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Preface 

The field study and analysis described in this report were performed by the 
U.S. Army Engineer Waterways Experiment Station's (WES) Coastal Engineering 
Research Center (CERC) and Geotechnical Laboratory (GL) for the U.S. Army 
Engineer (USAE) Division, Huntsville. A field study was conducted at a Formerly 
Used Defense Site (FUDS) in western Ohio and Lake Erie called the Erie Army 
Depot during September 1993 to evaluate the underwater and beach occurrences of 
military ordnance contamination. This study and the subsequent data and coastal 
process analysis were conducted in support of the Department of Defense's Defense 
Environmental Restoration Program. The USAE District, Buffalo, is the host Dis- 
trict for this site and is responsible for maintaining a Federal navigation channel in 
the subject RJDS area. USAE Division, Huntsville, provided safety oversight dur- 
ing the field operation and USAE District, Buffalo, provided field logistical and 
support assistance. CERC coordinated the overall study, coordinated the oceano- 
graphic data collection, and conducted the coastal processes interpretation of the 
data results. GL coordinated the geophysical data collection and data analysis. 
Contract personnel from David Evans & Associates provided positioning control 
and Golder Associates, Inc., conducted the side-scan sonar survey. Contract 
personnel from Western Michigan University conducted the ground-penetrating 
radar survey. Contract personnel from Geomar Geophysics, Ltd., conducted the 
electromagnetic survey. USAE Division, Huntsville, personnel responsible for 
project oversight include Mr. Steven Dunn, Dr. John Potter, and Ms. Alicia Allen. 

WE3 participants in the field study were Messrs. Timothy Welp, Larry Caviness, 
Douglas Lee, and Troy Nelson from CERC's Prototype Measurement and Analysis 
Branch (PMAB); Ms. Joan Pope, Chief of CERC's Coastal Structures and 
Evaluation Branch; and Dr. Richard D. Lewis of GL's Engineering Geophysics 
Branch. USAE District, Buffalo, participants in the field study were 
Messrs. Dennis Rimer, Ray Pilon, and Gary Schoffstall. The USAE Division, 
Huntsville, participant was Mr. Wayne Galloway. Contract personnel contributing 
to the field effort were Mr. John Dasler (positioning control) from David Evans & 
Associates, Mr. Richard Sylvester from Golder Associates, Inc. (side-scan sonar), 
Mr. Jerzy Pawlowski (electromagnetic survey) from Geomar Geophysics, and 
Dr. William Shauk and Mr. Dave Seng (ground-penetrating radar survey) from 
Western Michigan University. 

A number of individuals from the study area provided immeaswable assistance 
in coordinating logistical support, assisting with operational safety and security, and 



providing imia t  info the Ristoq of the Erie Army &pot and the w m e n c e  of 
ordrmmce wnmhation. h pahEicudap, the authors wish to aclrnowldge the 

e of the following: 

a. Messrs. Keith a d  Ken Floro, ownemloperalors of Hero M h a  on the 
Tmsaint River, who providd both vessd md fidd operation staging 
Iwations and backgound infomation on the area and the history of the Eke 
b y  Bepot. 

b. Chief Wmant Officer (ma) Dennis St. Clair, who coordinated the 
exknsive assistanace provide8 by Camp Perry, backpound on the site andl 
whanm f ~ n g  pactices, and operational alety @dance. 

c. Messm. CliBord BiaM and Hmey Cover, who assisM in providing 
naviga~on backgound, vessels, vessel operation, and project backgound 
infoma~on. 

d. Ms. h e  Paulxn of , h., who cmrQinaeed w e s s  to the WDS 
k a h  and provided amlditional Somation on the Erie b y  Depot and 
m d e m  usage of the HJDS site. 

e. David-&= Security, who coordinated land access to the north shore of the 
T o u d n t  River. 

J Nlr. Lawrence St. C1& of the Towsa.int Hunt Club, who provided 
access to the northwestem portion of the WDS; study area and additional site 
information. 

Work was pedomed under the CERG general administrative supervision of 
Mr. William Breslan, Chief, P M B ;  Mr. Thomas W. Richardson, Chief, Enginehg 
kvelopment Division; Ndr. Charles G. @&om, Assistant Director ClEWC, and 
Dr. James R. Houston, Director, GERC. GL general administrdive supervision was 
provided by Mr. Joseph Cwro, Chief, hginering Geophysics Branch; Dr. Arley 6. 
f i d i n ,  m e f ,  E d q u A e  &@%ring and Geophysics Division; Dr. Paul F. 
Hdala, former h i s t an t  Director, Gk; and Dr. William F. Marcuson, Director, GL. 
Ms. Joan Pope of G m C  was %Re Micipal Investigator for this study. Dr. %chard 
Lewis mrdinated the geophysical data collection (electromagnetic and ground- 
pnebraeing radar) and conduct4 the analysis of the magnetic data. Mr. Timothy 
Welp of a R C  coordinated the field ]logistics, obtained supplementary data, and 
conducM the analysis of the side-scan sonar and remotely operated vehicle data. 
Ms. Bop, Dro Lewis, and Rap. Welp are the authors of this report. 

8/lsa. Karen Pitchford and Mary Claire Allison assisted in conducting the 
analysis of field data and in p r e p h g  data s w a r i e s .  Messrs. Danny Marshall 
a d  Rokd Chain aid Mses. J&e Dau&Q and J o M e  Davenpod (all of CmC)  
wisted in f i p e  and text preparation. 



Director of WES during publication of this report was Dr. Robert W. 
Whalin. Commander was COL Bruce K. Howard, EN. 

The contents of this repot7 are nor ro be usedfor advenising, prtblication, 
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oflcial endorsentent or approval ofthe use of such commercial products. 



Conversion Factors, Non-S 
Units of Measurement 

Non-SI units of measurement used in this report can be converted to SI 
(metric) units as follows: 



The former Erie Army Depot, Ottawa County, OH, is located along the 
western shore of Lake Erie (Figure 1). This site and the associated impact 
areas are classified by the United States Government as a Formerly Used 
Defense Site (FUDS) under the Defense Environmental Restoration Program 
(DEW). This property was formerly used for artillery testing, resulting in 
impact areas on land and in Lake Erie. Ordnance and explosive waste (OEW) 
and potentially live or unexploded ordnance (UXO) have been found on the 
lake bottom, in the Federal navigation channel at the Toussaint River, in the 
marshland adjacent to the firing ranges, and along beaches fronting the former 
Depot. The impact areas were located in, near, or offshore of the FUDS 
beaches adjacent to Lake Erie. Ordnance found on or near the FUDS shore 
of Lake Erie appears to be mobile and may have originated from offshore or 
nearshore impact areas. The purpose of this investigation is to determine the 
underwater ordnance density at specific regions and to access the potential for 
ordnance movement due to coastal processes within the FUDS site. This 
information will be provided to the U.S. Army Engineer (USAE) Division, 
Huntsville, to assist them in developing a site remediation strategy. 

Background 

The subject study area consists of the beach and area of Lake Erie fronting 
the former Erie Army Depot (now called Erie Industrial Park), between Camp 
Perry Ohio National Guard Training Center and the mouth of the Toussaint 
River in northwest Ohio (Figure 1). This FUDS site is located in rural 
Carrol Township, Ottawa County, OH, on Lake Erie, approximately 60 km 
(37 miles)' east of Toledo, Ohio, and 6 miles east of Port Clinton, Ohio. The 
Erie Army Depot was initially established in 1918 as the Camp Perry Proving 
Grounds, then redesigned as Erie Proving Grounds. For almost a half century 
(1918-1966) this site was used by the Department of the Army for testing and 

Units of measurement in the text of this report are shown in SI (metric) units, followed by 
non-SI (British) units in parentheses. Units of measurement of figures are shown in British 
units; however, a table of factors for converting non-SI units of measurement to SI units is pre- 
sented on page xii. 
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LAKE ERIE 

Figure 1. Location map of FUDS beach study site 

proof-firing of artillery and as an ordnance storage and issue center (USAED, 
Rock Island 1993). 

Ordnance pattern impact areas included surfaces classified as lake (388 km2 
(96,000 acres)) of Lake Erie) (Figure 2), wet land (1.3 km2 (329.5 acres) 
including the beach), and dry land. This prior Army installation and impact 
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I ARTILLERY FIRING (ERIE ORDINANCE DEPOT) 
AERIAL GUNNERY BOMBING AND ROCKET 
STRAFING 

ll ANTIAIRCRAFT ARTILLARY FIRING (LOCUST POINT) 

Ill AUTOMATIC WEAPONS FIRING (CAMP PERRY) 

Figure 2. Erie Army Depot and Camp Perry lake impact nones 

area is now classified as a FUDS, subject to Federal site cleanup action. 
Under DERP, this prior U.S. Army installation and impact area, or FUDS, is 
subject to Federal site cleanup action. OEW and UXO have been found on 
the study area beach and during the 1991 dredging operations for the Federal 
navigation channel at the Toussaint River, which were conducted by the 
USAE District, Buffalo. 

In 1992 the Huntsville Division was assigned responsibility for conducting 
the immediate removal of OEW along the 4.8-km (3-mile) (an approximately 
150-m-wide (500-ft wide zone)) beach frontage as part of their OEW site 
remediation mission. From 1 September through 9 December 1992, EOD 
Technology (EODT) conducted beach OEW cleanup operations under contract 
to the Huntsville Division. Post-cleanup site inspections revealed the presence 
of additional occurrences of ordnance on the beach, raising concerns that the 
nearshore ordnance field may be mobile and transportable to the beach by nat- 
u r d  coastal processes. In March 1993, the Huntsville Division and the Buf- 
falo District contacted the U.S. Army Engineer Waterways Experiment Station 
(WES) to request assistance in evaluating the prognosis for future ordnance 
deposition on the beach. 
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Purpose 

This study has been undertaken to assess underwater and beach ordnance 
distribution patterns for the Lake Erie Impact Area and the implications of 
these patterns in terms of past and, therefore, future influences of coastal pro- 
cesses. The location and density of UXO in and near former artillery impact 
areas in Lake Erie, OH, is of concern. Potentially live ordnance has been and 
continues to be discovered on beaches adjacent to the former Erie Army 
Depot. In addition, UXO has been encountered during the initial dredging of 
the Federal navigation channel of the nearby Toussaint River, rendering it dif- 
ficult to establish the required navigation depth and channel configuration 
using standard dredging procedures. This study to define and locate OEW 
fields in Lake Erie may be followed by other engineering investigations, at the 
discretion of the Huntsville Division, to determine the migration rates and pat- 
terns of OEW. Further work may include the examination of various engi- 
neered traps or barriers, to concentrate or divert ordnance migration, or to 
assist the Huntsville Division in developing a site management and/or 
remediation plan. 

During a post-remedial cleanup inspection in early 1993, additional pieces 
of OEW were found exposed on the shore or beach surface. The new OEW 
occurrences along a recently cleaned beach led the Huntsville Division to 
question the mobility of the ordnance in the nearshore and the future potential 
for continuing migration of ordnance onto the beach. After consultation with 
WES and others, the Huntsville Division decided to sponsor an offshore and 
shallow- water field investigation to accomplish the following: 

a. Determine the potential concentration of OEW which may be migrating 
toward the beach. The purpose of this portion of the study was to 
determine the concentration of ordnance which may be immediately 
offshore to a distance of about 900 m (3,000 ft) off of the shore. 

b. Determine the size and location of any zone or area where a substan- 
tially high enough energy environment exists which may act to move 
the ordnance toward the land. 

c. Provide input data for use in designing a potential ordnance trap or 
barrier (if needed) which will halt the movement of the OEW, (1) onto 
the beach area, and (2) into the Federal navigation channel. 

Study Elements 

During September 1993, WES (with site assistance from the Huntsville 
Division and the Buffalo District and several contractors) conducted a multi- 
instrumented geophysical and oceanographic field investigation to document 
site geological conditions, the influences of various coastal processes, and 
OEW distribution patterns. In particular, the concentrations of suspected 
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OEW Iakeward of the FUDS beach, on the beach, and in the entrance channel 
of the Toussaint River was documented relative to geomorphic features, sedi- 
ment type, and the geography of Erie Army Depot. All data collection was 
positioned using a differential global positioning system (DGPS). Data sets 
collected to document ordnance concentrations and site geology included land 
and underwater magnetometer, ground-penetrating radar (GPR), electro- 
magnetics, side-scan sonar (SSS), a remotely operated vehicle (ROV), site 
narratives, historical information, and coastal process data. 

Following the field investigation, these data were analyzed and mapped 
using an Ohio State Plane coordinate system. In addition, other site informa- 
tion was collected, analyzed, and evaluated. These supplemental data sets 
included the OEW beach concentration patterns based on the 1992 site cleanup 
data, a qualitative assessment of the mobility of ordnance using WES's hydro- 
dynamic tank facilities, interviews with former Erie Army Depot employees, 
mapping of historical ordnance firing patterns, and a review of historical 
shoreline change information. 

Report Structure 

This report includes discussions of the field investigation, the data analysis 
process and results, supplemental data sets, an assessment of the OEW distri- 
bution patterns, and conclusions on the results of the data collection, as well 
as an evaluation of the performance of each data collection technique. The 
6'Introduction9' (Chapter 1) and "Site Background and Characterization" 
(Chapter 2) chapters establish the basic information regarding the study and 
site. Details of the "Field Investigation" are presented in Chapter 3 and also 
specified in Appendix A, which is a "Log of Field Activities." Chapters 4 
through 7 describe the various geophysical and oceanographic technologies 
which were used including the data processing and data results. Additional 
information on the GPR and electromagnetic studies is included in unpublished 
contractor reports.293 An analysis of the supplementary data sets is presented 
in Chapter 8. "Conclusions and Recommendations" are presented in 
Chapter 9. 

Geomar Geophysical. (1993). "Ordnance investigation using an electromagnetic method, 
Lake Erie, Port Clinton, Ohio." Unpublished contractor report for the U.S. Army Engineer 
Waterways Experiment Station, Vicksburg, MS. 

Shauk, W. (1994). "Report of Field Investigation: Lake Erie ordnance investigation using 
Ground Penetrating Radar." Unpublished contractor report for the U.S. Army Engineer 
Waterways Experiment Station, Vicksburg, MS. 
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2 Site Background and 
Characterization 

History 

Erie Army Depot 

Camp Perry was established in 1907 by the state of Ohio for the training of 
the state National Guard. Part of the camp was used to establish the Erie 
Army Depot in the spring of 1918. During the next 2 years, the site was used 
to proof fire (check for accuracy) thousands of pieces of artillery. Between 
World Wars I and 11, the site was less active and was used primarily to ware- 
house and issue various items of ordnance. In 1941, the artillery test firing 
mission of the site was reactivated in support of World War I1 and the name 
of the facility was changed to the Erie Proving Ground. During the next 
5 years, 70 percent of the mobile artillery used by the U.S. Army or provided 
to Allied armies was tested and proof-accepted at Erie Proving Ground. 
Between 1946 and 1951, the site reverted to a peace-time role and was 
renamed the Erie Army Depot. Late in 1951, the depot assumed the addi- 
tional roles of anti-aircraft support testing and the overhauling of surface-to-air 
guided missiles (support to the Korean Conflict). Additional activities 
included ]logistical support to Regular Army and National Guard anti-aircraft 
units training at Camp Perry (USAE District, Rock Island 19931, 1993b; 
Bovia and Wirzylo 1992). 

Test firings of Vietnam-era munitions continued into the early and mid- 
1960's. Figure 3 illustrates 1965 period firing fans and target zones related to 
the present Erie Industrial Bark. Discussions with previous employees of the 
Erie Army Depot and present officials of Camp Perry indicate that the firing 
source and range patterns have been similar for other periods. The Erie 
Army Depot was excessed by the General Services Administration in 1966 
and closed in 1967. However, ARES, Inc., a company under contract to the 
Federal Government, has continued to manufacture and test fire artillery and 
other large-caliber barrels on this property as a commercially owned and oper- 
ated enterprise. The majority of acreage encompassing the former Erie Army 
Depot site is no longer Federal property and is now classified as a FUDS. 
Approximately 5.4 km2 (1,400 acres) of property at the former Erie Army 
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Figure 3. Firing fans and target locations for Erie Army Depot in 1965 

Depot were acquired by negotiated fee and 1 km2 (240 acres) was long-term 
leased from the State of Ohio to private land owners. 

Several impact areas in Lake Erie were established by the Erie Army 
Depot in order to test fire artillery barrels. The boundaries of these areas are 
generally known for the World War II era and well known from the 1960's to 
present (Figure 2). The heavy caliber lake impact areas, which are currently 
used by Camp Perry, are significantly smaller in size than those documented 
as being active by Erie Army Depot in the earlier years (Figure 2). Approxi- 
mately 388 km2 (96,000 acres) of Lake Erie and 5.78 h2 (1,427.75 acres) of 
land are classified as formerly used target areas. The currently maintained 
impactlsafety zone used by Camp Perry includes 145.8 km2 (36,033 acres) of 
the FUDS Lake impact zone (USAE District, Rock Island 1993a, 199%). In 
addition to the test firing conducted by the Erie Army Depot, these impact 
areas were extensively used in training missions by the Navy, Air Force, 
National Guard, and Army Resewes. This multi-use and 75-year history of 
ordnance firings is reflected by the wide range in type and caliber of ordnance 
recovered on or near the former impact areas. OEW recovered or identified 
on the FUDS site beaches include a broad variety of direct fire and indirect 
fire munitions currently or formerly maintained in the arsenals of U.S. mili- 
tary forces. Shells range in size from the largest World War 1 240-mm and 
more recent 155-mm artillery rounds to smaller World War I1 45-mm 
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armor-piercing and 1960's 60-mm mortar projectiles and modern small-caliber 
rifle cartridges associated with present Camp Perry activities. 

Federal Navigation Project at Toussaint River 

The Toussaint River is situated immediately north of the former Erie Army 
Depot. This river includes several small craft and commercial fishing mari- 
nas. In 1991, a contractor operating for the Buffalo District was in the pro- 
cess of constructing the 46-m-wide (250-ft-wide) Federal channel by dredging 
the natural channel to a depth of 1.2 m (4 ft) below low water datum (LWD) 
through the entrance of the Toussaint River to Lake Erie (Figure 4). The 
equipment used was a cutterhead dredge which became j 
1 0 6 - r n  antitank round. A U.S. Army explosives ordnance disposal @OD) 
unit determined that the round was potentially live and contained a rather sen- 
sitive piezo-electric fuse. The only acceptable method of removal by the EOD 
was to explode the round in place, potentially destroying a significant portion 
of the dredge and creating a substantial uninsured loss. The contractor elected 
to remove the round at his own risk. Due to the occurrence of OEW material 
within the channel sediments, construction terminated on 25 September 1991 
after 35,900 m3 (44,000 cu yd) of the planned 42,100 m3 (55,000 cu yd) of 
material had been dredged and placed in the designated disposal areas. The 

Figure 4. Authorized Toussaint River Federal Navigation channel and dis- 
posal areas (shown relative to magnetometer lines surveyed dur- 
ing this study) 
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Buffalo District is implementing a site remediation dredging demonstration 
project to recover underwater OEW from the Federal Channel (scheduled to 
occur in 1995). 

FUDS Beach 

The now privately owned FUDS beach area along Lake Erie from the 
mouth of the Toussaint River to the Camp Perry boundary was evaluated for 
OEW and UXO in late 1991. The area surveyed was part of the former Erie 
Army Depot and was approximately 5 km (3 miles) long with a variable beach 
width ranging from no dry beach to approximately 150 m (500 ft). It was 
determined that a substantial amount of UXO may be present at the site and 
an OEW interim removal should be conducted under the DERP-FUDS 
program. 

From 1 September through 9 December 1992, EODT, under contract to 
the Huntsville Division, removed or exploded in place all the OEW which 
could be visually seen on or was within 1 ft of the beach surface from the 
still-water surface to 500 ft inland. A total of 5,438 OEW items, ranging 
from small-caliber cartridges up to and including large pieces such as 165-mm 
projectiles were identified and removed. The largest populations of ordnance 
were 20 mm (24 percent), 60 mm (23 percent), 106 mm (15 percent), and 
105 mm (14 percent). Approximately 20 percent of the ordnance was classi- 
fied as potentially "five" rounds. During this removal and cleanup operation, 
EODT maintained a detailed record of ordnance finds by type, condition, and 
location. They installed a temporary network of rebars to demark lanes rang- 
ing from 15 to 61 m (50 to 200 ft) in width across the entire length of the 
FUDS beach. An analysis of the ordnance cleanup zones and density of 
occurrences on the beach is presented in Chapter 8. 

Physical Gesgraph y 

The specific zones incorporated in this study area (Figure 1) are as 
follows: 

a. The FUDS beach from the Toussaint River to Camp Perry. 

b. Offshore of this beach from the waterline to a water depth of approxi- 
mately 3 to 4 m (10 to 13 ft) below low-water datum (LWD). LWD 
for Lake Erie is at 173.5 m relative to the International Great Lakes 
Datum, 1985, and will be used throughout this report as the vertical 
survey datum reference. At the time of the subject field study the 
Lake Erie water level gauge was approximately 1 m (3.2 ft) above 
LWD. 

c. The Federal navigation channel and the mouth of the Toussaint River. 
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The study area is located along the south shore of the western basin of 
Lake Erie. The land is a low, flat, broad plain, founded on lacustrine (lake) 
clays deposited during interglacial periods when the predecessor of the modern 
Lake Erie was much larger. The eastern boundary of the study area is the 
Ohio National Guard Camp Perry and the western boundary is the Toussaint 
River. Along the northwest shore of the Toussaint River is a section of the 
Navarre Division of the Ottawa National Wildlife Refuge and the Davis-Besse 
Nuclear Power Station. The beach is a narrow, shallow-depth, sandy barrier 
which includes washover deposits and evidence of breaching, and in many 
areas the backbeach consists of a thin boundary of scrub and woodlands. The 
FUDS shore has a history of rapid erosion. Rubble-mound revetments have 
been added as shore protection at the southeastern end of the study site 
through the Camp Perry boundary and fronting approximately 0.8 km 
(0.5 mile) of the central beach. 

This narrow beach is backed by a thickly vegetated marsh and an open 
water channel and lagoonal complex. The northwestern portion of this marsh 
is owned by the Toussaint Shooting Club, a private hunt club. The southwest- 
ern portion contains a portion of the former Erie Army Depot, which is now 
the Erie Industrial Park. Most of the buildings in Erie Industrial Park are 
used for light commercial and storage purposes. However, the most lakeward 
complex, which incorporates the original Erie Army Depot firing bunkers, is 
owned and operated by ARES, Inc. ARES continues the traditional role for 
this site as a commercial artillery and armament test facility. Both ARES and 
Camp Perry continue to use portions of the FUDS site (both lake and marsh) 
for ordnance testing purposes (Figure 2). 

Coastal Processes 

Water levels in the study site respond to the normal annual variability of 
Lake Erie (annual and seasonal trends). Figure 5 illustrates the average water 
level for Lake Erie for the month of September (all years of data) and shows 
that the water level during the September 1993 field study was approximately 
1 ft higher than the long-term September average. Water depth referencing 
during this study is related to the water level during the September 1993 field 
study when the gauge recorded levels at +0.95 m (4-3.1 ft) above EWD. 
Average annual water levels typically vary over a 0.6-m ( 2 4 )  range, with the 
highest levels in the spring and the lowest levels in winter. Historical maxi- 
mum and minimum recorded levels are approximately + 1.5 m ( + 5  ft) to 
0 LWD. 

The western end of Lake Erie is shallow and subject to rapid water level 
fluctuations as storms and frontal passages can ""st up9' or seiche both the 
local and entire lake water surface. This process is an important contributor 
to the character of the study site. 
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pt. 1918-1993 Average (174.131~1) 

Lake Erie Chart Datum (173.51~) 

Figure 5. Lake Erie water levels (at Toledo, OH) during field study 

A wave hindcast study conducted for Lake Erie includes 32 years (1956- 
1987) of computed wave heights, directions, and periods for Station 2 located 
offshore of the study site (latitude 41.73" N, longitude 83.08" W, with a 
water depth of 9 m) (30 ft) (Driver, Reinhard, and Hubertz 1991). This com- 
puted wave information represents wave conditions approximately 24 km 
(15 miles) offshore, near the Canadian border, in a location which is not shel- 
tered by the geometry of the land or islands. However, these data do show 
that the western basin of Lake Erie is not subject to very large waves, with 
the annual mean wave less than 2 ft (0.6 m) and peak periods of 3.6 sec. 
Generally, the highest waves occur during the winter months (November 
through April) with monthly means of 0.7 to 0.8 m (2.3 to 2.6 ft), while the 
summer months (June through September) experience monthly means of 0.5 m 
(1.6 ft). The stormiest months tend to be March and April, which is a period 
also characterized by the breakup of the ice cover. The largest significant 
wave computed for Station 2 is 2.6 m (8.5 ft) for a storm which occurred in 
April 1958 with winds out of the east (88 deg). The study area would have 
been somewhat sheltered from this event, and other big storms that tend to 
roll down the axis of the lake by the shoreline and island geometry. 

The indented geometry to this shore and the presence of Catawba Island 
and the Bass Island complex to the east, shelter the FUDS beach from all 
wave directions except those from the north-northwest through the east-north- 
east (Figure 2). The most severe conditions are those where the winds and 
the waves are out of the northern sectors. In this case the shallow offshore 
and short-period "local" waves can result in a very agitated sea state with 
steep shoaling waves. Under these conditions, the silty, fine lake bottom s d i -  
men& will be disturbed causing the water column to become turbid. These 
conditions occurred on the 16, 17, and 19 of September 1991 during the field 
study (Figure 5). However, when the winds are from the southern (particu- 
larly the southwestern) sectors, the site is becalmed. Local water level may 
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actudly drop as the water surface is seiched toward the northern shore of 
Lake Erie. This condition occurred on 11-15 September during portions of 
each day. 

Another process important to this site is the almost annual winter formation 
and movement of lake ice. The western basin of Lake Erie is usually the first 
portion of the lake to normally develop a solid ice pack cover. This ice sheet 
usually encases the south shore, including the study area (National Oceanic 
and Atmospheric Administration 1983). Lake ice can both isolate the near- 
shore bottom and the beach from wave forces or (particularly during ice 
breakup) can act as a tool, increasing the damages of the waves. Ice damages 
to shore developments are common in the Great Lakes. However, the effect 
of the moving and stacking ice sheet on bottom sediments and shore erosion is 
a very poorly understood phenomenon, particularly as it relates to sediment 
(and object) transport. 

Potential and dominant littoral transport characteristics for the study site 
have important implications in terms of the beach condition and the migration 
of OEW. Longshore transport indicators suggest that the quantity of material 
being transported is relatively small compared to more exposed sites along 
Lake Erie and also that the predominate transport direction is not well- 
defined. The largest waves which approach the site are from the northwest 
through northeast directions with a fetch length of 40 krn (25 miles). The pre- 
dominant direction of littoral transport at the mouth of the Toussaint River 
through the FUDS study area to Camp Perry is from northwest toward the 
southeast. Based on the geometry of the shore and geomorphic indicators, the 
potential for transport toward the southeast should increase toward the east 
(less dominance at Toussaint River and more dominance at Camp Perry). The 
bend of the river entrance channel toward the east, the spit buildup on the 
northwestern side of the river, and the buildup of sand on the northwestern 
side of "stickout features" throughout the study area support this intergreta- 
tion. A similar interpretation is presented in USAE District, Buffalo (1989) 
and publications of the Ohio Geological Survey. 

Geologic Setting 

The FUDS beach is a thin (less than 2- or 3-m (6.5- or 10-ft) -thick) blan- 
ket of sand which sits on top of older lake clays. Lens of organic-rich silts 
and clays (including peat deposits) are intermingled within the sand body and 
may be exposed along the shore or in the nearshore, particularly in the 
troughs between bars. The peat deposits are the result of the relatively mod- 
ern marsh deposits being exposed on the beach as the barrier migrates back 
over the marsh. 

Benson, D.J. Unpublished report, "Lake Erie Shore Erosion and Flooding, Ottawa County, 
Ohio. " Ohio, Division of Geological Survey. 
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The shore northwest of the Toussaint River mouth is a wider and more 
stable sandy barrier beach than that which fronts the FUDS study site. This 
barrier includes several beach ridges which are crested by scrubs and trees 
suggesting previous beachlines and accretion cycles. The mouth of the 
Toussaint River is fronted by an extensive (460-m-wide by 920-m-long 
(1,500-ft-wide by 3,000-ft-long)) shallow sand shoal, which is asymmetricd 
toward the east (Figure 6). This shoal represents a trapping of littoral sands 
which move from the northwest toward the river mouth and are then jetted 
into a delta-like shoal by river discharge and returning seiche (sudden rise and 
fall of water levels due to atmospheric conditions) waters which build up in 
the river during heavy winds from the north. It is probably the presence of 
this skoal which is responsible for trapping sand which would otherwise have 
nourished the unstable and eroding beach of the FUDS study area. 

Three cores were taken by Buffalo District WSAE District, Buffalo 1989) 
along the proposed channel line lakeward of the Toussaint River mouth in 
support of the proposed navigation project. Logs from these cores suggest 
that the shoal consists of a 2- to 3-m (6.5- to 10-ft) thickness of medium-to- 
fine sand, which includes some coarser sand and a gravel zone overlying lacu- 
strine clays. 

Lakeward of the FUDS study site, the shoreline is paralleled by a narrow 
band of fine-to-medium sandy material which extends approximately 150- 
300 m ( 500-1,000 ft) offshore to the 0.6- to 1.2-m (-2- to -4-ft) (LWD) con- 
tour (Figure 6). This underwater sand extension of the beach includes a series 
of well-defined two to four shore-parallel sandbars. Eakeward of this sandy 
zone, the shallow, flat bottom (slope less than 1:300) is covered with a soft 
silty-mud layer out to approximately the 3-m (-104) (LWD) contour. This 
muddy layer pinches out toward the east and offshore, where the bottom 
becomes a firm blue-clay glacial till, which includes lag-deposit zones of 
sands and gravels. * 

The FUDS study site beach has exhibited shoreline retreat during all 
recorded shore position surveys (1877 to present). In establishing its Erosion 
Hazard Areas, the State of Ohio, Division of ~ e o l o g ~ ~  used survey and aerial 
photographic data from 1877, 1973, and I990 (Figure 7). Profiles were 
established at 30-m (100-ft) intervals and backbeach position was determined 
for each time interval. Profiles 10579 through 10759 cover the study area. 
These data (illustrated in Figure 7) document a shore which has experienced 
long-term recession rates, ranging from as little as 0.27 mlyear (0.9 ftlyear) 
(on the updrift side of the stone stick-out feature located near the Camp Perry 
border, profile 10625) to as much as 1.1 m/year (3.6 ftlyear) (profile 10695). 
The average retreat rate for the study area is between 0.61 and 0.91 mlyear 
(2 and 3 &/year), or a total of 68.9 to 103.3 m (226 to 339 ft) since the 1877 

Benson, ID. J . ,  Unpublished report, "Lake Erie Shore Erosion and Flooding, Ottawa 
County, Ohio." Ohio, Division of Geological Survey. 

Ohio Division of Geological Survey. (1993). "Lake Erie Erosion Hazard Area, Prelimi- 
nary Identification," Ohio Department of Natural Resources, Frames OTT161 to OTT171. 
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Figure 6. Bathymetry of offshore study area 

baseline survey. The Buffalo District (USAE District, Buffalo 1989) con- 
ducted a shoreline change analysis in support of the design studies for the 
Toussaint River Navigation Project using additional aerial photography. They 
found an average recession rate for the shore southwest of the Toussaint River 
of 0.85 mtyear (2.8 fityear). 

Long-term shoreline retreat throughout the FUDS study site is exacerbated 
during periods of high water, when storms with winds from the north can 
drive the water level up the beach and over the low backbeach causing the 
barrier to be breached. This type of impact occurred in 1986 during record 
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LAKE ERIE 

Figure 7. Shoreline change history of FUBS study site (4 877-1 9901 

high water levels on Lake Erie when the barrier near profile 10650 was inun- 
dated and flow between the lake and the backbeach marshes was unimpeded. 
This tenuous and eroding characteristic of the FUDS site beach has important 
implications in the evaluation of the ordnance distribution patterns. Since the 
Erie Army Depot was an active ordnance test facility (69118-6966) the beach 
has retreated 64 to 23 m (210 to 76 k) to the present beach position. In 
addition, a breach occurred through the beach in 1986 which was in direct 
line with the dominant firing fan orientation (Figure 3). Thus, the beach 
which existed during the period of Erie Army Depot operation is now under 
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water and the present beach is being eroded from what was an area 30.5 to 
61 m (100 to 200 ft) landward of the former shore. 
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3 Fie nvestigation and 
Methodo 

Unique Project Characteristics 

Field analysis of the Erie Army Depot lake impact and FUDS beach site 
has three unique aspects compared to other OEW field investigations: 

a. The exact location of a limited number of shells is not the goal. Most 
likely, tens of thousands of ordnance shells lie on the bottom of the 
former and present Lake Erie impact areas. Thus, the object is to 
determine ordnance grouping, clustering, or density in an effort to 
better understand where the majority of the OEW lie and their potential 
for movement onto the beach or into the Toussaint River navigation 
channel. 

b. Such a high density of ordnance renders the detection and sampling 
problem to be considerably easier. If a marine magnetic survey is pro- 
perly designed, it should discern a substantial number of the ordnance 
shells, resulting in a survey which has detected a representative sample 
of the OEW. 

c. The depth of water is rather uniformly shallow, allowing towed sensors 
to be simply tethered on floats behind the motor vessels and at constant 
elevations above the lake bottom. 

Field Activities 

The field study was conducted during the period 7 through 20 September 
1993 by WES with assistance from the Buffalo District and the Huntsville 
Division. The WES Coastal Engineering Research Center's research vessel 
@/V) SeaQuester was used for the offshore surveys in water depths from 
1.2 to 3.7 m (4 to 12 f%) and a rental scow (christened the R/V African Queen 
for the duration of this field study) was adapted for use as a shallow-water 
research vessel (loaded vessel draft of 0.23 m (0.75 ft)). This craft was an 
enclosed-hull rental scow, normally used by local fishermen as a towed 
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platform to deploy gill nets in shallow water. The scow was modified 
(custom-welded transom and canvas exposure cover) and motorized for con- 
ducting nearshore surveys in water depths of 0.5 to 1.2 m (1.75 to 4 ft). 

Field activities occurred in the following five principal study sectors. 

a. Setup and test runs of the vessels and equipment were conducted in the 
Toussaint River entrance channel. Data were also collected from this 
area during several days when conditions on Lake Erie prohibited 
open-lake operations and evaluated the capabilities of the various 
equipment to detect ferromagnetic or ordnance-like targets underwater. 

b. The spit on the northwest side of the entrance to the Toussaint River 
was used as a mobilization and position control base. In addition, a 
buried inert ordnance test bed was set up on the spit to evaluate the 
sensitivity of land-based magnetometer, electromagnetic, and ground- 
pentrating radar systems. 

c. A walking tour was conducted of the FUDS beach area to inspect for 
geomorphic indicators of coastal processes and the occurrence and ori- 
entation of OEW. Two areas on the FUDS beach were selected for a 
detailed electromagnetic and ground-penetrating radar survey. 

d. The nearshore (0.5- to 1.5-m (1.5- to 5-ft water depths)) lakeward of 
the southeastern two-thirds of the FUDS study beach was surveyed 
from the R/V African Queen. These survey lines were generally run 
shore-parallel to maintain a constant water depth under the vessel and 
prohibit potentially dangerous groundings of towed instruments and a 
risk of impact with a UXO. Both the waterborne magnetometer and 
the electromagnetic system were used in these surveys. Some GPR 
surveying was also conducted in this area using either the R/V African 
Queen or a small outboard motor launch. 

e. The offshore (1.5- to 3.7-m (5- to 12-ft water depths)) was surveyed 
from the R/V SeaQuester across the entire length of the FUDS study 
beach and extending west across the mouth of the Toussaint River. 
Survey lines included shore-parallel and shore-perpendicular runs. 
Data collection in this sector included side-scan sonar and waterborne 
magnetometer. In addition, an ROV was used to obtain some video 
images of the bottom. 

Positioning for the entire study was via DGPS. Beach sites were marked 
with flagging and base point positions were established with the DGPS. Field 
study survey controls were keyed into previously established control points 
west of the Toussaint River. The DGPS was used to determine x-y Ohio State 
plane coordinates for the onshore base positions and for all survey activities. 

Safety Plan. Each team member involved in the field study was responsi- 
ble for complying with the Site-Specific Safety and Health Plan. Safety 

Chapter 3 Field Investigation and Methodologies 



review meetings were conducted at the beginning and close of each opera- 
tional day and all safety aspects were first cleared by the Huntsville Division 
Safety Representative. All beach work areas were checked for OEW presence 
by the Safety Representative and safe lanes were flagged. Checks were con- 
ducted at the beginning and the end of each operational day with the Camp 
Perry Firing Range Control, ARES (an armament company with an active 
test-firing range), and Davis-Besse Nuclear Power Plant. Operational units 
were deployed daily from a commercial marina situated on the Toussaint 
River. 

Site investigation. The first two days were spent collecting site condition 
information from local authorities, setting up equipment, mobilizing the RIV 
African Queen, coordinating safe beach access and offshore access logistics, 
establishing positioning controls and conducting a site inspection of the FUDS 
study beach. Appendix A is a daily log summarizing all data collection activi- 
ties conducted during the field study. This appendix lists the data type col- 
lected per vessel, per day along with data line and event information. Data 
collection started in earnest on 11 September and continued through 
19 September. 

The daily operational plan was designed such that the wide array of instru- 
ments present on the site could be deployed on two waterborne platforms 
solely or in combination (e.g., side-scan sonar and magnetometer) to provide 
maximum coverage of the area. The field investigation team was usually 
divided into three groups, with one group on each of the vessels and a third 
group conducting terrestrial data collection, or ground-based support. 

Survey Positioning Controls 

Positioning for the entire study via DGPS provided l-m horizontal, real- 
time accuracy. A DGPS receiver basically measures the distance to NAViga- 
tion Satellite Timing and Ranging (NAVSTAR) satellites by measuring the 
time dura-tion that a signal takes to transit between the different satellites and 
receiver. The intersection of these vectors determines the three-dimensional 
position of the receiver. In the DGPS mode, a receiver is set up over a 
known point, then compares its position as given by the satellites to the known 
position and transmits an error correction signal to a mobile station, thereby 
increasing the relative accuracy. 

The positioning system used during this study consisted of a Trimble 4000 
SSE receiver used as the reference station with two more SSE receivers used 
as mobile stations for the R/V SeaQuester and R/V African Queen. The 
Buffalo District control points established to support the Toussaint River Navi- 
gation Project provided known position controls for establishing the reference 
station. The differential-correction telemetry was supplied by Trimtalk radios 
that operated at 904 MHz and provided coverage over a 1.6- to 4.8-km (1- to 
3-mile) range (due to local conditions). A computer interfaced with the 
mobile receiver (one for each vessel) and was configured with software that 
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supplied real-time data logging and navigation with helmsman guidance. This 
software performed real-time datum transformations from the WGS-84GPS 
position to NAD 27 Ohio State plane coordinates for the onshore and water 
survey activities. The software allowed the survey run lines to be predeter- 
mined (length and spacing) and plotted prior to each daily operation. A sepa- 
rate video graphic display allowed the helmsman to monitor real-time boat 
position as established by DGPS in relation to pre-established run lines. All 
position data were time-stamped in order to be coordinated with the time 
series of the wide variety of different types of instmmenb during post- 
processing. Fix data were logged on the computer, then down-loaded to Rop- 
pies daily. Also, at the close of each day, the pre-established run lines and 
actual courses as performed during the survey could be plotted for data analy- 
sis and planning purposes. 

The DGPS survey method was selected because it provided relatively 
rapid, accurate positioning for both boats and shore parties. At times the 
study site offered limited opportunity to set control or to occupy stations due 
to access limitations. This was due to nearshore and beach OEW, security 
drills at the Davis-Besse Nuclear Power Plant, and to live firing at Camp 
Perry, which frequently closed down the eastern half of (he study site. 

The initial study reference station was located on a Buffalo District control 
point (2W) west of the the FUDS Site (called the "spit"). As a result of the 
limited radio range of the receivers, an additional control point was estab- 
lished in the eastern sector close to the FUDStCamp Perry boundary on a 
stone rubble stick-out structure (called the "slab"). Both stations were neces- 
sary to allow positioning coverage of the entire FUDS area. Battery power at 
the eastern sector positioning station allowed its unmanned operation for up to 
24 hr (while the Camp Perry firing range was active). The needed reference 
station(§) were usually the first system established in the morning and the last 
to be broken down each day. 

A backpack version DGPS (minus computer), with direct position output in 
WGS-84GPS latitude and longitude, allowed a partial baseline to be estab- 
lished on the FUDS shore. Positions were established for some of the survey 
markers used in the previous EODT beach cleanup operations. This previous 
interim removal action took place in the fall of 1992 and (he locations of the 
placed survey stakes were only generally known. This activity allowed (he 
data from this previous effort to be directly tied to the present investigation 
(see Chapter 8). 

OEW Search Methods 

Several methods were used to determine ordnance density on the bottom of 
Lake Erie along the coastal area of the former Erie Army Depot. These 
were: (a) magnetic exploration, (b) electromagnetic exploration, (c) ground- 
penetrating radar (GPR), and (6%) side-scan sonar and remotely operated 
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vehicle. Each method demonstrated individual advantages for the search for 
underwater OEW. However, using all methods together synergistically 
allowed for maximum definition of the ordnance distribution patterns. 

Magnetics. Waterborne magnetics has had a reasonable history of use in 
locating underwater wrecks, lost nautical gear, large underwater naval mines, 
etc. It is a passive system, in that the measured disturbance of the ferrous 
metal target is a result of its interaction with the earth's magnetic field. Since 
no signal is broadcast by the user, its application does not require complex 
antennas, signal conditioners, amplifiers, etc. There also is no risk of an elec- 
trical detonator or fuse undergoing a sympathetic detonation from an electro- 
magnetic signal. The application of magnetics for the location of underwater 
coastal artillery ordnance has been limited; however, much effort has been 
placed into using the technique to locate larger underwater mines. A rela- 
tively weak magnetic field disturbance originates from a mass of ferrous mate- 
rial the size of more typical World War I or World War 11 artillery or mortar 
rounds. This lends most magnetic exploration methods for OEW to be limited 
to hand-held magnetometers with the sensor in close contact with the ground. 
For underwater locations of various ordnance types of the size more typically 
found offshore of the former Erie Army Depot (60 and 105 mm) SCUBA 
divers utilizing hand-held magnetometers could have been employed. For 

application in coastal waters and these size shells, the magnetometer's sensor 
should be located no closer than 2 ft (safety reasons) and no further than 
1.8 to 3.0 m (6 to 10 ft) (required signal strength) from the target in order to 
resolve individual pieces. This tolerance is difficult to achieve in the turbid 
waters of this site. Thus, a towed system was used for this study. 

Electromagnetics. The electromagnetic method has been infrequently 
applied for underwater ordnance detection and location. Typical surveys 
designed to detect underwater ordnance are the result of the need to locate 
large naval mines placed by some other nation in deeper seawater. Thus, the 
historical lack of use of electromagnetics for this purpose is related to the fol- 
lowing factors: 

a. Most ordnance placed in an aqueous environment has other contribut- 
ing factors; for example, the object is surrounded by highly conductive 
seawater requiring a relatively strong electromagnetic signal which is 
rapidly attenuated by the saline water. 

b. The explosive casing (for naval ordnance) contains a significantly large 
enough ferrous metal mass to render magnetic detection methods 
feasible. 

c. The size of the device is large enough and the depth of the water is 
great enough (at least 3.7 to 4.6 ft (12 to 15 fi)) to allow underwater 
acoustic search methods to be effective. 

d. Many types of naval mines may contain fuses which are activated by 
magnetic (and hence electromagnetic) disturbances. 
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e. Broadcasting and receiving antennas must be maintained (or flown) at 
datum elevations above the bottom. Here the tolerances are even more 
precisely regulated (0.6 to 0.9 m (2 to 3 feet) above bottom) than the 
magnetic technique. 

Transient electromagnetic methods proved to be most applicable to the 
OEW density characterization needs at the former Erie Army Depot FUDS 
area. This resulted from the small ferrous target size, the relatively even pro- 
file of the fresh-water lake bottom, and the shallow water (less than 3.7 m 
(12 ft)) of the impact areas needing to be surveyed. The application of tran- 
sient electromagnetics to locate similar types of shells in shallow underwater 
settings is very promising. 

Ground-penetrating radar. The geophysical method of transmitting a 
short and focused electromagnetic pulse in the 100- to 800-MHz range down 
into the earth and monitoring reflected returns is termed ground-penetrating 
radar (GPR). This method has been actively used for the location of buried 
utilities, backfilled trenches, and various other applications to characterize 
hazardous and toxic waste sites. The depth of signal penetration and subsur- 
face object resolution is highly dependent upon site conditions. Sandy mate- 
rial has physical properties with low dielectric constants, which allows these 
types of radars to probe several feet to a few tens of feet into the subsurface. 
Soils which have a substantial amount of clayey material have rather high 
dielectric constants which result in signal penetration depths of 0.3 m to 0.6 m 
(less than a foot to 1 or 2 ft). The fresh water in Lake Erie contains electrical 
properties which allow GPR systems with broadcast signals between 100 and 
250 MHz to detect large metal items on the bottom through water columns 
3.0 to 4.6 m (10 to 15 ft) in depth (Beres and Haeni 1991; Gorin and Haeni 
1989; Haeni, McKegum, and Capron 1987; Mellet 1993). The metal OEW 
items of interest have large contrasting electrical properties which cause a 
large percentage of impinging electromagnetic waves to reflect or scatter off 
of the metal surface. Consequently, a GPR system was tested in Lake Erie 
for its applicability to locate ordnance items on the sandy beaches and on the 
lake bottom. Of particular concern was the capability of the GPR system to 
illuminate and detect an ordnance item in the subsurface on the beaches. Due 
to the physical homogeneity of the water, locating an ordnance item on the 
lake bottom was anticipated to be an easier task than applying the GPR to the 
land searches. 

SSS and WOV. SSS is an active acoustic imaging system that has been 
used in underwater target-location and surveying applications such as 
wreckagellost object searches (including mines and torpedoes), geological sur- 
veys, and pipeline tracking. These activities have taken place in lakes, rivers, 
and maritime regions ranging from the nearshore zone out to the deep ocean. 

The digital SSS system transmits acoustic energy pulses into the water, 
then receives, and processes, the energy patterns returned by acoustic disconti- 
nuities encountered in the water column and lake bottom. These processed 
return signals produce sonographs of the lake bottom that are like low-level 
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oblique aerial photographs. The return signal patterns and intensities on the 
sonograph impart information about the physical location, shape, size, and 
composition of the reflector. Just as the quality (resolution and detectability) 
of aerial photographs is affected by equipment and environmental operational 
factors, the sonograph is affected by the system operating parameters (range, 
frequency, etc.) and physical phenomena that affect underwater sound trans- 
mission, reflection, and backscatter. For this project, a high-frequency 
(400-Hz), high-resolution SSS was used to generate sonar images of lake- 
bottom features and suspected UXO concentrations. 

An ROV is an underwater thruster-propelled vehicle that is remotely 
guided through the water column by an operator who views the vehicle's for- 
ward motion via a real-time TV camera system. ROV's are used primarily 
for inspection and exploration purposes such as underwater structure inspec- 
tions, salvage surveys, and diver safety monitoring. W e n  equipped with an 
articulator arm, they can be used for handling and cutting applications like 
mine warfare and salvage operations. The ROV used in this study was 
deployed with a low-light, high-resolution color television camera system to 
visually inspect and video record lake bottom features and verify (ground 
truth) sonograph interpretations. 

Spit Test Area 

A test site, using various items of inert ordnance, was established to assess 
the capabilities of various geophysical methods to detect and resolve OEW. 
Items ranging in size from 60-mm mortars to 155-mm artillery shells were 
buried at known depths generally 0.3 to 0.6 m (1 to 2 ft) below the surface. 
This test area was established on a sand spit located on the northwestern side 
of the mouth of the Toussaint River where it empties into Lake Erie. Data 
from this site provided assessment and verification of anticipated signal 
responses from the ordnance items to be encountered in the conducted 
investigations. 

Survey Coverage 

Day-to-day operation and survey coverage was influenced by several fac- 
tors. Wave conditions on the lake, particularly toward the later parts of each 
day and all day on 16-17 September (Figure 5), limited good open-water data 
collection. The other major limit to the survey window was on the weekends, 
when firing practice at Camp Perry would prohibit access to the entire south- 
eastern half of the offshore and nearshore study sectors. Equipment and ves- 
sel downtime were a further limitation. In spite of these problems, over 
80 krn (50 miles) of tracklines were run and data were collected from all key 
study sectors. Figures 8-1 1 show the tracklines per survey technique and Fig- 
ure 12 summarizes the entire coverage for all waterborne survey work. 
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Figure 8. Base map showing all waterborne magnetometer survey lines 

Figure 13 is a sketch which defines the geographic terms m d  local features 
which will be referenced throughout the rest of this report. 

The most extensive underwater coverage was obtained with the waterborne 
magnetometer (Figure 8). Data were collected via this technique in all three 
underwater sectors (Toussaint River channel, offshore, and nearshore) (Fig- 
ure 8). The electromagnetic system was used in four of the five study sectors 
(i.e., the spit, the Toussaint River entrance channel, the nearshore, and on 
two locations along the FUDS study beach). Electromagnetic survey coverage 
in the nearshore was particularly dense, with some overlapping of lines 
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LAKE ERIE 

LEGEND 

Figure 9. Base map showing all waterborne electromagnetic survey lines 

(Figure 9). The GPR system was used to conduct some general mapping of 
the nearshore geology and to ascertain its suitablity for ordnance detection 
(Figure 10). SSS surveying was conducted in the Toussaint River entrance 
channel and for a general mapping of the offshore (Figure 11). All SSS work 
was conducted from the R/V SeaQuester. 
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LAKE ERIE 

Figure 10. Base map showing all waterborne GPR survey lines 
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LAKE ERIE 

Figure 11 .  Base map showing all waterborne SSS survey lines 
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LAKE ERIE 

Figure 12. Base map showing all waterborne survey activities for all four 
survey techniques 
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Figure 13. Sketch defining geographic feature names used in this report 
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Surveys 

Background 

Electromagnetic methods (based upon the meauremen& by electromagnetic 
induction, without electrodes) have become widely used in North America in a 
wide variety of investigations ranging from buried hazardous waste and land- 
fill sites, to groundwater contamination studies (Glaccum, Benson, and Noel 
1982; Greenhouse and Harris 1983; Valentine and Kwader 1985). The elec- 
tromagnetic technique provides a fast and effective too% for mapping buried 
metallic objects. The results of electromagnetic ground and sediment suweys 
ofien form the basis for designing an optimum smpling or remediation pro- 
gram at hazardous and toxic waste sites. 

The transient electromagnetic method, as applied to locating buried metallic 
objects, has proven to be a very efficient, fast, and cost-effective method of 
investigating the presence of hazardous metallic objects and mapping their spa- 
tial distribution both on land and under water. Electromagnetic measurements 
can be rapidly collected and used to produce maps with high spatial resolu- 
tion. The virtually continuous method of data acquisition is especially impor- 
tant in investigations of highly anomalous areas similar to the sites 
researched for this project. 

Transient Electromagnetis Method 

The theory of the transient electromagnetic method is well described in 
K a u h a n  and Keller (1983). Wide applications of the electromagnetic method 
to ground investigations are discussed in McNeill (1980) and Geonics Limited 
(1993). In the electromagnetic method, two coils (antennas), which serve as a 
trmsmitter and a receiver, are silated on or near the earth surface or sedi- 
ment-water interface. A steady voltage is applied to the transminer coil for a 
suficiently long time to allow turn-on transients in the ground to dissipate. 
The current supplied to the transmitter (bipolar rectanmlx current, (i.e. a 
square wave)) is sharply terminated at each cycle. A rapid reduction of the 
transminer current, and thus of the associated transmitter primary magnetic 
field, induces an electronnotive force in nearby conductors. This 
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electromotive force causes electrical eddy currents to flow in conductors with 
a decay which is a function of the conductivity, size, and shape of the conduc- 
tor. The decaying currents generate a secondary magnetic field which is 
detected and measured by a receiver coil. The measured quantity is usually 
the response of the instrument to metallic objects or the apparent conductivity 
of the material or surrounding media. 

The Gwnics EM61 employed in this survey is a high-sensitivity, high- 
resolution time-domain instrument which is used to detect both ferrous and 
non-fesrous metallic objects. It consists of a transmitter with a peak power of 
100 W that generates a pulsed primary magnetic field, which induces eddy 
currents in nearby metallic objects. By making the meaurement at a rela- 
tively long time (0.45 ms) after termination of the primary pulse, the response 
is practically independent of the electrical conductivity of the surrounding 
media. 

f ransisnt electromagnetic data collection and processing 

Measurements at the former Erie Army Depot were carried out within se- 
lected onshore and offshore areas using a Gmnics EM61, custom adapted with 
only one receiver coil for this underwater electromagnetic investigation. The 
confimration enabled the system to act as a large, high-resolution waterborne 
metal detector. Due to its coil arrangement, the measured response voltage 
curve is a single well-defined positive peak. The depth of the target for 
onshore subsurface targets can often be estimated from the width of the 
response or from the relative response as measured by two spatially separated 
receiver coils. The EM61 can generally detect a single 200-liter (55-gal) 
dmm at a depth of over 3 m (10 ft). The employed land-bas& Pnstrument is 
equipped with an opto-counter which triggers a measurement every '7.5 in. or 
19 cm. It can also be triggered in fixed time intervals with the maximum 
s p e d  of three readings per second. A11 landborne surveys were conducted 
dong parallel lines sepasated by 0.9 m (3 ft). Readings were taken using the 
whed-mounted counter, which resulted in increments between stations of 
0.192 m (0.63 fi). This fine line and station spacing provided excellent data. 
T%e collectd logger data were then processed and stored using a portable 
IBM-PC-compatible computer. Contractor-written computer programs TOW 
and WAT61, in conjunction with the program DAT61, provided by Geonics, 
al%owed processing and reduction of underwater and surface-co%lected eledro- 
magnetic data in conjunction with all navigation data. Color contour maps 
were constructed using the Gwsoft software. Printed maps are scaled in feet 
in the Ohio State Plane Coordinate System. Geonics develop& an algorithm 
to estimate the depth of the located buried metallic objects on the shore sites. 

The e%ec&romagnetic underwater system consists of a Geonics EM61 metd 
detector with one specialized antenna, PVC pontoon, underwater towfish, two 
suppsfiing fiberglass rods, an echo sounder sensor, interfacing cable, and a 
digital data acquisition system. The pontoon is used to allow the towing of an 
under-water anteama at a fixed water depth and distance behind the boat. The 
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DGPS antenna is mounted on the pontoon to provide a determined location for 
any detected ordnance. In the underwater portion of the survey, the time 
increment for data collection used was 0.5 sec, which corresponds to less than 
0.3-m (1-ft) spacing between reading stations. A total of approximately 
40 Ian (25 miles) of transect lines was surveyed and over 100,QQQ stations 
were measured. Data collected by the underwater system were analyzed using 
profile plots and ody  well-delineated anomalies were selected (anomalies with 
an mplitude higher than 15 mV and established by at least six points, three 
along positive and three along negative gradient of the anomaly). Locations 
of these anomalies are plotted as small red dots on maps. 'This method dis- 
played the location of all anomalies compatible with the response of a single 
item of OEW along the survey traverses. Bathymetry data acquired simulta- 
neously for navigation purposes are used to generate bathymetric maps of the 
study areas. 

Inert ordnance test site on Toussaint River spit 

Survey results collected at a test site set up on a newly formed spit west of 
the mouth of the Toussaint River confirmed the high precision capability of 
the EM61 system for detecting OEW. All detected anomalies from inert ord- 
nance were plotted on color contour maps (Figures 14 and 15). In addition, 
electromagnetic survey traverses obtained along the profile lines are also pre- 
sented to allow the observation of the amplitude and shape of each anomaly in 
more detail. Typical responses from the buried inert ordnance were: 
(a) greater than 75 mV measured for the 155-mm artillery shells, 4.2-in. mor- 
tars, 120-mm tank rounds, and the 106-mm anti-tank projectiles, (b) about a 
25-mV response was generally detected for the 90-mm shells, and (c) a range 
of 5- to 15-mV was documented for the 81- and 60-mm mortars and the 
"1-mm shells. Some of these data are shown in profile plots in Figure 16. 

The electromagnetic survey revealed numerous high-amplitude responses 
originating from surface or shallow-buried metallic objects. The distribution 
of the EM61 response clearly exhibits the locations of all buried metallic tar- 
gets at the Toussaint River spit test site. Further data andysis positively iden- 
tified a number of deeper, prominent features. This information was 
combined to generate a summary (Figure 15) showing all anomalies deem& to 
be significant. These anomalies were classified into the following three 
groups : 

(E. Red circles - possible buried metallic objects. 

b. Ydlow circles - surface or near-surface buried metallic objects. 

c.  Blue circles - burid inert ordnance. 

All the inert test tasgets shown on the maps and on profile plots are delin- 
eated with relatively high resolution, despite the fact that they are buried close 
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Figure 14. Inert ordnance items buried on the Toussaint River spit test site 

---(about-0;9 m-(3ft))-to-each-othe1t -All-are locatedatshallowdepths-ranging 
from 0.5 m to 0.6 m (1.5 to 2.0 ft). 

A few other significant anomalies of unknown origin were detected during 
this portion of the survey in addition to the known inert ordnance. Three 
anomalies (labelled A, B, and C) believed to be single deeper buried metallic 
objects are marked as red circles. Anomalies believed to represent near- 
surface metallic objects (such as beverage cans) were annotated by yellow cir- 
cles. A significant anomaly representing two shallow-buried objects located 
on a recently used fire pit is labelled D. The anomaly labelled E is associated 
with a surveying flag containing a small steel rod. 
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Figure 15. EM-61 response from inert ordnance items buried on the Toussaint River spit 
test site 

Approximate depth estimation of buried targets was conducted using a 
newly developed Geonics software procedure, which utilizes ratio responses 
from two EM61 receiver antennas (upper antenna placed 40 cm (15.7 m) 
above the 10werantenna)~TheresulB of-this-estimation-arepresentd-in-- 
Tables 1 and 2. Table 1 compares the known depths of buried test ordnance 
with the calculated depths. Table 2 presents depth calculations of located 
unknown anomalies A, B, C, and D. 

Comparison of the given (known) and calculated depths reveals a good 
correspondence, indicating that the ratio calculation analysis represents a reli- 
able method for estimating depths of unknown buried objects. An error of the 
calculated depth for 17 targets varies between 6 percent and 47 percent with 
the average value of 26 percent. However, it should be noted that the burial 
depths of inert ordnance were only measured to the nearest 0.15 m (0.5 ft). 
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Table 1 
Given and Caieulated Depth of Buried Test Ordnance 

I Given Depth I Calculated Depth I 
Description of Inert 
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FUDS Beach, Cove Beach area 

Results of a transient electromagnetic survey conducted at Cove Beach are 
presented in Figure 17. The surveyed sandy beach area (1 1.9 by 76.2 m 
(39 by 250 ft)) (Figure 3) is separated from the open lake by a sandbar which 
is located approximately 45.7 to 61.0 m (150 to 200 ft) offshore. It was sus- 
pected that onshore migration of ordnance is halted by this sandbar. The 
distribution of the EM61 response revealed few, very localized anomalies 
indicative of single buried metallic objects. Further data analysis classified all 
anomalies as either shallow-buried objects or surface metallic objects. 

Figure 17 shows all transient electromagnetic anomalies interpreted to be 
significant. These anomalies are classified into two groups: 

a. Yellow circles - near-surface buried metallic objects. 

b. Green circIe - surface metallic objects. 

Four distinct (but still small) anomalies are indicated on Figure 17. 
Anomalies A and B, located almost at the shoreline, appear to represent very 
shallow-buried metallic objects. Anomalies C and D show locations of metal- 
lic debris observed on the sand during survey. 

Survey results for the Cove Beach area document a sparseness of buried 
metallic objects (possible ordnance) in this area, giving support to the theory 
that the nearshore sandbar may prevent the landward migration of OEW at this 
location. 

FUBS Beach, East Beach area 

Results of the transient electromagnetic survey conducted at h t  Beach are 
presented in Figures 18 and 19. The surveyed sandy area (approximately 15.2 
by 121.9 m (50 x 400 ft)) (Figure 13) was limited along its southwest bound- 
ary by relatively dense bushes and trees. A small, northern portion of the sur- 
vey was conducted in very shallow water (less than 0.15 m (0.5 ft)). The East 
Beach is exposed to the wave activity of the open lake and does not appear to 
be protected by a significant sandbar system. 

Data were plotted and viewed as profiles, which allows detailed observa- 
tions of the amplitude and shape of each anomaly. Figure 19 shows all anom- 
alies interpreted to be significant. These anomalies are classified into four 
groups: 

a. Red circles - possible buried metallic objects. 

b. Yellow circles - near surface buried metallic objects. 

c.  Red zones - either large or a group of smaller buried metallic objects. 
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Figure 19. EM-61 anomalies located on East Beach from all collected channels of data 



d. Pink zones - either scattered or shallowly buried metallic objects. 

The EM61 response in this area was of a relatively complicated nature, 
indicating the presence of a large number of closely buried metallic objects. 
Figure 18 presents the distribution of numerous single high-amplitude anoma- 
lies .as well as anomalous zones consisting of groups of buried objects. Subse- 
quent data processing revealed a number of deeper, prominent features. 

Four anomalous zones that may indicate larger buried metallic objects or 
groups of smaller objects are marked by red shaded zones (labelled A, B, C, 
and D) on Figure 19. These zones are surrounded by anomalous zones (pink 
shaded zones) which may represent a number of shdlower scattered metallic 
objects. One pink zone labelled E is believed to contain only two single 
metallic objects. A large number of anomalies indicating single buried metal- 
lic objects can be observed within anomalous zones of both types. 

Numerous localized anomalies that appear to represent single metallic 
objects can be obsewed on the color contour maps. They were classified on 
Figure 19 in two groups marked by red and yellow circles. Red circles indi- 
cate deeper buried objects, while yellow circles demonstrate the possible pres- 
ence of shdlow-buried metallic objects. 

Estimates of the depth of some prominent buried objects were calculated. 
Results of calculations are presented in Table 3. Numbering (labelling) of the 
anomalies in Table 3 corresponds to the annotations given on Figure 19. The 
results of the survey carried out at East Beach revealed numerous deeper and 
shallower buried metallic objects which may represent buried ordnance. It 
should be noted that the largest concentration of anomalies possibly indicating 
OEW is located in the central portion of the surveyed area, as well as closer 
to the shore-line. 

Offshore TransieaPt Electromagnetic 
Suaveys for Ordnance 

The response of the transient electromagnetic method to inert ordnance was 
tested adjacent to the Toussaint River navigation channel, lakeward of the spit. 
Inert ordnance consisting of 155-mm, 105-mm, 90-mm, and 4 5 - m  artillery 
shells along with 106-mm anti-tank rounds and 4.2-in. mortar shells was tied 
in sequence to a nylon line with hose clamps at 30-m (100-5) spacings. ' f i e  
ordnance was laid in line on the bottom and tethered at each end with buoys. 
Several data survey traverses were made diagonally across the tethered inert 
ordnaglce with the EM61 transient electromagnetic antenna attached to eke 
pontoon raft. Responses of greater than 30 mV at a range of 0.9 to 1.5 m 
(3 to 5 5 )  were typically shown for the detected inert ordnance. It is 
estimated from these investigations that the EM61 transient electromagnetic 
coil in the utilized marine configuration can easily detect an ordnance shell of 
90 mm or greater size within a 1.8- to 2.1-m-wide (6- to 7-ft- wide swath. 
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Results of the EM61 underwater survey in the East Zone and Central Zone 
(Figure 13) area are plotted on Figures 20, 21, 22, and 23. In the East Zone, 
measurements were carried out along five survey lines. Underwater transient 
electromagnetic data collected in the East Zone, as presented on Figures 20 
and 21, show varying spatial distribution of anomalies. These responses may 
indicate the presence of metallic objects on or under the lake bottom. The 
location of these anomalies may be overlaid on the general bathymetry data. 
The highest concentration of anomalies is observed in the northwestern portion 
of the study area in the vicinity of the sandbar located near Cove Beach. The 
high density of metallic objects was indicated along four survey lines in this 
area. A second zone, smaller in aerial extent and characterized by higher 
concentration of anomalies, was noted in the southeastern end of the surveyed 
site. The zone lakeward of the East Beach appears to contain a relatively low 
number of detected anomalies. It appears that landward movement of ord- 
nance is obstructed by the presence of the sandbar near Cove Beach. 

Results of the electromagnetic underwater survey in the Central Zone area 
are plotted on Figures 22 and 23. Measurements were carried out along six 
survey lines relatively parallel to the shoreline. Data from the underwater 
survey conducted in the Central Zone area indicate a potentially higher con- 
centration of anomalies in the southeastern end of the study area. This denser 
distribution of anomalies can be observed on all four survey lines located clos- 
est to the shore. The most lakeward line (1) shows very few anomalies. 
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5 Magnetic Surveys 

Introduction to Technology 

Magnetic search techniques for ferromagnetic material are based upon two 
principles; magnetic induction and remanent magnetism. 

Magnetic Induction 

In this situation, a ferromagnetic metal object becomes magnetized by 
merely placing it in a magnetic field. Here the ambient field (in this case the 
Earth's magnetic field) is modified by the secondary field, which is generated 
(induced) by the ferromagnetic object. This generally results in an increase of 
the measured field strength when the ferromagnetic target is below the mag- 
netic sensor and the site location is at higher earth latitudes such as northern 
Ohio. This effect in ferromagnetic objects can be expressed for first order 
principles by: 

where 

Ii = induced magnetization per unit volume or weight 

k = unit volume or per weight magnetic susceptibility 

H = ambient magnetic field intensity or strength 

For ferromagnetic iron alloys k may vary from 1 to 1,000,000. At the former 
Erie Army Depot, the Earth's magnetic field strength was about 0.55 gauss or 
55,000 nanoTeslas. Most important for the detection of OEW by magnetic 
methods is the change or disturbance in the total measured magnetic field 
which is a result of the nearby presence of the ferromagnetic object(s). An 
approximation of the effect generated by small dipole objects which are not 
greatly elongated (such as ordnance shells) is: 

Fa - (Mfs x Ibs steel)/? 
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where 

P;, =r anomalous magnetic field or change in the field due to 
the presence of the small dipole object in nanoTeslas. 

M', = magnetic moment per pound of steel M typically varies from 
fp" 1-79 x I@ to 1.75 x lo3 for soft stee 

r = distance from the object to the measurement location in feet 

Table 4 lists some typical expected anomalous magnetic responses for var- 
ious shes of ordnance. Typical weights for unexploded artillery shells are 
about: 

6.8 kg (15 Ib) for 75-mm artillery shell 
9.1 kg (20 Ib) for 4.2-in. mortar shell 
9.1 kg (20 Ib) for 105-mm artillery shell 
40.8 kg (90 lb) for 155-mm artillery shell 

Permanent (or Remanent) Magnetism 

This is the magnetization remaining in a ferromagnetic metal object in the 
absence of an applied magnetic field. Most artillery shdls have not been 
exposed to strong magnetic fields in the course of manufacture, storage, or 
transport, i.e., they have not been subjected to hysteresis effects. Nor have 
they been "degaussed" as is sometimes done on naval ordnance. No 
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references could be identified which classify particular types of ordnance 
which may contain significant remanent magnetism. However, it has been 
apparent from unpublished field investigations that many types contain large 
amounts while others contain little. The strength of this effect is most likely 
the result of a permanent magnetic field "frozen" into place when the Currie 
temperature (about '750 " C for ferrous materials) is reached during the casting 
of the shells. This remanent magnetism is significant in search surveys as the 
direction of the resultant magnetic vector is not defined by the induced mag- 
netic field at the time of the measurement. It is defined by the direction and 
strength of the magnetic field at the time the shells were cast. In many cases 
this effect results in a strong decrease rather than an increase in the measured 
total magnetic field. As a result, a significant decrease rather than increase in 
the total magnetic field may be measured by the sensor when it is spatially 
over the artillery shell. The magnitude of this effect is dependent upon the 
orientation of the ferrous object. However, no significant negative magnetic 
anomalies could be identified from the inert ordnance buried on the spit. 

Magnetic Field Data Collection 

Magnetic surveys near the former Erie Army Depot were collected in the 
presence of an inducing magnetic field (the Earth's) at a strength of approxi- 
mately 55,000 nanoTeslas (0.55 gauss). The field at this latitude and season 
varies smoothly up to 200 nanoTeslas in an 8-hr time period as part of a natu- 
ral diurnal magnetic variation. The change in the total magnetic field due to 
the nearby presence of target ordnance may be as small as 10 nanoTeslas. As 
a consequence, it is necessary to regularly measure the Earth's magnetic field 
at a nearby reference point and to correct all measurements for this "drift." 
The collected field data are first corrected as if the inducing magnetic field 
was constant and did not vary over the time of the survey. For the land mag- 
netic surveys, the reference station was measured every 15 min and the varia- 
tion of the Earth's magnetic field was linearly interpolated between these 
times. For the waterborne magnetic data, the magnetic field at the reference 
location was measured every 20 sec and the strength of the Earth's magnetic 
field at a particular measurement time was also determined by linear interpola- 
tion. Examples of the variation in the magnetic field at the study base station 
are seen on Figure 24. An example of a traverse line of the "drift-corrected" 
magnetic measurements is displayed in Figure 25. 

Land magnetic surveys 

The test inert ordnance field on the sand spit at the mouth of the Toussaint 
River was magnetically surveyed to determine the response of various types of 
artillery and mortar shells. See Table 2 for the types and ordnance burial 
depths. This investigation was performed so that the results and capabilities 
of the transient electromagnetic survey could be directly compared to the more 
traditional magnetic surveys. The study was conducted with an EDA Instru- 
ments Omni IV magnetometer. This instrument contained two proton 
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Figure 24. Variation of the Earth's magnetic field strength at the base station on the spit at 
the mouth of the Toussaint River 

precession sensors separated by 0.5 m (1.6 ft) and it was used both as a total 
field magnetometer and as a vertical gradient magnetometer. The stated preci- 
sion of the instrument is 0.1 nanoTesla; however it has been determined by 
field trials to be about 0.25 nanoTeslas. The grid over the inert ordnance 
magnetic survey was at 0.91-m (34 )  spacings. Data were used to create the 
total field and vertical magnetic field gradient over the test spit area, as dis- 
played on Figures 26 and 27. 

The total magnetic field plot contains the response of many of the larger 
buried inert ordnance items and three larger and deeper buried elongated 
dipole ferrous objects which are not part of the investigation. These unwanted 
foreign objects are clearly displayed on Figure 26 by the localized areas of 
relative low magnetic field strengths (55,080 to 55,090 nanoTeslas) immedi- 
ately adjacent to enclosed contoured areas of significantly larger magnetic 
anomalies (55,120 to 55,130 nanoTeslas). These most like1 y represent larger 
ferrous objects which were lost or jettisoned overboard from a marine vessel, 
then buried under 1.5 to 3.0 m (5 to 10 ft) of accreted sand associated with 
the growth of the spit across the channel entrance. They produce an interfer- 
ing effect, so that some of the ordnance is not clearly resolvable. However, 
the inert 155-mm artillery shell has a response greater than 45 nanoTeslas. 
The inert 4.2-in. mortar and inert 106-rnm antitank rounds display anomalous 
fields of about 15 nanoTeslas and the inert 81-mm mortars have a response of 
10 or less nanoTeslas. All of these field strengths are for a sensor placed 
about 1.8 to 2.4 m (6 to 8 ft) from the target. Although inert 105-mm artil- 
lery rounds were not included in the test area, they can similarly be expected 
to have approximately a 20-nanoTesla response in this investigation. 
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Figure 26. Total magnetic field over inert ordnance at the spit, mouth of the Toussaint River 

The inert test ordnance was significantly better resolved by the vertical 
magnetic gradient survey (Figure 27). Almost all of the larger sized inert ord- 
nance displayed responses greater than 30 nanoTeslas per meter. The smaller 
inert 81-rnm mortar shells had vertical magnetic gradient anomalies of over 
10 nanoTeslas per meter. This type of investigation was not attempted as a 
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Figure 27. Vertical magnetic field gradient inert ordnance at the spit, mouth of the 
Toussaint River 

waterborne investigation due to the significantly greater cost of operating avai- 
lable equipment. Most sensitive marine magnetic gradiometers are operated 
by the U.S. Navy and require large mobilization costs. However, this tech- 
nology is becoming more commercially available at significantly less cost. 
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Waterborne magnetic surveys 

A large total field magnetic survey was conducted from the R/V 
SeaQuester and R/V African Queen. The area to be surveyed extended from 
the mouth of the Toussaint River southward for about 3 miles along the shore 
of the former Erie Army Depot and then outward into Lake Erie for a dis- 
tance of approximately 1.0 km (315 mile). The lake bottom profile was very 
shallow, with the water depth varying from 0.3 m (1 ft) less than a hundred 
feet offshore to no more than 3.7 m (12 ft) over 0.8 m (112 mile) from the 
shoreline. When the available water depth was over 1.2 m (4 ft) the R/V 
SeaQuester was employed for the survey, while shallower depths of 1.2 m 
(4 ft) to less than 0.61 m (2 ft) were traversed by the RIV African Queen. 
Over 113 km (70 miles) of traverses were measured at an average speed of 
less than 2 knots (3.4 ft Isec). A marine Proton 3 magnetometer from 
J. W. Fisher, Inc., was used to collect total field magnetic data for the off- 
shore ordnance field location investigations. This sensor employs a proton 
precision head with a stated accuracy of + 1 nanoTesla. The instrument was 
tethered to a surface pontoon to allow it to be suspended at a depth of approx- 
imately 1.2 m (4 ft) above the bottom. In water depths of less than 1.2 m 
(4 ft) this distance was reduced to 0.61 m (2 ft) and then in very shallow 
water, 0.3 m (1 ft). Data were collected approximately every 2.1 to 3.0 m 
(7 to 10 ft) along traverses with a 3-sec cycle time between each measure- 
ment. Adjacent line separations were about 61 m (200 ft) in the nearshore for 
data collected by the R/V African Queen and approximately 150 m (500 ft) 
for the deeper water data collection with the R/V SeaQuester. At the 3-sec 
data acquisition rate, a 1- to 2-nanoTesla precision was stated by the manufac- 
turer. However, a k2.0-nanoTesla precision was documented in the field. It 
is evident that some ordnance along the traverses may not have been detected 
with data points at 2.1- to 3.0-m (7- to 10-ft) intervals along the traverses. 
However, the purpose of the investigation is to determine relative ordnance 
density, not to resolve individual pieces of ordnance. The EM61 transient 
electromagnetic method is much more suited to determine absolute projectile 
concentrations. 

The magnetic signature for both the R/V SeaQuester and the R/V African 
Queen were investigated with the EDA magnetometer when each vessel was 
beached on the spit. This was accomplished by making total field and vertical 
magnetic gradient measurements at 3.0-m (104)  intervals along traverses 
away from the bow of the vessels. The R/V SeaQuester (aluminum hull) had a 
response of 45 nanoTeslas at a distance of 3.0 m (10 ft) from the bow. The 
signature was less than 1 nanoTesla at a range of 18.3 m (60 ft). The R/V 
African Queen (steel hull) had a response of 380 nanoTeslas at a range of 
6.1 m (20 ft). This response was less than 1 nanoTesla at a range of 33.5 m 
(1 10 ft). Setback distances (the distances the marine magnetometer was towed 
behind the vessels) were 30 rn (100 ft) for the R/V SeaQuester and 42.7 m 
(140 ft) for the R/V African Queen. The hull length for the later vessel was 
7.6 m (25 ft). Generally, five times the dipole length 38.1 m (125 ft) is usu- 
ally a sufficient setback distance for a steel-hulled water craft. 
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The collected marine magnetic data were first position adjusted for sensor 
setback and then corrected for the diurnal drift of the earth's magnetic field 
(Figure 25). A linear trend was then removed from the data, which largely 
removed unwanted regional magnetic variations. All large and magnetic ano- 
malies from ferromagnetic material on the lake bottom were then clipped and 
reduced to values of f 50 nanoTeslas. The ends on the data strings were then 
padded with zeros and a 6th order equation was fitted and removed from the 
data using STATGRAPHICS, a software package by STSC (Figure 28). This 
process deleted the effects of the much larger ferromagnetic objects on the 

AFRICAN QUEEN, LINE 1, 938918 
6 ORD RESD, CLIPPED AT 58 NANOTESLAS 

NORTHING 

Figure 28. Total field magnetic data from the R/V African Queen Line I. 
Data are diurnal drift corrected, regional effects removed, and 
responses clipped above + 50 nanoTeslas 
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lake bottom such as boat hulls, crashed antiaircraft target drones, etc. Resid- 
ual data largely represent the magnetic signature of the ordnance and any 
other smaller ferro-magnetic objects. 

Data were then sorted for ordnance "detects9' by the intensity of the 
anomalous residual magnetic response. The typical local magnetic background 
was found to vary by &3  to 4 nanoTeslas in test areas void of ordnance con- 
tamination. A threshold trigger of f 10 nanoTeslas was established as a defi- 
nite "OEW detect." Similarly a threshold of 35 nanoTeslas was ruled a 
"large OEW detect." These detect locations, dong with the survey traverses, 
are shown in Figures 29 and 30. These locations can be compared with Fig- 
ure 8, which displays the tracklines for the waterborne magnetic traverses. 

The magnetic data present definite patterns displaying OEW density in the 
offshore area. The nearshore magnetic data corroborate extremely well with 
the transient electromagnetic investigation, where data are available for the 
same area in the East Zone and Central Zone. 

Relative OEW densities may be visualized by assigning various colors to 
the traverse segments according to the number of ordnance detects found 
along a 152.4-m (500-ft) segment (Figures 31 and 32). Two high OEW den- 
sity zones are defined from both the large-size OEW detect pattern (Figure 31) 
and the small-size OEW detect patterns. These lie within one more general 
and larger area, which contains a significant number of OEW but with a lower 
overall defined ordnance density. It is apparent that the ordnance density gen- 
erally increases toward the shore and clusters into very dense areas toward the 
historical firing fan-covered portion (i.e. offshore of the range poles, Fig- 
ure 13) of the study region. These high-density OEW areas, which lie just a 
few hundred feet offshore, should be interpreted as to their movement history 
and future location(s) in light of natural coastal transport processes. 
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LAKE ERIE 

Figure 29. Location of "large" ordnance detects along total field magnetic 
traverses in Lake Erie. "Large" is 135 nanoTeslas to 
+ 50 nanoTeslas 
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Figure 30. Location of "small" ordnance detects along total field magnetic traverses in 
Lake Erie. "Small" is k 10 nanoTeslas to + 35 nanoTeslas 
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Figure 31. Ordnance densities for "large" ordnance detects. Magnetic 
responses from -t- 35 nanoTeslas to rt 50 nanoTeslas 
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Figure 3%. Ordnance densities for "small" ordnance detects. Magnetic 
responses from rt 1 0 nanoTeslas to + 35 nanoTeslas 
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6 Ground-Penetrating Radar 

A GSSI Model 10 ground-penetrating radar system was tested in various 
confimrations to evaluate its capabilities for detection of OEW in the river, 
beach, and offshore environments near Camp Perry, southwestern Lake Erie. 
This effort should be regarded more as a feasibility evaluation than as a pro- 
duction survey. 

Summary of GPR Surveys 

Onshore calibration over inert artillery and mortar rounds buried in the 
sand spit at the mouth of the Toussaint River gave very unexpected results: 
neither the 500-MHz nor the 100-MHz antenna showed more than half of the 
metal objects, and those which responded gave only very weak reflections. 
Possible reasons could be: small target dimensions, target orientation not par- 
allel to long axis of the antenna, conductive sand moisture, and excessive sig- 
nal scattering by mussel shells and heavy mineral (i.e. magnetite andlor 
ilmenite) lag deposits. 

Calibration attempts over underwater targets in the river and dock area 
were also ambiguous. In the river, difficulty was experienced in maneuvering 
the scow to pass directly over the targets, while in the dock area the targets 
probably sank into soft mud. Interference from steel walls, docks, and proba- 
ble bottom debris also complicated signal clarity in the dock area. 

However, investigations on Lake Erie were more successful. Every line 
using the floating 100-MHz antenna pair showed hyperbolic anomalies, some 
visible on raw records, but many more evident after careful processing. 
These ranged in a continuum from very strong returns to weak shadows prob- 
ably representing small or off-line sources. Interestingly, many more strong 
returns were seen on shore-perpendicular profiles than on the shore-parallel 
lines. Hyperbolic returns were often clustered as well, with several returns 
appearing close together. The density of anomalous objects also increased 
toward the southeast, further from the mouth of the Toussaint River and 
closer to Camp Perry. One explanation for the detection of many more 
objects on the shore-perpendicular profiles is that there is a preferred orienta- 
tion of the objects with their long axes parallel to shore, as that is the 
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orientation of the dipole axis (E-plane polarization) of the mtenna when towed 
perpendicular to shore (i.e.; the antenna axis was perpendicular to the profile 
path). 

The footprint of a floating antenna is apparently quite narrow, probably 
much less than three antenna widths (4.5 m). This can be deduced qualita- 
tively from geometrical optics arguments, where the index of refraction 
(square root of the relative permittivity) is inversely propo&ional to velocity. 
$he index of refraction or velocity contrast at the air-water interface is 1:9, so 
an electromagnetic ray will be severely r e f  acted toward the normal (vertical). 

Little sub-bottom information was recorded, as most of the lines were 
over clay bottom, with the exception of the shoreward ends of the shore- 
perpendicular lines. All targets appeared to be slightly buried, rather than 
p r o t ~ ~ d i n g  from the bottom. ']This is probably an artifact of the severe filter- 
ing which was applied to the high-amplitude singing data, or it could also be 
due to the longer slant path to targets slightly off-line, relative to the vertical 
path for the bottom reflection. 

GPR Theory 

The GPR method as used for shallow geologic, engineering, hydrologic, 
and archaeological studies, is only about 15 years old. Modern commercial 
GPR systems commonly operate in the time domain using a 1-2 cycle transmit 
pulse followed by a relatively long off-time, during which echoes are received 
and recorded. The sharp pulse contains a multitude of frequencies, by Fourier 
principles, and the actual frequency propagated to the earth is an inverse func- 
tion of antenna dimensions. The long dimension of the horizontal dipolar or 
"bowtie" antenna is usually half a wavelength (in air) of the transmitted wave. 
As wavelength X = velocitylfrequency, the nominal length of a 100-MHz di- 
pole is equal to (3 x 10~m/sec)/(100 x Hz) divided by 2, which is 
1.5 m. Similarly, a 500-MHz dipole antenna is 30 cm long. 

For normal field use, separate transmit and receive antennas are mounted 
parallel to each other in a rigid frame (bistatic configuration), although the 
same antenna can be used for both functions (monostatic configuration) if 
early reflection data can be sacrificed in the time required to eilectronically 
switch from transmit to receive mode. 

Two main moditkcations ocatr to radio waves when they enter the earth: 
attenuation of amplitude or energy, and a sharp reduction in velocity. The 
first effect is due primarily to and is proportional to the electrical conductivity 
(a) of the material-as conductivity increases, the radio energy is more readily 
absorbed (converted to heat), and penetration decreases. Other lesser losses 
can be due to geometric spreading, resonance of the water molecule (only at 
20 GWz), interfacial and ionic polarization losses of clay particles, and scatter- 
ing from wavelength-scale inhomogeneities. The second effect (velocity 
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rduction) is controlled by the relative electrical permiteivity, E,, (sometimes 
referred to as dielectric constant-but which is not redly constant) according 
to the sdation vel -- cfir,  where 6 is the velocity in air, 3 x 108 mlsec. 
%he physical property E,. varies from 1 for air to 81 for water. Thus, the 
r d i o  wave is slowed in water to 119 of its velocity in air, and the w a v e l e n o  
is shoaened correspondingly, Since soils are a mixare of mineral grains 
(with low E,), water, and air, the E, ranges from about 6 for nominally dry 
soils to 25-30 for saturated sands. 

The GPR system records eke echoes from many pulsa  per second as the 
mtema system is steadily pulled forward, and it thus provides a two-way time 
(down m d  up) measured to various reflector horkons or objects, Radar 
reflections in the earth occur where there is a change in one or more of the 
following three electromagnetic properties: electrical conductivity (a), relative 
electric permiRivity (E,.) ,  or relative magnetic permeability (kc,). An intrinsic 
i q e d a n c e  is defined as 

where j = 6 1  and the reflection coefficient at a boundary between medium 1 
and medium 2 is the contrast in impedance above and below the boundary, 

R = 
(% - 2,) 

(3 + 2 1 )  

For most cases in geologic materials, p,. is assumed to be 1, thus simplify- 
ing the expression. However, for steel targets and magnetite-rich sands, the 
full expression must be used. Similarly, in certain cases (ice or dry sand) a is 
negligibly small and can be dropped from the expression in those cases. In 
summary, an abrupt change in any one or more of these three physical con- 
stants can produce an echo. The polarity of the reflected wave (sine of "I?") 
depends upon whether the intrinsic impedance increased or decreased across 
the interface. 

Equipment 

The GPR used was a Geophysical Survey Systems, Inc. (GSSI) SIR SYS- 
TEM-10. Three different antenna systems were used: 

a. The CSSI Model 3102 antenna (500 MHz), which is actually a bistatic 
pair of bowtie antennas mounted side by side in one enclosure. 

b. The GSSI Model 3207 bistatic antenna pair (100 MHz, bowtie format) 
are in separate enclosures separated by rigid bars. They feature 
exchangeable plug-in modules. During this survey, a GSSI Model 
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4785W transmit module (high power), and a Model 766DA receiver 
module were used. 

c. An approximately 145 MHz dipolar antenna made at Western Michigan 
University was used in the monostatic mode. This incorporated a GSSI 
Model 769DA transceiver module (to serve as both transmitter and 
receiver). Note that monostatic transceiver modules by necessity have 
approximately 25 nanoseconds of dead time to make the transition from 
transmit to receive operation. This antenna was used in the river to the 
feasibility of using a suspended antenna (below wave action), but was 
not used on the lake. 

Simple wide-band-pass filtering of the received signals is done in the field. 
Tapes are normally down-loaded into a desktop computer for post-processing 
and printing. Hard copy output is produced on an NP PaintJet printer. Post- 
processing using RADAN 111 software can involve adding descriptive text 
information to the header block, stretching or compressing the distance axis to 
achieve a constant horizontal scale, reversing of alternate lines so that they are 
displayed in the same direction, and a wide variety of filtering, including 
deconvolution and migration. Of these options, the collected profiles have 
added text titles, reversed lines (where applicable), applied long horizontal 
high-pass filters to remove the many horizontal bar artifacts, applied short 
low-pass filters along the scan (vertical), and a short horizontal low-pass filter 
to remove high-frequency noise. Smoothing the water-bottom reflector (static 
correction) to remove the waves caused by the vertical and pitcl~ing move- 
ments of the antenna floating on the surface was also applied for the data from 
the floating antennas. With the GSSI software, this was limited to wave 
heights less than a wavelength of the signal. Deconvolution was also useful to 
compress the 5-6 cycles of ringing in water to 2-3 cycles, although this modi- 
fied or even obliterated the flanks of the hyperbolas from discrete target 
objects. Similarly, migration was not applied, as this condenses the diffrac- 
rive tails emanating from the edges of objects up to the point at which diffrac- 
tion took place. For discrete small objects such as the targets of this study, 
migration would collapse the hyperbolic "wings" to the apex as a single bright 
spot. This would remove the main criterion for detectability which is a clear- 
cut hyperbolic image. For these small targets, the pattern recognition of the 
hyperbolas was used to detect the objects in the presence of numerous other 
strong signals and clutter. 

Results at Calibration and Test Sites 

The inert ordnance test site on the spit at the mouth of the Toussaint River 
was investigated using two GPR frequencies. N-S and E-W lines were sur- 
veyed using both the bistatic SOB-MHz and bistatic 100-MHz antennas. Some 
lines were repeated with different scan times (ranges). Some lines were also 
repeated on different days as another quality assurmce measure. Note that the 
line coordinates given on the GPR records are displaced laterally 0.91 m (3 ft) 
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from the N-S staked lines and 0.61 m (2 ft) from the E-W line coordinates of 
Figure 33. This offset was needed to avoid pulling the antennas through the 
flags and stakes. 

Figure 33. Sketch of sand spit test area, mouth of Toussaint River. Coordi- 
nates are Ohio State Plane in feet 

A great deal of sedirnentary or stratigraphic detail was observed on longi- 
adinal profiles through the sand spit with the 500-MHz antenna. Very obvi- 
ous sloping or foreset beds are observed which show the history and direction 
of growth of the sand spit. Two profiles are always shown on the hard copy 
printouts, with field data on the lower half and the processed file shown on 
the upper half. Profiles beginning at the water's edge show a crossing reflec- 
tor dipping down and into the sand spit (Figures 34 and 35). This is really 
the water table, which is not shown in its true confipration of sub-horizontal 
because the radar profile is top justified to zero time, not to topography. This 
mtema penetrates very little below the water table at this site. The depth 
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scale is an inverse function of water content, and for moist sand with assumed 
relative permittivity E,  = 12 and scan length of 60 nanoseconds, the full verti- 
cal scale is approximately 2.6 m (0.79 ft). By inspection, most of the 
500-MHz records show little coherent reflection energy below mid-scale, giv- 
ing a depth penetration of 1.3 m (0.40 ft) at this site. Very surprisingly, the 
ordnance was very poorly registered as multiple hyperbolas on the GPR 
records, and approximately half were not seen at all (Figures 34 and 35). 
Several physical reasons could have led to this result. One is that the sand 
was far from homogeneous and full of scatterers, and had numerous reflective 
layers which returned much energy and contributed to poor depth penetration. 
Another possible effect may have been the scattering due to the palm-sized 
mussel shells (in addition to heavy mineral zones) found on the sand spit. 
Thirdly, the sands and pore water may have been relatively more conductive 
than experienced in other sand environments (Lake Michigan). Finally, the 
objects may simply be too small to be well-resolved. The manufacturer does 
not specify minimum dimensions detectable with a given antenna because of 
the large possible range of conductivity and relative permittivity of the sur- 
rounding natural soil materials. Thus, the response of a given target object 
can vary greatly, depending upon the relative permittivity and conductivity of 
its host medium. 

Roberts and Daniels (1993) used models in a sand tank which all had a 
minimum dimension of 0.5 m (1.6 ft), except for the case of a 5-cm (2-in.) 
steel pipe, which had a long dimension of 1.65 m (5.4 ft). The wavelength 
for the 500-MHz antenna in air is 60 cm (23.6 in.). In sand with relative 
permittivity E,  = 9, the wavelength is reduced to 20 cm (7.9 in.), while in 
water with E,. = 81, it is only 6.7 cm (2.6 in.). Thus, in air or dry sand, the 
ordnance targets were less than a wavelength in their maximum dimension. A 
long wire or metal pipe will appear very distinctly with this antenna, particu- 
larly when its long axis is parallel to the long axis (polarization direction) of 
the antenna. This was also noted by Roberts and Daniels (1993). Thus, there 
is also an orientation effect for the projectiles, such that response is maximum 
when the antenna axis and projectile major axis are parallel. Hence, for pro- 
jectiles less than a wavelength in maximum dimension, and oriented trans- 
versely to the antenna polarization, detection would be unlikely based on these 
physical arguments. The two lines over the buried ordnance were repeated 
with the antenna rotated 90 deg from the initial orientation (Figures 36 
and 37). Similar numbers of weak, narrow, ringing events can be seen on 
these two figures when compared with Figures 34 and 35. Figure 38 shows a 
typical shore-perpendicular or transverse profile through the sand spit, which 
also shows the stratigraphy and the water table. 

The 100-MHz antenna was profiled over the sand spit using a range or 
scan length of 200 nanoseconds, more than triple that used with the 500-MHz 
antenna. %his was to investigate the possibility of detecting the base of the 
sand. However, the records are dominated by ringing and horizontal bars, 
and no clear-cut basal reflector could be seen. Gross structure of the sand spit 
can be seen (Figure 39) although the 500-MHz antenna gives far more detail. 
Relative to Lake Michigan beaches, this area appears to have a higher 
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conductivity (presumably of the intergranular moisture), which leads to more 
ringing and less penetration. If true, this also results in less electrical contrast 
at the hypothetical sandlclay boundary, and hence a reduced reflection coeffi- 
cient. The decreased penetration could be due to layered accumulations of 
heavy minerals in the sands of this site. A common constituent of heavy 
mineral sands is magnetite, whose magnetic permeability could then become a 
hctor. It is usually assumed to be present in negligible amounts in surface 
materids, and the magnetic permeability is normally dropped from the wave 
equation and intrinsic impedance expressions. Resolution of these questions 
would require electrical resistivity measurements on the site, as well as testing 
for the magnetite content. The lines over the buried inert ordnance (Fig- 
ures 40 and 4-1) do reveal small disturbances over nearly half the objects. 
However, as in the case for the 500-MHz antenna, they are not sufficiently 
distinctive to discriminate them from buried logs or other similar-sized debris 
which can be commonly found in such beach sands. 

The next stage of calibration was with the floating bistatic 100-MHz an- 
tennas. An initial test was done over a string of three inert artillery rounds 
tied on a rope stretched perpendicular from the shore of the Toussaint River 
pigures 42-45). The floating antenna was mounted at the side of the steel 
scow. Three of the four passes over these targets were apparently unsuccess- 
ful in placing the antenna directly over a target. However, a number of 
hseP'bolic reflections were seen on all four records. Profile ERI-F6P (Fig- 
ure 43) shows bottom topography, possibly troughs created by past dredging. 
In the central area of this I-lgure, the hyperbolic events lie beneath bathymetric 
troughs. This is quite clearly a focussing effect of the bottom topography, an 
artifact related to depth of water and radius of curvature of the bottom topog- 
raphy. Tucker and Yorston (1973) describe the reflection seismic inteqreta- 
tion "pitfall" of the apparent anticline below a syncline. At the left edge of 
the figure are two hyperbolas which do not appear to be related to bottom 
topography. The left-most is a slightly buried (or off-line) object, and imme- 
diately to the right is an object emergent from the bottom. It is possible that 
neither was the target ordnance, but they are the best candidates on this 
profile. 

Figure 45 shows profile ERI-F8P. This revealed about five objects show- 
ing positive relief above an otherwise smooth bottom. Their signatures do not 
show the characteristic sharp ringing of metal conductors. Thus, they could 
be blocks of rock, logs, or other debris. This profile shows sub-bottom stmc- 
ture on the right half, beginning with an antiform structure which is probably 
too broad to be sideswiped from an off-line object, and hence may represent 
the actual stratigraphy. Further right, along the slope, is evidence of cross- 
bedding and/or bedding dipping toward the south shore. 

Another river crossing profile, EWI-F28, shows at least eight sub-bottom 
hyperbolic responses, about half of which are suficientliy intense and ringing 
to be metallic (Figure 46). This line was treated with only a minimum of pro- 
cessing, a horizontal high-pass filter 31 scans wide. Weak hyperbolic 
responses from within the water column are totally invisible on the raw data 

Chapter 6 Ground-Penetrating Raldar 



Chapter 6 Ground-Penetrating Radar 



OnS 200nS 

a%) 
lba 

Ma, 
a 
Ti- 

? 
F 

Q) 
C 
3 

Chapter 6 Ground-Penetrating Radar 



OnS 240nS 

Chapter 6 Ground-Penetrating Radar 



u U 
-d U 
d a, 
0 3  2 e 0 
h d  cd a, 
a J a l  l 
ae I bo 
h rnc c rnsd 

U born 
a ~ r n g g  
u a l o u  
O h h O  
2 u U W  

OnS 240nS 

Chapter 6 Ground-Penetrating Radar 



Chapter 6 Ground-Penetrating Radar 



Chapter 6 Ground-Penetrating Radar 



Chapter 6 Ground-Penetrating Radar 



in the lower half of the figure. These are very likely large fish (i.e., possibly 
carp or buffalo) whose swim bladders have the maximum possible contrast in 
E,. with the surrounding water, 1:81, and produce a detectable response within 
a very uniform and homogeneous background medium. These returns from 
within the water column are present on other profiles, but have been destroyed 
by more extensive post-processing where enhancement of bottom or sub- 
bottom objects was the goal. Submerged aquatic vegetation has never shown 
such response in other investigations with surface antennas. 

Results wi%& Floating Antenna on Lake Erie 

Two shore-parallel and two shore-perpendicular lines using DGPS 
positioning control were performed within the FUDS area. Three shore- 
perpendicular lines with approximate positioning control using the handheld 
Magellan 5000 GPS receiver (see Figure 10) were also accomplished. One 
test was conducted outside the FUDS area with the line extending northeast 
off the sand spit with approximate positioning using the Magellan 5000. 

Processing for the long lines on the lake was kept to a minimum. Title 
and header information was keyed in. Some lines were reversed such that the 
right end was always lakeward for shore-perpendicular lines, and always 
southeast for the shore-parallel lines. Initially predictive deconvolution was 
tried on one line to diminish the strong ringing of the bottom reflection. This 
could reduce the number of cycles from 5 or 6 to less than 3, but at the 
expense of greatly distorting or even eliminating the hyperbolic patterns from 
individual objects. Thus, this was not used for the remainder of the lines. A 
"statics correction9' routine was applied to the water-bottom reflection to 
smooth the waves caused by the bobbing of the floating antennas. This had 
the effect of placing the waviness above the bottom and extending up to the 
s t a t  pulse. The multiple of the bottom reflection still retained a very wavy 
character due to its double wave amplitude. Next, a moderately narrow high- 
pass horizontal filter (31 scans wide) was applied to remove all the subhori- 
zontd elements of the (now smooth) bottom reflection and its ringing. This 
was very effective in removing almost all the bottom reflection energy, leav- 
ing only narrow and steeply dipping events in the window of interest-the 
interval between the bottom reflection and its first multiple. Returns from 
above that band are in the water column, while those below that band are still 
hidden beneath the remaining wavy high amplitude bottom multiple and its 
ringing. Positive identification of metallic "objects" was based on the criteria 
of having both limbs of a hyperbola visible, as well as ringing or stacking of 
hyperbolas. The metallic targets should ring with a resonance frequency 
crudely proportional to the inverse of their physical dimensions. (This is in 
fact the basis for a detection system proposed by Peters and Young (1993).) 
Other returns countd as "probable objects" were much weaker hyperbolas 
having questionable ringing, and could be small objects, off-line objects, or 
even non-metallic objects. Table 5 is a summary of the observations from the 
seven lines within the research area and the test line off the sand spit. The 
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last column is a normalized "hit" sate, or counts per 30.5 m (100 ft) of profile 
line. 

The long lake lines done with the floating 100-MHz antennas may have 
crossed a communications cable which runs parallel to shore 1.8-2.4 m 
(6-8 ft) below LWD, or probably 2.7-3.4 m (9-11 ft) of water. The cable 
may have caused the very strong, isolated event readings at that depth on sev- 
eral of the shore-perpendicular lines. 

These data, while not based on thorough coverage of the area, do appear 
to show several trends, as follows: 

a. The objects are sometimes solitary but most are found in clusters. 

6. The shore-parallel lines (numbers 15 and 17 in Table 5 show minimal 
numbers of detects, while shore-perpendicular lines through the same 
general area show higher detect rates. This could very well be a func- 
tion of antenna orientation relative to the long axis of the targets. In 
other words, for small targets, detection is most likely if the long axis 
of the object is parallel to the antenna axis, and the target will probably 
be missed if its major axis is nearly 90 deg from the antenna axis. 
This implies that most objects are aligned with their major axes parallel 
to shore, as might be expected for those objects which are rolling on 
the bottom in response to wave motion. (The antenna axis was trans- 
verse to the tow direction or boat path.) Thus, the GPR can perhaps 
indirectly determine the dominant orientation in the horizontal plane by 
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the polarized response of its antennas, which are towed with their axes 
transverse to the profile line. Alternatively, the two shore-parallel lines 
may have been fortuitously selected along locations which simply did 
not have concentrations of OEW. This does not appear to be true as 
Line 4 (shore-perpendicular) crossed both Lines 15 and 17. 

c. Table 5 appears to show increasing numbers of objects as the survey 
progressed southeast along the lake away from the Toussaint River. 
Lines 4, 5, I*, 2*, and 3" are shore-perpendicular profiles located in a 
sequence from west northwest to east southeast and clearly show this 
increase. This also should be expected, as this sequence of lines goes 
from the west northwest limit toward the center of the target fan. 

GPR Results at the FUDS Cove Beach Site 

Another GPR data set was gathered at Cove Beach (Figure 13), accessed 
by land via a road through the marsh near the range poles. This area was 
flagged with six shore-parallel lines 76.2 m (250 ft) long and spaced 1.8 m 
(6 ft) apart going up the beach. These lines were surveyed with both the 
500-MHz and 100-MHz bistatic antenna pairs. 

Figure 47 is a typical shore-parallel line with about 40 nanoseconds of 
penetration (1.9 m, assuming moist sand with E, = 12) using the 500-MHz 
mtenna. This profile was run in the strike direction for the beach deposit 
stratigraphy. These data do reveal an angular unconformity due to scalloping 
of the shoreline near the northwest end of the line. The cross-strike profile of 
Figure 48 reveals more details of shoreline accretion at this beach, with a 
series of accretionary on-lapping structures dipping toward the lake. 

The 100-MHz data were gathered over the grid with a scan range three 
times longer. Some coherent reflections can be seen on Figure 49 to times of 
about 100 nsec. The upper reflection is probably the water table, while the 
lower is probably sand over peat or sand over clay. The depth scales in these 
two zones would be different. Assuming E, = 12 for unsaturated but moist 
sands, the conversion is 23 nanosecondslm, while below the water table in 
30-percent porosity sands ( E ,  = 25) the scale is 33 nanosecondslm. 

Figure 50 is a shore-perpendicular profile which crossed over a sizable, 
almost completely buried, tree trunk. This caused the hyperbolic disturbance 
which began at the top of the record, and extended with ringing to the bottom 
of the record. A reflector at about 48 nanoseconds could be the water table, 
approximately 2.1 m (5.4 ft) deep if the relative permittivity is 12. 
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GPR Application Observations to Detect OEW 

OEW was more difficult to detect when buried beneath unsaturated beach 
sands than when lying on hard bottom in the river or lake. GPR (500 MHz) 
did show internal stratigraphic structure in the upper 1.5-2 m (4.9-6.6 ft) of 
sand at the two beach sites. Some of the smaller OEW is clearly at the lower 
detection limit for the system in this environment. No size:response relation- 
ship has been established. This is made difficult by the weaker response of 
slightly off-line targets, and by the dependence of signal strength on the target 
orientation of the host medium. Return signal strength is very much depen- 
dent upon small target orientation, with maximum return when the major axis 
of the target is horizontal and parallel to the E-plane of the antenna. OEW 
with its major axis vertical or perpendicular to the long axis of the antenna 
would not be detected. 

A detection system using a transverse receiver antenna (crossed dipoles) 
has been suggested by Walton (1993) and by Peters and Young (1993) and is 
the basis of an antenna constructed at Ohio State University. This approach 
should remove most of the strong flat bottom reflection and its ringing and 
multiple, while relatively enhancing the hyperbolic returns from discrete 
objects, particularly metallic objects at random orientations for which part of 
the return signal is rotated out of the E-plane of the transmit dipole. The data 
required much post-processing to minimize the strong, ringing bottom reflec- 
tion. Of course, a crossed-dipole receiver would not detect much stratigraphic 
information. Hence two receiver dipoles would be appropriate, one perpen- 
dicular and one parallel to the transmit dipole, recorded on separate data chan- 
nels. The GSSI System 10 can easily handle multiple antennas with its option 
of 2 or 4 transducer interface modules. This application of using crossed 
dipole antennas for UXO detection merits further investigation. 

A floating antenna must be stabilized to minimize vertical motion and 
pitching with waves and swell. If not, the bottom reflection faithfully records 
the wave action and can often obscure or mask the hyperbolic patterns 
expected from the OEW. A very tedious "static correction" is needed to 
smooth the bottom reflection prior to other processing. A submerged dipole 
antenna held at a fixed depth is an alternative for days too rough for floating 
antennas. It would have to be used along shore-parallel lines, as it is opera- 
tionally too difficult to adjust the antenna depth while under way. 

The hyperbolic pattern is the preferred diagnostic (or pattern recognition) 
for identifying the OEW, as it covers a much larger area on the record section 
than would a corrected "image" of the ordnance. Thus, processing is done to 
enhance the hyperbolic patterns. Migration and deconvoltation processing 
destroy this pattern and are to be avoided. The GPR method, as applied from 
a floating or near-surface antenna system, can detect discrete metallic objects 
lying on lake bottom in water depths to at least 3.0 m (10 ft). An additional 
bonus is that water depth is shown directly on the same record, and if crossed 
receiver dipoles are used, generalizations about preferred orientation of the 
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major axes of the objects can be made. With a boat and system adapted spe- 
cifically to this site amd problem, production survey coverage at a high data 
rate during calm to light wind conditions is plausible. 
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7 Side-Scan Sonar and 
Remote y Operated Vehic 
ROV 

Side-Scan Sonar 

The modern-day SSS evolved from the first active sonars developed dur- 
ing World War % to provide accurate echo location of submarines. During 
World War 61 these sonar systems were fbrther refined for submarine warfare 
applications (Laskey 1975) and it was during this development phase that the 
correlation between high frequency sound reflection intensity and seabottom 
lithology was first identified (Fleming, Wien, and Denbigh 1982). A series of 
experiments in the late 1950's and 19609s, coupled with major engineering 
advances of equipment in the 1970's and 19809s, have produced contemporary 
SSS systems capable of producing extraordinary underwater images (Fish and 
C x r  1990). 

To optimize data collection for the various applications and environments 
in which SSS has been used, numerous systems have evolved using different 
combinations of range and frequency. These systems are used in commercial 
applications such as wreckagellost object searches (ships, aircraft, mines, tor- 
pedoes, etc.), seabed geological surveys, pipeline tracking, and biological 
surveying. 

An EG&@ Model 260-TH image-correcting side-scan sonar, with a 
380 digital tape unit, and Model 272-TD Towfish, was used to collect infor- 
mation about lake-bottom features, and suspected ordnance density characteris- 
tics. The system consisted of a towfish, cable, processor/graphic recorder, 
and digital tape recorder. The towfish is streamlined (torpedo-shaped) with 
acoustical transducers mounted on the port and starboard sides. As the tow- 
fish moves through the water, it periodically transmits and receives acoustic 
pulses in a direction transverse to the towfish track. The beam pattern in 
the 400-Hz  operating frequency mode used almost exclusively during the 
study, is relatively narrow (0.5 deg) in the horizontal plane compared to its 
wide-angled vertical component (50 deg). After this short-duration 
(0.01-millisecond) acoustic pulse is transmitted, the towfish ""listens" for the 
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potential return of signals (from that same pulse) reflected by targets, or 
backscattered by the lake bottom. These reflected signals are received by the 
towfish as they return, then amplified for transmission up through the cable to 
the processorlgraphic recorder. There the signals are again amplified, pro- 
cessed, and printed on a hard-copy sonograph. The processorlgraphic 
recorder contains the control electronics for operating parameters such as fre- 
quency, range, and gain. By tuning these parameters an operator can opti- 
mize the data quality in response to mission requirements and acoustical 
environment. The digital tape recorder provides unprocessed sonar data stor- 
age for later playback or electronic enhancement. 

A Benthos Mini-ROVER MKlI ROV equipped with an underwater televi- 
sion camera was deployed to collect visual observations of the lake bottom 
features and aid in sonograph interpretations. The image from the forward- 
looking video camera was trmsmiged via umbilical cord to a monitor and 
recorder aboard the support vessel. The operator guided the ROV through the 
water c o l u m  using the images on the monitor and the vehicle's thrusters; two 
fore-and-aft, one vertical, and one lateral. The video system consisted of a 
low-light, high-resolution color TV camera, video recorder, and two quartz 
halogen lamps for illumination. The 80-deg field-of-view lens system 
possessed tile and pan capabilities. Vehicle heading and operating depth were 
graphically displayed on the video monitor. 

Field Data Col%ectiom 

During the SSS survey, the towfish track information (position and time) 
from the DGPS was entered on the sonograph as event numbers. Rough wave 
conditions, turbidity, and shallow water degraded the quality of the sono- 
graphs. Four days were scheduled for SSS surveying, but only one day gro- 
duced sonographs of sufficient quality for interpretation purposes. 

Waves affect the quality of a sonograph in two ways, towfish instability 
and entrained air in the water column. Because the towfish was deployed 
from the RIV SeaQuester at very shallow depths and an average speed of 
2 h o t s  (3.4 ftlsec), the towfish hung close to the boat on a short cable. 
Much of wave-induced pitch and heave of the vessel was translated to the tow- 
fish by this short length of cable. The sonographs are blurred in proportion to 
the amount of such motion. In rough wave conditions it is preferable to 
deploy the towfish as deep as possible to allow the catenary in the cable to act 
as a shock absorber, but in this shallow water the cable had to be kept short to 
keep the towfish at a sufficient elevation above the lakebed. 

The fish was deployed from the RIV SeaQuester in various positions and 
orientations (stern, near midships, bow) to experiment with optimizing the 
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quality of sonographs. Trackline headings (relative to wave direction) were 
also varied to minimize unwanted movement. However, the amount of good 
coverage was limited by the distortions caused by the towfish instability, cou- 
pled with clutter formed on the record by acoustic reflections from the 
undersides of waves and air bubbles entrained by white caps. 

For one full operational day the wave heights diminished to a level where 
usable sonographs could be produced. The majority of shore-parallel transects 
in Figure 5 1 were collected that day. On the closest transect to shore the tow 

Figure 51. SSS survey tracklines in Lake Erie showing lines with high density 
of hard target returns 
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fish was too close to the lake bottom for assured safe operation, so subsequent 
trmsects were conducted farther out in deeper water. 

The first objective of the surveying plan was to optimize sonar imaging of 
possible OEW densities. The second was to derive information on the lake 
boaom itself. The towfish operates at frequencies of either 100 kHz (stan- 
d a d )  or 480 kHz (high resolution). Sonographs at the two frequencies were 
compared to decide whether wave conditions had diminished enough to 
achieve the higher resolution possible at 400 H z .  The .BOO-Hz option was 
sdected due to the slightly better imaging quality produced by its higher 
fiquency, shorter pulse length, and narrower horizontal beam width. 

'fie SSS range is the horizontal distance (measured perpendicular to the 
tracaine) from the trackline to the firthest lakebed point represented on the 
sonograph. '%he Model 260-TH has nine possible range settings (25 m (82 k) 
up to 600 m (1,969 ft)). The smallest of these, 25 m (82 k), was used to 
optimize resolution and detectability by providing the highest possible pulse 
repetition rate. This range provided a total sonar swath, or footprint, of 50 m 
(164 fo (25 m (82 fi) on each side of the towfish). An average survey towing 
speed of 2 h o t s  (3.4 filsec) (minimum speed of the R/V SeaQuester with sea 
mchor deployed) was maintained to maximize the number of acoustic pulses 
per unit length of tracaine: 

Results of the SSS and ROV 

Sonographs produced under these operating parameters should be inter- 
preted as plane-view perspectives similar to those of low-level oblique aerial 
photographs (Figure 52). The center line (A) represents the towfish's path, or 
tracHine. The areas on either side of the trackline correspond to return signals 
received by the port and starboard transducers (in this record the ""top" a e a  
was collectd by the port transducer and ""bttom" area by the starboard trans- 
ducer). Line @), mming parallel to the towfish tracldine, represents the first 
signals backscatterd to the port transducer by the lake-bottom. The contigu- 
ous lighter contrast4 zone bounded by lines (A) and @) is the port side water 
co lum.  

The relative intensity of the acoustic energy that returns to the transducers 
is indicat4 by the darkness of the sonograph image. The stronger the 
reflected (or backscatter&) energy, the darker the corresponding image. The 
intensity of this reflected signal is affected by the reflecting surhce9s composi- 
tion, size, and orientation to the incident signal. The airlwater interface is a 
very strong reflector of sound. The ""sash" pattern in the port water c o l u m  
(area between lines A and B) was caused by reflections from the undersides of 
waves md wave-entrain4 air bubbles. The darker areas on Figure 52 indi- 
cate a diEerent type of lake bed material from the lighter-contrasted linear 
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features (running approximately perpendicula to the towfish trackline) and 
angular areas. 

In order to groundtruth the SSS observations, the ROV was deployed for 
additional qualitative (visual) data collection. Unfortunately the wave condi- 
tions that affected the SSS survey also impacted the ROV data. In shallow 
water, the waves stirred up the lake bed and caused the water to be quite tur- 
bid. Even with the low-light, high-resolution color TV camera, the ROV9s 
visibility was reduced by the turbid water. Whenever the ROV was close 
enough to start to 66s"se9' (and record) bottom features, a course correction by 
one of the thrusters would stir up fine bottom materid and shroud the features 
from sight. 

In deeper water (4.3-m) (14-ft depth) visibility was ilnproved and the 
ROV could discern bottom features more clearly. Mere the bottom was seen 
to be Rat and featureless, with little relief except for scattered algae mats. 
These algae mats rose up slightly from the lake bottom. The bottom was 
coated with a film of shell hash, and any significant objects were covered with 
zebra mussels. The difference in the amount of acoustic energy backscatter& 
by the algae mat zones, compared to the flat lake bottom, was significant 
enough to produce the sonograph contrasts. It is not known if the algae mats 
produced this increased backscatter, or possibly the substrate beneath it. 
Algae require a competent foundation to grow upon, so it is possible that the 
increased backscatter on the sonograph is due to outcroppings of harder mate- 
rial (that the algae are anchored upon) surrounded by less competent lake- 
bottom material. The lighter-contrasted linear features running perpendicular 
to the towfish trackline in Figure 52 were probably formed by ice scour and 
drag marks left by gill netters who trawl their nets through the area. 

The spacing between adjacent parallel tracklines was selected to allow 
overlap of the sonographs. Adjacent sonographs were aligned and joined to 
create mosaics, which are continuous, two-dimensional images of the lake bot- 
tom, The portion of mosaic shown in Figure 53 was created in this manner. 
Two adjacent tracklines (with the water columns removed for ease of intespre- 
tation) were aligned by correlating event marks and overlaying colnmon bot- 
tom features. The two "wavey" patterns (one from each trackline) on the 
sonograph were caused by the wave-induced instability of the towfish. The 
""pncil-shapedv'" image in the upper left corner, possibly a log, protrudes up 
from the lake bottom as is indicated by its acoustic shadow. When a signifi- 
cant target like this protrudes up from the bottom, it creates a strong dark 
image because its surface is more normal to the incident acoustic pulse (more 
energy is reflected). By reflecting and absorbing the incoming pulse, it pro- 
duces an acoustic shadow (immediately behind the reflector) on the side away 
from the trackline. This acoustic shadow zone shows up as a white area. The 
general absence of acoustic shadows on all the sonographs collected in the 
FUDS site indicates that the area surveyed is basically flat, with no significant 
relief. 
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The small, elongated, dark images in this sonograph indicate small, rela- 
tively "hard" targets. Figure 54 is an enlargement of a zone of concentrated 
targets (A). This zone is further enlarged in Figure 55. 

A material's acoustic reflectivity is a function of its acoustic impedance 
(material density times the speed of sound through the material). Conse- 
quently, steel has a higher reflectivity than stone or concrete, which, in turn, 
have a higher reflectivity than wood. The SSS system gain was set relatively 
low during the FUDS site survey. This tuned the sonograph such that the 
backscaner of the lake bottom was relatively light, and presented a greater 
contrast to hard target returns. The linearity of the targets suggests that they 
are man-made. These targets do not significantly protrude up from the I&e 
bottom, as is evidenced by the absence of acoustic shadows. The small, dark, 
elongated images on Figures 53 through 55 have the characteristics expected 
for ordnance. 

As described before, the turbidity in shallow water severely limited visi- 
bility from the ROV. When the ROV was deployed to look at these small tar- 
gets, the result was limited numbers of unclear glimpses of elongated objects 
covered in zebra mussels. Conversations with gill netters active in this area 
revealed that the ordnance retrieved from nets was usually "covered with 
zebra mussels." 

To test the SSS9s ability to detect ordnance of the type found in the FUDS 
site, test trials were conducted in the Toussaint River with selected rounds 
(90 m up to 155 m) from the Toussaint River spit experiments. These 
river tests were conducted when wave action precluded surveying the FUDS 
site. Several test runs were conducted using different SSS settings and opera- 
tional practices; however, individual rounds could not be readily detected on 
the riverbed. Reflections from the riverbed, bathymetry, and debris produced 
considerable backround "noise9' that may have obscured echoes from the ord- 
nance. In general, the noise level was greater in the river than the FUDS 
area. 

The published resolution of the EG&G 260 Series SSS in the 25-m range 
is O.M m. Given this resolution, the SSS operating parameters (400-kHz, 
25-m range, 2-knot tow speed, etc.), metal composition of ordnance, the size 
and linear features of targets on the sonograph, and the flat bathymetry of the 
lake, it is highly probable that the hard targets are ordnance. Figure 51 shows 
the areas where the target populations appeared most dense. 

The sonograph (water column removed) presented in Figure 56 contains 
images of a cable (A) that appears to be partially covered by bottom material 
in the middle of the sonograph, and emerges on the far right side of the 
record. %he portions of exposed cable that were detected on the mosaic are 
illustrated in Figure 5 1. 
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sis of Data Resu 
terpretation of OEW 

Distribution Patterns 

General 

Data used for analyzing the coastal processes of the study site and inter- 
preting the ordnance distribution patterns were collected during the Septernber 
1993 field study and also gathered from several supplementary sources. Sup- 
plementary data include observations made of the beach geomorphology, inter- 
views with knowledgeable resources, analysis of ordnance finds data from the 
1992 beach cleanup, and additional information on Erie Army Depot firing 
practices. These non-field study data sets proved very valuable in providing 
additional insight and helped in interpreting the results of the field 
investigations. 

Beach Observations 

Observations made during several site visits to the FUDS beach revealed 
evidence that the ordnance is quite mobile through the surf zone. The beach 
is a narrow, thin sand sheet which lies over a clay and peat marsh-deposit 
base. This is a highly eroding shore which has retreated over the former 
back-beach marshes. Peaty clays are exposed in the troughs between the 
sandbars and clay flats appear along the beach, particularly in the eastern third 
of the study area. A multiple bar field fronts much of the study area. How- 
ever, in front of the more eroded eastern third, the bars are closer to the shore 
and in some cases appear as a discontinuous nearshore shoal. 

Ordnance was observed on the beach in numerous places along the eastern 
half of the FUDS beach. No ordnance was seen along the wider beaches of 
the western half. Ordnnance occurrences emulatd those typicdally seen as a 
coarse-grain4 lag deposit on eroding beaches. For example, ordnance was 
seen usually adjacent to stick-out features such as fallen trees, tree trunks, ~r 
stone revetment headlands. Alf3ough occasional pieces would be spotted par- 
tially bur id  in sandy sections, ordnance was much more common in the clay 
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flats. This suggests that the ordnance rolls along the surf zone until it runs 
into a feature which it will pile against or a rough, more frictional clay base. 
Ordnance along the waterline tended to be lined up with its long axis paralld 
to the shore suggesting that the ordnance rolls up and down the beach face 
with the waves. A final, critical observation was that ordnance on the beach 
tended to be clustered in some locations and absent from others. No ordnance 
was seen in beach areas which were fronted by broad offshore sand shoals 
(for example, in Cove Beach). Yet ordnance was common in areas where the 
nearshore bar field was locally discontinuous or very close to shore (i.e., East 
Beach). 

The overall implication of these observations is that ordnance rolls as a 
bedload onto the beach and along the beach as a coarse-grained littoral s d i -  
ment. Ordnance finds on the beach are strongly controlled by nearshore ter- 
rain (areas where it can transit the bar field) and longshore littoral transport 
(rolls as bedload until it hits a feature or clay zone). 

Results of Interviews 

Several individuals were contacted and interviewed because of their unique 
insight into the physical processes of the FUDS study site, the history of ord- 
nance occurrences, or operational practices of the Erie Army Depot. The 
firsthand knowledge they were able to provide helped to explain andlor rein- 
force the data and reference material collected during this study. The key 
information obtained from each interviewee is summarized here in paragraphs 
which paraphrase their comments. 

Mr. Mike Short of EOD Technologies, Inc. (EODT) participated in the 
1992 beach cleanup. He was asked about the orientation and locations of ord- 
nance on the beach. Mr. Short confirmed that all ordnance had been cleaned 
out to a depth of about 46 cm (18 in.). On a couple of days when the water 
had really gone out, the magnetometer "squealed" during searches across the 
exposed bars. The troughs of the offshore bars are full of ordnance. In the 
Cove Area about 400 rounds were cleaned up. When the same area was 
checked 1 month later approximately 500 more rounds were retrieved. Most 
was light-cased 106-mm-rounds with fins. The area around rock revetment, 
west of Cove Beach, was heavy with 106-mm-rounds. Toward the west, ord- 
nance concentration decreased. Closer to the Toussaint River, the numbers of 
finds increased. When asked about orientation of the rounds, Short said they 
were somewhat aligned parallel with the troughs. One day about 20- 
25 rounds were pulled up to the vegetation line (because of the big waves). 
The crew returned the next day to detonate the rounds, but they had disap- 
peared, and the crew assumed the waves had taken them out. However, when 
a magnetometer was run over the same ground, it detected hits, and the 
rounds were found buried below the sand surface. 
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Mr. Clifford Biggert worked as a base security guard at Erie Army Depot 
in the 1950's and has fished in the local area extensively, including seine fish- 
ing off the FUDS beach during the late 1960's and early 1970's. We observed 
that in some places 30-61 m (100-200 ft) of beach width has gone. On the 
east end of the range, machine guns and mortars were fired, in the "center" 
the larger rounds were fired, and to the west, the recoilless rounds were shot. 
A "fair" majority were fired for speed and accuracy (level trajectory "treetop" 
level). Over the years, Biggert has always seen shells on the beach and land- 
ward in the marsh. In the winter, he has seen shells impact on the ice and 
just lie there. The study areas were popular seine fishing areas in the 1960's 
and 19'70's. Biggert and other seine fishermen would drag their nets onshore 
from about a 3-m (10-ft) water depth up onto the beach. They would drag a 
lot of ordnance towards the shore and usually get a few pieces hung up in 
their nets. Biggert feels that that this seine fishing probably contributed 
toward moving significant quantities of ordnance toward the shore. 

Mr. Keith Floro is a local marina operator who worked in the Erie Army 
Depot shop repairing guns. During his service in the Army he became very 
familiar with the range of weaponry tested at Erie Army Depot. Mr. Floro 
said the big shells were fired both for accuracy and elevation (accuracy 
implies low trajectory, shorter ranges because of shooting at targets at treetop 
elevations). When workers were installing a pump inland on the David Besse 
northwest side of Toussaint River (supposdlly well out of the firing fan) a 
number of shells were encountered. Short-range rounds, such as the 4.2-in., 
60-mm, and 81-mm-mortars, were f i r 4  during his period of experience in the 
range fans documented for 1965 (Figure 3). Fifty-caliber, 2-1/2-in. rockets, 
twin 40's and 90-mm antiaircraft rounds were fired from the David Besse side 
(north). Personnel from the Erie Army Depot would occasionally go out into 
the firing fans to clear surface rounds. Mr. Floro states, 

Basically they shot all over and the ground is saturated with ordnance. 
Movement and appearance of ordnance changes every year. Some 
years the winter storms move the shells. Other years there might be a 
good ice cover and a ""south-wester" will blow the ice out. When the 
ice is driven back on shore it will stack on the bars. Out on the reefs 
anchor ice forms on the bottom then radiates upward. 

Mr. Floro gave the David Besse outfall (located 0.8 rn (112 mile) out) as an 
example where they have problems with ice. Hn the shallower water, ice will 
freeze down and attach to the ordnance, then transport the ordnance with the 
ice flow once it breaks loose. 

Awabsis of EODT Beach Finds 

Records maintain4 by EODT during the 1992 cleanup of the FUDS 
beach included ordnance removal types and counts per numbered lane. Lane 
widths were 7.6 m (25 ft) and the length (going offshore from the baseline) 
varied from 10.7 to 61 m (35 to 200 ft). Each lane was marked by steel 
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rebus driven into the sand at the back of the beach. Distances and angles 
between rebars were recorded, which allowed a charting of ordnance concen- 
trations relative to a baseline. Unfortunately, although the EODT records 
were quite detailed, none of the rebars were tied into a recognized and repro- 
ducible coordinate system and the baseline could not be readily positioned in 
space. However, this problem was rectified during the investigation by the 
WES study team. 

Horizontal datum control was required in order to compare the ordnance 
concentration field on the beach to the ordnance concentration fields identified 
in the offshore survey. During the field investigation a total of 14 rebars 
remaining from the 1992 EODT cleanup were located and their horizontal 
position determined using DGPS. The located rebus were not individually 
nomenclatured with easily identified tags. However, the rebars which were 
located on the beach were positioned on a control map and the EODT baseline 
was adjusted to a best-fit location (Figures 57 and 58). Fimres 57 and 58 
illustrate the two primary lane groups where ordnance was cleared from the 
beach (Lanes 1B-154B and Lanes 1 -162) relative to the 1965 firing fans (see 
Figure 3). These two lane groups cover the eastern half of the FUDS beach 
(a totd of 2,581 m (8,467 fi)). EODT records did list 65 lanes extending 
southeast from the mouth of the Toussaint River (a total shoreline length of 
458 m (1,503 ft)). However, only two pieces of ordnance were found over 
this entire section of shore. No ordnance was reported for the 1,146-m 
(3,460-fo section of shore between Lane 154B and the Toussaint River lanes. 

Ordnance counts per lane were divided into "large ordnance9' and ""sdl 
ordnance," with the demarkation occurring with the 60-mm size. Large ord- 
nance ranged from 75 to 165 mm including a few larger rockets and war- 
heads, while small ordnance included anything 60 mm and smaller. Fig- 
ures 59 and 60 illustrate the large and small ordnance finds for 
Lanes 1B-154B, while Figures 61 and 62 exhibit the same data for 
Lanes 1-162. Lanes 1B-1543 include a sand beach over the northwestern por- 
tion and are fronted by a rock revetment over the south-eatern third. 
Figures 59 and 60 reveal that this section of beach was dominatd by large 
ordnance, with most of the finds located in the southeastern portion. Only a 
dozen pieces were discovered across the northwestern 305 m (1,000 ft) of this 
section. Concentrations increase toward the souflleast. Converse%y, 
Lanes 1-162 were dominated by finds of small ordnance, with as many as 
383 shells found in a single 7.6-m-wide (25-&-wide) lane (Lane 150) near the 
n o ~ w e s t e r n  boundary of this lane group. This lane is located along the 
soufieastern flank of the revetment and dong the flank of a ]large sand shod. 
This same sand shoal fronts across the Cove Beach and blocks ordnmce from 
reaching the beach along a 213-m-wide (700-&-wide) section to the southeast. 
The irreplar pattern of ordnance finds throughout the rest of this section of 
beach are due to the periodic exposure of clay flats which locally concentrate 
the ordnance. 
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Figure 57. 1992 EOBT rebar locations showing beach cleanup zones 

These data quantitatively support the observations made during the field 
investigation and reported in the section entitled ""Beach Obsesvations." Sev- 
eral key statements can be made basd on these data: 

a. Ordnance concentrations on the beach line up with the firing fans w i ~ 1  
larger pieces toward the west, which is dso where the larger rounds 
were repored to be target& (per Mr. Biggen~) and the longer shot tar- 
get pads were located p i p r e  3). 
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Figure 58. Detail of 1992 EODT cleanup zones shown relative to coordinate controls 

b. The pattern of ordnance finds on the beach reveals higher concentra- 
tions where the sandbars are closer to shore (in front of the revetment 
and toward i.e. East Beach) where clay flats trap the ordnance. Ord- 
nance is also concentrated where beach features (headlands and stick- 
out features) interfere with the longshore movement of the pieces. 

c. Ordnance finds on the beach become almost non-existent (due possibly 
to a better developed sandbar system and less concentrations in the off- 
shore considering the firing fans). 

d. Ordnance is blocked from reaching the beach in a broad area, called 
Cove Beach, by a large offshore sand shoal. 

e .  The northwestern 1.9 km (1.2 miles) of the FUDS beach were almost 
devoid of ordnance contamination, while over 5,000 pieces were recov- 
ered from the southeastern 2.3 km (1.4 miles). 

interpretation of Ordnance Distribution Patterns 

The geophysical data on ordnance concentrations presented in Chap- 
ters 4-7, EODT beach finds data, bottom type information, and an 
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Figure 59. EODT large ordnance beach finds, September-December 1992 data for Lanes 
1 8-1 548 

Small Ordnance Beach Finds 
September - December 1992 

Lanes 1B - 1548 

F i~ure  68. EODT small ordnance beach finds, September-December 1992 data for Lanes 
18-1 548 
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Large Ordnance Beach Finds 
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Figure 61. EODT large ordnance beach finds, September-December 1992 data for 
banes 1-1 62 

Figure 62. EQDT small ordnance beach finds, September-December 199% data for 
Lanes 1-1 62 
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interpretation of the local coastal processes lead to several observations 
regarding this study site. Figure 63 is a schematized sketch which presents a 
summary from the many divergent data sources. Figure 63 illustrates the 
bottom type zones, beach features, and the nearshore zones of ordnance 
concentration. 

= INSHORE PONES 

.---- 1990 SHORELINE '3 SLUE CLAY CONTOURS IN FEET 
B R O W  LWD 

Figure 63. Sketch of FUDS study site illustrating features, bottom type zones, and near- 
shore ordnance concentration fields 

The bottom, in deeper water (say 3.0-4.3 f (10-14 ft) LWD), is a hard 
blue clay which exhibits shell fragments and a silty veneer. Ordnance in this 
zone appears to be scattered and covered with zebra mussels. The zone from 
3.0-1.8 m (10-4 ft) LWD is a very soft muck bottom with little surface evi- 
dence of ordnance from the SSS record (ordnance probably sinks below the 
surface in this zone) and though magnetic data indicate ferromagnetic targets 
are common in this zone, the bottom becomes sandy from 1.2 m (4 ft) LWD 
to the shallower sequence of sandbars and shoals with clay or peat outcrops 
between bars. Ordnance appears to be more concentrated in the troughs and 
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on the bottom side of steeper inclines in this area. Ordnance in the bar field 
is concentrat& in the southeastern half of the FUDS beach and at the lake 
side of the shoals or in the troughs between the sandbars (Figure 63). 
Nexshore concentrations were greatest on the lakeward slope of the shoal off 
of Cove Beach and the Range Poles. The modern Rmge Poles are located 
close to the center of the 1965 Firing Fan net (Figure 63). Thus, the highest 
concentration of nearshore ordnance targets are (considering 30 years of 
shordine retreat) at or just lakeward of "ground zeroo* 

The occurrence of ordnance on the beach is concentratd in the southeast- 
ern half of the FUDS beach from the Central Beach through the East Beach, 
with concentrations peaking on either side of Cove Beach. Beach ordnance 
appears to be littorally (longshore) concentrated, piling up against stick-out 
features, such as the revetments or the stone dock (i.e. the slab) close to the 
Camp Perry border. This pattern is typical of a rolling bd-load §%dime.. 
The shallow, below still water, clay flats also contain higher concentrations of 
ordnance, characterized by a tendency to lineup linearly to the wave crests. 
Ordnance probably reaches the beach by rolling through gaps in the sandbar 
field or where the bars weld onto the shore due to shoreline retreat. 

Very little ordnance was found on the beach or the nearshore of the north- 
western half of the FUDS beach. This is probably due to several factors, 
including being located outside of the primary firing fans and the presence of 
a broad shallow sand shoallriver discharge delta which would block the 
onshore migration of ordnance in this area. 
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9 Conc usions and 
Recommendations 

Genera! 

The subject study was designed and conducted in a manner that would 
address several issues, as follows: equipment perfomance, site coastal 
processes and ordnance distribution patterns, and hture  site management strat- 
egies. The primary purpose of the field study was to obtain sufficient 
information to interpret ordnance concentration and migration patterns. The 
results of this analysis would lead to certain implications relative to future site 
management and clean-up procedures. However, the field study also involved 
a unique assembly and testing of various types of geophysicd and oceano- 
graphic equipment. The systems used were each commercially available, with 
a reasonable service record for other types of applications, and inexpensive to 
operate and support. The field study explored the applicability of these sys- 
tems for ordnance detection and mapping. 

Conclusions - Equipment Performance 

The deductibility and resolvability of the various ordnance items at the spit 
test area by the applied techniques was in order of best performance: (a) tran- 
sient electromagnetics, (b) vertical gradient magnetic, (c) total field magnetics, 
md (d) ground-penetraaing radar. Direct compxison of the electromagnetic 
time domain data with the magnetic survey for this study and site characteris- 
tics resulted in a finding that the electromagnetic method is superior to the 
magnetic technique in that it delineates more clearly and precisely the pres- 
ence of buried ordnance. 

Elmtromagnetia. The electromagnetic study at the Toussaint River spit 
test site of bmied inert ordnance documented the capabilities of the EM61 sys- 
tem in detecting and locating buried ordnance both on land and under water. 
Further-more, the calculated depths of buried inert ordnance placed in the 
Toussaint River spit area was in general agreement with the placed depths. 
With a controlled survey grid, the EM61 has the potential to be used to map 
approximate depth of burial and the gross size of ferromagnetic objects. 
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However, the EM61 antenna and electronics need further ruggidization and a 
more automated deployment procedure to improve waterborne survey cover- 
age and efficiency. In particular, a deployment technique which allowed for 
running offshore perpendicular lines would allow better correlation of the 
bathymetry with ordnance concentration. 

Waterborne measurements using the EM61 system confirmed suitability of 
the electromagnetic method for underwater studies and its suitability in the 
detection and delineation of OEW concentrations. Waterborne electromag- 
netic survey carried out in the East Zone area defined two very localized areas 
of higher concentrations of OEW presence on the lake bottom. This type of 
information was necessary to understand the physical processes which are 
moving and concentrating the ordnance. 

Magnetics. Waterborne total field magnetics proved satisfactory for gross 
mapping of ordnance concentration zones over a broad area. The marine total 
field magnetic investigation defined the zone of ordnance density in Lake Erie 
off of the shoreline of the former Erie Army Depot and defined the general 
boundaries of this ordnance field. Within this region, two higher density ord- 
nance fields which lie close to the beach were resolved. The results of the 
transient electromagnetic survey conducted in the Central Zone and East Zone 
corroborated well with the nearshore portions of the waterborne totd field 
magnetic data. In some areas ferromagnetic target density exceeded detection 
frequency of the magnetometer, limiting the applicability of this system for 
pinpoint mapping and classification of complex ferromagnetic target fields. 
Further improvements in survey quality would be realized by developing a 
swath-like deployment technique. 

GPW. GPR shows promise in locating bottom OEW in fresh water. Data 
collected during this study suggest that GPW might be used to detect the orien- 
tation of a target, particularly if the antenna polarization was deployd pergen- 
dicular rather than parallel. This should provide much more favorable results. 
Further improvement in the GPR deployment procedure to allow stable towing 
above the bottom is needed due to safety concerns in ordnance-contaminated 
areas. 

Side-scan sonar and remotely-operated vehicle 

Shallow-water towing of SSS requires a relatively calm sea state to opti- 
mize sonograph quality. During this study SSS did detect suspect& ordnance 
concentration field and various bottom texture paBerns. Larger features 
including stone fields, cables, linear drag-marks, and containers were readily 
detectable. However, the real value of the SSS was in providing an image of 
the bottom sediment reflectivity which, with proper ground tmthing (obtained 
via sampling and ROV imagery), can provide information suitable for map- 
ping bottom type. 
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Underwater video is extremely helpful in defining bottom types and for 
inspecting underwater target objects. However, the murky waters and silty 
bottom at this site limited the visibility and effectiveness of an ROV. Results 
would have improved with a low light camera and/or less turbidity. Even 
with this limitation, the ROV and underwater video did provide information 
on bottom type and the stability of objects in deeper water. 

Conclusions - Ordnance Distribution Patterns 

Ordnance distribution patterns were accessed as a result of the patterns 
documented through the geophysical surveys, but also in terms of the inter- 
preted coastal processes of the study area. Four different zones were defined 
within the study area; (a) the Toussaint River, (b) the offshore, with water 
depths greater than 1.8 m (6 k )  during the study period (i.e., greater than 
approximately 0.9 m (3 k)  LWD), (c) the nearshore from the inshore bar field 
(approximate water depth of 0.6-0.9 m (2-3 ft) during the survey) through to 
the 1.8-m (64%) water depth, and (d) the beach, including the subaerial beach 
through the nearshore bar field to a water depth of 0 ft LWD. 

Toussaint River. The Toussaint River channel contains large quantities of 
ferro-magnetic objects both in the channel and along the adjacent river bot- 
tom. The highest concentration of these objects is just landward of the spit. 
The location and size of many of the targets suggests that numerous marine- 
activity related debris (for example gas cans, motors, bait buckets, 55-gallon 
drums, cables, etc.) should be suspected. Improved electromagnetic surveys 
along controlled grids would be needed to pinpoint suspected OEW as 
opposed to larger and irregular-shaped marine debris. 

Offshore lake bottom. The deepest zone surveyed extended offshore to 
water depths of 3.7-4.3 m (12-14 k) during the survey. Based on the SSS and 
underwater video coverage, the bottom in the deeper portions of this zone is a 
firm, mottled, clay surface which is coated with a thin film of algae-matting 
and fine silt. Zebra mtassels cover all hard objects and occur as nodules. 
Closer to shore (from 1.8- to 3.0-m (6- to 10-ft water depths) the bottom is a 
very soft mud with little evidence of targets or other surface features (ord- 
nance in this area would probably sink below the surface). Ferromagnetic 
t x g e b  were distributed throughout the area surveyed, although concentrations 
increased lakeward of the southeastern half of the FUDS beach, mirroring the 
firing fan pattern. Concentrated target fields and bottom features are largely 
preserved. The evidence collected during this study suggests that ordnance in 
this area is not very mobile and does not exhibit any evidence of a net trans- 
port trend. 

Nmrshore Bake bottom. The nearshore zone includes the transition from 
the soft clay bottom through the sand bottom and exposed peat surface in 
water depths rmging from approximately 0.6 to 1.8 m (2 to 6 ft). This is the 
area which was surveyed with both the electromagnetic and the magnetometer 
systems and includes the lakeward slopes of the inshore bar field. The 
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general ferromagnetic target concentration patterns does mirror the firing fan 
drop zones with highest concentrations lakeward of the eastern half of the 
FUDS beach. There is also some littoral smearing of the target pattern with 
the greatest concentrations found on the lakeward side of the bar slope and in 
the bar troughs. Zones of ordnance concentration appear to be influenced by 
the nearshore bathymetry. Concentrations increase both in an onshore direc- 
tion and toward the Range Poles. 

Bmch. This zone includes the subaerial beach from the dunelvegetation 
line to water's edge and the inshore bar field out to approximately the 0.6-m 
(2-ft) water depth (say LWD). This is the area which can be readily exposed 
as dry beach when southerly winds set down the water surface and includes 
the zone over which the shoreline has retreated since this site was originally 
used for military support purposes. The greatest concepllrations of OEVV finds 
during the 1992 EODT beach cleanup occur in the same dongshore sectors as 
the highest concentrations in the nearshore. That is, ordnance on the beach is 
primarily found in the eastern half of the FUDS beach with the highest con- 
centrations in line with the firing fan pattern (Cove Beach and the Range 
Poles). The ordnance distribution pattern on the beach is littorally (longshore) 
concentratd as ordnance is trapped by ""sick-out" features and rolls onto and 
sticks on irregular clay surfaces. New ordnance contamination on the beach 
appears to be facilitated in areas where the nearshore bar is missing or weld- 
ing onto the shore. This effect is particularly characteristic of the East Beach. 

Conclusions - Site Wemediation issues 

Approaches to site remediation could include additional access restrictions, 
developing of a cleanup schedule and strategy, or even (he construction of 
engineering works. Engineering approaches could be designed to trap ord- 
nance to divert it from reaching the subaerial beach or to facilitate cleanup 
operations. Evaluation of these various approaches requires a review of some 
significant findings from this study. 

a. There are tremendous quantities of ordnance just lakeward of the beach 
and the nearshore sandbars. Ordnance in the nearshore bar field is 
subject to onshore migration and exhibits a tendency for limited along- 
shore transport. 

b. Ordnance concentrations and onshore migration pathways are focused 
in the southeastern half of the FUDS beach, peaking on the lakeward 
side of the Cove Beach shoal. 

c. Ordnance concentration patterns in the beach and nearshore are consis- 
tent with the behavior of bedload transported coarse-grained material in 
a coastal environment. 
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d. Ferromagnetic targets in the offshore exhibit little evidence of a net 
transport dominance, retaining the scatter characteristics associated with 
a targeted shot pattern. 

e.  The need for future OEW cleanup operations across the southeastern 
portion of the FUDS beach is likely. 

f. The appearance of ordnance on the beaches in the northwestern half of 
the FUDS beach is expected to be rare due to a lack of nearshore ord- 
nance concentrations and the wide, shallow, sand shoal complex. 

Recommendations - Site Remediation Strategies 

The transport and deposition patterns of the ordnance are conducive to the 
employment of an engineering approach to concentrate or intercept the ord- 
nance. Possible engineering options for controlling OEW contamination on 
the FUDS beach include: 

a. Blocking the OEW from reaching the beach by placing sufficient quan- 
tities of sandy material to rebuild the eroding bar field. 

b. Removal of the OEW from the naturally concentrated zone lakeward of 
the bar field, reducing the quantities available to migrate on shore. 

c. Installing structural traps, such as groins, along the shore which could 
concentrate the longshore moving OEW. 

d. Excavating depressions in the nearshore (particularly along the OEW 
transport pathways) to intercept the ordnance prior to reaching the 
beach. 

e. Artificially anchoring the bar field via breakwaters. 

f. Building a sill-like structure off the toe of the beach to block future 
onshore transport. 

There are many safety, economic, engineering, and policy issues which 
must be considered in selecting and designing an engineered approach. Each 
of the aforementioned alternatives has numerous pluses and minuses which 
need to be evaluated. Although each approach is feasible from an engineering 
standpoint, their performance efficiencies cannot be predicted with current 
data. A criteria would need to be selected for evaluating various engineering 
alternatives which considers construction and OEW removal costs. These 
engineered approaches should be weighed against other options, such as an 
effective restricted access program and the costs on a continuing beach 
cleanup operation. 
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The selection of an appropriate engineered alternative would be facilitated 
by a better understanding of the sediment transport pathways which the ord- 
nance follows to reach the beach. In addition, the actual design for an 
engineered work would need beach and nearshore survey data for use in posi- 
tioning any ordnance traps and computing the required material quantities. 
The pathways and nearshore surface are not always as observed during this 
field investigation. Beach erosion and storms will change the bar field pattern 
and continue to drive ordnance onto the beach. Any engineering approach 
would need to consider the natural variability in the beach and nearshore and 
the fact that this is a rapidly eroding shore. A trap which blocks ordnance 
from reaching the beach should be signed so that it does not also block sand 
from the beach, aggravating the erosion problem. Positioning of any perma- 
nent device should consider beach evolution trends or it could become ineffec- 
tive as the pathways, beach, bar field, and ordnance migrate to different 
locations. 

There are still a number of significant unknowns regarding mobility and 
pathways for ordnance contamination. The actual offshore extent of the ord- 
nance field which is mobile and could potentially contribute to beach contarni- 
nation is unknown. The mechanisms of ordnance transport appear to be the 
result of several factors (i.e., waves, ice, and human (dragging of fish nets 
toward the shore). The contribution of each factor to the concentration pat- 
terns documented during this field study is unknown. Additional geophysical 
investigations of the ordnance distribution field are needed to fill in some of 
the data gaps. The conduct of a tagged ordnance (drogue) study in combina- 
tion with mapping of the inshore bathymetry would help to define the zones of 
ordnance mobility and transport pathways. Finally, continued mapping of the 
ordnance finds on the beach (i.e., recording of ordnance finds and removal of 
data with survey position controls) will facilitate a better understanding of ord- 
nance mobility and contribute toward the development of future site remedia- 
tion strategies. 
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