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abstract

A diverse suite of vertebrate traces covers beach, aeolian, and bay-side
(deflation flats) surfaces along the NW Black Sea coast of Ukraine.
These include avian, ungulate, and canid footprints (length >5 cmy;
depth ~2 cm), as well as mammal burrows. The preservation of biogenic
structures is enhanced by rapid burial (low-energy sedimentation or
event deposition), algal mat formation, and salt encrustation. Continu-
ous high-frequency (800 MHz) ground-penetrating radar (GPR) imag-
ing aided in visualizing subsurface sections of an active burrow complex
within a beach-dune ridge. Images near an active fox burrow captured
distinct subsurface anomalies (point-source hyperbolic diffractions) in
the upper aeolian section above the water table. Unfilled tunnel sections
are easily distinguished from buried roots and other targets based on sig-
nal velocity and polarity reversals relative to air-to-sediment response at
the ground surface. The diffraction geometry (angle) is related to signal
velocity, providing valuable information about relative saturation of the
overlying substrate. Decimeter-scale deformation of shallow reflections
may be attributed to tracking surfaces, with similar examples found im-
mediately below modern surfaces affected by anthropogenic trampling.
It is likely that muddy lagoonal tracking surfaces may be preserved
under layers of sand (overwash or aeolian deposition) and, following
saltwater expulsion, may be recognized in geophysical images as clear
deformed paleo-surfaces. Heavy-mineral concentrations (e.g. magnetite-
rich sand) are common for beach and dune horizons that have under-
gone reworking and such anomalies often accentuate physical and bio-
genic deformation structures. Due to moderate-to-high fraction of fer-
ri- and paramagnetic minerals, these anomalies are also well-expressed
in GPR images due to its electromagnetic signal response. A conceptual
framework of trace preservation potential (taphonomy) and geophysical
recognition (GPR) suitability is proposed for this coastal region, with
implications to paleo-environmental reconstruction.
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HeoixHonoris crifiB xpe6eTHNX y3[0BXK 3aXiTHOTO
6ap’epHOro y30epexoKs YKpaiHu: moTeHIian 30epesxeHH s
Ta MifAIIOBEepXHeBa Bidyanisanisa

Inna byitnesny

Pesrome. Benmuka KinbKicTb pisHOMaHITHUX CITi/iB Xpe6e THIX 3a/IMIIAETHCSI HA TUDKHIX, €0TOBUX (IO -
Hax fledyAnii) Ta TaryHHMX MOBEPXHAX Y3[JOBX MiBHIYHO-3aXiJHOrO YOPHOMOPCHKOTO y30epexxks Ykpai-
HIL. [lo HUX BiTHOCATBCA CIIiAY NTAlIMHNX, KONUTHUX i ICOBUX (ZOBXMHA >5 cM; IIMOMHA ~2 CM), @ TAKOX
HOPU ccaBIiB. 36epexxeHHst 6iOreHHNX CTPYKTYP 3a0e3MedyeTbCst MepiofUIHIIM 3aXOPOHEHHIM (3aBIsKM
IIBAIKOMY HAaKOIMYEHHIO OCAfIKiB «HU3bKOI eHeprii»), yTBOPEHHAM BOJLOPOCTEBOrO MaTy Ta CONTbOBOIO
inkpycranien. besnepepsHa BucokoyactoTHa (800 MII) reopamapHa 3ifoMKa ZOIIOMOITIA BidyamisyBaTu
HiJTIOBepXHEBi A/IHKY aKTMBHOTO KOMIUIEKCY Hip Y MeXax IULDKHO-AI0HHOI rpsifu. Ha 306pakeHHsX 1m0-
671u3y akTHBHOI TUCsT90i HOpu 6y 3adikcoBaHi 4iTKi mig moBepxHeBi anoMai (rimep6bonivuHa gudpaxiis
TOYKOBOTO JKepesia) y BEPXHill e0/IoBill YacTMHI Haf piBHeM I'PyHTOBUX Boj. HesamoBHeHi ceKIiil TyHe/I0
JIETKO BifIpI3SHUTH Bifi po3rajy>Ke€HHsA KOpiHHA Ta IHINMX Ljizeil Ha OCHOBI HIBUIKOCTI CUTHA/Iy Ta 3MiHM
HOJLIPHOCTI BiffHOCHO peaxiiil moBiTpst Ha 0caj Ha moBepxHi 3emiti. [eomerpis (kyT) gudpaxuil mos’s13ana
31 MIBUAKICTIO CUTHAJTY, Haflal0uM L[iHHY iH(pOpMaIllilo Ipo BiTHOCHY HaCUYEHICTb CyOCTpaTy, 10 IeXKUTD
Buie. JleruMeTpoBy fedopMaliiio HeIMMOOKNX BifoOpaXkeHb MOXKHA BiTHECTN IO MOBEPXOHb CTEXKEHHS,
i mopibHi mpuKIaaM 3HaNAEH] 6e3[0CePeNHbO IIiff CYyIaCHUMNM HOBEPXHSIMMN «aHTPOIOT€HHOIO BUTOITY-
BaHHs». []iIKoM iMOBIpHO, 110 MY/IMCTI TaTryHHI IIOBEPXHI BiACTE>XEHHsI MOXYTh 30epiraTncst miz mapammn
micky (3amuBHI a60 €07I0Bi BifkIafgeHHs) i, MicIA BUKUAY BITPOM OpM3OK COZIOHOI BOAM, MOXYTb OyTH
posmisHaHi Ha reoi3nIHMX 300paskeHHAX SIK 4iTKi edopMoBaHi faBHi moBepxHi. KoHIeHTparil BayKK1x
MiHepasliB (Hampykiag, 6araTuil MarHETUTOM ITiCOK) € 3BMYAiIHMMU IJIS IUIKIB i TOPU3OHTIB MIOH, AKi
3a3Hamm nepepobku. Taki aHoMaIil 4acTo mifKpecooTh ¢GisnyHi Ta 6ioreHHi gedopManiiii cTpyKTypu.
Yepes HasABHICTb CepeSHBOTO O BICOKOrO BMICTY (epo- Ta mapamMarHiTHUX MiHepaiis, i aHOMaIil Ta-
KOX JoOpe BUpaKeHi Ha 300pakeHHsX reopafapy 3aBAsAKM BifjIOBiAl eIeKTPOMArHiTHOro curHaiy. s
IIbOTO TTPUOEPEKHOTO PErioHy 3aIPONOHOBAHO KOHIIENTYalbHY OCHOBY IIOTEHIIiany 36epexkeHHs CrifiB
(rachoHOMIsT) Ta re0Pi3MIHOrO PO3Ii3HABAHHS, 1[0 TAKOXX MOXKe Oy T BMKOPMCTAHE JIA I1ale0eKOTOri 4HO1
PEKOHCTPYKIIi.

KnrouoBi cnosa: Tadornomis, reopamap, mimaH, IIameoixHOMOTIA.

Apnpeca pna 38’a3ky: . B. byitHeBuy; [lemapTaMeHT HayK IIpo 3eMJII0 Ta HABKOJIMIIIHE CepefoBuile, TeMIib-
cbkuit yHiBepcuteT; ByL. 1901, N 13, @inagenndin 19122, CIIA; Email: coast@temple.edu; orcid: 0000-0002-
3840-0208

Introduction

Most modern depositional settings associated with aquatic and marginal environments at one
time contain many billions of traces produced by a variety of vertebrate [Vialov 1966; Fornos et al.
2002; Hasiotis et al. 2007; Milan et al. 2007; Buynevich 2015] and invertebrate [Frey & Pemberton
1986; Zonneveld 2016] organisms. However, preservation (taphonomy) and detection of these struc-
tures, particularly in unconsolidated sandy and mixed sand-mud substrates (= media) have been long
considered to be one of the most challenging aspects in both neo- and paleoichnological research
[Loope 1986; Allen 1997; Fanelli et al. 2007; Buynevich 2020]. Many larger or persistent traces re-
work the substrate enough to produce zoogeomorphic-scale impact [Laporte & Behrensmeyer, 1980;
Butler, 1995; Scott et al. 2008]. In recent decades, novel and refined applications of high-resolution
geophysical techniques, such as ground-penetrating radar (GPR or georadar) showed success in ef-
fective, rapid, continuous imaging of shallow tracks and large burrows [Stott 1996; Buynevich 2010,
2011; Urban et al. 2019]. A combination of field observations and geophysical imaging must be the
first integral step in assessing the appearance, preservation potential and recognition of each trace in
a particular environment and substrate type.

Coastal accumulation forms (barriers) and back-barrier settings (limans) along the western coast
of Ukraine (Bessarabian Liman Coast; Fig. 1 a), offers a unique opportunity to investigate a diverse
suite of vertebrate traces across rapidly changing sedimentological, hydrological, and ecological gra-
dients. The aims of this study are: 1) description of vertebrate traces in coastal settings; 2) assessment
of georadar imaging as a tool for subsurface visualization of vertebrate biogenic structures, and 3)
establishment of a conceptual scheme of trace taphonomy and recognition potential.
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Materials and Methods

Field research during the summer of 2012 included ground-based photography, measurements,
and high-resolution geophysical imaging. Geolocation was provided using a hand-held GPS. Subsur-
face imaging was conducted usinga MALA 800 MHz ground-penetrating radar (GPR) system with a
monostatic antenna (Fig. 1 b). No topographic correction was applied for short segments, with signal
velocities of 14 and 6 cm/ns for unsaturated and saturated sands, respectively (based on empirical
data and hyperbola fitting; [Chalaib et al. 2014]). Radargrams (2D or B-scans) were post-processed
in RadExplorer v. 1.41 software package using standard algorithms (for a detailed methodology of
neoichnological applications of GPR, see [Buynevich et al. 2014]).

Results

Coastal accumulation forms along the Black Sea margin (barriers and back-barrier flats; Fig. 1 a)
contain a diverse suite of vertebrate and invertebrate traces, with the former being the focus of this
study (Fig. 2).

Fig. 1. Location of the study area and sub-
surface imaging method: (a) study area
along the coastal accumulation forms (bay-
mouth barriers) and back-barrier (liman)
flats along the coast between Odesa and the
Danube River Delta; (b) an 800 MHz geora-
dar antenna on a sandy dune ridge, with an
odometer wheel providing along-ground
distance.

Puc. 1. PosramyBaHHA FOCTiIXKyBaHOI
TepuTopii Ta reodisuyHMII MeTOX Bisyarri-
3amii mif moBepxHeBUX 00’€KTIB: (a) Tepu-
TOPIs DOCTIIKeHHS B3OOBX (popMm OeperoBol akyMmyawii (mepecumiB) i TaryHHKUX (TMMaHHNUX) HAKOIMYEHb
y3I00BX y36epexxoksa Mk Opecoro Ta fenbrowo p. [yHait; (b) antena reopagapy 800 MIiy Ha rpspi mimanol
TIOHM 3 KOJIECOM OJJOMETPa, IJ0 BU3HAYA€ BiICTaHb y3[[0BXX ITOBEPXHI 3€M/Ii.

Fig. 2. Examples of vertebrate tracks in mod-
ern coastal settings associated with barrier/
back-barrier (liman) systems along the NW
Black Sea coast of Ukraine: (a) avian track in
mud; (b) avian track in sand; (¢) bovid (do-
mestic cow) hoofprints in silty sand; (d) ca-
nid (fox or domestic dog) pawprints in silty
sand; (e) canid (domestic dog) footprints
in sand. Scale bar at bottom is accurate for
vertical photos (a and b) and corresponds
to nearby track only in c-e, as perspective
changes with distance.

Puc. 2. Ilpuxnapy ciniB XpeOeTHNX y Cy4acHUX HPUOEPEXHUX YMOBAX, OB sA3aHMX i3 cucTeMamu 6ap’ep/
naryHa (IMMaH) y3/I0BX IiBHIYHO-3aXiTHOTO YOPHOMOPCHKOTO y36epexoKsa YKpainm: (a) cimiay nraxiB y Myii;
(b) rrammHi cifu y micky; (¢) crigu paruub 6ndadnx (JOMAIIHBOI KOPOBI) B MYIUCTOMY IicKy; (d) cmipn nan
ncoBux (mucuii abo ZoMaurHpol co6akm) Ha MyIUCTOMY IicKy; (e) cainu mca (FoMaurHboi co6akm) Ha MiCKy.
MacmrTabHa IIKaaa BHI3Y € TOYHOIO /I BepTrKanbHuX dororpadiit (a Ta b) i BifHOCHTDBCA Muiie i Hail-
OMVDKYNX CTTiAIB — ¢—e, OCKI/IbKY epPCIeKTHBA 3MiHIOETHCS 3 BiICTAHHIO.

Along the margins of liman flats and deflation basins, there are numerous bird tracks, with or
without web impressions (Figs 2 a-b show many footprints with hallux impressions). Mammalian
tracks (other than human) include ungulate hoofprints (Fig. 2 ¢) and canid pawprints (Figs 2 d-e).
Substrate ranges from mud (Fig. 2 a) to muddy sand (Figs 2 b-d) to well sorted sand (Fig. 2 e). The
latter may contain heavy-mineral concentrations, especially along the beach. Most traces are >5 cm
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in size and 0.5-2.0 cm in depth. Many traces along bay (liman) and ridge swale margins showed evi-
dence of encrusting salts and algal mat growth.

Along single-ridge (retrograding) or multiple beach-dune ridge strandplain (prograding) sec-
tions, traces in sand include both footprints and bioturbation structures (burrows). Along the Alba-
tross strandplain, a live fox observed near the burrow with a fresh spoil pile at the entrance confirmed
its current use (Fig. 3 a). A geophysical (GPR) survey, part of a larger geological dataset, was collected
over the ridge near the burrow. The image revealed a series of hyperbolic diffractions (T in Fig. 3 b)
within a background of sub-horizontal bounding surfaces (C in Fig. 3 b).

Discussion

The results of this study show a promising potential of neoichnological experiments to in situ
analysis of track expression in substrates with different geotechnical properties (texture, moisture
content; see Fig. 2). Whereas the high salinity prevents immediate georadar imaging, it allows assess-
ing the role of salt encrustation and algal mat formation in improving trace preservation potential.

Fig. 3. Georadar image of a dune ridge with
large vertebrate burrow complex: (a) An
entrance to a fox burrow (B) in a vegetated
dune ridge (R) along the Black Sea coast
of Ukraine. Note a spoil pile (P) in front
containing fresh well sorted sand and shell
hash (hammer is 35 cm long); (b) An 800
MHz GPR image next to the burrow above
shows beach (bottom) and aeolian (top)
cross-stratification (C), with several hyper-
bolic diffraction signal returns likely associ-
ated with subsurface segments of the burrow
complex (T, burrow tunnel top). Highly ir-
regular bounding surfaces (circled area at
top left) may represent footprints on aeolian
bedding planes. A single acute diffraction
(S) just below the ground surface (G) may be the result of a shallow tree root. TwTt, two-way travel time in
nanoseconds (ns). (Modified from [Buynevich et al. 2014]).

Puc. 3. leopajjapHe 300pakeHHs TP TIOHU 3 BETUKMM KOMIUIEKCOM Hip xpebeTHux: (a) Bif 0 nmcsdoi
Hopu (B) y 3apocrol rpazi gronu (R) y3Z0BK YOPHOMOPCHKOTO y306epexoks YKpaiHu. 3BepHiTh yBary Ha KyITy
Bigxoxis (P) mepexn HOpolo, AAKa MICTUTD CBDXWIL, ZOOpe BifcopToBaHMII MiCOK i MynuIi (JOBXMHA MONIOTKA 35
cM); (b) 306paxkeHH: reopagapy 800 MITy mopyd i3 HOporo Bropi Iokasye nepexpecHy crparudikariio msxe-
BuX (BHM3Y) Ta eonoBux Bifknagis (sropi) (C) 3 kibkoma Bigbutkamu rinep6omigHoro gudpakiifiHoro cur-
HaJIy, IMOBIpPHO, [I0B’s13aHIMI 3 CETMEHTaMII KOMIUIEKCY Hip mig mosepxHeo (T — Bepiunua TyHeso B HOpI).
InreHcuBHO fedpopMoBaHi 06MexyoUi moBepxHi (06BefeH] KOIOM y BEPXHBOMY JIIBOMY KYTi) MOXYTD IIpef-
CTaB/LATY CIAM Ha IVIOLMHAX eotoBoro mapy. Ogna rocrpa gudpaxuis (S) 6esnocepeHbO Mif TOBEPXHEIO
semsti (G) Moxke OyTH pe3ynIbraToM HETIMO0KOro KopeHs fepeBa. TwTt — qac «eKCKypcii» B 061MABI CTOpOHN
B HaHOCeKyH/ax (Hc). (3mineHo 3: [Buynevich et al. 2014]).

Along sand-dominated beach-dune ridge complexes, GPR images near an active fox burrow (Fig.
3 a) captured a number of distinct subsurface anomalies in the upper (aeolian) section above the
water table (Fig. 3 b). Unfilled tunnel sections can be easily distinguished from buried roots based
on signal velocity and polarity structure: blue-red-blue (-/+/-) vs. red-blue-red (+/-/+) of the air-to-
sediment response at the ground surface [Buynevich et al. 2014; Chlaib et al. 2014]. It may be even
possible to identify tracking surfaces by focusing on deformation along bedding surfaces (circled area
in Fig. 3 b [Milan et al. 2007; Buynevich et al. 2015]).

Heavy-mineral concentrations, common for beach and dune horizons that experienced winnow-
ing and deflation, work well at accentuating biogenic deformation structures [van der Lingen & An-
drews 1969; Lewis & Titheridge 1978]. Furthermore, thin horizons with moderate-to-high fraction
of ferri- and paramagnetic minerals would aid in accentuating sedimentary structures in GPR images
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due to its electromagnetic signal response [Buynevich et al. 2014; Buynevich 2020]. Along beach/
dune ridge complexes, such as this study, such mineralogical anomalies are typical for dune-base and
beach sections, in contrast to a relatively quartz-rich dune substrate presented in Fig. 3.

A conceptual framework of relative trace preservation (taphonomic) and recognition (GPR-based
visualization) potential is presented in Fig. 4. Preservation increases with rapid burial in low-energy
settings (bay sedimentation, aeolian aggradation) or storm wave and wind related event burial [Milan
et al. 2007; Buynevich et al. 2011]. Within bay (liman) bottoms (e.g. fish traces), along their margins
(Fig. 2), and in hypersaline lagoons and swales, salt encrustation and algal mat growth greatly en-
hances their preservation potential [Frey and Pemberton 1986; Marty et al. 2009; Urban et al. 2019].
Some of the Tertiary paleo-lagoon settings described by Vialov [1966] in western Ukraine may have
had similar paleoenvironmental context. Coastal cliffs composed of loess materials may potentially
contain a vast archive of footprints and burrows, with geophysical imaging emerging as a vital tech-
nique to locate tracking surfaces.

Fig. 4. Generalized scheme of reservation
P potential and suitability of GPR imaging
across an idealized coastal transect (exam-
ple: GoogleEarth™ image of Budak Liman
near Kurortne). White circles refer to pres-
ervation potential and black ones to feasibil-
ity of georadar imaging (N, none; L, low; M,
moderate; H, high).
Puc. 4. VYsaranpbHeHa cxema IOTEHINaTy
36epeXeHOCTI Ta IPUAATHOCTI Teopajap-
HUX 300pakeHb Yepes ifeanizoBannit 6epe-
rosuit mpodine (npuknag: GoogleEarth™
&> 5 v s o s 306p§l)I(eHHH mumany Bypak 6ina Kypopr-
8 T APHONOMY | ~ . e HOro).bizti KpyXedKn BKasyloTb Ha IOTEH-
TAPHNMY : ’ ! Iian 36epekeHHs, a YOPHI — Ha MOXJIN-
7 = ligRe § BiCTb OTpUMaHH: reopajjapHIX 300paxkeHb
(N — nemae, L — umspkuii, M — nomip-
uuit, H — Bucokmin).

Within sand-dominated systems, especially aeolian lithosomes (dunes, loess), not only burrows,
but also potential tracking surface deformation (circle in Fig. 3 b) can be resolved [Loope 1986; Milan
& Bromley 2006; Milan et al. 2007; Buynevich 2011; Buynevich et al. 2014; Urban et al. 2019]. GPR
imaging is not possible in brackish or saline settings due to signal attenuation; however, exposed
upper sections, especially following rainfall events, may potentially increase its suitability (e.g., low
beach ridges, deflation flats; Fig. 4).

This study demonstrates a wide suite of vertebrate traces, both surface and subsurface, which have
moderate to relatively high preservation potential. Georadar imaging has immediate implications to
geological, zoological, ecological, archaeological, and conservation research that relies on non-inva-
sive techniques [Hasiotis et al. 2007; Zonneveld 2016; Buynevich 2020]. Future research will combine
neoichnological experiments and observations with detailed 3D georadar imaging to refine the ap-
proach presented here into the paleoichnological record.

Conclusions

Subaerially exposed coastal accumulation forms (barriers and back-barrier flats) along the Black
Sea coast of Ukraine exhibit a diverse suite of vertebrate and invertebrate traces.

High preservation potential is predicted for traces that undergo rapid burial (wave deposition,
aeolian aggradation, back-barrier sedimentation), consolidation due to algal mats and salt incrusta-
tion (liman flats), and those with subsurface components (burrows).

High-resolution geophysical imaging, such as georadar (frequency > 400 MHz), has a high poten-
tial in locating and mapping relict tracking surfaces and buried biogenic structures (large footprints
and burrows).
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Numerous traces (many billions) in Tertiary and Quaternary sequences can be imaged prior to
excavation to uncover relict zoogenic structures, which provide valuable insight into past behavior,
substrate properties during trackmaking, and paleoenvironmental context.
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