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Interaction of windblown sand with maritime vegetation, either as dune migration or episodic grain
transport is a common phenomenon along many sandy coasts. Vegetation introduces antecedent surface
roughness, especially when scaled to the landform height, but its role may be concealed if overwhelmed
by aeolian incursion and burial. Where ﬁeld observations and cores lack detail for characterizing this
complex process, ground-penetrating radar (GPR) offers continuous visualization of aeolian sequences.
Along the Curonian Spit, Lithuania, dune reactivation phases resulted in massive invasion of siliciclastic
sand triggered by natural perturbations and land clearance. Massive (>30 m high) dunes entombed
mature pine, oak, and alder stands and this process is ongoing. Mid-frequency (200 MHz) georadar
surveys reveal landward-dipping lateral accretion surfaces interrupted by high-amplitude point-source
anomalies produced by recently buried trees. In tropical regions, dense vegetation and potential for rapid
lithiﬁcation of carbonate sand results in more complex internal structures. Along the windward coast of
San Salvador Island, the Bahamas, a massive dune has buried several generations of maritime scrubland,
resulting in highly chaotic reﬂection pattern and high target density. On a nearby Little Exuma Island,
numerous reentrants in aeolianites promoted formation of blowouts and incursion of windblown sand
10e25 m into a silver thatch palm forest. High-frequency (800 MHz) GPR images resolve diffractions
from trunks and roots buried by > 2 m of oolitic sand. Basal refection morphology helps differentiate the
irregular dune/beachrock surface from a smooth palm-frond mat. Aside from detecting and mapping
buried vegetation, geophysical images capture its effect on sediment accumulation. This has the potential
for differentiating its effect from other discordant structures within dunes (clasts, dissolution voids,
trunk molds, burrows, and cultural remains).
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Coastal sand dunes often interact with native vegetation at a
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variety of scales, resulting in a variety of morphotypes within the
blowout-parabolic continuum. Whereas plants often play a key role
in stabilizing dune limbs, the advance of the leading edge (slipface)
of a parabolic dune may eventually encounter extensive and dense
stands of forest or shrubbery (Hesp and Thom, 1990; Pye, 1993;
 wka, 1995; Seppa
€la
€, 1995; Claudino Sales and Paulvast, 2002;
Boro
Hesp, 2002; Girardi and Davis, 2009; Buynevich et al., 2010). The
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ensuing interaction has implications not only for local aeolian dynamics, but also for regional interpretations of antecedent vs.
external (e.g., climatic, hydrologic, anthropogenic) forcings (Wilson
et al., 2001; Mann et al., 2002; Wiles et al., 2003; Clarke and
Rendell, 2006; Halfen and Johnson, 2013; Yan and Baas, 2015).
For coastal regions experiencing aeolian reactivation, burial of
watercourses (Jimenez et al., 1999; Levin et al., 2009), man-made
structures (Sherman and Nordstrom, 1994; Clemmensen et al.,
2007; Buynevich, 2009), animals (Loope et al., 1998; Rick, 2002),
and vegetation (Fillon, 1984; van der Meulen, 1990; Bakker et al.,
1991; Clarke et al., 2002; Mann et al., 2002; Loope et al., 2004;
Maia et al., 2005; Hart and Peterson, 2007; Forman et al., 2008;
Girardi and Davis, 2009; Povilanskas et al., 2009; Buynevich et al.,
2010) are topics in need of further research. In large unconsolidated Quaternary dunes these efforts are hampered by the difﬁculty of identifying and mapping buried targets.
One of the ways to overcome this challenge has been the
increasing use of high-resolution geophysical imaging, such as
ground-penetrating radar (GPR or georadar) that aids in situ visualization of buried objects. In this respect, decimeter-scale resolution of georadar is superior to other geophysical techniques and
allows rapid collection of continuous subsurface records of aeolian
sequences (Schenk et al., 1993; Clemmensen et al., 2001; Botha
et al., 2003; van Dam et al., 2003; Havholm et al., 2004; Bristow
et al., 2005; Pedersen and Clemmensen, 2005; Buynevich et al.,
2007a; Bristow, 2009; Bristow et al., 2009; Buynevich et al.,
2011). Georadar can be used not only to locate buried objects, but
may also reveal the burial mode, such as grainfall deposition, sand
sheet aggradation, or slipface migration (Bristow, 2009; Brothers
et al., 2016).
The diagnostic response of the electromagnetic GPR signal to
buried point-source objects is the high-amplitude bell-shaped
diffraction hyperbola (“hyperbolic return”; Davis and Annan,
1989; Grasmueck and Weger, 2002; Girardi and Davis, 2009).
Therefore buried trees (trunks, stumps, and roots), as well as
smaller woody vegetation can be distinguished from the

background sediment by this characteristic signal return (van
Heteren et al., 1998; Doolittle and Butnor, 2009; Buynevich
et al., 2010). Well-sorted aeolian sands are particularly suitable
for such studies (Barton and Montagu, 2004). Hyperbolic diffractions in basal parts of aeolian sequences may be generated by
cobbles and boulders from the underlying glacial deposits, by
man-made structures, or by interference with power lines (van
Heteren et al., 1998; Mann et al., 2002; Wiles et al., 2003;
Pedersen and Clemmensen, 2005; Buynevich et al., 2007b).
Within the aeolian lithosomes, bioturbation structures (open and
ﬁlled burrows) and cultural remains will also serve as pointsource reﬂections (White and Curran, 1988; Curran and White,
1991; Rick, 2002; Buynevich et al., 2014). In tropical carbonate
settings, there is an additional aspect of rapid lithiﬁcation that
may result in preservation of molds of various parts of plants or
formation of voids that may or may not be related to decayed
vegetation (Harris et al., 1995; Lundberg and Taggart, 1995; Kraus
and Hasiotis, 2006; Curran et al., 2008; Hearty and Olson, 2011). In
order to examine the subsurface signal parameters of buried
plants, this study focuses on temperate and tropical sites that
exhibit ongoing interaction between windblown sand and vegetation (Fig. 1). The purpose of this paper is to characterize partially
or fully buried vegetation in high-resolution GPR records.
2. Study areas
Three study sites demonstrate active processes of aeolian sand
incursion into maritime vegetation stands. As an example of a
temperate biotope, we use actively migrating sections of the Great
Dune Ridge (max. height ~70 m) at the Nagliu˛ Nature Reserve,
Lithuania (Fig. 1a). This site is situated 20e30 m above mean sealevel on the eastern ﬂank of the Curonian Spit (UNESCO World
Heritage Site), a ~100-km-long barrier spit stretching in a SW-NE
orientation along the southeast Baltic Sea coast. Since at least the
mid-Holocene, several aeolian phases have been recognized, all
driven by the prevailing westerly winds (Gudelis and

Fig. 1. Locations of the study sites: A e Great Dune Ridge, Curonian Spit, Lithuania. B e San Salvador and Little Exuma Islands, the Bahamas.
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_ 1976; Povilanskas and Chubarenko, 2000; Zilinskas
Michaliukaite,
et al., 2001; Bitinas, 2004; Buynevich et al., 2007a; Dobrotin et al.,
2013). Historical records document massive aeolian reactivation
episodes during the 1600e1800s triggered largely by land clearance and ﬁres, which coincided with climatic deterioration during
the Little Ice Age and resulted in sand invasion and burial of
several coastal villages (Buynevich et al., 2007b, 2015; Gaigalas
and Pazdur, 2008). At present, isolated trees and small stands of
pine (Pinus sylvestris), oak (Quercus robur), and alder (Alnus glutinosa) are being buried by windblown sand, with an additional
element of persistent loading pressure of the migrating slipface
(Fig. 2A). This site, therefore, serves as an example of an interaction of active parabolic and transverse dunes and a maritime
forest, with a clear contrast in subsurface signal response between
laterally continuous lateral accretion surfaces (buried slipfaces)
and isolated trees.
To characterize the mode of aeolian incursion into tropical
maritime vegetation, two sites in the Bahamian archipelago were
selected. During periods of both rising and falling sea-level, large
volumes of oolitic and bioclastic sand entrained by onshore (east)
winds contributed to formation of foredune ridges punctuated by
a variety of blowout types (Kindler, 1992; Neumann and Hearty,
1996). Along the windward coast of the outer island of San Salvador (Fig. 1A), a massive coastal dune behind a tombolo (the
Thumb) had been invading a low scrub thicket (Fig. 2B). The dune
surface is covered by a new generation of dense vegetation, with
a narrow beach access available for geophysical surveys. To the
southwest, along the northern shore of the Little Exuma Island,
numerous re-entrants in aeolianites (lithiﬁed Holocene coastal
sequences) allow landward transfer of windblown sand. Lobes of
fresh sand are transported 10e25 m into a stand of silver thatch
palm (Coccothrinax argentata) and undergrowth. The palm trees
are buried to varying extent, from most of the trunk (Fig. 2C) to
only the fronds (Fig. 2D) protruding above the sand surface.

71

3. Methodology
To investigate the subsurface expression of coastal vegetation
buried by aeolian sand, ground-penetrating radar (GPR or georadar) surveys were conducted at each study site. GPR allows rapid
collection of continuous subsurface data with maximum effectiveness in dry or freshwater-saturated sediments with low clay
content, making it an ideal imaging tool in aeolian settings
(Bristow, 2009). At the Lithuanian site, we used a digital
Geophysical Survey Systems Inc. SIR-2000 GPR system with a
200 MHz monostatic antenna as an optimal setup for penetration
and resolution (16e18 cm vertical resolution in dry sand;
velocity ¼ 13 cm/ns [1 ns ¼ 109 s]; for technical aspects, such as
time-depth conversion protocol and post-processing, see Davis and
Annan, 1989; Baker, 1991; Neal and Roberts, 2000; Jol and Bristow,
2003; Bristow, 2009; Buynevich et al., 2009).
A higher frequency 800 MHz MALÅ Geoscience system was used
at two Bahamian locations (Fig. 2B). This choice was driven by
antenna maneuverability in dense vegetation, improved vertical
resolution (4e5 cm in dry sand; velocity ¼ 12 cm/ns), and lesser
need for penetration due to shallow lithiﬁed substrate. All radargrams were post-processed using RadExplorer v.1.4 software,
including time-zero adjustment, normal bandpass ﬁltering, and
centered amplitude correction. No surface normalization was
applied due to low variation in relief over the selected image
segment and the focus on hyperbolic diffractions, rather than
bedding attitude. Because point-source reﬂections are the focus of
the study, no migration was applied during post-processing.
Buried objects (tree stumps and large roots, bioturbation
structures, etc.) generate point-source reﬂections that appear as
diagnostic hyperbolic (bell-shaped) anomalies, in contrast to relatively continuous features (water table, bounding surfaces, unconformities). The diagnostic hyperbolic signal return was used to
identify subsurface targets, attributed to buried vegetation in the

Fig. 2. Examples of aeolian incursion into vegetated areas: A e Pine and alder forest, Nagliu˛ Nature Reserve, Lithuania. B e Partially buried dense scrub along the lee slope of a large
dune ridge, windward coast of San Salvador Island, the Bahamas. Partially exposed (C) and fully buried (D) trunks of silver thatch palm stands, Trio Isle Beach, Little Exuma Island,
the Bahamas. Note only the fronds protruding above the dune crest.

72

I.V. Buynevich et al. / Estuarine, Coastal and Shelf Science 195 (2017) 69e75

context of the three study sites. Even with a shielded antenna, care
was taken to avoid passing next to large live plants to avoid imaging
the with a conical signal footprint. However, the geophysical
signature of the subsurface parts of partially buried plants was
recorded to document the style of reﬂection pattern of a known
feature.
The normal polarity structure of the diffractions (signal velocity
reduction) allows general differentiation between the plant remains and open burrows (Chlaib et al., 2014). From large datasets of
2D (B-scan) survey lines, representative radargram sections were
selected to demonstrate the distribution of subsurface targets at
each site (Figs. 3e5). Depending on the total proﬁle length, the
number of hyperbolic diffractions was determined at ﬁve random
segments for three 10-ns-deep depth intervals (60e65 cm each),
thereby encompassing the upper ~ 2 m of the survey line. To
facilitate inter-site comparison, a normalized target density was
calculated as the number of diffractions per linear meter of the
selected image segment (X m1). Groundtruth included correlation
of partially protruding vegetation parts with speciﬁc near-surface
GPR anomalies, shallow excavation of shallow targets, as well as a
2.2-m-deep Edelman hand auger core at the Little Exuma site.

Fig. 4. Subsurface (800 MHz GPR) image of tropical vegetation buried by carbonate
aeolian sand, San Salvador Island, the Bahamas. The primary bedding is masked by
numerous hyperbolic diffractions (h) and only selected targets are labeled.

4. Subsurface records of buried vegetation
From large survey datasets at the three sites, representative
radargram sections have been selected to demonstrate the spatial
distribution of high-amplitude anomalies. Based on signal characteristics and geological context, the bulk of the targets are interpreted as buried vegetation. Full shore-normal images (Curonian
Spit: 296 m; San Salvador: 78 m; Little Exuma: 13 m) were used for
assessing diffraction density or a probability of encountering a
buried target along a particular dune segment.
4.1. Great Dune Ridge, Lithuania
Due to the size of active dunes along the Curonian Spit and the
choice for the mid-frequency georadar antenna, the imaged
sequence varied between 10 and 14 m in thickness, depending on
the water table depth (Fig. 3). The image is dominated by largescale planar to tangential-oblique reﬂections (lateral accretion
surfaces) indicating easterly dune migration. The apparent dip
angle of >30 is consistent with the angle of repose of unsaturated
dune slipfaces (Schenk et al., 1993; Botha et al., 2003; van Dam
et al., 2003; Havholm et al., 2004; Bristow et al., 2005; Buynevich

Fig. 5. Georadar image of windblown sand partially burying a silver thatch palm forest
at Trio Isle Beach, Little Exuma Island, the Bahamas. Selected point-source reﬂections
are shown. The core penetrated >2 m of sand, encountering a number of plant remains
and likely terminated on a lithiﬁed aeolianite surface (below the imaged section).

et al., 2007a, 2010; Bristow, 2009). Within the upper 2e3 m of
the lower slipface, these reﬂections are punctuated by distinct areas
of hyperbolic diffractions and signal scattering. The latter indicates
not only a three-dimensional object at depth, but also its subvertical attitude that can be generated only by a tree buried in
near growth position (Girardi and Davis, 2009; Buynevich et al.,
2010). Target density at this site is low, with only 0.08e0.20 m-1
(average: 0.13 m-1; Fig. 6). The wide spacing of the modern trees
along the active slipface (Fig. 2A) is consistent with the observed
pattern. Along the landward most part of the dune (east of the
image in Fig. 3), shallow lagoon marl layers support a perched
water table and promote islands of vegetation along the lagoon
shore of the spit (Buynevich et al., 2015). Once fully buried and
decayed, the presence of buried trees may be still manifested as
disrupted dune bedding, however, its accurate interpretation based
solely on geophysical images will be limited (Girardi and Davis,
2009).
4.2. San Salvador island, the Bahamas

Fig. 3. Subsurface (200 MHz GPR) image of different stages of buried maritime forest
beneath recently active dunes, Lithuania (~d e approximate depth; TWTt e two-way
travel time in nanoseconds). Prominent hyperbolic diffractions (h) punctuate the
background signal of slipface migration (left half of the image) and aeolian aggradation
within a swale (right half). Note that signal scattering of the leftmost target extends
downward through the image.

Numerous hyperbolic diffractions dominate the shore-normal
proﬁle over the foredune at the San Salvador site (Fig. 4). With
only faint slipface pattern at the base, the image is dominated by
hummocky and bounding surface radar facies (van Heteren et al.,
1998). This site has the highest target density within the upper
1.5 m, ranging between 0.56 and 2.56 m-1 (average: 1.63 m-1;
Fig. 6). Combined with the density of live vegetation, these values
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et al., 1995; Lundberg and Taggart, 1995; Curran et al., 2008;
Hearty and Olson, 2011), our study has important implications for
distinguishing them from solution voids. In the future, it should be
possible to assess the areal density of buried trunks and compare it
to both modern tree spacing and vertical voids in aeolianites.
5. Conclusions

Fig. 6. Target density (number per linear meter of survey) for three depth intervals.
Note the general decrease in average target number with depth at the two tropical
sites, likely due to the decay of organic matter in older generations of buried plants.

suggest that the dune developed largely by aggradation (vertical
accretion) of sand supplied from the beach by prevailing east
winds. Only several small open burrows of the blackback land crab
(Gecarcinus lateralis) were visible near the survey transect. As
mentioned above, the latter can be typically differentiated from
plant remains by a polarity reversal within the hyperbolic diffraction of the former due to signal velocity increase at the sedimentair transition (Bristow, 2009; Chlaib et al., 2014). Still, loose sediment packing around freshly buried vegetation may cause a slight
velocity increase, a topic that should be investigated by applying 3D
georadar imaging (Grasmueck and Weger, 2002). Conversely,
tightly packed burrows may produce a low-velocity response
similar to that of vegetation (Buynevich et al., 2014; Chlaib et al.,
2014), so care must be taken where such elements co-occur. With
one of the largest Lucayan (pre-Colombian) archaeological sites in
the archipelago located at Pigeon Creek, just south of the survey
area, documenting vegetation-induced “bioclutter” is key for
establishing the means of discriminating between buried plant
fragments and cultural remains.

4.3. Little Exuma Island, the Bahamas
At the Trio Isle site, dune migration through beachrock reentrants transitions into grainfall deposition and localized slipface penetration as vegetation density increases (Fig. 2C). The
representative shore-normal GPR transect reveals numerous
hyperbolic diffractions, especially within the upper 0.5 m (Fig. 5).
Similar to the other tropical site, dense vegetation scaled to the
magnitude of the active aeolian transport layer provides the
surface roughness necessary for retarding both the saltation and
suspended sediment transport. The vegetation mats can be
distinguished from the dune/aeolianite contact, which was
traced from the beach exposures and groundtruthed as a refusal
surface in a 2.2-m-deep core. This site has a target density of
0.90e2.10 m-1 (average: 1.40 m-1; Fig. 6), reﬂecting the density of
silver thatch palms and the degree to which they are buried and
preserved (Fig. 2C and D). This partially explains the general
trend of a decrease in target density with depth at the Bahamian
sites (Fig. 6).
Closely spaced diffractions likely represent the fronds of fully
buried palms, masking the signal scattering by the trunk below.
Because some closely spaced cylindrical voids in aeolianites imaged
at nearby Little Exuma sites may originate as trunk molds (Harris

Our ﬁndings demonstrate the viability of the georadar as a noninvasive means of rapidly assessing the distribution of vegetation
buried by active dunes. Dense vegetation introduces antecedent
surface roughness, and if scaled to the active aeolian transport
height, becomes the dominant process in sediment trapping and
deposition. Due to the protected nature of many coastal sites and
limited information provided by shallow excavations, groundpenetrating radar has emerged as an indispensible highresolution imaging technique in coastal aeolian research. As part
of large-scaled geological investigations of coastal evolution, our
ﬁndings demonstrate the feasibility of GPR to characterize the
distribution of buried vegetation. Along the Curonian Spit,
Lithuania, migration of massive dunes (>40 m in height) is
entombing stands of maritime forest. Mid-frequency (200 MHz)
radargrams reveal isolated high-amplitude point-source anomalies
and signal scattering produced by buried trees. In tropical regions,
rapid lithiﬁcation makes GPR applications even more critical to
understanding the contribution of secondary sedimentary structures. Examples of higher-frequency (800 MHz) GPR images show
high density of subsurface targets, which are consistent with
modern vegetation pattern. Here, the lateral accretion surfaces are
lacking, so that aeolian deposition is dominated by trapping and
aggradation of sand around the plants. This has potential for
differentiating its effect from other discordant structures in coastal
or inland aeolian sequences, such as burrow shafts and diagenetic
features. Furthermore, we demonstrate the internal complexity of
vegetated aeolian sequences that must be considered when interpreting similar lithosomes in the rock record.
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