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ABSTRACT

The United States Department of Energy (U.S. DOE) is developing a Geophysical
Performance Evaluation Range (GPER) at Rabbit Valley located 30 miles west of GrandJunction,
Colorado. The purpose of the range is to provide a test area for geophysical instruments and
survey procedures. Assessment of equipment accuracy and resolution is accomplished through
the use of static and dynamic physical models. These models include targets with fixed
configurations and targets that can be re-configured to simulate specific specifications. Initial
testing (1991) combined with the current tests at the Rabbit Valley GPER will establish baseline
data and will provide performance criteria for the development of geophysical technologies and
techniques.

The U.S. DOE's Special Technologies Laboratory (STL) staff has conducted a Ground
Penetrating Radar (GPR) survey of the site with its stepped FM-CW GPR. Additionally, STL
contracted several other geophysical tests. These include an airborne GPR.survey incorporating
a "chirped" FM-CW GPR system and a magnetic survey with a surfaced-towed magnetometer
array unit. Ground-based and aerial video and still frame pictures were also acquired. STL
compiled and analyzed all of the geophysical maps and created a site characterization database.

This paper discusses the results of the multi-sensor geophysical studies performed at
Rabbit Valley and the future plans for the site.



1. INTRODUCTION

The United States Department of Energy (DOE), Grand Junction Projects Office (GJPO)
has established a geophysical test facility in Colorado, known as the Rabbit Valley Geophysical
Performance Evaluation Range (GPER). The range is designed to provide a research area for
geophysical technologies and techniques. Between 1991 and 1993, tests have been conducted
at the GPER and the GJPO will use this baseline information to establish a site characterization

database. The U.S. DOE's Special Technologies Laboratory (STL) conducted a Ground
Penetrating Radar (GPR) survey of the site with its stepped Frequency Modulated-Continuous
Wave (FM-CW) GPR. STL also contracted an airborne GPR survey with a "chirped"FM-CW
GPR and a magnetic survey that uses a surface-towed magnetometer may unit.

This paper provides a detailed site description, a brief background of previous surveys and
a discussion on the GPR and magnetic surveys. Additionally, the preliminary results of some
recent DOE geophysical tests are included and were considered in the analysis. The complete
GPR and magnetic data sets form a database for the GPER.

2. SITE DESCRIPTION !

The Rabbit Valley GPER is located approximately 30 miles west of Grand/unction,
Colorado. The site covers 80 acres described as the eastern half of the northwest quarter of
Section 15, Township I0 South, Range 104 West, 6th Prime Meridian, Mesa County, Colorado.
See Figure I [I]. Access to the area is via Interstate 70, exit south on Rabbit Valley Recreation
road. From this point a dirt road must be utilized to gain access to the site.

The area is characterized by mostly high desert terrain with various types of desert
vegetation including sagebrush, cottonwood and natural grasses. Sterile wheat is abundant and
is used as part of the reseeding program for the area. The majority of the vegetation measures
from 7 cm to 40 cm in height. Some taller vegetation exists, but is sparse.

The entire site has been land surveyed with grid points established on 50 meter centers.
Three sub-areas were subsequently land surveyed with grid points set on I0 meter centers. A
reference point has been established on the northeast comer.defined as El/2 NWI/4, S15, TIOS,
RI04W. A picture of the entire site is shown in Figure 2. The photograph was taken from atop
the dome located off the site (west side) in the North-NorthEast direction.

Several cultural artifacts were buried between 1988 and 1992 at depths varying from 0.5
to 2.0 meters. These artifacts were placed in two main areas on the site. Table I describes the
artifacts with burial location and depth. Figure 3 shows the location of the artifacts relative to
the site. During the burial of the targets, the last soil out was used first for backfill. The topsoil
was kept separate and spread over the pit to match the surrounding topography. Sterile wheat
was then planted.

1The information on the site and target descriptions were obtained from reference [2].
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The geologic environment of the area consists of colluvium overlaying the Saltwmh
member of the Morrison Formation, In general, the surface layer consists of a reddish-brown to
buff-tan sandy silty loam (Avalon Loam). This covers a reddish-brown sandy silt that overlays
a fine-grained, gray limestone. Several areas have a green-gray clay/mudstone between the silt
and limestone layers. The lithology was measured from the pit sidewalls for each target and is
shown in Figure 4.

TABLE 1
LIST OF BURIED ARTIFACTS AT THE RABBIT VAI2,EY GPER

III I II i i iii [ II I I I i ii I r ii i i Ill

# TARGET DESCRIFHON SIZE LOCATION DEPTH
i i ii i i ii i i ii i ii ii iii i I I i iiii

1 Plastic container filled with 0.8 m x 0.5 m x 0.5 m 160W, 30S 0.5 m
paraffin as a simulated cache. (length x width x height)

iii ii i i i ii ii •

2 Non-reinforced concrete 1.2 m dia. x 1.5 m 180W, 80S 0.5 m
cylinder (oriented vertical)
with a removable wood lid.

Ii Ul lil iii l ll i i ii | i i ii|ii I I I

3 Corrugated steel culvert, 0.6 m diL x 1.2 m 285W, 355S 2.0 m
horizontal cylinder, axis
oriented north-south.

ii i i i ii iiii I

4 Corrugated steel culvert, right 1.g m dia. x 3.7 m 235W, 395S 2.0 m
horizontal cylinder, axis
oriented north-south.

iii i i ii i i ii II mill III

5 Reinforced concrete box, long 2.3 m x 2 m x 1.75 m 286W, 453S 1.35 m
dimension north-south. (lensth x width x height)

6 Plastic container, long 2.5 m x 1.25 m x 1 m 374W, 473S 1 m
dimension east-west.

3. GEOPHYSICAL BACKGROUND 2

Small-scale geophysical background measurements were made in area #1 and included
magnetics, electromagnetics (EM), resistivity/induced polarization, refraction seismic and pulsed
GPR. Results of these tests indicate only minor natural occurring anomalies and a fairly
hom,ogeneous geological and geophysical structure. These tests were made prior to the burial of
the six artifacts listed in Table 1. The following is a brief summary on the measurement results.
Figure 5 is a site plan indicating these minor anomalous sections.

2Ba©kground geophysical survey data and interpretations were obtained from reference [2].



The total magnetic field over the entiresite variesby approximately15 nanoTeslasand
the vertical gradientvariesby approximately2 nanoTeslm. A few anomalies are assumedto be
associated with prairiedog activity. Shallow and intermediatedepth electroma_tetic induction
datayielded backgroundconductivity levels from approximately20 to 40 miU_-Siemens/meter
(medium range values). The EM measurementscan be interpretedas the subsurfacebeing
uniform to a depth of 3 to 5 meters. Two small sections in area #1 containedslight anomalies
and will not be used for target pits. A highly anomalous area was detected in the
resistivity/inducedpolarizationdat& Analysisof the datadeterminedthat the anomaly was a near
surface feature(within 2 meters).

Refraction seismic data indicated that the average soil thickness was approximately 5
meters. The east side of area #1 appears to be a 3-layer condition with bedrock at 1.5 meters.
The west side, assumed to be a 2-layer condition with minimal dip has a maximum of 8 meters
of soil. Verification of the predicted values by the seismic refractionmethod were made with
several augerholes. Limitedvideo pulsed GPR datawere acquiredanddeterminedthat imaging
of shallow targets was possible.

4. SITE CI-IARAC_ATION: GENERAL

Two types of geophysical technologieswere involved with the site characterizationat the
RabbitValley (]PER: ground penetratingradarandmagnetic. This entailedthreedifferentdata
collection techniques:airborne,vehicularbased and man portable. The purposeof these surveys
was two-fold. One goal was to provide an assessment of the equipment'saccuracy,resolution
and target detectability; the other was to establish a largn-scale baseline data set on the
undisturbedareas. This will allow before/aftercomparisonsas more artifactsare buriedin the
future.

The airbornesurvey was flown by AirborneEnvironmentalSystems (AES), a division of
Era Aviation, Inc., with their "chirped"FM-CW GPR. The ground towed magnetic survey was
conductedby Geo-Centers,Inc. with their SurfaceTowedOrdnanceLocatingSystem (STOLSm).
The groundbased survey was carriedout by STLwith theDOE steppedlqVI-CWGPR. The site
characterization for all three surveys took place during September, 1993. The size of the
surveyed area for each methoddependedupon the practical limitations of the system, time and
cost. STLhad knowledge of all six targetlocationssince they acted as the principalinvestigator
and could acquire data only over a limited portion of the site. Geo-Centershad no prior
knowledge of the target locations. AES was given the location of one target (Table l, #4) for
airbornecalibrationpurposes. After completing a final targetdetection report,the exact target
locations were given to AES who then reprocessedcertain images.

The discussion on each survey contains a descriptionof the equipment, test setup and
survey method. A site map indicates the areas surveyedalong with targethit locations and an
analysis of the dats_ A summaryof the test results and several examples are included.



5. SITE CHARACTERIZATION:AIRBORNE GPR SURVEY

5.1. Background

AES has installeda "chirped"FM-CW GPR,known as the EMS-20 radaron a Bell 212
helicopterfor airbornemappingof subsurfacephenomena[3]. Applicationsfor thissystem have
involved the detectionof man-made objectsat hazardouswastesites and landfills. The mapping
of subsurfaceplumes of refinedhydrocarbonshas also been accomplished.

5.2. Airborne GPR: System Description

The EMS-20 system consists of a radarunit, an in-flight processor, a color display and
a navigation system which are rack-mountedin the helicopter. The "chirped"FM-CW radar
operates at a centerfrequencyof 503 MHz, with a bandwidthof 500 MH_ It is based upon a
frequency-modulated,pulse-compressiontechnique. ThepulserepetitionfrequencyorPRF is 100

This yields a system time-bandwidthproductof 5 x l0 _. The continuous power outputis
1 watt. The effective resolutionis 0.7 meters. It must be emphasizedthat the performanceand
success of the airborneGPR is always site dependent. Specifications for the EMS-20 radarare
listed in Table 2.

The system incorporates bistatic helical antennas with an oppositely polarized
transmit/receive configuration. The radarunit is integratedwith a Global Positioning System
(GPS) operatedin a differentialmode. The differentiallycorrectedGPS circularposition error
is typically less than 5 meters.

The on-boardprocessordigitizes the received"analogradar echoes" and recordsthis raw
dataon a standardVHS tape. The processorthen performsa Fast FourierTransform(FFT) and
displays the radarreturnsin real time. Color images appear on a graphicsmonitor. An operator
can apply several gain functions to the FFT data and can use an event markerto tag suspected
targets. The on-boardprocesseddatais recordedon a separateVHS tape. GPS time andposition
as well as helicopter attitudeand speed are also recorded.

Generally,two types of surveys are conductedwith the airborneGPR: reconnaissance
and close grid. In the reconnaissance mode, parallel flight lines are flown over a site. Flight
lines are typically spacedat 30 m for survey altitudesof 60 to 90 m; this yields a 90%coventge.
Absolute position and depth can be ambiguousbecause of the cross axis foot-print. If a set of
orthogonalflight lines are flown, i.e. close grid, the datacan be combined to minimize the cross
axis error. If flight line spacing is reducedto 15 to 24 m a 10%overlapcoverage of the site is
obtained. A resulting circular errorof 5 meters is typical.

A more detaileddescriptionof the AES GPR and a discussion of airbornesurveyscanbe
found in reference[3]. Figure 6 is a pictureof the AES EMS-20 radaron a Bell 212 helicopter
in action at the RabbitValley GPER.



TABLE 2
EMS-20 RADAR SYSTEM SPECIHCATIONS

'ype FM-CWchirped
Center Frequency 503 MHz

P_qs Band 500 MHz (250-750 MHz)

P__!_• Length 5 ns

Pulse RepetitionFrequency 100 Hz

ContinuousPower I Watt

Time-BandwidthProduct 5 x I0e

Effective System Gain > 160 dB

Cross-Axis Foot-Print 150 feet @ 300 feet AGL

Effective Resolution 0.7 m

AntennaArrangement BistaficPolarizedHelical

Survey Rate:
909t coverage,reconnaissance 100 acres/hour
IO_ overlap, close grid 200 acres/day

5.3. Airborne GPR: DataFormat

The raw radardataonVHS tape is transferredto a computerfor viewing, processingand

analysis. The processing software can displaythe data with 256 colors, but in general practice
24 or less are used. The color codes representthe intensity of the radarreturn. The low end
of the scale, black to green, representsminimalpropagationthroughthe soil. The high end of
the scale, red to white, representsradar echoes thatare several magnitudesabove the average
return of the soil. The thresholdlimits fromone color level to another is adjustable. A standard
difference is 2 dB.

A portionof the flight line or the entire line canbe analyzed. Whenradarresponsesfrom
the two sets of orthogonaldataare combined, correlated targetsare adjustedto correctfor cross-
trackposition error. The dielectricconstantof the soil, obtainedfrom radarcalibrationdata, is
also considered in the processing. The depthof targetscanbe estimatedandthe error is directly
related to the accuracy of the dielectric constant.

5.4. Airborne GPR: Test Plan

The airborne GPR acquireddata over the entire Rabbit Valley GPER. A dosed grid
survey was flown with approximately22.8 meter spacingbetween flight lines. Nineteen flight



lines were flown from north-to-southand twenty-fourflight lines from west-to-east. The total
flying time was 5.3 hours for the actual survey which included a functionaltest flight for the
radarand ferry time for fuel during the survey.

5.5. Airborne GPR: Test Resul_

The nature of the soil and stratigraphyat the site, especially the clay strata,limits the
penetrationdepth. The estimatedpenetrationdepth at the site rangedfrom 2 meters in Area #2
to a maximum of 4 meters in Area #I. Figure 7 shows a radarrecord of an undisturbedarea
in which a clay lens is apparent. Figure 8 is a record takenover the large steel culvert (Table
I, target#4). Note the high intensity (white) echo from the corners of the culvert. Table 3 is
a targetreport summary on the entire site for the airborne GPR. Figure 9 shows all targethits,
depth and location. Target #4 was used for the depth calibration. The circularposition error
is better than 5 meters, generaUy2-3 meters.

5.6. Airborne GPR: Conclusions

The majordetrimentto the performanceof the groundpenetratingradaris the variation
in the extent and depth of the clay strata. It is generally variegatedthroughoutthe site, but is
more prevalent in Area #2. Coupled with the clay there are also subsurface strata and
conglomeratesof rocks and rock strata,mostly limestone.

Dielectric constantvariations in the soil is believed to range from about6 on the surface
to 12 to 16 for the clay strata. It is the clay stratathat limits the penetrationdepth of the GPR.
It is estimated that the average two-way attenuationvalue in the soil is on the order of 20
dB/meter. The rock, rock strataandoutcroppingsdo not limit the depth of penetration,but they
can be confused for a positive detectionof buried man-made objects.

6. SITE CHARACTERIZATION: FlVI-CWGPR SURVEY

6.1. Background

STL has developed a steppedFM-CW GPR for high resolution imaging of subsurface
objects [5]. The initial applicationof this unit was the detection and imaging of unexploded
ordnance. In recent years the target types have been expanded to include hazardous waste
storage containers [6,8], pipes and utility lines. Additionally, some field tests have been
conductedwhere nonmetallic targets were of interest; these include the detection of dinosaur
fossils and the mapping of animalburrows [7].

6.2. SteppedFM-CW GPR: System Description

The steppedFM-CWGPRis aportable,fully self-containedunit. It is comprisedof three
J

3The airborne GPR survey test res:dts and conclusions were based on reference [4].



separatepieces: the RF/antenna assembly, the computer assembly and a rechargeable battery box.
It acquires, processes and displays data in a real-time mode, approximately 140 msec/sweep. The
system operates over the frequency range of 196 - 708 MI-Iz and the RF carrier is quadraphase
modulated at 500 kHz. It has the capability to detect targets to depths of 9 meters with a range
resolution of 20 centimeters. A 16-bit Analog-to-Disital converter is used to sample I & Q
(phase coherent) data, yielding a system dynamic range of 96 dB. These parameters and the
overall performance of the GPR are, as always, affected by the soil composition, dielectric
constant, E, and attenuation factors. Specifications for the stepped FM-CW GPR are listed in
Table 4.

The RF/antenna assembly contains the microwave electronics and antennas. A phase
locked loop synthesizer generates the frequency output. The antennas are a dielectrically-loaded,
cavity-backed design with a planar, 2-arm log spiral element. They operate over the entire
frequency band of 196 - 708 MHz and are used bistatically with opposite circular polarization.
Modulation circuitry and amplifiers are also contained in this assembly.

The computer assembly uses a 386-based computer to control the entire radar process.
It initiates the RF "sweep" and data acquisition, performs a FFT and displays the data. The
radar returns are shown on a Liquid Crystal Display (LCD) which can be viewed in direct
sunlight. Data can be saved to floppy discs and hardcopies are obtained with a standard printer.

A more detailed description of the STL GPR and a discussion of stepped FM-CW radar
can be found in reference [5]. Figure 10 is a picture of the STL GPR in action at the Rabbit
Valley GPER.

TABLE 4
STEPPED FM-CW GPR SYSTEM SPECIFICATIONS

IIIII '; ..... '= , II II I II

Type SteppedFM-CW
li,| i i i i

Operating Frequency 196- 708 MHz
. Hii

Bandwidth 512 MHz
i|l| i i i illllll

Number of Sample Points 128
iiii [111 i i i ._ iii immm

Frequency Step S!_e 4 MI-Iz

Modulation Frequency 500 kHz
,, , ,m ,, , ,, ,mini

System Dynamic Range 96 dB
i i ill i

Range Resolution (E, = 4) 20 cm
Ull I i mum ii I II I

Unambiguous Resolution 9 meters
(Er - 4)

,,, __ nn, ii finn i

Antenna Arrangement Bistatic Log Spiral
ii i iii1|
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ill ii i illl -- iIiinI --

i l_.tteryDfe .... _ 1 6 hours lSystem Weight . | 40 ks..........

IIIlllll - II I II IIII

6.3. Stepped FM-CW GPR: Data Format

The GPR acquiresdata andproducesdepthprofileson the LCD. A frequencyhistogram
is createdas a result of an FFT being performedon the radarreturn signal.. This frequency
information(time-domainpulse responseequivalent)is displayedin two areas. A depth profile
is displayed on the left portionof the screen anda frequencyhistogramof the currentsample is
displayed vertically on the right portion. (An onscreen marker is available to examine the
individual recordsof previous frequency histograms.) The lower frequencies (closer targets,
surface return)appeartowardthe top of the histogramand higher frequencies (deepertargets)
toward the bottom. The horizontalaxis of the depth profile represents lateral distance on the
surface. The horizontalaxis of the histogramis signal strength.

The intensity of the depth profile is determinedby Gray-scaling the histogram with a
variable9-level Gray scale. This determinesthe minimumreturnamplituderequiredto "turnon"
a pixel in the depthprofile. The proportionalamountof gray scaling is determinedby threshold
levels. The minimum thresholdlevel of the Gray scale is adjustable. Peaks in the histogram
below this level do not show up andlarger amplitudereturnsappear as darkspots. The amount
of clutter returndisplayedcan be variedby adjustingthis threshold.

Several otherdisplayparameteradjustmentscanbe made to the depthprofiles. A uniform
gain or SCALE is used to raise the generallevel of the return. An exponentialgain or RANGE
GAIN is used to compensate for the exponential loss factor of the ground. The deeper
information is amplified while the shallower information is attenuated. All parameter
modifications areonly performedon the displayed data. The stored, raw dataremainsintact.

The display also has a rulerto approximatethe range of targets. Since the propagation
velocity is affected by the dielectric constant,E, of the soil, the rulerincrements or spacing is
variable. This spacing is directly proportionalto the squareroot of Er of the soil. Setting a
particularErvalue will determinethe properrulerspacing. The rulerassumes a constantErwith
depth. This ruleris not designed to be 100%accurate,but gives an estimationof depth.

A GPR testpit was constructedin SantaBarbara, California and is diagrammedin Figure
11. The standardte.,'ttargets consist of seven square metal plates(12 inches x 12 inches)placed
in a staircase fashion from one to seven feet deep. They are aligned parallel to the surface. The
soil was composed entirely of sand. An example depthprofile of the metallic targetsis shown
in Figure 12. Seven distincttargetreturns,evenly spaced horizontallyand vertically, areclearly
identified. Note the largepeak in the histogramon the right that correspondsto the metal plate
seven feet deep.



The GPR data can be presentedin a alternateformat. Adjacent depth profiles of a
surveyed area are combined to create a reflectivity map. A reflectivity map is an X-ray like
pictureof a section of ground. All the range(radarreflection) informationis inte_'atedto create
a plan view image. Reflectivity maps show the laterallocation and strengthof targets,but no
depth information. Producing a reflectivity map requiresthat relative position informationis
acquiredalong with depth profile data. The position information is used to correlatethe GPR
data. This is useful in analyzing large areas. If an interestingsection is found, the individual
depth profiles can be examined for more details.

To acquirerelativeposition information,a measuring wheel was mounted to the rearof
the GPR. The wheel is attachedto an optical encoderthat interfaces to the radarcontrolsystem.
The radarcontrolsystem is programmedto collect dataat a specific distanceintervsL GPP,data
is then collected in adjacentlines, generallywithin a squaresurveyarea Since the exact location
of each individualradarreflectiondatapoint is known, it can be processedto createa reflectivity
map.

A reflectivity map was createdfrom data acquired on the test sand pit and is shown in
Figure 13a. A standardcolor intensity mapping is used. The seven targets can be identified.
This format was used on the processedRabbit Valley data and is discussed in section 6.5. The
reflectivity map dataalso can be displayedin a three.dimensionalwaterfall-typeplot, see Figure
13b.

6.4. SteppedFM-CW GPR: Test Plan

The steppedFM-CW GPR survey at the RabbitValley GPER,was concentratedin Ares
#1. The area was divided into 20 meter x 20 meter grids. Gig data were acquired in one
direction with each grid. The spacing of the collection lines was the width of the GPR unit, 40
cm. Data were acquiredevery 12.5 cm along these lines. With these spacings and the typical
terrain surface at Rabbit Valley, an actual survey rateof 1/3 of an acre per day was achieved.
Because of the large amount of area involved, two stepped FM-CW GPRs were deployed.4
Figure 14 shows the areas surveyed with the steppedFM-CW GPRs.

6.5. Stepped FM-CW GPR: Test Results

Similar to the airborneGPR.results, the stepped FM-CW GPR was limited in depth
penetration. The high dielectricconstant and loss factorsof the soil had a negative effect on the
performance. The estimatedpenetrationdepth was 1 meter in area#2. In area #1 the deepest
target was only 0.5 meters so only a rough guess can be made on the maximum penetration
depth. This is 2-3 meterswhich is based upon the soil type andthe results of the airborneGPR.
Figure 15 is typical GPR depth profileover undisturbedarea Figure 16 is a GPR depth profile
over the non-reinforcedconcrete cylinder (Table 1 target#2). Figure 17 is a GPR reflectivity
map of the area aroundtarget #2. Figure 18 is a GPR reflectivitymapof Area #1 in whichtarget

4The DOE unit and the NEODTECHCENunit. The NEODTECHCENGPRwas built by 8TL in 1989.



#2 and several other anomalies can be identified. Table 5 is a tarpt reportmmmmryfor the
steppedFM-CW _PR. The position erroris betterthan 0.2 meters.

6.6. S_FM-CW GPR: Conclusions

The conclusions for the steppedFM-CW GPR survey arebasically identicalto those of
the airbornesurvey. Naturallyoccurringstratawill limit the e/Yeetivenassof GPR especially in
area#2. Area #i is more desirablebecause of the thickerlayer of sandy, silty soil.

7. SFI_ CHARACTERIZATION: MAGNETICSURVEY

7.1. Background

Gin-Centers, Inc. has integrateda sensor arrayof magnetometerswith an all-terrain
vehicle for collection of total field magneticanomaly data[9]. The "SurfaceTowed Ordinate
Locating System" or STOLSru was originally developed for the Departmentof Def_ _or
ordnance detection and has since been redesigned as part of the Technology Tre_f_r
commercializationeffort. Locationof hazardouswastecontainersalong with otherenviromenmi
characterizationapplicationsfor this system are currentlybeing explored.

7.2. MagnetometerArray: System Description

STOLSTuis comprisedof threemain components:the sensor controller,the data lolgller
computerand the navigation system. The datalouer and navigationsystem are housed in an
off-mad single passenger vehicle. The sensor controllerand starersere mountedon a towed
platform. The vehicle and tow platformare chiefly constructedout of non-magneticmaterials
includinghigh strengthaluminum,bronzeand titanium. The engine block is magnesium. This
is requiredin orderto minimize the magneticself-signature. The system can collect very high
density data(over 100,000 points per acre) at speeds up to :5miles per hour (8 km per hour).
Specificationsfor STOLS_u are listed in Table 6.

The sensor platform is equippedwith an arrayof seven Geometrics822 Cesiumvapor
optically pumped total field magnetometers. They are mounted at 0.5 meter intervalsand can
be adjustedfrom 15 to 45 cm oft'the ground. A sensorcontrolcomputeracquiresdatafrom the
magnetometerarrayat st20 Hz rate. It also monitors power levels, sensor currentlevels and
platformorientation. Orientationof the sensor platform is measuredwith stcompass and pitch
and roll inclinometer.

A ruggedizedPC computeris used for dataacquisitionandoperatorinterface. It receives
"datapackets"from the sensor controller computerand monitors the validity of all data. This
datais recordedon removableharddisks. It also receivespositioninformationfrom8 differential
GPS receiver. The GPS is used for navigation and to synchronize the data acquisitioncycle.
This allows for rapid datacollection with sub-meteraccuracyin determining anomaly positions.

..... ,, ,, , , I IIINIII II
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A more detailed descriptionof the STOLSTM and a discussionon magnetictheory can be
found in reference[10]. Figure 19 is a picture of the Geo-Centers,_c. STOLSTM at the Rabbit
Valley GPER.

TABLE 6
MAGNETOMETEgARRAY (STOLSTM) SPECIFICATIONS

I nil 111 III I Illl I I [ I [1111

Type Ceshnnvapor (7 each)
. ii i i i .......................

Survey Rate 3.5 - 5 miles per hour
(5.6- skm perhour)

i| i i ii u L n n n n

Coverage 25 - 35 acres/day
i i ii i i i IN I I I II

Data Density 100,000 points/acre
@3.5

i i i i i i

Position Accuracy < 0.5 maters
a ,11 i

Power Supply 120 Volt, 1000 Wattunit
I I Jl I ' i ttlJt t

7.3. Magnetic Survey: Data Processins and Format

Imageprocessingof the magnetic andGPS datais done on a Unix workstationto produce
high resolution magnetic maps. These images are createdthrouBha four stage process: data
positioning,signatureisolation,interpolationand display. Thedatapositioning process correlates
the GPS and compass data with the magnetic field data and assigns a latitude, lonsitude and
elevation to each magnetometerdatapoint. A linear interpolationis used since the GPS updates
the position at a I Hz ratewhile the magnetic data is recordedat 20 I_

The signature isolationprocess removesthe effects of the Earth'smagnetic field from the
data. Total field magnetometerscan not differentiatebetween the primaryor secondarymagnetic
fields or their directions. The output is a vector sum of all magnetic sources. Whenever
STOLSTM performs a magnetic survey a referencemagnetometerrecords the variationsof the
Earth'sambientmagnetic field outside the survey area. This is then subtractedfrom the sensor
platform data to yield the magnetic field contributionsof ferromagneticobjects.

The interpolation stage takes the magnetic anomaly data and interpolates it onto a grid.
The grid is defined with 10 cm spacings and uses a nearestneighbor algorithm. This allows a
standardformat for display and additional image processing.

The display stage maps the magnetic anomaly levels in eithergray scale or pseudo-color.
Several image processingtechniquescan be applied to the datathat include image enhancement
filters, edge detection and intensity-bued region segmentation. Point dipole modelins can be
applied whm isolated, non-overlappinganomalies are present. In general, a semi-automated
target analysis algorithm is performed and a targetmap and reportlistins are issued for a given
survey area.
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7.4. Ma_aetic Survey: Test Plan

The STOLSTM acquireddataover 24 acresof the site. Completecoverageof Arm #1
& #2 were made with parallel east-west runs. The fp'idspacing of these runs wo3 4 meters. The
survey was accomplished in two days. Figure 20 shows the area covered by the towed magnetic
survey.

7.5. Magnetic Survey: Test Results s

The towed magnetometer array system detected the three metallic buried objects. Other
magnetic anomalies at the site were very minimal with some being caused by surface clutter.
Figure 21is a magnetic data map of Area #2 showing three anomalies that correspond to known
buried artifacts. Figure 22 is a close up magnetic data map of the large steel culvert (Table 1,
target #4). Table 7 is a target r_ort summary for the magnetic survey. The position error is
better than 0.5 meters.

7.6. Magnetic Survey: Conclusions

The performance of the STOLSTM unit at the Rabbit Valley GPER was excellent. Since
the site has a low magnetic background, the placement and detection of new artifacts should be
easily accomplished. The data acquired in areas #1 and #2 will serve as baseline information and
assist in determining locations for the future artifacts.

8. SITE CHARACTERJZATION: PHOTOGRAPHIC INFORMATION

Various photographs were taken of the geophysical test equipment at the site. Each 20 m
x 20 m area that was surveyed with the stepped FM-CW GPR was photographed for
documentation purposes. A plan-view video recording of the entire site was made during the
airborne GPR survey. This is referred to as "optical data"by AES and is on standard VHS tape.

9. OTHER DOE GEOPHYSICAL SURVEYS

Currently, several other extensive geophysical studies are being conducted at the GPEIt
for the DOE. These include an airborne EM survey, a time-domain EM survey, a VLF EM
mapping survey, a resistivity survey and a proton magnetic survey. Preliminary results of these
surveys have been used in the conclusions for this paper. The final analysis and results of these
additional surveys will be published soon and will be included in the Rabbit Valley GPER
database.

, | ,,,,,,

SThemasnetiesurveytestresultsaudeonclmionswerebasedon reference[10].



10. FUTURE PLANS/CONCLUSIONS

Upon conclusion of the other DOE geophysical studies, more artifactswill be buriedat
the Rabbit Valley GPER. During fiscal year 1994, several geophysical surveys are planned to
be repeated. The main purpose of these tests will be to conduct A/B comparison exp_ments.
Public disclosure of the results and access to the geophysical databue for the Rabbit Valley
GPERshouldbagin in late 1994. Use of the site should also commence duringthis time period.

The formatof the magnetic end GPR datais ides_for a database. By combiningthis data
with USGS maps andother geophysical tomographydata a geophysicalGIg databsso for pasral
site chsmc_rizstion can be crested. This is stnaturalextensionof the ds_ fusion ides that has
arisen in recent years. The addition of results from other geophysical techniques makes this
database a more powerfultool. The applications areobvious for environmentalrestorationend
hazardouswaste management. Such fields such aspaleontology and archeology may also benefit
from this type of database.
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FIGURE6. AES system,EMS-20 radaron a Bell 212 helicopter.
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TABL_ 3 TargetKeportfor the AirborneGPlt Survey.

] | i II I I I | ,,. II I II lTARGET N _ S W _ g _Gg B___ N _ Sj g _W _ CO_gN'i_
NUMBgR F_ME F_ME _METg_) (']['RUE) _NGE, _NGE ,

,, ,,,

I 7'- 6/7 '1-II 178A 259.7 36.2 173.5
, , , , , ,

2 1 - 6/7 84.3 199.4
, ,=

3a.4 _- 4 O):95.1 (3):220.0' (3):7.s._ (3):57.9
3 - IS (4): 100.9 (43:224.8 (4): 73.3 (4): 67.9

.5A 6 "1- 7/8 3 - I0 1911.6 246.6 82.57 179.7
" 8 - 7 4 - !0 84.4 181.7

7 2 - 8 ' 4- 14 112.0 207.7 97.2 51.6
$ ,.,12/13

8 I0 - 5 5--11 265.4 244.6 120.5 236'.'5
11 - 5/6/'/ 6-9 ..

9 'il- 10 6- 1"3 290.0 242.0 i43.8 250.8

I0 3- 7 '7- iS 178.3 205.1 176.6 74.$ ' '

II 13-18 i3-8 '44:_.3 221.8 ' 356.5 2fi2.4 52.3"m, 260°.4 Imm_'no._
emof tar_.

12 I0- 14 16'- 10/11 456.2 211.O ' 400.3 214.4 Stod cdv_ pilpeburied 2 _ui_-s _-_
mpotp_.I1- 11/12 I7-m

13 12 - 19/_ 19-11 $32.4 212.8 ' _154'.I 275.4 14.1 m, 92°.7 from _ ,_,a,_I_,_
20-10/11 =0(=lil/Bgl ,,l I I .... i i _,,_

I. From i4mtbmm IBm_t Mink i _ _ _i_

:. ia____Tnsc_

4. MmmamtWmtIkomNonh-SmMth_ _ on_ SM¢.
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FmURE]3t SteppedFM-CW_ re_cc_vi_mapoftestpit.
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FIGUI_.E15. TypicalsteppedFM-CWGPR,depthprofileoverundisturbedarea.

FIGUgE 16. SteppedFM-CWGPRdepthprofllrfromtarset #2,
non-reinforcedconcretecylinder,0.Sin deep.
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TABLE 5
TAKGETKEPOKT]FOR_ S_ FM-CW

J I__ ILl IILl I IIII II _IJL I II ill I IILI II i IJ

# COMMENTS DIELECTRIC ESTIMATED ACTUAl.
CONSTANT DEFIIt

DEPTH
I II Jl II I _. I ill I Ill I ........

1 Barely detectable. 8 0.$ m 0.$ m
IIl_ [T ]. lilt I llama It [ I I _- _ till ..............

2 Hxact position determined. 8 0.5 m 0.5 m
" " l JILl II Ill l I IS -- [ l IS I I l II [

3 Not found. :,10 - 2.0 m
I 1111 i I I 1. [

4 Not found. >10 . 2.0 m
t ii u u, u , i ii i ill[llrlll LI ,I J I I - " -

$ Not found. >10 - 1.3S m
_ ILll[ [ I I I IN I lint I I iJ -

6 Not found. >10 - 1 m
/ fill, , , lil, [ nl l [ "[ I 11 II

F ' I
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FIGURE19. Gco-C_a1_, Inc.,SurfaceTowedOrdmm__ Sym_ (STOLSTM)
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Grand Junclion-- Ra_it Valley Site Two
Magnetic Survey W.h STOLS 9/2_3

FIGURB 21. Mqm/ic din, ofm'm _1_..



F[GURB 22. _© data 0f_ #4,_ _ 2m deep.
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TABL 7 TarsetF)ort fortheh qneti©Survey.

Pooldouhi .Nun worn(at)en4ooetk(3,)of _

cede: _ _ t,Ca_ p-uojun 8_ _po_n onty

Toud_ot_ _

| _It _ _ U_ _dmmm_J

1 aS 9_4_4 _,_ o.3 s
3 C4 9914.9 41'7.1) 0.2 s
) 8,5 _4051 371.0 0.4 e
4 A2 403.0 486.1. -- p (taJeegeee)
9 _ 400.0 499,1 0,3 s
4 A3 999),9 _JD.4 0.0 s
? _ 9_5 9SJ.8 0.2 s
e ms 9.5O,9' 349.8 -- p (tmpOdeup)
9 84 343.Z 420,9 0.1 s
10 N 344.9 497.8 0.$ J
tt 112 949.9' 4Jg.J 0.0 s
13 (:3 313.0 4?4.4 0.$ s
13 (:3 334.2 447.8 0.0 s
14 _ _MIt.S 4_J0.j 0.0 $
i9 C_ 3143 4_.51 -- p (_ unudi_umrol oidem)
16 (:4 307,9' 313,0 -- p (hint)
19' OS _1,5.J )S0.t 0J s
to Ds _J,LJ 3SS.0 2.51 1(Vwioe8_ urea)
t9 D4 274.9) 3511.J 0.0 I

" 2O !)4 210.4 q2.6 -- p(IWJ)
2t D3 264_J 439._ 0.t s

_ 1_3,9 449.8 0.4 e
23 D] 213,0 4_.9 0.Z s

os _.o _J 0.2 _ (e4nm m eu_r uqm)
OS UJ0.J 4_o 2.+ t (e_vm_ t_p u_)

26 _J_ 280,4 4H.,1 0.1 S .......
112 2.50_ 500.6 0.2 s

28 82 20_.4 412.0 0.0 s
_9 83 _451.? 449.8 0.2 s
)0 83 +._I_0 43?.0 0.1 s
91 84 2.50.0 409.4 0.I s
32 84 _q,o 3rLJ 0.0 _ (ed_ mhu_ uulpe)
33 K6 239.6 99_k4 3.2 k(ImllOWpt)
36 84 210.4 395.3 0.0 s
3S H.5 _1.0 943.1 2.4 I
36 PS IKI )SgJ -- p (_aim)
37 Lr3 19)4.0 414.5.t 1.0 l
98 IF2 189.J 485.1 ).S I (moJy _ lobe)
,tO F2 L_.6 48J.J 1.6 s

• 41 FI 181.4 541..1 0.2 s ,
42 F$ 195.4 384..1 SJ nt
43 04 137.51 407.8 0.1 s

• 46 ¢_ till 414.5 l.J s
49 H:t 80,o _ 1.6 as
44 H_ 111.0 904.9 • 0.2 •
+7 111 109.9 504.0 03 s
4s in 109.4 :;o4.4 0.? s(dimeo_Heet8_ wOuiur)
49 119 15).1 )T/.9 o.0 s
90 14 ?O,S 919.9 o.7 s
Jl 1413 93.9 447.9 0.J s
92 [1 ]U _ 932.1 1.7 S (Film)
93 J3 1.1 _SJ 0.8 s
54, L82 19"J.8 930.1 -- p (lafSefdeeP)
JS fiJ 144.1 91d.d 0.1 a

04 10.5_ 9_0.9 -- p (_)
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LIST OF BURII_ AILT_ACTS AT TI_ RABBIT VALLEY GPER.
lllllll I I ] II I I III r

# TAKGET DESCRIFFION SIZE LOCATION DEPTH
flu l l nl n nnnl| , . n n l I nl i I

i Plastic container filled with 0.S m x 0.5 m x 0.5 m 160W, 30S 0.5 m
pmtffin as st simulated cache. (length x width x

heisht)
I llal II, I i ,lifts 1111 I U I

2 Non-reinforced concrete 1.2 m dial x 1.5 m I80W, 80S 0.5 m

cylinder (oriented vertical)
with a removable wood lid.

I lit ill I [ till

3 Corrugated steel culvert, 0.6 m dis. x 1.2 m 285W, 355S 2.0 m
horizontal cylinder, axis
oriented north-south.

I I I I I I I II IIII

4 Corrugated steel culvert, right 1.8 m dis. x 3.7 m 235W, 395S 2.0 m
horizontal cylinder, axis
oriented north-south.

I i I I I

5 Reinforced concrete box, Ions 2.3 m x 2 m x 1.75 m 286W, 453S 1.35 m
dimension north-south. (length x width x

heighO
IS II II I I I III I I

6 Plastic container, Ions 2.5 m x 1.25 m x 1 m 374W, 473S 1 m
dimension east-west.

llll III i iii i II
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1.5 rn

2.0m

2.5 m

3.0 m

Reddis_ to buff Red-l_ownto
tan sandysiltyloam. G_ mudst(x'ze green.ptxp_ mudsim'w

G__ Green-gray
Rodish-brownsandysm flrm-or_r_ilimestone mudsimm_it_
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ALE,S system,P..MS-20radaron a Bell 2!2 helicopter.



HM_-20 RADAR.SYSTEM SPECIFICATIONS
..... III ..................

[ m,CW._irp_l

C_

[!SO3

ContinuousPower 1 Watt
i r JR li i I li rill

Time.BandwidthProduct $ x 10j

Eflbctive System Osin >160 dB
..... I I II l lll UIIII I

Crou-Axi8 Foot-Print 150 feet (_ 300 feet AGL1ll I ii _ _L . II • lilt [ [I I

:_._'_'livelt.u_lulion (7) 0.7 m
i i ii i , i ] ii i i i L i i

AntennaArrsngement BisutticPolsrized Helical
i i l J Jill[ It II I -- I I U

Survey Rate:
V90% co ersse,reconnmsssmce 100 e_res_our

10%overlsp, close 8rid 200 tcres/d_



Tmsc¢ltep_ _ the Ahbm_ GPP.Storey,

I II ;I i _ I- T_ N_ S W =:,E RANGE BEARigtG_ N ::_S' Z=_W_
NUM"_U IaLcM_ Ia_,NE "(M_!_) (']mVZ) _nANGE _ ....

II

- , ,.-. ;.

:- 2 1-6/'/ 84.3 199.4

3 & 4 2 - 4 CJ):_J.l (3):.220.0 (3): 743 (3): 5/.9
3- I$ . (4): I.IIJ_.9 (4): 224.8 (4): "/3.3 (4): 6/.9 .

$A 6 7*7/8 3'-10 198.6 246.6 82..57 179.7
8 - 7 4 - 10 84.4 181.7 _

? 2 - 8 4 - 14 112.0 207.7 97.2 51.6
5- 12/13 ....

s io- 5 s- in 26.5.4 244.6 120-5 236_5
_/L .II -__ 6 9

9 II - I0 6-13 290.0 242.0 143.8 2.50.8

I0 3 -'7 '- 7- 15 1"18.3 _.1 i'76.6 74.5 i

II 13 - 18 13-8 442.3 221.8 356-5 7_i_..4 52.3 is, .,..,,.,a.

12 10-14 16-10/11 456.2 211.0 400.3 214.4 Slmhmbmt pipekmicd 2 metrosFrom
II-iH12 17-K5 _ dgilJ¢.

13 12 - 15_ 19 -11 532.4 212.8 ' 454.1 2/5.4 14.1 at, ")_'-_.'/_,bT-"-=--'-:--_ _=_
_- 10/11 ,, , ,, , =d_ ,

i. From_ _ J4mdLi_iiM

z. bi I)admMOqpsm t_oi Tree 14talk

_.ummsatSmakaioesm m k,medmyiie¢

4. Mmamd Wea fromNmt__qmtk Bmmd_ lira i Eal SMc.
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sPrJr,D: _ Irl['_i_lr,c ?.08l_
RANGIr4 ilIL_ Fr 36.11
L_NGZSCAI_ lSJ2 lrT_qCH 2.1_MlrtZltS_M

. DllqqERENTIALGPS PosrFION

TIMIt: LATITUDg: LONGrrUDg:

RANGE (1Wrrg_l AND BEAPJNG TO T,tRGgT FROM Ng BLNC'HMARK

It,_O_ .......... _G (TJtUE):
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Typicaldrbome GPR.dataprofileova' .mdismxbalin'u.
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DOE Rabbit Valley Test Sis

Tml;ethitsandlocationforairborneGPIt.
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s-_-_Fm,m-cw _ SYSTmSeeC_CAT[O_S

Type StW_ m-CW

Frequeacy 196 - 708 MHz

B_dwidth $12 MHz

Num_l_rof Sample 128

Y_cy Step Size 4 MHz

__on Frequency 500 kHz

System Dynamic Ranp 96 dB

_R_naeResolution (P.,= 4) 20 cm

UnambiguousResolution 9 meters
(e,,= 4)

An_tennaArrangement Bistatic Los Spiral

Battery Life 6 hours

System Weight 40 ks

Survey Rate O.58cre/d_



1

5
6

_7
8

STL test sand pit, Santa Barbara, CaJLt'ornia

Stepped FM.CW GPR depth profile over test sand pit.
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N RABBIT VALLEY, CO.

w, [ -( GEOPHYSICAL & EVALUATION

[ TEST SI TE SEP, ' 9 3 .(r-_.c__E_I_

400W 300W 200W [00_/ 0_/ TLOS,._104_/

................. OS

........ I " ' loos
................... ' I" ° '" " "1"!"

....... ° ................

................... . ,. , . ...............

.......... _OOS
................ . , ,........................

...........

...... k

. " ............. _ 300S

, _ _ _

- f _ 13 L...........

[ M G C | A ..

........ _ 4005
, _ i. ............................ ° .... ,

¢ | A ..............................., .........

......... ,

! _l G .........................
- 500S' W I III II I

, I

......... , ............................... ° ............

L........... . ..... - .......... • ,..,I ...........................................

.......................... b,..................................

.......... ,............ o -

600S''" iii L _ i ' "

r,_L'61[f COI_OINMT[$,

l L60V,30S - IOA.ASTZ¢ CQNTAIN(R (0.11)t X O.$1q X O.2JN) OI[PTH_O.S)I

LI!IOW,IIOS- ¢OINICII[T( CYI.,NO(R (f,4[M _[A X L_M _IT) 0(PTH=O._4

llJJS_/,3SSS - CONNUC_TCD 5fCCt. CUt.VCRr ([.IM (.GTH X 0.6H DIAl DCPI'N=_.,0M

I_SV,3qS$ - CONflU_I'[O _I'[[I= CUI=VCRT ( 3.7M toGI"N X I.SM I)L4_) D_PTNe_.0N

le6v,4'J3$ - CONCRETE:lax ( 1.3_ _,6T_4X Z.0e4_al)rHx l.TeJlq_4y)DEpYl4el./_q
374_,t,473S - '50UA_I'I(D ° _.AST[_ CYI,.Uq0(R (E._lq L_TI4 X L.teJM VDTH X [.0M liT) 0C@t'H=l.01q

Areas:nyeyedw_ thesteppedFM-CWGPK.



TypicalsteppedFM-CWGPR depthprofileoverundisturbedares.

Stepp_ FM-CWGPP,depthprofilrfromtarget#2, non-reinforcedconcrete cylinder,0.Sin deep,



SteppedFM-CW_ reflemivitymapoftarSet#2 (bottom).
Steppedm-CW_ rd_ mapofmm#l (top).



TAK(3m"RHPOkTFOR THH$_ FM-CW _ SUR._.

# COMMENT8 DI_CTRIC IUTIMATED ACTUAL
CONSTANT DBIvI_

DBlVrH
• q I ii mum I ( _m i i il [ I L 1 [ I [ " TI 1[ I11 I[ __

1 . nau'olydotoctsblo. . _ I .......... O.Sm .... 0.5 m

2 ]Knot position detormined. 8 0.5 m 0.5 m
llllI II -- 1 Ii-- " l] J II I I I1 / ............

3 Not found. >10 - 2.0 m
IN I I Nil I [ I ] [ ni l -

4 Not found. >lO - 2.0 tn .
.... iii II i 3 ! . " [ I [li il IN III III I .....

5 Not found. :,lO . 1.35 m
J ii iii JI] I E _ I J.... IlUU ii ilill jl ] ....

6 Not found. >10 - l m
st i i Hi i ii i



n
........................................... _ _

O

Geo-Centers,Inc.,Surfb_TowedOrdnan_Locafln8Systmn(STOLSm)
o.



T_0..... _.................. C_m v,por(__) .....
Surveyhto 3.5 - 5 milesperhour

(S.6 - 8 kmperhour)
_.J_J_i ]. _ ] il !1 iii iiii iH/m] _ - i 11llil i |111if 11111111if]ill • .....

_c_-so ............................2s-35__ ........
Dm D_ty 100,000points/8_'re

Q3.5_
_JL_JLL I[11 IIII [] II II _11 i ii i ..................

PositionAccuracy < 0.,5mm
___L_] _] li il - iii i i i I I i i i i ii i i i i i I i I ii -

Powm'Supply 120Volt, 1000Watt unit
.ll .......... ............. Lll III II Ii [I

|
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Grand Ju_tion Flabbt Valley Two
iMagnetic Survey Wth STOLS 9/22/93
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Taq_ _ Forthe ]Uhqjne_ Survey.

FWlm in lum wm (_ _i ml (y) _ mfmme mlem

r_mmm m_m: Pmmd. _ t-_mum,_ ms 8ivm._ m_,

TomlIm_ dtmpu S

| Omd _ml _m_

i . &5 3T4.4 3?7.6 0.3 s
2 ¢4 3_lL9 41%P 0.2 n
3 8.1 234.t 371.0 0.4 s
4 A2 4W.0 486.8 -- p (fmmgm)
S ,43 400.0 4t9.1 0,1 m
6 A3 3m.J 449.4, 0.0 s
7' A.5 3119.'7 3J$.1 0.2 a
I BS ]SO.? 349.1 .-- p (Imlim_l_)
9 114 34.1.2 4:N.J U s
l0 B_ 36£9 44P7.8 0.3 8
I1 B2 3_.? 4_.S 0.O s
12 (:3 3|2.0 474.4 0.3 e
13 (:3 3343 447.8 0.0 e
L4 C3 25)9.J 4SO.I 0.0 s
IS C3 ]14.g 4/3.9 -- p (nvmut mail dumumudobjem)
16 C6 307.? 313.0 -- p (h_t)
17 DJ 21LSJ 350.9 0.2 8
18 DS 284.1 ]SS.0 2.9 I (Om_m8Imp mqm)
Lt I)4 _4,_ 391.J 0.0 I
2O I)4 Z80.4 422.6 --- p (fret)
21 IMI 2M.J 439.9 0.i s
22 1)3 _.9 4_.8 0.4 8
23 INI 282.0 _1"/.9 0.Z s

D3 2SO.0 +SOJ 0.Z s (im mmljWu_t)
_5 x_ _ 4n.o 2.4 1 (,amoly tnqjomp,)
26 I_ 280.4 4flj.J 0.1 • ....
21r 82 2.5o_ 5oo.6 o.2
28 82 20_.6 411_.0 0.0 s

83 24t).'7 449.8 0.2 s
30 83 _.SO.O 437.0 0.l s
3! 114 2.50.0 40_.4 0.1 s '
32 84 2_,0 :lS_.S 0.0 8 (mfjmnmon_ uqjm)
33 114 235.6 394,4 3.,?, I (Imp Imlim)
34 84 21U 395._ 0.0 s
35 ItS 241.0 :ld_.l 2.4 I
36 P$ 198.1 $S9..1 -- p (fidm)
37' P3 15P4.0 44.1.9 1.0 8
38 P2 |_.$ 48,5.1 3..5 l (noldy aNqjsdvoIobo)

112 161).6 48.5.5 t.6 s
• 41 Pl 181.6 541..1 0.2 s

4_ P$ 1_.4 384.3 3.2 m
43 (34 137.9 40"/.| 0. I s

• 44 Q_ 141.8 4N.J 1..5 u
45 H_ 80.0 4112J 1.6 m

H_ Ill.0 S04.J o.2 s
47 I_ lO_.J _.0 0..1 s
48 m tot4 ,5oi.4 o.7 s (emo objem_ mmem)
49 J[.5 19.8 377,9 0.0 $
JO I4, "/O.J ]lJg.J 0.7 s
_1 !!3 9L9 4473 O,J s
52 I1 3U. 532.1 1.7 s (Faim)
53 ;3 1.1 44_J 0.8 s
$4. 12 1'/5.8 $_0.1 -- p (Imp0ds_)
J.5 N 166.8 31£6 O.! s

.56 (36 149.5) 320J -- p (Imlle/doep)






