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serve as important paleoenvironmental indicators of geotechnical properties of sediments,
omission surfaces, and ecosystem dynamics. Therefore, the ability to recognize such structures as anomalies in shallow subsurface,
especially when using indirect non-invasive methods, such as geophysical imaging, is an important aspect of assessing their relative
contribution to the overall erosional-depositional record. This study presents experimental evidence of the viability of two high-
resolution geophysical methods in detecting sediment deformation that mimics shallow animal traces. High-frequency (800 MHz)
ground-penetrating radar (GPR) imaging aided in visualizing a buried depression produced by a deer hoofprint cast indenter, with
high-amplitude reflection return enhanced by a heavy-mineral concentration (HMC). Bulk in situ low-frequency (930 Hz), low-field
magnetic susceptibility (MS) experiment supported the theoretical pattern of a decrease in MS over the thickest cover sand (maximum
indentation depth) to ~0 mSI and the highest values over raised HMC horizon (marginal ridge; >8 mSI). Because both methods are
affected by the presence and relative abundance of heavy minerals, the present approach can be applied in most siliciclastic settings.
This study demonstrates the promise of extending the 2D visualization of subsurface targets to 3D datasets, with potential implications
for sedimentological, ichnological, archaeological, and geoecological research that involves animal-sediment interaction at different
scales.
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BusiBjieHHs MiHepa/IbHO-aKLEHTOBAHUX 0IOT¢eHHHUX CTPYKTYP 3 BUKOPUCTAHHAM re0(isMIHNX
MeTOiB BUCOKOI PO3iJIbHOI 31aTHOCTI: HACJIIAKY AJs iXHOJIOTIi Ta reoeKoJorii

Inna B. bylineBuu
Temnavcrutl ynieepcumem, @inadenvis, CLLA, coast@temple.edu

Anoranisi. [nentudikauis Tta BigoOpaxkeHHs ApiOHOMacmITaOHUX (i3UYHMX Ta OIOTEHHUX CTPYKTYp Y IICKYy € BHKIMKOM IS
CEeIMMEHTOJIOTIB Ta IXHOJIOTIB. Y NMPUPOAHUX yMOBaxX OiOreHHa aKTUBHICTH (TpamMOyBaHHs, CIIiJH, HOPU) 3MIiHIOE IIEPBUHHI 0CAI0BI
CTPYKTYpH, ajlé TAaKOK CIyry€e BajKIMBHMH IaJ€OCKOJIOTIYHUMH ITOKa3HUKAaMH TEOTEXHIYHHX BIACTHBOCTEH ONamiB, epo3ifHIX
TIOBEPXOHb Ta AMHAMIKH €KOCHCTeM. ToMy 3[aTHICTh pO3ITi3HABATH TaKi CTPYKTYPH SIK aHOMaJii B HENIHOOKMX IIapax, 0COOIMBO MPH
BHUKOPHCTAHHI HEMPAMHUX HEIHBa3MBHUX METOJIB, TAKHX SIK reo(i3nyuHa Bizyasi3amis, € BaKIMBUM ACIEKTOM OIIHKHU iX BiHOCHOTO
BHECKY B 3arajbHUil epo3iiHO-0CaoBHi 3amuc. Y LbOMY JOCHTIHKEHHI MPEACTaBICHO eKCIICPUMEHTANbHI T0Ka3U KUTTE3AaTHOCTI
JIBOX Te0(i3MYHUX METOIB BUCOKOI PO3ILIBLHOI 3AaTHOCTI MPU BUSIBICHHI Aedopmalii ocay, 10 iMiTye HErTHMOOKI CIiy TBapHH.
Bucokouacrorauit (800 MI'n) nHasemunit reopagap (GPR) mo3Bossie mormomMorTu Bidyasi3yBaTH IOXOBaHy 3amajMHYy, BUPOOJIEHY iH-
JICKTOPOM BI/UTMBY KOIINTA BiOMTKIB OJEHS, 3 BiJa4el0 BIZOUTTS 3 BUCOKOIO aMILTITY/I0I0, TOCHICHHM KOHIICHTPAII€I0 BAXKKHUX Mi-
Hepanie (HMC). ExkciepiuMeHT 3 HU3bKOI0 9acTOTHOO (930 ') HU3BKOIOIBOBOIO MarHiTHOW cnpuitHaTuBicTio (MC) miaTpumyBas
TeopetnuHy cxemy 3meHmenHs MC Big ~ 0 mSI Hag HOKpUBHUM TiCKOM (MakCHUMaIbHA IMTHOWHA BiACTYIY) A0 HAMBUIINX 3HAYEHb HAJl
niamroBxHyTuM HMC ropusontom (rpannutunii xpebet; > 8 mSI). Ockinbku 06uaBa crocodu BILIMBAIOTh HA HASBHICTh Ta BiJHOCHE
HaJIXOJDKEHHS BAYKKHX MiHEpaliB, JaHUIT IMiIXi1 MOXKe BUKOPHCTOBYBATUCS B pi3HUX cyOcTpaTax. Lle mociipkeHHs 1eMOHCTpY€E Hepri-
CEKTHBHBY PO3IIUPUTH JBOBHUMIPHY Bi3yaJi3allito i IIOBEPXHEBUX I1iJei 10 3D, 3 OTCHIII THUME HACITIIKAMH JJIs1 CEIMMEHTOJIOTIYHUX,
IXHOJIOT1YHHX, aPXCOJIOTIYHUX Ta FC€OCKOJIOTIUHHX JIOCIIKEHb, IO Mepeadavyac B3a€MO/III0 TBAPHH Ta OMAJIiB B PI3HUX MaclITadax.

Kniouosi crnosa: I'eopadap, macHimua cnputinamaugicms, 8axicKi MIHEPAnu, iXHOL02Is
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Introduction. A wide suite of vertebrate and inverte-
brate organisms is responsible for generating billions
of biogenic structures (surface traces and burrows) in
both modern and ancient depositional settings (Vi-
alov, 1966; Frey and Pemberton, 1986; Loope 1986;
Fornoés et al. 2002; Roberts 2003; Hasiotis et al., 2007;
Lockley et al. 2007; Milan et al. 2007a,b; Zonneveld,
2016). However, both preservation and detection of
these structures, particularly in unconsolidated sandy
substrates (= media) have been long considered to be
challenging aspects in neo- and paleo-ichnological re-
search (Loope, 1986; Allen, 1997; Fanelli et al., 2007;
Buynevich, 2015). However many such traces rework
the substrate, sometimes resulting in zoogeomorphic-
scale impact (Laporte and Behrensmeyer, 1980; But-
ler, 1995; Scott et al., 2008). In recent decades, new ap-
plications of high-resolution geophysical techniques,
such as ground-penetrating radar (GPR or georadar),

high-amplitude signal return in georadar images and
can be detected using low-field magnetic suscepti-
bility (MS) surveys (Buynevich, 2012). The latter is
especially sensitive to ferrimagnetic (magnetite) con-
tent. Therefore, these techniques are potentially ap-
plicable to detecting near-surface biogenic structures
accentuated by HMCs. This paper presents examples
of laboratory experiments using an ungulate cast track
indenter, with the aim of demonstrating the ability to
detect the near-surface structure using high-resolution
georadar imaging and magnetic susceptibility trends.
Materials and methods. The laboratory experiment
consisted of two separate stages (GPR and MS survey
techniques) that simulate natural conditions (Table 1;
Fig. 2). For georadar imaging (Fig. 2B), a quartz-rich
sand surface (10-cm-thick layer in a plastic box) was
imprinted with a cast of a white-tailed deer (Odocoi-
leus virginianus) hoofprint (length = 7 cm; maximum

Fig. 1. Examples of ungulate tracks in sand: A) Deer hoofprints in coarse fluvial sand (Delaware River, Pennsylvania, USA; MR
— marginal ridge); B) Large and small ungulate tracks (deer, boar) on a lagoon shoreline, with slight heavy-mineral (almandine)
enrichment (Curonian Lagoon, Lithuania); C) Feral horse footprint in coastal dune sand, with heavy-mineral concentration
(HMC+) composed of magnetite along the marginal ridge (Assateague Island, Maryland, USA)

have demonstrated success in rapid continuous imag-
ing of shallow tracks and large burrows (Stott 1996;
Buynevich, 2010; Buynevich, 2011b,c; Buynevich,
2012; Urban et al., 2019). The presence of mineral-
ogical anomalies, such as heavy-mineral concentra-
tions (HMCs), which consist of magnetite, ilmenite,
garnet and other minerals denser than the background
quartz and feldspar matrix often visually accentuates
the traces in plan view and cross-section (Fig. 1; Van
der Lingen and Andrews, 1969; Lewis and Titheridge,
1978). These anomalies also produce characteristic

width: 4 cm) to a depth of ~1-2 cm (heel-to-toe) to
simulate traces observed in natural settings (Fig. 1B).
The imprint produced slight marginal ridges (MR) or
expulsion rims (Fig. 2A, Part 1). The entire track sur-
face was then covered by a thin (1-2 mm) layer of
mixed almandine garnet and magnetite heavy-mineral
concentration (Fig. 2A, Part 2; Fig. 3A). Subsequent-
ly, this surface was capped by a layer of quartzose
sand to a depth of 1-2 cm in order to bury the track
(Fig. 2A, Part 3; Fig. 3B). A survey transect was col-
lected along the central longitudinal path of the track

Table 1. Flowchart of experimental design of GPR and MS experiments

Stage Georadar (GPR) Magnetic Susceptibility (MS) Example (Figure)
Imprinting Track cast indent into 10 cm sand bed Track cast and sensor indents 2A(1), 4A
Accentuation Garnet-magnetite mix (1-2 mm HMC) Garnet-magnetite mix (1-2 mm HMC) 2A(2), 3A, 4B

Random MS sensing of HMC
Burial 1 cm of quartz sand (more over indent) 2 mm of quartz sand (more over indent) 2A(3), 3B
Imaging 800 MHz monostatic antenna profile MS2K field sensor profile 2B, 2D, 3C, 4C
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Fig. 2. A) A conceptual sequence of a buried tracking surface with a mineralogical anomaly: (1) track (T) emplacement and mar-
ginal-ridge (MR) formation on a sand surface with minor heavy-mineral content (UT — undertracks), (2) heavy-mineral concentra-
tion (HMC) formation due to acolian action (HMC+ - enhanced enrichment over MR), and (3) burial of the accentuated track by
quartz-rich cover sand. B) a monostatic 800 MHz GPR antenna over a cover sand; C) Bartington low-field magnetic susceptibility
(MS) control unit with an MS2K sensor; D) idealized cross-section of a buried track (see location in A3). Oscilloscope shows higher
magnitude electromagnetic georadar response to HMC. Bulk MS values (k) are shown for different media and expected surface result

(see Table 1 for experimental flowchart)

using a digital MALA Geoscience radar system with
a monostatic 800 MHz antenna (Fig. 2B). The result-
ing radargram was not post-processed due to lack
of surface topography and the need for detection of
small-scale subsurface sediment deformation (for ap-
plication GPR technique in neo-ichnological research
see Buynevich, 2011a). The heavy mineral layer was
used to accentuate the electromagnetic radar signal
response (Fig. 2D).

In a second experiment, the in situ low-field
magnetic susceptibility surveys, a Bartington MS
meter with an MS2K field sensor (930 Hz; Fig. 2C)
was used. Similar to georadar setup, a track cast (Fig.
4A) was imprinted into a quartz sand surface with low
bulk susceptibility (k ~0 mSI; Fig. 2D). In addition, a
shallow (2-3 mm) imprint was produced by pushing
the 2.5-cm-wide sensor into the sand behind the
hoofprint, thereby simulating a small trace or an upper
part of a burrow shaft (Table 1; Fig. 4B). The detection
sensitivity of the sensor is a 50% signal decay at a
depth of 0.3 cm. Several random measurements
of heavy mineral layer were taken prior to burial.
Conceptually, due to variations in the thickness of
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cover sediment over the HMC-accentuated tracking
surface, it is expected that the bulk susceptibility will
range from near-minimum background over deepest
parts of the indented features to near-maximum over
shallow elements, such as marginal ridge (Fig. 2D).

Results and Discussion. The results of this study
show success of both near-surface geophysical meth-
ods in detecting sediment deformation. Indenter me-
chanics. The impression of a track cast is manifested
as a downward-dipping reflection in the GPR image
(Fig. 3D), consistent with high-amplitude response
of a heavy-mineral lamina (as indicated in Fig. 2D).
The mechanical deformation is typical for that of an
indenter, with the likely formation of undertracks (Al-
len, 1989; Allen, 1997; Milan and Bromley, 2006.).
These are likely expressed by truncated sediment lay-
ers below the main hoofprint image, at a depth of at
least 4 cm (Fig. 3D). Therefore, even an 800 MHz fre-
quency is sufficient to detect the buried feature, with
even better results expect for higher-frequency setups.
It is important to note that detection, rather than verti-
cal resolution, was the focus of this study. The latter is
limited by incoming electromagnetic pulse frequency
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Fig. 3. Georadar imaging of a buried track: A) hoofprint cast emplaced into a laboratory sand and covered by a thin heavy-mineral
concentration (HMC); B) surface of cover sand with a GPR antenna survey line; C) Radargram (800 MHz) showing the downward-
dipping reflections at the buried track location, with undertrack(s) below. The unaffected sediment layers are at right, with a relatively
low-amplitude signature of the overlying cover sand (t — two-way travel time in nanoseconds (107 s), using v ~ 15 cm/ns)

and is the ability to discriminate between multiple
overlying targets (e.g., two or more closely spaced
horizons, top and bottom of a point-source anomaly;
Buynevich et al., 2014). The difference in signal am-
plitude between HMC (strong) and overlying cover
sand (weak) is also expressed in the radargram, to the
right of the imprint (Fig. 3D).

The bulk magnetic susceptibility experiment
was similarly successful in revealing the two indented
structures (hoofprint cast and sensor imprint; Fig.
4). Several random pre-burial HMC measurements
yielded values between k = 4.66-9.92 mSI (triangles
in Fig. 4C). Following burial by diamagnetic (low to
negative MS) quartz sand, the pattern of MS values
clearly show broad depression associated with
the footprint (0.008 mSI) and a narrow dip (0.025
mSI) at the location of the sensor indent. Bulk MS
readings greater than the mean of k = 3.3-3.5 mS], are
associated with the relatively undisturbed parts of the
profile, with the highest value of k = 8.23 just behind
the footprint (Fig. 4C). This anomaly is located at the
point of arelatively low pre-burial HMC concentration

and is interpreted as a marginal ridge (MR) produced
during cast emplacement (Figs. 1C; 2A; 2D).

In summary, the findings of this study demonstrate
the viability of both GPR imaging and MS surveys
can be used to detect and visualize shallow subsurface
sedimentary structures similar to those generated by
animals. Recognition and mapping will be improved
by collection of closely spaced GPR transects and
MS profiles to generate pseudo-3D and true 3D
images of biogenic structures. Whereas the latter
depends heavily on the presence of ferrimagnetic
(e.g., magnetite) and paramagnetic minerals, georadar
pulse responds to fabric-related water retention and
other fine-scale properties, as indicated by successful
footprint imaging in carbonate and evaporate settings
(Buynevich et al.,, 2014; Urban et al., 2019). In
addition to neo- and paleo-ichnological applications,
this research can also aid in geoecological assessment
of animal-landscape interaction and conservation of
important footprint sites (Loope, 1986; Zonneveld,
2016). Future experiments must therefore include
a spectrum of substrate lithologies in both field
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Fig. 4. Low-field magnetic susceptibility (MS) transect: A) hoofprint cast; B) track (at left) and MS2K sensor (at right) imprints into
laboratory sand covered by a thin heavy-mineral concentration (dashed line shows the MS sampling transect); B) surface of cover
sand with a GPR antenna survey line; C) MS values (2 cm interval) of sediment surface following burial by quartz-rich cover sand
(triangles show random point measurements of HMC prior to burial). Note the low values below the two imprints and a peak likely

related to the marginal ridge

and laboratory settings, with the ultimate goal of
assembling diagnostic criteria for distinguishing
physical and biogenic structures.
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