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ABSTRACT 

Six different techniques were used to delineate a 40 
year old trench boundary at Los Alamos National 
Laboratory. Data from historical aerial photographs, 
a magnetic gradient survey, airborne multispectral 
and thermal infra-red imagery, seismic refraction, DC 
resistivity, and total field magnetometry were utilized 
in this process. Each data set indicated a southern 
and northern edge for the trench. Average locations 
and 95 percent confidence limits for each edge were 
determined along a survey line perpendicular to the 
trench. Trench edge locations were fairly consistent 
among all six techniques. Results from a modeling 
effort performed with the total magnetic field data 
was the least consistent However, each method 
provided unique and complementary information, and 
the integration of all this information led to a more 
complete characterization of the trench boundaries 
and contents. 

I. INTRODUCTION 

The Los Alamos National Laboratory (LANL), 
located in northern New Mexico (Pig. 1), has been 
engaged in cleaning up many of its old hazardous 
waste sites for a number of years. Past records, 
current and historical aerial photographs, satellite 
and airborne remote sensing, as well as geophysical 
Surveys have all been used to characterize waste sites. 
The effective combination of these data has provided 
clear insight into defining problem areas, as well as 
indicating where more detailed information might be 
requited. 

Historical aerial photography, remote sensing, and 
surface geophysics all supply non-intrusive data 
about the physical parameters of a waste site, from 
which die necessary characterization information may 
be derived. The usefulness of historical aerial 
photographs characterizing waste sites is well 
documented.2*3**'5 The use of remote sensing data for 
waste site characterizations is extremely varied and is 

receiving increased interest from the scientific 
community. Multispectral (reflective) and thermal 
(emissive) imagery can provide information about 
disturbed ground, vegetation stress, buried waste 
locations, soil moisture, and subsidence.*'7'1-9 Surface 
geophysics are routinely used for characterizing waste 
sites-'* For example, ground Penetrating Radar 
(GPR), thermography, and total field magnetometry 
can be used to determine die location and depth of 
buried objects at hazardous waste sites."' 1 2 No single 
technique is a "silver bullet" which can provide all 
the information necessary for characterizing a site. 
Combinations of remotely sensed and geophysical 

NaUanalLdboratory 

Fig. 1. Location map of Los Alamos National 
Laboratory. 
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data,, along with a variety of other data, can provide 
a more thorough site description. A Geographic 
Information System (G1S) is particularly adapt at 
storing and combining spatial data from disparate 
sources to aid in this process.13 

II. STUDY SITE 

The Los Alamos National Laboratory lies on the 
Pajarito Plateau on the eastern side of the Jemez 
mountains at an average elevation of 7,500 ft The 
environment of the region is characterized as semi-
arid (high desert). The plateau is comprised of a 
series of narrow mesas and canyons. The mesas of 
the Pajarito Plateau arc composed primarily of 
Bandetier Tuff, a scries of ash-flow deposits mat were 
formed 1.1 to 1.5 million years ago. The tuff is soft 
and easily workable with power equipment. Soil 
cover on the mesa tops is typically loss than 4 ft 
deep. The waste site for this work is known as 
Materials Disposal Area F (MDA-F) and is located 
on the northern edge of one of the mesas in the region 
(Fig. 2). 

Fig. 2. Material Disposal Site F as it appears today. 

MDA-F was used during World War II for explosives 
testing and detonation of high explosive lenses. After 
the war, the area was used for trench burial of test-
related, obsolete materials. The trenches were 
excavated through the top soil and into the tuff, and 
then backfilled and capped with crushed tuff and soil. 
The area has been reclaimed by Ponderosa Pine and 
herbaceous vegetation. It is possible that high 
explosives may have been buried in the trenches. 
Therefore, it is important to identify and delineate the 
boundaries of the trenches in the area so that intrusive 
sampling can be performed near the disposals without 
intercepting the waste. The main burial trench at 
MDA-F was chosen for this study because it probably 
contains the bulk of the buried waste and i$ the 
largest of the four trenches at the site. 

III. METHODOLOGY 
The data sets used in this study have been gathered 
by different organizations, at different times, and for 

different reasons. Therefore, the actual integration of 
data was not performed in serial, but iterative 
fashion. Results from one method often required 
others be revisited. These data represent two different 
views of the site; a planar view (photography, remote 
sensing, and magnetic gradient) and a cross-sectional 
view (seismics, DC resistivity, and total field 
rnagnetometry}. These data were of differing quality 
and coverage area. Therefore, a survey line within 
the region of overlap was used to integrate die data 
and aid in comparison of results. 

Fig. 3. The survey line overlaid on 1958 photograph 
of MDA-F. 

The survey line used was defined approximately 
perpendicular to the edges of the trench (Fig. 3). The 
north and south edges of the main east-west trench 
marked in Fig. 3 were the target for this study. For 
each data set the location of the southern and 
northern trench edges are expressed as distances from 
the southern stake along the survey tine. For 
simplicity the derivation of the trench edges along the 
survey line was treated as a one-dimensional 
problem. That is, location errors perpendicular to 
this line were not addressed. 

The location error for the historical photography, 
remote sensing, and magnetic gradient techniques 
comes from two sources. First, the georeferencing of 
the data incurs some error. The second source is from 
measurement error. The measurement error depends, 
in part, on the sampling resolution (spatial 
resolution) of each technique. A conservative 
estimate of the total error for each of these techniques 
was obtained by adding the georeferencing and 
measurement errors. The location error for the other 
geophysical surveys is due to measurement error only, 
since these surveys were deployed directly along the 
survey line. 

A. Historical Aerial Photography 

Historical aerial photographs were analyzed to 
provide a physical history and preliminary mapping 



a m i m-Lai\L F i - i o - o o > (-to , c c a - a uturnuiLJ- ' auaoooizoi;ff b / i z 

information for characterizing the site." Photographs 
were digitized by scanning. Digital analysis of these 
photographs allowed disparate view* of the waste site 
to bo transformed so that they matched a base image 
in scale, orientation, and extent. This was especially 
useful for oblique photographs of the waste site. The 
coregistered images were studied individually and 
collectively to identify features which were indicative 
of human activity at the site and to provide a 
physical history of natural and human induced 
changes. The coregistered images were imported to a 
GIS and georeferenced to a 1991 base image. 
Boundaries of features such as suspected trenches and 
disturbed soil were extracted by on-screen digitizing. 

The base image used for georeferencing of the 
historical aerial photographs was a digital mosaic of 
two orthophotographs of the waste site. These 
photographs were taken in 1991 at a scale of 1:1,200. 
The base image was georeferenced to NMCSP 
coordinates with an accuracy of 2.6 ft. The 
georeferencing accuracy of an image which is 
transformed to match mis base image can be no 
better than 2.6 ft, and was conservatively estimated 
by adding this error to the error incurred in the 
transformation process. 

Vertical aerial photographs from a 19S8 survey at 
1 :S0,000 scale showed the trenches with the greatest 
clarity and with the highest accuracy of all the 
historical photographs (Fig. 3). The trenches 
appeared as dark rectangles with very bright, 
disturbed ground around them. The dark appearance 
of the trenches was probably due to forbs which were 
growing on the refill material. This image was 
rectified to match the base image by using an affine 
transformation and nearest neighbor resampling. The 
accuracy of the rectification was 3.3 ft. The total 
georeferencing accuracy was estimated to be 3.3 ft 
ptus 2.6 ft, or S.9 ft. 

The extent of the forb regrowth was vectorized by 
manual on-screen digitization. These boundaries 
were assumed to represent the trench edges. Even 
though the spatial resolution of this image was high 
(0.3 ft per pixel), the boundaries of these feature!! were 
not well defined. The measurement accuracy of this 
visual interpretation was estimated to be 3.3 ft. The 
survey line vector and the main trench boundary were 
intersected so mat the locations of the trench edges 
along this line could be determined. The southern 
and northern trench edges as measured along the 
survey line from the southern stake were 48.2 ft and 
77.4 ft, respectively. The error of those locations was 
estimated as the sum of the georeference and 
measurement errors, or 9.2 ft. 

B- Remote Sensing 

The DOE Remote Sensing Laboratory, located at 
Ncllis AFB Nevada and managed by Bcchtel, used a 
Daedalus A ADS 1268 Multispectral Scanner to 
collect imagery over LANL in June of 1994. The 
imagery consisted of both daytime multispectral and 
pre-dawn thermal IR acquisitions at a spatial 
resolution of 3.3 ft per pixel." The imagery was 
imported to the GTS and georeferenced by using the 
1991 orthophoto mosaic as the base image. An 
affine transformation and nearest neighbor 
resampling was used. The accuracy of this 
transformation was 3.3 ft. The total error in 
georeferencing this imagery was estimated by adding 
the transformation error to the georeferencing error of 
the base image, or 5.9 ft. 

The daytime multispectral imagery included five 
bands which corresponded to reflected wavelengths of 
energy (0.4S to 2.3S microns). The correlation 
between all pairs of reflected wavelength bands was 
calculated. The three bands with the least correlation 
were used to create false color images. The five 
bands of imagery were also used as input to a 
principal components analysis. Another false color 
image was created by using the first three principal 
component bands. 

The survey line was overlaid on these images and 
visually inspected. Neither false color image was 
able to provide information about the trench locations 
along the survey line. The land cover over the 
trenches is very similar to the surrounding land cover, 
so the boundary between the two was not easily 
distinguished. However, disturbed ground around the 
trenches from past activity and more recent 
disturbances was enhanced. An old access road, not 
easily detectable on the ground nor from recent color 
aerial photography, was easily distinguished in both 
of me false color images. The extent of this disturbed 
ground matched the general extent noted in the 1958 
aerial photo. However, an exact comparison was 
hampered due to the Pondcrosa Pine which cover the 
site. 

The pre-dawn thermal imagery was also analyzed. 
The thermal image was linearly enhanced and the 
survey line was overlaid. A thermal anomaly was 
visible at the location of the survey line and was 
assumed to correlate with the main trench. This 
anomaly had a cooler brightness temperature than the 
surrounding area. The north and south edges of the 
thermal anomaly were digitized as points along the 
survey line. These positions were then transformed 
from NMCSP coordinates to distances from the 
southern stake along the survey line. The locations 
of the southern and northern trench edges were 47.9 ft 
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and 89.9 ft, respectively. The measurement error of 
this visual interpretation was estimated to be 5.5 ft. 
The error of these locations was estimated by adding 
the georefcrencing and measurement errors, or 9.2 ft. 

C. Magnetic Gradient Survey 

The Idaho National Engineering Laboratory (INEL) 
used an innovative instrument called the Rapid 
Geophysical Surveyor (RGS) to perform a. magnetic 
gradient survey over a portion of MDA-F. , 6 The 
RGS recorded magnetic gradient data, in units of 
nanoTesla per meter, for the vertical component of the 
magnetic field over the waste site. The magnetic 
field over the site is influenced by ferrous materials 
either lying on the surface or buried at various depths. 
The RGS was used to collect magnetic data over a 
212 by 596 foot area. The comers of this area were 
surveyed to determine their NMCSP coordinates. The 
RGS was pushed along survey lines in a south to 
norm direction. This process was then repeated by 
surveying from north to south. The data was reduced 
to an evenly spaced, gridded set with a 1 foot 
interval, which created an image of magnetic 
anomalies at the site. Analysis of spatial patterns 
and trends in this image was used to derive seven 
different anomaly areas. Profiles through the data 
revealed several magnetic signatures whiuh were 
repeated at various locations. These signatures 
helped to interpret the shape, orientation, depth, and 
size of the ferromagnetic objects. 

The image was imported to the GIS and 
georeferenced. The image was georcferenced by using 
the NMCSP coordinates of the four comers of the 
survey area. An affino transformation and nearest 
neighbor resampling were used. The location 
accuracy of the surveyed corner locations was 1.0 
foot. The accuracy of the transformation was also 
1.0 foot. The total georeferencing error was estimated 
by adding these errors, or 2.0 ft. The survey line 
vector was used tp extract a profile of the magnetic 
gradient values from the image. The trench edges 
were identified as two small amplitude rises in the 
profile. The midsection of this profile, in between the 
two rises, contained large amplitude fluctuations due 
to numerous pieces of ferromagnetic material within 
the trench boundary. The location of the trench edges 
were assumed to be the peaks of the two small rises. 
The southern and northern trench edges relative to the 
southern stake were 81.0 and 44.0 ft, respectively. 
The measurement error was estimated to be one half 
of the one foot sampling interval. The location error 
was estimated to be the sum of the georeferencing and 
measurement errors, or 2.S ft. 
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D. Other Geophysical Methods 

The Summer of Applied Geophysical Experience 
(SAGE) is an intensive three week student program 
which concentrates on the theory and hands-on 
application of current geophysical technology to 
geological and environmental problems." The 
students and faculty of the SAGE '95 program had 
the opportunity to conduct various geophysical 
measurements of the main trench at MDA-F on June 
27 and 28. Three different techniques were used to 
determine the location, dimensions, and contents of 
the trench. The techniques used were seismics, DC 
resistivity, and magnetics. 

The geophysical data gathered by these three methods 
were processed to determine the location of the north 
and south trench edges relative to the southern stake 
position, information about the width and depth of 
the trench were also derived, as well as qualitative 
information about its contents. These surveys were 
deployed in the field along the survey line. The edge 
locations were expressed as distances along this line 
relative to the southern end. Therefore, gcoicfcrencmg 
error was not included in the assessment of the 
location error. The location error was assumed to 
equal the measurement error. 

1. Seismic Refraction 

Seismic recordings were taken along three lines. 
Each line was 141 ft long and contained 48 
geophones spaced 3.0 ft apart. Eight shot points 
were placed along each survey line. They were 
spaced 18 ft apart, and placed halfway between the 
two nearest geophones. Each line was started with a 
shot point 1.5ft beyond the first geophonc. A 
hammer was used as a seismic wave source at each 
shot point Twelve shots were made at each location 
and the signals from the geophones were recorded by 
a seismogram. The twelve records were stacked to 
reduce signal noise and form one record for each shot 
point Two lines, isolated from any obvious 
excavation, were shot for velocity control. The third 
line was shot across the trench. 

A two layer, infinite half-space model was assumed. 
The first layer was the top soil and trench fill 
material and the second layer was the surrounding 
Bandelier Tuff. The soil and trench fill were assumed 
to have about the same seismic velocity. First 
arrival time picks were difficult due to the noise 
encountered on tho furthest six geophones from the 
shot point. Travel time curves were plotted for each 
of the shot points along the survey line. The trench 
edges were seen as distinct changes in the slope of tho 
travel time curves. The velocity inside the trench was 
faster than the surrounding tuff. The travel times 
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were processed using a program called SIPT2." This 
program attempts to define topography on a 
refracting interface using time delays and ray tracing 
in an automatic manner. Early results using this 
code were encouraging, however, closer inspection 
revealed that the models produced by this process 
were inadequate. 

A very flexible system was devised for models 
specified as polygonal prisms.19 Any number of 
layers or bodies can be specified, each one having an 
N-sided polygonal outline. A velocity function is 
specified for each polygon. This specification is very 
convenient for interpretation, but not for computation. 
The travel times are computed by rasterizing the 
velocity distribution onto a grid. The travel times are 
then computed using a finite difference wavefront 
extrapolation code. A second generation wavefront 
extrapolation code is used, which has none of the 
limitations of the early Vidale (1988) method,20,21 

This code is used to model in the forward sense only. 
Models are defined a priori and the results evaluated. 
The model is not automatically redefined. This 
permitted the testing of some very simple hypotheses 
about the excavations, which could not be evaluated 
by the Rimrock software or simple flat layered 
models. 

It was possible to constrain the width of the trench 
very accurately by inspection of the travel time 
curves. The error in the measurement of the total 
width of the trench is approximately equal to one 
gcophone interval, or 3.0 ft. The two velocity control 
lines determined the tuff and soil velocities to be 
2900 ft per sec and 750 ft per sec, respectively. The 
avorage soil depth was estimated to be about two ft. 
The trench was modeled as a vertical sided rectangle, 
overlain by soil. The fill material is characterized by 
a velocity of 1200 to 1300 ft per sec. The depth was 
estimated to be 18 ft with an accuracy of 3.3 ft. This 
is about twice the depth determined from the earlier 
models. The difference is due in part to the 
recognition that the velocity of the fill material is 
faster than the soil by almost a factor of two. 

It became dear in the modeling that the arrivals on 
the far side of the trench from the shot point were 
shadowed by the trench and had a very poor signal to 
noise ratio. This had caused false identifications of 
later arriving energy as the initial P-wave. These 
records were repicked, but in some cases the true first 
arrivals were simply lost in the noise. These falsely 
identified arrivals had a very deleterious effect on the 
SIPT2 delay time based models. Critically refracted 
waves, propagating up the vertical side of the pit, on 
the far side from the shot point, are identified. These 
unusual arrivals are very sensitive to the pit depth. 
Some indications of asymmetry in the trench 

geometry have not been pursued at this time. It 
would be instructive to rerun the S1PT2 processing 
with the improved time picks and velocity 
information. 

The mode] implies a rectangular pit 30 ft wide and 
18ft deep. Inspection of the modeled crass section of 
the trench shape provided information about the 
location of the trench edges. The northern and 
southern trench edges relative to the southern stake 
position were 47.9 ft and 89.9 ft, respectively. The 
error in these locations was estimated to be one 
geophone interval (3.0 ft). 

2. DC Resistivity 

Apparent resistivity measurements were taken with a 
transmitter and receiver interval of 3.3 ft 1 meter) in a 
dipolc-dipole configuration. The distance between the 
transmitter and receiver dipoles was changed in 3.3 
foot intervals. The relative positioning of transmitter 
and receiver was varied along the survey line in the 
following manner. The transmitter dipole was placed 
so that its midpoint was over the southern stake. The 
receiver dipole was placed so that its midpoint was 
two meters away from the midpoint of the 
transmitter. A geometric factor was used to index the 
position of the receiver. The first position was given 
an index of one. A DC electric current of less than 
half an ampere was passed into the ground by the 
transmitter. The voltage across the poles of the 
receiver was measured Apparent resistivity, in units 
of ohm meters, was calculated by dividing the 
receiver voltage by the transmitter current and 
multiplying by the geometric factor. The receiver 
dipole was moved so that its midpoint was three 
meters away from the midpoint of the transmitter. 
The geometric factor was changed to a value of two. 
Electric current was passed through the ground again. 
The voltage was measured at the receiver, and an 
apparent resistivity was calculated. This process was 
repeated until the receiver dipole had been moved six 
more times. Therefore, the geometric factor was 
varied from one to eight. The midpoint of the 
transmitter dipole was then moved 3.3 ft along the 
survey line and the process was repeated. A loud of 
23 transmitter positions and eight receiver positions 
per transmitter position were used. 

A pseudo-section of the apparent resistivity measured 
by varying the relative positioning of the transmitter 
and receiver dipoles was made. A contour plot of 
apparent resistivity was created from this pseudo-
section. The trench edges were indicated by distinct 
divergences of the contour lines, called "pants legs" at 
the top of the plot (ground surface). This effect is 
caused by a build up of charge (galvanic effect) at the 
interface of the trench fill and the surrounding 
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Bandelier Tuff. The contour plot also indicated that 
the trench is resistive overall with a central resistivity 
of 140 ohm meters and an average value of 65 ohm 
meters. The center positions of the "pants legs" in 
the pseudo-section plot were assumed to represent the 
locations of the trench edges. The northern and 
southern trench edges relative to the southern stake 
were S0.2 ft and 77.1 ft respectively. The location 
error was estimated to be one half of the dipole 
interval (1.7 ft). 

3. Total Field Magitetometry 

A proton precession magnetometer was used to 
measure the total magnetic field strength along the 
survey line. The magnetic strength was measured in 
units of nanoTeslas by traversing the survey line in 
1.6 foot (0.5 meter) intervals. A magnetic signature 
was created by graphing the field strength versus the 
position along the survey line. 

The trench was modeled as a metallic, rectangular 
prism anomaly with an east-west strike.1' This 
model expresses the total magnetic field as a function 
of the width of the body, depth from the surface to the 
top of the body, depth from the surface to the bottom 
of the body, and the center position of the body. 
Constants in the model were the polarization 
direction, the magnetic susceptibility, and the 
inclination of the local magnetic field. The regional 
magnetic trend was assumed to be linear and was 
removed from the data by forcing the two end points 
of the magnetic signature to touch the zero line of the 
graph. The variables in the model were changed 
until the calculated signature matched the measured 
signature as closely as possible. The fit was 
determined subjectively. 

The results of the modeling were an anomaly width 
of 18.4 ft, 5.3 ft from the surface to the top, 23.6 ft 
from the surface to the bottom, and a center position 
of 72.2 ft away from the southern stake. The location 
of the southern trench edge was calculated as half the 
width subtracted from the center position, or 63.0 ft 
The location of the northern trench edge was 
calculated as half the width added to the center 
position, or 81.4 ft. The location error was estimated 
to be 6.6 ft. This estimate was derived from a 
sensitivity analysis of the mathematical model. 

Further analysis lead to the conclusion that he edge 
locations derived from modeling of the total magnetic 
field measurements were probably very unreliable. 
Evidence against the model used in this analysis was 
provided by the magnetic gradient and DC resistivity 
surveys. These surveys did not support the 
assumption of a solid mass of metal buried at depth. 
They implied an abundance of refill material with 

some ferromagnetic objects dispersed within the 
trench. Therefore, the locations derived from the 
modeling of the total field magnetometry data was 
excluded from the rest of the analysis. 

IV. SYNTHESIS 

The location of the northern and southern trench edges 
as determined from all six techniques are summarized 
in Table 1 and visually in Fig. 4. Best estimates for 
the edge locations and 95 percent confidence intervals 
for these positions were sought. The statistics for this 
analysis were difficult to evaluate due to a lack of 
numerous samples of the edge locations for each 
technique. Assumptions were made about the 
distribution of the mean trench edge locations. The 
population of all possible mean locations for a 
particular edge was assumed to be normally 
distributed. The mean of this distribution was 
assumed to be equal to the average of the locations 
derived from each technique. The variance was 
assumed to be dependent on the variances due to 
differences between the techniques and differences in 
the measurement errors for each method. 

Fig. 4. Data results overlaid on 1958 image of the 
site. Measurements arc in ft. 

The best estimates of the trench edge locations were 
derived by taking the average of the locations for 
each edge. The mean location of the southern edge is 
47.6 ft with a standard deviation of 2.2 ft. The mean 
location of the northern edge is 83.1 ft with a 
standard deviation of 6.4 ft. This suggests a width 
of 3S.5 ft. It was assumed that the variance of these 
positions comes from two sources- The first is the 
variance between techniques. This was estimated by 
squaring the standard deviations of the best 
estimates, which yields 4.8 ft2 for the southern edge 
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and 41.0 ft2 for tho northern edge. The second source 
is the total variance due to the different measurement 
errors for each technique. The total measurement 
error variance was estimated as the average of the 
individual measurement variances, or 30.4 ft2. The 

total variances were calculated as the sum of the 
variances attributed to differences in technique and 
measurement error, or 3S.2 ft2 for the southern edge 
and 71.4 ft2 for the northern edge. 

Table 1. Summary of the Trench Edge Locations and Errors 
Technique Southern Edge fftl Northern Edge TBI Location Error [ft! 
Historical Aerial Photography 
(1958 photograph) 

48.2 77.4 9.2 

Remote Sensing 
(Predawn thermal image) 

47.9 89.9 6.6 

Magnetic Gradient Survey 44.0 81.0 2.0 
Seismic Refraction 47.9 89.9 3.0 
DC Resistivity 50.2 77.1 3-3 
Total Field Magnotometry 
(rectangular, vertical prism model) 

63.0 81.4 6.6 

The 95 percent confidence interval depends on the 
standard error of the best estimate locations The 
standard error of the best estimate locations was 
derived by dividing die total variances for these 
positions by five (the number of data sets) and taking 
the square root. The standard errors were 2.6 ft and 
3.8 ft for the southern and northern edges, 
respectively. The standard errors were multiplied by 
a Student's t-valuc of 2.776 (4 degrees of freedom) to 
calculate the half widths of the 95 percent confidence 
intervals. These half widths were 7.2 ft for the 
southern edge and 10.5 ft for the northern edge. 
These values were added and subtracted to the 
associated mean edge locations to form tho 95 percent 
confidence intervals. The interval for the southern 
edge is 40.4 ft to 54.8 ft, and 72.6 ft to 93.6 ft for the 
northern edge. The best estimates for the edge 
locations and the 95 percent confidence intervals are 
shown in Figure 4. 

The trench edges delineated from each data set were 
fairly consistent. The results from the modeling effort 
performed with the total magnetic field data were the 
least consistent. The southern edge of the trench 
appears less well resolved than the northern edge. It 
is unclear what is causing this effect The historical 
aerial photography and remote sensing (thermal 
infrared) imagery generally have a higher location 
error than the geophysical data sets. The lower 
accuracy was caused by the propagation of errors 
encountered in geotcfensnemg these data as well as 
the general lack of detail in these images. The edge 
locations from the DC resistivity analysis seem to 
suggest a smaller width than the other techniques. 
The edge locations from the pre-dawn thermal 
imagery and the modeling analysis of the seismic 
data seem to be very consistent. The 95 percent 
confidence intervals are reasonable given the 

variances between techniques and the differences in 
measurement error for each method. 

V. CONCLUSION 

All six data sets indicated the existence of the main 
trench in unique and complementary ways. The 
historical aerial photographs and remotely sensed 
imagery provided an overall view of the site and 
identified where more detailed and labor intensive 
geophysical surveys should be deployed. The trench 
was identified as a dark, rectangular patch of 
anomalous vegetation in the historical aerial 
photography. The pre-dawn thermal imagery 
indicated a cooler brightness temperature for the 
trench. The refraction technique provided the best 
information about the depth of the trench, while the 
magnetic gradient and DC resistivity techniques 
provided the best qualitative information about its 
contents. The analysis of the seismic refraction data 
estimated the depth of the bench to be 18 ft. The 
model used to process the total field magnelometry 
data was probably inappropriate given the 
information from the magnetic gradient and DC 
resistivity surveys. Analyses of the magnetic 
gradient and DC resistivity data suggest that the 
trench contains numerous pieces of ferromagnetic 
material dispersed within a large amount of resistive 
refill material. The GIS was very useful for 
organizing and combining the spatial information 
from the various surveys. 

This work was a limited attempt at integrating data 
from disparate sources. A more in-depth and rigorous 
study should be performed. Increased sampling of the 
trench edge by each technique should be attempted to 
support a more well defined statistical analysis. The 
increased sampling should be performed along the 



i£ii\i DI-LAINL T i - i e - a o , (• l a i nua-a u£,urnTMLa-> ouadoa42bi ; f f i i / i2 

same survey lino. Alternatively, other survey lines 
could be used so that the edges of the trench arc 
sampled over the CTitire length of the trench. This 
design might he useful for creating a map of the °5 
percent confidence intervals around the trench. Data 
from other surface geophysical techniques would be 
useful, such as ground penetrating radar and transient 
electromagnetics. 
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DISCLAIMER 
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process disclosed, or represents that its use would not infringe privately owned rights. Refer
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manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


