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Highlights:

. Magnetic susceptibility an under-utilised forensic search tool

. Relatively low cost, simple and quick to collect surface data

. Variety of test studies show measurable contrast over target versus background

o Use in active forensic case next stage



*Manuscript (without author details)
Click here to view linked References

10

11

12

13

14

15

ABSTRACT

There are various techniques available for forensic search teams to employ to successfully
detect a buried object. Near-surface geophysical search methods have been dominated by
ground penetrating radar but recently other techniques, such as electrical resistivity, have
become more common. This paper discusses magnetic susceptibility as a simple surface
search tool illustrated by various research studies. These suggest magnetic susceptibility to
be a relatively low cost, quick and effective tool, compared to other geophysical methods, to
determine disturbed ground above buried objects and burnt surface remains in a variety of
soil types. Further research should collect datasets over objects of known burial ages for

comparison purposes and used in forensic search cases to validate the technique.
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1. Introduction

For a successful criminal conviction to occur, it is often essential to locate forensically
important evidence [1]. The forensic objects being searched for vary from illegally buried
weapons [2-3] and explosives [4], landmines and improvised explosive devices or IEDs [5],
drugs and weapons caches [6] to clandestine graves of murder victims [7] and mass genocide
graves [8]. In such situations, burials are usually shallow, less than 3 m below ground level
or bgl [9-10]. In addition, the disposal of toxic waste in illegal dumps is a significant and
growing issue [11-12]. Water-based forensic geoscience surveys have also been undertaken
to assist police and environmental divers, especially in water with poor visibility or large

search areas, see [13-16].

Forensic search methods vary widely, for example, in the UK a search strategist is usually
involved in a case at an early stage to decide upon the highest probability of search success
[17], whereas in other countries a search may not be methodical, investigations may not be
standardised and a variety of techniques are undertaken, depending upon local experience
[18]. [19] also detail how illegal disposal of waste has to be detected and characterized,
before a criminal charge can be brought, with US environmental crime investigation
approaches detailed in [20]. Metal detector search teams [21] and specially trained search
dogs [22-23] are both commonly used during either initial investigations or as part of a

phased sequential programme.
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Geoscientific methods are being increasingly utilised and reported upon by forensic search
teams for the detection and location of clandestinely buried material [1]. These generally
start from the large-scale remote sensing methods [24-26], aerial and ultraviolet photography
[9,27], thermal imaging [28], to ground-based observations of vegetation changes [29],
surface geomorphology changes [30], soil type [17] and depositional environment(s) [27],
near-surface geophysics [1], diggability surveys [17] and probing of anomalous areas [31-32]

before topsoil removal [29] and finally controlled excavation and recovery [9].

Near-surface geophysical methods rely on there being a detectable physical contrast between
the target and the background (or host) materials (see [33]). Although geophysical methods
for forensic search are dominated by ground penetrating radar or GPR [1], a multi-method
phased approach is suggested as best practise and is reviewed in [1]. For example, both
Electro-Magnetics or EM [34] and its reciprocal electrical resistivity [35] techniques are
relatively fast to acquire and resulting anomalous areas can then be further investigated by
higher resolution methods. GPR has also been shown to not be optimal in certain search
environments, for example in wooded environments [34], water-logged [36], saline-rich [37],
clay-rich [38] and heterogeneous [39] soil types, these soil types significantly attenuating
radar signal amplitudes. Metal detectors are actually active EM methods relying on metallic
objects being good conductors and transmitting their own secondary EM field in response to
the instruments’ primary EM field (see [3,6]), whereas magnetic methods are passive
measurements which measure variations in the Earth’s magnetic field due to nearby objects
[33,40]. Magnetic surveys have proved not to be optimal in forensic (e.g. [8,41]) and control
search studies [42], as they commonly suffer interference from both above- and below-

ground non-target objects [33].
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All substance have magnetic properties and, when a magnetic field is applied to soil and rock,
the degree of magnetization can be measured as the magnetic susceptibility or MS in Sl
dimensionless units [43]. MS causes are complex and are a combination of dia-, para- and
ferro/ferri-magnetism (see [33] for more information). There are wide variations in
measured MS reported between different rock and soil types (e.g. [44]) with the largest
values being partly attributable to the relative proportions of magnetic minerals present in the
material. In soils, the presence of the ferrimagnetic mineral maghemite (Fe,Os3, y-Fe,03) has
a dominant effect on the magnetic susceptibility and is a low-temperature, oxidisation
weathering product of the strongly magnetic minerals magnetite and titanomagnetite [45].
MS has therefore been used for site soil characterisation (e.g. [46]), forensic trace evidence

(e.g. see [47-49]) and environmental forensic pollution studies [50-54].

Magnetic susceptibility surface surveys have also been used for quality control checking of
magnetic surveys (see [39]), but they have not been used as a forensic search technique to-
date, presumably due to their stated 6 cm penetration below ground level or bgl, although this
is a function of effective response of the proportion of magnetic materials present [55-56].
MS has been shown to have poorly resolved a simulated clandestine grave in an urban
depositional environment [39]. They are, however, commonly used in archaeological
searches (e.g. see [46,57-58]), and have been shown to successfully locate areas of historic
surface burning as the weakly magnetic iron oxide minerals in the soil (e.g. hematite and
goethite) are transformed into the highly magnetic minerals magnetite and maghemite
through heating/burning (e.g. [59-61]). This paper aims to validate the potential usefulness of

magnetic susceptibility surface surveys as a forensic search technique through the use of



86

87

88

89

90

91

seven illustrative forensic research studies with varying targets and post-burial ages, soil
types and depositional environments. Three of these have been previously published but will
allow a more wide ranging view of the technique in different forensic search scenarios. It
will also be briefly compared to other, more commonly utilised forensic geophysics

techniques and finally suggest best practise for such MS surveys.
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2. Case studies

2.1 Magnetic Susceptibility equipment surface survey test

In order to confirm the magnetic susceptibility (MS) technique for sample measurement
repeatability and reliability, a simple test was devised using a Bartington™ MS2D meter with
0.3 m diameter surface probe that costs ~£3,000, weighs 1.9 Kg and was connected to a
ruggedised PC laptop with Bartsoft™ v.4 data acquisition software. Two relatively
homogeneous rock Granite blocks had 4 and 6 sample positions, respectively, repeatedly
measured for their magnetic susceptibility (Fig. 1a). Each sample position was measured ten
times for its MS at 1 s duration, with the instrument being zeroed between each sample
position. The MS survey process was also repeated at 09:00, 13:00 and 17:00 over one day.

The local air temperature varied between 16 °C — 18 °C over the survey period.

The MS meter sample position repeatability was very good between surveys (Fig. 1b), with
an average and maximum sample position repeat measurement difference of 11.3 x 10° and
19.9 x 10 respectively. The MS measured data reliability at each sample position was also
very good, with SD average survey values of 7 x 10, 1 x 10 and 2 x 10°® for the three
respective surveys. The minor sample measurement variations between repeat surveys were
thought to primarily be due to slightly different sample positions although this was
deliberately kept to a minimum. This test therefore gave confidence in MS equipment

operation and sample measurement repeatability and reliability.
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2.2 Hole surface survey monitoring test

A field monitoring surface study was undertaken to quantify if the MS technique could be
used both to detect disturbed ground and to determine if measured values changed over a
one-year study period when compared to background measurements. This should prove if
this method detects disturbed ground when no forensic object is present and if this is
measureable over one year post-disturbance. A 1 m long survey line was therefore
permanently marked by plastic pegs on a quiet semi-rural depositional environment of Keele
University campus (Fig. 2a). A 0.2 m by 0.2 m sized hole ~0.1 m deep into the sand loam
soil was created ~0.4 m - ~0.6 m along the survey profile, with the excavated grassed earth
sod rotated 180° and carefully replaced in the hole. A Bartington™ MS2D meter with a 0.3
m diameter surface probe repeatedly collected magnetic susceptibility measurements every
0.1 m along the 2D profile. Each sample position was measured six times for its MS at 1 s
duration, with the instrument being zeroed every five sample positions. The 2D profile was
also MS surveyed using the same parameters before the disturbance to act as control. This
control line average MS measurement was 637 x 10 SI with a 35 x 10 SD, typical MS
values for those of a sandy loam brown earth soil that was present here (see Dearing et al.
1996). Average monthly site temperatures were 8 °C and the monthly rainfall average was

77 mm over the survey period.

MS results throughout the survey period showed anomalously high measurements over the
area of disturbed ground compared to background values (Fig. 2b). The MS anomaly size
was wider than the 0.2 m wide disturbance area; this was to be expected as the 0.3m diameter

surface probe would measure part of the disturbance on sampling positions adjacent to the 0.4
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m — 0.6 m wide disturbance area. Although there was variation of measurements between
surveys, the relative positive anomaly was consistently present, both in its position along the
profile and in amplitude (averaging +92 x 10® SI) when compared to background values.
Average MS readings also declined by the later surveys compared to early surveys (cf. Fig.
2b). This study gives some confidence that the technique works to consistently detect an area
of disturbance in heterogeneous soil over a one year time period in a typically varied

temperate climate.

2.3 Burnt clothes surface survey test

A field study was undertaken to quantify if the MS technique could be used to detect a site of
burnt clothes left on the ground surface, the same target under overturned soil and finally
once they have been removed. A 5 m long survey line was therefore again marked in a quiet
semi-rural depositional environment of Keele University campus. Two cotton T-shirts (Fig.
3a) and jogging trousers (Fig. 3b) were carefully burnt using 0.5 L of domestic kerosene
within brick-contained 0.5 m x 0.5 m areas (Fig. 3c) along the profile, before one was
overturned into the underlying soil (Fig. 3d). The bricks were present to stop any potential
ash contamination from spreading during burning but were subsequently removed. The
profile was MS surveyed by a Bartington™ MS1 meter with a 0.3 m diameter surface probe
every 0.25 m along the 2D profile, before the surface clothes were scraped clear by a metallic

spade before being re-surveyed.

MS results showed significant variability between surveys; the highest anomaly (~2.5 times

that of relative background values) was surprisingly that of the burnt clothes underneath the
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overturned soil; the next highest anomaly (~2 times) was the burnt clothes left on the surface
and the final MS survey with the ash scraped clear was difficult to differentiate from that of

background values (Fig. 3e).

2.4 Buried weapons case study

A field study was undertaken to determine if the MS technique could detect simulated
forensic buried objects in a semi-rural environment on Keele University campus, U.K. This
had the same soil type as the two previously described case studies. Simulated forensic
objects included a replica Colt 0.45 calibre handgun, domestic stainless steel kitchen
breadknives, a UK metallic mortar ammunition box and decommissioned WW1 and WW?2
allied hand grenades (see Fig. 4a and [2] for information). Objects were buried ~0.15 m
below the ground surface in a non-ordered configuration before the excavated material was
then used to re-fill each hand-dug hole back to ground level. Multi-geophysical methods
were utilised to establish optimum search detection techniques over both grass and domestic
patio environments, as well as creating a suite of datasets for search teams to utilise and
compare their datasets to in such forensic search areas. A Bartington™ MS1 meter with a 0.3
m diameter surface probe collected magnetic susceptibility measurements every 0.25 m along
0.25 m spaced 2D profiles over a5 m by 5 m surface area before burial, after burial (Fig. 4a)
and again after the domestic patio was laid (Fig. 4b). MS measurements were then despiked
to remove isolated anomalous values, de-trending to remove long-wavelength site trends and
a minimum curvature algorithm used to create a digital gridded surface. The site was also

surveyed by other near-surface instruments for comparison [2].
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MS surveys were successful in detecting the buried objects in both the grass and domestic
burial scenarios (cf. Fig. 4d-e), only the control objects (1-2) were not resolved in the grass
survey although note the handgun (9) was poorly resolved during both post-burial surveys. It
was also interesting to note the relative MS contrasts of target against background values
were much higher (~5 times) for the grass scenario compared to (~twice) for the domestic

patio scenario but both were detectable.

2.5 Urban simulated clandestine grave case study

A field study was undertaken to determine if the MS technique could detect a simulated
clandestine burial in an urban environment on Staffordshire University campus, U.K. This
had a dominantly ‘made-ground’ clay-rich soil type. The simulated clandestine grave was
hand-dug to 0.6 m bgl before a clothed plastic resin skeleton with animal soft tissue and 4.5 L
of salt solution added before reburial with the excavated material back to ground level (see
Fig. 5a and [39] for information). Multi-geophysical methods were then used to establish
optimum search techniques, one of these being a Bartington™ MS1 meter with a 0.3 m
diameter surface probe, collecting magnetic susceptibility measurements every 0.5 m along
0.5 m spaced 2D profiles over a 6 m by 5 m surface area. MS measurements were then
despiked to remove isolated anomalous values and a minimum curvature algorithm used to

create a digital gridded surface.
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The MS survey was not that successful at resolving the simulated clandestine grave (Fig. 5b),
whilst relatively high values (~1.5 times) were measured over the target, compared to
background values, there were also at least 4 other positions having similar MS measured
values. This study therefore gave less confidence that this technique would be useful in such

urban depositional environments.

2.6 Coastal simulated clandestine grave case study

A field study was undertaken in a coastal depositional environment in north-west England,
U.K. Simulated clandestine graves of murder victims, using an adult-sized, metal-jointed
fiberglass mannequin, were created in both sand dunes and on more organic-rich foreshore
depositional environments (Fig. 6a/c). Both graves were hand-dug to a depth of 0.5 m and
the excavated material was then used to re-fill the grave after the mannequin had been
emplaced. Multi-geophysical methods were utilised to establish optimum search detection
techniques as well as creating a suite of datasets for search teams to utilise and compare their
datasets to in such forensic search areas (see [37] for information). A Bartington™ MS1
meter with a 0.3 m diameter surface probe collected magnetic susceptibility measurements

every 0.25 m along respective 5 m long 2D profiles.

MS results from both sites show anomalously high MS measurements recorded over the
clandestine graves relative to their background readings (cf. Fig. 6b/d) that were both low
compared to typical homogeneous dry sand (~30-1000 SI x 10°®) and organic-rich sediments

respectively [40]. This is probably due to its salt-rich depositional environment reducing the
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MS values. The anomalous readings over both graves were three times that of background
readings. It was interesting to note that there was a significant MS measured anomaly over
the sand dune simulated clandestine grave (see Fig. 6a), as both the grave contents and the
surrounding materials were homogenous quartz sand grains. The wider MS anomaly
measured over the foreshore simulated clandestine grave was thought to be dominantly

caused by the organic-rich sediments from the grave left on the surface (see Fig. 6¢).

2.7 19" Century unmarked grave case study

A geophysical survey was undertaken at St. John of Jerusalem Church in Hackney, London,
UK, in order to locate the position of numerous unmarked burials in a graveyard that was
closed in 1868. The soil type was a black seat earth. A trial MS survey was undertaken over
a suspected grave position that was visually observed to have a rectangular topographic
depression (Fig. 7a). A Bartington™ MS1 meter with a 0.3 m diameter surface probe
collected magnetic susceptibility measurements every 0.25 m along 0.5 m survey lines within
a4 m by 4 m survey area. MS measurements were then despiked to remove isolated
anomalous values, and a minimum curvature algorithm used to create a digital gridded

surface.

MS results show anomalously high MS measurements recorded (~three times) over the
suspected unmarked grave, compared to background values (Fig. 7b). The approximate
anomaly size (~ 1.75 m x 1 m) is also what would be expected for an adult-sized burial in

such a graveyard. Within the anomaly area itself two sampling positions are very high
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compared to all the other MS measurements at the site. It is now known if there was indeed a

burial present here due to a lack of archaeological excavation.

2.8 Anglo-Saxon unmarked grave study case study

A near-surface geophysical survey was undertaken at RAF Lakenheath in East Anglia, UK,
to determine the location of possible inhumations within an Anglo-Saxon grave following the
removal of topsoil (see [62]). A Bartington™ MS2D meter with a 0.1 m diameter surface
probe collected MS measurements every 0.1 m along 0.1 m survey lines across a 1.4 m by 2
m survey area identified from soil coloration. MS measurements were then despiked to
remove isolated anomalous values, and a minimum curvature algorithm used to create a

digital gridded surface (Fig. 8a).

Subsequent archaeological excavation found the isolated adult skeletal remains were in
surprisingly good condition given the known acidic nature of the surrounding soils (Fig.8b);
the archaeological recording of the recovered remains have been superimposed onto the MS
dataset for comparison (Fig. 8a). Clearly there is a relatively good visual comparison
recorded between relatively the relative high MS values (~5 times), compared to background

values, with the subsequent excavated remains.
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3. Discussion

The initial rock granite MS survey test clearly showed excellent repeatability and reliability
of measured surface MS survey results in a relatively homogenous medium. The instrument
used gives similar results to other MS meters shown by other authors (see [56]). There was
also little measureable diurnal variation observed in recorded measurements, in contrast to
other magnetic surface surveys, e.g. the proton precession and alkali vapour magnetometers,
which do require diurnal correction during data processing to be undertaken (e.g. see
[40,42]). The MS equipment also seemed to have little variation in re-acquired sample
position measurements that was similarly observed to both electrical resistivity and GPR
shielded antennae in other studies (e.g. [2]), most probably due to similar operational
procedure of having direct contact with the ground; this both negates any potential variability
of instrument height as experienced with typically utilised magnetic instruments and reduces

potential above-ground sources of interference.

The field monitoring surface study of disturbed ground was informative; not only did it show
a relatively consistent MS peak compared to background values even though no forensic
object was emplaced, but that it was also still detectable up to a year after disturbance. This
is important forensically, evidence of disturbed ground could be crucial to gain forensic trace
evidence, as has been observed in Balkan Civil War primary and secondary clandestine grave
depositions [63] and for landmine clearance operations [64]. Whilst areas of disturbed
ground have been shown to be electrically detectable from background relative values due to
a combination of increased soil porosity and hence water content [65] this does widely vary

depending upon seasonality, moisture content, soil type and moisture content [66]; therefore
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the MS method looks to be more consistent and detectable over this time period which is

promising.

The burnt clothes study was informative as it showed MS could be used to detect the position
of such forensic targets which could be very important for criminal trace evidential purposes
(see [67-68]). Other research has additionally shown that when organic matter in a soil burns
at ~600-700 °C it can change the soil’s weakly magnetic minerals to magnetite and
maghemite on re-oxidation as the burn ceases, all of which further increase relative MS
values ([46,69-70]). Mathematical calculations can also be undertaken from MS data to

estimate the approximate historic fire temperature ([71]).

The buried weapons study was useful as these are commonly required by forensic search
teams to locate for evidential purposes. Whilst metal detector and GPR are the commonly
used geophysical techniques for such searches [1], the MS survey had the best detection
success rates of all the techniques trialled [2]; this is important as excavating a domestic patio
is obvious time consuming and costly (see [4]). MS surveys also give a numerical value for
sample positions which is less usual in metal detectors. The domestic patio scenario also
reduced the relative contrast of MS values above the forensic targets from five times to twice
that of the background values but they were still detectable. It is also interesting to note that
the MS survey was successful even though the target burial depth was deeper than the
instruments’ perceived penetration depth of 6¢cm; therefore suggesting the instrument was

picking up the soil disturbance over the target rather than the target itself.
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The urban simulated clandestine grave study was useful as, despite the MS survey not being
that successful at delineating the search target, it provides valuable information on using the
technique in common urban search scenarios (see [4]). It may be that MS is not an optimal
search technique in such urban depositional environments due to the amount of disturbed
ground that will be present and thus providing difficulty in differentiating from the target

versus the background MS values.

The coastal simulated clandestine grave study was again found to successfully detect the
target burial although this was ~0.5 m bgl (Fig. 5); it is suggested that the disturbance was
again being detected. Whilst this would be expected on the foreshore scenario as there were
a variety of organic-rich and quartz sand heterogeneous soil present, in the dune scenario the
soil was comprised of relatively homogenous quartz sand grains and thus little material
change would have been present here. The foreshore example shows one of the potential
difficulties with this technique in detecting a buried object if the site has been recently
disturbed; it would be very difficult to detect which area had the forensic target of interest
present. The MS survey technique compared favourably to both GPR and resistivity in the
sand dune scenario with it being much better on the foreshore as both the GPR and resistivity

methods were poor in this depositional environment (see [37]).

The 19™ Century unmarked grave study showed that forensic targets over 100 years old could
be detectable using the MS method although subsequent archaeological excavations have not
been undertaken; other authors have used depressions and geophysics to successfully detect
unmarked burials (e.g. [72]) but other studies have found that suspect burial positions may

not, in fact, be what was suspected [73]. Clearly more geophysical data over marked burials
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with known burial dates would assist in determining if MS could be a useful technique in this

arena and, indeed how long they would be detectable for.

The historic unmarked grave study is very useful as it shows that MS can potentially still be
used as a successful detection method even with a post-burial date of 1,000+ years. Unlike
most of the other case studies, it is probably not disturbed soil that would be causing a
measureable MS difference from background values. It has been suggested that it is both
Iron loading from haemoglobin and the presence of magnetotactic bacteria, which produce
grains of magnetite as a by-product of their life-cycle processes, enhances MS values on such
historic graves [62], whereas others suggest that they are not present in sufficient quantities in

soil to cause such an effect and that it may be due to Iron supply linked to climate [44].

Clearly there are important variables to consider for MS as a search technique, for example,
the background depositional environment, with urban environments proving problematic, but
soil type does not appear to be an important variable although it is in other forensic
geophysical techniques, e.g. for GPR, bulk ground conductivity and electrical resistivity
surveys. In addition, magnetic surveys in urban environments may suffer from above-ground
cultural noise whereas MS surveys may not due to the sensor being placed directly on the
ground. Table 2 provides a MS update on suggested forensic geophysics techniques for

various target searches for the readers information.
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4. Conclusions and further work

Magnetic susceptibility surveys show great potential in forensic search from the case studies
shown in this paper. MS equipment is relatively cheap to acquire compared to other
geophysical methods, robust and portable in the field, with simple data collection and little
processing required to pinpoint anomalous areas, as long as significant background
measurements have been taken. It also shows great versatility to successfully detect various
buried forensic objects, disturbed ground and surface burnt areas in a variety of soil types and

depositional environments.

The next stage is to use this technique in actual forensic searches to determine its usefulness
where the target location is unknown. It would also be of great value to measure MS values
over disturbed ground where the disturbance date was known, if varied disturbance age
surveys were obtained progressively back through time, then potentially crucial cross plots of
disturbance age versus geophysical response could be created. Figure 9 shows an example of
this from the year-long test hole study detailed in Section 2.2. This would be very useful for
search teams to ascertain disturbance age of suspect features before any intrusive
investigations are undertaken which may indeed rule out the need for intrusive investigations
if results suggest no recent disturbance had taken place. One such depositional environment
where such data could be obtained would be marked graves in graveyards and cemeteries
with known burial/headstone records. It would also be useful to repeat a modern burial with

added Iron/organic matter to determine if this is measurable with existing MS technologies.



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

6. References:

[1] J.K. Pringle, A. Ruffell, J.R. Jervis, L. Donnelly, J. Hansen, R. Morgan, et al. The use of

geoscience methods for terrestrial forensic searches, Earth Sci. Rev. 114 (2012a) 108-123.

[2] J.D. Hansen, J.K. Pringle, Comparison of magnetic, electrical and ground penetrating
radar surveys to detect buried forensic objects in semi-urban and domestic patio
environments, in: D. Pirrie, A. Ruffell, L.A. Dawson (Eds), Geol. Soc. London, Spec. Publ.

384 (2013) 229-251.

[3] M.M. Rezos, J.J. Schultz, R.A. Murdock, S.A. Smith, Controlled research utilizing a basic
all-metal detector in the search for buried firearms and miscellaneous weapons, Forensic Sci.

Int. 195 (2010) 121-127.

[4] A. Ruffell, J.K. Pringle, S. Forbes, Search protocols for hidden forensic objects beneath

floors and within walls, Forensic Sci. Int. 237 (2014) 137-145.

[5] M. Combrinck, Transient electromagnetic exploration techniques: can they be applied to

the landmine discrimination problem? African Ear. Sci. 33 (2001) 693-698.



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

[6] C.A. Dionne, J.J. Schultz, R.A. Murdock 11, S.A. Smith, Detecting buried metallic
weapons in a controlled setting using a conductivity meter, Forensic Sci. Int 208 (2011) 18-

24,

[7] A. Novo, H. Lorenzo, F. Ria, M. Solla, 3D GPR in forensics: finding a clandestine grave

in a mountainous environment, Forensic Sci. Int. 204 (2011) 134-138.

[8] A. Witten, R. Brooks, T. Fenner, The Tulsa Race Riot of 1921: a geophysical study to

locate a mass grave, Leading Edge 20 (2001) 655-660.

[9] J. Hunter, M. Cox, (Eds), Forensic archaeology: advances in theory and practice,

Routledge, Abingdon, UK, 2005, pp. 256.

[10] T.L. Dupras, J.J. Schultz, S.M. Wheeler, L.J. Williams, Forensic Recovery of Human

Remains, CRC Press, Boca Raton, FL, 2006, pp. 232.

[11] D. Pirrie, A. Ruffell, L. A. Dawson, Environmental and criminal geoforensics: an

introduction, Geol. Soc. London, Spec. Publ. 384 (2013) 1-7.



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

[12] A. Ruffell, L. Dawson, Forensic geology in environmental crime: illegal waste

movement and burial in N. Ireland, Environ. Forensics 10 (2009) 207-217.

[13] R. Parker, A. Ruffell, D. Hughes, J. Pringle, Geophysics and the search of freshwater

bodies: a review, Sci. Justice. 50 (2010) 141-149.

[14] T. Missiaen, M. Soderstrom, I. Popescu, P. Vanninen, Evaluation of a chemical munition
dumpsite in the Baltic Sea based on geophysical and chemical investigations, Science Total

Environ. 408 (2010) 3536-3553.

[15] J.J. Schultz, C.A. Healy, K. Parker, B. Lowers, Detecting submerged objects: the

application of side scan sonar to forensic contexts, Forensic Sci. Int. 231 (2013) 306-316.

[16] M. Mateus, H. de Pablo, N. Vaz, An investigation on body displacement after two

drowning accidents, Forensic Sci. Int. 229 (2013) e6-e12.

[17] M. Harrison, L.J. Donnelly, Locating concealed homicide victims: developing the role of
geoforensics, in: K. Ritz, L. Dawson, D. Miller (Eds.), Criminal and Environmental Soil

Forensics, Springer, Dordrecht, 2009, p. 197-219.



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

[18] D.O. Larson, A.A. Vass, M. Wise, Advanced scientific methods and procedures in the

forensic investigation of clandestine graves, J. Contemp. Crim. Justice 27 (2011) 149-182.

[19] A. Ruffell, B. Kulessa, Application of geophysical techniques in identifying illegally

buried toxic waste, Environ. Forensics 10 (2009) 196-207.

[20] J.A. Suggs, E.W. Beam, D.E. Biggs, W. Collins Jr., M.R. Dusenbury, P.P. MacLeish,
K.E. Nottingham, D.J. Smith, Guidelines and resources for conducting an environmental

crime investigation in the US, Environ. Forensics 3 (2002) 91-113.

[21] G.C. Davenport, Remote sensing applications in forensic investigations, Hist. Arch. 35

(2001) 87-100.

[22] A. Rebmann, E. David, M.H. Sorg, Cadaver dog handbook: forensic training and tactics

for the recovery of human remains, CRC Press, Boca Raton, FL, 2000, pp. 232.

[23] A.M. Curran, P.A. Prada, K.G. Furton, Canine human scent identifications with post-
blast debris collected from improvised explosive devices, Forensic Sci. Int. 199 (2010) 103-

108.



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

[24] G.M. Brilis, C.L. Gerlach, R.J. van Waasbergen, Remote sensing tools assist in
environmental forensics, Part | digital tools—traditional methods, Environ. Forensics 1

(2000) 63-67.

[25] G.M. Brilis, R.J. van Waasbergen, P.M. Stokely, C.L. Gerlach, Remote sensing tools

assist in environmental forensics, Part Il digital tools, Environ. Forensics 1 (2000) 1-7.

[26] W.M Grip, R.W Grip, R Morrison, Application of aerial photography in environmental

forensic investigations, Environ. Forensics 1 (2000) 121 129.

[27] A. Ruffell, J. McKinley, Geoforensics, Chichester: Wiley, UK, 2008, pp. 330.

[28] D.J. Dickinson, The aerial use of an infrared camera in a police search for the body of a

missing person in New Zealand, J. Forensic Sci. Soc. 16 (1976) 205-211.

[29] E.W. Killam, The detection of human remains, Charles C Thomas, Springfield, IL, USA,

2004, pp. 268.

[30] A. Ruffell, J. McKinley, Forensic geomorphology, Geomorphology 206 (2014) 14-22.



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

[31] D.W. Owsley, Techniques for locating burials with emphasis on the probe, J. Forensic

Sci. 40 (1995), 735-740.

[32] A. Ruffell, Burial location using cheap and reliable quantitative probe measurements,

Forensic Sci. Int. 151 (2005a) 207-211.

[33] J.M. Reynolds, An introduction to applied and environmental geophysics, 2nd ed,

Wiley-Blackwell, Chichester, UK, 2011, pp. 710.

[34] D.C. Nobes, The search for ‘“Yvonne’’: a case example of the delineation of a grave

using near-surface geophysical methods, J. Forensic Sci. 45 (2000) 715-721.

[35] K. Powell, Detecting human remains using near-surface geophysical instruments,

Explor. Geophys 35 (2004) 88-92.

[36] P. Cheetham, Forensic geophysical survey, in: J. Hunter, M. Cox, (Eds), Forensic
archaeology: advances in theory and practice, Routledge Publishers, Abingdon, UK, 2005,

pp. 62-95.



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

[37] J.K. Pringle, C. Holland, K. Szkornik, M. Harrison, Establishing forensic search
methodologies and geophysical surveying for the detection of clandestine graves in coastal

beach environments, Forensic Sci. Int. 219 (2012b) e29-€36.

[38] J.K. Pringle, J.R. Jervis, Electrical resistivity survey to search for a recent clandestine

burial of a homicide victim, UK, Forensic Sci. Int. 202 (2010) el-e7.

[39] J.K. Pringle, J. Jervis, J.P. Cassella, N.J. Cassidy, Time-lapse geophysical investigations

over a simulated urban clandestine grave, J. Forensic Sci. 53 (2008) 1405-1417.

[40] J. Milsom, A. Eriksen, Field Geophysics, 4th ed., John Wiley & Sons, Chichester, UK,

2011, pp. 283.

[41] B.B. Ellwood, D.W. Owsley, S.H. Ellwood, P.A. Mercado-Allinger, Search for the grave

of the hanged Texas gunfighter, William Preston Longley, Hist. Arch. 28 (1994) 94-112.

[42] A. Juerges, J.K. Pringle, J. Jervis, P. Masters, Comparisons of magnetic and electrical
resistivity surveys over simulated clandestine graves in contrasting environments, Near Surf.

Geophys. 8 (2010) 529-5309.



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

[43] H. Walkington, Soil science applications in archaeological contexts: a review of key

challenges, Earth Sci. Rev. 103 (2010) 122-134.

[44] J.A. Dearing, K.L. Hay, S.M.J. Baban, A.S. Huddleston, E.M.H. Wellington, P.J.
Loveland, Magnetic susceptibility of soil: an evaluation of conflicting theories using a

national data set, Geophys. J. Int. 127 (1996) 728-734.

[45] M. Evans, F. Heller, Environmental Magnetism, 1st Ed., Elsevier, Amsterdam, 2003, pp.

299.

[46] R.A. Dalan, A geophysical approach to buried site detection using down-hole

susceptibility and soil magnetic techniques, Arch. Prosp. 13 (2006) 182-206.

[47] C. Manrong, Y. Lizhong, N. Xiangfeng, C. Bin, Application of environmental
magnetism on crime detection in a highway traffic accident from Yangzhou to Guazhou,

Jiansu Province, China, Forensic Sci. Int. 187 (2009) 29-33.



545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

[48] A. Guedes, H. Ribeiro, B. Valentim, A. Rodrigues, H. Sant’Ovaia, |. Abreu, F. Noronha,
Characterization of soils from the Algarve region (Portugal): a multidisciplinary approach for

forensic applications, Forensic Sci. Int. 51 (2011) 77-82.

[49] A. Carvalho, H. Ribeiro, R. Mayes, A. Guedes, I. Abreu, F. Noronha, L. Dawson,
Organic matter characterization of sediments in two river beaches from northern Portugal for

forensic application, Forensic Sci. Int. 233 (2013) 403-415.

[50] L. Bityukova, R. Scholger, M. Birke, Magnetic susceptibility as indicator of
environmental pollution of soils in Tallinn, Phys. Chem. Earth, Part A Solid Earth Geod. 24

(1999) 829-835.

[51] V. Hoffmann, M. Knab, E. Appel, Magnetic susceptibility mapping of roadside

pollution, J. Geochemical Explor. 66 (1999) 313-326.

[52] M. Canbay, A. Aydin, C. Kurtulus, Magnetic susceptibility and heavy-metal
contamination in topsoils along the Izmit Gulf coastal area and IZAYTAS (Turkey), J. Appl.

Geophys. 70 (2010) 46-57.



564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

[53] B. Sapkota, M.T. Cioppa, Using magnetic and chemical measurements to detect
atmospherically-derived metal pollution in artificial soils and metal uptake in plants, Environ.

Pollut. 170 (2012) 131-144.

[54] E.A. Cowan, K.C. Seramur, S.J. Hageman, Magnetic susceptibility measurements to
detect coal fly ash from the Kingston Tennessee spill in Watts Bar Reservoir, Environ. Pollut.

174 (2013) 179-188.

[55] A. Clark, Seeing beneath the soil: prospecting methods in archaeology, first rev. ed.,

Batsford Ltd., London, UK, 1996.

[56] H. Lecoanet, F. Leveque, S. Segura, Magnetic susceptibility in environmental

applications: comparison of field probes, Phys. Earth Planet. Int. 115 (1999) 191-204.

[57] M.A. Cole, N.T. Linford, A.P. Payne, P.K. Linford, Soil magnetic susceptibility
measurements and their application to archaeological site investigation, in: J. Beavis, K.
Barker, (Eds), Science and site: evaluation and conservation, Bournemouth Uni., 1995, 114-

162.



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

[58] D. Chianese, M. D’Emilio, S. Di Salvia, V. Lapenna, M. Ragosta, E. Rizzo, Magnetic
mapping, ground penetrating radar surveys and magnetic susceptibility measurements for the
study of the archaeological site of Serra di Vaglio (southern Italy), J. Arch. Sci. 31 (2004)

633-643.

[59] A. Marshall, Visualising burnt areas: patterns of magnetic susceptibility at Guiting

Power 1 Round Barros (Glos., UK), Arch. Prosp., 5 (1998) 159-177.

[60] J. Crowther, Potential magnetic susceptibility and fractional conversion studies of

archaeological soils and sediments, Archaeometry, 45 (2003) 685-701.

[61] A. Viberg, B. Berntsson, K. Liden, Archaeological prospection of a high altitude
Neolithic site in the Arctic mountain tundra region of northern Sweden, J. Arch. Sci. 40

(2013) 2579-2588.

[62] N. Linford, Magnetic ghosts: mineral magnetic measurements on Roman and Anglo-

Saxon graves, Arch. Prosp. 11 (2004) 167-180.

[63] A.G. Brown, The use of forensic botany and geology in war crimes investigations in NE

Bosnia, Forensic Sci. Int. 163 (2006) 204-210.



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

[64] J.A. Hannam, J.A. Dearing, Mapping soil magnetic properties in Bosnia and

Herzegovina for landmine clearance operations, Ear. Planet. Sci. Lett. 274 (2008) 285-294.

[65] L.B. Conyers, Ground penetrating radar techniques to discover and map historic graves,

Hist. Arch. 40 (2006) 64-73.

[66] J.K. Pringle, J.R. Jervis, J.D. Hansen, N.J. Cassidy, G.M Jones, J.P. Cassella,
Geophysical monitoring of simulated clandestine graves using electrical and Ground

Penetrating Radar methods: 0-3 years, J. Forensic Sci., 57 (2012) 1467-1486.

[67] L. Fanton, K. Jdeed, S. Tilhet-Coartet, D. Malicier, Criminal burning, Forensic Sci. Int.

158 (2006) 87-93.

[68] D.H. Ubelaker, The forensic evaluation of burned skeletal remains: a synthesis, Forensic

Sci. Int. 183 (2009) 1-5.

[69] M.G. Canti, N.T. Linford, The effects of fire on archaeological soils and sediments:

temperature and colour relationships, Proc. of Prehistoric Society, 66 (2000) 385-439.



622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

[70] N.T. Linford, M.G. Canti, Geophysical evidence for fires in antiquity: preliminary

results from an experimental study, Arch. Prosp. 8 (2001) 211-225.

[71] N. Linford, E. Platzman, Estimating the approximate firing temperature of burnt
archaeological sediments through and unmixing algorithm applied to hysteresis data, Phys.

Ear. Planet. Inter. 147 (2004) 197-207.

[72] A. Ruffell, A. McCabe, C. Donnelly, B. Sloan, Location and assessment of an historic
(150-160 years old) mass grave using geographic and ground penetrating radar investigation,

NW Ireland, J. Forensic Sci. 54 (2009a) 382-394.

[73] A. Ruffell, C. Donnelly, N. Carver, E. Murphy, E. Murray, J. McCambridge, Suspect

burial excavation procedure: a cautionary tale, Forensic Sci. Int. 183 (2009b) e11-e16.



637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

FIGURE CAPTIONS

FIG. 1. Magnetic susceptibility equipment test. a. The ten sample positions (marked) on
relatively homogeneous Granite blocks, with the 30 cm diameter surface probe also shown. b.
Bar graph of average Bartington™ MS2D survey results (10 measurements at 1s duration) at

each test position, with three separate surveys over 1 day (see key).

FIG. 2. Magnetic susceptibility over disturbed ground test. a. Photograph of the test profile
on Keele University campus with 30cm diameter Bartington™ MS2D surface probe and
laptop acquisition also shown. b. Line graph of average repeated (see key for dates) survey
results (6 measurements at 1s duration) at each test position. c. Line graph of graph shown in

b with control values subtracted. Error bars have been moved for clarity.

FIG. 3. Photographs of; a. cotton T-shirt and; b. trousers burnt during the study. Site
photographs of c. burnt surface remains and; d. burnt remains overturned into underlying soil.
e. Graph of Bartington™ MS1 survey results on overlain 2D profiles with target locations

marked (arrow).

FIG. 4. Magnetic susceptibility over buried forensic targets. a. Site photograph and; b. after
domestic patio laid respectively. MS processed, gridded and contoured map-view data plots
of; c. pre-burial control, d. post-burial grass and; e. post-burial domestic patio environments

respectively. Buried forensic target (see key) positions marked in c-e. Modified from [2].
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FIG. 5. Magnetic susceptibility over simulated urban clandestine grave. a. Site photograph
showing simulated grave location and grave contents (inset) of clothed plastic resin human
skeleton. Modified from [39]. b. Mapview close-up of the simulated grave (dotted rectangle)

of magnetic susceptibility (dots) acquired 1 month after burial.

FIG. 6. Coastal clandestine grave study in Southport, U.K. a. Photograph of simulated grave
in Marram grass sand dunes and 2D profile position marked b. 2D MS profile collected in
sand dunes (see a for position). c. Photograph of simulated grave on foreshore. d. 2D MS

profile collected on foreshore (see ¢ for position). Modified from [37].

FIG. 7. Unmarked 19™ Century grave in a church graveyard, U.K. a. Photograph of
suspected grave location shown by slight surface topographic depression. b. Plan-view digital

contoured surface of Bartington™ MS1 MS survey results with suspected position marked.

FIG. 8. Historic Anglo-Saxon grave study in East Anglia, U.K. a. Digital gridded surface
generated from Bartington™ MS2D meter. Modified from [62]. b. Subsequent photograph of

excavated remains.

FIG. 9. Test hole graph cross-plot of average mid-hole (0.5 m) magnetic susceptibility
measurements against post-burial interval (days) with linear regression co-efficient also

shown (see text).
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TABLE CAPTIONS

TABLE 1. Summary of key statistics of research studies detailed in this paper and where

further information is available.

Table 2. Generalised table to indicate potential of search techniques(s) success for buried
target(s) assuming optimum equipment configurations. Note this table does not differentiate
between target size, burial depth/age and other important specific factors (see text). Key: @
Good; © Medium; O Poor chances of success. The dominant sand | clay soil end-types are
detailed where appropriate for simplicity, therefore not including peat, cobbles etc. types
(more wide ranging summary of geophysical techniques versus soil types can be found in

[33]). Modified from [1].
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ABSTRACT

There are various techniques available for forensic search teams to employ to successfully
detect a buried object. Near-surface geophysical search methods have been dominated by
ground penetrating radar but recently other techniques, such as electrical resistivity, have
become more common. This paper discusses magnetic susceptibility as a simple surface
search tool illustrated by various research studies. These suggest magnetic susceptibility to
be a relatively low cost, quick and effective tool to determine disturbed ground above buried
objects and burnt surface remains. Further research should collect datasets over objects of
known burial ages for comparison purposes and used in forensic search cases to validate the

technique.

Keywords; forensic science; forensic geophysics; search; magnetic susceptibility
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1. Introduction

For a successful criminal conviction to occur, it is often essential to locate forensically
important evidence [1]. The forensic objects being searched for vary from illegally buried
weapons [2-3] and explosives [4], landmines and improvised explosive devices or IEDs [5],
drugs and weapons caches [6] to clandestine graves of murder victims [7] and mass genocide
graves [8]. In such situations, burials are usually shallow, less than 3 m below ground level
or bgl [9-10]. In addition, the disposal of toxic waste in illegal dumps is a significant and
growing issue [11-12]. Water-based forensic geoscience surveys have also been undertaken
to assist police and environmental divers, especially in water with poor visibility or large

search areas, see [13-16].

Forensic search methods vary widely, for example, in the UK a search strategist is usually
involved in a case at an early stage to decide upon the highest probability of search success
[17], whereas in other countries a search may not be methodical, investigations may not be
standardised and a variety of techniques are undertaken, depending upon local experience
[18]. [19] also detail how illegal disposal of waste has to be detected and characterized,
before a criminal charge can be brought, with US environmental crime investigation
approaches detailed in [20]. Metal detector search teams [21] and specially trained search
dogs [22-23] are both commonly used during either initial investigations or as part of a

phased sequential programme.
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Geoscientific methods are being increasingly utilised and reported upon by forensic search
teams for the detection and location of clandestinely buried material [1]. These generally
start from the large-scale remote sensing methods [24-26], aerial and ultraviolet photography
[9,27], thermal imaging [28], to ground-based observations of vegetation changes [29],
surface geomorphology changes [30], soil type [17] and depositional environment(s) [27],
near-surface geophysics [1], diggability surveys [17] and probing of anomalous areas [31-32]

before topsoil removal [29] and finally controlled excavation and recovery [9].

Near-surface geophysical methods rely on there being a detectable physical contrast between
the target and the background (or host) materials (see [33]). Although geophysical methods
for forensic search is dominated by ground penetrating radar or GPR [1], a multi-method
phased approach is suggested as best practise and is reviewed in [1]. For example, both
Electro-Magnetics or EM [34] and its reciprocal electrical resistivity [35] techniques are
relatively fast to acquire and resulting anomalous areas can then be further investigated by
higher resolution methods. GPR has also been shown to not be optimal in certain search
environments, for example in wooded environments [34], water-logged [36], saline-rich [37],
clay-rich [38] and heterogeneous [39] soil types, these soil types significantly attenuating
radar signal amplitudes. Metal detectors are actually active EM methods relying on metallic
objects being good conductors and transmitting their own secondary EM field in response to
the instruments’ primary EM field (see [3,6]), whereas magnetic methods are passive
measurements which measure variations in the Earth’s magnetic field due to nearby objects
[33,40]. Magnetic surveys have proved not to be optimal in forensic (e.g. [8,41]) and control
search studies [42], as they commonly suffer interference from both above- and below-

ground non-target objects [33].
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All substance have magnetic properties and, when a magnetic field is applied to soil and rock,
the degree of magnetization can be measured as the magnetic susceptibility or MS in Sl
dimensionless units [43]. MS causes are complex and are a combination of dia-, para- and
ferro/ferri-magnetism (see [33] for more information). There are wide variations in
measured MS reported between different rock and soil types (e.g. [44]) with the largest
values being partly attributable to the relative proportions of magnetic minerals present in the
material. In soils, the presence of the ferrimagnetic mineral maghemite (Fe,Os3, y-Fe,03) has
a dominant effect on the magnetic susceptibility and is a low-temperature, oxidisation
weathering product of the strongly magnetic minerals magnetite and titanomagnetite [45].
MS has therefore been used for site soil characterisation (e.g. [46]), forensic trace evidence

(e.g. see [47-49]) and environmental forensic pollution studies [50-54].

Magnetic susceptibility surface surveys have also been used for quality control checking of
magnetic surveys (see [39]), but they have not been used as a forensic search technique to-
date, presumably due to their stated 6 cm penetration below ground level or bgl [55-56]. MS
has been shown to have poorly resolved a simulated clandestine grave in an urban
depositional environment [39]. They are, however, commonly used in archaeological
searches (e.g. see [46,57-58]), and have been shown to successfully locate areas of historic
surface burning as the weakly magnetic iron oxide minerals in the soil (e.g. hematite and
goethite) are transformed into the highly magnetic minerals magnetite and maghemite
through heating/burning (e.g. [59-61]). This paper aims to validate the potential usefulness of
magnetic susceptibility surface surveys as a forensic search technique through the use of

seven illustrative forensic research studies with varying targets and post-burial ages, soil
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types and depositional environments. Three of these have been previously published but will
allow a more wide ranging view of the technique in different forensic search scenarios. It
will also be briefly compared to other, more commonly utilised forensic geophysics

techniques and finally suggest best practise for such MS surveys.
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2. Case studies

2.1 Magnetic Susceptibility equipment surface survey test

In order to confirm the magnetic susceptibility (MS) technique for sample measurement
repeatability and reliability, a simple test was devised using a Bartington™ MS2D meter with
0.3 m diameter surface probe. Two relatively homogeneous rock Granite blocks had 4 and 6
sample positions, respectively, repeatedly measured for their magnetic susceptibility (Fig.
1a). Each sample position was measured ten times for its MS at 1 s duration, with the
instrument being zeroed between each sample position. The MS survey process was also
repeated at 09:00, 13:00 and 17:00 over one day. The local air temperature varied between

16 °C — 18 °C over the survey period.

The MS meter sample position repeatability was very good between surveys (Fig. 1b), with
an average and maximum sample position repeat measurement difference of 11.3 x 10 and
19.9 x 10 respectively. The MS measured data reliability at each sample position was also
very good, with SD average survey values of 7 x 10, 1 x 10 and 2 x 10°® for the three
respective surveys. The minor sample measurement variations between repeat surveys were
thought to primarily be due to slightly different sample positions although this was
deliberately kept to a minimum. This test therefore gave confidence in MS equipment

operation and sample measurement repeatability and reliability.
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2.2 Hole surface survey monitoring test

A field monitoring surface study was undertaken to quantify if the MS technique could be
used both to detect disturbed ground and to determine if measured values changed over a
one-year study period when compared to background measurements. This should prove if
this method detects disturbed ground when no forensic object is present and if this is
measureable over one year post-disturbance. A 1 m long survey line was therefore
permanently marked by plastic pegs on a quiet semi-rural depositional environment of Keele
University campus (Fig. 2a). A 0.2 m by 0.2 m sized hole ~0.1 m deep into the sand loam
soil was created ~0.4 m - ~0.6 m along the survey profile, with the excavated grassed earth
sod rotated 180° and carefully replaced in the hole. A Bartington™ MS2D meter with a 0.3
m diameter surface probe repeatedly collected magnetic susceptibility measurements every
0.1 m along the 2D profile. Each sample position was measured six times for its MS at 1 s
duration, with the instrument being zeroed every five sample positions. The 2D profile was
also MS surveyed using the same parameters before the disturbance to act as control. This
control line average MS measurement was 637 x 10 SI with a 35 x 10 SD, typical MS
values for those of a sandy loam brown earth soil that was present here (see Dearing et al.
1996). Average monthly site temperatures were 8 °C and the monthly rainfall average was

77 mm over the survey period.

MS results throughout the survey period showed anomalously high measurements over the
area of disturbed ground compared to background values (Fig. 2b). The MS anomaly size
was wider than the 0.2 m wide disturbance area; this was to be expected as the 0.3m diameter

surface probe would measure part of the disturbance on sampling positions adjacent to the 0.4
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m — 0.6 m wide disturbance area. Although there was variation of measurements between
surveys, the relative positive anomaly was consistently present, both in its position along the
profile and in amplitude (averaging +92 x 10® SI) when compared to background values.
Average MS readings also declined by the later surveys compared to early surveys (cf. Fig.
2b). This study gives some confidence that the technique works to consistently detect an area
of disturbance in heterogeneous soil over a one year time period in a typically varied

temperate climate.

2.3 Burnt clothes surface survey test

A field study was undertaken to quantify if the MS technique could be used to detect a site of
burnt clothes left on the ground surface, the same target under overturned soil and finally
once they have been removed. A 5 m long survey line was therefore again marked in a quiet
semi-rural depositional environment of Keele University campus. Two cotton T-shirts (Fig.
3a) and jogging trousers (Fig. 3b) were carefully burnt using 0.5 L of domestic kerosene
within brick-contained 0.5 m x 0.5 m areas (Fig. 3c) along the profile, before one was
overturned into the underlying soil (Fig. 3d). The bricks were present to stop any potential
ash contamination from spreading during burning but were subsequently removed. The
profile was MS surveyed by a Bartington™ MS1 meter with a 0.3 m diameter surface probe
every 0.25 m along the 2D profile, before the surface clothes were scraped clear by a metallic

spade before being re-surveyed.

MS results showed significant variability between surveys; the highest anomaly (~2.5 times

that of relative background values) was surprisingly that of the burnt clothes underneath the
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overturned soil; the next highest anomaly (~2 times) was the burnt clothes left on the surface
and the final MS survey with the ash scraped clear was difficult to differentiate from that of

background values (Fig. 3e).

2.4 Buried weapons case study

A field study was undertaken to determine if the MS technique could detect simulated
forensic buried objects in a semi-rural environment on Keele University campus, U.K. This
had the same soil type as the two previously described case studies. Simulated forensic
objects included a replica Colt 0.45 calibre handgun, domestic stainless steel kitchen
breadknives, a UK metallic mortar ammunition box and decommissioned WW1 and WW?2
allied hand grenades (see Fig. 4a and [2] for information). Objects were buried ~0.15 m
below the ground surface in a non-ordered configuration before the excavated material was
then used to re-fill each hand-dug hole back to ground level. Multi-geophysical methods
were utilised to establish optimum search detection techniques over both grass and domestic
patio environments, as well as creating a suite of datasets for search teams to utilise and
compare their datasets to in such forensic search areas. A Bartington™ MS1 meter with a 0.3
m diameter surface probe collected magnetic susceptibility measurements every 0.25 m along
0.25 m spaced 2D profiles over a5 m by 5 m surface area before burial, after burial (Fig. 4a)
and again after the domestic patio was laid (Fig. 4b). MS measurements were then despiked
to remove isolated anomalous values, de-trending to remove long-wavelength site trends and
a minimum curvature algorithm used to create a digital gridded surface. The site was also

surveyed by other near-surface instruments for comparison [2].
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MS surveys were successful in detecting the buried objects in both the grass and domestic
burial scenarios (cf. Fig. 4d-e), only the control objects (1-2) were not resolved in the grass
survey although note the handgun (9) was poorly resolved during both post-burial surveys. It
was also interesting to note the relative MS contrasts of target against background values
were much higher (~5 times) for the grass scenario compared to (~twice) for the domestic

patio scenario but both were detectable.

2.5 Urban simulated clandestine grave case study

A field study was undertaken to determine if the MS technique could detect a simulated
clandestine burial in an urban environment on Staffordshire University campus, U.K. This
had a dominantly ‘made-ground’ clay-rich soil type. The simulated clandestine grave was
hand-dug to 0.6 m bgl before a clothed plastic resin skeleton with animal soft tissue and 4.5 L
of salt solution added before reburial with the excavated material back to ground level (see
Fig. 5a and [39] for information). Multi-geophysical methods were then used to establish
optimum search techniques, one of these being a Bartington™ MS1 meter with a 0.3 m
diameter surface probe, collecting magnetic susceptibility measurements every 0.5 m along
0.5 m spaced 2D profiles over a 6 m by 5 m surface area. MS measurements were then
despiked to remove isolated anomalous values and a minimum curvature algorithm used to

create a digital gridded surface.
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The MS survey was not that successful at resolving the simulated clandestine grave (Fig. 5b),
whilst relatively high values (~1.5 times) were measured over the target, compared to
background values, there were also at least 4 other positions having similar MS measured
values. This study therefore gave less confidence that this technique would be useful in such

urban depositional environments.

2.6 Coastal simulated clandestine grave case study

A field study was undertaken in a coastal depositional environment in north-west England,
U.K. Simulated clandestine graves of murder victims, using an adult-sized, metal-jointed
fiberglass mannequin, were created in both sand dunes and on more organic-rich foreshore
depositional environments (Fig. 6a/c). Both graves were hand-dug to a depth of 0.5 m and
the excavated material was then used to re-fill the grave after the mannequin had been
emplaced. Multi-geophysical methods were utilised to establish optimum search detection
techniques as well as creating a suite of datasets for search teams to utilise and compare their
datasets to in such forensic search areas (see [37] for information). A Bartington™ MS1
meter with a 0.3 m diameter surface probe collected magnetic susceptibility measurements

every 0.25 m along respective 5 m long 2D profiles.

MS results from both sites show anomalously high MS measurements recorded over the
clandestine graves relative to their background readings (cf. Fig. 6b/d) that were both low
compared to typical homogeneous dry sand (~30-1000 SI x 10°®) and organic-rich sediments

respectively [40]. This is probably due to its salt-rich depositional environment reducing the
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MS values. The anomalous readings over both graves were three times that of background
readings. It was interesting to note that there was a significant MS measured anomaly over
the sand dune simulated clandestine grave (see Fig. 6a), as both the grave contents and the
surrounding materials were homogenous quartz sand grains. The wider MS anomaly
measured over the foreshore simulated clandestine grave was thought to be dominantly

caused by the organic-rich sediments from the grave left on the surface (see Fig. 6¢).

2.7 19" Century unmarked grave case study

A geophysical survey was undertaken at St. John of Jerusalem Church in Hackney, London,
UK, in order to locate the position of numerous unmarked burials in a graveyard that was
closed in 1868. The soil type was a black seat earth. A trial MS survey was undertaken over
a suspected grave position that was visually observed to have a rectangular topographic
depression (Fig. 7a). A Bartington™ MS1 meter with a 0.3 m diameter surface probe
collected magnetic susceptibility measurements every 0.25 m along 0.5 m survey lines within
a4 m by 4 m survey area. MS measurements were then despiked to remove isolated
anomalous values, and a minimum curvature algorithm used to create a digital gridded

surface.

MS results show anomalously high MS measurements recorded (~three times) over the
suspected unmarked grave, compared to background values (Fig. 7b). The approximate
anomaly size (~ 1.75 m x 1 m) is also what would be expected for an adult-sized burial in

such a graveyard. Within the anomaly area itself two sampling positions are very high
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compared to all the other MS measurements at the site. It is now known if there was indeed a

burial present here due to a lack of archaeological excavation.

2.8 Anglo-Saxon unmarked grave study case study

A near-surface geophysical survey was undertaken at RAF Lakenheath in East Anglia, UK,
to determine the location of possible inhumations within an Anglo-Saxon grave following the
removal of topsoil (see [62]). A Bartington™ MS2D meter with a 0.1 m diameter surface
probe collected MS measurements every 0.1 m along 0.1 m survey lines across a 1.4 m by 2
m survey area identified from soil coloration. MS measurements were then despiked to
remove isolated anomalous values, and a minimum curvature algorithm used to create a

digital gridded surface (Fig. 8a).

Subsequent archaeological excavation found the isolated adult skeletal remains were in
surprisingly good condition given the known acidic nature of the surrounding soils (Fig.8b);
the archaeological recording of the recovered remains have been superimposed onto the MS
dataset for comparison (Fig. 8a). Clearly there is a relatively good visual comparison
recorded between relatively the relative high MS values (~5 times), compared to background

values, with the subsequent excavated remains.
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3. Discussion

The initial rock granite MS survey test clearly showed excellent repeatability and reliability
of measured surface MS survey results in a relatively homogenous medium. The instrument
used gives similar results to other MS meters shown by other authors (see [56]). There was
also little measureable diurnal variation observed in recorded measurements, in contrast to
other magnetic surface surveys, e.g. the proton precession and alkali vapour magnetometers,
which do require diurnal correction during data processing to be undertaken (e.g. see
[40,42]). The MS equipment also seemed to have little variation in re-acquired sample
position measurements that was similarly observed to both electrical resistivity and GPR
shielded antennae in other studies (e.g. [2]), most probably due to similar operational
procedure of having direct contact with the ground; this both negates any potential variability
of instrument height as experienced with typically utilised magnetic instruments and reduces

potential above-ground sources of interference.

The field monitoring surface study of disturbed ground was informative; not only did it show
a relatively consistent MS peak compared to background values even though no forensic
object was emplaced, but that it was also still detectable up to a year after disturbance. This
is important forensically, evidence of disturbed ground could be crucial to gain forensic trace
evidence, as has been observed in Balkan Civil War primary and secondary clandestine grave
depositions [63] and for landmine clearance operations [64]. Whilst areas of disturbed
ground have been shown to be electrically detectable from background relative values due to
a combination of increased soil porosity and hence water content [65] this does widely vary

depending upon seasonality, moisture content, soil type and moisture content [66]; therefore
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the MS method looks to be more consistent and detectable over this time period which is

promising.

The burnt clothes study was informative as it showed MS could be used to detect the position
of such forensic targets which could be very important for criminal trace evidential purposes
(see [67-68]). Other research has additionally shown that when organic matter in a soil burns
at ~600-700 °C it can change the soil’s weakly magnetic minerals to magnetite and
maghemite on re-oxidation as the burn ceases, all of which further increase relative MS
values ([46,69-70]). Mathematical calculations can also be undertaken from MS data to

estimate the approximate historic fire temperature ([71]).

The buried weapons study was useful as these are commonly required by forensic search
teams to locate for evidential purposes. Whilst metal detector and GPR are the commonly
used geophysical techniques for such searches [1], the MS survey had the best detection
success rates of all the techniques trialled [2]; this is important as excavating a domestic patio
is obvious time consuming and costly (see [4]). MS surveys also give a numerical value for
sample positions which is less usual in metal detectors. The domestic patio scenario also
reduced the relative contrast of MS values above the forensic targets from five times to twice
that of the background values but they were still detectable. It is also interesting to note that
the MS survey was successful even though the target burial depth was deeper than the
instruments’ perceived penetration depth of 6¢cm; therefore suggesting the instrument was

picking up the soil disturbance over the target rather than the target itself.
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The urban simulated clandestine grave study was useful as, despite the MS survey not being
that successful at delineating the search target, it provides valuable information on using the
technique in common urban search scenarios (see [4]). It may be that MS is not an optimal
search technique in such urban depositional environments due to the amount of disturbed
ground that will be present and thus providing difficulty in differentiating from the target

versus the background MS values.

The coastal simulated clandestine grave study was again found to successfully detect the
target burial although this was ~0.5 m bgl (Fig. 5); it is suggested that the disturbance was
again being detected. Whilst this would be expected on the foreshore scenario as there were
a variety of organic-rich and quartz sand heterogeneous soil present, in the dune scenario the
soil was comprised of relatively homogenous quartz sand grains and thus little material
change would have been present here. The foreshore example shows one of the potential
difficulties with this technique in detecting a buried object if the site has been recently
disturbed; it would be very difficult to detect which area had the forensic target of interest
present. The MS survey technique compared favourably to both GPR and resistivity in the
sand dune scenario with it being much better on the foreshore as both the GPR and resistivity

methods were poor in this depositional environment (see [37]).

The 19" Century unmarked grave study showed that forensic targets over 100 years old could
be detectable using the MS method although subsequent archaeological excavations have not
been undertaken; other authors have used depressions and geophysics to successfully detect
unmarked burials (e.g. [72]) but other studies have found that suspect burial positions may

not, in fact, be what was suspected [73]. Clearly more geophysical data over marked burials
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with known burial dates would assist in determining if MS could be a useful technique in this

arena and, indeed how long they would be detectable for.

The historic unmarked grave study is very useful as it shows that MS can potentially still be
used as a successful detection method even with a post-burial date of 1,000+ years. Unlike
most of the other case studies, it is probably not disturbed soil that would be causing a
measureable MS difference from background values. It has been suggested that it is both
Iron loading from haemoglobin and the presence of magnetotactic bacteria, which produce
grains of magnetite as a by-product of their life-cycle processes, enhances MS values on such
historic graves [62], whereas others suggest that they are not present in sufficient quantities in

soil to cause such an effect and that it may be due to Iron supply linked to climate [44].

Clearly there are important variables to consider for MS as a search technique, for example,
the background depositional environment, with urban environments proving problematic, but
soil type does not appear to be an important variable although it is in other forensic
geophysical techniques, e.g. for GPR, bulk ground conductivity and electrical resistivity
surveys. In addition, magnetic surveys in urban environments may suffer from above-ground
cultural noise whereas MS surveys may not due to the sensor being placed directly on the
ground. Table 2 provides a MS update on suggested forensic geophysics techniques for

various target searches for the readers information.
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4. Conclusions and further work

Magnetic susceptibility surveys show great potential in forensic search from the case studies
shown in this paper. MS equipment is relatively cheap to acquire, robust and portable in the
field, with simple data collection and little processing required to pinpoint anomalous areas,
as long as significant background measurements have been taken. It also shows great
versatility to successfully detect various buried forensic objects, disturbed ground and surface

burnt areas in a variety of soil types and depositional environments.

The next stage is to use this technique in actual forensic searches to determine its usefulness
where the target location is unknown. It would also be of great value to measure MS values
over disturbed ground where the disturbance date was known, if varied disturbance age
surveys were obtained progressively back through time, then potentially crucial cross plots of
disturbance age versus geophysical response could be created. Figure 9 shows an example of
this from the year-long test hole study detailed in Section 2.2. This would be very useful for
search teams to ascertain disturbance age of suspect features before any intrusive
investigations are undertaken which may indeed rule out the need for intrusive investigations
if results suggest no recent disturbance had taken place. One such depositional environment
where such data could be obtained would be marked graves in graveyards and cemeteries
with known burial/headstone records. It would also be useful to repeat a modern burial with

added Iron/organic matter to determine if this is measurable with existing MS technologies.
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FIGURE CAPTIONS

FIG. 1. Magnetic susceptibility equipment test. a. The ten sample positions (marked) on
relatively homogeneous Granite blocks, with the 30 cm diameter surface probe also shown. b.
Bar graph of average Bartington™ MS2D survey results (10 measurements at 1s duration) at

each test position, with three separate surveys over 1 day (see key).

FIG. 2. Magnetic susceptibility over disturbed ground test. a. Photograph of the test profile
on Keele University campus with 30cm diameter Bartington™ MS2D surface probe and
laptop acquisition also shown. b. Line graph of average repeated (see key for dates) survey
results (6 measurements at 1s duration) at each test position. c. Line graph of graph shown in

b with control values subtracted. Error bars have been moved for clarity.

FIG. 3. Photographs of; a. cotton T-shirt and; b. trousers burnt during the study. Site
photographs of c. burnt surface remains and; d. burnt remains overturned into underlying soil.
e. Graph of Bartington™ MS1 survey results on overlain 2D profiles with target locations

marked (arrow).

FIG. 4. Magnetic susceptibility over buried forensic targets. a. Site photograph and; b. after
domestic patio laid respectively. MS processed, gridded and contoured map-view data plots
of; c. pre-burial control, d. post-burial grass and; e. post-burial domestic patio environments

respectively. Buried forensic target (see key) positions marked in c-e. Modified from [2].
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FIG. 5. Magnetic susceptibility over simulated urban clandestine grave. a. Site photograph
showing simulated grave location and grave contents (inset) of clothed plastic resin human
skeleton. Modified from [39]. b. Mapview close-up of the simulated grave (dotted rectangle)

of magnetic susceptibility (dots) acquired 1 month after burial.

FIG. 6. Coastal clandestine grave study in Southport, U.K. a. Photograph of simulated grave
in Marram grass sand dunes and 2D profile position marked b. 2D MS profile collected in
sand dunes (see a for position). c. Photograph of simulated grave on foreshore. d. 2D MS

profile collected on foreshore (see ¢ for position). Modified from [37].

FIG. 7. Unmarked 19™ Century grave in a church graveyard, U.K. a. Photograph of
suspected grave location shown by slight surface topographic depression. b. Plan-view digital

contoured surface of Bartington™ MS1 MS survey results with suspected position marked.

FIG. 8. Historic Anglo-Saxon grave study in East Anglia, U.K. a. Digital gridded surface
generated from Bartington™ MS2D meter. Modified from [62]. b. Subsequent photograph of

excavated remains.

FIG. 9. Test hole graph cross-plot of average mid-hole (0.5 m) magnetic susceptibility
measurements against post-burial interval (days) with linear regression co-efficient also

shown (see text).



682

683

684

685

686

687

688

689

690

691

692

693

694

TABLE CAPTIONS

TABLE 1. Summary of key statistics of research studies detailed in this paper and where

further information is available.

Table 2. Generalised table to indicate potential of search techniques(s) success for buried
target(s) assuming optimum equipment configurations. Note this table does not differentiate
between target size, burial depth/age and other important specific factors (see text). Key: @
Good; © Medium; O Poor chances of success. The dominant sand | clay soil end-types are
detailed where appropriate for simplicity, therefore not including peat, cobbles etc. types
(more wide ranging summary of geophysical techniques versus soil types can be found in

[33]). Modified from [1].
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Tablel

Target(s) Post-  Soil type Depositional ~ Sample Further
burial environment  spacing (m) Info.
date
Monitoring disturbed 0-1  Sandyloam  Semi-rural 0.1 N/A
ground (2.2) year
Burnt  clothes on 2 months Sandyloam  Semi-rural 0.25x0.25 N/A

surface & buried (2.3)

Buried weapons (2.4) 0 Sandy loam  Semi-rural 0.256x0.25 [2]

Clandestine grave 1 month Made-ground Urban 0.5x0.5 [39])

(2.5) clay rich

Clandestine grave 0 Salt-rich sand Coastal 0.25 [37]

(2.6)

Historic grave (2.7) 150+ Black earth Semi-urban 0.25x0.5 N/A
years

Anglo-Saxon grave 1,000+ Acidic Rural 0.1x0.1 [61]

(2.8) years

TABLE 1. Summary of key statistics of research studies detailed in this paper and where

further information is available.
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Target(s) Near-Surface Geophysics
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Table 2. Generalised table to indicate potential of search techniques(s) success for buried
target(s) assuming optimum equipment configurations. Note this table does not differentiate
between target size, burial depth/age and other important specific factors (see text). Key: @
Good; © Medium; O Poor chances of success. The dominant sand | clay soil end-types are
detailed where appropriate for simplicity, therefore not including peat, cobbles etc. types
(more wide ranging summary of geophysical techniques versus soil types can be found in

[33]). Modified from [1].
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*Revision Notes (Response to Reviewers)

Response to reviewers:

The very minor changes requested by the 2 reviewers have been undertaken. These were:

1) In reply to R2, graphical abstract changed from grave image to grave magnetic susceptibility
image.

2) In reply to R1, 'relative to other geophysical methods' has been added to abstract/conclusions and
equipment cost (and weight) added in methods section.

3) In reply to R2, the stated 6cm depth of penetration of the technique in soil is explicitly mentioned
in introduction (L77) with 2 references listed for further information and also in the discussion
(L318).

4) In reply to R2, ‘in a variety of soil types’ have been added to the abstract as it is explicitly already
mentioned that magnetic susceptibility is not affected by soil types, it is how much magnetic
material is in the soil.

We have taken the liberty of also attaching the manuscript with ‘track changes’ on to show the very
minor changes from the original submitted manuscript.



