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Executive Summary

In May 2000, a suite of geophysical methods was applied at the Camp Roberts Sanitary Landfill, San Luis Obispo County, California.  Innovative geophysical instruments and software were integrated with conventional tools for the project.  The primary purpose of the investigation was to determine whether the old and new landfills have distinct boundaries, and if they overlap.  The project was also designed to characterize the geologic setting of the landfill, and to provide an evaluation of the effectiveness of geophysical tools for subsequent investigations at the site.  A small electromagnetic investigation of reported underground storage tanks and/or 55-gallon drums at an armored vehicle maintenance facility was also conducted.

The boundaries of the active and historic portions of the landfill were clearly defined by magnetic mapping.  An EM-61electromagnetic survey of a portion of the study area provided results that were as good as those determined by magnetic mapping, but the data were more time-consuming to acquire.   Seismic refraction and multielectrode resistivity data provided confirmation of the limits of the landfill areas in profile view.

Tomographic seismic refraction processing software was proven to be superior to conventional delay-time methods for this site because of the heterogeneity of the subsurface and velocity gradients.  Depth penetration for the new capacitively-coupled OhmMapper resistivity system was limited because of shallow high conductivities.  The Sting multielectrode resistivity system was able to achieve greater penetration, but is more time consuming to use than the OhmMapper system.

None of the methods provided a reliable estimate of the water table.  The seismic data were inhibited by heterogeneity and limitations of the delay-time method, but even the vertical seismic profile did not show a velocity transition that corresponded to the measured water table elevation.  The resistivity methods were inhibited by a lack of penetration caused by the shallow conducting zone.

Results of this study provide insight into geophysical techniques that could be used to address issues that are relevant to environmental remediation at the site.  Magnetic surveys could be used to provide further definition of the boundaries of the landfill.  Geophysical methods (seismic refraction combined with time domain electromagnetic (TDEM) or controlled source audio magnetotellurics (CSAMT)) could be integrated with confirmatory drilling to image the water table and bedrock elevation.

1 Introduction

During the week of May 1, 2000, magnetic, electromagnetic, electrical, and seismic geophysical data were acquired at the Camp Roberts Sanitary Landfill, San Luis Obispo County, California. The primary purpose of the landfill investigation was to determine whether the old and new landfills have distinct boundaries, and if they overlap.  Secondary purposes of the landfill investigation were to determine depth to bedrock beneath the area, to define the lateral extent of the old landfill area, and to evaluate the effectiveness of a suite of geophysical techniques for addressing subsequent site investigations.  The acquisition team was composed of staff from Oak Ridge National Laboratory, Temple University, the Los Alamitos Office of the National Guard Bureau, and Lawrence Livermore National Laboratory.  In addition, a small electromagnetic data set was acquired at a reported tank site a few miles from the landfill.  This report provides a summary of the work that was done, the results of that study, and an interpretation of the data, and some conclusions that may be applicable to subsequent work.

Figure 1 shows a map view of the grid blocks where data were acquired at the Landfill site.  In order to define the character of the region between the known portions of the new and old landfills G-858 vertical magnetic gradient data were acquired over Grid Blocks 1-15 in Figure 1.  Electromagnetic (EM-61) data were recorded in Area 14 for comparison purposes.  Both seismic refraction and multielectrode resistivity data were acquired along the profile lines (red lines in Figure 1) that lie within Grid Blocks 1-15. A vertical seismic velocity profile was acquired in well MW1, about 1500 feet south of the study area.  Seismic refraction data (but not multielectrode resistivity data) were acquired along Profile G which crosses this well.  The correlation between the velocity profile and the seismic refraction data is used to control interpretation of the other seismic refraction profiles.  Multielectrode resistivity data were acquired along Profile F in order to provide a resistivity profile that completely crosses a known trench area.  Electromagnetic data were acquired with the Geometrics OhmMapper system in Grid Block 15 and along the A and B profile lines in order to evaluate the effectiveness of this new tool for subsequent investigations at Camp Roberts.  Corners for each of the 15 grid blocks and selected points on profile lines were surveyed using a global positioning system (GPS), and elevations along the seven profile lines were determined with a transit.

Magnetic gradiometer data were also acquired south of Grid Blocks 1-15 on nine long traverse lines in order to provide an indication of the southern limit of the old landfill.  Six of these nine lines were parallel to one another at 100-200-ft spacing, and the others radiated from a point near the southern extent of the parallel lines.  The area surveyed by these nine lines was selected with the assistance of the Los Alamitos Environmental Office staff.

Finally, EM61 electromagnetic data were acquired at a 1-acre site (located about two miles from the landfill) where buried drums and tanks had previously been reported. 
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2 Site Description

Camp Roberts, built in 1941-1942, is located about 12 miles north of Paso Robles, California, and consists of high plains, rolling hills, stream valleys totaling more than 42,000 acres.  Sparse live oaks are found over much of the facility. The Camp Roberts solid waste disposal facilities are located about two miles south-southeast of the main entrance to Camp Roberts. They include a permitted landfill and at least five waste disposal areas that were closed before the State and County landfill permitting programs came into effect (Geosystems Consultants Inc., 1992).  The 14.3-acre permitted landfill consists of an active north unit (Figures 1 and 2) and an inactive south unit (Figure 1).
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The five closed waste disposal areas are all south of the permitted landfill, and consist of a small canyon fill, referred to as the T-1/T-2 disposal area and four trench fills referred to as trenches T-3 through T-6 (Figure 1).   This portion of the landfill was developed during peak activities during World War II and the Korean War.  Several lysimeter and ground water monitoring wells are located within the landfill area. A photograph taken looking northward across the landfill site is shown in Figure 3.

The surficial geologic map for Camp Roberts (Environmental Science Associates, Inc, 1989) indicates that the rocks exposed at the surface are Cenezoic non-marine sedimentary deposits.  Clays and clastic sediments (silts, sands, gravels, and mixed grain-size) are reported in well logs from the top 200 ft  (Smith, Gardner, and Dunne, Inc., 1989).  Other well logging reports use terminology for lithified rocks that would be derived from each  sediment type (e.g. siltstone, sandstone, conglomerate; EMCON Associates, 1990).  We infer that the subsurface consists of weathered sedimentary rocks or uncemented alluvial materials.  The presence of gravels or conglomerates indicates some degree of stream deposition that would result in a heterogeneous subsurface.  The lack of stratigraphic correlation from one well to another provides further evidence of discontinuous alluvial lithologies in the subsurface. 

Water table elevations have been measured in several monitoring wells at the site.  These elevations range from 570 to 615 ft, where surface elevations range from 700 to 830 ft.  A contour map of these data (Geosystem Consultants Inc, 1998, Fig 4) shows a steep northward gradient extending downward from the T-1/T-2 trench area toward the active landfill.  The gradient shows the water table dropping more than 40 ft where topography rises 60 ft.  Bedrock depths at the site are unknown. 
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DATA ACQUIRED IN THE LANDFILL AREA

2.1 Grids and Profile Lines

The grid was established based on surveyed points to form a 1500 by 900-foot grid with 300 by 300-foot subgrids.  A total of 15 subgrids were surveyed in all.  Latitude and Longitude data were projected into NAD27 UTM US-WUS survey feet to correspond with the extant GIS digital database. Profile lines were 470 ft long with Profiles A, B, and C end-to-end and with the east end of Profile E located at the junction of Profiles A and B.  Similarly, Profile E began at the western end of Profile D and was aligned end-to-end with Profile F.  The coordinates for the corners of the fifteen grid areas are provided in Table 1.  The locations of the ends of the seven seismic/ resistivity profile lines are in Table 2.  The locations listed in Tables 1 and 2 are those shown on the map in Figure 1.  Table 3 lists the start and end points for the nine magnetic traverse lines that extend south of the magnetic grids, and were intended to delineate the southern extent of the old landfill area.

Table 1.  Coordinates of Grid Block Corners, in NAD27 UTM US-WUS survey feet.

	Grid Block ID
	Southwest Corner
	Northeast Corner

	
	Easting
	Northing
	Easting
	Northing

	1
	2312380.5
	12995670.5
	2312680.6
	12995970.5

	2
	2312380.5
	12995370.4
	2312680.6
	12995670.5

	3
	2312380.5
	12995070.3
	2312680.6
	12995370.4

	4
	2312380.5
	12994770.3
	2312680.6
	12995070.3

	5
	2312380.5
	12994470.2
	2312680.6
	12994770.3

	6
	2312680.6
	12995670.5
	2312980.7
	12995970.6

	7
	2312680.6
	12995370.4
	2312980.7
	12995670.5

	8
	2312680.6
	12995070.3
	2312980.7
	12995370.4

	9
	2312680.6
	12994770.3
	2312980.7
	12995070.3

	10
	2312680.6
	12994470.2
	2312980.7
	12994770.3

	11
	2312980.7
	12995670.5
	2313280.8
	12995970.6

	12
	2312980.7
	12995370.4
	2313280.8
	12995670.5

	13
	2312980.7
	12995070.3
	2313280.8
	12995370.4

	14
	2312980.7
	12994770.3
	2313280.8
	12995070.3

	15
	2312980.7
	12994470.2
	2313280.8
	12994770.3


Table 2.  Coordinates of Ends of Seismic / Multichannel Resistivity Profile Lines, in NAD27 UTM US-WUS survey feet.

	Profile Line ID
	North Endpoint
	South Endpoint

	
	Easting
	Northing
	Easting
	Northing

	A
	2312838.0
	12995797.0
	2312980.0
	12995370.0

	B
	2312980.0
	12995370.0
	2313123.0
	12994944.0

	C
	2313123.0
	12994944.0
	2313265.0
	12994517.0

	D
	2312980.0
	12995370.0
	2312663.4
	12995052.4

	E
	2312663.4
	12995052.4
	2312805.4
	12994626.4

	F
	2312805.4
	12994626.4
	2312947.4
	12994199.4

	G
	2311591.4
	12995164.4
	2311655.3
	12994710.7


Table 3.  Coordinates of Ends of Nine Magnetic Profile Lines, in NAD27 UTM US-WUS survey feet.

	Line 
	North Endpoint
	South Endpoint

	
	Easting
	Northing
	Easting
	Northing

	1
	2312679.7
	12994470.8
	2313120.5
	12992717.0

	2
	2312873.4
	12994525.0
	2313347.0
	12992623.5

	3
	2313047.4
	12994642.0
	2313516.7
	12992765.3

	4
	2313222.0
	12994775.9
	2313715.2
	12992797.4

	5
	2313407.1
	12994849.4
	2313915.5
	12992830.9

	6
	2313391.2
	12993261.7
	2313920.6
	12992822.1

	7
	2312660.9
	12993350.7
	2313390.8
	12993267.5

	8
	2313372.7
	12993271.1
	2312702.0
	12993152.4

	9
	2312933.8
	12994703.0
	2313394.5
	12992838.7


2.2 Magnetic Survey of the Landfill Area

By making precise measurements of the earth’s magnetic field and subtracting the expected magnetic field of the earth from these measurements, one can map magnetic values that differ from the expected (earth dipole) values.  These values are referred to as magnetic anomalies.  They are caused by some combination of man-made ferrous metallic objects and naturally occurring magnetic soils and rocks.  Magnetic mapping provides an effective tool for determining the spatial distribution of buried metals, particularly where there are few magnetic minerals in the host soil and/or rock.  The strength and shape of magnetic anomalies depends on many factors, including the size, shape, and composition of the source, the distance between the source and the magnetometer, and the effects of the host rock and soil cover.  Thus it is difficult to determine the precise character of the magnetic anomaly source without additional information.  In landfill investigations, the location of buried wastes is usually more important than determining the size and precise locations of individual objects, so magnetic surveys are commonly used.

The Geometrics G-858 magnetic gradiometer, equipped with an AG-132 GPS positioning system with Omnistar differential correction was used for this survey (Figure 4).  The G-858 was operated in vertical magnetic gradient mode by simultaneously recording with one magnetometer positioned approximately 1.6 ft directly above the other.  The bottom magnetometer was kept at approximately 1.3 ft off the ground during data acquisition.  The magnetic field was recorded in the instrument memory ten times per second at both magnetometers, and position was recorded every second, resulting in measurements at spatial intervals of approximately 1.2 ft along profile lines.  The precise spacing of measurement points was determined by the walking speed of the operator, which was in turn related to topography and walking direction.  The AG-132 has an indicator that assists the operator in maintaining the proper direction for each line.  In addition, orange highway cones were used to provide a visual target at the ends of the lines.  Care was taken to keep vehicles and other crew members away from the magnetometer during data acquisition to eliminate possible sources of noise.
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Data processing steps included downloading from the data logger to a computer, registration of lines, conversion to Geosoft data format, integration of data from the 15 areas into a single file, editing, gridding, and contouring. No filtering of the data was required, although several data dropouts were removed.  The field QC process determined that the data quality on several lines was inadequate and they were re-surveyed at the time.  Two partial lines were later determined to have faulty GPS positioning and were removed, causing a small gap in the final coverage. Numerous map products may be produced from the data.  Both total field and vertical gradient data are measured directly.  For the purposes of this project, the total magnetic gradient (or analytic signal) is presented due to its intuitive interpretation properties for landfill sources.  The total magnetic gradient map for the landfill area is shown in Figure 5.  Plate 1 shows these data with previously mapped landfill boundaries and well locations overlain. Figure 6 shows a 3-D display of topography with total magnetic gradient overlain as color-coded contours.
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2.3 Magnetic Traverses to Assess the Southern Boundary of the Old Landfill

In addition to the magnetic data acquired in the fifteen grid sectors, the G-858 system was used to acquire magnetic data along nine traverse lines that extend from the southern portion of the grid.  The purpose was to provide evidence to support or refute earlier determinations about the southern extent of the old landfill.  The AG-132 positioning system was used to maintain the line orientation, and position was recorded on the G-858 data logger as before.  The data that were acquired during these traverses are displayed in Figure 7 along with the southern portion of the grid where they overlapped.
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EM-61 Survey of Section 14 of the Landfill Grid

Electromagnetic (EM) methods use a transmitter to broadcast a radio-frequency signal into the ground.  This signal induces small electric currents to flow in the soil, rock, and any buried objects near the transmitter.  The more conductive the targets are, the larger the electric current that is induced and the longer it persists.  Receiver coils measure the signal produced by these induced currents.  EM methods provide a rapid, inexpensive means of surveying large areas and are able to detect non-ferrous metals that might not be detected by a magnetometer.  

[image: image17.wmf]Interval velocity (smoothed), MW-101

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

550

575

600

625

650

675

700

Elevation (ft)

Velocity (ft/s)

Water Table: 602.8 ft

Surface: 693.4 ft


[image: image18.emf]N.

Existing Monitoring Well Location 

0

FEET

0

METERS

100 200 300

30 60 90

4-in Steel Standpipe

Specific Landfill Area

SVP-5

SVP-7

MW-01

P-02

SVP-6

LS-3A

P-1

LS-2

SVP-10

MW-8

LS-10

LS-4

MW-6

SVP-9

MW-7

SVP-1

LS-1

MW-4A

SVP-4

P-3

5

4

3

2

1

10

15

8

9

7

14

13

12

6

11

C'

E

F

D

A'/B

B'/C

A

P

P

P

P

P

P

P

P

P

P

P

MAGBASE-01

A15

A18

A100S

A200S

A300S

A36

A39

A42

A45

A10S

A48

A30

A33

A27

A24

A21

A10N

A12

A100N

A3

A6

A9

A300N

A200N

B100N

B10N

B300N

B200N

B39

B18

B30

B9

B3

C27

C24

C21

C33

C30

C12

C15

C18

C300N

C200N

C100N

C3

C10N

C6

C9

C200S

C300S

C100S

C48

C10S

C45

C39

C36

C42

D48

D10W

D200W

D300W

D200E

D300E

D18

D39

D45

D100W

D27

D30

D33

D24

D21

D6

D12

D10E

D100E

NE10

E100S

E200S

E24

E48

E45

E36

E33

E42

E39

E27

E30

E300S

E15

E12

E18

E21

E3

E9

E6

NE100

NE200

NE300

G19

G16

G13

G10

G7

G1

G4

G46

G43

G40

G49

G22

G25

G28

G37

G31

G34

Permitted Landfill

(Inactive)

South Unit

Boundary

Trench T-3

Waste Disposal Area

Area

Borrow

Active

North Area

(Active)

G-line Sensor Location

E-line Sensor Location

D-line Sensor Location

C-line Sensor Location

B-line Sensor Location

A-line Sensor Location

760

720

740

700

700

710

690

700

690

720

710

720

730

740

750

680

750

740

790

740

760

750

730

720

710

680

680

690

700

710

730

720

770

780

800

810

820

780

790

770

750

740

760

770

800

810

710

740

730

720

730

700

710

700

720

720

730

740

760

770

730

750

700

710

690

730

740

740

770

780

790

780

780

790

760

750

770

790

790

760

750

770

780

760

750

740

730

730

740

Figure 1:  Map of the landfill site showing the 15 areas

where magnetic data were acquired, and the locations

of Profile Lines A-G.


The Geonics EM61 metal detector consists of two square coils measuring 1m X 1m mounted on a pair of bicycle wheels and towed behind the operator (Figure 8).  The operator wears a backpack unit that contains the control unit and data logger.  One coil serves as both transmitter and receiver, while the second is only a receiver, located about one foot above the first.  The EM61 is a time-domain instrument that transmits a short pulse from the transmitting coil, and then records the amplitude of the response in both coils at a selected time after the pulse is shut off.  The response is recorded after the currents from the more resistive earth have decayed so that the instrument responds primarily to buried metal.  The EM61 should be able to detect large metal objects to depths of 7m or more.

As a means of comparing the effectiveness of magnetic and electromagnetic methods at the site, EM61 data were acquired in Area 14 of the landfill.  Positioning was controlled with flags and tape measures, as a GPS tracking system was not available for this instrument.  Figure 9 shows a comparison between the EM61 data and the G858 data from Area 14.
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Seismic Refraction Surveys of the Landfill Area

The seismic refraction method is commonly used to determine depth to bedrock, the water table, or some other geologic interface that separates media through which seismic waves propagate at different velocities.  The interfaces need not be planar, and typically do not have a large dip, and the velocities of the layers are assumed to increase with depth.  Conventional data analysis methods assume that layers are laterally continuous and that the velocities that are assigned to each layer are constant within that layer.  These assumptions can be proven by inspection of the data and by comparison of seismic refraction data with surface to borehole measurements known as vertical seismic profiles.

In layered media, the first seismic energy to reach a receiver from a selected shot location will sometimes travel through a deeper high velocity layer, just as drivers can often reach their destination sooner by traveling in the ‘fast lane’.  Time that may be lost in traveling through slow surface layers is recovered by the time saved by traveling at higher velocity.  Seismic refraction methods provide an image of subsurface layering by measuring the time of the first arriving wave for each receiver given known shot point and receiver locations.  Time vs. receiver distance plots can be used to calculate structural cross sections that would yield such first arrival times.  By combining results for several shotpoints into the stationary receiver array, a robust solution can be obtained that includes dips and structural variations on each interface in the model, as long as the a priori assumptions are correct.  More recently, tomographic inversion routines are being marketed for processing of seismic refraction data.  These routines require more shot points within the receiving array, but allow laterally discontinuous layers, vertical velocity gradients, and lateral changes in velocity.  Both conventional processing methods and the newer tomographic methods can be used to detect man-made disturbed zones such as landfills or trenches.  In conventional methods, these might be seen as localized thickening or thinning of shallow layers, or as variations and localized changes (increase or decrease) in the slope of the time-distance plot.  Tomographic methods could assign higher or lower velocities to such zones, depending on how the velocity was affected by the disturbance.
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Seismic refraction data were acquired on 6 profile lines, shown as A,B,C,D,E, and G on Figure 1.  The data were acquired with a Bison Elastic Wave Generator II (EWG) source (Figure 10), 48 Input/Output Model SM-24/UB 10 Hz geophones, and recorded with a Geometrics Strataview portable seismograph.  The geophones were spaced at 10-ft intervals.  Data were acquired at source (shot) intervals of 30-ft within the geophone spread, and at offsets of 10, 100, 200, and 300 ft from each end of the spreads.
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Selected shots were used to build velocity profiles for each line using the SIP family of routines (Rimrock Geophysics, 1995).  The SIPT-2 code allows co-processing of up to 7 shots for each geophone spread.  First arrivals were picked using the SIPIK code.  Picking was difficult with the Roberts data because the first arrivals have very low frequency content, and thus are “emergent” (the amplitude builds slowly, rather than abruptly).  These attributes of the first breaks result in a higher likelihood of having a few milliseconds of error in the selected arrival times, and can result in a final model that is less precise.  Once first breaks were selected, they were incorporated into a data file for each profile line, using the SIPIN and SIPEDT codes.  The data file includes precise positions for each geophone and shot point, and all of the first arrival picks.  Each pick was assigned to a specific subsurface layer in the data file.  For the Camp Roberts data sets, this was more difficult than for some sites because the data indicate that velocities increase gradationally, rather than abruptly, with depth.  SIPT-2 processing assumes that there are discrete layers that are laterally continuous and have constant velocity.  Thus the layers that we selected in processing these data are an approximation that assumes constant velocity layers. 

Vertical seismic profile data were acquired in well MW-1, which is located near Geophone 38 of Line G.  The EWG was used as a source, and data were recorded with a Geostuff Model BHG-2C downhole geophone at 5-ft intervals in the well, extending from 5-ft depth to 140-ft depth, with the source offset at 7 ft.  The data that were acquired in this well are shown in Figure 12, and a plot of the calculated velocities is shown in Figure 13.  The interval velocities that were calculated are shown as filled circles.  These were smoothed with a three-point average to yield the values shown by the X’s that are connected by a fine line.  The bold continuous line shows the velocity profile that was calculated at Geophone 38 from the Line G seismic refraction data.
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The cross-sections that were determined for Lines A-E and G, based on analysis with the SIP software are shown in Figures 13 through 16.  A comparison of velocities derived from the vertical seismic profile (Figure 12) and the seismic refraction profile (Figure 16) is shown in Figure 17.  The data from Lines B and C were analyzed with the RAYFRACT software package as a courtesy by Intelligent Resources Inc, the vendor of the software.  The RAYFRACT code is one of several new tomographic inversion codes for seismic refraction data.  The results of their analysis are shown in Figure 18.

[image: image28.png]Model resistivity with topography
Hteration 4 RMS error = 22.4
Elevation

738 217
i 59 138 295 375 453

722
705
689

o ———

o) IR I I [ (T [ [ I ] [ O .
50 79 126 00 37 04 800 127

Resistivity in ohrm.m

Unit electrade spacing = 19.7 ft.

Vertical exaggeration in madel section display = 144
First electrade is located at -19.7 ft.

Last electmde is located at 512 ft




[image: image29.png]Model resistivity with topography

teration 3 RMS error = 33.5
Elevation

76174

80

748

735

722
709

696
[ T [ (] [ O ...
50 79 126 00 37 04 800 127

Resistivity in ohrm.m Unit electrade spasing = 4.3 1t

Vertical exaggeratin in madel section display = 2.0




[image: image30.png]e o
TS LINRL

OFF LIMITS
10 ALL PERSONNEL
EXCEPT ON OFTIAL
suswess o osoce
o msraanen
COMMANGCR




[image: image31.jpg]1299!

12995100

12994800

1299¥Y§Q 12996000

s-2
400

2312700

2313000

2313300

2313600

2313900

Horth Area
(hctive)

£=y

Hra

Active

Borrow
area

South Unit
(Inactive)

Lanarn
Boundary

12993000 12993300 12993600 12993900 12994200 12994500

12992700

o7

2312400

2312700

2313000

2313300

2313600

2313900

000€66C} 00€EB6CL 009€66CL 006E66C) 00CHBBZ) 00S¥66CL 008¥66CL 001S66ZL 00¥S66CL 00.966C1 000966C 1

0042662}

10236

705.2

5234

4131

3336

2764

2228

1774

198 5

106.2

770

518

33

212

145

109

92

80

69

MW 6.7
O Monitor Well 55

63

6.2

O 4-in Standpipe 80
59
57
56
54
s

Fence

51
Permit Boundary , g
48
4B
45
Road or Track 43
42
40
38
a7
3

nT/m

Scale 1:4800
250 o 250

US survey faot

Camp Roberts

Landfill Site Plus South Extension
Magnetic Total Gradient

ORNL ESD






[image: image32.jpg]12994800 12994850 12994900 12994950 12995000 12995050 12995100

12994750

2313000

2313050

2313100

2313150

2313200

2313250 2313300

2313000

2313050

2313100

2313150

2313200

2313250 2313300

N
e
q wms
=] 789
S m2
2
> =
@ 85
©
=] w7
] 30
a21
- 24
N 272
-
a 28
£ 210
S 181
174
= 157
P 139
© 124
B e
i 94
78
63
] 58
@ 47
3 a8
= 31
S 27
24
- 22
B
© 18
o 14
a 1
S 08
02
2 my
©
£
= Scale 1:800
= 50 0
=_=
o US survey foot
@
©
= Camp Roberts
a
=]

Landiil Site
EMB1 Battom Coil




[image: image33.wmf]750

755

760

765

770

775

0

50

100

150

200

250

300

350

400

450

Distance (ft)

Elevation (ft)

1165 ft/s

3279 ft/s

East

West



[image: image34.wmf]550

600

650

700

750

-15

35

85

135

185

235

285

335

385

435

Distance (ft)

Elevation (ft)

1202 

2828 

3763 

6175 

[image: image35.wmf]550

600

650

700

750

800

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

Distance (ft)

Elevation (ft)

1096 ft/s

2499 ft/s

3842 ft/s

Line B

Line C



[image: image36.png]


[image: image37.jpg]




[image: image38.jpg]


North












South

[image: image39.png]



2.4 Multielectrode Resistivity Profiling

The principle behind direct current (DC) resistivity measurements is simple.  Metal stakes are driven into the ground and a connected to a battery.  Geologic structure and manmade buried objects influence the resulting underground flow of electrical current, and this can be measured by mapping the distribution of voltages at the surface.

Most rocks and soils are insulators.  The flow of electrical current in the ground is predominantly by electrolytic conduction – ions migrating through water in the pore spaces.  Consequently, the electrical resistivity of geologic materials is controlled largely by amount of porosity, the degree of saturation, and the ionic strength of the pore waters.  A tight rock will be more resistive than a porous one; a dry rock will be more resistive than a wet one; a rock that does not contribute ions to the pore fluid will be more resistive than one that does.  Man-made objects, particularly those containing metals, also reduce the electrical resistivity of the subsurface.  The goal of resistivity surveys is to deduce information about rock and soil types, porosity, saturation, and the distribution of man-made objects by their affect on electrical current flow in the ground.

Multielectrode resistivity data were acquired at the Camp Roberts landfill area along survey lines designated A-F(Figure 1) and a single deeper sounding that included line E and F.  Data were collected using a 28-electrode Sting/Swift resistivity system (Figure 19) and inverted with the program Res2Dinv.  For lines A-F, we used an electrode spacing of 19.7 ft, and for the deeper sounded we used an electrode spacing of 39.4 ft.  A dipole-dipole sounded was performed on all of the lines, and with Schlumberger soundings performed on lines C-F and on the deeper sounding.

The setup procedure consisted of flagging the electrode locations using a measuring tape, hammering the stainless steel electrodes roughly 1 ft deep into the ground, and pouring about a liter of salt-saturated water on the stakes to ensure good electrical contact with the ground.  The electrode cable was then laid out and the electrodes attached to the metal stakes with rubber bands.
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The microprocessor in the Swift resistivity box controlled the firing sequence of the electrodes according to the type of array selected, and logged all of the data, which were downloaded to a laptop computer in the field at the end of each sounding.  Each line took roughly 30-45 minutes to setup, an hour to collect data for each array type measured, and 30 minutes to take down, for a total time of about 2 hours per line (3 hrs for lines where we made both dipole-dipole and Schlumberger soundings).
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Results for Sting/Swift Lines A-C

Line A was over undisturbed ground. Line B straddled the boundary between the undisturbed area and the waste area as delineated by the magnetic data.  Line C is almost entirely within the waste area.  Figure 20 shows a portion of the analytic signal magnetic data with the locations of part of line B and all of line C superimposed.  The extent of the burial area is clear and the boundary is quite sharp.  With the exception of monitoring wells and occasional scrap metal, there were almost no magnetic anomalies along resistivity line B, whereas line C is clearly over the burial ground.

Lines A-C are collinear, and combine to form a single transect that ran roughly N-S from the top of the hill down to the bottom, across the road, and across the southern disposal area  (Figures 21-23). 
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2.4.1 Sting/Swift Results for Line D

Line D ran approximately E-W, linking the two N-S transects.  It was located entirely outside of both the old and new burial grounds.  The line was run parallel to the topographic contours, so it is nearly flat (Figure 24).


A dipole-dipole array is the preferred choice when mapping shallow heterogeneity, such as buried metal objects, but because the potential electrodes are positioned outside of the current electrodes (Figure 25), and the current electrodes are close together, there is little current flowing near the potential electrodes, so the voltages are small, making this type of array vulnerable to noise.  The conductive near-surface layer makes this problem worse.  Conversely, the Schlumberger array (Figure 25) places the potential electrodes between the current electrodes, where more current is flowing, so the array is less sensitive to noise, but the price is lower sensitivity to shallow buried objects.  Figure 26 shows the result of a survey along Line D with a Schlumberger array.  Figure 27 uses a different color scale for the dipole-dipole data in Figure 24 to facilitate comparison of the deep response for the two array types.








2.4.2 Results from Sting/Swift lines E and F

The results from lines E and F, which ran approximately N-S parallel to lines A, B and C, are shown in Figures 28 and 29.  These lines cross the disturbed zone in a manner similar to lines B and C.  RMS errors are larger in these figures than in the others, in part because the high-conductivity surface layer makes the potentials noisy.  The RMS errors are reported as percent misfit, not absolute errors.  This causes errors to appear large when the fit is actually quite satisfactory (i.e. a 1 ohm-m error is reported as a 20% error if the resistivity is 5 ohm-m).  For Lines E and F, the fits are good, but appear to be significant because of the manner in which they are presented.



OhmMapper Surveys of the Landfill Area

The OhmMapper is a resistivity system marketed by Geometrics that is designed to collect resistivity data continuously along a profile.  The transmitter and receiver are capacitively coupled to the ground, so there is no need to hammer electrodes into the ground.  The system collects data in a dipole-dipole configuration, so by changing the separation between the transmitter and receiver the depth of investigation can be varied.

Doug Groom (Geometrics) demonstrated the OhmMapper at Camp Roberts by collecting data along the length of profiles B and C, and over all of block 15.  The purpose of this demonstration was to show the OhmMapper’s capabilities, and not to collect a complete data set over the landfill.
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The OhmMapper collects makes tightly spaced measurements along the profile (roughly 1.5 ft spacing at a normal walking speed), but the profile must be repeated using different transmitter-receiver separations to build up a depth section (Figure 31).  Geometrics collected data along the combined B-C profile using 10m transmitter and receiver dipoles, with separations between the transmitter and receiver of 16.4, 24.6, 32.8, 41.0, and 49.2 ft. 

For the survey of Block 15, Geometrics collected data along 10 N-S lines spaced 32.8 ft apart.  The transmitter and receiver dipoles were 32.8 ft, and all ten lines were repeated using separations between the transmitter and receiver of 16.4, 24.6, and 32.8 ft. 

One of the principle advantages of the OhmMapper is that by capacitively coupling with the ground the system can collect resistivity data in areas where the near surface is extremely resistive, such as in northern Canada where the permafrost layer makes it virtually impossible to make good electrical contact with the ground using conventional resistivity systems.  Conversely, in regions where the near surface is extremely conductive, as was the case at Camp Roberts, the capacitive coupling of the OhmMapper provides little signal penetration and the resulting data were noisy.

Inversion of the OhmMapper data for line B-C was accomplished using the same software (Res2Dinv) as for the Sting/Swift resistivity data (Figure 32).  A stacked section that compares the Sting/Swift data (Figures 22 and 23) to the OhmMapper results (Figure 32) is shown in Figure 33.
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Figure 33 Scaled stacked section, comparing the Sting/Swift results (top) with the OhmMapper results (bottom) for Lines B and C.
The OhmMapper results for Block 15 are provided in Figure 34.  Only the results of profiling Block 15 with a 10 m dipole separation are shown here.  The results for the 16.4 ft. and 24.6 ft. separations were very similar.




Interpretation of Geophysical Data from the Landfill Area

2.5 Magnetic Data Interpretation

The analytic signal (total magnetic gradient) map of the landfill area (Figures 5 and 6) shows a very clear magnetic signature in the known landfill areas with only a few sporadic magnetic anomalies interspersed.   The density of data points (at about 1-ft intervals along lines that are spaced 15-ft apart) makes it very unlikely that significant anomalies were missed.  The high quality of the data is demonstrated by the absence of any striping parallel to lines of data points.  Striping becomes apparent in magnetic data when there are significant deviations between adjacent lines, and these do not occur in the Roberts landfill data set. The correspondence between the mapped wells and boundaries of the landfill with the boundaries indicated by the magnetic data is excellent.  

The anomalous region in the northwest portion of the map includes both the Permitted Landfill area and the South Unit (inactive) on Figure 1.  Several wells within these mapped areas appear as large anomalies in the magnetic data (e.g. SVP-6, LS-3A, SVP-5, LS-4, and MW-4A) as does the 4-in steel standpipe at the easternmost corner of the South Unit. The fence between 2312600E 12995300N and 2312850E 12995550N, near the southern edge of the South Unit is also evident.  The magnetic anomalies extend outside of the areas bounded by the South Unit and Permitted Landfill along the northeastern boundary of the South Unit (centered at 2312800, 12995600), and between the southeastern corner of the Permitted Landfill and well P-02.

The largest of the older mapped Waste Disposal Areas occurs dominantly in grid blocks 10, 14, and 15 of the magnetic data set (Figure 1), at the southeast corner of the map (Figure 3).  This is shown on other references as the T1/T2 trench area (Geosystem Consultants Inc., 1998).  As with the newer portion of the landfill that was described in the previous paragraph, the boundaries and wells correspond well between the magnetic data (Figure 3) and the site map (Figure 1).  The northwestern boundary of the T1/T2 trench may extend slightly beyond the area that is mapped.  However, some of the magnetic anomalies outside of the mapped boundary are almost certainly caused by metals that are within the boundary.  Magnetic anomalies extend beyond the objects that cause them, particularly when those objects are at depth.  The anomalous magnetic region similarly extends beyond the mapped area along the northeastern boundary of the T1/T2 trench, but the magnetic anomalies at the southeastern boundary are contained within the mapped portion of the landfill.  A small anomalous area is associated with the road at the southern boundary of the map, presumably because of magnetic minerals in gravel or waste materials that were left along the side of the road. 

Outside of the known waste sites, the most interesting anomaly is the EW trending feature between 2313000E 12995400N and 2313300E 12995400N.  This corresponds roughly to an abandoned road or track used by our field crew to lay out resistivity lines Some of the anomalies are associated with intervening groundwater monitoring wells or standpipes (e.g. P-02, MW-6 and the standpipe at 2312650, 12994700, Figure 5).  It is possible that other wells or standpipes, not included in the map database, could be responsible for other anomalies.  Remaining anomalies are probably associated with metallic surface debris.

The homogenous background signature is an indication that native soils have a very low magnetic signature, as would be anticipated from silts, sands, and non-magnetic clays.  Any magnetic minerals in the gravels are apparently sparse, or they occur at depths that would cause only small anomalies with our data acquisition parameters.

The traverses that extend south of the magnetic grid (Figure 7) show anomalies occurring as far south as 12993200.  This extends a considerable distance beyond the southern limit of Trench T-3, but is consistent with the locations of other mapped trench areas (Trenches T-3, T-4, T-5, and T-6, Geosystem Consultants Inc., 1998).  The disturbed zone can also be observed by surface inspection.  Specific trench boundaries have not been compared for these southern traverses, as the data set is too sparse

2.6 Electromagnetic (EM-61) Data Interpretation

The mapped boundaries of the waste areas are confirmed by the EM-61 results from Area 14, which concur with the magnetic results from that section (Figure 8).  The EM-61 results are easier to interpret because the EM data have a monopole response, unlike the magnetic data which produce a positive and negative component for each anomaly.  The details of trench boundaries are easier to determine from the EM-61 data, which clearly shows three NE-SW trending anomalies, each presumably associated with a different trench.  

The EM-61 data were more time-consuming to acquire because a GPS tracking system was not available for our use, and because it is slower and more awkward to tow the EM-61 cart than to use the shoulder-mounted magnetic sensors.  In geologic settings where magnetic rocks are abundant, the EM-61 has a clear advantage.  At Camp Roberts, both sensor systems are responsive to the landfills, and the magnetic system is an appropriate choice because of its ease of operation.

2.7 Seismic Data Interpretation

A four-layer model, derived with the time-intercept method, was used to represent each of the seismic lines at Camp Roberts.  The velocities that were used were approximately 1180 ft/s, 2800 ft/s, 3800 ft/s, and 6300 ft/s.  These velocities compare well with the velocities that were measured in the MW-1 vertical seismic profile (VSP).  The velocity for layer 1, 1180 ft/s, could not be confirmed in the vertical seismic profile because this layer is so thin, but independent processing of the six profile lines yielded a consistent value for this layer.  The velocities of the second and third layers are consistent between the wells and profile lines, but the depth of the boundary between layers 2 and 3 is markedly different between the profile data and downhole measurements at MW-1 (Figure 17).  Re-examination of the data failed to provide a compatible solution.  The incompatibility may be explained as the effect of a shallow high velocity layer that serves as a high velocity seismic refractor, but is underlain by a lower velocity zone.  This could be caused by a perched water table, a shallow saturated zone associated with downward migrating moisture from earlier precipitation events, or a more highly compacted or cemented sediment zone (e.g. caliche), associated with the original depositional processes, cementation processes, or particle size. The gradational contact between layers 2, 3, and 4 lead to approximations in interface depths that are likely inaccurate.

The depth of the water table that was measured in MW-1  (602.8 ft elevation) is incompatible with the depth of the increase to velocities of about 6000 ft/s that occurs in both the VSP and the seismic refraction measurements.  The measured water table occurs about 20 feet higher than the high velocity zone that is indicated at about 580 ft in the seismic data sets (Figure 17).  Because this velocity transition occurs at similar depths in both the VSP and the seismic refraction results, it is unlikely that this velocity change is caused by the water table.   The 20-ft. difference cannot be attributed to velocity inversions or heterogeneity of shallower sediments.  It is likely that the velocity of layer 4 is either lithologic in origin, or that the “seismic water table”, the velocity increases observed near the known water table, are associated with zones of partial saturation.

The seismic refraction model for Lines A, B, and C (Figure 13) shows a surface layer of variable thickness and low velocity, presumably associated with dry, unconsolidated sediments.  The two underlying layers (2499 ft/s and 3842 ft/s) are not clearly differentiated in the data, and thus the contact between these two layers should be treated as a velocity contour in a gradational layer, rather than as an interface between two distinct units.  The thickening and thinning of Layer 2 on Line C is coincident with the mapped boundary of the landfill (Figure 20), and is typical of the manner in which such features appear when layered models are used to represent seismic refraction measurements.  The thickening and thinning of Layer 2 on Line C causes a sinusoidal disruption of the Layer 3/ Layer 4 contact beneath Line C, and an abrupt depth change for that interface where Line B and Line C meet (470 feet distance, 500 ft elevation on Figure 13).  The tops of Layers 3 and 4 are much more continuous laterally on Lines A and B, indicating that the near surface is less disturbed.  Layer 4 varies between about 570 and 610 ft elevation while Layer 4 is flatter with an elevation of about 730 ft at the north end and about 710 ft at the south end.

The RAYFRACT tomographic image for Lines B and C (Figure 18) appears to provide a more reliable representation of the subsurface.  The velocity gradient (continuous increase in velocity with depth rather than abrupt layer changes) is apparent in this image, but the gradient is not constant over the length of the section, indicating significant lateral heterogeneity.  High velocity zones at 500 and 725 ft (distance) and about 50 ft beneath the surface correspond well with the northern and southern boundaries of the waste areas (Figure 20).   The depths of the zones are probably too large, and may indicate a limitation of the inversion for data acquired with these parameters.  A steep velocity gradient occurs along an irregular surface at about 500 ft depth, particularly on the southern half (Line C) of the section.  The structure on this surface may be an artifact caused by the disturbed near surface zone, or it could represent an irregular bedrock surface that underlies the site.  Portions of the image that are below about 500 ft elevation should be treated with caution, as they are not well constrained by the data, particularly near the northern and southern margins of the image.  It is noteworthy that no clear boundary corresponds with the mapped water table depth, as was noted earlier for the time-intercept section for these lines.

The tomographic result for Lines B and C clearly demonstrates that a tomographic solution is much more appropriate to the Camp Roberts data than the time-intercept solution.  Not only does it provide a credible representation of the trench area, but it also shows the velocity gradient and absence of layering that were problematic in the time-intercept results.  The interpretations of time-intercept results for Lines A, D, E, and G should be treated with caution with the tomographic results in mind.

The conventional (SIP delay-time) model for Line D showed a poor fit for layer 3, and the first arrivals could not be identified that correspond to layer 4.  Therefore, the model shown in Figure 14 includes only the Layer 1 / Layer 2 interface.  The velocity for Layer 2 is higher than for the other five sections.  We interpret this to be an indication of a high degree of heterogeneity on Line D.  We note that this line is orthogonal to the predominant orientation of the others, and this may indicate that the heterogeneity is more severe in the east-west direction than in the north-south direction.  

We were unable to detect Layer 4 on Line E data, but the other interfaces in the delay-time model (Figure 15) are well constrained and similar in character to those in Lines A,B, and C.  The thickening of Layer 1 and variability of the Layer 2 / Layer 3 interface at the south end of the line may be due to a disturbed near surface associated with the mapped trench location.  If so, it is interesting to note that the effect is not as pronounced as it is along Line C, perhaps because Line E does not cross the disposal area as much as Line C.

The time-intercept model for Line G (Figure 16) shows layers that are smoothly varying with none of the radical variations that were observed on Line C.  Layers 2 and 3 show a thinning  at about 370-380 ft, and Layer 4 shows a small but abrupt transition at that depth.  The location of these features corresponds with the location of the monitoring well, MW-1, and may be related to compaction or minor disruption of the surface that occurred during drilling.  The elevation of the top of Layer 4 is in the same range as it was beneath Lines A, B, and C, at 570-610 ft.

Bedrock depth at the landfill site has not been determined by drilling.  Two possibilities may be considered from the seismic refraction results.  First, it is possible that Layer 4, which ours at elevations of 570-610 ft, could represent a low-velocity bedrock interface.  The well logs indicate that a transition from conglomeratic sandstone to conglomerate occurs at 118 ft depth (575 ft elevation), but there is no indication of any significant accompanying change in cementation, weathering, or induration.  The absence of a steep velocity gradient in the 570-610 ft elevation range in the tomographic inversion for Lines B and C provides additional indication the velocity increase at 570-610 ft elevation is not associated with bedrock.

A second possibility is that the high-velocity zone (9000-10000 ft/s) at about 450-550 ft in the tomographic inversion for Lines B and C (Figure 18) could represent the bedrock interface.  The velocity is more typical of bedrock, and the steep gradient is a better representation of the contrast that would be expected at a bedrock/sediment interface.   

2.8 Multielectrode Resistivity Data Interpretation

Several points should be kept in mind when interpreting the resistivity cross sections:  First, the inversion process that translates raw resistivity data into a resistivity cross section is non-unique.  More than one possible subsurface configuration could result in the measured data.  The inversion program chooses the smoothest, least heterogeneous, solution.  This solves the mathematical problem of non-uniqueness, but produces a slightly blurred image of the actual geology.  Abrupt transitions between layers become gradational transitions in the resistivity section.

Second, the data are collected along a line and inverted assuming two-dimensional geologic structure.  This assumption is reasonable for a layered earth, or for dipping layers if the data are collected perpendicular to strike, but works less well over localized three-dimensional targets such as buried metal objects.  The resistivity data will still show the target, but the dimensions will not be correct.

Finally, it is important to realize that this geophysical technique maps changes in resistivity, which may or may not correspond to changes in geologic formation.  Resistivity changes can occur within a formation, and conversely, two formations may have the same resistivity and be indistinguishable on the resistivity section.

Starting at the top of the hill with Line A (Figure 21), we notice first that the entire section has very low resistivity values – all less than 200 ohm-m.  We believe that this is because of the high clay content of the soil, and the presence of evaporites (salts).  The drilling logs for the area wells refer to the local Paso Robles Formation as, “SILTY CLAY, dark to moderate yellowish brown, stiff non-plastic, dry to moist, with fine- to medium-grained sand, friable, caliche or gypsum along fracture openings.”  Clay has a low electrical resistivity, and if the pore water is saline, the resistivity will be lower still.

Evaporites may explain the layering visible in line A.  It rained in the weeks preceding our survey, but was dry during our fieldwork.  The surface probably dried out, creating a thin resistive zone.  Beneath this there is a very low resistivity layer (<10 ohm-m) that probably corresponds to moist, salty clay.  The resistivity increases again below about 33 ft.  This could be either a moisture change or a lithology change.  Note that the magnetic data give no indication of metal buried under this line, so the resistivity variations probably correspond to soil and rock changes, not buried waste.

Line B (Figure 22) enters into the southern disposal area (inactive) at the south end (see Figure 20).  The resistivity data show the same general pattern as we saw for line A, but the layering appears to be disrupted at the south end, probably because of the landfill excavation and fill.  It is not clear that the metal within the landfill can be distinguished in the resistivity data because the host material already has a very low resistivity.  The differences between an extremely good conductor (salty clay) and a near-perfect one (metal) are very subtle.

It is unclear whether the resistivity data can be used to determine the depth of the fill.  The disruption of the layering appears to extend to the full depth of the cross section (roughly 50 ft); it seems unlikely that material was buried this deep.

Line C, which lies almost entirely within the southern disposal area, shows the same disrupted layering (Figure 23).  Interestingly, the very southern end of line C extends beyond the south end of the burial ground according to the magnetic data, yet the near surface conductive layer is still missing in the resistivity data.  In fact, that portion of the line is relatively resistive.  The questions is whether the magnetic data shows the true southern boundary of the burial ground and there is simply no conductive soil layer present, or the whether burial ground extends further but has no ferrous metal buried further south, and consequently no magnetic anomaly.

The resulting resistivity cross section for Line D (Figure 24) shows the same near-surface conductive layer as in line A, over a slightly more resistive material beginning at a depth of about 10-20 ft.  Notice that the conductive near-surface layer is unbroken, which is consistent with the line being outside of both burial grounds.

The data from all of these lines are quite noisy because this conductive near-surface layer acted as a virtual short circuit, and made it difficult to drive current deep into the ground to probe deeper structure.  This problem was accentuated by the use of a dipole-dipole array.

It is interesting to compare the results for Line D from the test run using the dipole-dipole array (Figure 24) with the results for the same line using a Schlumberger array (Figure 26).  The basic patterns are the same: both show an extremely low resistivity layer near the surface, and a more resistive layer below.  The two differ in detail, however, and this illustrates the why it is important not to read too much into the fine detail of the resisitivity contours.  The results of the Sclumberger array show a smoother near-surface layer (less noise, but less detail).

At depth, the uniformity of the results of the dipole-dipole array is an artifact of the choice of resistivity contour intervals.  The dipole-dipole data with a different scale shows variation at depth.  With the exception of Figure 27, we have used the same resistivity scale for all of the Sting/Swift results.  This makes it easier to compare lines, but does not bring out all of the detail in each line.  Our data analysis involved plotting all of the resistivity lines using a variety of scales, comparing dipole-dipole and Schlumberger array results, and the results of inverting the data with different parameter settings.  Due to space constraints, only a portion of these figures is present in this report.

The inversion results for Lines E and F (Figures 28 and 29) show similar structure to that in Lines A, B, and C.  Line E shows the near-surface conductive layer which is disrupted near the base of the hill, where line F starts, over the burial ground.  This disruption is evident for nearly all of line F, which extends beyond the magnetic grid.  The very southern end of line F shows what appears to be a return to the natural layering, suggesting that the line extends beyond the southern boundary of the old burial ground, in agreement with site drawings.

Preliminary processing of the resistivity data shows good agreement with the magnetic data.  The burial ground shows up as a disruption of the lithologic layering.  However, the low-resistivity soils in this area make it difficult to detect buried metal targets.

2.9 OhmMapper Data Interpretation

The results show about 13 ft of penetration (Figure 32), and the same highly conductive near-surface layer as in the Sting/Swift data.  Interestingly, the OhmMapper appears to show the transition to the burial ground, which occurs near the base of the hill at about 278.9 ft in Figure 32, as a change to an even higher conductivity.  This was not the case with the Sting/Swift, suggesting that the OhmMapper is more sensitive to buried metal than DC resistivity, or that the because the OhmMapper was sensitive to only upper first four meters of the subsurface, buried metal had a proportionally larger effect on the resistivity data.

The OhmMapper results for Block 15 also demonstrates the sensitivity of the OhmMapper to the buried metal within the boundary of the old landfill (Figure 33).  The southwest corner of Block 15 extends beyond the southern boundary of the landfill, and the OhmMapper data show a corresponding decrease in conductivity in the southeast corner.

The OhmMapper data in Figure 33 have been plotted as conductivity values, the reciprocal of resistivity, to make it easier to compare the results with the magnetic analytic signal results for Block 15. We expected conductivity to increase where magnetic field strength increased, and this is shown to be the case when we compare the OhmMapper results to the magnetic analytic signal in Figure 33.  Note that this is only a qualitative comparison because the two instruments, the OhmMapper and the magnetometer, are responding to two different physical properties, electrical conductivity and magnetic susceptibility respectively.  Although we expect both to be greater over buried metal, the presence of evaporates in the soil has a large influence on the conductivity, but none on the magnetic response.

Although the conductive soils present in the landfill area limited the penetration of the OhmMapper and increased the noise levels, the OhmMapper still provided interesting results.  The horizontal resolution was superior to the Sting/Swift multielectrode resistivity system because of the tightly spaced samples (1.6 ft vs. 19.6 ft for the Sting), but penetration was worse (13 ft vs. 80 ft for the Sting).

The OhmMapper proved far superior to the Sting/Swift as a rapid profiling tool.  Collecting ten OhmMapper lines at three dipole spacings over Block 15 took only a few hours.  To collect the same ten lines with the Sting would have taken about ten times as long.  Although the magnetic data were superior for delineating the boundary of the landfill, the OhmMapper performed adequately, and would work well for burial grounds containing only non-magnetic targets such as asbestos, or fiberglass tanks, where the magnetometer would not.  The demonstration, although covering only a limited area, successfully highlights the strengths and weaknesses of the OhmMapper system, keeping in mind that the system would have performed even better in a more electrically resistive environment.

2.10 Summary Interpretation

Landfill boundaries

The magnetic results clearly define the boundaries of the active and historic landfills, and show no evidence of trenches or buried wastes between them.  The EM-61data provide a similar result, though the data are more time-consuming to acquire.  GPS positioning systems are available for use with the EM-61, and would shorten the time required for acquisition.  The landfill boundaries that are defined in map view by the magnetic data and the EM-61 data are supported in profile by the seismic refraction data and multielectrode resistivity data.  The seismic data are most effective in identifying trench locations when a tomographic inversion is used, instead of a conventional delay-time approach to interpretation.  This shows a localized high-velocity zone that coincides with the trench boundaries that are defined by the magnetic data.  The multielectrode resistivity data show a disruption of layering where trenching has occurred.

Water table

None of the data sets were able to reliably detect the water table.  High conductivity layers in the near-surface limited the penetration of the resistivity system.  Correlation of seismic refraction results and the VSP at MW-1 with the measured water table showed a 20-ft offset between a zone of seismic velocity increase and the measured water table elevation that we were unable to explain.

Bedrock depth

As indicated earlier, no method that we tested showed a clear response to bedrock.  Without ground truth data from wells, we are presently unable to address this issue.  Tomographic processing of the remaining seismic refraction lines might provide a clearer indication of the depth and character of the bedrock interface, particularly if these data are tied to well measurements.  The absence of an abrupt velocity increase that is typically associated with bedrock suggests bedrock is very deep, or that the bedrock has the same composition as overlying sediments that are less compacted and/or uncemented, and that the lithification processes are gradational over a large depth range. 

Heterogeneity

Both the seismic data and the multielectrode resistivity data provide evidence that the shallow geology is laterally discontinuous and heterogeneous.  This could include zones of caliche, perched water, and/or facies changes associated with fluvial deposition that would include (at a minimum) sandstones, mudstones, and conglomerates.  Such a geologic setting demonstrates the limitations of geophysical analysis methods that assume lateral continuity and which disallow gradational changes in physical properties.  In the case of the seismic data, the geologic setting is much better suited for processing with a tomographic inversion approach than a conventional delay-time method.  The high electrical conductivity of the near surface imposed limitations on the penetration depth of both the OhmMapper and multielectrode resistivity systems.  The multielectrode system was better suited for penetrating this zone than was the OhmMapper.

EM-61 Survey of the Tank Site

2.11 Introduction

The goal of the electromagnetic data collection at this site was to locate buried drums or underground storage tanks (UST) that were suspected near a refueling station.

A standard Geonics EM-61 metal detection instrument was used.  The grid was established in an arbitrary projection so that the survey lines were oriented parallel to the refueling station.  The grid point 225E 125N is located at the SW corner of the concrete pad supporting the refueling tanks.  The 225E meridian lies along the long axis of the pad from the SW to NW corners.

Data were recorded on a constant time interval of 10Hz.  The instrument was calibrated for background readings at a relatively non-conductive area to the SW of the grid.  Navigation and positioning were based on taped lines 4 feet apart with markers every 25 feet.  Data from the upper coil and lower coil are presented, along with the difference between the two.  No filtering was required.

In addition to the NS grid lines, three lines were run EW over the strongest anomaly response.  After surveying, the instrument calibration was re-checked at the original calibration point to verify the absence of electronic drift.

2.12 Interpretation of the Tank Site data

The three parameters shown here emphasize three different aspects of the area.  The color distributions have been adjusted to enhance these features.  The lower or bottom coil is best suited for detection of larger objects.  In Figure 35, four anomalies are clearly seen.  Anomaly B is a suspected UST or trench of drums.  Anomaly C is associated with the concrete pad of the refueling station.  Anomalies A and D are unknown.
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In Figure 36, the upper coil is shown to illustrate smaller targets of possible significance.  The anomalies at location E may represent individual drums or pipes.  The anomalies at F, G and H are unknown, but may also be related to multiple buried drums.
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In Figure 37, the difference between the upper and lower coils is presented to illustrate the finest level of detection capabilities.  The anomalies at J may represent individual drums at extreme depth (4-5m).  The anomalies at K are more likely small surficial items.  The anomalies at L reflect the presence of another concrete pad off the end of the survey block.

Recommendations

The data acquired in this project can be used to guide future applications of geophysical techniques at Camp Roberts.  For instance, if further definition of the southern portion of  the historic landfill is needed, the magnetic mapping method that was used in this study could be adapted to cover that area.  Depending on the precision that would be needed, a coarser line spacing might be used than was used in this study.  The results also demonstrate that the site is well suited to magnetic acquisition methods.  If a large area (e.g. > 200 acres) must be surveyed (e.g. a survey of a target range for UXO), a helicopter-based airborne magnetic method would be very effective at this site, and might be expected to detect objects containing as little as 2 kg. of ferrous iron.  The EM-61 was similarly proven to be an effective tool at Camp Roberts for detection of buried metallic waste.

If it is important to map the bedrock surface, geophysical methods could be used in conjunction with confirmatory drilling to map the interface.  One possible interpretation of the tomographic refraction image (Figure 18) is that the bedrock interface is very irregular.  If such is the case, a program that relied on drilling would be ineffective.  Electromagnetic methods that have better penetration than those used in this study (e.g. Controlled Source Audio Magnetotellurics – CSAMT, or Time-domain Electromagnetic Methods, TDEM) could be used in conjunction with tomographic seismic refraction methods to produce a reliable bedrock map.  The electromagnetic methods that are mentioned above might also provide a better estimate of the water table depth
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Figure 19:  Sting/Swift multielectrode resistivity system in the field at Camp Roberts.





Figure 20:  Extract of the Magnetic Analytic Signal showing where Line B crosses into the southern disposal area.  Coordinates are UTM (ft)





Figure 22: Resistivity cross section for Line B.  The disruption of the layering at the southern end (right side) of this line is probably due to the excavation and fill associated with the southern landfill.





Figure 21:  Resistivity cross section for Line A.  The vertical scale is elevation above mean sea level (m).  The horizontal scale is distance along the line (m).  The line runs north (left) to south (right).





Figure 23:  Resistivity cross section for Line C.  This line is within the southern burial ground and show disrupted layering.








Figure 24:  Line D shows the same extremely conductive (low resistivity) near-surface layer as Line A.





Figure 25:  Two resistivity array types used at Camp Roberts.  C1 and C2 are the current electrodes; P1 and  are the potential electrodes.  The dipole-dipole array is better for detecting shallow buried objects, but is more sensitive to noise and does not probe as deep as the Schlumberger array.








Figure 29: Line F shows the disrupted layering created by the burial ground for most of its length, but the southern end of this line appears to extend beyond the burial ground.








Figure 27:  The same data as Figure 24 (dipole-dipole array), but with a different resistivity contour interval (note scale change).  Also compare with Figure 26.





Figure 26:  Results for Line D using a Schlumberger array.





Figure 28: Line E runs parallel to lines A, B and C, and shows the same near-surface conductive layer.  The burial ground begins at the southern end of this line.








Figure 2: The active landfill area.





Figure 3: Photograph of the closed waste disposal areas.





Figure 4:  Geometrics G-858 magnetic gradiometer with GPS positioning.





Figure 10: The elastic wave generator (EWG) seismic energy source.





Figure 11.  Downhole data were recorded at well MW-101 with a Geostuff downhole geophone, an EWG energy source, and a Geometrics Strataview seismograph.  The solar panel was used to extend the battery life during field operations.
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Figure 17: Vertical seismic profile for well MW-1, compared with the seismic refraction model for Line G.  The velocities derived from the VSP data are represented by round black dots, and a three-point average of these points are shown as the x’s that are aconnected by the pink line.  The solid black line represents the velocity structure at the well that was modeled from the seismic refraction data.  The measured depth of the water table is also shown.





Figure 8:  Geonics EM-61 electromagnetic system.








Figure 12:  Vertical seismic profile data for well MW-1.  Data were acquired at 5-foot intervals beginning at 140 ft (trace number 1, right hand side) up to 5 ft (trace number 28, left hand side) at an offset of 7 ft from the well casing.





Figure 30:  OhmMapper system: transmitter, receiver, tow cable, and control console.  From Geometrics website.





Figure 32:  OhmMapper results for the B-C profile. North is to the left, south to the right.








Figure 34:  The OhmMapper data (left) and the magnetic analytic signal (right) show a similar pattern, although the magnetic data more clearly delineates the southern boundary of the burial ground (red line).  The blue lines show the edges of the dirt road passing through Block 15, and the magenta line shows where profile line C crosses Block 15.  Note that the OhmMapper data covers an area that is slight larger in the N-S direction and slight smaller in the E-W direction than the actual extent of Block 15 (shown in the magnetic data).  Coordinates are UTM (ft).
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Figure 13: Seismic refraction model determined for Lines A, B, and C.  Vertical scale is exaggerated.
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Figure 18:  Tomographic inversion of Lines B and C determined from RAYFRACT processing





Figure 35:  EM61 bottom coil with course color scale to illustrate major features.
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Figure 9:  A comparison of EM61 data (top) and magnetic gradient (bottom) data over subgrid 14.





Figure 11: Equipment used for vertical seismic profile at well MW-1.





Figure 16: Seismic refraction results for Traverse G.





Figure 31:  The operator tows the OhmMapper transmitter and receiver along the ground.  The spacing between the dipole transmitter and receiver controls the sensing depth.  From Geometrics website.





Figure 36:  EM61 top coil data with medium color scale to illustrate moderate sized targets.





Figure 37:  EM61 difference data (bottom coil minus top coil) with fine color scale to highlight the most subtle features.
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Figure 14: Seismic refraction model determined for Line D.  





Figure 15: Seismic refraction model determined for Line E.  
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LINEDmod

				1		768.6		760		3.3		756.7				468.6

				2		758.6		760		3.6		756.4				458.6

				3		748.7		759.9		5.1		754.8				448.7

				4		738.7		759.8		5.7		754.1				438.7

				5		728.7		759.8		5.9		753.9				428.7

				6		718.8		759.7		5.6		754.1				418.8

				7		708.8		760.2		5.6		754.6				408.8

				8		698.8		760.6		5.4		755.2				398.8

				9		688.9		761.1		4.9		756.2				388.9

				10		678.9		761.6		5.9		755.7				378.9

				11		668.9		762		7.8		754.2				368.9

				12		659		762.5		9.6		752.9				359

				13		648.9		763.1		11.1		752				348.9

				14		638.8		763.7		12.2		751.5				338.8

				15		628.8		764.3		12.9		751.4				328.8

				16		618.7		764.9		13.4		751.5				318.7

				17		608.6		765.5		13.9		751.6				308.6

				18		598.5		766.1		14.3		751.8				298.5

				19		588.8		767.1		15.1		752				288.8

				20		579.1		768		15.6		752.4				279.1

				21		569.3		768.9		15.7		753.2				269.3

				22		559.4		769.5		14.8		754.7				259.4

				23		549.6		770.1		13.7		756.4				249.6

				24		539.7		770.8		12.4		758.4				239.7

				25		528.9		770.9		11.1		759.8				228.9

				26		518.1		771		11.1		759.9				218.1

				27		507.3		771.2		11.4		759.8				207.3

				28		497.3		771.2		11.1		760.1				197.3

				29		487.4		771.3		10.7		760.6				187.4

				30		477.4		771.3		10.3		761				177.4

				31		467.3		771.2		10.1		761.1				167.3

				32		457.3		771		10.7		760.3				157.3

				33		447.2		770.8		10.9		759.9				147.2

				34		437.3		770.5		11.1		759.4				137.3

				35		427.3		770.2		9.5		760.7				127.3

				36		417.4		770		10.1		759.9				117.4

				37		407.4		769.7		10.8		758.9				107.4

				38		397.4		769.4		11.7		757.7				97.4

				39		387.5		769.1		12.3		756.8				87.5

				40		377.5		768.3		12		756.3				77.5

				41		367.5		767.6		11.8		755.8				67.5

				42		357.5		766.9		11.5		755.4				57.5

				43		347.5		766.1		11.1		755				47.5

				44		337.6		765.4		11.3		754.1				37.6

				45		327.6		764.7		11.5		753.2				27.6

				46		317.9		763.4		10.9		752.5				17.9

				47		308.2		762.2		10.3		751.9				8.2

				48		298.5		761		9.2		751.8				-1.5
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ABCTEST

				C		1656.4		784.8		1.9		782.9		52.6		732.2		179.6		605.2		1356.4

				D		1418.2		778.1		1.6		776.5		43.1		735		190.6		587.5		1118.2

				E		1169.2		755.8		3.7		752.1		28.9		726.9		156.7		599.1		869.2

				1		1646.4		784.6		1.9		782.7		53.7		730.9		180		604.6		1346.4

				2		1636.5		784.5		2.1		782.4		54.9		729.6		180.5		604		1336.5

				3		1626.5		784.4		2.1		782.3		55		729.4		181.1		603.3		1326.5

				4		1616.7		785.3		2.7		782.6		54.4		730.9		182.6		602.7		1316.7

				5		1606.9		786.3		3.4		782.9		54.7		731.6		184.2		602.1		1306.9

				6		1597		787.2		3.8		783.4		54.7		732.5		185.8		601.4		1297

				7		1587.2		787.4		3.9		783.5		54.6		732.8		186.6		600.8		1287.2

				8		1577.4		787.5		4.2		783.3		53.1		734.4		187.3		600.2		1277.4

				9		1567.6		787.6		4.1		783.5		52.6		735		188.1		599.5		1267.6

				10		1557.8		787		4		783		52.7		734.3		188.1		598.9		1257.8

				11		1547.9		786.4		3.9		782.5		53.5		732.9		184.9		601.5		1247.9

				12		1538		785.9		2.5		783.4		53.7		732.2		181.4		604.5		1238

				13		1528		785.2		1.8		783.4		52.5		732.7		179.4		605.8		1228

				14		1517.9		784.6		1.8		782.8		50.2		734.4		180.5		604.1		1217.9

				15		1507.8		784		1.7		782.3		47.9		736.1		182.7		601.3		1207.8

				16		1497.9		783.4		1		782.4		45.9		737.5		184.4		599		1197.9

				17		1488		782.8		0.8		782		45.6		737.2		186.5		596.3		1188

				18		1478.1		782.1		0		782.1		45.1		737		188.9		593.2		1178.1

				19		1468.4		781.5		0		781.5		44.3		737.2		191.4		590.1		1168.4

				20		1458.7		780.8		0		780.8		44		736.8		191.7		589.1		1158.7

				21		1449		780.2		0		780.2		44.3		735.9		191.5		588.7		1149

				22		1438.9		779.5		0		779.5		44.9		734.6		191.2		588.3		1138.9

				23		1428.7		778.8		0.8		778		43.5		735.3		190.9		587.9		1128.7

				24		1418.6		778.1		1.6		776.5		43.1		735		190.6		587.5		1118.6

				25		1408.2		777.4		0.9		776.5		42.8		734.6		190.3		587.1		1108.2

				26		1397.7		776.6		0.1		776.5		41.8		734.8		190.5		586.1		1097.7

				27		1387.2		775.9		0.1		775.8		40.5		735.4		189.5		586.4		1087.2

				28		1377.2		775.2		0.1		775.1		39		736.2		185.2		590		1077.2

				29		1367.4		774.5		0.1		774.4		38.4		736.1		186.9		587.6		1067.4

				30		1357.4		773.8		0.1		773.7		38.7		735.1		188.1		585.7		1057.4

				31		1347.3		773		0.1		772.9		40.3		732.7		189.2		583.8		1047.3

				32		1337.4		772.2		0.1		772.1		43.1		729.1		187.3		584.9		1037.4

				33		1327.3		771.5		0.4		771.1		42.3		729.2		186.7		584.8		1027.3

				34		1317.5		770.7		0.5		770.2		41.2		729.5		185.9		584.8		1017.5

				35		1307.7		769.9		0.6		769.3		39.4		730.5		185.1		584.8		1007.7

				36		1298		769.1		0.7		768.4		38.1		731		184.4		584.7		998

				37		1288		768.4		1		767.4		37.7		730.7		183.7		584.7		988

				38		1278		767.6		1.1		766.5		36.8		730.8		183.1		584.5		978

				39		1268.1		766.8		1.2		765.6		35.8		731		181.5		585.3		968.1

				40		1258.3		765.8		1.2		764.6		34.8		731		179.9		585.9		958.3

				41		1248.5		764.7		1		763.7		34		730.7		177.3		587.4		948.5

				42		1238.7		763.7		0.9		762.8		33.3		730.4		174.9		588.8		938.7

				43		1228.8		762.7		0.9		761.8		32.2		730.5		172.4		590.3		928.8

				44		1218.7		761.7		1.1		760.6		30.6		731.1		170		591.7		918.7

				45		1208.7		760.6		0.5		760.1		30.8		729.8		167.4		593.2		908.7

				46		1199.1		759.5		1.7		757.8		31.3		728.2		164.8		594.7		899.1

				47		1189.3		758.3		2.4		755.9		31		727.3		162.2		596.1		889.3

				48		1179.6		757.2		2.9		754.3		29.9		727.3		159.7		597.5		879.6

				1		1209.4		760.8		0.6		760.2		31.2		729.6		167.7		593.1		909.4

				2		1199.2		759.7		1.8		757.9		31.3		728.4		165.1		594.6		899.2

				3		1189.2		758.5		2.6		755.9		30.6		727.9		162.4		596.1		889.2

				4		1179.6		757.3		3.3		754		29.3		728		159.8		597.5		879.6

				5		1170.1		756.1		3.9		752.2		29		727.1		157.2		598.9		870.1

				6		1160.5		754.9		4.1		750.8		29.8		725.1		154.6		600.3		860.5

				7		1151		753.7		4.3		749.4		29.7		724		152		601.7		851

				8		1141.4		752.5		4.6		747.9		29		723.5		149.3		603.2		841.4

				9		1131.9		751.3		4.8		746.5		29.2		722.1		146.7		604.6		831.9

				10		1122		750.4		5.4		745		29.2		721.2		152.5		597.9		822

				11		1112.2		749.5		5.9		743.6		28.3		721.2		151.6		597.9		812.2

				12		1102.2		748.6		6.5		742.1		26.8		721.8		150.8		597.8		802.2

				13		1092.3		747.6		7		740.6		25		722.6		153.1		594.5		792.3

				14		1082.5		746.7		7.6		739.1		23.1		723.6		152		594.7		782.5

				15		1072.6		745.8		8.2		737.6		21.2		724.6		153.1		592.7		772.6

				16		1062.8		744.9		8.7		736.2		19.8		725.1		166.6		578.3		762.8

				17		1052.8		743.9		9.2		734.7		20.5		723.4		162.6		581.3		752.8

				18		1043		743		9.8		733.2		22.4		720.6		154.3		588.7		743

				19		1032.8		742		10.1		731.9		23.2		718.8		145.6		596.4		732.8

				20		1022.7		740.9		10.1		730.8		22.6		718.3		146.2		594.7		722.7

				21		1012.5		739.8		10.2		729.6		21.6		718.2		151.9		587.9		712.5

				22		1002.4		738.8		10.4		728.4		20.8		718		146.6		592.2		702.4

				23		992.2		737.7		10.5		727.2		20.7		717		149.5		588.2		692.2

				24		982.1		736.6		10.7		725.9		20.1		716.5		151.6		585		682.1

				25		971.9		735.6		11.4		724.2		19		716.6		153.9		581.7		671.9

				26		961.8		734.5		13.6		720.9		17.5		717		156		578.5		661.8

				27		951.7		733.5		15.9		717.6		16.6		716.9		158.2		575.3		651.7

				28		941.4		732.4		16.1		716.3		16.1		716.3		160.3		572.1		641.4

				29		931.3		731.3		15.5		715.8		15.5		715.8		163.4		567.9		631.3

				30		921.1		730.3		14.7		715.6		14.7		715.6		157.9		572.4		621.1

				31		911.2		729.8		14.5		715.3		14.5		715.3		155.8		574		611.2

				32		901.2		729.2		14.2		715		14.2		715		155.3		573.9		601.2

				33		891.4		728.7		13.9		714.8		13.9		714.8		159.7		569		591.4

				34		881.4		728.2		13.7		714.5		13.7		714.5		162.7		565.5		581.4

				35		871.4		727.7		13.4		714.3		13.4		714.3		155.9		571.8		571.4

				36		861.5		727.2		13.2		714		13.2		714		154		573.2		561.5

				37		851.5		726.7		12.9		713.8		12.9		713.8		155.1		571.6		551.5

				38		841.5		726.2		12.7		713.5		12.7		713.5		158.1		568.1		541.5

				39		831.6		725.7		12.5		713.2		12.5		713.2		154.7		571		531.6

				40		821.5		725.5		12.5		713		12.6		712.9		151.4		574.1		521.5

				41		811.4		725.3		12.6		712.7		12.7		712.6		148.2		577.1		511.4

				42		801.4		725.1		12.6		712.5		13		712.1		144.9		580.2		501.4

				43		791.3		724.9		12.7		712.2		13.8		711.1		141.6		583.3		491.3

				44		781.2		724.7		12.8		711.9		14.5		710.2		138.3		586.4		481.2

				45		771.1		724.6		12.9		711.7		15.5		709.1		135.1		589.5		471.1

				2		760.9		724.2		12.7		711.5		16.2		708		111.6		612.6		460.9

				3		751		724.2		12.8		711.4		17.9		706.3		81.4		642.8		451

				4		741.1		724		13.2		710.8		19.8		704.2		86.7		637.3		441.1

				5		731.2		723.9		14.3		709.6		23.5		700.4		92.1		631.8		431.2

				6		721.3		723.8		13.7		710.1		27.6		696.2		102.3		621.5		421.3

				7		711.4		723.6		13		710.6		30.5		693.1		104.3		619.3		411.4

				8		701.4		723.5		12.4		711.1		29.3		694.2		108.3		615.2		401.4

				9		691.4		723.4		13.9		709.5		28		695.4		112.3		611.1		391.4

				10		681.4		723.1		15.1		708		23.4		699.7		118.8		604.3		381.4

				11		671.4		722.8		16.4		706.4		21.3		701.5		114.3		608.5		371.4

				12		661.3		722.4		17.6		704.8		20.6		701.8		109.7		612.7		361.3

				13		651.5		722.1		18.9		703.2		20.8		701.3		105.4		616.7		351.5

				14		641.7		721.8		20.1		701.7		21.8		700		101.2		620.6		341.7

				15		631.9		721.5		21.4		700.1		22.2		699.3		108.2		613.3		331.9

				16		622		721		22.4		698.6		22.5		698.5		118		603		322

				17		612.1		720.5		21		699.5		22.8		697.7		126.7		593.8		312.1

				18		602.2		720		19.5		700.5		23.1		696.9		125.2		594.8		302.2

				19		592.1		719.4		17.9		701.5		23.3		696.1		121.3		598.1		292.1

				20		582.2		718.9		15.7		703.2		28.9		690		112		606.9		282.2

				21		572.1		718.4		13.5		704.9		28.8		689.6		107.2		611.2		272.1

				22		562.1		718.2		11.6		706.6		30.4		687.8		106		612.2		262.1

				23		552.1		717.9		9.6		708.3		32.8		685.1		108.5		609.4		252.1

				24		542.1		717.7		7.7		710		32.3		685.4		118		599.7		242.1

				25		531.7		717.5		8.4		709.1		31.8		685.7		123.8		593.7		231.7

				26		521.3		717.3		8.2		709.1		32.7		684.6		129.6		587.7		221.3

				27		510.9		717		7.9		709.1		34		683		130.9		586.1		210.9

				28		500.9		716.5		7.3		709.2		34.8		681.7		132.3		584.2		200.9

				29		491		716		6.8		709.2		34.4		681.6		133.7		582.3		191

				30		481.1		715.5		5.8		709.7		34.1		681.4		134.6		580.9		181.1

				31		471		714.9		5.3		709.6		35.7		679.2		135.3		579.6		171

				32		461		714.4		4.7		709.7		36.9		677.5		130.8		583.6		161

				33		451		713.9		3.6		710.3		40.4		673.5		129		584.9		151

				34		441.2		714.1		3.1		711		44.1		670		128		586.1		141.2

				35		431.4		714.4		2.7		711.7		47.2		667.2		127.1		587.3		131.4

				36		421.6		714.6		2.2		712.4		46		668.6		125.7		588.9		121.6

				37		411.5		715.3		2.1		713.2		44.6		670.7		134.9		580.4		111.5

				38		401.4		715.9		2		713.9		45.2		670.7		139.4		576.5		101.4

				39		391.3		716.5		1.9		714.6		45.6		670.9		135.4		581.1		91.3

				40		381.4		717.2		1.8		715.4		45.8		671.4		128.4		588.8		81.4

				41		371.4		717.8		1.7		716.1		45.8		672		125.3		592.5		71.4

				42		361.5		718.5		1.7		716.8		46.6		671.9		124.4		594.1		61.5

				43		351.6		717.5		0		717.5		46		671.5		124		593.5		51.6

				44		341.7		716.5		0		716.5		44.7		671.8		123.7		592.8		41.7

				45		331.8		715.5		0		715.5		41.7		673.8		123.3		592.2		31.8

				46		322		715.5		0		715.5		40.4		675.1		123.9		591.6		22

				47		312.3		715.5		0.1		715.4		41.6		673.9		124.6		590.9		12.3

				48		302.5		715.6		0.5		715.1		43.1		672.5		125.3		590.3		2.5





ABCTEST

		



1096 ft/s

2499 ft/s

3842 ft/s

6943 ft/s

2499 ft/s

North

South

Line A

Line B

Line C

Distance (ft)

Elevation (ft)




_1029760623.xls
Chart1

		-1.3		-1.3		-1.3		-1.3

		9.8		9.8		9.8		9.8

		20.9		20.9		20.9		20.9

		30.6		30.6		30.6		30.6

		40.4		40.4		40.4		40.4

		50.1		50.1		50.1		50.1

		59.9		59.9		59.9		59.9

		69.6		69.6		69.6		69.6

		79.3		79.3		79.3		79.3

		88.8		88.8		88.8		88.8

		98.3		98.3		98.3		98.3

		108.3		108.3		108.3		108.3

		118.4		118.4		118.4		118.4

		128.1		128.1		128.1		128.1

		137.9		137.9		137.9		137.9

		147.6		147.6		147.6		147.6

		157.6		157.6		157.6		157.6

		167.5		167.5		167.5		167.5

		177.5		177.5		177.5		177.5

		187.4		187.4		187.4		187.4

		197.4		197.4		197.4		197.4

		207.3		207.3		207.3		207.3

		217.8		217.8		217.8		217.8

		228.2		228.2		228.2		228.2

		238.7		238.7		238.7		238.7

		248.9		248.9		248.9		248.9

		259		259		259		259

		269.2		269.2		269.2		269.2

		278.8		278.8		278.8		278.8

		288.5		288.5		288.5		288.5

		298.1		298.1		298.1		298.1

		308.1		308.1		308.1		308.1

		318.1		318.1		318.1		318.1

		328		328		328		328

		338.2		338.2		338.2		338.2

		348.4		348.4		348.4		348.4

		358.5		358.5		358.5		358.5

		368.2		368.2		368.2		368.2

		377.9		377.9		377.9		377.9

		387.5		387.5		387.5		387.5

		397.5		397.5		397.5		397.5

		407.4		407.4		407.4		407.4

		417.3		417.3		417.3		417.3

		427.4		427.4		427.4		427.4

		437.4		437.4		437.4		437.4

		447.4		447.4		447.4		447.4

		457.5		457.5		457.5		457.5

		467.6		467.6		467.6		467.6



1202

2828

3763

6175

Distance (ft)

Elevation (ft)

690.6

684.6

662.6

591.5

690.6

684.5

662.7

591.6

690.6

684.1

665.4

591.7

690.8

683.7

665.5

591.8

691

683.6

663

591.9

691.1

684.1

663

587.5

691.3

685.2

662.9

582.5

691.5

686.3

659.7

580.6

691.7

687.3

662.4

581

691.4

687

662.5

581.4

691.1

686.6

660.8

580.8

690.9

687.6

660.6

578.3

690.6

687.5

660.3

575.9

691.2

686.7

659.3

574

691.9

686.8

658.8

572.1

692.5

685.9

658.3

570.2

692.4

685.6

658.7

568.7

692.3

684.9

659.6

569.6

692.1

684.7

660.6

570.5

692.7

686

662.3

571.4

693.2

688.2

663.4

572.2

693.8

689.1

664.5

573.1

694.4

690.8

665.9

575.5

695.1

692.4

666.7

576.5

695.7

692

666.4

576.7

695.9

695

665.6

576.3

696.1

694.5

665.7

577.3

696.2

693.3

666.6

577.3

696

691.9

667.2

576.7

695.8

691.9

668.3

575.5

695.6

692.2

669.4

573.9

695.2

691.6

670.5

572.3

694.9

691.3

672.5

573

694.5

690.9

674.3

574.4

694.2

690.7

676.6

575.9

693.8

690.6

678.6

577.4

693.4

690.4

680.3

578.7

693.4

690.4

681.7

579.7

693.4

690.2

682.7

575.6

693.4

690.8

683

575.6

693.4

691.8

682.9

575.7

693.4

692.5

682.2

575.8

693.4

693.3

681.2

575.9

693.4

692.9

680.2

576

693.4

690.8

679.7

576

693.4

689.9

680.5

576.1

693.4

689.8

682.2

576.2

693.4

690.1

683.8

576.3



LINEGNEW

				B		289.5		690.6		5.9		684.7		28.1		662.5		99.1		591.5		-10.5

				C		418.4		690.6		3.1		687.5		30.3		660.3		114.7		575.9		118.4

				D		538.7		695.7		3.7		692		29.3		666.4		119		576.7		238.7

				E		658.5		693.4		3		690.4		13.1		680.3		114.7		578.7		358.5

				F		777.7		693.4		3		690.4		9		684.4		117		576.4		477.7

				1		298.7		690.6		6		684.6		28		662.6		99.1		591.5		-1.3

				2		309.8		690.6		6.1		684.5		27.9		662.7		99		591.6		9.8

				3		320.9		690.6		6.5		684.1		25.2		665.4		98.9		591.7		20.9

				4		330.6		690.8		7.1		683.7		25.3		665.5		99		591.8		30.6

				5		340.4		691		7.4		683.6		28		663		99.1		591.9		40.4

				6		350.1		691.1		7		684.1		28.1		663		103.6		587.5		50.1

				7		359.9		691.3		6.1		685.2		28.4		662.9		108.8		582.5		59.9

				8		369.6		691.5		5.2		686.3		31.8		659.7		110.9		580.6		69.6

				9		379.3		691.7		4.4		687.3		29.3		662.4		110.7		581		79.3

				10		388.8		691.4		4.4		687		28.9		662.5		110		581.4		88.8

				11		398.3		691.1		4.5		686.6		30.3		660.8		110.3		580.8		98.3

				12		408.3		690.9		3.3		687.6		30.3		660.6		112.6		578.3		108.3

				13		418.4		690.6		3.1		687.5		30.3		660.3		114.7		575.9		118.4

				14		428.1		691.2		4.5		686.7		31.9		659.3		117.2		574		128.1

				15		437.9		691.9		5.1		686.8		33.1		658.8		119.8		572.1		137.9

				16		447.6		692.5		6.6		685.9		34.2		658.3		122.3		570.2		147.6

				17		457.6		692.4		6.8		685.6		33.7		658.7		123.7		568.7		157.6

				18		467.5		692.3		7.4		684.9		32.7		659.6		122.7		569.6		167.5

				19		477.5		692.1		7.4		684.7		31.5		660.6		121.6		570.5		177.5

				20		487.4		692.7		6.7		686		30.4		662.3		121.3		571.4		187.4

				21		497.4		693.2		5		688.2		29.8		663.4		121		572.2		197.4

				22		507.3		693.8		4.7		689.1		29.3		664.5		120.7		573.1		207.3

				23		517.8		694.4		3.6		690.8		28.5		665.9		118.9		575.5		217.8

				24		528.2		695.1		2.7		692.4		28.4		666.7		118.6		576.5		228.2

				25		538.7		695.7		3.7		692		29.3		666.4		119		576.7		238.7

				26		548.9		695.9		0.9		695		30.3		665.6		119.6		576.3		248.9

				27		559		696.1		1.6		694.5		30.4		665.7		118.8		577.3		259

				28		569.2		696.2		2.9		693.3		29.6		666.6		118.9		577.3		269.2

				29		578.8		696		4.1		691.9		28.8		667.2		119.3		576.7		278.8

				30		588.5		695.8		3.9		691.9		27.5		668.3		120.3		575.5		288.5

				31		598.1		695.6		3.4		692.2		26.2		669.4		121.7		573.9		298.1

				32		608.1		695.2		3.6		691.6		24.7		670.5		122.9		572.3		308.1

				33		618.1		694.9		3.6		691.3		22.4		672.5		121.9		573		318.1

				34		628		694.5		3.6		690.9		20.2		674.3		120.1		574.4		328

				35		638.2		694.2		3.5		690.7		17.6		676.6		118.3		575.9		338.2

				36		648.4		693.8		3.2		690.6		15.2		678.6		116.4		577.4		348.4

				37		658.5		693.4		3		690.4		13.1		680.3		114.7		578.7		358.5

				38		668.2		693.4		3		690.4		11.7		681.7		113.8		579.7		368.2

				39		677.9		693.4		3.2		690.2		10.7		682.7		117.8		575.6		377.9

				40		687.5		693.4		2.6		690.8		10.4		683		117.8		575.6		387.5

				41		697.5		693.4		1.6		691.8		10.5		682.9		117.7		575.7		397.5

				42		707.4		693.4		0.9		692.5		11.2		682.2		117.6		575.8		407.4

				43		717.3		693.4		0.1		693.3		12.2		681.2		117.5		575.9		417.3

				44		727.4		693.4		0.5		692.9		13.2		680.2		117.4		576		427.4

				45		737.4		693.4		2.6		690.8		13.7		679.7		117.4		576		437.4

				46		747.4		693.4		3.5		689.9		12.9		680.5		117.3		576.1		447.4

				47		757.5		693.4		3.6		689.8		11.2		682.2		117.2		576.2		457.5

				48		767.6		693.4		3.3		690.1		9.6		683.8		117.1		576.3		467.6
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Water Table: 602.8 ft

Surface: 693.4 ft
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Sheet1

		

		offset				7

		Depth		sample		Time		dist		RMS Vel		Int Vel		Smoothed Int Vel

		5		164		10.5		8.602325267		819.2690730517										5		819.2690730517

		10		142		7.75		12.2065556157		1575.0394342882		-1310.6292177058								10		1575.0394342882

		15		134		6.75		16.5529453572		2452.2882010736		-4346.3897415131		-1112.8938625446						15		2452.2882010736

		20		150		8.75		21.1896201004		2421.6708686191		2318.3373715851		596.4865089779						20		2421.6708686191

		25		160		10		25.9615099715		2596.1509971494		3817.5118968618		2852.6720278164						25		2852.6720278164

		30		176		12		30.8058436015		2567.1536334582		2422.1668150022		3082.4145436779						30		3082.4145436779

		35		189		13.625		35.6931365951		2619.6797501027		3007.5649191697		2355.9932906511						35		2355.9932906511

		40		213		16.625		40.6078810085		2442.5793087816		1638.2481377815		2488.2822834502						40		2488.2822834502

		45		227		18.375		45.5411901469		2478.4321168404		2819.0337933994		2310.1659934794						45		2310.1659934794

		50		243		20.375		50.4876222455		2477.9201102065		2473.2160492573		2459.6682432798						50		2459.6682432798

		55		262		22.75		55.4436651025		2437.0841803304		2086.7548871828		2402.3526480826						55		2402.3526480826

		60		277		24.625		60.4069532422		2453.0742433363		2647.0870078077		2357.379968537						60		2357.379968537

		65		294		26.75		65.3758365147		2443.9565052234		2338.2980106206		2398.5791295682						65		2398.5791295682

		70		312		29		70.3491293478		2425.8320464775		2210.3523702763		2622.1787921256						70		2622.1787921256

		75		324		30.5		75.3259583411		2469.7035521661		3317.8859954798		4055.9495488473						75		4055.9495488473

		80		330		31.25		80.3056660517		2569.781313653		6639.610280786		4526.9429258404						80		4526.9429258404

		85		341		32.625		85.2877482409		2614.1838541266		3623.3325012554		4159.3607092432						85		4159.3607092432

		90		359		34.875		90.2718117687		2588.4390471306		2215.1393456882		3154.8200372718						90		3154.8200372718

		95		370		36.25		95.2575456329		2627.7943622863		3625.9882648719		3156.0498035644						95		3156.0498035644

		100		381		37.625		100.2447006081		2664.3109796163		3627.0218001332		3526.1975862347						100		3526.1975862347

		105		393		39.125		105.2330746486		2689.6632498047		3325.5826936989		3527.0930351991						105		3527.0930351991

		110		404		40.5		110.2225022398		2721.5432651799		3628.6746117653		4219.1692984487						110		4219.1692984487

		115		411		41.375		115.2128465059		2784.6005197809		5703.250589882		5012.0309804193						115		5012.0309804193

		120		418		42.25		120.2039932781		2845.064929659		5704.1677396107		6464.7945356337						120		6464.7945356337

		125		423		42.875		125.1958465765		2920.0197452239		7986.9652774083		6782.5903625318						125		6782.5903625318

		130		429		43.625		130.1883251294		2984.2596018202		6656.6380705765		7100.3275748153						130		7100.3275748153

		135		435		44.375		135.1813596618		3046.3404994198		6657.3793764612		6102.5161822637						135		6102.5161822637

		140		443		45.375		140.1748907615		3089.2537908872		4993.5310997533								140

		elev				int vel		smoothed iv

		673.4				2318.3373715851		596.4865089779		673.4		20

		668.4				3817.5118968618		2852.6720278164		668.4		25

		663.4				2422.1668150022		3082.4145436779		663.4		30

		658.4				3007.5649191697		2355.9932906511		658.4		35

		653.4				1638.2481377815		2488.2822834502		653.4		40

		648.4				2819.0337933994		2310.1659934794		648.4		45

		643.4				2473.2160492573		2459.6682432798		643.4		50

		638.4				2086.7548871828		2402.3526480826		638.4		55

		633.4				2647.0870078077		2357.379968537		633.4		60

		628.4				2338.2980106206		2398.5791295682		628.4		65

		623.4				2210.3523702763		2622.1787921256		623.4		70

		618.4				3317.8859954798		4055.9495488473		618.4		75

		613.4				6639.610280786		4526.9429258404		613.4		80

		608.4				3623.3325012554		4159.3607092432		608.4		85

		588.4				2215.1393456882		3154.8200372718		603.4		90

		583.4				3625.9882648719		3156.0498035644		598.4		95

		578.4				3627.0218001332		3526.1975862347		593.4		100

		558.4				3325.5826936989		3527.0930351991		588.4		105

						3628.6746117653		4219.1692984487		583.4		110

						5703.250589882		5012.0309804193		578.4		115

						5704.1677396107		6464.7945356337		573.4		120

						7986.9652774083		6782.5903625318		568.4		125

						6656.6380705765		7100.3275748153		563.4		130

						6657.3793764612		6102.5161822637		558.4		135
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LINEEmod

				1		766.9		761.1		11.8		749.3		22.2		738.9				466.9

				2		756.9		761.6		7.9		753.7		24.4		737.2				456.9

				3		746.9		762.2		5.8		756.4		25.7		736.5				446.9

				4		737.2		763.7		5.7		758		27.9		735.8				437.2

				5		727.4		765.3		5.6		759.7		31.4		733.9				427.4

				6		717.7		766.9		5.7		761.2		35.9		731				417.7

				7		707.8		766.6		5.1		761.5		38.4		728.2				407.8

				8		697.9		766.3		5		761.3		39.9		726.4				397.9

				9		688.1		766		4.4		761.6		40.2		725.8				388.1

				10		677.7		766.7		4.1		762.6		41.4		725.3				377.7

				11		667.3		767.3		4.5		762.8		43.8		723.5				367.3

				12		657		768		4.9		763.1		46.9		721.1				357

				13		646.5		767.6		3.5		764.1		49.3		718.3				346.5

				14		636		767.2		3.1		764.1		51.3		715.9				336

				15		625.6		766.9		1.7		765.2		51.5		715.4				325.6

				16		615.8		766.5		3.6		762.9		51.7		714.8				315.8

				17		606		766.1		4.4		761.7		51.8		714.3				306

				18		596.3		765.7		4.4		761.3		51.3		714.4				296.3

				19		586.5		764.6		3.8		760.8		50.7		713.9				286.5

				20		576.8		763.5		3.1		760.4		49.9		713.6				276.8

				21		567		762.3		1.2		761.1		48.7		713.6				267

				22		556.8		761.2		0.9		760.3		47.4		713.8				256.8

				23		546.6		760.1		3.4		756.7		46.9		713.2				246.6

				24		536.4		758.9		5.8		753.1		47		711.9				236.4

				25		525.7		757.1		5.3		751.8		47.1		710				225.7

				26		515.1		755.2		4.7		750.5		46.8		708.4				215.1

				27		504.4		753.3		5		748.3		46		707.3				204.4

				28		494.6		751.5		5		746.5		45		706.5				194.6

				29		484.8		749.6		4.6		745		43.3		706.3				184.8

				30		475		747.7		4.3		743.4		42.4		705.3				175

				31		465.6		745.9		3.4		742.5		42.2		703.7				165.6

				32		456.2		744.1		2.8		741.3		41.8		702.3				156.2

				33		446.9		742.2		2.4		739.8		40.4		701.8				146.9

				34		436.7		741.2		2.4		738.8		39.7		701.5				136.7

				35		426.5		740.1		3.8		736.3		39.8		700.3				126.5

				36		416.4		739.1		5.3		733.8		40.2		698.9				116.4

				37		407		738.1		6.3		731.9		40.7		697.4				107

				38		397.6		737		7.5		729.5		38.1		698.9				97.6

				39		388.2		736		9.7		726.3		35.7		700.3				88.2

				40		377.8		735		12.3		722.7		36.3		698.7				77.8

				41		367.4		733.9		12.9		721		37.2		696.7				67.4

				42		357.1		732.9		13.3		719.6		41.9		691				57.1

				43		347.5		731.9		17.1		714.8		45.1		686.8				47.5

				44		337.8		730.8		17.3		713.5		47.6		683.2				37.8

				45		328.2		729.8		16.1		713.7		46.6		683.2				28.2

				46		318.3		729.8		18.5		711.3		47.6		682.2				18.3

				47		308.4		729.8		21		708.8		50.5		679.3				8.4

				48		298.4		729.8		19.3		710.5		53.1		676.7				-1.6
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[image: image1.png]Vertical Seismic Profile, 7 foot offset
MW-101, Camp Roberts, California
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