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Abstract 
Within the archaeological record ‘mounds’ are often ubiquitous. They are 

common in many ancient cultures, and they vary in size, construction 

techniques and use. This research is focused upon optimizing the use of remote 

sensing for the non-invasive study of mounds both in the United States and the 

United Kingdom.  

This thesis presents three representative earthen mound sites and proposes a 

comprehensive and modular survey methodology to guide the planning and 

execution of a mound survey tailored to the unique requirements presented by 

the cultural resource at a particular location. In doing so, the research has 

provided optimized approaches to high resolution three-dimensional 

topographic models using a variety of digital methods. These models have been 

shown to accurately capture the variability of the modern ground surface, which 

is of vital importance to the management of the mounds. Furthermore, these 

models have proved vital for integrating geophysical methods into the holistic 

workspace, thereby providing a better archaeological understanding of the 

below ground remains.  

Every mound surveyed presented different challenges, and therefore had to be 

approached in a slightly different way. However, the general methodology was 

highly effective for both characterizing below-ground archaeological and natural 

anomalies, and for assessing the state of preservation of all mounds surveyed. 

As a result, a flowchart has been generated for non-invasive assessment of 



ii 
 

mounds in general.  If followed, this will allow the production of a “snapshot” of 

the mound or mound group at a fixed point in time with the resolution necessary 

to produce useful and insightful interpretation.  

While this research focuses on the application of geophysical and topographic 

survey in the United Kingdom and United States to a mound or mound group, 

this methodology and the associated outcomes can be valuable more globally 

not only for archaeology, but also heritage management.   
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Glossary of Terms 
Adena 

The Adena were a culture native to the middle Ohio Valley, and lived from 

approximately 1000 to 100 BCE, during the early Woodland period. Their name 

is derived from another burial mound in Chillicothe, Ohio which was named 

“Adena”, a Hebrew name, by the landowner Thomas Worthington.  

Anglo-Saxon 

Anglo-Saxons were a culture living in the United Kingdom from roughly 400 to 

1000 AD. They were comprised of disparate of groups of people who shared a 

common material culture, including unique grave goods and burial practices. 

Credited with the establishment of the Kingdom of England. 

Digital Elevation Model (DEM) 

A generic term for a topographic surface which exists as a raster of height 

values, including both digital surface models and digital terrain models.  

Digital Surface Model (DSM) 

A topographic raster which retains height values from objects (including 

vegetation and buildings). 

Digital Terrain Model (DTM) 

A topographic raster which excludes height values from objects (including 

vegetation and buildings). 

Earth Resistivity Tomography (ERT) 

A variation on the more traditional earth resistance surveys, ERT is the 

collection of a number of electrical profiles over an area, with continuously 

increasing electrode spacing or as a series of electrical soundings along a line 

(Papadopoulos et al. 2006). Capable of two-dimensional and three-dimensional 

resistivity measurements, ERT, while a relatively slow survey technique, 

measures all possible electrode configurations (Schmidt 2013) and is capable of 

a greater depth of investigation than more traditional earth resistance 

measurements with very little loss of resolution. 

Electro-magnetic Induction (EMI) 

An active geophysical survey technique which can measure both the magnetic 

susceptibility and the electrical component (conductivity) of the soil utilizing a 
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transmitter and receiver coil. The transmitter coil generates an alternating 

magnetic field which induces an electrical current in the ground, these currents 

also produce a secondary magnetic field which is recorded by the receiver coil 

(Gaffney and Gater 2003).  

Global Navigation Satellite System (GNSS) 

A generic term for satellite systems, which include GPS, GLONASS, Galileo, 

Beidou and smaller regional constellations.  

Ground Penetrating Radar (GPR) 

An active geophysical survey method where a paired transmitter and receiver 

send pulsed energy into the ground which is returned after being reflected by 

changes in the dielectric properties of the soil and is then recorded as a trace. 

Penetration is a function of frequency of the antenna and the relative dielectric 

permittivity of the soil (Conyers and Goodman 1997). 

Inversion 

Inversion is the process of calculating from observations, the factors which 

caused them. Earth Resistivity Tomography data is commonly inverted to derive 

the soil properties/ geometry likely to have caused the distribution of recorded 

values in a given pseudo section. 

Micro-topography 

Microtopography describes topographic surface variation ranging in scale from 

approximately 1 cm to 1m (Bledsoe and Shear 2000). Techniques such as 

photogrammetry, LiDAR, and terrestrial laser scanning often produce 

microtopographic datasets.   

Light detection and ranging (LiDAR) 

LiDAR is the use of light to image the ground, though in some cases specialized 

LiDAR systems may be used to measure objects, clouds, or chemical 

compounds. The LiDAR collected over the ground typically generates an image 

from a combination time-of-flight measurements and a spinning mirror which 

redirects the laser to image a swath of the ground beneath the sensor.  

Orthorectification 

Orthorectification is a geometric correction applied to an image which removes 

distortion from topographic relief, lens distortion, and perspective. 
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Photogrammetry 

Digital Photogrammetry refers to the production of a three-dimensional 

distribution of points (point cloud) from two-dimensional digital images through 

the use of a specialized software package. These points are locations which are 

common between photographs and where the spatial location has been 

calculated using a technique called sfm, or structure from motion (Historic 

England, 2017). Output point clouds can then be turned into a surface or “mesh” 

and color or texture data from the photos can be added to the points or draped 

over the mesh. 

Real-time Kinematics (RTK) 

A technique which is used to enhance the horizontal and vertical precision of a 

of spatial data for a paired base station and rover(s) GNSS system. The phase 

shift in the satellite carrier signal is calculated by the base station and 

corrections are then sent to the rover, resulting in sub-centimeter accuracy of 

the rover relative to the base station.  

Real-time Extended (RTX) 

This is a Trimble, Inc. name for the satellite-based corrections services the 

company offers, exclusive to Trimble GNSS systems. In ideal conditions, is 

capable of 2cm horizontal accuracies.  

Zero-Mean traverse, ZMT 

A geophysical processing technique with calculates the mean of all values 

along a given traverse and then subtracts that value from all the values within 

the traverse. The has the effect of centering all the data values along that 

traverse around zero.
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1 An Introduction to Mounds and Heritage Management 
1.1 In this Chapter 
In order to understand the context for the research conducted and the purpose 

for both the aim and objectives, one must understand mounds and the many 

forms they can take. This chapter serves the important role of explaining what is 

meant by “mound” and “heritage management” within the context of this thesis. 

Mounds exist all over the world, but as the research in this thesis is concerned 

only with certain regions, this chapter dives into the various types which are 

likely to be encountered in a European and North American setting. This 

chapter addresses the history of mound excavation and documentation, as well 

as the types of features likely to be present within mounds.  

1.2 Geophysics and Mounds 
Mounds dot the landscapes of nearly every continent, and in many cases, are 

under threat from modern development and the forces of time. These inherently 

enigmatic monuments have attracted the attention of antiquarians and 

archaeologists for generations. As a result, a variety of methodologies have 

been adapted to mound investigation. Documented mound survey stretches 

back to the late 19th century, though it is often hampered by crude or antiquarian 

methodology (Grinsell 1975) resulting in little more than articulate and thorough 

descriptions of grave robbing at the expense of scientific context. (Atwater 

1820; Gage 1834; Gage 1836; Gage 1840; Gage 1842; Squier and Davis 1848; 

Moorehead 1889; Thomas 1894; Moorehead 1899; Fowke 1902; Brocklebank 

1912; Shetrone 1926). Many early examples of mound exploration (e.g. Atwater 

1820, Moorehead 1889, Squier and Davis 1848) relied on a large unskilled 

workforce with a focus on material goods rather than context. The British 

museum has a number of exhibits, such as the Sutton Hoo exhibit and the 

Edwin Davis collection, which showcase the material goods recovered during 

this era of mound exploration; a collection of beautiful artifacts which captivate 

visitors but retain little or no archaeological provenance.  These early examples 

of mound excavation, while interesting for their own historical significance, are 

only useful in a broad sense and may even be an unreliable source of data, 

containing outdated or incomplete interpretation (Burks 2014). Contemporary 

examples of mound excavation (e.g. Gansum 2016, Ramqvist 2015, Thom 

1994) rarely involve excavation on an antiquarian scale, due in large part to the 
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changing nature of archaeological protections and the increased time and cost 

associated with excavation at the scale necessary to investigate mounds (Forte 

and Pipan 2008). Further, excavation is inherently destructive (De Reu et al. 

2013), an action which cannot be repeated and as the number of intact mounds 

is dwindling, efforts must be made to preserve those that remain. Additionally, 

excavation is reliant on the skill and technique of the field crew to identify, 

document, and interpret the exposed archaeology. A poorly executed 

excavation irreparably damages any possibility of further research. As a result, 

the bulk of contemporary mound investigation is carried out through 

archaeological prospection which is both non-destructive and repeatable. Yet 

even with modern survey techniques, the vast majority of mound investigations 

produce a single two-dimensional dataset and a low resolution topographic map 

(Astin et al. 2007). 

1.3 Heritage and Management  
Heritage assets as identified in the National Planning Policy framework can take 

many forms, “building, monument, site, place, area, or landscape” (National 

Planning Policy Framework 2012). Within England, the heritage categories 

which have been designated are as follows: world heritage sites, scheduled 

monuments, listed buildings, protected wreck sites, registered parks and 

gardens, registered battlefields, and conservation areas. Specific categories 

vary by country but are generally consistent with the divisions defined by 

Historic England. Mounds and their surrounding context may fall within several 

designated categories, due to historic/ contemporary land use which is entirely 

independent of the mound itself.  

Appropriate and well executed heritage asset management can have a variety 

of knock-on community benefits beyond simple preservation. Heritage assets 

provide a sense of place for a community and help them showcase what makes 

them distinct. From a commercial standpoint, management of heritage assets is 

not simply about the preservation of a resource, but also optimizing the 

utilization of those assets for service benefits and financial return (NPS-Group 

2016). Well-managed heritage sites attract tourists, who not only bring an influx 

of wealth, but also provide opportunities and incentives for more research, 

interpretation, and public education.   
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Due to the dynamic nature of mounds, the importance of accurate high-

resolution data for heritage management cannot be stressed enough. The 

largely earthen structures are particularly prone to weathering (Lindauer and 

Blitz 1997), and with often limited records of internal mound structure, modern 

and historic disturbances, and damage from previous excavations, the 

preservation and management of these monuments can be challenging. 

Through a high resolution multi-methodological survey, mounds may be better 

understood and more easily preserved. 

1.4 Types of Mounds 
There are many names and categories of mounds which, to the uninitiated, can 

be daunting. However, in its simplest form a mound is a packed earth cultural 

feature which is widest at its bottom and narrowest at its top (Figure 1). The 

term “mound” is often generically attributed to earthen structures which may 

have been built for a number of functions and is occasionally used 

interchangeably with the terms “Tumulus” and “Barrow”. They may additionally 

be referred to as “hows”, “houes”, “haws”, “howes”, “low”, “tump”, “burrow”, 

“borough”, “burgh”, “hill”, “toot”, “knoll”, “cop”, or “butt” dependent on the region 

the mound is located in. Mounds can be flat topped, domed, pyramidal, 

elongated, bell, bowl, disc, pond, square, or stepped depending on culture or 

intended function, with near infinite variation within those basic shapes 

(Woodward 2000). There are additionally several variety of mound-like 

structures, such as the settlement mounds/ tells which are formed through 

continuous construction and destruction phases which accumulate into large 

earthen mounds or long periods of time. Additionally, effigy mounds which while 

earthen, are often more akin to an earthwork, forming the shape of an animal, 

person, or object on a monumental scale. The kofun are among the largest 

earthen funerary structures ever built, and while similar in shape to a conical 

burial mound/ tumulus, are differentiated by the distinct keyhole shape of their 

construction. Several earth funerary pyramidal/earthen mound structures have 

been documented in both China and South/ Central America constructed of 

earth and either a stone or brick substructure.  

Though mounds of all shapes sizes and categories exist around the world, the 

focus of both this chapter, and the larger thesis, is on those mounds which exist 

in England and North America. This is not to say that this work could not be, at 
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least partially, applicable to mound types which have been excluded from this 

section. 

 

Figure 1 - Marietta Mound: an example of a North American Conical Burial Mound (Squier and Davis 1848). 

 

1.4.1 Burial Mounds 

A funerary structure, examples include the barrow/tumulus and consists of 

mounded earth and stone over a tomb containing one or more human remains 

(Figure 2). There are a variety of types, which correspond with differences in 

culture, chronology, form, and location. Tumuli, latin for "swelling of earth, or 

mound", as a monument category is typically used interchangeably with barrow. 

These funerary structures often contain human remains in a stone or brick tomb 

(Figure 3). In many instances, before the tumulus was constructed a pit was 

dug which incorporated an earthen ramp, used for the transport of construction 

material. This pit and ramp were left intact and then covered by earth to form 

the shape of a mound. It is similarly not uncommon for a single monument to 

represent the culmination of numerous burials and modifications over time.  
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Figure 2 - Bartlow Hills Barrow: an example of a tumulus mound in the United Kingdom (Brocklebank 1912). 

 

 

 

Figure 3 - Cnoc-maraidhe: and example of a stone funerary structure found in some mound types (Thompson et 
al. 1838). 

 

 

1.4.2 Cairn and Stone Heaps  

A mound composed almost entirely of stone (Grinsell 1975), this category can 

range from small rock piles to large stone mounds. Larger examples may 
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contain a burial while the smaller forms were frequently used to mark route 

ways (Squier and Davis 1848).  

 

 

 
Figure 4 - Sidrean Na Feine: an example of a cairn from Ireland (Westropp 1921). 

 

1.4.3 Settlement Mounds/ Tells 

These mounds are the result of periods of prolonged settlement. Typically 

formed of stratified cultural material from the continuous occupation of the same 

location. Often composed of collapsed building materials and refuse, many of 

these mound types take the form of a flat-topped conical mound and can be as 

large as 30 meters in height (Soltysaik 2008). Examples, such as Old Scatness, 

represent over two millennia of settlement (Dockrill and Bond 2014), making 

these monuments among the most complex of any mound type in composition.  

1.4.4 Cenotaph Barrow 

Some barrows/ mounds may contain no primary burial, which is termed a 

“cenotaph barrow”, and may indicate that the mound was erected to 

commemorate remains which were not available for burial (Woodward 2000). 
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1.5 Types of features likely to be present within mounds. 

1.5.1 Layered earth 

Most mounds are not homogenous soil. They are instead built from overlapping 

layers of earth or sod. If the mound has been repaired or re-purposed the 

layering can be extremely complex and subtle (Hemmings 1984). 

1.5.2 Wooden mortuary enclosure 

Located within the base of a mound, these are typically boxes of rough-hewn 

logs containing the remains of one or more individuals (Squier and Davis, 

1865). Examples of this feature type exist in both North American and European 

contexts. The collapse of this feature can cause an indentation at the top of the 

mound. 

1.5.3 Ship Burial 

Similar in nature to wooden mortuary enclosures, features of this type typically 

involve the digging of a trough into which a ship is placed, human remains are 

then deposited within a cavity central to the ship with or without grave goods. 

The ship and its contents are then completely covered with earth (Carver 2005). 

1.5.4 Stone mortuary enclosure 

This feature type is a finished stone tomb or a pile of large stones either 

beneath human remains or covering them. Often this enclosure will be located 

at the base of the mound, or below the original ground surface of the mound. 

Tombs in particular are typically positioned out of alignment with the center of 

the mound in an effort to thwart grave robbers (Tsokas et al. 1995). 

1.5.5 Pit 

In the construction of some types of mounds a pit was dug into the subsoil prior 

to the mound construction (Tsokas et al. 1995). This may additionally have had 

a mortuary structure constructed within it or be a pit inhumation. 

1.5.6 Burn pits 

Some mound surfaces may have burn pits of varying sizes (Kassabaum et al. 

2014). These pits are typically associated with ritualistic ceremony. They can be 

useful in distinguishing occupational surfaces on more complex mounds. 
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1.5.7 Clay Platform or Basin 

This feature is typically associated with Adena and Hopewell burial mounds and 

consists of one or more individuals placed on a clay capped platform or basin 

on the mound which is then covered with earth (Kassabaum et al. 2014). 

1.5.8 Structures  

Evidence of wooden structures is not uncommon on North American mounds 

(Kassabaum et al. 2014). They have often been burned ceremoniously and may 

be covered by later depositions of earth. 

1.5.9 Palimpsest (mound reshaping, differing uses)  

It is not uncommon for mounds originally built by one culture to gain significance 

in another later culture which may establish a new function or shape for the 

mound (e.g., Milner 2004). This can be manifested through expansion, 

flattening, burning events, etc. 

1.5.10 Revetment  

Being primarily earthen structures, mound erosion is not uncommon. To combat 

this, both modern and past cultures have resorted to repairing the sides of 

mounds through the deposition of stones, clay, and soil (Astin 2007). More 

recent revetment often includes plastic or iron mesh. 

1.5.11 Tree Roots 

Many mounds have been covered with trees at some point in their history. Tree 

roots can be enormously destructive to archaeological remains within the 

mound, as well as to the mound itself. 

 

1.6 Case Studies: Omne Trium Perfectum 
Sites were selected to assess the efficacy of the proposed aim and objectives 

and their selection had the following criteria: 

1. There must be at least one previously documented mound on the site. 

2. Equipment and personnel must be able to get on to the site and conduct 

survey. 

3. Use of drones and laser scanning must be permitted on site. 

4. Sites must be accessible\ available to the researcher. 
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5. The sites should represent a spectrum of mounds both in size, number, 

and context. (i.e., having site sites with nearly identical mound types is 

not ideal) 

Based on these criteria there were three sites available for this research which 

satisfied all conditions: Justy Howe Hill in England, Grave Creek Mound in the 

United States, and Sutton Hoo in England. The following (Figure 5) is an image 

displaying the location of each mound site in a global context followed by a 

short description of each and why it was chosen to be part of this thesis.
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Figure 5. Location of each case study site on a map of the world. 
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1.6.1 Grave Creek Mound, USA 

The first site which was selected was Grave Creek Mound in Moundsville, 

West Virginia, USA. The museum overseeing the maintenance of the site, 

the Delf Narona Museum, was interested in learning more about Grave 

Creek Mound and, aside from being on another continent, met all of the 

criteria for a mound site. The conical Adena mound which gives the site its 

name is easily accessed, is not in restricted airspace, and crucially 

represents one of the largest extant mounds in the world. Additionally, the 

mowed grass and parking area meant easy access to both the site and 

mound. The problem of distance from the University of Bradford was solved 

by overlapping part time work in the area which paid all of the expense for 

travel to and from site.  

1.6.2 Sutton Hoo, UK 

The second site selected was the Anglo-Saxon burial site of Sutton Hoo in 

Suffolk, UK. The museum run by the National Trust at Sutton Hoo sought 

the help of the University of Bradford to collect additional geophysical data. 

The mound complex at Sutton Hoo has seen significant archaeological 

investigation over the years, resulting in a patchwork of fully or partially 

excavated mounds. The large variety of mounds on site made Sutton Hoo 

an excellent case study. The roughly 200-mile journey from the University of 

Bradford is very nearly at the limits of what might be considered 

“accessible”, necessitating the need for overnight accommodations near the 

site, driving up not only survey time, but also cost. Use of both drones and 

laser scanning is permitted on site, with the caveat that the site is within the 

restricted air space of the nearby MoD Woodbridge, necessitating a phone 

call to the control tower prior to both laser scanning and UAV flights. 

Personal vehicles could be parked on site, allowing easy access for heavy 

equipment, and while tall, the scrub grass on site did not impede the 

collection of data.  

1.6.3 Just Howe Hill, UK 

The final site chosen was Justy Howe Hill, a conical mound located in North 

Yorkshire 0.5 mi south of the town of Redmire, UK. Larger than the majority 

of the mounds at Sutton Hoo, but smaller than Grave Creek Mound, Justy 

Howe Hill served as a useful “middle” or “average” mound relative to the 
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other sites. Located only 50 miles from the University of Bradford the site 

was ideally located to accommodate surveys which did not require overnight 

accommodations for equipment and crew. The site was maintained by 

grazing sheep, keeping grass relatively short. The site was accessible by an 

unpaved drive which is maintained by Yorkshire water, allowing equipment 

and personnel to access the site without difficulty. The airspace was 

unrestricted, allowing as many UAV flights as necessary as long as the 

sheep were kept away from the takeoff and landing locations. 
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2 Aims and Objectives 
2.1 Aim 
Most contemporary mound survey is conducted in isolation and for research 

purposes only; therefore, the results often do not properly document the 

changing state of the archaeology, or the environment that surrounds it. This 

crucial missing step is of paramount importance for mounds, as they can shift, 

erode, and subside relatively quickly. Documenting them as they change over 

time can help inform how they may change in the future. The aim of this thesis 

is to produce a survey methodology which documents a moment in time for 

several different mounds, both above and below ground. The resulting fully 

three dimensional “snapshot” can be used to guide heritage management, 

energize public engagement, and provide a framework to which additional 

survey data can be easily added.  

2.2 Objectives 

2.2.1 High Resolution above ground 3D datasets.  

Topographic and microtopographic data collection and integration is a common 

technique in archaeological survey. However there has been little work 

incorporating that data into a comprehensive, fully 3D visualization of both the 

geophysical and topographic data. A combination of high-density topographic 

data (from photogrammetry, LiDAR, terrestrial laser scanning, and GNSS) will 

be collected and used to accurately process and visualize the geophysical data. 

2.2.2 Integrate Ground Penetrating Radar and Earth Resistivity Tomography. 

Earth resistivity tomography (ERT) and ground penetrating radar (GPR) are 

complimentary techniques for survey of this type owing to the differing 

properties measured by each technique and the inherently three-dimensional 

nature of the data each collects. These techniques are not uncommon in 

contemporary mound surveys, but usually one or the other is employed – not 

both. However, the two techniques combined is more useful than either 

individually. Both GPR and ERT data can be corrected to take topography into 

account, and both techniques are appropriate for the extreme (for archaeology) 

depths often necessary with mound survey. 
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2.2.3 Establish a direct comparison of techniques based on survey of case 

study mounds.  

The vast majority of contemporary geophysical surveys of mounds focus on a 

single mound or mound group. This makes it challenging to compare the 

efficacy of techniques across mounds, as the equipment and survey strategy 

may be vastly different even if the mounds are similar. To combat this problem, 

a series of comparable datasets on a representative sampling of mounds will be 

collected utilizing the same survey strategy. The resulting data will be integrated 

with pre-existing remote sensing datasets where available. 

 

2.2.4 Create “Snapshot” of Mound and surrounding landscape for heritage 

management.  

A product of the integration of the available data will be a “snapshot” 

representing the current physical state of the mound and an analysis of all data 

collected on site. This will include topographic data, geophysical survey data 

and analysis, and historic records. Heritage management personnel can then 

use and update this “snapshot” to track changes to the mound over time 

(including: accidental damage/ modification, agricultural encroachment, 

modification and maintenance) and add any additional survey or excavation 

data they accrue in the future. 
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3 Literature Review  
3.1 In this Chapter 
This chapter will establish the contemporary geophysical survey methodology, 

against which the survey techniques defined in the objectives will be compared. 

There is a detailed explanation of which techniques have been successful in the 

past and how those surveys have informed contemporary methodology. The 

methodology explored within this chapter lays the groundwork for the 

comparative portion of the Aim of this thesis. Additionally, information about 

legal protection of mounds is provided, divided by nation.  

3.2 Context of Mound Survey 
Archeological prospection is largely concerned with the survey of flat sites or 

landscapes, due in large part to the challenge of topographic correction 

(Aspinall et al. 2008) and the technical limitations of the instruments employed 

(Gaffney and Gater 2003; Schmidt 2009). With the advent of more sophisticated 

instruments coupled with advances in computer processing power, some of 

these legacy problems can be mitigated, and there has been a recent push in 

surveying mounds with both earth resistivity tomography, ground penetrating 

radar, and seismic tomography (Collier et al. 2003; Astin et al. 2007; Casana et 

al. 2008; Forte and Pipan 2008; Berge and Drahor 2011a; Berge and Drahor 

2011b; Bigman and Lanzarone 2014; Henry et al. 2014; Kassabaum et al. 2014; 

Papadopoulos et al. 2014). Nevertheless, the methods and instruments 

employed often vary wildly from one survey to the next (Table 1).  

3.3 Pioneering Geophysical Surveys on Mounds 
The geophysical investigation of mounds has been limited. The earliest work 

was primarily focused on the identification of tombs or cavities often associated 

with mounds, utilizing resistivity profiling (Habberjam 1969, Milizer et al. 1979, 

Katevski 1986, Tsokas and Rocca 1987, Vodenicharov et al. 1989), gravity 

(Fajklewicz et al 1982), magnetometry (Morariu et al. 1989), and seismic 

resonance (Arrowsmith and Rankilor 1981). While mostly successful in the 

identification of large features or contrasts, these surveys often rely on only a 

single technique and lack sufficient resolution to directly inform contemporary 

survey. 
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Those early surveys which have established successful techniques or helped to 

shape contemporary survey methodologies have been highlighted and are 

presented here chronologically. 

3.3.1 1987-1989  

Over the course of three field seasons (1987, 1988, 1989), systematic survey of 

the Cahokia Mounds State Historic Site with two EM systems (Geonics EM31-

D, EM38) was conducted by Dalan et al. (1991), followed by limited excavations 

for ground truthing. Four mounds and the central palisade were surveyed 

specifically to determine the effectiveness of this technique in the assessment 

of archaeological features on a complex site such as Cahokia. Two 

methodologies were employed based on the features being surveyed. Large 

features were surveyed with either a 1 or 2m recording interval at up to a 50m 

transect separation. Smaller features were surveyed at a 0.5 to 1m recording 

interval with between 1m and 9 m transect spacing. Dalan found that EM was 

useful in detecting several types of features, as well as identifying distinct 

differences between leveled mounds. The shortcoming of this particular 

methodology includes use of a single technique with a reliance on traditional 

excavation for ground truthing, as well as the variable survey intervals and 

transect spacings which makes comparative study more challenging. 

3.3.2 1990’s 

Tsokas et al 1995 demonstrated the successful application of seismic refraction 

to generate a three-dimensional model which was then compared with a 

simulated model after excavation. They collected data on a number of mounds 

with the source at the highest point and receivers laid out radially from the 

source. The receiver spacing was between 1m and 1.5m depending on the 

survey. They found that while this technique was ideal for identifying large 

anomalies which could inform and identify candidates for selective excavations, 

the three-dimensional simulation of the data was too computationally intensive 

to be of practical use.  

Among the first successful comprehensive survey with geophysical methods of 

a mound was that of Rathercroghan in 1996 (Fenwick et al.). They employed a 

topographic survey, individual GPR transects, magnetometry, earth resistance, 

and magnetic susceptibility. Earth resistance, magnetometry, and magnetic 

susceptibility data was collected on 10m grids at a 0.5m x 0.5m survey density. 
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This survey set a precedent for both high density data and complementary data 

to be collected. 

 

Figure 6 - An example of the earth resistance data collected by Fenwick et al. in 1996. The data has been plotted 
with the topographic contours overlaid. 

Tonkov published three articles (Tonkov and Katevski 1996; Tonkov 1996a; 

Tonkov 1996b) on geophysical survey of tumuli in 1996. He employed earth 

resistance and magnetometry, focusing on Thracian funerary tumuli. These 

surveys are unique in that they cover a comparatively large number of mounds 

with the same survey methodology. Earth resistance was collected in six radial 

transects intersecting at the center of the mound, utilizing a 1 m electrode 

spacing. One shortcoming of this methodology is variable transect separation 

resulting in loss of resolution at the edges of the mound. The survey 

methodology was mostly successful, though excavation also revealed that the 

data generated a number of false positives.  
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Marshall et al. (1998) followed and improved on the comprehensive 

methodology established by Fenwick et al. (1996) in the survey of a series of 

mounds utilizing magnetic susceptibility, earth resistance, magnetometry, and 

electrical resistivity imaging (ERI). Of particular note is the establishment of a 

standardized methodology to allow for comparative studies between mound 

groups. They proposed 10m grids surveyed at 0.5m x 0.5m density for 

magnetometer, magnetic susceptibility, and earth resistance. Additionally, they 

proposed direct sampling of topsoil (at a 2m interval) in a laboratory and ERI in 

a single transect along the established line of survey. This work also set a 

precedent for exploratory geophysical survey beyond the confines of the mound 

in an effort to identify previously unrecorded archaeology associated with 

mounds. 

3.3.3 Early 2000’s 

The survey of Capo Long Barrow in 2003 by Collier et al. established the use of 

ERT as a primary survey method for mound survey to the exclusion of other 

survey techniques, blaming difficult terrain for the absence of area survey. This 

survey demonstrates the usefulness of ERT when inverted with topographic 

data to reveal mound composition. Utilizing a 25-probe system configured as a 

Wenner array, 48 profiles were collected at 1m electrode separation with the 

majority at a 2 m transect spacing. 

In 2004, Persson and Olofsson demonstrate the use of EM in conjunction with 

magnetometry and topographically corrected GPR on one mound. Using two 

EMI devices with differing receiver separation they were able to collect both 

low-resolution EMI data (EM31) which provided a large base map with an 

estimated maximum 6m depth of investigation, and a smaller, overlapping high-

resolution EMI dataset (EM38) with an estimated maximum 1.5 m depth of 

investigation. The authors relied on a 1 m x 1 m survey density for both the 

high-resolution EMI and magnetometry, while the low-resolution EMI utilized a 5 

m x 5 m survey density. Additionally, 20 parallel transects of GPR data were 

collected at 1 m separation. Though a useful survey with regard to 

demonstrating the use of EMI on mounds, the low survey density resulted in a 

weak interpretation overall. 
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Figure 7 - An example of topographically corrected GPR data by Persson and Olofsson in 2004 with 
interpretation of data overlain. 

Barton and Fenwick (2005) – refining the methodology established by Fenwick 

et al. 1997 – conducted additional survey at the ancient royal site of 

Rathcroghan. They employed magnetometry, magnetic susceptibility, earth 

resistance, and microtopography. The magnetic susceptibility was used as a 

base map and was collected at two different sampling intervals, 0.5 m x 0.5 m 

over the mound and 1 x 0.5 m everywhere else. The magnetometer survey was 

collected at a 0.5 m x 0.5 m survey interval. The earth resistance was collected 

as both a traditional twin-probe at 0.5m probe separation and with a square 

array also at 0.5m separation. They additionally collected topographic data with 

a total station at a 1 m x 1 m density. The survey was successful in identifying a 

number of overlapping anomalies as well as indications of burning at the top of 
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the mound. Most crucial were the significant differences between datasets 

collected via different techniques, which demonstrates the need for a 

comprehensive mound survey methodology. 

 

Table 1 - Table of Published Geophysical Surveys on Mounds showing how the application of various 
techniques has changed over time. Sorted by mound type then by survey year. 

Author  Year Mound 
Type*1 Age Location Soil Type Geophysics*2 Topo 

Dalan 1991 CM 
800-
1,400 
CE 

USA Silt loam/ 
sand/ clay EMI Yes 

Goodman et 
al. 1995 CM 

300- 
400 
CE 

Japan Silt/ clay/ 
stone GPR Yes 

Perrson and 
Olofsson 2004 CM 1000 

BCE Sweden Sand/ silt/ 
gravel 

EMI, GPR, 
Mag Yes 

Astin et al. 2007 CM 
A.D. 
50-
150 

England Chalk rubble ERT Yes 

Goodman et 
al. 2007 CM 

300- 
400 
CE 

Japan Silt/ clay/ 
stone GPR Yes 

Rodrigues et 
al. 2009 CM 

3,235-
1,354 
BCE 

Brazil Shell GPR, EMI Yes 

Santos et al. 2009 CM 4,000 
BCE Brazil Shell EMI Yes 

Bigman and 
Lanzarone 2014 CM 

900- 
1,200 
CE 

USA 

Igneous 
saprolite/ 

sedimentary 
rocks 

GPR No 

Haley 2014 CM 
900- 
1600 
CE 

USA Silt/ daub Mag No 

Henry et al. 2014 CM 

500 
BCE- 
250 
CE 

USA Silt/ sand/ 
clay 

Mag, EMI, 
GPR, ERT, 

DMS 
Yes 

Kassabaum 
et al. 2014 CM 

700-
1000 
CE 

USA Silt/ clay ERT, DMS Yes 

Trinks et al. 2014 CM 
700- 
900 
CE 

Sweden Silt loam/ 
stone GPR, Mag No 

Wunderlich 
et al. 2015 CM 400 

CE Sweden Andisols 
GPR, EMI, 

ERT, Seismic, 
Mag 

Yes 
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Kenady et 
al. 2018 CM 2018 Australia Shell GPR, ER No 

Scniedhofer 
et al. 2018 CM 

500 
BCE- 
800 
CE 

Norway Marine/ fjord GPR, MS Yes 

Conyers et 
al. 2019 CM UNK Australia Shell GPR, Mag Yes 

Ross et al. 2019 CM 
5,000-
3,000 
BCE 

Australia Clay Mag, GPR, 
ERT Yes 

Burks 2014 Ef 
800-
1,400 
CE 

USA Silt loam Mag Yes 

Dockrill et al. 1995 SM 

1,200 
BCE- 
800 
CE 

Scotland Anthrosols/ 
stone Mag, ER Yes 

Casana et 
al. 2008 SM 

8,500 
BCE- 
1,400 
CE 

Syria Building 
rubble, sand GPR, ERT Yes 

Tsokas and 
Rocca 1986 TB ? Greece Sand/ stone Seismic No 

Tsokas et al. 1995 TB ? Greece Sand/ stone Seismic No 

Fenwick et 
al. 1996 TB 

4000 
BCE- 
400 
CE 

Ireland Glacial drift/ 
limestone ER, Mag No 

Marshall 1998 TB 
3700-
2600 
BCE 

England Stone/ 
rubble/ clay 

ERT, Mag, 
Mag Sus No 

Collier et al. 2003 TB 
3,700-
3,400 
BCE 

England Silt loam/ 
rubble/ clay ER Yes 

Barton and 
Fenwick 2005 TB 

4000 
BCE- 
400 
CE 

Ireland Glacial drift/ 
limestone 

Mag Sus, 
Mag, ER Yes 

Tonkov and 
Loke 2006 TB 

200-
101 
BCE 

Bulgaria Sand/ rock ER Yes 

Pipan 2008 TB 

1,200 
to 

1150 
BCE 

Italy Silt/ clay Seismic, GPR Yes 

Puntorno 2011 TB 3,800 
BCE England Limestone/ 

sandstone ER No 

Graham et 
al. 2014 TB 

2,500- 
1,500 
BCE 

England Silt/ clay DMS No 
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*1 Mound types are: Conical Mound (CM), Tumulus/Barrow (TB), Effigy (Ef), 

Settlement Mound/ Tell (SM) 

*2 Geophysical techniques are: Ground penetrating radar (GPR), Magnetometry 

(Mag), Earth resistance (ER), Electromagnetic induction (EMI), Earth resistivity 

tomography (ERT), Downhole magnetic susceptibility (DMS), Magnetic 

susceptibility (Mag sus), Seismic tomography (Seismic). 

3.4 Influential Contemporary Work 
Astin et al. (2007) surveyed the barrows of Bartlow, a series of seven large 

roman burial mounds utilizing ERT and micro-topography. The authors note that 

GPR was initially tested and found unsuitable to the high degree of slope 

present on the mounds, not surprising given the size of the mounds being 

surveyed and a cautionary tale for planning survey on large mounds. 

Methodology was devised to accomplish a number of objectives: to provide a 

better understanding of mound structure and construction, and to identify 

previous archaeological investigation into the mound. Using a 50 electrode ERT 

system configured as a Wenner array a pilot study consisting of 7 sections on 

three mounds was completed. They then collected 10 sections at 1m separation 

and 12 were collected at 2 m separation. Data was then inverted with 

topography to generate two-dimensional pseudosections which were used for 

interpretation. Additionally, the two-dimensional datasets were combined to 

create 2.5 dimensional models. They found that there was significant variation 

between mounds even in close proximity. They also found that combining and 

inverting two-dimensional data in 2.5 dimensions is problematic, because the 

software interpolates based on the assumption that the data extends uniformly 

in three-dimensions. This is particularly inaccurate with regard to mounds of this 

variety, which are typically conical. Ultimately the survey was successful in both 

identifying mound structure and previous excavations. However, the authors 

suggest that while two-dimensional survey can provide significant insight into 

the general structure of mounds, there is opportunity for 2.5 or 3 dimensional 

survey to more accurately image structures within these non-symmetrical, 

highly topographic features.  



23 
 

 

Figure 8 - An example of from Astin et al 2007 of a pseudosection of ERT data which has been topographically 
corrected and interpreted. 

Henry et al. (Henry et al. 2014) conducted a multistaged geophysical 

investigation on the Adena burial mound in Central Kentucky, USA. Their 

survey methodology utilized multiple techniques in stages. Analysis and 

interpretation of one technique informed the utilization and approach taken to 

the next technique. Data was collected in the following order: (a) Micro-

topographic survey, (b) Large area magnetometer survey; (c) Targeted EM 

survey; (d) GPR survey; (e) ERT transects; (f) Downhole magnetic susceptibility 

testing of anomalies. The magnetic data identified a number of natural and 

historic era features as well as some possible prehistoric features within or very 

near the mound. A subsection of the magnetic survey area was then selected 

for EM survey to provide additional context. A GPR survey was conducted over 

the mound to provide a three-dimensional data set for the anomalies detected in 

both the magnetometer and EM surveys. ERT was then used to provide better 

understanding of both mound structure and inform on any internal mortuary 

features. To further clarify identified anomalies DMS data was collected in 

targeted locations. Utilizing historic records of archaeological excavations, the 

authors suggest the anomalies identified through combined survey correspond 

with known feature types associated with the Adena culture, including: pits, 

circular and square structures, log tombs, and stone tombs. The multi-staged 

approach taken is a unique way of providing the benefits of both large- and 

small-scale survey. However, while some methodological details are provided, 

the majority of the survey work reported lacks information regarding how it was 

collected and at what density, which makes comparative analysis challenging. 

Additionally, due to the iterative approach, there is the possibility of missing 

features in areas surveyed by only one or two techniques. 
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Figure 9 - An example of topographically corrected data collected by Henry et al. 2014 targeting anomalies 
identified in the previously recorded GPR data. 

 

In 2017 Schniedhofer et al published a survey of an Iron Age burial mound in 

Rom Norway standing approximately 1 m tall. This work focused on the use of 

ground penetrating radar (GPR), magnetometry, and a terrestrial laser scanner. 

Initially identified as a mound through aerial photography in 1990, a series of 

geophysical surveys and excavations were conducted to assess the newly 

located mound. A wide variety of survey methodologies were applied, including 

GPR, magnetometry, and airborne laser scans (ALS) which prompted a more 

thorough geophysical survey in 2012.  Carried out a as collaborative effort by 

LBI ArchPro , Vfk, NIKU, and the Gokstad Revitalized Project 0.8 ha of 

magnetometry was collected and 0.7 ha of GPR was collected. The 

magnetometry was collected using a carted eight probe Forster Ferex system at 

0.25 m probe separation and 0.08 m sampling interval, while the GPR was 

collected with a six channel Sensors & Software SPIDAR system utilizing 500 

Mhz antenna at 0.25 antenna separation and an 0.05-0.08 m sampling interval, 

depending on speed of collection. The increased survey resolution relative to 

previous surveys confirmed a number of potential features including a circular 

structure, ring ditch, central stone packing, and a robber’s trench. This survey 

prompted excavation, which was then carried out, resulting in detailed data 

about soils composition/ color, magnetic susceptibility measurements, and 
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volumetric water content. The resulting data was then combined into a fully 

three-dimensional model, incorporating not only the 2.5D GPR data, but also 

the excavation data.   

The wide variety and high resolution of the data collected when paired with 

excavation data is incredibly powerful. Additionally, integrating that data 

together into three-dimensional models is a relatively novel approach for mound 

survey, however there are some areas which suggest room for improvement. 

The reliance on magnetometry over EMI, was one likely borne of the relative 

speed of data collection between the two techniques, yet the multiple depths of 

investigation coupled with conductivity data might have proven more useful than 

the magnetometry data and it would more easily have been incorporated into 

the three-dimensional models. Also, the figures produced from the 3D models, 

while novel, are often confusing.  These figures typically lack labels and share 

colors so similar as to make easily distinguishing disparate layers a challenge. 

This article demonstrates the strength of high-resolution systematic surveys 

especially when combined with a three-dimensional model for interpretation, yet 

it struggles to convey that same information when confined to a two-

dimensional journal page.  

 

Figure 10 - An example of a three-dimensional model of an excavation unit integrated with 2.5 dimensional GPR 
interpretation from Schneidhofer et al. 2017. 

 

Very recent and currently unpublished (as of this writing) survey work was 

conducted in Norway on the Gjellestadskipet mound by LBI ArchPro in 

conjunction with NIKU. While this work is preliminary, it bears mentioning here 
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given the overlap in methodology and the results which have been recently 

released. The team used a Mala Mira system and a magnetometry array with 

an undefined number of probes. The Mira allows for up to 30 channels with an 

antenna fixed at 0.08 m spacing, data can then be collected at 0.04, 0.08, 

0.010, or 0.125 sampling intervals. Given the GPR data which has been 

released, it is likely that data was collected at either a 0.04 or 0.08 m sampling 

interval. The survey team conducted two surveys, one in April and one in 

August covering the entire parcel of land excluding the large mound to the 

northeast of the survey area, which was likely too steep for the Mira to traverse. 

The preliminary results of this survey suggest the identification of a semi-intact 

ship burial central to the mound, the more moist conditions of April was noted to 

have produced better results. It is unknown of this team has collected any 

microtopographic data, nor if they plan any topographic correction of the data 

they have collected. It is hoped that the final report will include EMI data as well 

as microtopographic data which has been incorporated into a fully three-

dimensional model with the existing data. 

 

3.5 Contemporary Survey Trends 

3.5.1 ERT  

An uncommon system in archaeological prospection, there are very few surveys 

on mounds to compare. As a result, the number of electrodes used is often 

defined by the equipment available e.g., 50 (Astin et al. 2007), 54 (Kassabaum 

et al. 2014), 56 (Casana et al. 2008; Henry et al. 2014), 96 (Papadopoulos et al. 

2014). Commonly utilized electrode separations are 2m (Astin et al. 2007; 

Casana et al. 2008) and 0.5m (Henry et al. 2014; Kassabaum et al. 2014), 

which when coupled with a somewhat less standard transect separation (0.5m 

to 5m), is combined (stacked parallel) to generate 2.5D datasets. The choice of 

electrode and transect separation is largely defined by the characteristics of the 

features being investigated, the time/ budget available for survey, and the 

number of electrodes available. Visualization of data is generally handled in two 

dimensions by the software package Surfer by Golden Software (Casana et al. 

2008), or Res2Dinv by Geotomo (Astin et al. 2007) and in three dimensions by 

the software package Voxler by Golden Software (Casana et al. 2008; Henry et 

al. 2014; Papadopoulos et al. 2014). Contemporary survey of mounds with ERT 
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is generally not limited to a specific region or mound type, with barrows, tells, 

mounds, and tumuli all represented. No documented fully three-dimensional 

ERT survey strategies have been applied to mounds, though this technique has 

seen limited use in the broader fields of archaeological prospection and 

geology.  

3.5.2 GPR  

Most contemporary mound surveys are conducted with a 500mhz antenna 

(Bigman and Lanzarone 2014; Henry et al. 2014), likely due in large part to the 

ubiquity of the 500Mhz antenna for archaeological work, though surveys on tells 

typically utilize a lower frequency (i.e., 200mhz or 250mhz) in order to 

effectively measure the much deeper deposits common to these features, at the 

loss of near surface resolution. Transect separation and orientation is more 

variable. Earlier work occasionally utilized radial transects intersecting at the top 

of the mound (e.g., Casana et al. 2008) which has given way to the more 

traditional gridded survey with increasing transect densities. Most recently 

Henry et al. 2014 and Bigman and Lanzarone 2014 both used a 0.5m transect 

spacing. Visualization of GPR data is usually two dimensional in the form of 

time-slices or depth slices (e.g., (Casana et al. 2008; Forte and Pipan 2008; 

Bigman and Lanzarone 2014; Henry et al. 2014). GPR survey within the context 

of mounds are primarily targeted and relatively small scale, often less than 40 x 

40 m if they have been gridded. Like ERT, this technique is generally not limited 

to a specific region or mound type. 

3.5.3 Micro-topography 

This is a fairly broad topic, encompassing a multitude of techniques, as a result 

this will be summary of this topic relative to mound survey. Early surveys were 

predominantly done with a total station or EDM (Fenwick et al 1996, Marshall 

1998, Collier et al 2003, Perrson and Olofsson 2004, Barton and Fenwick 2005, 

Tonkov and Loke 2006, Astin et al 2007).  While more contemporary surveys 

usually include at a minimum LiDAR (which is increasingly available for free), 

followed by the less common use of photogrammetry, or a robotic total station. 

The affordability of consumer grade off-the-shelf UAVs coupled with the 

increased resolution of image sensors on those UAV has lowered the threshold 

for quality photogrammetry derived topographic data collection. Another trend 

has been the deployment of smaller, cheaper LiDAR systems on UAVs to 
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collect topographic data. This drone-based LiDAR, while still expensive relative 

to photogrammetry and total station surveys, is vastly less expensive than 

plane-based LiDAR surveys while retaining the advantage of some penetration 

of tree canopies.   

If looking more specifically at mounds, the bulk of micro-topographic survey is 

still done with a total station. This data is collected, not to be used as a stand-

alone dataset but, to topographically correct other geophysical data which has 

been collected on the mound. Many geophysical instruments now rely on a 

GNSS system for data positioning. As a result, data collected in this manner 

can be used to topographically correct the data and a secondary topographic 

survey is often not included.  

3.6 Effect of Governmental Protections on Survey? 
Each country has unique laws governing the protection of mounds. It is 

therefore of utmost importance to have a full understanding of the laws 

protecting mounds prior to any archaeological investigation and to seek 

associated approval. 

While most techniques used in geophysical investigation of mounds are non-

invasive, when dealing with human remains some groups may take issue with 

the active (i.e., Earth resistance, GPR, EM) survey techniques. If the law 

requires lineal consultation, interested parties should be advised of the specifics 

of the techniques before any survey takes place. A detailed summary of the 

specific laws for the United States, United Kingdom, and Ireland can be found in 

Appendix 1: What Heritage Protections exist?. 
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4 Technical Explanation of Geophysical Techniques 
4.1 In This Chapter 
This chapter aims to characterize the types of geophysical survey which are 

used for mound survey in this thesis, as well as provide context for how each 

technique functions.  

4.2 Earth Resistance  
Earth resistance is the measurement of the flow of electrical current through the 

ground. Prospection with this technique is only possible where contrast between 

archaeological features and the surrounding soil is present, usually in the form 

of moisture content. In practical terms this involves the insertion of two current 

and two potential electrodes into the ground. The geometry of these electrodes 

has a large impact on the measurements recorded, resulting in the 

establishment of standardized arrays of electrodes.  There are two basic types 

of linear arrays “A” and “B” in addition to square and trapezoidal arrays. Type 

“A” and “B” differ only in the location of the current probes relative to the 

potential probes, “A” (Figure 11) being having the potential probes between the 

current electrodes, and “B” with the potential probes outside of the current 

probes. The most common type used archaeological geophysics, a type “A”, is 

the twin-probe array (Schmidt 2013). See Appendix 8: Technical Explanation of 

Geophysics (p309) for equations describing current flow for earth resistance 

arrays.  
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Figure 11 - A schematic of a type "A" twin-probe earth resistance array.  Showing the lines of equipotential 
between electrodes “A” and “B” where the change in voltage is measured by the potential electrodes “M” and 
“N”. Based on figures from (Schmidt 2009). 

 

4.3 Electro-magnetic Imaging 
There are a wide variety of electromagnetic (EMI) types but can be more 

broadly classed as either time domain (TEM) or frequency domain (FEM). The 

difference being the measured response either over time, or over a change in 

frequency. While ground penetrating radar is a form of EM survey, within the 

context of this thesis, EMI will refer specifically to small loop slingram systems 

(Figure 12). These FEM systems rely on a minimum of two coils, one a 

transmitter (Tx) and the other a receiver (Rx), separated by a known distance. 

Measurements are made possible by recording the response of the ground to 

the introduction of incident alternating electromagnetic waves consisting of two 

orthogonal vector components one of electric intensity and the other a 

magnetizing force. If a conductor is present in the soil, the magnetic vector will 

induce an eddy current within the conductor which will generate its own 

electromagnetic field which is measured by the receiver (Reynolds 2011). 
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Figure 12 - Example of slinggram EMI device with one transmitter and three receivers showing the induced 
current from the primary magnetic field and the induced magnetic field from a simulated buried object, based 
on figures from Fry 2014.  

 

4.4 Earth Resistivity Tomography 
Earth resistivity tomography (ERT) is an active method of electrical imaging 

where a current is injected via metal electrodes into the subsurface and the 

change in electrical potential between two points measured. This technique 

fundamentally differs from the previously described earth resistance in the 

manner of collection and subsequent processing. Electrodes are set out at a 

fixed separation along a line and data collection is controlled via data logging 

software (often a laptop) connected through the data port to the ERT system 

(Reynolds 2011).  When this is repeated at increasing separation along the line, 

multiple depths of investigation are possible with all possible array 

configurations (Schmidt 2013). Modern ERT systems use a series of probes at 

fixed positions and typically record a single transect at a time. Roll-along 

surveys which can be collected with standard earth resistance hardware are 

also conducted, though this trend has been on the decline (Table 1). Whilst the 

slowest of all the methods applied to mounds, it is also capable of a very deep 

depth of investigation for earth resistance making this a valuable tool for mound 

investigation. Comparatively underrepresented in the literature are fully three-

dimensional ERT surveys, these systems are capable of collecting 2D, 2.5D, 
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and fully 3D data, though at the expense of either resolution or survey size 

given the same amount of time.  

 

Figure 13 - Example of an ERT configured as a Wenner Array. The array automatically shifts along the 
electrodes which have been set up at a fixed interval, based on figures on Schmidt 2009. 

 

4.4.1 FlashRES64 

Produced by the Australian company ZZGeo, the FlashRES64 is a system 

which collects multi-channel ERT data. Utilizing a "free electrode configuration" 

(Pope-Carter 2012), the FlashRES64 is a 61-channel system with a noise 

suppression of better than 100 Db, an output current of up to 3A, output 

voltages of 100, 240, 700V p-p, and is capable of collecting 62,000 

measurements an hour. Relative to other ERT systems, the higher than normal 

inversion errors encountered during processing may be the result of a lower 

SNR for the FlashRES64 (Pope-Carter 2012). This system differs from more 

common ERT systems in the “free electrode configuration”, this data collection 

technique means that in order to derive individual array types (wenner, wenner 

B, slumberger, twin) from the raw data, it must be calculated from the raw 

dataset, rather than all the data having been collected as a single array type. As 

a side effect, the data which is output from this device cannot be natively 
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processed by inversion software and must first be preprocessed before it can 

be inverted. 

 

4.4.2 2.5-Dimensional Survey  

2.5-dimensional (2.5D) survey is the term commonly used when referring to 

data which is displayed and interpreted in three dimensions, but was initially 

collected in two-dimensions. This method involves collecting multiple parallel 

lines of two-dimensional data which are then are combined to generate a 

pseudo three-dimensional data set. The lines of data while containing real 

measurements between electrodes in one direction, only contain interpolated 

values between electrodes in the other orientation. The same methods used for 

two-dimensional data collection are applicable to 2.5-dimensional data as well. 

Additionally, to maximize the accuracy of the inversion, sections should be 

collected at a consistent interval, orientation, and length (Corkum 2014).  

 

4.4.3 Fully Three-Dimensional Survey  

Earth resistivity tomography be collected not only as parallel lines (transects), 

but with electrodes arranged in a grid. Data can be collected even when the 

electrodes are in an arbitrary location and separation, assuming precise location 

information is provided to the processing software (Corkum 2014). For the 

purposes of this thesis, a uniform electrode separation is most useful in order to 

maximize resolution, depth of investigation, and extent for the features likely to 

be present. Position and elevation data for each electrode when collected 

through an RTK GNSS system, allows for a single individual to survey each 

electrode location quickly and with high precision. On larger mounds, such as 

Grave Creek Mound, a fully three-dimensional survey is impractical due to the 

reduction of depth of investigation if an electrode separation of 1.0 m or 1.5 m is 

used.  

 

4.5 GPR 
Ground penetrating radar (GPR) is an active survey method utilizing pulsed 

energy waves emitted by a transmitter antenna (Tx) into the earth that are 

reflected by soil interfaces and recorded by a receiver antenna (Gaffney and 
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Gater 2003; Conyers 2012). The travel times of the pulsed energy waves are 

recorded in nanoseconds (ns), and as energy passes through various materials 

in the ground the propagating velocity changes which dictates the recorded 

travel times. Reflections occur when the pulsed energy wave contacts an 

interface between materials of different dielectric properties, which return and 

are recorded by the receiver antenna (Rx). Only those pulsed energy waves 

which return to the surface can be recorded by the receiver antenna, while the 

remaining energy dissipates into the soil. As a result, any interface which has 

an orientation that reflects waves away from the surface will not be recorded, 

even if a reflection has occurred. These returns can be displayed in three-

dimensions, calculated by the recorded travel times which have been converted 

to depth and then combined with the known location of the GPR while 

surveying. Dependent on soil conditions and the frequency utilized, GPR has 

the potential to record the three-dimensional substructure of a mound in high 

resolution. Advances in GPR technology has seen the advent of multi-frequency 

and multi-antenna systems, increasing resolution while reducing survey time. 

However much like a flashlight shining through an opaque surface, any material 

(or interface of materials) with enough conductivity to dissipate or reflect the 

majority of the pulsed energy waves will mask any archaeology beneath 

(Gaffney and Gater 2003; Conyers 2004; Conyers 2013), which given the size 

and complexity inherent to mound structure could prove problematic for 

detecting deeper features. 
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Figure 14 - Example of a pushed single channel GPR system showing cone of radar pulse and the reflections 
off the ground surface and a buried object and their effects on simulated traces, bases on figures from Conyers 
2013. 

 

4.6 Photogrammetry 
Photogrammetry or Structure-From-Motion (SFM) relies on overlapping 

photographs taken from different positions to generate a three-dimensional 

model (Koutsoudis et al. 2014). Computer software is used to find like points 

between photographs which are then used to generate a point cloud, mesh, and 

texture map. The resolution of the resulting data is dependent on the number 

and resolution of the photographs with higher resolution images resulting in a 

higher density point cloud. This technique, while relatively affordable and 

considered common practice within the cultural heritage domain (Koutsoudis et 

al. 2012), requires significant processing power and time in specialized software 

to derive useful data. It is a technique which is useful for both large- and small-

scale survey (Lambers et al. 2007; De Reu et al. 2013).  
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Structure from motion (sfm) - the method by which photogrammetry software 

generates three-dimensional measurements from two-dimensional images - 

functions based on the following assumptions (Historic England 2017): 

1. The chief ray and the principles of intersection 

a. A captured image represents the intersection of multiple light rays at 

a single point (Fryer et al 2007). Photogrammetry acts on the rays 

which reflect off the object/ background, pass through the lens 

assembly and are projected onto the image sensor in a straight line. 

These rays are called chief rays. The intersection of chief rays from 

multiple images of the same point on an object is known as the 

principles of intersection and defines the position of intersection in 

space (Historic England 2017). 

 

 

Figure 15 - Example of chief rays, where A, B, C represent points in space, P is the lens, and A’, B’, C’ represent 
the points on the image sensor. Based on figures from Historic England 2017. 



37 
 

 

Figure 16 - This is an example of the chief rays from two images intersecting, which allows for spatial 
relationships to be calculated. Based on figures from Historic England 2017. 

 

2. Collinearity 

a. In order to transform the two-dimensional coordinates of ray 

intersections into the three-dimensional coordinates of the ray origin, 

collinearity equations are used. Collinearity is when one predictor 

variable in a multiple regression model can be linearly predicted. For 

photogrammetry, these equations are based on a perfect camera, 

which has no geometric distortion (Historic England 2017).  

3. Interior and exterior orientation/ camera intrinsics 
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a. While the collinear equation assumes a perfect camera, the actual 

geometric properties of both the lens and the principal distance (the 

distance between the image plane and perspective center), are very 

important to generate precise three-dimensional coordinates for chief 

intersection points (Luhmann et al 2006). Most photogrammetry 

software calculates these values automatically from a combination of 

the EXIF data embedded into each image and a process known as 

bundle adjustment through the use of tie-points on a series of images 

(Historic England 2017). 

 

 

4.7 LiDAR 
Light Detection And Ranging (LiDAR) is a technique which uses focused light 

(laser) to capture data points in three dimensional space. This data can be 

collected from both mobile and stationary platforms which may in turn be 

collected from either a ground-based system, typically identified as TLS 

(terrestrial laser scanning), or from an airborne platform, referred to as ALS 

(airborne laser scanning). LiDAR can also be referred to as ALSM (airborne 

laser swath mapping) and LaDAR (laser detection and ranging), though these 

terms are less common (Historic England 2018). LiDAR has found wide variety 

of uses within the scientific community, though the application of LiDAR within 

the context of this work is the mapping of topographic changings in a landscape 

from an airborne platform.  

ALS relies on the following three major components: 

1. Active laser beam. 

2. GNSS satellite constellation and reference base station. 

3. Inertial Measurement Unit (IMU) equipped aircraft.  

The LiDAR system is typically mounted to an airborne platform (airplane, 

helicopter, UAS), and it fires a light pulse at the ground at fixed intervals. This 

light beam forms a “swath” through the use of a rotating mirror, which directs 

the beam in a zig-zag pattern across the earth as the aircraft moves. The time 

of flight, from the LiDAR to the earth and then back to the LiDAR is used to 
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calculate the distance. This time of flight is then corrected by the IMU sensor of 

the aircraft which provides precise information on the aircraft orientation, and 

precise GNSS spatial information (Historic England 2018) to locate the point in 

spatially. The resulting point cloud, after being processed to remove noise and 

erroneous data points can be used to construct a high resolution DEM. LiDAR 

point clouds are typically classed based on “returns” (first typically being 

canopies and the last return being the ground), which correspond with which 

component of the light beam is reflected back to the LiDAR system (Historic 

England 2018).  

 

Figure 17 - An example of a typical airborne LiDAR survey from Historic England 2018. 

 

4.7.1 Terrestrial Laser Scanning 

Terrestrial laser scanning is a means of recording the position, dimensions, and 

/or shape of the landscape with a pulsed laser using a systematic survey 

pattern (Barber and Mills 2011). A number of basic types of scanning systems 

exist: triangulation, time of flight and phase comparison, airborne laser 

scanning, and mobile mapping. Each type has a series of accuracy and 

operating ranges which define the most appropriate application for each 

scanning technique. Time of flight and phase comparison are the most 

appropriate for monument scale survey, which is the type applied for this 
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research. Survey on site must include referenced ground control points with an 

RTK/TRX GNSS system which allows the multiple point clouds generated 

through scanning to be integrated and then referenced in a GIS (Lambers et al. 

2007). 

 

4.8 Custom High-pass Filter on Topographic Data 
Identifying surface features in environments with variable terrain can be a 

formidable challenge which is regularly mitigated through relief models, hill 

shading, contour maps, etc. While these techniques are undoubtedly useful, 

they often require significant work and skill to derive a meaningful interpretation. 

Proposed by Jamie Davis of Ohio Valley Archaeology, Inc. and refined over the 

course of this PhD research, this filter is designed to be a tool for displaying and 

interpreting topographic data in a way that is not directionally dependent. This 

custom filter can be used to normalize the surface data and allow easier display 

and interpretation of local topographic variation.  

This is a time and computationally intensive removal of broad topographic 

changes in a surface while retaining the resolution of subtler topographic 

changes. This systematic method of more easily interpreting ground surfaces 

with large topographic variability is accomplished by aggressively smoothing a 

surface using a moving average filter which is X pixels by Y pixels wide. The 

width of the filter should be chosen to match the resolution of the input data, as 

those values correspond not with distance on a surface, but pixels on the 

surface. So, a surface with a resolution of 0.1 m with a filter size of X=20 Y=20 

will result in a filter window that is 2 m x 2 m. If a surface was created of the 

same landform with a resolution of 0.5 m, the same filter size of X=20 Y=20 will 

result in a filter window that is 10 m x 10 m. It is therefore quite important that 

the filter size be chosen which matches the resolution of the data.  

The moving average filter is run until the surface no longer has any “small” 

topographic changes, small in this instance typically meaning features which 

are 50 x 50 cm or smaller but could be tailored to remove larger or smaller 

variations with tweaking of the settings described. Ideally, the moving average 

filter is run until the percentage change between filtered results is 0, however in 

practice, 10 iterations is typically sufficient.  
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When using this technique, it is also important to take into consideration ground 

conditions/ noise and resolution. A surface with a very high resolution 

(>0.05cm) that is also noisy or covered in tall grass will resulting in a filtered 

dataset which shows the grass/noise of the surface rather than archaeological 

features which may be behind it.    
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5 Methodology 
5.1 Introduction 
Given the wide array of approaches taken on mound survey there was obvious 

need for not only a more comprehensive approach, but to balance efficient 

strategies with outcomes which will have heritage benefit beyond analysis. 

While many mounds are no longer in danger of being lost or destroyed due to 

governmental protection schemes (Burks 2014); mounds are still subject to 

weather, erosion, and human error. It is equally important that we not only 

understand the underlying structures and history of the mounds but also the 

dynamic nature of mounds which must be tracked through time.  

5.2 Discussion of methodology 
There are a variety of techniques which have been applied to mound 

investigation with varying degrees of success. Building on the work of Henry et 

al. 2014 with their successful phased approach and Schniedhofer et al. 2017 

with their fully integrated three-dimensional datasets, the following have been 

chosen as the most effective on the widest range of mound types likely to be 

encountered. While other techniques (magnetometry, earth resistance) might be 

useful as supplemental techniques given time and available resources, earth 

resistivity tomography (ERT) and ground penetrating radar (GPR) have proven 

most effective in mound investigation due to resolution, depth of investigation, 

and ability to incorporate topography. The application of photogrammetry and 

terrestrial laser scanning, while novel in their application to mound investigation, 

are proven technologies in the fields of archaeology and geospatial survey, and 

useful not only for topographic corrections but also heritage management 

through the high-resolution data they are capable of collecting.  

This work is about more than simply collecting data though. This methodology 

focuses on the integration of disparate data types to inform past land use and 

future conservation of the monuments and surrounding areas. This will be done 

primarily through data analysis, with a workflow designed to produce a result 

which can be easily shared.  

This thesis explores the application of more common survey types such as ERT 

and GPR while integrating a number of more experimental approaches such as 

drone based lidar, photogrammetry, and terrestrial laser scanning. Due to the 
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large variability within mounds, there is no one approach to methodology, but a 

framework (Table 2) has been devised, which can be modified to suit the 

specific needs of survey. An exploration of variable collection densities and 

techniques has been conducted to better inform on what is most efficient use of 

both time and resources. The framework in the table below is therefore not a 

concrete plan of what must be done, but a guide to inform survey best 

practices. 

Table 2 - Methodology Guideline 

Applicability Phase 1 - Topographic 
Survey 

Phase 2 – Mound 
Collection 

Phase 3 – 
Supplemental Survey 

(Optional) 

High Photogrammetry/ LiDAR GPR/ ERT EMI 

Med Terrestrial laser scanner  ER/ Magnetometry 

Low Hand-held GNSS 

topography 

 Magnetic 

Susceptibility 

 

5.2.1 Site Assessment 

As with all archaeological survey, a thorough desk-based review of the project 

area is vitally important. Determining past work on a site can help distinguish 

previous excavation and modern disturbance from the underlying archaeology. 

Given the high-resolution nature of the topographic data, even understanding 

historic land use can be important, as vehicle tracks or field boundaries may 

survive as subtle features which can be detected and therefore classified. This 

stage of the work will also inform the survey strategy applied. Is the site 

maintained, how large is the mound or mound group to be surveyed, what type 

of mound is it, what is the current land use, what protections exist; will all this 

have an impact on the techniques applied.  

Many of the larger mounds exhibit slopes in excess of 40 degrees and require 

additional consideration beyond the resolution of data collection. In order to 

overcome the more challenging nature of survey on slope, modifications to 

collection strategy and equipment will be necessary. This will involve ensuring 

that crew and equipment are prepared for the conditions: sturdy boots, 
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redundancy of crew, safety ropes, guidelines, high visibility vests may be 

necessary and should be considered before fieldwork commences.  

 

5.2.2 Approach to Fieldwork 

There is a trope in archaeological geophysics which generally states that “more 

is better” - more techniques, more densely collected data, more sensors. With 

the survey of mounds this can be a particularly foolhardy approach, the scale 

and dimensions of these monuments often require an efficiency of work that is 

less common on more routine survey. It is therefore not simply “more” but more 

of what, and will the data collected actually be of benefit in the understanding 

and preservation of mounds. 

To answer that question a variety of criteria, which are outlined in greater detail 

below, must be considered. Is it a mound or mound group that is being 

surveyed? How large is the mound or mounds to be surveyed? What part of the 

mound or mound group will be surveyed? Have the mound or mounds been 

previously excavated? Does there exist the potential for other associated 

earthworks associated with the mound? What type of mound is it? 

While at first glance one might be tempted to value full coverage of a mound or 

depth of investigation over resolution, there are a number of less obvious things 

to consider first. Just as with more traditional survey, it is always best to have a 

minimum of two differing survey techniques for the same area, not only for 

surface data but also at depth. As depth increases, resolution decreases; 

having one or two data points from a single technique at the center of a mound 

will make interpretation very challenging. Calibrating the electrode separation of 

the ERT system to the frequency of the GPR to maximize overlapping data at 

depth is more important than absolute depth reached with any single 

instrument.  

The type of mound to be surveyed will dictate what types of cultural features are 

likely to be present and how the survey should be leveraged to best address the 

desired survey outcomes. If the mound is incredibly complex and has been 

continuously occupied over a hundred, or even a thousand years, such as a 

settlement mound, care must be taken to choose targets which will represent 
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the most productive outcomes for the survey (known structure locations, 

middens, unexcavated areas of interest).  

In the case of conical mounds, the base of the mound is the largest surface 

area (and therefore the largest time sink) of the mound surveyed but contains 

the smallest volume of mound (this is assuming a mound has a foundation 

which was not dug into the landscape). Given the effort/ manpower constraints 

likely to be encountered, priority should be given to the central portion of the 

mound over the edges.  

Many mound types do not often exist in isolation, time and effort should be 

allocated to survey around the base of the mound and surround area. The 

context provided can be invaluable for additional insight into the monument on a 

landscape scale. Carted EMI and carted ER at 0.5m transect separation have 

proven the most effective for this task.  

High resolution topographic data (less than or equal to 50cm pixel resolution) 

should be collected via either photogrammetry, terrestrial laser scanning or 

aerial LiDAR systems. Data of lower resolution will fail to capture the more 

subtle features within the survey area, including erosion, modern walkways, and 

mound ditches. Choice of systems will come largely down to the ground cover 

of the mound and the budget of the project. LiDAR is excellent for mounds with 

tree or grass cover, but systems can be prohibitively expensive. 

Photogrammetry can often yield higher resolution surfaces in less flight time 

and for less cost but cannot penetrate vegetation. Terrestrial laser scanning is 

capable of exceptionally high-resolution data collection, but high cost and 

restricted line of light inherent to its terrestrial origin make this technique more 

niche in its usefulness. GNSS data logging is inadequate in resolution and 

should be used only as a benchmark to assess error and record ground control 

points. The resulting surface can be used both for topographic correction of 

data, but also recording the contemporary state of the mound. An example of 

the proposed methodology is presented in Figure 18 which shows the steps 

taken on a hypothetical mound which includes the optional survey around the 

mound.  
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Figure 18 – Example flowchart of methodology workflow with optional survey around mound included. 
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6  Justy Howe Hill Mound, Yorkshire, UK 
6.1 Introduction 
Just Howe Hill was selected for this thesis due in large part to its size and 

proximity to the university of Bradford. Larger than the majority of the mounds at 

Sutton Hoo, but smaller than Grave Creek Mound, Justy Howe Hill served as a 

useful “middle” or “average” mound relative to the other sites. Located only 50 

miles from the University of Bradford the site was ideally located to 

accommodate surveys which did not require overnight accommodations for 

equipment and crew. Just Howe Hill (Figure 19) exists as a rectilinear mounded 

feature that was first documented on the 1856 1st Edition County OS map and is 

located in North Yorkshire, 0.5 mi south of the town of Redmire. 

 A cursory assessment carried out by volunteer archaeologists suggested 

buried cultural material, though this work is unpublished. Dr. Alex Gibson of the 

University of Bradford identified the site to be of potential interest for a 

geophysical survey and through his efforts, survey access was granted for this 

thesis work. A geophysical methodology was created to accommodate the 

features unique to Justy Howe Hill and the surrounding landscape. This mound 

is low and broad, and surrounded by a stone wall and large trees on three 

sides. The western portion was also identified as being particularly wet, and 

unsuitable for GPR survey.  

Fieldwork was carried out to identify areas of interest both within the mound and 

the surrounding area. A MALA GX250 (250Mhz antenna) GPR system was 

used to survey the mound in areas which didn’t pose a risk to both equipment 

and personnel. The GPR survey covered an area approximately 30x40 m, and 

was collected semi-gridded which involved parallel transects of differing lengths 

marked using stakes and located with an RTX GNSS system with an average 

transect separation of 0.5 m. This work was complemented by an earth 

resistivity tomography (ERT) survey using the ZZ-Geo FlashRes64 system. The 

ERT survey consisted of a trial of 7 lines at 0.5 m electrode separation and 

0.5m transect separation, which led to the collection of 32 addition lines at the 

same interval and an additional 5 lines at 0.2 m electrode separation and 0.5 m 

transect separation. This was followed by an electromagnetic imaging (EMI) 

area survey using the CMD Mini-Explorer. The EMI data was collected both in 
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continuous mode using an RTX system for location, and single measurement 

gridded both at 0.5 m transect separation. Photogrammetry was collected using 

a DJI Phantom 2 Vision+ over the mound and surrounding area with an overlap 

of 80% between photographs resulting in a 10,500 m2 surface model and 

orthophoto.  

 

Figure 19 – Location of Justy Howe Hill within North Yorkshire.  

 

 

6.2 Current Land Use 
The mound is located within enclosed pasture, visible in Figure 20 and is not 

directly accessible by vehicle. While the field is typically used for grazing local 

sheep, it was cleared of livestock ahead of survey. The survey area is bounded 

to the south, north, and west by a tree line and pasture to the east. Field 

conditions include short grass with the occasional dense patches of thistle and 

active rodent disturbance. Soil conditions were unseasonably dry resulting in 

less-than-ideal survey conditions. There is a concrete industrial structure to the 

south of the mound operated by Yorkshire Water which is accessible by an 

unpaved drive. 
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Soils as reported by the Land Information System (Cranfield University 2021) 

describe the soil surrounding Redmire as freely draining slightly acidic loamy 

soils. The geology is a Devonian sandstone, siltstone mudstone and slate. The 

Milford soil series is reported for this region and consists mainly of reddish fine 

loamy brown earths.  

Table 3 - Soil composition found within the Justy Howe Hill survey area (Cranfield University 2021). 

Soil Profile Depth Description 

Ap 0-30 cm 

Dark reddish brown, 

moderately or slightly clay 

loam. 

Bw 30-70 cm 

Reddish brown, moderately 

stony clay loam; moderate 

fine subangular blocky 

structure. 

Cu 70-85cm 

Extremely stony, with reddish 

brown stone coatings; single 

grain structures. 

 

 

Figure 20 - A Series of Maps of Justy Howe Hill. Top left: orthophoto, top right: slope, bottom left 1856 OS map, 
bottom right: DEM as a greyscale.  
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6.3 Methodology 
The geophysical survey area was defined by the physical dimensions of the 

mound and the natural barrier formed by the tree line. Data collection was 

aligned approximately north-south and was collected in a zig-zag configuration. 

Transects were laid out with 0.5 m separation. The GPR and EM surveys were 

collected as continuous non-gridded data utilizing the Trimble R10 GNSS for 

location. The ERT was primarily collected at 0.5 m electrode and transect 

separation resulting in 42 lines of data with an additional 5 collected E-W at 0.2 

m electrode separation and 0.5 m transect separation to provide increased 

resolution in a perpendicular orientation. 

Ground-penetrating radar (GPR) and earth resistivity tomography (ERT) were 

used to meet the survey requirements set out in the scope of work while electro-

magnetic imaging (EMI) was used to provide additional context in the area 

surrounding the mound. GPR functions by emitting pulsed energy that travels 

out from the antenna and is reflected back (ideally) when that energy passes 

through a distinctive change in the dielectric permittivity of the soil (Conyers 

2004). Such changes often are associated with changes in soil type/texture or 

soil moisture levels, which in turn often accompany archaeological features. The 

ability to create both 2 and 3-dimensional data images, coupled with a high rate 

of data acquisition, makes GPR an ideal primary survey method for the survey 

of mounds. As with all geophysical techniques, contrasts between the dielectric 

properties in the soil and archaeology are key to the identification of 

archaeological anomalies. A Mala GroundExplorer 250 GPR system was used 

(utilizing a 250Mhz antenna) to collect data at 0.5m transect separation over the 

mound in combination with the Trimble R10 for location.  

The ERT system (ZZ-Geo FlashRES64) utilized 64 electrodes set at 0.5 m 

separations along the survey lines resulting in transects 31.5 m long. A second 

ERT survey was collected with 0.2 m electrode separation along the survey 

lines resulted in transects 12.6 m in length. ERT electrode positions were 

recorded with a Trimble R10 for use in data processing. 

EMI was collected with a GF Instruments CMD Mini-Explorer, an 

electromagnetic conductivity meter with one transmitter and three receiver coils 
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which is capable of collecting conductivity and in-phase data simultaneously, 

resulting in six datasets per survey. 

Photogrammetry was collected using a DJI Phantom 2 Vision+ flown in a 

preprogrammed flight pattern with 80% overlap between photographs. The 

flights were registered using six custom-made reference targets which were 

shot in with a Trimble R10 RTX GNSS system. Photographs were processed in 

Agisoft Photoscan, resulting in a georeferenced DSM and orthophoto. 

 

Figure 21 - Justy Howe Hill survey bounds for GPR, EMI, ERT and Photogrammetry. 

6.4 Data Processing 

6.4.1 GPR Height Value Replacement 

The GPR data consists of a series of .cor files which contain location and height 

information for each line of data. The filetype is formatted as a standard .txt file 

and can be easily read or edited in any word processor, though the unique 

extension facilitates the software in identifying the appropriate files for 

processing. GPR data is processed line by line, and therefore each .cor file 

must have the correct GNSS positional data or it cannot be combined correctly 

into a 3D file for interpretation and extraction of timeslices.  

Photogrammetry 
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In order to accomplish this more easily, the individual .cor files must be 

combined into a single file, while maintaining the original formatting. The new 

height values must be written in, the old height values removed, and then the 

file must be split back into individual .cor files which can be read by ReflexW.  

To do this, a custom Python script was created and, with the help of Tom 

Sparrow from the University of Bradford, streamlined to combine all .cor files 

into a single .txt file. That script (absent the actual directory addresses called in 

the code, as it would be computer specific) is presented in Appendix 2: Python 

Script - Many Files to One file. 

The newly combined .txt file was then read into QGIS as a delimited text layer, 

which was then saved as a new shapefile so that it could be edited (text layers 

cannot be edited). The high-resolution photogrammetry surface model (Figure 

72) was then read into QGIS to provide a replacement height value. The point 

sampling tool plugin within QGIS was then used to add the height value from 

the surface raster at the X, Y location of each point. Once the new shapefile 

was generated it was then split back into individual files which were read in by 

ReflexW with its corresponding GPR data file. To achieve this, another Python 

script was created, again with the greatly appreciated assistance of Tom 

Sparrow of the University of Bradford, who read and edited the code for 

efficiency. The code splits the large file into correctly formatted individual files. 

This code is presented in Appendix 3: Python Script - One File to Many Files. 

Figure 81 shows the results of this process, with the uncorrected GPR line 

above the same line with the new topographic correction.  

 

Table 4 - GPR processing steps for ReflexW. 

Technique Setting 

Move Start Time -10 (read from file header) 

Subtract – mean (dewow) Time window: 2ns 

Energy Decay All traces (scaling factor:1) 

Background Removal Whole line (0-39.8) 

Topographic Correction N/A 

 



53 
 

6.4.2 Electro-magnetic Induction 

As EMI data was collected both in continuous measurement mode and as 

gridded data there were two difference processing workflows depending on data 

collection. Continuous EMI data was processed by a custom software package 

designed by Tom Sparrow of the University of Bradford and is an automated 

data processing solution. An array of processing steps which include ZMT, 

destagger, low pass and high pass filters are run which generates a series of 

georeferenced .tif files that can then be compared by the end user for best 

results. To use that automatic processing software, data must first be 

downloaded from the datalogger with the program CMD Data Transfer (v 1.6.2) 

and converted from a .BIN file to a .DAT file which can be read into data 

visualization software and the custom software package used for this survey.  

As the data was collected in continuous mode with the Trimble R10 RTX GNSS, 

under export settings, the GPS data format was set “UTM WGS84” and zone 

“automatic”. Data was then exported as .DAT (interpolated). The automatic 

software is accessed through a web portal where the UTM zone is defined and 

the .DAT file is uploaded. An email address must also be provided, and when 

processing is complete a zipped file containing the processed data is emailed to 

the provided email address. 

The gridded EMI data was imported into Geoplot 3.0 individually by depth and 

type (C1, C2, C3, I1, I2, I3). The data was then destaggered and then a Zero 

Mean Traverse (ZMT) was run. Individual rasters for each depth and type were 

exported as .GRD files (to retain the actual data values) and georeferenced in 

QGIS. 

 

6.4.3 Electrical Resistivity Tomography 

ERT data is collected through a logging software program FlashRes64.exe on 

an external computer. Each transect is then saved automatically as five files. 

These files consist of an XXX_ele_check.txt, a XXX_IP.txt, XXX_IV.txt, 

XXX_Q.tzt, and XXX_QIP.txt, where XXX corresponds to the randomly 

generated filename for the line. Of these files, it is the XXX_IV.txt file which 

contains the raw data, a format called ZZ array. None of these files can be 

processed by common inversion software packages such as Res2Dinv but must 

first have the individual arrays extracted out of the ZZ array data. The arrays are 
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extracted using a program called flashtoloke.exe which comes bundled with the 

Flashres64. This software is 16bit and will therefore only run in a 16 or 32bit 

environment, which was solved using a virtual machine running Windows 2000. 

First the data should be checked for quality, using the bundled 

flashdatacheck64.exe program, which then compares the IV and Q text files 

and produces a cleaned XXX.inp file which the extraction software reads. The 

flash2loke software is then used, which will read both the XXX.inp file and the 

uncleaned XXX_IV.txt file. As the data was also collected with induced 

polarization (IP), both the IP and resistance data were then exported into a 

series of .DAT files, including a XXX_ALL.DAT file which has been formatted 

such that Res3Dinv will include all of the extracted array’s data in the inversion 

process. Topographic data which was collected in the field must now be 

inserted into the bottom of the XXX_ALL.DAT following the example provided  

Table 5 - Robust Inversion Settings 

Name Setting 

Use robust data constraint Yes 

Data constraint cutoff factor 0.0500 

Use robust model constrain Yes 

Model constraint cutoff factor 0.0050 

Reduce effect of side blocks Yes 

Limit range of model resistivity levels Yes 

 

Arrays were extracted from the raw ERT data then combined into a general 

array format using software written at the University of Bradford. They were 

then inverted in Res2Dinvx64 (Geotomo). 

 

6.4.4 Photogrammetry 

The DJI Inspire photogrammetry data was processed in the Agisoft Photoscan 

software package (now called Metashape) using eleven ground control points. 

Processing steps are summarized in the table below. 
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Table 6 - Photogrammetry Processing Steps 

Process Setting 

Align Photos Accuracy: high; pair preselection: Generic; 

Point limit: 40,000 

Create Markers Located Ground Control Points and 

coordinates entered 

Optimize Camera Alignment Coordinate System: OSGB 1936; Camera 

accuracy: 10; Marker accuracy: 0.005; Scale 

Bar accuracy: 0.001; Projection accuracy: 

0.1; Tie point accuracy: 4; Correct for rolling 

shutter: enabled 

Build Dense Point Cloud Quality: High; Depth filtering: Mild, remove 

trees/ large foliage manually 

Build Mesh Surface type: Height field; Source data: 

Dense cloud; Polygon count: very high 

Export Orthophoto Projection type: geographic; enable color 

correction: yes 

Generate DEM Projection type: geographic; Crop invalid 

DEM: yes 
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6.5 Issues Encountered 
As is common with new survey methodologies, there were some unexpected 

problems due mainly to the weather and the GPR system. The dates chosen for 

survey (May 20th and May 23rd, 2017) were in the midst of an unseasonably 

warm period (Met Office 2017) for the region with a high that week in Redmire 

of 26 C (79 F) compared to the seasonal mean for May in Redmire of 11 C (52 

F), resulting in much dryer conditions than expected, reducing contrast in both 

the GPR and ERT data collected.  

Another issue encountered was that the subscription for the real-time 

corrections used by the University of Bradford RTX GNSS system had lapsed, 

meaning that the positional data collected in tandem with the GPR data was 

often self-reporting accuracy of greater than 0.5 m across much of the site. This 

was further exacerbated by the unavailability of mounting hardware for the 

positional system, requiring the use of gaffer tape and a spare stadia rod. While 

not ideal, this crude solution proved to be quite effective, and merely required all 

data to be offset by 27cm in the X position due to the offset location of the 

GNSS relative to the GPR. 

6.6 Results 
Data has been georeferenced and visualized in the QGIS software package. To 

ease interpretation each figure contains not only the processed data, but also its 

location relative to the mound, which has been visualized as a hill shaded DEM. 

The conductivity 1 and in-phase 1, 2, and 3 datasets have been excluded due 

to large amounts of noise present in the data.  
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Figure 22 – Justy Howe conductivity 2 data plotted from -13.89 (white) to -7.89 (black). 

 

Figure 23 - Justy Howe conductivity 3 data plotted from 6.90 (white) to 10.51 (black). 
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Figure 24 – Justy Howe ERT Data at 0.5 m electrode separation. For the full resolution ERT profiles, please see 
Figure 155 in Appendix 2: ERT Pseudosections from Just Howe Hill. 
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Figure 25 – Justy Howe ERT Data at 0.2 m electrode separation. For the full resolution ERT profiles, please see 
Figure 154 in Appendix 2: ERT Pseudosections from Just Howe Hill.
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Figure 26 - Example of GPR radargram from Just Howe Hill showing absence of cultural anomalies. Data scale plotted with high amplitude reflections in black and low amplitude reflections in 
white.

Legend 

      GPR Transect 
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Figure 27 – GPR data at Justy Howe Hill. 2.13 meters below surface with topographic correction.  

 

Figure 28 - GPR data at Justy Howe Hill. 3.23 meters below surface with topographic correction 
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Figure 29 - GPR data at Justy Howe Hill. 3.8 meters below surface with topographic correction 

 

Figure 30 - GPR data at Justy Howe Hill. 4.56 meters below surface with topographic correction 
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Figure 31 - GPR data at Justy Howe Hill. 5.32 meters below surface with topographic correction 

 

Figure 32 - GPR data at Justy Howe Hill. 6.33 meters below surface with topographic correction 
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Figure 33 - GPR data at Justy Howe Hill. 7.07 meters below surface with topographic correction 

 

Figure 34 - GPR data at Justy Howe Hill. 7.61 meters below surface with topographic correction 

 

6.7 Interpretation 
Despite fairly extensive ground penetrating radar and ERT surveys on the 

mound, there was only a single compelling anomaly, detected in the ERT data 
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(indicated “A” in Figure 35). This anomaly, given the high resistance values and 

central location and dimensions was initially interpreted as a potential stone 

capped burial.  The EMI survey though limited in scope, was able to detect 

three anomalies directly to the east of the mound shown in Figure 36. These 

three anomalies are likely archaeological in nature, but without a secondary 

dataset and little historic information on the mound, it is challenging to classify 

them. Likely these anomalies correspond a series of overlapping enclosures, 

possibly for livestock. Most surprising was the lack of any distinctive anomalies 

in the GPR.  

Coordinates for the ERT survey were given to a survey crew led by Dr. Alex 

Gibson of the University of Bradford. After a systematic coring regime and a 

targeted coring of the single identified ERT anomaly, it was determined that the 

anomaly was a large boulder and that Justy Howe Hill (Alex Gibson pers. 

comm. 2017), through analysis of the coring results and the geophysical data, it 

was ultimately determined that Justy Howe Hill is natural in composition. As of 

the writing of this document, the coring data has not been published and the 

author has been unable to access the original data. Given the unusual shape of 

this landform and the anomalies detected adjacent to the mound, it is possible 

that the mound was intentionally shaped and is therefore cultural but created 

through a reduction process of a larger landscape feature rather than an 

additive process, as is common to most mounds. 

 

 

Figure 35 – Enhanced view of ERT4 from Figure 25 
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Figure 36 – Interpretation of EMI data at Just Howe Hill. 

 

6.8 Snapshot 
As the ultimate goal of a “snapshot” is a record of a mound which will facilitate 

preservation and heritage management, in this Justy Howe Hill presents a 

unique problem. Due to the mound being identified as natural, the 

archaeological interest in the mound interior has been diminished, further there 

is currently little interest in preserving or documenting the mound from a 

heritage perspective. While interest in this mound may change with time, there 

is currently no party interested in a “snapshot”.  Nevertheless, a fully three-

dimensional model incorporating all collected data was created in QGIS, though 

it may only live on as part of the digital archive for this thesis. An example of 

that model is shown in Figure 37. This model could also have been produced in 

a program like Voxler but given the dearth of anomalies present in both the ERT 

and GPR data, it was less time consuming to construct in QGIS.  
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Figure 37 – Three-Dimensional Display of Justy Howe Hill EMI Data over an Orthophoto.  

 

6.9 Conclusion 
Despite being a natural mound, Justy Howe Hill was an excellent case study 

site within the parameters of this thesis. It represents the most average survey 

conditions of all the case studies and provided a good starting point for the 

methodology proposed by this thesis. While archaeological interest in the 

mound has dwindled following survey, it was still important to the methodology 

of this thesis that the data collected be integrated into a snapshot of the 

landform which may have implications for the protection and maintenance the 

mound and associated archaeology. In isolation, the ERT, GPR, EMI and 

photogrammetry data all add to the wider narrative, and due to the inherently 

three-dimensional nature of the data collected, can be combined and 

interpreted in novel ways. The photogrammetry survey, which produced a DEM 

with a spatial resolution of 0.05 m, will provide a benchmark against which the 

mound may be measured in the future. 

The area GPR survey was least productive survey methodology for finding 

anomalies deployed at Justy Howe Hill. An utter lack of anomalies of interest, 

which would normally suggest that the survey conditions or soil type were ill 

suited to GPR survey or that soil contrast for archaeological feature is 

insufficient to be detected, is entirely consistent with a mound that is natural.  
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This methodology was not without faults, however. While the ERT data was 

capable of the depths necessary to image the center of the mound, there were 

no anomalies of interest detected. A tighter transect separation might have 

better dealt with this issue, allowing more points across the features, however, if 

there is nothing to detect no increase of resolution would change that.  

Geophysical survey at Justy Howe Hill proved to be most challenging in the 

collection strategy, with the processing and analysis of the data being relatively 

straight forward. The six-meter-tall mound dictated the use of a 250Mhz GPR 

antenna over the more standard 400 or 500 Mhz systems used for 

archaeological investigation and the steep topography in places resulted in 

gaps where no data could be collected for both the ERT and GPR. Additionally, 

physical modification of field equipment to better facilitate data collection was 

necessary. Yet, the fieldwork has revealed new information about the mound 

and surrounding area which as the potential to have a lasting impact on the 

conservation of the mound and surrounding areas, as well as providing a 

benchmark by which any future survey on site may be compared.  
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7 Grave Creek Mound, West Virginia, USA 
7.1 Introduction 
Grave Creek Mound met all the criteria for a case study site and was selected 

primarily due to its size. It represents the largest standing Adena burial mound 

in the world, additionally it is easily accessed, is not in restricted airspace. 

Additionally, the mowed grass and parking area meant easy access to both the 

site and mound. This large mound is an excellent monument to represent the 

extreme end of potential mound size.   

Grave Creek Mound (Figure 38), or Mammoth Mound as it was known 

historically, is an ancient monument in the town of Moundsville in Marshal 

County, West Virginia (Figure 39). Built approximately 300-200 B.C. (Hemmings 

1984) by the Adena culture during the Early Woodland period, the conical-

shaped earthen mound measured approximately 21 meters tall and 90 meters 

in diameter when it was first surveyed in 1838. At that time, it was documented 

with a 12-meter wide by 1.5-meter-deep ditch around its outer perimeter. It is 

the largest standing conical mound in North America and the only remaining 

mound in this area. In addition to being the only surviving mound within a larger 

earthwork complex (Figure 39), Grave Creek Mound is now also the largest 

extant mound in the Ohio River Valley.  

Situated only nineteen and a half kilometers (12 mi) south of the state capital of 

Wheeling, in the heart of a sleepy American town which derives its name from 

this monument, the mound and associated museum are often discovered 

accidentally by tourists visiting the historic West Virginia Penitentiary, a Gothic 

style prison (now museum) constructed in 1866 which is located approximately 

120 m East of the mound.  

While Grave Creek Mound is locally well known and receives visits from many 

of the surrounding local primary schools, it is virtually unknown outside of the 

state of West Virginia. An incredibly impressive site in person, it is nevertheless 

competing with the better-known prehistoric earthwork sites across the river in 

neighboring Ohio such as: Fort Ancient, Serpent Mound, Mound City, and 

Hopeton. As a result, tourism to Grave Creek Mound is often accidental rather 

than intentional and foot traffic to the museum is a major concern for the 

continued conservation of the monument. In order to address this, the Delf 
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Norona museum has encouraged both commercial and academic geophysical 

investigation in addition to various experimental archaeology projects to raise 

awareness for this entirely unique monument.   

 

Figure 38 - Grave Creek Mound (June 2016) 

 

 

Figure 39 - 1855 Moundsville, WV Oblique Map (R.E. Downs 1855) 
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7.2 The Adena 
The Adena were a culture native to the middle Ohio Valley, and lived from 

approximately 1000 to 100 BCE, during the early Woodland period. Their name 

is derived from another burial mound in Chillicothe, Ohio which was named 

“Adena”, a Hebrew name, by the landowner Thomas Worthington.  

While literature on the subject of the Adena (i.e., Silverburg 1986, McDonald 

and Woodward 2002) is extensive, the vast majority of Adena culture is beyond 

the scope of this work. What is more important to this research is when they 

lived, where they lived, and the way they buried their dead.  

Prehistory of the United States is divided into a series of periods, traditions, and 

cultures (Table 7). A period represents a range of dates where certain cultural 

characteristics became well established and widely distributed. Traditions are 

the sets of characteristics shared by widely dispersed populations. Within 

traditions, distinct populations are given cultural names.  

Table 7 - Archaeological Cultures and Context within the Ohio Valley (Adena in bold) from McDonald and 
Woodward 2002 

Period Tradition Culture Date Range 

Paleo-Indian  Pre-Clovis 

Clovis 

Plano 

13000 to 9500 BCE 

9500 to 8000 BCE 

8000 to 7000 BCE 

Archaic Late Archaic Glacial Kame/Red Ocher 3000 to 500 BCE 

Woodland Early Woodland 

Middle Woodland 

Late Woodland 

Adena 

Hopewell 

Late Woodland 

1000 to 200 BCE 

200 BCE to 500 CE 

500 to 1000 CE 

Late Prehistoric  Fort Ancient 

Sandusky 

Whittlesey 

Monongahela 

1000 to 1650 CE 

1200 to 1650 CE 

1000 to 1600 CE 

1000 to 1650 CE 
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The area where the Adena lived is known as the middle Ohio Valley. This 

region encompasses the area that is drained by the Ohio River from modern 

day Pittsburg, Pennsylvania to Louisville, Kentucky (McDonald and Woodward 

2002). Culturally it is divided into four periods/ traditions: the Paleo-Indian, 

Archaic, Woodland, and Late Prehistoric. The Woodland period, when the 

Adena existed, is further subdivided into Early (1000- 200 BCE), Middle (200 

BCE- 500 CE), and Late (500- 1000 CE) parts. The Woodland period is 

characterized by dependence on hunting, gathering, and fishing, increased use 

of controlled indigenous plant production, the development of interregional 

exchange networks, and burial of the dead away from habitation sites, often 

beneath stone or earth mounds (McDonald and Woodward 2002). Given the 

vast area occupied by the Adena culture, there is speculation that in more 

remote areas, the culture coexisted with the later Ohio Hopewell culture 

(McDonald and Woodward 2002). It was largely superseded by the Hopewell 

elsewhere.  

A largely hunter-gatherer people, the Adena also cultivated and domesticated a 

number of native plants (Chenopodium, Polygonum, Hordeum, Phalaris, Iva, 

Helianthus, and Cucurbita). They constructed transient temporary wood framed 

structures and occupied different regions, seasonally transitioning to more 

substantial structures during winter (McDonald and Woodward 2002).  

The Adena were not the first indigenous culture in this region to bury their dead 

under mounds of earth (that claim belongs to the Glacial Kame culture from the 

Archaic period). However, the scale and method of their constructions differ 

dramatically from anything that came before.  

After death, it was common for the dead to be cremated and buried in small log 

tombs covered with earth. Smaller mounds of this nature typically contain few if 

any grave goods (Norona 1957). While not all Adena mounds contain burials, 

the vast majority do and the larger mounds, like Grave Creek Mound, differ from 

the more common burial mounds of the Adena not only in size but in form and 

practice. Large mounds are not simply supersized versions of the smaller 

variety – they are constructed differently and contain uncremated remains as 

well as grave goods.  
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Other Adena mound excavations across Ohio and West Virginia (Mills 1902, 

Mills 1907, Mills 1909) suggest that large mounds began as circular wooden 

structures with a diameter ranging approximately 60 to 95 ft. Earlier forms 

utilized a single post construction while the later forms used paired posts. These 

structures were erected for the sole purpose of interring the dead and were not 

repurposed structures (McDondald and Woodward 2002). Either a log lined 

tomb would be dug into the floor of the structure or a prepared surface used, the 

body would be covered in bark and clay, followed by stones (in later forms), 

then the structure burned (Norona 1957) or taken down. Some tombs show 

indications that they may have been used over an extended period of time, 

before the mound was built up, with multiple remains occupying the same tomb. 

Additional remains were often interred on or adjacent to the original mound, with 

soil then added to produce a larger mound. Less commonly, a series of smaller 

mounds were combined into a single large mound coinciding with the addition of 

supplementary human remains. Those mounds that are funerary in nature often 

exhibit multiple burial activities after the original mound has been constructed, 

with the final mound containing ten or more remains, resulting in a very 

complicated soil composition. All Adena mounds are conical or nearly conical in 

shape, regardless of construction methodology, function, or when in the Early 

Woodland period they were constructed. Later examples are often surrounded 

by an embankment and ditch with a causeway through both for access to the 

mound, a trait shared by the later Ohio Hopewell mounds.  

While Grave Creek Mound is a unique monument, being the largest surviving 

example not only of an Adena burial mound but also the largest surviving 

conical mound in North America, the consistent burial practices of the Adena 

culture help inform on probable mound composition and add insight into the 

interpretation of existing and newly collected data. 

 

7.3 Site History 
The first western owners of Grave Creek Mound and the surrounding lands 

were the Tomlinson family, settling in the area some time before the American 

Revolution (Norona 1957). Travelers to the area make note not only of the 

“Mammoth Mound” as it was sometimes called, but also associated earthworks 
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and mounds nearby (Figure 41) including palisades, ditches, mounds, circular 

and elliptical forts. One such example is of a raised octagonal earthwork and 

the “Biggs” mounds (Figure 40) north of the mound, described in detail by 

General Butler and recorded in his diary during a trip to Moundsville (Norona 

1957).  

 

Figure 40 - Possible Earthwork Complex Associated with Grave Creek Mound (Norona 1957) 
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Shortly after the turn of the century the sister towns of Moundsville and 

Elizabethtown (Figure 41) began to increase in prosperity and encroach on the 

mound (eventually merging into a single city after the American Civil War 

ended). In the process of expansion, other monumental earthworks in the area 

were systematically wiped out, including the previously mentioned Biggs mound 

and the associated earthworks.  

Joseph Tomlinson reportedly refused to allow excavation of the mound up until 

his death in 1826 (Norona 1957), though there are conflicting reports that a 

shaft was dug into the side of the mound before the official excavation in 1838 

which yielded a human jaw (Hemmings 1984). Given that it was not uncommon 

for subsequent cultures to bury their died in the side slope of Adena mounds, 

the jaw fragment may simply have eroded out, though this is entirely 

speculation. His son Jesse Tomlinson then took possession of the mound and 

under the direction of his nephew Abelard Tomlinson and Thomas Biggs, 

permission was granted for the opening of the mound in 1838.  

The 1838 excavation comprised the digging of three distinct shafts and the 

likely filling of the ditch which may have encircled the mound (Norona 1957, 

Hemmings 1984) with the resulting soil.   

The results of the excavation were put on display within the mound which was 

converted into a “museum” until its abandonment in approximately 1847. This 

museum was located in the center of the mound in the enlarged lower burial 

chamber, lined with wood and plaster, with measurements of approximately 8.5 

m (28 ft) in diameter and 2.7 m (9 ft) tall. The lowest excavated shaft and the 

entry of the second shaft had been partially brick lined, the roof of which forming 

a gothic arch. The shaft down through the top of the mound was also reportedly 

brick lined. 

A three storied observation tower, visible in the first photograph of Grave Creek 

Mound (Figure 42) which has been mirrored by the author to reflect the correct 

orientation of the mound and to remain consistent with the other images 

presented, was also constructed to provide views from the top of the mound. 

There are conflicting reports that a staircase may have been run from the 

museum, up through the mound, to the observation tower, though the shaft 

down through the top remained open well after the museum closed.  
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To keep visitors off the mound and restrict access to only those who had paid, a 

picket fence was erected which encircled the mound. While no visual records 

survive of the fence, it was likely to have been wooden and located roughly 

where the concrete walkway which encircles the mound now exists.  

Ultimately the museum proved to be untenable, whether due to costs of upkeep, 

the poor conditions in which the artifacts were kept (there are reports of human 

remains in steel mesh display cases hung from the ceiling, water damage, and 

mold), or the relatively remote location of the mound. As of 1847 there are 

accounts from visitors that sections of the museum had collapsed and in 1856, 

the Mayor of Baltimore, Branz Meyer recorded after a visit to the mound that: 

“[it]… is now open to the elements as well as visitors and is rapidly decaying” 

(Norona 1957). 
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Figure 41 - Grave Creek Mound in a Landscape Context 1843 (Schoolcraft 1845)
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Figure 42 - Early Photograph of Grave Creek Mound from the West Virginia and Regional History Center 
Mirrored by Author 

 

By 1860 the observation tower had been razed and a saloon was erected in its 

place.  

By 1863 the saloon at the top of the mound had been removed and artillery in 

the form of cannon were placed at the top of the mound to repel a possible 

attack by the Confederate army, which had been making raids into nearby Ohio. 

Reports of a horse falling down the shaft in the top of the mound and a 

subsequent rescue from 1878, suggest that the central shaft and museum 

cavity were still open to the elements at least until this time. 

The filling of the excavated tunnels occurred sometime between 1890 and 1894 

(Figure 43, Figure 44). This resulted in a fundamentally reshaped apex, 

presumably using soil from the top of the mound to fill in what remained of the 

vertical shaft, resulting in a concave shape. As the soil at the top of the mound, 

which had been added to level the apex prior to the construction of the 

observation tower in 1843, was likely from the backfill from the vertical shaft 

excavation, there is likely very little that remains of the original soil and the 

subsequent stratigraphy in this portion of the mound. 
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Figure 43 - Visual Representation of the Mound from an 1894 Report (Norona 1957) 

 

Figure 44 Visual Representation of the Mound from local reports 1890 (Norona 1957) 

 

The mound was then acquired 1909 by the State of West Virginia. As the only 

state institution near the mound was the state penitentiary located across the 

street, control of the mound property was given to the penitentiary board with 

the responsibility of general maintenance and upkeep transferred to the warden.  

While under the care of the correctional facility the mound was largely 

unmaintained and allowed to grow trees and thick underbrush (Pohlman et al. 

1958). 



80 
 

In 1915, warden M.Z. White enlisted the inmates under his supervision in the 

restoration of the mound and surrounding property. This included leveling the 

top of the mound and smoothing the sides, which had become pockmarked with 

holes from treasure hunters and amateur archaeologists digging into the mound 

(Norona 1957). 

At some point between 1915 and 1944, a small stone giftshop (15 x 25 ft) was 

erected on the south edge of the mound, which allowed inmates to sell trinkets 

they had made. At this time a new fence to replace the original picket fence was 

erected which also encircled the mound to keep vandals out. 

In 1949 plans were drawn up to expand the giftshop into a larger facility which 

would serve as a museum. To facilitate this, the decision was made to excavate 

into the mound to make room for the proposed building. The excavation lasted 

two weeks and was conducted by Delf Norona and extended roughly 3 m (10 ft) 

into the mound.  

Construction began in 1950 which included a trench housing the storm drain 

and sewer pipe from the new building. This trench extended from the east rear 

of the building to the street. Around this time, a stone parapet and spiral 

stairway with a metal fence rail were constructed around the mound leading to 

its apex. The new spiral stairway followed the original path, it was coursed in 

stone and therefore more robust. The museum was officially opened to the 

public on July 4th, 1952.  
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Figure 45 - Planview of Grave Creek Mound 1944 

 

The 1966 aerial photograph (Figure 46) as well as the 1935 (Figure 47) and 

1960 (Figure 48) USGS topographic quadrangle maps show the mound to be 

surrounded by residential development. The 1966 aerial photograph shows 

streets along all four sides of the mound and at least 18 houses on the north 

and east sides. It is evident from this image that the west side of the mound was 

damaged by street construction. 
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Figure 46 - Grave Creek Mound 1966 Aerial Photograph with Project Area in Red 

 

Figure 47 – Moundsville, WV 15 Minute Map (1935) with Project Area in Red 
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Figure 48 - Moundsville, WV 15 Minute Map (1960 rev. 1975) with Project Area in Red 

 

 

Figure 49 - USGS LiDAR Survey 3m DTM (2003) with Project Area in Red 
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Figure 50 - Locations of Possible Features from Historic Datasets 

 

 

 

7.4 Previous Survey 
Grave Creek Mound is no stranger to survey in one form or another, having a 

near continuous history of amateur surveyors recording the dimensions of the 

mound. Delf Norona, original curator of the Grave Creek Mound Museum, 

compiled an exhaustive list of recorded mound dimensions from journal entries 

and personal papers found both in private collections and in public libraries, 

which has been compiled below (Table 8). As even a cursory reading of the 

table will show, many of these recorded measurements are likely the result of 

little more than guess work. The first systematic survey was conducted in 1838 

by the engineers of the Marietta and Wellsville turnpike and reported by 

Thomas Townsend. While still of an amateur nature, the survey was conducted 

by a trained crew and represents the most accurate measurements from that 
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time period (Norona 1956, Norona 1957, Norona 1964, Hemmings 1984). Since 

then, the dimensions of the mound have been affected by erosion and the 

excavation of the three shafts (Hemmings 1984). What is made clear by this 

table of measurements is that the mound has changed over time, and since 

1839, has lost significant height and width as a result of human intervention.  

 

Table 8 - Report of Mound Dimensions (road engineer survey in bold) from Norona 1958 

Year Recorded by Height Diameter 
at Apex 

Diameter 
at Base 

Ditch Present? 

1775 James Nourse 100 ft 60 ft 90 ft X 

1785 General Richard 
Butler 

60 ft X 180 ft X 

1785 Samuel Holden 
Parsons 

80 ft 60 ft X X 

1787 Winthrop Sargent 65 ft 60 ft 249 ft X 

1788 John May 70 ft X 95 ft X 

1788 Manasseh Cutler 60 ft X X yes 

1791 Anonymous 100 ft X 95 paces X 

1794 Anonymous X X X yes 

1803 Thaddeus Mason 
Harris 

67 ft 55 ft X X 

1807 Fortescue Cuming 70 ft 60 ft 171 ft X 

1808 Zodoc Cramer 70 ft 60 ft X X 

1808 Lewis Summers 65 ft X X X 

1811 Zodac Cramer 75 ft 40 ft 171 ft no 

1818 Thomas Nuttall 75 ft X X yes 

1818 Schoolcraft X 50 ft X X 

1818 James Flint 67 ft 22 ft 180 ft yes 

1819 Joseph Doddridge 90 ft 45 ft 100 ft X 

1820 James Hall 68 ft 55 ft X X 

1822 Joshua Morton 70 ft 60 ft 238 ft X 

1836 Chas.A. Murray 70 ft 60 ft 191 ft X 

1838 E.W.B. Canning 73 ft X 300 ft X 

1838 Thomas Townsend 69 ft 60 ft 295 ft X 

1839 James W. Clemens X X X yes 
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1975 E.Thomas 
Hemmings 

62 ft 48.5 ft 240 ft no 

2016 Alex Corkum 62.3 ft 48.22 ft 252 ft no 

 

 

Figure 51 - Chart showing historic measurements of Grave Creek Mound, demonstrating inconsistency of 
measurements for height, diameter at apex, and diameter at base. Data from Table 8. 

  

The largest cause of change can be traced to the earliest recorded excavations 

which occurred in 1838 under the direction of Abelard Thomlinson and Thomas 

Biggs and were reported in a series of mid-nineteenth century publications 

(Schoolcraft 1845; Squier and Davis 1848; Schoolcraft and Nichols 1851). 

Although excavation records are poor and detailed results are lacking, the early 

work located two centrally positioned burial chambers, one atop the other, lined 

with logs (Figure 55) and capped with stone. To access these chambers in the 

nineteenth century, three shafts were dug into the mound (Figure 52).  

The first shaft began approximately 4 feet (1.2 m) feet up on the north face of 

the mound, likely so that the excavated soil could be deposited in the ditch 

rather than be carted away (Norona 1958). At approximately 111 feet (34 m) 

into the mound a burial chamber was discovered, dug into the original ground 

surface. The burial chamber was reported to have been a cuboid measuring 8 

feet (2.4 m) by 12 feet (3.7 m) aligned north-south and dug 7–8 ft into the 

natural ground surface. While reports from that time (Norona 1957) indicate that 

the lower burial was central to the mound, given the 295 feet (90 m) diameter of 
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the mound recorded in 1838, and the 111 feet (34 m) tunnel, this may have 

been a simplification, with the burial merely "central", rather than in the exact 

center. The lower tomb contained two burials, one on the eastern side and the 

other on the western. The western was found with approximately 650 beads of 

either shell or ivory depending on the historical accounting (either the local 

doctor, Dr. James Clemens, or the ethnologist Henry Schoolcraft). The second 

two tunnels were dug following the discovery of the lower vault, one vertical 

from the top into the mound and the second approximately halfway up on the 

northern face. These two shafts intersected at a second burial chamber, 

containing a single burial, discovered June 9, 1838. Among the artifacts 

reported were approximately 1700 ivory beads, 500 seashells, and five copper 

bracelets. The central ground surface was found to have a stratum containing 

“blue bunches” oval in shape, composed of charcoal and burned bone, 

becoming increasingly numerous toward the center of the mound.  

The reports compiled by Dr. Thomas Townsend once excavation had 

completed remark that the mound appeared to be built from black soil and 

yellow clay, which when the surface of the excavation had been cleaned “gives 

its surface the appearance shown by painters and engravers, in the 

representation of the ocean after the storm.” While certainly evocative, this 

observation suggests that individual loads of soil can be discerned within the 

mound, and that the fill is heterogeneous soil and clay. Townsend also reported 

that during the excavation of the lower tunnel, a second far older wood lined 

tunnel became apparent, which extended only to the outer edge of an inner 

original mound surface (Figure 52). This tunnel was not parallel to the ground 

surface but declined slightly and intersected with the lower vault.  

The entrance to each of the shafts were purported to have been coursed with 

brick which is corroborated by etchings of the mound in 1848 (Figure 55) and 

1839 (Figure 56). Additionally, a rotunda was excavated within the lower burial 

(Schoolcraft 1845) where additional human remains were discovered, though 

the exact location and dimensions of this are not clear. 
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Figure 52 - Schematic of 1838 Mound Excavations (Norona 1957)  

 

 

Figure 53 - Mound Excavation Schematic (Squier and Davis 1848) Mirrored by Author 
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Figure 54 - Expected Mound Construction Based on Historic Data with Location of C14 Measurements 
(Hemmings 1984) 

 

 

 

Figure 55 - Grave Creek Mound (Squier and Davis 1848) 
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Figure 56 - Etching of Grave Creek Mound with both Entrances from 1839 (Norona 1957) 

 

Between 1975 and 1976, the West Virginia Geological and Economic Survey 

excavated a series of exploratory trenches and soil cores (Figure 57) and 

completed a detailed topographic survey (Figure 60) of the mound with the aim 

of clarifying mound construction (Grantz 1984). A total of 13 soil cores and 13 

exploratory trenches were excavated as part of this work. The trenches were 

excavated to explore reports of a ditch surrounding the mound, while the soil 

cores were to clarify the mound composition and to collect carbon for C14 

dating. The ditch, as recorded earlier, is a common feature associated with 

Adena mounds, but the only evidence for its existence were unreliable reports 

from the turn of the 19th century (Table 8).  

Trench locations were positioned to extend from the base of the mound out 

radially to cross the ditch, if one existed, at approximately a right angle. This 

was to allow the best possible profile of the ditch and its fill to be recorded.  

Figures 23 and 24 show the results of the excavations. While minor differences 

are apparent between trenches, there are several common stratigraphic 

features indicating not only the existence of a trench encircling the mound, but 

also various fill events which led to it being buried. Each trench has a thick layer 
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(approximately 60 cm) of modern fill labelled “I” on figures 26 and 27, consisting 

of a mottled silt and silt loam containing brick, coal, glass, and metal objects, 

predominately dating to the 19th and 20th centuries. This was then followed by 

historic fill, labelled “II” on figures 26 and 27, which existed only within the limits 

of the ditch with a depth, depending on location, ranging from 0.6 m to 1.2 m. 

This historic fill was split into two types, both a dark brown silt-loam and was 

noticeably darker than the modern fill above. Identified as earlier, the first lens 

of historic fill contained rock fragments, brick, and historic ceramic (dated to the 

first half of the 19th century). The second stratum, located below the first was 

thin and sterile save for charcoal. Also apparent within this layer were historic 

plow scars, extending to the edge of the mound, indicating agriculture may have 

surrounded the mound. Below this, indicated on figures 26 and 27 as “III” was 

identified as pre-historic ditch fill. This fill was interpreted as the original extent 

of the ditch following mound construction and consists predominantly of tan 

clayey silt or silty sand, differing only from the soil below in texture and the 

inclusion of fire cracked rock, carbon, debitage, and other pre-historic artifacts 

with no evidence of water laid sediments at the lower extent. This pre-historic fill 

is of irregular thickness, being generally thicker as it approaches the mound and 

thinner as it slopes back up away from the mound, which may be an indication 

of some erosion off the mound during early construction before grass had taken 

hold on the mound surface.  
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Figure 57 - Location of Soil Probes and Trenches by the West Virginia Geological and Economic Survey 
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Figure 58 - Profiles from Mound Trenching (Hemmings 1984) 
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Figure 59 - Profiles from Mound Trenching Cont. (Hemmings 1984) 

 

The result of this work indicates a circular ditch surrounded the mound, which 

was approximately 12 m wide, gradually sloping to 1.5 m below ground at its 

deepest point. It was backfilled predominantly by historic and modern soil and 

lacks a strong soil contrast with the underlying subsoil.   

The 13 soil cores were collected using a crawler (a 2500 kg track-mounted 

drilling rig) which was driven up the side slope of the mound and secured using 

a winch. The auger used was a split spoon design, resulting in soil samples 
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which are considered “representative” but not “undisturbed”. Core locations 

were selected to avoid known disturbance, most notably the mound center and 

the north face, resulting in a cross pattern aligned SW-NE and NW-SE (Figure 

57). A number of metrics were recorded on the soil cores including penetration 

rate, texture, Munsell soil color, organic and inorganic inclusions, pH, and soil 

composition. A radiocarbon date was collected from carbon collected from soil 

cores 3 and 10, which was combined into a single sample due to the crude 

nature of C14 dating at the time of survey requiring more carbon than was 

recovered in any single soil core. While the soil recovered was largely 

heterogeneous in nature, the soil composition was banded ranging from 

10YR3/2 silt loam to 10YR 5/4 subsoil (presumably a sandy loam), which 

Hemmings speculated to be the result of individual basket loads with a cross 

section of topsoil and subsoil being used to construct the mound. There were 

not any visible indications of two distinct building periods, as suggested by 

historical accounts of mound excavation (Norona 1957).  

The soil composition was quantified for all samples in a laboratory using the 

modified visual accumulation tube method. Generally, it was found that clay 

represented less than 20% of all soil analyzed, with the remaining 80% being a 

fairly even distribution of silt and sand. There was no change in texture (beyond 

a weak increase in sand content with depth) to indicate a transition from one 

construction event to another for soil cores 2 and 3 which would have been 

most likely to penetrate the “original” mound.  

Penetration rate was recorded continuously for all core samples and was 

quantified by the number of blows per foot (30 cm) it took to drive a 140 lb. 

(63.5 kg) weight. Four gradations were established to ease in interpretation, 

ranging from Loose (0-10 blows/ft), Medium (11-30 blows/ft), Dense (31-50 

blows/ft), and Very Dense (>50 blows/ft). There were two zones of increased 

density identified within cores 2, 3, 6, and 9 (Figures 28, 29). The first was 

identified between approximately 710 ft (182.5 m) and 720 ft (185.5 m). The 

second occurred at approximately 730 ft (188.5 m).  

Soil pH was measured for all samples using a pH meter and glass electrode 

with values ranging from 4.5 (extremely acidic) to 9.1 (very strongly alkaline). 

Like the penetration rate, there were also two zones of elevated pH levels 

(Figures 30 and 31) identified in the core samples. The first zone is just below 
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the natural ground level of the mound, indicating a subsoil less acidic than the 

mound fill. Hemmings proposed that the ground surface might have been 

prepared in some way (possibly by the introduction of organic matter) before 

mound construction to increase the pH, as the local subsoil in that region is 

naturally lower on the pH scale. The second zone identified follows a curve, 

being higher in elevation (720-737 ft) closest to the mound center and lower in 

the farther cores. This curve loosely matches the expected mound construction 

based on historical accounts (Figure 54). Hemmings suggests that following the 

construction of an original smaller mound, if fill material quarried from a newly 

constructed ditch was added to the slope of the original mound uniformly, and 

being predominantly subsoil which is naturally more acidic, it would cause the 

elevated pH. The later construction event resulting in the final mound height 

being composed of an even mix of top and sub soils would then result in lower 

pH values above the original mound surface. 

Ultimately Hemmings rejects the “two-stage hypothesis” reported in historical 

accounts (Figures 18, 19, 20) mostly due to the absence of a prominent 

boundary between stages, suggesting instead a near continuous sequence of 

construction. However, he notes that these findings are only preliminary and 

suggests that only through extensive systematic excavation can they be tested. 

The soil core field data from cores, 1B, 2, and 3, were published as an appendix 

at the end of a publication in West Virginia Archeologist (Hemmings 1984). 

While this data was originally digital, it only exists in printed and scanned forms, 

so the data was digitized using optical character recognition (Google Drive) 

saved as a .TXT file then imported and manually sanitized in Microsoft Excel. 

Core locations were converted to shapefiles in QGIS then height values were 

extracted from the photogrammetry model. The depth was converted to meters 

then subtracted from the starting elevation which allows the data to be 

displayed at true elevation, not merely their depth.  
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Figure 60 - Digitized 1975 Contour Survey from (Grantz 1984) 

 

 

 

7.5 Current Land Use 
Today, the mound is located within the grounds of the Delf Norona Museum 

complex, which was constructed in 1978. The houses and streets visible in the 

1944 plan view (Figure 45) and 1966 aerial (Figure 46, Figure 47, Figure 48) to 

the east and south of the mound have been completely removed and replaced 

with short grass and a paved parking area. Short, mowed grass is dominant, 

and the landform is almost entirely level from historic-era modifications. There 

are three extant structures and an enclosed garden on site, as well as a modern 

concrete footpath leading to the mound from the museum. The survey area is 

bounded on all sides by a modern extruded steel fence. The complex is 

bounded to the north by 8th street, to the south by 10th street, to the east by 

Tomlinson Ave, and to the west by Jefferson Ave (Figure 61). 
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Figure 61 - Orthophoto of Grave Creek Mound Showing Current Land Use (June 2016) 

 

There are three soil types identified by the National Cooperative Soil Survey 

(USDA-NRCS 2015) within the survey area (Table 9). These soils are 

predominantly found in urban environments with a depth to restrictive feature in 

excess of 200 cm. 

 

Table 9 - Soil types found within the Grave Creek Mound survey area. 

Soil Symbol Soil Name Slope 
Percentage of Survey 
Area 

Uh  

 
Odortents-Urban 
land complex 0-70% 90% 

UK Urban land Not defined 6% 

UvC Urban land-
Omulga complex 3-15% 3.5% 

 

The soil is predominantly silt loam, which is ideal for archaeological prospection. 

The soil is moderately well drained with a low available water storage profile, 
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which provides the strong dielectric contrast between sterile soil and 

archaeological features necessary for the ground-penetrating radar survey. 

Table 10 - Soil composition found within the Grave Creek Mound survey area. 

Soil Profile Depth Description 

Ap 0-23 cm Silt Loam 

Bt 23- 53 cm Silt Loam 

Btx 53-114 cm Silt Loam 

Bt’ 114-162 cm Silt Loam 

2C+3C 162-200 cm Fine Sandy Loam 

       

 

7.6 ERT 
A FlashRes64 ERT system was used on the “full survey” setting to collect thirty-

three lines of data, each with approximately 60,000 data points at 1.5 m 

electrode and transect separation to ensure measurement depths would exceed 

the maximum height of the mound while still encompassing the surrounding 

area. Thirty-three lines of ERT data at 1.5 m separation were collected on the 

mound. The ERT electrode positions were located using the Trimble R10 GNSS 

system in a hand-held configuration. Due to both time constraints and safety, it 

was not appropriate to collect each individual electrode height measurement 

with the Trimble R10. Standing on the side slope of the mound alone was quite 

dangerous, so a team of individuals were sent to collect the location of 

electrodes, which is half as efficient in terms of manpower, but considerably 

safer, as one individual’s sole purpose is the ensure that the team is safe and 

stable. This reduction in manpower required that electrodes be sampled (rather 

than all locations collected) along each transect to ensure the ERT survey was 

completed in the time available. Electrodes were systematically measured along 

the line, and the elevation of the intervening electrodes was extracted from a 

surface model produced from interpolating between the all the GNSS points 

collected on the mound (Figure 63). This included a number of reference points 

unrelated to the ERT survey. The raw ERT data files cannot be processed 

without first being extracted into array types. This was accomplished using a 16-
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bit software program which shipped with the ERT system for this purpose. The 

near ubiquity of x64 operating systems today required a bit of creativity, as a 

16-bit program is incapable of running in a 64-bit environment. The solution is to 

run the program in a virtual machine. VMWare Workstation was chosen to 

create the virtual machine, as it is free for non-commercial use. A virtual 

machine was created which runs Windows 2000, a 32-bit operating system 

which is available through Microsoft for non-commercial use via the Shared 

Source Initiative. Once each of the data files has had standard array types 

extracted, they are collated into a 3D file in Res2DINVx64 using a .txt file which 

directs the program to each file location and indicates the orientation and 

transect separation. Once the data has been combined, it can be inverted with 

topography in Res3DINVx64. 

7.6.1 ERT Topographic Correction 

Topographic correction of the ERT data was handled by the software package 

Res3Dinv64x. For the data to be corrected, it must be ordered appropriately at 

the bottom of the file which is going to be inverted. A result of time constraints 

meant that not every electrode position had a GNSS location associated with it 

(Figure 62). There were often gaps of several meters between points. In order 

to fill these gaps, a surface was created from the GNSS points (Figure 63) in 

the software program Surfer. A false grid (Figure 64) shapefile, including all 

probe locations was created and height values were extracted from the GNSS 

surface in QGIS. The false grid represents an idealized version of the survey 

with each electrode located exactly 1.5 m from its neighbors both x and y. But 

as a result of using a guide rope for electrode placement, not only is there a 

slight deflection of the ERT lines due to the line passing over the top of the 

mound, but the increased height of the mound forced the southern end point of 

each line to move in toward the mound by the same distance that had been 

added to the height of the line. Given such a large electrode separation, the 

error introduced was acceptably low. The false grid shapefile was exported to 

Excel, sanitized of unnecessary headers and columns, ordered based on the 

electrode positions, and saved as a .txt file. The data was then copied out of the 

.txt file and into the bottom of the .DAT file which contained the ERT values to 

be inverted. The appropriate header was then added, the file was saved, and 

the data inverted with topography in Res3Dinv64x.  
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Figure 62 - Grave Creek Mound RTX GNSS positions which were hand collected with the points for the ERT 
topographic correction in red.  

 

Figure 63 – Surface derived from handheld RTX GNSS positions (hillshaded). 
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Figure 64 – Display of the ERT “falsegrid” over the topographic surface derived from the hand recorded RTX 
GNSS positions. 

 

 

7.7 GPR 
Forty-three lines of GPR data at 0.75 m transect separation on the mound and 

an additional twenty-two 20 x 20 m grids and two 10 x 40 m grids of GPR data 

at 0.5 m transect spacing were collected in the area surrounding the mound. 

The area surrounding the mound was surveyed first. This survey was 

conducted with Sensors & Software Noggin 500 (500 MHz) (Figure 67) and 

GSSI SIR3000 (450 MHz) (Figure 68) GPR systems (Figure 65). Two systems 

with different central peak frequencies were used due to time constraints. With 

two systems operating simultaneously on opposite sides of the mound, the area 

survey could be completed more quickly, and survey of the mound could begin. 

The use of two different GPR systems did present some challenges when 

integrating the datasets, as anomalies do not perfectly mesh when grids are 

placed next to each other for interpretation. This was considered an appropriate 

concession, as the main focus of the area survey was to detect the ditch and 
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the earthworks associated with the mound. This data was combined and 

processed in ReflexW 8.0 (Figure 82, Figure 83).  

Survey on the mound was done with the Mala GX160, a GPR system with a 

center frequency of 160MHz, in conjunction with the Trimble R10 GNSS system 

for position. The lower frequency was chosen to investigate more deeply into 

the mound than would have been possible with either the 450 or 500 Mhz 

systems. A separation of 0.75 m was chosen in order to maximize the coverage 

of the mound in the time allotted to survey. A guide rope was attached at the 

start and end position of each transect and the GPR was pulled along this line, 

to ensure transects were as straight as possible. The wheel encoder, which 

would normally have been used, was found to be unreliable due to slopes often 

in excess of 40° on the mound. The encoder wheel supplied was not spring 

loaded, relying on gravity and the weight of the wheel to maintain enough 

friction to turn the wheel. It also articulates to the left and right, which means 

that as the slope increases, the weight of the wheel pulls it downslope, such 

that the orientation of the wheel is no longer in line with the direction of travel, 

causing the wheel to drag, rather than spin, as it is pulled. The solution was to 

collect the GPR data in timed collection mode. The NMEA string recorded 

through the MALA GX controller was therefore the sole method of recording 

location. The over the shoulder harness for the unit was removed for safety 

reasons. If a user were to trip and fall with the harness on, they could be 

seriously injured. Instead, the GX controller was mounted directly to the GPR 

(Figure 69) so that two people holding ropes attached to either side could pull 

the system up and over the mound while maintaining its orientation via tension. 

The GNSS data collected through the Mala GX160 controller was found to be 

reliable for X and Y position, likely due to the steady rate of collection afforded 

by two operators and a rope guideline to follow. But the GNSS data was wildly 

inaccurate in the height dimension (Z) regardless of the accuracy being 

reported by the controller. As will be discussed in further detail later, height 

values from the photogrammetry model were used to replace the inaccurate 

GNSS values. The individual lines of GPR data, once corrected, were able to be 

combined, processed, and topographically corrected in ReflexW 8.  
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7.7.1 GPR Topographic Correction of Data 

The hand positioned GNSS data (Figure 63) was useful in providing a baseline 

for the other topographic data sources, ground control points for the 

photogrammetry, and topographic correction for the ERT survey. It was not, 

however, of sufficient resolution to provide the topographic correction necessary 

for the GPR data. LiDAR data (Figure 49), while available for free through the 

West Virginia Geological Survey, is useful as a benchmark but is such low 

resolution (3m) that it is unsuitable for the topographic correction not only of the 

GPR but also ERT data. This necessitated a replacement of the height values 

within the GPR data with those from the photogrammetry model. This was done 

using a series of custom python scripts (Appendix 5: Python Script to Combine 

Multiple GPR Files into One, Appendix 6: Python Script for Splitting GPR 

Datafile) and QGIS (Point Sampling plugin). 
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Figure 65 - Grave Creek Mound Area GPR survey areas. Showing locations of Sensors and Software and GSSI 
survey boundaries. 
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Figure 66 – On mound GPR survey transects with the Mala GX160. 
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Figure 67 - Example of a Sensors and Software Noggin Plus 500Mhz antenna. (Featuring Dr. Jarrod Burks on a 
project in Virginia, USA) 

 

Figure 68 - Example of the GSSI SIR 2000 450Mhz antenna (Image courtesy of CRA, Inc. personal 
communication 2016) 
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Figure 69 - Image of Mala GX160 with Trimble R10 GNSS and encoder wheel attached, with data logger mounted 
to GPR 
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7.8 Photogrammetry 
Photogrammetry was collected with a DJI Inspire (Figure 70) configured with 

the Zenmuse x5 FC550 image sensor (Table 12). Flights were preprogrammed 

using the Litchi app on the Android operating system at a height of 225 ft (68.58 

m) above the ground surface. This elevation was chosen as a reasonable 

tradeoff between resolution and flight time, while also maintaining a safe 

distance above both the mound and trees present in the project area. The 

resulting flight path generated a systematic survey of 548 photographs with 

80% or greater photo overlap (Figure 71) from two flights. The first was a 22-

minute flight, flying a zig-zag pattern aligned north-south, the second flight was 

an 18-minute flight, flying a zig-zag pattern aligned east-west. Data was 

processed in Agisoft Photoscan.  

Table 11 - Photogrammetry Processing Steps 

Process Setting 

Align Photos Accuracy: high; pair preselection: Generic; Point 

limit: 40,000 

Create Markers Located Ground Control Points and coordinates 

entered 

Optimize Camera Alignment Coordinate System: WGS 84; Camera accuracy: 

10; Marker accuracy: 0.005; Scale Bar accuracy: 

0.001; Projection accuracy: 0.1; Tie point 

accuracy: 4; Correct for rolling shutter: enabled 

Build Dense Point Cloud Quality: High; Depth filtering: Mild 

Build Mesh Surface type: Height field; Source data: Dense 

cloud; Polygon count: High 

Export Orthophoto Projection type: geographic; enable color 

correction: yes 

Generate DEM Projection type: geographic; Crop invalid DEM: 

yes 
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Figure 70 - Jamie Davis of OVAI preparing to survey Grave Creek Mound 

 

 

Figure 71 – Grave Creek Mound photo locations for photogrammetry survey (blue squares indicate location and 
orientation of photograph) 

 

Table 12 - FC550 Technical Specifications 

Size 17.3 x 10.0 mm (4:3 Aspect Ratio) 

Type CMOS 

ISO Range 100-25600 

Optics DJI MFT 15mm 

Iris F/1.7-F/16 

Diagonal FOV 72 degrees 

Distortion 0.40% 

Maximum Resolution 4096 x 2160 pixels 

Shutter Speed 8~1/8000 sec 
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7.9 GPR Processing Steps: 
Table 13 – Area GPR (450 and 500Mhz data were processed together) processing steps for ReflexW. Individual 
grids were then combined into a single three-dimensional file for ease of interpretation. 

Technique Setting 

Move Start Time -21 (500Hmz), -24(450Mhz)  

Subtract – mean (dewow) Time window: 2ns 

Energy Decay All traces (scaling factor:1) 

Background Removal Whole line (0-39.8) 

Topographic Correction N/A 

 

Table 14 - Mound GPR (160Mhz) processing steps for ReflexW 

Technique Setting 

Move Start Time -27 (read from file header) 

Band Pass Filter LS:30 Mhz LE: 100 Mhz  

US: 220 Mhz UE:360 Mhz 

Manual Gain -6.80851 / 64.68085 / 0 / 0 / / 1 / 1 / 1 / 

13171 

 

Subtract – mean (dewow) Time window: 2ns 

Make Equidistant Traces 0.005 m 

Deconvolution 0 / 300 / 60 / 100 / / 6 / 1 / 1 / 15143 

 

Background Removal Whole line (0-39.8) 

Topographic Correction Yes 

 

7.10 ERT Processing Steps 
Table 15 – Electrical Resistivity Tomography Inversion Settings 

Name Setting 

Use robust data constraint Yes 

Data constraint cutoff factor 0.0500 
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Use robust model constrain Yes 

Model constraint cutoff factor 0.0050 

Reduce effect of side blocks Yes 

Limit range of model resistivity levels Yes 

 

 

7.11 Interpretation 

7.11.1 Expected Anomalies 

Given the considerable circumstantial evidence for modification to both the 

mound and its surrounding landscape, large areas of disturbance were 

expected. Additionally, many of the modifications, such as the road and housing 

foundations (Figure 50) or the construction of the museum, may make it 

challenging to differentiate or isolate anomalies. There is likely to be a 

significant buildup of historic and modern soil which has been spread across the 

site, filling in any topography which was present prehistorically. Soil both on and 

off the mound is well documented (Hemmings 1975, USDA 2007) and expected 

to consist primarily of silt loam and sandy loam. This very free draining soil is 

likely to elevate the earth resistance readings and provide slightly better depth 

of penetration for the GPR systems. Given the extremely warm weather 

conditions present at the time of survey (35 degrees Celsius) and no recent 

rainfall, it was anticipated that more subtle features would lack sufficient 

moisture contrast with the surrounding soil and prove challenging or impossible 

to detect.  

The state of preservation for the museum excavated within the mound is 

entirely unknown, but may exist as a void, partially backfilled, or entirely 

backfilled. Given the relative stability exhibited by the mound in the forty-three 

years since its last topographic survey by Hemmings in 1975 (Figure 74), it 

seems likely to be either partially or entirely backfilled. In this case, if the backfill 

is historic era debris, it was expected to manifest as a high resistance anomaly 

in the ERT data, while the horizon between mound soil and historic fill should 

manifest as a strong reflection in the GPR data central to the mound, possibly 

with three shafts extending out (one up and two on the north face) though given 

the electrode separation of 1.5 m, these shafts may be too narrow to detect with 

the ERT if they do exist. If the museum was stripped of building material (brick, 
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plaster, flooring) and filled with local soil, it may not be possible to distinguish it 

from the prehistoric mound fill with either the ERT or GPR. Additionally, the 

stone pavers placed at the top of the mound in 1954 may attenuate the GPR 

pulse and significantly reduce the depth of investigation which, in conjunction 

with the numerous remodeling events at the top of the mound, may make for 

very noisy data for both the ERT and GPR within the central portion of the 

mound.  

Visible in photographs (Figure 42) and mentioned in historical accounts (Norona 

1957), trees have been allowed to grow to considerable size on the side slopes. 

Records indicate that the trees have been cut and allowed to grow at least three 

times over the mound’s history. The result of this activity are numerous large 

unmarked tree roots which still hold moisture very near the surface of the 

mound. The ERT is likely to detect large low resistance anomalies near the 

surface, while the moisture content of the tree roots is likely to cause 

attenuation of the GPR pulse and reduce the depth of investigation.  

The soil which was added to the sides of the mound to smooth imperfections in 

the surface as part of the beautification process in 1915 (Norona 1957) may be 

fundamentally different from the original mound soil. While the soil composition 

can only be guessed at, very shallow and wide anomalies near the surface of 

the mound are likely to be the result of this beautification process and not 

original to the mound. 

7.11.2 Micro-topographic Survey 

The micro-topographic survey (Figure 72, Figure 73) provides an invaluable 

source of data for topographic correction. It also allows for a direct comparison 

with the 1975 contour survey (Figure 74) in order to track historic erosion and 

modification as well as providing a 3 cm resolution benchmark against which 

future surveys can track change.  

The mound has seen a slight reduction of overall volume since the 1975 survey, 

suggesting greater care needs to be taken in the future to combat erosion and 

further deformation of the monument. One possible cause for this change might 

be the recent removal of trees from the mound exterior in 2015.  

In an effort to identify any areas of erosion which are subtle and not obvious in 

the hill shaded topographic maps, the DEM was “extracted” (Figure 75) to 
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remove the topography of the mound while retaining the more minute 

topographic changes. This filter allows the user to visualize and interpret 

potential archaeological features more easily. The process is a high pass filter, 

using a series of “moving average” (low pass) filters with an x and y value of 41. 

The low pass filtered data is then subtracted from the original data, resulting in 

high pass filtered data. This filtering creates distortions around large 

topographic changes but allows for very tight plotting of the topographic data as 

a grey scale, eliminating the need to hillshade. What becomes most obvious on 

Grave Creek Mound is the linear cut on the northwest face of the mound, 

running roughly northwest down the side. Additionally, there are small deltas 

below the tree stumps on the southwest face of the mound, indicating that the 

soil may be eroding out from underneath these stumps.   
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Figure 72 - DEM derived from photogrammetry displayed as grayscale with low values black and high values 
white.  
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Figure 73 - Hillshaded DEM (NW light source left, NE right, bottom SW light source), showing the 
transformation of various features when lit from different perspectives.  
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Figure 74 - Contour survey from 1975 (top) and newly collected photogrammetry contour survey (bottom) both 
plotted at 2 ft contours illustrating the subtle differences in shape. The photogrammetry data was not converted 
into feet, only plotted at a 2ft interval.  
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Figure 75 – Grave Creek Mound Surface "Extraction" of the photogrammetrically derived microtopographic 
model.  

 

7.11.2.1.1 GPR Height data error identification on mound. 

Upon completion of survey work all data was downloaded and a curious 

discrepancy became apparent with the GNSS locational data when connected 

through the Mala GX160 GPR data logger. While the Trimble R10 RTX system 

is capable of 2cm positional accuracy, and an accuracy between 3 and 5cm 

was being reported by the system while collecting points individually in a 
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handheld configuration, the data was found to be wildly inaccurate whenever it 

was attached to the GX160 (Figure 76).  

 

Figure 76 - Plot of GNSS Data Connected to GX160 GPR system showing incorrect topographic values recorded 
by the RTX GNSS. 

 

When the different height datasets were compared, it was found that the GPR 

controller data differed from both the handheld GNSS and photogrammetry data 

(Figure 77), even though it had been collected with the same Trimble R10 that 

was used to collect the handheld data.  

 



120 
 

 

Figure 77 - Comparison of All Height Data 

 

It was hoped that this discrepancy might be location dependent, as the project 

area is located within an urban environment, with scattered two-story buildings 

near the project boundaries. To test this, a surface generated from the GPR 

data was subtracted from the photogrammetry data in an effort to locate areas 

of the greatest difference and determine if they were geographically dependent 

or corresponded with structures or other areas of possible interference. This 

heatmap, shows the areas of largest error to the northwest and southeast, both 

of which are very open and devoid of standing structures. The bulk of data on 

the mound is within ± 3 m (green and light blue) of the handheld GNSS value, 

which while certainly not accurate enough for topographic correction, indicates 

that the issue encountered was unlikely to come from the mound itself. After the 

data error was reproduced in the UK in a controlled environment and after 

discussions with Mala engineers, it was found that there was an unknown 

firmware incompatibility between with the RTX system and the GPR datalogger. 

The RTX system differs slightly from the more common RTK systems in the way 

it outputs the NMEA string, and this resulted in the erroneous readings. 

Grave Creek Mound is a 19 m tall mound. Without topographic correction of the 

data, interpretation would be significantly more challenging and with unreliable 

height data being reported by the GX160 data logger, another solution was 

needed. 
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7.11.3 ERT 

ERT data was collected over the course of two days on the mound. The 

weather was extremely warm and dry during survey, and datasets collected on 

the first day differed enough from datasets collected on the second that they 

had to be processed and displayed independently (Figure 167, Figure 166). 

This is likely due to the soil drying out as survey progressed. The ERT survey 

was additionally hindered by the sheer scale of the mound. In an effort to survey 

as deeply as possible in as few lines as possible, near surface resolution was 

sacrificed. This was primarily so that the center of the mound would be central 

to the dataset and any features therein would have multiple measurements 

recorded, not only on them, but also above and below for context. The 

resolution necessitated by the conditions of the survey were capable of 

recording features that were at a minimum 1.5 m2 across and 0.75 m thick, 

which means that some smaller features were missed. In isolation of additional 

datasets, such a low-resolution survey would not be ideal, but when combined 

with the GPR and photogrammetry data, it has proven incredibly useful.  

Despite the conclusions drawn by Hemmings in his survey report (Hemmings 

1984) suggesting continuous mound construction, there are two distinct layers 

of high resistance within the mound which appear to suggest two building 

phases. This observation is additionally backed by the soil core data within the 

1984 report, which states “log values […] show two definite zones of relatively 

high pH levels” (Figure 160). The first elevated pH zone is at the base of the 

mound delineating the interface between sterile sub soil, and mound fill. The 

second elevated zone is approximately 4.5 m below the mound surface in the 

central soil cores, which corresponds extremely well with the deeper high 

resistance zone detected with the ERT. Visible in Figure 78, which consists of 

two ERT transects plotted within the larger context of the mound, this zone is a 

high resistance layer which generally matches the slope of the mound, being 

closer to the mound surface near the edges than at the top. This shape and 

character of this anomaly corresponds well to the exterior surface of a mound 

labelled “B “in Figure 78, which suggests that there may have been an earlier 

mound which was covered during a later building period. This is a not 

uncommon practice, which is documented in other extant monumental Adena 

mounds (i.e., Silverburg 1970, McDonald and Woodward 2002).   
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The disturbance at the top of the mound, which is well documented historically 

(see Site History, pg. 73), appears to manifest primarily as alternating areas of 

both high and low resistance very near surface, suggesting a backfill that is 

heterogeneous in composition. This may be due to increased clay content and 

topsoil brought in after tree removal and slope smoothing as part of various 

beatification schemes over the site’s history.  

At the very top of the mound, visible in Figure 78 is an inverted triangular 

shaped high resistance anomaly, that when viewed in three dimensions is 

actually a cone, with its widest point closest to the mound top. This shape 

matches historical accounts (Figure 43, 11) of the top of the mound after 

portions of it collapsed into the central cavity.  It was reportedly backfilled in the 

early 1900’s and given the contrast this anomaly has with the surround soil, 

suggests a fill material of clay, stone, gravel, or possibly building material.  Any 

material transported to the top of the mound would require significant effort to 

do so, therefore the fill material is likely to be something sourced locally and 

readily available in large volumes. Stone and clay both being uncommon in this 

region suggests historic building debris to be the most likely material.  

A high resistance anomaly extending vertically down from the central portion of 

the mound, visible most clearly in Figure 167 and 79 labelled “A”, likely 

corresponds with the original vertical shaft which connected the observation 

tower to the central cavity which housed the museum. That this anomaly only 

extends   approximately 15 m at its deepest point, may suggest a number of 

things. One option is that the shaft was brick lined but the museum cavity 

wasn’t, and the subsequent backfill was sufficiently similar to the mound fill that 

the cavity does not present enough contrast to be detected.  Another possibility 

is that the shaft and cavity were filled at different times, with the shaft receiving 

a fill that contains more clay or building material. A final option is to do with 

resolution: given the depth of the central chamber, it is possible that there are 

not enough measurements in this portion of the mound to adequately detect the 

chamber.  Given historical reports of three brick lined shafts (Norona 1955, 

Norona 1957), and the relative reliability of those reports, it seems most likely 

that the central chamber has been backfilled with topsoil from the surrounding 

landscape (sandy loam) and that the brick lined nature of the shaft provides the 

contrast necessary to detect it with the ERT. 
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It was hoped that the two horizontal shafts (which might be brick lined) would be 

visible in this data, and while the north side of the mound does present a 

number of elevated zones on that face, none of the anomalies are consistent 

with what would be expected. This could indicate that the bricks were removed 

from these prior to excavation, that they were never brick lined, or that the noise 

present at the mound surface is masking the shafts in the data. 



124 
 

 
Figure 78 - ERT Lines from Grave Creek Mound.  Anomaly “A” showing location of probable shaft type feature, Anomaly “B” showing potential location of original mound surface.
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Figure 79 - ERT Depth Slices at Grave Creek Mound (170-180 m) Survey 1 above and Survey 2 below 
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Figure 80 - ERT Depth Slices at Grave Creek Mound (185-195 m) Survey 1 above and Survey 2 below
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7.11.4 GPR Height Value Replacement 

The GPR data consists of a series of .cor files which contain location and height 

information for each traverse of data. The filetype is formatted as a standard .txt 

file and can be easily read or edited in any word processor, though the unique 

extension facilitates the software in identifying the appropriate files for 

processing. GPR data is processed line by line, and therefore each .cor file 

must have the correct GNSS positional data or it cannot be combined correctly 

into a 3D file for interpretation and the extraction of timeslices.  

In order to accomplish this more easily, the individual .cor files must be 

combined into a single file, while maintaining the original formatting, the new 

height values written in, the old height values removed, and then the file split 

back into individual .cor files which can be read by ReflexW.  

To do this, a custom Python script was created and, with the help of Tom 

Sparrow from the University of Bradford, streamlined to combine all .cor files 

into a single .txt file. That script (absent the actual directory addresses called in 

the code, as it would be computer specific) is presented in Appendix 5: Python 

Script to Combine Multiple GPR Files into One. 

The newly combined .txt file was then read into QGIS as a delimited text layer, 

which was then be saved as a new shapefile so that it can be edited (text layers 

cannot be edited). The high-resolution photogrammetry surface model (Figure 

72) was then read into QGIS to provide a replacement height value. The point 

sampling tool plugin within QGIS was then used to add the height value from 

the surface raster at the X, Y location of each point. Once the new shapefile 

was generated it was then split back into individual files which were read in by 

ReflexW with its corresponding GPR data file. To achieve this, another Python 

script was created, again with the greatly appreciated assistance of Tom 

Sparrow of the University of Bradford, who read and edited the code for 

efficiency, which splits the file into correctly formatted individual files. This code 

is presented in Appendix 6: Python Script for Splitting GPR Datafile. Figure 81 

shows the results of this process, with the uncorrected GPR line above the 

same line with the new topographic correction. While the path the GPR follows 

was not always perfectly straight, the plot of the data assumes that it is, which is 
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why there is a small rise on the corrected data at the 10-meter mark. The GPR 

travelled laterally when it passed over the spiral stone walkway, and because 

the mound is conical, while it traversed laterally it also increased in elevation. 
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Figure 81 - Top: Original GPR Topographic Correction.  Bottom: Fixed GPR Topographic Correction. 
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7.11.5 GPR 

While the mottled soil inherent to earthen structures such as Grave Creek 

Mound can make archaeological features challenging to distinguish from the 

background, the rate of data collection and the three-dimensional nature of the 

data collected makes GPR a natural secondary dataset for the ERT data. 

Additionally, the speed of collection allowed for areas surrounding the mound to 

be surveyed as well, providing additional context for the mound and the 

opportunity to identify additional archaeological features, both historic and 

prehistoric which might be associated with the mound’s history.  

Interpretation of the GPR data has been split between what was collected on 

the mound using the Mala GX160, and what was collected on the area 

surrounding the mound using the Sensors & Software Noggin Pro system due 

to the different processing techniques used for the two systems.  

 

7.11.5.1.1 Area Survey 

The area surrounding the mound has a well-documented history of modification, 

including the removal of two streets, and a minimum of thirty-one structures 

(this figure is likely even larger). There are two extant structures within the 

project area, and the landscape was further remodeled during the construction 

of the Delf Norona Museum. All of this has, unsurprisingly, resulted in a 

generally noisy dataset (Figure 82). This is not helped by the inclusion of a 

number of modern utilities running diagonally through the southeastern portion 

of the project area.  

Two of the excavation trenches (East-Northeast and Southeast) (Figure 57) can 

be identified in the data as low reflection rectilinear anomalies extending out 

from the mound, which cut into the noisier surrounding soil (Figure 88). It is 

unclear why the other trenches are not visible, given the ubiquity of the noise 

present across the site.   

Identified in the 1935 (Figure 47) and 1960 (Figure 48) 15 minute maps, the 

1944 plan view of the park (Figure 45), and historic aerial photographs (Figure 

46), a number of historic era structures and a road overlap the survey area 

(Figure 50). Given the widespread remodeling of the area surrounding the 

mound, it was unknown if any of these features remained buried, and which 
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might have been removed. While the GPR data in this area is the only 

geophysical survey technique applied and cannot therefore rule out the 

existence of undetected features, several of these historic area features were 

detected, which suggests that many of these structures may have been left in 

place and covered with fill.  

The walking path which encircles the mound, depicted in Figure 45, is no longer 

visible from the ground surface in most places, though small sections near the 

old museum and the storage building, possibly due to a slightly raised elevation, 

are still exposed. As seen in Figure 82, this walking path remains largely intact, 

with only minor disturbance along the southeastern portion of the mound. Of 

note is the light discrepancy in shape between the hand drawn schematic and 

the anomaly. The discrepancy is in the same southwestern portion of the 

mound, where disturbance is present in the GPR data. The drawing seems to 

indicate that the mound was narrower in this region than it is today, and the 

disturbance to the walking path in the data may indicate that soil was added to 

this side to give the mound a more circular appearance, which covered the 

original walking path beneath it. If that is the case, it likely occurred at some 

point between 1944 and when the Delf Norona museum was erected in 1975. 

Given historic documentation of mound smoothing and beautification when the 

mound changed ownership in 1954 (Norona 1957), it seems most likely to have 

occurred at this time.  

Though ephemeral, two broad linear anomalies were identified which likely 

correspond with the roads (Morton Road running north-south, and 9th street 

running east-west) that were removed prior to the construction of the Delf 

Norona museum in 1975. The Morton Road anomaly is primarily characterized 

by two strong responses running parallel in a roughly 8 m wide swath of 

generally quiet data. These are likely to be the curbs, which may have been too 

much effort to remove, while the lack of a reflection for the area where the road 

surface should suggest that it was removed.  The 9th street anomaly is difficult 

to distinguish from the modern concrete footpath which overlaps where the road 

surface once existed, but manifests itself as a strong rectilinear anomaly, 

suggesting that the path may have been placed directly on the road surface 

without it being first removed. Given that the surface would have already been 
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hard packed and level, the reuse of this feature seems logical in an effort to 

conserve both time and resources.  

As it was previously established that a number of historic structures were once 

within the project area, it was unsurprising that some of these features 

remained buried on site. Particularly along the eastern side of Morton Road are 

various discrete rectilinear anomalies which match the alignment, proportions, 

and location of known structures. There is a cluster of three anomalies on the 

southern portion of the road, which seem to exist between known house 

locations, and may indicate an earlier building, or some sort of paved area 

possibly for parking, which remains buried but largely intact. In a number of 

these probable foundations are small strong reflections along an exterior 

elevation which may be the location of the hearth/fireplace. There are also three 

large high reflection areas, two of which contain rectilinear areas below which 

are quiet relative to the surrounding soil which are probably the location of a 

sunken foundation or cellar, with the house having been brought down on top of 

it. One of these three highly reflective areas does not have an obvious quiet 

zone within it like the other two, but given its location beneath Morton Road, 

there may be too much residual noise from the road construction and removal 

to detect it. The southernmost reflective zone does not share the same 

alignment as the other historic structures and may possibly be the location of 

one of the Tomlinson buildings which predate Moundsville.  

The ditch (Figure 50, Figure 88) which was described in historic documents and 

identified in the 1976 excavation by Hemmings (Figure 58, Figure 59) is visible 

in small sections directly north of the mound and to the south west. It was 

estimated to be approximately 10 m wide and 1.5 m deep (Grantz 1984), but 

these anomalies are narrower at approximately 4 m across. However, the noise 

created by both historic and modern disturbance makes the extent of this 

prehistoric ditch difficult to determine. Given the excavation record, the lack of 

contrast with the surrounding soil, and the construction of the path nearby, it is 

likely that portions of the ditch have been destroyed or masked. The 

dramatically smaller measurements for this anomaly relative to the previously 

estimated extent may have to do with depth and water retention in the ditch. It is 

possible that these areas which were detected are slightly deeper and therefore 

retained more moisture than the other areas, which explains its reduced size.  
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Figure 82 – Area GPR Survey (0.37 m/ bs) using combined 500 and 400 Mhz antennas. 

 

Figure 83 - Area GPR Survey (0.42 m/ bs) using combined 500 and 400 Mhz antennas. 



134 
 

 

Figure 84 - Area GPR Survey (0.52 m/ bs) using combined 500 and 400 Mhz antennas. 

 

Figure 85 - Area GPR Survey (0.81 m bs) using combined 500 and 400 Mhz antennas. 
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Figure 86 - Area GPR Survey (1.04 m bs) using combined 500 and 400 Mhz antennas. 

 

Figure 87 - Area GPR Survey (2.27 m bs) using combined 500 and 400 Mhz antennas. 
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Figure 88 - Area GPR Interpretation (Interpretation on left and interpretation with known historic feature 
locations on right). 

  

 

Table 16 Anomaly table for area GPR survey at Grave Creek Mound. 

Anomaly 

Number 

Type Rank (1-3)* Comments 

1 Curvilinear 1 Modern extant concrete path. 

2 Curvilinear 1 Historic footpath, identified in historic 

maps. 

3 Curvilinear 2 Probable historic footpaths, identified in 

historic maps. 

4 Linear 1 Historic road, identified in historic maps. 

5 Rectilinear 2 Potential historic foundations. 

1 

2 

3 

4 

5 

6 
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6 Curvilinear 2 Potential pre-historic ditch, also identified 

by Hemmings in 1976. 

7 Rectilinear 3 Probable historic foundations. 

(*Rank of likelihood that anomaly is cultural, from 1: high to 3: low) 
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7.11.5.1.2 Mound Survey 

Though the only written reports and excavation on Grave Creek Mound might 

be considered historic artifacts themselves, they have proven to be generally 

reliable, if not occasionally exaggerated. The GPR and ERT data collected on 

the mound could confirm a number of features mentioned in early reports. While 

less suited to the particularly dry soil conditions present within the mound than 

the ERT survey, the polling rate of the GX160 has resulted in very dense data 

along each transect relative to the ERT data. As a result, the transition in 

dielectric properties within the mound at soil boundaries are very accurately 

recorded along each transect. While the 160Mhz system was able to penetrate 

slightly more than 10 m into the mound, due to the sheer size of the monument, 

a cone shaped volume was left unexplored by the GPR. So, while the 

excavated museum chamber unfortunately appears to be deeper than the 

GX160 was capable of investigating, the wealth of data from this system has 

been nonetheless exceptionally useful.  

There are historical accounts (Schoolcraft 1854, Squier and Davis 1848) and a 

variety of historic schematics (Figure 52, Figure 53, Figure 54, Figure 55) of 

Grave Creek Mound which indicate two separate construction phases for the 

mound. However the 1975 (Hemmings 1984) soil coring data seems to indicate 

only a single construction phase. The GPR data supports the earlier historical 

accounts and suggests the existence of two construction events based on the 

existence of a broad faint linear anomaly that follows the topography of the 

mound at a slight angle (Figure 163 indicated “A”), resulting in the impression of 

a smaller mound within. This suggests a soil horizon which differs significantly 

enough from the soil below to present a contrast with the surrounding soil.  

Additionally, the inverted cone-shaped opening at the top of the mound is 

represented in the data across multiple transects. There is little indication that 

this opening has remained brick lined given a lack of strong reflections in this 

area. The response in the data is likely the result of the opening being exposed 

for several years to plant growth and erosion before being backfilled. The stone 

capped apex of the mound has resulted in attenuated data below, making it 

challenging to discern more detail from this particular area of the mound.   
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There are a number of parallel refection surfaces on the north face of the 

mound which might prove to be the location of one or more shafts dug into the 

side of the mound over its history. The faint nature of these reflections suggest 

that they are not brick lined, though they may have been originally.   

The transect separation was found to be less than ideal when combined into a 

3D file necessitating an interpolation of data between transects which might 

mask smaller features. However, an increase in density would have resulted in 

less of the mound being surveyed and ultimately it is quite a reasonable tradeoff 

for the scale of the features being investigated. 
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Figure 89 - GPR Profiles on Grave Creek Mound. Label “A” indicating the potential location of a tunnel floor, of either compressed earth or brick. Label “B” indicating potential location of earlier mound surface. 
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7.12 The “Snapshot” 
Three different sets of data were collected at Grave Creek Mound and while 

that data lives predominantly in a GIS, combining and visualizing that data was 

done in the program Voxler by Golden Software. Voxler was chosen, in this 

instance, due to the ease of incorporating the GPR and ERT data with the 

topographic data as a colored dense point cloud. There are a number of 

important limitations identified through the creation of this “snapshot”, which 

make Voxler ideal for this set of data, but potentially ill-suited to other surveyed 

mounds. Voxler is capable of loading in 2D rasters, but it is an inelegant 

solution requiring the manual translation of the raster if it is oriented along the Z 

axis (standing up), additionally it cannot use a mesh which has colors 

associated with it. That particular issue can be solved by draping a raster over 

the mesh, but experience determined that the program often became unstable 

when this was attempted. Point cloud data with RGB values could be displayed 

with little difficultly, assuming care was taken to restrict the number of points in 

the point cloud to whatever RAM limitations the computer used to render the 

snapshot has. Figure 90 shows the ERT data below a photogrammetry derived 

low density mesh of the ground surface. The ERT data in this figure is 2.5D 

data which has been displayed as 2D slices within the 3D model of the mound.  

If the display of the ERT data were in a three-dimensional environment, such as 

an interactive model on a computer the data would also have been displayed as 

three-dimensional, but in this environment the 2D display was found to better 

suited.  

Figure 91 shows the integration of the 500 Mhz GPR survey data collected 

around the mound and the 160 Mhz GPR data collected on the mound. Again, 

all of this data is three-dimensional, but in order to display it in a way that is 

meaningful as a 2D figure, the data has been sliced to show individual 

“transects”. It is important to note that in this environment it is not necessary to 

display the real transects, as the data is actually a cuboid and may be sliced to 

whatever location or thickness the user desires.  

Figure 92 shows an example of a final product, this model contains ERT, GPR 

and the dense point cloud from the photogrammetry.  The corner closest to the 

viewer has had the dense point cloud peeled back to review the GPR and ERT 

data beneath. While not particularly effective as a two-dimensional rendering, 
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the real value of this model is in an interactive environment were a user may 

display the combinations of data and orientation that are most useful for a 

specific purpose. 
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Figure 90 - Three-Dimensional Display of ERT data at Grave Creek Mound. 
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Figure 91 - Integration of GPR Datasets. 
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Figure 92 – Example of “Snapshot” for Grave Creek Mound showing Integration of GPR, ERT, and the photogrammetry point cloud.
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7.13 Survey Conclusions 
Grave Creek Mound is a massive and unique Adena monument. It represents 

the most extreme survey conditions of all the case studies and tests the limits of 

the methodology proposed by this thesis. It was vitally important that the data 

collected could be integrated into the wider historical record and provide crucial 

insight for the Delf Norona Museum to protect and maintain the mound and 

associated archaeology. In isolation, the ERT, GPR, and photogrammetry data 

all add to the wider narrative, and due to the inherently three-dimensional 

nature of the data collected, can be combined and interpreted in novel ways 

(Figure 90, Figure 91, Figure 92). This has proved an invaluable tool for tracking 

the anomalies through the third dimension to better understand their shape and 

context within the mound. 

The photogrammetry survey, which produced a DEM with a spatial resolution of 

0.017 m, will provide a benchmark against which the mound may be measured 

in the future, to ensure any subsidence or erosion is dealt with in a manner that 

properly conserves the mound. 

The area GPR survey identified the wide variety of historic structures which still 

exist buried within the bounds of the museum grounds, and which are protected 

by Section 106 of the National Historic Preservation act. This will ensure that 

any future modification to the grounds must take into account this buried 

archaeology and will hopefully lead to additional geophysical survey to identify if 

there are additional deposits which were not detected by the radar system.  

The mound survey, both GPR and ERT, illustrate the effect that the vast 

amounts of modification to the mound through excavation and beautification 

have wrought, resulting in very noisy data. Nevertheless, both surveys suggest 

that the historical records of Grave Creek Mound may be more accurate than 

previously believed, with strong indications of two distinct building episodes, 

and a cone shaped entrance at the top of the mound which has been backfilled. 

There are also a number of possible locations suggested in the GPR data for 

the two horizontal excavation shafts which may provide an avenue for public 

outreach and community archaeology for the museum, should they decide to 

investigate those areas.  



147 
 

This methodology was not without faults, however. While the ERT data was 

capable of the depths necessary to image the center of the mound, the 

resolution was found to be too low to resolve anything conclusive within the 

central portion of the mound. Being the only dataset to measure at those 

depths, this may indicate that those features have been removed at some point 

during the mound’s history, or that the density of data is too low to detect them. 

A tighter transect separation might have better dealt with this issue, allowing 

more points across the features, even if the data retained the same vertical 

resolution, and therefore depth of investigation.  

The use of GPR for the area survey was excellent for the detection of historic 

era anomalies and covered large swaths of the project areas quickly but, due in 

large part to the extremely dry and warm conditions present at the time of 

survey, made identifying pre-historic earthen features extremely challenging. 

The ditch fragment identified as part of this survey might have been missed 

entirely if not for the historical record and the conclusive survey results, 

produced as part of the 1975 survey by Hemmings. In order to better capture 

these more ephemeral earthen features, an electromagnetic induction (EMI) or 

earth resistance (ER) survey would be recommended. The dual (in-phase and 

conductivity) nature of an EMI survey, given availability of survey equipment, 

being preferred due to speed of survey and the additional dataset provided.  

The shortcomings of the survey work conducted here have been considered 

and corrected in the subsequent work at Sutton Hoo,  

Geophysical survey at Grave Creek Mound proved to be challenging in the 

collection strategy, the processing, and analysis of the data. The sheer scale 

and steep topography resulted in sacrifices in terms of resolution for both the 

ERT and GPR, and the physical modification of field equipment to better 

facilitate data collection. Nevertheless, the fieldwork has revealed new 

information about the mound and surrounding area. This will have a lasting 

impact on the conservation of the mound and surrounding areas, as well as 

providing a benchmark by which all other survey on site may be compared.  
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8 Sutton Hoo, Suffolk, UK 
8.1 Introduction 
The large variety of mounds of small and medium size on site made Sutton Hoo 

an excellent case study. This mound complex was available for survey, consists 

of large tracts of surveyed area which may contain undocumented 

archaeological deposits. This site met all of the criteria for a case study, with the 

exception that its proximity to MOD Woodbridge meant that the flight of drones 

and use of laser scanning required more permissions than the other case 

studies. 

The iconic burial site at Sutton Hoo consists of extant Anglo-Saxon mounds 

central to the survey area (Figure 94) with an additional two groups of 8th-10th 

century execution burials. In total, 18 mounds have been identified through 

extensive fieldwork. A wide variety of survey techniques have been undertaken 

at Sutton Hoo, with intermittent survey from 1860-2011, resulting in the 

excavation of ship burial mounds (Kendrick et al. 1939; Longworth and Kinnes 

1980; Bruce-Mitford and Evans 1983; Carver 1993; Carver 1998; Carver 2005; 

Carver and Hummler 2014), the production of research bulletins (Carver 1993), 

and early use of multi-technique geophysical survey.  

The aim of the research was to add to the archaeological narrative through a 

non-invasive survey methodology. It was hoped that undetected mounds, 

burials, or earthworks might be identified though this PhD research adding 

context to the existing archaeological record which would help better inform the 

use and development of the landscape at Sutton Hoo.  

This work leveraged a phased geophysical and remote sensing survey strategy 

capturing data of high resolution which could then be interpreted alongside 

existing datasets. In order to provide a current topographic basemap for the 

snapshot and to identify any potentially subtle topographic features, survey at 

Sutton Hoo began with a microtopographic survey. Terrestrial laser scanning, 

drone-based LiDAR, and photogrammetry were used, in that order, to compare 

the techniques against each other on a large survey area, which is largely 

devoid of modern structures. A ground penetrating radar (GPR) survey followed 

the micro-topographic survey in order to encompass the Princely Burial 

Grounds with a single high-resolution geophysical technique. The resolution 
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capable by the multi-channel GPR array was the mostly likely to identify small 

archaeological anomalies, such as burials within unexcavated mounds. Smaller 

monument-specific surveys were carried out with a single channel GPR system, 

where it was unsafe to operate the towed GPR array. This was followed by a 

carted electromagnetic survey targeting an area of particularly rough terrain 

where other techniques were incapable of traversing. The electromagnetic 

survey measures the in-phase and quadrature of a magnetic field (similar to the 

magnetic susceptibility and conductivity of the ground), providing an excellent 

complimentary survey technique to the ground penetrating radar. Promising 

anomalies representative of excavated and unexcavated mounds identified 

through the GPR survey were then targeted in a focused 2.5D ERT survey. The 

ERT survey was initially unable to generate a usable dataset due to the highly 

resistive nature of the free draining sandy soil, so a second attempt was 

undertaken which also failed to produce usable data. A third and final attempt 

was made in November, timed to follow a rainstorm. The added moisture 

content resulting in earth resistance values with sufficient contrast to produce 

usable data. Given the number of attempts with the ERT, the total amount of 

data collected which is usable is quite small relative to the other datasets.  

A total of 27.4946 ha was surveyed, consisting of 27.4946 ha with drones, 1.28 

ha with ground penetrating radar, 0.57 ha with EMI, 0.16 ha with earth 

resistance, and finally 0.0095 ha with ERT. Excluding the topographic surveys, 

this adds an additional 1.28 ha to the total area of Sutton Hoo which has been 

surveyed.  

The integration of these newly collected datasets allowed for the construction of 

a snapshot of Sutton Hoo and identified a number are areas which have 

undergone change since it had last been surveyed. Additionally, the new 

datasets and subsequent interpretation identified a number of new anomalies 

which not only add to the archaeological narrative but provide avenues for 

additional research. 
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Figure 93 - Photo from the top of Mound 2 facing south showing mounds, walking paths in the background. 

 

8.2 Geology and Topography 
The project area is located on a gently sloping plateau above the river Deben in 

Suffolk County, on the 33m contour. It is currently pasture maintained by sheep. 

The bedrock geology is described as Red Crag formation of the Crab Group, 

formed between the Piacenzian Age (2.5 - 3.6 million years ago) and the 

Thurnian Stage (2.1 – 2.2 million years ago). It is defined as a coarse-grained, 

poorly sorted, cross-bedded, abundantly shelly sand. It ranges in color from 

dark green when unoxidized to yellow when oxidized or reddish brown with 

ferruginous concretions. At its lower boundary, Red Crag rests on a bed of 

rounded flint pebbles. This formation is commonly 20 m thick, with coastal 

regions exhibiting increased depth (BGS 2018).  

The superficial geology is described as Kesgrave Catchment Subgroup of the 

Dunwich Group, formed between the Early and Mid-Pleistocene Epochs (up to 

3 million years ago). This subgroup includes fluvial, lacustrine and organic 

deposits of the pre-diversionary River Thames, and the pre-glacial soils 
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developed from them. Most surviving deposits are fluvial gravels, with 

sedimentary structures indicative of braided river deposition. The gravels are 

characterized by quartz and quartzite from the Triassic, Carboniferous, and 

Devonian rocks of the West Midlands, Welsh Borderland and possibly 

southwestern Pennines, and by felsic volcanic rocks from northern Wales. 

Barham Arctic Structure Soil is a complex pedogenic horizon affecting the 

topmost 1.0-1.5m of the subgroup and of the Valley Farm Soil, a rubified and 

clay-enriched horizon. This subgroup has an average combined thickness of 21 

m with individual terrace aggradations between 5-12 m (BGS 2018).  

In the very near surface, based on extensive soil data collected by Martin 

Carver during his field campaign (1983-2001) it was concluded that buried soils 

survived to average depth of 400mm beneath the mounds, with the upper 150-

250mm having been ploughed. Away from the mounds the average depth of 

soil was found to be 250-400 mm, with little evidence of erosion since the 1939 

excavations (Carver 2005).  

 

Table 17 - Soil profiles from Sutton Hoo from Cranfield University 2021. 

Soil Profile Depth Description 

Ap 0-25 cm 
Dark reddish brown, 

stoneless loamy sand. 

Bw 25- 50 cm 
Reddish brown, stonelss or 

very slightly loamy sand. 

Cu 50-60 cm 
Reddish brown, slightly stony 

sand. 

Cr 60+ cm Reddish brown sandstone. 
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Figure 94 – Maps showing Sutton Hoo project area location relative to Woodbridge (left) and London (right) on Wikimedia basemap.  
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8.3 Historical Background 
Sutton Hoo is a scheduled monument in Suffolk, UK currently under the 

protection of the National Trust. It has been granted this status due to the 

unique and enigmatic nature of the archaeological deposits found on site, with 

multiple episodes of use extending back to the Neolithic. In total, five major 

excavation campaigns have occurred, the earliest taking place in the 16th and 

17th centuries and the most recent concluding in 2001. Approximately 0.9ha of 

total area has been excavated (Figure 97), leaving a vast majority of the site 

only superficially explored through metal detecting, contour mapping, and low-

density field walking. At least with regard to the Carver excavations, this limited 

scope of traditional survey (relative to the size of the archaeological site) was 

purposeful (Carver 2005), with the intent of leaving large contiguous areas of 

the site unmolested and therefore preserved. The early excavations were not 

professionally executed, and no primary documentation of these surveys exist. 

They involved pits dug into the center of mounds, which were identified and 

documented through later fieldwork (Carver 2005). The first recorded instance 

of excavation occurred on November 24, 1860 in the Ipswich Journal with the 

opening of a mound (likely Mound 2) at the permission of the landowner, Mr. 

Barritt (Unknown 1860).  

 

8.4 20th Century Field Work 

8.4.1 1938-1939 (Basil Brown) 

This work included the excavation of mounds 1, 2, 3, and 4 at the request of 

Mrs. Edith Perry, the landowner. Evidence was found for looting in each mound, 

and an Anglo-Saxon date was established from material recovered (Bruce-

Mitford 1974). The excavation trench in mound 1 identified the remnants of a 

clinker-built ship burial from which over 200 objects were recorded (Bruce- 

Mitford 1974; Bruce-Mitford and British Museum. 1975; Bruce-Mitford and 

British Museum. 1978; Longworth and Kinnes 1980; Carver 2005).  
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Figure 95 - Basil Brown 1939 Excavation (British Museum Archive). 

 

8.4.2 1965-1971 (Rupert Bruce-Mitford) 

This work had the primary goal of clarifying and extending the original mound 1 

excavations carried out by Basil Brown. Additionally, work was executed to 

improve understanding of the cemetery more generally, which included testing 

for undocumented mounds, graves, and settlements. This work was realized 

through extensive trenching, topographic survey, and soil/pollen analysis. A 

timeline for site occupation and use was created based on the roughly 40 years 

of work conducted on site under Rupert Bruce-Mitford. It was concluded that the 

site has been occupied since the Neolithic, with an extensive settlement in the 

Early Bronze Age, and evidence of plowing which predated the 15 identified 

Anglo-Saxon burial mounds. A complete analysis related to this fieldwork can 

be found in volumes 1-3 of The Sutton Hoo Ship Burial (Bruce-Mitford and 

British Museum. 1975; Bruce-Mitford and British Museum. 1978; Bruce-Mitford 

and Evans 1983) 

8.4.3 1983-2001 (Martin Carver) 

This fieldwork was executed by a team of archaeologists and led by Martin 

Carver. The survey methodology was fundamentally research-based, such that 

survey was conducted using new or emerging techniques in archaeology for the 
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time. This included geophysics, chemical analysis, and excavation. Among the 

techniques applied on site were field walking, phosphate analysis, pollen 

analysis, ground penetrating radar, earth resistance, magnetometry, magnetic 

susceptibility, metal detecting, micro-topographic survey, photogrammetry, and 

excavation. This work established a sequence of land use (Table 19), identified 

18 Anglo-Saxon burial mounds, and a trove of additional archaeological 

features which is too vast to be inventoried here. Full reports of fieldwork can be 

found archived at the Archaeological Data Service in the form of research 

bulletins (Carver 1993) and analysis can be found in Sutton Hoo: A Seventh-

century princely burial ground and its context (Carver 2005). 

8.5 Burial Practices 
A discussion of Sutton Hoo would be remiss without a discussion about burial 

practices as identified through previous excavation on site. There are fifty-five 

known burials at Sutton Hoo (Carver 2005) though due to the highly acidic 

(Carver 1993) and therefore destructive properties of the soil, this number may 

be conservative. Additionally, given the relatively small percentage of the site 

that has been excavated, there may be additional burials which have not yet 

been identified. Burials at Sutton Hoo can be broadly broken into two main 

groups: cremations and inhumations, with cremations being superseded by 

inhumations chronologically (Carver 2005). A cremation differs from inhumation 

in that the remains are burned, often on a funerary pyre, then the ashes buried. 

This differs from an inhumation in that the remains are buried unburned, either 

in a trough or in a burial mound (Carver 2005).  

Within these two groups are further subdivisions, which may denote the status 

attributed to the individual or changes in burial practice over time. The methods 

and composition of these burials will inform the interpretation of the geophysical 

surveys conducted. The detection of new burials was unlikely, predominantly 

due to the small size of the features and the poor state of preservation likely to 

exist. The predominant use of cremation in burials excavated by Carver and 

demonstrated in Table 18 does suggest that the location of funeral pyres used 

for cremation, if constructed within the mound complex, and the strong thermo-

remnant magnetization that would likely be associated might be detectable in 

the unexcavated sections of the site by either a magnetometer or EMI system.  
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Table 18 - Burial Types at Sutton Hoo after (Carver 2005) 

Burial Practice Type Location Status Attributed General Date 

Cremation Unurned Burial 13 Low Pre 600 AD 

Cremation Organic container/ 

pottery vessel 

Burial 14 Low Pre 600 AD 

Cremation Bronze vessel Mounds 

(4,5,6,7, and 

18) 

High 2nd to 6th Century 

Cremation Silver dish Mound 1 Very high ? 

Cremation On boat piece Mound 2 Medium 4th to 8th Century 

Cremation Inclusion of Animals Mound Burials Medium 5th to 9th Century 

Inhumation Use of: coffin/ 

trough/chamber 

Mounds 

(1,2,14,17) 

Burials 12 and 

15 

Medium 5th to 8th Century 

Inhumation Horse burial Mound 17 High 5th to 11th 

Century 

Inhumation Bed burial Possibly 

Mounds (1, 

14) Burial 16 

High 6th to 8th Century 

Inhumation Ship Burial Mounds (1, 2) Medium to high 6th to 9th Century 

 

8.5.1 Cremations 

The earliest burial type identified at Sutton Hoo, cremation is the practice of 

burning the body of the deceased. This process involves several steps which 

result in a reduction of form, volume, and mass of the body. The first step is in 

the creation of the funeral pyre, such that it achieves the temperatures required 

to cremate the remains, a task which required organization, specific fuels, and 

planning (Carver 2005; McKinley 1994). Additional items are occasionally 

added during preparation, such as animal remains (whole and partial) which 

may be an indicator of status. The pyre will then be ignited and allowed to burn 

down to ash. Once the remains have been reduced to ash, the nature of the 

interment is then dictated by cultural practices at the time of death and status of 

the individual. At Sutton Hoo, there are a wide variety of these practices on 

display, in some instances the pyre itself may have become the memorial, 

unburned grave goods may be placed with the remains, a pit, or trough by be 
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dug into which the remains are placed, the remains may be placed within a 

container or vessel (urn, bowl, plate, boat), and the remains may then be 

covered by a mound.   

8.5.2 Inhumations 

Inhumation at Sutton Hoo was less an expression of status than of changing 

burial practices, with both high and low status inhumations being represented 

on site (Carver 2005).  There are a variety of types of inhumations identified at 

Sutton Hoo, which resulting from poor preservation, are largely inferred from 

data available (size and depth of pre-existing inhumation types rather than 

direct evidence). These burials include coffin/trough/chamber burials, horse 

burials, bed burials, and of course ship burials.  

 

8.6 Land use 
The sequence of land use at Sutton Hoo as determined by Martin Carver 

through his 1983-2001 field campaign is summarized in the following table: 

Table 19 - Sutton Hoo Land Use after (Carver 2005) 

Date Land Use 

Pre-Neolithic Oak Grove in brown earth soil. 

Neolithic 90 cm brown earth soil in woodland. 

Early Bronze Age Clearance of woodland, construction of ditch 

system, cereal cultivation, soil begins to podzol 

and erode. 

Middle Bronze Age to Early Iron Age Cultivation ceases, landscape transitions to 

grassland with fenced animal enclosures. 

Iron Age to Roman Ditched enclosures built with ploughed interiors, 

soil depth reduced to 50 cm due to ploughing, 

erosion, and wind blow. ‘A’ horizon of fossilized 

podzol lost. 

Before 600 AD Ploughing ends and turf begins to form. 

600 AD Anglo Saxons strip turf and build mounds using 

quarried sand, buried soil, and turf. 
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7th to 13th Centuries Mounds and quarries stabilize under grass, 

graves dug in turf. 

From 13th Century Landscape returns to pasture, quarry ditches 

exploited as hearths, mounds used as rabbit 

warrens. 

Later Middle Ages Mounds ploughed and reduced in size, quarries 

backfilled with podzol, hill slopes are ploughed, 

and lynchet formed. 

Early 19th Century Ploughing of slopes, lynchet reformed. 

Before 1939 Site returns to pasture and grows wild. 

World War 2 Anti-glider Ditches dug, infantry and tank training 

on site. 

 

8.7 Existing Datasets 

8.7.1 Standing on the shoulders of giants 

Sutton Hoo has seen extensive, detailed archaeological investigation over the 

course of many years. With so much fieldwork already completed at Sutton 

Hoo, it might be easy to assume efforts would be wasted surveying such a well-

documented site. Nearly two and a half decades of fieldwork produced a very 

thorough analysis of both the site and the features identified, but the area 

surveyed is still only a small portion of the larger site and exclusive of six 

mounds (Mounds 8, 9, 10, 11, 12, 15) located within the scheduled area (Figure 

97). While Martin Carver did extensive fieldwalking, topographic, and systematic 

metal detecting surveys (Figure 101) across the entire landscape, these 

methods are indirect in their approach, more akin to a “test” of techniques, than 

a comprehensive approach. The coverage of each survey is extensive, but the 

datasets are not complimentary. For example, electromagnetic responses 

identified in the metal detecting survey exist in isolation of the excavated area 

with nothing beyond topographic variation and low-density surface collection to 

aid in interpretation. To address this shortcoming, it was important to not only 

capture as large an area within the project area as possible, but also to have 

overlapping datasets so that there would always be context for anomalies 

identified, not only from the newly acquired data, but from previous surveys as 
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well. This is further compounded by the very real threat to the archaeological 

deposits from erosion, excellently illustrated by Martin Carver in his research 

bulletin 2 from 1984 (Figure 98). Over the course of time, the protective soil 

strata have been stripped from the site and much of the site is at risk of damage 

or loss due to these continued geological processes. The documentation of 

these at-risk areas through the creation of a “snapshot” is all the more important 

for the directed preservation of intact archaeological deposits.  
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Figure 96 - 2018 OS MasterMap 1:1000 tm2848. 
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Figure 97 - Previous fieldwork at Sutton Hoo showing distribution of unexcavated features with each mound 
numbered.  
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Figure 98 - Disturbance at Sutton Hoo from (Carver 1984). Large areas within Zone A contain less than 5 cm of 
intact strata. 
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Figure 99 - Comparison of Historic and Modern Contour Maps at 0.1 m intervals. 
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8.7.2 Contour Survey 

As is inevitable with nearly all archaeological investigation which involves 

excavation, soil is removed and then put back again. On some sites this may 

not have a noticeable impact on the site or landscape, but that is not the case 

with Sutton Hoo. Some of these changes are obvious and intentional, such as 

mound 2 (indicated A in Figure 99), which was completely excavated during the 

Carver interventions (Carver 2001, Carver 2005) then rebuilt to an 

approximation of its original height. Visitors with no prior knowledge of the site 

can immediately identify, without any measuring equipment, the stark contrast 

in both height and volume of mound 2 when compared to the other surrounding 

mounds. Other changes, however, are more subtle and less intentional. The 

medieval trackway, which ran diagonally across the site has been excavated in 

sections and is no longer a continuous topographic feature (indicated C in 

Figure 99).  Mound 14, which manifests as a slight topographic feature in the 

1984 survey, has been flattened (indicated B in Figure 99), and is only visible in 

the 2016 photogrammetry ortho photo (Figure 119) as a mowed circle in the 

grass. Mound 14 is also visible as a topographic feature in the earlier 

topographic survey but is missing in the modern LiDAR.  A number of spoil 

heaps to the west of mounds 6 and 7 have been removed (indicated D in Figure 

99), possibly intentionally. The shape of the top of mound 1 is visibly different 

(indicated E in Figure 99) today. This may be the result of settling, or the 1984 

survey density may have been too low at the top of mound 2 to record the true 

shape of its structure. As part of the display and curation of artifacts, a semi-

permanent structure was erected on site. This long rectangular structure was 

only recently removed in 2001, however a rectangular earthen platform 

(indicated F in Figure 99) measuring approximately 20 m long and 4 m wide, 

which seems to have been constructed as a level base for the structure is a 

new addition to the Sutton Hoo landscape. It is furthermore unclear where the 

additional soil, used in the construction of this platform came from. Curiously, a 

simplified topographic survey of the entire project area which followed 

excavation and backfilling (Figure 100) was published in 2005 by Martin Carver 

which does not record this feature (indicated A in Figure 100). This suggests 

that either, the rectangular platform postdates the survey or was intentionally 

omitted from the simplified topographic map published in 2005. Finally, the anti-

glider ditch, in the southwest portion of the survey area is missing (indicated G 
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in Figure 99), this is likely due to the survey being too low density in the area as 

opposed to any modification of the landscape by Carver, as it has been 

correctly recorded in historic aerial photographs as well as the later survey map 

from 2005 (Figure 100).  

Table 20 List of topographic changed between Carver and newly collected contour maps. 

Feature Comments 

A Changes in mound 2 are pronounced due to its excavation and being subsequently 

rebuilt to an approximation of its original height.  

B Mound 14 which has been excavated, has been flattened topographically in the 

modern contour map.  

C The medieval trackway, which ran diagonally across the site has been excavated in 

sections and is no longer a continuous topographic feature and has disappeared in 

section in the modern contour map. 

D A number of spoil heaps to the west of mounds 6 and 7 have been removed in the 

modern contour map. 

E The shape of the top of mound 1 is visibly different, possibly the result of settling, or 

the 1984 survey density may have been too low at the top of mound 2 to record the 

true shape of its structure. 

F A rectangular earthen platform measuring approximately 20 m long and 4 m wide, 

which seems to have been constructed as a level base for the structure is newly visible 

in the modern contour map. 

G An anti-glider ditch, in the southwest portion of the survey area is missing in the 1984 

survey by Carver, this is likely due to the survey being too low density in that area. 
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Figure 100 - Simplified contour survey from Carver 2005 at an unknown interval. This map does not include the 
tent platform (Indicated “A”).  
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8.7.3 Metal Detecting Survey 

Due in large part to the allure of these systems for amateurs and nighthawkers 

alike, there is often a certain amount of disdain amongst professional 

geophysicists for metal detectorist surveys as the focus is on artefacts rather 

than features. However, when used within a structured research design, metal 

detecting can be beneficial (Gaffney and Gater 2003). This is the case in 1984 

under the guidance of Martin Carver, with the metal detector assuming the role 

of EMI without a logger. When coupled with a systematic survey, a means of 

precisely recording the location of anomalies, and limited ground truthing, an 

accurate and useful dataset can be produced (Figure 101).  

One unfortunate aspect of this particular dataset is that the majority of the 

survey area is within the excavated portion of the project area and is therefore 

no longer an accurate representation of the buried archaeology. The most 

obvious example of this is the British Museum hut debris field (indicated A in 

Figure 101), which was removed in its entirely through the Martin Carver 

excavations of mounds 7 and 13. There are, however, a number of interesting 

distributions which have been categorized as related to the World War 2 training 

which occurred on site. While it is unlikely that many of these smaller anomalies 

would be detected with either the GPR or the EMI systems, they could affect the 

noise present within those regions of the project area. To the north of the 

surveyed area are a number of “large masses” likely corresponding with the 

abandoned road, visible in the 1945 aerial. While some of these masses have 

been mitigated, those which remain may be dense enough to explain the 

increase in noise detected through the GPR survey which overlapped that area 

(indicated “B” in Figure 101).  
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Figure 101 - Metal Detector Survey (Carver 1984) .  An indication of what has been lost through the excavation 
of large portions of the Sutton Hoo archaeological site.
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8.8 Techniques 

8.8.1 Micro-topographic Survey 

Sutton Hoo poses some unique challenges for topographic survey, including 

medium length dense grass, roaming wildlife, constant visitors on the property, 

and subtle topographic features. A series of competing methods for topographic 

survey were chosen for this project to assess the quality and ease of collection 

on a site such as this. The Faro X330 was used as the terrestrial laser scanner, 

a Vulcan Raven X8 drone with Velodyne HDL 32 laser array as the drone-

based LiDAR system, a DJI Inspire with a ZenMuse x5 FC550 for the 

photogrammetry, and as a benchmark for the other datasets the GNSS data 

from the GPR survey and the preexisting airplane-based LiDAR from 2008 and 

2016.  

 

8.8.2 Airplane based LiDAR 

Numerous LiDAR surveys have been conducted over the project area (available 

through the United Kingdom Environment Agency via the Open Government 

License), often with only partial coverage, and until recently only the 2 m 

resolution survey from 2008 (Figure 112) has had complete coverage of the 

site. It has therefore only been useful as a general starting point when compiling 

the GIS and creating the survey methodology on site. In 2016 however, a sub 

meter LiDAR survey with complete coverage of the project area was collected 

and released to the public as point cloud data (with DTM and DSM rasters not 

yet available). While the processing and visualization of point cloud data does 

require specialized software, and is therefore a barrier to its widespread use, 

motivated individuals can make use of the many free and open-source software 

options available for this purpose. Cloud Compare, an open-source point cloud 

processing and visualization program was used to produce the raster DEM 

(Figure 113) for this project from the point cloud data. The loss in resolution 

from excluding classified points such as vegetation, resulted in an 

unsatisfactory loss in resolution. The data (Figure 113) is therefore displayed as 
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a DSM to retain as much detail as possible for comparative purposes. A contour 

map at 0.1 m intervals (Figure 99) was created for a direct comparison with the 

1984 Martin Carver contour survey. The DEM was imported into QGIS and a 

gaussian filter was run on the surface. The ‘contours from raster’ tool was then 

applied to the smoothed DSM to produce the contours in Figure 99.  While 

additional smoothing could have been applied to both the DEM and resulting 

vectorized contours through QGIS, the level of smoothing on display in Figure 

99 best matches the 1984 contour map, which is why the contour map 

presented is more coarse than would normally be included. 

 

8.8.3 Faro X330 Terrestrial Laser Scanner 

Due to the inherent characteristics of laser scanning, if the scanner is in a fixed 

position measuring a hemisphere of data surrounding it, as distance from the 

scanner increases, the density of the data decreases. There are a variety of 

settings which can overcome some of these limitations, but when surveying a 

landscape, even under ideal conditions and with unlimited time, the result is 

often pockets of high-density data separated by large swaths of low-density 

data. While Sutton Hoo appears to be predominantly flat from the existing 

LiDAR datasets, the reality is that there are large and small topographic 

changes across the site which produce viewshed issues. The most noticeable 

of these is the dense scrub grass, which grows in large tufts and can occlude 

the areas behind it from the scanner. To combat these issues, many 

overlapping scans are necessary, with survey markers strategically positioned 

across the site to maximize visibility and overlap of scans. The instrument was 

configured for this survey to collect high-density long-range scans. While this 

strategy requires that data near the survey station be down sampled after 

collection, it maximizes the density of data away from the station producing a 

denser point cloud in the areas between survey stations at the expense of time. 

Given a survey time of approximately one hour, plus an additional half hour for 

setup and tear down at each station, the batteries will allow only 4 scans per 

day. As a compromise between number of stations and survey time a total of 10 

station locations were selected to facilitate the laser scan data set. Due to the 

terrestrial nature of this technique, scans within the forested area to the west of 
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the project area were possible, a distinct advantage compared to the LiDAR 

systems and photogrammetry survey. 

 

Figure 102 - Faro X330 at Sutton Hoo. A terrestrial laser scanner used to collect microtopographic data. 
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Figure 103 - Laser scan locations 1 through 10 at Sutton Hoo. 

 

8.8.4 Vulcan Ravel X8 and Velodyne HDL 32 

A drone-based LiDAR system offers several advantages over the more 

common plane-based systems, predominantly to do with cost and resolution. It 

also has the advantage of being able to generate a point cloud with classified 

returns, just like the larger systems mounted to planes. It can also penetrate 

some vegetation, an advantage over a photogrammetry survey. The drone flies 

more closely to the earth and at a lower speed than an aircraft does, allowing a 

far more specific targeting of a survey area, with less logistical overhead than a 

plane-based LiDAR survey. The Velodyne system utilizes a 32 channel, time of 

flight, “puck” style LiDAR system that simultaneously collects distance and 
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intensity data at 1.39 million points per second from the ground surface. The 

intensity data collected is another distinct advantage over RGB 

photogrammetry, and while that additional intensity dataset did not yield 

anything new about the site, it does not mean it wouldn’t be useful at other 

mound or earthwork sites, potentially with less vegetation. UAS Solutions 

operated this system, and the flight path was devised by them to maximize 

coverage within a single flight. A second flight was flown at a lower altitude and 

speed to gain increased resolution over a smaller area. The sheer size and 

weight of this system requires more careful consideration and planning than the 

smaller Inspire 1 used for photogrammetry. The Vulkan X8 must be assembled 

on site, and when operated with a base station, can take nearly a half hour to 

set up, excluding flight time. Additionally, complete control over site access is 

imperative. While all drones are potentially dangerous, one of this size could be 

lethal if it were to fall out of the sky and land on someone.  

 

Figure 104 - Vulcan Ravel X8 with Velodyne HDL 32 at Sutton Hoo 
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8.8.5 DJI Inspire 

A drone-based photogrammetry survey is very difficult to beat in terms of the 

ratio of cost (both time and equipment) to data resolution. In this case, cost not 

only of the equipment, but also of the total time spent with the system in the air 

collecting data. Additionally, when compared with the drone-based LiDAR 

system, the DJI Inspire 1 is smaller and lighter and therefore more easily set up 

and removed in the event of changing conditions. The professional grade drone 

with a 21-minute flight time was equipped with a gimble mounted FC550 

ZenMuse X5 camera, and was flown by Jamie Davis of Ohio Valley 

Archaeology, Inc. Two flights were planned by him utilizing a zig-zag pattern, 

one at 150 ft (45.7 m) above ground and one at 300 ft (91.4 m) above ground 

with a photo overlap of at least 80% within the survey area. The second 300 ft 

flight allowed for significantly greater coverage (27.49 ha) than any of the other 

topographic techniques (excepting the plane-based LiDAR), with only a slight 

loss of resolution (0.05 cm point density) within the same 21-minute flight time. 

In the absence of high-resolution LiDAR, this would allow the site to be placed 

within the larger context of the landform and opens the potential for unrecorded 

mounds or earthworks associated with the site to be identified.  
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Figure 105 - Comparison of 150 ft and 300 ft flight coverage 

 

 

Table 21 - Micro-topographic Survey Techniques 

Technique Collection Strategy Area Surveyed (in hectares) Resolution of Point Cloud 

Faro X330 Base Station with 

reference spheres 

7.9 0.02 m 

Velodyne HDL 32 East-west zig-zag  7.85 0.10 m 

DJI Inspire 

w/FC550 

North-south and 

east-west zig-zag  

27.49 0.03 m 

GNSS Data Zig zag 1.287 0.75 m 
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8.8.6 Area GPR Survey 

A MALÅ miniMIRA (400MHz) ground penetrating radar system was generously 

made available for use on the project by Mike Langdon of Mala Geosciences. 

The miniMIRA system was chosen for this project due to its ability to efficiently 

collect high resolution data over nearly the entire project area. A continuous zig-

zag pattern was used to collect the data utilizing a 0.75 m transect separation, 

which due to the width of the array, resulted in an antenna gap between 

transects of approximately 0.08 m, with large turn arounds at the end of each 

transect to minimize distortion during processing. This survey was then further 

supplemented with a single antenna 450Mhz MALÅ GroundExplorer radar 

system over space confined areas or features deemed inappropriate to traverse 

with the miniMIRA system. Data collection with the miniMIRA finished in May 

2017 (Fig 107) and utilized a survey density of 8 x 8 cm using a Hemisphere 

RTK GNSS system to reference the data in real time. Data collected with the 

GroundExplorer was collected as zig-zag traverses with a 0.5 m transect 

separation and topographically corrected using a Hemisphere TRK GNSS 

system. 
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Figure 106 - Mala miniMIRA at Sutton Hoo operated by Mike Langdon of Mala 
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Figure 107 - MALA Mini-Mira Survey Area 
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8.8.7 Electromagnetic Survey 

A GF Instruments CMD-Mini explorer in a carted configuration was used to 

supplement the GPR data and investigate additional areas that were not 

practical to survey with the MIRA system. The CMD was mounted to a custom-

built cart designed in house at the University of Bradford. As shown in Figure 

108, the CMD was mounted “broadside” so that the instrument was in line with 

the axel of the cart, minimizing the impact of the cart pivoting on the axel in the 

data. The Trimble R10 was mounted above the CMD at a fixed height.  Data 

was collected zig-zag at approximately 0.25 m transect separation and parallel 

at approximately 0.5 m transect separation. All data was collected semi-gridded 

using a Trimble R10 RTK GNSS system to record location.  

Two areas were selected which contained anomalies identified in the GPR data. 

Grids were loosely laid out with tapes and markers placed so that the user could 

walk roughly parallel transects across the survey area to ease in data 

processing.  

 

Figure 108 - Custom built CMD cart with CMD Mini-explorer and Trimble R10 RTX GNSS at Sutton Hoo, operated 
by Hans Whitefield of University of Bradford. 
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Figure 109 - Location of EMI Survey on hillshaded topographic map of Sutton Hoo. 
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8.8.8 Earth Resistance Survey 

It was intended initially that two 50 x 50 m areas would be surveyed at 0.5 x 

0.25 m data density with the MSP25, an earth resistance cart produced by 

Geoscan. The speed of data collection, plus the ability to integrate an FM256 

magnetometer and real time kinematic (RTK) positioning of the data was the 

ideal complement to the radar and EMI data already collected. Readings were 

taken every 0.25 m along the line, with a transect spacing of 0.5 m. As this is a 

cart-based earth resistance system, values were recorded in alpha and beta 

arrays for each location. Due to a firmware issue, the gamma array was unable 

to be collected in tandem with the locational data. Unfortunately, while 

surveying the first grid of data, one of the wheels of the cart broke its welds and 

rendered the cart unusable. In an effort to salvage the remainder of the survey, 

a Geoscan RM15 on a PA5 with electrodes at 0.5 and 1.0 m spacings was 

substituted for the MSP25 and twin-probe data was collected in two adjacent 20 

x 20 m grids (indicated “A” in Figure 110) with a 1 m line spacing. While the 

data collected with the RM15 is of significantly lower resolution, it remains a 

useful comparison for the EMI data collected in the same area.  
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Figure 110 – Earth resistance (ER) survey area overlaid on a hill shaded topographic map of Sutton Hoo (with 
Twin Probe survey indicated “A”). 
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8.8.9 Electrical Resistivity Tomography (ERT) Survey 

Carried out first in July of 2017 and then again in November 2017, the ERT 

survey was conducted with the ZZ-Geo FlashRes64. The electrode separation 

was 0.25 m and transect separation was 0.5 m. Electrode elevation was 

recorded with a Trimble R10 GNSS system in handheld mode for use in 

topographic correction. A mound was identified as possibly unexcavated in the 

GPR survey and was therefore chosen for investigation with ERT. The free 

draining sandy soil at Sutton Hoo proved problematic for the ERT with data 

exceeding the maximum recordable values for the instrument across much of 

the dataset. This resulted in very few usable readings to invert. This 

necessitated a second survey in November after a week of heavy rain to 

saturate the ground. This survey resulted in useable data. Due to the issue with 

soil conductivity, a relatively small area was surveyed relative to other 

techniques. Nevertheless, a total of five usable ERT lines were collected on 

mound. 
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Figure 111 - Location of ERT Survey 
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8.9 Data Processing 

8.9.1 Photogrammetry 

The DJI Inspire photogrammetry data was processed in the Agisoft Photoscan 

software package (now called Metashape) using 4 ground control points. 

Processing steps are summarized in the table below. 

Table 22 - Photogrammetry Processing Steps 

Process Setting 

Align Photos Accuracy: high; pair preselection: Generic; Point 

limit: 40,000 

Create Markers Located Ground Control Points and coordinates 

entered 

Optimize Camera Alignment Coordinate System: WGS 84; Camera accuracy: 

10; Marker accuracy: 0.005; Scale Bar accuracy: 

0.001; Projection accuracy: 0.1; Tie point 

accuracy: 4; Correct for rolling shutter: enabled 

Build Dense Point Cloud Quality: Very high; Depth filtering: Mild, remove 

trees/ large foliage manually 

Build Mesh Surface type: Height field; Source data: Dense 

cloud; Polygon count: very high 

Export Orthophoto Projection type: geographic; enable color 

correction: yes 

Generate DEM Projection type: geographic; Crop invalid DEM: 

yes 

 

8.9.2 LiDAR Data 

The LiDAR data was processed in the open-source software package 

CloudCompare (2.20.1) and exported as a raster to be visualized in a GIS. In 

order to produce a DEM, both the 2008 and the 2016 datasets were processed 

largely in the same way, with minor differences due to the vastly increased 

resolution of the 2016 data affording more points to be excluded from the 

surface model. 
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The DTM/DSM’s (for the 2008 survey) provided by the United Kingdom 

environmental agency (UKEA 2016) were found to be overly smoothed and ill-

suited for more than a generic reference for the various other topographic 

datasets. When the point cloud was downloaded, it was found to contain 

significant detail which had been removed, whether through interpolation or a 

low pass filter. To produce a more suitable raster all classifications were 

included, and the data was gridded at 1 m. A resolution of 1 m was chosen, 

even though some areas of the survey area are at a lower resolution, to ensure 

that every data point collected was used in the creation of the raster.  

The 2016 LiDAR dataset was filtered by classification, with trees, buildings, and 

low vegetation removed from the point cloud. The cloud was then gridded at 

0.25 m and exported as a raster.  

The drone based LiDAR data was preprocessed by Allied Associated, Inc. and 

delivered as an unclassified .LAZ point cloud. Upon receiving the data, it was 

processed in CloudCompare and followed the steps described in Table 24. 

Table 23 Airplane Based based LiDAR Processing Steps 

Action Setting 

Filter for ground returns Filter by classification value 6 

Rasterize X=0.25 m (2016); X= 1.0 (2008) 

Y=0.25 m (2016); X=1.0 (2008) 

Z= height 

 

Table 24 Drone based LiDAR Processing Steps 

Action Setting 

Translation of point cloud Use of control points as tie points 

SOR filter Number of points=6 

Standard Deviation=1 

Rasterize X=0.10 m 

Y=0.10 m 

Z= height 

 

8.9.3 RGBN Aerial Photography 

The multi-band raster was loaded into QGIS, the clip raster by mask layer 

plugin was used, with the project area boundary shapefile used as the mask 

layer. Using the “raster calculator” the NDVI was calculated on the clipped 
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RGBN raster. This is a mathematical equation (NIR-RED/NIR+RED), where the 

differences of red and infrared bands are normalized. Values range from -1 to 1 

and are commonly used to assess crop health. Though less commonly used for 

archaeology, it can also be used as a proxy for buried archaeology which is 

affecting plant health.  

 

8.9.4 GPR Array 

Mala Mini-mira data was processed in the program Rslicer and exported as 

individual georeferenced .tif time slices at 300 DPI to QGIS for interpretation.  

Before topographic correction could occur, an error was identified in the height 

values between days. The error was systematic and caused by a time saving 

feature in the GNSS unit which makes the assumption that if the base station is 

within 90 cm of its last coordinates that it is in exactly the same location, in X, Y, 

and Z. As the base station was set up over a peg, the X, Y coordinates 

remained constant between survey days, but the height fluctuated, and this 

change was not recorded between surveys. This error was easily solved by 

assuming day 1 was the reference and calculating the difference for overlapping 

points (which was 0.8 m). This was accomplished within QGIS, the locational 

data for each day was loaded into the GIS as points, gridded using TIN 

interpolation, then each day of survey was subtracted from each other using the 

raster calculator plugin. Where overlap occurred, a value of 0.8 was consistently 

reported. Next, adding 0.8 m to all height values on the subsequent surveys 

was accomplished using a custom python script which is posted in Appendix 4, 

which then produced a series of .POS files (the positional data file which 

corresponds which each line of GPR data) which could then be read into Rslicer 

resulting in continuous and accurate height values.  

An unusual quark of the Rslicer software is that even though the GPR position 

is recorded continuously throughout the survey by an RTK GNSS system, the 

software discards the real coordinates and instead projects the data on a local 

coordinate system for data processing and export.  In order to export 

georeferenced .TIF files out of Rslicer which can then be read directly into a 

GIS without the need for time intensive georeferencing, the ground control 

points laid out for the drone LiDAR survey had to be manually recorded as 
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points within the GPR data logger after data collection had been completed. 

Within Rslicer, the data can be shifted to any projected coordinate system if 

GNSS points are assigned real coordinates. It should be mentioned that the 

coordinates used must be in a projected coordinate system. A geographic 

coordinate system (such as WGS 84, which the ground control points were 

collected in) is incompatible and will crash the program. 

The data processing steps and settings used in Rslicer are summarized in the 

table below. 

Table 25 – Multi-Channel GPR Data Processing Steps 

Process Setting 

DC Removal lowermost 1/3 of each trace 

Time-Zero Adjustment Threshold: 5000.000000 

Amplitude Correction AGC: 100.000, MEAN 

Antenna Ringdown Removal window 500 traces 

Band Pass Filter 80.000000, 135.000000, 800.000000 999.000000 

Interpolation dx: 0.080000; interp. every 1 slice 

Topographic Correction Vertical shift 

 

8.9.5 Electro-magnetic 

EM was processed by a custom software package designed by Tom Sparrow of 

the University of Bradford and is an automated data processing solution. An 

array of processing steps which include ZMT, destagger, low pass and high 

pass filters are run which generates a series of georeferenced .tif files that can 

then be compared by the end user for best results. To use that automatic 

processing software data must first be downloaded from the datalogger with the 

program CMD Data Transfer (v 1.6.2) and converted from a .BIN file to a .DAT 

file which can be read into data visualization software and the custom software 

package used for this survey.  As the data was collected in continuous mode 

with the Trimble R10 RTX GNSS, under export settings, the GPS data format 

was set “UTM WGS84” and zone “automatic”. Data was then exported as .DAT 

(interpolated). The automatic software is accessed through a web portal where 
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the UTM zone is defined and the .DAT file is uploaded. An email address must 

also be provided, and when processing is complete a zipped file containing the 

processed data is emailed to the provided email address. 

8.9.6 Electrical Resistivity Tomography 

ERT data is collected through a logging software called XX on an external 

computer. Each transect is then saved automatically five files. These files 

consist of  an XXX_ele_check.txt, a XXX_IP.txt, XXX_IV.txt, XXX_Q.tzt, and 

XXX_QIP.txt, where XXX corresponds to the randomly generated filename for 

the line. Of these files, it is the XXX_IV.txt file which contains the raw data, a 

format called ZZ array. None of these files can be processed by common 

inversion software packages such as Res2Dinv but must first have the 

individual arrays extracted out of the ZZ array data. The arrays are extracted 

using a program called flashtoloke.exe which comes bundled with the 

Flashres64. This software is 16bit and will therefore only run in a 16 or 32bit 

environment, which was solved using a virtual machine running Windows 2000. 

The first the data should be checked for quality, using the bundled 

flashdatacheck64.exe program, which then compares the IV and Q text files 

and produces a cleaned XXX.inp file which the extraction software reads. The 

flash2loke software is then used, which will read both the XXX.inp file and the 

uncleaned XXX_IV.txt file. As the data was also collected with induced 

polarization (IP), both the IP and resistance data were then exported into a 

series of .DAT files, including a XXX_ALL.DAT file which has been formatted 

such that Res3Dinv will include all of the extracted array’s data in the inversion 

process. Topographic data which was collected in the field must now be 

inserted into the bottom of the XXX_ALL.DAT following the example provided in 

Appendix 11:  3D ERT Dataset from Grave Creek Mound. The resulting 3D file 

will still include both the topography and the IP values, which was then inverted 

to produce a 2.5D cuboid of ERT data.  

Table 26 – Electrical Resistivity Tomography Inversion Settings 

Name Setting 

Use robust data constraint Yes 

Data constraint cutoff factor 0.0500 

Use robust model constrain Yes 

Model constraint cutoff factor 0.0050 
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Reduce effect of side blocks Yes 

Limit range of model resistivity levels Yes 
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8.10 Results 

8.10.1 Micro Topographic 

As with all things in archaeology, context is vital to the interpretation of data. To 

facilitate this, a benchmark of the existing, freely available LiDAR data is 

presented as both the 2008, 2 m resolution (Figure 112) and the recently 

collected 2016 0.25 m resolution LiDAR (Figure 113), which is only publicly 

available as of this writing in a point cloud format. While high resolution historic 

topographic data (using an EDM) was collected as part of the Carver 

excavations (Carver 1993; Carver 1998; Carver 2005), and stored in a digital 

form, the original data had not yet been located at the British Museum following 

the ongoing reorganization of the archive stored there. As a result, it exists only 

as an incomplete analog contour map and a simplified final version (Figure 

100).  While this analogue dataset could be digitized, the resulting DEM would 

lose some resolution and accuracy in the manual digitization process and is not 

only beyond the scope of work for this thesis but would be wasteful of time and 

energy when the original data is located again. Instead, contours of the 

microtopographic data were created in QGIS at the same 0.1 m interval for 

comparison. 

8.10.2 LiDAR 

Full coverage (datasets which capture the entire project area) LiDAR was flown 

in 2008 and 2016 by the UK Environmental Agency and made available to the 

public without restrictions via the Government Digital Service. This data is 

available as DTM, DSM, and point cloud data for the 2008 survey and point 

cloud only for the 2016 survey.  

The freely available 2008 LiDAR data despite being 3 m spatial resolution in 

places, and not ideal for visualizing the subtler topographic variation, does show 

a surprising amount of detail, particularly when viewed as a hill shade. The 

southwestern portion of the project area has visible diagonal striations 

(indicated A in Figure 112) which correspond with the scan lines for the LiDAR 

sensor. This error is the result of two different scans overlapping in this area. 

The striations are due to one scan having a slightly different (and very small) 

height value than the other. The error only becomes visible when interpolating 

at 1.0 m, rather than a more conservative 2.0 m or 3.0 m. This trade off 

between error and resolution was deemed acceptable given the drastic increase 
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in resolution across the rest of the project area relative to the DSM made 

available by the Environmental Agency. One added benefit the low resolution 

has is the largely minimized impact of the dense scrub grass on the data. 

Mounds 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 as well as the anti-glider ditches, 

and medieval trackway between mounds 7 and 13 are all visible in this dataset.  

The higher-resolution 2016 LiDAR filtered DSM far more closely matches the 

topographic data collected with the Inspire 1 and Vulkan X8. The higher 

resolution means that topographic features missed in the 1 m LiDAR data are 

clearly visible, such as the modern walking path (indicated “A” in Figure 113), 

which disappears to the north in the 2008 dataset, the excavated fill mounds 

which line the anti-glider ditches (indicated “B” in Figure 113), and mound 11 

which is obscured by a tree in the earlier survey (indicated “C” in Figure 113). 

Additionally, a parallel ridge and furrow pattern (indicated “D” in Figure 113), 

though subtle, is visible and is far easier to distinguish from the background 

noise present in the data.   
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Figure 112 - 2008 LiDAR Interpolated to 1.0 m displayed as DEM hillshade showing scan line noise lines (A). 
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Figure 113 - 2016 LiDAR interpolated to 0.25 m displayed as DSM Hillshade showing modern walking path (A), 
anti-glider ditches (B), newly visible mound (C), and a parallel ridge and furrow pattern (D). 
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8.10.3 GNSS Data (Mini-MIRA) 

A biproduct of the MiniMira GPR survey is the x,y, and z position of the GPR 

array as it collects data. This topographic dataset is unique in that it was not 

collected to produce a surface model of Sutton Hoo, only to locate each radar 

trace within the processing software Rslicer. It does, however, make an 

interesting comparison to the other topographic surveys and demonstrates 

some of the limitations of this type of topographic survey relative to 

photogrammetry and LiDAR. The Hemisphere RTK GNSS system used to 

locate the Mini-MIRA system has a maximum horizontal RMS of 0.01 m + 1ppm 

and a vertical RMS of 0.02 m + 2ppm, however the mounting pole for the GNSS 

unit is fixed to a plastic base on the top of the MiniMira system. Even with the 

retaining ropes there is often an excess of 0.01 m of wobble in both the X and Y 

while the system is being operated, which even under ideal circumstances will 

introduce some positional error in excess of the reported accuracy of the 

system.  

The positional data is written into .POS files that correspond with a transect of 

radar data, which allows for the height data to be exported independently of the 

radar data. The point cloud is 0.08 m along the path that the GPR has travelled 

and 0.75 m between transects. The resulting surface (Figure 107), when 

meshed, was interpolated to 0.24 x 0.24 m resolution. Though fairly restrictive in 

scope relative to the other topographic datasets, the weight of the Mini-Mira 

system seems to have mitigated many of the small errors introduced by the 

dense scrub grass likely through tamping it down. The resulting dataset 

matches and, in some cases, exceeds even the LiDAR in measuring the 

surface without vegetation. There are also errors introduced where the GNSS 

signal was lost and the software is forced to interpolate between two points 

which are nearly 20 m apart, resulting in numerous lines of low/high topography 

though the center of a mounds 6 and 7 (indicated “B” in Figure 114). It is 

generally a far noisier data set than any other, likely due in part by the wobble of 

the antenna in addition to the lower resolution of the data between transects. 

Mounds 1, 3, 4, 6, 7, 8, 9, and 12; the medieval trackways both to the west of 

mound 15 and between mounds 7 and 13; as well as the anti- glider ditch and 

associated shovel heaps along the periphery of the ditch are all clearly visible in 

the data. The World War Two tank tracks (indicated “A” in Figure 114), 
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surrounding mound X have also been detected, which are not detected in either 

of the plane-based LiDAR datasets.  
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Figure 114 - Mira height data from GNSS positions showing World War Two tank tracks (A) and errors 
introduced where the GNSS signal was lost (B). 
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8.10.4 Drone LiDAR 

The Vulcan Ravel X8 with Velodyne HDL 32 system was flown twice at Sutton 

Hoo, though the second flight was not correctly referenced and of such limited 

scope that it was not included in the final drone LiDAR surface. The data was 

collected at 0.1 m resolution and was provided as a .LAZ file. As a result, the 

meshed surface (Figure 115) while of high resolution, is very noisy. The scan 

lines from the sensor are visible in the surface (indicated as B in Figure 115), 

are likely an artefact derived from the uneven distribution of points. Unlike the 

plane-based LiDAR survey, with the sensor so close to the ground surface the 

density of the returns drops off dramatically at the edges of the survey, so while 

the data has a sampling density in the central portion of the surveyed area of 

0.1 m, the point cloud is far more sparse at the edges and individual scan lines 

become visible in the DEM. Another issue observed is that the loss of resolution 

at the edges of the survey results in a smoothing effect (indicated as A in Figure 

115). None the less, there is a considerable amount of detail visible in the 

dataset, most notably all mounds except 14, 17, 18; a ditch surrounding mound 

15; the medieval trackways between mounds 7 and 13, and south of mounds 10 

and 15; numerous glider ditches; the walking paths, and even Martin Carvers 

tent platform south of mound 11. Likely a result of the increased resolution 

relative to the plane-based LiDAR system, the World War Two tank tracks 

around mound 4 and 8 (indicated “C” in Figure 115) were detected.  The striping 

error in the data could likely be corrected by smoothing the surface with a low 

pass filter but it was deemed an unnecessary use of time given the loss in 

resolution to the surface and the number of other topographic data sources 

available. 
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Figure 115 - Drone LiDAR 0.25 m DEM hillshade showing smoothing effect (A), modern trackway (B), and world 
war two tank tracks (C). 
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8.10.5 Drone Photogrammetry  

The DJI Inspire was flown twice, once at 150 ft (45 m) above ground and again 

at 300 ft (91 m) above ground. Despite being the most affected of all the 

techniques by the density of the scrub grass, and to a lesser extent, other 

vegetation, the topographic data is remarkably detailed. When the data is 

processed on medium settings in the photogrammetry software, the loss of 

resolution has a smoothing effect on the grass while still retaining much of the 

fine detail (Figure 116). If that same data is run at very high, an immense 

amount of fine detail is obtained, but the archaeology is much subtler and more 

challenging to detect, with most of the variation being the vegetation and its 

growth or lack thereof. A secondary data source, unrelated to topography was 

produced as a result of the photogrammetry: an ortho photo (Figure 119) and 

this compares favorably to the 2016 RGBN data available through the United 

Kingdom Environmental Agency. This data is very useful in distinguishing 

features in the topography which might be modern from topography which is 

archaeological. The photogrammetry data was then further processed by 

applying a series of moving averages and then subtracting that surface from the 

original. The resulting surface, referred to as an “extraction” is effectively the 

absence of broad topographic variation while retaining the small variation. This 

was done to both the “medium” resolution (Figure 117) and “very high” 

resolution (Figure 118) surfaces, and while they both originate from the same 

set of photographs, they have produced wildly different surfaces which will be 

discussed further in the interpretation section. The photogrammetry produced 

the most detailed DTMs of all the topographic datasets, identifying Martin 

Carvers excavation trench, all of the known mounds, a significant number of 

World War II tank tracks, the medieval trackway, the north-south aligned ridge 

and furrow in the southeast of the survey area, the Martin Carver survey tent 

location, as well as a number of newly recorded features. Among the newly 

identified features, some of which had been reported but not accurately located, 

are a series of 18th century robber ditches, and a ditch surrounding mound 9.   

8.10.5.1 Photogrammetry DEM’s 

The nature of photogrammetry means that although only two flights were flown, 

a total of five different data sets were produced, with the potential for more 
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derivative datasets, should additional processing be found necessary. The 

DEM’s have been loaded into QGIS and displayed as either a hillshade (Figure 

116) or using a greyscale color ramp (Figure 117, Figure 118).  
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Figure 116 - 150 ft Photogrammetry 0.1 m DEM Hillshade 
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Figure 117 - 150 ft Surface Extraction (Medium Resolution). 
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Figure 118 - 150 ft Surface Extraction (Very High Resolution). 
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Figure 119 - 150 ft Orthophoto from 2016 DJI Inspire Survey. 
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8.10.6 Faro X330 

The data collected by the Faro X330 is so dense that it needed to be down 

sampled to 0.04 m resolution before it could be registered, with each scan 

containing roughly 80 million points. While it seems counter intuitive to collect 

high resolution data then down sample, rather than just collect lower resolution 

data, the nature of the way each laser scan is collected means that resolution 

away from the scanner would be effected at a much higher ratio, and due to the 

size of the site, it was impractical to increase the number of stations when you 

factor in set up and boot up of the instrument and the number of hours each 

battery is capable of sustaining the scanner. Individual scans of the rubber cast 

“sand bodies” are shockingly clear and demonstrate the power of a system like 

this. Ultimately though, the combined results (Figure 122) pale in comparison to 

both the freely available 0.25 m LiDAR (Figure 113), drone LiDAR (Figure 115), 

and photogrammetry data (Figure 116). This is due to several factors, only 

some of which can be mitigated for a site like this.  

The origin of the laser scan with available equipment was quite low to the 

ground (averaging 1.7 m above ground surface), utilizing a traditional total 

station tripod, resulting in significant occlusion from the tall grasses on site. So, 

while the point cloud viewed from the origin is incredibly detailed with excellent 

coverage (Figure 120), the height of the grass causes large gaps to form in the 

data set, which become apparent when the viewpoint is shifted (Figure 121). 

The problem extends beyond issues of occlusion though, the grass is not a 

fixed structure. The near persistent wind present on site means that the grass is 

in constant motion making the production of a surface very challenging. For 

example, a tuft of grass, which blocks the laser (and registers as a return) may 

be in a different location in another scan, producing two tufts of grass in the 

combined point cloud where only one exists, and when the data is meshed, 

those tufts are connected to produce one large tuft of grass. This results in an 

exceptionally noisy dataset (Figure 122). The other micro-topographic datasets 

also suffer from this but to a lesser extent, due to how long it takes to collect the 

laser scan data, with each scan taking close to an hour. So, while the density of 

the data collected through terrestrial laser scanning is the highest of all the 
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techniques, Sutton Hoo, a grassy, windy site with very few structures results in 

a noisy DEM.  

 

Figure 120 - Example of Terrestrial Laser Scan Data from Sutton Hoo 

 

 

Figure 121 - Example of scan data from Sutton Hoo with holes from occlusion visible. 
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Figure 122 - Terrestrial Laser Scan Data displayed at 0.1 m resolution. 
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8.10.7 RGBN Aerial Photography 

Collected in 2016, this data is available through the UK Environment Agency. 

This data differs from the more common RGB data collected by the inclusion of 

the near infra-red band and allows the for calculation of NDVI (Figure 123). 

When the NDVI is calculated, the impact of the archaeological excavations and 

subsequent reconstruction becomes plainly visible. Data has been clipped and 

stretched from 0.27 (unhealthy) to 0.55 (healthy). Certain modern features, like 

the stone caps over the burials (indicated “A” in Figure 123), or the various 

paths, both the older exterior maintained path, as well as the interior walking 

path, (indicated “B” in Figure 123) stand out against the background as low 

values. The rectilinear excavation trench which corresponds with the Martin 

Carver interventions (Carver 1993), manifest as a rectilinear area of high values 

(indicated “C” in Figure 123), likely due to water being trapped in the 

excavation. Mound 2, which is entirely reconstructed, stands out against the 

background as an area of low values, perhaps due to soil which is less nutrient 

rich than the natural soils for the area, due to leaching, or some other 

interference caused by the reconstruction.  Surrounding mounds 4, 8, and 9 is a 

very thin curvilinear area (indicated “D” in Figure 123) of high values, which may 

correspond with the ditch detected in the photogrammetry survey in the same 

area. Given that this mound grouping sits on top of an area of otherwise 

unhealthy vegetation, an area which corresponds well to an area of high 

resistance in the EMI data. 
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Figure 123 – Normalized Difference Vegetation Index (derived from 2016 Aerial photography). 
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Table 27 - Comparison of The Various Topographic and Aerial Datasets. 

Dataset Resolution (m) Filesize Usefulness Public 
Dataset 

Comments 

LiDAR 1.0 Small Low Yes from UK 

Environmental 

Agency 

Useful for broad 

comparisons. 

LiDAR 0.25 Small High Yes from UK 

Environmental 

Agency 

Good balance of 

resolution, 

availability, and file 

size. 

GNSS 0.24 Small Medium No Restricted 

coverage, but a true 

ground 

measurement. 

Drone LiDAR 0.1 Small Medium No Limited coverage, 

would be improved 

by additional flights.  

Photogrammetry 0.1 Medium High No Most useful dataset, 

from which the 

orthographic 

imagery is also 

derived. Long 

processing times. 

Terrestrial Laser 

Scanning 

0.1 Large Medium No Not suited to an 

environment such 

as Sutton Hoo. 

Cumbersome 

Filesizes. 

4 Band Aerial 

Photography 

0.75 Medium Medium Yes from UK 

Environmental 

Agency 

Useful for 

calculating 

vegetation indices. 

Photogrammetry 

Orthographic Image 

0.1 Medium Medium No Byproduct of the 

photogrammetry 

process, useful for 

interpretation. 

 

8.11 MALA mini-MIRA 
Data was exported as geotiff raster files with a 0.01 m time window which have 

been visualized using a Wikimedia baseman in QGIS for context. A total of six 

time slices of the entire GPR survey are presented, figures 117-122. In addition, 

time slices with topographic correction of mounds 1 ,3 ,4, 8, and 9 are also 

presented in figures 104-107.  

The resolution of the Mini-Mira data is both a blessing and a curse. With a data 

density of 0.08 m x 0.08 m x 0.01 m (x,y,z), the data is not only very dense in 

two dimensions, but also in three dimensions. The result of all this data is an 

incredibly detailed cuboid of subsurface reflections. The challenge is parsing out 
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the anomalies of potential archaeological interest from those that are natural. 

There are additionally two versions of all the GPR data, one which has been 

topographically corrected, and one which hasn’t. It was found that some 

features were far more subtle in the topographically corrected dataset, likely 

due to the vertical topographic correction used which doesn’t take the angle of 

the antenna into consideration when correcting for topography. Initially data had 

included the processing step “amplitude envelope”, where high positive and 

negative trace values are plotted together, however it was found that this vastly 

increased noise, largely obscuring the more subtle anomalies and was therefore 

removed from the processing steps.  Data has been plotted at two standard 

deviations (SD) in greyscale with white plotted as negative and black as 

positive. The results of the data are presented in figures 117-127 which follow. 

These figures include seven depth slices of the entire survey area, and five 

depth slices of individual mounds. The figures for individual mounds include 

topographic correction and should better represent the internal structure within 

the mounds. 
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Figure 124 - GPR Radargrams from Sutton Hoo, showing transects 022-4, 044-7, and 082-7.

022-4 

044-7 

082-7 
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Figure 125 - Location of GPR Transects with labels at Sutton Hoo. 

022-4 

044-7 
082-2 
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Figure 126 – Mira GPR data at Sutton Hoo at a depth of 0.06- 0.07 m (1.22 ns). 
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Figure 127 – Mira GPR data at Sutton Hoo at a depth of 0.12- 0.13 m (2.44 ns). 
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Figure 128 - Mound 1 GPR time slices with topographic correction. 
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Figure 129 - Mound 3 GPR timeslices with topographic correction. 
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Figure 130 - Mound 4 GPR timeslices with topographic correction. 
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Figure 131 - Mound 8 GPR timeslices with topographic correction. 
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Figure 132 - Mound 9 GPR timeslices with topographic correction.
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8.12 CMD Mini-Explorer 
After the completion of the photogrammetry and radar surveys, a carted EMI 

system was brought in to provide additional context for a number of anomalies 

detected in the radar data. The data was loaded into QGIS where it was 

georeferenced and displayed in greyscale. The conductivity data is presented in 

figures 130-132, with depth increasing for each subsequent figure. The in-phase 

was incredibly noisy, possibly due to how free draining the sandy soil on site 

was. It was therefore excluded from final interpretation. 
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Figure 133 – Electromagnetic data collected at Sutton Hoo. CMD Mini-explorer conductivity “1” (0.25 mbs) 
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Figure 134 - Electromagnetic data collected at Sutton Hoo. CMD Mini-explorer conductivity “2” (0.7 mbs)  
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Figure 135 – Electromagnetic data collected at Sutton Hoo. CMD Mini-explorer conductivity “3” (1.1 m bs) 
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8.13 Earth Resistance surveys 
As the earth resistance data was collected with two different systems (twin 

probe RM15 from Geoscan Research, Inc. and the MSP25+RM85 also from 

Geoscan Research) there are a total of 4 figures: the alpha and beta array 

datasets from the RM85, and the 0.5 and 1.0 m probe separation datasets from 

the RM15. While the MSP25 collected magnetic data in tandem with the earth 

resistance data, it was unsuitably noisy and excluded from further analysis. 
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Figure 136 – Earth Resistance data collected at Sutton Hoo. Carted alpha array top left and Twin-probe 0.5 m 
spacing bottom right. Resistance data plotted to one standard deviation.  
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Figure 137 – Detailed view of earth resistance at 0.5 m electrode separation at 1 standard deviation.  
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Figure 138 - Detailed view of earth resistance 1.0 m electrode separation at one standard deviation. 
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Figure 139 - Detailed view of earth resistance cart with combined Alpha + Beta arrays at one standard deviation.
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8.14 ERT  
Despite three attempts and roughly six hours of total time spent collecting 

data, only four transects of usable data were recorded. While the slopes 

involved on Mound 9 were fairly gradual the ERT data was nonetheless 

topographically corrected to best model the subsurface. Additionally, while it 

was intended that this data be combined into a 2.5D dataset, due to the 

small number of transects successfully collected. A 2.5D visualization was 

found to be no better than the standard 2D visualization due to the limited 

amount of data so only 2D datasets have been presented.  

 

Figure 140 - ERT Transect 1 

 

Figure 141 - ERT Transect 2 
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Figure 142 - ERT Transect 3 

 

Figure 143 - ERT Transect 4 

 

8.15 Interpretation 
The sheer scale and scope of the work conducted at Sutton Hoo resulted in 

the need to break interpretation down into specific types. Not only was the 

total area covered quite significant, but with eight separate techniques 

applied, there was a lot of data to analyze. Additionally, the mounds 

themselves were excluded from the interpretive figure. This was partly to 

produce less cluttered figures, but also because very new little information 

about the mounds would be conveyed, as they are already extensively 

documented. However, any new features identified on the mounds were 

recorded, such as ditches and excavation trenches. Additionally, the anti-

glider ditches have been excluded from the interpretation, as they are 

already well documented topographic features, and the overlapping 

interpretation would add clutter to the already quite busy interpretive maps. 
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8.16 Microtopographic 
Beyond the application of topographic correction to the other geophysical 

datasets, the microtopographic surveys have been extremely productive in 

identifying archaeological topographic features. The resolution of some 

methods has been less productive than others. As many of the topographic 

datasets produced nearly identical results in the areas which are 

overlapping, the interpretation of all microtopographic features is combined 

into a single figure, Figure 144. A more detailed description of each dataset 

then follows.  

Table 28 - Microtopographic Anomalies 

Anomaly 

Number 

OSGB North OSGB East Type Rank 

(1-3)* 

Comments 

1 248756.447 628826.125 Rectilinear 1 This grouping of rectilinear 

anomalies corresponds with 

the location of the Carver 

interventions, the extent of 

which are on display in Figure 

97. This is likely the edge of 

those excavations. 

2 248813.497 628898.251 Curvilinear 3 This is a semi-circular 

depression, surrounded to 

the east by a raised berm. 

Possibly archaeological, 

though beyond the 

geophysical survey area.  

3 248719.430 628843.769 Curvilinear 3 Medieval trackway identified 

through Martin Carver 

excavations. 

4 248659.080 628819.063 Curvilinear 1 These low circular anomalies 

likely correspond with ditches 

which once encircled mounds 

3, 4, 8 and 9 

5 248639.401 628808.426 Curvilinear 1 Parallel curvilinear 

depressions, also identified b 

Martin Carver, these 

anomalies likely correspond 
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with tank tracks, related to 

tank training which occurred 

on site during WW2 

6 248659.739 628771.491 Rectilinear 2 A series of two linear 

anomalies, these may be the 

remnants of an additional 

medieval trackway.  

7 248612.199 628757.671 Rectilinear 1 This raised rectilinear 

anomaly corresponds with 

the location and orientation 

of the research tent erected 

by Martin Carver. 

(*Rank of likelihood that anomaly is cultural, from 1: high to 3: low) 
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Figure 144 - Microtopographic Interpretation 
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8.16.1 Anomalies Detected 

A series of topographic features were identified through survey, which are 

classed as either linear or discrete (Figure 117). In the north of the project 

area is a discrete shallow depression with a raised bank surrounding, which 

may correspond with medieval agricultural use. The depression from Martin 

Carvers interventions can be faintly detected within the central portion of the 

project area as a series of broad rectilinear features. Central to the project 

area are parallel depressed linear anomalies running south-west to north-

east which likely form the boundaries of a medieval trackway. To the south, 

ditches surrounding mounds 3, 4, 8, and 15 are detected as faint circular 

depressions, with the ditch surrounding mound 15 extending up as a linear 

feature to connect to the ditch surrounding mound 3. To the east of the 

project area are two long linear depressions, forming a right angle at mound 

10, which may correspond with a continuation of the previously identified 

medieval trackway. Additionally, a series of parallel circular depressions in 

the south of the project area have been identified as the disturbance caused 

by the tank training which occurred on site during World War Two (Figure 

118).  

 

8.17 Electro-magnetic 
A series of linear anomalies were identified which have been classed as 

either in-phase or conductivity (Figure 145). In the central portion of the 

project area are a pair of perpendicular parallel in-phase anomalies. The 

parallel anomalies (Anomaly 3) running south-west to north-east likely 

correspond with the ditches on either side of a medieval trackway, as they 

share the same alignment and rough dimensions as has been identified by 

Martin Carver (Carver 2005), in addition to matching the parallel anomalies 

detected in the earth resistance data in this same area. The parallel 

anomalies running north-west to south-east may correspond with packed 

earth from another medieval trackway. In the central portion of the project 

area are a series of circular conductivity anomalies surrounding mounds 13, 

4, and 8. These likely correspond with (Anglo-Saxon) ditches surrounding the 

mounds. In the south-eastern portion of the project area are three circular 
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conductivity anomalies which likely correspond to ditches. Of the three, the 

largest forms a nearly perfect circle with a small protuberance to the north. 

Given the shallow nature of this anomaly, may be related to World War Two 

infantry training.  

Table 29 – Electro-magnetic Anomalies 

Anomaly 

Number 

OSGB North OSGB East Type Rank 

(1-3)* 

Comments 

1 248710.249 628845.639 Curvilinear 2 Potential mound edge. 

2 248714.527 628859.545 Curvilinear 2 Potential undocumented 

excavation or robber 

trench 

3 248725.759 628851.522 Rectilinear 1 Medieval trackway 

identified through Martin 

Carver excavations. 

4 248676.555 628832.803 Curvilinear 1 These circular anomalies 

likely correspond with 

ditches which once 

encircled mounds 3, 4, 8 

and 9 

5 248630.560 628900.726 Curvilinear 1 This is an unusual 

anomaly. It is very shallow 

and nearly perfectly 

circular. Potentially 

related to WW2 activity. 

6 248626.281 628876.124 Curvilinear 3 Faint circular anomaly, 

potentially natural. 

Alternatively, this may be 

the ditch of an 

undocumented mound. 

7 248656.231 628888.960 Curvilinear 3 Small and circular, 

potentially related to an 

undocumented test 

excavation. 

(*Rank of likelihood that anomaly is cultural, from 1: high to 3: low) 
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Figure 145 - EMI Interpretation 
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8.18 Ground Penetrating Radar 
Anomalies identified in the GPR data (Figure 146) have been generally 

classified as rectilinear or curvilinear, which encompass both archaeological 

anomalies and those associated with previous excavation. In the north of the 

project area are two discrete circular anomalies which correspond with the 

locations of mounds 12 and 14. Below mound 14 is a discrete rectangular 

area of disturbance which has been identified as a portion of the 1983-2001 

excavations. Five linear anomalies surrounding mounds 6 and 7 and 3 

discrete circular anomalies within and adjacent to mound 7 are likely the 

result of backfill of excavated features related to the 1983-2001 excavation 

campaign. A keyhole shaped discrete anomaly central to mound 13 is likely 

also associated with a previous excavation event. The discrete oval anomaly 

central to mound 1 is likely the result of backfill within the boat burial 

excavations. The discrete rectangular area of disturbance central to the 

project area east of mound 1 has been identified as a portion of the 1983-

2001 excavations. To the east of mound 7 are a pair of parallel linear 

anomalies running south-west to north-east, which likely correspond with the 

ditches on either side of a medieval trackway. South of mound 14 in a faint 

linear anomaly aligned north-west to south-east consisting of a series of 

small discrete responses very near the surface and is likely to be evidence of 

modern disturbance as it exists above the 1983-2001 excavated area. To the 

east of mounds 7 and 13 are two discrete circular anomalies, which may 

indicate an area of soil removal in the construction of the Anglo-Saxon 

mounds. To the east of mound 7 is discrete oval anomaly consisting of a 

series of smaller discrete anomalies which may correspond with a Neolithic 

posthole structure. A discrete linear anomaly east of mound 13 running 

north-west to south-east is likely to be the World War Two anti-glider ditch 

running through that area. The linear anomaly running south-east to north-

west from the base of mound 3, past mound 13 may be a ditch marking the 

southern boundary of a medieval trackway. To the south-east of mound 13 is 

a discrete rectilinear anomaly which may correspond with a ditched feature. 

The large discrete anomaly surrounding mounds 3, 4, and 8 may be the 

result of deposited soil to build up the area for mound construction. The 

discrete anomalies within mounds 8 and 9 may correspond with 



240 

undocumented excavation. The discrete circular anomaly surrounding 

mound 15 is likely a filled in ditch surrounding the mound. At the southern 

portion of the project area is a linear anomaly which corresponds with a faint 

linear depression in the microtopographic survey and may be an abandoned 

footpath.  

 

 

Table 30 – Ground Penetrating Radar Anomalies 

Anomaly 

Number 

OSGB North OSGB East Type Rank 

(1-3)* 

Comments 

1 248799.87 628807.23 Circular 1 Potential mound edge, matches 

location and dimensions of mound 

12. 

2 248779.16 628877.67 Circular 1 Potential mound edge, likely due 

to interpretive mowing pattern. 

Matches location of mound 14. 

4 248744.37 628877.12 Linear 1 Anti-glider ditch, a combination of 

the change in topography and 

excavation of topsoil is the likely 

cause of this anomaly.  

5 248730.58 628856.66 Linear 1 Medieval trackway identified 

through Martin Carver 

excavations. 

6 248725.11 628814.35 Curvilinear 2 Modern disturbance related to the 

Carver excavation of mounds 6 

and 7.  

7 248693.32 628804.26 Linear 2 Medieval trackway identified 

through Martin Carver 

excavations. 

8 248647.33 628800.23 Circular 1 Potential mound edge, matches 

location and dimensions of mound 

15. 

9 248666.50 628815.31 Linear 3 Possible trackway or ditch? 
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10 248680.87 628825.33 Rectilinear 2 Keyhole excavation in mound 4, 

possibly the Brice-Mitford 

excavation. 

11 248686.12 628851.80 Bowtie 3 Potentially undocumented 

excavation. 

12 248642.57 628840.27 Curvilinear 3 Potential ditch or excavated soil 

associated with mound 9. 

13 248709.26 628862.75 Linear 1 Anti-glider ditch, a combination of 

the change in topography and 

excavation of topsoil is the likely 

cause of this anomaly. 

14 248715.57 628862.91 Circular 3 Faint circular anomalies, 

potentially cleared area in 

preparation for mound which was 

never constructed. 

(*Rank of likelihood that anomaly is cultural, from 1: high to 3: low) 
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Figure 146 - Sutton Hoo GPR anomalies of potential archaeological interest. Interpretations of each can be 
found in Table 30 – Ground Penetrating Radar Anomalies.  
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Figure 147 - Combined interpretation of all survey techniques demonstrating overlapping anomalies 
between techniques. 
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8.19 “Snapshot” of Sutton Hoo 
Given the large variety of data types and large areas which were surveyed, it 

was found that Voxler, while suitable for single mounds like Justy Howe Hill 

and Grave Creek Mound, was not capable of the type of visualizations 

necessary at Sutton Hoo. As the data for all of the mounds already exist 

within a GIS, one option is to leverage the burgeoning 3D visualization 

options within ArcGIS or QGIS. These two platforms approach 3D data and 

visualization slightly differently and while QGIS was ultimately chosen for this 

role, it may be useful to cover exactly why that decision was made and what 

tradeoffs are present for this solution.  

Unlike Voxler which natively displays latticed 2.5 and 3D data allowing for the 

display of iso-surfaces and voxels in three dimensions, GIS solutions are 

only capable of displaying surfaces with data draped over them. There is 

however some overlap, as Voxler can display rasters and vectors, though the 

implementation is often crude, requiring manual placement and orientation. It 

was found that while Voxler was able to easily display some of the data 

collected, the manually placed rasters of earth resistance, EMI, and the large 

numbers of vectors caused the software to become unstable. The software 

stability problem could be alleviated through down sampling some of the 

datasets, however this would result in low resolution rasters which are not 

useful for demonstrating anomalies. As a result, it was found that there are 

some hard limits in the software regarding how much data can be present in 

a given project, and while useful for smaller scale visualization, is impractical 

for larger scale or ongoing projects where data may be added in the future.  

Until recently most GIS packages typically worked only with vector and raster 

data in two dimensions, within the last ten years there has been a slow 

implementation of three-dimensional data support. ArcGIS achieved this 

through the stand-alone program ArcScene, while QGIS relied on third party 

plugins such as Qgis23js until the release of QGIS 3.0 which natively 

supports three-dimensional data. Additionally, the GIS environment cannot 

display voxels, but is capable of displaying pre-generated (produced in 

another software package) iso-surfaces and has built in tools for displaying 

meshes and point clouds. As QGIS can display three-dimensional data in the 
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same program that handles the GIS, all layers and hierarchies which has 

been established remain consistent between 2- and 3-dimensional display. 

That is not to say the ArcScene is not capable of nearly identical 

visualization, it is simply a less streamlined approach and therefore less 

desirable when dealing with a large GIS which may be frequently updated 

with new data. The following figures (Figure 148, Figure 149, Figure 150) 

show off the display of raster, vector, and mesh data. The orientation of the 

display is arbitrary and was chosen merely for presentation in this thesis, the 

actual model can be manipulated at will and the various layers may be 

turned on or off to suit the needs of the user. 

 

Figure 148 - QGIS 3D Visualization with Raster, Mesh, and Vector Data Showing Mound Location and other 
Cultural Features 

 

Figure 149 - QGIS 3D Visualization with Raster, Mesh, and Vector Data Showing Previous Excavation 
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Figure 150 - QGIS 3D Visualization with Raster, Mesh, and Vector Data Showing New Surveys 
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8.20 Conclusion 
Sutton Hoo is an enigmatic site. Academic books (Bruce-Mitford 1974, 

Bruce-Mitford 1975, Bruce-Mitford 1983, Carver 1992, Carver 1993, Carver 

1998, Evans 1995, Farrell and De Vegvar 1992, Kendall and Wells 1992, 

Scull 1992) and works of fiction (Carver 2017, Moore 2010, Atherton 2016, 

Preston 2016) have been written about it, and has been the focus of several 

television shows. Significant survey has been conducted at Sutton Hoo, both 

of a professional and amateur nature, revealing a patchwork of clues about 

the long history of activity of this site. Recent publications  

In pursuit of the objectives of this thesis, a total of three phases of survey at 

Sutton Hoo were completed. The micro topographic surveys, covering a total 

of 27.5 hectares was completed in Nov 2016. This series of surveys marked 

the first phase of the project and included terrestrial laser scanning, UAV 

based LiDAR, and UAV based photogrammetry. Challenges included 

weather, timing of survey crews, vegetation, and restricting access to the site 

during the surveys. It was found that some survey techniques were better 

suited to an environment like Sutton Hoo than others. The terrestrial laser 

scanner in particular was unwieldy and more trouble than it was worth for 

such a large site with constantly moving vegetation.  

After a baseline of topographic data had been established, the second phase 

of survey began, consisting of a towed ground penetrating radar (GPR) 

survey, utilizing a 400 Mhz antenna array at 0.08 m separation. This towed 

array allowed for approximately 70% percent of the survey area to be 

covered with a single geophysical technique in a two-day window.  This was 

followed by smaller monument-specific surveys carried out with a single 

channel GPR system, where it was unsafe to operate the towed GPR array. 

Carted electromagnetic imaging survey followed, targeting an area of 

particularly rough terrain where other techniques were incapable of 

traversing. 

The third phase of survey work focused on promising anomalies 

representative of excavated and unexcavated mounds identified through the 

GPR survey. These were targeted in a focused 2.5D ERT survey. 
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Sutton Hoo represented both the most dense data, and the most numerous 

number of datasets. The vast quantities of topographic datasets allowed 

comparisons not only in time, between historic and modern surveys, but also 

between survey techniques. It was found that photogrammetry was the best 

suited to the survey conditions at Sutton Hoo, balancing survey speed, ease 

of collection, and data density which resulted in a dataset which captured the 

most topographic features within the project area. The multi-channel GPR 

survey collected GPR data at a remarkable 0.08 x 0.08 cm resolution and 

covered an astonishing 1.28 Hectares in only two days, limited in scope 

more by the uneven terrain at Sutton Hoo rather than time constraints. The 

survey area covered the heart of the site and extended into unsurveyed 

portions of the site. This provided context for anomalies which corresponded 

with previously documented features and provided insight for interpreting 

anomalies identified in unsurveyed portions of the site. The high-resolution 

features such as tank tracks and undocumented robbers trenches to be 

identified, as well as features such as the medieval trackway to be followed 

across the site. The electromagnetic survey which followed the GPR surveys 

was more localized and provided additional context for the GPR data 

surrounding mounds 3,4,8, and 9. Additionally, this technique allowed for a 

quick survey of a particularly rough area of the site, which couldn’t be 

collected by other techniques. The anomalies identified there are intriguing 

and warrant additional survey with another technique. The focused ERT 

survey, while hard won, were particularly beneficial for understanding the 

composition of the interior of mound 9. Each of these techniques added 

something entirely unique to the narrative of Sutton Hoo, be it through new 

anomalies to be explored, topographic changes to the site over time, or 

which techniques are least suited to the free draining and natural landscape 

of Sutton Hoo. The free draining sandy soil conditions proved ideal for the 

GPR array, while simultaneously problematic for the ERT system. Despite 

issues with the ERT, good quality data was eventually recorded in wetter 

conditions. Archaeological deposits were found to be quite shallow across 

much of the site and at risk to any near surface disturbance.  
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Additional survey of the site with either a magnetometer or additional 

electromagnetic survey has the potential to provide additional context which 

would aid in the interpretation of anomalies while also being cost/time 

efficient and accessible to volunteer survey teams. 
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9 Discussion 
9.1 Introduction 
The array of techniques deployed in this thesis are a modification and 

consolidation of a wide variety of methodologies which have been applied to 

mounds in the past (Table 1), in particular Henry et al. 2014 and 

Schniedhofer et al. 2018. The multi-staged geophysical investigation on the 

Adena burial mound in Central Kentucky, USA by Henry et al. utilized 

multiple techniques which built upon each other in a phased approach. 

Analysis and interpretation of one technique informed the utilization and 

approach taken to the next technique. The multi-staged approach taken is a 

unique way of providing the benefits of both large- and small-scale survey. 

The work by Schniedhofer et al. on an Iron Age burial mound in Rom, 

Norway was relatively narrow in its geophysical focus, utilizing only 

magnetometry and GPR, but demonstrated the power of a towed array when 

applied to mounds. The geophysical data was then integrated with high 

resolution terrestrial laser scanning/ LiDAR data and combined into a fully 

three-dimensional model. Not all mounds are the same and no fixed 

methodology is appropriate for all mounds, which is why three vastly 

difference case studies were chosen for this thesis. The differences in each 

case study allowed the exploration of techniques not only on an individual 

site, but to compare their applicability between sites.  

Justy Howe Hill is a single natural conical mound approximately 6 m tall with 

gently sloping sides occupying 0.12 ha of land, covered with scrub grass and 

the occasional sheep. Grave Creek Mound is a single conical mound erected 

by the Adena, approximately 19m tall with steeply sloping sides covered with 

tree stumps and short grass on approximately 1.5 ha of land. Sutton Hoo is a 

3.2 ha Anglo Saxon mound complex comprising the largest variety of 

mounds, ranging from a reconstructed mound to a number of mounds with 

almost no topographic difference from the ground surface. 

Not only were a wide variety of techniques explored on each of these 

mounds (which is unique within the context of mound survey), but the data 

collected was done so for with the ultimate goal of integration to produce a 
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“snapshot”. This “snapshot” is more than a three-dimension model, it 

requires the combination of both subsurface and above surface datasets at a 

fixed point in time, with the purpose of adding additional snapshots at later 

points in time.  

There are a variety of methods which were tested throughout the course of 

this thesis including: photogrammetry, terrestrial laser scanning, LiDAR, 

ground penetrating radar, electromagnetic imaging, earth resistance, and 

electrical resistivity tomography. The commonality between them all being 

the inclusion (to a greater or lesser extent) of height/ depth information. 

Some of these techniques fared better than others, due in part to the 

methodology employed, but also to the inherent challenges presented by the 

mounds themselves. Table 31 is a list of all the techniques used on this 

thesis to survey mounds complete with an assessment of usefulness 

(applicability), which site the technique was used on, and any relevant 

comments related to its use in survey. 

Table 31 - Overview of Techniques 

Technique Applicability Sites Surveyed Comments 

Photogrammetry High All Inexpensive, fast collection, 

long processing time. 

Useful on all surveyed sites.  

Terrestrial laser 

scanning 

Low Sutton Hoo Not ideal for very large 

survey areas with highly 

variable surface conditions. 

Some user error resulted in 

poorly aligned datasets. 

LiDAR High All Very inexpensive when 

freely available, very costly 

if collected via airplane, 

slightly less expensive via 

drone. Significant overhead 

involved, including 

permissions and safety.  

GNSS Data Medium All No additional survey time 

necessary, lower 

resolution, mitigates some 

vegetation noise, 
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introduces noise from 

antenna wobble during 

survey.  

Ground 

Penetrating Radar 

High All Multi-channel systems 

ideal for large survey 

areas. Coupling with 

ground means that large 

changes in topography can 

be problematic. Single 

channel systems are 

slower but allow for survey 

even with extreme 

topographic variation.  

Electromagnetic 

Imaging 

Medium Justy Howe, 

Sutton Hoo 

Limited number of depths 

recorded, quadrature and 

in-phase collected 

simultaneously. Useful to 

compliment GPR survey 

targets. 

Earth Resistance Low Sutton Hoo Slow, low density, limited 

number of depths 

recorded. Improvements to 

both speed and resolution 

when carted, at the cost of 

weight and complexity. 

Few benefits over EMI in 

this setting. 

Electrical 

Resistivity 

Tomography 

High All Slow, excellent depth of 

investigation. Unable to 

collect data in very free 

draining survey areas.  

 

9.2 Justy Howe Hill 
Photogrammetry, LiDAR, single channel GPR, EMI, and ERT were all 

collected at this site. LiDAR data for the survey area was freely available 

from the United Kingdom Environmental Agency. As is often the case with 

free LiDAR, “availability” is somewhat misleading. Half meter LiDAR data 

was collected across much of the survey area, but not the entire site. There 



253 

is one-meter data available which covers the entire site, but the resolution is 

too low to make out any fine topographic variation on the mound. A drone 

was used to supplement the existing LiDAR through a photogrammetry 

survey. The dense scrub grass covering much of the site proved challenging 

for the photogrammetry, resulting in areas with increased noise, or in some 

areas, no data. While the photogrammetry was undeniably better than the 

existing LiDAR, there was room for improvement. One solution might be a 

drone-based LiDAR survey, to better cope with the tall grass.  

The dense vegetation and large slopes were unsuitable for a GPR array, 

requiring the use of a single channel system GPR. The size of the mound 

meant that the more typical 500 or 400 Mhz systems would lack sufficient 

depth of investigation so a 250 Mhz system was used instead. An ERT 

survey followed the GPR survey targeting the center of the mound and an 

area of enhanced erosion to the east side of the mound. The ERT survey, 

while of limited scope, was useful in providing potential anomalies of interest 

for future auguring. A smaller targeted EMI survey was then collected at the 

base of the mound. The shallow depth of investigation for the EMI survey 

was unsuited for the mound itself, but useful in identifying anomalies 

adjacent to the mound which may be cultural. The mound was augured by 

another research team, focusing on a number of anomalies identified both in 

the GPR and ERT surveys. The auguring ultimately suggested that the 

mound was natural in composition.  

A vast amount of time was dedicated to the GPR survey, as it provided the 

best trade off between depth of investigation and survey speed, however the 

data collected was largely devoid of anomalies. This lack of anomalies made 

it challenging to target anomalies for the ERT survey.  

9.3 Grave Creek Mound 
Photogrammetry, single channel GPR, and ERT were all collected at this 

site. A photogrammetry survey was conducted using a drone, which included 

the mound, surrounding landscape and museum complex. Despite the 

complexity of the site, collection of the photogrammetry was both efficient 

and highly effective, greatly exceeding the resolution of the existing state 
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collected LiDAR. The short cut grass, and lack of tall vegetation (scrub 

grass/trees), was ideal for photogrammetry. Additionally, the perimeter fence, 

which encloses the complex, made restricting access to the grounds by the 

public during flights very simple.  

Given the intense slopes of Grave Creek Mound even single channel GPR 

was challenging and at times dangerous to collect, resulting in far fewer lines 

of GPR data than had initially been planned. The more sedate pace of ERT 

data collection meant that the slope had less of an impact on the collection of 

the data, though shifting the electrodes from one transect to the next was a 

large effort on the slopes and made the already slow collection of ERT lines 

even slower. While the slope is not something which can be easily mitigated, 

better time management and appreciation of the scale of this mound might 

have resulted in more data to interpret and a more complete “snapshot” of 

the mound. Additionally, compromises in resolution, both along the transect 

(ERT electrode separation) and between transects had to be made to image 

as deeply as possible on the mound. In order to maximize time and due to 

the unique topographic constraints of such a large mound, only two 

geophysical survey techniques were used on the mound. This meant that 

while the two geophysical surveys were collected in series, one did not 

inform the other in terms of location or targeting areas of interest. Each 

covered as much area as was possible in the given time. Ideally a third 

technique would have been used, electromagnetic imaging would be the 

most attractive choice given the multiple depths of data collected and the 

multiple data types, however it would have been extremely challenging to 

collect the data given the slope. A third technique would have meant a 

further sacrifice of either data density or coverage with the GPR and ERT 

surveys.  

Geophysical survey at Grave Creek Mound proved to be the most 

challenging of all the case studies, presenting significant hurdles at nearly 

every stage of the project, nevertheless, the fieldwork revealed new 

information about the mound and its surrounding area. The snapshot 

produced of Grave Creek Mound represents a significant leap forward in the 
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understanding of not only the cultural components of the mound, but also the 

structural integrity of the mound.  

9.4 Sutton Hoo 
The largest variety of geophysical techniques were deployed at the Sutton 

Hoo mound complex, this is in part due to the relatively subtle topography on 

site, equipment availability, the scale of the survey area, and soil conditions. 

Photogrammetry, drone-based LiDAR, terrestrial laser scanning, single 

channel GPR, multichannel GPR, earth resistance, electromagnetic imaging, 

and ERT. Freely available LiDAR from the United Kingdom Environmental 

Agency with complete coverage of Sutton Hoo was also available at 0.25 cm 

resolution, as significant boon and an excellent benchmark for the 

topographic data which was collected.  

The photogrammetry survey was collected with a drone, the persistent winds 

and shifting scrub grass made for a slightly noisy dataset, particularly outside 

the mound complex which saw less frequent grounds maintenance. The 

same is true of all the topographic datasets but given the reliance of 

photogrammetry on identical points in overlapping images, it was particularly 

troublesome of the photogrammetry. The size of the DJI Inspire meant that it 

could operate was often fighting the wind and the resulting flights were 

noticeably shorter than they would be under more ideal conditions. The 

drone-based LiDAR was collected as two flights, resulting in a roughly 10 cm 

resolution dataset, unfortunately, the extent of the flights was smaller than 

the total project area, resulting in lower density data along the edges of the 

dataset and significant areas of no data. The LiDAR was effective at 

penetrating the scrub brush, though the reduced data density may also be a 

factor in the perceived reduction in noise. The enormous size of the Vulkan 

Revel X8 meant the wind had very little effect on the drone in flight, however, 

its size did require extra precautions when operating the drone, necessitating 

the entire site be cleared of people and animals (a challenge on a relatively 

open site like Sutton Hoo). Additional flights would have had the added 

benefit of filling in data gaps and increasing survey density, but there were 

only enough batteries for the two flights. The terrestrial laser scanner was 

also deployed and while the resulting dataset is of very high resolution, it was 
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found to be less ideal on a site with so few fixed surfaces. The author also 

underestimated the number of reference targets necessary on a site like 

Sutton Hoo and this resulted in scanning stations which refused to align 

automatically in software. Alignment was then done manually, but the 

combined dataset was enormous which made it challenging to work with, 

noisy (likely due to alignment issues) and generally the least useful of all the 

topographic datasets collected. Some of these issues could have been 

mitigated through better data collection strategy, but even then, the slow 

speed and physical effort involved in laser scanning a site of this size makes 

it ill-suited relative to the drone-based options.  

A large-scale multi-channel GPR survey was conducted following the 

topographic data collection. This system was a towed array and allowed vast 

areas of the site to be surveyed at high resolution very quickly. While the 

towed array is efficient, there were areas within the project are which were 

either inaccessible to such a large device, or the ground conditions were 

hazardous to the equipment. This resulted in a comparatively large, but 

incomplete GPR dataset. These areas were sampled in part by both 

electromagnetic imaging and earth resistance surveys, but rather then 

targeting anomalies identified in the GPR data, these surveys targeted gaps 

in the data to ensure coverage with a geophysical technique. 

The multi-channel GPR survey produced a large amount of data, and survey 

conditions, while dry, still yielded excellent results though it is possible that 

slightly wetter conditions might have produced additional contrast.  

A carted earth resistance at high resolution was attempted which would have 

targeted the medieval trackway identified in the GPR survey, but significant 

hardware failure necessitated a change in approach. This area was instead 

surveyed with EMI and twin-probe ER.  

Mound 9 was identified in both the GPR and EMI data as undisturbed and 

was targeted for a high resolution ERT survey. Unfortunately, the extremely 

free draining sandy soils present on site produced largely unusable ERT 

datasets. It was only following a fresh rainfall that the ERT was able to 

produce data which could be used. Despite typically being a superb 
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counterpart to GPR survey, the soil conditions at Sutton Hoo meant that ERT 

was largely ineffective, particularly given the survey effort involved, both in 

time and in physical labor. The earth resistance survey was also found to be 

less effective given the soil conditions, but the EMI was less effected by the 

soil. Given how much data was produced by electromagnetic imaging and 

the speed with which it was collected, on free draining sites such as Sutton 

Hoo, it was found to be nearly as effective as GPR and far better suited than 

earth resistance.  

Despite the vast amount of work already conducted by previous 

archaeological investigations, the survey at Sutton Hoo successfully located 

and defined previously recorded features as well as identifying a variety of 

new anomalies of interest. The microtopographic surveys in particular were 

able to identify and clarify the form of a number of ephemeral features which 

had been tentatively identified by Martin Carver (Carver 2005).  
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10  Conclusions 
Geophysical survey on mounds is inherently challenging. The size, slope, 

and surrounding environment are often hostile to both the collection and the 

processing of data. This challenge presented an opportunity to directly 

compare emerging survey techniques in an “apples to apples” framework. 

There have been recent publications on components of this methodology; 

such as on the application of laser scanning to image ruins in uncleared 

jungle (Fisher 2016), unmanned photogrammetric documentation of buildings 

for heritage (Murtiyoso and Grussenmeyer 2017), the collection of high 

density multi-channel GPR surveys collected in the United Kingdom to 

document Roman cities (Lockyear and Shlasko 2016) and the use of three-

dimensional data to showcase the importance of heritage (Dawson and Levy 

2016). This PhD work is unique in the integration of these various 

approaches within a single context and on three representative sites.  

Due to the dynamic nature of mounds, the importance of accurate high-

resolution data for heritage management is incredibly important. The largely 

earthen structures are particularly prone to weathering (Lindauer and Blitz 

1997), and with often limited records of internal mound structure, modern 

and historic disturbances, and damage from previous excavations, the 

preservation and management of these monuments can be challenging. 

Through a high resolution multi-methodological survey, mounds may be 

better understood and therefore more easily preserved. 

10.1 Assessment of Aim 
Most contemporary geophysical mound survey is conducted in isolation and 

for research purposes only; therefore, the results often do not integrate the 

changing state of the mound, the extent of buried cultural resources, or the 

context of the mound within both environment that surrounds. This crucial 

missing step is of paramount importance for mounds, as they can shift, 

erode, and subside relatively quickly. Documenting them as they change 

over time can help inform how they may change in the future. The aim of this 

thesis is to produce a flexible survey methodology which leverages a variety 

of techniques to best capture the contemporary state of a mound or mound 
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group. The resulting fully three dimensional “snapshot” can be used to guide 

heritage management, energize public engagement, and provide a 

framework to which additional survey data can be easily added.  

Each site selected for this thesis resulted in the collection of geophysical 

data and topographic data. Each set of data was integrated into a single GIS 

which contained all data for all mounds. This enabled georeferenced data to 

be exported directly out of the GIS and into a 3D visualization program where 

it would retain the spatial relationships between data in the X and Y axis, or 

in the case of Sutton Hoo, be visualized within QGIS. Of the three sites: 

Justy Howe Hill, Grave Creek Mound, and Sutton Hoo; the Delf Norona and 

Sutton Hoo museums have both expressed interest in the comprehensive 

three-dimensional models to augment existing displays and to generate 

interest in the site. It became clear over the course of working with these 

three-dimensional models that if the medium within which they are going to 

be displayed is two-dimensional, there is little additional benefit in the model 

over the traditional two-dimensional figures. If, however, the end user has 

direct access to both the layers of data as well as the ability to manipulate 

the orientation of the model, a vastly different understanding of how all the 

various data fits together becomes possible. That is the key to the success of 

this methodology – that the three-dimensional data not be confined to two 

dimensions. This is not to say that some data does not best lend itself to a 

two-dimensional display, only that control of the data orientation is not fixed, 

and that additional 3D data may seamlessly be integrated.  

 

10.2  Assessment of Objectives 

10.2.1 Generate High Resolution above ground 3D datasets  
Topographic and microtopographic data collection and integration is a common 

technique in archaeological survey. However there has been little work incorporating 

that data into a comprehensive, fully 3D visualization of both the geophysical and 

topographic data. A combination of high-density topographic data (from 

photogrammetry, LiDAR, terrestrial laser scanning, and GNSS) will be collected and 

used to more accurately process and visualize the geophysical data. 
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The objective was successfully achieved at each of the mound sites utilizing 

a variety of topographic survey techniques. While Justy Howe Hill and Grave 

Creek Mound both used photogrammetry exclusively, Sutton Hoo was 

surveyed with drone-based LiDAR, terrestrial laser scanning and 

photogrammetry. It was found that from a speed and cost perspective 

photogrammetry was the most practical. However, a drone-based LiDAR 

system requires significantly less post survey processing than 

photogrammetry while producing similar results and can often penetrate 

more vegetation than photogrammetry can. For certain environments, such 

as the dense trees to the east of Sutton Hoo, it was found that factors such 

as tree or shrub cover were best documented by the terrestrial laser 

scanning system, despite it being generally cumbersome to survey large 

areas. While not tested during the thesis, an integrated approach combining 

photogrammetry and LiDAR or Laser Scanning might yield the best results. 

Photogrammetry software packages such as RealityCapture and 

ContextCapture have recently released clients which would allow this 

integrated approach. In each case, the photogrammetry, LIDAR, and laser 

scanning yielded datasets of higher resolution with less noise than could be 

achieved through a traditional EDM topographic survey or through the public 

airborne LiDAR datasets. It was also found that when using control points, 

the precision of each survey was largely equivalent, even if the overall 

resolution was not, which means that in many cases, the survey environment 

should dictate which topographic survey technique is used, rather than 

concerns of accuracy or noise. 

 

10.2.2 Integrate Ground Penetrating Radar and Earth Resistivity 

Tomography 
Earth resistivity tomography (ERT) and ground penetrating radar (GPR) are 

complimentary techniques for survey of this type owing to the differing properties 

measured by each technique and the inherently three-dimensional nature of the data 

each collects. These techniques are not uncommon in contemporary mound surveys, 

but usually one or the other is employed – not both. However, the two techniques 

combined is more useful than either individually. Both GPR and ERT data can be 
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corrected to take topography into account, and both techniques are appropriate for 

the extreme (for archaeology) depths often necessary with mound survey. 

 

Both Grave Creek Mound and Justy Howe Hill saw extensive coverage by 

both ERT and GPR. However, soil conditions at Sutton Hoo made the 

collection of more than four lines of ERT data impossible despite repeated 

attempts. Grave Creek Mound, due in large part to the sheer size of the 

mound, saw the most benefit from these two combined datasets. While the 

GPR was of higher resolution but lower depth of investigation, the ERT data 

was low resolution but had an excellent depth of investigation. The ERT was 

therefore more suited to identifying building phases of the prehistoric mound 

itself, whilst the GPR identified more recent, shallower anomalies both 

natural and manmade. The two datasets measured different components 

allow the archaeologist to seamlessly leverage the strengths of each 

technique to effectivity extend an interpretation from the surface of the 

mound to the deepest limits of the ERT. Data processing of each technique 

is largely similar,  

 

In contrast, Justy Howe Hill, being a natural landform, was largely devoid of 

anomalies and yet the combined approach still yielded useful outcomes. The 

ERT dataset was capable of capturing data on extremely topographic 

sections of the mound which could not be surveyed with the GPR. It is within 

this ERT dataset, that the only anomaly, identified as a natural boulder, was 

identified. 

 

That unseasonably dry conditions inhibited the collection of ERT data on two 

different mound sites at different times and locations demonstrates the 

importance of knowing soil conditions when planning surveys which rely 

heavily on one or two techniques. This was of particular importance at Sutton 

Hoo, when a special survey trip to site was made following heavy rain, which 

yielded the only useable ERT dataset.  
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10.2.3 Establish a direct comparison of techniques based on survey of case 

study mounds.  
The vast majority of contemporary geophysical surveys of mounds focus on a single 

mound or mound group. This makes it challenging to compare the efficacy of 

techniques across mounds, as the equipment and survey strategy may be vastly 

different even if the mounds are similar. To combat this problem, a series of 

comparable datasets on a representative sampling of mounds will be collected 

utilizing the same survey strategy. The resulting data will be integrated with pre-

existing remote sensing datasets where available. 

In the end, every mound surveyed for this thesis presented different 

challenges, and therefore had to be approached in a slightly different way. 

This fact will hold true for every mound an archaeologists will ever encounter. 

The general methodology (i.e., Collect high-resolution topographic data, 

carry out GPR survey, and conduct ERT survey) was highly effective for both 

characterizing below-ground archaeological and natural anomalies, and for 

assessing the state of preservation of all mounds surveyed. But the 

parameters of the GPR and ERT surveys differed for each mound as 

fieldwork progressed to reflect lessons learned in the process. 

 

Grave Creek Mound was surveyed first, and the electrode separation chosen 

resulted in ERT data of undesirably low resolution. The transect separation 

of the GPR survey was also too wide. As a result, adjustments to both 

density between transects as well as electrode separation were made to 

improve data density in future surveys. Additionally, techniques developed 

for correcting erroneous GNSS values on Grave Creek Mound were found to 

be quite useful for correcting similar GNSS errors on both Sutton Hoo and at 

Justy Howe Hill. This technique, described within Grave Creek Mound 

Section “GPR Height Value Replacement”, is arguably one of the most 

practically useful outcomes of this research. 
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10.2.4 Create “Snapshot” of Mound and surrounding landscape for heritage 

management  
A product of the integration of the available data will be a “snapshot” representing the 

current physical state of the mound and an analysis of all data collected on site. This 

will include topographic data, geophysical survey data and analysis, and historic 

records. Heritage management personnel can then use and update this “snapshot” to 

track changes to the mound over time (including accidental damage/ modification, 

agricultural encroachment, modification and maintenance) and add any additional 

survey or excavation data they accrue in the future. 

The concept of a “snapshot” within the context of this thesis includes a 

variety of both above- and below-ground survey techniques. It is the 

integration of these techniques which produce something entirely novel 

regarding mound heritage management – a fully three-dimensional high-

resolution record of not only surface characteristics but also the underlying 

soil captured by multiple survey techniques. This methodology allows for 

innovative methods of visualization of the mounds which can be useful for 

displaying a mound to the general public, and for identifying areas to target 

for conservation. Typical three-dimensional mound displays in museums are 

in the form of a diorama. These models can be walked around and may even 

have a section cut away to reveal the underlying stratigraphy. The issue with 

these forms of display is threefold. One, the display/ diorama is entirely static 

and cannot be updated with new information. The second is that these 

displays are an idealized version of the mound and underlying soils. The 

third is that these displays are not interactive. The comprehensive three-

dimensional models created through this thesis solve all these problems, 

while introducing a few new ones.  

The three-dimensional models produced through the proposed thesis 

methodology are digital. The benefit being that new datasets either above or 

below ground can be integrated into the existing framework as all of the data 

is also digital and can be replaced, augmented, or even removed easily. The 

issue then becomes one of visualization and interaction. Digital data requires 

a computer, screen, and software. While these things are all fairly ubiquitous 

in today’s world, any items that the public interact with will require 

maintenance. The benefit of an immutable diorama is that it will remain 
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largely unmolested during its time on display, and therefore require little in 

the way of maintenance or repair by staff over the lifetime of the exhibit. One 

option is to display the data as a looped video which can be manipulated by 

the public, another is to 3D print a model from the data. Video solves some 

problems but adding new data to a prerecorded video requires the 

production of an entirely new video, which isn’t particularly efficient. 

Further, these models perform best when additional data is added. Having a 

single “snapshot” is excellent. But the true power of this methodology is in 

the collection of multiple “snapshots”, which gives the archaeologist the 

ability to track changes to the mounds. This will help them understand how 

best to manage and conserve them.  

10.3 Research Outcomes 

10.3.1 Introduction 

The work conducted at each of the three sites allowed the methodology 

framework in 5.2.2 Approach to Fieldwork to be tested against real and 

challenging sites. It was found that resolution is a problem with mounds and 

that far greater care should be taken to ensure that where the data is most 

important that there is a data density sufficient to resolve anomalies of 

interest. Resolution is particularly important for GPR data, the 0.75 m 

transect separation at Grave Creek Mound seemed to be a sufficient tradeoff 

between resolution and coverage, but the fairly subtle archaeology likely to 

be present on mounds requires a higher density of data to be detected with 

GPR. The soils are often heavily mixed or disturbed such that a lower density 

survey makes the interpretation of that data very challenging. As each was 

survey conducted for this thesis, lessons learned on the proceeding site were 

applied to each subsequent test site. This progressive methodology 

highlighted some shortcomings in the workflow proposed in Figure 18 (page 

46); in particular, the importance of targeting areas of probability, GNSS 

positioning issues, and the file size/ data organizational issues related to 

dealing with the large quantities of data being generated. The result, Figure 

151, is general methodology which was highly effective for both 

characterizing below-ground archaeological and natural anomalies. If 

followed, this flow chart will allow the production of a “snapshot” of the 
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mound or mound group at a fixed point in time with the resolution necessary 

to produce useful and insightful interpretation. 

10.3.2 Methodological Outcomes 

It was found that drone-based photogrammetry while still somewhat in its 

infancy, is a tremendous boon to mound based surveys allowing the 

collection of incredibly high-resolution topographic data in a low cost and low 

risk platform. If site conditions allow, photogrammetry should accompany all 

mound surveys. Flights can be pre-programmed by a novice and consumer 

grade drones such as the DJI Phantom or Mavic series or the Skydio series 

are fully capable of documenting a large mound such as Grave Creek Mound 

or even a vast mound complex such as Sutton Hoo. This technology alone 

allows an individual or group to track detailed changes to a mound’s exterior 

over time, in a way that has never before been possible at such a low cost. 

While at first glance one might be tempted to value full coverage of a mound 

or depth of investigation over resolution, but there are a number of less 

obvious things to consider first. Just as with more traditional survey, it is 

always best to have a minimum of two separate survey techniques for the 

same area, not only for surface data but also at depth. For both ERT and 

GPR, as the depth of data increases, the resolution decreases. Having only 

one or two data points from a single technique at the center of a mound will 

make interpretation very challenging. Calibrating the electrode separation of 

the ERT system to the frequency of the GPR to maximize overlapping data 

at depth is more important than absolute depth reached with any single 

instrument and a lesson that was hard learned at Grave Creek Mound.  

Additionally, the base of the mound is the largest surface area (and therefore 

the largest time sink) of the mound surveyed but contains the smallest 

volume of mound (this is assuming a mound has a foundation which had not 

been dug into the landscape). Given the effort/ manpower constraints likely 

to be encountered, priority should be given to the central portion of the 

mound over the edges.  

Mounds do not often exist in isolation. Time and effort should be allocated to 

survey around the base of the mound and surrounding area. The context 
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provided can be invaluable for providing additional insight for the monument 

on a landscape scale. Carted EMI and carted ER at 0.5m transect separation 

have proven the most effective for this task. 

High resolution topographic data should be collected via either 

photogrammetry, terrestrial laser scanning or aerial LiDAR systems. Though 

how should “high resolution” be defined within this context? The vast majority 

of surveys on mounds are surveyed with an EDM or total station with a 

resolution rarely exceeding 1 m and freely available LiDAR data rarely 

exceeding 0.5 m. While photogrammetry, LiDAR, and terrestrial laser 

scanning are all capable of much higher resolutions than 1 m, determining 

the optimal resolution is slightly more complicated. As demonstrated by the 

photogrammetry data processed at both high and medium resolution at 

Sutton Hoo (Photogrammetry DEM’s, page 200), even data based on an 

identical underlying dataset, will yield remarkably different results.  Data of 

lower resolution will fail to capture the more subtle features within the survey 

area, including erosion, modern walkways, and mound ditches, but will filter 

out smaller objects which introduce noise. Choice of systems will come 

largely down to the unique environment of the mound and its state of 

preservation. LiDAR is excellent for mounds with tree or grass cover, but 

systems can be large, dangerous, and prohibitively expensive. 

Photogrammetry can often yield higher resolution surfaces in less flight time 

and for less cost but cannot penetrate vegetation. Terrestrial laser scanning 

is capable of exceptionally high-resolution data collection, but high cost and 

restricted line of sight inherent to its terrestrial origin make this technique 

more niche in its usefulness. GNSS data logging was found to be inadequate 

and should be used only as a benchmark to assess error and record ground 

control points. The resulting surface can be used both for topographic 

correction of data, but also recording the contemporary state of the mound. 

Through this work, there has been a honing of a variety of methodologies 

into a refined framework which can be applied to mounds in the United 

States and the United Kingdom. Decisions such as survey resolution, which 

techniques are most appropriate to the survey area, and data visualization 

decisions to inform interpretation have led to a workflow which is presented 
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in Figure 151 (some decisions must be made, resolution, techniques). This 

workflow is based on three separate but equally important components, the 

GPR survey, the ERT survey and the topographic survey.  There is a 

decision tree which recommends data density and technique based on 

mound size, ground conditions and soil type. Which if followed, will allow the 

production of a “snapshot” of the mound or mound group at a fixed point in 

time with the resolution necessary to produce useful and insightful 

interpretation.  

The “snapshot” portion of this thesis hinges on the visualization of three-

dimensional data. Through the course of this work, it was found that there is 

no one software package capable of visualizing the vast volume and types of 

data that are generated when surveying a mound. As the world moves closer 

to virtual reality and augmented reality, it is likely that this issue may soon be 

solved, but at present there is a trade off between the types of data included 

in the “snapshot” and what concessions in either resolution or display 

parameters must be made to accommodate difference data types into a 

single entity. See Appendix 13: Snapshot Composition and Layering for more 

detail on the Snapshots.  

At present, all data collected should be housed within a GIS, of which there 

are a number of options. The obvious choice for many is ArcGIS by ESRI, 

which contains different modules depending on the types of data being 

stored (ArcMap for 2D data, ArcScene for 3D data, ArcOnline for the online 

distribution of data). This particular solution can be quite effective and due to 

the ubiquity of ESRI products may be the easiest platform for the distribution 

of data. ArcGIS is both powerful and versatile, but it is also expensive and 

the multi-tiered software locking of its various distributions can put this 

platform beyond the reach of many smaller museums or conservationists. An 

alternative solution is the open-source GIS known as QGIS (formerly 

QuantumGis). This solution is an “all-in-one” containing software libraries 

capable of storing and displaying both 2- and 3-dimensional data all from 

within a single standard QGIS environment as well as supporting a large 

number of community plugins to further augment the platform. Additionally, 

as QGIS is open source, it is entirely free to use, making it ideal for users 
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who could not otherwise afford or justify a yearly ArcGIS license. The two 

platforms are not mutually compatible, so if a museum is entrenched in the 

ESRI ecosystem, a GIS delivered in a QGIS format will not be useful and will 

need to be manually converted. It is therefore important to understand the 

requirements or needs of the end user before the creation of a GIS is started. 

 

Table 32 - Table of survey techniques and comments on both their usefulness within the context of a 
mound survey methodology. 

Dataset Resolution Filesize Usefulness Comments 
LiDAR Airborne High  Small High Good balance of resolution, availability, 

and filesize. 

GNSS High Small Medium Restricted coverage only where survey 

has occurred, but a true ground 

measurement. 

Drone LiDAR High Small Medium Limited coverage, can be flown multiple 

times to increase resolution.  

Photogrammetry Very High Medium High The speed and ease of collecting 

photogrammetry makes this an invaluable 

tool. Additionally, produces orthographic 

imagery. Long processing times. 

Terrestrial Laser 

Scanning 

Very High Large Medium Limited effectiveness on sites without 

structures or other fixed reference points. 

Cumbersome Filesizes. Many reference 

targets and scanning stations necessary. 

4 Band Aerial 

Photography 

High Medium Medium Useful for calculating vegetation indices, 

which may reveal subtle indications of 

mounds and associated cultural features. 

Photogrammetry 

Orthographic Image 

Very High Medium Medium Byproduct of the photogrammetry 

process, useful for interpretation. 

Multi-channel Ground 

Penetrating Radar 

Very High Large Medium Very high-resolution data, which is 

collected quickly. Challenging to collect 

on topographic landforms, making this 

technique of limited usefulness on many 

extant mounds. 
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Single-channel Ground 

Penetrating Radar 

Medium Medium Very High Single-channel GPR systems are 

remarkably versatile and come in a 

variety of frequencies and configurations. 

This technique can be adapted to nearly 

any mound type. 

Earth Resistivity 

Tomography 

Low Small High A slow technique and relatively low 

resolution (though very small electrode 

spacings are possible), complements the 

GPR datasets well. Very effected by dry 

free draining soils. Topographic 

correction of data and excellent depth of 

investigation make this an extremely 

useful survey technique on large mounds. 

Electromagnetic 

Induction 

Medium Small Medium A relatively quick technique which can 

generate multiple datasets 

simultaneously. Limited ability to 

topographically correct datasets makes 

this a less ideal technique on larger 

mounds. 

Earth Resistance Low Small Low A reasonably quick survey technique, not 

ideal for mounds with large topography, 

limited depth of investigation without 

considerable loss in resolution. 
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Figure 151 - Proposed flowchart for mound survey. *Substitute EMI or Earth Resistance for Magnetometry based on site suitability.
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11 Future Work. 
11.1 Automated collection 
Much of the survey carried out in pursuit of this thesis were labor intensive in 

one way or another, with the exception of the drone base photogrammetry/ 

LiDAR survey. This is due to the automated nature of that data collection. A 

user must only pull up the area in question, either through a GIS or any of 

the variety of android/ IOS apps available for this purpose, select a transect 

separation, speed, and logging interval then either manually select 

waypoints, or in some cases press a button and save the resulting flight path. 

Once the user is in the field, the drone is set up, turned on, the flight path is 

recalled, uploaded to the drone and then the drone follows the path and 

takes the photos automatically.  

Most of the survey techniques collected (GPR, EMI, Carted ER) rely on RTK 

GNSS positioning for both the gridding of the data and the topographic 

correction applied to it. The accuracy of this solution is many times higher 

than the DGPS in most drones. Additionally, all of the survey techniques are 

capable of remote triggering.  What is missing is a motorized platform and a 

“flight” controller. This particular problem has in fact already been solved by 

another industry (Figure 152). Precision marking for engineering has begun 

to rely on automated robots, armed with paint cans which when coupled with 

an RTK GNSS, can follow preprogrammed waypoints and mark targets with 

high precision.  
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Figure 152 - TinySurveyor by TinyMobileRobots 

 

This system by TinyMobileRobots (Figure 152) is only one example of a 

growing market and while not designed with geophysical surveys in mind, 

could easily be appropriated to archaeological geophysics. An automated 

system, which incorporated a ruggedized and motorized platform, RTK 

GNSS, flight controller, and LiPO batteries could, with very little intervention 

collect geophysical data along perfectly spaced transects of any separation. 

It would allow a user to collect single channel GPR data along transects of 

great distance and at separations much tighter than could easily be collected 

by hand. It is likely that a single channel survey collected in this way, could 

rival multi-channel systems, without the added cost or complexity inherent to 

those systems. The issues would then be of batteries and of tree cover. Most 

geophysical equipment relies on lead-acid battery technology, it is cheap, 

hearty, reliable, extremely heavy, and not particularly energy dense. In order 

for an automated system to operate efficiently, unnecessary weight would 

need to be removed where possible. LiPO batteries which drive both the 

automated system, and the sensors would be ideal, as there is no 

redundancy in weight. If the battery driving the sensors runs out then the 

platform is unable to collect data, if the platform battery dies then it also 

cannot collect data. Tying these systems into a single battery reserve would 

therefore be the most efficient for both weight and survey efficiency.  
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The benefits of an automated system, as described above are numerous:  

1. Survey staff overhead – While many systems used to collect data for 

this thesis only required a single person to operate, the act of setting 

up a grid and placing survey targets meant that having additional staff 

was often very useful. A fully automated survey system would require 

no grid and no survey markers, allowing the operator to work on other 

tasks while survey is taking place.  

2. Survey Density – Most single channel surveys are limited in transect 

density by the ability of the surveyor to consistently walk in a straight 

line. With an automated system the position of the antenna is known 

and recorded at a fixed interval. So even if the line is not perfectly 

straight the amount of deviation is known and can be accounted for 

during data processing. This has the added benefit of maneuverability, 

where an array must move as a fixed object, a single channel 

automated system retains its ability to traverse small obstacles. 

3. Safety – Mounds are often a source of danger for a survey crew. 

Steep slopes, dense vegetation, tree roots which coupled with heavy 

survey equipment can lead to serious accidents. An automated 

system, potentially using some form of guideline, poses no risk of 

injury to field crew.  

4. Survey strategy – Data is often collected in zig-zag due to the vast 

time savings over parallel collection, however a robot does not get 

tired and can run as long as there are fresh batteries, it does not even 

require daylight. An automated system allows for greater freedom of 

choice for methodology, not only for the direction of collection, but 

also the orientation of data collection. Spirals, random patterns, two 

perpendicular directions of collection could be preprogrammed based 

on the environment and executed with very high precision.  

5. Topography – Hand recorded topography will always have one 

advantage over photogrammetry/ LiDAR, the ability to measure the 

bare earth. Despite being much slower and as a result, often of lower 

density, this ability to measure the surface without vegetation is very 

useful, particularly in tall grass or thick vegetation. An automated 
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system can collect height values as it collects other datasets and 

could be programmed to collect at any desired data density. 

Additionally, as this system is in contact with the ground it is collecting 

an approximation of a bare earth value.   

11.2 Drone-based Geophysical Data Collection 
With the recent expansion of drone-based platforms it has become 

possible to collect magnetometry (Figure 153) and GPR from an airborne 

platform. This technology is still very much nascent, with airborne GPR 

being restricted in the United States by the FCC, but it may be possible in 

the near future to mitigate some of the risk of large mound geophysical 

survey by collecting the data from an airborne platform. Should this 

technology become more widespread it could easily be incorporated into 

the proposed flowchart for mound survey. 

 

Figure 153 - Sensys R4 Magnetometer drone. 

  



275 

12 Reference List 

Abbott, C. Sutton Hoo Visitor Center, archaeological evaluation (BML018). Suffolk 
County Council Archaeological Service. 

Argote-Espino, D., Tejero-Andrade, A., Cifuentes-Nava, G., Iriarte, L., Farías, S., 
Chávez, R. E. and López, F. (2013) 3D electrical prospection in the 
archaeological site of El Pahñú, Hidalgo State, Central Mexico. Journal of 
Archaeological Science 40 (2), 1213-1223. 

Arrowsmith, E. J., & Rankilor, P. R. (1981). Dalton By-pass: site investigation in an 
area of abandoned haematite mine workings. Quarterly Journal of 
Engineering Geology and Hydrogeology, 14(3), 207-218. 

Aspinall, A., Gaffney, C. and Schmidt, A. (2008) Magnetometry for 
Archaeologists. Geophysical Methods for Archaeology. Lanham, MD: 
AltaMira Press. 

Astin, T., Eckardt, H. and Hay, S. (2007) Resistivity imaging survey of the Roman 
barrows at Bartlow, Cambridgeshire, UK. Archaeological Prospection 14(1), 
24-37.  

Atwater, C. (1820) Description of the antiquities discovered in the state of Ohio and 
other western states. Worcester,: 

Barber, D. and Mills, J. (2011) 3D Laser Scanning for Heritage. England, H. Swindon, 
UK: English Heritage Publishing. 

Barton, K. and Fenwick, J. (2005) Geophysical Investigations at the Ancient Royal 
Site of Rathcroghan, County Roscommon, Ireland. Archaeological 
Prospection 12, 3-18. 

Berge, M. A. and Drahor, M. G. (2011a) Electrical Resistivity Tomography 
Investigations of MultiLayered Archaeological Settlements Part I 
Modelling. Archaeological Prospection 18(3), 159-171.  

Berge, M. A. and Drahor, M. G. (2011b) Electrical Resistivity Tomography 
Investigations of Multilayered Archaeological Settlements Part II A Case 
from Old Smyrna Höyük, Turkey. Archaeological Prospection 18(4), 291-
302.  

BGS (2018) Geology of Britain. NERC. Accessed 14/1/2018. 

Bigman, D. P. and Lanzarone, P. M. (2014) Investigating Construction History, 
Labour Investment and Social Change at Ocmulgee National Monument’s 
Mound A, Georgia, USA, Using Ground-penetrating Radar. Archaeological 
Prospection 21, 213-224. 



276 

Bledsoe, B. P. and T. H. Shear. (2000) Vegetation along hydrologic and edaphic 
gradients in a North Carolina coastal plain creek bottom and implications 
for restoration. Wetlands 20:126–47. 

Brocklebank, C. G. (1912) The Bartlow Hills. Journal of the British Archaeological 
Association 19, 249-254. 

Bruce- Mitford, R. L. S. K. o. B. a. M. A. B. M. (1974) Aspects of Anglo-Saxon 
archaeology. Sutton Hoo and other discoveries. London: Gollancz. 

Bruce-Mitford, R. L. S. and British Museum. (1975) The Sutton Hoo ship-burial 
Vol.1. Excavations, background, the ship, dating and inventory. London: 
British Museum Publications Ltd. 

Bruce-Mitford, R. L. S. and British Museum. (1978) The Sutton Hoo ship-burial 
Vol.2. Arms, armour and regalia. London: British Museum Publications Ltd 
for the Trustees of the British Museum. 

Bruce-Mitford, R. L. S. and Evans, A. C. (1983) The Sutton Hoo ship-burial:  Vol.3. 
Late Roman and Byzantine silver, hanging-bowls, drinking vessels, 
cauldrons and other containers, textiles, the lyre, pottery bottle and other 
items. London: Published for the Trustees of the British Museum by British 
Museum. 

Burks, J. (2014) Geophysical Survey at Ohio Earthworks: updating Nineteenth 
Century Maps and Filling the ‘Empty’ Spaces. Archaeological 
Prospection 21, 5-13. 

Carver, M. (1993) Sutton Hoo Research Committee bulletins 1983-
1993. Woodbridge: Boydell. 

Carver, M. (1998) Sutton Hoo : burial ground of kings? London: British Museum 
Press. 

Carver, M. and Hummler, M. (2014) Sutton Hoo Research Plan. 

Carver, M. O. H. (2005) Sutton Hoo : a seventh-century princely burial ground and 
its context. Reports of the Research Committee of the Society of 
Antiquaries of London. London: British Museum Press. 

Casana, J., Herrmann, J. and Fogel, A. (2008) Deep Subsurface Geophysical 
Prospection at Tell Qarqur, Syria. Archaeological Prospection 15, 207-225. 

Collier, L., Hobbs, B., Neighbour, T. and Strachan, R. (2003) Resistivity imaging 
survey of Capo Long Barrow, Aberdeenshire. 

Conyers, L. B. (2004) Ground-penetrating radar for archaeology. Geophysical 
methods for archaeology. Walnut Creek, CA. ; Oxford: Altamira Press. 



277 

Conyers, L. B. (2012) Interpreting ground-penetrating radar for archaeology / 
Lawrence B. Conyers. Left Coast Press,: Walnut Creek, Calif. 
:. https://brad.idm.oclc.org/login?url=http://site.ebrary.com/lib/brad/Doc?i
d=10613346 

Conyers, L. B. (2013) Ground-penetrating radar for archaeology. 3rd edition. 
edition. Geophysical methods for archaeology. Lanham, Maryland: AltaMira 
Press. 

Conyers, L. B. (2016) Ground-penetrating radar for geoarchaeology. New analytical 
methods in earth and environmental science. Chichester, West Sussex, UK: 
Wiley Blackwell. 

Conyers, L. B., St Pierre, E. J., Sutton, M.-J. and Walker, C. (2019) Integration of GPR 
and magnetics to study the interior features and history of earth mounds, 
Mapoon, Queensland, Australia. Archaeological Prospection 26 (1), 3-12. 

Corkum, A. (2014) Time Domain Induced Polarization: Methodology for the 
Enhanced Characterization of Industrial Sites at Farnley Smithies. University 
of Bradford. 

Corkum, A. (2015) Critical Review: Geophysical Survey of Mounds. University of 
Bradford. 

CRA, Inc. (2016) Personal communication. Image of GSSI SIR 2000 450Mhz GPR 
system. (August 14, 2016). 

Cranfield University (2021) The Soils Guide. Available: www.landis.org.uk. Cranfield 
University, UK Last accessed 27/07/2021. 

Dalan, R. A. (1991) Defining archaeological features with electromagnetic surveys 
at the Cahokia Mounds State Historic Site. Geophysics 56 (8), 1280-1287. 

Dalan, R. A. (2006) A geophysical approach to buried site detection using down-
hole susceptibility and soil magnetic techniques 
Archaeological Prospection Volume 13, Issue 3. Archaeological 

Prospection 13(3), 182-206.  

De Reu, J., Plets, G., Verhoeven, G., De Smedt, P., Bats, M., Cherretté, B., De 
Maeyer, W., Deconynck, J., Herremans, D. and Laloo, P. (2013) Towards a 
three-dimensional cost-effective registration of the archaeological 
heritage. Journal of Archaeological Science 40 (2), 1108-1121. 

Dockrill, S. J., Bond, J. (2014) The Prehistoric Village of Old Scatness: A Research 
Study in Longevity, Ecodynamics, and Interactions. Human Ecodynamics in 
the North Atlantic. Lanham, Maryland. Chapter 3, 35-55. 



278 

Dockrill, S. J., Bond, J. M., Crummett, J. and Heron, C. P. (1995) Scatness, shetland: 
An integrated survey of a multiperiod settlement mound. Archaeological 
Prospection 2 (3), 141-154. 

Downs, A. E. and Moyer, J. B. (1899) Moundsville, West Virginia 1899. Myerstown, 
Pa.,: James B. Moyer. 

EarthExploer, U. (2013) Aerial Photo Mosaic, Sioux Falls, SD: U.S. Geological Survey 
(USGS). 

EarthExplorer, U. (1954) Aerial Photo Mosaic, Moundsville, WV: U.S. Geological 
Survey (USGS). http://earthexplorer.usgs.gov/ 

Fajklewicz, Z., Glinski, A., & Sliz, J. (1982). Some applications of the underground 
tower gravity vertical gradient. Geophysics, 47(12), 1688-1692. 

Fenwick, J., Brennan, Y. and Delaney, F. (1996) The anatomy of a mound: 
geophysical images of rathgroghan. Worldwell Ltd. 

Filzwieser, R., Olesen, L. H., Neubauer, W., Trinks, I., Mauritsen, E. S., Schneidhofer, 
P., Nau, E. and Gabler, M. (2017) Large-scale geophysical archaeological 
prospection pilot study at Viking Age and medieval sites in west Jutland, 
Denmark. Archaeological Prospection 24 (4), 373-393. 

Fisher, E. C., Akkaynak, D., Harris, J., Herries, A. I., Jacobs, Z., Karkanas, P., Marean, 
C. W. and McGrath, J. R. (2015) Technical considerations and methodology 
for creating high-resolution, color-corrected, and georectified 
photomosaics of stratigraphic sections at archaeological sites. Journal of 
Archaeological Science 57, 380-394. 

Fisher, Christoper T., Juan Carlos Fernández-Diaz, Anna S. Cohen, Oscar Neil Cruz, 
Alicia M. Gonzáles, Stephen J. Leisz, Florencia Pezzutti, Ramesh Shrestha, 
and William Carter. (2016) Identifying Ancient Settlement Patterns through 
LiDAR in the Mosquitia Region of Honduras. PLOS ONE 11, no. 8: e0159890. 
doi: 10.1371/journal.pone.0159890. 

Forte, E. and Pipan, M. (2008) Integrated seismic tomography and ground-
penetrating radar (GPR) for the high-resolution study of burial mounds 
(tumuli). Journal of Archaeological Science 35, 2614-2623. 

Fowke, G. (1902) Archæological history of Ohio. Ohio state archæological and 
historical society pub. [from old catalog]. Columbus, Ohio,: Press of F. J. 
Heer. 

Fry, R. J. (2014) Time-lapse geophysical investigations over known archaeological 
features using electrical resistivity imaging and earth resistance. 



279 

Gaffney, C. and Gater, J. (2003) Revealing the buried past : geophysics for 
archaeologists. Stroud: Tempus. 

Gage, J. (1834) A plan of the barrows called the Bartlow Hills, in the parish of 
Ashdon in Essex, with an account of Roman sepulchral relics recently 
discovered in the lesser barrows. Archaeologia 25, 1-23. 

Gage, J. (1836) The recent discovery of Roman sepulchral relics in one of the 
greater barrows at Bartlow, in the parish of Ashdon, 
Essex. Archaeologia 26, 300-317. 

Gage, J. (1840) An account of further discoveries of Roman sepulchral relics at the 
Bartlow Hills. Archaeologia 28, 1-6. 

Gage, J. (1842) An account of the final excavations made at the Bartlow 
Hills. Archaeologia 29, 1-4. 

Gansum, T. (2016). The reopening of the Oseberg mound and the Gokstad mound. 
We called them Vikings, 120-127.Governments, C. a. L. (2012) National 
Planning Policy Framework. Government, D. F. C. A. L. 

Gibson, Alex (2017) Personal Comments on coring data at Justy Howe Hill. June 16, 
2017. 

Goodman  D.,  Nishimura Y.,  Hongo  H.  and  Okita  M.  (1997)  3D  GPR amplitude  
rendering  of  Saitobaru  burial  mound  #13.  In:  Filtering, Optimization and 
Modelling of Geophysical Data in Archaeological Prospecting.  50th  
Anniversary  Fondazione  Ing.  Carlo  M.  Lerici, Politecnico di Milano, pp. 
93–100 

Goodman, D., Hongo, H., Higashi, N., Inaoka, H. and Nishimura, Y. (2007) GPR 
surveying over burial mounds: correcting for topography and the tilt of the 
GPR antenna. Near Surface Geophysics, 5: 383-388. 
https://doi.org/10.3997/1873-0604.2007020 

Graham, D., Graham, A., Branch, N. P., & Simmonds, M. (2014). Environmental 
sampling of a bell barrow on Horsell Common, Woking. Surrey 
Archaeological Collections, 98. 

Grantz, D. L. (1984) Grave Creek Mound NRHP Nomination Form. Service, N. P. 
United States Department of Interior: 

Grinsell, L. V. (1975) The ancient burial-mounds of England. Westport, Conn: 
Greenwood Press. 

Habberjam, G. M. (1969). The location of spherical cavities using a tripotential 
resistivity technique. Geophysics, 34(5), 780-784. 



280 

Haley, B. S. (2014) The Big Picture at Hollywood: Geophysical and Archaeological 
Investigations at a Mississippian Mound Centre. Archaeological 
Prospection 21 (1), 39-47. 

Hemmings, T. E. (1984) Investigations at Grave Creek Mound 1975-76: A Sequence 
for Mound and Moat Construction. West Virginia Archeologist 362, 3-49. 

Henry, E. R., Laracuente, N. R., Case, J. S. and Johnson, J. K. (2014) Incorporating 
Multistaged Geophysical Data into Regional-scale Models: a Case Study 
from an Adena Burial Mound in Central Kentucky. Archaeological 
Prospection 21, 15-26. 

Historic England. (2017) Photogrammetric Applications for Cultural Heritage. 
Guidance for Good Practice. Swindon. Historic England. 

Historic England. (2018) Using Airborne Lidar in Archaeological Survey: The Light 
Fantastic. Swindon. Historic England. 

Kassabaum, M. C., Henry, E. R., Steponaitis, V. P. and O'Hear, J. W. (2014) Between 
Surface and Summit: the Process of Mound Construction at 
Feltus. Archaeological Prospection 21, 27-37. 

Katevski, I. (1986). Geoelectrical contributions to the archaeological excavations of 
tumuli at the cemetery near Sveshtary, NE Bulgaria. PACT. 

Kenady, S. L., Lowe, K. M., Ridd, P. V. and Ulm, S. (2018) Creating volume estimates 
for buried shell deposits: A comparative experimental case study using 
ground-penetrating radar (GPR) and electrical resistivity under varying soil 
conditions. Archaeological Prospection 25 (2), 121-136. 

Kendrick, T. D., Kitzinger, E. and Allen, D. (1939) The Sutton Hoo Finds. The British 
Museum Quarterly, ii-136. 

Kindler, D. (2016) Radar Used To Map Moundsville’s Grave Creek Mound. The 
Intelligencer, 

Koutsoudis, A., Stavroglou, K., Pavlidis, G. and Chamzas, C. (2012) 3dsse–a 3d scene 
search engine: Exploring 3d scenes using keywords. Journal of Cultural 
Heritage 13 (2), 187-194. 

Koutsoudis, A., Vidmar, B., Ioannakis, G., Arnaoutoglou, F., Pavlidis, G. and 
Chamzas, C. (2014) Multi-image 3D reconstruction data evaluation. Journal 
of Cultural Heritage 15 (1), 73-79. 

Kvamme, K. L. (2008) Archaeological prospecting at the Double Ditch State Historic 
Site, North Dakota, USA. Archaeological Prospection 15(1), 62-79.  



281 

Kvamme, K. L., Ernenwein, E. G. and Markussen, C. J. (2006) Robotic total station 
for microtopographic mapping: an example from the Northern Great 
Plains. Archaeological Prospection 13 (2), 91-102. 

Lambers, K., Eisenbeiss, H., Sauerbier, M., Kupferschmidt, D., Gaisecker, T., 
Sotoodeh, S. and Hanusch, T. (2007) Combining photogrammetry and laser 
scanning for the recording and modelling of the Late Intermediate Period 
site of Pinchango Alto, Palpa, Peru. Journal of archaeological science 34 
(10), 1702-1712. 

Lindauer, O. and Blitz, J. H. (1997) Higher ground: The archaeology of North 
American platform mounds. Journal of Archaeological Research 5 (2), 169-
207. 

Lockyear, K., Shlasko, E. (2016) Under the Park. Recent Geophysical Surveys at 
Verulamium (St Albans, Hertfordshire, UK). Archaeological Prospection 
24(1), 17-36. 

Longworth, I. H. and Kinnes, I. A. (1980) Sutton Hoo Excavations: 1966, 1968-
70. Vol. 23. British Museum. 

Luhmann, Thomas, Heidi Hastedt, and Werner Tecklenburg. (2006.) Modelling of 
chromatic aberration for high precision photogrammetry. Commission V 
Symp. on Image Engineering and Vision Metrology, Proc. ISPRS. Vol. 36. No. 
5.  

Marshall, A. (1998) Neolithic Long Barrows: Use of Integrated Remote Sensing at 
High Resolution to Establish General Layout and Detect Foreground 
Structure. Archaeological Prospection 5, 101-116. 

McDonald, J. N., Woodward, S. L. (2002). Indian Mounds of the Middle Ohio Valley: 
A Guide to Mounds and Earthworks of the Adena, Hopewell, Cole, and Fort 
Ancient People. United States: McDonald & Woodward Publishing 
Company. 

Met Office (2017). Daily Weather Summary 2017 Jan-Aug. Digital Library and 
Archive. https://digital.nmla.metoffice.gov.uk/io_f360c964-fca1-4879-
a88e-a4af22aef577/.  

Militzer, H., Rösler, R., & Lösch, W. (1979). Theoretical and experimental 
investigations for cavity research with geoelectrical resistivity methods. 
Geophysical Prospecting, 27(3), 640-652. 

Mills, W. C. (1902). Excavations of the Adena mound. FJ Heer. 

Mills, W. C. (1907). The Explorations of the Edwin Harness Mound (Vol. 1). FJ Heer. 

Mills, W. C. (1909). Explorations of the Seip mound. 



282 

Milner, G. R. (2004) Old Mounds, Ancient Hunter Gatherers, and Modern 
Archaeologists. In Gibson, J. L. and Carr, P. J. (editors) Signs of Power: The 
Rise of Cultural Complexity in the Southeast. Tuscaloosa: University of 
Alabama Press. 300-315. 

Mitchell, W. (2015) Great Serpent Mound site of vandalism. Maysville, OH, The 
Ledger Independant. 

Monaghan, W. G., Schilling, T., Michal Krus, A. and Peebles, C. S. (2013) Mound 
Construction Chronology at Angel Mounds Episodic Mound Construction 
and Ceremonial Events. Midcontinental Journal of Archaeology 38 (2), 155-
170. 

Moorehead, W. K. (1889) A detailed account of mound opening. Columbus: 

Moorehead, W. K. (1899) The Indian tribes of Ohio, historically 
considered. Columbus,: 

Morariu, V. V. (1989) Magnetic prospection of a large tumulus. In Archaeometry-
Proc. 25th International Symposium. Maniatis, Y. Elsevier Science 
Publishing. 419-425. 

Morgan, R. G. and Ohio Historical Society. (1946) Fort Ancient. Columbus,: The 
Ohio state archaeological and historical society. 

Murtiyoso A., Grussenmeyer, P. (2017) Documentation of Heritage Buildings using 
Close-Range UAV Images: Dense Matching Issues, comparison and Case 
Studies. The Photogrammetric Record. 32(159) 206-229. 
https://doi.org/10.1111/phor.12197 

National Planning Policy Framework. (2012) Department for Communities and 
Local Government. Communities and Local Governments. 

Norona, D. (1957) Moundsville's Mammoth Mound. 9, 1-54. 

Norona, D. (1958) Dimensions of Moundsville's Mammoth Mound. West Virginia 
Archeologist 10, 13-20. 

Norona, D. (1962) Comments on Townsends's Account of the 1838 Excavation of 
the Grave Creek Mound. 14, 7-10. 

NPS-Group. (2016) Inclusion of Heritage in Asset Management Plans. England, H. 

Papadopoulos, N. G., Sarris, A., Parkinson, W. A., Gyucha, A., Yerkes, R. W., Duffy, 
P. R. and Tsourlos, P. (2014) Electrical Resistivity Tomography for the 
Modelling of Cultural Deposits and Geomorphological Landscapes at 
Neolithic Sites: A Case Study from Southeastern Hungary. Archaeological 
Prospection 21(3), 169-183.  



283 

Papadopoulos, N. G., Tsokas, G. N., Dabas, M., Yi, M.-J., Kim, J.-H. and Tsourlos, P. 
(2009) Three-dimensional inversion of automatic resistivity profiling data. 
Archaeological Prospection Volume 16, Issue 4. Archaeological 
Prospection 16(4), 267-278 

Papadopoulos, N. G., Tsourlos, P., Tsokas, G. N. and Sarris, A. (2006) Two-
dimensional and three-dimensional resistivity imaging in archaeological site 
investigation. Archaeological Prospection Volume 13, Issue 
3. Archaeological Prospection 13(3), 163-181.  

Persson, K. and Olofsson, B. (2004) Inside a mound: Applied geophysics in 
archaeological prospecting at the Kings’ Mounds, Gamla Uppsala, 
Sweden. Journal of Archaeological Science 31, 551-562. 

Peter Dawson, Richard Levy (2016) From Science to Survival: Using Virtual Exhibits 
to Communicate the Significance of Polar Heritage Sites in the Canadian 
Arctic, Open Archaeology, 10.1515/opar-2016-0016, 2, 1. 

Pictometry-Corporation (2010) 1ft Pixel Resolution Oblique Aerial Photography, 
West Virginia Sheriff's Association. 

Pohlman, G. G., Patton, B. J., Swauger, J. L. and Dragoo, D. (1958) Report of 
Committee as to Beautification and Preservation of the Grave Creek Mound. 

Pope- Carter, F. (2012) Electrical Resistivity Tomography: A Comparison of Data 
Collection and Inversion Techniques. MSc Dissertation, University of 
Bradford. 

Putorno, M. (2011) A Multimethodological Geophysical Survey of Three Neolithic 
Sites on the Powys – Shropshire Border. MSc. Bradford: University of 
Bradford. 

Ramqvist, P. H. (2015). A Burial Mound Dissection in Sweden. In Field Archaeology 
from Around the World (pp. 169-173). Springer, Cham. 

R.E. (Downs 1855) 1855 Moundsville, WV Oblique Map  

Reynolds, J. M. (2011) An introduction to applied and environmental 
geophysics. 2nd ed. edition. Oxford: Wiley-Blackwell. 

Rodrigues, S. I., Porsani, J. L., Santos, V. R. N., DeBlasis, P. A. D. and Giannini, P. C. 
F. (2009) GPR and inductive electromagnetic surveys applied in three 
coastal sambaqui (shell mounds) archaeological sites in Santa Catarina 
state, South Brazil. Journal of Archaeological Science 36, 2081-2088. 

Romain, W. and Burks, J. (2008) LiDAR Analysis of Prehistoric Earthworks in Ross 
County, Ohio. In 2008 OAC Fall Meeting. 



284 

Ross, D., Morrison, M., Simyrdanis, K., Roberts, A., Moffat, I. and Corporation, T. R. 
M. a. M. A. A geophysical analysis of Aboriginal earth mounds in the Murray 
River Valley, South Australia. Archaeological Prospection 0 (0). 

Santos, V. R. N., Porsani, J. L., Mendonca, C. A., Rodrigues, S. I. and DeBlasis, P. D. 
(2009) Reduction of topography effect in inductive electromagnetic 
profiles: application on coastal sambaqui (shell  mound) archaeological site 
in Santa Catarina state, Brazil. Journal of Archaeological Science 36, 2089-
2095. 

Schmidt, A. (2009) Electrical and Magnetic Methods in Archaeological Prospection. 
In Campana, S. and Piro, S. (editors) Seeing the Unseen. Geophysics and 
Landscape Archaeology. London: Taylor & Francis Group. 67-81. 

Schmidt, A. (2013a) Earth resistance for archaeologists. Geophysical methods for 
archaeology. Lanham, Maryland: AltaMira Press, a division of Rowman & 
Littlefield Publishers, Inc. 

Schmidt, A. (2013b) Geophysical data in archaeology : a guide to good 
practice. 2nd, fully revised edition. edition. 

Schneider, B. B., Mandel, R. D., Tsoflias, G. P., DeVore, S. L. and Lynott, M. (2016) 
Combining ER and GPR surveys for evidence of prehistoric landscape 
construction: case study at Mound City, Ohio, USA. Journal of Applied 
Geophysics 129, 178 - 186. 

Schneidhofer, P., Nau, E., Leigh McGraw, J., Tonning, C., Draganits, E., Gustavsen, 
L., Trinks, I., Filzwieser, R., Aldrian, L., Gansum, T., Bill, J., Neubauer, W. and 
Paasche, K. (2017) Geoarchaeological evaluation of ground penetrating 
radar and magnetometry surveys at the Iron Age burial mound Rom in 
Norway. Archaeological Prospection 24 (4), 425-443. 

Schoolcraft, H. R. (1845) Observations Respecting the Grave Creek Mound in 
Western Virginia: The Antique Inscription Discovered in Its Excavation and 
the Connected Evidences of the Occupancy of the Mississippi Valley During 
the Mound Period and Prior to the Discovery of America by 
Columbus. Bartlett & Welford. 

Schoolcraft, H. R. and Nichols, F. S. (1851) Historical and statistical information 
respecting the history, condition and prospects of the Indian tribes of the 
United States. Philadelphia,: Lippincott, Grambo. 

Scollar, I., Tabbagh, A., Hesse, A. and Herzog, I. (1990) Archaeological Prospecting 
and Remote Sensing. University of Cambridge: Press Syndicate. 

Shetrone, H. C. (1926) Explorations of the Hopewell group of prehistoric 
earthworks. Columbus, Ohio,: 



285 

Silverberg, R. (1986). The Mound Builders. United States: Ohio University Press. 

Soltysiak, Arkadiusz (2008). Tell Barri (Syria), Seasons 1980-2006. Institute of 
Archaeology, University of Warsaw. Warsaw, Poland.  

Squier, E. G. and Davis, E. H. (1848) Ancient monuments of the Mississippi 
Valley. New York, Cincinnati: Bartlett & Welford; J.A. & U.P. James. 

Teixidó, T., Peña, J. A., Fernández, G., Burillo, F., Mostaza, T. and Zancajo, J. (2014) 
Ultradense Topographic Correction by 3D-Laser Scanning in Pseudo-3D 
Ground-penetrating Radar Data: Application to the Constructive Pattern of 
the Monumental Platform at the Segeda I Site (Spain). Archaeological 
Prospection 21 (2), 113-123. 

Tejero, A., Cifuentes, G., Chávez, R., López-González, A. and Delgado-Solorzano, C. 
(2014) L” and “Corner” arrays for 3D electrical resistivity tomography: An 
alternative for urban zones: Near Surface Geophysics. press. 

Thom, B. D. (1995). The dead and the living: burial mounds & cairns and the 
development of social classes in the Gulf of Georgia region (Doctoral 
dissertation, University of British Columbia). 

Thomas, C. (1894) Report on the mound explorations of the Bureau of 
Ethnology. Washington: Govt. Print. Off. 

Thompson, W., Mallet, R., Ferguson, S., Professor Kane and Mr. Petrie 
(1838) Proceedings of the Royal Irish Academy. 1, 177-191. 

Tonkov, N. (1996a) Geophysical survey of tumuli in the Valley of the Kings, central 
Bulgaria. Prognosis and archaeological evidence. Archaeological 
Prospection 3, 209-217. 

Tonkov, N. (1996b) Some observations on the magnetic prospecting of tumuli near 
the village of Sveshtary, northeastern Bulgaria. First South European 
Conference on Archaeometry. Pact, Vol. 45. 

Tonkov, N. and Katevski, I. (1996) Geophysical research of the mound of Shipka-
Sheinovo Necropolis. In First International Symposium 'Seuthopolis', 'Burial 
Tumuli in South East of Europe'. Vol. 2. 122-128. 

Tonkov, N. and Loke, M. H. (2006) A Resistivity Survey of a Burial Mound in the 
‘Valley of the Thracian Kings’. Archaeological Prospection 13, 129-136. 

Townsend, T. (1962) Grave Creek Mound Excavation (Reprint from Cincinnati 
Chronicle, Vol. 111, 1839). 14, 10-19. 



286 

Trinks, I., Neubauer, W. and Hinterleitner, A. (2014) First High-resolution GPR and 
Magnetic Archaeological Prospection at the Viking Age Settlement of Birka 
in Sweden. Archaeological Prospection 21 (3), 185-199. 

Tsokas, G. N. and Rocca, A. (1986) Geophysical prospecting at archaeological sites 
was some examples from Northern Greece. First Break 4 (8), 31-39. 

Tsokas, N., Papazachos, C. B., Vafidis, A., Loukoyiannaskis, M. Z., Vargemezis, G. 
and Tzimeas, K. (1995) The detection of monumental tombs buried in 
tumuli by seismic refraction. Geophysics 60 (6), 1735-1742. 

Unknown (1860)The Ipswich Journal, 
8. https://www.britishnewspaperarchive.co.uk/titles/the-ipswich-journal 

United States Department of Agriculture-NRCS (2015) Marshall County, West 
Virginia. 

United States Geological Survey (1960) 7.5 Minute Quadrangle. 

Vodenicharov, C., Parvanov, S., & Petkov, P. (1989). Electrode-limited currents in 
the thin-film M GeSe M system. Materials chemistry and physics, 21(5), 
447-454. 

Webb, W. S., Carey, H. A. and Snow, C. E. (1941) Mt. Horeb earthworks, site 1, and 
the Drake mound, site 11, Fayette County, Kentucky. The University of 
Kentucky Reports in anthropology and archaeology, . Lexington, Ky.,: 
University of Kentucky. 

Westropp, T. J. (1921) The "Mound of the Fiana" at Cromwell Hill, Co. Limerick, and 
a Note on Temair Luachra. Proceedings of the Royal Irish Academy 36, 68-
85. 

Woodward, A. (2000) British barrows : a matter of life and death. Stroud: Tempus. 

Woodward, S. L. and McDonald, J. N. (2002) Indian mounds of the middle Ohio 
Valley: A guide to mounds and earthworks of the Adena, Hopewell, Cole, 
and Fort Ancient people. McDonald and Woodward Publishing Company. 

Wunderlich, T., Wilken, D., Andersen, J., Rabbel, W., Zori, D., Kalmring, S. and 
Byock, J. (2015) On the Ability of Geophysical Methods to Image Medieval 
Turf Buildings in Iceland. Archaeological Prospection 22. 

 

 

  



287 

13 Appendix 1: What Heritage Protections exist? 
13.1 European Union 
Each state within the EU dictates the maintenance, protection, conservation, 

and restoration of cultural heritage sites. “Creative Europe” is a fund 

established to support cultural cooperation activities, through the 

development of cross border projects involving organizations from different 

countries. 

13.2 United Kingdom 

13.2.1 Ancient Monuments and Archaeological Areas Act 1979 

13.2.1.1 Part III Section 42 - Restrictions on use of metal detectors 

If a person uses a metal detector in a protected place without the written 

consent of the Commission (in a case of a place situated in England) or of 

the Secretary of State (in any other case) he shall be guilty of an offence and 

liable on summary conviction or, in Scotland, on conviction before a court of 

summary jurisdiction, to a fine not exceeding level 3 on the standard scale. 

In this section: 

“metal detector” means any device designed or adapted for detecting or 

locating any metal or mineral in the ground; and 

“protected place” means any place which is either the site of a scheduled 

monument or of any monument under the ownership or guardianship of the 

Secretary of State or the Commission or a local authority by virtue of this Act; 

or situated in an area of archaeological importance. 

13.2.1.2 Part III Section 43 - Power of entry for survey and valuation 

Any person authorized under this section may at any reasonable time enter 

any land for the purpose of surveying it, or estimating its value, in connection 

with any proposal to acquire that or any other land under this Act or in 

connection with any claim for compensation under this Act in respect of any 

such acquisition or for any damage to that or any other land. 

A person is authorized under this section if he is an officer of the Valuation 

Office of the Inland Revenue Department or a person duly authorized in 

writing by the Secretary of State or other authority proposing to make the 
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acquisition which is the occasion of the survey or valuation or (as the case 

may be) from whom in accordance with this Act compensation in respect of 

the damage is recoverable. 

Subject to section 44(9) of this Act, the power to survey land conferred by 

this section shall be construed as including power to search and bore for the 

purposes of ascertaining the nature of the subsoil or the presence of 

minerals therein. 

13.2.2 National Planning Policy Framework 2012 

Section 132 

When considering the impact of a proposed development on the significance 

of a designated heritage asset, great weight should be given to the asset’s 

conservation. The more important the asset, the greater the weight should 

be. Significance can be harmed or lost through alteration or destruction of 

the heritage asset or development within its setting. As heritage assets are 

irreplaceable, any harm or loss should require clear and convincing 

justification. Substantial harm to or loss of a grade II listed building, park or 

garden should be exceptional. Substantial harm to or loss of designated 

heritage assets of the highest significance, notably scheduled monuments, 

protected wreck sites, battlefields, grade I and II* listed buildings, grade I and 

II* registered parks and gardens, and World Heritage Sites, should be wholly 

exceptional. 

13.3 Ireland 
National Monuments (Amendment) Act 2004 

Section 14 

In respect of a national monument of which the Minister or a local authority 

are the owners or the guardians or in respect of which a preservation order is 

in force, it shall not be lawful for any person to do any of the following things 

in relation to such national monument: 

to demolish or remove it wholly or in part or to disfigure, deface, alter, or in 

any manner injure or interfere with it, or 
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to excavate, dig, plough or otherwise disturb the ground within, around, or in 

proximity to it, or 

to renovate or restore it, or to sell it or any part of it for exportation or to 

export it or any part of it, without the consent referred to in subsection (2) of 

this section or otherwise than in accordance with such consent. 

13.4 United States of America 
Antiquities Act of 1906 (NPS 2006) 

Protects archaeology on federal land and imposes a requirement for curation 

of artifacts collected. 

 

Historic Sites and Buildings Act of 1935 (NPS 2006) 

Establishes a nation-wide policy for the preservation of sites, structures, and 

monuments of national significance. 

 

National Historic Preservation Act of 1966 

Section 106 

“The head of any Federal agency having direct or indirect jurisdiction over a 

proposed Federal or federally assisted undertaking in any State and the 

head of any Federal department or independent agency having authority to 

license any undertaking shall, prior to the approval of the expenditure of any 

Federal funds on the undertaking or prior to the issuance of any license, as 

the case may be, take into account the effect of the undertaking on any 

district, site, building, structure, or object that is included in or eligible for 

inclusion in the National Register. The head of any such Federal agency 

shall afford the Advisory Council on Historic Preservation established under 

Title II of this Act a reasonable opportunity to comment with regard to such 

undertaking.” 

The Native American Graves Protection and Repatriation Act (Public Law 

101-601; 25 U.S.C. 3001-3013) 
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Restricted to federal or federally funded land, this act provides additional 

protections for Native American graves and grave goods, requiring 

consultation with lineal descendent(s) or culturally affiliated Tribe(s) prior to 

any work or modification to the site. 

 

Archaeological Resources Protection Act of 1974 

Any lands which may have modified land use or construction activities which 

receive federal support have strengthened protections with regard to 

mitigation of effected archaeological resources. 

 

Archaeological Resources Protection Act of 1979 

Modernizes the protection and management of archaeological resources on 

federal land. 

 

Native American Graves Protection and Repatriation Act of 1990 

Establishes legal protections for Native American graves and grave goods 

and provides an avenue for the repatriation of human remains and objects of 

cultural patrimony. 
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14 Appendix 2: ERT Pseudosections from Just Howe Hill  

 
Figure 154. Five Pseudosections collected at 0.5 m electrode separation which correspond with Figure 24 from Chapter 6: Justy Howe Hill Mound, Yorkshire, UK 
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Figure 155. Five Pseudosections collected at 0.2 m electrode separation which correspond with Figure 25 from Chapter 6: Justy Howe Hill Mound, Yorkshire, UK



293 

15 Appendix 3: Height Data from Grave Creek Mound 
Table 33 - Comparison of Height Values from Grave Creek Mound 

GPR-Lat 
GPR-
Height (m) SFM-Lat 

SFM-
Height (m) HP-Lat 

HP-
Height 
(m) 

39.91724286 176.115 39.91724286 175.37961 39.91647 178.468 
39.91724288 176.107 39.91724288 175.37961 39.91655 181.119 
39.91724285 176.1 39.91724285 175.37961 39.91656 178.614 
39.91724279 176.098 39.91724279 175.37937 39.91657 179.186 
39.91724378 176.028 39.91724378 175.3785 39.9166 181.402 
39.91724377 176.03 39.91724377 175.37934 39.91664 183.613 
39.9172437 176.028 39.9172437 175.37934 39.91667 186.13 
39.91724367 176.027 39.91724367 175.37934 39.91671 188.513 
39.91724367 176.025 39.91724367 175.37934 39.91674 190.72 
39.91724364 176.026 39.91724364 175.37934 39.91678 192.481 
39.91724236 176.058 39.91724236 175.37046 39.91682 193.96 
39.91724237 176.06 39.91724237 175.37046 39.91686 194.257 
39.91724239 176.068 39.91724239 175.37322 39.91686 194.785 
39.9172424 176.051 39.9172424 175.37484 39.91688 194.802 
39.91724239 176.062 39.91724239 175.37484 39.91688 194.791 
39.91724236 176.057 39.91724236 175.37203 39.9169 194.441 
39.91724305 176.05 39.91724305 175.37923 39.91694 192.677 
39.91724298 176.042 39.91724298 175.37961 39.91698 190.228 
39.9172429 176.028 39.9172429 175.37961 39.91698 190.47 
39.91724289 176.02 39.91724289 175.37935 39.91701 187.916 
39.91724283 176.019 39.91724283 175.37804 39.91702 188.077 
39.91724283 176.017 39.91724283 175.37804 39.91705 185.716 
39.91724291 176.046 39.91724291 175.37935 39.91705 185.747 
39.9172429 176.06 39.9172429 175.37935 39.91708 183.46 
39.91724283 176.054 39.91724283 175.37804 39.91708 183.417 
39.91724282 176.065 39.91724282 175.37804 39.91712 181.225 
39.91724336 176.048 39.91724336 175.38053 39.91712 181.13 
39.91724319 176.008 39.91724319 175.38051 39.91713 180.239 
39.91724288 176.026 39.91724288 175.37961 39.91714 179.082 
39.91723758 175.993 39.91723758 175.3534 39.91716 178.952 
39.91723268 176.01 39.91723268 175.37424 39.91717 178.515 
39.91722798 176.015 39.91722798 175.38877 39.9172 176.361 
39.91722253 176.023 39.91722253 175.40381 39.91722 176.061 
39.9172172 176.035 39.9172172 175.44201 39.91723 176.015 
39.91721216 176.17 39.91721216 175.6735     
39.91720844 176.323 39.91720844 175.81524     
39.91720432 176.523 39.91720432 176.03197     
39.91720029 176.687 39.91720029 176.25103     
39.91719697 176.887 39.91719697 176.43802     
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39.91719228 177.225 39.91719228 176.75457     
39.91718857 177.419 39.91718857 176.93693     
39.9171846 177.63 39.9171846 177.15963     
39.91718201 177.809 39.91718201 177.31266     
39.91717933 178.005 39.91717933 177.52584     
39.9171757 178.201 39.9171757 177.80523     
39.91717258 178.399 39.91717258 177.99583     
39.91717022 178.507 39.91717022 178.17184     
39.91716783 178.646 39.91716783 178.35882     
39.91716529 178.824 39.91716529 178.49923     
39.91716298 178.983 39.91716298 178.66338     
39.91716248 178.988 39.91716248 178.71319     
39.91716261 178.995 39.91716261 178.69039     
39.9171613 179.078 39.9171613 178.8198     
39.91715453 179.3 39.91715453 179.08539     
39.91715138 179.389 39.91715138 179.06817     
39.91716988 178.959 39.91716988 178.06629     
39.91716652 178.907 39.91716652 178.29236     
39.91716341 179.154 39.91716341 178.56736     
39.91716014 179.369 39.91716014 178.72727     
39.91715887 179.297 39.91715887 178.79555     
39.91715895 179.154 39.91715895 178.83126     
39.91715885 179.084 39.91715885 178.87417     
39.91715869 179.142 39.91715869 178.85451     
39.91715855 179.221 39.91715855 178.84836     
39.91715879 179.241 39.91715879 178.83401     
39.91715868 179.256 39.91715868 178.82651     
39.91715752 179.368 39.91715752 178.87083     
39.91715706 179.315 39.91715706 178.86986     
39.91715672 179.262 39.91715672 178.84676     
39.91715647 179.219 39.91715647 178.83193     
39.91715517 179.162 39.91715517 178.8827     
39.91715114 179.448 39.91715114 179.00472     
39.91715203 179.394 39.91715203 178.9694     
39.91715194 179.395 39.91715194 178.97436     
39.91714981 179.492 39.91714981 179.01525     
39.91714801 179.497 39.91714801 179.02415     
39.91714492 179.726 39.91714492 179.03728     
39.91714252 179.862 39.91714252 179.04478     
39.91713951 180.036 39.91713951 179.18665     
39.91713642 180.103 39.91713642 179.18856     
39.91713403 180.247 39.91713403 179.4369     
39.91713212 180.29 39.91713212 179.60047     
39.9171286 180.404 39.9171286 179.93915     
39.91712518 180.495 39.91712518 180.28594     
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39.91712041 180.66 39.91712041 180.68754     
39.91711689 180.8 39.91711689 181.0032     
39.9171154 180.934 39.9171154 181.06942     
39.91711298 181.097 39.91711298 181.19295     
39.91711062 181.291 39.91711062 181.28348     
39.91710742 181.501 39.91710742 181.54986     
39.91710468 181.655 39.91710468 181.64097     
39.91710231 181.837 39.91710231 181.81884     
39.91710012 181.993 39.91710012 182.00489     
39.91709876 182.192 39.91709876 182.14129     
39.91709644 182.428 39.91709644 182.25408     
39.91709401 182.59 39.91709401 182.40572     
39.91709208 182.772 39.91709208 182.51623     
39.91708975 182.97 39.91708975 182.65766     
39.91708769 183.169 39.91708769 182.80204     
39.91708517 183.394 39.91708517 182.9598     
39.91708305 183.589 39.91708305 183.11986     
39.91708056 183.804 39.91708056 183.32728     
39.91707724 184.093 39.91707724 183.4995     
39.91707489 184.317 39.91707489 183.68366     
39.9170706 184.611 39.9170706 183.92936     
39.91706734 184.82 39.91706734 184.13677     
39.91706367 184.999 39.91706367 184.40081     
39.91706099 185.189 39.91706099 184.61877     
39.91705947 185.343 39.91705947 184.69808     
39.91705697 185.553 39.91705697 184.85831     
39.9170548 185.736 39.9170548 185.02358     
39.91705308 185.972 39.91705308 185.1726     
39.91705075 186.172 39.91705075 185.30163     
39.91704849 186.398 39.91704849 185.42441     
39.91704572 186.69 39.91704572 185.59319     
39.91704331 186.932 39.91704331 185.76595     
39.91704063 187.15 39.91704063 185.94182     
39.91703814 187.336 39.91703814 186.13221     
39.91703556 187.511 39.91703556 186.25274     
39.91703234 187.691 39.91703234 186.46464     
39.91703082 187.78 39.91703081 186.54235     
39.91702803 187.993 39.91702803 186.71363     
39.91702607 188.114 39.91702607 186.84232     
39.91702335 188.284 39.91702335 187.07096     
39.91702021 188.458 39.91702021 187.26647     
39.91701732 188.594 39.91701732 187.45243     
39.91701475 188.768 39.91701475 187.64597     
39.91701283 188.973 39.91701283 187.79989     
39.91701012 189.181 39.91701012 187.98521     
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39.91700737 189.446 39.91700737 188.16123     
39.91700481 189.611 39.91700481 188.3678     
39.91700301 189.853 39.91700301 188.4764     
39.91700033 190.017 39.91700033 188.68107     
39.91699323 190.323 39.91699323 189.18258     
39.91699213 190.445 39.91699213 189.30379     
39.91698973 190.637 39.91698973 189.45132     
39.9169876 190.77 39.9169876 189.59293     
39.91698649 191.068 39.91698649 189.72455     
39.91698668 191.286 39.91698668 189.73838     
39.91698637 191.42 39.91698637 189.76009     
39.91698546 191.64 39.91698546 189.79857     
39.91698358 191.823 39.91698358 189.92965     
39.91697973 192.233 39.91697973 190.19123     
39.91697756 192.412 39.91697756 190.34089     
39.91697558 192.555 39.91697558 190.48987     
39.91697276 192.683 39.91697276 190.68798     
39.91697139 192.773 39.91697139 190.77451     
39.91696984 192.909 39.91696984 190.88656     
39.91696735 193.142 39.91696735 191.03962     
39.91696619 193.242 39.91696619 191.14411     
39.91696567 193.286 39.91696567 191.17914     
39.91696517 193.342 39.91696517 191.23847     
39.9169631 193.428 39.9169631 191.42835     
39.91696081 193.498 39.91696081 191.47304     
39.9169598 193.57 39.9169598 191.55729     
39.91695896 193.614 39.91695896 191.66462     
39.91695817 193.673 39.91695817 191.67272     
39.91695547 193.765 39.91695547 191.84337     
39.91695274 193.952 39.91695274 192.02755     
39.91695202 193.976 39.91695202 192.06219     
39.91695071 194.041 39.91695071 192.12214     
39.91695008 194.093 39.91695008 192.17354     
39.91694889 194.186 39.91694889 192.23615     
39.91694725 194.399 39.91694725 192.3409     
39.91694359 194.641 39.91694359 192.67385     
39.91694122 194.78 39.91694122 192.84748     
39.91694052 194.91 39.91694052 192.86632     
39.91694002 194.952 39.91694002 192.88038     
39.91693844 195.008 39.91693844 192.8552     
39.91693655 195.137 39.91693655 192.89586     
39.91693246 195.336 39.91693246 193.03419     
39.91692955 195.331 39.91692955 193.2434     
39.91692826 195.4 39.91692826 193.32212     
39.91692658 195.46 39.91692658 193.50986     
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39.91692598 195.519 39.91692598 193.50779     
39.91692231 195.766 39.91692231 193.85735     
39.91691731 195.891 39.91691731 194.27576     
39.91691256 195.714 39.91691256 194.46915     
39.91690844 195.596 39.91690844 194.7147     
39.91690357 195.492 39.91690357 195.0796     
39.91690038 195.422 39.91690038 195.0841     
39.91689643 195.284 39.91689643 194.72106     
39.91689141 195.21 39.91689141 194.7278     
39.91688871 195.133 39.91688871 194.68918     
39.9168838 195.131 39.9168838 194.71813     
39.9168794 195.11 39.9168794 194.71834     
39.91687474 195.061 39.91687474 194.73588     
39.91687043 195.049 39.91687043 194.73734     
39.91686674 195.025 39.91686674 194.76879     
39.91686294 195.006 39.91686294 194.72904     
39.91685994 194.995 39.91685994 194.76708     
39.91685783 194.963 39.91685783 194.75765     
39.91685548 194.928 39.91685548 194.74583     
39.91685207 194.7 39.91685207 194.75133     
39.91684993 194.677 39.91684993 194.75231     
39.91684924 194.623 39.91684924 194.73565     
39.91685157 194.557 39.91685157 194.78374     
39.9168519 194.548 39.9168519 194.76313     
39.91685191 194.533 39.91685191 194.75558     
39.91685077 194.493 39.91685077 194.75818     
39.91684752 194.441 39.91684752 194.76418     
39.91684449 194.336 39.91684449 194.73096     
39.91684203 194.282 39.91684203 194.7333     
39.91684037 194.227 39.91684037 194.74338     
39.91683835 194.167 39.91683835 194.69295     
39.91683677 194.009 39.91683677 194.70505     
39.91683571 193.892 39.91683571 194.73641     
39.91683515 193.867 39.91683515 195.15743     
39.91683382 193.819 39.91683382 195.19207     
39.91683054 193.654 39.91683054 195.18763     
39.91682758 193.547 39.91682758 195.17637     
39.91682473 193.466 39.91682473 195.02294     
39.9168216 193.316 39.9168216 194.98589     
39.9168194 193.236 39.9168194 194.94184     
39.91681666 193.084 39.91681666 194.97541     
39.91681486 192.981 39.91681486 194.94234     
39.91681195 192.728 39.91681195 194.80216     
39.91680866 192.539 39.91680866 194.66624     
39.91680497 192.286 39.91680497 194.61198     
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39.91680249 192.063 39.91680249 194.47219     
39.91679995 191.904 39.91679995 194.31432     
39.91679662 191.704 39.91679662 194.17477     
39.91679339 191.527 39.91679339 194.07825     
39.91679039 191.33 39.91679039 193.8485     
39.91678646 191.104 39.91678646 193.74525     
39.91678411 190.949 39.91678411 193.65816     
39.91678122 190.762 39.91678122 193.48324     
39.91677792 190.552 39.91677792 193.29246     
39.91677394 190.317 39.91677394 193.07035     
39.91677012 190.089 39.91677012 192.87693     
39.9167669 189.898 39.9167669 192.71995     
39.916764 189.688 39.916764 192.53524     
39.91676175 189.476 39.91676175 192.36883     
39.91675488 188.92 39.91675488 192.00371     
39.916752 188.716 39.916752 191.83384     
39.91674912 188.492 39.91674912 191.64977     
39.91674541 188.217 39.91674541 191.40227     
39.9167395 187.745 39.9167395 191.01592     
39.91673689 187.513 39.91673689 190.88251     
39.91673424 187.273 39.91673424 190.69843     
39.91673122 187.056 39.91673122 190.46882     
39.91672675 186.733 39.91672675 190.14281     
39.91672328 186.468 39.91672328 189.93716     
39.91671883 186.026 39.91671883 189.58048     
39.91671499 185.786 39.91671499 189.39072     
39.91671049 185.498 39.91671049 189.06139     
39.91670773 185.282 39.91670773 188.88102     
39.91670449 185.086 39.91670448 188.66871     
39.91668044 187.356 39.91668044 187.00088     
39.91667763 187.09 39.91667763 186.75617     
39.9166738 186.819 39.9166738 186.50509     
39.91667122 186.489 39.91667122 186.28527     
39.91666681 185.72 39.91666681 185.97698     
39.916663 185.396 39.916663 185.70557     
39.91665984 185.185 39.91665984 185.45016     
39.91665577 184.757 39.91665577 185.14866     
39.91665254 184.469 39.91665254 184.88383     
39.91664942 184.241 39.91664942 184.68885     
39.91664607 184.007 39.91664607 184.38325     
39.91664224 183.754 39.91664224 184.12275     
39.91663819 183.428 39.91663819 183.82137     
39.91663586 183.259 39.91663586 183.63424     
39.91663223 183.105 39.91663223 183.37447     
39.91662839 182.795 39.91662839 183.13343     
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39.91662431 182.599 39.91662431 182.83521     
39.91661973 182.271 39.91661973 182.55733     
39.91661556 182.006 39.91661556 182.29188     
39.9166118 181.68 39.9166118 182.04288     
39.91660896 181.555 39.91660896 181.85282     
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16 Appendix 4: Soil Core Data from Grave Creek 

Mound 
Table 34 - Soil Core Data from Cores 1B, 2, and 3 (Hemmings 1984) digitized with Corrected Height Values 

Core DEPTH  

SAND 
(% by 
weight) 

SILT 
(% by 
weight) 

CLAY 
(% by 
weight) 

CARBON 
(% by 
weight) 

Pen- 
Rate SOIL-pH 

Depth 
(m) 

Corrected 
Height (m) 

260/0.5 0.5 ft 50% 45% 5% 6.000 2.000 3.900 0.152 186.600 
260/1.5 1.5 ft 41% 51% 8% 2.000 3.000 4.100 0.457 186.295 
260/2.5 2.5 ft 74% 29% 6% 1.400 2.000 4.200 0.762 185.990 
260/3.5 3.5 ft 80% 15% 5% 1.400 2.000 4.300 1.067 185.685 
260/4.5 4.5 ft 54% 38% 8% 1.000 2.000 4.000 1.372 185.381 
260/5.5 5.5 ft 73% 20% 7% 2.000 2.000 4.000 1.676 185.076 
260/6.5 6.5 ft 64% 32% 4% 1.000 2.000 4.000 1.981 184.771 
260/8.5 8.5 ft 65% 28% 7% 1.500 1.000 3.900 2.591 184.161 
260/9.5 9.5 ft 42% 47% 11% 2.100 1.000 4.100 2.895 183.857 
260/10.5 10.5 ft 46% 42% 12% 2.000 2.000 4.200 3.200 183.552 
260/11.5 11.5 ft 48% 44% 8% 1.800 2.000 4.500 3.505 183.247 
260/12.5 12.5 ft 95% 4% 1% 0.600 2.000 6.200 3.810 182.942 
260/13.5 13.5 ft 82% 16% 2% 1.000 3.000 6.500 4.115 182.638 
260/14.5 14.5 ft 38% 54% 8% 2.500 4.000 6.900 4.419 182.333 
260/15.5 15.5 ft 95% 4% 1% 1.200 4.000 8.000 4.724 182.028 
260/16.5 16.5 ft 92% 4% 4% 1.000 6.000 7.800 5.029 181.723 
260/17.5 17.5 ft 49% 46% 5% 2.500 5.000 7.600 5.334 181.418 
260/18.5 18.5 ft 30% 61% 9% 2.000 10.000 7.400 5.639 181.114 
260/19.5 19.5 ft 32% 58% 10% 1.700 8.000 7.200 5.943 180.809 
260/20.5 20.5 ft 52% 40% 8% 2.600 7.000 6.600 6.248 180.504 
260/21.5 21.5 ft 42% 50% 8% 2.800 9.000 6.500 6.553 180.199 
260/22.5 22.5 ft 40% 52% 8% 2.700 6.000 6.000 6.858 179.894 
260/23.5 23.5 ft 39% 52% 9% 3.200 6.000 5.700 7.162 179.590 
260/24.5 24.5 ft 45% 46% 9% 1.800 9.000 5.300 7.467 179.285 
260/25.5 25.5 ft 28% 60% 12% 2.300 10.000 5.500 7.772 178.980 
260/26.5 26.5 ft 43% 46% 11% 2.500 12.000 5.200 8.077 178.675 
260/27.5 27.5 ft 20% 9% 11% 2.200 12.000 4.900 8.382 178.371 
260/29.5 28.5 ft 78% 19% 3% 1.500 15.000 5.000 8.686 178.066 
260/29.5 29.5 ft 94% 4% 2% 1.600 16.000 5.100 8.991 177.761 
260/30.5 30.5 ft #N/A #N/A #N/A 0.900 12.000 6.200 9.296 177.456 
260/31.5 31.5 ft 82% 17% 1% 1.700 18.000 7.000 9.601 177.151 
261/0.5 0.5 ft 51% 43% 6% 4.300 2.000 4.300 0.152 194.072 
261/1.5 1.5 ft 42% 51% 7% 3.600 2.000 4.500 0.457 193.767 
261/2.5 2.5 ft 38% 54% 8% 2.700 1.000 4.500 0.762 193.462 
261/3.5 3.5 ft 34% 53% 8% 3.900 1.000 4.400 1.067 193.158 
261/4.5 4.5 ft 40% 48% 12% 2.700 1.000 4.200 1.372 192.853 
261/5.5 5.5 ft 43% 43% 14% 2.600 1.000 3.900 1.676 192.548 
261/6.5 6.5 ft 73% 19% 8% 2.100 1.000 3.900 1.981 192.243 
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261/7.5 7.5 ft 63% 28% 9% 2.200 1.000 4.000 2.286 191.938 
261/365 8.5 ft 36% 49% 15% 3.000 1.000 3.900 2.591 191.634 
261/9.5 9.5 ft 84% 10% 6% 1.700 4.000 3.900 2.895 191.329 
261/10.5 10.5 ft 74% 20% 6% 1.400 7.000 4.100 3.200 191.024 
261/11.5 11.5 ft 38% 49% 13% 3.400 6.000 4.700 3.505 190.719 
261/12.5 12.5 ft 41% 39% 20% 3.900 6.000 5.300 3.810 190.414 
261/13.5 13.5 ft 40% 52% 8% 4.700 10.000 5.300 4.115 190.110 
261/14.5 14.5 ft 38% 51% 11% 4.900 14.000 5.200 4.419 189.805 
261/15.5 15.5 ft 49% 38% 13% 3.800 11.000 5.200 4.724 189.500 
261/16.5 16.5 ft 35% 51% 14% 2.800 14.000 5.000 5.029 189.195 
261/17.5 17.5 ft 44% 40% 16% 3.200 11.000 4.900 5.334 188.891 
261/18.5 18.5 ft 32% 53% 15% 2.800 12.000 5.000 5.639 188.586 
261/19.5 19.5 ft 50% 41% 9% 2.600 12.000 5.700 5.943 188.281 
261/20.5 20.5 ft 68% 23% 9% 3.400 12.000 6.200 6.248 187.976 
261/21.5 21.5 ft 31% 58% 11% 3.900 11.000 5.300 6.553 187.671 
261/22.5 22.5 ft 61% 29% 10% 2.000 12.000 5.100 6.858 187.367 
261/23.5 23.5 ft 40% 47% 13% 3.300 13.000 5.300 7.162 187.062 
261/24.5 24.5 ft 41% 59% 10% 2.000 13.000 5.000 7.467 186.757 
261/25,5 25.5 ft 27% 63% 10% 7.000 12.000 4.800 7.772 186.452 
261/26.5 26.5 ft 48% 44% 8% 3.100 13.000 4.800 8.077 186.147 
261/27.5 27.5 ft 37% 53% 0% 3.500 11.000 4.900 8.382 185.843 
261/28.5 28.5 ft 58% 35% 7% 2.600 12.000 5.100 8.686 185.538 
261/29.5 29.5 ft 56% 37% 7% 2.600 14.000 5.100 8.991 185.233 
261/30.5 30.5 ft 92% 4% 4% 1.500 14.000 4.900 9.296 184.928 
261/31.5 31.5 ft 40% 50% 10% 2.400 14.000 4.700 9.601 184.624 
261/32.5 32.5 ft 48% 42% 10% 3.300 13.000 4.600 9.906 184.319 
261/33.5 33.5 ft 45% 45% 10% 2.700 17.000 4.700 10.210 184.014 
261/34.5 34.5 ft 41% 51% 8% 3.000 17.000 5.400 10.515 183.709 
261/35.5 35.5 ft #N/A #N/A #N/A 2.500 14.000 6.200 10.820 183.404 
261/36.5 36.5 ft 48% 43% 9% 3.300 14.000 5.400 11.125 183.100 
261/37.5 37.5 ft 47% 42% 11% 3.200 14.000 5.000 11.429 182.795 
261/38.5 38.5 ft 42% 48% 10% 2.900 19.000 5.000 11.734 182.490 
261/39.5 39.5 ft 49% 41% 10% 2.700 19.000 5.000 12.039 182.185 
261/40.5 40.5 ft 44% 44% 12% 3.600 18.000 5.200 12.344 181.881 
261/41.5 41.5 ft 51% 38% 11% 3.000 13.000 5.200 12.649 181.576 
261/42.5 42.5 ft 39% 57% 4% 4.600 14.000 5.900 12.953 181.271 
261/4305 43.5 ft 30% 65% 5% 4.200 13.000 6.000 13.258 180.966 
261/44.5 44.5 ft 31% 64% 5% 5.100 19.000 5.200 13.563 180.661 
261/45.5 45.5 ft 50% 47% 3% 4.500 20.000 5.100 13.868 180.357 
261/46.5 46.5 ft 60% 35% 5% 3.000 24.000 5.900 14.173 180.052 
261/47.5 47.5 ft 54% 40% 6% 2.700 28.000 6.100 14.477 179.747 
261/48.5 48.5 ft 79% 17% 4% 2.000 26.000 6.400 14.782 179.442 
261/49.5 49.5 ft 99% 0% 1% 2.100 29.000 6.500 15.087 179.137 
261/50.5 50.5 ft 84% 13% 3% 2.400 27.000 5.500 15.392 178.833 
261/51.5 51.5 ft 62% 34% 4% 2.300 23.000 5.700 15.696 178.528 
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261/52.5 52.5 ft 95% 2% 3% 1.500 26.000 5.700 16.001 178.223 
261/53.5 53.5 ft 49% 0% 1% 1.200 20.000 6.100 16.306 177.918 
261/54.5 54.5 ft 99% 0% 1% 1.000 20.000 7.000 16.611 177.614 
261/55.5 55.5 ft 91% 7% 2% 1.200 19.000 6.700 16.916 177.309 

 0.5 ft #N/A #N/A #N/A #N/A #N/A #N/A 0.152 193.232 

 1.5 ft #N/A #N/A #N/A #N/A #N/A #N/A 0.457 192.927 
262/2.5 2.5 ft 45% 47% 8% 3.200 2.000 4.300 0.762 192.623 
262/3.5 3.5 ft 37% 53% 10% 4.600 2.000 4.500 1.067 192.318 
262/9.5 9.5 ft 23% 64% 13% 4.900 7.000 5.200 2.895 190.489 
262/10.5 10.5 ft 24% 30% 7% 5.600 5.000 5.600 3.200 190.184 
262/11.5 11.5 ft 16% 72% 12% 7.200 6.000 6.100 3.505 189.880 
262/12.5 12.5 ft 19% 72% 9% 3.500 7.000 6.600 3.810 189.575 
262/13.5 13.5 ft 18% 8% 14% 4.900 5.000 6.600 4.115 189.270 
262/14.5 14.5 ft 11% 77% 12% 2.200 8.000 6.800 4.419 188.965 
262/15.5 15.5 ft 12% 78% 10% 1.700 6.000 6.300 4.724 188.660 
262/16.5 16.5 ft 19% 68% 13% 1.700 9.000 5.300 5.029 188.356 
262/18.5 18.5 ft 19% 75% 6% 3.300 11.000 6.400 5.639 187.746 
262/19.5 19.5 ft 33% 60% 7% 1.000 12.000 7.100 5.943 187.441 
262/20.5 20.5 ft 23% 60% 11% 2.300 13.000 6.100 6.248 187.137 
262/21.5 21.5 ft 23% 68% 10% 2.400 8.000 6.400 6.553 186.832 
262/22.5 22.5 ft 31% 58% 11% 3.900 8.000 6.800 6.858 186.527 
262/23.5 23.5 ft 40% 53% 7% 0.900 9.000 7.000 7.162 186.222 
262/24.5 24.5 ft 49% 44% 7% 0.100 10.000 6.100 7.467 185.917 
262/25.5 25.5 ft 25% 64% 10% 1.300 10.000 6.000 7.772 185.613 
262/26.5 26.5 ft 32% 60% 8% 3.300 8.000 6.400 8.077 185.308 
262/27,5 27.5 ft 19% 73% 8% 2.600 7.000 5.900 8.382 185.003 
262/28.5 28.5 ft 43% 48% 9% 1.200 7.000 5.200 8.686 184.698 
262/29.5 29.5 ft 27% 65% 8% 0.000 8.000 5.200 8.991 184.393 
262/30.5 30.5 ft 34% 57% 9% 0.100 15.000 5.000 9.296 184.089 
262/31.5 31.5 ft 29% 61% 10% 0.100 14.000 5.000 9.601 183.784 
262/32.5 32.5 ft 23% 69% 8% 0.300 14.000 4.600 9.906 183.479 
262/34.5 34.5 ft 24% 67% 9% 0.100 13.000 4.700 10.515 182.870 
262/35.5 35.5 ft 35% 59% 6% 3.900 13.000 4.700 10.820 182.565 
262/35.5 36.5 ft 49% 44% 7% 4.500 11.000 4.800 11.125 182.260 
262/37.5 37.5 ft 47% 44% 9% 3.000 11.000 4.900 11.429 181.955 
262/38.5 38.5 ft 36% 55% 9% 5.600 15.000 5.600 11.734 181.650 
262/39.5 39.5 ft 55% 36% 9% 3.700 20.000 5.100 12.039 181.346 
262/40.5 40.5 ft 48% 44% 8% 4.500 16.000 5.300 12.344 181.041 
262/41.5 41.5 ft 40% 53% 7% 6.000 16.000 5.200 12.649 180.736 
262/42.5 42.5 ft 45% 51% 4% 6.200 16.000 5.100 12.953 180.431 
262/43.5 43.5 ft 57% 39% 4% 4.100 17.000 5.400 13.258 180.126 
262/44.5 44.5 ft 82% 15% 3% 2.800 17.000 6.200 13.563 179.822 
262/45.5 45.5 ft 82% 14% 4% 1.800 17.000 6.700 13.868 179.517 
262/46.5 46.5 ft 76% 20% 4% 2.300 15.000 6.100 14.173 179.212 
262/47.5 47.5 ft 95% 0% 5% 2.500 13.000 5.700 14.477 178.907 
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262/48.5 48.5 ft 94% 3% 3% 1.900 13.000 6.100 14.782 178.603 
252/49.5 49.5 ft 90% 0% 10% 1.300 11.000 6.300 15.087 178.298 
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17 Appendix 5: Python Script to Combine Multiple GPR 

Files into One 
17.1 Python Script - Many Files to One file 
#import os 

#from PyQt4 import QtGui 

#def SourceFile(self): 

#    filename = unicode(QtGui.QFileDialog.getOpenFileName(self, 

#        "Choose file","", "*.pos")) 

#     self.filename = filename 

#         self.flashui.IV_lineEdit.setText(filename) 

#     self.Dir_name = os.path.dirname(self.filename) 

#     self.flashui.output_lineEdit.setText(self.Dir_name) 

#folderOfCorFiles = ‘Cor file directory' 

#mainfile = open('New filename and directory', 'w') 

#listofcorfiles = [] 

#for file in os.listdir(folderOfCorFiles ): 

#  if file.endswith(".pos"): 

#    listofcorfiles.append(file)      

#print listofcorfiles 

#for i in listofcorfiles:   

#  cordata = open(folderOfCorFiles + '\\' + i, 'r') 

#  headerline =next(cordata)  

#    for j in cordata:     

#    j = j.rstrip('\n') 

#    j = j.replace('\t',',') 

#    j = j + ',' + i.split('_')[-1].split('.pos')[0] 

#    print j     

#    mainfile.write(j + '\n') 

#  cordata.close() 

#mainfile.close()     
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18 Appendix 6: Python Script for Splitting GPR Datafile 
18.1 Python Script - One File to Many Files 
#import numpy as np 

#def WriteData(FieldData,filename): 

 #  np.savetxt(filename, FieldData, fmt='%s', delimiter='\t', newline='\n', 
#header='', footer='', comments='# ') 

# def ReadData(filename): 

#  Names = ('C1','C2','C3','C4','C5','C6','C7','C8','C9','C10') 

#  Dtype = ('S50','S50','S50','S50','S50','S50','S50','S50','S50','S50')   

#  print len(Names) 

#  print len(Dtype)   

#  C1,C2,C3,C4,C5,C6,C7,C8,C9,C10 = np.loadtxt(filename, 
#delimiter='\t',dtype={'names': Names, 'formats': Dtype}, skiprows = 
#0,unpack=True) 

#  print (C6) 

#  C6 = (-1*(C6.astype(np.float64))) 

#  FieldData = np.empty([ np.shape(C1)[0],10],dtype='S50') 

#  FieldData[:,0] = C1 

#  FieldData[:,1] = C2 

#  FieldData[:,2] = C3 

#  FieldData[:,3] = C4 

#  FieldData[:,4] = C5 

#  FieldData[:,5] = C6 

#  FieldData[:,6] = C7 

#  FieldData[:,7] = C8 

#  FieldData[:,8] = C9 

#  FieldData[:,9] = C10 

#  return FieldData 

#import os 

#dir = "cor directory" 

#files = [] 

#for file in os.listdir(dir): 

#  if file.endswith(".txt"): 
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#    files.append(os.path.join(dir,file)) 

#  else: 

#    pass 

#for filename in files: 

#  print filename 

#  data = ReadData(filename) 

#  filename = filename.split('.')[0] + '.cor' 

#  WriteData(data,filename) 
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19 Appendix 7 
19.1.1 Sutton Hoo: Many to one python code 

#import os 

#os.chdir('F://Cor1//') 

#filename = 000 

##filename2 = 480 

#data = open("Sutton2_cor1.txt", 'r') 

#os.chdir('F://Cor1//Mira//') 

#data2 = open("Sutton 2_%s.cor" % filename,'w') 

#for i in data: 

#   i = i.rstrip ('\n') 

#    i = i.rstrip ('\t') 

#    if len(i)>0: 

#    print i.split('\t') 

#    a,b,c,d,e,f,g,h,i,j,k = i.split('\t') 

#    if filename == float(k): 

#        print  k 

          #h = float(h) 

        #h= h + 0.8 

#        f = float(f) 

#        f = f*-1 

#        data2.write(a + '\t' + c + '\t' + d + '\t' + e + '\t' + str(f) + '\t' + g + '\t' + h+ 
'\t' + #i +'\t' + j + '\n') 

#    else: 

#        data2.close() 

#        filename += 1 

#        data2 = open("Sutton 2_%s.cor" % filename,'w') 

#        print  k 

        #h = float(h) 

        #h= h + 0.8 

#        f = float(f) 

#        f = f*-1 
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#        data2.write(a + '\t' + c + '\t' + d + '\t' + e + '\t' + str(f) + '\t' + g + '\t' + h+ 
'\t' + #i +'\t' + j + '\n') 

#data.close() 

#data2.close() 
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20  Appendix 8: Technical Explanation of Geophysics 
20.1 Ohm's Law 
I=∆V/R 

Where I is the electrical current, ∆V is the potential difference between two 

points, and R is electrical resistance. 

The flow of electrical current through a metal medium can be represented 

mathematically by Ohm's Law. While the heterogeneous subsurface in an 

archaeological setting is fundamentally different in both composition and the 

transmission of electrical current to a metal medium, Ohm's Law is still the 

foundation upon which all earth resistance measurements are built. That 

"current [...] increases proportionately as the potential difference is 

increased" (Schmidt 2013). 

  

20.2 Earth Resistance 
Oldest of the archaeological prospecting techniques (Scollar 1990), in its 

simplest form, earth resistance surveys rely on the passage of current 

through soil as governed by Ohm's Law (Section 2.1). This is made possible 

primarily due to the water and salt content present in nearly all soil (Clark 

1990, Scollar 1990, Gaffney et al. 2003). As current is injected in the ground, 

the soil is polarized such that the positive and negative ions already present 

act as a carrier for the electrical current (Clark 1990). In an effort to combat 

the polarization, which would slowly increase the apparent resistance (Clark 

1990) as the current flows between the current electrodes, an alternating 

direct current (DC) is used. The ground surface acts as the only boundary for 

a 'semi-infinite medium' and the current, unconstrained, spreads deeply into 

the ground in its search for paths of least resistance (Clark 1990). This 

property allows for bulk resistance measurements of the soil not only 

between but also below and around the current electrodes because the 

current is flowing in a 3-dimensional space. Due to the inherent contact 

resistance that builds up on the current electrodes, two additional electrodes 

are used to measure the potential gradient between the two current 
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electrodes. As such, most modern arrays used in archaeological prospection 

use a variation of the two current and two potential electrode configuration. In 

practice this is manifested as the twin-probe array, the most popular array 

used in archaeological prospecting (Papadopoulos et al. 2006). The 

equations for the five most common array types are as follows (Schmidt 

2013) where R is resistance, ρ is resistivity, a is the current electrode separation, 

C is the distance as a factor of a between the current electrodes, b is the 

potential electrode separation, and B is the distance as a factor of a between 

the potential electrodes: 

 

Wenner: 

R=ρ/2πa 

 

Figure 1 - Wenner Array 

(Source: Author) 
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Wenner β: 

R=ρ/6πa 

 

 

General double-dipole: 

R=(ρ/π a)(1/C(C+1)(C+2)) 

 

 

 

Figure 2 - Wenner β Array 

(Source: Author) 

 

Figure 3 - General Double-Dipole Array 

(Source: Author) 
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Schlumberger: 

R= ρ4a/π(b2-a2) 

 

 

Twin-probe: 

R= ρ/2πa(1+1/B) 

Figure 4 - Schlumberger Array 

(Source: Author) 

Figure 5 - Twin-Probe Array 

(Source: Author) 
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20.3 Apparent Resistivity 
Due to the heterogeneous nature of the ground in an archaeological setting, 

"lines of current will refract at the boundary of surfaces of discontinuity or will 

inflect around perturbing bodies"(Scollar et al. 1990). Resistivity, the inherent 

volume specific measure of electrical resistance in a homogenous ground 

surface, is therefore inadequate when describing the more complex resistivities 

found in real world data. It is therefore necessary to use another measure, 

apparent resistivity, which is a "sort of average" (Cagniard 1959) of all 

resistivities being measured, and "represents the resistivity a homogenous 

ground would need to have to produce the recorded earth resistance 

value"(Schmidt 2013). The use of apparent resistivity allows for a comparison of 

data collected with different array types, which would otherwise not be possible 

due to the differing geometric factors inherent to each array (Schmidt 2013). 

 

20.4 Calculating Apparent Resistivity 
As each array type has an inherently different geometry factor, a unique 

equation for each array type must be used. In its simplest form, the equation for 

apparent resistivity is as follows, where K is the geometry factor and R is the 

measured earth resistance: 

ρA = KR 

The following geometry factors (K) for each of the array types extracted from 

the earth resistivity tomography data can be used where a is dipole length and 

n is the dipole separation factor (Loke 1996): 

Wenner: 

K= 2aπ 

Wenner β: 

K= 6aπ 

General double-dipole: 

K= πn(n+1)(n+2)a 

Schlumberger: 
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K=πn(n+1)a 

20.5 Earth Resistivity Tomography 
Most commonly used as a complementary tool to provide a better 

understanding of archaeology identified through other geophysical means, earth 

resistivity tomography (ERT) as defined by Papadopoulos et al. (2006) is the 

"collection of a number of profiles in an area, with continuously increasing 

electrode spacing or as a series of electrical soundings along a line". Capable of 

two-dimensional and three-dimensional resistivity measurements, ERT, while a 

relatively slow survey technique, measures all possible electrode configurations 

(Schmidt 2013) and is capable of a greater depth of investigation than more 

traditional earth resistance measurements with very little loss of resolution. The 

large volume of data collected with ERT requires sophisticated computer 

hardware to invert and display the data gathered through this technique 

(Schmidt 2013). 

20.6 Noise 
Typically defined as "slight statistical variations in the soil" (Schmidt 2013), this 

phenomena can manifest from a number of contributing factors involving the 

random fluctuations inherent in an electrical system. While these sources of 

noise are often both internal and external to the measuring device and too 

numerous to list here (Schollar 1990), it is important to note that these slight 

variations in value are incorrect representations of the true measurement. "The 

aim of a measurement technique is to maximize the signal to noise ratio [SNR]" 

(Schollar 1990), which is the power ratio between signal and noise, or in more 

simple terms, the ratio of accurate to false values during the collection of data. 

20.7 Inversion 
Inversion is the conversion of measured earth resistance data into "actual depth 

sections of estimated subsurface resistivity" (Schmidt 2013) through the use of 

mathematical models. A number of these models exist (Szymanski and 

Tsourlos 1993, Barker 1992, Griffiths and Barker 1994, Loke and Barker 1995) 

20.8 Magnetometry 
A passive method for measuring the strength of induced and remnant magnetic 

fields (Florshe et al. 2011), the magnetometer first saw use in archaeological 

geophysical survey in the 1950s and 1960s (Gaffney and Gater 2003). Typically 
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configured as a vertical gradiometer in which one sensor is suspended a fixed 

distance above another, surveys can be executed which effectively filter the 

earth's magnetic field by subtracting the responses of one sensor from the 

other. This is exploiting the phenomenon of magnetic field strength and its 

relationship to distance where "magnetic field strength falls off with the third 

power of distance from a target" (Johnson 2006). The resulting magnetic 

responses recorded by the vertical gradiometer are only those which are close 

to the ground surface, such as archaeological deposits, or modern utilities. 
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21 Appendix 9: 2D ERT Dataset from Grave Creek 

Mound 
Table 35 - Example of truncated 2D ERT dataset with correct headers and topography. 

ALL  extracted from flashres64 
0.25 (Electrode Separation) 
11 (Array type, in this case General) 
0 
Type of measurement (0=app. resistivity,1=resistance) 
0 
4102 (Number of measurements) 
2 
1 
Chargeability 
msec 
0.1, 1.0 

4 0 0 0.25 0 0.75 0 1 0 1320.690319 0.04757 
4 0 0 0.25 0 1 0 1.25 0 2250.026275 0.46478 
4 0 0 0.25 0 1.25 0 1.5 0 2322.136103 0.16112 
4 0 0 0.75 0 1.5 0 2.25 0 2343.213004 505.71401 
4 0 0 0.75 0 1.5 0 2.25 0 2343.213004 505.71401 
4 0 0 0.75 0 2.25 0 3 0 3863.880006 465.43913 
4 0 0 0.75 0 3 0 3.75 0 3337.228196 15.17933 
4 0 0 0.75 0 3.75 0 4.5 0 4891.918049 4.47407 
4 0 0 1.25 0 2.5 0 3.75 0 3341.592178 36.08957 
4 0 0 1.25 0 2.5 0 3.75 0 3341.592178 36.08957 
4 0 0 1.25 0 3.75 0 5 0 3679.704457 52.59701 
4 0 0 1.25 0 5 0 6.25 0 4447.276364 52.95441 
4 0 0 1.25 0 6.25 0 7.5 0 4183.141421 6.13903 
4 0 0 1.25 0 0.5 0 0.75 0 1908.103655 8.0786 
4 0 0 1.75 0 3.5 0 5.25 0 3693.73199 1.15098 
4 0 0 1.75 0 3.5 0 5.25 0 3693.73199 1.15098 
4 0 0 1.75 0 5.25 0 7 0 4291.918503 0.06629 
4 0 0 1.75 0 7 0 8.75 0 3981.463979 19.87836 
4 0 0 1.75 0 8.75 0 10.5 0 3749.404058 20.53733 
4 0 0 1.75 0 0.75 0 1 0 2182.659571 3.47233 
4 0 0 2.25 0 0.75 0 1.5 0 2621.612262 4.10946 
4 0 0 2.25 0 4.5 0 6.75 0 4065.556805 1105.92073 
4 0 0 2.25 0 4.5 0 6.75 0 4065.556805 1105.92073 
4 0 0 2.25 0 6.75 0 9 0 4243.231628 4.39273 
4 0 0 2.25 0 9 0 11.25 0 2849.487864 2.85847 
4 0 0 2.25 0 11.25 0 13.5 0 5171.155122 0.46003 
4 0 0 2.25 0 0.75 0 1.5 0 2621.612262 4.10946 
4 0 0 2.25 0 1 0 1.25 0 3016.589756 37.12305 
4 0 0 2.75 0 5.5 0 8.25 0 4011.874755 36.68234 
4 0 0 2.75 0 5.5 0 8.25 0 4011.874755 36.68234 
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4 0 0 2.75 0 8.25 0 11 0 4035.03723 6.72885 
4 0 0 2.75 0 11 0 13.75 0 2884.137781 2.12946 
4 0 0 2.75 0 1.25 0 1.5 0 2958.293587 33.64136 
4 0 0 3.25 0 6.5 0 9.75 0 3924.202865 19.71328 
4 0 0 3.25 0 6.5 0 9.75 0 3924.202865 19.71328 
4 0 0 3.25 0 9.75 0 13 0 4151.39306 1.27491 
4 0 0 3.25 0 1.5 0 1.75 0 2940.701489 7.28764 
4 0 0 3.75 0 1.25 0 2.5 0 3284.950387 127.92579 
4 0 0 3.75 0 7.5 0 11.25 0 3777.687787 12.00138 
4 0 0 3.75 0 7.5 0 11.25 0 3777.687787 12.00138 
4 0 0 3.75 0 11.25 0 15 0 4210.27581 1.14635 
4 0 0 3.75 0 1.25 0 2.5 0 3284.950387 127.92579 
4 0 0 3.75 0 1.5 0 2.25 0 3453.6356 38.04188 
4 0 0 3.75 0 1.75 0 2 0 3861.450694 8.29807 
4 0 0 4.25 0 8.5 0 12.75 0 3584.377698 8.31681 
4 0 0 4.25 0 8.5 0 12.75 0 3584.377698 8.31681 
4 0 0 4.25 0 2 0 2.25 0 3677.189321 6.55386 
4 0 0 4.75 0 9.5 0 14.25 0 3506.160201 8.57824 
4 0 0 4.75 0 9.5 0 14.25 0 3506.160201 8.57824 
4 0 0 4.75 0 2.25 0 2.5 0 3511.575315 5.44805 
4 0 0 5.25 0 1.75 0 3.5 0 3793.926945 3.60792 
4 0 0 5.25 0 10.5 0 15.75 0 3561.459894 18.32186 
4 0 0 5.25 0 10.5 0 15.75 0 3561.459894 18.32186 
4 0 0 5.25 0 1.75 0 3.5 0 3793.926945 3.60792 
4 0 0 5.25 0 2.25 0 3 0 4137.242513 1.57496 
4 0 0 5.25 0 2.5 0 2.75 0 4563.12281 6.79364 
4 0 0 5.75 0 2.75 0 3 0 3964.84909 5.32924 
4 0 0 6.25 0 2.5 0 3.75 0 3930.955567 279.929 
4 0 0 6.25 0 3 0 3.25 0 3967.831521 4.63052 
4 0 0 6.75 0 2.25 0 4.5 0 3646.308136 64.47579 
4 0 0 6.75 0 2.25 0 4.5 0 3646.308136 64.47579 
4 0 0 6.75 0 3 0 3.75 0 3635.381385 9.26911 
4 0 0 6.75 0 3.25 0 3.5 0 2956.23194 2.32502 
4 0 0 7.25 0 3.5 0 3.75 0 4034.797049 2.12654 
4 0 0 7.75 0 3.75 0 4 0 2883.499587 2.16967 
4 0 0 8.25 0 2.75 0 5.5 0 3655.131871 32.90091 

Topography in separate list 
2 (Type of topography) 
 
64 (Number of electrodes) 

0 99.85094          
0.5 99.84885          

1 99.84218          
1.5 99.82418          

2 99.81522          
2.5 99.80513          

3 99.80997          
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3.5 99.80562          
4 99.79795          

4.5 99.79626          
5 99.79163          

5.5 99.77537          
6 99.76463          

6.5 99.76798          
7 99.7917          

7.5 99.81891          
8 99.86724          

8.5 99.93996          
9 100.0496          

9.5 100.1623          
10 100.2977          

10.5 100.4362          
11 100.5573          

11.5 100.6729          
12 100.7956          

12.5 100.9018          
13 100.9763          

13.5 101.0571          
14 101.1046          

14.5 101.1127          
15 101.1351          

15.5 101.1353          
16 101.1885          

16.5 101.2612          
17 101.423          

17.5 101.5986          
18 101.8668          

18.5 102.1076          
19 102.3553          

19.5 102.6282          
20 102.794          

20.5 102.8549          
21 102.8973          

21.5 102.924          
22 102.9762          

22.5 103.0419          
23 103.2065          

23.5 103.4585          
24 103.7094          

24.5 103.9468          
25 104.2025          

25.5 104.4853          
26 104.6916          
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26.5 104.9519          
27 105.1137          

27.5 105.1781          
28 105.2185          

28.5 105.2379          
29 105.2499          

29.5 105.2692          
30 105.3066          

30.5 105.3409          
31 105.402          

31.5 105.4812          
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22 Appendix 10: Formatted Text to convert 2D to 3D ERT 

Data from Grave Creek Mound 
Example of 2D to 3D conversion file for Res3Dinv. 

Conversion of RES2DINV data files 

Number of files to collate 

11 

File 1 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 1\DW-529_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,0.0 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 2 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 2\dw2-530_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,0.5 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 3 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 3\dw3-531_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,1.0 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 4 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 4\dw4-532_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,1.5 

Line direction (0=X,1=Y) 

0 
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Line sign (0=positive,1=negative) 

0 

File 5 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 5\dw5-533_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,2.0 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 6 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 6\dw6-514_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,2.5 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 7 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 7\dw7-515_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,3.0 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 8 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 8\dw8-516_ALL.dat 

X and Y location of the first electrode along this line 

0.0,3.5 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 9 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 9\dw9-517_ALLs.dat 
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X and Y location of the first electrode along this line 

0.0,4.0 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 10 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 10\dw10-518_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,4.5 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

File 11 parameters 

Name of data file in RES2DINV format 

C:\Users\Corkum\Google Drive\DW\2D Data\Line 11\dw11-519_ALLs.dat 

X and Y location of the first electrode along this line 

0.0,5.0 

Line direction (0=X,1=Y) 

0 

Line sign (0=positive,1=negative) 

0 

Name of output file in RES3DINV format 

C:\Users\Corkum\Google Drive\DW\2.5D Data\ERT_top.dat 

End of file 
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23 Appendix 11:  3D ERT Dataset from Grave Creek 

Mound 
  
Table 36 - Example of truncated 2.5D ERT dataset with correct headers and topography. 

Conversion of RES2DINV data files 

64,4 (number of electrodes per transect, number of transects) 

0.2500,0.5000 (x, y resolution) 
11 (array type, in this case general) 

0 

Type of data (0=apparent resistivity,1=resistance) 

14182 (number of readings) 

IP present 

Chargeability 

msec 

0.1000 1.0000 

4 1 0 0.75 0 1.5 0 1.25 0 1103.1029 0.4992 

4 2 0 2.25 0 1.5 0 1.75 0 895.2584 0.8859 

4 2 0 2.25 0 1.75 0 1.5 0 895.2584 0.8859 

4 3 0 3.25 0 3.5 0 3.75 0 891.3578 0.3162 

4 3 0 3.25 0 2.5 0 2.75 0 1081.3781 0.7388 

4 3 0 3.25 0 2.75 0 2.5 0 1081.3781 0.7388 

4 7 0 7.25 0 6.5 0 6.75 0 613.5063 0.8807 

4 7 0 7.25 0 6.75 0 6.5 0 613.5063 0.8807 

4 7.5 0 7.25 0 8 0 7.75 0 1372.6422 0.5419 

4 7.5 0 7.25 0 7.75 0 8 0 1372.6422 0.5419 

4 7.5 0 7.25 0 7 0 6.75 0 1401.6782 1.9438 

4 8 0 7.75 0 8.5 0 8.25 0 807.801 0.4319 

4 8 0 7.75 0 8.25 0 8.5 0 807.801 0.4319 

4 8 0 7.75 0 7.5 0 7.25 0 1390.0302 2.8378 

4 8.5 0 8.25 0 8 0 7.75 0 825.9247 1.8006 

4 9.5 0 9.75 0 10 0 10.25 0 852.8365 0.4622 

4 12 0 12.25 0 11.75 0 11.5 0 1448.6859 0.7535 

4 12 0 12.25 0 11.5 0 11.75 0 1448.6859 0.7535 

4 12 0 12.25 0 12.5 0 12.75 0 1714.3281 0.3243 

4 12.5 0 12.25 0 12 0 11.75 0 1030.1522 2.457 

4 12.5 0 12.25 0 12.75 0 13 0 699.3185 1.0194 

4 12.5 0 12.25 0 13 0 12.75 0 699.3185 1.0194 

4 13.5 0 13.75 0 14 0 14.25 0 777.8835 0.4124 

4 14 0 14.25 0 13.75 0 13.5 0 724.6475 1.0176 

4 14 0 14.25 0 13.5 0 13.75 0 724.6475 1.0176 

4 15 0 14.75 0 14.5 0 14.25 0 1051.7921 1.8283 

4 1 0 1.75 0 1.25 0 1.5 0 1408.7198 0.2776 
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4 1 0 0.25 0 0.75 0 0.5 0 1592.4257 1.5613 

4 2.5 0 3.25 0 2.75 0 3 0 1504.9358 1.8363 

4 4 0 3.25 0 3.75 0 3.5 0 1312.2659 0.4661 

4 4.5 0 5.25 0 4.75 0 5 0 1220.9203 2.6651 

4 6.5 0 7.25 0 6.75 0 7 0 1614.942 0.2049 

4 7.5 0 8.25 0 7.75 0 8 0 1314.5013 2.1186 

4 8.5 0 7.75 0 8.25 0 8 0 1874.2932 0.3568 

4 9 0 9.75 0 9.25 0 9.5 0 1292.7357 0.781 

4 11.5 0 12.25 0 11.75 0 12 0 1214.6495 1.2701 

4 13 0 12.25 0 12.75 0 12.5 0 1655.6646 0.9803 

4 14.5 0 15.25 0 14.75 0 15 0 948.5664 0.0369 

4 0 0 0.25 0 0.75 0 1 0 1989.0332 0.2105 

4 0.5 0 0.75 0 1.25 0 1.5 0 1583.9541 0.0995 

4 0.5 0 0.25 0 1.25 0 1 0 1699.476 0.837 

4 1 0 1.25 0 1.75 0 2 0 1754.7744 0.1475 

4 1 0 0.75 0 0.25 0 0 0 1892.4415 0.9239 

4 1 0 1.25 0 0.25 0 0.5 0 1682.653 0.6573 

4 1 0 0.75 0 1.75 0 1.5 0 1655.7629 0.2255 

4 1.5 0 1.75 0 0.75 0 1 0 1744.1383 0.0617 

Topography           
2           

43.6191 44 43.6372 44 43.6936 44 43.7325 44    

43.8598 44 43.9153 44 43.9954 44 44.0545 44    

44.1382 44 44.1827 44 44.2036 44 44.2264 44    

44.288 44 44.2906 44 44.3116 44 44.2982 44    

44.3075 44 44.2884 44 44.2651 44 44.2255 44    

44.1217 44 44.1008 44 44.0827 44 44.0657 44    

43.971 44 43.9447 44        

43.6472 44 43.6807 44 43.7408 44 43.7965 44    

43.9141 44 43.9728 44 44.0334 44 44.1016 44    

44.198 44 44.203 44 44.2332 44 44.2894 44    

44.2992 44 44.3043 44 44.3081 44 44.3136 44    

44.2908 44 44.2498 44 44.2301 44 44.1902 44    

44.1129 44 44.0918 44 44.0843 44 44.0435 44    

43.9488 44 43.8793 44        

43.6853 44 43.7282 44 43.7842 44 43.8753 44    

43.9717 44 44.0248 44 44.0978 44 44.1532 44    

44.2125 44 44.2535 44 44.2747 44 44.2973 44    

44.3094 44 44.3153 44 44.3198 44 44.3115 44    

44.2557 44 44.2346 44 44.1884 44 44.1355 44    

44.1147 44 44.0932 44 44.0427 44 44.0126 44    

43.8852 44 43.7526 44        

43.7373 44 43.793 44 43.8856 44 43.9383 44    

44.0276 44 44.0817 44 44.1504 44 44.189 44    

44.2601 44 44.278 44 44.2851 44 44.3153 44    

44.3486 44 44.3184 44 44.2944 44 44.2837 44    
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44.2183 44 44.1958 44 44.1494 44 44.1288 44    

44.085 44 44.0387 44 44.0184 44 43.9689 44    

43.7533 44 43.654 44        

0           

0           

0           

0           
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Figure 156 - Core 2 Soil Composition 
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Figure 157 - Core 3 Soil Composition 
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Figure 158 - Soil Core (6, 7, 8, 9, 10, 11) - Penetration Rate (Hemmings 1984) 

 

Figure 159 - Soil Core (1B, 2, 3, 4, 5) - Penetration Rate (Hemmings 1984) 
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Figure 160 - Soil core (6, 7, 8, 9, 10, 11) - pH Levels (Hemmings 1984) 

 

Figure 161 - Soil Core (1B, 2, 3, 4, 5) - pH Levels (Hemmings 1984) 
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24 Appendix 11: Area GPR Time Slices, Mound Radargrams, and ERT Pseudosections from Grave Creek Mound 

 

 

  

Figure 162 – GPR area survey time slices at 0.1 m spacing, starting at 0.0 m from left to right 
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Figure 163 - GPR on Grave Creek Mound at 0.75 m Spacing (1 of 3) 
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Figure 164 - GPR on Grave Creek Mound at 0.75 m Spacing (2 of 3) 
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Figure 165 - Figure 65 - GPR on Grave Creek Mound at 0.75 m Spacing (3 of 3). 
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Figure 166 - ERT Data from Grave Creek Mound Survey 1 
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Figure 167 - ERT Data from Grave Creek Mound Survey 2 
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25 Appendix 12: GPR Time Slices from Sutton Hoo 

 

Figure 168 – Mira GPR data at Sutton Hoo at a depth of 0.18- 0.19 m (3.67 ns). 
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Figure 169 – Mira GPR data at Sutton Hoo at a depth of 0.18- 0.19 m (3.67 ns) 
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Figure 170 – Mira GPR data at Sutton Hoo at a depth of 0.18- 0.19 m (3.67 ns). 
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Figure 171 – Mira GPR data at Sutton Hoo at a depth of 0.18- 0.19 m (3.67 ns). 
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26 Appendix 13: Snapshot Composition and Layering 

 

Figure 172 - GIS Directory used to generate Snapshot base showing each mound test site and the types of data 
included in the snapshot. Interpretation then can be added, or excluded as needs demand. 
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F i g u r e  1 7 3  -  E x a m p l e  o f  a n  H T M L  s n a p s h o t  w h i c h  i n c l u d e s  t o p o g r a p h i c  d a t a ,  v e c t o r  l a y e r s  o f  i n t e r p r e t a t i o n ,  a n d  a  p h o t o g r a m m e t r y  o r t h o r e c t i f i e d  I m a g e .  O n  t h e  l e f t  i s  t h e  l a y o u t  o f  t h e  

s n a p s h o t  d i r e c t o r y ,  a n d  t h e  o b j e c t s  w h i c h  f e e d  t h e  H T M L  d i s p l a y  o f  d a t a .  
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F i g u r e  1 7 4  -  E x a m p l e  o f  t h e  u n d e r l y i n g  J a v a s c r i p t  c o d e  w h i c h  a l l o w s  t h e  e m b e d d i n g  o f  t h e  v a r i o u s  l a y e r s  w i t h i n  t h e  S n a p s h o t .  
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