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Abstract

A footprint model was created in mud and covered in volcanic saraway tanimic conditions atthe
Laetoli Tanzara site. Many antenna frequencies were tested with tharied printsuncoveredcovered
by plywood,and by a yoga mat. It was found that the yoga mat with tl&eG antennas produced the
best results to image the footprints.

Introduction

In preparation for going t@anzanido collect GPRataat Lagoli, a model was created to simulate the
prints from 3.5 million years ag&igure 1) Amodel wasproducedon flat ground in Oregoto best
simulate the Laetolprints, created inJuly202Q Avariety of GPR acquisition methods and processing
techniqueswereused Published information fothe actualprints (Raichlen et al. 201Masao efl.
2016)was used to determine the depth necessary in the model (Figure 2).

Figure 1: The exposed Laetoli prints in Tanzania that are about 3.2 million years old.
C: Laetoli G1-37
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Figure 2 Adetailed 3D analysis of one of the Laetoli prints (from Raichlen et al. 2010) that was
mimicked in the model



Production of the model

This model was created in Oregon on level ground consisting of basadtioent overlain by a
weathered clayrich A soil horizon The surface was cleared of vegetation and watered down for three
hours to create aerymuddy surface. That surface wihen raked and leveled by hand to mimic the
ground surface thatvas exposed at Laetqglist prior to the volcanic eruption that covered the prints
andencasedhem in lapilli ast{Figure3). The grid was 180100 cm in dimension, witlne long axes
eastwest.

Figure3: Creationof the footprint model in Oregon, with the boards outlining the test grid that was 180
x 100 cm in dimension.

Two sets of prints wereJN2 RdzOSR Ay (GKS ¢SiG Oflrex 2yS avYlfSe
createdby me and the femalegorints by RachelLea The depth of the prints ranged from 1258 cm

depth, consistent with the measured depth of the prints from LaedMhgao et al. 201&Raichlen et al.
2010). The stride (distance between stepsgd in the modelvas much less than at Laetwoliorderto
placel2 prints into the model area. Some of the prints had very good imprints of toes and heels, while
others were less distingFigure4), which was done on purpose to create a variety of shapes and

depths The model was then swdried fortwo daysin very hot weather.

by



Figured. Differences in footprints created in the model.



Inafirst test the model wagoveredwith a sheet of plywood with a void space between the top of the
clay and the base of the plywood shedtabout 1812 cm The woodsurfacewas gridded with lines
every 10 cm, along which the antennas were moved (Figure

Figure5: Qovering the model with plywood.

Ahe GSSI SIBD00 system was used with 9000@0 and 2600 MHz(2.3 GHzantennas. Data were
collected in a time window of 8 ns with 512 samples/trace and between 400 and 800 traces/meter.
Lines were all collected 10 cm apart, except for one small grid that has a 5 cm line spacing.

Reflection profiles werérst collected both northsouth andanothereastwest on the plywood surface
using the 26 GHzantenna (Figur®).

Figure6: The2.6and 2.0GHz antennas used on the plywood surface

The 26 GHzreflection profilesare quite good at imagintie clay layer, but variations in trdistance
between theplywoodand the clayin the air)createdmanydistortions in the reflections (Figur@ that



tended toproduce coupling anomalies in theflectionfrom the clay reflection along the length of the
profile.

coupling change area of low amplitude radar
due to plywood waves generated in the wood
inconsistencies?
w FILE___ 005.DZT top of plywood E

Depth (m)

0.2 04 0.6 0.8 1.0 1.2 14 16
Distance (m)

clay layer ) ] o
distortion of clay layer due to plywood variations

Figure7: Reflectiorprofile using the & GHz antenna showing the distortions in the clay layer due to
variations in the plywood.

The 900 MHz antenna watsoused on this surface and the reflection profiles from it wiereapableof
imagng the clay layeat all(Figure8). While there is a hint of the clay surface, there is not enough
resolution to be able to do anything whatever with defining the footprimgng this antennaThe
wavelength of 900 MHz radar waves in air is approxima&8I$ centimetersand usng acdrule of

thumbe of “2awavelength(about 15 cmfor the minimumvertical reslution (Conyers 2023, is no
wonder that theclay unit could not be resolved as there was about 4 cm distance between the top of
the plywood and the top of the clay layer.
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Figure8: 900 MHz antenna reflection profile on the plywood.

The plywood test wasot suitable for imaging the footprintas thereistoo much verticalariation
between the top of the wood and the clay unit.dddition,the radarenergy thatwastransmitted
throughthe plywood and then mowin airbefore encountering the clalkely spread outa good del,
and this conical spreading also reduced the resolution of the claydfksttion (Conyers 2tB).



To obtain a more realistic adel the prints werecovered with basalt sand, imported from a nearby
quarry. All prints were first filled individually with sand, and then the whole model area was itied
between5.5and6.5 cm of sand. The sand surface was then leveled (Fgure

e AN Y

Figure9: Covering the model with basalt sand

This was tested again with thptywoodplaced directly orthe sand whichimproved the quality of the
2.3 GHz reflections somewhaiput was still a good deal of distortion due to plywood inconsistenaiebs
small air pockets between the@ood and the sangFigurel0).
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FigurelO: 26 GHz reflection profile showing the same distortions due to plywood inconsistencies.



Toadjust for trese variations & inch (8 mmji KA O1 & &®@d 1) nvabeldEpolyvinykchloride
plastic (PCV) was then placed on the sand (Figlijrarid gently pushed dowinto it to fill in any air
pockets.

FigurelO: PVC yoga mat % inch thick (8 mm) used to cover the sand

Figure 1: Yoga map that was gridded in the same way as the plywood suiface mat filled in the
minor undulations in the sand surface, removing any air pockets that were preghatantenna here is

the 2 GHz palm antenna.

Thisprovideda much better surface for collecting GPR data, as the variations in the plytestsdvere
removed (Figured). However, minor air pockets below the PVC mat still prodsoeneextraneous



reflections. These profiles were much better than all the methods used prior to thigamed out to

producethe mostaccurate model for what data might be like collected over uneven ground at Laetoli.

The air pockeproblem may be creatgerrorusingd KA a8 YSG K2R (KL MllfulHenfe®td 0SS NB
used only the B GHz antennaas theyproducedthe best energyenetrationwith maximum

resolution.
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Figure 2: Reflectiorprofile using the Z GHz antenna on the PVC mat placed directly on the sand.

One additional method was also triedsing the 2 GHz antenna (shown in Figune ® ¢KAA aLJ f Y
antenna is typically used for concrete evaluations and proved to be inferior in all respects t8 the 2.

GHz. | am not exactly sure why this is, but the reflection profiles from the 2yStémtended to

produce multiples of the clay surfabelow the initial reflections | noticed during collection that this

antennaalsol SYRSR (2 d&aidA O] éduringmotieihéntperhaps pidduding thelzZNF | OS
variations on the clay reflection surface.
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Figure B: 2 GHz palm antenna reflection profilellectedon the PVC mat.

Interpretation of results

The 900 MHz and 2 GHZ reflection data were not used in the following interpretation..6T&El2

FYadSyyl gl & &adzZLJSNA2NI Ay | ff NBaLS®dériag asc2produse8 2 G K S N.
the most coherent reflections of the clay layer with the prints, covered by sand. Those methods and

antenna data are used in the following analysis.



A two-dimensional model of the prints below the sand layer was then created to which all results were
compared (Figure 14).
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Figure 14: The footprint model.

It was quickly determined that toes of the prints were impossible to image, so general outlities of
prints wereannotatedfor comparison (Figure 15)he toeimprintswere just toosmall for even the
highestfrequency antennas
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Figure 15: Print outlines used for comparison. The reflection ptofis&gionsare shown in white every
10 cm.



The first method employed was to createedlectionamplitude map of the top of the clay layer to
about1.5 nanoseconds (ns) below ito@ut a10cm thick slice using an RDP of 5). In this way reflection
features that might be produced by differences in the amplitude of recorded reflection from the prints
might show up (Figure 16).
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Figure 16: Reflection amplitude mabowing different in the strength of the reflected waves generated
from the clay layer on which the footprints were preserved. Thisli@a@n thick slice ol.5 ns in twe

way travel time.

Thehigh ampitude reflection featuresvisible in Figure 1&ere then placed on thanage of the print

model (Figure 17). In this comparison the general location of the high amplitude reflections has almost
no spatial correlation to the printsThis was very disappointifmit not unexpected, adifferences in

wave amplitudesre unlikely to resolve tree-dimensional prints This conclusiois interestingand
important, as other GPR testdbtained by other researchest both Laetoli and alsthe White Sands

New Mexicchumanprints both used thismethod. Whilethosetests appear to showome variations

that may have beepaused by differences betwedhe infill of the printsandthe surrounding sediment

they were far fromdefinitive (Bennett et al. 2026, Urban et al. 2Q1Richard Bats, $ Andrew

University Scotland, personal communication 2025
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Figure 17 Highamplitude eflection featuregproduced from standard slicingethodscompared to the
prints. There islmostno correlation whatever.

The standard amplitude sliemap method used by so many as the tool for imaging the ground was
totally ineffective here. Itis likely that it isostly producing an image of differences in the sand
composition or retained water in the sand that was used to fill in the prints.

As | have so often commented ¢end rarely listened to by the GPR communi§PR analysis without a
detailed analysis of the twdimensional reflection profile interpretation is leaving about 95% or more of
the dataun-used(Conyers 2016; Conyers et al. 20C®nyers 2023 Using reflection profile analysis, |

then went through each profile individually and looked for depressions in the clay layer that correspond
to the known prints. All possible prints visible in the profiles were then given a unique x and y location
within the test grid.

Two distinct types of print reflections were visible in the profiles (Figure 18). One of them is visible by a
slight depression in the clay layer that produces a reflection hyperbola below. This is common in GPR
and has been colloquially referredto ad @ S NIi A O f 0 @onyérs 2£3) EN&vRcreSuSng A 2 v
much lower frequencyntennas| have seen these produced from canals and house floor depressions
(Conyers 2012; 2013), but of course on a much larger ttatethe project here The hyperblas below

the print depression are produced by the spreading radar energy that moves through the ground in
front of the antenna where it is then reflected off the farther edge of the print depression. The same is
created as energy moves backward from #rgenna and is reflected off the edge of the print after the
antenna has already moved beyond that buried surface. The result is a hyperbola recorded below the
footprint (Conyers 2012:166) A second type of footprint reflection is created when the pdiogs not

have as distinct andge but is just a simple depression. In this case the concave upward surface of the
print (probably the ball of the foot and the heel depressioiazguses radar energy that would otherwise



be spreading out as it travels in the ground. That focused energy creates a higher amplitude reflection
directlyalongthe clay surface reflection. This has been defined elsewhere with GPR in much larger
features than these prints, but the concept is the same (Conyers 2013: 72). In both cases the subtle
depression of the print is visible (Figure 18).
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Figure 182.6 GHz reflection profile showing two types of footprint reflection types.

In some profiles both reflection types are visible (both slubtlehyperbolas and the focusing of energy
from the base of the print§Figure 19).
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Figure 19: Two types of reflection types found togettgperbolas and focusing from the base of the
prints).

In reflection profiles that do not cross the prints neither of these reflection types are visible (Figure 20).
Care must be taken in interpretation of profiles as coupling changed due to operator error or air pockets
below theyogamat were also found tocreate features that appear to be like some of the reflection
variations of interest.
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Figure 20: Reflection profile showing no footpfigatures butcoupling changes.

All reflections thatwvere of these two typegreflection hyperbolas and energy focusimggre then given
locations in the grids. The middle of the features only was given thase yiocations. Those

locations were then placed on top of the photo of the footprints (Figure 21). When this was done there
wasonly one print that produced neither of these features described above. It must be so shallow or
have no sideand thereforeA i O y Qi N#ydstoBadiio afflityIo Yocuk énérgy. dihthe

other cases it ithe print edges, or the deeper part of the prints that is reflecting the energy (the heel or
the ball of the foot). Three false positives weaileo identified using this visual methoslhich are close

to the prints but not directly on them. In those profiles thenay have beesomeantennawheel

slippage that created a distance error of abot® 8m. In theseases) must have moved the antennas
poorly or the attached encoder wheel was not directly in contact with the PVC mat. Other variations in
the locations plotted may have been caused by radar energy movingidéwaysangle from the PVC

mat to and from the printsiot directly below the antenngproducing some distortion in the plotting of

the print reflections. This shows how important it is to spend a great deal of time in collection,
especially when only a few centimeters in error can cause a good deal of error.
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Figure 21: Locations of the reflections visible in individual profiles placed on the footprint image.



While the manual interpretation method looking for small undulations in the clay, oftenastbciated

reflection hyperbolas and energy focusing is a good way to define these feadfed,NB G I dzii 2 Y I (0 SR
ways to process data and produce imagestill a priority. In the manual method (Figure 21) only one of
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unknown reasons, and one print whose reflection signature was a few centimeterseaittinalprint
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(Conyers and Goodman, 1997: 172). This method takes specialized software. | used ReflexW two
dimensional packagétitps://www.sandmeiergeo.de/reflex2dquick.htm| but | know that GPR Slice
(https://www.gpr-survey.comj and FADAN(https://www.geophysical.com/softwaréave similadata
collectionpackage® ¢tKS YSGK2R ltf2ga | dzaSNJ (2 ©OASs SI OK
K2NART 2y GKFGd Aa 2F AyGSNBadz FyR GKSy GKS az2fiaegl N
phasealong the profilé ® L¥ GKS Fdzi2YFGAO LIAOLAY3 a3a2Sa | adNy
visually This type of editing is commaising this somewhat laborious metho@®ne can then choose to

save information about that horizon as an ASCII file, which can be manipulated by other programs such

as Excell used that program to manipulate the digital data, and then Surfer
(https://www.goldensoftware.com/products/surfeto produce the maps.

| found ReflexW to be quite difficult to use and not nearly as intudisether software packagesFor
instance, | found it quite difficult to take individual profiles and process them in a way that would allow
for the clay horizon to be visible inisoftware. Therefore, | firsipenedall the files irfmy own
softwareGPR Viewelh(tp://www.gpr -archaeology.com/software) and processed them by removing
background and gaining them appropriately (Figure 22). Those | then saved for protaesing

ReflexW. The example in Figure 22 is one profile that crosses two of the prints. The clay horizon is
visible at 1 nanosecond depth, and the prints display both reflection hyperbolas and energy focusing.
The gain curve that was applied in GPR Viasven the right.
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Figure 22How profiles were first processed in GPR Viewer before being save for further analysis using
ReflexW.
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Those processed profiles were then imported into ReflexW and the clay horizorisiids andcould be
GLAO1TSRE YR aF2f usng thahorizdd kligirg inéthodl fGsAvAsdtdids forreach of
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there wasspatialerror in the datasetlikely produced by slippage of the survey wheel attached to the

antenna. For instance i Figure 22 a 100 cm ling profile is displayed as 110 cmin ledgthhRA Ry Qi y 2 (i )
this immediately during data collection and am unsure what causestlerrors Perhaps it wakhe

survey wheetalibration errorl usedprior to collection, or there was something about my methadd

moving the antenndhat caused this slippage. | know that | placed a piece of plywood adjacent to the

yoga mat that had the grid drawn on it. Perhaps the wheel rolled differently on the wood than the mat?

Or was the small angle that the plywood wdacedat enough to create this error? Or was | just sloppy

in collection and neglected to start and stop the antenna at the correct locations in the igicdald

have beerall these errorcreating problems This tells me that a great deal of attention must be paid to

all aspects of collection when doing a project that necessitates this precision.

In addition to the distance error that | discovered, there were other errors that could not have been

anticipated such as the variations in the amount of water and the grain size of the sand that was placed

on the prints. | also found that during collawiil had to kneel on the yoga mat, which tended to

depress itin some places, creatay A Y2 NJ | Y2dzy G 2F dzyRdz [ GA2Yy Ay (GKS
think this would cause much error, but now in hindsight | think it could have. There weregudizant

coupling errors at the start and end of each profile, caused by the antenna moving from the plywood to

GKS @23 YlLdo tK2aS 6SNB y2i aLAO|ISRE Ay G(GKS K2N.
shorter or longer than others. | also disered that ReflexW only saves one digital point for each of the

traces that were collected. Here is calibrated the system to collect 400 traces per meter. | think that in

the future twice that number would have been bettéo, produce a higher resolutio
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Figure 23:Picking the clay horizon in ReflexW from which the data were then saved.

In this test all the profiles werpicked,and the data saved. The distinctive profile in Figure 22 is

RAALX F @SR AY CA3IdzNE Hn aK2gAy3ad GKS Dtw *xASESNI AYL
below and the reflection wave amplitudes at the bottom. This is very interesting as it stoows

precise the ReflexW software isabtainingdepth, and those values show the prints very well in a

profile. The amplitudes, which are also saved in this process along with depth, were plotted, and they

display the energy focusing from the base of the prints as a small increase in amplitude, with lower



amplitudes along the edges of the prints as energy there was not being reflected very much from that
more vertical interface back to the surface. Radar energy moving downward will tend to reflect away
from surfaces that are inclined at an angseich as thosen the edges of the prints. This creates the

low amplitudes along the print edges.
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Figure 24: ReflexW data downloaded for file 15 using tB&Hz antennand plotted for file 15It
shows the depressions, and tfecusing at theprint base, as well as dispersion of energy along the
edges of the prints.

Alldownloaded pickediata from all profiles was then put into one Excel spreadsheet to create values
for the depth of the clay horizon across the grid. An image of these depths in Figure 25 with blue being
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my test grid. And there were other anomalous depths that must be related to how | constructed the
grid. | had hopéthat this map would immediately produce an image of the prints. It did not. ddste

it produced a complex surface that héttle relationship to the printghat I could seglikely due to how

| constructed the test area. When | thimlore about this, this is not much different than would be
expected in the field at Laetoli where an undulating ground surface, and rock layers below the surface
that also createsimilarconditions.
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Figure 25:Image map of the depth of the clay horizon below the surface.

In an attempt to create an image of the footprints below the surface | created a topographic map with a
dnnp OY 02y d2dzNJ AyGd SNt 0O0CAITdzZNBE Hc vaditlebeterA & LINR @S
some depressions that might lod the prints.
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Figure 26: Topographic map of the depth of the clay layer below the top of the yoga mat.

| then visually circled the low depressions on this topographic map which has color on the contour
intervals to show the relative low areas (Figure 27).



Figure 27:Contour map with red ovals showing the low areas.

When those circled low areas Figure 27re placed on top of the image of the prints with the known
locations of the prints, there are many correlations, but many more false positives (Figure 28). There
are some offsetin the low areasprobably due to antenna wheel slippage or other errors discussed
above. But many other variations in the clay surface that are not associated with the prints. There are 4
false positives in this method, which does not give me a great deal of confiddimeeerror here is likely

in the thickness of the santhat was used to cover the prints, and perhaps small errors created by me
kneeling on the yoga mat during collection.

Figure 28:Localized low areas from the topographic map in black with the location of the prints. There
are some good correlations, but 4 false positives, makingatiagysismethod less than desirable.



