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PREFACE

A Ground-Water Detection Workshop cosponsored by the US Army Engineer
Waterways Experiment Station (WES) and the US Army Mobility Equipment Research
and Development Command (MERADCOM) was held in Vicksburg, Miss., on 12-14 Jan-
uary 1982. MERADCOM became the US Army Belvoir Research and Development Cen-
ter in October 1983. This report was published under Department of the Army
Project No. 4A762719AT40, "Mobility, Soils, and Weapons Effects Technology,"
Task Area CO, "TO Construction,”" Work Unit 017, "Remote Procedures for Lo-
cating Water Supplies," sponsored by the Office, Chief of Engineers (OCE), US
Army. Technical Monitors for OCE during the workshop and preparation of these
proceedings were Mr. Walter Swain and Dr. Clemens A, Meyer.

Papers were presented by the following persons: CPT(P) W. T.
Broadwater, MERADCOM; Dr. Ran Gerson, Hebrew University; Dr. Steven A. Arcone,
US Army Cold Regions Research and Engineering Laboratory; Mr. Gerald K. Moore,
Dr. Robert L. Laney, and Dr. Adel A. R. Zohdy, US Geological Survey;

Mr. Melvin B. Satterwhite, US Army Engineer Topographic Laboratories; and
Dr. Lewis E. Link, Jr., Dr. Dwain K. Butler, Mr. Jerry R. Lundien, Dr. Paul F.
Hadala, and Mr. John H. Shamburger, all of the WES.

The presentations by WES personnel were prepared under the general sup-
ervision of Dr. John Harrison, Chief, Environmental Laboratory (EL), and Mr.
Bob 0. Benn, Chief, Environmental Systems Division (ESD), EL. CPT(P) Broad-
water was responsible for MERADCOM participation in the workshop. The WES
individuals who coordinated and managed the workshop were Dr. Link and Mr.
John G. Collins, both of ESD. Mr. Elba A. Dardeau, Jr., ESD, compiled this
report on the proceedings.

COL Tilford C. Creel, CE, was Commander and Director of WES at the time
of the workshop and during preparation of these proceedings. Mr. F. R. Brown

was Technical Director.

This report should be cited as follows:

US Army Engineer Waterways Experiment Station. 1984 (Dec).
"Proceedings of the Ground-Water Detection Workshop,

12-14 January 1982, Vicksburg, Mississippi," Vicksburg,
Miss.,
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AGENDA
GROUND-WATER DETECTION WORKSHOP
12-14 January 1982
Vicksburg, Mississippi

Tuesday, 12 January

0830 Arrive at Workshop
0845 Opening Remarks Dr. Lewis E, Link, Jr., WES

SESSION I: REVIEW OF REQUIREMENTS

0900 Military Water-Supply Requirements CPT(P) W. T. Broadwater
MERADCOM

0930 Water Database Requirements Dr. Lewis E. Link, Jr.,
WES

1000 Discussion

1015 Break

SESSION II: REVIEW OF TECHNOLOGY

1030 Ground-Water Occurrence in the Middle Dr. Ran Gerson, Hebrew
East University

Status of Geophysical Techniques

1100 Stea.u. “hysical Methodology for Dr. Dwain K. Butler, WES
Grouna-Wate - Detection
1130 Electrical Resistivity Techniques* Dr. Adel A. R, Zohdy,
USGS, Denver
1200 Lunch
Status of Radar/Microwave Techniques
1300 Ground-Water Detection: Radar Measure- Mr. Jerry R. Lundien, WES

ments of Soil Electrical Properties

1330 Radar Detection of Ground Water Dr. Steven R, Arcone, CRREL

* Presentation not submitted for inclusion in these proceedings.
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GROUND-WATER OCCURRENCE IN THE MIDDLE EAST
by

Dr. Ran Gerson¥*

The Middle East receives less than 6 in. of mean annual precipitation.
Much of the stratigraphic section is exposed; therefore, geologic features,
such as lithology or structure, can be related to the possible occurrence of
ground water,

From a hydrologic point of view, the stratigraphic section of this area
is relatively simple. First, we have the Precambrian basement complex, which
consists of generally impervious igneous and metamorphic rock units. Although
the Precambrian units are fissured, jointed, and faulted, in general, they do
not contain much ground water. Above the basement complex is the lower clas-
tic division, a very pervious, relatively thick (a few hundred metres) unit
consisting of sandstones, mudstones, and some carbonates and conglomerates.
Above the lower clastic division and through the upper Cretaceous and lower
Tertiary sections is a middle marine carbonate unit of limestones, dolomites,
chalks, marls, and shales that has about the same thickness. Above are upper
Tertiary and Quaternary sandstones, conglomerates, limestones, and gravels
comprising the upper clastic division. So we actually have two mainly marine
clastic units, with a carbonate unit between them, all of which overlie the
basement complex.

Outcrops are continuous and overlie the same basement complex throughout
some areas of Saudi Arabia, the southern Sinai, southern Egypt, and southern
Libya. To the north are sandstones skirting the basement complex in very nar-
row belts, followed by the carbonates, and then the upper clastic division,
with sand dunes, conglomerates, gravels, or lacustrine surface materials. So,
the view from south to north in the region that extends from Saudia Arabia all
the way into Algeria, Morocco, and Tunisia is from older to younger strata.

The major aquifer in the north is near the coast. Water flows either
overland or underground from the carbonate terrains of the Negev and Sinai
toward the Mediterranean. Surface materials along the coast consist mainly of
sand dunes overlying clays, gravels, or other loose materials. A geologic

cross section of the coastal area of the Sinai shows a repetitive sequence of

* Hebrew University, Jerusalem, Israel.
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the TAC. The recommendations made were: that ETL either obtain a software
system compatible with existing equipment or acquire a combined software/
hardware system. The study included time and cost estimates needed for input

to the water resource databases that already exist at ETL and the WES.
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WATER DATAFASE REQUIREMENTS

by
Dr. Lewis E. Link, Jr.

An automated water resources database and associated geographic informa-
tion system is needed for support of Rapid Deployment Joint Task Force
(RDJTF)* Engineer missions and responsibilities. A study was conducted by the
Department of Geography of the State University of New York at Buffalo** to
develop recommendations concerning existing, commercially available geographic
information systems suitable for installation and operation at the U. S. Army
Engineer Topographic Laboratories (ETL), Fort Belvoir, Virginia. The database
specifications and RDJTF requirements were reviewed to establish geographic
information system selection criteria. The criteria that were established
pertained to four factors: (a) system technical capabilities, (b) developing
organization experience and capabilities, (c) client comments, and (d) costs.
Based on these criteria, seven systems were selected, evaluated, and ranked in
terms of their overall suitability. The purpose of the study was to recommend
one or more geographic information systems suitable for installation at the
ETL Terrain Analysis Center (TAC) at the earliest possible date.

Using an interpretive procedure developed by the Waterways Experiment
Station (WES), the TAC produced ground-water supply potential overlays for the
1:250,000-scale Joint Operations Graphic Sheets based on existing data. Cur-
rently, these overlays are produced manually on a mylar base by ETL/TAC.

The first objective for a geographic information system is to automate
the water database to provide the capability for rapid querying in support of
proposed RDJTF operations. Additionally, computer-generated maps similar to
the present overlays will be produced by the system. A second objective for

the geographic information system is to automate other mapping activities at

* The RDJTF was redesignated the US Central Command (CENTCOM) on 1 January
1983, CENTCOM whose area of responsibility includes eastern Africa and
southwestern Asia, is headquartered at MacDill AFB, Fla.

** Calkins, H. W., and Johnson, T, R, 1981. "Military Hydrology; Report 4,
Evaluation of an Automated Water Data Base for Support to the Rapid Deploy-
ment Joint Task Force (RDJTF)," Miscellaneous Paper EL-79-6, prepared by
Department of Geography, State University of New York at Buffalo, for the
US Army Engineer Waterways Experiment Station, Vicksburg, Miss.
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trained with it much to date. As you probably know, well drilling is as much
an art as a science, and there is no substitute for experience. We just do
not have experienced operators yet.

The last consideration that the Engineer School had concerning subsur-
face water-detection system was the power requirements, The power for the
system must be either self-contained or compatible with standard military gen-
erators. If we propose a system that requires precise power, then we must
either supply a battery pack or provide a regulator on the equipment if AC
precision power is used. This is an important consideration, especially if
minicomputers are used to aid in data interpretationm.

As I pointed out earlier, the acceptability of the technologies or
equipment systems that our organization recommends for use in the detection of
ground water will be determined after more detailed analyses of the technology
candidates, taking into account the considerations I have covered today,
including the affordability in terms of cost both for the equipment and to the
force structure, and their applicability to the field forces in various poten-

tial scenarios.
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Figure 1. Army inventory 1500-ft drilling rig

0 1500-FT DEEP, &-INCH NORMAL DIAMETER WELL
0 COYPLETION EQUIPMENT FOR 2 1500-FT WELLS

0 ANY TERRAIN - SOIL, ROCK, OTHER GEOLOGICAL FORMATION

0 KUD, AIR AND FOAY CIRCULATION - -

0 50-GPH FLOW AT 1200 FT N

0 DOWN HOLE AIR HAVIER DRILLING 3?5:{{"
L

0 AIR TRANSPORTABLE (C-130) ‘1

0 TOWABLE-SENI-TRAILER OR 5-TON TRUCK (USING DOLLY) s

!7“1

Figure 2. Well-drilling machine capabilities -}}}i

RN

19 ]

1

1




AL AU sl aiven SMEL Gvie v aewl el el sl Sid il St meat Beadiatdh sedi SEt uted MO BV et aven avind 4 Pl Eesioge-a st i S~ B Sl A BPod A o et st uat S - B S BN e - g gl St
- P . . e S " % e TSmO Pt NP R S i .

would like for any equipment going to the field to be capable of field cali-
bration and self~test potential, as well as be reliable and maintainable.
Reliability and maintenance refer to mean time between failure (MTBF), meaning
that the equipment has to be sent some place else for repairs. The Engineer
School would like to have a minimum of 250 hr of operational MIBF. However,
1f the best we can offer to the Army, Air Force, and Marine Corps is 150 hr of
operation MTBF, then they will have to decide if this MIBF will satisfy their
needs.

The next consideration is size, mobility, and transportability. This
equipment has got to be air transportable, preferably on no more than one air-
craft. Some of the systems that are currently used for oil exploration, such
as the vibrator trucks for seismic reflection, for example, are too large and
too sophisticated for field military application. [Comment from LTC Barcomb,
REDCOM: "The equipment should fit in a Cl41 aircraft." Comment from
LTC Pellek, HQ USAF: '"Better yet in a Cl130 aircraft; better yet, a Huey (UHL
helicopter)."] The common goal of both MERADCOM and the Engineer School is to
keep the equipment as small and as easily deployable as possible. The equip-
ment will be used in a direct support reconnaissance mission prior to well
drilling and must be compatible with well-drilling equipment capabilities.

For those of you who are not familiar with the well-drilling capabilities of
the field Army, the Air Force, or the Marine Corps, this is a picture of the
1500-ft* well-drilling rig that is currently in our inventory (Figure 1). One
reason that we are trying o get the detection equipment down to a manageable
size is that to deploy this well~-drilling capability with everything that goes
with it--including the rig, the truck to pull it, the drilling steel, the mud,
and the down hole equipment to drill and complete two 1500-ft depths and a 50-
gpm pumping rate (Figure 2)--takes five C130 aircraft. So that gives you an
idea of the type of equipment we have.

Another area of concern is that currently we do not have the kind of
trained people that are needed to operate that drill rig. Although there are
well-drilling TOE units, the training that those people have had, with the
exception of one group in the Reserves, has not been extensive. Two active

units have just gotten their equipment in the last 6 months, but they have not

* A table of factors for converting US customary units of measurement to
metric (SI) units is presented on page 12.
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To summarize, the three ground-water detection recommendations, which
are given as top priority water support R&D areas to the Chairman of the Joint
Chiefs of Staff, include:

a. A data bank for potential ground-water and surface-water sources or
what we already know about water-supply systems in certain areas of
the world.

b. Coupling what we already know with a supplemental data bank of
potential water sources by analysis of remote sensor data, (The DSB
recommends using satellite imagery, aerial photography, etc.,

c. Development of subsurface water detectors.

Both near-term (1-3 years) and mid-term (4-5 years) technology recommen-
dations were included in the DSB report. Near-term recommendations were to
pursue electrical resistivity, seismic refraction, and ground-penetrating
radar systems to solve the problem. The mid-term recommendations were to
investigate seismic reflection, loop-loop electromagnetic, and self-potential
technologies. The recommendations are subject to a more thorough review; how-
ever, they were based on the best available data. Although the overall report
is classified SECRET, the section on ground-water detection is UNCLASSIFIED,
and can probably be made available for those of you who want to see what type
of analysis was done. LTC Dearden, JCS/J4, has the releasing authority.

Unfortunately, a representative of the Engineer School (also located at
Fort Belvoir) was unable to attend this workshop to discuss considerations for
subsurface water-detection equipment. We did coordinate very closely with the
Engineer School and, at their request, I will summarize the list of considera-
tions for subsurface water-detection equipment. Before I review these general
considerations, I would like to draw your attention to one consideration in
particular--acceptability will be determined after further analyses of tech-
nology candidates, costs, and potential scenarios.

First, the factors that have to be considered are the ease of operation,
the operator skills, and data interpretation. Initially, we will not likely
have sophisticated data interpretation capability in field engineer units.

The Army and the other services want the operator skills to be as minimal as
possible. We will not be able to send out teams of trained geophysicists to
do this kind of work. Consequently, emphasis must be placed on minimizing the
operator/interpreter requirements.

Next, the ease of calibration, reliability and maintenance, and shelf

life for field applications are extremely important. The Engineer School
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MILITARY WATER-SUPPLY REQUIREMENTS

by
CPT(P) W. T. Broadwater*

Good morning, I am CPT Tom Broadwater, R&D Coordinator for the Energy

and Water Resources Laboratory of MERADCOM at Fort Belvoir, Virginia.
MERADCOM is an acronym that stands for the US Army Mobility Equipment Research
and Development Command. We are equipment oriented and are under the US Army
Materiel Development and Readiness Command (DARCOM). I will discuss the mil-
itary water-supply requirements relative to ground-water detection.

The combat developer representing the user community--usually, one of
the proponent schools within the US Army Training and Doctrine Command
(TRADOC) --establishes a requirement or a need for a particular capability to
support the field military forces. The materiel developer within DARCOM then
provides particular technologies or sets of equipment to satisfy a user with
the desired field capability.

Along these lines, I want to show you what we have accomplished and to
familiarize you with what we now have in the way of limited requirements.
First, we have a Science and Technology Objective (STO), which is the primary
basis for our basic research and exploratory development program for improved
ground-water detection, well-drilling, and pumping capabilities. The STO is
our entire guidance from the Fiscal Year (FY) 1981 Science and Technology
Guide (STOG) (published in interim form in FY 1981); it is the formalized
requirement document used to obtain funding to develop equipment or to conduct
technology research in this area. The second document is a Draft Letter of
Agreement (DLOA) for a Subsurface Water Detector. The Engineer School at Fort
Belvoir was the proponent school for developing and distributing the DLOA for
a subsurface water detector. This DLOA was sent to the military community for
comments on its needs for ground-water detection technology or equipment
(primarily equipment). In addition to these requirements, the Defense Science
Board (DSB) Task Force on Water Support to U. S. Forces in an Arid Environment

has provided recommendations in its 21 October 1981 report.

* US Army Mobility Equipment Research and Development Command, Fort Belvoir,
Va., now assigned to Headquarters, US Army Materiel Command, Alexandria, Va.
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OPENING REMARKS

by
Dr. Lewis E. Link, Jr.*

The Corps of Engineers is responsible for finding water to meet the
Army's water requirements when existing sources are not adequate. Water sup-
ply is perhaps the most serious constraint that we face in desert operatioms.
Although the detection of ground water, particularly in arid regions, has been
investigated for centuries, it remains a very difficult problem. A variety of
techniques have been used with some success, but none have performed satis-
l factorily over a wide range of geologic conditioms.
In cosponsoring this workshop, the Corps of Engineers and MERADCOM have
the objectives of defining the specific efforts that will provide the Army
: with an interim capability for ground-water detection in the shortest possible
{ time frame and charting a path for generating a more comprehensive capability
for the future. For this reason, we have requested the participation of those
who have the expertise and experience to help generate this plan now so that
work can proceed immediately.
We are very pleased to host this meeting and to have you as our guests,

The WES and MERADCOM are strongly committed to this endeavor and to working

j very closely together to provide the needed capability.

< Enjoy your stay in Vicksburg. Please let us know if there is anything

i we can do to assist you while you are here,

v

) »
T

[ * US Army Engineer Waterways Experiment Station, Vicksburg, Miss.
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The purpose of the workshop was to establish proposed research and
development priorities and taskings in two general areas: (a) database and
remote sensing requirements and (b) geophysical requirements. Once these
proposed priorities and taskings have been established, a coordinated research
plan will be developed to specify both the short-term research required to
adapt existing ground-water detection technology to military application and
the long-term research required to develop more advanced technology.

Pages 9 through 11 present the workshop agenda. Tuesday, 12 January,
was devoted to a review of requirements and technology. Speakers presented
papers on geophysical, radar/microwave, and imaging techniques; emerging
technologies; and geologic constraints on detection methods.

Proposed research priorities for database and remote sensing require-
ments and geophysical requirements for ground-water detection were considered
in group discussions on Wednesday morming, 13 January. On Wednesday after-
noon, each group chairman presented conclusions developed by his group to all
the workshop attendees. Summaries of the group discussions (pages 141
through 150) are included in these proceedings.

Army representatives met on Thursday morning, 14 January, to develop a

coordinated research plan and to identify both short~ and long-term research

goals.
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PROCEEDINGS OF THE GROUND-WATER DETECTION WORKSHOP,
12-14 JANUARY 1982, VICKSBURG, MISSISSIPPI

INTRODUCTION
f; Military hydrology is a specialized field that deals with the effects of
i‘ surface and subsurface water on planning and conducting military operationms.

In 1977, the Office, Chief of Engineers, US Army, approved a military hydrol-

ogy research program; management responsibility was subsequently assigned to

bj the Environmental Laboratory, US Army Engineer Waterways Experiment Sta-
h tion (WES), Vicksburg, Mississippi.

The objective of military hydrology research is to develop an improved
hydrologic capability for the Armed Forces with emphasis on applications in

the tactical environment. To meet this overall objective, research is being

conducted in four thrust areas: (a) weather-hydrologic interactions,
(b) state of the ground, (c) streamflow, and (d) water supply.

Previously published Military Hydrology reports are listed inside the
front cover. This report contributes to the water-supply thrust area, which
is oriented toward the development of procedures for rapidly locating and
evaluating ground-water supplies, particularly in arid regions. Specific work
efforts include: (a) the compilation of guidelines for the expedient location
of water for human survival, (b) the development of remote imagery interpreta-
tion procedures for detecting and evaluating ground-water sources, (c) the
evaluation and adaptation of geophysical methods for detecting and evaluating
ground-water sources, and (d) the development of automated water-supply analy-
sis and display concepts.

A Ground-Water Detection Workshop, cosponsored by the WES and the US
Army Mobility Equipment Research and Development Command (MERADCOM),* was held
in Vicksburg, Mississippi, on 12-14 January 1982. Attendees (pages 5
through 8) included 29 representatives from 13 Federal agencies and one

university.

* MERADCOM became the US Army Belvoir Research and Development Center in
October 1983,
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iﬁ CONVERSION FACTORS, US CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

US customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply By To Obtain
feet 0.3048 metres
feet per second 0.3048 metres per second
gallons per minute 3.785412 cubic decimetres per minute
inches 25.4 millimetres
miles (US statute) 1.609347 kilometres
pounds (force) per 6894,.757 pascals

square inch

pounds (mass) 0.4535924 kilograms
square inches 6.4516 square centimetres
square miles 2.589998 square kilometres
tons (2000 1b, mass) 907.1847 kilograms




AGENDA (Concluded)

Thursday, 14 January

0830

1200

Development of Coordinated Research
Plan (Army representatives only)

Adjourn
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AGENDA (Continued)

Cam B 0 v e

Status of Imaging Techniques

1345 Ground-Water Detection Using Landsat Mr. Gerald K. Moore, USGS,
Imagery EROS Data Center

1400 Using Vegetation as Indicators of Near- Mr. Melvin B, Satterwhite, -
Surface Ground Water in an Arid ETL \
Environment

1415 Break

Status of Emerging Technologies

1430 Projectile Penetration Technology Dr. Paul F., Hadala, WES
Applied to Ground-Water Detection :
1445 Emerging Technology: Geophysics Dr. Dwain K. Butler, WES 1
1500 Overview of Advanced Elect -omagnetic Dr. Lewis E. Link, Jr., i
Techniques for Ground-Water Exploration WES

Geologic Constraints on Detection Methods

(N 40 N

1515 Geologic Constraints on Geophysical Mr, John H. Shamburger, )
Surveys for Ground-Water Exploration WES :
1530 Ground-Water Availability in Southwest Dr. Robert L, Laney, USGS, f
Asia--Evaluation of Geologic and Reston -

Hydrologic Data -

Wednesday, 13 January

SESSION III: GROUP DISCUSSION AND IDENTIFICATION OF PROPOSED RESEARCH ;

PRIORITIES
0830 Group A: Database and Remote Sensing Dr., Lewis E. Link, Jr.,
Requirements Chairman
Group B: Geophysical Requirements Dr. Paul F. Hadala, )
Chairman
1200 Lunch
1430 Completion of Group Discussions
(Chairmen present conclusions to all attendees) )
1600 Adjourn
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sands and clays, suggesting the possibility of a number of aquifers all the
way down the stratigraphic section--a phreatic one at the top, then semi-
confined and confined aquifers until we get to upper Tertiary clays. Fresh
water is found principally near the ground surface; however, the ground water
becomes increasingly saline down the section. Wells up to 7 m in depth will
provide fresh water with less than 800 ppm total dissolved solids. In many
places near the coast, all one has to do is to dig a hole. At about 0.5 km
from the coast, the top of the saltwater layer is far enough below the lens of
fresh water so to not affect a shallow well. The upper aquifer usually has
110 ppu of chlorides and the lower aquifer, 1700 (or more) ppm; therefore, the
ground water becomes increasingly saline with depth in the coastal areas.

Ground-water supplies can also accumulate along the coast where large
catchments come from the mountainous areas of the Sinai or in similar areas of
western Saudi Arabia along che Red Sea. Large alluvial fans--some up to
3800 sq km in size that have a thick lens of fresh water beneath the surface--
form in these catchment areas., Oases typically occur in watersheds having
areas of more than 500 sq km. Smaller watersheds, particularly those receiv-
ing less than 1 in. of mean annual precipitation, generally have small steep
fans that do not form appreciable lenses of fresh water. The large fans have
a structure of debris flows, gravels, and clays., Wells drilled into these
fans should attempt to take advantage of materials with higher transmissivi-
ties; however, predicting where such materials will occur is quite difficult,
Geophysical methods could probably help in this respect., The water table is
usually close to sea level (less than a few metres below the ground surface).
Occasionally, as a result of large floods, the lenses of fresh water grow in
the upper portions of the fan, and the water table elevation rises 50 to 70 cm
Oor more.

Another good aquifer is the Nubian Sandstone, a very pervious stratum
having a thickness of a few hundred metres, lying just above the basement com-
plex and extending throughout all of the mid- and northern Sinai. In most
cases, the top of this stratum is a {ew hundred metres below the ground sur-
face; however, it 18 exposed at a number of locations. The sandstone dips
towards the Mediterranean. Most of the water in this aquifer is old (fossil)
water.

A belt of the sandstone lies north of the basement complex in the Sinai,
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Egypt, Jordan, and Saudi Arabia. In these areas, large quantities of fresh
water penetrated the Nubian Sandstone during the late Pleistocene (i.e., in
the last 100,000 years). This fossil water can now be tapped at depths of a
few hundred metres to 1000 m below the ground surface. There is an artesian
rise, which brings the water in some areas up to within 150 m of the surface.
In the southern Sinai, the water ranges from fresh to slightly saline. To the
north, the water becomes increasingly saline. Additionally, fewer sandstones
and more and more shales and carbonates comprise the strata in the north and
in the western desert of Egypt and Libya. The best area for large quantities
of fresh water is, therefore, in the southern part of the aquifer. Where ero-
sion cirques, like those in the Negev, or depressions in the western deserts
of Egypt occur, water can be found close to the surface. In fact, there are a
number of artesian springs associated with the Nubian Sandstone aquifer.

Another source of ground water (both springs and wells) is a unit of
Tertiary~-Eocene limestones overlying shales. In Israel, Egypt, and Jordan,
this unit provides aquifers perched on the shales. Such seepages or springs,
occurring along escarpments of the contacts between these strata, are found
all around the western and north-central Negev, All of this area drains
toward the northwest by a fossil karst system., It is built of Eocene lime-
stones and chalks, overlying the shales that I've discussed earlier. A sim-
ilar but not identical sequence of interbedded chalks, marls, and limestone
dolomites is found within the upper Cretaceous section. In these strata,
there are interbedded soft aquicludic marls and shales and hard aquiferic car-
bonates. Therefore, small confined and perched aquifers can occur in a number
of localities.

The basement complex, consisting of igneous or metamorphic units, is
very different from the sedimentary beds discussed above. The overlying sedi-
mentary beds contain fresh to brackish water in the Nubian Sandstone, the car-
bonate aquifers, and the coastal aquifers. In the basement complex, there is
very little ground water, perhaps only enough for individual or small unit
survival; however, the small quantity of water available is fresh. Although
much of the precipitation runs off, some of it infiltrates along joint systems
and often surfaces where a valley narrows down to a gorge. Water can thus be
absorbed back into the alluvial valley fill. At Santa Catherine Monastery,

the water reaches the subsurface by joint systems, and in this area, there are
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wells drawing water from both the rock itself and from the very thin alluvial
fill that occurs in the local wadis. The yield is minimal--only a few cubic
metres per day. An oasis can form where joint systems allow. For example,
there is a large spring in the eastern Sinai where the joint system conveys
the water toward a stream. The very small pools that occur in this area pro-
vide enough water for an aircraft team or a small squad to survive. The car-
bonate precipitated from these small pools, which can be easily observed from
far away, provides a clue that there is or was some water in the area.

A very different situation occurs where the basement complex is skirted
by grabens or down-faulted blocks. Along the faultline, barriers form in the
Nubian Sandstone aquifer. These barriers can prevent free flow toward the Red
Sea and can result in the formation of oases. This pattern repeats itself
quite frequently, both in the Sinai and in some places in Saudi Arabia.

Small deposits of water in alluvial materials are of major interest to
the survival of small groups. After a flood, some water is absorbed into the
alluvium. The interface between the bedrock and the alluvium, if impervious,
can trap pools of ground water. A few months after a significant flood, water
can be found quite easily on or near the surface. Water can also be found
where a waterfall plunges into a canyon, A pool of water can remain at the
base of the waterfall even after several months without rain. Such open pools
are not always organically clean. However, the ground water located 1 or 2 m
away from the pool in adjacent gravel bars, although sometimes containing sus-
pended silts and clays, will generally have less organic material.

Wells are common along stream channels. Water moves along these
gravelly channels all the way to the Mediterranean and is available almost all
year. For example, in a large catchment called Wadi Peran in the central
Sinai, an alluvial aquifer supplies water to a few hundred Bedouins, as well
as to 6000 date palms and a few thousand goats and camels. The geologic sec-
tion consists of late Pleistocene silts and gravels. The average annual
replenishment of the aquifer in this area, which is 3.5 km long and about
100 m wide, is 1,000,000 m3. There are more than 40 wells in this wadi, all
of which yield fresh water.

Most of the ground-water sources I have just discussed occur in alluvial -
and especially in igneous terrains and are really freshwater sources, contain- f&;i
ing from less than one hundred to several hundred parts per million total dis- b:;j
solved solids. These sources are readily rechargeable, and changes in the et
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elevation of the water table can occur as a result of precipitation patterns.
Year-to-year fluctuations can and do occur.

Although gypsum is considered an aquiclude, it can increase the salinity
of nearby ground water. The subject of salinity should not be overlooked. In
many cases, an aquifer can have the capacity to supply water for 50,000 men;
however, rendering the water potable is often a greater problem than locating
the water. Potability poses a very serious problem when we require millions
of gallons of fresh water per day.

The last water environment I want to discuss 18 again a localized aqui-
fer. Specifically, where sand dunes rest upon deposits of clays, silts, and
marls of the late Pleistocene (e.g., playa materials and mudflats), a local-
ized aquifer can form. In Saudi Arabia and in the Sinai, sand dunes overlie
Holocene (20,000-year-old) clay lake deposits. Local wells or oases can be
found in the depressions.

Cisterns and water holes, not only in the wadis but also in other areas

of the Middle East, should not be overlooked. Quite a few people, beginning
with the Israelites in the 10th century B.C., have diverted hill slope water

into water systums. The cisterns can be traced from quite a distance by the
piles of chalk, shale, or whatever material was removed when the wells were
dug. Aqueducts along the hill slopes lead to either open or closed reser-
voirs. In some cases, aqueducts have been turned into paths. Functioning
wells can also be found on the upstream side of old dams. These old dams are
very easy to locate on aerial photographs., After a relatively wet year, old
operating deep wells can yield enough water for small units of men.

We don't know much about the yield and salinity levels of the small
localized aquifers. Many of these aquifers support a local population, though
the people there often have barely enough water to survive (2 £ or less per
person per day); therefore, these aquifers could not support additional
personnel. We do, however, know quite a bit about the salinity levels and
ylelds of large aquifers. A good deal of information is available for the

Sinai and the Negev; for North Africa in general, there is some information.
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": STATUS OF GEOPHYSICAL METHODOLOGY FOR GROUND-WATER EXPLORATION

. by
' Dr. Dwain K. Butler*

I want to stress the fact that there is no device or black box that can
5? be set on the ground at a given location and, with just the press of a button,
i. determine with a 95-percent probability that potable ground water is present
at a depth of X feet. Even in the foreseeable future, there is little likeli-
hood that such a device will be available either in this country or elsewhere
‘ (contrary to rumors of a "magical" Soviet device that can do all this). This

:z is a logo I used a few years ago for a cavity detection symposium (Figure 1),
symbolizing a black box or "all-seeing eye" that can reveal all subsurface
conditions. Such a fanciful dream is no closer to realization now after
5 years of intensive research in the realm of cavity detection than it was at

;; the beginning. However, we can explore for cavities and for ground water, and

sometimes we can even detect ground water. In the Corps of Engineers, we are

experts at finding out what is beneath the surface (Figure 2). I just wanted
to establish our credibility before starting.

ii For us, in the majority of cases, ground water is usually detected as a
matter of course in field investigations not specifically intended for ground-
water exploration. I will discuss some of the basic concepts and considera-

. tions of geophysical ground-water exploration and then present several case

ii histories to give an idea of what is possible now in the area of ground-water
exploration. In the emerging technology session later, I will discuss some
possibilities for future approaches to the problem.

Geophysical exploration for ground water refers to surface remote sens-

.* ing techniques (Figure 3). We look for subsurface structural or stratigraphic
indicators of the presence of ground water, or we try to measure a parameter
that is an actual physical property of the aquifer itself. These indicators
are indirect clues to the presence of ground water. A physical property of

bf the aquifer itself could be a more direct clue of the presence of ground

water.

Figure 4, which is a typical cross section of conditions in the Upper 54;“

Volta region of western Africa, illustrates some of the structural and e

L _ RN N

* US Army Engineer Waterways Experiment Station, Vicksburg, Miss.
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Two Corps of Engineers experts determining what
is beneath the surface

Figure 2.




® DIRECT
DRILLING

® INDIRECT
AERIAL/SATELLITE REMOTE SENSING

STRUCTURD
GEOMORPHIC p=——— SURFACE INDICATORS

VEGETATI!EJ

SURFACE REMOTE SENSING (GEOPHYSICS)

STRUCTURAL SUBSURFACE INDICATORS
STRATIGRAPHIC

AQUIFER PROPERTY DETERMINATION

Figure 3. Exploration for ground water

SAND} LAYER QUARTZITE ®

Figure 4. Typical cross section of ground-water conditions
in the Upper Volta region of western Africa
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stratigraphic indicators of ground water. In the upper part of the figure, a
seasonal stream is shown; in Saudi Arabia, this could correspond to a wadi.
During and after the rainy season, significant quantities of ground water can
be present in the permeable sediments if they are underlain by relatively
impermeable materials. Ground water occurring under the conditions shown here
is referred to as a perched water table. Also, notice that there is a water
table extending across the entire cross section at a greater depth. However,
in locations where the water table is below the surface of relatively imper-
meable bedrock or basement rock, a well could produce little or no water.

In structurally controlled situations, such as the fracture zones, there

is sufficient permeability to permit ground-water exploitation, provided that

the fracture zone can be tapped. The depressions on top of the bedrock are
also possible well locations where there are permeable sediments filling the
depression below the water table. These depressions are sometimes structur-
ally controlled, such as the ones associated with fracture zones or erosional -
features, such as ancient stream channels, or both. Another stratigraphic
indicator would be the presence of permeable materials overlain by impermeable
materials (possibly an aquiclude). Thus, there are both stratigraphic and

structural indicators of the possible presence of ground water,

The classical geophysical approach to ground-water exploration involves
one or more of three geophysical techniques: gravimetry, seismic refraction,
and electrical resistivity. I will briefly describe the concepts behind these

techniques, show pictures of some equipment, discuss limitations of the tech-

niques, and present an adaptation of the geophysical approach to groundwater
exploration. Generally, this classical geophysical methodology works quite
well, but the questions that must be answered are: 3.35

a. Can the methodology be adapted for use by Army terrain teams in
envisioned situations (e.g., hostile conditions)?

jo

Will the inherent uncertainties in the procedures be acceptable?

€. Are there emerging geophysical technologies that promise more direct
and positive ground-water assessments?

Gravimetry R

A small, lightweight, and portable gravity meter (Figure 5) is all that :%~f
is needed to conduct a gravity survey. The battery will last for a 10-hr )

working day and can be recharged overnight. Although a survey crew is often o
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Figure 5. LaCoste & Romberg Model-D Gravimeter

needed to locate gravity stations and to determine elevations relative to some
base station or benchmark, only two people are needed to conduct a gravity
survey--one to read the meter and one to record the data. Technicians can be
trained to make high-quality gravity meter readings. Three to five minutes
are generally required to obtain a gravity reading at a station, and, depend-
ing on station, spacing, and terrain, as many as 50 gravity measurements can
be obtained in a day. Basically, there are no logistical problems involved in
gravity surveying.

Gravimetry is used in ground-water exploration to determine the struc-
ture of basement rock or bedrock (i.e., the topography of the top of bedrock).
We are interested in locating areas having thicker accumulations of sediments
than surrounding areas. Figure 6 is a gravity anomaly map, an example of the
results of a gravity survey conducted in the Sudan. The dots are gravity
stations, and gravity values for the stations are used to produce the contour
map. To achieve these results, considerable data processing is required. The

data manipulations are fairly routine and can be programmed for processing by

a microcomputer., The gravity "lows" extending in a northwesterly direction
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Figure 6. An example of the results of a gravity survey
(Source: Van Overmeeren, R. A, 1981. "A Combination
of Electrical Resistivity, Seismic Refraction, and Grav-
ity Measurements from Ground-Water Exploration in the
Sudan,” Geophysics, Vol 46, No. 9 (Sep), pp 1304-1313)
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are due to significant depressions in the top of rock, probably caused by
down-faulted basement blocks. Localized basement depressions are also evident
in the east-central and northeastern portions of the map. Such regional grav-
ity maps can be used either for planning exploratory drilling or for more
detailed geophysical surveys.

Conducting a gravity survey for ground-water exploration in a forward
area is not always practical; however, engineer teams can sometimes survey
along selected profile lines. Additionally, gravity maps, such as Figure 6,
are available for portions of Southwest Asia and should be part of any

geologic-geophysical database.

Seismic Refraction

Figure 7 shows a 24-channel seismic refraction unit. In terms of equip-
ment, all that is missing is a seismic energy source, such as an explosive
charge or a large weight drop source, cable and reel, and 24 geophones (small
surface sensors). This equipment is very portable and rugged. If the desired
maximum depth of investigation is 1500 ft, a surface layout of three or four

times that dimension (or about 1 mile) would be required.

Figure 7. Twenty-four channel seismic refraction unit
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Figure 8 illustrates the concept of seismic refraction.

(seismic sensors) are placed on the surface along a line from a seismic energy
source, with the objective being to detect energy that is refracted along

interfaces between different geologic materials and then travels back to the

ground surface.

arrival times versus distance from the energy source is prepared (Figure 9).

We interpret these data to determine seismic velocities and depths to inter-

The seismograph record is analyzed, and a plot of first

Although not completely unique, geologic materials can be characterized

(s math a0dh it asun o B ndi ey

Geophones

faces,
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Figure 8, Schematic of seismic refraction survey
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Figure 9. Time versus distance plot for seismic

refraction survey (Figure 8)
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by their seismic velocities. In unconsolidated sediments, the seismic veloci-
ties are lower than those characteristic of saturated sediments. Although
other materials can have a similar velocity, when we encounter a 1500 m/sec
velocity, and the known geologic conditions do not indicate that other such
materials are likely to occur, we strongly suspect the presence of ground
water.

Typically, a three- to four-man crew 1s desirable for seismic refraction
surveying; however, logistics for this method are often more complicated than
for gravity surveying. Although data processing can be accomplished with a
hand-held calculator, subjective judgment is sometimes required for analyzing
the seismograph records. Simple interpretation of seismic refraction data
assumes that seismic velocities always increase with depth. Errors in calcu-

lated depths can result when velocity reversals (low velocity zones) occur.

Electrical Resistivity

Electrical resistivity is the most versatile and most often used tech-
nique for ground-water exploration. Figure 10 shows a set of resistivity
equipment items that we use for very shallow investigations (to a depth of
about 100 ft). This equipment is very durable and portable. Equipment to
conduct investigations to depths on the order of 1500 ft will, of course, be
larger and sometimes requires a generator power source; much of the increase

in size and weight, however, is due to the additional cable needed.

There are numerous ways we can arrange the four electrodes and conduct
field surveys. The electrodes can be expanded symmetrically about a given S

surface point to produce a vertical sounding or maintained at a constant

spacing and moved about to different locations, producing data on lateral var- .
iations. Generally, current is input to the ground with the two outer elec- j
trodes, and potential difference (voltage) is measured with the inner elec- :;i
trodes. A three- to five-man crew is required for resistivity surveying. By
Logistically, resistivity and seismic refraction are equall: complicated. [

lad

Resistivity sounding data can be used to interpret resistivities and
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Figure 10.
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Resistivity equipment used for very shallow investigations
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) have its own characteristic impedance as calculated by the equations below
.undien 1972b, 1978):

1ere

tan ¢
m

€
[}

£
™
tan Gd

Zon = Vo273 @

uk = uourn(l - j tan dm) (3)
x = -3
X Enern(l j tan Gd) (4)

characteristic impedance for the nth layer, ohms

complex magnetic permeability for nth layer, henrys/m
complex dielectric constant for nth layer, farads/m
free-space magnetic permeability, henrys/m
relative magnetic permeability for the nth

Ny

magnetic loss tangent, dimensionless

layer, dimensionless

free-space dielectric constant, farads/m
relative dielectric constant for the nth layer, dimensionless

dielectric loss tangent, dimensionless

iese impedances cause a change in the power reflection at the surface of the

iyered embankment as computed by the equations shown on the following page:

RO VO VO T AR VO
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when o/we 1s greater than 1, the material is a conductor, and when o/we is
less than 1, the material is dielectric. At high frequencies (i.e., above a
few megahertz), most nonmetallic terrain materials act as dielectrics insofar
as their reflecting properties are concerned and the dielectric loss tangent
is relatively insensitive to frequency changes over small bandwidths, The
waves transmitted through the surface into the material are, however, rapidly
attenuated.

The measurements discussed in this paper were made at high frequencies
(0.25 to 2.0 GHz) and, therefore, the materials are considered to be dielec-
trics or poor conductors. For these materials (especially low-loss mater-
ials), energy penetration is possible, and reflection from subsurface layers
can combine with surface reflections to give a total amplitude highly depen-
dent on the layer geometry and transmitter frequency. Thus, a measurement at
a single frequency cannot be used to predict the surface reflectance unless
the test site is known to be without layers,

In general, the reflectance from an unlayered test site will change with
increasing frequency because of the decreasing conductivity effect. Thus, in
some cases, electrical properties can be predicted by making measurements at
two frequencies, one much lower than the other, and noting the change in mea-
surement amplitudes. This approach is not possible for most field measure-
ments because test sites usually have some degree of layering.

For layered test sites, subsurface reflection can combine with the sur-
face reflection to produce a periodic amplitude change as the frequency is
varied. This amplitude change is caused by destructive and constructive wave
interference and decays with increasing depth. Figure 4 shows the transmitted
and received wave geometry for destructive interference. In the case of field
measurements, some scattering occurs from rough surfaces and in the transition

zones between subsurface layers. This scattering reduces the influence of

multiple-reflected waves. The net result, an increase in the noise level of
the reflected signal, gives a somewhat random appearance to the reflectance
curves. :

To assist in the study of layered test sites, a theoretical model based ) }
on complex electrical impedances of the various dielectric and magnetic mate- 1
rials that made up the layered embankment was used a guide for determining the :iwf:

accuracy of the analysis procedures. Each layer in the embankment was assumed




purpose of this analysis, a thin transition zone is one whose thick-
ness is less than one-eighth of a wavelength of the transmitted
signal (Rayleigh criterion) (Lundien 1972a).

c. Each layer surface was smooth. Again, smoothness is a matter of
degree and can be evaluated by comparing the surface roughness
deviations to one-eighth of a wavelength of the transmitted signal
in the same manner as that for the transition zones. This assump-
tion allows prediction of surface electrical properties because
roughness generally tends to reduce the signal level at the radar
receiver by scattering the reflected energy and thus tends to
decrease the accuracy of the computations.

"

The top and bottom surfaces of each layer were parallel to each
other and perpendicular to the radar beam center line. If the
boundaries between the layers were not parallel, the layer thickness
would not be uniform., Additionally, a sloped surface would tend to
direct the reflected energy away from the receiver and thus reduce
the amplitude of that signal component.

The above assumptions do not restrict operation to only ideal test
sites; rather, the accuracy of computed results is increased when the assump-

tions are met.

Spectral Response

The reflectance of a material can be highly dependent on the frequency
of the microwave source, Materials are roughly divided into two classes:
(a) conductors and (b) dielectrics (or insulators). The dividing line between
the two classes is not sharp, and some materials (soil, for example) are con-
sidered to be conductors in one part of the radio frequency range and dielec-
trics in another part. The criterion for classification is the value of the
dielectric loss tangent (tan 6d) defined by:

a_ (1)*

tan Gd = e

where
o = electrical conductivity, mhos/m
w = circular frequency (= 2nf), radians/sec

€ = dielectric constant, farads/m

* og/we 1is also defined as the ratio of conduction current density to dis-
placement current density in the material.
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systems (including pulsed radar systems) and to reconstruct the electrical
profile of the test sites. Although the processing techniques and the exam-
ples presented in this paper were developed for frequency bands with limited
depth of penetration to emphasize layer resolution in the top few metres of
soil and pavement materials, the transmitter can be operated at lower fre-
quencies to increase penetration depths to those practical for rapid ground-
water surveys. Details of the reconstruction process, as appropriate for

ground-water detection, are discussed in this paper.

Target Model

When an electromagnetic wave traveling in one medium impinges upon a
second medium having different electrical properties, the wave generally will
be partially transmitted and partially reflected. The transmitted wave is
attenuated as it travels through the second medium and, upon encountering a
third medium, experiences partial reflection and transmission again. Theo-
retically, this process can continue indefinitely. The reflected signals of
interest are those that travel back to the surface with enough amplitude to
significantly alter the total amplitude of the return signal. The amplitudes

of the reflected signals are governed by the properties of the medium.

Assumptions

In using microwave systems certain assumptions regarding properties of a
medium were made to simplify the methods used to extract information about the
medium from the reflection curves., These assumptions are that:

a. The test sites were composed of layers of various thicknesses. The
material in each layer was uniform and did not have any discontinu-
ities either within the layer or at its top and bottom surfaces.
The electrical properties of each material were assumed to be fre-
quency independent (at least, over the frequency range used for
calculations) and predictable from past tests in the laboratory.

b. The transition zones between the layers were very thin (negligible),
and thus the layer interfaces were abrupt. A thick transition zone ..
would tend to reduce the amplitude of the boundary reflection and }1;1
could cause a layer to be overlooked. Transition zone thickness is :cgf

a matter of degree because the thickness is measured relative to the \
wavelength of the transmitted signal in the material through which o
the wave is traveling. A thin transition zone at long wavelengths ' }
could be a very thick transition zone at short wavelengths, For the T3
gy

]
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Figure 3. Reflectance measurements for the sand
soil site (Lundien 1981)
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Figure 1. Simplified block diagram for a swept-frequency radar system

and then route them back to the control unit for formatting and further pro-
cessing, recording, and display.

Soil measurements normalized by power incident on the ground surface
define the power reflectance record. A voltage reflectance record is the
square root of each measurement in the power reflectance record. Figures 2
and 3 are examples of the reflectance record from a highway embankment and a
sand soil site, respectively. These records contain all the information nec-

essary to synthesize the response from a variety of radar measurement

05

04 =

03 -

02}

POWER REFLECTANCE

0 05 10 15 2.0
FREQUENCY, GHz

Figure 2, Radar signal from highway embankment (asphalt pavement, -9
clay gravel base, silt substrate) (Lundien, 1972a) o
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GROUND-WATER DETECTION: RADAR MEASUREMENTS OF SOIL ELECTRICAL PROPERTIES

by
Jerry R. Lundien*

Introduction

Measurements with microwave systems have been conducted in the past at
the USAE Waterways Experiment Station (WES) to document the electrical prop-
erties of soils over wide ranges of frequencies (Davis 1966; Lundien 1966,
1971, 1972a, 1981). The results of such measurements generally indicate that
soil electrical properties are directly related to the physical properties and
the natural physical state of the soil. In particular, the response of a soil
at one state of moisture content and density can vary if the soil layer thick-
ness is not uniform. Under certain conditions, these relations can be ex-
ploited to detect and establish the depth to a water-bearing layer, and to
determine the relative quality of the water.

One device that can be used to measure electrical properties of soils
and layer thicknesses is a swept-frequency radar system. A simplified block
diagram of a swept-frequency radar is shown in Figure 1 (Lundien 1972a, 1981).
The system is composed of two major subassemblies, the transmitter and receiv-
ing sections. The transmitter section consists of a signal oscillator, the
output of which can be controlled in amplitude as the frequency is varied. A
portion of the transmitted signal is sampled at the transmitting antenna and
fed back to the signal oscillator to maintain constant transmitted power.

Isolators are used between the signal oscillator and transmitting antenna to

reduce interactions between components. The reflected waves from the ground
surface and subsurface interfaces combine vectorially as they travel back to
the receiving amplifier. The signal from the receiving antenna is then recti- RS
fied by a crystal detector (which removes the radio frequency portion of the l'ﬂiw
signal) and amplified in the receiver amplifier. Finally, the amplified
signal 1is processed by the spectrum analyzer and controller to form a record.
The spectrum analyzer can be used to average several sequential measurements,
compute Fourier transforms of the received signal, and store records (i.e.,

the measured response over the frequency band of the transmitter) temporarily '{--

* US Army Engineer Waterways Experiment Station, Vicksburg, Miss. ?ﬁij
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Conclusions

A complementary application of seismic refraction and electrical resis-
tivity methods at a site can be used to improve the assessment of ground-
water prospects and to reduce the frequency of occurrence of dry holes in a
drilling effort. The questions of equipment and field procedure modifications
and of composition of engineer teams and training requirements necessary for
the methodologies to be deployed under specified scenarios must still be
addressed.

There are other geophysical techniques that have not been discussed,
Some of these will be covered in the emerging technologies session. The
seismic reflection and ground-penetrating radar (GPR) methods, often mentioned
in discussions of ground-water exploration, are used to produce vertical
reflection cross sections; thus, both methods can give only structural and
stratigraphic indications of the possible presence of ground water., Like
other interfaces, the water table acts as a reflector, and there is often
nothing particularly diagnostic about the water table reflection event to
distinguish it from all the other events on a seismic time section, Standard
seismic reflection profiling is too cumbersome and logistically complex for
application to military ground-water exploration. The GPR has a limited depth
of penetration, and does not give any direct indication of the presence of
ground water. Generally, current GPR systems are limited to depths of 50 ft
or less; and even with equipment improvements, depths of investigation greater
than 200 ft are very unlikely in the foreseeable future. Numerous other
electromagnetic methods have potential applicability, but these techmniques,
such as induced polarization, magnetotelluric methods, induction methods,
time-domain methods, etc., have not been used in systematic ground-water
studies. The potential of these other methods to ground-water detection

should be evaluated.

44

. e et >t et ittt
. e e e Lt e e e N T ) A e T e e T e e ‘-&,. R A
BT BRI APPSR SRR AP PL. S TS PSS S SN A R YN e i A el

andh aocd

I S SV TN




[ RF LI

PO P o o s bl BT ik st i ANl o it ad

g

W

E}

e

TR

(1861 uoid9miaAaQ) uep :201N0§) SITnsax
1e°1sfAydoad ay3 powayjuod 91 pue €1 SHA I® STIAM IS23 3Y] °SaT0Y310q 3yl 3JO SuUWN]OD
1eoF8070YyaTT 8yl pue ayTjoxd TesF1310aT72088 ayl jo uorielaadasjur Teury a9yl °#1 2anld1g

sis []]

wx 0 St Ot S 0

$9304 dAISNY) [ ++ | m>o_o_..E —————
spADig [

(P3Jay|Dam| sz
SISyIS spups asi0) ] /
SJ3AD| ,

AaAp)> pup Apups Spups aulj D
JO UOID|DIIAW) _E »201pag ’//I
yidep paunwiajap Ajoowses &

19A3] J2JOM JNDIS, ~

#S wwn ©QNQYDW

43




O A

L e g

va1e peol i3laujiad-Lemuni ‘uoTldas SS0ID 1e91s4ydoad ‘eazoy ‘4dv uesg ‘¢l 2an81g

xuw .SN‘ MV o u ..u .:NA. =2 my - .,u .hu oy “ oy

> > > 5 % > > w w
A @rermavan)
orges woou By
rd -
\Wl pd = I‘ A X
~ - - -~
4 N @runLyIm) Re aU I R , e S~a - Crwrnavar)
N [PY-¥Y) S @-\ 114\ A/, a0
~ -1 Ve ossel, <
“d--- AN 0008 e omne AV LN Y o
N A ; P \\Llllll '/A 0406 \\\W/l
¢ owe _ A4y mm orid \ S~
- K '- \. N\, ———— - -
AN e .\.ﬂ . 0008 N \\4 i = o’ A
3 ! g s N oo ~ 4 L]
A wro nz& soce 3 oost < & . - ’ AVEO O NVS N~ | vood ‘ T/ u:a
arivindes " Tvao/anvs L% osee N’ ortvunivs | 03es J/»r- -~ omﬂ.i oszs
se1$ ocis oves > v Ao/l ooos. : b = o6z el o~
- aravunsysmy P S - e B~ ~. <
IRRES — LT N S, S S S, -7 N “Thd ry e oos#
A.| [ a m::Illl O oszl a~ \\.\AI.\AW.I.I.N.I.IW
nos sos| ossr sen ovst sos/ oser ose/ vios wos | o511 oow onst orsr oot/ oszs ecor oos/

NOILYDO1 DNITTING QZANINNOD IV $

1408
$/44 NI ALIDOTIA DINSIES 0009 VL NIV —mepee
INOZ TYNOILISNYEL GA1D3é8N +rre
FOVIVILNI SSOUDY DNISYIUIAG ALIAILSISI * —
FDVAVIING SSOUDV DNISYIUINI ALIAILSISIN 14 oox
35V4UILNI ALIALSISY NOILVIOT FOVANILNI MIVLIWAONA -—=¢
2OVIVALNG DINSIAS VAVGO IVOISAHA0ID WOUS GIONGIA AIVANIUNI  — - == -~ aN3oINn 1IvIs




g dem inojuoo K3ITATISTSaY °*Z1 2an3yj

v —
09 =4 3IVIS DNIMVNQ
NOILYD01 ONITNNG adanammodav @
- UIERON ONY JNIT HOLLOVULIW DINSIIS | -
NOILVIOY DNIGNNOS ALIAILBISIY
W-WYO O - IVANIANI UNOLNOD ALIAILSISIN
(WZL) u or=v
(AVYUMY HINNIM ) dYN ALIAILSISIY
VIUY L¢ AVYMYIVY
VY3IHOXN - 84V NYSO

A0NVY DNIAING 4100 /

T e e A
WO I I S
IPNL IS AW W, RO N

-
L)

SN Iy




Air Force Base, Korea, illustrates the use of complementary geophysical
methods--seismic refraction and electrical resistivity. Figure 12 shows a
resistivity contour map produced by using a constant spacing electrode array
to obtain resistivity measurements on a grid over the area. Results of a
seismic refraction survey and an electrical resistivity sounding in the center
of the area served as the basis for selecting the electrode spacing to produce
the resistivity map, The objective was to locate depressions in the top of
rock, which could indicate greater thicknesses of permeable sediments. The
closed resistivity low shown in this figure could be caused by a localized
depression in the top of rock. A buried stream channel would show up as an
elongated low resistivity area.

Figure 13, also from the Osan study, shows a geophysical cross section
produced from seismic refraction surveys and electrical resistivity soundings
at 200-ft intervals along a profile line. The water table was detected at
shallow depths nearly everywhere along the profile line. Again, the objective
was to find depressions in the top of rock. Although ground water occurs
nearly everywhere on the base, in many cases either the demand exceeds the
capacity of the well or the aquifer is locally pumped down after only a few
years. The key fact that emerges from examining this cross section is that
the aquifer is not laterally continuous over the base but is interrupted by
clay bodies, as shown in Figure 13. The clay here could be filling a shallow
erosion channel in the top of rock. Boring BO-3 verified the identification
of the material in the zone as clay. Existence of the clay bodies throughout
the base would explain the local aquifer depletion experienced.

Sudan

Earlier, we discussed a gravity map of a portion of the Sudan. This
next figure (Figure 14) shows a geophysical cross section along a selected
profile line. Sixteen resistivity soundings were conducted along the 30-km
profile line. Two existing water wells and four seismic refraction surveys,
conducted in conjunction with the gravity survey, provided additional control
on the depth to the water table and top of rock. The results shown in the

cross section were confirmed by two boreholes at sounding locations 13 and 16.
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thicknesses of subsurface layers; however, such interpretations are nonunique

because there are often numerous possible geologically reasonable interpreta-

tions of the data. We like to use a multiple-method approach, which includes
consideration of supplementary data, such as well logs or the results of other :?
geophysical techniques applied at the same locations, to aid in the i?
interpretation of the resistivity data. ;E
°
Case Histories
Saudi Arabia
About 7 years ago, we sent a team to Saudi Arabia to explore for well 'i

sites for base water supplies in two wadis. The exploration effort relied on
one geophysical technique--seismic refraction. Several candidate sites were
located and subsequently drilled, with several of the wells producing water,

The main problem was determining (without supplementary information) if the

characteristic 1500 m/sec velocity was due to a water table and not to a

weathered rock or a clay layer. Electrical resistivity surveys conducted in
: conjuction with the seismic refraction would have helped reduce the L
F uncertainty. :;

Western Kansas

f} The next example (Figure 11) is a cross section from a seismic refrac-

tion survey at a proposed damsite in western Kansas. Again, only one geophys-

ical technique was utilized. You can see the present location of the Arkansas °
River, which is subject to large seasonal fluctuations at this location (i.e., ‘
the flow is very low during most of the year). The area is semiarid (with

sand dunes covering the surface). The interesting feature in the cross sec-

tion is an apparent buried stream channel filled with saturated sediments. ‘®
This channel has been defined solely from the geophysical data; however,
boreholes near each end of the profile provided geologic control for con-
struction of the cross section. The water table over the buried channel has
been inferred to be at the depth where the seismic velocity increases from a .;
range of 250 to 400 m/sec to a range of 1500 to 1800 m/sec. Therefore, the

cross section suggests that there is a significant thickness of saturated }#j
sediments at the location of the buried stream channel. :
Korea ®

The next case history, which involves exploration for well sites at Osan
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2
Ro= 02y = 240/ + Zair)l (5

where o

ZLn = Zon{[ZLn+1c°3h (Ynzn) + Zonsinh(ynzn)]

AL ELe,

:
. [zonCOSh (Ynln) + ZLn+1sinh (Ynln)]} (6) A

k RS T e

and

R = power reflectance

Zair characteristic impedance for air (377 ohms) ,7.'

N3
n

load impedance for nth layer, ohms

Y = propagation factor, (Y = o + jB) m-l

£ = layer thickness, m

€
n

angular frequency, radians/sec @
o = attenuation constant, m

B = phase constant, m

The attenuation constant @ 1is equal to the real part of the propagation

factor: 9.
oSG ) ®

The phase constant B 1is equal to the imaginary part of the propagation ilf
factor: T%f
B = w{—% (\/ 1 + tan?6 + 1 ) (9)

For wave propagation in low-loss and nonmagnetic media, tan25 << 1, %é:
Vi + tan26 =] + taEZG (10) E%ﬁ;

.
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and

W
B =~ FVEr (12)

A computer program was written to calculate the power reflection as a
function of frequency for the frequency range over which the radar system

operates. Figure 5 is a condensed flowchart for this program. In the first

( START )

1

READ NUMBER OF INTERFACES (k) SET n = k
READ ¢, u, tan 6, £ FOR EACH MATERIAL COMPUTE Z,,

READ INITIAL FREQUENCY (FI)
READ LAST FREQUENCY (FL)
READ FREQUENCY DIFFERENCE (FD)

1 YES DOES
SET F = FI n3
NO
COMPUTE R |-
n=n-1
F=F+FD }
COMPUTE v,
Zon
Zin
NO

PLOT R VERSUS F

)

C TERMINATE )

Figure 5. Condensed flowchart for radar reflectance program
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step for this computer program, all the input data for each layer are defined
along with the controls for radar operation. The program calculates imped-
ances at each interface, starting at the lowest frequency and for the deepest
material. The program cycles up through each layer, transforming impedances
as it goes until it reaches the surface. At that point, a power reflectance
is calculated and the next frequency is selected. The operation continues

until all the frequencies have been exhausted.

Spectral Analysis

The spectral analysis procedure was based on the detection of interfer-
ence patterns in the power reflectance curves; the optical depth, defined as
the distance between reflecting surfaces which if present in free space would
produce interference patterns of the same period as in the layered medium, was

computed as shown below:

Optical Depth = —2;— (13)
£

c = free-space wave velocity, 300 x 106 m/sec

Tf = period between adjacent maxima or minima on interference pattern,
Hz

Optical depth, in turn, can be converted to true depth by correcting for the
wave velocity in the medium. For relatively low-loss materials, the decrease
in wave velocity over free-space velocity can be approximated by the square
root of the relative dielectric constant. The interference pattern period can
be determined manually by measuring the frequency difference between inter-
ference maxima or interference minima from the reflectance curves and com-
puting optical depth or by using more sophisticated signal processing tech-
niques to extract the cyclic pattern information automatically.

A Fourier transform (the method used for this study) can be used to
extract the cyclic pattern in power reflectance signal data. For this method,
the mean reflectance is subtracted from each voltage reflectance data point;
the results are transformed by a window function, and the data are then passed
through a Fourier transform program. The window function used in processing

data for this study was the minimum three-term Blackman-Harris Window (Harris
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N thickness is infinite), so that any echoes or false peaks in the optical depth i_*
i display that show up at a depth greater than that of the first layer could be i~T:
) easily identified for later removal from consideration (step 4). ;wfj
R Once the layer properties for the first two layers have been input to
éj the model, the power reflectance curve and the optical depth curve are com- :fﬁﬂ
" puted (step 3). First, estimates for these layer properties are obtained from bAij
- the measured data using layer reflectance and attenuation rate values. The RNE
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1978). Its purpose was to reduce the sidelobe content in the optical depth
display. In the optical depth display, the locations of the peaks indicate
the interface depths as detected by the swept-frequency radar system. A large
peak would indicate a large interface reflection, while a small peak, a cor-
respondingly small interface reflection. Because of distortions that can
arise from the reflection of radar signals at complex boundaries, there can be
both false peaks and real peaks in the optical depth display. The radar
results were evaluated by establishing the real peaks marking interface
reflections as being larger than the false peaks caused by the distortion of
some of the interface reflections,

The Fourier transform program can be interpreted as approximating the
results that could be obtained from a short pulse radar system. The windowing
function serves to modulate the reflectance data in a pattern such that when
the data are transformed to the time domain, a reflectance, delayed in time at
each interface boundary, is obtained. Other radar systems can be simulated by
using the same processing procedure and different processing windows. Thus,
the basic site information is contained within the spectral record; a single
measured time domain record contains the same information but usually with a
large amount of processing noise,

General analysis procedures

A simplified flow diagram (Lundien 1981) for the general analysis pro-
cedure 1s presented in Figure 6. The objective of the analysis procedure is
to adjust the input parameters to the theoretical radar reflectance model
until the predicted radar reflectance curve matches the measured reflectance
curve as closely as possible. The steps in the analysis procedure are pre-
sented in Figure 6.

The first two steps in the analysis procedure set up the theoretical
radar reflectance model for computing reflectance over the frequency range of

the measured data using the first and the second layers only (the second layer




STEP 1

INPUT PROPERTIES
FOR SURFACE LAYER
n=1

STEP 2
1

INPUT PROPERTIES
FOR LAYER n + 1

LET R, =

STEP3‘

COMPUTE R & OD
CURVES. EXTRACT
SLOPE AND INTERCEPT

FROM n ENVELOPE R
CURVE, OD,, FROM
0D CURVE

STEP 4

IDENTIFY ECHOS FOR
LATER REMOVAL FROM CONSIDERATION

STEP §

CORRECT €1,:
un 5p. €rineq). On

BY COMPARING MEASURED CURVE
DATA WITH COMPUTED CURVE DATA

DOES
PHASE OF
COMPUTED OD CURVE
AGREE WITH PHASE OF
MEASURED 0D
CURVE
?

S
MEASURED DATA -
COMPUTED DATA < TOL

NO

FOR SLOPE, INTERCEPT,
AND 0D,
?

NO

Figure 6.

TERMINATE

procedure (Lundien 1981)
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interface voltage in the optical depth is isolated, the inverse Fourier trans-
form is computed on the isolated peak (all other frequency components are
zeroed), and the effects on the processing window are removed by normalizing.
The linear slope and the intercept at zero frequency are computed from the
natural logarithm of the envelope amplitude and the period is computed from

the oscillating interface signal.

In step 5, corrections are made to the first estimates of layer proper-

ties by comparing computed values for the slope, intercept, and period from

the model predictions with those from the measured data.
Checks are then made in step 6 to ensure the proper phase of the peri- :’f:ﬂ
odic interface data (this dictates whether the impedance contrast should =

increase or decrease at the next layer). Additional checks are made in step 7

Lot T
P

to determine degree of fit between measured and predicted data. If any check

I

is negative, another cycle is required to correct deficiencies.

When checks in steps 7 and 8 are positive, another layer is added ““”1
(step 9) and the process is repeated. The process is terminated when all
layers have been tested.

Method for first
estimate of layer values

As discussed previously, the method of processing data measured by the
swept-frequency radar system made use of the Fourier transform and windowing
functions to isolate the interference pattern for each interface. This con-
siderably reduces the complexity of the problem from one of solving a matrix
of simultaneous equations for all the layers to that of solving one set of

equations for each layer separately. This solution is not free from problems,

however. Because the process is sensitive to overlap between peaks in the

time domain, and thus, in complex media, large computational errors result

when the interface reflections cannot be cleanly separated. :”*T

Using a linear regression curve-fitting process and adjusting the - R
results for overburden losses, the layer reflectance and attenuation rate can ;ﬁfﬁj
be computed. These values, in turn, together with the optical depth, are used if E

to determine the relative dielectric constant €. » the loss tangent tan § ,
and layer thickness £ . Using €, and tan ¢§ , estimates can be made for
the layer water content and material type. The details of this process are

presented in a series of steps as shown below to illustrate the process.
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In step 1 (computer program: Ratio) the measured data for power
reflectance are placed in a file, and the square root of each data point is
computed to obtain a signal proportional to the voltage reflectance. The
average voltage reflectance is computed and subtracted from each data point,
The average voltage reflectance is used to compute a first estimate of the
surface €

In step 2 (computer program: Layer Filter), the results from step 1 are

processed through a three-term Blackman-Harris Window of the form:
W(n) = a, - a, cos zE-n + a, cos Zl-Zn (14)
0 1 N 2 N

The time domain signal is obtained (optical depth display) by taking a Fourier
transform of the data. Each interface reflectance signal is isolated by gen-
erating a new file that is filled with zeros, except for points where the peak
occurs. The data are transformed back to the frequency domain with the
inverse Fourier transform, and the windowing effects are removed by dividing
each data point by the same Blackman-Harris Window applied earlier.

In step 3 (computer program: Envelope-Slope), the maximum and minimum
points are found to define the envelope shape for each interface signal, the
natural logarithm is computed for the envelope points, and a linear regression
curve is computed to obtain the curve slope and intercept at zero frequency.

In step 4 (computer program: Layer Properties (A)), the interface

reflection is computed from the following equation (see Figure 7):

b -b 2
Rn=(e“ n-1 ) Rool (15)
T
n-1
2bn 1
= e T2T2 Tz (16)
1°2°°° "'n-1
and
2
1+/1§
€ € ( _ (17)
m r(n 1) 1_@

58




- - i . W AW TR, ” v . e

where

power reflectance for the nth layer, (R + T = 1)

R =
. th
Tn = power transmittance for n layer
b = intercept value from step 3
e = base of natural logarithm
INCIDENT 2 2e 2
WAVE (UNIT Ry R;T, R3T, T2
AMPLITUDE) s i
P=1 ) X=0
3 {;
R2T, RyTy Tp?
MEDIUM 1
P=T, | X =d,
{
R3Ty T,
MEDIUM 2
MRLLET | X =d,
P=T,T,T; MEDIUM 3
Y

Figure 7. Power reflectance, R , and transmittance,
T , for plane waves at normal incidence on plane
sheets (layer attenuation is assumed to be negligible)

The total attenuation (ZGR? for a wave traveling round trip through a
layer of thickness £ is computed as follows:

208 = uw‘ﬁ—; (ﬁ + :anzén - 1) (18)

and

=208 = (m_ -m f 19 .

( n n‘__1) (19) o
or NS
L -
-]
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2 2 C 2 2 1/2
tan 6n = (E: mo_y - o (Anl) + 1 -1 (20)

where mo= slope of the nth layer from step 3. The layer thickness is

computed from the optical thickness 20 as follows:
L=0 ve_ (21)
o r

Estimates for volumetric water content (VWC) can be made using €, and

the results shown in Figure 8 or by using the following equation:

€
_ 1 0.26
WWC = 55 - ¢

+ 0.11 (22)
r-1

A summary of loss tangent values for sand, silt, and clay soils is presented
in Figure 9.

Two examples were selected to illustrate typical results from the gen-
eral analysis procedure, The first example was taken from field tests on
asphaltic concrete pavement structures (i.e., asphalt highway embankment) with
a swept-frequency radar system (Lundien 1972a). The interstate highway was
constructed on a silt foundation and at the time of the test had a 21.7-cm-
thick asphaltic concrete surface. The pavement was separated from the silt
foundation by a clay gravel base course. The moisture content and dry density
during construction was 4.5 percent by dry soil weight and 1.94 g/cm3, respec-
tively, for the clay gravel base and 18.0 percent by dry soil weight and

1.58 g/cm3, respectively, for the silt foundation.* Moisture content varia-

tions were noted as approximately +0.12 g/cm3. The reflectance curve over the
frequency range of 0.5 to 2.0 GHz is shown in Figure 2. }-5{

The second example was taken from tests on a sand soil site (Lundien .
1981). Position one at the sand soil site was undisturbed soil, and position

two contained an artificial interface (a buried aluminum sheet at a depth of

0.60 m). Positions one and two were directly adjacent to each other so that i
direct comparisons could be made of the measurement results. The surface soil !:f?

was a fine sand with a moisture content of 6.0 percent by dry soil weight and

* The average moisture content of the clay gravel base material (measured
shortly after radar measurements were made) was 7.2 percent,.
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NOTE: FREQUENCY = 1.074 GHz
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b. PERPENDICULAR POLARIZATION

Figure 8. Effect of water content on relative dielectric constant ijl
(sand, silt, and clay soils) (Lundien 1971) SN
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Figure 9. Summary of loss tangent for parallel and perpendicular
polarization (Lundien 1974)

a dry density of approximately 1.6 g/cm3. The reflectance curve over the
frequency range of 0.25 to 1.0 GHz is shown in Figure 3.

The results for these two examples are presented in Table 1. Figure 10
shows the relative dielectric constant and water content results for example 1
as determined from the radar measurements and ground measurements, respec-—
tively. (The relative dielectric measurements were estimated from the water
content values.) Figure 11 provides good correlation of the power reflectance

and relative dielectric constant results for example 2 at positions 1 and 2.

Both examples indicate that noncontact measurements of ground properties can

be made quickly and easily with specially constructed microwave systems.
Summar ;.' )

Radar systems offer distinct advantages over many sensing techniques
because of their ability to make rapid, noncontact, nondestructive measure-
ments that are sensitive to a changing electrical profile. When modeled as a

layered media, the natural terrain fits many of the requirements desirable for
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Figure 10. Results of radar tests for Example 1
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turate determination of the state of the ground using specially processed
lar data. For ground-water detection, radar systems can offer the unique
>ability of not only detecting the presence of water and resolving its

>th, but also the potential to distinguishing brackish (or saline) water and
esh water.

The procedures presented in this paper can be applied tc swept-

equency radar data to isolate the effect of each layer interface on the

tal radar signal. Once isolated, the layer interface signals can be used to
termine layer thicknesses and the electrical properties of each layer. The
lative dielectric constant can be used to estimate the soil moisture content
d (when large) the presence of water-bearing layers. The loss tangent of
terials is affected, in part, by the presence of conductors. Because salts

solution are good conductors, a large loss tangent in a water layer would
ggest the presence of brackish or saline water, and a low loss tangent would

interpreted as fresh water.

The accuracy of these calculations for ground-water detection with radar

still unknown. However, feasibility has been demonstrated. The examples
ed for this paper were extracted from other investigations for which the

pth of penetration in terrain and pavement materials was limited to centi-
'tre values. By decreasing the initial low frequency starting point for the
dar measurements, a dramatic increase in the depth of ground-water detection

wuld be expected.
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Figure 2. Band 7 Landsat image of the same area shown in
Figure 1 (20 November 1976)
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Figure 1, False color composite Landsat image (shown in black and white)
encompassing parts of the Caspian Sea, Iran, and the Soviet Union
(1 March 1975)
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GROUND-WATER DETECTION USING LANDSAT IMAGERY

by
Gerald K. Moore*

Landsat images are commonly used for ground-water exploration. This is
n operational procedure that involves the concept of terrain analysis. The
rocedures were developed during the 1930's, the 1940's, and the early part of
he 1950's when a lot of companies were using aerial photographs for petroleum
xploration. Remote sensing capabilities now include different films,
ifferent altitudes, a synoptic view (a large areal view of the terrain), and
epetitive coverage of an area.

Figure 1 is a false color composite Landsat image, which is very similar
o a color-infrared photograph, showing parts of the Caspian Sea, Iran, and
he Soviet Union. This paper describes some interpretations that were made
rom the satellite images of this area.

In an arid region, ideally the interpretation process should begin with

false color composite image obtained at the end of the wet season, which in
his part of the world is at the end of the winter months. This particular
cene is from 1 March 1975. The Elburz Mountains are in the lower right cor-
er, and some mountain snowpack is apparent. Snow hinders the interpretation,
nd the terrain below the snow line is dark and somewhat difficult to see.

A Band 7 image from 20 November 1976 when the sun elevation angle was
nly 26 deg above the horizon (Figure 2). Band 7 represents reflected near-
nfrared light (0.8-1.1 p). With low sun elevation angle, there is shadowing
f the topography, and these shadows enhance landforms, some drainage lines,
nd some fracture systems.

A systematic approach is needed to get all possible information from a
atellite image. First, a location map (Figure 3) can be prepared as an over-
ay to Figure 1 to show some of the major landmarks for purposes of registra~
ion. The locations of the two geologic sections (A-A' and B-B') are shown on
‘his overlay.

The drainage network can be delineated from the satellite imagery, and

Irainage patterns and textures can then be interpreted., Figure 4, prepared as

US Geological Survey, EROS Data Center, Sioux Falls, S. Dak,
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same profile on several different channels simultaneously, delaying each chan-
nel differently, and then stacking all channels.

Migration refers to the process of converting echo times (or reflector
position) to depth values and, therefore, to geologic structure. This process
requires knowledge of the dielectric properties of the materials present, and
could thus not be done expediently for anything more than a two-layer system.
Because water tables are linear features, this process would not be absolutely
necessary. In most cases, dielectric properties can generally be estimated to
determine reflector depth.

Deconvolution refers to the process of finding a suitable filter to
either eliminate reverberation within a known layer or to transform an unde-
sirably long ané oscillatory pulse wave form into a more ideal impulse-like
shape to improve resolution. Any particular antenna can produce a variety of
pulse shapes, depending on the terrain and material type encountered; there-
fore, finding a correct filter for all situations is difficult. However,
deconvolution schemes based on only the received data are used extensively in

the seismic industry and should be adapted to radar use.

76




made by separating the antennas produced the model shown in Figure 8.
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Figure 8. Dielectric model of alluvium on Fort Wainwright. The
refracted ray was observed on a Warr sounding

Figures 3 and 4 are profiles over a glacial outwash of sand and gravel
located at Fort Greely, Alaska. The dielectric constant of the material was
measured both from the slopes of diffraction hyperbolas (generally between 3
and 9) and from soundings (5.5). Well logs had indicated the existence of a
perched water table at a depth of 9 to 14 m. In both figures, this water
table can be seen as the last faint reflection about halfway down the record.
That this is the water table is deduced from the fact that it is not parallel
with the surface (which tilts from north to south) and is also at about the
right depth considering a dielectric constant of approximately 5.5. The num-
erous diffractions originating in the top half of the record are the hyper-
bolas mentioned above and are primarily responses to silt-filled wedge-like
structures, which could be fossil ice wedge casts.

Future improvements in radar must come in the area of digital signal
enhancement, as the physical system is about at its practical limit with
respect to pulse shape, noise reduction, and antenna-ground coupling (for dry
ground). Three techniques in need of attention are stacking, migration, and
deconvolution. One company (Xadar Corporation of Springfield, Virginia) now
makes a radar with a stacking capability in a digital, single trace mode. In
a static antenna position, the signal stacking vastly reduces incoherent
noise. If this capability could be incorporated into a profiling mode so that
stacking would be continuous while the antennas moved, then coherent noise (as
from undesirable point reflectors) could be eliminated, while responses from

linear reflectors such as a water table could be enhanced by recording the
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Figure 6. Free space and ground pulse wave forms for
GSSI Model 3105 antennas
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Figure 2. Radar and resistivity profiles at alluvium on Fort Wainwright,
Alaska. The resistivity profiles were made using magnetic induction, and
the curves are labeled according to depth of penetration




operation would not be feasible, The subsurface data are usually displayed as
a consecutive series of linear scans (see Figures 2-~4) along which darkness of
tone represents signal intensity. Thin white lines defining dark bands are
signal zero crossings. The display is the same as that of a marine fathom-
eter. Separate traces of signal wave forms are also possible, as shown later
in the reflection and refraction sounding of Figure 5.

A varilety of antennas are available from the different companies manu-
facturing radar equipment, and they radiate from 30 to 1000 MHz in their pulse
spectra. Although all antennas are excited by a similar half-cycle pulse,
they all ring to some extent and emit a decaying oscillation, such as that
shown in Figure 6 for the GSSI Model 3105 antennas, or as seen in the 15-m
trace of Figure 5 for the GSSI Model 76 antennas. Theoretically, the best
"ideal" pulse that could be radiated would be a doublet rather than a single
spike because of the physical restraint of no radiation of DC energy.

Limitations to depth of exploration come from a variety of mechanisms,
with the most serious being highly reflective interfaces, poor antenna cou-
pling to ground, diffuse scattering, ringing from highly reflective surface
layers, and signal attenuation due to either dipolar or ionic conductivity
mechanisms. The latter two factors are generally due to the presence of water
and because subsurface radar usually works best around 100-300 MHz where the
total loss due to water is usually minimized. Figure 7 shows the attenuation
suffered by a doublet (spectral peak ~ 100 MHz) when propagating over a round
trip of 2 m in conductive material. The attenuation of 56 db in 20 {m mate-
rial is fairly near the performance figure (=70 db) of some radar systems.

Figures 2, 3, and 4 are examples of ground-water detection profiles at
two sites in Alaska. Figure 2 gives a radar and resistivity profile over an
alluvial sand and gravel on Fort Wainwright in Fairbanks, Alaska. The pro-
files were made within 100 m of the Chena River, which had an elevation that
was 5.1 m lower than the ground surface of the geophysical profiles; there-
fore, we assume that the water table was 5.1 m below the ground surface. The
radar profile shows two distinct reflectors. The topmost, at about 35 ns, is
thought to be the bottom of the seasonally frozen active layer.* The second
more diffuse reflection, at about 65 ns, is the water table. These profiles,

the observed river elevation, and additional data from wide-angle soundings

BT AP

* The profiles were made in April 1981; there is no permafrost at this site,
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RADAR DETECTION OF GROUND WATER

by
Dr. Steven A, Arcone*

During the past 10 years, commercial and private organizations have de-
veloped ground-penetrating radar (GPR) systems for geophysical ground explora-
tion. These systems amalgamate the principles of conventional surface radar
and seismic exploration techniques. They have been used for profiling the
depths of glaciers, lake ice, brine intrusions, peat bogs, active layers,
ground-water tables, and lake bottoms. As with seismic techniques, the
responses of the radar signal to targets whose dimensions are comparable to or
smaller than the transmitted wavelength can result in complicated diffraction
patterns.

A schematic drawing of the operation of subsurface radar is given in
Figure 1. A broadband, resistively loaded, bowtie-type dipole antenna (or
sometimes a TV yagi array) radiates a short pulse whose frequency spectrum is
usually in the VHF-UHF range. The pulse generally lasts about 5-15 ns and has
a pulse repetition frequency (PRF) of about 50 kHz. A separate antenna is

used for reception because some echoes return so soon that single-antenna

Antennas

Direct
Coupling

4 /7
\ //
First Zero \Q
Crossings
\ 2%

Figure 1, Operation of subsurface radar

* US Army Cold Regions Research and Engineering Laboratory, Hanover, N, H.
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Lundien, J. R, 1972a. '"Determining Presence, Thickness, and Electrical '
Properties of Stratified Media Using Swept-Frequency Radar," Technical Report
M-72-4, US Army Engineer Waterways Experiment Station, Vicksburg, Miss,
Lundien, J. R. 1972b. '"Noncontact Measurements of Foundations and Pavements ;“;
{ with Swept-Frequency Radar,'" Highway Research Record, No. 378, pp 40-47. S
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Figure 4. Drainage overlay prepared for Figure 2
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+— an overlay to Figure 2, shows some interesting features. The Rud-e Atrak

ii (Atrak River) (refer also to Figure 3) flows southwestward but then turns to

i¥ the northwest before reaching the Caspian Sea. Several centripetal drainage

t? patterns can also be seen. There are likely structural causes for these flow

‘f and drainage patterns. Many streams originate in the Elburz Mountains; how-~ '.i:'

ever, at the foot of the mountains, they flow beneath the surface. This

{f change in flow pattern could be indicative of the geology (Figure 4); other
drainage patterns shown on Figure 4 could be indicative of fracture patterns. :;n;

Figure 5 (prepared as an overlay to Figure 1) is a landforms map. This !)‘
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3-green
EXPLANATION
A-Stream valley alluvium HS - Hill slope
AD-Arc delta HSd - Dissected hill slope
ADe-Slightly eroded delta L- Natural levee
Bh-High bajada; steep slope M - Mountains; mature topography
Bl-lLow bajada; shallow slope P - Pediment
C- Chenier; beach ridges RV -Ridge and valley topography
Dt -Transverse dunes S-Spit
Dp - Parabolic and longitudinal dunes s
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Figure 5. Landforms overlay prepared for Figure 1
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map shows the Elburz Mountains and a ridge and valley topography. The paral-
lel ridges and valleys probably represent folded sedimentary rocks, There is
a series of alluvial fans that merge along the foot of the mountains to form a
bajada. In addition, some hill slopes (HS and HSd areas) are also visible. A
very large delta (indicated by AD and ADe) occupies all of the central part of
the image. Superimposed on some of the other landforms are a series of sand
dunes (Dt and Dp). There are transverse, parabolic, and longitudinal dunes.
The little area called a pediment (P) appears to be an extension of the bed-
rock that is forming the hills.

The vegetation map, Figure 6 (prepared as an overlay to Figure 1), shows
areas of dense natural vegetation and agricultural areas. Vegetation can
indicate places where ground water is close to the surface. Agricultural
areas indicate nonsaline soils and perhaps fresh, rather than brackish or
saline, ground water.

Mapping the structure is somewhat difficult because the mountainous
areas are covered with vegetation. Thus, a map showing strikes and dips (Fig-
ure 7) was prepared as an overlay to Figure 2 to aid in the interpretation
process. The directions of the dips of the rocks could be determined at
160 locations.

The next step is a complete geologic structure map, Figure 8 (prepared
as an overlay to Figure 2) showing the axes of anticlines and synclines based
on strikes and dips. Also, in some places, evidence of faulting could be
seen. Two of these areas are indicated by triangular facets (tf) on the over-
lay. Some of the drainage patterns also indicate faults in the rocks. Faults
are significant in bedrock areas because they can form conduits for ground
water. They can also be ground-water dams. A lot of the linear features have

.to be called lineaments (dashed lines). These features may or may not be
fractures in the rock. As part of a geologic or hydrologic interpretation,
the lineaments can be assumed to be fractures of some sort.

The next step is to draw a geologic map based on these overlays. An
alternative step is the ( nstruction of cross sections, Figure 9 (refer to s!;.]
Figure 3). A series of cross sections helps to get a three-~ dimensional pic- fuiﬂ
ture of the geology in the area. The Elburz Mountains consist of massively : 1
bedded and block-faulted sedimentary rocks. In part of the area, these rocks ﬁi;ﬁ
form a ridge and valley topography; in other parts of the image, they are -

overlain with either dunes or alluvial sediments or both.
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EXPLANATION
- Vegetation in non~agriculture areas
A - Agriculture land use

Figure 6. Vegetation overlay prepared for Figure 1
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Overlay prepared for Figure 2 to show strikes and dips
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Figure 8. Geologic structure overlay prepared for Figure 2
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Figure 9. Geologic cross sections A-A' and B-B' (refer to Figure 3)

e —N




The final interpretive overlay is an aquifer map, Figure 10 (prepared as
an overlay to Figure 1). In the bedrock mountain areas, the only places for
ground-water occurrence is the fractures. At lower elevations, material that
has eroded from the mountains forms alluvial fans and bajadas. These mate-
rials are thin near the mountains, but farther down into the valley they could
be fairly thick and provide a suitable aquifer. 1In all of the low-lying
areas, a high water table would normally be expected. The water table is
probably just a few feet to a few metres below land surface in the delta area,
but there is no vegetation growing there. The reason for the lack of vegeta-
tion is probably attributable to salt water underlying the land surface at a
very shallow depth. In part of the area, there could be a very thin layer of
fresh water overlying the salt water. Thus, patches of vegetation occur on
the higher elevations, but not any lower.

These overlays show the results of an interpretation of the images. A
prediction of well yields also can be made on the basis of previous experi-
ence. If an interpreter has no knowledge of the specific area, then his pre-
dictions have to be based on experience gained elsewhere. A well drilled
close to the edge of the bedrock would be expected to have a fairly low yield
(perhaps only a few gallons a minute). At lower elevations, there may be
yields of 50, 100, or 300 gpm per well., Farther out in the lowlands, wells
will produce just a few gallons a minute before pumping salt water.

About 2 weeks were required to interpret this scene of 13,000 square
miles, including making all of the overlays and writing a report, so it is not
a labor-intensive job. Our cost right now is running about $70,000 per man
per year. Therefore, this job, which represents 2 weeks of direct hour labor,
costs about $3000.

The importance of selecting a scene to get the maximum information pos-
sible has been discussed. Two other considerations are the need for image
enhancement and analysis. The images used as examples not enhanced. They
were Landsat standard products, as obtained from the EROS Data Center.
Enhancement almost never shows anything that does not appear on the raw
images; however, there are a few exceptions. The purpose of enhancement is
to make image interpretation faster and easier and to ensure that you do not
miss anything. Analysis is the process of classifying land use and land

cover. A particular land cover is sometimes a key to the presence or salinity
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EXPLANATION

-Salty or brackish water aquifer
B-Fractured rock aquifer
C-Thin colluvial aquifer
A-Alluvial and colluvial aquifer
A/S-Alluvial or colluvial aquifer; salt
water at shallow depths

C

NASA Landsat E-2038-06205-FCC
OMar75; Sun elev 35; az 138

Aquifers Scale: 1/1,000,000

Figure 10. Aquifer overlay prepared for Figure 1
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of ground water. However, the classification of land cover has not proved to
be particularly useful for ground-water exploration.

After interpreting landforms, drainage, cover types, and lineaments,
geologic and hydrologic interpretations can be made. A geologic interpreta-
tion consists of mapping the surface geology and then projecting this into the
subsurface. Once the processes that produced landforms and the subsurface
geology are interpreted, the tectonic processes that were involved can be
determined. The end product is a three-dimensional geologic model. A hydro-
logic interpretation to infer the permeability and porosity characteristics of
materials, the aquifer boundaries, the depth of the water table, and ground-
water salinity is then possible.

All of the information that the military is going to need for selecting
well locations cannot be obtained from Landsat images. However, Landsat is a
reconnaigsance tool and a means of rapidly covering a large area; it can be
used to select the most promising areas for electrical resistivity, seismic
refraction, or ground-penetrating radar surveys. Potential users should not
assume that Landsat is the only tool that can be used or even that it is the
ideal tool to be used. Naturally, a 30-m resolution, instead of the 80-m
resolution that we get from Landsat, would be preferable. With enly an 80-m
resolution, reliable interpretations cannot be made for some areas. Whenever
possible, areas located on Landsat imagery should be checked with stereoscopic
aerial photographs. Undoubtedly, for many areas of the world, some kind of
ground-based geophysical technique will be necessary because remote sensing

just looks at the land surface.




USING VEGETATION AS INDICATORS OF NEAR-SURFACE
GROUND WATER IN AN ARID ENVIRONMENT

by
Melvin B. Satterwhite*

Introduction

The survival of man in an arid environment has been contingent on
quiring water of acceptable quality and quantity to satisfy his needs,
cause man can be quite mobile, he can either move from one area to another
search of water or he can transport water from areas having ample water to
eas having little or no water. Unlike man, seeds and other plant propagules
e at the mercy of various natural transportation mechanisms (e.g., wind or
nning water) for reaching sites having adequate water for establishment and
rvival, Seeds can lie dormant in dry soil for many years; however, when the
il becomes sufficiently moist, they can germinate. Certain plant species
come dormant during periods of drought. Other plants survive drought by
eir protected growing tissue on the stem or root. Plants, as functioning
ological entities, must obtain enough water to satisfy their physiological
quirements. Additionally, the quality of the water obtained must not place
ress on the plant's tolerance mechanisms.
Vegetative patterns indicative of near-surface ground water are usually
sed on how a plant uses water for growth and other physiological processes.
understanding of the normal seasonal growth stage and water needs of plants
the area of interest, coupled with soil moisture ind climatic data, can
sist in the task of using remote sensors to locate sources of possible
ound water., Studies have shown that the occurrence and distribution of
ant species and plant communities in arid and semiarid regions are related
the soil moisture conditions of various landform units (Satterwhite and
len 1980; Yair and Danin 1980). To increase the possibility of establishing
rect vegetation-ground water relations, vegetative indicators of ground
ter must be used in conjunction with knowledge of the local geologic condi-

ons. For example, vegetation growing on the slopes of massive granitic

US Army Engineer Topographic Laboratories, Fort Belvoir, Va.
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tcrops would be less useful as an indicator of near-surface ground water
‘han would an equivalent amount of vegetation growing on the margins of a dry
itream channel,

To establish the pattern relations that can be used to predict the
ccurrence of near-surface ground water by remote sensing techniques, selected
ylant species and their habitats must be evaluated with reference to the asso-
:iated terrain features, soil conditions, and morphologic and physiologic
tharacteristics of these species. Even with limited knowledge, remote imagery
:an be used to make reasonable predictions about plant-soil-water relatioms,
‘he procedure in Figure 1 illustrates the general relations between seasonal
tharacteristics of the vegetation, its tolerance of drought concditions, and

:he sources of plant-available water.

SEASONAL DROUGHT SOURCE OF PLANT-
CHARACTERISTICS TOLERANCE AVAILABLE WATER

VADOSE WATER

SEASONAL VEGETATION ——— INTOLERANT —

GROUND WATER

VADOSE WATER
—— INTOLERANT —
GROUND WATER

PERSISTENT VEGETATION —
VADOSE WATER

‘—— INTOLERANT —

GROUND WATER

Figure 1. A procedure for evaluating vegetation indicators of
near-surface ground water

Drought-Tolerant Versus Drought-Intolerant Species

Many plant drought adaptations are known, Some of these adaptations
can be useful in vegetation analyses using some remote sensing techniques.
Yany plant species in semiarid and arid regions adjust to the periodic drought
through:




a. Seasonal adaptation (completion of annual growth during nondrought
periods then senescing at the onset of drought).

b. Morphological adaptations (e.g., reduced leaf area, developing a
thick cuticle, producing sclerophyllous leaves or a deep root
system).,

c. Physiological adaptations (e.g., to minimize water loss or facili-
tate water uptake at high matric potentials).

d. Phytosociological adjustments (plant spacing).
In the Great Basin of the United States, some cool season grass species

» Bromus tectorum) avoid summer drought by making rapid growth in the

g when soil matrix water is available. These species reach maturity
e drought conditions occur. In the northern Chihuahuan Desert of New

o, the warm season grass species (e.g., Sporobolus cryptandrus and

loua gracilis) adapt phenologically and produce maximum growth during

to late summer, coincident with later summer rains. The drought-

erant species (e.g., Chilopis chilensis, Tamarisk spp., Populus spp.,

_spp., and Carex spp.) occupy habitats where ground water or surface
is readily available.
The use of remote sensors for detecting a vegetative cover can be
ely limited by the various adaptive mechanisms that plants use in re-
e to drought. For example, the amount of plant cover can be reduced as a
t of small leaf size or leaf senescence. The Chihuahuan Desert drought-

‘ant species (such as Larrea tridentata) have small leaves that senesce

.8 persistent drought conditions. The shrubs are not detectable at normal
graphic scales because of the low amount of ground cover. One would have
. imagery scales larger than 1:10,000.

Detection by any given remote sensor is dependent on the reflectance
‘ast between vegetation and the background and the presence of at least
iinimum detectable amount of vegetation. For a given percentage of vege-
‘e ground cover, different distributions can influence the detection. Our
es have shown that the percent of vegetative ground cover present can
' the spectral characteristics of a given target composed of both soil and
ation. The percent cover causing these changes varies with the spectral
icteristics of the soil and vegetation, For those spectral regions in
| vegetation and soil have a large reflectance contrast, a low percentage
igetative cover in the field of view will have a significant effect on the

ned spectral signature. Conversely, when there is a small
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vegetation-soil reflectance contrast, a high percent vegetative cover is
needed to significantly affect the combined spectral signature. The minimum
amount of green vegetation cover that significantly affects the visible spec-
tral signature of a light-toned sand soil is about 30 to 35 percent. For a
dark-toned organic loam soil in the infrared region, the minimum cover is
about 12 percent (Figure 2) (Satterwhite 1981).

Plant phenological characteristics must be considered in the task of
searching for ground water., Because plants are sensitive to changes in soil
moisture conditions, they can frequently be detected by remote sensors only
during their maximum growth period. Evaluating the vegetative cover in asso-
ciation with the climatic, soil water, and potential evaporation data improves
the predictability of whether vegetation is indicative of a ground-water
source. Vegetation patterns can result from the presence of drought-tolerant
species., Plants whose maximum growth coincides with periods of plant-
available soil water, but which senesce during soil drought, would indicate,

as a minimum, presence of vadose water (soil matrix water). These species

would be shallow rooted, such as many annual dicotyledons and annual grasses

(e.g., Bromus tectorum). Species with persistent foliage throughout periods

of atmospheric and soil drought would suggest either drought tolerance or the
presence of ground water,

Scale and sensor sensitivity must also be considered. On 1:40,000-scale
panchromatic imagery, some shrubs are detectable as small, dark-toned dots
that contrast with the light-toned soil background (e.g., the Sarcobatus
shrubs in Pumpernickel Valley, Nevada, and the mesquite (Prosopis glandulosa)

shrubs in Tularosa Valley, New Mexico). The canopies of other shrubs (e.g.,

big sage brush (Artemisia tridentata) and shadscale (Atriplex confertifolia))

vere not detected at this image scale because of their smaller canopy sizes
and the lack of contrast between the soil and the vegetation. Vegetation-soil

contrast and the percent vegetative cover also determine, in part, the vegeta-

tive effect on soil reflectance in the Landsat image. Ll

Vadose Water Versus Phreatic Water -
Determining when the vegetation 1s an indicator of vadose water and when ;:Q
it is an indicator of either ground water or perched water is a complex prob- ii-‘

lem because the plant can utilize both water sources. Some evidence can be B
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acquired by evaluating the plant-soil-water relations and using sequential
imagery. A general water budget can be estimated from precipitation data and
evapotranspiration data; soil texture, depth, and percolation data; depth of
soil drying from surface evaporation; soil water estimates; and plant con-
sumptive use estimates. The soil-texture and soil-water relations are used to
estimate the potential plant-available soil water (Satterwhite 1980). This
estimate, together with climatic data, can lead to an estimation of when the
plant-available soil water would be depleted. Continued plant growth and
foliage cover beyond this time would indicate either xerophytic or phreato-
phytic vegetation.

The xerophytic and phreatophytic vegetation could be differentiated by
their reflectance and canopy characteristics. Drought-tolerant species often
have canopy features (reduced leaf size and canopy cover) that prevent their
detection by various remote sensors. The drought-intolerant species can have
dense canopies and a high percentage of ground cover that would make them
easily detected on remotely sensed imagery. This situation is illustrated on

a Skylab 3 color-infrared (IR) image (21-317) over northern Nevada, Big sage-

brush (Artemisia tridentata) occurs extensively on well-drained, and often

droughty, uplands. This vegetation is not shown as having a high IR reflec-
tance. The vegetation occurring on the stream channels (e.g., willow (Salix
spp.), birch (Betula spp.), cattail (Typha spp.), and slough grass (Beckmannia
spp.)) is shown on the image as having a high IR reflectance.

As the water is withdrawn by the plant or lost by surface evaporation,
the soil water (vadose water) potential increases. When the so0il water is not
recharged, the soil water potential increases and eventually the plant is
unable to acquire water from the soil. Most semiarid and arid region plants
can extract water from the soil at the 20- to 40-bar potential, with some
species extracting water at 60 to 80 bars, a much higher potential., Once the
plant-available soil water has been depleted, the plant must acquire water
from other zones, or it must endure or avoid atmospheric and soil drought.
Ground water or perched water in the root zone can be a source of plant-
available water. Use of this water depends on the plant's rooting depth,
which for some plants has been reported to be 20 m (Meinzer 1927).

Using vegetative indicators of near-surface ground water is contingent
on the use of these waters for continued plant growth when soil water is not

available. Plants using the ground water should have characteristics (foliage
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during the drought period, large canopies, and good ground cover) that enable

detection using remote sensing techniques.
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The vegetative spectral and cover characteristics and their drought

avoidance mechanisms will affect the detection of vegetation on remotely

sensed imagery. Together, the season of vegetative cover and the anticipated

atmospheric and soil drought could suggest the probable locales of plant-
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available water for the vegetation remaining in the fully leafed-out condi-
tion. However, this evaluation should be made with some knowledge of the
associated geological conditions that would support this prediction. Addi-
tional study is required to:

a. Develop and test reasonable estimates of plant-soil-water budgets
for selected semiarid and arid regionms.

b. Determine the relation between vegetative cover and plant-available
water, particularly when ground water is a source of plant-available
water,

c. Evaluate and compare the morphological features of drought-tolerant
and drought-intolerant species growing in semiarid and arid
environments.
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. PROJECTILE PENETRATION TECHNOLOGY APPLIED TO GROUND-WATER DETECTION

: by

i Dr. Paul F. Hauala* .
s

N Introduction i%

i Several people have suggested that one means of detecting ground water

is to fire a projectile into the ground and use onboard instruments to sense
the presence of ground water. There are three key factors in this approach to
ground-water detection: penetrator survivability, depth of penetration, and
= the types of sensors and transmitters to use in the projectile.
Survivability refers to the capability of the projectile and its omboard
instruments to resist damage or destruction upon impact. As impact velocity
increases, the chances of survival decrease. As will be shown later, the

state of the art of building hollow (to hold instruments) metal penetrators is

SR T T

such that these devices have not survived at high impact velocities (several

; thousand feet per second) even in soft soils. Additionally, impacts not per-

e

- fectly normal to the ground surface cause unsymmetrical loading on the pro-

i jectile, which can result in the bending and the breaking of the outer case.
Just two or three degrees of attack angle (the angle between the projectile's
velocity vector and its longitudinal axis) are all that are required to reduce

‘ by half the impact velocity at which a projectile will survive.

i The second factor, depth of penetration, relates to -the maximum depth at
which ground-water detection is possible even if all of the other technology
problems are overcome. The greatest penetration depth achieved to date by a
kinetic energy penetrator is 208 ft. A long slender optimized penetrator was

; fired into a very soft target (San Francisco Bay mud) by Sandia Laboratories

to achieve this record. Since that time, several high-velocity penetrators

with impact velocities of about 2500 fps have reached depths of 150 ft in
tests at White Sands Missile Range. Shown below is the Sandia empirical

E formula for high-velocity projectile penetration which these and many other

data support,

" D = 0.0031SN YW/A (Vo - 100)

* US Army Engineer Waterways Experiment Station, Vicksburg, Miss.
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D = depth of penetration, ft

S = goil S number (1 for soft rock, 5 for desert alluvium, and
10 for wet soils)

-

N = nose shape factor = 1,1 for 9.,25-caliber radius head (CRH)
W = weight of the projectile, 1b

"' l’

£,

A = projected area of the projectile, sq in.

e
-

Vo = impact velocity, fps; Vo 2 250 fps)
Because of geometry, metals technology, and the need for space to carry
a lightweight instrument package, a penetrator has not been built with a W/A
value greater than about 15 psi. A penetrator with these characteristics is
relatively long and slender and susceptible to damage by oblique impact or
attack angle effects.
If W/A 1is 15 psi, then for soils such as desert alluvium (S = 5), the

depth of penetration versus velocity relation is
D = 0.066 (V0 - 100)

The above formula indicates that a 2000-fps impact velocity is needed to
achieve a depth of penetration of 125 ft. As will be shown, the upper limit
of impact velocity for projectile survival in S = 5 soils is presently about
3000 fps. This limit is based on strength of the best available steels and on
maximizing penetrator sidewall thickness (while still leaving some room for
payload). The maximum amount of penetration possible with state-of-the-art
devices 1s 190 ft in desert soils. To achieve this depth would require almost
perfect (i.e., normal) impact conditions and no rocks or boulders.

State-of-the-art technology is a key point because it limits the depth
of penetration, in cases of interest here, to about 200 ft. Therefore, even
if all technical questions concerning onboard instruments to detect water and
transmit data back to ground surface could be solved, the detection system
would be limited to a 200-ft depth.*

The levels of manpower and logistics involved in drilling a 200-ft-deep

exploratory hole are comparable to those required to achieve the same hole

* A shape charge hole-making system has an even more limited depth capacity
in the present state of the art. As far as this writer is aware, the
world's record is a 52-ft~deep hole made by Los Alamos Scientific Labora-
tory in alluvium using a 200-1b charge.
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with an earth penetrator (EP). More technology, higher skilled labor, and
certainly more cost are involved in the use of an EP than with conventional
exploratory drilling. The only possible advantage of an EP system over
drilling is that of time. However, this advantage is counterbalanced by the
fact that a drill hole will provide direct evidence of usable water if pres-
ent, while an EP can provide only indirect evidence of lesser reliability.
The third factor, sensor type, is one about which very little is known.
There are two types of sensors. Direct sensors respond only to the presence
of water. While there may be some measurement of this type that can be devel-
oped based on chemical characteristics of the compound HZO, there are no geo-
physical tests that respond only to water. Indirect sensors or indirect
measurements are the basis for geophysical ground-water prospecting. Inter-
pretation of the data leads to one of two conclusions: (a) "Water is not
present," or (b) "Water is possibly present, but the same measurement could

also be indicative of or instead of water."

Knowing that water is present is not enough. One must determine whether the
stratum in which water is present is sufficiently permeable to permit a well
to be developed. 1Ideally, a water-detection penetrator should be capable of
collecting data to permit such a determination. Finally, the data must be
sent to the local ground surface or to some remote location where they can be
used. There are two methods of data transmission: wire communication with
the surface and through-the-ground telemetry. Later in the paper, some exam-

ples will be given about penetrator instrumentation,

Earth Penetrator Delivery

Available data indicate that impact velocities of greater than 2000 fps
are required to achieve 200-ft penetration. The ranges of impact velocities

achievable by the various delivery systems are given in the tabulation below,

Method Velocity, fps
Artillery delivered 200 - 500
On-site, gun or rocket 1000 -~ 2500
Helicopter drop 200 - 1000
Jet aircraft - dive-bombing mode 2000 (?)
100




These values indicate that only dive-bombing jet aircraft or gun~-fired
or rocket-assisted projectiles (fired at pointblank range) can achieve the
kind of velocities needed to use a penetrator to investigate shallow ground-
water sources,

Sandia Laboratories developed a large recoilless rifle to fire 200- to
400-1b projectiles into earth media (Figure 1). The gun and its support

Figure 1., Large recoilless rifle developed by Sandia Laboratories to
fire 200~ to 400-1b projectiles into earth media
equipment are comparable in size to a large drill rig. While the penetrator
firing process itself takes only a fraction of a second, the setup of the
device, the loading of the projectile and propellant, and the checkout of
instrumentation onboard the projectile takes 2 or 3 days. In this amount of
time, a drill rig can set up and drill a 200-ft-deep small-diameter explora-
tory hole in soil. In rock, the maximum depth would likely be 20 or 30 ft in
this same time frame; however, a 2000-fps projectile would achieve only about

20 ft of penetration in rock.
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Projectile Survival

The key technical question limiting EP performance 1is the survival of
the penetrator case and internal components (see Figure 2) during impact with
the soil surface, buried boulders, or underlying rock layers. If the penetra-
tor is to make water-related measurements, it must have internal electronic
instruments, batteries, and amplifiers. It must also have an onboard trans-
mitter of some sort to transmit the data to the ground surface. For such an

instrument to function and transmit data, the case must survive.

Figure 2. Case and internal components of an EP assembly

The EP shown in Figure 3 failed after impact with a 10-ft2 block of soft
sandstone at a 2-deg attack angle and velocity of 1500 fps. This EP was made
of a single forging of a very strong, high~fracture toughness steel. Of

cocrse, the internal components shown in Figure 2 were also destroyed.

Figure 4 is taken from a state-of-the-art report* on earth-penetrating

weapon technology and summarizes much of what has been discussed about

* Classified reference. Bibliographic material for the classified reference “
will be furnished to qualified agencies upon request. e
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Figure 3. Penetrator destroyed in 100-fps reverse balllstic
test against a weak sandstone target

projectile penetration depths and survivability. As shown in the figure, the
upper limit impact velocity at which an EP structural outer case will survive
an almost normal impact decreases as the soil becomes stronger. This limit is
based on extensive empirical data. The depth of penetration lines shown are

obtained from the Sandia formula for each condition notated. As previously

stated, the survival limit for the water detection application of EPs is 1800
to 3000 fps depending on the type of soil. For optimized projectiles, depths

of penetration could be multiplied by about 1.5.

3

Survival of Contents jiﬂf

K

In the state-of-the~art report mentioned above, accelerations and ;;"?

P

strains on dummy internal components of the projectile shown in Figure 2 were -]
measured. Strains beyond the elastic limit and high-frequency accelerations f':;i
above 20,000 g's were recorded. This is, to say the least, a difficult ff.:
e .

S
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environment in which to keep an electronic instrument payload operational.
Much trial-and-error experimentation is required to satisfactorily harden the
payload. The terminal delivery vehicle developed by REMBASS (Remotely Moni-
tored Battlefield Sensor System) was carried inside a 155-mm shell (Figure 5).
At about the maximum height in the shell's flight, the vehicle is expelled
from the back of the shell by a small explosive charge and dropped in a near-
vertical trajectory where it impacts the ground. The fins are deployed as
shown, and the back section attaches to the ground surface. Separation occurs
just ahead of the fins and the nose-body section and continues downward to a
depth of 5-10 ft, unwinding a wire connected to the antenna in the back sec-
tion as it goes down. This projectile carries a seismic noise sensor, bat-
teries, amplifier, and radio transmitter. In repeated trials, the impact
shock-damaged radio crystals.* By a combination of analysis and trial-and-~
error testing, crystal mountings and crystal natural frequencies were changed
to reduce the failure rate. This is the only projectile of which the writer
is aware that performs any type of sensor mission, and it is limited to about

10 ft of penetration at low-impact velocity.

Sensors

Assuming that the projectile survives the impact and achieves the de-
sired depth of penetration, then, after the high-shock ride, the contents must
function to detect water. What type of sensors can be employed for this pur-
r :? Very little work has been done to answer this question, but more than
. . letection method should be electrical (i.e., resistivity) or chemi-
cal (i.e., sume chemical that reacts with water, absorbs water, or is dis-
solved in water in a way such that an electrical signal is produced by a
device that measures the change in the mass or volume of the chemical or the
heat of reaction). For either of these methods to work, there must be an open
channel into the interior of the projectile for wires from the resistivity
electrodes or to permit the flow of water into the chemical reaction chamber.
Such holes seriously weaken the projectile case unless they are at the back

end of the projectile,

* Although impact with the ground damaged the payload, the shock of being
fired from a 155~mm gun did not.
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Figure 2. Peak amplitude response as a function of frequency for

a circular cylinder in a half-space at three different depths, 20,

60, and 100 m. Skin depth of the half-space is shown along the
frequency axis (from Won 1981)

Obviously the state of the art for this technology is far from complete.
Needless to say, further theoretical development in wide band frequency
responses of realistic earth conditions, especially related to ground-water
aquifers, is needed as well as advancements in equipment and experimental
schemes. Current capability is strictly limited to ground measurements; theor-
etically, however, the potential is there for accomplishing airborne measure-
ments with similar technology. An obvious advantage to spectral profiling is
the ability to classify any significant anomalies in terms of their subsurface

distributions. Physically, an anomaly caused by a large and deep structure

119




Major obstacles in the development of continuous-frequency EM systems
are: (a) poor theoretical understanding of wide band induction phenomena and
(b) lack of instrumentation for field data collection and processing. The
theoretical understanding of wide band diffraction as applied to EM energy is
improving but still quite primitive.

Won and Kuo (1975a, 1975b) formulated a generalized EM diffraction
theory involving more than two media (for example, air, rock, or water), each
having an arbitrary electrical conductivity, dielectric permittivity, and
magnetic susceptibility. Won (1980) tested the theoretical results through
experimentation in a scaled laboratory environment using a swept-frequency EM
system. He simulated conductive earth with saline water and various targets
with a thick graphite slab. The experimental model results, which were in
qualitative agreement with theoretical results, provided impetus for con-~
tinuing the development of this technology.

The limited theoretical and laboratory experiments led to the develop-
ment of a prototype field system. A block diagram of this system is shown in
Figure 2. It is functionally divided into transmitter, receiver, system con-
trol, data acquisition, and playback components. Specific facts concerning
this system are as follows: (a) it operates in transit with a loop-loop
transmitter/receiver configuration; (b) it transmits a logarithmic sweeping
harmonic signal from 500 Hz to 100 KHz; (c) the receiver measures secondary
field amplitudes and phase spectra of the return signal; (d) data are dis-
played as a continuous spectral profile with distance, which effectively gives
a conductivity cross section of the earth's subsurface; and (e) spectral pro-
files in the frequency/distance domain can be interpreted very similarly to
reflective seismic profiles in the time/distance domain, providing ease of

interpretation of the results,

Summarz

The field data obtained thus far are encouraging. All major anomalous
spectral features in the data have been recognized and identified with avail-
able ground truth data as caused by either geologic or cultural origins. In
addition, preliminary results based on theoretical studies of a horizontally
layered earth indicate that there is a strong correlation between a given geo-

logic model and its electromagnetic spectral profile.

118

PR I

. Lo
PR W SN

et b td




T—— \
A e e e DALl S N P N N prrrp———

SKIN DEPTH NOMOGRAM

-:-Ioa Ve
. D=(rmuati? tor 14 10%0
: I MHz
[72]
gf *®
° 3
g 502 3 -FIOCm
F X
3F 3 ﬁ 100 kHz
(72 3
9 E [ /
> 2 - /
e /
L. © 3
| Fio' R tm /
: - § L / kHz
9
|
& - / °g
E J J- / <
| 4 / @
%3 4 a
3 — +-i0m / w
[=] 3 ’ z
3 5 - 1 7 e
%: ? o} / I kHz
(4 o -
= o 4 |
2 o b= / /-‘LIOO 8
2 3 'Fo' m 2
l 7 4 / &t
l d / p o e
E o 7 [ (= , 100 Hz
12 a e
[ 3 / b o w ”~
3 a.,”
f :—IO. / .-—Ikm/ -
< L / .7
£
l SIs, F e
é ? : 7 ’/ - IO Hz
@ - / e ol
: ol .-
og Ix|/.- - by
e vk E 4 10xm >
g YFi0 Y o
§ ZTE o
8 { Cutf w z
§ -3k r=1 ul
Z 9ot 3 EtHz
=2 Wl 2 o
w 2 x ®
5 39 »n+ w
l | Lio* 4.100km
Hz
(o]

Figure 1. Relation of source frequency, ground conductivity, and

depth of penetration. For example, if the source frequency sweeps

from 100 Hz to 100 KHz in a typical igneous rock area, the depth

of exploration (skin depth) ranges from about 40 to 1500 m (from

Won 1981)

drawback of these multiple-frequency systems was that each frequency required
a separate operation; thus, without introducing a frequency multiplexing or
power switching scheme, such a system could not be used in a dynamic mode.
This would eliminate these techniques as ground mobile or airborne reconnais-
sance tools. The swept-frequency technique would provide the multiple-
frequency measurement capability over a very short time frame, thus allowing ’l ]

the airborne reconnaissance role.
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methods conducted at North Carolina State University, Raleigh (Won 1981),
sponsored by the U, S. Army Research Office, Dr. Won's work provides an over-
view of the character of emerging long-wave EM energy theory, equipment, and

methodologies that are available for subsurface exploration.

Concepts

EM exploration employing single frequencies up to the radio frequency
bands has been used for some time, primarily as an induction method for geo-
physical surveying in the mining industry. This technique utilizes the
changes in electrical conductivity of specific mineral deposits as a means of
detecting their presence. The single-frequency radio techniques involve the
propagation of a time-varying low-frequency EM field in and over the earth.

Ideally, any exploration survey technique would not only locate an
object but also provide some additional information on its character and geom-
etry. Thus, the development of an EM method that can more rapidly and eco-
nomically map three-dimensional subsurface variations and conditions should be
pursued. These variations can be due to mineral deposits, ground water, or
tectonic structures causing changes in the electrical properties of the sub-
surface materials,

Dr. Won's approach is based on the assumption that a swept-frequency or
variable-frequency EM method could provide both deep penetration and high ver-
tical resolution in a single exploration device. The depth of penetration
that can be achieved with EM devices is determined mainly by the frequency of
the energy transmitted and the conductivity of the subsurface materials, This
relation is shown in the nomogram in Figure 1. Applying swept-frequency tech-
niques, therefore, is really equivalent to doing a depth sounding at a given
point. By making the device mobile, either on the ground or in an aircraft,
and obtaining the depth soundings as a function of time and space, a three-

dimensional methodology could be achieved.

The idea of using multiple-frequency sources in EM surveys is not
totally new. Work was accomplished by Ryu, Morrison, and Ward (1972) using
14 discrete frequencies between 200 Hz and 10 KHz to explore for ground water

in the Santa Clara Valley, California., Similarly, Ward et al. (1974) and :'{f“

Ward, Pridmore, and Rijo (1977) used 14 discrete frequencies between 10.5 Hz .‘
and 86 KHz to explore a sulfide mineral deposit in Ontario, Canada. The o)
R
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full potential has not yet been demonstrated.

The ground survey systems provide more direct measures of the presence
of water because of their means of measurement, Seismic refraction techniques
infer the presence of ground water through the velocity of compression waves
moving through the earth. Saturated alluvial materials will have a character-
istic compression wave velocity that is representative of the velocity of com-
pression wavas in water, while unsaturated materials will generally have a
different velocity. Resistivity can be used to infer the presence of water
through changes in the measured subsurface conductivity because saturated
materials have a much higher conductivity and lower resistivity than dry mate-
rials. The GPR detects water because wet materials have a much higher dielec-
tric constant than dry materials, and the water table creates a highly reflec-
tive surface for the radar energy transmitted into the ground. Loop-loop
electromagnetic technique also operates on the principle of electrical conduc-
tivity of the materials. While these techniques do provide a more direct way
of detecting the presence of water, they are by nature much slower and more
expensive to use than the aerial techniques. Refraction and resistivity tech-
niques, for example, require the use of large lengths of cable and equipment
to survey an area and are fairly labor-intensive.

Essentially, the technology of today consists of the alternative capa-
bilities of doing very general, large area, indirect surveys through satellite
or aerial remote sensing techniques or, in the other extreme, doing more
direct local surveys on the ground using geophysical techniques. Neither pro-
vides the capability desired for the military community. An aerial technique
that would provide a more direct measurement with depth would be a significant
enhancement in capability and would move closer to the operational capability

desired for the military.

Objective

The objective of this presentation is to briefly discuss an emerging
technology that could provide an enhanced ground-water survey capability in
the future. As such, this demonstrates that technology is advancing. New
concepts that have considerable promise for enhancing ground-water survey cap-
abilities should be investigated in detail. This paper is based on

Dr. I. J. Won's research on swept-frequency electromagnetic (EM) exploration

> o
o', 4

115 -

®__
.- K ) -‘
S

.....
.........




Py et I R S e e e Ttk Tl nth AN A 2 o0 i B s e e LT Bt
P Pttt L T P . A STe e T e e e .

OVERVIEW OF ADVANCED ELECTROMAGNETIC TECHNIQUES FOR
GROUND-WATER EXPLORATION
by
Dr. Lewis E, Link, Jr.

Introduction

The ability to rapidly survey large areas to detect the presence and
character of ground-water resources is important for any military operation in
arid regions. A wide variety of potential techniques exist; however, none
provide the desired quantitative capability for military applications. Exist-
ing aerial and satellite remote sensing systems can provide information rele-
vant to groundwater resources over large areas, Inference of ground-water
conditions can be made through (a) delineation of subsurface geologic condi-
tions through their surface expression, (b) lineations that indicate fracture
zones, or (c) vegetation indicators. By examining imagery acquired at appro-
priate times, some judgment can be made with respect to the presence of an
aquifer that could contain ground-water resources. However, these systems
cannot be used to directly infer the actual presence of ground water, other
than perhaps through some of the vegetation indicators. Their major advantage
is that they provide a rapid, relatively low-cost survey of very large areas.

Their major disadvantages are that ground water cannot be sensed directly and

that only the presence of a water trap or the conditions favorable for the
accumulation of ground water can be inferred through terrain surface condi-

tions observed on imagery. Si 2

A variety of existing techniques based on ground survey systems provide
more direct measures of the presence and sometimes the character of ground- .!
water resources, These techniques include seismic refraction, electrical
resistivity, loop-loop electromagnetic surveys, and ground-penetrating radar e
(GPR). The seismic refraction and resistivity techniques that have been used iéifﬂ
in geophysical prospecting have also proved to be successful methods for ;QAw%
locating ground water to depths of hundreds of feet. In military operationms,
they are not amenable to application by untrained individuals. Interpretation
of both refraction and resistivity data requires sophisticated analysis tech-
niques and significant training on the part of the interpreter. The loop-loop

electromagnetic and GPR techniques are relatively new methods, and their
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determined induction well log record at the same location. The exciting
aspect of this TDEM procedure is that as many as 20 soundings per day could be
conducted under favorable conditions. The TDEM method, however, still has the
same nonuniqueness as any other method used to determine resistivity as a

function of depth.
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direct ground-water detection, Direct ground-water detection, however, must
be viewed as a long-term goal.

There are several EM techniques such as magnetotellurics and various
types of loop-loop, dipole-dipole, loop-dipole, etc., methods that can be used
to determine resistivity or conductivity as a function of depth. Compared to
the electrical resistivity techniques discussed previously, these EM techn-
iques can be more rapid and less logistically cumbersome, and they do not
require surface contact,

One of the most promising of the emerging technologies is the time-
domain electromagnetic (TDEM) method. In the TDEM method, a very broad band-
width EM signal is input to the ground, and, because the signal is transient
(i.e., not a continuous wave source), very high power levels are possible.
The return signal is interpreted to give resistivity as a function of depth.

Figure 1 shows an interpreted TDEM record and compares it to an independently

Block Resistivity Diagram From Induction
Well Log

Interpretation of Sounding /12
Using Inversion Techniques

Resistivity in Ohm Meters

o)

10

O.1

Reslistivity in Ohm Meters
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' T
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[
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3 1000 E 1000
. J
e
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 S—
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Figure 1. Comparison of well log resistivities and the inverse interpretation

of TDEM sounding 1/12., The similarities both in equivalence of resistivity
and layer thickness is quite remarkable (from Harthill, N, 1976. "Time-
Domain Electromagnetic Sounding," Institute of Electrical and Electronic Engi-
neers, Transactions on Geoscience Electronics, Vol GE-14, No. 4 (Oct),

pp 256-260.)
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EMERGING TECHNOLOGY: GEOPHYSICS

. by
] Dr. Dwain K. Butler

In emerging geophysical technology, new or adapted techniques are sought
to detect or determine subsurface indicators of the presence of ground water:

stratigraphic indicators, structural indicators, aquifer properties. A few

.|l

techniques that hold promise for future application to ground-water explora-
tion include:

L a. Seismic reflection techniques to determine V /V as a function of
‘ depth.

b. Induced polarization applied to ground-water detection.
€. Controlled source audio-frequency magnetotellurics.
d. Time-domain electromagnetic methods.

I's
|®
L]

Standard electromagnetic methods applied to ground-water exploration
R (i.e., loop-loop, dipole-dipole, loop-dipole,

An advancing technology is the use of seismic reflection methods to

determine various types of reflection cross sections. The state of the art in
ii determining both compression (V_) and shear-wave (Vs) velocities from single
primary reflection panels (collection of all geophones receiving signals from
a single source location) is rapidly advancing. Thus, both compression and
A shear-wave interval velocities can conceivably be determined from a single
il "split-dip" spread setup, though different sources might be required to gener-
ate separate compression and shear-wave reflection panels. From this proce-

dure, Vp/Vs ratios would be determined as a function of depth and, due to

the fact that shear-wave velocities are generally much less affected by water
i saturation than compression-wave velocities, the VP/VS profile should be ;.-1
highly indicative of the occurrence of ground water. Because only a single
reflection spread setup is required, the logistical complexities associated
with the continuous reflection profiling procedure are avoided.

If there is ever a device that even comes close to the "black box" water '.:"F

detector ideal, it will likely be an electromagnetic (EM) device. There are
numerous EM techniques ranging from near-DC induction techniques to GHz wave-
propagation techniques. Hopefully, some innate property of the aquifer system

will be amenable to interrogation or probing by an EM technique and allow
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If somebody went into
area and was willing to put
develop a system that could
ground at a depth of 200 ft
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a major technology development program in this
a lot of money and time into it, I'd say you could
air-deliver a projectile and get it into the

(as long as you didn't hit rock or surface

A - AOMOEMARRIADH, Y SR

boulders) and could receive data from it. But you'd be investing many mil-
lions of dollars to get that.

In projectile penetration technology, we've got essentially two ways to
go in R&D. We can do some things with large finite-difference hydrodynamic
codes, such as calculating the forces on the projectile during impact, and the
structural response of the projectile. This only gets us in the right order
of magnitude; it doesn't tell us much of anything about the details that are
going to kill the components of the projectile. In the laboratory, research-
ers must build full-scale projectiles and try to make them survive after
firing into artificial targets that are about as hard as the field targets.
When the EP survives in that environment, you take it out to the field and
start doing full-scale field tests. In order to find out what went wrong with
your projectile in the field test and learn from it, you've got to dig it up.
If you're getting it down 200 ft, that's a 200-ft-deep, large-diameter cased
shaft that you've got to dig into the ground for men to get into it to recover
the projectile. Then you can do a post~mortem on the EP and find out why it
failed and fix that item. Next, you go back into some more impact tests or
reverse ballistic tests in the laboratory and continue the trial-and- error
process.

Developing an EP is an expensive, time-consuming process with no

guarantee of success,
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Q. Why don't you just probe the hole left by the projectile?

A. You can't guarantee the hole will stay open. Basically, my experi-
.i ence with deep penetration of dry soils at Main Lake Range at Tonopah Test

X Range, Nevada, has been that only the top third to half of a hole will remain
N

“

-~

open. In other words, when the smoke clears you rush back in and try to

start pushing rods down the hole, and you don't hit the penetrator. The way

we determine where those penetrators are is by mining down in shafts and

picking them up. If you get lucky and run through a water-bearing stratum,

the hole certainly won't stay open.

g Q. I think the point is, as mentioned before, that this is not a short-

I term solution, but it certainly should not be ignored for long-term research,
as far as looking at it as something that is useful.

A. There is a very fundamental problem in converting kinetic energy to
strain energy.

Q. Has there been any experience with making measurements of soil con-
ditions as the penetrator is going down?

A. There has been. The deceleration of the projectile has been re-
corded on the way down, And after the EP has come to rest you can play back
the whole history of what happened on the way down via telemetry. If you
could make resistivity probes survive on the outside of the projectile, you

5 could get a continuous resistivity pattern.

Let me tell you about another problem with high-velocity penetration.
We've done metallurgical examinations of the surface of penetrators that have
gone deep in the soil with high-impact velocities. The surface of the metal
melted. A thin skin about a couple thousandths of an inch thick on the re-
:g covered penetrator had melted and recrystallized. The 8in.-diam penetrator
< was measured and found to be 0.02 in. smaller than what it was before it went
into the ground. By carefully probing the sides of the hole with a magnet, we
were able to recover small pieces of steel, Metallurgical examination proved
these pieces had been melted and had come off that penetrator. Getting some-
thing to survive that high temperature environment and take a measurement on
the way down is extremely difficult. Friction on the side of that projec-
tile is sufficient to melt steel when you have sufficient velocity to get the

S kind of depth you need.




Question-and-Answer Period ;::g
Q. What do you think are the possibilities of using static penetrator ii%
technology for ground-water detection down to the 50- to 100-ft depth range? ti;i

A. In geotechnical exploration, we do it routinely; it's called the

Dutch cone penetration test. Some people have adapted this cone to measure
the resistivity of the soil as a function of depth, as well as the point and
skin friction resistance of penetration. From those three measurements, you -
can get a pretty good idea of whether you're going through a sand or clay

without getting the sample back to the surface. Practically speaking, you've

got to have a lot of mass on the surface for reaction of the hydraulic system ‘9 _
that pushes the cone into the ground. I don't know of any penetration tests ;;ﬁq
deeper than 100 ft. You can run one of these tests to a depth of 100 ft ?;ﬁ;
faster than you can drill, but you can't be certain that there's any water ;fi}
down there. All you know is the resistivity. ;;f:

Q. Will static cone penetration tests go through rock?

A. No, they will not. They will go around small rock. The rod will
bend and go around it.

Q. There's a family of runway-cratering munitions that are parachuted
and then rocket-fired to penetrate a half-metre of concrete and reinforcing
and over 2 ft of crushed rock without destroying the fusing, so there are
other penetrating techniques. Secondly, I can envision a scenario where a
location of interest can be overflown but is inaccessible to a drill.

A. I can envision that, too.

Q. So, what I'm suggesting is we haven't invented the right thing yet,

but we should not summarily dismiss the concept.
A. People have looked at combination shape charge-kinetic energy ‘;
follow-through penetrators as a means of doing the job. This is what is
involved in the cratering munitions just mentioned. These munitions can't
achieve the depths we need (200 ft) either. Basically, achieving depth with
an EP is just a matter of providing enough kinetic energy; an awful lot of ;i;;
kinetic energy is required to get more than 200 ft of penetration. Making the

EP survive the sudden conversion of the kinetic energy to strain energy isn't

within the state of the art at energy levels needed to go that deep, regard- :-;Q
less of the way you package the kinetic energy. '6 |
s
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An alternate to onboard measurement would be for a ground team to probe
the hole left by the EP, Experience has shown that such holes rarely remain
open to the full depth of penetration, so this is not a high reliability
option,

If an onboard sensor successfully obtains data, the next problem is to
transmit that information to the surface. There are two ways to do this. One
is a hardwire system, such as used by the REMBASS terminal delivery vehicle.
The other is by through-the-ground telemetry. Sandia Laboratories has had
some experience with this. Ground telemetry requires the placement of a
receiving antenna on the ground surface in the immediate vicinity of the

impact point,

Summary and Conclusions

Some key points about penetration mechanics and experience with EP tests
that bear on the problem of water detection with earth penetrators are:

8. Impact velocity greater than 1000 fps is required for deep

penetration,

b. Maximum depth achieved by an earth penetrator is 208 ft.

¢. Survival is doubtful in rock or boulders.

d. Penetration to depths of 50 to 100 ft in dry soils is practical.

e. High failure rate for internal electrical and mechanical components
occurs due to impact shock.

f. Equipment and time required are greater than to achieve the same

depths by conventional drilling methods.

Based on the available data, present metal technology prevents the
achievement of depths greater than about 200 ft, even in the softest soil.
Thus, an EP ground-water detector development program, even if it were to
overcome the serious obstacle of case survivability and internal component
performance, would only work at those depths where exploratory drill holes can
be accomplished with roughly the same level of effort.

Therefore, EP ground-water detectors should not be pursued, because they

are high-risk, limited payoff items.
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will be a broad feature in space and will be represented by the lower fre-
quencies of the energy transmitted and measured; an anomaly caused by a small
shallow structure would be measured as a narrow feature in space and would be
represented by the higher frequency data obtained. This is a unique feature
of the swept-frequency or continuous-frequency EM concept and is one of the
major reasons why, along with the ease of interpretation of the data, this

technique holds considerable promise for the future.
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GEOLOGIC CONSTRAINTS ON GEOPHYSICAL SURVEYS FOR GROUND-WATER EXPLORATION

by
John H. Shamburger*

For a number of years, geophysical techniques have been used success~
fully in ground-water investigations to locate and delineate aquifers. These
techniques include electrical resistivity, electromagnetic, seismic, gravity,
and magnetic methods, either solely or in combination. The degree of success
attained in a geophysical survey is site specific because of the effects of
geologic conditions on both the applications (depth of investigation) and
accuracy of the data interpretation. Geologic features, such as structure,
stratigraphic relationship, lithology and physical and engineering properties,
sedimentary sequences, and surface and paleo-weathering effects, are known to
limit or enhance the application of geophysical exploration techniques.

Because of the limited time, my talk will cover only seismic refraction.
As you know, seismic surveys are based on the measurement of the velocity
distribution of artificially generated seismic waves in the earth's crust.

The velocity of the seismic waves depends on the density, elasticity, and
composition of the subsurface geological formations. The velocity is usually
lowest in unconsolidated materials or soils and increases with the degree of
consolidation or cementation.

Before we discuss some of the geologic constraints on seismic refrac-
tion, I want to define the nomenclature of geologic conditions in ground-water
flow, which are aquifer, aquiclude, and aquitard.

a. An aquifer is a geologic formation or stratum with voids or pores
containing recoverable water that can be used as a source of water

supply.

b. An aquiclude is a geologic stratum so impervious that, for all
practical purposes, it completely obstructs the flow of ground
water (although it can be saturated with water itself) and com-
pletely confines other strata with which it alternates in
deposition.

c. An aquitard is a geologic stratum of a rather impervious and
seniconfining nature that transmits water at a very slow rate com-
pared to an aquifer. Over a large area of contact, however, it may
permit the passage of large amounts of water between adjacent
aquifers which it separates.

* US Army Englineer Waterways Experiment Station, Vicksburg, Miss.
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Some strata are good aquifers, and, in contrast, others are poor. To be
fﬂ: a good aquifer, a stratum must have interconnecting openings or pores through

which water can flow. This characteristic depends upon the composition,

origin, and relation of the grains or particles and associated pores of the

strata; the relative position in the earth's surface; and exposure to a :?'-

recharge source and other factors, Generally, the best aquifers are uncon- oy
S

solidated coarse-grained soils (sands and gravels). Coarser grained sedimen- »

tary rocks, such as conglomerates and sandstones, are often good aquifers;

however, their potential as aquifers is dependent upon cementation and frac-
turing. Other sedimentary rocks (limestone, dolomite, etc.) can be good )
aquifers, provided that solutions along fractures have developed voids for .
water to accumulate. Metamorphic and igneous rocks provide sources of ground -;{:

water only if they have undergone sufficient stress or weathering to form

openings or porous residuum for water to flow. Some lavas, especially viscous

basalts, can contain good to excellent aquifers between successive flows.

PP, L U
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The three general types of aquifers (unconfined, confined, and perched)

)
ot

are illustrated in Figure 1. An unconfined aquifer is one that does not have

por r v,
ERASNS
'

a confining layer or aquiclude overlying it. A confined or artesian aquifer

«
A

-

i

GROUND
SURFACE

/PERCHED WATER TABLE

—

REGIONAL WATER TABLE \\ — — —
= - - - +_ —

CONFINING LAYERS

a— UNCONFINED
AQUIFER — %

Figure 1. Three general types of aquifers
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has overlying and underlying confining layers. A perched aquifer is formed

where layers or lenses of relatively low-permeability material trap the {‘g;
. downward-moving water above the regional water table. °
X Many geologic processes have caused heterogeneous conditions that affect SR

the travel time curves and present interpretation problems. Two geologic con-

X ditions are troublesome to use in interpreting subsurface conditions from
seismic data. I might add that these conditions are not uncommon. . v

The first one is referred to as velocity inversion, which occurs where o
the velocities in the layering sequence of soil and/or rock do not increase

uniformly with depth (Figure 2). Layer 1 has a lower velocity than layer 2

AL

2 t |/ V2 x '

: YV, S
. Vi< V2 > V3 < Vy
' N v 5
- 2 \ Va t".I'i':'l;-t‘
2 N, v B

Figure 2. Example of velocity inversion

or layer 3, and layer 3 has a lower velocity than layer 2 or layer 4. The re-
sulting effect will be an incorrect inference of depth to layer 4 because the
thickness of layer 3 will be miscalculated.

j? The second condition, a blind zone (Figure 3), is a three-layer strati- o

wi

graphic unit in which the seismic velocity increases with depth. However, the

PIRRN)

middle layer is too thin to act as a reflector, and the depth to a reflector

below the thin layer will be miscalculated.
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Figure 3. Example of a blind zone

A good example of these conditions occurs at Rocky Mountain Arsenal
(RMA) near Denver, Colorado, where a seismic refraction survey was performed
in August 1979 as a part of a ground-water contaminant migration study. The
overall purpose of the study was to stop contaminants in the alluvial aquifer
from crossing the arsenal boundary. This containment was to be accomplished
by constructing a slurry trench to block ground-water flow, installing wells
in the alluvial aquifer up-gradient of the trench to pump the ground water to
a treatment plant, and recharging the aquifer down-gradient of the trench with
the treated water through a series of wells.

Figure 4 shows a shallow profile near the northern boundary of RMA with
two geologic units: the Pleistocene alluvium and the Denver Formation. The
alluvium can be roughly divided into the upper clays, silts and fine sands,
and underlying sands and gravels, while the Denver Formation consists of
layers of varying thicknesses of clay shale, silt/siltstone, and sand/
sandstone., A slurry trench was to be constructed through the aquifer and
anchored in the Denver clay shale.

The purpose of the seismic survey was to identify the depth to the water

table and the contact between the alluvium and the Denver Formation. These

124

R A T Ta L SRR LN W I SR -
. - CRNAEN .
A" .t acw et 0y




T

MM A B A AN N AT T AR AT AT A A Au i ML gee st s I S S e M i il R A

ALLUVIUM

-
N7 e ——————, e —— e —

oo’ ALLUVIUM

DENVER FORMATION

Figure 4, Shallow profile near the northern boundary of Rocky
Mountain Arsenal

data were needed to plan the length and depth of the proposed slurry trench
and to assist in determining the quantity of water that had to be treated. If
the survey was successful, the number of borings could be reduced and a more
accurate geologic profile constructed. Another purpose of the survey was to
identify the contact between the Denver Formation and the underlying Arapahoe
Formation for stratigraphic correlation and to determine if water-bearing sand
layers could be detected.

Analysis of the time-distance plots revealed a two-layer refraction
system along the northern boundary (Figure 5). The P-wave velocity of the
near-surface or upper layer was 630 to 1200 fps, while the lower or second
layer ranged from 6000 to 7000 fps. Depths along this seismic profile ranged
from 8 to 14 ft. This refractor surface in the alluvium correlates closely
with the contact between fine sands, silts, and clays overlying the coarser
sands and gravels, as depicted on the geologic cross section. In some places,
the coarser material was well cemented with calcium carbonate, which could
also increase the P-wave velocity. The alluvium-Denver contact did not show
up as a refractor surface because a significant velocity contrast did not
exist, Additionally, the velocities did not increase with depth, indicating
that the material of the Denver Formation immediately below the partially
cemented sand and gravel in the alluvium had a lower velocity and was not
detected. Even more critical than not locating the alluvium-Denver contact,
the water table was not detected; therefore, based on the seismic interpre-
tations, an aquifer did not exist.

We ran extensions to locate the Denver-Arapahoe interface (250-300 ft

below the ground surface) and saturated zones within the Denver. Points on
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Figure 5. Time-distance plots showing a two-layer refraction system
along the northern boundary of Rocky Mountain Arsenal

the extension plots fit a straight line with a high correlation, indicating
that sufficient P-wave velocity contrasts did not occur between the Denver and
Arapahoe formations to identify the contact. This lack of contrast is under-
standable because the characteristics and environment of deposition of these
formations are similar. The survey was also unable to detect the thin satu-
rated sand layers in the Denver, which illustrates blind zones.

What does this survey tell us? In simple terms, the subsurface geology
is a key to the success or failure of a geophysical survey. Prior knowledge
of geologic conditions can also contribute to the type or types of geophysical
surveys that should be used to successfully locate ground water.

How do we improve our techniques for detecting ground water? We need to
develop a predictive technique for identifying subsurface conditions in areas
of interest and to identify the degree of geologic constraints exhibited

against geophysical techniques.

126

L W TR . r‘.'..'.'\_"._"t.'."‘\-ﬂ'r'_v',j..r»?"" i alaC A




GROUND-WATER AVAILABILITY IN SOUTHWEST ASIA~-EVALUATION
OF GEOLOGIC AND HYDROLOGIC DATA
by
Dr. Robert L. Laney¥*

Introduction

Many of the items discussed in this Ground-Water Detection Workshop were
identified in a report by the Defense Science Board Water Support Task Force
final report, "Water Support to U. S. Forces in an Arid Environment." Surface
geophysical methods and remote sensing techniques received most consideration
as potential ground-water detection tools. Little consideration in that
report was given to evaluating the available hydrogeologic data in the areas
of interest. Therefore, the purposes of this paper are to:

a. Stress the need for compilation of the available geologic and
hydrologic information before geophysical or remote sensing methods
are used.

b. Show that a considerable amount of geologic and hydrologic data
presently exist, and that these data could be used to prepare
ground-water availability maps.

c. Suggest procedures for utilizing the geologic and hydrologic data in
evaluating ground-water supplies.

Examples from ground-water reports on the Arabian Peninsula area and Libya are
shown to illustrate types of data that are available and how they could be

used.

Value and Use of Geologic and Hydrologic Data

Geologic knowledge of an area with attendant appreciation of hydrologic
principles is essential to any ground-water prospecting activity. This knowl-
edge can often lead to an early determination of the potential for producing
the required amounts of ground water for a particular purpose or to locate
areas where sufficient quantities of ground water will not be found, which

could be as valuable to logistical planning as a positive determination.

* US Geological Survey, Reston, Va.
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The geologic and hydrologic framework is essential to interpret the
results of geophysical and remote sensing investigations conducted to evaluate
the ground-water resources of an area. Geophysical and remote sensing tech-
niques can contribute to the success of ground-water prospecting only if a
geologic framework exists; without reference to geology, these techniques
simply cannot find or detect ground water with any degree of certainty. The
importance of a thorough evaluation of geologic and hydrologic data in any

water prospecting program should not be underestimated.

Sources of Geologic and Hydrologic Data

Potential sources of geologic and hydrologic data in Southwest Asia
include the following:

a. Reports resulting from technical cooperation programs of US
Government agencies.

b. Publications of United Nations (UN) organizationms.
€. Articles from geologic and hydrologic journals.
d. Reports and data from consultants who performed technical investi-

gations for countries in the region.

e. Reports and data from petroleum companies.

A sampling of bibliographic references, as well as a few examples of ground-
water availability maps for the Arabian Peninsula and Libya, will be presented
in this paper.

US Government agencies, including the Corps of Engineers, Bureau of
Reclamation, and the Geological Survey (USGS), have had technical cooperative

programs involving geology or hydrology with countries of Southwest Asia.

Bibliographic entries of geologic and hydrologic reports resulting from USGS
technical cooperation with 12 countries of Southwest Asia are shown in -
Table 1. This information was obtained from reports by Bergquist (1976); j.?i:
Bergquist, Tinsley, and Upton (1979); and Heath and Tabacchi (1968). Cur- .:.
rently, the USGS has data collection and resource evaluation activities in ;i:
Saudi Arabia. Other reports have been prepared by US Government agencies for
the Agency for International Development (AID) and the UN. An example is the
report 'Near East Water Resources Study," which was prepared by the

US Department of the Interior, Bureau of Reclamation and the USGS (1970).

This report, an appraisal of the water resources of eight countries in the

te
LRI W ¢
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Near East, includes an analysis of present water use and potential for water

development.

A report recently published by the UN (1982), entitled "Ground Water in
the Eastern Mediterranean and Western Asia," discusses physiography, geology,
hydrogeology, and water quality in 17 countries. "Ground Water in Africa,"
published by the UN (1973), contains a general overview of Africa's ground-
water resources and their utilization, methods of exploration and exploita-
tion, and a country-by-country discussion of geology and ground-water occur-
rence. A few of the countries of Southwest Asia are discussed.

One of the most detailed ground-water availability reports, entitled
"Survey and Evaluation of Available Data on Shared Water Resources in the Gulf
States and the Arabian Peninsula," covering three major aquifers over a
1.7 million—km2 area of Southwest Asia, was recently published by the Food and
Agriculture Organization of the United Nations (1979). This three~volume
report contains more than 750 pages and 14 maps and covers the Kuwait area,
the eastern part of Saudi Arabia, Bahrain, Qatar, and the United Arab
Emirates-Oman area. Available publications and unpublished data were used to:

a. Delineate the type, thickness, distribution, and water-bearing char-
acteristics of the sedimentary deposits in the region.

b. Show the regional ground-water flow directions.

C. Show geochemistry of the ground water.

Figure 1, a much reduced copy of one of the maps, shows piezometric contours
and isopachs. A full-scale part of the map is shown in Figure 2, and the
explanation is shown in Figure 3. Because of the scale, the maps provide only
a generalized representation of the hydrologic data. However, more detailed
hydrogeologic data can be obtained from tables for more localized or site-
specific investigations.

Ground-water availability and quality in Libya are shown in two maps
from a report by Jones (1964) (Figures 4 and 5). Configuration of the ground-
water surface, depths to ground water, types of principal aquifers, and chemi-
cal quality of ground water are discussed in the report. The information con-
tained on these maps gives an estimate of drilling depths and rock types that
would have to be drilled to obtain potable ground water.

A search of the geoscience database, GeoRef (covers geologic and hydro-

logic literature from professional journals and other sources), for
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Figure 2. Full-scale part of the ground-water availability map shown in SN
Figure 1 (from Food and Agriculture Organization of the United Nations
L

(1979), Map 2, Sheet 1)
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below land surface to the top of the most available or commonly used

ground-water bodies (from Jones (1964), Figure 2)
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te of the art, the reliability of an interpretation of surface geophysical
a was highly dependent on the skill level of the personnel taking and
erpreting the data. The desired specialized training level of 2 weeks
ted in the DLOA cannot be met with present-day systems.

Opinion varied within the group as to how much training was needed. To
'elop the capability to conduct the tests and perform interpretations with
: aid of a minicomputer, a bright high school graduate could require from 3
6 months of intensive field and classroom training. The most difficult
‘t of the training would be data interpretation. However, the capability to
rognize errors in the data, to make complex data interpretations, and to
ircise judgment in recording geophysical data and in using the geologic
:abase requires nothing less than a trained geophysicist or the equivalent.
: lack of concensus was not with regard to the skill level required to
i1leve each capability, but rather as to the minimum capability needed.

The group addressed the need for a geophysical capability in the context
resource allocations. In areas where water is believed to be within 300 ft
the surface, exploratory drilling with lightweight equipment could be
ster than geophysical techniques and would definitely be more reliable and
wpler.

A microcomputer and a user-friendly, nearly failure-proof data process-
; and interpretation program are especially needed when the party chief and
:a analyst are not well trained. While programs do exist, they were written
- use by geophysicists and cannot account for many of the errors a less if
{1led individual could make or for all of the possible geologic conditions. %

ree possible skill levels were discussed:

A geophysicist as field party chief and data analyst.

a.

b. Technicians as field party chiefs and a geophysicist as data :!:
analyst, located a few hours away, who could conceivably handle data o
from several field parties.

c. A technician as field party chief and data interpreter. .ﬁFEE

lle the latter skill level would be simplest for the Army from a personnel _! 

:wwpoint, the group could endorse only the second level. Because of a total

sl

IV REPIN

tk of experience with skill level c., research is needed to find out if it o

1 be made to work (i.e., to develop the necessary data interpretation tools

s

i to determine the probable levels of associated error).
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Geophysical Requirements

Group Members Agency Affiliation

Dr. Paul F. Hadala, Chairman WES

Dr. Steven A. Arcone CRREL

CPT(P) W. T. Broadwater MERADCOM

Dr. Dwain K. Butler WES

Dr. Adel A. R. Zohdy USGS

Dr. Robert L. Laney USGS

CPT Robert Thompson MERADCOM

Mr. John G. Collins WES

Mr. Joseph R. Curro, Jr. WES

Mr. William L. Murphy WES

MAJ William E. Norton WES
Discussions

In addition to geophysical methodologies and the associated proposed
research priorities, several other topics were addressed in the group discus-
slons. These included: (a) the DLOA for a Subsurface Water Detector, (b) the
need for a geophysical exploration capability, (c) the training and skill
levels required to conduct geophysical surveys, and (d) the need for a geo-
logic database as an aid to geophysical data interpretation.

The concensus of the group regarding the DLOA was that the state of the
art of geophysics does not permit the development of a detector with anything
like a 90-percent success rate. All geophysical measurements discussed are
indirect; they do not measure the presence of water and/or the permeability of
a stratum containing water. What is measured are physical responses and char-
acteristics indicative of the geologic structure and stratigraphy and certain
mechanical or electrical properties of the layers. Trained interpreters can
use these data to rule out the possibility of developable water at a given
depth in certain circumstances. In other cases, they can infer that the data
are compatible with the presence of developable water; however, subsurface
conditions other than ground water can often be interpreted with the same set

of geophysical data. Additionally, the group contended that, with the present
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Cost $000
Proposed 1st 2nd  3rxd Out
Priority Task Year Year Year Years

Near Term (Continued)

3 Develop rainfall estimation procedures 60 100 - -
for catchment size areas using satellite
sensors (NOAA) and methods for integrat-
ing with time to evaluate ground-water
aquifer recharge histories in inacces-
sible areas.

Peta ot oy
PUI T W Y o

,.
PO WP

4 Conduct pilot studies to demonstrate - 50 250 -
operational potential of remote sensing
techniques for providing geologic and -
hydrologic information required in the ]
database. -

PO

5 Develop training course for remote 50 100 200 -
sensing applicatioms.

Far Term

1 Develop methods using imaging systems - 100 150 400 o
to infer aquifer depth and extent AR
(quantity of water). RO

2 Develop methods using existing - 100 150 350
imaging systems to infer ground-water
quality.

3 Develop advanced image processing - - 200 500
techniques to reduce the time required
for image analysis for ground-water
detection,

4 Evaluate advanced and emerging satel- - - 100 400
lite remote sensors for ground-water
detection.

5 Develop radar and longwave electro- - 150 200 300 -
magnetic ground-water survey devices {ufj
for airborne applications. :

® ...

6 Develop application procedures for - - 75 200
advanced weather satellite monitoring
and forecasting of aquifer recharge
potential.
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Proposed
Priority

Cost $000

T —— T

1st
Task Year

2nd 3rd
Year Year

Years

DATABASE RESEARCH

Near Term

Define specific DoD database output 35
requirements.

Compile user queries for water-supply 40
planning. Evaluate existing software
packages for query response generation

and develop new software to fill

capability gaps.

Assess existing data sources and 50
clearly define source gaps.

Develop optimum scheme for providing 30
the basic data required for the data-

base by data type and output products
required.

Far Term
Explore advanced geographic informa- -
tion system packages and emerging
technologies for long-term update of
automated database capabilities.

REMOTE SENSING RESEARCH

Near Term

Develop guidance for optimum use of 80
military reconnaissance sensors for

rapid assessment of ground-water

conditions.

Adapt existing Landsat/USGS type 100
analyses to provide regional geologic

and hydrologic information for ground-

water database development.
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The second level of database information content would be of a much

broader nature and oriented toward the total water-supply problem. Included

would be data on geologic stratigraphy, existing water-supply and distribution
systems, surface and subsurface water resources, water wells, transportation
networks, and surface terrain. Potential applications would be as follows:

a. Stratigraphic data would be used by the geophysicist as an aid for
isolating areas for the conduct of geophysical surveys and in the
actual interpretation of geophysical response data.

b. All of the data could serve as input for water-supply related plan-
ning queries., Possible examples are, "What size force could be
supported by water resources within area X?" "Could water be dis-
tributed from point A to point B most efficiently by pipeline(s) or
trucks?" or "What mix of water~supply equipment is required to
supply force B in area C?"

Some time was spent in discussing the acquisition of input data for the i-:ii

automated system. The USGS presentations given during the general session
clearly showed that considerable data, particularly geologic and hydrologic,
are available from oil companies, private consultants, and Govermment agencies
that have conducted investigations in Southwest Asia; however, these data
would necessarily have to be supplemented using remote sensing procedures.
With reference to database inputs from existing sources, the group also
recommended that considerable care be devoted to establishing exact specifi-

cations on types and formats., Without such specifications, the volumes and

formats of data acquired could make the encoding process an almost impossible

task. AN
(.

Proposed research priorities .77?

On the basis of presentations and discussions in the general and working X
group sessions, proposed research priorities within the near- and far-term ) A
time frames were established. Proposed priorities and associated cost ';~ q
estimates for the first, second, third, and out years for tasks defined under ‘f?ff
both database and remote sensing research efforts are as follows: Yf?"
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Mr. Gerald K. Moore USGS

MAJ Edward Wages USMC
MAJ Ron Allari LOGCEN
Discussions

Initial group discussions were directed toward the database problem
area. The group noted that for almost 2 years the Rapid Deployment Joint Task
Force (RDJTF), now US Central Command (CENTCOM), has supported an automated
water database concept, with provisions for ground water-related information.
Further, the DSB report to the Joint Chiefs of Staff (JCS) on water support
includes recommendations for a water resources database. Group members repre-
senting the user community (REDCOM, RDJTF, LOGCEN, USAF, and USMC) agreed that
a database was essential to their needs. Because a multiservice requirement
exists, the types and formats of outputs for such a database should be defined
and specified at the DoD level using the Corps of Engineers' database study*

3 a point of departure. However, the specific agency that should be assigned
responsibility for the planning and implementation of the database was not
identified.

As a result of presentations made during the general session of the
Workshop, working group members stated that the database should contain two
levels of information. One level of information would be restricted to the
definition of ground-water sources. This information, displayable in map
form, would serve to delineate the areal positions of ground-water aquifers
and depth categories (e.g., 0-200, 200-600, and 600-1500 ft); in addition,
associated data on quality, yield, aquifer and overlying geologic materials,
and some overall measure of ground-water potential could be included at this
level. This information would have several uses:

a. To select specific, high-potential areas for geophysical surveys and
analyses.

|o
L]

To select specific areas for drilling where the depth to water is so
shallow and the probability of finding ground water so high that
geophysical surveys are not warranted.

. To formulate operational plans.,

la. |0

To conduct analyses of water supply equipment requirements.

* Calkins, H. W., and Johnson, T. R. 1981. '"Military Hydrology; Report 4,
Evaluation of an Automated Water Data Base for Support to the Rapid Deploy-
ment Joint Task Force (RDJTF)," Miscellaneous Paper EL-79-6, US Army Engi-
neer Waterways Experiment Station, Vicksburg, Miss.
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GROUP DISCUSSIONS AND IDENTIFICATION OF PROPOSED RESEARCH PRIORITIES

On the afternoon of 13 January 1982, Workshop attendees were divided
into two groups for the purpose of establishing proposed research priorities.
One group, chaired by Dr. Link, focused on database and remote sensing
requirements, and the other group, chaired by Dr. Hadala, on geophysical
requirements. Prior to the group meetings, Dr. Link provided the following
procedural guidelines:

a. Each group was tasked with setting proposed research priorities in
their respective topic areas. Recommended research efforts were to
be either basic or exploratory (i.e., of a 6.1 or 6.2 nature).

b. Separate proposed priorities were to be established for near- and
far-term periods. Near-term efforts were defined as those that
could be completed in 3 years or less, and far-term, as those that
would require 4 or more years for completion.

c. Estimates of research costs and time requirements were to be made,
if possible, for each effort defined.

The attendees agreed that requirements set forth in the Engineer School Draft
Letter of Agreement (DLOA) for a Subsurface Water Detector and the conclusions
and recommendations of the Defense Science Board (DSB) report "Water Support
to US Forces in an Arid Environment" would be reviewed and evaluated in the
context of the Workshop proceedings.

Below are summaries of the two group meetings, including lists of group
members, resumes of the discussions that transpired, and summary tabulations

of proposed research priorities with associated time and cost estimates.

Database and Remote Sensing Requirements

Group Members Agency Affiliation
Dr. Lewis E. Link, Jr., Chairman WES
Dr. Ming Tseng OCE
Mr. John H. Shamburger WES
LTC John Pellek USAF
MAJ Steve TerMaath USAF
LTC Paul Barcomb REDCOM
Mr. Martin Fadden HQDA
Mr. Melvin B, Satterwhite ETL
Mr. Ponder Henley ETL
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Table 3 Eﬁ E
Hypothetical Summary of Ground-Water Availability Information jf?i
Subareas Within Country g{jg
Items A B C  ete.~ o
Single aquifer X ~52~
Multiple aquifer X X ‘gfz
Unconfined aquifer, shallow X X ,’;A
Unconfined aquifer, deep X o
Confined aquifer, shallow X ;;
Confined aquifer, deep X X :'
Fresh water, shallow X :, L
Fresh water, deep X X R
Brackish water, shallow X
Brackish water, deep X
Contaminated aquifer X
Unconsolidated aquifer X
Consolidated aquifer X
Soil type i?:i
Gravel X X d', R
Sand X X X
sile S
Rock type SR
Limestone X :. .
Shale ':
Sandstone ‘izi
Granite X ;;;i.
e
..

140




Table 2
Reports in the Geoscience Database, GeoRef, 1967 to 1981,

Covering Countries in Southwest Asia

Number of
Countrx Regorts

Saudi Arabla......cciiiiiiiiiieeneieetiiiiceeesss 680
5 0. T YA
TurkeY..eeeecosesonsccssscsssnsssssssssnsasssssass 2196
Irane.cececessnscescrccescascscscnscnscssensssass 1400
-4+ P W i -
b T ¢ T 65
Jordan...iceieierscceracccsnsncnsossesensnssoessses 491
Israel.c.ccveeacecansnssencscescccsacenseasannssss 1338
AdenN.coevesssooesossccnssassssncosscscsnsssssensss 324
Kuwait..eeeoeenccoeoocsoccooscccssaansosanssnsans 84

BAhrain.....-.....-.......-...-.-...-----........ 28

Iraq...............--...--...o.oo................ 532

Total 9595
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Table 1
Geologic and Hydrologic Reports Resulting From US Geological

Survey Technical Cooperation with Countries in Southwest
Asia, 1940-1979

Number of
Country Reports

Saudil Arabiad....ceeecesccosesccssrsecccscacacconascscscces 374

Libya.......l........'..0.....'.'............l.."’..... 55
TUTKEY . eetrosaensosssscosssnssnnssssccesssssccnssncacnes 4b
Iran..II.......l...l.."..'.....I...Q...'...........l.'. 20
| EgyPtececeeecressoocoencncssrsoasscesscnssacsesscssnnssseass 19
Yemen...cooeeeeeeeccocacoasoasescsnsssoscesassassasnccsass 19

Jordan..eieeeeeeeseccescccscestnanssocsesnnsosarseassncse
Israel.cececeecocecncensosssoresscccnnsssescasssssscnnss
Aden..ceuueieconnrccnsseonssnssonccanssessssassesssnosse
KuWwaiteoooooereoooecconoccenscscosossnnssssosnossssonnss

Bahrainoon“onoit......l.ll.0..l...&l..l...ll...l.-..l-.

N NN W W v~

Iraqoo-a-..-o.---o--ooo.oo-o.oooo.o-ono.oo-ooo..uooocooo

Total 553
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Transmissivities.

. Hydraulic heads and flow directioms.
. Depths to the top of confined (artesian) aquifers.

I o o |0

. Water quality data.

These maps usually will require technical interpretation by persons versed in
hydrogeologic principles. In some cases, if the information is to be used by
planners or those responsible for logistical operations, the ground-water
availability information that is shown on the maps will have to be condensed
into a less technical summary. Various schemes can be used to summarize this
information. One method is shown in Table 3.

An area covering a country or part of a country could be divided into
geographical or political subareas or grid cells, and the important hydrogeo-
logical characteristics listed under the subareas of the country where they
apply. The items in Table 3 could be more specific than those shown; "shal-
low" and "deep," for example, could be replaced with specific values or a
range in depth values. Rock type terms could be supplemented with information
on accessibility and on the relative difficulty of drilling. A written sum-
mary of the availability of ground water in each subarea could be prepared and
used with the tabulated summary (Table 3). Potential well yield for each
aquifer and a more detailed definition of water quality can be addressed in
the written summaries for each subarea. The summarized data could be adapted
to a computerized storage and retrieval system that contains other pertinent
data on the area.

The preparation of the ground-water availability maps will be manpower-
intensive if a large area is to be evaluated in a short time. The areas to be
evaluated should be prioritized to allow efficient use of manpower. Experi-

enced hydrologists and geologists must be used in the evaluation if the

endeavor is to be successful. P

Literature Cited AN
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12 countries in Southwest Asia yielded a total of 9,595 report entries for the
period 1967 through 1981 (Table 2). The GeoRef reports cover a broad spectrum
of the geosciences. Some reports do not apply to ground-water availability--
for example, reports on solid-earth geophysics, However, other entries, such
as reports on economic geology, while not dealing directly with hydrogeology,
could provide the hydrogeologist with background geologic data and estimacions
of the distribution and water-bearing characteristics of rocks.

A large amount of geologic and hydrologic data from consultants and from
petroleum companies in the Arabian Peninsula area was used in the preparation
of the report by the Food and Agriculture Organization of the United Nations
(1979). However, the availability of data from these two sources often varies
from country to country.

The examples given above were shown and discussed to indicate the types
of hydrogeologic information that is or could be available for countries in
Southwest Asia. The amount and quality of data vary greatly and in some areas
may not be sufficient to adequately predict the availability of ground water,
Identifying the areas for which little information is available or known would
be an important first step in the assessment of ground-water potential. 1In
many areas, the available data are adequate to determine in advance the poten-
tial for obtaining an adequate ground-water supply, without the use of geo-
physical or remote sensing methods. Assessment of available hydrogeologic
data in Southwest Asia should have a high priority in determining the proba-
bility of finding sufficient quantities of ground water.

Methods for Determining Ground-Water Availability

Ground-water availability can be shown on a map or series of maps. A
base map having uniform scale and symbols should be used for the data to
achieve continuity between countries or regions, A database should be used,
or developed, to store, retrieve, and update information as required. Ground-
water availability maps can provide some or all of the following kinds of
data:

Types and numbers of aquifers present.

a.
b. Types of rock materials that would be drilled, depths to water or
depths to potable water, potential well yields.
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Figure 5. Example of a ground-water availability map in Libya~-chemical o
quality of the most available or commonly used ground-water bodies (from ~
Jones (1964), Figure 4) o
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Stratigraphic, lithologic, and structural geologic information, as well
as the constraints imposed by various geologic configurations on geophysical
surveys, should be included in a database. Although a considerable amount of
geologic data is available for certain areas of the world, many of these data
are likely not in a form that could be used by geophysicists without some
modification. Data for other areas of interest are sometimes limited or of AR
insufficient detail. Research is needed to identify in specific terms various -

configurations of real world geologic conditions (stratigraphy, lithology, and

structure) and the constraints these characteristics place on geophysical sur-
s veys. Using these constraints as guidelines, procedures need to be developed
'; for categorizing geologic conditions in areas of interest from available geo-
logic publications and for interpreting conditions in unmapped areas from
remote images, topographic maps, etc. These types of data are needed as input

{ if a database system is to be complete and usable by individuals involved in

planning, conducting, and interpreting phases of a geophysical survey.

The group concluded that seismic refraction and electrical resistivity
(Schlumberger array) are the only geophysical methods that the state of the
art will permit fielding as ground-water detection aids in the near term,
assuming that the training versus professional interpreter problem is solved. -
Both resistivity and seismic surveys should be conducted at a given location
because the inferences drawn from both can usually be used to make more pre- A
cise interpretations than could be drawn ..om either method alone, Hence,
there is a need for both methodologies in the Theatre of Operations. Issue i
was taken with the DSB recommendation for near—term exploitation of ground-
penetrating radar (GPR) because the depth of penetration may be on the order
of 200 ft or less; in certain tactical environments, such shallow depths may
not be suitable for the mission, Additionally, GPR data require skilled
interpretation. Swept-frequency radar systems offer some advantages that
should be explored in the far term.

Several state-of-the-art and emerging geophysical techniques have poten- :{:i
tial in the far term for application to the ground-water detection problem.

. The group recommended feasibility assessment studies to investigate these
. state-of-the-art methods and identify the most promising. Geophysical methods
that should be included are: electromagnetic methods, including time domain

and swept-frequency radar methods; magnetotelluric methods; induced

........
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polarization; and seismic reflection, The effective use of ground penetrators
was not considered feasible, even in the far term.

Proposed research priorities

Proposed geophysical research priorities within the near and far terms
and associated cost estimates for the first, second, third, and out years are

presented below:

Cost $000
Proposed .3t 2nd  3rd Out
Priority Task Year Year Year Years

Near Term P

i
—

Upgrade and simplify automated and 100 50 - -
manual methods of data processing and

interpretation for both seismic re-

fraction and electrical resistivity

methods in order to maximize potential L
for success by nonprofessional data @
interpreters. e

(NS
RN

rrTry
e e

I‘l_

2 Evaluate trainability/error trade-off 100 50 - -
for nonprofessional analyst and inter-
preter for both seismic and resistivity
methods.

3 Develop procedures to reduce the time - 150 100 -
required for field operations asso-
ciated with seismic and resistivity
methods.

4 Develop techniques for identifying and 50 275 200 -
categorizing geologic constraints on
geophysical systems. Apply these
techniques to selected world areas for .
database input. L

5 Determine whether an air-conditioned - - 70 -
van is needed to house both commercial
seismic and resistivity equipment and
computers for protection against
saline conditions, dust, and
temperature effects,

6 Develop training literature and - 100 100 - RC
training program based on results SO
from Tasks 1 and 2. A
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Proposed
Priority
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Task

Far Term

Evaluate and field test electro-
magnetic, seismic reflection
magnetotelluric, and induced
polarization methods and select
candidate procedure(s).

Further develop procedure(s) and
establish training requirements for
data interpretation.

Develop and evaluate prototype swept-
frequency radar system for rapid
ground-water surveys down to moderate
depths (i.e, 600 ft).

150

Cost $000
1st 2nd 3rd Out
Year Year Year Years
100 100 200 200
- - 100 400
- 100 150 400
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