .35 
8-inch Projectile .25 .40 
500-lb Bomb .31 .54 
1,000-lb Bomb .43 .78 
2,000-lb Bomb .50 .90 
12 inch Projectile .55 .92 
14-inch Projectile .72 1.20 
16-inch Projectile .93 1.50 

While the definition of "spatial wavelength" used in this report is only an 
approximate characterization of the spatial spectra of the gravity anomalies, 
adequate definition of the anomaly is achieved for measurement spacing Ax ~ 
Aj/2 / 2 (Butler 1980; Blakely 1995). Considering the results presented in Fig- 
ures 2, 3, 5, and 6 and other ordnance item gravity anomalies calculated during 
this study, measurement spacing in the range of 0.25 to 0.75 m is required (nomi- 
nal spacing of 0.5 m). Surveys with measurement spacing this small, in the 
experience of the author, will be the highest spatial resolution microgravity 
surveys ever conducted. 

Once an anomaly exceeds the minimum and/or nominal detection thresholds 
defined above, the problem becomes a detection and a recognition issue relative 
to the site-specific background. Like the considerations of backgrounds for TFM 
and IDEM surveys, the background for microgravity surveys consists of geologic 
and cultural components. For shallow, localized density anomalies like a buried 
UXO, the gravity anomaly will be compact, closed anomaly contours. Only other 
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shallow, dense, localized subsurface features will produce anomalies with 
magnitudes and spatial wavelengths comparable to UXO. For the geologic 
background component, there is no experience with the small survey areas and 
measurements spacing referenced above for UXO detection surveys. For typical 
microgravity survey areas and measurement spacing, experience has shown that 
most site-specific anomalies resulting from deeper geologic features and soil and 
rock type changes will have longer wavelengths than UXO anomalies and, if 
closed, will be easily separated from UXO anomalies. Anomalies caused by very 
shallow geologic heterogeneity will be low magnitude and tend to be randomly 
distributed. The other types of geologic features that could produce closed 
anomaly features with magnitudes comparable to UXO anomalies are boulders in 
the shallow subsurface and cavities and other features associated with karst 
features. Fortunately, anomalies caused by cavities, sinkholes, and clay pockets 
in the top of rock will be negative, i.e., corresponding to a negative density 
contrast relative to surrounding soil and rock. Thus, only boulders and features 
like limestone pinnacles at the top of rock can produce short, spatial-wavelength- 
positive geologic anomalies, although the density contrast of these features will 
be less than for the ordnance items listed in Table 1, nominally 0.5 g/cm for 
limestone pinnacles and from 0.5 to 1.0 g/cm3 for boulders. 

The only type of cultural features which could be problematic for UXO 
gravity anomaly recognition are compact metallic objects, e.g., an engine block, 
electric motor, piece of structural steel, etc., with bulk density comparable to 
UXO. Relatively flat metal plates, while having bulk density greater than UXO, 
will produce distinctively different gravity anomalies. For example, a 1-m by 1-m 
by 1-cm-thick steel plate will have mass comparable to a 175-mm projectile and, 
if oriented horizontally just below the surface (^ 10 cm depth), will produce a 2- 
u-Gal anomaly above its center, but it will have a gravity anomaly that is nearly 
symmetric about a vertical axis. The same steel plate oriented vertically (and 
£ 10 cm depth) will produce an anomaly < 1 |J,Gal and have an extremely small 
spatial wavelength transverse to the plate. 
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4    Relevant Microgravimetry 
Surveys for UXO Detection 
Considerations 

Background 

The nominal gravitational acceleration on the surface of the earth is 9.8 m/s 
(= 980 Gal, where 1 Gal = 1 cm/s2). Microgravimetry refers to specialized high- 
accuracy and generally high-resolution gravity surveying, where the objective is 
to measure gravity to an accuracy of ~1 ^Gal or 10"9 times the nominal earth 
acceleration (Butler 1980). After correction of the measurements for all known 
sources of variation in the earth's gravitational field, the results of a microgravity 
survey are anomalies caused by small, shallow density contrasts. The density 
contrasts can be localized, buried cultural, or natural geologic features. Density 
contrasts can also be caused by changes in subsurface conditions, such as 
variation in deptn to water table or top of rock. The necessary condition for exis- 
tence of a gravity anomaly is a lateral (localized) contrast in density, and the 
magnitude of the gravity anomaly is a function of the density contrast and the 
geometry, size, and depth of the feature. The basic or theoretical conditions for 
detection of a gravity anomaly are that the anomaly magnitude exceeds the cor- 
rected measurement accuracy and that the measurement spacing be sufficiently 
small to resolve the anomaly spatial wavelength. However, practical anomaly 
detection will only occur when the magnitude and spatial wavelength of an 
anomaly of interest can be distinguished relative to the site-specific background 
gravity variations. 

Traditional applications of gravity surveys are for global-scale structure 
studies, regional geologic mapping, petroleum exploration, and mining applica- 
tions. Microgravity surveys are generally local-scale surveys with objectives such 
as detecting and mapping cavities and tunnels (Butler 1984), low-density zones in 
structural foundations (Yule et al. 1998), landfill characterization (Hinze, 
Roberts, and Leap 1990), and special applications (Sjostrom and Butler 1996; 
Butler, Sjostrom, and Llopis 1997). Detection of UXO by microgravity surveys is 
a very challenging special application of microgravimetry. 
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Microgravity Survey and Measurement 
Procedures 

Typical microgravity survey areas and measurement spacing as well as the 
special requirements for UXO applications are discussed in the previous sections. 
This section will summarize the procedures of conducting a microgravity survey 
and necessary data corrections. Detailed microgravity survey and data correction 
procedures are found in reports by Butler (1980), ASTM (2000) and Burger 
(1992). Once the survey area is selected, a measurement grid or set of profile 
lines is established. Data correction requirements dictate horizontal location 
accuracy of 1 m or better (clearly for UXO surveys, ~ 10 cm is required) and 
vertical accuracy of 0.3 cm, in order to keep correction errors due to location less 
than 1 (iGal. Commonly a base station is selected at one corner or within the 
survey area. The base station serves as a reference elevation and latitude for the 
survey and often also for the baseline gravity value, i.e., all gravity values in the 
survey are relative to the base station reading. The survey procedure seeks to 
minimize random and systematic error sources and requires patience and consis- 
tency for the measurements. For typical microgravity surveys, each measurement 
typically requires 4 to 5 min, including transport over distances of 2 to 6 m and 
meter leveling. For transport over distances of 0.25 to 0.75 m, the measurement 
time may decrease to 2 to 4 min, but likely not much less. The gravity 
measurements are acquired in loops through the grid of 6 to 10 stations prior to 
returning to the base station in less than 1 hr and preferably 30 to 45 min. The 
reasons for this survey procedure and the details of the actual measurement 
process are discussed in Butler (1980). 

The objective of correcting gravity data is to account for all known sources of 
gravity variation. Gravity varies with elevation (i.e., elevation differences within 
the survey area), latitude, and time, due to the effects of topographic (terrain) 
features and manmade structures within and adjacent to the survey area, and due 
to the gravity effects of geologic features below the depth of interest of the 
surveys (the local regional field). The elevation correction consists of two parts: 
the free-air correction that accounts for varying distances from the center of the 
earth of the measurement points; the Bouguer correction that accounts for varying 
thickness of surficial-density material beneath the measurement point. The free- 
air and Bouguer corrections are added or subtracted depending on the elevation of 
the measurement points relative to a base station value or other reference gravity 
value. Likewise the time correction consists of two parts: a correction for the 
solid earth tide gravity variation; a correction for instrument drift and tares. A 
terrain correction accounts for the gravity effect of topographic features (hills, 
valleys, manmade structures); this correction is always added to measured 
gravity. The terrain correction for large topographic features outside the survey 
area is sometimes included as part of the local regional field. Gravity anomalies 
are named depending on the number of corrections applied to the measurements: 

a. Free-air anomaly—the free-air and time corrections are applied. 

b. Simple Bouguer anomaly—in addition to a. includes the Bouguer 
correction. 
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c. Complete Bouguer anomaly—in addition to a. and b. includes the terrain 
correction. 

d. Residual anomaly—a local regional gravity field is subtracted from c. 

The regional-residual separation process (item d above) is often considered an 
interpretation step, since the local regional field must be determined from the 
survey data or from auxiliary data (Butler 1980; Butler et al. 1982). Once 
determined, the residual anomaly is due to gravity sources within the depth of 
interest; generally defined by the size of the survey area and/or the procedure 
used to determine the local regional field. 

Microgravity Surveys—Case Histories 

Two mini-case histories illustrate gravity detection and resolution concepts 
and geologic and cultural gravity backgrounds. A case history frequently cited as 
defining the possibilities of microgravimetry is documented by Butler (1980), 
Butler (1984), Burger (1992), ASTM (2000), and National Research Council 
(2000). The survey, which was conducted over a cavity test site in Florida, con- 
sisted of 420 gravity stations on a 3-m (10-ft) grid and was performed with a 
LaCoste and Romberg Model D manual gravimeter with standard level bubbles 
and electronic readout. A residual gravity anomaly profile from this case history 
is shown in Figure 8, along with a geologic cross section derived from shallow 
borings. A planar local regional field (i.e., a long wavelength background) has 
been subtracted to yield the residual anomaly. The anomaly profile illustrates two 
types of features: (1) detection of known air-filled cavities below the surface of 
limestone "bedrock," and (2) detection of undulations (limestone pinnacles and 

. clay pockets) in the top of rock. Importantly, the gravity anomaly profile 
confirms detection of anomalies in the 5 to 10 [iGal range that are correlated to 
known (geologic) features. The localized anomalies in Figure 8 have spatial 
wavelengths of 3 to 6 m. Such anomalies as part of the geologic background 
could complicate detection and recognition of UXO gravity anomalies, but are 
still larger than UXO anomaly spatial wavelengths. 

A second microgravity survey example is presented in Figures 9 and 10. This 
survey was conducted at an abandoned UST site with a Scintrex CG-3M digital 
gravimeter. The gravity anomaly map over three UST's is shown in Figure 9, 
where the center lines of the UST's are shown. The gravity anomaly is the 
superposition of the anomalies produced by all the UST's, and the individual 
UST's are not resolved in the data. The site for this survey is complicated by 
numerous, large-surface concrete structures and terrain features that affect the 
gravity data (i.e.. gravity data are not corrected for the presence of the surface 
features). A north-south profile line, designated the 40E profile, is indicated in 
Figure 9, and observed and calculated gravity profiles along this line are shown in 
Figure 10. The calculated gravity profile is for a 2-D model of the known 
subsurface conditions along the line. The profile line crosses the two large 
UST's, 8-ft diameter, 30.8-ft length, and separated by 2-ft (2.43-m diameter, 
9.39-m length, 0.61-m separation) transverse to their center lines. Depth to the 
top of the UST's is 3 ft (~ 1 m). The 2-D approximation is valid for this case 
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Figure 8. Residual gravity anomaly profile and associated geologic cross-section 

(Butler 1980). Density contrasts indicated in the gravity model are relative to the 
surrounding soil. The model fit to the observed data is good except for the 
southern end, where the gravity terrain effects of the surface features are not 
corrected. Since terrain corrections are always added, the relation of the observed 
to model plots for the south end are consistent. An anomaly of this type 
(Figure 9), i.e., closed but with large spatial wavelength, will not pose difficulty 
for recognition of gravity anomalies of UXO. The centers of the two UST's are 
spaced slightly more than the distance required for theoretical resolution (Butler 
1980), as noted in the model gravity profile. The measurements were too 
coarsely spaced (10 ft or 3 m) in this survey to achieve practical resolution. 
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Figure 9. Gravity anomaly above three USTs 

Microgravity Survey over an Ordnance Item 

Two microgravity investigations were planned as part of assessing the 
potential for UXO detection and discrimination. The first investigation was over 
an abandoned 100-gal buried fuel tank using a Scintrex CG-3M gravimeter. A 3- 
x 3-m survey area with 0.5-m station spacing and two 5-m long orthogonal profile 
lines were established, centered on the tank. Surveys were conducted over the 
tank along the two profile lines, when the tank was empty (before) and filled 
(after) with water. The objective was to discriminate between two "false alarm" 
anomalous mass conditions. The before and after surveys did indicate a gravity 
difference although there is considerable scatter in the corrected gravity profile 
data: before, -15 \iGal; after, + 9 \iGal. Thus, the before-after difference was 
24 u.Gal, which is a factor of 8 to 10 larger than predicted theoretically. There 
were a number of factors that make the results suspect: erratic gravimeter 
performance with high drift rates; high standard deviations on the recorded mea- 
surements; extremely hot and humid operating conditions; occurrence of large 
earthquake during the surveys (magnitude 6.9 in Mexico); a compressor in an 
adjacent building turned on and off periodically during the surveys; and water 
spilled on the ground during filling the tank, increasing the shallow soil density 
by an unknown amount. For these reasons, the results of this first investigation 
will not be discussed in detail. A revisit of this investigation is planned for a 
future date. 

The second investigation was a survey over an inert 155-mm projectile. A 
plan and cross-sectional view of the survey area and photograph of the projectile 
burial are shown in Figure 11. The 155-mm projectile, with 0.637-m length, 
0.155-m diameter, and 45.25-kg mass, was buried in a horizontal orientation at 
0.09-m depth to the top. For reference, the location and elevation of the site are 
as follows: 
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a. Latitude = 32.306859 deg north. 

b. Longitude = 90.856927 deg west. 

c. Elevation = 60.37 m. 

The survey area is 3 x 3 m, and the measurement grid spacing is 0.5 m. The 
gravimeter was an EDCON Super-G, a modified LaCoste and Romberg Model G 
gravimeter with force feedback nulling, electronic levels, digital data acquisition, 
and real-time earth tide, off-level, and temperature corrections. The Super-G is 
controlled by a palm top computer that stores measurements and has a graphical 
display of all meter parameters and data as acquired. For this survey, the data 
acquisition was configured to acquire 15-sec average values, based on one 
measurement per second. A gravity reading versus time plot displays the data as 
acquired. At the end of each 15-sec period, the average value is plotted in a 
second graph. Each station measurement procedure consists of acquiring at least 
five 15-sec averages. 

Station (0,0) is the elevation reference for the survey and was the base station 
for the gravity measurement program. Also, station (0,0) was assigned the site 
latitude, and latitude corrections were relative to (0,0). Each loop through the 
measurement grid (i.e., return to the base station) was made in less than 45 min. 
Station elevations were determined to an accuracy of better than 0.003 m to 
ensure gravity elevation corrections to <> 1 u,Gal. The relative elevation data are 
given in Table 3, and a contour map for the site is presented in Figure 12. There 
is a 0.12-m max imum elevation difference over the site. 
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Figure 11.   Plan view of survey area, cross section of 155-mm projectile burial, 
and photograph of the projectile burial 
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Table 3 
Observed and Corrected Gravity Over 155-mm Pro ectile Site 
X,m Y,m Observed Mean Relative Latitude Free-Air Bouguer Bouguer Relative 

Gravity StDev. Elevation Correction Correction Correction Anomaly Anomaly 

mfcrogal microgal m microgal microaal microgal microgal nicrogal 

0 0 59 1.8 0.000 0.00 0.00 0.00 59.0 0.0 

0 1 77 1.4 -0.052 -0.73 -15.99 4.31 64.6 5.6 

0.5 1 73 1.2 -0.046 -0.73 -14.10 3.81 62.0 3.0 

1.5 1 68 21 -0.015 -0.73 -4.69 1.27 63.8 4.8 

2 1 57 0.7 -0.003 ■0.73 -0.93 0.25 55.6 -3.4 

25 1 61 0.9 -0.003 -0.73 -0.93 0.25 59.6 0.6 

3 1 61 1.5 •O.015 -0.73 -4.69 1.27 56.8 -2.2 

0 2 85 0.6 -0.085 -1.46 -26.32 7.11 64.3 5.3 

0.5 2 73 3.9 •0.076 -1.46 -23.52 6.35 54.4 -4.6 

1 2 70 26 -0.061 -1.46 -18.82 5.08 54.8 ■4.2 

1.5 2 71 0.6 -0.052 -1.46 -15.99 4.31 57.9 -1.1 

2 2 72 1 -0.049 -1.46 -15.06 4.07 59.5 0.5 

25 2 71 1.3 -0.043 -1.46 -13.18 3.56 59.9 0.9 

3 2 67 3.6 -0.037 -1.46 -11.29 3.05 57.3 -1.7 

0 3 79 0.9 -0.104 -2.19 -31.97 8.63 53.5 -5.5 

1 3 71 0.7 -0.082 -2.19 -25.40 6.86 50.3 -8.7 

2 3 70 1.4 -0.095 -2.19 -29.16 7.87 46.5 -12.5 

3 3 61 1.5 -0.040 -2.19 -12.22 3.30 49.9 -9.1 

3 0 60 1.6 -0.031 0.00 -9.41 254 53.1 -5.9 

2 0 53 26 0.024 0.00 7.53 -2.03 58.5 -0.5 

1 0 62 0.3 •O.003 0.00 -0.93 0.25 61.3 23 

0 1.5 82 1.7 -0.070 -1.09 -21.63 5.84 65.1 6.1 

0.5 1.5 67 1.2 -0.058 -1.09 -17.87 4.82 52.9 -6.1 

1 1.5 63 2 -0.043 -1.09 -13.18 3.56 57.3 -1.7 

1.5 1.5 72 27 ■0.037 -1.09 -11.29 3.05 62.7 3.7 

2 1.5 57 1.4 -0.021 -1.09 -6.57 1.77 51.1 -7.9 

2.5 1.5 56 0.1 -0.015 -1.09 -4.69 1.27 51.5 -7.5 

3 1.5 55 0.3 -O.027 -1.09 -8.46 228 47.7 -11.3 

0 0.5 61 1.9 -0.024 -0.36 -7.53 2.03 55.1 -3.9 

0.5 0.5 58 1.7 -O.024 -0.36 -7.53 203 52.1 -6.9 

1 0.5 56 0.9 -0.015 -0.36 -4.69 1.27 52.2 -6.8 

1.5 0.5 52 3 0.000 -0.36 0.00 0.00 51.6 -7.4 

2 0.5 48 1.6 0.003 •0.36 0.93 -0.25 48.3 -10.7 

25 0.5 46 1.8 0.012 ■0.36 3.76 -1.02 48.4 -10.6 

3 0.5 47 0.9 -0.006 -0.36 -1.88 0.51 45.3 -13.7 

25 0 49 1.2 0.021 0.00 6.57 -1.77 53.8 -5.2 

0 2.5 84 0.8 -0.095 -1.82 -29.16 7.87 60.9 1.9 

0.5 2.5 75 0.9 •O.082 -1.82 -25.37 6.85 54.7 -4.3 

1 2.5 77 0.5 -0.073 -1.82 -22.56 6.09 58.7 -0.3 

1.5 25 72 1.3 •O.067 -1.82 -20.71 5.59 55.1 -3.9 

2 25 77 22 -0.064 -1.82 -19.75 5.33 60.8 1.8 

25 25 70 1.3 -0.058 -1.82 -17.87 4.82 55.1 -3.9 

3 2.5 63 1.1 -0.030 -1.82 -9.38 253 54.3 -4.7 

0.5 0 59 1.5 -O.003 0.00 -0.93 0.25 58.3 -0.7 

1.5 0 57 1.5 0.008 0.00 235 -0.63 58.7 •0.3 

25 3 70 0.8 -0.061 -2.19 -18.82 5.08 54.1 -4.9 

1.5 3 73 0.9 -O.082 -2.19 -25.40 6.86 52.3 ■6.7 

0.5 3 77 0.9 -0.095 -2.19 -29.16 7.87 53.5 -5.5 
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Figure 12. Relative elevation contours of gravity survey site 

The survey results, observed gravity data, data corrections, and the relative 
Bouguer anomaly are in Table 3. For the observed gravity data, all leading 
numbers that are common to all measurements are suppressed. The Bouguer 
anomaly value at station (0,0) is subtracted from all Bouguer anomaly values to 
give the relative anomaly. The mean standard deviation of the measurements 
ranges from 0.1 to 3.9 u.Gal; the term "mean" applies for stations with multiple 
occupations (measurement repeats), otherwise it is the standard deviation of the 
measurements (minimum of five) for one occupation. The mean standard 
deviation of the measurements for the whole grid is 1.4 u.Gal. Figure 13 is a 
contour plot of the relative anomaly, where the arrow indicates the location, 
length and orientation of the 155-mm projectile. Relative to the (0,0) gravity 
reference value, most of the area of the survey grid is negative, except for a small 
positive area along the western boundary and a closed positive anomaly 
approximately centered over the 155-mm projectile. The range of relative gravity 
values over the area is approximately -14 to +6 [iGal, for a maximum variation of 
20 jiGal. 
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Figure 13.   Relative gravity anomaly over survey site; the arrow indicates 
location, length, and orientation of the 155-mm projectile 

Analysis of Microgravity Survey Results 

There is clearly a positive gravity anomaly approx imately centered on the 
buried 155-mm projectile (Figure 13). While there are other closed anomalies in 
the survey area, the coincidence of the positive anomaly with the location of the 
projectile is likely not fortuitous. The positive anomaly has approx imately the 
correct spatial wavelength and magnitude, as illustrated in Figure 14, where the 
measured anomaly is compared to a prolate spheroid model calculation. For the 
measured anomaly plot in Figure 14 (top), only positive values are shown to 
facilitate comparison with the calculated anomaly. The measured anomaly has its 
max imum value near the shank end of the projectile, and the anomaly magnitude 
and spatial wavelength decrease near the nose end; these features are intuitive for 
the gravity response of a real projectile buried at very shallow depth (~ 1-minor- 
ax is diameter to center). The calculated anomaly for the prolate spheroid model 
(bottom plot in Figure 14) is centered over the symmetric model (i.e., no 
differentiation in nose and shank ends for the model). 
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Figure 14.   Comparison of measured (top) and calculated (calculated) gravity 
anomalies 
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The measured gravity anomaly map in Figure 13 is relative to the point (0,0). 
The zero level defined by the value at point (0,0) may not be the correct zero level 
for the survey area. The concept of the proper reference level for the anomaly 
map is embodied in the definition of the local regional gravity field discussed 
previously. Clearly, negative anomaly areas surround and are superimposed on 
the positive anomaly associated with the buried projectile, making it difficult to 
determine true residual anomaly magnitude and spatial wavelength. Figure 15 
shows the east-west gravity anomaly profile along the line Y = 1.5 m (Figure 11) 
and illustrates three possible regional trends along the profile direction (dashed 
lines). The relative anomaly profile as plotted is the residual anomaly for a 
constant value regional (1). Subtracting either of the two nonconstant regional 
trends (2 or 3) yields two additional possible residual anomaly profiles. The 
residual anomaly relative to regional 2 or 3 will have greater magnitude and 
spatial wavelength. Residual anomaly magnitudes, relative to regional 2 and 3, 
are approximately 5.5 and 8.5 |iGal, respectively; compared to the measured 
(relative to regional 1) and calculated model values of 3.5 and 5 U-Gal, respec- 
tively. For regional 2 and 3, the zero level for the anomaly is apparently defined 
on the east (right) side of the profile, and both residual anomalies have a spatial 
wavelength of- 0.4 m compared to the spheroidal model anomaly spatial 
wavelength of ~ 0.33 m. 

Thus, the microgravity survey results successfully detect a positive anomaly 
associated with an inert, buried 155-mm projectile. The anomaly locates the 
projectile (within 0.25 m or better) and indicates the general orientation. Also, 
due to the very shallow depth of burial, the gravity anomaly reveals further details 
about the orientation. The maximum of the anomaly is located at the shank end 
of the projectile; and, not knowing the actual orientation of the projectile, the 
anomaly could be interpreted in two ways: (1) a very shallow buried, elongated 
item with the maximum indicating the end of the item with greatest mass 
concentration; (2) an elongated item at arbitrary depth (albeit definitely shallow) 
that dips to the north (Figure 2). However, the positive anomaly is superimposed 
on surrounding negative anomalies, making it impossible to determine the true 
zero level of the anomaly and thus compute excess mass (Equation 17 and 
associated discussion). 
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Figure 15.   Gravity anomaly profile along the Y = 1.5-m east-west line (from 
Figure 13), along with three possible regional trends along the line 
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5    Summary and 
Recommendations 

Summary and Conclusions 

A new capability to model the gravity anomaly field on the ground surface of 
buried spheroidal-shaped objects is developed. The modeling capability is 
applicable to predicting the gravity anomalies of objects such as buried UXO 
(prolate spheroid), land mines (oblate spheroid), underground storage tanks 
(prolate or oblate), landfills, and other localized features which can be approxi- 
mated with a spheroidal geometry. The application of the modeling capability 
discussed in this report is buried UXO detection and discrimination. Specifically, 
the thrust is to use the modeling capability to assess (1) the detectability of UXO 
by microgravity surveying and (2) the potential for discrimination. 

The gravity anomaly signatures of ordnance items ranging from 105-mm 
projectiles to 16-in. projectiles and 2,000-lb bombs are modeled. Average 
lengths, diameters, masses, bulk density, and density contrast are computed for 10 
ordnance item types. The density contrasts of the ordnance items are assumed 
relative to a 2.0 g/cm3 soil, and range from ~ 1.5 g/cm3 for large bombs (e.g., 
2,000-lb bomb) to ~ 5 g/cm3 for large projectiles (e.g., 16-in. projectile). Gravity 
anomaly signatures for these ordnance items are examined for maximum value 
(magnitude) and spatial wavelength to assess detectability. Relative to a nominal 
detection threshold (5 p,Gal), all the items are detectable at the shallowest depth, 
i.e., buried horizontally at a depth to center equal to half the diameter or just 
below the surface. Only five items, 1,000-lb bomb and larger, are detectable at 
depths ~ 0.5 m or greater, and only the 16-in. projectile is detectable at a depth of 
1 m. The gravity anomalies of ordnance items will require measurement spacing 
of 0.25 to 0.75 m. Considering an optimized survey detection (minimum) 
threshold (2 uGal) will approximately double the predicted detection depths for 
the ordnance items, but this minimum detection threshold will be difficult to 
achieve in the presence of geologic background anomalies. 

Results of a microgravity survey over a buried 155-mm projectile are pre- 
sented. A positive gravity anomaly associated with the projectile is detected and 
the magnitude and spatial wavelength are consistent with spheroidal model pre- 
dictions. The gravity anomaly also indicates the general orientation of the 
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projectile. The magnitudes of the measured and predicted anomalies are both 
~ 4.5 u.Gal or approximately equal to the nominal detection threshold. The 
positive anomaly is superimposed on surrounding negative anomalies, and there 
are other closed anomaly features within the 3- x 3-m survey area. One of the 
additional anomaly features is positive and comparable to the ordnance item 
anomaly. The measurement spacing for the survey is 0.5 m, which is likely the 
highest spatial resolution microgravity survey ever conducted. Background geo- 
logic (soil) variation produces gravity anomalies (both positive and negative) at 
this scale that are comparable in magnitude and spatial wavelength to the buried 
ordnance item gravity anomalies. 

In general, except for the largest ordnance items buried at very shallow 
depths, microgravity surveying is not a viable technique for detection and dis- 
crimination of buried UXO in real world settings. 

Recommendations 

Based on the results of predictions of theoretical gravity anomalies with a 
prolate spheroid modeling program and on a limited field microgravity survey 
investigation, it is recommended that microgravimetry not be considered further 
as a candidate method for UXO detection and discrimination. The gravity 
modeling capability developed as a result of this work will be useful as a model- 
ing tool for other environmental geophysics applications, such as underground 
storage tank detection and condition assessment, landfill investigations, and other 
detection requirements for localized buried features. The stringent requirements 
for extremely high resolution microgravity surveying developed as part of the 
field surveys will be useful for the previously mentioned applications. 
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