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The detection of buried firearms remains a critical issue in law enforcement. We assess the suitability of
magnetic gradiometers to detect buried rifles and handguns at multiple depths using numerical
modeling and field investigations. Our simulation is based on a simple approach to characterize
handguns and rifles as long magnetic dipoles with the firearm characterized by its magnetization, length,
centre, azimuth and plunge which allows us to calculate their total magnetic field and gradient
anomalies. We compare these synthetic data to field gradiometer data collected with a Gem Systems
GSM-19GW Overhauser magnetometer at a field site near Toronto, Canada, where six firearms are buried.
Our field magnetometer consists of two sensors with a relative vertical sepration of 0.55 m. We measure
the largest anomaly (+/—20nT) for a rifle at 0.6 m depth, and the smallest anomaly (+/—2 nT) for a
handgun buried at 1.8 m depth. The measured anomalies spatially coincide with the locations of weapons
while dipole anomalies align along the orientation of the firearms. Our modeling results show that
vertically buried weapons produce significantly stronger anomalies than horizontal ones, and even slight
tilts enhance the anomalies. We recommend a 0.25m grid spacing to search for weapons using
magnetometry. Our study shows that a range of firearms buried up to 1.8 m can be detected, suggesting
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that gradient magnetometers are useful tools in forensic weapon searches.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Law enforcement agents are often faced with the daunting task
of searching for clandestine burials of illegal weapons, including
guns, explosives and other harmful objects as part of forensic
investigations to unravel criminal acts or intentions and to ensure
justice for victims [1-3]. While these forensic targets are shallow,
typically within three meters below the subsurface [1], locating
them by trial and error excavations without useful hints could be
costly and labor intensive even for small search areas like back
yards. Search teams have relied on personal experience [1], the use
of specially trained sniffer dogs [4] and hints from other
approaches, including geomorphological analysis [5], to obtain
leads for further investigation. Shortages in manpower, varying
chances of success using trained dogs, and increasing sophistica-
tion in planning and carrying out the associated crime, limit
reliance on these approaches alone for investigative leads [6].
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Geophysical methods, which image the shallow subsurface at
a high resolution, provide non-destructive alternative approaches
for forensic searches [7,8]. Geophysical measurements are
relatively fast and allow for wide spatial coverage within a short
period of time. Apart from qualitative information based on
measured anomalies, quantitative analysis of measured signals
also provides information on coordinates, magnitudes and other
properties of the target that could provide a more specific guide to
subsequent forensic intrusive investigation [9,10].

As in other shallow subsurface geophysical investigations, the
use of geophysical techniques for forensic searches rely on
measured property contrasts between the target object and the
surrounding soils, including electrical conductivity (or its inverse -
resistivity), dielectric permittivity, magnetic susceptibility and
seismic velocities (see [8,11] for background). Forensic inves-
tigations have used ground penetrating radar [1,12,13], electrical
resistivity tomography [14,15], electromagnetics [16], magnetom-
etry [17,18] and seismic surveys [19]. Most of these have been on
clandestine graves, with a few studies targeting buried weapons
(e.g. [13,18]).

Weapons used for criminal activities which could be buried to
conceal the criminal act or intentions include a variety of objects,
for example: handguns, rifles, knives, axes, sharp edge metals or
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explosives [1,2]. Forensic searches for weapons with high metallic
content have routinely involved the use of metal detectors which
measure secondary electromagnetic fields created by the interac-
tion of the transmitted primary electromagnetic fields with the
metallic object being searched for [20,21]. Some research has
attempted to determine the depth to targets, for example by taking
measurements at different heights [22] or by robot-assisted
scanning of an area [23]. While using metal detectors is quick and
does not require a high level of training, false anomalies have
limited their use and have prompted interest in testing other
geophysical techniques [24,21]. A major recent research project
involved a field assessment of multiple geophysical methods
including ground penetrating radar, electromagnetics and mag-
netics for locating real firearms at a controlled test site in Orlando,
Florida. This research detected steel rifles down to 0.75 m (deepest
burial) and handguns to less than 0.50 m with a Schonstedt GA-
72Cd magnetic locator [2]. At the same research site a Geonics EM-
38 conductivity meter found similar detection limits [21], while
surveys with a Fisher M-97 metal detector resulted in even
shallower detection limits [25]. According to these studies, ground
penetrating radar and electromagnetics-based metal detectors
successfully detected buried weapons but at shallow depths.
Magnetometry, in contrast, shows promise in detecting weapons at
greater depths.

Metal detectors, conductivity meters, and ground-penetrating
radar need to produce their own signal which limits their depth
penetration; in contrast, magnetometry measures changes in
Earth's natural magnetic field [8] and has thus the potential to
detect buried weapons at greater depth, provided the property
contrast between the target and the soil surrounding it is large
enough. Its widely reported success in archeological studies (for a
recent review see [9]), provides an additional impetus to explore
this approach further for forensic investigation. Metal parts have
the highest magnetic susceptibility of artefacts found in soils [26],
and firearms also tend to maintain remanent magnetism [27].
However, some metals - like copper that may be used in alloys, and
even high-grade stainless steel - are non-magnetic, rendering this
method less useful [28]. As a consequence, the literature reports
mixed results on applying magnetic based methods for detecting
buried weapons. For example, a study by Hansen and Pringle [29]
buried a replica handgun 0.15 m below a concrete patio and reports
that a Geonics FM15 fluxgate gradiometer did not detect it, while a
Gem Systems GSMP-40 potassium-vapour gradiometer did.
Another study using a Geoscan FM256 fluxgate gradiometer was
able to find buried replica handguns at shallow depths to 0.5 m
[28]. These contrasting results show the knowledge gap including
the optimum detection depths, effect of sensor configuration,
geology and other environmental factors on measured magnetic
signals in relation to detecting buried weapons; hence the need to
test this method in different environments.

Information about coordinates and depth of a target cannot
easily be extracted from magnetic data due to the inherent non-
uniqueness of the method [8]. Several approaches seem promising,
for example equivalent dipole [30], extended Euler deconvolution
[31], analytical signal for single dipole or a line of dipoles [32], or
tilt-depth method across a vertical boundary [33]. All of these have
to make simplifying assumptions, for example that the object can
be approximated by a point dipole or that the magnetization is
purely induced and thus aligned with Earth's field at the survey
location. This study proposes an easy forward modeling approach
to match magnetic total field or vertical gradient data. Vertical
magnetic gradiometers, which measure the difference between
two magnetic sensors at fixed vertical separation, are able to
highlight magnetic signatures from shallow targets [34].

The aim of our study is to employ investigations at a controlled
field site and numerical modeling to assess the suitability of using

magnetic gradiometers to detect buried rifles and handguns. We
first calculate synthetic magnetic total field and gradiometer data
using formulas for a long dipole which we think adequately
describes the field of a "long gun" in a shallow burial. We then
compare model results to data collected in a field study which
surveyed real buried firearms. Finally, we assess the detection
limits, specifically the maximum burial depth at which firearms
such as those used in our study may be detected by a magnetic
gradiometer.

2. Method

Magnetometry measures small perturbations or "anomalies” in
the local earth’s total magnetic field which can be associated with
the presence of a ferromagnetic objects (in this case either the rifle
or handgun). Standard magnetic measurements using a single
magnetometer require correcting for temporal and regional
variation in the earth’s magnetic field including effects of diurnal
variations, micro-pulsation, magnetic storms and other transient
magnetic effects originating outside the earth's field [8]. This
correction can be done either by setting up a fixed base
magnetometer where repeated measurements are taken to
establish a background trend in comparison to the field data, or
by the use of tie lines. As an alternative, the vertical gradient of the
total magnetic field can be measured which uses two sensors at a
fixed separation to determine the difference between them and the
separation determines the depth of investigation [8,35-37]. Such
gradient data automatically excludes both temporal and regional
variations in the Earth's magnetic field during the duration of a
survey, in contrast to total field data. Using a small separation
between sensors also enhances near surface signals which are
typically weak and could be masked by deeper sources while the
spatial resolution is significantly improved compared to total field
measurement alone.

2.1. Numerical modeling

Several approaches have been developed to forward model
magnetic data. Profile data can be simulated for buried 2D objects
with an arbitrary cross-section [38], while 3D data can be
calculated assuming simple objects like spheres or prisms below
ground [39] or by dividing the subsurface into regular prismatic
cells [37,40] or arbitrary meshes [41]. Sometimes these methods
will only allow induced magnetization. Given that firearms have a
small cross-section and tend to be elongated we suggest a simple
approach to model handguns and rifles as long magnetic dipoles.

Simple dipole models for interpreting measured magnetic
anomalies [30,35,36] are inadequate to calculate the field of a rifle
because if it is buried within a few meters of the subsurface then
the distance between the measuring sensor and some part of the
firearm may be similar to or even smaller than the length of the
firearm. In our model, we simplify the firearm to be a long rod and
although it may have both induced magnetization and remanent
magnetization (resulting from mechanical stress during produc-
tion or firing), we assume that both point along the axis of the
barrel and are thus indistinguishable from one another. Parameters
describing the weapon are thus its length and magnetization, as
well as the location of its center in the subsurface and the azimuth
(angle to North) and plunge (angle from the horizontal).

Our modeling of magnetic maps for buried weapons extends
earlier work by Seleznyova et al. [42-44] who derive equations for
the total magnetic field of a long dipole by superposition of the
fields of two magnetic monopoles. They use cylindrical coordinates
that take advantage of the radial symmetry of the dipole field. Our
extension of this model is summarized in Fig. 1 and involves two
steps. First, we apply vector algebra to convert the cylindrical
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Fig.1. Magnetic anomaly calculation. (a) Radial and vertical components B, and B, of magnetic field for a long-dipole, modified from Fig. 3 in [42]. (b) Placement of
this cylindrical coordinate system into a more practical cartesian coordinate system and calculation of converted field components.

coordinates - which are based on the distance of the measurement
point to the center of the dipole and the angle of the line
connecting these two points to the dipole axis - into a cartesian
coordinate system with its axes pointing North, East, and vertical
up. This system better resembles the coordinates we use to collect
data in a magnetic survey. Second, we use the principle of
superposition and simple vector addition to add this converted
magnetic field of the buried dipole to the Earth's background field
that is reported in the same coordinate system. An added benefit of
reporting a dipole field in cartesian coordinates is that it also
allows us to calculate the combined field of several objects buried
on the same site.

Seleznyova et al. [42, equation 26] define the radial component
of the magnetic field of a long dipole as:

_Ho Mg L 1
Bp74n. i rsmé’(rp3 Tm3)

and its vertical component as:

o m 1—%17 l+%l
B, =] rc056< 3 3

where o is the permeability of a vacuum; m the strength of
magnetic dipole [Am?]; | the length of dipole [m]; 8 the polar angle
between the direction of the dipole and the line connecting the
observation point P to the centre of the dipole; r the distance
between this observation point and the centre of the dipole; and r,,
and ry, are distances between this observation point and the ends
of the dipole (Fig. 1a).

The converted coordinate system is described by the Cartesian
coordinates eg, ey, ey pointing East, North and Up (Fig. 1b), and we
can express the unit coordinate vectors of the cylindrical system in
this new coordinate system as follows:

Defining d as the depth to the dipole centre and M as the
location of the centre of the dipole at (Xy, Yy, d), and defining
azimuth Az (clockwise from North) and plunge Pl (positive
downward) of the dipole we convert the magnetization direction

by

sin Az cos Pl
e;=(cos Az cos Pl)
—sin Pl

which allows us to obtain the endpoints of the dipole as
M, =M+ feandMy, = M - e,

To calculate the radial direction, we first obtain e, as the direction
from M to P, the measurement point at (Xp, Yp,0):€; = 1 (P—M)
and the distance between those pointsasr = ¥/(P— M).(P — M).
The distances from the end points of the dipole to the
measurement point are computed in an equivalent way. We

calculate the polar angle & = cos (e, .
and the radial direction

e;) via the dot product

e, = (e, xer) xe

This gives us all the information we require to compute the
cylindrical field components of the magnetic field of the long
dipole and convert those into cartesian coordinates:

B = B, e,+ B; e

The local geomagnetic field, given its total field strength F,
declination D, and inclination I, can be written in the cartesian
coordinate system as

sinD  cosl
F = F (cosD cosl)
—sinl

The perturbation or total field anomaly A is computed by
subtracting the dipole field vector from the local geomagnetic field
vector:

A =F - B

To simulate gradiometer data, we subtract the values of the
total field anomaly calculated at two elevations; an example of
measurements at two elevations and their difference is shown in
Fig. 2.

Representative examples of modeled data for different depths,
different orientations, and different lengths of dipoles are shown in
Fig. 3. In these calculations we approximate a rifle to be 1.0 m long
with a magnetization of 0.5 Am?, while a handgun is 0.1 m and has
a magnetization of 0.05 Am?. Our examples use approximate
values of the background magnetic field for a location just to the
Northwest of Toronto with a magnetic field strength of 54 mT,
declination of 10 degrees West, and an inclination 70 degrees [45].

The modeling results (Fig. 3) allow us to make four statements:
(i) Deeper dipoles will give rise to smaller but broader anomalies
measured at the surface as expected. (ii) A long dipole will create
spatially separate anomalies compared to a short dipole, especially
noticeable at shallow burials. The separation between maximum
and minimum value can provide an indication of dipole length
while taking the depth of the object into account. (iii) Changing the
plunge of the dipole increases either the positive or the negative
anomaly, depending which of them rotates closer to the surface,
and even at intermediate plunge (20 degrees) this anomaly
becomes prominent. At shallow angle, a comparison between
maximum and minimum values can thus provide insight into the
plunge of the dipole. (iv) The maximum amplitude of the anomaly
is strongly dependent on the plunge; a vertical dipole shows a
significantly larger anomaly than a horizontal one if all other
parameters are the same.
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Fig. 2. Total field magnetic data calculated for the bottom sensor (left), top sensor (middle) and the difference between both values (right).

While most of these statements confirm standard geophysical
concepts, it highlights that observations of maximum and
minimum amplitude, their spatial separation, their orientation
on the map, and their width can allow inference of the dipole's
depth of burial, azimuth, plunge, and magnetization. The models
indicate that hardest to detect will be deep and horizontally
oriented firearms with low value of magnetization. As a conse-
quence, the detection limit will depend on the type of firearm
(which determines its magnetization), the depth of burial, and the
plunge.

2.2. Field data acquisition

Our field study was conducted at a rural test site approximately
25 km Northwest of Pearson International Airport in Ontario,
Canada. The soil at the site has been described as a loamy podzol
[46]. The site was prepared for a range of forensic investigations in
summer 2012. As one component of this investigation, three
decommissioned rifles and three decommissioned handguns (for
specifics see Table 1) were buried and covered with a 11 x 12 m
concrete slab at the site mimicking potential burial at crime sites.
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Table 1
firearms and parameters used to model their magnetic responses.
label Rs Rm Rd Gs Gm Gd
firearm make/model Remington .12 Remington .12 Winchester .22 cal Ruger P.89 Luger 9mm
‘-n L el
location [m] (2,2.5) (5.5,2.5) (9, 2.5) (2,4.5) (5.5, 4.5) (9, 4.5)
(in unrotated coordinates)
depth [m] 0.6 12 18 0.6 12 18
azimuth 300 120 120 120 120 120
[deg from N]
magnetization [Am?] 0.4 3.5 1.5 0.08 0.5 1.5
plunge -10 10 0 10 0 -30
[degrees from horizontal]
nominal sensitivity of 0.0015 nT; however, repeat measurements
a) R we took during this survey show a practical repeatability of
& Jifle gradient measurements to 0.15 nT. Positioning was managed by
2 i - _ . . . .
%00 Z, L Gs taking point measurements using tape measures as guide. Coarse
'46,;% depth grids (0.5m along lines, and lines spaced 1.0m apart) were
25m . osm collected in June and August 2012 just prior and after burials. A
W oom finer grid (0.10 m along profile lines, and lines spaced 0.25 m apart)
B sm was measured in October 2015. Sensor elevation was 0.25m

Fig. 4. Schematic sketch map of the site setup with buried decommissioned
firearms (a) and examples of on-site buried rifle (b) and handgun (c).

The six burials are separated by 2.0 m-3.5 m, and burial depths are
0.6 m, 1.2 m, and 1.8 m (Fig. 4), with the different burial depths
used to assess the depth limitation of the presented method. All
firearms were placed horizontally and oriented into the same
Northwest-Southeast direction.

Magnetic gradiometric data were collected three times using a
GEM-Systems GSM-19GW Overhauser gradiometer which meas-
ures the total magnetic field and the vertical gradient with a

(bottom sensor) and 0.80 m (top sensor) above ground, resulting in
avertical separation of 0.55 m between the sensors. The last survey
collected over 3000 data points across the northern half of the slab
that overlays the weapons and is the focus of this study.

3. Results

The coarse survey of the unprepared site in June 2012 showed
the total field to vary 25 nT between 54,530 nT to 54,555 nT, and
gradient readings (difference between sensors) to vary from —7 nT
to +14 nT. The finer grid atop the buried firearms in October 2015
showed total field variations of 80 nT between 54,100 nT and
54,180 nT, triple the pre-burial amplitude variation. This overall
drop in field strength is consistent with the expected secular
variation and magnetic field calculations [45]. The raw difference
in total field data (Fig. 5) ranges in value from —37 nT to +21 nT
(which approximately corresponds to a gradient of +/— 65 nT/m if

magnetic gradiometer data
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Fig. 5. Gradiometer data collected over buried weapons. Each dot marks a measurement point. As in Fig. 4, the locations of rifles are marked by long lines, while those of
handguns are indicated by short lines. The grid is not oriented South-to-North; the y-axis is tilted 20 degrees to the East.
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we account for the sensor separation). Some anomalies spatially
coincide with the locations of weapons, especially those near grid
locations (2, 2.5) and (5.5, 2.5). Dipole anomalies align along the x-
axis; this is the known orientation of the firearms. We note that
pairs of anomalies measured above firearms seem to be shifted to
the left with the negative anomaly appearing above the weapon;
only the one at (5.5, 2.5) shows the negative anomaly to the left of
the positive. Additional anomalies at the top corners, one positive
at (0, 6.5) and the other negative at (11, 6.5), are caused by 8-foot
metal bars rammed into the ground as topographic markers, and
the anomaly around grid location (2, 0) is caused by a steel drum
that was buried outside of the survey grid. A significant positive
anomaly along the right edge of the grid around (11, 1) to (11, 2)
cannot be linked to a known source. It seems that the visual
inspection of the mapped gradiometer data hints at the location of
the buried firearms.
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4. Discussion

The gradient data (Fig. 5) was gridded (betweeny distance 1.2 m
and 5.8 m to avoid the anomalies at the bottom and the top
corners) and rotated (to align with the UTM system) resulting in
the map shown in Fig. 6a. We forward modeled synthetic data
using the known (E,N,V) locations and azimuth, and adjusted the
magnetization and plunge for each weapon until we obtained a
reasonable visual fit (Fig. 6b). While the magnetization affects both
positive and negative amplitudes, the plunge allows for adjusting
the positive and negative amplitudes relative to one another.
Fig. 6¢c shows a map with the residuals which indicates small
values around the locations of the firearms; the root mean square
(RMS) error value of the residual map is 6 nT. Figs. 6d and 6e show
profiles across the burials, RMS misfit values are 6 nT for the rifles
and 4 nT for the handguns. The values for all modeling parameters

d) comparison between data (red) and model (blue) for guns

difference between sensors [nT]

profile distance [m]

e) . cqmparison betwgen datg (red) qnd model (blue) for riﬂ_es

difference between sensors [nT]

0 1 2 3 4 5 6  § 8 9 10 1"
profile distance [m]

Fig. 6. Comparison of collected and modeled data on maps (top) and along profiles (bottom). Dotted lines in the top panels show the location of the profiles in the bottom
panels. Locations of firearms are denoted by circles on the maps and by lines on the profiles. (a) gridded field data, (b) modeled data, (c) residual, (d) measured and modeled

profiles crossing handguns, (e) measured and modeled profiles crossing rifles.
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are summarized in Table 1. Magnetic models are non-unique,
meaning there is some flexibility in our modeling results, yet they
allow us to state several observations.

The modeled map shows clearly separate responses for the
shallow firearms but stretched anomalies for encompassing pairs
of deeper ones, because their anomalies overlap spatially at the
surface. It also makes it obvious that the positive-negative anomaly
pairs for each handgun (along the top profile line) are closer
together than those for each rifle (along the bottom profile line).
The shallow firearms may be better fitted by broader anomalies,
which would mean that they were buried deeper and had larger
magnetization than our model assumes. It could be that the
assumption of a thin dipole is less adequate for the shallow burials.
We note that the values of magnetization are smallest for the
shallow firearms.

Anomalies for the three rifles are above +/— 5 nT, meaning they
should fall above the noise level and thus be detectable in a blind
survey. The shallow and intermediate handguns are around that
amplitude, and for the deep handgun we model a plunge of 30
degrees which, as shown in the modeling section above, makes for
larger amplitudes than if the handgun was horizontal. The burials
were dug using an excavator which scoops a curved surface so it is
possible that the weapon did not rest perfectly horizontal, and
careless infilling could have rotated the weapon further. Alterna-
tively, the magnetic field of this gun is distorted by a larger scale
anomaly centered outside the measuring area east of (11, —3)
where we observe a local maximum. A similar argument could be
made to explain the modeled plunge of rifle Rs; however, the
overall weakening and broadening of its maximum could also be
caused by different parts of the stock which give rise to individual
magnetic fields that superpose.

Our data collection was done at very close spacing, and it took
us about 5h to collect the 6.5 x 11 m area. The modeling results
(Fig. 3) indicate that the half-width of anomalies for firearms at
shallow burials requires a mesh not coarser than 0.25 m to ensure
that at least one measurement point falls within that half-width.
Measured anomalies for the rifles seem broader, but the measured
anomalies for the handguns are spatially concentrated, thus a
spacing of 0.25 m can be suggested. We did point measurements,
and an automated data collection ("walking mode") would speed
up the data collection, but at the expense of higher noise and less
accurate positioning.

To our knowledge this is the first study which investigates a
selection of firearms buried to 1.8 m at a controlled site. Three
publications address different surveys on a site in Florida to
investigate a large range of weapons, including 16 firearms which
were reburied every 0.05 m starting at 0.20 m. When using the
Schonstedt GA-72Cd magnetic gradiometer [2], and relying on the
audio signal it produces under a strong gradient, the firearms
detection limit was 0.25 m to 0.75 m depending on the weapon's
size. When mapping the ground conductivity using a Geonics EM-
38 conductivity meter [25] burials between 0.30 m and 0.75 m
could be detected when relying on a threshold of >1 mS. Searching
with a Fisher M-97 metal detector [25] gave an audible response
for firearms no deeper than 0.30 m to 0.55 m. Another study done
in the UK [28] included two replica handguns which were buried
and surveyed with a ground-penetrating radar, a conductivity
meter, and a magnetic gradiometer, specifically a Geoscan FM256
fluxgate magnetic gradiometer which measures the vertical
component of the magnetic field at two elevations 0.5 m apart.
The researchers mapped on a very fine grid (0.125 m between
measurements) and found that the replica handguns had "weak"
(= difficult to interpret) anomalies. They noted that the material of
these replicas is a mixture of non-magnetic alloys and some steel;
probably this material was not representative for the magnetic
properties of real firearms. A third study, also in the UK [29],

compared the success of different types of equipment in detecting
various objects, including one replica handgun, buried at 0.15 m
depth and covered with concrete patio slabs. The testing
equipment included a Geonics FM15 fluxgate vertical gradiometer
and a Gem Systems GSM-40K vapour gradiometer. Survey lines
were 0.25m apart with closer data spacing along lines; the
collected data was despiked, gridded, and detrended for visual
target detection. The survey found large standard deviations in the
data with the potassium magnetometer having a better success
rate than the fluxgate magnetometer; however metal detectors,
magnetic susceptibility equipment, and ground-penetrating radar
were all found to be superior on grass, and magnetic susceptibility
was better than the potassium magnetometer on the patio setting.
All these studies investigated shallow burials less than 1 m deep,
and in comparison we provide a better detection limit since we can
image large firearms down to 1.8 m.

One of our study objectives was to determine the maximum
depth to which a magnetic gradiometer may detect buried
firearms. We applied forward modeling to provide an estimate
for burial depth (as suggested in [29]) and compared this to field
data. We found that the amplitude of magnetic anomalies drop
from +/— 20 nT for large weapons at 0.6 m depth to +/— 2 nT for
handguns buried at 1.8 m depth with variations depending on the
plunge of the buried item. The detection limit will be dependent on
the accuracy of measurements as well as the amplitude of
magnetic spatial variations of the particular site; the magnetic
anomaly caused by the object should surpass both for anomalies to
be detected. At this site a blind study would probably miss the deep
handgun because its anomaly is smaller than the variations from
the soil. One might be able to increase the detection limit if one
subjected the data to advanced analysis methods which compares
the data to a range of possible anomaly patterns derived by the
forward model.

5. Conclusion

Our study shows that gradient magnetometry is able to detecta
variety of firearms buried to 1.8 m. Horizontally buried firearms
produce smaller anomalies, while even slight plunges will
significantly enhance either the positive or negative anomaly,
and vertical burials can increase the amplitude measured at the
surface several times. To improve field application of magnetic
gradiometry for locating buried weapons such as guns, we suggest
that measurements should involve running a coarser sweep of the
area to catch large scale anomalies. This has to be followed by
surveying on a grid measuring no wider than at 0.25 m spacing. The
spacing between the gradiometer sensors should be small with the
lower sensor and upper sensor no higher than 0.25 m and 0.80 m
above the surface respectively.

Our study is limited by magnetic background variations owing
to the soil and site preparation. The unprepared site showed
significant magnetic variation. A historical soil report [46] notes
that the soil in the county has been derived by weathering and
glacial activity from underlying shale bedrock which contains
significant amounts (~5%) of iron oxide. The site was not intended
for magnetic surveys of firearms but set up by law enforcement as a
training site to detect buried bodies, containers, and firearms.
Metal markers, and the burial of other objects (e.g., metal drums)
give rise to large magnetic anomalies that interfered with our
survey. It can be assumed that a site with less background
magnetization would be more amenable to detecting firearms.

Research at controlled field sites has made important con-
tributions to our ability to detect buried firearms, and our study
also answers to the need for testing of equipment at such sites.
However, we would like to stress modeling as an additional aspect
of forensic research that may assist in the selection of a suitable
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method given a certain environment or a specific target. When
appropriate parameters are known, modeling can allow us to test a
much larger data space than one field site can provide. We may
simulate different environmental conditions (for example varia-
tions in ground conductivity at one site) or different geologic
settings and how these may influence our detection limits. Our
study offers a simple model for firearms in magnetic searches.

Magnetometry is an underused method in forensic searches.
Our results indicate that magnetic gradiometers could be useful in
finding clandestine weapons, for example if disposed in a grave or
shallow water body. We recommend further studies to extend
findings of this study by testing the effects of varying soil types,
consolidation and other geologic and geomorphological properties
on measured anomaly and also to compare vertical and tilted
weapon burials with the horizontal and subhorizontal burials
investigated in this study.
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