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Abstract

A study was performed at the University of Florida to measure ground penetrating radar
(GPR) performance for detecting forensic burials. In controlled scenarios, 24 burials were
constructed with pig cadavers. Two soils were utilized to represent two of the most common soil
orders in Florida: an Entisol and an Ultisol. Graves were monitored on a monthly basis for time
periods up to 21 months with grid data acquired with pulsed and swept-frequency GPR systems
incorporating several different frequency antennas. A small subset of the graves was excavated
to assess decomposition and relate to the GPR images during the test.

The grave anomalies in the GPR depth profiles became less distinctive over time due to
body decomposition and settling of the disturbed soil (backfill) asit compacted. Soil type was a
major factor. Grave anomalies became more difficult to recognize over time for deep targets that
were within clay. Forensic targets that were in sandy soil were recognized for the duration of
this study. Time elapsed imagery will be presented to elucidate the changes, or lack thereof, of
grave anomalies over the duration of this study. Further analysis was performed using Synthetic
Aperture Radar (SAR) reconstruction of imagesin 2-D and 3-D.

I ntroduction

Noninvasive geophysicd methods have proved to be a vauable tool for forensic
investigators in the search for clandestine graves. The use of geophysical tools, such as ground
penetrating radar (GPR) can result in a significant time savings for evidence recovery teams.
Additionally, being able to clear a suspected location so investigation resources can be directed
elsewhere is extremely important.

The U.S. Department of Energy’s Specia Technologies Laboratory, operated by Bechtel
Nevada, in support of the FBI Evidence Response Team, formed a collaborative, Forensic-GPR
research project with the University of California, Santa Barbara, the University of Florida, and
the University of Tennessee.

Previous research has tested the efficacy and applicability of different noninvasive
geophysical technologies under controlled conditions in the detection of buried bodies, pig
cadavers (70 kg average) and buried evidence (Davenport et a., 1988; Davenport et al., 1990;
France et al., 1992; France et a., 1997). Conclusions from these studies indicate that GPR was
the most important tool used to delineate graves and practical application by law enforcement
investigators and geophysical contractors has confirmed these conclusions. Most recently, the
Anthropological Research Facility operated by the Department of Anthropology at the
University of Tennessee, Knoxville is using GPR to detect buried corpses in the ground and
under corcrete slabs (Freeland, et al., 2002; Miller, et al., 2002) and is associated with the
Forensic-GPR collaborative effort.



There are several research topics that have not been addressed that pertain to forensic
applications, one of which is the most relative to real-world situations, is the monitoring of
control graves for durations longer than one year. Direct comparisons between soils and target
size and depth are also important factors in grave detection. This study was designed to test the
applicability of using GPR in Florida to detect buried bodies. There were three specific research
objectives:

* Monitor the radar profile changes caused by decomposition of the cadaver and

compaction of the backfill over time.

» Measure the effect of soil type and its effect on producing a distinctive anomalous

response.

» Determineif pig cadaver sizeis afactor.

Initial findings from this study were reported at the GPR 2002 conference in Santa
Barbara, California (Schultz, et a., 2002). This paper presents detailed results of a stepped-
frequency GPR unit (Koppenjan, et al., 1998).

Test Site

The research site is located in northeast Alachua County, Florida. Two soils in the
research area were chosen to represent very common soils in Florida: Entisols and Ultisols. The
Entisol has a clay content that is very low (<5%), while it has a sand content extremely high
(>95%). The amount of extractable cations are also low, averaging less than 5.0 cmol(+)/ kg,
and the pH is approximately 5.0. The upper portion (0 to 100 cm) of the Ultisol has similar soil
properties. Below 1.0 meter in the Ultisol there is a clay layer that can have more than 15% clay,
normally ranging about 20% to 30% clay. The amount of extractable cations and pH value are
similar to the Entisol. All of these soil characteristics do not inhibit the penetration of the radar
signal (Doolittle and Collins, 1995) and the GPR soil suitability index is between 0 and 3
indicating moderate to high GPR potential (Doolittle, et al., 2002).

Test Bedsand Survey Design

Twenty-four burials were constructed with pig cadavers and divided equaly into two
groups of average weights (24.5 and 63.5 kg) and buried at depths of 50-60 cm or 100-110 cm.
The pig cadaver sizes were chosen to represent children and small adults, while the depths were
chosen to represent shallow and deep burials (Figure 1). Graves were monitored for durations up
to 21 months with two GPR systems. In addition, ten control burials of similar dimensions as the
pig burials were constructed at the same time as the pig burials and were monitored monthly
(Figure 2). The majority of the control burials consisted of only backfill to determine the
contribution of the disturbed soil to the grave anomaly. Grave monitoring with GPR began in
1999 using a commercia impulse system, the SIR 2000 by Geophysical Survey Systems, Inc.,
with 500 MHz and 900 MHz antennas. Data were acquired in length and width over the center
of each target. Several test beds were excavated at various intervals to analysis the short-term
decompostion.
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Figure 2. Data collection grid for control graves.



In 2001, field-testing with a lightweight stepped-frequency GPR began. It is a multi-
frequency synthetic-aperture system that operates over the range of 200-700 MHz (Koppenjan, et
al., 2000). A 6.1 meter by 4.9 meter grid was constructed for a subset of graves with the grave
situated in the center of the grid. Ten transects were taken for each grave with the middle two
transects crossing over the width of the grave. Data were acquired every 15 cm aong each
gridline, with 60 cm spacing of grid lines (Table 1). A 2.45 meter by 4.9 meter grid was used for
the control plots. All of the test beds were excavated in July 2002. The GPR system acquiring
datais shown in Figures 3 and 4.

Tablel. Stepped-Frequency GPR Data Collection.

Month Date
June 2001 6-27-2001
July 2001 7-27-2001
August 2001 8-25-2001, 9-6-2001
September 2001 9-27-2001, 10-2-2001
October 2001 10-30-2001, 11-1-2001
November 2001 11-29-2001, 12-4-2001
December 2001 No data acquired
January 2001 1-22-2002, 1-27-2002
February 2001 2-11-2002, 2-19-2002
March 2001 3-19-2002, 3-26-2002
April 2001 4-23-2002, 4-24-2002
May 2002 No data acquired
June 2002 6-11-2002

Figure 4. Floridatest site with data collection grid.
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Processing of Data

For the field analysis and display on the GPR unit, the stepped frequency data is
converted into the time-domain pulse response equivalent using a narrowbeam reconstruction
algorithm implemented with a fast Fourier transform (FFT). Initial laboratory processing used a
2-D, synthetic aperture radar (SAR) image reconstruction algorithm (Lee, et a., 1982). Using
the 2-D SAR processing, the target resolution in the cross-range was 20% sharper when
compared to standard FFT processing (Figure 5). The actual radar response of the pig cadaver is
not a well-defined target when compared to a netal plate, but the improvement was consistent
with the results of the SAR processed GPR data of buried metal plates (Koppenjan, et al., 2000).

Further analysis was performed using the full grid data (10 lines) over the test pit. The
2-D SAR agorithm was expanded for the 3-D case.

The dimensions of the operations of the image reconstruction procedure (Chang, et a.,
1994; Koppenjan, et al., 2000) are expanded for the 3-D case. Here we can summarize the image
reconstruction procedure as.

Step 1. Partition the data into coherent data sets based on the frequency index and
regroup the data into N spatial data sets. Each spatial data set is associated with
one unique frequency index. For the 2-D cases, the data set were only along the
scan path. For the new version, the data sets will be 3-D over the 2-D aperture.

Step 2: Convert the index from frequency to operating wavelength.

Step 3: 2-D Fourier transform each spatial data set to represent the wave in the spatial-
frequency domain.

Step 4: Apply the backward propagation filter to the wave in the spatia-frequency
domain. Note: The filter for the backward propagation operation will now be
3-D. (The three variables are (1) spatia frequency in x direction, (2) spatia
frequency in y direction, and (3) depth z.) Since the formula of the backward
propagation filter is wavelength dependent, each coherent spatial data set is
processed by a unique backward propagation filter corresponding to its
wavelength index. The wave gains an additiona dimension by backward
propagating in the range direction. Note that the backward propagated wave is
now in the space domain in the range direction and in the spatial-frequency
domain in cross-range directions.

Step 5: Superimpose N backward propagated waves in 3-D, fx, fy, and z.

Step 6: Inverse Fourier transform in the cross-range directions in 2-D, for fx and fy, to
form the final image in the space domain with coordinates (x,y,z).
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Data Analysis. Soil Type, Depth and Cadaver Size

The data for each month were processed using the 3D SAR image reconstruction. A
plan view map of the 30 square meter grid was created by integrating the data from just below
the surface return (approximately 10 cm) to 150 cm depth. From the 3-D plot, selected vertical
depth profiles (along the center line of the targets) and selected depth dlices (at the burial depths
of 50 cm and 100 cm) were analyzed. The relative level of return was calculated for the test pits
and the control pits using the vertical depth profiles, the depth dlice at maximum target return
and the overal plan view map. This data from the four example test beds is plotted in Figure 6.
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Figure 6. Maximum return level over target vs. time.

Figures 7 through 10 show time sequence depth profiles over the target for the test beds. A 3-D
plot of aburial site (large pig, deep burial, Ultisol, 10 months) is shown in Figure 11. Figure 12
is the horizontal dice at 60 cm from the 3-D plot.
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Excavations were conducted to correlate decomposition state of the pig cadavers with
imagery characteristics. However, once the pigs were excavated, they were no longer monitored
with GPR.  The return of the shallow pig cadaver in Entisol, (Figures 7 and 8), is easily
detectable and changes dightly over 12 months as the fleshed cadaver transitioned to a skeleton.
Although the pigs buried at 110 cm still retained mummified soft tissue and hide, they were still
discernable for the duration of the study. Overdl, the return diminished in later months, but the
pig cadavers were still detectable for the duration of the study. Soil moisture was not a major
factor for the burials in the sandy soil.

In Figure 9 the return from the pig cadaver is detectable for the shallow burials in Ultisol
over the test period. These pigs exhibited a similar transition to a skeleton state as those in
Entisol. Soil moisture was a dlight factor during the wet months (month 7 to 9). The return from
the argillic horizon is very apparent below 100 cm, but is masked by the pig cadaver (Figure 9,
6 months).

Clay was a significant factor in detecting a return from the pig cadaver. For the deeper
burials in the Ultisol at the level of the argillic horizon, the return from the pig diminishes
significantly over the first few months (Figure 10). Even though the cadaver has undergone
amost no decomposition, the return diminishes significantly reducing the chance of grave
detection (Schultz, 2003). The clay acted to mask the grave by limiting the contrast of the pig
cadaver (Schultz et al., 2002). Over time the relative dielectric permittivity of the cadaver was
very similar to that of the soil. Disturbances in the soil above and at the argillic horizon were
detected through out the test period.

The cadaver size was not a factor with detection using the 200 — 700 MHz, FM-CW
GPR. This was similar to both the 500 MHz and 900 MHz pulsed GPR results. The depth
profiles exhibited similar responses for both size cadavers, though the anomalies were smaller
for the 24.5 kg pigs.

The 3D SAR reconstruction plots (Figure 11) were useful for data analysis, but the
visual representation did not add much value when compared to the 2D SAR reconstruction
plots. A horizontal dice from the 3-D SAR reconstruction plot (65 cm depth) of a grave with a
large pig, deep burial in Entisol, at 10 months, depicts an anomaly in the location of the cadaver
(Figure 12). The 60 cm spacing of the grid lines was found to be too course for the algorithm
processing and resulted in increased interpolation. The grid lines should be reduced in future
surveys when time permits. A spacing of 15 cm would improve the reconstruction resolution,
but would quadruple the collection time and amount of data.

Summary and Conclusions

This study demonstrated the ability of GPR to detect graves in typical, Florida soil and
validated the GPR soil suitability index for the area. Soil type can be a factor for long-term
burials when the grave intrudes the clay horizons. It was possible to detect a fleshed cadaver,
partially decomposed cadaver, and skeleton remains in the sand soil for a variety of depths. The
shallow and deep graves were detected in sand soil throughout the study. The deep graves in
clay became difficult to discern over time even though the cadavers had undergone little
decomposition. The stepped-frequency results were similar to the 500 MHz pulsed GPR data,
both of which were better than the 900 MHz data (Schultz, et al., 2002).
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Future Plans

Forensic analysis of the bones and decomposition rates will be performed and further
correlated to the GPR data profiles and responses. Over the 21 months, several graves were
excavated during the study. At the end of the study al graves were excavated. The
decomposition data will be compared to GPR profile data and reported in a future publication.
Soil analysis will be performed to determine its effect on the rate of decomposition. Additionally
the data acquired during this study will be used as a database for developing neural network
processing for “forensic target” identification.
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