Introduction: Potential solution to the problem of finding buried archaeological features

Archaeologists have always puzzled over strategies for locating and mapping archaeological features that are deeply buried and have little, if any surface indications.  When confronted with this problem, the usual techniques range from random excavations to a more statistically representative strategy of coring, auguring or shovel testing.  Recently some geophysical methods have gained favor in portions of the archaeological community as a way to determine the nature and location of buried features.  Although magnetics, resistivity and electromagnetic conductivity have proven their worth in some archaeological areas, ground-penetrating radar (GPR) is the only readily applicable near-surface geophysical tool that can map buried sites in three-dimensions.  This study demonstrates one GPR method that was used successfully at a complex site in Petra, Jordan.

Ground-penetrating radar as a three-dimensional mapping technique

GPR produces three-dimensional images by creating pulses of radar energy at a surface antenna, transmitting those pulses into the ground and measuring the elapsed time between when they were sent, reflected off buried discontinuities, and received back at a surface antenna (Conyers and Goodman, 1997: 23).  As the paired antennas are pulled over the ground surface (Figure 1), a two-dimensional vertical “slice” showing the significant reflections in the ground is obtained (Figure 2).   Approximate depth in the ground for each of the reflections can be determined when radar travel times are converted to depth.  When many transects are collected in a closely spaced grid, a three-dimensional “cube” of reflection data are available for processing and image production (Figure 3).

How GPR is helpful as a field research tool

Maps and images created from GPR data allow archaeologists to identify important buried features that have reflected radar energy back to the surface (Figure 4).  If these features are thought to have archaeological significance, then GPR maps can be used to plan excavations strategies that make sense in the context of the local archaeology.  If only a limited time and budget are available, those areas of a site that will yield information most important to a research plan can be tested immediately without wasting time on random tests.  Data obtained from those excavations can then be used to calibrate GPR data to determine the origin of other reflections in a grid.  In this way a limited amount of information from a few excavations can reveal a great deal about areas of the site that remain buried, and may never be excavated.  In addition, projecting archaeological information throughout a site can yield an overall picture with only a limited amount of excavation.

Petra as a test site for integrated GPR and archaeological excavation

At Petra, in the Kingdom of Jordan (Figure 5), GPR mapping was used to plan excavations, and then data from those excavations were used to determine the accuracy of GPR maps and images.   An area of 88x51 meters, where little was known about the subsurface (Figure 6), was mapped with GPR in 3 days, producing maps and images of many buried features and stratigraphic interfaces that were then excavated in the next 5 weeks.  Detailed information from those excavations was then used to determine the success and failure of the GPR map’s ability to predict subsurface conditions.

The combination of GPR maps and archaeological excavation data were used to plan future excavations that could potentially answer questions raised in the first phase of testing.  This combination of geophysical mapping and strategically placed archaeological tests saved many weeks, if not months, of haphazard excavation testing, producing valuable maps of the site in only one short field season.  Future excavations at the site will rely on both the GPR maps and archaeological excavations, and data from all tests will be integrated into the overall site maps, yielding a three-dimensional picture of the site not available by any other means.

The "Lower Market" site at Petra

The famous archaeological site of Petra, the capital of the ancient kingdom of Nabataea (168 BCE – 106 CE), is noted for its impressive remains of monumental architecture and rock-cut facades, and its complex water distribution system that earned the Nabataeans the title “masters of the desert”. The city was an important political, economic, and cultural center, located at the crossroads of the major trade routes that linked the Arabian Peninsula and the Mediterranean.
The portion of the site tested in this project is a large area located at the heart of Petra’s city center, just east of the “great temple” and overlooking the shop-lined, colonnaded street (Figure 7). The site’s central location suggested that it was somehow related to the ceremonial, economic or political activities of the city. Its appearance as a large, open, flat area (65 x 85 m), lacking evidence for significant architecture, led early explorers of Petra to call it the “Lower Market”, one of the ancient marketplaces that would be expected at an important entrecote such as Petra (Bachmann et al., 1921). Until 1998, no archaeological investigation of the site was undertaken to test this generally accepted identification.

The ground surface of the earthen terrace appears relatively flat, and is scattered with pottery sherds and stones (Figure 8). An elevated area in the southwest quadrant, bounded by reused architectural fragments and a number of walls and terraces constructed of piled stone, represent the modern use of the site by the local Bedouin population for agricultural purposes (Figure 6).

Previous Excavations at the Lower Market

In 1998, the archaeological investigation of the “Lower Market” was begun with the hopes of obtaining information on the economic organization of Petra (Bedal, 2000).  However, doubt quickly arose regarding the identification of the site as a marketplace as each trench was excavated. By the end of the two-month field season, it was clear that the southern end of the so-called “Lower Market” was occupied by a monumental, open-air pool (43 x 23m; 2.5m deep), with an island-pavilion at its center. Also found was an elaborate system of water channels and pipelines (Figure 9) that transported water around the pool’s perimeter to a central holding tank from which it was dispersed out onto a large earthen terrace to the north of the pool. These findings indicate that the “Lower Market” had a substantially different function than was previously suggested. The combination of a pool, water channels, and earthen terrace indicated that this may actually be the site of an ancient garden. Notably, this was the only example of a garden known in the Nabataean kingdom and one of the few known archaeologically throughout the region (Bedal, 2000).

The discovery of a garden and pool-complex—which must have appeared as a virtual oasis in a desert city such as Petra—exemplifies the extravagant use of water by the Nabataeans for aesthetic purposes. Based on the archaeological data and parallels in the palace complexes of Herod The Great of neighboring Judea (Roller, 1998), as well as other contemporary palatial estates, it may be determined that the Petra garden and pool-complex represents a “pleasure garden” that possibly belonged to a royal complex built by the Nabataean king, Aretas IV (9 BC-AD 40). Such formal gardens, or paradeisoi, were standard features of Hellenistic palace complexes and belonged to a long history of gardening traditions of ancient Mesopotamia and Egypt (Farrar, 1998; Netzer, 1997, 1998).

Although the 1998 excavations revealed a great deal about the pool and hydraulic features situated at the southern end of the site, the nature of the expansive (65 x 53 m) earthen terrace (hypothetically the site of a cultivated garden) remained a mystery. What was the overall layout of the garden terrace?  What forms of garden features (i.e., pavilions, fountains, basins, pathways, etc.) did the Nabataeans install there? Did they plant in planting beds, pits, or flowerpots? What species of plants were cultivated in a Nabataean garden? What irrigation technologies did they utilize? How was it fertilized? How deep are the ancient garden surfaces? How did the garden change over time?   These and many more questions were posed about this small area of the site.

Plans were made to conduct a two-week feasibility study during the summer of 2001 to begin a systematic study of the garden terrace. The feasibility study would include test excavations and auger tests that would provide valuable information about stratigraphy and soil morphology.  Due to the large scale of the site, it was immediately apparent that some remote sensing method would be useful to identify the location of buried architecture as well as unbuilt areas that could represent the garden.

The Plan for Using GPR

A number of field methods were considered, including electrical resistivity, magnetic surveys and ground-penetrating radar (GPR).  Resistivity and magnetic geophysical surveys were rejected because, although they can map a considerable amount of surface area quickly, they tend to produce maps that are a compilation of buried features from many depths and discrimination of layers or architecture from specific horizons is not possible.  GPR was chosen because it has the ability to cover a large amount of ground quickly, but most importantly, to map the buried archaeology in true depth.  An approach was decided upon that would first survey most of the earthen terrace in a coarsely-spaced grid (50-cm transects) to resolve the larger buried features (Figure 10).  Then when particularly interesting areas were discovered, smaller grids with closer line spacing would be set up to create more detailed geophysical maps, pinpointing areas for excavation. 

How GPR Works


Ground-penetrating radar (GPR) is a geophysical method that can accurately map the spatial extent of near-surface objects and archaeological features or changes in the matrix of a site and ultimately produce images of those materials. Radar waves are propagated in distinct pulses from a surface antenna, reflected off buried objects, features, bedding contacts, or soil units, and detected back at the source by a receiving antenna (Conyers and Goodman, 1997: 23).  As radar pulses are transmitted through various materials on their way to the buried target feature, their velocity changes depending on the physical and chemical properties of the material through which they travel (Conyers and Goodman 1997: 27).  The greater the contrast between two materials at a subsurface interface, the stronger the reflected signal, resulting in a higher amplitude reflected wave. Such contrasts where reflections occur are usually created by changes in electrical properties of the sediment or soil, variations in water content, lithologic changes, or changes in bulk density at stratigraphic interfaces.  Reflections can also occur at interfaces between archaeological features and the surrounding soil or sediment.  Void spaces in the ground or buried pipes or conduits will also generate strong radar reflections due to a significant change in radar-wave velocity.

When the travel times of radar pulses are measured, and their velocity through the ground is known, then distance (or depth in the ground) can be accurately measured to produce a three-dimensional data set (Conyers and Lucius 1996). Each time a radar pulse traverses a material with a different composition or water saturation, the velocity changes and a portion of the radar energy is reflected back to the surface, to be recorded at the receiving antenna.  The remaining energy continues to pass into the ground to be further reflected, until it finally dissipates with depth.

Recording Radar Reflections

In the GPR method, radar antennas are moved along the ground in linear transects while two-dimensional profiles of a large number of periodic reflections are created, producing a profile of subsurface stratigraphy and buried features along each line (Figure 2).  When data are acquired in a series of transects within a grid, and the reflections are correlated and processed, an accurate three-dimensional picture of buried features and associated stratigraphy can be constructed (Figure 3).


The success of GPR surveys is to a great extent dependent on soil and sediment mineralogy, clay content, ground moisture, depth of burial, surface topography, and vegetation (Conyers and Goodman, 1997: 23).  Radar-wave penetration and the ability to reflect energy back to the surface is generally enhanced in a dry environment, yet moist soils can still transmit and reflect radar energy.  Despite its reputation as an environmentally limited geophysical tool, GPR surveys can yield meaningful data in a wide range of conditions.


Radar reflections are always recorded in “two-way time,” which is the time it takes a radar wave to travel from the surface antenna into the ground, be reflected off a discontinuity, and then travel back to the surface to be recorded.  One of the advantages of GPR surveys over other geophysical methods is that the subsurface stratigraphy, archaeological features, and soil layers at a site can be mapped in real depth.  This is possible because the timing of the received radar pulses can be converted to depth, if the velocity of the radar wave’s travel through the ground is known (Conyers and Goodman 1997: 107).


To produce reflection profiles the two-way travel time and the amplitude and wavelength of the reflected radar waves derived from pulses generated at the antenna are then amplified, processed, and recorded for immediate viewing or later post-acquisition processing and display. During acquisition of field data, the radar-transmission process is repeated many times per second as the antennas are pulled along the ground surface or moved in steps.  Distance along each line is recorded for accurate placement of all reflections within a surveyed grid. When the composite of all reflected waves along the transect is displayed, a cross-sectional view of subsurface reflection surfaces is generated (Figure 2).  In this fashion, two-dimensional profiles, which approximate vertical "slices" through the earth, are created along each grid line.  

Depth of Penetration and Resolution

The depth to which radar energy can penetrate and the amount of definition that can be expected in the subsurface is partially controlled by the frequency of the radar energy transmitted (Conyers and Goodman, 1997: 40).  The frequency controls both the wavelength of the propagating wave and the amount of signal spreading and attenuation of the energy in the ground.  Consequentially, one of the most important variables in ground-penetrating radar surveys is the selection of antennas with the correct operating frequency for the desired depth and resolution of target features.  Commercial GPR antennas range from about 10 to 1200 megahertz (MHz) center frequency.  The most common frequencies for archaeological applications range from 200 to 900 MHz. 


Proper antenna frequency selection can in most cases make the difference between success and failure in a GPR survey and must be planned for in advance.  In general the greater the necessary depth of investigation, the lower the antenna frequency that should be used.  Lower frequency antennas are much larger, heavier and more difficult to transport to and within the field than high frequency antennas.  In contrast, a 400 MHz antenna (used in this study at Petra) is quite small and can easily fit into a suitcase (Figure 11).


Subsurface feature resolution is also influenced by radar energy frequency (Conyers and Goodman, 1997: 47). Low frequency antennas (10-120 MHz) generate long wavelength radar energy that can penetrate up to 50 meters in certain conditions, but are capable of resolving only very large subsurface features.  For example, dry sand and gravel, or un-weathered volcanic ash and pumice are media that allow radar transmission to depths approaching 8-10 meters when lower frequency antennas are used (Conyers and Goodman, 1997: 45).  In contrast the maximum depth of penetration of a 900 MHz antenna is about one meter or less in typical soils, but its generated reflections can resolve features down to a few centimeters.  A trade-off therefore exists between depth of penetration and subsurface resolution.  These factors are highly variable, depending on many site-specific factors such as overburden composition and porosity, and the amount of moisture retained in the soil.

How Materials in the Ground Affect the GPR Signal

GPR investigations allow the differentiation of subsurface interfaces within the matrix of an archaeological site.  All sedimentary and soil layers have particular electrical and magnetic properties that affect the velocity, reflection and dissipation of electromagnetic energy in the ground (Collins and Kurtz 1998).  The reflectivity of radar energy at an interface is primarily the function of the magnitude of the difference in electrical properties between two materials on either side of that interface (Conyers and Goodman, 1997: 31).  This is because any significant change in velocity will cause some energy to reflect back to the surface.  Stronger reflected waves (those with a higher amplitude) are produced when the contrast in electrical properties between two materials increases (Sellman et al. 1983).   Most visible radar reflections are generated at the interface of two thick layers with varying electrical properties. 


The ability to discern radar reflections in GPR reflection data is related to the amplitude of those reflected waves.  Higher amplitude waves produce more visible reflections.   Subtle changes in the nature of buried soil or sediment layers are often all but invisible to the human eye, but are recorded in GPR profiles as small digital changes in their amplitudes.  In order to enhance these changes so they may be mapped, sophisticated amplitude analyses (discussed below) must be applied to the data set (Conyers and Goodman, 1997: 149).


The propagation velocity of radar waves that are projected through the earth depends on a number of factors, the most important ones, as previously mentioned, are the electrical and chemical properties of the material through which they pass (Olhoeft 1981).  Radar waves in air travel at the speed of light, which is about thirty centimeters per nanosecond (one nanosecond is one billionth of a second).  When radar energy travels through dry sand, its velocity slows to about fifteen centimeters per nanosecond (ns).  If the radar energy were then to pass through water saturated sand its velocity would slow further to about five centimeters per nanosecond or less.  At each of these interfaces where velocity changes, reflections are generated.  


Radar energy both disperses and attenuates as it radiates into the ground.  When portions of the original transmitted wave is reflected back toward the surface, they will suffer additional attenuation by the material through which they pass before finally being recorded at the surface.  Therefore, to be detected as reflections, important subsurface interfaces must not only have a sufficient electrical (or magnetic) contrast at their boundary, but also must be located at a shallow enough depth so that sufficient radar energy is detected at the surface.  As radar energy propagates to increasing depths, the signal becomes weaker and is spread out over more surface area (Figure 12). Less energy is then available for reflection and it is likely that only very low amplitude waves, or none at all, will be recorded.

Computer Processing to Produce Images of Features in the Ground


The standard image for most GPR reflection data is a two-dimensional profile, with depth on the x-axis and distance along the ground on the y-axis (Figure 2).  These image types are constructed by stacking together many reflection traces, obtained as the antennas are moved along a transect.  Profile depths are usually measured in the two-way radar travel time, but times can be converted to depth, if the velocity of radar travel in the ground is obtained (Conyers and Lucius, 1996).  Reflection profiles are most often displayed in gray scale, with variations in the reflection amplitudes measured by the depth of the shade of gray.


The primary goal of most archaeological GPR surveys is to identify the size, shape, depth, and location of buried remains and related stratigraphy.  The most straightforward way to accomplish this is by identifying and correlating important reflections within two-dimensional reflection profiles (Conyers and Goodman, 1997: 137).  These reflections can be correlated from profile to profile throughout a grid, which can be very time consuming when done by hand.  A more sophisticated type of GPR data manipulation is amplitude slice-map analysis, which creates maps of reflected wave amplitude differences within a grid derived from a computer analysis of the two-dimensional profiles (Conyers and Goodman, 1997: 149).


An analysis of the three-dimensional location of the amplitudes of reflected waves is important because it is an indicator of potentially meaningful subsurface changes in lithology or other physical properties. If amplitude changes can be related to important buried features and stratigraphy, the location of those changes can be used to reconstruct the subsurface environment.  Areas of low amplitude waves usually indicate uniform matrix material or soils while those of high amplitude denote areas of high subsurface contrast such as buried archaeological features, voids or distinct stratigraphic changes.  In order to be interpreted, amplitude differences must be analyzed in "time-slices" that examine only changes within specific depths in the ground (Conyers and Goodman, 1997; 149; Goodman et al., 1995).  Each amplitude time-slice consists of the spatial distribution of all reflected wave amplitudes, which are indicative of these changes in sediments, soils and buried materials (Figure 13).


To compute horizontal time-slices the computer compares amplitude variations within traces that were recorded within a defined time window.  When this is done both positive and negative amplitudes of reflections are compared to the norm of all amplitudes within that window.  No differentiation is usually made between positive or negative amplitudes in these analyses, only the magnitude of amplitude deviation from the norm.  Low amplitude variations within any one slice denote little subsurface reflection and therefore indicate the presence of fairly homogeneous material. High amplitudes indicate significant subsurface discontinuities, in many cases detecting the presence of buried features.  An abrupt change between an area of low and high amplitude can be very significant and may indicate the presence of a major buried interface between two media.  


An analysis of the spatial distribution of the amplitudes, in the form of amplitude time-slices (Conyers and Goodman 1997) can often produce high-resolution maps of the subsurface.  If amplitude changes can be related to the presence or absence of important buried features and stratigraphy, the location of higher or lower amplitudes at specific depths can be used to reconstruct the subsurface in three-dimensions.  Buried stratigraphic layers can be identified in vertical profiles as distinct horizontal reflections different from the other features such as walls, or void spaces.

GPR Equipment

In July 2001 GPR mapping of the northern portion of the Lower Market was begun, using a GSSI (Geophysical Survey Systems Inc.) SIR (subsurface interface radar) system #2000 (Figure 14).   A 400 MHz dual antenna was used to collect all GPR reflection data.  Data were recorded to the hard drive of the system and later transferred to CD ROM.

Velocity Tests

In the past many GPR studies at archaeological sites had the limited objective of finding anomalies that presumably represented cultural features that could be excavated.  The true depth and dimensions of these features were not usually calculated and were often considered unimportant.  More recently, however, archaeological geophysicists have developed ways to determine the true depth of buried features discovered with GPR (Conyers and Lucius 1996).  Since the purpose of the GPR survey at Petra was to aid in excavation planning, it was desirable to have accurate depth information for the GPR reflection data.  

It is always important to determine velocity prior to conducting a GPR survey, so that radar travel times can be converted to distance in the ground, and the depth of investigation can be calculated (Conyers and Lucius, 1996).  Since radar reflections are always measured in two-way travel time, and the velocity of radar waves varies depending on the medium through which it travels, the average velocity can be calculated if specific reflections can be tied to their sources at measurable depths.  In other words, if distance and time can be measured then velocity can be calculated based on the fact that velocity is equal to distance divided by time.  

It was known from previous archaeological testing just south of Grid 1 that the maximum depth of Nabataean architecture related to the pool and garden complex was about 2 meters.  In normal dry sediments the 400 MHz antenna is capable of transmitting radar energy to a maximum depth of about 3 meters, which is approximately 50-60 nanoseconds in two-way radar travel time.  In order to determine radar energy travel time at the site, a thick exposure of overburden sediment was chosen for velocity tests.  This area was located just south of the Colonnaded Street about 10 meters to the northwest corner of Grid 1 (Figure 10).  

A section of steel reinforcing bar was pounded into the terrace edge at 50 cm below the ground surface.  The 400 MHz antenna was then slowly pulled over the ground surface above the bar while subsurface reflections were recorded (Figure 15).  This procedure was repeated with the bar located at 1 meter below the surface in order to determine if the relative dielectric permittivity (RDP) was changing markedly with depth.  Since metal is a perfect radar energy reflector, the bar was observable as a strong hyperbolic reflection (Figure 16).  When the actual depth of the iron bar was measured, and the time lag between when pulses were sent and when they were received back at the surface was measured, a velocity of approximately 18 centimeters per nanosecond was calculated for all tests.  Although this velocity was known to be high, it was not thought out of the ordinary for this very dry, sandy area.

It was later determined that these velocity tests were inaccurate, after many observed features in GPR profiles were excavated and their known depth was measured.  Subsequent calculations of radar wave velocity showed that this initial calculation, produced on an exposed sediment outcrop, was almost twice as fast as the velocity within the buried part of the site.  This is probably because the sediments within the site retained water from the last winter’s rains, while those in the test exposure had been desiccated during the recent summer months, effectively removing most of the pore water.   It is known that retained water is a major factor in lowering radar velocity in the ground, and this appears to have played a large roll in the slower times within the grid (Olhoeft, 1981).  The inaccurate determination of velocity during the first stages of the Petra GPR data collection confused our initial interpretations, but fortunately did not adversely affect the ultimate outcome of the project, as all velocities were later corrected before the final maps were made.

Grid 1 Collection and Parameters

 A grid of maximum extent of 68 x 51 meters was laid out over the site (Figure 10) in an L-shape in order to avoid a raised terrace in the southeast portion of the study area.  A total of 103 transects of reflection data were collected in an east-west direction with a line separation of 50 centimeters.  The survey area was relatively flat, but surface obstacles such as test pits and large rocks necessitated that some transects vary in length from a minimum of 13 meters to a maximum of 68 meters.  This grid was called “Grid 1,” and was useful for viewing the site on a small scale so that the overall architectural layout of the area could be mapped.

One portion of the grid contained a large pile of miscellaneous stones excavated from the Great Temple site and stored in the “Lower Market”.  As this pile was too large to move in a short period of time, it was left within the grid.  The pile was such a large obstacle that the antennas were moved around and over it during data collection, creating a series of high amplitude multiple reflections from the modern ground surface that are easily recognizable in all the maps and can be ignored.  The remainder of the grid was flat, and all large movable surface stones were removed prior to data collection.


Grid 1 transects were collected in an east-west direction, with the 0,0 datum of the grid located in the southwestern corner (Figure 10).  During the collection of GPR reflections a 40 nanosecond (ns) time window was used.  This is the time elapsed between when radar pulses are generated at the surface, travel to depth, reflected off buried interfaces and finally are recorded again back at the surface.  Our initial (erroneous) velocity tests indicated that a 40 ns window would allow data collection to about 3.5-4.5 meters depth, with an average velocity of about 18 cm/ns.  Only later, after a number of archaeological features visible in the GPR data had been excavated, was it determined that our maximum energy penetration was only about half that, or 2.5 meters.  Fortunately that depth was enough to image all of the buried features we were interested in.

Grid 1 Processing into Amplitude Slice-maps

Although reflection data in Grid 1 were immediately visible in the field on the computer screen, there were so many buried features that it was difficult to keep track of most of them.  In order to make meaningful maps of the grid as a whole, all reflection transects were imported to an amplitude analysis program that would produce horizontal slice maps of the data (Conyers and Goodman, 1997: 149).  Each slice was approximately 25 cm in thickness (although at the time, with the incorrect velocities we thought each was about 45 to 50 cm in thickness) (Figures 17-22).

While individual slice maps are useful in the field, it is sometimes difficult for the human eye to interpret the various reflections in one map, and most importantly how they vary with depth.  The vertical relationships between the slice maps can be made much more apparent when animated and manipulated on the computer.  This was done by creating 45 individual slices, each about 2 nanoseconds in thickness and each of which overlaps the slices above and below by 1 nanosecond to create a moving average of all reflections downward in the ground.  When this was done many more buried features were immediately visible and their three-dimensional geometry could be imagined.  In particular, a very pronounced structure in the northern portion of the grid virtually came to life and appeared to have standing walls or possibly columns.  This was chosen for more detailed study in GPR Grid 2 (Figure 23).

Grid 2 Placement, Collection and Acquisition Parameters
To produce a very detailed set of maps of this northern structure a second grid of data (Grid 2) was acquired over it the next day (Figure 10), using the same equipment, but opening the time window to only 20 nanoseconds, and collecting transects 25 cm apart instead of 50 cm (as in Grid 1).  The closer line spacing allowed for finer horizontal resolution while the smaller time window allowed for greater vertical resolution.  Since we knew from Grid 1 that the features under investigation were mostly aligned with the cardinal directions, Grid 2 was set up along a northwest to southeast trend.  It was oriented in this manner in order to take out any bias in the data related to the direction the antennas were moved, giving us confidence that the linear features detected were from the structure’s walls and not a product of antenna movement.  A total of 81 profiles were collected for the 18 x 20 meter grid, which was processed in the same manner as Grid 1 including the production of amplitude slice maps for viewing in the field, as well as animation sequences. 

Grid 2 Processing into amplitude Slice-maps

The animation of Grid 2 (Figure 24) showed a very distinct rectangular structure 8 meters by 11 meters in dimension.  The walls of the structure were visible in each reflection profile as distinct hyperbolic reflections (Figure 25).  Other reflections that appeared to represent stratigraphic layers were also visible in the profiles adjacent to the walls of the building, which we hypothesized could be buried soil horizons (Figure 25).

GPR Maps used as Basis for Placement of Excavations

The slice maps of both GPR grids, and interpretations of the individual profiles were used to plan excavations at the Lower Market Site. After only three days of data collection, processing, and interpretation, test locations for excavations were chosen (Figure 26).  Using printed color images of time slices and viewing moving images of the GPR data, it was easy to construct a map of the location of more prominent archaeological features buried in the ground.   This made it easy to plan excavations in areas where the most information could be obtained while leaving other parts of the site buried and preserved for later study.

Trenches 2 and 5 were placed to test large walls and platforms visible in the GPR profiles and slice maps of Grid 1.   Trenches 6 and 8 were positioned to encounter both the walls of the northern structure visible in Grid 2 (Figure 27), as well as the high amplitude stratigraphic reflections outside the walls of the building that were hoped could yield evidence of garden layers.  Excavation of these, and other trenches located outside the GPR grids took the remainder of the month of July and the first week of August 2001.  

Why GPR Data needs to be processed
The typical GPR reflection profile produces a two-dimensional image of a vertical slice through the ground that can represent buried architectural features, and layers of sediment and soil that are the matrix of an archaeological site (Conyers and Goodman 1987: 29).  Although these profiles are extremely useful in a raw format (as they are acquired in “real time” in the field), re-processing is usually necessary to clean up the data for more definitive interpretations, and to remove portions of the data that are not “real”.  This can be helpful in producing images that are more “crisp” than those produced from typical raw reflection data.

Background Removal 

Most raw GPR profiles contain an abundance of horizontal lines that are caused by several factors (Conyers and Goodman 1987: 77).  Those near the top of the profiles (collected in the first few nanoseconds of the time window) are caused by antenna ringing as well as the recording of the initial radar pulse as the antenna attempts to couple the radar energy with the ground.  These processes usually occur at the same times throughout the data collection and therefore the noise occurs as horizontal bands in the upper portion of the profile.  There is often additional horizontal banding that occurs throughout the records (Figure 28) because of system noise inherent in all GPR devices, and background noise within the range of the GPR antenna that comes from FM radio, TV and cellular phone signals.  All these devices send and record communications within the spectrum of the 400 MHz antenna we were using at Petra.  To our surprise we found out that most of the local Bedouins now have cellular phones.  Although Petra is situated in a remote area, cellular phone and other electromagnetic transmissions created significant background noise recorded by the 400 MHz antenna.

The easiest way to remove the background noise and horizontal banding that obscure many important reflections from the subsurface is to have the computer add up all the reflections in each transect that occur at the same time and divide by the total number of reflection traces in each line.  This simple arithmetic calculation produces an average waveform for each profile that is the noise, occurring as horizontal bands.  When it is subtracted from each reflection trace in each line, only the reflections from within the ground that are non-horizontal remain (Figure 29).  This was done for each of the lines in all grids as a matter of course before doing amplitude analysis or producing two-dimensional reflection profiles.

Point Source Hyperbola Tail Removal
Other common parts of most GPR profiles that tend to obscure and blur reflections are “point source hyperbolas” (Conyers and Goodman 1987).  These are generated from large buried rocks, void spaces or the tops of standing walls.  They were common in most of the profiles acquired at Petra when the antenna crossed buried walls.  

Often the presence of hyperbolas can be a useful tool for finding walls, but because the hyperbola tails tend to spread outward with depth, they often distort the slice maps at lower depths.  To remove the tails of the hyperbolas another processing step was applied to all data, which removed any high angle reflections from the profiles (Figure 30).  As a result only the high amplitude reflections at the apex of each hyperbola—such as those generated from the tops of the walls or from between courses of stone—were preserved in the data.  When this was done the horizontal slice maps produced from the reflection amplitudes are much more representative of the tops and corners of walls (Figure 31).

Production of Rendered Images of Processed Reflections

The amplitude slice maps produced in the field the evening after the data were collected were then re-generated from profiles that had been cleaned up by removing the background noise and the high angle tails of the hyperbolas.  In addition, the data from Grid 2 over the northern structure were processed in a data rendering program, to produce a three-dimensional isosurface of the location of all high amplitude reflections (Figure 32).  This program assigns colors to a chosen range of amplitudes within a three-dimensional cube of reflections data, and allows the user to shade, rotate, and create shadows from “artificial sunlight” on the resulting renderings.  When this was done for the northern structure, using only the amplitudes from between 50 cm and 1.3 meters in the ground, the walls and individual courses of stone were visible.  Although the resulting isosurface image appears to delineate the buried building itself it must be remembered that it is only an image of the high amplitudes of radar reflections in the ground, most of which were generated from the buried architecture, but some of which probably come from other buried materials that will remain unknown without excavating the entire feature.

Correlation of Excavated Features and Stratigraphy to GPR maps and profiles
In order to test the accuracy of the GPR maps and images, and more importantly to study the features discovered by GPR, trenches were opened to investigate Grids 1 and 2.  During the acquisition of the reflection data in Grid 1 two features were immediately apparent on the computer screen by viewing the un-processed profiles.  Both appeared as large piles of rocks, with each stone generating a distinct hyperbolic reflection.  The tops of these concentrations of stones were near the ground surface and they appeared to be bounded on the west by a distinct discontinuity, such as a wall.  They were so distinct on the computer screen that we were able to place pin flags in the ground along the edges of the features as the antennas were moved perpendicular to them.  Subsurface testing of these features began almost immediately (Figure 33). 

File 11 in Grid 1 is an east-west profile collected 5 meters north of the datum (Figure 2).  On the east side of the profile the large concentration of stones is visible as many high amplitude reflections shown as black and white bands (Figure 34).  These black and white bands are created by positive and negative deflections of the radar waves produced from reflecting off the buried rocks.  A thick pile of stones is indicated below the top of the platform, as the reflections occur to at least 2 meters depth.   The top of the platform is located at about 40 cm depth, with a distinct “step” or lower platform just to the west, which drops down to about 1 meter below the ground surface (Figure 34).  On the western margin of the feature two reflection hyperbolas are visible at 14 meters distance along the profile.  These were produced from stones within the western bounding wall of the stone feature.  To the west of the boundary wall the reflection profile indicates little in the way of material that would generate reflections (Figure 34).  

When this feature was excavated in Trench 5 it was found to be a flat-topped stone platform with a distinct western wall of ashlar blocks in exactly the position indicated by the reflection hyperbolas at 14 meters (Figure 35).  To the west of the platform only wind-blown sand and sheet wash sediment was found, in the area where the GPR profile indicated little energy reflection.  The interior of the platform is filled with rubble, as indicated by the numerous indistinct reflections in the GPR profile below the top (Figure 34).  Some stones exposed on the top of the platform are indicative of stone fill (Figure 34).  The masonry and construction of the platform indicate it’s date as Nabataean-Roman (1st to 2nd Century CE), but its function remains in question.  Stone conduits emerging from a nearby water tank associated with the monumental pool lead directly underneath the stone platform suggesting that its function is related to water and it may be part of a basin or fountain (Figure 9).  The water was presumably used to irrigate a garden that occupied portions of the earthen terrace of the “Lower Market” (Grid 1) during the Nabataean-Roman Period.  It is likely that the open area to the west of the platform visible in the slice-maps (Figures 18,19) represents a small portion of that garden.

A second feature was visible in many reflection profiles about 21 meters north of the southern boundary of Grid 1(Figure 36).  This feature appeared to be a series of walls, with a distinct western margin at approximately 26 meters distance along File 43, similar to the edge of the platform exposed in Trench 5 (Figure 35).  The walls are visible as very pronounced reflection hyperbolas (Figure 37).  At first it was difficult to understand why three walls would have been constructed, parallel to each other, within a 6-meters space (from 24-30 meters along profile 43). 

Trench 2 was opened to investigate this feature, and exposed the top of another platform, similar to that uncovered in Trench 5 (Figure 38).  The platform was constructed with a rubble fill faced on all four sides with ashlar blocks.  In the middle of the platform was a large hole where the stones appeared to have been robbed out; perhaps for reuse elsewhere after the platform went into desuetude.  The hole was then filled with wind blown sand.  The lack of stones in the middle of the platform, and the raised wall on the east side of the platform makes it appear on the GPR reflection profile that there are 3 distinct walls on the reflection profile (Figure 39).  Correlation of the GPR reflections to the excavation data however shows that the reflection hyperbolas were generated at the top of the western wall, the boundary between the platform and the hole in the platform, and the platform’s western face.  As with the platform in trench 5, the masonry and construction are consistent with the Nabataean-Roman period.  A small basin resting along its southern face suggests a hydraulic function, but no associated channels or pipelines have been uncovered to date.

The northern structure first discovered in Grid 1, and further defined by the more densely sampled data in Grid 2 was of particular interest because it appeared in the GPR data as a rectangular stone outline within a partially open interior space, unlike the solid stone construction of the two platforms (Figure 24).  Also of interest was the regularly spaced gaps around three sides of the feature that gave the impression of colonnades.  The presence of a structure with peripheral colonnades, such as a pavilion, kisok, or shrine, could be anticipated in a garden setting where visibility of the surrounding gardens would be of primary importance.  The location of this structure at the northern edge of the terrace, directly opposite from the pool’s island-pavilion and overlooking the colonnaded street to the north, suggested that this structure was an important focal point of the garden and the activities that occurred within it.

In the GPR profiles, amplitude slice-maps and renderings, it appeared that the structure had a more substantial north wall than the other walls, which was underlain by a linear feature that was hypothesized to be a water pipe or channel, perhaps of early Nabataean age (Figure 24).  Line 54 crossed the structure’s north and east walls at oblique angles (Figure 40).  To the south of the structure distinct reflections were visible between about 1.0 and 1.5 meters depth, at a level that would be consistent with agricultural soil layers in this portion of the site (Figure 25).

Trench 6 was placed along the southeastern corner of the structure in a location that would test the origin of these strong stratigraphic reflections south of the building (Figure 27).  In this trench, what was designated “Corner A” in the GPR maps, was readily visible in the excavations (Figure 41).  An extension of the wall was also uncovered, projecting the east wall of the building farther to the south.  Upon further analysis of the amplitude slice-maps, this wall extension was also visible, at the southern edge of Grid 2 at meter 10.  The purpose of this wall extension is currently unknown but it may be clarified with continued excavations.

Two stratigraphic layers south of the structure visible in Line 54 (Figure 25) were found to have characteristics consistent with cultivated soils including mottling and a high content of charcoal bits and pottery sherds.  The two cultivated soil strata are each likely candidates for the garden surface of the Classical period.  Future excavations will involve large horizontal exposure of each of these strata in the hopes of determining their relative relationship to the architecture, and to search for subtle, non-built features such as tree pits, root cavities, and earthen irrigation channels that may not be easily detected with the GPR data collected so far.

Trench 8 was located along the northwest corner of the northern structure on what was called “Corner B” in the amplitude slice-maps (Figure 27).  This trench was positioned to test the structure walls as well as the distinct stratigraphic layer at 1.5 meters to the north of the building.  It was hoped that this layer might also be agricultural in origin and yield information about the ancient gardens in this area of the site.  Trench 8 uncovered the northwest corner of the building in exactly the location indicated by the GPR maps (Figure 42). 

Summary of Successes and Surprises in Using GPR to Plan Excavations

In summary, the GPR profiles and amplitude slice-maps and renderings were an excellent tool for mapping both subsurface features and stratigraphic interfaces of interest.  All 5 excavations that were planned using GPR data found architecture or sedimentary and soil layers almost exactly where they were predicted.  There were a few surprises however.  The most important was that excavations encountered the tops of the stone architecture at a much shallower depth than predicted by the field-generated GPR maps.  This was because our initial velocity tests had imaged the iron bar in an area that contained very dry sediment, and gave us an erroneously high velocity reading, which was used to convert all reflections in the grids to true depth.  This made the features in our maps and profiles appear deeper than they really were.  Once the tops of the features measured after excavation were compared to the reflections in the GPR sections, new velocities were calculated, and all data were re-processed to the correct depth. 

We were also confused by what appeared to be the 3 walls in the GPR profiles over the feature in Trench 2 (Figure 39).  These GPR reflections were later shown to have been created by a hole within the platform (Figure 38), elevating portions of the platform top so that they appeared in GPR profiles to be walls, which would normally be visible as reflection hyperbolas.

The extension of the east wall along the southeast corner of the northern structure (Corner A) was also unexpected because Grid 2 was not large enough to cover the southern end of this feature (Figure 27).  Once it was exposed in the trench, it was immediately recognizable in the amplitude slice maps of Grid 2.

The Importance of GPR For Reconnaissance mapping

The use of GPR to produce a series of preliminary maps and images of buried remains at an archaeological site can quickly and accurately determine the location and depth of many large features.  At Petra we were immediately able to recognize platforms, platform walls, buildings and “open areas” where there were no significant structures.  This was done by producing amplitude slice-maps (Figures17-22) that would produce a spatial representation of all high amplitude reflections that were produced from the interfaces of building stone and the site matrix, which was wind blown sand and sheet wash sediment. In addition, a closer analysis of the individual reflection profiles  (Figures 25,34,39) both confirmed the presence of features mapped in the horizontal slice-maps, as well as identified stratigraphic horizons in the open areas that could be buried soils.

Video images of the slice-maps that could show changes with depth were particularly helpful in visualizing the buried features (Figure 23).  Since these maps and the transect profiles were produced the day after the data were collected, they could be used to plan future GPR data collection as well as excavations that could begin the next day.  In this way GPR and standard excavations were integrated in a very time efficient manner.

High Resolution GPR Maps Over Areas of Importance

The small scale amplitude slice-maps and video images (Figure 23) allowed us to define areas of importance for more high-resolution GPR data collection (Figure 10).  Grid 2 was collected over the northern structure with twice the number of transects per unit area, and a greater vertical resolution of the reflected wave forms.  A transect spacing of 25 cm, instead of the standard 50 cm used in Grid 1, was time consuming, but produced much more detailed maps and profiles of the northern structure (Figure 24).   These allowed the corners of the building to be accurately mapped, and excavations were then located precisely in those locations (Figure 40).  The reflection profiles from Grid 2 were also helpful in defining individual stratigraphic layers (Figure 25), which when excavated, were found to be organic rich layers related to the ancient gardens at the site. Future mapping of these horizons using the GPR reflection profiles will provide useful maps about the extent and nature of this and other buried soil layers at the site.

Data Re-processing and Visual Image Production for Overall Site Evaluation

In order to make maps and images of the subsurface that were more “crisp” and therefore a more accurate representation of buried remains that produced the GPR reflections, all data were processed and then re-mapped after returning from the field (Figure 31).  These processing steps included first removing the horizontal background noise common in all reflection profiles (Figure 29), which allowed most non-horizontal reflections, no matter how subtle, to be visible.  The abundance of walls and individual stones at the site, which produced point-source hyperbolic reflections necessitated a second processing step that removed the “tails” of the hyperbolas (Figure 30), leaving only the high amplitude reflections at the apex of the hyperbolas, where the reflected energy originated.  This removed the deeper high amplitude reflections from the slice-maps generated by the hyperbola tails, which were not “real.”

These processing steps effectively “cleaned up” the reflections data so that amplitude slice-maps (Figure 31) and rendered three-dimensional of the features more accurately represented the buried remains.  This was a particularly important step at Petra because of the abundance of buried architecture that produced a plethora of reflections, which were hard for both the human eye visually discriminate from random noise, and made the computer-generated maps busy and equally hard to interpret.

GPR as a Tool for Prediction and Correlation

Our work at Petra has dramatically shown how GPR mapping can quickly and accurately make maps of large areas of a site containing many buried features.  Our Grid 1 at Petra discovered many buried structures and other architectural features, which were confirmed by excavations.  Most importantly, the information from the excavations could then be correlated with the GPR maps and profiles to project from the very small areas that had been uncovered, into areas of the site that remain buried, and will probably always be hidden from human eyes.  In this way GPR can be used both as an exploratory tool, but also as a tool to extrapolate from the known into the unknown, allowing inclusive spatial studies of a site.  GPR and standard excavation techniques used in tandem can potentially produce site maps in a way that would take many months or even years of excavation to produce the same product. 

Future Possibilities for GPR Mapping and Integration into Standard Archaeological Excavation Strategies

In the future we envision archaeologists using geophysical techniques such as ground-penetrating radar as a standard tool for reconnaissance mapping prior to excavation.  If useful maps are produced of buried features and stratigraphic interfaces of interest first, excavations can be placed in areas where specific archaeological questions can be answered with a minimum of excavation.  More detailed geophysical maps can then be produced over smaller areas of interest to produce higher quality images.  Once excavation data are available, and data from the uncovered remains are correlated to the maps and profiles, the geophysical maps can then be used to plan future excavations to answer new questions, or accurately map features that will never be uncovered.


Investigation of the “Lower Market” site at Petra has only just begun and will continue for many years to come.  In the approaching field seasons we will search for more clues to the functions of the platforms uncovered in Trenches 2 and 5.  The platform found in Trench 5 (Figure 35) is thought to have some hydraulic function because water conduits were found running beneath it (Figure 9), but its exact purpose is still unclear.  The platform found in Trench 2 (Figure 38) was similar in masonry and construction to the first platform but does not appear to have water conduits running below it.  What could the function of these platforms be?  Further exploration of the site with both GPR and excavations will attempt to answer this question.


The function of the extension of “Corner A” of the northern structure (Figure 41) is also still in question as well as the extent of the buried soils found south of this structure.  Is this extension of “Corner A” some sort of wall that leads toward a garden?  If there is a garden, as suggested by the buried soil horizons (Figure 25), how does it relate to the architecture of the site?  What other more subtle features might lay within these soil layers?  Some of these questions could be answered with further GPR mapping and subsurface testing.  Perhaps another small grid with similar parameters as Grid 2 will be placed over this garden area in attempt to find more subtle features such as tree pits, root cavities, and earth irrigation channels.  In addition, a higher frequency antenna could be employed for greater resolution of subtle features.  Numerous additional walls, structures, possible platforms and basins are visible in the GPR data.  In fact, there are enough interesting and important features already mapped that it would take many years of continuous excavation and analysis to fully understand them all.  While a program of this sort is clearly impossible at this time, selected subsurface testing, with correlation to additional high resolution GPR data could exponentially increase our understanding of this clearly important site at Petra.
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