Geophysical Assessment of Illegally Buried Toxic Waste for a Legal Enquiry: A case study in Northern Ireland (UK)
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Buried illegal waste and uncontrolled legal waste dumps are a major problem throughout the world, both in developing and more economically developed countries. Criminal investigations can effectively use geoscience investigations to assist them to better understand how to locate and characterise such waste. When a case is brought to the courts, the volume, areal extent of the likely waste and land ownership needs to be estimated. This paper presents a brief overview of how the investigative process currently occurs and evidences the estimation of waste volume and land owner areas by a case study.  The case study illustrates how a combination of geodetic topographic and near-surface geophysics surveys were used to both determine the amount of illegal waste present on a site and assess whose land (above or below High Tide Mark) the material had been buried on.
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Buried illegal waste and uncontrolled legal waste dumps are a major problem throughout the world, both in developing countries as well as those in more economically developed areas (Szasz, 1994). The environmental costs (for example, habitat destruction, pollution of groundwater) and economic costs (loss of landfill tax and/or recycling profit), are as equally significant as the political background as to why waste is buried in the first place (Clapp, 2001; Szasz, 1994).  As the old saying goes, ‘there’s cash in trash, there is brass in muck’. Currently in Germany, 1950’s landfills are currently being mined for the metal they contain (Franke et al., 2015). So, if there is money to be made in recycling: why bury rubbish? Because it is easy to do and the perpetrators still make money from ‘recycling’ (Clapp, 2001). How? Look at an example provided by one of the authors (Ruffell, 2016): a local authority wishes to extend their recycling operations, so they tender for this and a number of bids come in. One of them is lower than the rest. The licensing authorities (e.g. local town or county/state council) visit all potential premises, including the cheapest site (which looks bona fide and is clean and efficient), who win the contract. Waste begins to arrive at said plant, but is not processed for the costs agreed, but is placed in sealed (often steel) containers on trucks and shipped elsewhere or across jurisdictional border(s). Here, an owner of a disused quarry, some other excavation, or low-lying field is persuaded to be absent when the waste-laden trucks arrive, who dump the material and soil is placed on top. The waste appears to have been recycled at the plant, but has simply been buried.  Detecting buried waste has previously relied on historical changes to the landscape, witness intelligence, CCTV and labour-intensive visual image interpretation of aerial photographs: these are all still very valid as part of the pre-survey desktop study. The problem of illegally-buried waste may then result in criminal proceedings against the landowner and/or supposed perpetrator. In a court of law, the nature of the waste (its content, specifically toxicity); volume; effect on the environment and location (on the owner’s land or not) all have to be taken into consideration, as these will determine the sentence (financial penalty, jail term) that may be applied, if a guilty verdict is passed.

During the initial legal enquiry, a number of questions thus arise. 1. How was the waste located? 2. What is in the buried waste (its makeup)? 3. Where will leachate move to (in both surface flow and ground water?). 4. What is the volume and areal extent of the waste (does the burial or it’s extent go beyond the owner(s) land)? Both applied crime fighting, as well as pure science, are being brought together to better understand how to locate and characterise buried illegal waste (Cardarelli and Di Filippo, 2004 ; Ruffell and Dawson, 2009).  This case study examines Point 4, Point 1 having been the subject of previous publications (Bellezoni et al., 2014; Di Fiore et al., 2017; Ruffell and Kulessa, 2009), Point 2 being (partly) dependant on excavation and Point 3 being an exhaustive topic that is more to do with hydrology than waste area/volume: the subject of this article. Nonetheless, for background, a brief examination of each are made here. Prior to excavation, as much information as can be derived by non-invasive investigations is desirable: walk-over surveys of surface evidence can be useful, but for thick (decimetres to metres) or covered waste, geophysics remains the only non-intrusive means of determining thickness and possible waste makeup (Bellezoni et al., 2014; Di Fiore et al., 2017; Reynolds, 2011). 

Locating Buried Waste
The search for buried items is one part of a sub-discipline of the Earth Sciences (geology, geography, archaeology) that is termed Forensic Geology (Murray, 2011) or Forensic Geoscience (Pye and Croft, 2004) or Geoforensics (Ruffell and McKinley, 2008). When environmental law enforcement agencies began using the Geoforensic use of Search, in the early 2000’s, this was based on intelligence, followed by ground walk-over searches, then geophysics to define targets, and finally digging to establish the nature of the buried material (Suggs et al., 2002; Ruffell and Kulessa, 2009). To some extent, this process still occurs, with some refinements. Advances in satellite and aerial imagery through the late 2000’s (see Maio et al., 2017), established that like a buried human body, or stash of drugs/weapons/money, leachate could be generated from waste in the groundwater that would provide a far larger ‘footprint’ than the target itself (Arora et al., 2007, Oefterdinger et al., 2016). This concept has proven invaluable in forensic searches, and effectively mimics what the scent dogs (missing persons, drugs) have been doing for years, in reacting to a plume of water or vapour (see Lasseter et al. 2003). Thus intelligence can be cross-checked against remotely-sensed imagery, strengthening the case for on-the-ground searches to establish whether the intelligence and remote sensing were correct.

Content of the Buried Waste (Biological, Chemical)
The search for buried waste may then lead to a suspect site being identified, leading to the next question, what is likely to be in the site, especially it’s toxicity and capacity for generating a leachate plume in the subsurface. The next stage also follows classic law enforcement guidelines (Harrison and Donnelly, 2008; Larson et al., 2011). A full desktop study of solid geology, drift geology, soils, hydrology, hydrogeology, past land use (using all Ordnance Survey and historical data), recent land use (using aerial and satellite imagery) and local interviews are carried out (Di Fiore, 2017). The desktop study provides baseline data and can avoid unpleasant surprises, such as geological features or buried objects that are unrelated to waste disposal (historic structures such as foundations, drains, old quarries). Next, a walk-over and/or surface line search is conducted: this can often prove critical as expressions of worked soil/imported soil/macerated waste/odour of degrading waste may be noted and can prove indicative of buried material. Geophysics may also provide some indications as to the nature of any buried material (see Pringle et al., 2012 and Marchetti et al., 2002), but ultimately (as in any forensic investigation of the subsurface), the potential waste must be excavated to establish what it is made of.

Where will any Leachate Move?
Having established there are indications of buried waste in an area, it’s likely effect on the surrounding area must be established. There may be scent movements or release of inflammable methane and thus pollution of the air, but a far greater concern is damage to groundwater (Benson, 1995), and thus eventually borehole drinking water, and surface waters in rivers and lakes (Bavusi et al., 2006; Orlando and Marchesi, 2001; Ruffell et al., 2017). The desktop study (above) will provide some of the critical information in establishing potential leachate flow. Topography, soils, borehole extraction and drift geology will control the movement of shallow groundwater (Bellezoni et al., 2014), that may interact with solid geology and thus deep groundwater. These models may be tested with geophysics and boreholes, from which water samples can be obtained for analysis. This stage is critical, as damage to groundwater, and especially that beyond the landowner’s property, carries a higher court sentence than if restricted to the owner’s own land in many jurisdictions. In certain cases, it may also be possible to both date the deposition (e.g. by age indicators in the waste) and identify the source, but as Morrison (2000) details but this is usually the most difficult part of the investigation.  This can be critical, especially if land ownership has changed and thus liability (and insurers) may differ depending on when the waste was buried. Dated paper cash receipts, date-stamped plastic goods, glass/metal/plastic items that had a limited sale time are all good age-indicators of waste, which can be compared to satellite/aerial images of landuse change.

What is the Volume of the Waste?
This was the original reason that environmental law enforcement officers in Northern Ireland began the study presented here. The general problem for a range of cases (including the one detailed in this paper) was this: buried waste had been identified, test pits dug and criminal cases brought by the environmental law enforcement agencies (above). But in the subsequent criminal court case(s), whilst the magnitude of the crime in terms of illegal burial and perhaps groundwater damage had been established, the volume of waste was under contention by prosecution and defense. Like the effects on groundwater, this may determine the severity of the sentence in certain jurisdictions, as in the United Kingdom, where this study is based. In our experience of other cases, often the prosecution argue that extrapolating the subsurface extent of waste from test-pits, provides an estimate of buried waste volume. The defense may then counter-argue that these test pits are not representative, and may be hitting pockets of deeper waste, or were statistically not significant, and thus the accused is only guilty of a lesser crime (burial of minor amounts of waste). In addition, the defense in these situations are sowing the seed of doubt in the minds of the court and jury: that environmental law enforcement officers and the prosecution’s case are flawed.  Well-informed environmental law officers have realised that geophysics can provide a more complete picture of the volume (and possible makeup, see above) of buried waste. To make a reasonable assessment of waste volume, thickness (geophysics) multiplied by area (geodetic surveying using dGPS/GNSS) is needed for calculation of m3 volume and conversion to weight by volume.

Combined geophysical and geodetic surveys of illegal waste burial sites conducted by the authors, generally result in agreement (between defense and prosecution), admission of guilt, or court proceedings. Geophysics and Geodetics/remote sensing can also assist in the question of whether the waste and/or its leachate extend beyond the owner’s land. The use of both geophysics and geodetics in assessing the thickness and areal extent (thus volume and location) of illegally-buried waste is the reason for this article being written using the following case study. This short article cannot provide background on how geodetic and geophysical surveys are undertaken, so the reader is referred to Reynolds (2011) for background and a comprehensive description of the ERI and GPR techniques used here.

Case Study: Combined use of Geophysics and GNSS (Global Navigation Satellite Systems) Surveys to Establish the Content and Volume of Illegally-buried Waste
Background to the Location and Legal Investigation
The local environment agency law enforcement officers (Northern Ireland Environment Agency) wished to have geoscientific assistance to characterize two sites adjacent to a river and estuary in Northern Ireland (Figure 1: location names obscured). Previous research has shown that geoscientific methods can be successful in such enterprises (see above for rationale and references).  Geophysical investigation was based on a 2D electrical resistivity imaging (ERI) survey, supplemented by ground-penetrating radar (GPR) as both are commonly used for both forensic/geotechnical applications (see Banham and Pringle, 2011; Dick et al., 2015; Pringle et al., 2016). Depths to surfaces and thus estimated thicknesses are subject to interpretation from geophysical data, making it fallible compared to complete excavation and removal of waste. Differential Global Positioning System (dGPS or GNSS, see above) surveying provides locational (x,y) and absolute height (z) data to centimetre accuracy and is thus the most accurate means available for calculating area.

Geology, Soils, Walkover Survey and Planned Methods of Survey
Available background information showed the site bedrock geology (Geological Survey of Northern Ireland, 1997) of Site B to be the Enler Group (Permian) sandstones, with Site A underlain by a mixture of Enler Group, Gala Group (Silurian) greywacke sandstones and Triassic Sherwood Sandstones (Figure 2A).  Available local borehole data showed depth to bedrock to vary from 2 m – 10 m below ground level.  The drift soil type for Site A was a mixture of raised beach deposits and salt marshes (Figure 2B), whereas Site B was a mixture of Glacial sheet deposits and modern alluvium sand and gravels (Figure 2B).  However, anecdotal reports suggested a significant proportion of artificial materials may be present on site.  Determining both the thickness and areal extent of made ground could allow the  potential waste volume (thickness x area) to be calculated. The possibility that waste movement had progressed from the landowner across the High-Water Mark of Medium Tide (HWMMT) was dependant on the published mapped location of the HWMMT being located and compared to its current position. This is critical as in the UK, the state owns the area between high- and low-water marks, and thus dumping waste into this zone is a secondary offence to the illegal waste deposition. For this study, the original HWMMT shown on Ordnance Survey maps was digitized, allowing comparison to the actual location, surveyed using dGPS in the field.

Initial field reconnaissance of Site A confirmed the top surface to be elevated in comparison to the background area (Figure 3A), with a variety of objects/materials (waste metal, plastic bottles, shredded paper) present on, and in exposed soil of, the ground surface. An isolated, north-south trending, raised embankment (~2 m high) was also present on Site A (Figure 3B and see Figure 5 for location).  The western border of Site B was elevated by  ~10 m above the banks of the nearby river/estuary (Figure 3D) with a partially-filled culvert on the south border being present (see Figure 3D and see Figure 5 for location).

It was not known if GPR could determine the thickness of the artificial materials onsite (Wu, and Huang, 2006), due to the potential variety/conductivity and relative thickness of the near-surface material, as GPR datasets typically provide depth imaging (see Milsom and Eriksen, 2011) in less conductive ground.  Therefore, an ERI survey was undertaken.  ERI surveys are commonly undertaken to characterise and determine the thickness of different near-surface materials and perhaps differentiate different materials over an area of mixed ground, such as that surveyed here (see Reynolds, 2011 for background).

CASE STUDY METHODS
Differential Global Positional System (dGPS) Surveying 
A Real-Time Kinematic (RTK) GPS topographic survey was undertaken on the 15-16th April 2010 (Site A & Site B), using a Leica™ 1200 RTK GPS Dual-Frequency receiver. Differential corrections were supplied via a Network RTK (Master/Auxiliary) solution, directly connecting the field RTK GPS receiver with the Ordnance Survey of Northern Ireland (OSNI) active GNSS network via GPRS and the commercial Leica SmartNet™ Network RTK correction service. Past experience showed positional accuracies of ~10 mm X,Y and ~20 mm Z can be achieved in the field using this equipment and the data-processing correction service. A secondary RTK GPS survey was undertaken at Site A, setting out the location of the High-Water Mark of Medium Tide (HWMMT) as defined by the OSNI digital vector data. Positional coordinate nodes, defining the HWMMT were generated directly from digital vector data and uploaded to the RTK GPS receiver. The coordinate nodes were subsequently navigated to and set out using coloured flags on site. Survey coordinates for both sites were processed, mapped and analysed in the Geographical Information System (GIS) software ESRI ARCGiS v.10.1, Queen’s University, Belfast Licence).  The original position of HWMMT was critical to establish in this case, as visual observations by the authors and environmental law enforcement officers indicated that material had been placed across the HWMMT, and thus extended from land ownership, to the property of the state. As shown in the introduction, this is one of the major objectives in studies such as this, as the area/volume of any potential waste dump forms one aspect of legal proceedings, and the placing of material outside of the owner’s land is a separate offence. This can result in a more severe sentence in the court, should the accused be found guilty.
 
Electrical Resistivity Imaging (ERI)
After initial reconnaissance onsite, two survey lines were collected on each site at approximately 90º to each other, in order to gain the maximum possible data coverage over both areas within the time available (Figures 4 and 5).  There were a number of difficulties in placing the survey lines, with irregular surface topography, a variety of artificial materials and gorse bushes being present onsite.  ERI survey line A1 took advantage of a cut through an isolated embankment in Site A (see Figure 3B); therefore, this isolated embankment was not surveyed. However, visual inspection of the cut determined a variety of artificial material to comprise this embankment (Figure 3B).

ERI surveys were then undertaken on each of the survey lines.  A Campus TIGRE™ system was used to collect the ERI data using ImagerPro™ 2006 data acquisition software (Figure 5A).  Survey lines A1 and B1 were collected using 64, 25 cm long, stainless steel electrodes, with an electrode spacing of 2.5 m.  Survey lines A2 and B2 were collected using 32 electrodes, with a sample spacing of 2 m and 1.75 m respectively.  Electrode spacings were determined onsite, with the maximum survey line possible obtained due to site constraints.  Each electrode position was dGPS surveyed for topographic corrections to be undertaken.

Electrode contact resistances were checked before each line was collected, and repositioned if necessary to gain equivalent contacts across each survey line, following standard practice (Milsom and Eriksen, 2011).  ERI data were then collected using a Wenner array after initial testing to determine optimum array configurations (Kearey et al., 2002). Raw ERI data were then processed using Geotomo™ Res2Dinv64 v.6.1 software in accordance with Loke & Barker (1996) resistivity surveying recommendations.  Anomalous isolated measurements were removed (<1%) before a Least-Squares algorithm was utilised to invert each profile using finite-element modelling, with the fourth iteration used for interpretation, after testing found further iterations made results unstable. Optional ½ cell spacing inversion was also used to reduce the near-surface effect of electrode resistivity variations within respective profiles (see Loke & Barker, 1996). Collected GPS survey data were integrated within the profiles to allow topographic corrections of ERI sections.  Finalised models of inverted resistivity sections (using a common colour-contoured scale for each inferred stratigraphic layer) then interpreted (see below).

Ground Penetrating Radar (GPR) Surveys
GPR surveys were also undertaken on each of the 2D survey lines.  A Mala™ RAMAC system, using 50 MHz frequency cable-type antennae, were used to collect the 2D profiles (Figure 4B).  A continuous trigger every 0.2 seconds was used to gather the data whilst walking at an even pace.  Due to the uneven ground, some minor changes in pace occurred and thus possible discrepancies between the ERI position of subsurface features and those on GPR may have occurred. Note that the GPR line lengths are not exactly the same as those gathered for ERI, due to large bushes preventing movement of the radar antenna. An average velocity of 0.10m/ns (apart from isolated waste, the soil in the area is wholly sand, excepting locations close to the river/estuary, which were not surveyed with GPR) was calculated using the hyperbola-fitting function in Sandmeier’s ReflexW software (Queen’s University Licence 401), and used to convert the 2D profiles from two-way time (TWT) to depth (metres). Data were processed using Background Removal and Automatic Gain Control. Application of other filters (e.g. De-wow, Bandpass and DC-removal) were explored, but either did not change the profiles, or introduced artefacts at depth that may not be real. With further survey time, a wide-angle reflection and refraction survey could be performed, and thus a variable-velocity profile model applied, providing a more accurate model of subsurface layers. However, as emphasised (above), we it was not expected that GPR would function well in this highly conductive environment, and the method was only used on account of its speed and partial success in other studies (Orlando & Marchesi, 2001).

CASE STUDY RESULTS
The HWMMT was physically defined (set out) at Site A as described above, and visually checked against the highest strandline (weed, driftwood). Marker flags were placed at regular intervals (~5 m) along the OSNI/LPS HWMMT and the positions recorded (Figure 5). The relationship between the OSNI/LPS digital vector HWMMT data and the position and the topographic location of the HWMMT RTK GPS is shown in Figure 5. The results of the RTK GPS topographic survey of site A and B is also shown in Figure 5 and outlined below. Using GIS software the planimetric surface areas of both sites were calculated. Under instruction from the environment agency law enforcement officers, the planimetric area of interest at Site A was bounded by the access track-way to the North of the site and the river to the South. Area calculations were computed to these limits. Separate planimetric area calculations were also computed for the areas found to be outside the HWMMT under instruction of the NIEA. The percentage area of the HWMMT (955 m2) of the total of area Site A (11,020 m2) was calculated to be 8.7%.   The Site B area calculation was 11,445 m2 and is shown in Figure 11B.

Within Site A on the A1 ERI profile (Figure 6A), there was a clear boundary between an upper, higher resistivity layer which averaged ~5 m in thickness that was interpreted to be the illegal waste, above a lower resistivity layer which was interpreted to be underlying salt marsh and/or saline water-bearing bedrock.  There was also a deeper (~10 m below present ground level), irregular boundary present with relatively higher resistivity values present which was interpreted to be natural bedrock.  Note that Profile A1 intersected a cut-out area in the isolated, north-south trending, raised embankment (Figure 3B) so this was not geophysically surveyed.  Within the A2 ERI Profile (Figure 6B), there was a similar profile to A1, but there was also an area between ~32 m – 42 m that showed significantly higher resistivity values and extended ~9 m in thickness below present ground level which was interpreted to be thicker amounts of illegal waste.

Within Site B on the B1 ERI profile (Figure 7A), an upper, higher resistivity layer was again present which averaged ~5 m in thickness that was interpreted to be the illegal waste, above a lower resistivity layer, which was interpreted to be the underlying salt marsh/saline water-bearing bedrock, although the interpreted boundary was not as variable in depth below present ground level as that observed in Site A.  There was also no deeper, higher resistivity layer found.  Within the B2 ERI Profile (Figure 7B), the interpreted boundary between the top higher resistivity layer that was thought to be the illegal waste and the lower resistivity layer, which was interpreted to be the underlying material (possibly saline), was much more irregular, varying from ~1m - ~8m in thickness below present ground level, again indicating variable illegal waste thickness.  There was also an isolated lower resistivity area, centered at ~ 36 m along the profile and 3 m depth, that may be different waste types.  At the position where both profiles intersect, there was also a significant low resistivity area, compared to background values.

The ERI profile data overall measured surprisingly low resistivities (Table 1), compared to standard soil values (see Reynolds, 2011).  It would be expected that Site A would obtain low resistivity values at depth, due to the coastal salt marsh having conductive salt water present (see Figure 1), but surface resistivity values were also overall found to be low if variable.  Site B was relatively more elevated from the River than Site A.  Note there were significant resistivity variations in the near-surface, whose effects have been minimised during data processing.

	
	Site A (A1)
	Site A (A2)
	Site B (B1)
	Site B (B2)

	Minimum value (Ω.m)
	0.0003
	0.43
	0.41
	0.29

	Maximum value (Ω.m)
	49.55
	31.26
	33.61
	39.95

	Average value (Ω.m)
	6.78
	10.26
	8.86
	12.52

	Standard Deviation (SD)
	5.1
	6.2
	4.2
	7.4



Table 1.  Descriptive statistics of measured apparent resistivities of the ERI 2D profiles collected.

The GPR results for Site A were generally poor (Figure 8), with indistinct subsurface features to 2 m – 3 m depth and no reflections below this. Without the results of the ERI profiles and the intelligence supplied by the environment agency law enforcement team regarding their excavations, interpretation of the GPR profiles would be very difficult. The GPR results for Site B were better than Site A, with a number of clear features, including discontinuous pockets at 3 m – 4 m, beneath which reflections vanish (Figure 9).  Hyperbolae occur at shallow depths at the suggested base of the waste layer. Deep, inclined reflections are suggestive of out-of-plane shallow or surface objects (‘point sources’ on Figures 8 and 9): no large above-ground objects were observed (telegraph poles, vehicles, buildings), and thus these are likely shallow objects of a distinctly different makeup (e.g. large metal items amongst less-metalliferous waste) or are dipping geology (less likely: see Figure 9B).

CASE STUDY INTERPRETATION
The shoreline/river margin surveyed areas of sites A and B area are shown in Figure 10. The set out of the OSNI/LPS HWMMT showed that the Area A deviates south of the HWMMT line over an area of 956 m2. This deviation suggested that materials were overlain on the salt marsh and south of the OSNI/LPS HWMMT (Figure 11A and 11B), given the natural conditions seen to the East of the site (eastern salt marsh was observed at ~1.8m OD, Figure 3A). 

From the near-surface geophysical surveys, the spatially heterogeneous nature of the ERI profile top layers in all profiles was highly characteristic of artificial material deposits (see Karlik and Ali Kaya, 2001; Bavusi et al., 2006).  For Site A, there was evidence that illegal waste was placed directly over the salt marsh to the east of the area (marked in Figure 6a).  ERI profile A2 also showed significant variability across the site, with a high resistivity, isolated area indicating a significant-sized object may be buried below the present ground level. GPR data was poor in this location, possibly due to conductive conditions from the illegal waste and or salt water being present.  For Site B, there was significant difference in waste thickness, from ~1 m – ~7 m in thickness below the present ground level.  Again, isolated low and high resistivity areas were present, which indicated significant-sized (buried) objects may be present onsite.  GPR data was good in this area, with a clear change in response at 3 m – 4 m. This appeared to be shallower than that recorded by the ERI data, but without accurate measurements of velocity, could not be verified. As the ERI data depths were geometrically accurate, these GPR depths may need to be revised to be compatible.

It is clear that the illegal waste thickness varies over the site, if only using a very conservative estimate of 2 m below present ground level, this gives a total volume of 22,044 m3 in Area A and 1,912 m3 within the area below the High-Water Mark (and thus not under the owner’s land), although the ERI profiles show illegal waste thickness of 5 m and up to 7 m deep bgl in places.  A realistic, if conservative average of 3.5 m of waste is assumed, then this gives the Area A to have a total waste volume of 38,577 m3, with 3,346 m3 below the high-water mark. If the same range of possible waste thicknesses for Site B is undertaken, then a conservative upper limit (5 m thick) of waste would be 57,225m3, a lower limit (2 m thick) of waste at 22,890m3 and a likely conservative volume (3 m thick) of waste would be 40057.5 m3. As one cubic metre of waste can equate to one metric ton of waste, the estimated cost of clear-up, and hence prosecution costs, of these two sites was considerable at the time of the investigation.

The only way to estimate with greater accuracy what the volume/weight/makeup of buried waste is, will be to excavate, weigh and analyse it. However, given the accuracy of GPS and the confirmatory results of two separate geophysical methods, these provide the best, if conservative, estimates that could be made. In cases like this case study, when they come to trial in court, it is good practice to make very clear that these are the lowest, conservative estimates, in order to avoid accusations of emphasising calculations that err on the side of larger waste volumes.

CONCLUSIONS
This paper has evidenced how environmental forensic science can assist criminal investigations in quantifying the area/thickness and thus volume of buried waste. In this case study, the waste was illegally-buried, but our combined planimetric – geophysical methods can be applied to problems of uncontrolled or historic (maybe poorly managed) subsurface legal waste volume(s). A brief overview of the background provides context for the specific Northern Ireland case study presented, using a combination of desktop study remote sensing and ground-based topographic, geodetic, GPR and electrical resistivity surveys. The geodetic topographic surveys quantified the total amount of ground covered by illegal waste in both Sites (Area A being 11,020 m2 and Area B being 11,445 m2: see Figure 11). This dGPS survey and subsequent data processing quantified the extent of land ownership, in that it showed how much of the predicted waste in Site A should have been above the High Water Mark (as defined by existing maps -955 m2). The presence of built-up ground, likely containing waste, across the High-Water Mark and onto Crown Estate land, implies a far more serious legal infringement.
Interpretation of the near-surface geophysical surveys acquired allowed conservative estimates of waste thickness (ignoring isolated pockets) to be present within the two sites studied.  Of course, waste thickness varied across the two sites, in some surveyed areas in Site A, waste was determined to be 5 m or up to 7 m deep in places (cf. Figure 7).  Conservative depth estimates were, however, used to estimate total illegal waste volumes of 38,575 m3 for Area A and 40,055 m3 for Area B, with Area A also being sub-divided into areas within the High-Water Mark and those not, which fall under different jurisdictions. As one cubic metre of waste can equate to one metric ton of waste, the cost of clear-up of these two sites was over £250,000.  The only way to prove the calculated illegal waste estimates is, of course, to excavate and weigh it all; however, given the accuracy of GPS, and the confirmatory results of two separate geophysical methods, these provide the best, if conservative, estimates that could be made. Major challenges still exist in terms of detecting waste burial sites, and in the associated political problems of jurisdiction and prosecution. The combined use of geodetics (dGPS surveying) and geophysics (ERI and GPR) here provided the areal extent and thickness respectively of the waste at this site, along with some inferences on its makeup. The resulting processed datasets were then interpreted with the approximate thickness of artificial material for both site areas beneath the geophysical survey lines. Waste was buried in pockets, from 2 m – 7 m deep: the spacing of electrodes and GPR footprint means that smaller pockets of illegal waste than those detect may be present.
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Figure captions
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Figure 1. Site map of Area A and B (marked in yellow), overlaid on an aerial photograph and topographic information (extant field/property boundaries in red, shoreline positions in orange, buildings/tracks in white, new paths in green. An area of marsh (red stipple) is shown east of Site A. Location details are intentionally obscured, latitude and longitude removed. Topographic material is Crown Copyright and is reproduced with the permission of Land and Property Services under delegated authority from the Controller of Her Majesty’s Stationery Office © Crown Copyright and Database Rights MOU205.
[image: ]Figure 2. Local (A) bedrock and (B) drift (soil) deposits over the area (see key). ©Geological Survey of Northern Ireland Crown Copyright. All rights reserved.
[image: ]Figure 3. Photographs taken onsite of: (A) extreme East of Site A (including the marsh indicated on Figure 1) and; (B) the isolated, north-south trending, raised embankment to the East of Site A (see Figure 5 for location). Note ERI A1 line acquired on a gap through this embankment (pictured). (C) Photograph of extreme West of Site B and (D) partially filled culvert present on the south side of Site B (see Figure 5 for location). Note the raised banks of both area margins.
[image: ]Figure 4. Photographs taken onsite of (A) the Campus™ TIGRE Electrical Resistivity Imaging (ERI) system used to acquire resistivity data and (B) the Mala™ RAMAC Ground Penetrating Radar system.
[image: ]Figure 5. Site map taken from Figure 1 of the two areas showing the geophysical survey line locations (rows of green dots – dGPS survey points) acquired (A1, A2, B1 and B2 respectively). Location details are intentionally obscured, latitude and longitude removed. © Crown copyright and database rights DMOU205.
[bookmark: _GoBack][image: ]Figure 6. (A) ERI A1 and (B) ERI A2 geophysical survey lines acquired over Area A (see Figure 5 for location). Survey cross positions are marked, with geophysical interpretations shown. Resistivity colour scales are the same for both lines.
[image: ]Figure 7. (A) ERI B1 and (B) ERI B2 geophysical survey lines acquired over Area B (see Figure 5 for location). Survey cross positions are marked, with geophysical interpretations shown. Resistivity colour scales are the same for both lines.
[image: ]Figure 8. (A) GPR A1 and (B) GPR A2 geophysical survey lines acquired over Area A (see Figure 5 for location). Survey cross positions are marked (black arrow), with geophysical interpretations shown. Note the lack of radar wave penetration below 2-3m: Area A is closest geographically and topographically to the salt marsh to the east and south of this survey area: this complete radar wave attenuation is very likely a product of salt-water filled sediment.
[image: ]Figure 9. (A) GPR B2 and (B) GPR B1 geophysical survey lines acquired over Area B (see Figure 6 for location). Survey cross positions are marked with a black arrow, with geophysical interpretations shown. The large shift in the data at 34m on Line B1 is due to an antenna mis-match in the rough terrain antenna when crossing a ditch in the survey area. Area B is geographically isolated from the salt marsh, allowing radar wave transmission to greater depths than in Area B, albeit that some of the resultant reflections could be artefacts from shallow-buried objects.
[image: ]
Figure 10A-G. OSNI HWMMT RTKGPS set out. Setout marker flags (red) and annotations showing OSNI/LPS HWMMT running East to West across Site A, where establishing the original position of HWMMT and that created by movement of material toward the shore was critical in the investigation, as this causes an additional legal infringement to the burial of waste (see text for discussion).
[image: ]
Figure 11a. OSNI Digital Vector Data with HWMMT RTKGPS setout mapping results shown for Area A, latitude and longitude removed. ©Crown copyright and database rights DMOU205.
[image: ]
Figure 11b. OSNI Digital Vector Data with HWMMT RTKGPS setout mapping results shown for Area B, latitude and longitude removed. ©Crown copyright and database rights DMOU205.
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