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a b s t r a c t

Detailed ground-penetrating radar surveys were conducted at separate Viking Age and Medieval
churchyards on the Stóra-Seyla farm in Skagafjörður, northern Iceland. Surveying over a previously
unknown site (ca. AD 1000) that is located just a few meters above the Skagafjörður valley bottom
delineated the remnants of a buried circular turf wall that encloses a church structure and several graves.
The radar profiles over the graves contain strong hyperbolic reflections that emanated from the skeletal
remains. Over one of the graves, an air-filled void within the chest cavity had been detected as noted by
reflections with normal polarity which indicated a boundary towards increasing microwave velocity.
During excavation, the soil surrounding an intact rib cage collapsed thus confirming the presence of the
void. In general, the skeletal remains were very well preserved and yielded strong reflections which
permitted the orientation of the body to be determined. Conversely, the radar profiles over a grave from
a more recent churchyard (ca. AD 1200) show ground disturbance but lack hyperbolic reflections. Upon
excavation, only teeth were recovered. The poor preservation of the skeletal remains is attributed to
increase contact with infiltrating groundwater from an overlying gravel layer. Interpretations were aided
by time-slice overlay imaging, forward modeling and analysis of the reflection coefficient.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The Skagafjörður Archaeological Settlement Survey (SASS) was
initiated in 2001 to investigate Viking Age settlement patterns in
the Langholt region of northern Iceland (Fig. 1). This region was
selected because of the anticipated good conditions for archaeo-
logical preservation. Most of the aeolian deposition (30e90 cm)
within the lowlands of Skagafjörður over the last 1100 years had
occurred during the first two centuries of settlement and has
helped preserve Viking Age sites (ca. AD 870e1100; see
Guðbergsson, 1975, 1994, 1996; Catlin, 2011). In addition, the
presence of several well-dated tephra layers that roughly corre-
spond to major socio-political events allowed for the
archaeological deposits to be dated. A total of twenty two farms
were studied over the course of six field seasons (see Bolender
et al., 2008, 2011).
: þ1 310 206 4723.
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Through a series of trial-and-error testing, a systematic
subsurface protocol was developed for investigating the settlement
pattern for the region but is also applicable to other parts of Iceland
that contain relatively thick (w1 m) aeolian deposits. The protocol
involves a combination of (1) hand coring, (2) reconnaissance
geophysical surveying using electromagnetic (EM) and electrical
resistivity methods, (3) detailed surveying using ground-
penetrating radar (GPR), and (4) targeted test excavations. Details
of this protocol will be discussed elsewhere.

The present study focuses on two graves within separate
Christian churchyards that are located on the Stóra-Seyla farm. The
earlier Viking Age churchyard (“lower”) is located just above the
Skagafjörður valley bottom and dates between the depositions of
the Landnam AD 871 � 2 (Grönvold et al., 1995) and the Hekla AD
1104 tephras (3órarinsson et al., 1970; Thorarinsson, 1980). The
later Medieval churchyard (“upper”) lies approximately 80 m to the
southwest, on top of a lateral moraine that forms a ridgeline about
14 m higher in elevation, and does not appear to be contempora-
neous with the lower churchyard as it began to be occupied about
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Fig. 1. Index map showing the locations of Skagafjörður and the Stóra-Seyla farm, northern Iceland. Note that the archaeological remains of the upper churchyard (Medieval) are
partially exposed at the ground surface but there were no visible signs of the lower churchyard (Viking Age).
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the time of the Hekla AD 1104 tephra fall (Zoëga and Sigurðarson,
2010). The movement of this churchyard appears to have
occurred with the relocation of the farmhouse from the lower to
the upper positions (Bolender et al., 2011).

The use of GPR to detect unmarked burials and clandestine
graves has been reported widely in the archaeological, forensic
sciences, and geophysical literature (e.g., Bevan, 1991; Buck, 2003;
Conyers, 2006; Schultz, 2007; Ruffell et al., 2009; Fiedler et al.,
2009; Doolittle and Bellantoni, 2010). The method is based
primarily on detecting contrasts in relative permittivitydan EM
property that measures a material’s capacity to store electrical
energy (Cassidy, 2009) and which is strongly dependent on water
contentdand changes in relative magnetic permeability which are
negligible in most cases. Potentially detectable targets include: (1)
the burial pit (i.e., contrast between background and backfill
materials), (2) the burial container (i.e., contrast between container
and backfill material), and (3) the skeletal remains (i.e., contrast
between bone and backfill material). Note that a burial pit can be
detected in different ways. For example, it may be detected due to
differences in moisture content, homogeneity, or compaction
between background and backfill materials. In some cases, it may
be identified through truncation of the natural stratigraphy (Bevan,
1991; Mellett, 1992; King et al., 1993; Conyers, 2006), by subtle
slumping of the ground surface (Conyers, 2006; Doolittle and
Bellantoni, 2010) or via “pull-ups” or “pull-downs” indicating
lateral changes in velocity (Unterberger, 1992). In other instances,
the pit may not provide a measureable contrastdeither initially
lacking or attenuated with timedwhereas the burial container
(Mellett, 1992; Unterberger, 1992; Dionne et al., 2010), if present, or
the skeletal remains may still be detectable (Mellett, 1992).

Reported herein are the comparative results of GPR surveying
over two gravesdone each from the lower and upper churchyards.
Interpretations of the datawere ground truthed through excavation
to directly assess burial conditions such as soil properties, presence
or absence of containers, and positioning of the deceased. The
results provide an interesting case study that compares the radar
profiles over two graves with different states of bone preservation.
In particular, where preservation was good, the skeletal remains
were directly imaged. Where preservation was poor, heterogeneity
within the burial pit was detected. Although the results of the
surveying indicate the likelihood of more graves, only the two that
were actually excavated are discussed. In addition, it is noted that
the discovery of the previously unknown lower churchyard is the
first time that such a feature has been detected in Iceland by using
geophysical methods.

2. Field procedures and data reduction

The use of geophysical methods to support the SASS project
evolved over the course of several field seasons. The specific
application of GPR provided high-resolution imaging of selected
sites that had been previously detected through hand coring and
reconnaissance EM surveying. In general, most sites were covered
with tall grass with some having a bumpy ground surface due to
frost hummocks. Selected sites (including Stóra Seyla) were
“deturfed” either by hand or with backhoe in order to level the
ground surface, thus providing a better antennaesoil contact which
improved the energy coupling. Deturfing in preparation for GPR
surveying was done only at sites with at least 20 cm of aeolian
deposits covering the archaeological remains.

Orthogonal grids were established over both churchyards based
on the ISN93 coordinate system and using control points that were
determined through Global Positioning System surveying. All GPR
data were recorded using a hand-towed Mala Geoscience RAMAC
X3M radar system that was equipped with a shielded 500 mega-
Hertz (MHz) antenna. The data were collected in the broadside
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mode along transects that were separated by either 0.20 or 0.25 m.
The traversing along a given transect was guided by stretching
a fiberglass measuring tape between the endpoints. The actual
position, however, was determined by operator-placed fiducial
markers that were inserted into the data stream at 1-m intervals,
and assuming linear interpolation between markers. Specific
details of the data acquisition and data reduction are summarized
in Table 1.

The raw data were processed using GPR Slice v7.0 software (see
www.gpr-survey.com and Goodman et al., 1995). The scan data
were initially corrected for position using the marker file and then
resampled to produce two-dimensional (2D) radar profiles. The
depth scale was estimated (�10%) by assuming a microwave
velocity of 0.065m/ns as determined through slopematching of the
tails of point-source hyperbolas that appeared in various profiles.
The data were filtered and then combined to produce a pseudo
three-dimensional (3D) data set. Horizontal time-slice images were
then generated for various time (depth) windows which provided
detailed spatial information on the location and depth of reflectors.
A total of sixty slices were generated, each with a thickness of
approximately 2 ns (w6.5 cm) and overlapping by 50% with adja-
cent slices. Although these images are presented with respect to
depth below ground surface (bgs), the term time slice has been
retained throughout this paper.

3. Field results and analyses

3.1. Lower churchyard

A grid of approximately 27 � 25 m was established over the
deturfed ground surface of the lower churchyard and a survey was
conducted in a bi-directional mode along south-to-north oriented
transects separated by 0.20 m. Fig. 2 depicts representative time-
slice and composite overlay images for the survey. The overlay
images were generated by superimposing several of the time slices
in order to combine the reflections from features at different depths
onto a single composite image (see Goodman et al., 2007, 2009).
The most distinct signature in the overlay images is a circle that can
Table 1
Summary of data-acquisition parameters and data-reduction steps.

Data-acquisition parameter

Antenna frequency 500 MHz
Vertical scan rate w0.02 m
Time window 63 ns
Fiducial markers 1-m intervals
Transect spacing 0.20 m (lower churchyard)

0.25 m (upper churchyard)
Mode Bi-directional (lower churchyard)

Uni-directional (upper churchyard)

Data-reduction step/parameter
Filtering
Resample interval 50 scans per meter (0.02 m)
Background removal 50,000 samples
Boxcar filter Width ¼ Height ¼ 1
Bandpass filter High cut ¼ 125 MHz

Low cut ¼ 1000 MHz

Slice parameters
Slice thickness 2 ns
Cuts per mark (1 m) 10 (0.1 m)
Cut parameter Squared amplitude

Gridding parameters
Grid cell size 0.05 m
Search type Rectangular, inverse square
X search radius 0.55 m
Y search radius 0.55 m
be partly discerned on approximately 7 individual time slices (not
shown), but is most clearly seen in the composite overlay images.
The circle measures approximately 16 m in diameter and was
suspected to be due to the remnants of a buried turf enclosure wall
of a churchyard. The signatures from the buried remains of
a presumed small church and a grave are also seen in the overlay
images. Several other graves were detected to the north of the
church (not shown). The overlaying procedure provided a conve-
nient way to visually enhance and combine the signatures of
features from different depths.

Fig. 3 is a radar profile (#4476) that was collected along the
approximate midsection through the enclosure (transect
477824.4E). Various components of the churchyard are interpreted
including the enclosure wall with scattered stones in the founda-
tion, the church, a grave, and the break in stratigraphic layering of
the tephra deposits that was produced by digging the burial pit. The
presence of graves was anticipated within the enclosure wall as
a number of similar circular churchyards have been located and
excavated in Skagafjörður in recent years, all containing burials
(Zoëga and Sigurðarson, 2010). Christianity was accepted as the
official faith in Iceland in AD 999/1000 replacing an earlier pagan
tradition (Vésteinsson, 2000). Christian burial customs were
adopted around the time of conversion, recognizable in the burial
record by the east-to-west orientation of graves and the lack of
grave goods. It, therefore, was expected that the burials within the
enclosure would be oriented east-to-west with the head located to
the west. A hyperbolic reflection due to a grave is seen between
564100e564101N at depth from 1.0 to 1.2 m bgs. Several other
likely graves were identified on other radar profiles (not shown)
based on similar reflections.

Fig. 4 shows clipped radar profiles from adjacent transects that
isolate the hyperbolas associated with the grave. These transects
covered a total transverse distance (i.e., west to east, perpendicular
to the transect orientation) of approximately 2 m which is consis-
tent with the length of an adult grave. Of interest is the character of
the hyperbolas with the wider ones (CeE) occurring to the west
over the location of the upper body and the narrower ones (HeK)
over the lower body. In addition, several of the wider hyperbolas
have banding with normal polarity (phase) thus indicating
a boundary towards increasing velocity. For the color transform
used, the banding for normal polarity is white-black-white (w-b-w)
and for reverse polarity (indicating a boundary towards decreasing
velocity) is black-white-black (b-w-b)das can be seen for the
ground wave at the top of the profile in Fig. 3 (see section on
reflection coefficient for further discussion of polarity). When the
grave was excavated, the soil surrounding an intact rib cage of the
skeleton collapsed thus confirming the presence of an air-filled
void within the chest cavity (see inset in Fig. 4). In general, the
skeletal remains were very well preserved and yielded strong
reflections from some of the long bones (denoted by arrows in the
figure). Also note that the hyperbolas over the leg bones have
a more “pointed” vertex, similar in character to that which is often
observed when traversing perpendicularly over tree roots.

3.1.1. Forward modeling
Two-dimensional forward modeling was performed using

GPRSIM v3.0 software (see www.gpr-survey.com and Goodman,
1994) to determine whether the burial pit itself could have
produce the observed hyperbolas with normal polarity, as opposed
to the skeletal remains. The modeling assumed a Transverse Elec-
tric Field (TE) with perpendicular polarization with respect to the
plane of incidence. Synthetic radar profiles were generated for
several models ranging from boxed to V-shaped pits; these are
considered end members for the likely geometry of a pit. The
modeling assumed that the background material was a loess

http://www.gpr-survey.com
http://www.gpr-survey.com


Fig. 2. Time-slice and overlay images of the lower churchyard. A) Representative time-slice images with red denoting relatively strong reflected energy. B) Overlay image which
superimposes the strongest reflected energy from four time slices covering the depth interval of 21e37 cm bgs. This interval isolates the reflections from the enclosure wall and
church. C) Overlay image of five time slices encompassing the depth intervals of 21e37 and 106e112 cm bgs. The latter isolates the reflections from a grave located to the south of
the church. See Fig. 3 for radar profile covering the transect AeB.
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deposit with an electrical conductivity (s) of 15milliSiemens/meter
(mS/m)dbased on EM and resistivity surveying of the sitedand
a relative permittivity ( 3r) of 20. The latter assumes a low-loss
medium which is considered valid when the loss factor, Pdwhich
is defined (Cassidy, 2009, Eq. (2.24))

Py
s

2pfc 3r 30
(1)

where fc is the center frequency of the antenna (¼500 MHz) and 30
is the permittivity of free space (¼8.854�10�12 As/Vm)dis
significantly less than 1. For the present study, P ¼ 0.04. Invoking
the relation (Annan, 2009, Eq. (1.17))

v ¼ cffiffiffiffi
3r

p (2)

where v is the microwave velocity and c is the speed of light
(¼0.3 m/ns), an assumed value of 3r ¼ 20 yields a velocity of
0.067 m/ns for the background material which compares well with
0.065 m/ns as was determined by slope matching point-source
hyperbolas in the field data.

Two general cases were considered for the three shapes of the
burial pit (boxed [A], half “V” [B], and “V” [C]): Case 1 assumed that
the disturbed backfill was relatively more conductive with higher
moisture content (s ¼ 20 mS/m, 3r ¼ 25) than the background
material while Case 2 was less conductive with a lower moisture
content (s ¼ 10 mS/m, 3r ¼ 15). Analysis was limited to nine re-
flected (R) and transmitted (T) wave types (not considering the
ground-surface interface): R, RR, RRR, TRT, TRRT, TRRRT, TTRTT,
TTRRTT, and TTRRRTT. The labeling of the wave types refers to the
wave’s history in encountering boundaries with contrasting rela-
tive permittivities. At each boundary, the pulsed EM energy will
partition with portions being both reflected and transmitted.
Accordingly, an R wave has undergone a single reflection before
being recorded while an RR wave has undergone two separate
reflections. Similarly, a TRT wave has sequentially experienced
transmission, reflection and transmission in its three encounters
with boundaries. The synthetic radar profile is the modeled two-
way travel time of reflected energy from all of the wave types
and their histories of encounters with boundaries.

Fig. 5 summarizes the results of modeling. Planar or slightly
curved reflections with normal polarity were generated for all three
models for Case 1 and for the V-shaped pit for Case 2. No hyper-
bolas resembling those observed in the field data, however, could
be generated. The modeling is consistent with the interpretation
that the observed hyperbolic reflections were generated by the void
occupying the chest cavity.

Additional modeling was performed for idealized cross-
sectional elements of the skeletal remains. The assumed parame-
ters for air and bone were s ¼ 0 mS/m: 3r ¼ 1 and s ¼ 100 mS/m:
3r ¼ 13, respectively (see Table 1, Hammon et al., 2000, and refer-
ences therein). Fig. 6 depicts the results of modeling for traverses
over a combination of an air-filled void occupying the chest cavity
and bones. The results are consistent with the hyperbolas observed
in the field data.

3.1.2. Hyperbolic curve matching
One of the hyperbolas that was recorded over the upper body

(profile #4476, image D in Fig. 4) was modeled with a finite-
diameter cylinder to estimate the size of the reflecting feature.
Assuming a velocity of 0.065 m/ns, a cylinder with a diameter of
30 cm (12 inches) provides a reasonable fit of the feature and is
consistent with the size of an adult chest. Fig. 7 depicts the curve
matching. Note that the drawn cylinder appears with vertical
exaggeration because the y axis of the cross-sectional circle has
been converted to time.



Fig. 3. Upper: Radar profile collected along the approximate south-to-north midsection through the lower churchyard (transect AeB, see Fig. 2). Interpreted buried remnants of the
churchyard include: turf enclosure wall with rocks in the foundation, the church, a grave, and the break in stratigraphic layering of tephra deposits due to digging the burial pit.
Lower Left: Excavated skeleton in the supine position. The locations of profile and enclosure wall are shown by the short-dashed and long-dashed lines, respectively. Note that the
large rocks were placed as part of the foundation of the enclosure wall; no rocks were encountered in the excavation of the burial pit. Lower Right: The tephra layers that were
truncated by digging the burial pit include the Landnam (AD 871 � 2) and the prehistoric Hekla 3 (ca. BC 1000) and Hekla 4 (ca. BC 2300) deposits. Overlying the grave was
a spatially continuous deposit of the Hekla AD 1104 tephra (no longer visible) which provides an upper bound for the date of the burial. Inset: The hollow inside of the chest cavity
just after collapse while excavating. Note that the rib cage remained intact after decomposition.
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3.1.3. Comparison of reflection coefficient
Further assessment was made by analysis of the reflection

coefficient. The reflection coefficient, R, for a low-loss mediumwith
normal (vertical) incidence is (see Daniels et al., 2003, Eq. (20) with
qi ¼ 0)

R ¼
ffiffiffiffiffiffi
3r1

p � ffiffiffiffiffiffi
3r2

pffiffiffiffiffiffi
3r1

p þ ffiffiffiffiffiffi
3r2

p (3)

where 3r1 and 3r2 are the relative permittivities of the upper and
lower (or embedded) materials, respectively. The reflection
amplitude is positive and the pulse has banding with normal
polarity (w-b-w) when 3r1 > 3r2 or, equivalently, v2 > v1.
Conversely, when 3r2 > 3r1 (v1 > v2) the reflection amplitude is
negative and the pulse has bandingwith reverse polarity (b-w-b) as
the wave has been phase shifted by 180�. In general, the velocity is
expected to decreasewith depth in soil as the vadose zone becomes
progressively more saturated until the groundwater table is
encountered.

The modeled reflection coefficients arising between the back-
ground material and either the air-filled void (0.63) or bone (0.11)
are positives and their absolutemagnitudes are larger than between
the disturbed backfills and the backgroundmaterial (0.06 and�0.07
for more conductive and more resistive backfills, respectively).
Thus, a relatively strong reflection with normal polarity (w-b-w) is
expected from the void, and to a lesser degree with bones,
embedded within the background material which has a larger
relative permittivity. Fig. 8 depicts the relative amplitude traces
arising from the observed reflections over the chest cavity and leg
bones, respectively (gained field data). The ratio of the leg bones/
chest cavity peak-to-peak responses is 0.28 and is of similar
magnitude to the ratio in the assumed modeling (0.11/0.63 ¼ 0.17).
The assessment suggests that either the relative permittivity of bone
from the skeleton has a slightly lower value (w10 as compared to
13) than that assumed in the modeling or the value of the back-
groundmaterial should be slightly higher (w26 as compared to 20).
In either case, the reflection coefficient for bone becomes w0.17.

3.1.4. Radial and lateral resolutions
As a final analysis, the radial (vertical) resolution, Dr, can be

defined as (Annan, 2009, Eq. (1.27))

Dr � v

4fc
(4)

where fc is the center frequency of the transmitting antenna.
Similarly, the lateral (horizontal) resolution, Dl, can be defined as
(Annan, 2009, Eq. (1.31), and noting the typographical error in 1.30)



Fig. 4. Clipped radargrams that isolate the hyperbolas associated with the excavated grave in the lower churchyard. The wider hyperbolas are associated with the upper body (CeE)
and the narrower ones with the lower body (HeK). Normal polarity banding (w-b-w) is noted for the former set indicating a boundary towards increasing velocity. Also note that
the vertex for the latter set tend to be more pointed. Arrows point to reflections from long bones lying next to the chest cavity.
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Dl ¼ vd
(5)
ffiffiffiffiffiffiffi
2fc

s

where d is depth. For the present case (¼0.065 m/ns, fc ¼ 500 MHz
and d ¼ 1 m), Dr � 3 cm (1.5 inches) and Dl � 26 cm (10 inches).
Thus, bones would have to be at least 3-cm thick to be detected in
the vertical sense, and, in a horizontal sense, a pair of leg bones that
are separated by less than 26 cm would be imaged as a single
hyperbola and not as a doublet. The results of forward modeling
and analysis of resolution support the interpretation that the
hyperbolas were generated from the skeletal remains and not by
the disturbed backfill or boundaries of the burial pit.

3.2. Upper churchyard

A grid of approximately 22 � 25 m was established over the
natural ground surface at the upper churchyard and a survey was
conducted along south-to-north oriented transects. No distinct
hyperbolic reflections were observed as was the case for the
lower site. To improve energy coupling, a more limited second



Fig. 5. Representative synthetic radar profiles from forward modeling various types of burial pits (upper row): A e boxed shaped, B e half V-shaped, and C e V-shaped. Case 1
(middle row) assumes the disturbed backfill is more conductive than the background medium. Case 2 (lower row) assumes the disturbed backfill is less conductive than the
background medium. Reflections with normal polarity are denoted by w-b-w banding; reverse polarity by b-w-b banding. Although nine wave types were considered, only the R, RR
and RRR waves contributed to the modeling results.
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survey was then conducted over a 4 � 5 m deturfed area that was
located directly south of the partially exposed remains of the
church structure, in an area where graves would likely be
present.

Fig. 9 depicts a representative radar profile from the smaller
survey. No hyperbolas were recorded in the data. A zone of weak
reflections associated with ground disturbance, however, is noted
at approximately 564042N and was interpreted to be burial
related. Upon excavation, a grave was encountered but only teeth
were recovered (see inset, Fig. 9B). Note that teeth are one of the
hardest components of a skeleton. The overall poor preservation
of the skeletal remains is attributed to increase contact with
infiltrating groundwater from an overlying gravel layer with
enhanced hydraulic conductivity that was penetrated during
digging of the grave. The contrast in the preservation of graves
between the two nearby churchyards is rather remarkable and
highlights the importance of the influence of localize conditions
on preservation.

4. Discussion

It is commonly assumed that bones are too small and have
insufficient contrast to be detectable with GPR. Bevan (1991) states
that “While the bonesmay last for thousands of years in some types
of soil, they will generally not be directly detectable.” The examples
of detected graves in his study were from historic cemeteries of the
17th century and later. Radar profiles were collected using 180 and
315 MHz antennas but limited ground truthing was performed.
Conyers (2006) puts forth that “The human remains themselves
cannot generally be detected since there is not enough contrast
between them and the surrounding material.” Finally, Doolittle and
Bellantoni (2010) state that “However, bones themselves are
generally too small to be detected with GPR (Bevan, 1991; Killam,
1990). In addition, bones are electrically similar to dry soil mate-
rials and are indistinguishable from rock fragments (Davis et al.,
2000).” The examples in their study were based on using
a 400 MHz antenna; no ground truthing was reported.

Several studies are reported in the literature that lend support to
the detection of skeletal remains with GPR, thus corroborating the
present findings andwarranting amore detailed discussion. Mellett
(1992) located the clandestine grave of a homicide victim who had
disappeared eight years earlier. Using a 500MHz antenna, the body
was detected at a depth of 0.5 m. Hyperbolic reflections that
emanated from well within the boundaries of the burial pit were
attributed to the upper arm and the shoulder/back areas. In another
study involving a 40-year-old unmarked burial, hyperbolic reflec-
tions of varying widths were interpreted to be from the skull, pelvic
bones and lower leg bones. The reflections from the skull were
particularly strong and ascribed to an air-filled void. Two narrower
and fainter hyperbolas were attributed to the leg bones.

In a different approach, Hammon et al. (2000) forward modeled
the radar responses from buried human remains assuming



Fig. 6. Representative synthetic radar profiles from forward modeling of chest cavity
and bones. Upper: Results for traverse over chest cavity (air-filled void). Middle:
Results for traverse over a pair of long bones. Bottom: Results for traverse over chest
cavity and long bones. The hyperbolas produced resemble those seen in the field data
(see Figs. 4 and 5).

Fig. 7. Hyperbolic curve matching of reflection over the chest cavity. A 30-cm (12-inch)
diameter cylinder provides a reasonable fit to the reflection, consistent with the size of
an adult chest.

Fig. 8. Example vertical scans showing the observed reflections from the air-filled void
within the chest cavity (profile E in Fig. 4) and leg bones (profile J in Fig. 4). Relative
peak-to-peak responses are marked by arrows and have absolute magnitudes of 1.06
and 0.30, respectively.
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different frequencies (450, 900 and 1200 MHz), burial depths (0.4
and 0.8 m) and background materials (dry sand [ 3r ¼ 2.4, s ¼ 6 mS/
m] and clay-rich sand with 6.4% water content [ 3r ¼ 3.4, s ¼12 mS/
m]). For the 450 MHz simulations, the results indicated that a skull
(bone 3r ¼ 13.0, s ¼ 100 mS/m) with soft tissue (brain 3r ¼ 60.0,
s ¼ 900 mS/m) was detectable at 0.8 m depth in the dry sand but
not in the clay-rich sand. Of particular interest are the results of
900-MHz simulations of a decomposed skull (i.e., air replacing soft
tissue) which yielded amplitudes that were 60% stronger than for
the cadaver state due to basal reflections from the skull that
formerly were absent because of high attenuation in the soft tissue.

Lastly, Schultz et al. (2002, 2006) reported on a series of
controlled field experiments in Florida using small and large pig
cadavers as a proxy for human remains. The cadavers were buried
at one of two depths (0.5e0.6 m or 1.0e1.1 m) in soils composed
primarily of sand or sand overlying a clay horizon, respectively. In
addition, a second set of burial pits with no cadavers served as
a controlled group. The experiments involved GPR profiling
(using 500 and 900 MHz antennas) over the pits on a monthly
basis for a duration of 21 months. Also, several of the pits with
cadavers were excavated during the course of the study to assess
decomposition with time. The major relevant findings include:
(1) the dominant response from a grave is from the body
(cadaver or skeleton) and not the backfill or boundaries of the
burial pit, (2) the shallower cadavers (in sand) were completely
skeletonized by 12 months whereas the deeper ones (in clay) had
undergone little decomposition, (3) the responses from both
cadavers and skeletons were hyperbolic reflections, (4) the
responses were nearly identical (amplitude wise) for a recent
cadaver and a skeleton after 19 months, and (5) the 500 MHz
antenna yielded better results for the conditions in Florida.

In the present study, skeletal remains were directly detected
with GPR as subsequently verified through excavation. A 500 MHz
antenna was used which provided better resolution than was
achievable in the above cited works (Bevan, 1991; Doolittle and
Bellantoni, 2010) utilizing lower frequencies. This frequency yiel-
ded a depth of penetration of more than 1.5 m into the local soil



Fig. 9. Representative results for the upper churchyard. A) Radar profile collected to the south of church showing a region of weak reflections due to disturbed backfill of a grave.
B) Excavation of the grave yielded teeth only (see inset) due to poor conditions for preservation.
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which is a non-cohesive brown andosoldderived from aeolian
sediments of volcanic origin but not the direct product of
eruptionsdwith intermixed tephra layers (Arnalds, 2004, 2008).
Note that the excavated material from the burial pit was moist and
fine grained but contained no rocks; thus, the hyperbolas which
occur on eleven contiguous radar profiles were not the result of
isolated point-source features. In addition, there is no indication in
Fig. 10. Plot of reflection coefficient versus contrast in relative permittivity (bone embedded
(dry, vertical dashed line on left) to 13 (well-preserved, vertical dashed line on right) and
contrast for the lower churchyard (bone ¼ 13 and backfill ¼ 20), yielding a coefficient of 0.11
and backfill ¼ 20) as discussed in the text. The grey area defines contrasts below the minimu
polarities, respectively.
the profiles of the burial pit, either its boundaries or differences in
homogeneity between background and backfill materials, except
for the truncation of the tephra layers (see Fig. 3). Thus, the natural
soil-forming processes had mended any signs of ground distur-
bance which resulted in a non-detectable contrast for this feature.

For the present case, an important question to consider is: How
unique are the conditions at the lower churchyard which are so
in backfill soil) based on Eq. (3). The relative permittivity of bone (x axis) varies from 6
backfill soil from 5 (dry) to 30 (wet, family of curves). The solid black circle denotes
; the coefficient of 0.17 (solid white circle) is based on peak-to-peak analysis (bone ¼ 10
m threshold limit. Note that positive and negative coefficients have normal and reverse
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favorable to the detection of skeletal remains that are over 1000
years old? Fig. 10 is a plot of reflection coefficient versus the
contrast in relative permittivity for bone embedded in backfill soil.
The relative permittivity of soils typically ranges from 4 (dry) to 30
(wet) (Daniels, 1996), while well-preserved bone is 13 (Gabriel
et al., 1996; Hammon et al., 2000). At the churchyard, the moist
soil has an estimated value of 20 which results in a reflection
coefficient of 0.11 for bone (see Eq. (3) and solid circle in Fig. 10),
but could be as high as 0.17 based on the analysis of peak-to-peak
responses. In general, a conservative threshold of �0.10 is needed
to detect a feature for single-fold data (Annan, 2001). Note that
fresh bone is composed of three components including: w25%
organic materials (mostly collagen), w50% inorganic materials
(mostly crystalline hydroxyapatite) and w25% hydrating water
(Schultz, 1996). At the churchyard, the well-preserved nature of
bone is attested to by contemporaneous animal bones (wAD
1000) which contain collagen typically between 7 and 19%
(unpublished data).

Even in dry environments, though, well-preserved bone should
still be detectable (with reverse polarity reflection) as can be
deduced from Fig. 10 and which has been shown in the studies by
Schultz et al. (2002, 2006). In such environments, however, it is
likely that the bone will dehydrate and organics degrade with time,
thus lowering the relative permittivity (and hence contrast) which
decreases the likelihood of detection even if the crystalline struc-
ture remains intact. Assuming a dry backfill soil with relative
permittivity of 5, a value � 8 is needed for bone to produce
a reflection coefficient above the minimum threshold. This cutoff
value is larger than for dry bone which is w6 (Marino et al., 1967).

5. Summary and conclusions

Detailed GPR surveys were conducted at Viking Age and Medi-
eval churchyards on the Stóra-Seyla farm in northern Iceland. The
surveys yielded markedly different results due to the different
states of skeletal preservation and suggest that GPR can be used to
help assess the condition of buried skeletal remains. Over a grave in
the lower churchyard where preservation was good, strong reflec-
tions were recorded that emanated from the skeletal remains
including the chest cavity and long bones. Careful inspection of the
radar profiles allowed for the orientation of the skeleton to be
determined by the relative width of the hyperbolic reflections with
the wider ones associated with the upper body region. In addition,
a velocity increase, as noted by banding with normal polarity, was
recorded from an air-filled void that formed within the chest cavity
upon decomposition of the body. Subsequent excavation confirmed
the presence of the void which is noteworthy given that it is
commonly assumed the skeletal structure collapses upon decom-
position (e.g., see Rodriquez, 1996; Hammon et al., 2000). The
presence of a void improves the chances for detecting a burial by
providing a relatively large contrast with a velocity increase that
generally does not occur with increasing depth in shallow soils.
Conversely, at the upper churchyard where geologic deposits are
different and preservation was poor, burials when detectable at all
are associated with weaker reflections emanating frommore subtle
changes in properties of the disturbed backfill.

In general, graves are often located by detecting secondary
features such as a burial pit or burial container. In this study,
skeletal remains were directly detected and there was little indi-
cation of the pit except for the truncation of tephra layers. Whether
bones are detectable or not depends on the relative permittivities
of bone and backfill material for a given grave, both of which can
change over time. The best chances for detecting well-preserved
bone (i.e., bone that has retained its organic material and
hydrating water) are when the backfill material is either very moist
with high relative permittivity or very dry with low relative
permittivity. In dry environments, however, it is likely that the bone
will eventually dehydrate and the organics degrade with the
passage of time. Consequently, it will be less likely to detect skeletal
remains as the relative permittivity and overall contrast decreases,
even if the inorganic crystalline component remains intact.
Although the conditions at the lower churchyard appear to be
particularly suited for the detection of bone (i.e., a moist environ-
ment with good preservation), it is also likely that detection of
skeletal remains has been more commonplace than previously
assumed or interpreted, especially at sites with moist soils having
a relatively large relative permittivity. Clearly, further study is
warranted to assess the operating conditions to detect bones and
for development of a quick screening tool to measure the relative
permittivity of background/backfill materials when searching for
burials.
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