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ABSTRACT

Holocaust mass grave sites in eastern Europe can be difficult
to investigate due to a paucity of historical documentation relat-
ing to the events and because the use of traditional invasive ar-
chaeology methods raises concerns around the disturbance of
the remains of Jewish people. When combined with other lines
of evidence, including historic photos and eyewitness testimony,
noninvasive geophysical methods help to effectively identify
and demarcate buried features at Holocaust sites, limiting
unnecessary excavations. Between 1941 and 1944, as many
as 100,000 people were murdered at the Ponary (Paneriai) ex-
termination site in Lithuania, but many critical details of the site
layout during this period are still to be resolved, including the
location of some of the mass graves and confirmation of an

escape tunnel that was used by slave laborers to escape captivity
and certain death at the site. At Ponary, a combination of elec-
trical resistivity tomography (ERT) profiling, limited ground-
penetrating radar data, and bare-earth elevation data (from a
light and distance ranging data set) was used to confirm the lo-
cation of a large unmarked mass grave with a diameter of ap-
proximately 25 m and depth of approximately 4 m. Additional
ERT profiling at a second location imaged the entrance to an
escape tunnel previously uncovered by an archaeological exca-
vation in 2004, and it detected an approximately 5 m section of
the continuation of the tunnel, approximately 33 m away from
the tunnel entrance. The geophysical results are supported by
evidence from limited archaeological excavations, historical
photographs, eyewitness descriptions of the site layout, and tes-
timonies from the few survivors who managed to escape Ponary.

INTRODUCTION

The reconstruction of historical events from the Holocaust is im-
portant, not only to provide closure to the families of victims and
those directly connected to the violence that took place, but also
to educate the general populace today and help prevent future geno-
cides. This is especially important at a time when there are few sur-
vivors of the Holocaust left to share their experiences and while
Holocaust awareness among the general public may be diminishing
(Arsenault, 2019; Ramgopal, 2020). Confirming Holocaust history

can be challenging, especially when conflicting accounts from
eyewitness testimonies exist and after many years have passed since
the events. This is a particular problem in eastern Europe, where So-
viet governance and international isolation until the early 1990s in-
hibited research of Holocaust sites. Although in-depth forensic
investigations of mass grave sites were completed by Soviet inves-
tigators at select sites after the war, systematic archaeological inves-
tigations of Holocaust sites could only begin in earnest after the
demise of the Soviet Union, some 50 years after the end of World
War II (e.g., van der Laarse, 2013; Sturdy Colls, 2015a; Freund,
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2019). In Lithuania, many sites where mass graves are rumored to
exist have either been disturbed by subsequent development or have
been altered by natural processes, including erosion and growth of
new vegetation. Archaeological investigations of Holocaust sites
are further complicated by sensitivities from local and international
Jewish communities around disturbing human remains (e.g., Sturdy
Colls, 2015b), and concerns around the exhumation of human re-
mains after conflict or human rights abuses are not just limited to
Holocaust sites (see Renshaw [2013] for a good summary of these
issues).

Between 1941 and 1944, as many as 100,000 people (Tomkiewicz,
2008; Chan, 2019; as translated from Soviet Extraordinary State
Commission reports from USHMM, 1995; Seligman et al., 2020)
were exterminated at a single site within the Ponary forest (Ponary
in English and Polish, Ponar in Yiddish, and Paneriai in Lithuanian),
situated approximately 10 km southwest of Vilnius, Lithuania (Fig-
ure 1; Vilna in Yiddish; Wilno in Polish). Shortly after liberating
Ponary, the Soviets undertook limited forensic examinations at the
site, interviewing eyewitnesses and documenting the condition of
the graves (USHMM, 1995). The comprehensive details within these
reports were largely inaccessible until the collapse of the Soviet
Union in the early 1990s. Investigations of the site were discouraged
for most of the postwar Soviet era, and scant memorials were sanc-
tioned by the Soviet government (Seligman et al., 2020).

Because of sensitivities related to disturbing remains and the
difficulties in obtaining excavation permits, noninvasive geophysi-
cal methods have recently become an important tool for investi-
gating Holocaust mass grave sites (e.g., Sturdy Colls, 2015a;
Burds et al., 2018; Freund, 2019; Bauman et al., 2020; Rozycki
et al., 2020). Geophysical methods have been used for forensic
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Figure 1. Study location in context of the (a) map of Lithuania and
(b) map of Vilnius region, as photographed by a Luftwaffe recon-
naissance flight in July 1944, annotated with the location of the rail-
way that connected Vilnius to the Ponary extermination site. Aerial
photo obtained from NARA, photo ID RG 373: DT/TM-5, Wilna,
#17033 (12 x 12 in. aerial print), dated possibly 10 July 1944.

investigations of grave sites, including in cemeteries (e.g., Jones,
2008), for clandestine individual graves (e.g., Powell, 2004), and
mass graves not related to the Holocaust (e.g., from the 1921 Tulsa
Race Massacre [Hammerstedt and Regner, 2019] and the violent
unrest in Cyprus in the 1960s and 1970s [Abate et al., 2019]). Be-
cause of their capability to noninvasively map objects and struc-
tures buried within soil and sediments, geophysical methods are an
important technique in forensic investigations of sensitive grave
sites where excavations are prohibited.

Most geophysical forensic investigations have relied on ground-
penetrating radar (GPR) to delineate grave sites (e.g., Bevan, 1991;
Schultz, 2012; Barone et al., 2016), largely because GPR can re-
solve small targets on the order of individual graves and because
GPR systems have become portable and relatively easy to use.
Cheetham (2005) and Jones (2008) demonstrate how geophysical
methods alternative to GPR can be used for identifying graves, in-
cluding earth resistivity, electromagnetic terrain conductivity, and
magnetic gradiometer surveys.

Electrical resistivity tomography (ERT) is seldom used in foren-
sic investigations, usually because individual graves may be too
small to resolve using the method and because electrical resistivity
contrasts are often not large enough between the material within a
grave and the surrounding native soil. At the Ponary extermination
site, the buried remains of mass graves are expected to be found
within the unsaturated sandy sediments that blanket the site.
Although these subsurface conditions are suitable for GPR surveys,
they also offer an ideal opportunity to test the efficacy of the ERT
technique because targets can be distinguished spatially and with
depth from relatively high resistivity background material.

Until recently documentation of the history and physical arrange-
ment of the Ponary extermination site was limited to the Soviet
Extraordinary State Commission reports, survivor testimonies,
and a few eyewitness reports (e.g., the accounts of local Polish jour-
nalist, Kazimierz Sakowicz; Sakowicz, 2005). Consequently, sub-
surface information is vital to help confirm the physical layout of
the Ponary extermination site during its operation between 1941 and
1944. At the request of the Vilna Gaon State Jewish Museum in
Lithuania, and in preparation for the construction of a proposed
new visitor center, in 2016 a geophysical investigation was under-
taken to help map subsurface evidence of what remained of the Po-
nary extermination site. Before undertaking this work, we consulted
extensively with representatives of the Lithuanian Jewish Commu-
nity and with the Vilna Gaon State Jewish Museum about how to
minimize impacts to the site, and how to disseminate the results of
our study. The families of those who survived or were killed at Po-
nary were invited to contact our research team so that we could no-
tify them of our findings, and many were able to share anecdotal
descriptions of survivor stories that assisted with our research. The
2016 investigation was also aided by the recent release from the
United States National Archives and Records Administration
(NARA) of German and Soviet aerial photos that covered the site
in the months before and after occupation of this area by the Soviet
Red Army in July 1944.

The two primary objectives of the 2016 survey were (1) to locate
and map a suspected unmarked mass grave and (2) to map any re-
mains of a tunnel used during a 1944 escape from the camp. This
paper describes the geophysical field methodology, the procedures
used to analyze the geophysical data, and it places the results in
context with available archaeological and historical information.
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HISTORICAL BACKGROUND

Prior to Nazi Germany’s invasion in June 1941, Soviet-occupied
Lithuania was home to a Jewish community of more than 200,000
people, or as much as 10% of Lithuania’s total population at the
time (Snyder, 2010; USHMM, 2020). Some of the region’s Jewish
population arrived after 1939, fleeing violence and persecution
largely from other areas of Nazi-occupied Poland. Under Nazi rule,
between 1941 and 1944, as much as 95% of the Jewish population
in Lithuania’s postwar boundaries (Bubnys, 2004) was massacred
by German and Lithuanian killing squads. The killing squads com-
prised the Nazi SS Einsatzgruppe A and B units, who directed local
Lithuanian auxiliary policemen (Snyder, 2010; Seligman et al.,
2020). Most of the victims at Ponary were Jews, brought from Lith-
uania’s newly reinstated capital city, Vilnius, and surrounding com-
munities by truck, train, or forced march. Tomkiewicz (2008)
estimates that the number killed at Ponary included 72,000 Jews
from the area surrounding Vilnius, between 15,000 and 20,000
Poles, 5000 Soviet prisoners of war (POWs), 1000 Russians and
Lithuanians, and 40 Roma people.

Piecing together the scant historical sources yields some infor-
mation on the physical layout of Ponary and how the killings took
place (Seligman et al., 2020). At Ponary, a series of seven to nine
circular pits, originally intended for fuel storage by the Soviets,
were used as mass graves (Seligman et al., 2020). The circular pits
were between 12 and 32 m in diameter and were excavated to
depths of between 5 and 8 m within the native loose sand. To shore
up the sides of some of the pits, stone walls were constructed (Ven-
galis, 2016). Linear trenches were excavated between the pits,
which were likely intended for the installation of pipes. These
trenches also served as conduits to direct the thousands of victims
from the gates of the extermination site toward the pits. The in-
stallation of fuel tanks was never completed because, in June
1941, German forces occupied the area as part of their invasion
of the Soviet Union. Instead, the pits were used to bury the thou-
sands of victims who were shot and killed at Ponary between July
1941 and July 1944.

In an attempt to erase evidence of the atrocities at Ponary (as
occurred at other extermination sites across Nazi-occupied eastern
Europe), between December 1943 and April 1944, a contingent of
80 enslaved Jews and Soviet POWs was used to exhume bodies
from the pits and burn the remains. This action was part of official
Nazi policy (Sonderaktion 1005), and the slave workers were called
Leichenkommando or “corpse units.” The tasks of the Leichenkom-
mando were to exhume bodies from the graves (burial pits), burn the
bodies on wooden pyres, and then distribute the ash mixed with
sand around the site (Seligman et al., 2020). At night, the 80 mem-
bers of the Leichenkommando were imprisoned within one of the
circular pits that had not been used as a mass grave (Leichenkom-
mando detention pit; pit 6 shown in Figure 2). In a desperate attempt
to escape the prison camp, between January and April 1944, mem-
bers of the Leichenkommando excavated a tunnel from under the
stone-lined detention pit. A mass escape was attempted through the
tunnel on the evening of 15 April 1944. After the first group of
prisoners exited the tunnel, German guards were alerted. Those
who did not make it out of the tunnel and beyond the barbed-wire
fence surrounding the camp were likely killed during or shortly after
the escape attempt.

Based on survivor testimony, 12 prisoners are thought to have es-
caped through the tunnel and evaded capture, but only 11 survived

until the end of the war (testimony of Yuri Farber in Ehrenburg and
Grossman, 1986). Aside from stories told among the survivors and
recorded for Claude Lanzmann’s Shoah collection of interviews
(USHMM, 1979), the tunnel, and the story of the escape, were largely
undocumented until archaeological excavations uncovered the
entrance to the tunnel in 2004 (Urbanavicius, 2004). The report of
Urbanavicius (2004) stated an intention to conduct further studies
to find the continuation of the tunnel beyond the stone wall of the
detention pit. However, since the uncovering of the tunnel entrance
and subsequent reburial in 2004, no further archaeological excava-
tions have been undertaken. Remarkably, no memorial stone or sign-
age was placed at the site to indicate the location of the rediscovered
tunnel entrance. Only limited archaeological investigations have been
completed at Ponary since 2004. Vengalis (2016) completed geo-
physical investigations around the unmarked mass grave and the es-
cape tunnel, the results of which will be discussed in context with our
2016 geophysical investigation.

GEOPHYSICAL SURVEY AND METHODOLOGIES

The 2016 geophysical survey was undertaken at Ponary over
10 days during the period 8 June 2016 to 30 June 2016. Two sites
were targeted (1) an area in the southwest corner of the site, where
a mass grave was suspected but had not been identified or memo-
rialized, and (2) the suspected location of the escape tunnel, in
and outside the former Leichenkommando detention pit (pit 6
in Figure 2).

Two complementary geophysical methods were tested for the
survey: ERT and GPR. Both methods are noninvasive techniques
in that they can image any changes or anomalies in the shallow sub-
surface without actually altering the ground. As such, geophysical
techniques are particularly valuable in investigations of Holocaust
grave sites because there is no risk that the human remains will be
disturbed.

381100 381200 381300 381400 381500

6054800

6054700

Northing (m)

6054600

Elevation
(m)

: - Legend - .
.......................... Pt ERTTWE WETID) 1

6054500

Easting (m)

Figure 2. Ponary site location map, showing the locations of the six
pits, officially memorialized at the time of the study, and the loca-
tions of the 12 ERT profiles acquired within the two main inves-
tigation areas. The background color-shaded map is the high-
resolution LIDAR imagery measured in 2015. The elevated railway
line on the western side of the site was constructed after World War
II. The dark-blue channel through the center of the site is a paleo-
drainage feature.
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ERT methodology

The ERT technique measures changes in the electrical resistivity
of the subsurface with depth beneath a profile. It is widely used in
environmental and engineering studies, and it has been applied to
some archaeological and forensic investigations (Noel and Xu,
1991; Fenning and Donnelly, 2003). Subsurface resistivity changes
as a function of porosity, mineralogy, and the salinity of any pore
water within the geologic materials (soil, sediment, or rock). In gen-
eral, finer-grained geologic materials will have lower electrical re-
sistivities relative to coarser-grained materials. Similarly, given the
same material type, the electrical resistivity will change depending
on the degree of consolidation or compaction of the material. As
such, the ERT method is useful for distinguishing recently exca-
vated ground that has been refilled (e.g., a grave site) from undis-
turbed native material. Whether the excavated ground will exhibit
higher or lower resistivities relative to the surrounding material will
depend on the pore-water salinity and the degree of saturation of the
material, but, most importantly, the electrical resistivity of the
material will be changed.

In addition to resistivity, the material chargeability (that is, the
ability of the material to store electrical charge) can also be mea-
sured from an ERT survey by using the principles of induced polari-
zation (IP) (Dahlin et al., 2002). The chargeability of the material
can be determined by measuring the time it takes for the applied
electrical charge to dissipate in a volume of material. Zones of high
chargeability are often associated with buried metal objects. Con-
sequently, an ERT survey configured to measure the IP response of
the material can also serve as a means to detect metal artifacts buried
beneath the profile. Although IP measurements indicated potential
buried metal objects under some of the ERT survey lines, none of
these objects were of a significant size or at a depth that would sug-
gest they are potential artifacts from the World War II period. Metal
debris dating from more recent times was found littered across the
site, including drink cans and small auto parts.

All of the ERT profiles were acquired using an ABEM Terra-
meter LS multichannel resistivity system. At the heart of the system
is a transmitter powered by a 12 V battery (equivalent to a car bat-
tery). Electrodes are inserted into the ground at uniform intervals
and connected to the transmitter unit via a multicore cable. For each
individual measurement, electrical current is sent to a pair of current
injection electrodes (A and B), and the resulting voltage is measured
on a pair of separate reception electrodes (called M and N, by con-
vention). By varying the locations and the distances between the
electrodes, the electrical resistance of the material can be measured
over different depths and at distinct locations along the profile. All
of the ERT profiles acquired at the site used an expanded gradient
acquisition sequence, to optimize the lateral and vertical resolution
of targets. Unlike traditional Schlumberger- and Wenner-type ar-
rays, multiple-gradient arrays of this type are more efficient to
collect with multichannel systems, and they have a lower sensitivity
to noise than dipole-dipole arrays (Dahlin and Zhou, 2004, 2006).

The resistance measurements can be converted to apparent re-
sistivities by applying a geometric factor that accounts for the
varying electrode configurations and consequently different vol-
umes of soil that have been measured. Data processing included
removal of any negative values and obvious outliers. All ERT data
were processed using RES2DINV tomographic “inversion” soft-
ware, which iteratively calculates the 2D (or cross-section) model
of the ground that best fits the data that have been measured (Loke

and Barker, 1996). This is a process borrowed from medical
imaging techniques — instead of a magnetic resonance imaging
scan showing changes in brain density, the ERT method yields a
cross section showing changes in the soil resistivity. All ERT in-
versions were calculated using L2-norm smoothness constraints
on the data and the model, and model cell widths were set to equal
half the minimum electrode spacing. For each inverted profile,
convergence was reached after no more than five iterations and
root-mean-square errors were in the range of 3%—8%.

GPR methodology

Like ERT, the GPR method provides an image of the subsurface
beneath a profile. The technique involves transmitting repeating
electromagnetic pulses (in the FM frequency band) from an antenna
in contact with the ground, and then recording the pulses that have
been reflected off subsurface layers and buried objects, and then
returned to a receiving antenna. Similar to an ultrasound image,
a GPR scan will produce a fuzzy picture of any structures in the
soil, extending to a few meters below the ground surface. We ac-
quired GPR data using two systems: (1) a ruggedized Groundradar
UltraGPR system that looks essentially like a snake being pulled
along the ground and (2) a Sensors & Software pulseEKKO system
that has antennae shielded within a rigid case. The UltraGPR emit-
ted a relatively low electromagnetic frequency of close to 80 MHz,
providing a lower resolution image of targets up to 20 m below the
ground surface. UltraGPR data were acquired with the antennas in
an inline configuration and a separation between antenna midpoints
of approximately 2 m. The positions were obtained in real time us-
ing a coupled global positioning system (GPS), and trace positions
were subsequently interpolated to intervals of 0.25 m. In contrast,
the pulseEKKO system used antennas with a nominal antenna fre-
quency of 225 MHz, and data were collected along a grid in step
mode, enabling higher resolution of subsurface features but limited
to imaging depths shallower than the UltraGPR.

Processing of the UltraGPR data included (1) assignment of GPS
coordinates to traces, (2) a time-zero correction, (3) dewow filtering,
(4) application of a gain function, (5) band-pass frequency filtering,
(6) interpolation of traces to cross sections with a uniform grid spac-
ing of 0.5 m, and (7) topographic correction of the profiles. Topo-
graphic corrections were performed using a uniform velocity of
0.12 m/ns, which was estimated based on the normal moveout
of subsurface diffraction patterns. Basic processing was performed
on the 2016 PulseEKKO grid data, including (1) a time-zero cor-
rection, (2) dewow filtering, (3) automatic gain control, (4) trace
stacking (horizontal averaging), and (5) point stacking (running
average).

Survey positioning

The ERT and GPR surveys were conducted along profiles across
select areas of the site (the ERT line positions shown in Figure 2).
The positions of these lines were measured using handheld Trimble
GeoXH GPS units and with a total station (or laser theodolite). A
ground-based bare-earth light and distance ranging (LiDAR) data
set of digital elevations covering most of the Ponary extermination
site was undertaken in 2015, and it was provided for use in this
study (Vengalis, 2016). This digital elevation model was used to
correct the geophysical model cross sections for variations in the
surface topography. A commercial-grade unmanned aerial vehicle
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(DJI Phantom 4) was also used to capture aerial images of the site,
although this was of limited use due to the dense cover of trees that
obscured views of the ground from above the tree canopy. All maps
displayed in the figures of this paper are plotted in the WGS84/
UTM Zone 35N coordinate system, with the positional coordinates
shown in terms of meters east and north relative to a fixed point
(eastings and northings).

UNMARKED PIT SURVEY — RESULTS AND
DISCUSSION

A collection of eight historical air photos was obtained from the
United States NARA and used to assess the layout of Ponary (Selig-
man et al., 2020), as it was in the months before and after liberation
of the site in 1944. These photos were taken during German or So-
viet reconnaissance flights over Ponary and date between 14 May
1944 and, potentially, as late as 14 October 1944, after the Soviets
had liberated the site. These photos were georeferenced using
common landmarks that are present in contemporary imagery
and are also visible in the 1944 photos. In most of the photos,
an area in the southwest corner of the site of light-colored disturbed
ground is clearly distinguished from other vegetated areas (the “un-
marked pit survey,” shown in Figure 3). Within this area, a circular
feature is apparent that is of similar size to the six other circular pits
previously demarcated at Ponary (approximately 20-30 m in
diameter).

To verify the nature of this feature, and to map its precise location
on the ground, we acquired an initial 120 m-long ERT profile, ori-
ented southwest to northeast across this feature (P8 in Figures 2 and
3). This profile used a minimum electrode spacing of 1 m, providing
a reliable depth of investigation of up to 10 m below the ground
surface (mbgs). In addition to the ERT, several GPR profiles were
collected across this area, including a line parallel to ERT profile P8,
which is shown as the gray-shaded image in Figure 4a (location
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Figure 3. The same map area as shown in Figure 2 except with a
georeferenced historical aerial photo taken in September 1944 at
least two months after Soviet forces occupied the Ponary extermi-
nation site. Georeferencing was done by the authors in 2015. The
imagery is from NARA, photo ID RG 373: GX929B SG, exp. 238
(12 x 12 in. print), dated 17 September 1944 (scale 1:13,000).

shown as the yellow line in Figure 5). On this GPR line as well
as on others, a prominent steeply dipping reflection was observed
(between the distances of 90 and 100 m on the cross section shown
in Figure 4a and 4b). Although sometimes useful, as in this instance,
the GPR survey cross sections were also overprinted with reflec-
tions from aboveground trees, making it difficult to distinctly dis-
tinguish the subsurface features (see the left- to right-dipping
reflection visible on the left side of Figure 4a and 4b). As such,
ERT was used as the primary geophysical investigation method.
An earlier GPR investigation by Vengalis (2016), using a GPR sys-
tem with a nominal antenna frequency of 300 MHz, revealed, in
cross section, truncations to sedimentary layers that appeared to
coincide with the circular boundary of the pit shown in the 1944
aerial photo. The results of the Vengalis (2016) survey were not
available until after completion of the 2016 ERT and GPR survey.

A subsequent GPR survey was completed over the area of the pit
delineated by the ERT lines, using the pulseEKKO system with
shielded (to block scattering from the trees) and higher frequency
225 MHz antennas. The 225 MHz data were acquired on a
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Figure 4. (a) A processed GPR cross section (grayscale image) from
the 80 MHz UltraGPR system, acquired across the unmarked pit,
(b) the same GPR cross section shown in (a) but overlaid with the
semitransparent resistivity cross section (the color-shaded image) for
ERT profile P8 (the location is shown in Figure 2), and (c) an ex-
ample GPR section from the 2016 PulseEKKO GPR survey, where
the blue box outlines the portion of the GPR line that crosses the
unmarked pit identified from the ERT data. The annotated arrows in
(a) point to an interpreted subsurface reflection “R1” coinciding
with the edge of the unmarked pit, an above-ground reflection
“R2,” likely from trees, and two reflections, “R3,” from layering
within the sandy sediments surrounding the pit.
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40 x 40 m grid (0.25 m inline spacing; 1.0 m crossline spacing)
approximately centered over the circular area of the pit defined
by the ERT survey (the location is not shown in Figure 5). The cir-
cular area of the pit did correlate with a subtle change in the pattern
of the reflections (Figure 4c), and it revealed similar truncated sedi-
mentary horizons as observed by Vengalis (2016), but scattering of
the radar waves from shallowly buried objects within the pit made it
difficult to distinguish the boundaries of the pit accurately.

In Figure 4b, the resistivity data are plotted as a semitransparent
color-shaded grid on top of the gray-shaded GPR data. The pink
colors show layers and zones of relatively high resistivity sediment
that we interpret as dry sands and soil with a very low clay content.
The loose, dry sandy sediment is evident across most of the site.
Because of these sandy soils, it would have been relatively easy
to excavate pits for the proposed fuel storage tanks but more diffi-
cult to shore up the walls of the excavation — hence why some of
the pits had stone wall foundations. The blue colors in Figure 4b
show where the lowest resistivities were measured, including the
shallow zone that extends over a distance of approximately 25 m
that is interpreted to be an infilled pit.

Having identified this low-resistivity anomaly, an additional three
ERT lines were centered over the feature. When plotted in 3D, the
four resistivity cross sections define a circular pit feature with a
diameter of 25 m and a depth of approximately 4 m (Figure 6).
Closer scrutiny of the high-resolution LiDAR topographic elevation
contours shows that the pit is also characterized by a very subtle
circular depression that is distinct from neighboring natural drain-
age features (the green to brown colors in Figure 5). As shown from
the photos in Figure 7, without the 1944 Luftwaffe photo, the ERT
data or the LiDAR topography, the area of the mass grave would be
indistinguishable from the surrounding forest. In fact, ERT profile
P8 was originally located to traverse a small depression that was
assumed to be a potential pit (marked as the “erosional drainage
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Figure 5. Map showing the layout of the unmarked pit survey and
the interpreted edges of the circular pit. The circular pit is apparent
as a subtle depression visible in the color-shaded LiDAR elevation
data (the green to brown colors). The black lines are the ERT pro-
files with annotated line distances (in meters), and the yellow line
shows one of the GPR profiles for the cross section shown in Fig-
ure 4a and 4b.

feature” in Figure 5). The ERT model for line P8 showed that this
natural depression was underlain by a relatively homogeneous and
undisturbed layer of dry sand, ruling out the possibility that it was
associated with a mass grave (note the continuous pink layer that
occurs at shallow depths between line distances of 0 and 70 m in
Figure 4b).

Although the material filling the pit exhibits much lower
resistivities than the surrounding unsaturated sands, we cannot as-
certain the composition of the material from the measured resistiv-
ities alone, except to infer that it is likely finer grained and/or has a
higher moisture content than the surrounding dry sand. Based on the
various testimonies from the surviving Leichenkommando, who de-
scribed exhuming and burning bodies at the site, the pit may contain
ash mobilized from the burning areas. Alternatively, records trans-
lated from the Soviet Extraordinary State Commission’s forensic
investigation at Ponary describe the exhumation of at least 515
bodies, suggesting that some unburned bodies remained in some
of the graves after the site was liberated in 1944 (Chan, 2019).

ESCAPE TUNNEL SURVEY — RESULTS AND
DISCUSSION

Our geophysical investigation of the escape tunnel relied on the
findings of the Urbanavicius report of the 2004 archaeological ex-
cavations in and around the detention pit. Although the detention pit
is clearly visible on the available 1944 aerial photos taken by Ger-
man Luftwaffe flights (e.g., as shown in Figure 3), the photos are of
too low resolution to recover details of structures inside and around
the pit, including structures that may be related to the escape tunnel.

Background information from the 2004 archaeological
excavation

In addition to uncovering remains of the prison bunker used by
the 80 slave laborers within the detention pit, the 2004 Urbanavicius
excavation uncovered a rectangular wooden frame that served as the
entrance portal to the escape tunnel, and a section of the tunnel be-
tween the portal and the walls of the pit (see the excavation report
photo shown in Figure 8a). The rectangular portal was uncovered in

2200 2600 3000 3400 3800 4200 4600 5000 5400 5800
[T BT T [T

Electrical resistivity
(ohm-m)

Figure 6. A 3D rendering of resistivity cross sections from the four
ERT profiles acquired across the unmarked pit. The colored surface
defining the high-resolution LiDAR elevation data is plotted as a
semitransparent overlay. The viewing direction is to the north.
The line names are annotated, and the locations are shown in Figure 5.
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the southwest quadrant of the detention pit at a depth of 70 cm
beneath the floor of the 2004 level of the pit. The rectangle mea-
sured 80 X 95 cm and, based on the plan map shown in the exca-
vation report, the closest side was located 1.9 m from the edge of the
stone wall lining the pit (Urbanavicius, 2004). In Figure 8a, a large
rock is shown within the center of the rectangle, which Urbanavi-
¢ius inferred was a construction stone from the wall of the pit and
left sometime after the escape of 15 April 1944.

Beneath the rectangular portal, the wooden support structure of
the tunnel was also found, which was composed of a combination of
vertical wooden rods (4 X 4 cm in thickness) and cut trunks and
branches of pine trees (approximately 5-8 cm thick). The vertical
supports had an average spacing of approximately 70 cm, whereas
the slats forming the roof of the tunnel were spaced between 10 and
15 cm apart. The report noted that the tunnel support structure nar-
rowed toward the base of the tunnel, where the
vertical supports were not fastened and had been
deformed by the pressure of the surrounding
sand. Although the exposed tunnel was deformed
in places, Urbanavicius noted in the report that
“the data of the investigations do not deny the
previously available knowledge that the tunnel
had a size 65 X 55 cm.” Based on our interpre-
tation of the report and the accompanying pho-
tos, the tunnel structure close to the entrance was
intact, but it was filled in with sand.

Remarkably, a two-core insulated wire was
found leading into the tunnel, and approximately
20 batteries that may have been used as a power
supply through the wire. Testimony from survi-
vor Itzak Dugim describes the use of this wire for
powering a lightbulb that was used to illuminate
the tunnel and to send a signal to the tunnel dig-
gers to evacuate in the event of an emergency
(USHMM, 1979).

Geophysical survey of the tunnel
entrance

To evaluate whether ERT could detect the
buried tunnel structure, an 8 m-long ERT line
was centered over the tunnel location, as docu-
mented in the plan drawing from UrbanaviCius
(2004; photo of the ERT line shown in Figure 8b).
The location of this line (P2) and other lines used
for the escape tunnel geophysical survey are
shown in Figure 9. The ERT lines have been
numbered in the order that they were acquired.
ERT line P1 was acquired first as a “wildcat” test
line to see if we could image the tunnel in a rel-
atively accessible area alongside an asphalt path.

ERT line P2 was then acquired after reviewing
the maps of the 2004 Urbanavicius report, which
indicated the location of the tunnel entrance.
Line P2 used a minimum electrode spacing of
10 cm, enabling the shallow subsurface to be im-
aged in relatively high resolution to depths of up
to 1.4 m below the ground surface. As shown in
Figure 8b, this line was positioned as close to
the circular inner wall of the detention pit as

possible, while still maintaining a straight line (the 2D ERT
modeling algorithm requires a straight-line geometry).

The processed resistivity cross section for line P2 is displayed in
Figure 10a, where the warmer and cooler colors show the most re-
sistive and least resistive materials, respectively. In this model, the
circular blue anomaly, representing a zone of resistivities of less
than 1000 ohm-m, is interpreted as the tunnel structure, at an
approximate depth of 1 m. Above the tunnel anomaly, two distinct
soil layers are represented by resistivities less than 1000 ohm-m (the
blue discontinuous layer) and another with resistivities generally
greater than 3000 ohm-m (the orange to pink colors). The lower
resistivity layer is interpreted to be the surficial soil cover, and
the higher resistivity layer likely corresponds to dry sands and
loosely compacted debris that would have been used to cover
the 2004 excavation. Lower resistivity (blue) regions to the sides

Figure 7. Panoramic photos taken over the area of the unmarked pit: (a) looking north-
east and (b) looking northwest along ERT line P12.

Figure 8. (a) Photo of the uncovered wooden 80 X 95 cm rectangle that formed the
entrance to the tunnel, and the wooden framing of the tunnel as it extended back toward
the stone walls of the detention pit (Urbanavicius, 2004); the large stone was found
within the rectangle and was presumed to be from the original stone foundations of
the pit; (b) ERT line P2 (the location is shown in Figure 9), which extended for
8 m between the red pin flags and was centered over the axis of the tunnel, as determined
from the excavation plans of Urbanavicius (2004).
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of the tunnel anomaly are likely influenced by conductive material
within the stone foundations, where the ends of the ERT profile are
closest to the walls of the pit.

Figure 10b shows the same modeled data plotted in terms of elec-
trical conductivity (the inverse of resistivity). In the conductivity
section, the tunnel anomaly corresponds to relatively high conduc-
tivities of greater than 1 mS/m (the yellow, orange, and red colors).
For clarity, we plotted all of the ERT models from the escape tunnel
survey in terms of electrical conductivity. These plots highlight the
relatively conductive tunnel anomaly (the yellow, orange, and red
colors) relative to the surrounding lower conductivity (the blue col-
ors) loose sand and soil that underlies the site.

If the tunnel was still open, it would be represented as a higher
resistivity anomaly because the electrical current would not transmit
through an air-filled void. However, the tunnel, as it exists today,
has likely been infiltrated with loosely packed sand that has col-
lapsed into the structure. The relatively higher conductivities asso-
ciated with the tunnel are attributed to a higher moisture content
within the disturbed region of the tunnel compared to the surround-
ing undisturbed and unsaturated sands. Whether they have rotted or
are still well preserved, the wooden supports of the tunnel likely
retain more moisture from rainfall and snowmelt that has infiltrated
the ground than exists in the surrounding well-drained and per-
meable sands surrounding the structure. Moreover, during the dig-
ging of the tunnel, finer grained soil and organic debris with a
greater potential to retain moisture were probably tracked and com-
pacted through the tunnel, which could also contribute to the ob-
served higher electrical conductivities.

We note that this “special” situation of a tunnel exhibiting higher
electrical conductivities than the surrounding medium would not oc-
cur if the tunnel had been excavated through relatively clay-rich soils
rather than the relatively dry and uncemented sands and loamy sands
present at Ponary (Lietuvos, 1985). ERT line P3 was acquired over
the center of the pit, outside the area of the excavated tunnel. This line
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Figure 9. Map showing the layout of the escape tunnel ERT survey
lines (the black lines, with numbers indicating the line distance in
meters). Elevations are from a LiDAR bare-earth model, displayed
with a contour interval of 0.5 m. The yellow square shows the lo-
cation of the tunnel entrance portal, uncovered by Urbanavicius
(2004). The white crosses show the positions of the four high-con-
ductivity anomalies mapped by the ERT lines and interpreted as
sections of the tunnel. The rectangular area of the GPR survey
of Vengalis (2016) is outlined by the black dashed lines.

revealed the same layered subsurface structure as identified on line P2
but no anomalous features that could be correlated to the prison
bunker or tunnel.

Geophysical survey of the tunnel extension

From the few survivor testimonies, the length of the tunnel has
been described to be at least 30 m long. Some testimonies suggest
that the actual length may have been as long as 40 m (C. Heath,
personal communication, 2020). Although there are some discrep-
ancies between accounts, the tunnel may have turned partway along
its length to avoid a guard post and a yet-to-be-identified mass grave
(e.g., Motke Zaidel described the tunnel being 30 m long and mak-
ing an abrupt turn to the right after 20 m in length; USHMM, 1979).

To the southwest of the tunnel entrance, a small hill separates the
edge of the pit from an area of lower ground where the exit of the
tunnel would have been located (Figure 9). Southeast of the hill, in a
flat area where a stone monument has been erected (Figure 9), Ur-
banavicius (2004) opened three trenches, but found no evidence of
the tunnel. A 2015 GPR investigation of the flat area around the
monument clearly imaged reflections from subhorizontal sedimen-
tary layering, to depths of at least 7 m, but it found no evidence of
the escape tunnel in this area (Figure 9; Vengalis, 2016). The crest
of the hill is at least 6 m higher than where the tunnel entrance was
uncovered in 2004. Consequently, Urbanavicius (2004) may have
avoided trenching in this area because the depth to the tunnel may
have made opening a trench here impractical. Similarly, any ERT
profiles crossing the hill were unlikely to detect and resolve a
65 X 55 cm tunnel at depths greater than 5 m, and the variable
topography is difficult to model accurately using available process-
ing algorithms. For these reasons, we focused further investigation
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Figure 10. ERT (a) resistivity and (b) conductivity models pro-
duced from ERT line P2, over the excavated tunnel entrance (the
location is shown in Figure 9). The tunnel entrance coincides with
a low-resistivity (or high-conductivity) circular anomaly approxi-
mately 80 cm below the ground surface. The layer of high-resistiv-
ity material (the pink blobs) above the tunnel entrance anomaly is
interpreted as sand and potential stone debris, from the pit walls,
within the shallow fill.
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in the lower elevation areas to the southwest of the hill, where the
tunnel would have been closer to the ground surface, and where
having a tunnel end along with a tunnel entrance would explicitly
confirm a complete tunnel (see the ERT profile locations P1 and P4-
P7 in Figure 9). ERT profiles P1 and P4-P7 were all acquired using
a minimum electrode spacing of 0.5 m, providing a reliable depth of
investigation of approximately 5 mbgs.

The results from the initial profile P1, on the south side of the
asphalt pathway, revealed layering within the soil profile, but they
did not show a distinctive conductive anomaly comparable to that
imaged over the tunnel near the entrance portal. Profile P4 was ac-
quired to the south of P1, over two small depressions that, at the
time, were speculated to have been possible remnants of a tunnel
exit, although no significant anomalies could be correlated to these
features (Figure 9; the cross sections are not shown). The depres-
sions transected by line P4 were located more than 40 m from the
tunnel entrance and are more likely associated with reconstruction
of the site after the war.

The final stage of the investigation targeted the low area immedi-
ately to the north of the paved pathway, at the base of the hill (lines
PS5, P6, and P7 in Figure 9). Figure 11 displays the ERT conduc-
tivity cross sections from these three profiles, with the profile plot-
ted furthest from the detention pit (P6) plotted in the top panel and
the profile closest to the pit (P7) plotted in the lowest panel. Each
cross section has been corrected for changes in topography (the
southeastern end of each profile is approximately 2 m higher than
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Figure 11. ERT conductivity cross sections from ERT lines (a) P6,
(b) PS5, and (c) P7. The distinctive relatively high conductivity
anomalies are interpreted as parts of the tunnel. See Figure 9 for
the line locations.

the northwestern end) and has been plotted in terms of elevation
(in meters above sea level [masl]), rather than depth.

On all three profiles shown in Figure 11, relatively high conduc-
tivity anomalies observed at depths between 2.2 and 3.0 m are in-
terpreted as the remnants of the tunnel. Between the two outermost
profiles, P6 and P7, over a distance of 4.5 m, small changes in depth
to the anomalies occur. This variability in the depth of the tunnel is
attributed to changes in the ground surface elevation along each
ERT line and, to a lesser degree, the potential shallowing of the
tunnel as it approached the likely exit point. Nevertheless, the tops
of the anomalies on lines P5, P6, and P7 all occur at a relatively
uniform elevation of 142 masl. Similarly, the elevation of the top
of the tunnel entrance anomaly identified on line P2 is approxi-
mately 142 masl (the ground surface along line P2 is at an elevation
of approximately 142.5 masl; Figure 9).

Discussion of the tunnel survey results

As was observed at the tunnel entrance by Urbanavicius (2004),
we expect that the conductivity anomalies are partially associated
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Figure 12. Results of the synthetic modeling of the tunnel anomaly.
(a) A 2D model showing the theoretical tunnel geometry, (b) the
resulting resistivity model generated from the synthetic data pro-
duced from the model shown in (a) with tunnel resistivity of
100 ohm-m, (c) the same as for (b) but displayed in terms of con-
ductivity, and (d) the resulting conductivity model from the syn-
thetic data produced from the model shown in (a), but with the
tunnel resistivity set to 500 ohm-m.
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with the timber supports of the tunnel. It is possible that other
materials or objects may have been left inside the tunnel that would
also contribute to the source of the conductivity anomalies. We ex-
pect that the tunnel has either collapsed or is partially infilled with
material causing elevated conductivities relative to background val-
ues (e.g., finer-grained sediment or organic soil tracked into the tun-
nel). The tunnel would not be open because an air-filled void would
exhibit higher resistivities than the background material.

To demonstrate the resistivity contrast required to generate the
anomalies imaged on the profiles shown in Figure 11, we con-
structed synthetic models for different scenarios, calculated the ex-
pected apparent resistivity data from the models, and generated
inverted resistivity cross sections for each model. Using the com-
mercially available RES2DMOD resistivity modeling package, we
constructed models with a uniform background resistivity of
1000 ohm-m and a 70 cm wide and 50 cm high rectangular tunnel,
centered at a depth of 2.5 mbgs, which is comparable to the depth of
the anomalies imaged in Figure 11 (the model geometry is shown in
Figure 12a). A background value of 1000 ohm-m was deemed to be
representative of the background resistivity values measured for
lines P5, P6, and P7. Synthetic apparent resistivity data were gen-
erated from the models using a multiple-gradient array sequence
comparable to the measurement arrays used for lines P5, P6, and
P7, and with 81 electrode positions, spaced at 0.5 m intervals. Gaus-
sian noise of 2% was added to the exported data.

Figure 12b shows the inverted resistivity model for a tunnel body
with a uniform resistivity of 100 ohm-m. The corresponding con-
ductivity section shown in Figure 12c shows that this resistivity
contrast produces a close match to the field data sections shown
in Figure 11. Figure 12d shows the equivalent model result but
for a tunnel body with a resistivity of 500 ohm-m. The lesser re-
sistivity contrast for the model result shown in Figure 12d is not
sufficient for the tunnel to be resolved effectively. Therefore, the
inverted resistivity models for lines PS5, P6, and P7 are likely im-
aging a tunnel body that has bulk resistivities roughly an order of
magnitude lower than the resistivities of the surrounding unsatu-
rated sandy sediments.

‘We note that all three anomalies associated with the escape tunnel
occur over a relatively constant elevation of approximately 142
masl, very similar to the elevation of the tunnel at the entrance (ap-
proximately 142 masl). The narrow range of elevations implies that
the tunnel would have had only a very slight gradient from the en-
trance toward the tunnel exit. A tunnel constructed at a steeper angle
may have required more complicated reinforcement to prevent the
tunnel collapsing. Although the true nature of the linear anomaly
identified from ERT profiles PS5, P6, and P7 cannot be confirmed
without excavation of the target, the depth, dimensions, and orien-
tation of the linear feature fit with the description of the tunnel en-
trance excavated in 2004 and with the descriptions from survivor
testimony.

It is understood that 12 of the Leichenkommando survived the
escape attempt on 15 April 1944, whereas an unconfirmed number
were killed either after exiting the tunnel (shot by guards or
wounded by land mines) or perished inside the tunnel. The details
of the escape are difficult to piece together from the disparate ac-
counts from the survivors, and some key details differ between ac-
counts (e.g., the 1979 interviews with survivors Motke Zaidel and
Itzak Dugin for the Shoah film in USHMM [1979]; the account of
Yuri Farber in Ehrenburg and Grossman [1986], first published

in 1946; and the autobiographical account of Shlomo Gol in Gol
[1954]). However, at least one account describes how pliers, sal-
vaged from some of the corpses exhumed from the mass graves,
were used to cut through a barbed wire fence. After escaping, some
of the survivors, including Shlomo Gol, made contact with partisan
resistance fighters and, in July 1944, helped liberate Vilnius from
German occupation (Gol, 1954).

Based on survivor testimonies of a tunnel that was potentially as
long as 40 m, the geophysically mapped tunnel segment would be
close to the exit of the tunnel where survivors recall breaking a hole
through the roof of the tunnel once they had encountered the root
zone of the trees (testimony of Motke Zaidel and Itzak Dugin for the
Shoah film in USHMM, 1979). The tunnel would be considerably
deeper at distances closer to the detention pit, and shallower at dis-
tances closer to the exit. Because the tunnel would be more difficult
for archaeologists to excavate at greater depths, and at shallower
depths it is more likely to have collapsed or been removed by
post-World War II reconstruction of the site, the segment mapped
using ERT on the north side of the asphalt path would be the ideal
location to excavate an archaeological trench to expose the struc-
ture. Prior to any archaeological excavation, it would be worthwhile
to acquire additional ERT profiles to further delineate the extents of
the interpreted tunnel segment.

CONCLUSION

The results of the 2016 geophysical investigation contribute two
important new details to the history of the Ponary extermination
site: (1) the existence and delineation of a large unmarked mass
grave and (2) the existence and delineation of a segment of the es-
cape tunnel constructed and used by the Leichenkommando in
1944. The mass grave was confirmed using a combination of results
from ERT, GPR, and the LiDAR topography survey. Based on these
results, we determined that the circular pit had a diameter of approx-
imately 25 m and it extended to a depth of approximately 4 m. The
contents of the pit, whether ash or intact human remains, cannot be
distinguished, but the resistivity measurements show a significant
contrast with the surrounding sandy soil and sediments, clearly in-
dicating an infilled pit.

The entrance to the escape tunnel from the detention pit, which
was excavated in 2004, was imaged using ERT, and corresponded
with a high-conductivity (or low-resistivity) anomaly. The cause of
the higher conductivities is attributed to the higher moisture content
within the tunnel structure than in the surrounding, well-drained
sandy sediments. A 4.5 m segment of the tunnel was mapped on
three ERT profiles located between 33.1 and 37.6 m from the tunnel
entrance. This segment of the tunnel is associated with small, rel-
atively high conductivity anomalies that are centered at depths of
between 2.2 and 3.0 m below the ground surface. The results of the
2016 geophysical investigation will be used to demarcate the areas
of the suspected mass grave and the escape tunnel so that they can
be appropriately memorialized and protected from subsequent de-
velopment at the Ponary extermination site.
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