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ABSTRACT
Aeolian landforms are classified based on their plan morphology, which is a function of
sediment transport volume, wind direction, and vegetation. In the case of compound
landforms or two-dimensional exposures (outcrops), there is insufficient information for
discriminating between 3D morphotypes (e.g., barchans vs. parabolic dunes). To
characterize the dip-section architecture of near end-member morphologies (interacting
barchans and sparsely vegetated parabolics), a series of axial transects were selected from
>25 km of high-resolution (500 MHz) ground-penetrating radar (GPR) data from the
gypsum dune field of White Sands National Monument, New Mexico. For dunes of
comparable size (6-7 m high), a series of attributes were analyzed for unsaturated
portions along the thickest (axial) radargram sections. Given the limitations in vertical
resolution (7 cm in dry sand), the average measureable slipface thickness in barchans
ranged between 10-22 cm, whereas parabolic slipfaces were thinner at 10-14 cm. Highamplitude diffractions produced by buried vegetation, semi-lithified pedestals, and
bioturbation structures were rare within barchans (point-source diffraction density =
0.03/m2; hyperbolics per 1-m-wide cross-sectional area of the image), in contrast to a
point-source density of 0.07/m2 in parabolics. An aeolian internal complexity threshold
(ϖ) is proposed, which incorporates standardized scores of slipface thickness, pointsource diffraction density, and continuity of major bounding surfaces at mesoscale range
determined through semivariogram analysis. For the study region, these variables were
sufficient for discriminating barchans (ϖ = -2.39 to -0.25; ϖ
̅ b= -1.65) from parabolic (ϖ
ii

= 0.13 to 2.87; ϖ
̅ p= 1.65) dunes. This threshold has the potential for differentiating dune
morphotypes in areas where surface morphology is masked and for identifying compound
landforms (e.g., a re-activated parabolic dune converted into a barchan in situ).
Ultimately, characterization of bedding complexity in ancient aeolian sequences will
provide useful information about key paleoenvironmental variables.
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CHAPTER 1
INTRODUCTION
Aeolian landforms exhibit a diverse suite of end-member and transitional
morphologies and occur in a variety of environments. They range from low-latitude to
polar deserts, marine to lacustrine shorelines, and are found adjacent to exposed glacial
and fluvial sands. Dunes of various morphology and dimensions are found not only on
Earth, but also on other planetary bodies (e.g., Mars; Jerolmack et al., 2006; Hobbs et al.,
2010).
Aeolian landforms are traditionally classified based on the overall shape of the
Landform (morphotype) and the number of slipfaces (lateral accretion surfaces; McKee,
1979). Thus, dune morphology (e.g., dome, barchan, barchanoid, transverse, parabolic,
star, linear, etc.) is dependent on the environmental conditions in which it formed, and
may represent a transitional (non-equilibrium) or compound landform (Werner and
Kocurek, 2003; Mountney, 2006; Reitz et al., 2010). The key environmental variables
include: prevailing wind direction(s), depth to water table, precipitation, the presence of
vegetation, sediment availability, and transport volume (McKee, 1979; Hesp, 2002;
Werner and Kocurek, 2003; Langford et al., 2009).
An understanding of dune morphology, dynamics, and the resulting facies
architecture is important because a particular morphotype reflects environmental
conditions during deposition, and compound dunes reflect changes in one or more forcing
1

factors. Therefore, distinguishing between dune types based solely on their internal
structure has implications for paleo-climate reconstructions (especially wind fields and
precipitation) (Lancaster, 1997; Tabor and Poulsen, 2008), discrimination between
aeolian and non-aeolian sequences, and characterization of hydrocarbon reservoirs
associated with ancient dune formations (McKee, 1966, 1979; Kocurek, 1991; Moulton
and Pinnell, 2005).
In the case of barchans and parabolic dunes, the end members of a unidirectional
wind dune field, the primary controlling factor is the presence of vegetation. Figure 1,
modified from Duran and Herrmann (2009), depicts the stages of morphological change
as the abundance of vegetation increases for: groups of dunes (row 1), solitary dunes
(row 2), and modeled dunes (row 3). Barchans, represented by columns A and B in Fig.
1, are nearly devoid of vegetation and migrate relatively freely though the dune field (3-7
m/yr), occasionally merging and are characterized by limbs that point downwind
(McKee, 1979; Ewing and Kocurek, 2010). Parabolic dunes, represented by columns D
and E in Fig. 1, move slowly through the dune field due to vegetated “trailing” limbs that
point upwind (McKee, 1979; Ewing and Kocurek, 2010).
Whereas gross geometry provides useful indicators of sediment transport
direction, it is often insufficient to distinguish between morphotypes, thus the
environmental conditions present during deposition can no longer be inferred (Tabor and
Poulsen, 2008). Due to differences in environmental conditions reflected by these
morphologies, their correct identification is important for paleoenvironmental
reconstruction. However, it becomes a challenge when dune morphology is masked via
deflation or burial, or where only cross-sectional views are available. Moreover, a
2

compound landform often conceals the origin of the dune (e.g., a barchan with parabolic
core, which resulted from devegetation and downwind inversion of limbs).
Whereas it is widely recognized that the internal architecture varies among
aeolian landforms types, and even within a single dune (McKee, 1979; Schenk et al.,
1993), little research has focused on identifying internal elements such as key bounding
surfaces and bedding architecture diagnostic of a specific morphotype.
Traditional geological techniques used to interpret sand body architecture are
often inadequate due to the nature of aeolian sequences, which inherently possess little
apparent lithological variation. Trenching offers only a shallow view of stratigraphy and
is not always feasible due to shallow water table, the potential for collapse, or regulatory
protection of the landform (McKee, 1966; Kocurek et al., 2007). This is a particular
challenge because dip-section (wind-parallel) facies architecture is often the thickest part
of three-dimensional landforms preserved and studied in the sedimentary record (McKee,
1979; Pye, 1993; Buynevich et al., 2007a, b; Girardi and Davis, 2009). Furthermore, the
mesoscale resolution necessary to distinguish morphotypes cannot be obtained from
cross-sections generated from trenching. Unlike trenching, sediment cores allow for
deeper penetration but have very poor spatial coverage (Kocurek, 1991; Bristow et al.,
2005; Clemmensen et al., 2007).
The present study addresses this problem by characterizing the internal
architecture of morphologically distinct aeolian end members (merging barchans and
sparsely vegetated parabolics) using ground-penetrating radar (GPR). This geophysical
technique provides rapid, continuous, high-resolution subsurface imaging necessary for
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resolving mesoscale aeolian structures (Schenk et al., 1993; Horwitz and Wang, 2005;
Pedersen and Clemmensen, 2005; Bristow et al., 2005; Bristow, 2009; Buynevich, 2009).
The world’s largest gypsum dune field, White Sands National Monument serves
as an ideal site due to its homogeneous lithology (Fig. 2; Ewing and Kocurek, 2010),
which eliminated the effect of mineralogical anomalies on producing subsurface
reflections (Buynevich et al., 2007a, b; Bristow, 2009). Furthermore, morphological
changes (barchan-transitional-parabolic) occur over a very short distance (100s of meters)
and the variability in external controls (sediment availability, wind direction, water table
depth) is minimized (Langford et al., 2009). Therefore, White Sands National Monument
provides an ideal setting for characterizing known dune types, while reducing the number
of external variables (regional wind field, basin-scale water-level dynamics, etc.). The
application of GPR to White Sands National Monument as a natural laboratory led to the
following hypotheses.

1) The internal structure of a parabolic dune is inherently more complex than that of
a barchan dune.

2) The internal architecture of morphological near end-members is sufficiently
different to distinguish and classify dune morphotypes based on their axial GPR
images.
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Figure 1: Examples of barchans (a, b), transitional (c), and parabolic (d, e) dunes. Row 1 represents
morphotype changes visible in groups of dunes, row 2 exhibits single dunes in various stages of vegetation
development and row 3 consists of modeled changes in morphotype due to increase in vegetation (modified
from Duran and Herrmann, 2006). Scale bars are in meters.
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CHAPTER 2
PHYSICAL SETTING
White Sands National Monument, New Mexico covers ~400 km2 of the Tularosa
Basin, which is located in the Rio Grande Rift (Fig. 2; Langford, 2003). The dune field is
the result of regional aridity that caused evaporation since ~7,000 years BP of Pluvial
Lake Otero, which covered the basin in the Late Pleistocene (Herrick, 1904; Fryberger,
2000; Kocurek et al., 2007; Allen et al., 2009).
The prevailing southwest wind results in northeasterly dune migration in the late
winter and spring, with an oblique (crosswind) component occurring in the fall and
winter (Kocurek et al., 2007; Ewing and Kocurek, 2010). Figure 3 taken from Kocurek et
al. (2007) provides monthly sand roses and the resultant annual sand rose. The latter does
not significantly affect landform migration, but does contribute to the undercutting of the
leading edge of the exposed parabolic dune front (Herrick, 1904; McKee, 1966; Kocurek
et al., 2007). Dune heights range from ~7-15 m and distinct morphotype shifts (domebarchan-transitional-parabolic) occur within a span of 100s of meters (Fig. 1; McKee,
1979; Duran and Herrmann, 2006; Bentley et al., 2012). These abrupt transitions in
spatial patterns are a function of downwind changes in sediment availability, transport
rate, and the presence and density of vegetation (McKee, 1966, 1979; Jerolmack et al.,
2006; Ewing and Kocurek, 2010).
The gypsum sand that dominates the dunes and interdunal depressions originates
from the deflation of Late Pleistocene and Holocene sediments of the Pluvial Lake Otero
6

(Fig. 4; Fryberger, 2000). Trace amounts of quartz, volcanics, and flint (<<1%) originate
in the surrounding mountains (Fig. 4). While gypsum is readily eroded and abraded, the
median grain size does not significantly change throughout the White Sands dune field
(Jerolmack et al., 2011). Sedimentological trends dictated that gross dune morphology
(especially comparable height), rather than texture, were the primary consideration for
site selection.
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Figure 2: Satellite image of White Sands National Monument, NM, with an enlarged view of transitional
dune forms. Georadar suitability map (top right) of New Mexico (USDA-NRCS 2009). Note the very high
index for the monument (modified from GoogleEarthTM, 2013).

Figure 3: Sand transport (drift) regime for White Sands Dune field (from Kocurek et al., 2007). A series of
arms on each sand rose are proportional to length in the potential amount of sand drift by season. Arrows
denote the resultant sediment transport direction.
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Figure 4: Close-up view of barchan surface exhibiting a density lag of coarse-grained flint and volcanics on
gypsum.
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CHAPTER 3
PREVIOUS WORK
3.1 Geological Research at White Sands
White Sands National Monument has been studied in depth as early as the 1930s.
Talamadge (1933) focused on the source of the gypsum sand, followed by Edwin
McKee’s seminal work in the 1960s (Fig. 5; Talmadge, 1933; McKee, 1979; McKee,
1969). McKee (1966) concentrated much of his effort on examining the structure and
facies of dune types by massive trenching of the dunes (Fig. 5; Fig. 55 of McKee, 1979),
a practice no longer allowed at the Monument. It was evident in this early work that
dunes contain complex bedding geometry that varies not only between dune types, but
within individual dunes as well (Fig. 53 of McKee, 1979). Importantly, McKee
recognized the convex-up (sigmoidal) foresets caused by crosswinds undercutting the
exposed (leading) front of the parabolic dunes. The secondary wind directions also result
in wind-ripple lamination, which alternates with the dominant foreset (slipface)
deposition by grainfall and grainflow (McKee, 1979; Kocurek et al., 2007). This
alternation produces mesoscale (>10 cm) beds that exhibit differential resistance to
weathering and deflation. As discussed in greater detail below, these variations in grain
compaction (higher for wind-ripple sets; D. Jerolmack, pers. comm.) and water retention
produce the physical contrast responsible for GPR reflections.
More recent work by Fryberger (2000), Langford (2003), and Langford et al.
(2009) provided the geologic overview of the dune field and the paleo-lake Otero.
10

Fryberger’s (2000) findings document the geologic history of White Sands National
Monument, and were used to create a detailed geologic map highlighting the ancient
shorelines of Pluvial Lake Otero. Langford (2003) focused on the Holocene shoreline
history in an attempt to date the two-stage shoreline retreat evident in the area
surrounding the dune field. Langford et al. (2009) focused on the changing salinity of the
groundwater throughout the dune field as a proxy for the presence of vegetation. They
proposed that slightly higher topography in the downwind regime, caused by the
accumulation of aeolian sediments, allowed a freshwater lens. In their opinion freshwater
allowed for the existence of vegetation, and thus, a change of dune morphology (barchanto-parabolic).
Research by Kocurek et al. (2006) and Ewing and Kocurek (2010) focused on
barchan interaction with the aid of multiyear LiDAR and constrained the age of the dune
field (~7000 years BP) though the optical dating of quartz grains incorporated into the
gypsum matrix. Jerolmack et al. (2011) undertook a sedimentological investigation of
surface sands, which they linked to geomorphology of the dune field. Lower resolution,
250 MHz georadar imaging was part of a hydrological investigation by Rose (2010), with
a focus hydrogeochemistry. She applied GPR to determine the depth to water table in the
barchan and parabolic interdune areas. The geological structure of the dunes themselves
was beyond the scope of her thesis and the resolution was insufficient for the decimeter
scale necessary for the present study.
Most recently, GPR imaging has complemented the multidisciplinary research of
Jerolmack et al. (2012) to test whether the appearance of vegetation in transitional dunes
is the result of downwind changes in sediment transport. Jerolmack et al. (2012)
11

determined that declining sand transport, though increasing topographic roughness, in the
downwind regime allows for the presence of vegetation, in contrast to Lanford et al.
(2009) and Rose (2010), who believe the presence of fresh water promotes the
development of vegetation. Jerolmack et al. (2012) hypothesized the presence of
vegetation causes the fresh water table consistent with a two-state ecohydrological model
of Runyan and D’Odorico (2010).
An extensive high-resolution (>250 MHz) geophysical dataset collected in 2012,
became the first attempt to image barchan and parabolic dunes in great detail (2.5-5.0 m
transect spacing), compared to single transects in a 2011 study. The axial radargrams
became the basis for the present thesis, as the first investigation to use the mesoscale
internal structure of active dunes to characterize and differentiate aeolian morphotypes.

3.2 Ground-Penetrating Radar Imaging of Aeolian Sequences
Due to the unconsolidated nature of most Quaternary aeolian landforms,
traditional field techniques are logistically difficult for investigating thick dune sequences
(Pye, 1993). Furthermore, a relatively homogeneous texture presents challenges in
reconstructing internal architecture using cores and trenches. Therefore, GPR is an ideal
technique for providing continuous records with mesoscale (5-20 cm) resolution.
Schenk et al. (1993) undertook the first published study applying GPR to aeolian
sequences. Their work at Great Sands National Monument, Colorado demonstrated the
applicability of this near-surface geophysical technique to detecting key bounding
surfaces in active sand dunes. Bristow et al. (1996) built on Schenk’s et al. (1993)
12

research in their study of the Al Liwa area of Abu Dhabi, UAE. They successfully
correlated major bounding surfaces in radargrams to logged sections collected from
traditional trenching techniques. In the following two decades, an increasing number of
investigators successfully imaged aeolian sequences in a variety of physical settings
(Botha et al., 2003; Horwitz and Wang, 2005; Pedersen and Clemmensen, 2005; Bristow,
2009; Bristow et al., 2005; Buynevich, 2009).
Bristow (2009) provides a summary of GPR applications in aeolian settings. He
discusses that sand transport through reptation (rolling grains), saltation (bouncing
grains), and suspension (non-bedload transport) causes differences in depositional
textures. These textures, combined with wind-ripple lamination and grainflow on the
slipface of a dune, cause minor differences in particle size and packing/fabric in
individual laminae. These factors control water retention within individual strata and are
the primary controls on electromagnetic signal return, i.e., the dielectric contrast between
adjacent bedding planes resolved by georadar (Bristow, 2009). Several recent studies
focused on the interaction between migrating dunes and antecedent topography (dunescale roughness), such as dense vegetation or manmade structures (Buynevich et al.,
2007a; Girardi and Davis 2009; Buynevich et al., 2010). In these studies, high-amplitude
anomalies (hyperbolic diffractions) were used to identify and map buried targets. This
aspect introduces complexity both during sand deposition and as point-source
disturbances in radargrams, which makes it one of the variables analyzed in the present
studies.
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3.3 Continuity Analysis
In addition to the contribution of point-source targets to the complexity of imaged
dune structure, the ability to quantify the continuity of key individual lateral accretion
surfaces (slipfaces) is an integral part of addressing the hypotheses put forth in my study.
One of the geostatistical tools used for continuity analysis of subsurface records is
semivariogram analysis. Originally designed for the mining industry (Journel and
Huijbergts, 1978), this technique has been recently applied with success to continuity
analysis in GPR records (Knight et al., 1996; Tercier et al. 2000; Knight et al., 2004).
Knight et al. (1996) and Tercier et al. (2000) demonstrated the ability to quantify bed
continuity in dipping deltaic stratal reflections extracted from radargrams. They applied
an exponential model (Cressie, 1991) designed specifically for semivariogram data,
followed by selecting a lag direction that provides a maximum correlation range (R).
Unfortunately, little detail regarding semivariogram methodology is included in Knight et
al. (1996) and Tercier et al. (2000; see Methods Section below).
Knight et al. (2004) demonstrated, through synthetically generated GPR images
for various antenna frequencies, that higher antenna frequency (= higher vertical
resolution) decreases the effective range for a given subsurface structure. This is because
the increased vertical resolution associated with higher frequency signal increases the
complexity of the radargram. It is well documented that increasing the variability in a
spatially distributed elements reduces the ability to predict correlation linearly (Journel
and Huijbregts, 1978).
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Semivariogram analysis has been chosen as a tool for quantifying one of the key
parameters in an attempt to statistically differentiate sedimentary sequences generated
though dune migration (interacting barchans vs. sparsely vegetated parabolics).

15

Figure 5: Archive photograph: White Sands National Monument, New Mexico. Geologists on ladders cleaning the face of the main trench in a barchan dune,
1963 (USGS Photographic Library I.D. McKee, E.D. 939ct med00939).
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CHAPTER 4
METHODOLOGY
4.1 Site Selection
All field sites were chosen based on: accessibility, defined morphology, and
comparable dune sizes. Interacting (merging) barchans were chosen for comparison with
sparsely vegetated parabolics. If their internal architecture can be distinguished in
subsurface images, the simplest (isolated barchans) and most complex (compound or
forested parabolics) end members should exhibit an even greater degree of difference in
their internal architecture. Barchan sites were chosen based on the availability of
multiyear aerial LiDAR survey coverage within the upwind region (Ewing and Kocurek,
2010). Figure 6 is an shaded relief map created using the latest LiDAR information
available for this site. The parabolic sites were chosen based on representative vegetation
cover and dune size (H= 6-7 m, measured trough to crest) comparable to barchans. Figure
7 is a Google EarthTM image of the parabolic dune area where recent LiDAR information
was not available. All imaged dune crests of both the barchan and parabolic area were 23x higher than the height of the highest vegetation and semi-lithified pedestals. This
ensured that GPR images captured the stratigraphic complexity of both isolated and
interacting landforms without the potential interference of antecedent topography.
Besides dune size consideration, textural consistency of surface sand was taken
into account due to the effects of particle size on sediment transport dynamics and
slipface gradient. In addition to relying on a recent compilation of sedimentological
17

analyses suggesting minor textural sorting across the dune field (Jerolmack et al., 2011),
a near-surface (0-5 cm) sample from each dune type was collected for laboratory
analysis. Samples were taken directly from axial GPR survey transects and represent the
bulk dune granulometry (i.e., no lag deposits, Fig. 5). A Retsch® Camsizer optoelectronic analyzer provided textural (mean, median, sorting, skewness, kurtosis) and
shape (sphericity) statistics.

4.2 Geophysical Database
Field Surveys
The bulk (>90%) of the 25 linear km of geophysical surveys were conducted
using a digital MALÅ ground-penetrating radar system with a 500 MHz shielded
monostatic antenna, with a fixed antenna offset of 18 cm. As the optimal compromise
between signal penetration and resolution, trace spacing was set at 1.97 cm with a time
window (range) set at 82 ns. A MALÅ 800 MHz shielded antenna with a fixed offset of
14 cm was deployed at several sites for resolving finer-scale physical and biogenic
structures. Trace spacing for the 800 MHz antenna was set for 0.94 cm and a time
window set at 15 ns. Both antennas utilized a calibrated survey odometer wheel to trigger
trace pulses.
A propagation velocity of 14 cm/ns (unsaturated zone) was established through
hyperbola matching and groundtruthing of the water table, which is recognized as a
strong, regionally continuous near-horizontal reflector. Based on this velocity, vertical
resolution in unsaturated gypsum sand is calculated to be 7.0 cm for 500 MHz and 4.3 cm
18

for 800 MHz antennas. This vertical resolution is based on a convention summarized in
Bristow (2009) that the vertical resolution for a given antenna frequency is one quarter
the wavelength. Effective penetration depths in unsaturated sands were ~7 m and ~4 m
for the two antennas, respectively (Bentley et al., 2013).
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Figure 6: ArcGIS shaded relief map of barchan site area with transect locations and GPR profile numbers. The annual sand transport (drift) regime for White
Sands Dune field is represented in the top-right of the map (from Kocurek et al., 2007).
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Figure 7: Parabolic dune site area with GPR transects (Google Earth Image, 2012). The annual sand transport (drift) regime for White Sands Dune field is
represented in the top-right of the map (from Kocurek et al., 2007).
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Post-Processing
Geophysical records were post-processed with the MATLAB®-based matGPR©
V. 2.2.4.3 freeware (Tzanis, 2010). The signal processing scheme (Jol and Bristow, 2003;
Cassidy, 2009) was designed to provide the most accurate representation of the
subsurface, which is essential for subsequent geostatistical analysis, and yet to remain
relatively time-effective and applicable to future studies. A summary of the postprocessing scheme is given in Fig. 8.
Following time-zero correction, the radargrams were dewowed. This step
removes nonlinear low-frequency noises associated with antenna idiosyncrasies from
direct transmitter-receiver interaction as well as the DC bias. The next processing step
removed the top ~7.33 ns of the dewowed radargram. This eliminated the portion of the
record associated with antenna-ground propagation, which resolves as a solitary strong
reflector that runs along the top of the record. In this study the signal start position was
trimmed slightly beyond the standard time-zero correction resulting in the removal of ~40
cm of the top of the radargram. This was to minimize any effect of the ground vegetation
and the active sand layer capping the stoss (windward) slope of the dune, which made a
subsequent step of isolating internal bounding surfaces more conducive for the purpose of
geostatistics. Therefore, any block of unsaturated dune section in the post-processed
radargrams can be used for geostatistical analysis.
Radargrams were then gained with an inverse amplitude decay function. This
empirical gain function offsets the signal attenuation allowing for analysis of deeper
sections. The inverse amplitude decay function compiles the mean of instantaneous
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amplitudes for all traces and calculates the best fitting attenuation model (Tzanis, 2010).
The final gain is the normalized inverse of this model. Previous work by Knight et al.
(1996) and Tercier et al. (2000) utilized a standard automatic gain control (AGC) for
processing radargrams for their heterogeneous deltaic environment before conducting
semivariogram analyses. This technique, unlike the inverse amplitude decay function,
does not preserve relative signal amplitudes laterally because low amplitudes in the AGC
are amplified apropos to high amplitudes. This could cause artificially continuous
reflectors because low amplitudes associated with a gap in reflection could be gained to
produce exaggerated range values. In contrast to the approach of Knight et al. (1996) and
Tercier et al. (2000), my study specifically utilizes laterally preserved relative amplitudes
in order to improve the accuracy of the subsequent semivariogram analysis.
The 500 MHz and 800 MHz records were then frequency band-passed filtered
from ~250-750 MHz and ~400-1200 MHz, respectively. This combination of low- and
high-pass frequency domain filters trimmed values above and below the intended
frequency range of the antenna. This eliminated both the signal noise caused by high
frequencies and signal drift due to low frequencies (Cassidy, 2009). The retained
bandwidths were determined using the convention of centering the preserved bandwidth
1.5 x the intended antenna frequency (Cassidy, 2009). Finally, the radargrams were
static-corrected (surface-normalized) for topography, and time-depth converted via a
propagation velocity of 14 cm/ns (Bentley et al., 2013).
Migration is a post-processing technique originally developed to improve spatial
relations in seismic surveys, however its application to GPR signal analysis depends
largely on the purpose of subsurface investigation (Cassidy, 2009). Migration results in
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the collapse of high-amplitude diffractions and corrects the dip angle of strong reflectors.
Simple migration techniques assume a single electrometric (EM) velocity, a uniform
medium, does not account for attenuation, and is best suited for simple geologic features
(e.g. glacial ice) and uniform man-made media (e.g. concrete slabs; Cassidy, 2009).
The use of migration on radargrams of sedimentological environments have had
mixed results (Tercier et al., 2000; Baker and Van Der Meer, 2003; Botha et al., 2003;
Woodward et al., 2003; Knight et al., 2004; Cassidy, 2009). Baker and Van Der Meer
(2003) applied GPR to a study of push moraine architecture in the Netherlands and stated
that migration can be detrimental to the original reflection patterns. Botha et al. (2003)
applied GPR to investigate dune reactivation in South Africa. Their processing scheme
involved migration, but they stated that this step made little difference in their work.
Botha et al. (2003) and Cassidy (2009) both emphasize that minimizing processing steps
helps with retaining the validity of radargrams.
Cassidy (2009) also argues that migration is the most controversial postprocessing technique, and is often less successful due to the far more heterogeneous
nature of radargrams, then other processing steps originally developed for seismic
application. Woodward et al. (2003) attempted to migrate their images of sandy fluvial
sequences and discussed the ineffectiveness of migration due to the lack of hyperbolas in
some of their records. Tercier et al. (2000) discuss successful migration as part of their
post-processing technique before the application of semivariograms. They stated that
migration altered the average bed dip angle by a few degrees and the lag direction in
which the semivariogram operates had to be adjusted to match. They also discussed,
without explanation, that migrating their data resulted in effective range reduction.
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Knight et al., (2004) state that the migration step has no effect on the determined
correlation structures.
Therefore, migration was not included in the post-processing scheme in this
study. Migration would be useful for correcting the dip angle of foreset beds, however,
lack of true dip angles was taken into account and do not affect the parameters used for
geostatistical analysis. For example, the apparent dips are account for during
measurements of bed thickness. In addition, even a slight reduction of the effective range
following migration would be potentially detrimental because the resulting ranges are
relatively small due to the relationship of vertical resolution and correlation range (Highfrequency = high-resolution = shorter effective range; Knight et al., 2004). Furthermore,
the collapse of hyperbolas is unfavorable for distinguishing point-source reflectors in the
complex sections of radargrams.

4.3 Geostatistics
A suite of geostatistical tools was utilized to quantify the internal architecture of
the aeolian sand bodies. Three key parameters were determined: 1) density of pointsource diffractions (P; high-amplitude signal return or “hyperbolics”); 2) average bed
thickness (T), and 3) correlation range (R) of bed continuity.
At the study site, point-source reflections are the result of bioturbation (burrows
and roots), buried vegetation, and semi-lithified pedestals and thus have important effects
on surface wind flow, water table depth, dune stability, and internal architecture (Fig. 9).
Hyperbolic counts were determined by visually counting the number of point-source
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diffractions within the analyzed area of each dune (Fig. 9D). Very near (<4-5 cm), to
overlapping, and stacked hyperbolics were counted as a single point-count. This was in
an effort to prevent duplicate counts from objects that produce multiple reflection
surfaces (e.g., burrows). The purpose of this statistical tool was to quantify the abundance
of buried targets, although identification of specific subsurface targets (e.g., burrows vs.
pedestals) was also considered in several instances due to their paleoenvironmental
importance.
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Figure 8: Diagram of the post-processing scheme. Data were dewowed, the signal start position was trimmed by ~7.33 ns to remove airtime, gained with Inverse
Amplitude Decay, frequency band-passed from ~250 to 750 MHz, and static corrected for topography time-depth converted via 0.14 m/ns. The top image
represents raw radiogram data, and the bottom depicts the radiogram after post-processing.
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To obtain an average bed thickness, groups of dipping reflections were measured
perpendicular to the average dip angle of each group. This measurement was then divided
by the number of beds of a particular sample (Appendix B). Since the 500 MHz antenna
has an ability to resolve beds as thin as ~7 cm (0.25 ; Bristow, 2009), bedding planes
thinner than ~7 cm were incorporated into stronger overlying or subjacent reflectors.
Because beds analyzed in my radargrams are not migrated, their true dip angles are
slightly steeper, which was not taken into measurement considerations. However, these
apparent bed thickness measurements were compared to exposed slipface bases in the
interdune area, as well as to previous studies, and found to be analogous (Kocurek et al.,
2007).
Semivariogram analysis, a geostatistical tool originally developed to interpolate
ore grade between known locations, was used to quantify the continuity of bedding
planes. This technique uses a semivariogram (Equation 1). Semivariograms are functions
that describe spatial variance between known points and quantify how quickly values
become dissimilar with increasing separation.

( )

∑

[ (

)

( )]

(1)

where N is the number data pairs used in the calculation, and h is the separation distance
in the maximum correlation direction of data pairs z(xi + h) and z(xi) (Journel and
Huijbregts, 1978). To determine the direction of maximum correlation, the linear
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separation distance h was tuned to each data block to attain a trajectory within a few
degrees of the average dip angle. The data pairs being compared, z(xi + h) and z(xi), are
presented as amplitudes pulled from the post-processed radargram data, which were
gained through an inverse amplitude decay.
Kriging is known in geostatistics as the best linear unbiased estimator for
unknown characteristics (Journel and Huijbregts, 1978). The contouring and 3D surface
mapping software Surfer® V. 7.0 was used to perform the semivariogram analysis. Twodimensional arrays of amplitude data were isolated from post-processed morphological
end members and analyzed using the same semivariogram properties (Fig. 10A-C). The
semivariograms utilized a maximum lag distance one third the diagonal extent of the
isolated data; the data arrays were broken into 180 angular divisions and further divided
into 100 radial divisions. The lag direction was set to the average maximum correlation
direction of the dipping beds and had a tolerance set at between 5° and 10° (Fig. 10B).
This, along with an anisotropy ratio of 2 set in the same direction, was in an effort to
analyze the continuity along bedding planes and not between them (Knight et al., 1996;
Tercier et al., 2000). The resulting data were plotted and a quadratic variogram model
was fit to determine the ranges for each dune (Fig. 10C).
The range (R) of a semivariogram model represents a maximum correlation
distance along the lag direction (Journel and Huijbregts, 1978). Beyond this distance, the
compared points will have the same variance as two points pulled from the data set at
random. The range of each particular semivariogram model was determined by the
distance at which variance ceases to increase (Knight et al., 1996; Tercier et al., 2000).
This was facilitated by the horizontal sill of the quadratic model. The quadratic model
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applied to the plotted data was fit using the automatic variogram fitting function built into
Surfer 7. The automatic variogram fitting algorithm was set to terminate after a maximum
iteration of 50 or if the change in the object function was less than 0.0001% (target
precision). In several instances where a “nugget effect” was applied (situations where
plotted data failed to pass though the origin) or when data were chaotic (e.g., abruptly
changing amplitudes caused by broken bedding), quadratic variogram models were fine
tuned to fit the data after the automatic variogram fitting was applied. Many of the ranges
of blocked data from barchan dunes failed to define a definite sill within the lag distance
provided and thus were fit based on conservative estimations based on plotted
semivariogram points.
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Figure 9: Photographs of potential point-source reflections, which include A) vegetation, B) semilithified gypsum and C) bioturbation. D) Point-source objects produce distinctive hyperbolic
reflections in radargrams.
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Figure 10: A) Processed radargram exhibiting arrays isolated for analysis. These arrays are representative of the bulk dune bedding of morphologically distinct
members. B) Isolated block of data indicating the direction of maximum correlation along plane beds. This produces a plot C) to which a quadratic
semivariogram model can be fitted.
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CHAPTER 5
RESULTS
5.1 Textural Analysis
The sample of surface sand taken from the parabolic dune GPR transect 488
exhibited a number of visibly recognizable gypsified elongated fragments (>2 mm size
range). The results of the granulometric analyses are summarized in Fig. 11 (see
Appendix A for full statistics). The mean grain size of the parabolic (1.0 ) is coarser
than barchan (1.4 ), with similar sphericity (0.62 to 0.78 SPHT) over the dominant size
range (shaded box). In the coarsest fraction (>1 mm; very coarse sand and granule), the
parabolic sample exhibits lower sphericity (SPHT<0.50).

5.2 Geophysical Datasets
Post-processed geophysical records are shown in Figs. 12-17. In each record a
series of adjacent data blocks were used for extracting the information used for
geostatistical analysis. Point-source anomalies (hyperbolics) identified in post-processed
radargram data are summarized in Fig. 18. Average hyperbolic counts are nb=3 for
barchan dunes and np=9 for parabolic dunes. The average hyperbolic count for the
parabolic dunes is dominated by transect 488, which passes though the dune with the
greatest vegetation density. Bed thickness was determined from post-processed records
using trigonometric calculation of x and time-depth converted z ranges in successive
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packages of 25-30 beds defined by adjacent reflections. The results are complied in
Appendix B and summarized in Fig. 19. Average bed thicknesses is Tb=14.3 cm and
Tp=11.7 cm.
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Figure 11: Grain size (dashed lines) and sphericity (solid lines) of sand samples from representative dune
morphotypes. Gray box highlights the bulk (95%) of the sample. Note dramatic decrease in sphericity in
coarser fraction of parabolic dune. See text for discussion.
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Figure 12: Post-processed record of GPR line 291 (barchan). Point source reflections are noted with red dots.
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Figure 13: Post-processed record of GPR line 310 (barchan). Note that no point source reflections where identified within isolated data blocks.
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Figure 14: Post-processed record of GPR line 324 (barchan). Point source reflections are noted with red dots.
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Figure 15: Post-processed record of GPR line 482 (parabolic). Point source reflections are noted with red dots.
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Figure 16: Post-processed record of GPR line 486 (parabolic). Point source reflections are noted with red dots.
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Figure 17: Post-processed record of GPR line 488 (parabolic). Point source reflections are noted with red dots.
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Figure 18: Hyperbolic counts in both barchan (A) and parabolic (B) dunes. Note that GPR profile 310 was
devoid of hyperbolics in analyzed areas.
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Figure 19: Bed thickness measurements for six GPR records; barchan (Tb) above and parabolic (Tp) below.
Each bar represents the average bed thickness for approximately 25-30 beds within their respective GPR
record.
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For continuity analysis, a series of semivariogram analyses were performed on
each data block from the six dune forms. Examples of completed semivariogram graphs
(R - maximum correlation) are shown in Fig. 20, with the entire dataset compiled in
Appendix C. Table 1 summarizes the results of average R distances for interacting
barchans (Rb) and parabolics (Rp) continuity. The former have a greater mean range (Rb =
1.31 m) than the latter (Rb = 1.06 m), a ~20% difference.
The raw (unprocessed) radargrams for the six transects analyzed in this study are
complied in digital format and available at the Coastal and Aeolian Research Laboratory
at Temple University. This is designed to supply the reader with large-scale original
datasets. The contrast (color version: blue/red; non-color: dark/light) represents
positive/negative amplitudes of the radar traces.
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Figure 20: Semivariogram results for barchan data block 291D 1 (top) and parabolic data block 488D2
(bottom).
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Table 1: Table of range distances for both barchan (top) and parabolic (bottom) dunes.
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DISCUSSION
6.1 Site Selection
As an important consideration for my study, two locations chosen for detailed
geostatistical analysis (interacting barchans vs. sparsely vegetated parabolics; Figs. 6 and
7) were based on similarity in dune height. The grain-size analysis of the representative
sand samples taken from these two sites exhibit similar bulk grain size and sphericity
(Fig. 11). The lower sphericity of the coarse fraction in the parabolic dune sample is due
to elongated gypsified grains associated with the presence of vegetation, which is
common in this area.
These results are consistent with the overall transport dynamics, based on
previous studies of textural trends (Jerolmack et al., 2011). Importantly, minor variations
in granulometry between the two sites are typical in aeolian sequences and are not
believed to be a factor responsible for differences in the internal architecture of dune
morphotypes (Jerolmack et al., 2012). Rather, textural changes and grain packing
(grainfall/grainflow vs. wind-ripple lamination; Fig. 21) likely produce the small-scale
dielectric contrast in GPR records (Schenk et al., 1993; Kocurek et al., 2006; Bristow,
2009).

6.2 Internal Characteristics
Point-Source Reflections
In radargrams, high-amplitude hyperbolic diffractions result from buried pointsource objects, although surface features (burrows, mounds, vegetation) near the passing
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antenna also result in diffractions along the uppermost part of the radargram (see the
Post-processing section in methodology for treatment of near-surface hyperbolic
signatures). Many techniques can be utilized to determine the nature of hyperbolic
targets. Although the presence, rather than origin of the targets, was one of the criteria
used in the geostatistical analysis, the causes of reflections have paleoenvironmental
significance. The sources of the refractions include biogenic structures (especially large
animal burrows), vegetation, and semi-lithified pedestals (Fig. 9).
The apex of the hyperbola represents the actual position of the buried target. Due
to dielectric contrast between gypsum sand and air, traverses directly over the burrow
openings cause an advanced direct signal arrival (sharp “pull-up”), which extends
through a gap in the ground-wave trace (Fig. 22). In addition, subsurface air-filled
sections will result in a slight “pull-up” of the burrow floor of radargram images (Fig. 23;
Nichol et al., 2003; Kinlaw et al., 2007). Short segments of “broken” signal return
suggest scattering by sub-vertical unfilled shaft segments (Fig. 24).
In addition to hollow burrows, a number of filled and buried biogenic structures
are present in georadar records. Although not groundtruthed, most point-source
reflections likely represent buried vegetation, with dune bedding above the target having
continuity with the overlying bounding surfaces (Fig. 25A). In contrast, sharp differences
in bedding direction or continuity (Fig. 25B) are more consistent with biogenic structures
(e.g., filled burrows) or buried semi-lithified pedestals inherited from plant-mediated
cementation of older dunes.
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Figure 21: Photograph of a barchan inner dune area. The lower portions (~10-15 cm) of many dune
slipfaces are exposed in the interdune areas following dune migration, and they may become partially
lithified due to shallow water table and gypsum recrystallization.
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b

B
Figure 22: A) A photograph of a dome-shaped burrow entrance at the base of a barchan and associated B)
GPR image (800 MHz). Note the advanced direct arrival (sharp “pull-up”, see small arrow) and a
hyperbolic diffraction anomaly (large arrow with a circular base), which contrast with the relatively
horizontal bedding on the left part of the radargram. The anomaly on the right is the subsurface signature of
the tunnel extension (arrow labeled b).
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Figure 23: A) A 500 MHz antenna next to a 15-cm-wide burrow entrance in a transitional interdune. B) The
radargram reveals a scattering of the electromagnetic signal by the open shaft (small arrow). An adjacent
hyperbolic reflection with a “pull-up” at the base (b arrow) is consistent with the continuation of an open
burrow.
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Figure 24: A) A photograph of a dome-shaped burrow entrance within a vegetated parabolic blowout. B)
GPR image (800 MHz) shows a series of hyperbolic reflections (b arrows) within a short distance. These
correspond to open entrances (small arrow) and near-surface burrow segments.
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Figure 25: Radargrams of variable signal response to buried targets (500 MHz GPR profiles from different
parts of the dune field). A) A hyperbolic diffraction with the preserved continuity of the steeply dipping
dune bedding (see enlarged image on the right). This suggests a point source object (e.g., vegetation). B) In
contrast, a more chaotic reflection pattern below the high-amplitude diffraction is more consistent with a
change in sediment fill geometry (e.g., a burrow fill post-dating aeolian deposition or a semi-lithified
pedestal inherited from an older dune).
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Bed Thickness
The average bed thickness (T) of barchan and parabolic dunes differs by up to
20% (Fig. 19). The measurements obtained from GPR profiles are consistent with those
observed in deflated dune sections and lower slipfaces exposed in the inner dunes (Fig.
21). The greater bed thickness of barchans is consistent with their position upwind of the
parabolics, with the latter receiving less sand due to vegetation trapping (increased
internal boundary layer; Jerolmack et al., 2012). Barchan dunes also have limbs that
shield their slipfaces from crosswinds, thereby allowing greater accumulation of sediment
on the dune front. In contrast, the decrease in wind velocity and the presence of
vegetation limits the amount of sediment at the parabolic dune crest at any given
moment. Combined with slipface exposure to cross-winds (which causes more frequent
avalanching through undercutting), this downwind reduction in sand transport explains
thinner beds (lower T) in the parabolics (Fig. 19).

Continuity
The continuity of bedding planes determined using semivariogram analysis shows
a distinct difference between the interacting barchan (1.31 m) and sparsely vegetated
parabolic (1.06 m) dunes (Fig. 20 and Table 1). This is due partly to the fact that
semivariogram analysis is performed along a single linear direction and beds within
dunes have spatially limited continuity in a given trajectory (direction of maximum
correlation). Therefore, the shape of a particular aeolian layer (concave-up vs. convex-up
morphology; Fig. 26) and bed thickness affects the effective range.
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For example, thicker beds of barchans (14 cm) versus parabolics (12 cm), may
partially explain the greater range distance of the former. However, bed thickness alone
cannot account for the entirety of this difference. The overall shape and continuity of the
dune strata and intervening bounding surfaces play a major role in the resulting plotted
range distance (Tercier et al., 2000). Parabolic dune bedding exhibits more frequent
pinch outs caused by episodic undercutting of the exposed slipface (Fig. 51 of McKee,
1979). This undercutting aspect also causes a convex slipface (Fig. 26) and occasional
scour, which in turn, decreases bed continuity. Furthermore, protruding obstacles such as
vegetation, pedestals, and biogenic mounds, along with topographic lows resulting from
small deflation basins and large open burrows (Fig. 9), alter the local near-surface wind
flow. This results in more complex mesoscale (10-102 cm) depositional patterns.
Finally, the parabolic dunes in this area possess a wide directional spread of
slipface orientations (up to 210°) compared to barchans (60-140°; McKee, 1966; Kocurek
et al., 2006). The above differences in reflection continuity (Rp>Rb), along with a
generally higher number of point-source reflections (Pp>Pb), support Hypothesis 1.

6.3 Internal Complexity Threshold (ϖ)
In order to quantify the internal dune complexity based solely on radargrams, and
to differentiate between dune morphotypes (Hypothesis 2), an internal complexity
threshold (ϖ) using standardized variables is proposed:

(2)
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where P is the standardized number of point-source reflections per cross-sectional area, T
is the standardized bed thickness, and R is the standardized effective range of the
semivariogram analysis (Table 2).
To standardize scores, a population average and standard deviation of each
variable was calculated. P, T, and R means of individual dunes were then subtracted from
the population mean and divided by the population standard deviation resulting in a
unitless scaled value (Table 2; Yusta et al., 1998). The standardization of scores
eliminates the issue of comparing variables of different magnitudes (e.g., comparing
range distances of 0.98 - 1.44 m to bed thickness of 0.11 to .22 m) and renders values
unitless (Yusta et al., 1998).
For the analyzed dataset, interacting (merging) barchans have ϖb= -2.39 to -0.25,
with parabolics at ϖp=0.13 to 2.87 (Fig. 27; Table 2). As expected, barchan dunes within
the study area yield negative ϖ values, with isolated unvegetated/non-bioturbated
landforms (e.g., isolated barchan in Fig 27) exhibiting increasingly lower values. In
contrast, parabolic dunes are characterized by positive ϖ values increasing with
progressively greater complexity due to vegetation cover (e.g., forested dune in Fig. 27),
incipient lithification, associated biotrubation and exposure of the dune front to
crosswinds. Despite variability of ϖ values within each morphotype, they can still be
statistically differentiated, as confirmed by the Jackknifing technique (ϖb< ϖp in ~90%
of combinations; Attanasi et al., 2007).
These results demonstrate potential applicability of the complexity threshold to
other dune fields. For example large coastal barchans in equatorial Brazil (Jimenez et al.,
1999) and smaller isolated barchans similar to those at the White Sands National
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Monument will have highly negative threshold values (ϖb<<-3.0; Fig. 27). On the other
hand, an intensely bioturbated parabolic dune or one migrating into a small maritime
forest (e.g., Atalaia, Brazil; Buynevich, 2010) will exhibit ϖp>>3.0. It is expected that a
further increase in internal complexity would result in scenarios where dune dimensions
are comparable to the antecedent topography or vegetation-induced surface roughness
(e.g. a parabolic dune migrating into a mature forest or settlement (Hesp and Thom,
1990; Pye, 1993; Buynevich et al., 2007b; Buynevich, 2009). A scenario of downwinddecreasing ϖ (i.e., opposite of White Sands) would indicate a reactivation of devegetated
parabolics or a transition from interacting to isolated duneforms (Pramanik, 1952;
Borówka, 1975; Ewing and Kocurek, 2010).
At this stage, the limitations of the proposed approach include: 1) limited number
of dunes used for geostatistical analysis (due to thesis time constraints); 2) a relatively
homogeneous evaporite composition (most dunefields consist of siliciclastic sands with
variable amounts of heavy minerals), and 3) groundtruth of the entire imaged dune
sequence is not feasible due to the protected nature of the study area. Future work will
involve the application of the approach proposed in this thesis to radargrams from White
Sands National Monument (isolated barchans, heavily vegetated parabolics) and other
dunefields. The refinement of ϖ will be based on radargrams of dunes with different
characteristics (height, vegetation cover, bed thickness, etc.). As an initial step, a series of
GPR records are available at the Coastal and Aeolian Research Laboratory at Temple
University, including axial images of aeolian sequences from Massachusetts, Virginia,
Lithuania, and Brazil.
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Figure 26: Barchan slipface exhibits a concave up morphology (A), in contrast to a convex up parabolic
slipface (B).
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Table 2: A summary of standardized internal complexity values (ϖ).
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Figure 27: The internal complexity threshold of the six analyzed dune datasets and two hypothetical examples based on a 20% change in R and data from radargrams and
actual data from radargrams. The X-axis is arbitrary and represents the general spatial relationships across the White Sands National Monument. Interacting barchans (blue
diamonds) plot with a ϖ< 0, with sparsely parabolics (red squares) having ϖ>0. In a complex interacting barchan (310), the decreased bend continuity (lowest R) results in
a higher ϖ, which is expected for transitional dunes. Complexity threshold values for an isolated barchan and a densely vegetated are used as examples the applicability of
this method. Hypothetical pure barchan (ϖ~ -4; blue square) from White Sands National Monument and a parabolic dune migrating over a forest (ϖ>4; red square) from
Buynevich et al., (2007b) are also plotted to represent true end-member ϖ.
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CHAPTER 7
CONCLUSIONS
The internal architecture of morphologically distinct dune morphotypes
(interacting barchans and sparsely vegetated parabolics) at the White Sands National
Monument can be distinguished based on an analysis of axial GPR profiles. A suite of
geostatistical tools applied to post-processed radargram images (point-source diffraction
density, bed thickness, and the continuity of bounding surfaces) vary for each landform,
and the average values are different (~20%) between the two morphotypes. The three
aforementioned attributes are combined into an internal complexity threshold – ϖ. For
the study site, the average value for interacting barchans is ϖ
̅ b= -1.65, with parabolics
yielding ϖ
̅ p=1.65.
The potential application of the complexity threshold to unconsolidated aeolian
sequences and the rock record will help constrain spatial and temporal variations in the
presence and density of vegetation, occurrence of bioturbation, long-term shifts in
sediment transport volume, relative importance of post-depositional processes (erosion
and reactivation due to crosswinds), and the roughness scale of antecedent topography.

The specific implications of the research are summarized below:
1. The internal complexity threshold can be used to distinguish dune morphotypes in
areas were surface morphology has been deflated, buried, or otherwise modified.
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2. The proposed approach helps to identify the compound nature of a dune. For
example, a barchan that migrated to its present position by retaining its shape will
have a lower ϖ at its core than a barchan that evolved through in situ reactivation
(= devegetation) of a parabolic dune (Pramanik, 1952; Borówka, 1975; Pye, 1993;
Hesp, 2002; Botha et al., 2003).
3. Where large buried pedestals are inherited from a previous dune, a higher ϖ will
likely reflect a change in bedding (lower R). In contrast, in situ lithification will
not result in bedding discontinuity.
4. Ultimately, georadar transects of once unconsolidated aeolian sequences of the
rock record will help provide useful information about key paleoenvironmental
factors, such as: 1) presence and density of vegetation and bioturbation; 2) longterm shifts in sediment transport volume; 3) relative importance of postdepositional processes (erosion and reactivation due to crosswinds), and 4) the
roughness scale of antecedent topography (Kocurek et al., 1991; Jimenez et al.,
1999; Kocurek, 2003; Werner and Kocurek, 2003; Bristow et al., 2005;
Mountney, 2006; Bristow, 2009; Girardi and Davis 2009; Hesp, 2011; Jerolmack
et al., 2012).
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APPENDICES
APPENDIX A:
TEXTURAL ANALYSIS
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APPENDIX B:
BED THICKNESSES
Barchan 310

Sample#
1.00
2.00
3.00
4.00
5.00
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Number
of beds
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Distance (m)
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/Number of beds
13.26
15.42
13.65
14.95
10.34
12.80
13.40

Barchan 291

Sample#
1.00
2.00
3.00
4.00
5.00
6.00

Number
of beds
26.00
27.00
11.00
22.00
19.00
24.00

Distance (m)
at point A
23.89
28.55
38.55
40.31
46.27
60.07

Distance (m)
at Point B
26.00
30.87
39.13
42.07
47.91
62.24

Depth Point
A (ns)
32.82
34.74
35.26
25.14
24.79
23.57

Depth Point
B (ns)
4.89
8.38
21.47
10.13
6.46
8.73

Distance (cm) =
(Distance point ADistance point B)
*100cm/m
-211.00
-232.00
-58.00
-176.00
-164.00
-217.00

Depth (cm) =
(Depth point ADepth point B)
*14cm/ns
391.02
369.04
193.06
210.17
256.61
207.73
Average
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Bed Thickness (cm) =
Sqrt(Distance2 + Depth2)
/Number of beds
17.09
16.14
18.33
12.46
16.03
12.52
15.43

Barchan 324

Sample#
1.00
2.00
3.00
4.00
5.00

Number
of beds
17.00
25.00
23.00
34.00
23.00

Distance (m)
at point A
15.67
20.54
25.42
33.22
40.52

Distance (m)
at Point B
15.00
22.00
30.00
35.00
41.00

Depth Point
A (ns)
8.38
11.00
12.74
9.00
9.00

Depth Point
B (ns)
25.49
32.99
28.11
30.55
26.01

Distance (cm) =
(Distance point ADistance point B)
*100cm/m
67.00
-146.00
-458.00
-178.00
-48.00

Depth (cm) =
(Depth point ADepth point B)
*14cm/ns
-239.51
-307.90
-215.07
-301.69
-238.14
Average

Bed Thickness (cm) =
Sqrt(Distance2 + Depth2)
/Number of beds
14.63
13.63
22.00
10.30
10.56
14.22

Parabolic 488

Sample#
1.00
2.00
3.00
4.00
5.00

Number
of beds
34.00
36.00
44.00
46.00
53.00

Distance (m)
at point A
13.15
18.73
24.42
30.42
39.17

Distance (m)
at Point B
15.95
21.68
27.56
34.05
43.29

Depth Point
A (ns)
10.13
12.22
9.95
11.35
9.25

Depth Point
B (ns)
31.25
32.99
31.52
43.99
41.90

Distance (cm) =
(Distance point ADistance point B)
*100cm/m
-280.00
-295.00
-314.00
-363.00
-412.00

Depth (cm) =
(Depth point ADepth point B)
*14cm/ns
-295.71
-290.82
-301.94
-457.02
-457.02
Average
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Bed Thickness (cm) =
Sqrt(Distance2 + Depth2)
/Number of beds
11.98
11.51
9.90
12.69
11.61
11.54

Parabolic 486

Sample#
1.00
2.00
3.00
4.00
5.00

Number
of beds
36.00
37.00
51.00
57.00
40.00

Distance (m)
at point A
8.35
15.12
63.25
67.47
84.87

Distance (m)
at Point B
10.88
17.14
59.72
71.94
88.34

Depth Point
A (ns)
14.49
17.98
40.15
10.13
9.60

Depth Point
B (ns)
42.59
48.88
7.86
46.09
39.98

Distance (cm) =
(Distance point ADistance point B)
*100cm/m
-253.00
-202.00
353.00
-447.00
-347.00

Depth (cm) =
(Depth point ADepth point B)
*14cm/ns
-393.47
-432.57
452.13
-503.44
-425.25
Average

Bed Thickness (cm) =
Sqrt(Distance2 + Depth2)
/Number of beds
12.99
12.90
11.25
11.81
13.72
12.54

Parabolic 482

Sample#
1.00
2.00
3.00
4.00

Number
of beds
49.00
45.00
53.00
63.00

Distance (m)
at point A
67.77
76.81
84.59
93.14

Distance (m)
at Point B
71.13
80.54
88.52
97.97

Depth Point
A (ns)
34.22
33.52
38.75
49.05

Depth Point
B (ns)
7.86
8.21
8.73
7.86

Distance (cm) =
(Distance point ADistance point B)
*100cm/m
-336.00
-373.00
-393.00
-483.00

Depth (cm) =
(Depth point ADepth point B)
*14cm/ns
369.04
354.37
420.36
576.77
Average
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Bed Thickness (cm) =
Sqrt(Distance2 + Depth2)
/Number of beds
10.19
11.43
10.86
11.94
11.10

APPENDIX C:
SEMIVARIOGRAM GRAPHS
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APPENDIX D:
MATLAB SCRIPTS
%% Topoarray
%By: Derek Lichtner and Andrew Bentley
%Purpose: To easily put in topographic information for matGPR.
%inputs
%matrixdata=[distance1, elevation1;distance2,
elevation2;......distanceX, elevationX]
%info pulled from matGPR
%x=IPD.x
%output
%IPD.xyz.Tx=[IPD.x' y z]
%IPD.xyz.Rx=[IPD.x' y z]
%IPD.x=trace number
%y=a column of zeros in the length of IPD.x
%z=Elevations
%%Start Script
matrixdata=importdata('324.txt'); %txt file containing elevation data
for current GPR line
srtcorrect = [0, 0];
endcorrect = [max(IPD.x), matrixdata(end,2)];
matrixdata=[srtcorrect; matrixdata; endcorrect];
%the three parts of my topo array
x=IPD.x';
y=zeros(numel(IPD.x),1); %creates a column of zeros in the length
of IPD.x
z=interp1(matrixdata(:,1), matrixdata(:,2),IPD.x');
boom=[IPD.x' y z]; %combines the x,y,z array.
%Because we are dealing with 2D, IPD.xyz.Tx and IPD.xyz.Rx are the same.
IPD.xyz.Tx=boom;
IPD.xyz.Rx=boom;

%% Reverse Mesh
%By: Derek Lichtner and Andrew Bentley
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%Purpose: To place grid data into an X, Y, Value format
%inputs
%Two-D matrix array
%info pulled from Isolated data
%x=DataSet.txt
%output
%dudely=[a,b,c]
%a=Location in the X direction
%b=Location in the Y direction
%c=Value at that location

%% Start Script
DATASON=x324PullD5
nx=numel(DATASON(:,1)); %counts the number of samples
ny=numel(DATASON(1,:)); %counts the number of traces
counter=0;
for i = 1:nx;
for j = 1:ny;
counter = counter + 1;
a(counter)=j;
b(counter)=i;
c(counter)=DATASON(i,j);
end
end
a=a*(0.01974) %Multiply a by the traces per meter gives spacial context
to the traces in the x direction
b=((b)*(0.14)*(82.22))/(472)%multiply b by the propagation velocity and
total depth in ns and then divide by total sample numbergives spacial
context to the traces in y direction
dudely=[a' b' c'];
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