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Preface

This report covers a series of geophysical studies made in connection
with subsurface investigations in various parts of the State of Wisconsin
which were carried out cooperatively by the Wisconsin Geological Survey
and the University of Wisconsin Department of Geology, Geophysics Section.
Many of the investigations undertaken owe their conception to Mr. E.F.
Bean, State Geologlst retired, whose enthusiastic encouragement and
support played a vital role.

The studles reported are part of the University of Wisconsin's
progran of specialized research for the development of the natural
resources of the state. Although the work was supported in part by
research grants from the Wisconsin Alumni Research Foundation, the cost
of much of the work was borne on an actual cost basis by the municipal-~
ities and organizations directly concerned.

The purpose of this report is to show the degree to which geophysical
studies can be of assistance in resolving eome of the problems of sub-
surface water supply, mineral exploration, engineering, and subsurface
geology encountered in Wisconsine
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Part I
Introduction
I-1 - General Statement

At the outset 1t should be stated that geophysics should not be
confused with the art of 'water wltching", "dowsing® or #divining®.
A water diviner depends entirely upon his personal and presumably
uncontrollable reaction to the presence. of water; geophysical
measurements are only influenced by water through its effect upon earth
materiale. In contrast to & water diviner, who apparently reacts only
to water in highly permeable media, & geophysieist cannot differentiate
by his measurements between water that is locked up in an impermeable
clay from the same amount of water free to flow in a permeable sand.
As geophysical equipment may cost several thousand dollars 1n contrast
to the nominal cost of a forked willow twig, and as the labor and man
hours of a single geophysical measurement will exceed that required by
a water diviner by a factor of over a hundred to one, it is quite obvious
that the laws of economics definitely do not favor the use of geophysles
on a competitive basis with divining. The only factor in favor of the
use of geophysics on subsurface problems is that experience has shown
that of the two methods geophysics has proved the more reliable.
Oertainly, as regards consistency in results, a better case can be made
for zeophysics than for divining. An example in point is the test con-
ducted in Milwaukee in which & water diviner of some reputation failed
in a blindfold test to recognize the fact that he was over abundant water
when standing on a bridge over the Milwaukee River. :

However, it is not our purpose to compare the relative merits of
geophysics and divining so much as to point out that the two are not
even distantly related. One depends for its success upon measurable
changes in physical quantities, and the other upon psychic phenomena
and involuntary muscular reactions which if real are not understood.

I-2 - Types of Geophysical Measurements

Geophyslcal measurements employed in studying subsurface conditions

can be divided into seven basic types. These are:

Gravity measurements

Megnetic measurements

Electrical measurements

Electro-magnetic measurements

Seismic measurements

Thermal measurements

Radioactive measurements
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All depend for thelr successful utilization upon there being a contrast
in physical properties either associated directly with the materials’
being studied, or indirectly related to them through some associated
geologlic factor such as the accumulation of o0il and gas in traps formed
by the deformation of rock strata. To utilize gravity measurements
there mus} be a density contrast. In the case of magnetics there must
be a marked change in the percentage of the naturally magnetic mineral,
magnetite. Successful use of electrical and electro-magnetic measure-
ments depends upon a change in electrical conductivity and resistance.
Selsmic measurements can only be used where there are changes in the
veloclty of propagation of sound.

It i1s obvious that a certaln amount of general geologlc knowledge
concerning the area, as well as specific knowledge as to the nature of
the local problem, is necessary before an intelligent choice of geophy-
ical methods can be made. For example, local problems in groundwater
investigations might be ; (a) locating an underground buried ridge which
acts as a subsurface dam; (b) defining the boundary of salt water en—.
croachment in an aquifer; (c) locating a buried former stream valley
having alluvial sands which might serve as aquifers; (d) locating a
buried sand and gravel lens in dense impermeable clay; (e) defining the
buried boundary of a large sand area; (f) finding the depth at which a
permeable sand occurs; (g) tracing the flow of possibly polluted water
from.sink holes to a producing well. Even in a completed well there
may be a problem of determining the depths at which water is entering
and vhere water that is polluted or contaminated with mineral matter
needs to be sealed off.

The problems associated with the use and development of ground-
water supplies are therefore numerous and not merely confined to
locating water as such, and the cholce of a suitable geophysical method
of study will vary accordingly. Very little is to be gained by trying
geophysical methods at random. There is enough of a gambling element
in such investigations without increasing the odds against success.

If the right method can be picked the first time, it is much better from
all standpoints. If the first methods chosen do not yleld positive re-
gults, there is little to be gained by trying methods which have been
evaluated as having small chance of success. Fallure on some problems
is inevitable. It may be caused by some combination of geologic factors
that prevent positive geophysical results or, in the case of water,
because of inadequate quantities or contamination by mineral matter
which render it unusable. Since there is no way of anticipating such
results, all subsurface studies will always incorporate a large degree
of uncertainty, but in most areas the odds are that geophysical measure-
ments will be helpful. Even if the results of a geophysical survey
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cannot be correctly interpreted without auxiliery bore hole data, the
savings over the cost required for a strictly drilling program are usu-
ally appreciable. The ideal method of making an investigation is,

(a) to carry out a geophysical study and place the best possible geo-
logical interpretation on it; (b) to conduct exploratory drilling to
test the interpretation; (c) to reevaluate the significance of the geo-
physical results in the light of the test drilling data.

I-3 = General Deécription of Geophysical Measurements

I-3a Gravlty Measurementsi )

Gravity measuremente are usually carried out with a gravimeter.
This instrument consiste of a very delicate, calibrated spring balance
to vhich is attached a small weight. The length of the spring varies
with elevation, latitude, and rock type as the instrument is moved from
ona place to another, and this change in length of the spring can be
translated into terms of change in gravitational attraction. Changes
as small as one ten millionth of the normal pull of gravity can be ac~
curately determiped. The instrument is most useful for cutlining hor-
izontal changes in rock type involving changes in density. In order to
separate that part of the observed changes in gravity attributable to
to change in latitude and elevation from those due to geologic causes,
the observed gravity values must be corrected for the theoretical changes
in gravity as calculated from the observed changes in elevajlon and
latitude. In areas where there is considerable relief (hills end velleys)
the gravitational effect of these topographic irregularities must also
be allowed for. The residuasl left after making the theoretical correc-
tions for change in latitude, elevation, the mass of rocks beneath the
observation point above sea level, and the topography is called the
gravity anomaly. The anomaly represents the gravitational effect of the
subsurface geology. An illustrative example in the determination of a
gravity anomaly is given in the Appendix.

The successful use of gravity in geologic studies depends first on
there being sn anomaly, and second upon the correct geologic interpreta~
tion of its significance. The last usually involves quantitative cal-
culations based upon different, though probable, geological assumptions
to see which has a gravitational effect approximating that of the anomaly.
Bven vhen an exact fit between the computed effect of a geologic model
and the anomaly is obtained, there is no guarantee that the model agsumed
is the correct one. Another mass distribution with a different density
contrast originating from a different depth might satisfy the anomaly
equally well, So even though gravity measurements indicate very accurately
places where there are irregularities in the horizontal mass distribution,
they do not permit an accurate evaluation of the depth at which these
mass irregularities take place.
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As the method is very rapid (only five minutes are required for
an observation), and therefore inexpensive from an operational standpoint,
gravity measurements are frequently used as a reconnaissance method in
outlining areas where other more expensive and precise methods are to be
used. In Wisconsin, the University is building up a regilonal reconnais-
sance gravity anomaly map of the entire state so that this information
on a broad basis will be available for 2ll types of studies, whether
related to general geology, ground-water or mineral deposits. This
map is based upon a network of gravity observations at about ten mile
intervals following the principle roads covering the state. The
locations at which observations have ‘been made to date in developing
this regional gravity map of the state end adjoining territory are
shown in Fig. 1. Hovw gravity anomalies reveal the structural grain of.
an area is shown by the Bouguer Anomaly map of Southeastern Wisconsin,
Fig- Re .

'

I-3b Magnetic Methods of Measurement:

In contrast to gravity studies which ususlly involve only the
change in the intensity of the vertical component of the earth's
gravitational field, megnetic studies may involve measurements of the
total intensity of the earth!'s magnetic field, its vertical and hor-
izontal components, the d{rection of the earth!s fleld relative to
true North, or its %?cligation relative to the earth's surface.

The measurements themselves therefore may be carried out with
instruments as simple as a compass or a dip needle or as complex as the
total intemsity continuous recording magnetometer which is towed through
the air from an aeroplane. The choice of instruments and the assocliated
field of measurement studied will depend upon (a) the sensitivity re-
quired to map the variations in magnetic field intensity assoclated with
the problem being studied, (b) the accessibility of the area, and (c)
the magnetic latitude of the area. In a densely wooded or swamp area,
the air-borne magnetometer has obvious advantages over instruments that
mist be read at ground level. At very high latitudes near to the mag-
netic poles significant measurements may only be possible through the
use of a sun compass and the measurement recorded would be the differ—
ence between the direction of magnetic North and true North. As all
of the magnetic components are intimately related to each other, any
factor producing a distortion in one will produce a distortion in all.
The distortion may be related to the local geology, a mineral deposit,

a steel structure, pipe line, well casing, electrical ground current

or an ionospheric disturbance. Such distortions are referred to as
magnetic anomalies. As with gravity, it is the anomaly values that
must be determined and mapped. These anomalies are then analyzed as to
their cause on the basis of probable geologic models and their computed
magnetic effects.
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In Fig. 3 18 shown a schematic representation of the anomaly
patterns that would be produced by the same disturbing body in each of
the component elements of megnetic measurement in mid-latitudes in the
Northern Hemisphere. The same disturbing bdody near the Equator would
produce markedly different patterns in the component measurements because
of the change in intensity and direction of inclination of the earth's
field., The vertical component would have very small values, and the
horizontal component very large values, while the angle of inclination
would be essentially zero. These effects related to change in latitude
will not be considered further here since we are more concerned with
measurements in Wisconsin where the vertical component is dominant.
Another change in pattern that should be mentioned is obtalned in
airborne magnetic work with change in altitude. As measurements are
made at progressively higher levels of flight, the power to resolve
individual anomalies that are observable at low flight levels or on the
ground becomes progressively less, because the effects of adjacent anomaly
areas will overlap and merge. This is illustrated schematically in
Fig. 4. In order to keep this effect to a minimum, most airborne mag-
netic surveys conducted for exploration purposes are carried out at an
elevation of about 1000 feet.

The instruments used for magnetic exploration measurements are
as follows:

Total megnetic intensity +eecceececs.Hotchkiss superdip magnetometer
Airborne magnetometer _
Vertical component eececesee.casse.Vertical component variometer
- Horizontal component esecscssoc.so.Horizontal component variometer
Inclination of field eeseccc-cse.....Dlp needle
Direction of f1eld eeecccsseseressofompass and sun compass

A considerable amount of dip needle work was done by the Wisconsin
Geological Survey during the early days of iron exploration.in the
northern part of the state. little other magnetic work was done until
the University started a regional reconnaissance network of magnetic
bases as a companion study to the gravity study mentioned in the
previous section. This study, involving observations at approximately
ten mile intervals on all the main roads in the state, has been made
using a vertical component magnetometer. This instrument,which measures
only the vertical component of the earth!s magnetic field, has suffi-
cient sensitivity to map variations of one part in ten thousand in the
strength of the earth's magnetic field. It is the standard instrument
used in carrying out most ground surveys as it is readily portable and
can be read in less than five minutes.
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Mechanically, the instrument is essentially a delicate dalance
composed of two magnetized steel blades mounted on a central aluminum
block. This unit is balanced horizontally on a central quartz or sapphire
knife edge which rests on a flat surface of the same material. Tilting
of the balance in response to changes in magnetic field strength is ob-
served through a telescope, and the observed angle of tilt is converted
to give the equivalent change in magnetic field.

Once the changes in magnetic field are determined, they must be
reduced further to yleld anomalies. This is done by subtracting from
the observed values the corrections for temperature, changes in the
earthls field during the time of the survey and changes in magnetic
latitude. An example of a magnetic anomaly reduction is given in the
Appendix. ' '

Becaugse of the very large magnetic effects produced by relatlively
small percentages of the mineral magnetite, which 1s a common accessory
mineral in most rocks, magnetic measurements can frequently be used to
map horizontal variations in rock types beneath the surface and for lo-
cating subsurface ridges composed of crystalline rock as well as econ-
omic mineral deposits. As with gravity data, it is difficult to ewval-
uate the depth at which a magnetic disturbance originates.

In a study of the buried ridges in the Waterloo and Fond du lac
regions of Wisconsin, magnetic studies are being carried out together
with gravity measurements as a method for outlining the location of the
ridges. '

I-3¢ ZElectrical Measurementss

Although there are a variety of methods for meking electrical
measurements, the method most commonly used is based upon determining
the apparent resistivity of the rocks. This is done by measuring the
change in electrical potential between one pair of electrodes when &
current is introduced into the ground through another palr of alectrodes.
With this type of measurement, the electrodes are usually lald out in
a lire with the two current electrodes at the end positions. The
intervening distance is divided into equal thirds and the potentlal
electrodes located at the central division points. With thls arrange-
ment the depth of effective current penetration is assumed to be approx-
imately equal to the distance between the individual electrodes; that
is, one . third the distance between the two end current electrodes.

See the schematic diagram in Fig. 5.
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0 and 02 = Current electrodes

P and Pz = Potential electrodes

@j = ~eammeter (® = Potentiometer

& = electrode spacing, and assumed effective depth of current
penetration

This system of measurement, whereby the resistivity is determined math-
ematically from the measured current and potential difference at the
central pair of electrodes, P} and P, 1s used in two waye. (1) To
determine changes in resistivity with depth by progressively increasing
the electrode spacing. (2) To determine horizontal changes in re-
sistivity to a given depth by maintaining the electrode spacing at a
constant value and moving the entire spread of equipment across country
in increments equal to the spacing between two adjacent electrodes.
Results are not always reproduceable because of veriations in soil
‘moisture and also because at times there are strong natursl ground
currents. However, despite the limitations, the method has proved ap—
plicable for the study of many problems. .



While the determination of resistivity values is a relatively
simple operation, the results are fresquently difficult to interpret.
Theoretical relationships are difficult to apply except for very simple
geologic situations, and empirical methods of interpretation must be
varied constantly with changes in area. Opinion varles strongly among
those using such measurements as to the best method of interpretation.
From an operating standpoint, the most generally relieble method appears
to be an empirical one whereby test measurements conducted alqngsid.e a
well with a known log are used to establish an interpretation standa.rd.
for that particular local area.

The successful application of electrical resistivity measurements
for determining the depth to geologzic horizons constituting electrical
discontinuities has varied greatly in Wisconsin and, as a result, the
method has only been used to a limited extent. However on problems.
involving the determination of horizontal changes in resistivity such
as locating a sand lens 1in glacial till or the boundary between
outwash sands and glacial till, the electrical method has proved to be
more effective than any of the other geophysical methods. Such measure-
ments have been conducted in several areas in the state as at Elkhorn
where the principal aquifer supplying the town with water is a lens
of sand and gravel in otherwise relatively impervious glacial till.

A more complete discussion of the resistivity method and the theory
involved 18 given in the Appendizx.

I-3d Selsmic Mgas\u'ementsz

Seismic measurements which consist of firing a small charge of
explosive, and recording the time it takes for the shock wave to reach
a serles of detectors, constitute the most reliable of the geophysical
measurements for determining depth. Although these measurements can
be subdivided into reflection and refraction measurements, only the
latter will be considered here since there has been no known reflection
work in Wisconsin to date

At the outset, it should be pointed out that the refraction
method will only give reliable results so long as the velocity of selsmic
(shock) wave propagation increases with depth. If there are reversals in
veloclty gradient, as sometimes happens, then the depths determined may
- be considerably in error. Fortunately areas where this occurs are not
the rules
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The basis of the refraction method is to generate a sound impulse,
ugually with a small charge of explosive, in a hole varying from a few
feet to twenty feet or more bensath the surface, and to record the
arrival of the seiemic wave generated at varying distances. The
arrival of the wave is picked up by a detector which is essentially a
miniature vertical componedt seismograph as is used in studying earth-
quakes. The signal is then passed through an electronic amplifier and
fed to a galvanometer which is deflected by the arriving signal. This
deflection of the galvanometer is recorded photographically by the re-
flection of a light beam from a mirror on the galvanometer to a moving
strip of photographie paper. On this sama film strip are also. recorded
time lines at .0l second intervals and a galvanometer trace connected to
a radio for indicating the instant the explosive was fired. From this
photographic record the travel time of the explosive signal through the
ground to each of the seismic detectors can be accurately determined.

A graph is then constructed in which travel time is plotted as a func~
tion of distance to each detector. From the travel time data plot lines
are defined whose number defines the number of seismic discontinuities
(layers of rock) present, and whose slopes are the reciprocal of the
velocity of seismic propagation in each layer. These velocity values
serve to identify the kinds of rock present. The data are then used,
along with optical theory for refracted wave paths through different
media, to determine the depths to each of the seismic discontinuities.
A schematic representation of the above is shown in Fig. 6.

A more complete description of seismic theory and an example of a
seismic depth computation are given in the Appendix. In general an
accuracy on depthe between 5 and 10 ﬁ is possible, and the more nearly
the geology approaches the physieal model visuslized, the more accurate
the results are. However, where the actual conditions do not approx-
imate the physical situation visualized in the theory, the results may
be considerably in error. Some knowledge of the subsurface geology
therefore must be had in determining whether the seismic method can be
successfully applied. In areas where there is little or no advance
geologic information, it is generally worth-while to gamble on the
method being applicable since tonditions generally favor its appli-
cation.

In Wisconsin the seismic method has been the geophysical method
most successfully used in connection with water supply and engineering
problems. Twenty such studies have been made at different locations

throughout the state.

I-3e Electro-magnetic Methods

Blectro~magnetic methods involve the following: (1) The creation of
a primary artificial electro-magnetic field at the surface of the ground.
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~(2) The excitation of a secondary electro-magnetic field resulting from
a flow of electric current induced in a subsurface conductor as a result
of the primary exciting field. (3) The detection of a distortional change
in direction, intensity, or quality of the primary field produced by the
secondary induced field. This method is applicable primarily to the
search of the metallic sulfide ores, and to the more mundane search for
lost buried pipe lines, The primary exciting field is produced by means
of an alternating current in a coil of wire. The distortion produced
by a subsurface conductor is detected by means of a second (search)
coll with suitable indicating instruments. The method is complicated
by the fact that the search coil receives radiations from all conductors
in the area as well as from the primary exciting coil. The resultant

- recorded is always a vector quality and by plotting these vectors an
indication of the location of & buried conductor can be determined.

Although several investigations of this type have been carried out
in Wisconsin only one such study has been made during the period con-
cerned by this report. An example of a reduction of field observations
is given in the Appendix. 4

I-4 - Work Covered in Present Report

Although Wisconsin ploneered in the use of geophysical measurements
both ag applied to mineral exploration problems and to englneering prob-
lems, the interest shown in the early investigations was not maintained
for various reasons. Chief of these was probably the moving away of the.
principal investigators. Following the end of World War II, however,
interest was revived by the work of Professor Louis Slichter at the
University and several investigations were made under his direction.

As results are not available for most of Professor Slichter's studles, -
the present report is limited to the work carried out under the writer,
who succeeded Professor Slichter as Professor of Geophysics in 1948,

In presenting the results, the studies have been divided on the
basis of ground water supply investigations, mineral exploration studies,
engineering subsurface studles, and scientific geological investigations.
The general locations in which geophysical studies have been made are
shown in Fig. 7.

I-5 - Eqnipment Used

All of the seismic measurements reported except those made in
Lake Michigan were carried out with Century, 12 channel portable refrac-
tion equipment using geophones peaked at a frequency of 12 cycles per
second. Although this equipment was designed for shallow studies ap~
plicable to engineering investigations, it has been used successfully
in worlkdng to depths of 2000 feet in the course of the investigations
carried out by the University.
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In making the seismic studies in Lake Michigan, the equipment was
a modified refraction-reflection instrument built by the Humble 0il
and Refining Co. which was loaned along with underwater, gimbal mounted
geophones for this investigation.

The magnetic investlgations were made with a temperature compensated,
Askania, Schmidt type, vertical component variometer having a sensitivity
of about 33 gammas per scale division. '

The gravity measurements were made chiefly with Worden temperature
compensated gravimeters having sensitivity values ranging from .0l to
0.1 mgals per scale unit. Other instruments used on the gravlity studies
were a North American constant temperature gravimeter, a Humble 0il Co.
compound MY type gravimeter, and a Humble 0il Co. "2 type gravimeter.
All of the measurements made in connection with the studies of mineral
deposits where extreme portability was required were made with the
Worden meters which weigh only 5 pounds and hence are readily adaptable
to work in rough country.

In establishing the absolute gravity value at the University of
Wisconsin,which was used as & base for all the gravity studies, relative:
gravity measurements were made to the absolute gravity base at the
Bureau of Standards and the national gravity base of the U.S. Coast
and Geodetic Survey in Washington. In making these measurements, the
quartz pendulums of the Gulf Research and Development Co. were used
as well as Geodetic type Worden gravimeters.

The electrical measurements were carried out using standard four
electrode resistivity equipment built by the Geophysical Instrument Oo.

The electro-magnetie measurements were made with equipment designed ‘
and built by the Palmerton lLaboratory of the New Jersey Zinc Co.

Unless otherwise specified, the above equipment was that used in
each of the series of measurements reported.
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Part II
Ground Water Investigatlons

II-1 -~ Lake Mills, Wisconsin
University of Wisconsin Emmons Blaine Farm

II~la General Statement

The Emmons Blaine Farm is a deiry research farm of the University
of Wisconsin located near lake Mills and lies over the crest of a sub- .
surface crystalline rock ridge covered by Paleozoic sediments and glaclal
t111. The ridge itself is about 70 feet beneath the surface at the farm
and outcrops about 3 miles to the north where it is seen to be composed
of quartzite. See Fig. 8. Available well log data indicate that it
rises at least 1,000 feet above the surrounding crystalline rock floor
and must have constituted an island in early Paleozolc time when the
sediments, now constituting the aquifers of the reglon, were being
depositeds The existing farm well was 80 feet deep and terminated in
what the driller had termed "granite!. The material between the surface
and the Pgranite® was not classified. '

The problem here was to see if there was any local geologlc
situation that could be exploited to get more water; in particular
to see if there was any buried valley cutting the crystalline rock
surface or if Paleozoic sandstones were present beneath the till in
the farm area. It was felt that a buried valley might have sand or
gravel associated with it which would constltute a local aquifer or,
lacking such material, the valley would at least give a local thicken-
ing of the overlying material and define the area having maximum reser-
voir capacity. If sandstones were present they might constitute a
sheet aquifer that could be developed to obtain a higher yleld of
water. '

As depth and recognition of rock types were the primery quantities
to be determined, the selsmic refraction method was chosen as the
principal method of study.

I1-1b Seismic Investigations

. The reverse refraction shooting technique was employed as described
in the Appendix in carrying out the seismic investigation. This method
permits the true velocity values to be determined which are necessary
for the identification of the rock types present, and the establishment
of the slope of the subsurface geologlc horizons and thelr depths.



In Fige 9, a map of the farm area is shown with the positions of
the shot points at which depth measurements were made. Three layers
were found to be present. The top layer (Vi) had a velocity of about
3500 ft./sec. and was identified as unsaturated glacial till. The
second leyer (V ) had a velocity varying from 7100 ft./sec. to 12,340
ft./sec. and was identified as probably sandstone or a sandy limestone.
The third layer (V3) had a velocity varying from 14,240 ft./sec. to
15,000 ft./sec. a g was identified as crystalline basement rock.

In Table 1 the velocity values and depths determined for each layer
at each shot point are given. Fig. 9, a vertical cross-section based
on the seismic data and subsequent well and test hole data, shows the
subsurface geologye.

From an inspection of the sectional profile in Fig. 9, it is seen
that there is no pronounced subsurface bedrock valley within the limits
of the farm and that the location of the present well is at about the
optimum location as regards thickness of material overlying the imper-
vious basement of erystalline rocks. As the velocities in the rock
beneath the til1l, identified as probably sandstone or limestone, are
appreciably higher west of the entrance road to the farm than to the
east of this location, it was postulated that there is a change in
lithology at this point with limestone to the West and sandstone to the
Bast. It was also noted that at locations ZN and 7E that there was very
pronounced time delay when shooting towards these locations which was
not apparent on the records when shooting in the opposite directions
at these sites. This was interpreted as indicating a greater thickness
of surface till material in this aresa, and on the basis of these data
a pocket or channel in the pre-glacial surface was inferrad.

II-1c Evaluation of Seismic Results from Drilling

Upon completion of the geophysical work, two shallow holes were
drilled at sites 3W and 3E to ascertain the nature of the material having
a veloclty of 7095 ft./sec. which appeared to be within 18 feet of the
surface at these sites. In each case, sandstone was encountered at depths
agreeing within 2 feet of that indicated by the selsmic measurementse
Two years after the completion of the survey, a new well was drilled
very close to the site of the original farm well which lay between
gseismic locations 2N and SB. The log of this new well checks very
closely with the seismic measurements as is indicated by the compar-
isons given in Table 2.
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Table 1
Selsmic Velocities and Depths
Blaine Farm, Leke Mills, Wisconsin

Apparent Velocities(ft./sec.) Depth from Surface

Station 1 Vo_.. T3 Vo V4
¥ 3500 11530 16020 17 52
1s 3500 10180 14270 | 6 83
N 3500 11560 =—m—m , 11—
28 3500 11850 ew—e—e 15 -
3B 3500 7150 13900 14 30
W 3500 7040 15580 ‘ 18 51
L 3500 7970 14500 18 62
Lw 3500 7450 12390 W 72
58 W90 11770 mmemm 12 -
S5 b490 12990 === 27 -
6w 1920 11000 13470 15 76
78 2640 9530  mmmem 1 -
™ 2640 ’9530 14290 12 105
8 gneiss autérop 22000
9 1limestone outcrop 10500

V1 = Veloocity of surfacevmaterial (glacial til1).

Yo = Velocity of second layer material (sandstone = 7500 ft./sec.),

(1imestone = 11,000 ft./sec.)
Velocity of third layer crystalline complex, average true
velocity = 13,600 ft./sec.

4
W
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Table g
Comparison of Drill Data and Selsmic Data
Blaine Farm, lLake Mills, Wisconsin
Driller's Log

0 ~ 15 feet ~=—wmm—ma= ‘glacial t111

15 = 30 feet =——==—wo—== coarse gravel and silt
30 - 55 feet =————=e== - gandy dolomitic limestone

55 - 70 feet ~—w=w~-=-- sandstone and silt stone
70 - 116 feet ==—===-=e= crystalline quartzite

Seismic Section
Based on Sites 2N, S5E, and W

0 - 13 feet ==m=—w—==- ti11 (V1)

13 -<30 feot ~——www- ~=- channel i1l (Vi)
{ 30 = 72 feet w~=~==m-=== pandstone and limestone (v2)
- Yy 72 feet ww==mm==m- crystalline rock (V3)

This log, therefore verified the following: (1) the existence of the
channel incised in the pre-glacial surface that was indicated at
locations 2N and 7B by the seismic data and showed it to be 15 feet
deep and filled with gravel. (2) the presence of both sandstone and
limestone beneath the till and above the basement rock as poatulated on
the basis of selsmic velocities, and (3) the depth of till and the depth
to the basement crystalline rock surface. For both depths the accuracy
vas of the order of 2 feet.

In drawing the geologic section shown in Fig. 9, the data for this
‘new well havo been added to show the degree of sgreement between this
later geologic information and the earlier seismic data.

II-1d Magnetic and Gravity Study of Lake Mills Area

Follovwing the seismic survey at the Emmons Blaine Farm, a gravity
and mognetic reconnaissance survey was carried out over the Lake Mills
area to see to what extent the buried ridge, indicated by well data to the
north of the farm, was reflected in these geophysical measurements.
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In all, 71 sets of gravity and magnetic measurements were made in an
area of approximately 150 square miles. The locations of these ob-
servation points are shown in Fig. 10, and the anomaly values at each
slte are listed in Table 3. These values are contoured and shown as a
Bouguer iso-anomaly map in Fiz. 11, and as a magnetic vertical component
iso~anomaly map in Fig. 12. :

As these anomaly maps reflect in large measure intra-basement vare
1ations in petrology rather than the near surface geology, a sectional
profile was constructed so that the anomalies could be compared directly
with the subsurface geology as indicated by the outcrop pattern and well
dataes In Figure 13, the observed gravity and magnetic anomaly profiles
along traverse A-A of Figs. 1l and 12 are shown, along with the geologlc
section based on well and outcrop data. In each case a smooth "reglonal®
anomaly curve has been plotted in order to separate that portion of the
anomaly value related to the near surface geology from that related to
intra-basement petrology and crustal structure which account for the
bulk of the anomaly.

On the gravity proflile a single residual znomaly of 5 mgals is
found which is about 3 miles wide, and on the magnetic proflle it is
seen that there is a magnetic counterpart whose value is about 80
gammas. Both of these residual anomalies occur over that area which
is underlaid by the crystalline rock ridge as revealed by the well
data, and the correlation between the position of the geophysical anom-
alies and that of the buried ridge, as shown in Fig. 14, is quite striking.
It therefore appears that this ridge may be traced beneath the surface
by the application of either gravity or magnetic data.

To facilitate tracing the ridge south of section A-A, anomaly
profiles were constructed along traverses B-B, C-C, D-D, E-E and
F-F. (See Figs. 11 and 12) The strike of these traverses is approxi-
mately perpendicular to that of the ridge which seems to be striking
roughly North-South and plunging to the South. For comparative purposes,
a North—-South profile, G~G, is also included. This lasgt traverse starts
off the east side of the ridge and crosses it near the Blaine Farm on
traverse D-D. These profiles are shown in Fig. 15 and Fig. 16. In
order to bring out that part of the anomaly related to the buried ridge,
the regional trend on each is showne.

Bxamination of these profiles shows that, whereas the gravity
profiles indicate a relatively simple pattern with a single residual
"igh" superimposed upon the regional anomaly defining the position
of the ridge, the magnetic profiles show considerable variability
particularly on the three southern traverses. This change in charac-
ter of the magnetic values 1s believed to be related to either a fault
or a pronounced change in the petrology of the crystalline rock complex.
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Table 3

Table of Gravity and Magnetic Anomaly Values
Lake Mills, Wisconsin

Bouguer Az Bouguer Dz
Station Gravity Magmetics Station Gravity. Masneties
1 =32.4 mgals ~ 4O gammas 36 ~39.5 mgals + U439 gammas
2 =33.9 - 8 - 37 -38.1 +* 506
3 -34.3 - 29 38  =38.9 + 389
Ll’ "3}"'09 * 95 ’ 39 -3809 *r %6
5 "'38."" < 11 ’ Lo =l0,0 + 303
6 =39.0 « 21 41 ~35¢6 + 237
7 37,7 - 2 L2 -38.3. + 160
8 =37.1 « 55 43 =39.1 + 37
9  =32.2 + 280 by -36.2 + 303
10 =33.8 + 223 ks - =33.8 +1182
11 =335 + 302 L6 -4.6 + 47
12 ~33.4 + 290 : Ly -31.7 +1215
13 "‘%09 * 360 148 "36.1 + 298
14 =333 +1393 ko =34.0 + 439
15 =36l +1511 50 =371 + 303
16 =337 +1548 51 ~37.8 + 280
17 "'3308 01685 ' 52 "'38.0 4+ 27?
18 «l0,.7 . + 198 &3 ~-38.8 * 307
19 -39.8 + 46l sk =394 + 382
20 -38.6 e 666 55 -38.7 & 587
21 =362 +1203 56 -38.3 + 604 -
22 =35.3 +2063 57 <374 + 7l
2k =3647 41500 59 -40.5 + 810
25 =372 +1084 60 -44,1 + 930
26 =387 + 561 61 ~li5,1 41028
27 ~38.7 + 965 62 =375 + 38
28 1.7 + 15 63 =36.1 + 109
29 "41.3 + 376 6’4‘ "3603 + 356
30 1,0 . + 216 , 65 =37.4 * 217
31 -41.1 . + 439 66. ~3547 + 759
32 -l12,1 + 503 67 =35.1 +1136
33 -“402 + 56“ 68 -3}"'.3 *1876
34 1424 + 635 69 =345 +1799
35 38,1 4 700 70 -34,9 »1788

71 3447 +1870
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For example, the North-South magnetic profile, Section G-G, is typlcal
for a fault with the up~throw side to the south. The suggestion of
faulting or a change 1n basement petrology 1s also indicated to a lesser
degree by the gravity anomaly values along traverse G-G; however, without
supplementary drilling or seismic data the true significance of this
change cannot be definitely stated at this time.

The principal conclusion that may be reached from this study is
that buried ridges, which occur at several localitles in the state and
which restrict the movement of ground water, may be mapped successfully
by elther gravity or magnetic measurenmerts,

II-le Concluding Statement on Investigzation

It will be noted that this investigation was not a direct search
for water but rather a study of the subsurface aquifer, its rock type,
depth, lateral uniformity, and vertical extent, Throughout the whole
area the water tadble lay at depths ranging from only a foot or two be~
neath the surface to ten feet at the well site which was on the
highest point of ground, A well located anywhere 1n the reglon would
have gotten water., The problem was to try and find a location where
there would be the best potentlal water supply in terms of the
thickness and extent of the aquifer. A subsidiary problem assoclated
with the investigation was the locatlion of the burled ridge; as this
is over 1000 feet in height and three miles in width, it both limits
the thickness of the aquifer underlying towns at its crest and restricts
the circulation of arteslan water to towns on its sldes, :

II-2 - Antigo, Wisconsin
11-2a General Statement

The area adjacent to Antigo is known as the "flats" and is a
glacial outwash plain bordered by terminal moraine., It is an area
that is intensively farmed and one in which the Ground Water Division
of the U,S. Geological Survey has carried out an extensive ground water
survey. As a companion study to this survey, the Geophysics Branch of
the U.S. Geological Survey carried out electrical resistlvity measure~
ments over mch of the area to determine, if possible, the depth of the
water table and the thickness of the glaclal materlal which here
directly overlies the granite bedrock,
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The purposa of the University geophysical study was to test the
degree to which various geophysical methods were applicable to ground
vater problems in areas having similar geologlc setting. The earliler
work carried out by the U.S. Geological Survey plus local well data
would serve as a check upon resultse.

The program of measurements included a network of 178 gravity and
magnetic observations at about one mile intervals covering an area of
about 100 square miles around the town of Antigo, and two seismic and
resistivity traverses. The latter measurements were made at the same
locations so that direct comparisons could be made between the two types
of data. One traverse, about a half mile long, was located on the north-
west side of town and the other, about one mile long, was located east
of the town. The locations of the observation points are shown in
Fige. 17,

Specific objectives were as follows: : .
(1) to determine the degree to which seismic measurements corroborated
the electrical resistivity measurements of the U.S. Geologlcal Survey
as regards the general depth and relief of the basement rock surface.
(2) to compare electrical resistivity with seismic results in
determining depth to bed rock and water table, using both theoretical
and empirical methods of interpreting the electrical resistivity data
at sites vhere the actual depths were known from well log data.
(3) to see to what degree gravity and magnetic measurements might be
applicable for mapping bed rock configuration in the area.

I1I-2b Seismlc Studies

Seismic refraction measurements, using the reverse shooting method
described in the Appendix, were used to determine depths to bed rock at
thirty locations. Twelve of these determinations were on traverse A-A
which was a North-South traverse east of town and about a mile long.
Ten determinations were on traverse B-B, which was a traverse west of
town and about a half mile lonz. The balance of the observations were
mode at the nearby towns of Clintonville, Bryant, and Phlox.

In all areas, three selsmic horizons were found. The upper
norizon, Vi, had a volocity varying from 1250 to 3400 ft./sec., and
was identified as unsaturated glacial till and probably sand for the
most part. The second horizon, V2, had a velocity varying from L500
fto/sece vhich was identified as water saturated glacial till and de-
fined the location of water table which was verified by local well
date. The third horizon, V3, had a velocity varying from 13,800 to
22,080 ft./sec. and was identifiéd as the crystalline bedrock surface.
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Pertinent seismlc data at each station are shown in Tables &4, 5,
and 6 together with the depths determined and available well data.
Fig. 18 shows the seismic depth profile along traverse A-A together with
that determined by the electrical resistivity measurements. Fig. 19
shows similar data obtained along traverse B-B.

II-2¢ Electrical Resistivity Studies

The electrical resistivity studies were carried out at 17 sites

as depth measurements using a four electrode system set in 1line at equal
distances (Wenner configuration). Non=polarizing, porous pot potential
electrodes were used with direct current and potential differences were
observed with the current flowing in opposite directions. The electrode
spacings used at most sites were 5, 10, 20, 30, 40, 50, 60, 70, B0, 90,
100, 125, and 150 feet. The center point of the spread was maintained
constant for all the observations at any one site. The observations
were all confined to traverses A-~A and B-B except for six sets of mea-
surements vhich were made at nearby towns; these are the same traverses
and sites at which the seismic observetions were made. The individual
selsmic and electrical measurements had common center points so that
direct comparisons of results could be made. Traverse A-A to the east
of town was about one and a quarter miles long and oriented North-~South;
on this traverse five sets of measurements were made in line which are
designated A-l, A-2, A-3, A-5 and A~6. Traverse B-B to the northwest

- of town was about one half mile long, and measurements were made at five
sites designated B-1, B-2, B-3, B-l{, and B-5.

In Fig. 20 the individual observed resistivity profiles along tra-
verse A=A are superimposed for comparison. The results obtained by the
U.S. Geological Survey at their station B~ which lies on this traverse
are also included in this figure. All the curves are similar in pattern,
although all differ as regards the maximum resistivity value obtalned,

~and the electrode spacing at which the resistivity values peak, ZEach
indicates an inerease in resistivity with depth of current penetration
as the electrode spacing is increased up to values varying from 20 to
60 feet with a minimum resistivity value at an electrode spacing of about
270 feete.

Five methods of interpretation were tried. Three were empirical
methods and two were so~called theoretical methods. These can be
identified as the Inflection Point Method, the Two~thirds Inflection
Point Method, the Accumulative Plot Method, the Tagg Method and the
Longacre (modified Tagg) Method. Descriptions of each are given in .
the Appendixe For illustrative purposes the data for station A-3 are
showvn in Pige. 21 as plotted for makinzg a depth interpretation for four
of the above methods. The depths obtalned by each method are
listed in the Table 7, which also gives the seismic depths observed.
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Table 4

Seismic Data -~ Antigo, Wisconsin
Traverse A-A

Station viApparen;gVequityVB Dngh (f;gt) Yoll Date

A=la 1428 5270 20400 - 25 112

A=1b 1388 5660 16250 27 42

A-2a, 1487 6250 15000 - 3% 112

A2 1580 5560 20400 W 155

A-3a 1390 6150 21300 31 130

A-3Db 1650 5000 13130 29 114

A=5a 1470 5550 18750 31 225

A=5b W71 5200 pe—— S —

A=-5¢ 1395 5630 12330 33 158 35%
A-6a 1395 5500 19500 30 189

A=6b 1250 5380 16500 . = -- —

A=bc 1539 5810 26150 35 262

* Depth of water table indicated in well.
V1 = unsaturated glacial sand and gravel

V2 = saturated glacial sand and gravel, average true velocity =

5489 ft./sec.

crystalline bedrock (granite), average true velocity =
17.680 fto/ﬂec.

\f'
"
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Table 5

Seismic Data - Antigo, Wisconsin
Praverse B-B

Station App%jent Veloi;t;} .(ft. /sg.) Degth (feet)
B-la 3400 — 11000 | - 12
B-1b 3400 - 16470 - 3
B-le —— —— 16450 - -
B-2a 1400 5440 24900 3 )
B-2b 1400 5000 20000 3 3
B-3a 1400 6150 17420 2 29
B~3b 1400 5000 20000 2 31
B-lia %00 5000 19400 5 30
B-lib 1400 5000 18800 3 2%
B-5a 1400 8000 15040 [ 28
B-5b 1400 5000 20500 L 33

V1 = unsaturated glecial till
V2 = saturated glacial till, average trus velocity = 5675 ft./sec.

crystalline bed rock, (granite) average true velocity =
18028 ft./sec.

«
W
]
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Table 6

Selsmic Date -~ Antigo Area, Wisconsin

A 1
v{parent Ve ocit§37 De@tp (feet)

Station V2 V3 Well Data
Clintonville

la 1315 4860 === 1 e

2a 1315 4400 e 10 -

1b 1315 4280 17950 11 210 215
Bryant

la 1614 6330 16670 52 309 60

Phlox

=1
"

-t
N
11

)
t

1b 1111 6600 25700 38 342

la 1446 6350 ————— 4B o
1b 1515 6160  cvmmme —_ -

unsaturated glacial till

saturated glaclel ¢ill, average true velocity
575 £t./sec.

crystalline bedrock (granite), average true velocity =

- 21,200 ft./sec.
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Table 7

Compardtive Interpretations of Resistivity Data and Seismic Data

Antigo Area
Electrode Spacing (feet)
. Tagg ~ Seismic

Peaks Inflection 23 Inflection =  Accumlative Crossings Depth Well
Station Max. Min, Points Points ' Slope_ Bresks (1) (2) Mean Data
A-1 60 265 35 87 23 58 32 91 17 — 65 26 126 ==
A=2 60 315 85 110 57 73 ks 125 305 - 55 34 133 35
A=3 60 275 112 245 74 165 46 120 310 58 66 30 122 e—
A=5 15 350 20 150 14 100 22 42 125 212 -— == 32 192 =
A~6 100 — 115 2ho 77 160 L2 135 230 — 94 33 226 =
B-1 - — 110 73 10 20 41 60 28 == 12 == ——
B-2 12 30 17 90 12 60 20 ' - 4 3 38 —
B-3 - 15 12 32 8 21 15 40 42 35 2. 30 =
Bt 10 4 20 92 13 62 20 4 - 32 4 27 -
B-5 — 4 12 55 8 37 100 21 - 28 4 30

Clinton- :
ville 55 205 35 90 215 2L 60 144 16 60 140 240 — = 11 210 210
4 15 10 20 — o —— ——

Mattoon-1 32 4o 10 22 17

Mattoon-2 }§ 17 70 12 53 65 8 35 43 21 30 40 50 == = == - e
Bryant 100 365 150 320 100 214 35 60160 238 -— == 52 280 60
Wi te 20 ' e e e

lake 110 0 55 9 37 63 20 o
Phlox-1 70 — 90 165 60 110 15 20 35 140 — == 48 — -
Phlox-2 100 — 18 120 13 80 10 50 - 48 o

"'QI'
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For comparative purposes the difference from the seismic depths'on each
basis of interpretation are shown graphically in Fig. 22, and from an
inspection of this figure it is seen that the Accwmlative Plot Method

of interpretation gives the best overall agreement with the seismic
datae .

Although it is not possible to compare all of the results of the
present work with that done by ‘the U.S. Geological Survey parties,
direct comparisons are possible at the U.S.G.S. station B-U which is
~on the traverse A-A and statlion C~4 which is on traverse B-B. The depth
values obtained by the U.S. Geological Survey were on the basls of the-
oretical curve comparisons; those for University of Wisconsin resistlivity
values are in excellent agreement as regards the depth to the crystalline
rock surface and both also agree rather well with the selsmically de-
termined depths.

Resistivity Depths
Seismic Depths

Station U.S.G.5. U. of Wis. U. of Wis.
Bl 220 ft. 225 210
Cedt Lo ko 30

Above the crystalline rock surface, interpretations differ. The
results of the U.S. Geological Survey measurements indicate distinet
breeks between soil, sand, and till; at the Wisconsin selsmic and re~
sistivity stations only the water table is ldentified, although other
horizons are shown by the resistivity measurements at some of the
other sites. Local well data indicate that the water table interpre-
tation is probably correct.

In order to evaluate the general agreement between the seismic
and electrical results, a comparative plot was made of the depth to
bed rock as obtained at all twelve locations studied. From this plot,
Pig. 23, the agreement is seen to be fairly good, and in view of this
it appears that either the electrical or seismic method is here ap—
plicable to mapping, in gross form, the depth to the crystalline rock
surface. '

Although the University study did not cover sufficient territory
to indicate the relief of the crystalline rock surface on an areal
basis, the survey conducted by the U.S. Geologicel Survey did, and the
results of their investigation are shown in Fig. 24. It is evident that
the contours of this map would have been somewhat different with closer
order control from the large amount of relief indicated by the seismic
and resistivity measurements along traverses A-~A and B-B, both of
which are shorter than the individual station spacing used by the U.S.
Geological Survey. See Figs. 18 and 19.
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In Table 8, the depths and resistivity values are tabulated at
which changes in slope on the accumlative plots occured denoting a
change in resistivity. The seismic depths observed at each site are
also given. From an inspection of this table, it 1s seen that, whereas
the seismic values indicated only the depth of the water table and that
of the buried crystalline rock surface, the electrical results also
showed 2 horizon above the water table that appears to correlate with
the base of the surface outwash sands. The water table also appears
to be present and an intermediate horizon in the till is also indicated
which might represent an older till. Over part of traverse A-A in
addition to the crystalline rock surface, a horizon is shown which
lies below the surface of the crystalline rocks. This horizon
probably represents an intra-basement change in petrology, possibdbly
assoclated with the local magnetic anomaly observed in this area.

As there was nothing diagnostic about any of the resletivity values
as regards the horizon being depicted, 1t 1s very dublious that the re-
sults would have been interpreted correctly without the auxiliary seismic
data, particularly at those stations where an intra-basement change in
resistivity was observed. '

I1-24 Magnetic Survey

The magnetic observations were carried out with an Askania Schmidt
type vertical component magnetometer, having a sensitivity of 31.8 gammas
per scale division. The diurnal variation in the earth's fleld strength
during the period of the survey was determined by returning to a base
station for repeat observations at approximately three hour intervals.
The theoretical changes in magnetic field for change in magnetic lati-
tude were determined from the vertical component magnetic map prepared
by the U.S. Coast and Geodetic Survey for 1945 corrected up to the date
of the survey. (1950) The anomaly values, the difference between the
observed values after corrections for the diurnal chenge and the the-
oretical change with location,were plotted and contoured to give the
iso-anomaly map shown in Fig. 25.

II-2¢ Gravity Investigation

The gravity observations were cdrried out using two gravimeters,
a North American constant temperature gravimeter with a sensitivity of
0.21185 mgals per division and a Worden temperature compensated gravimeter
with a small dial sensitivity of 0.1583 mgals per scale divislon. The
same sites were occupied as in the magnetlc survey,and instrumental drift
(change in readings with time) was observed at the same times and stations
as were used for determining the magnetic field diurnal varilation.
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Table 8

Electrode Spacings at Which lLayers are Indicated
on Accumulative Basis of Interpretation v
Antigo Area E
Traverse A-A

Depths (feet) Resistivity Values at Seismic

Electrode Spacing ___ Depth Points (Ohm ns x 105) _pepths(ft.)
' g Water

Sta. (’0 PL €, (’3 04 }(’0 ﬁc % "1 ,pl& Table Rock
A-1 32 91 171 315 0.55 1.0k 1.32 1.6 26 126
A=2 L5 100 150 305 0.56 0.91 1.10 1l.52 3% 133
A=3 40 —— 120 310 : 0636 ==—= 0.80 1.33 30 122
A=5 22 42 125 212 == 0e7 0.8 1,11 1427 ===~ 32 192
A=6 42 135 230 == 0s38 0,92 1.21 === 33 226

e o ~——— not known

@1 =——~ probably water table

(’2 ~-== not known, possible older till

€3 ---- crystalline rock surface '

@l =~ not known, possidle intrusive rock associated with magnetic

anomaly ‘
Traverse B-B (
Depths (feet) . Resistivity Values at Seismic
Rlectrode Spacing Depth Points (Ohm cms x 105) Depths(ft.)
- e e e ’ e ~ VWater

Sta. 1 © , 2 3 _Teble Rock
B-1 10 0.12 0 12
B-2 20 ' 0.18 3 38
B-3 15 4o 0.12 0.22 2 30
Bl 20 Lo 0.32 O.41 L 27
B~$ 10 20 0.35 0.50 L 30"

(’1' e-w= not known, may be surface sand interface with till
e 2 =——= crystalline rock surface
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Table 8 (continued)

Clintonville
Depths (feet) . Resistivity Values at 6 ‘Seismic
Blectrqode Spacing Depth Points (Ohm cms x 10°)  Depths(ft.)
' : ' Water
6, € 05 0 6, G 0 G mevie moek
16 60 140 240 0.03 0.11 0.176 0.231 11 210
(y ~~— probably water table
0,2 & @3 =--- not known, may be older till or changes in till
@], =~—- crystalline rock surface
Mattoon
Depths (feet) Resistivity Values at
Blectrode Spacing Depth Points (Ohm cms x 106)
Sta, 01 P2 ©C3 1 P2 03
A 10 22 4 0,058 0.132 0.H no selsmie
B 20 26 40 0.15 0.19 0,51 data
¢y e——— unknovm, may be base of snad
@2 w——— wyater table
€3 —--— crystalline rock surface
Bryant
Depths (feet) Resistivity Values at ¢
Blectrode Spacing Depth Points (Ohm ems x 10°)
Water
Stae 01 (’2 (’3 Ql& ?1 02 (’3 el} Table Rock
A 15 65 140 235 0.1 0,65 1,03 1.2 52 280
B 38 60 160 235 0.2 0.5 1l.21 1.52 — —

(’1 ~—-= not known, may be base of sand
€5 =——~ water table

04 not known, may be older till
eq ~-—= crystalline rock surface




Table 8 (continued)

¥hite lLake
Depths (feet) - Resistivity Values at P
Blectrode Spacing Depth Points (Ohm ems x 10°)
P1_P2 @3 €1 é2 @3
8 20 &0 0.0 0.136 0.22 no seismic
data

==~= not known, possible base of sand

¢ » ==~ water table (?7)
({3 e——— grystalline rock surface

Phlox

Depths (feet) Resistivity Values at 6 Seismic
Depth Points (Ohm cms x 10°) Depths (ft.)

Electrode Spacing
' Water
Sta. (’1 ?2 f; (’1 E& ()31 Table Rock
A 12 Lo 138 0.08 0.28 0.58 T L8 e
B 20 65 1o 0,38 0.20 0.36 — oo

()1 ——~= base of sand (1)

€2 =~ water table
€3 —--~ crystalline rock surface
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All results were reduced to give absolute values of gravity on
the Potsdam System on the basis of the observed gravity value (980.3681
em/sec.) at the U.S. Coast and Geodetic Survey gravity base at Science
Hall in Madison. Simple Bouguer anomalles were determined at each statlon
as described in the Appendix, and the results plotted and contoured

(Fig.26). The gravity and magnetic anomaly values obtained at each sta-
tion are given in Table 9.

II=2f Magnetic and Gravity Results

The magnetic results showed local anomallies as large as 2000 gammas,
and the gravity results indicated local anomalies as great as 30 mgals.
Examination of the gravity anomaly map (Fig. 26) shows a positive anomaly
area centered about 8 miles northwest of Antigo which has a radius of
approximately 6 miles. In the same area the magnetic anomaly map (Fig.
25) shows a broad magnetic high having a tri-foliate pattern upon which
local peaks are superimposed. Similarly another anomalous area involving
both sets of data is found which centers about 4 miles southeast of
Antigo. Section A-A of Figs. 25 and 26 crosses both areas. A sectional
profile along traverse A-A is shown in Fig. 27. Reglonal trends are
geen to be present in both sets of data and these trends have been
sketched in to icolate that part of the anomaly due to local near surface
causog.

The residual for the northwest magnetic anomaly area is seen to
have a smooth, slightly assymetric profile with 1000 gammas relief,
while that for the southeast anomaly area appears to be a composite from
two separate sources. Similarly the residual for the northwest gravity
anomaly area appears to be a composite resulting from two small mass
effects superimposed upon that of a single large mass which 1s probably
related to the same geologle cause as that responsible for the magnetic
anomaly. The residual for the southeast gravity anomaly area appears
to correlate with the eastern member of a pair of adjacent magnetic
anomalies noted in this area. In both sets of data, another anomaly
area is indicated to the southeast just beyond the boundaries of the
SUYVeY. :

1I-2g Interprstation of Gravity and Magnetic Results

The problem of interpretation here is to decide whether the anom=~
alies are due entirely to changes in rock type at depth or whether a
change in the topographic relief of the basement is also involved.

In order to evaluate this, certain assumptions have to be made as to
the probable shape of the disturbing mass, the kinds of rocks that
might be involved, and their depth.
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Table 9

Table of Magnetic and Gravity Anomaly Values
Antigo, Wisconsin

Magnetic Values in gammas and Gravity. Results in mgals

Anomaly . Anomaly
' Magnetie Gravity Magnetic Gravity
Stas (zammas) (mgals) Sta. (gammas) (mgals)
1 524 ~78.8 36 58 ~60.6
2 662 =785 37 233 =593
3 886 ~78.2 ' _ 38 237 =546
I 1086 -78.2 39 L0 =53.1
5 796 ~79.7 Lo 620 -69.3
6 551"’ -79 ] 2 l&l ’414'1 -66 . 1
7 1670 -82.4 L2 576 -63.2
8 220k -80.2 L3 1135 ~58,14
9 273 =78.7 - bk 967 =547
10 4B =75.5 b5 996 -56.2
11 1154 =71.4 L6 572 =594l
12 1498 -76.1 Ly L7 ~6649
13 1390 =775 L8 338 -69.1
14 W75 =779 49 77 -€he5
15 1253 -78.5 : 50 874 ~59.4
16 1219 ~77.9 51 544 =61.2
17 - 1766 - =77.7 _ 52 721 =57.l4
18 1876 =775 . 53 965 =534
19 1527 ~77.6 sk 898 ~5241
20 890 -67.9 | . 55 1244 -51.6
21 935 -68.8 56 1418 -54,9
22 742 =74l 57 1058 ~55.8
23 873 =77.2 58 574 -5k.8
2k 718 =764 59 597 =559
26 575 -69.5 61 186 -72.5
27 Lé7 -66.3 62 581 -6047
28 179 -65.1 63 1300 ~5748
29 302 ~63.7 4 1672 ~6243
30 265 -51.5 65 0 -6846
31 438 =709 66 90 =701
32 L26 -6542 67 275 -69.5
33 52 -62.8 68 151 -6645
34 267 -71.7 69 1312 -69.0

35 190 -61l.4 - 70 | Lg2 -7r.6



Anomaly

Magnetic Gravity

Sta. (gammas) (mgals)
71 354 -£8.9
72 165 =70.3
% 1105 «72e7
75 70 -7 0
76 218 =733
77 208 ~77.8
78 326 -80.6
79 333 -81.8
82 L3 -81.1
83 196 84,3
8L 582 -81.2
85 473 -85.4
86 522 -82.7
87 387 -82.0
88 394 -85.9
89 367 - ~83,6
90 291 T «=79.1
91 239 =746
92 212 -69.8
93 3 -66.8
94 34 =755
95 20k ~73.7
96 383 ~77.8
97 533 -80.7
98 478 ~83.9
99 586 -84.4

101 1013 ~78.5

102 991 -80.5

103 10L47 «79.5

104 1059 -80.8

105 1674 =779

106 1932 -68.5

107 - 1970 ~6549

108 2484 =65.5

109 1374 =795

110 1435 -80.3

111 1307 -80.4

112 1191 - =793
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Pable 9 (contimied)

Anomaly

Magnetic Gravity

Sta. (gamnag) (meals)
113 272 . =79.8
114 1382 =723
115 1387 = =746
116 634 =777
117 1246 ~81.1
118 LB8o -840
119 574 -83.0
120 553 ~8340
121 1331 -83.0
122 1297 ~&4.5
123 506 Bl U
124 601 ~-82.8
- 125 435 -7706
126 558 -83.8
127 44’4- "?6.5
128 566 ~75.0
129 837 =732
130 684 =765
131 852 -71.2
132 868 . -8l.4
133 1048 -82.6
134 1680 -84.9
135 533 -84,6
137 1278 -81l.4
138 1075 -81.9
139 761 -87.2
140 730 <85.4
141 2870 ~80.1
142 1298 -80.1
143 530 =777
144 1414 -80.2
145 960 -82.1
146 1098 -83.2
147 889 -83.0
149 819 -68.9
150 1066 -79.8
151 1399 =795
152 1334 ~77.6
153 1396 -804
154 1390 ~72.4



Table 9 (contimed)

Anomaly Anomaly

Magnetle Gravity Magnetlc Gravity
Sta.  (gammas) (menls) ' Sta. égammas) (mgals)
155 1386 -82.3 , 168 ' 612 -83.0
156 - 829 =77.8 . ‘ 169 —~ 450 ~8045
158 | 1528 ~79.7 171 649 -83.4
160 1567 =772 173 847 =794
161 611 -82.9 : 174 1325 ~77.6
162 631 -82.0 ~ 175 956 =72
163 578 -82.5
164 548 -83.8 Q-28 610 ~78.0
165 476 - -B0.6 Y-28 343 =717
166 527 -80.5 ¥-13 206 =70.4
167 - 607 ~82.4 -

Northern Anomaly Areas

,Gonsider first the northwestern anomaly area shown in Fig. 26.
The gxav1ty anomaly pattern ig rqughly circular 4n outline suggesting
& mass that might have the form of a sphere or a vertical cylinder.
The magnetic anomaly pattern on the other hand, 1s located at the aplces
of a triangle about three miles on a side. (Fig. 25) Since there 1is
not & corresponding pattern of magnetic "lows" which would indicate the
presence of deeper oppositely polarized areas that would be obtained
with a vertical cylindric¢al body, it is probable that the disturbing
masses are more or less spherical. On this assumption, then, the depth
to the center cen be estimated on the basis of the relationshlp of the
width of the anomaly area corresponding to half the amplitude of the
anomalye This 'half-width" value defines a maxirmum depth from which
the anomaly can originate.

Consider for the moment only the most northern portion of the
magnetic anomaly (top leaf of the tri-foliate pattern) and assume that
the gravity anomaly represents the aggregate from three separate but
closely spaced rock masses as suggested by the magnetic anomaly pattern.
Using the '™half-width" velues, the depth to the center of a mass glving
this local magnetic anomaly of 1000 gammas is approximately l. L miles,
but on the basis of the much larger gravity anomaly, the depth to the
center of the disturbing mass would be 3.2 miles. To resolve this
apparent discrepgncy, it is necessary to explore by quantitative cal-
culations which appears to be the more reasonable.
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As both gravity and magnetic "ighs! are obtained, it can be
agsumed that the anomaly results from the intrusion of a basic :rock such
as gabbro into granitic rocks. Gabbro has a density varying from 2.
to 3.0 gm/cm3. ‘while granite gneiss has a density ofabout 2.65 em/cm’.
Moreover, magnetite, the mineral which accounts for most magnetic
anomalies, is generally sparse in granites but nearly always plentiful
in zabbro.

Agsuming the above two rock types with a density’ contrgst of
0.25 gn/em? the gravity datae can be analyzed in terms of a sphere.

: ~
g = 4MBRIYo 2
3r3
in which ¥ = the gravitatienal constant 6.67 x ;LS"B
@ = the density contrast = 0.25 gn/c
2 = depth to center = 3.2 miles
T = distance from center, zero over center

radius

Solving with these values it is found thgt the peak anomaly of
22 mgals would require a spherical mass having a radius of 14,400 feet
(2.7 miles). This would bring the top of such a gabbroic mass within
2500 feet of the surface. However, further computations gof the theoret-
l1cal effects of such 2 mass, out to distances of 5 miles from the center,
show that this interpretation will not satisfy completely the anomaly
values awvay from the center position in that the observed anomaly is
broader than that which would result from such a rock mass. Scze Fige 28,

Approaching the problem in terms of the northern-most magnetic anom—
aly of the tri-foliate pattern whose residual profile is shown in Fig.
28, the following expression cen be applied for vertical polarization.
(As the actual inclination of the earth!s field is about 759 in Wiscon-
sin, this assumption is close enough for practical purposes.)

vV = 4TRII 2 - (x/z)2
323 [1 + (x/z 2
in vhich V anomaly (1000 gammas)
radius
polarization contrast
depth to center = 1.4 miles

horizontal distance from the center

M=
nuuyyun



- 6] -

NORTHWEST GRAVITY ANOMALY

‘ 30 3
s | b5 —
g, 20 O o \)\ed
€ 00
10— -
SURFACE

30

Z
16,900 ft.

0 /7 //‘ 777777777777 77777777

"NORTHERN MAGNETIC ANOMALY

- 0-—-0 Theoretical

. Gammas _
1000} 7O 1000 ANALYSIS OF
- il " ANOMALIES
%0 ANTIGO AREA
0 0’/, ‘ : 0 ‘
> 7mi.—*—
X o
WD Vool aas
g ) ‘
N S'. milles 2 FIG 28
_,N Observed




- 62 -

If it is assumed that the gabbro has 4 % more nagnetite than the
granitic gneiss, the polarization can be computed as I = .O4 x 38
where 3 is the magmetic susceptibility of magnetite and E thé vertical
component of the earth!s magnetic field in Wisconsin = 0.6 oersteds.
Therefore,

I = .04 x .3x .06= .007cgs.

On this basis the radius of the mass giving rise to the observed
1000 gamma anomaly is about 3500 feet. Computing effects at different
distances from the center show that such a gabbroic mass with a & 4
magnetite contrast at a depth of l.4 miles (7380 feet) would have a
magnetic effect very closely approximating that observed. See Fig. 28
It is thms seen that, on elther basls of interpretation, the top of the
disturbing mass would lie more than 2500 feet beneath the surface and
hence it is not likely there would be any marked expression of its prese
ence in the relief of the basement rock surface which lies only about
100 feet beneath the surface.

Studying these anomalies further, however, it is found that the
gravitational effect of the basic rock mass satisfying the local magnetic
anomaly having a radiug of 3500 feet and buried at a depth of 7380 feet
would be only 2.5 mgels. This is about the amount of gravity excess
indicated by the observed anomaly in the flank areas over the theorete
ical gravity value for the aggregate mass. It therefore appears pos-—
sible that the tri-foliate peak pattern is related to cupolas on the
top of a much larger rock mass whose overall size is best reflected
by the gravity anomalies. That this larger mass at depth must have less
- magnetite than is present in the postulated cupolas is suggested by the
fact that if the same polarization contrast was used to compute the
magnetic effect of the larger mass satlisfylng the gravity anomaly as
was assumed for the postulated cupola, the resultant magnetic anomaly
would be over 3000 gammas. The observed anomaly value for the broad
magnetic high, however, is only about 1000 gammase.

In order to reconcile more closely the depths to the top of the
postulated basic intrusive rock mass as determined magnetically and
gravitationally, a greater density contrast than 0.25 mst be assumed
since the postulated cupola is at a lower elevation than the postulated
parent mass. The use of a density contrast of 0.3 gm/cm3 agsuming
2,95 gn/cm? for the density of the gabbro for example, would decrease
the radius of the large mass from 14,400 feet to 13,000 feet. This
would place the top 3900 feet benecath the surface and be more in agree-
ment with the depth of 3800 feet as determined from the magnetic data.
It will be noted this change in denslty and size of the resultant body
will not change the computed theoretical effect. Both conditions will
satisfy equally well the observed anomaly.
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Other Anomaly Areas:

The failure to obtain a gravity anomoly "high® corresponding to
the magmetic high'in the immediate vicinity of Antigo indicates that,
while there is undoubtedly a high concentration of magnetite in the
rocks of this area, the general petrologic composition has not changed
from that of a granitic type rock. The adjoining gravity and magnet- -
lcally high area which has a lenticular pattern in both sets of data
suggest that here the petrology of the rocks has changed to a more basic
type. That the anomaly is not due to 2 basement rock ridge can be easlly
demonstratede On the basis of the seismic depths, it is known that the
crystalline rock basement does not lie at a depth greater than 225 feet.
Therefore, any basement ridge could not have a height greater than this
value. On the basis of the gravity anomaly pattern, the ridge could
not be more than a mile in width. Assuming a specific gravity contrast
between gabbro and glacial till of 0.8 gm/cm3 and approximating the
ridge as a slab 200 feet thick the gravitational effect would be only
1.9 mgals whereas the observed anomaly is about 12 mgals or about
8lx times as great.

In this area it can only be concluded that gravity and magnetle
data are not definitive as regards locating the areas having high or
low basement relief. These methods appear most useful here for
delimiting areas that may have relief associated with change in petrol-
ogye In passing attention should be called to the fact that granite
areas are usually identified as gravity minima and frequently form top-
ographic high points, whereas areas of basic rocks are usually identi-
fied as gravity maxima and ususlly have little topographic relief.

This difference in relief results from the differential resistance of
the two types of rock to weathering. However, as shown here, the
anomalies frequently result from intra-basement masses which may never
reach the surface of the crystalline rock complex.

II-2h Conclusion on Study at Antigo

The seismic method appears to be the best of the various geophys-
jcal techniques tried in the Antigo area for determining the depth of
water table and the underlying rock layers as well as determining the
nature of the rock types present. The electrical resistivity measure-
ments, while agreeing as to the amount of the grosser changes in the
depth to the crystalline rock surface and in part also the depth of the
water table, do not give as good agreement with the available well data
as do the seismic measurements. Fallure of the resistivity method in
this respect can be attributed directly to the lack of a readily appli-
cable theoretical method for analyzing the results obtained.
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The analyses of the gravity and magnetic studies showed that the
presence of rather large intra-basement rock masses so dominate the
gravitational and magnetic field in this area that these methods cannot
be readily applied for studying the relief of the underlying crystalline
rock surface, or even for delineating the variations in the kinds of
crystalline rock which comprise it. On the other hand, the variations
in the true seismic velocity values associated with the crystalline
rock surface show considerable variation (13,800 - 22,080 ft./sec.)
and these can be used for outlining the variations in its petro-
logic composition. '

II-3 -~ Seismic Investigation at Gresham, Wisconsin
I1-3a General Statement

The village of Gresham lles in Shawno County where the till
directly overlies the basement crystalline rock surface. In this area
the till is the primary aquifer and additional subsurface water can
generally be secured only from unpredictable fractures in the under-
lying crystalline rock surface which is usually described as M"granitel,
No well log data were avallable but rock outcrops could be seen on the
far bank of the stream above the dam north of the village. The problem
was to define the area within the village boundaries where the till was
thickest and determine if a buried pre-glacial wvalley was present vhich
mnight contain sand and gravel and serve as an alternative aquifer.

II-3b Seismic Investigation .

Seismic refraction measurements using the reverse shooting technique
were employed and depths and veloclties were determined at 20 locations.
Two selsmlc horlzons were found to be present. The upper horizon had
a velocity of about 6200 ft./sec. and was identified as till, and the
lower with a veloelty of about 19,000 ft./sec. was ldentlfied as
crystalline rock.: The velocity, depth and sea level elevation of each
horizon is given in Table 10.

Pig. 29 shows the location of the seismic stations and the bedrock
contours based on the selsmic depths. An examination of this map in-
dicates that a buried valley 1s suggested in the northern part of the
area studied. The axis of the valley strikes approximately 300 west
of North and the center line lies approximately below seismic site 14,



Table 10

Seismic Data, Gresham, Wisconsin

Station Apparent Velocity Depth to Horlzon Sea level Elevation

vl : VZ' Vz Vz

la 5370 21500 .33 903
2a 6380 14500 32 902
3b 2000 20000 L2 892
Ly 6600 20200 - 50 888
5¢ 6670 20000 T 66 872
6¢c 4830 20000 61 880
7d - 6240 20000 76 868
8d 6700 20000 72 872
%e 7350 16400 L3 896
10e 6920 20000 _ 63 876
11f 7000 17000 Lo 899
12f - 6690 20000 Lo 882
13g L4990 10370 63 881
L7 7750 30100 85 856
15h 4375 17630 81 864
16h 4180 20000 80 872
174 5000 12200 36 907
184 6670 12500 28 , 912
19J : 5740 16120 31 906
204 7420 244400 53 885

V1 = velocity of surface material (glacial till).

V2. = velocity of Vplayer, (crystalline rock)
average true velocity = 18,644 ft./sec.
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A tributary to this valley is indicated between seismic sites 7 and 8,
Ag seen from this map and profiles A-A and B-B, Fig. 30, the bottom of
the main valley lies about 65 feet below the general elevation of the
surrounding bed rock surface and it also is about 50 feet below the
level of the bottom of the present surface stream valley which lies over
1ts_northeast flanke This areca should constitute a good site for test
drilling from the standpoint of thiclmess of till aquifer present, pos—
sible chammel sand aquifer at depth, and recharge from the surface stream.
At the time of this report there is no record of any subsequent drilling
that might verify the accuracy of this siudy. :

I1I-4 =~ Campbellsport, Wisconsin

II-Ua General Statement

The town of Campbellsport lies in an area of glacial till underlaid
by the Nlagara Dolomite. Subsurface water supplies are avallable from
the till, from cavernous structures within the dolomite and from deeper
Paleozolc sandstones which constitute artesian aquifers in this area,

As the latter are over 2000 feet deep and llkely to be saline in this
area, the purpose of the investlgation was to determine where the thick-
ness of till was greatest in order that it could be exploited more ef-
fectively as an aquifer.

The problem, therefore, was to map the configuration of the Niagara
Dolomite surface underlying the till. It was also hoped that a buried
pre-glacial valley might be located which might contain sands and gravel
that would constitute a better aquifer than the till.

II-Ub Seismic Investigation

Three areas were chosen by the village authorities for study, and
selsmic depths were determined at 42 sites using the reverse shooting
refraction method. At most of these locations three seismic layers were
jdentified. In Area I, the upper horizon (V1) had a velocity varying
from 1500 ft./sec. to 3000 ft./sec. with a mean of 1700 ft./sec. which
was identified as unsaturated glacial till. The second horizon (V2)
had a velocity varying from 4500 ft./sec. to 9000 ft./sec. with a mean
of 6000 ft./sec. which was tentatively identified as either an older
$111 layer or weathered dolomite. This layer however was present at
only about one third the sites studied in this area. The third horizon
(V) had a veloeity varying from 10,000 ft./sec. to 20,000 ft./sec. with
a fean of 12,500 ft./sec. which was identified as the Niagara Dolomite.



In Area II, the correlations were the same as in Area I with the upper
horizon (Vl) having a mean velocity of 2000 ft./sec. The second layer
(V5) had a mean velocity of 9500 ft./sec.,which horizon was present

at about half the sites in the area. The third horizon (V;) correlated
with the Niagara Dolomite with a meen velocity of 14,800 f%./sec. In
Area III, all three seismic layers were observed at all the observation:
points. The layer identified as till, V1, had a velocity of 2000 ft./sec.
The V, horizon identified as older till or weathered dolomite had a

mean velocity of 8000 ft./sec. The V, horizon, identified as dolomite,
had a mean velocity of 16,000 ft./secs

Because of the lack of well log data, the greatest uncertainty
here was in the ldentificatlon of the V5 horizon. In view of the ~
wide spread in true velocity values (7000 ft./aec. to 11,700 ft./sec.)
it appeared that this horizon varied geologically, or else it represented
a differentially weathered layer of the Va4 dolomite horizon. The
veloclty values themselves suggested a sandstone, but this was not
regarded as likely on the basis of the known general geology of the
area. The wide spread in the V3 horizon true velocity values(10,700
fto/sece to 21,600 ft./sec.) wa® believed either to reflect cavernous
development in the dolomite or else variations in the lithology of the
dolomite as might be occasioned by the inclusion of reef facles.

Oomplete velocity and depth data for all horizons in each area are
glven in Tables 11, 12, and 13. In Figs. 31, 32, and 33, the elevation
data for the V., Niagara Dolemite, horigen are plotted and contoured.

In Figs. 34 and .35, sections are drawn along the traverses which show

the depth relations of each velocity layer interface to the surface. ,
From these maps and sections it is seen that buried valleys are indicated
in the Vq surface in both Areas I and II but not in Aree III. It is

also seeh that although the Vy horizon maintains a fairly constant
thickness, the V, horizon occurs mostly as fill material where there

is a depression In the V4 surface. This strongly suggests the V

material is older ti1ll, although the velocity values are abnormafiy high
as compared to those obtained elsewhere for this material (5500 ft./sec.
to 7500 ft./secs).

As no subsequent drilling has been undertaken in this area the
above interpretation cannot be evaluated, but in any event, the two
valleys appear to be the logical sites for test drilling to explore
the possibility of developing & shallow ground water supply.
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Table 1

1l

Selsmic Data at Campbellsport, Wisconsin

12,956 ft./sec.

Area I &
Apparent Velocity. Depth from face .Elevation of Surface
station V1 V2 % V2 \;f V2 V3
la 2000 8750 e 13 - 1024 —
2 1670 4750 15000 7 3 1028 1004
3b 1820 Lo60 11250 L 22 1036 1018
4p 1480 ——— 10230 — 14 —— 1022
5¢ 1250 7400 ———— 8 — 1027 ——
6c onaw —nen - o nersan
74 2450 —— 15000 - 11 —— 1025
8a 2000 —— 10000 - 11  emeeme 1026
9e 1780 —— 12670 - 9 ———— 1026
10e 1430 —— 9090 -_— 8 — 1028
11f 3100 ———— 12500 - 21 —— 1018
12f 1820 8120 11820 9 27 1031 1013
13g 1620 3420 17270 9 51 1038 996
15h 2040 — 18000 - 14 —r— 1021
16h 2530 7940 20000 12 37 1023 998
V1 = glacial till ' .
V2 = older glacial till, weathered dolomite or sandstone(?)
average true velocity = 6750 ft./sec.
Vj = Niagara Dolomlite, average true veloclty =
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Table 12

Seismic Date at Campbellsport, Wisconsin

Area II
Apparent Velocit Depth from Surface Blevation of Surface
Station V1 V2 3 V2 V3 V2. V3
174 6000 10000 18000 16 52 1018 982
181 1970 11760 14280 11 36 1026 1001
195 - 2060 8340 19640 7 & 1033 991
203 - 1640 7830 13100 7 2k 1032 1015
21k 1530  ———== 13890 - 10 ——— 1034
22k 1450  ——-- 14250 - 10 -— 1031
231 1450 12840 20520 9 60 : 1026 975
241 1970 10980 22500 12 70 1027 969
25m 1550  =~=—= 13890 - 9 ——— 1024
26m 3550  w=——m 17240 - 14 -— 1017
27 4580  ==w—= 15130 - 14 -—— 1016
28n 5340 10000 14700 100 24 1020 1006
290 3280 8480 23640 4 o : 1028 992
300 3620 9910 19830 12 43 1020 989
3lp 1690  ——-—= 15130 - 12 ——— 1022
32p 2500  ee=—= 14100 - 13 — 1020

V1 = glaclal till _
older till, weathered doclomite or sandstone(?)
Average true velocity = 9977.5 ft./sec.
Niagara Dolomite, average true velocity =
11,685 ft./sec.

S
] 1]
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Table 13
Seisﬁic Data at Campbellsport, Wisconsin
Area III
Apparent Velocity Depth from Surface Elevation of Surface
Station V1 V2 V3 T2 73 V2 v3
333 1970 7540 17500 7 39 1040 1008
34q ‘2030 10870 17740 11 61 1027 977
35r 1970 10200 16670 -9 L6 1031 99k
36 2600 11210 17740 12 34 1034 1012
37s 2060 7500 15830 8 35 1039 , 1012
38s 1270 7840 14430 . 8 52 1042 998
39¢ 3290 7140 12200 7 36 : 1050 1021
Lot .2570 8870 11760 9 U6 1035 998
V1 = glacial til1 ‘ y
V2 = older till, weathered dolomite, sandstone(?)
_ Average true velocity = 8862 ft./sec.
V3 ‘= Nlagara Dolomite, average true velocity .=
15,487.5 ft./sec.
Table 14 ‘
 Seismic Data at Campbellsport, Wisconsin
Area IV i o
Apparent Veloc1t¥ Depth_from Surface Elevation of Surface
statdon V1 Vo V5 Y2 73 V2 T3
Flu 6040 == 19000 - L6 - 900
L2a 6360 ——— 13710 o Lo o 906
(approx. )

V1 = water saturated till of older til1 (1)
V2 = Niagara Dolomite, average true velocity =
16,350 ft./sec.
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Two additional measurements were made east of the city dump to
check on a postulated fault, These data are summarized in Table 14,
These measurements show there is a change of about 100 feet in the el=
evation of the dolomite in this area from that in the other areas studied,
This is also the approximate change in surface elevation between areas.
The data, therefore, cam be interpreted as supporting the idea of a
fault lying between the two areas.

II-5 - Hudson, Wisconsin
I1-5a Gbneraletatement

The town of Hudson lies on the east bank of the St. Croix River
at the foot of a high bluff formed by the Mt. Simon Sandstore and the
Eau Claire formations which are topped by glacial drift., The problem
here was to locate the depth to water table, the base of the tj11, and
1f possible the depth to the pre-Cambrian crystalline rock surface.
The area of investigation was one chosen on top of the bluff by the
town authorities, A

This study was undertaken under very adverse weather circumstances
and, as a consequence, was of a limited nature. It was necessary to
get a snow plow to clear the lines along which observations were to be
made and the temperature during the study averaged about 30° below
Zero, . :

II-5b Seismic Investigation

Depths were determined at six sites bracketing the area of a pro-
posed well using the reverse shooting refraction technique, Three
selsmic velocity horizons were found, The upper horiszon (Vi) had a vel=
ocity of approximately 1360 ft,/sec. and was identified as unsaturated
glaclal drift. The second horizon (V2) had a velocity of approximately
5250 ft./sec. and was identified as water table. The third velocity
horizon (V3) had a velooity averaging 8200 ft./sec. and was identified
as the underlying sandstone. One long spread was shot in an attempt to
determine the depth to the basement surface and although no exact depth
was determined, 1t could be safely sald that this surface lay at a depth
greater than 400 feet, In Table 15, the pertinent data obtained at each
site are given,

The location of the seismic stations and the position of the pro-
posed well are shown in Fig, 36, Schematic contours on the 73 (saqd-,
stone) surface are also shown, and it is seen that a buried valley is
indicated between sites 3N and 3S, This valley is shown along traverse
A-A in Fig, 37, and i1t 18 seen that its axle chances to coincide approxi-
mately with the propesed well location where the depth to sandstone, as
determined from seismic data, 1s about 240 feet.
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Table 15
Seismic Values, Hudson, Wisconsin

Depth to Surface Elevaiion of Surface

§tation V1 2 __ W V2 V3 V2 T3
1370 5250 8220 96 218 H1 622
1s 1370 5250 8220 98 184 71 655
b 1354 5230 8100 100 230 734 614
28 1354 5230 8100 102 185 739 656
N 1385 5160 8690 97 222 9 624
38 1385 5160 8690 100 192 ‘ 742 650
V1 = unsaturated glacial t111
V2 = water staurated glaclal till (water table surface)
Average true velocity = 5213 ft./sec.
V4 = sandstone (?) Average true velocity = 8336 ft./sec.

II-5¢ Evaluation of Results

Two years after the completion of the above study a well was drilled
at about the site indicated. The condensed log of the well is as follows:

Glacial
brift

Bau Claire.
Formation

Mt. Simon
Formation

Pre~Cambrian
Basement

Vell caged to 257.75 féet.

0 - 215 ft. sand--medlum to coarse
215 - 245 8ilt, slightly dolomitic (till?)
245 - 250 gravel and sand
250 - 265 siltstone
265 - 270 ~ sandstone
270 - 375 sandstone
375 - 385 siltstone
385 - 480 sandstone
480 - 490 siltstone
490 -~ 530 sandstone
530 - 543 shale

Static water level , 139 feet.



- 80 -

i
| | A
Contour Interval 5ft, | : e |
DEPTH FROM SURFACE . 22’0 I/r
|
7w L
0 /00 R00 30/ / / 235 ln_‘_L‘_
fEErlA' . / ((2’4'0i I
SUMMER S7. | \ \ \ K‘“ \‘\h’r{fé glu
! ' - T
o N \\\ h_‘_
\ 20 ;'. I
[
T~ _ i
———— 21 T
: Mg
y 205 — : ,
N | |
t) / 200’1/ %.i:’.
. A »
g T N R
Ry
,90/ waro ave {127
— o A i
‘ :85. :
s = | FIG.36
——) 4 \
" Higwway 30

SEISMIC STATION MAP AND CONFIGURATION

OF SANDSTONE SURFACE

HUDSON, WIS,




SEISMIC SECTION

8400 3G, %01 0. T S0T, 840
wo0o€ no %Po'o" ooy
0005 Fe 5708 eosoo
800} ¢ : oD |
_800po &\ oe g O L C-n G 1800
I SR G OV™GT S o
TR o o
S - .6' I
T760p~— © LACIAL L., 760
Z S P LN P ~
O |hpal6 €
:b 2N e ~ Fd
- o WATE
< 720 o o Q-
LA R Y, o
> 0(“\_0 o og o] “_{\
wl e R R
- G BT T o s
W 680ps ¢ S s 1Yo
c'o O < R
-V Ca 0hH O C'AL:

640

600

.

I

SANDSTONE

I

Depth of
//98sing

Si

1640

600

500 ft.

-'[8—



- 82 -

Comparing the results of the driller's log with the seismic data
the agreement between the two is fairly good except on depth to water,
The calculated seismic data to the top of the sandstone was approximately
240 feet., The well log shows the base of the drift to be at 250 feet.
The seismic data showed the basement to 1ie at a depth greater than 400
feet, The well log shows that basement is not encountered until 530
feet, The depth to water as indicated by the seismic measurements was
100 feet while that in the completed well was 139 feet.

There are three possible explanation for this discrepancy regarding
the depth to water: (1) The siltstone horizon acts as an impermeable
barrier separating the sandstone aquifer from the drift., As the well
18 cased through the latter it would be the water level in the sandstone
which is reflected in the well. Because the sandstone 18 exposed in the
bluffs, 1t is free to discharge water, which would lower the plezometric
surface in the sandstone while the water level in the drift might be
less affected due to a lower hydraulic gradient. (2) If there is free
communication between the sandstone and the drift, a frost barrier might
have formed in the sub-zero weather preventing leakage from the bluffs
and raising water level, (3) The water table may have been lowered
during the two years between the investigation and the completion of
the well by Iincreased demand, decrease in recharge or a combination
of both,

Regardless of the true explanation, there appears to be nb reason
to doubt that the water levels mapped in the drift were accurate at
the time of the survey in 1951, ZEvidence to support this is as follows:

1. 1If the water depth was in error by 40 feet, the depth to the
sandstone also would have been in error instead of essentially correct.

2. All six sites give depths to the water surface that agree
within a few feet. If this surface were not real at the time of the
Investigation, it is highly unlikely that this would have been the case.

11-6 - Clark County Hospital, Wisconsin
Il-6e General Statement

The Clark County Hospital 1s located in a section of the state
where glacial t111 lies for the most part directly upon the crystalline
basement rock surface. Locally thin layers of Cambrian sandstone may
intervene, but these are discontinuous and seldom reach 10 feet in
thickness, As in all such areas, the till and sandstone constitute the
principal subsurface source of water., Here, as at Gresham, the problem
was to locate the maximum thiclkmess of sediments above the erystalline
rock surface and search for a buried valley which might contain sand
and gravel.
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I1-6b Seismic Investigation

The selsmic refraction method was used to establish depths at
thirty-~six locations using the reverse shooting method and only two
seismic horizons were detected. The upper horizon had a mean velocity
of about 5000 ft./sec. and was identified as being unconsolidated rock,
probably glacial till. The lower horizon had & mean veloclity of about
18,000 ft./sec. and .was identified as being the basement complex, The
velocity values obtained at each site and the computed depths are given
in Table 16.

The locations of the seismic stations are shown in Fig. 38. An
approximate representation of the basement rock surface was obtained
by contouring the seismic depths but since the control is limited, this.
contour map can only be regarded as suggestive. As a supplement to the
above a vertical section along traverse A-A 1s shown in Fig. 39.

II~6c Evalustion of Results

A buried valley in the area is indicated by Fig. 38 and Fig. 39
but novhere does there appear to be more than about 80 feet of material
above the crystalline rocks. To a limited extent this is checked by
the data of the existing well at the hospital which is believed to have
encountered the basement surface at a depth of about 62 feet. However,
the results of test drilling at 10 sites within the area, some prior
to the seismic work and some following it, did not at first appear to
substantiate the seismic results. Three test holes indicated till lying
directly on the basement rocks, and of the remaining seven, all but two
indicated the presence of intervening sandstone. The maximum thickness
of sandstone reported was 14 feet, but most of the occurrences were
nearer 5 feete. :

It was not surprising that the seismic measurements did not indilcate
the presence of this sandstone as the spacing of the detectors did not
permit the detection of such a thin stratigraphlc unit. TFurther, since
the velocity of sound in the sandstone (aebout 7500 ft./sec.) 1s not
greatly different from that in the t1ll, such thin layers would have
no appreciable effect other than slightly raising the apparent velocity
values of the till. The same effect could be created by an increase
in the degree of water saturation of the till with no change of materlal.

It was surprising that the logs for the test holes reported so little
glacial t111 in contrast to the indications of the selsmic measurements.
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Table 16
Seismic Data for Olark County Hospital, Wisconsin

%pparent Veloclty Depth to Horizon Sea lLevel Elevation
Station Ty V2 Vo V2
la 5800 17000 7”7 . 1211
1» 5800 15600 63 1222
2a 8800 22000 73 . 1218
b 4500 13400 39 1244 .
3a 6200 : 16000 by , 1229
3b 7000 . 3350 36 1228
Le 6000 29000 . 50 ‘ 1217
kb . 6200 17400 39 1230
5a 6200 20000 60 1211
5b 5500 18000 ‘ 51 . 1222
6a 7700 37000 55 1216
6b 6400 15400 33 1240
7a 5000 14000 Ly 1234
7b 5200 14000 : L6 1245
8a 5000 12400 Lo 1247
8b 5000 22000 65 1229
9a 6100 - 28800 7 1218
9b 6000 : 16000 29 1219
10a 5800 24000 ' 83 © 1200
10b 5600 20000 35 1243
1lla 6000 20500 29 1252
11b 5800 21600 69 11216
12a 5000 < 28000 86 w1207
12b 3700 - 20400 50 1243
13a 5300 ¢ 16300 15 1238
13b 5300 18400 33 1228
lle 3300 22000 ~ ~ 30 1239
14p Looo 28000 53 1220
15a 5700 15200 48 1246
15b 5400 15000 , L6 1222
léa 3800 14500 Lo 1243
16b oo 28000 72 1216
17a 5500 26000 65 1223
17b 4500 16700 73 1213
18a 3800 18000 72 1216
18b 4500 24000 83 1200

V1 = velocity of surface layer (glacial till and sandstons)
V2 = velocity of second layer (basement crystalline rock)
Average true velooity = 20555.6 ft./sec.
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The average depth was only about ten feet and greatest thickness,
twenty-five feet. The bulk of the section above the basement rock appeared
to be detrial material derived from granite that had been transported and
laid down as an unconsolidated arkose. All of the test holes showed a
considerable thickness of this material which is variously described as
"decomposed granite", Yrewashed granite®, "clay", "schist", Mgranite
vash¥, Yquartz pebbles®, etc. Since this material would have essentially
the same velocity as the overlying sandstone stringers and the glacial
$111, it was not differentiated by the seismic measurements. The only
seigmic discontinuity mapped was related to the boundary between this
Wgranite wash" which 18 frequently characterized by a pebble layer at

or near its base, and the ¥granite® (crystalline rock) surface proper.

From the standpoint of water suppl&, the decomposed granite would
have a considerably higher permeability than the til1l and would form
a more satisfactory aquifer. '

Although the location of the test holes was not given by the drtller,'
the approximate positions were given for two new wells, but unfortunately
neither of these wells definitely entered the underlying crystalline
rock, Well No. 2, described as located 245 feet southeast of Well No. 1,
bottomed at 37 feet below the surface at an elevation of 1233 feet in
¥decomposed granite with much mica®. Well No., 3, described as being
located 270 feet south of southeast of Well No, 2, terminated at an
elevation of 1226 feet in schist or gneiss, decomposed and rewashed
granite with rounded quartz pebbles at the base. Although the location
of Well No. 1 was not known, it was possible from the surface elevation
data and the relative location of Well No, 2 to Well No. 3 to approx-
imate the positions of these wells., The elevation of the (V2) crystal-
1ine rock surface according to the seismic data at positions fitting
these given descriptions varies from 1228 to 1235 feet at Well No. 2
and from 1224 to 1230 feet at Well No. 3. As the seismic elevations
agree within 1imits of 4 5 feet with those shown by the wells it may
be concluded that the seismic data are valid and define the surface of
the crystalline rock.

II~7 « Vesper, Wisconsin
II-7a General Statement

The town of Vesper lies in an area where there is a thin layer of
glacial t111 and sandstone lying directly upon the crystalline basement
rock surface, The ecrystalline rock surface here appears to be rather
uneven and granite outcrops at various places around the town. As in
Clark County, the problem was to determine locations having the maximum
thickness of overlying sediments as these constitute the principal
" aquifer of the region,



II-7b Seismic Investigation

The seismic refraction reverse shooting technique was used and
depth determinations were made at 46 sites. See Fig. 40.

Three velocity layers were found to be present; a surface layer
(V1) with a velocity ranging from 1630 ft./sec. to 6900 ft./sec., \
identified as glacial till; .a second layer $V2)'w1th a velociﬁy;ranging.
from 6700 to 10,500 ft./sec. identified as Cambrian sandstone: and a
third layer (Vq)with a high velocity varying from 13,100 to 20,000 ft./sece
identified as The basement crystallineg rock complex having a variable '
petrologlic composition. : ’

In Table 17, the velocity data, depths, and sea level elevations
of each layer are given for each seismic site. As the distribution of
stations did not permit contouring, the elevation data for the sandstone
granlite surfaces are listed at each seismic site in Fig. 40. In Fig. 41,
vertical sections are shown along the traverses indicated in Fig. 40.

i %

1I-7¢c Discussion of Results

Traverse A-A: This is a SE~-NW section paralleling the railroad
tracks southeast from Vesper. Sandstone up to 20 feet in thickmess
is indicated in the southern part of the section, but to the northeast,
it is either absent or of such limited thickness it was not detected.

‘Traverse B-B: This section runs north-south and is along the
highway leading to Vesper from the south. Here the crystalline basement
rock surface appears to be conformable to the surface topography over
much of the traverse. Sandstone occurs to the south of site 6 but none
was recorded to the north. This agrees with what is known of the local
geology as granite outcrops occur to the north and sandstone outcrops
are observed to the south. A maximum thickness of 45 feet of sandstone
is indicated at site 10.

Traverse C-C: This traverse runs north-south along County Trunk
Highway ®CH to the east of Vesper. The selsmic data on this section
indicate erratic structure but in general, sandstone appeared to be
present over most of the traverse with a maximum thickmess of nearly
50 feot at site U5, :

Traverse D-D: Thls traverse runs north-south along the east bound-
ary of Range 5-E to the east of Vesper. Sandstone appears to be present
north of site 28 with a maximum thickness of 20 feet at site 26.
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Seismic Data, Vesper. Wisconsin

%pparent Velocity Depth to Horizon Sea Level Elevation
Station v Vg 9 % V2 V3
1a 5900  ==w- 17780 -— 1o —— 1078
5900 ===~ 21050 - 13 -~ 1075
3b 5900 ~——- 14550 - 10 | —— 1077
kb 5900 ———= 23170 - 24 ———— 1056
56 6270  ~~== 14750 -— 38 —— 1047
6¢c 6280 — 16250 — L7 —— 1085
74 3800 8250 15290 6 23 . 1092 1075 ¢
8d 3800 7590 20000 11 4s 1093 1059
9e 5110 9860 17890 13 29 1091 1075
10e 3300 802k 23430 12 57 1093 1048
11f 5540 . ===~ 20530 5 17 1067 1055
12f —— 8560 16670 0 13 -——= 1056
13g 4620 === 15800 — 8 ~-——=, 1080
g 4620  w=== 10390 -— 7 - 1085
~ 15h 3360 10530 15000 7 23 1090 1074
lén 3360 10530 19000 U 22 1085 1077 -
17i 1740 ~——= 23080 - 28 ——— 1072
181 1520 8330 @ ceme - 15 ~— 1086
193 4090  ==== 14560 — 21 | eme= 1084
20§ - bs550 m—— 22050 — 34 — 1073
2k 6170 8730 16460 Ly 33 1105 1076
22k 6170 10810 21760 3 58 1098 1053
231 5000 5595 16250 5 13 1109 1101
241 5000 7333 18750 5 16 1110 1099
25m 6260 9900 15500 11 26 1108 1093
26m 5610 10550 17380 10 30 1105 1085
270 5710 === 16660 -— - 15 ———— 1097
28n 6270  =—e- 20280 — 18 ——— 1095
290  ——m-=- 10000 19666 5 19 1109 1094
300  ——— 9850 18095 6 19 1108 1094
3lp - 6720 16750 5 -26 1107 1086
32p ~--- 8118 18500 5 19 1106 1091
33¢ 6240  —=— 18000 - 9 = 1099
34 620  ~=— 19060 - 10 ——— 1098
350 5784  ~=—— 21560 - 19 ~—== 1087
36r 6730 ~—— 17630 - 14 -——— 1089
: gZ: Becords Buined _
39% 6250  wwm- 12140 — 18 -—— 1073

Lot 6250 —— 20580 — 2k — 1066
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Table 17 (contimed)

%pparent Veloclty Depth to Horlzon Sea Level Elevation
Station W1 V2 V3 V2 T3 V2 V3
Bln 5000 —— 15600 - 22 | ——— 1073
L42u 3859 11610 21560 17 L3 1078 1052
43y 6500 9558 16950 L 17 1093 1080
iy 6900 9642 19290 10 50 1087 1047
‘Usw ———— 8061 27350 5 56 1088 1037
Loy — e 8060 14070 3 6 1094 1091
V1 = glacial till
Vo = Canmbrian sandstone, the average true velocity = 9080 ft./sece.
73 .= crystalline rock complex, the average true velocity =

17547.4 ft./sec.

In general, the surface geology, as well as fragmentary well data
gathered from the local inhabitants sppear to substantiate the selsmie
results. After the completion of this investigation, the logs for two
test holes drilled in the area became aveilable. These are shown in
Pige. 40 as Test Hole I and Test Hole II. Test Hole I showed 10 feet
of sandstone overlying weathered igneous rock, apparently basaltic lava
flows or basic injection gnelss. Test Hole II showed 12 feet of sand-
stone overlying the same material. At neither location was there more
~than 2 feet of glacial till. The extensive thickness of weathered basic
rock encountered at Test Hole I was of particular geologlc interest;
drilling was continued to a depth of 141 feet, and from 12 feet down
no fresh rock was encountered. A summary of this log 1s as follows:

2= 12 feet ceevcee... sandstone .
12 = 20 feet ssseeceecees dark red-gray -clay
20 = 30 feet ¢eeseoes.. decomposed basic rock
30 hand 55 feet Seeesvsssne red"g!‘ay clay
55-m 65 feet esessee.s.s decomposed basic rock
65 = 70 feet sesescsses decomposed chloritic basic rock
70 = 80 foet eeceserses dark gray C].ay
80 = 127 feet eesceeeess decomposed basic igneous rock
127 = 132 feet eccessssse dark red-gray clay
132 = 14)1 feet eeecsses.. decomposed basic igneocus rock

As this material apparently had weathered in place without subsequent
transportation, it is presumed that a large part of the area may be
underlaid by a similar thick section of weathered basic igneous rock;
however, it is evident from the surface granite outcrops, that it does
not underly all of the aress As only a minor amount of water was encoun-
tered in Test Hole I, this material cammot be regarded as an aquifer,
and the high velocity values associated with the basement everywhere
throughout the area further confirm the idea that the material has a
low porosity.
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II-€ - Greenwood, Clark County, Wisconsin
II-8a General Statement

The town of Greenwood lies in the same general area as the Clark
County Hospital previously considered. It was lmown from existing well
records that sandstone, and possibly unconsolidated detrial granitic
material, lay between the glacial till and the crystalline rock base-
ment. Test holes and wells showed a variation from 6 to 104 feet to
crystalline rock indicating considerable relief on the "granite! sur-
face. The problem was to contour this surface and determine where the
greatest thickness of sandstone was present.

II-8b Seismic Investigation

The seismic refraction reverse shooting technique was used and
depths determined at 52 locations. Three different velocity horizons
were mayped. Over part of the area, the upper layer (Vl) was charac-
terized by a velocity varying from 1600 to 3950 ft./sec. and was iden~
tified as unsaturated glacial till. In other parts of the area the
surface velocity layer had a velocity varying from 4015 to 6430 fi./sec. and
was tentatively identified as water saturated till. The second layer
(V2) had a velocity varying from 6630 ft./sec. to 9800 ft./sec. and wae
 identified as being probably sandstone. The third layer (V;) charac-
terized by velocities ranging from 13,820 to 23,700 ft./sec. vas lden-
tified as the basement complex of crystalline rocks.

I1I-8¢c Discussion of Results

The travel-time plots showed considerable irregularities in the
basement surface, with marked time delay offsets as would be occasioned
by abrupt changes in depth between the shooting points. Although
allowances were made for these offsets in meking the depth calculations,
there was no guarantee that they were all handled in & manner that would
glve a true representation of subsurface conditions. This was brought
out very strongly by subsequent drilling. At two statione in particular,
6N and 17S, the difference between the subsurface structure portrayed
by the seismic results and that obtained by drilling was so radically
different that, in addition to re-examining all of the data and recal-
culating velues, a field party was sent back to make auxiliary field
measurements to resolve the discrepancies. The results of these addi-
tional measurements and the re-examination of the original data using
alternative interpretations wherever more than one interpretations appeared
possible, showed depth differences of 20 feet or more at 3 of the 52
stations and at 9 others differences of 10 feet or less were obtained.
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In every case the difference involved the depth to the basement crys-
talline rock surface and not that to the overlying sandstone.

At station €N the results should have been rejected since the off-
sets in the V4 travel-time graph were so complex that an infinite velocity
was indicated. The original depth calculated here was based on a mean
velocity for the V4 horizon, and this assumption resulted in a discrepancy
of 71 feet in the gepth to the basement rocks. The depth to the sandstone
at this site, on the other hand, checked within 3 feet of that obtained
by drilling. At station 175, which was also checked by drilling, the
sandstone while present at ene end of a spread, was missing at the other
end. As the surface layer wag saturated till having a velocity greater
than 5000 ft./sec. it was difficult to decide whether the sandstone was
present or actually missing here as at other sites. If the sandstone
showed up well on the reverse end of the spread, the tendency was to
agsume it was probably also present at the other end even though very
thin. Of ten such cases, it was fairly definite in six cases that the
sandstone was missing. In the other four cases the data were indeter-
minate and as a consequence it was assumed the sandstone was present
though thin. Station 175 was one of these and the test well drilled
here showed that the assuuption was in error and that no sandstone was
presents Since this error in interpretation also affected the calcul-
ated depth to crystalline rock surface, it was not surprising that the
selsmic data failed to check the well log information. However, recal-
culation on the basis of the sandstone not being present gave agreement

“with the well data to within 6 feet as to the depth of the granite.
Under the original interpretation there was a disagreement of 47 feet.

It is tims seen that the results at Greenwood were complicated by
two geologic sltuations which it was not always possible to evaluate
properly from the seismic results. Re~cvaluation of all the data with
these probable sources of error in mind resulted in changes from 6 to
18 feet at 7 sites and changes of 20 feet or more at 3 sites. Two of
the latter as has been indicated were at locations that were selected
for test drilling. 1In one respect this was unfortunate; in another
respect 1t was most fortunate in that it focused attention upon a
situation not commonly encountered but which was critical at Greenwood,
and which had not been fully appreciated at the time of the original
computationse.

Depth determlnations were carried out at four additional sites on
the return trip and the results of these measurements are included in
Table 18 with those of the original investigation. Table 19 gives the
results of recalculation on the basis of alternate interpretations at
stations vhere it appeared that differences in results of more than 5
feet in depth would be obtained. It should be borne in mind hovever
that there is nothing to indicate that the alternate interpretations
are preferable to the ones first determined except in the two locations,
6¥ and 178, where subsequent drilling proved the original interpretation
to be in error.
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Table 18

Seismic Data, Greenwood, Clark County, Wisconsin

%pparent Velooity Depth to Horizon Sea Level Elevatlon
Stetion V1 V2 k) Vo V4 V2 V3
IN 4970 8450 25000 11 61 1095 1045
1s 3330 7470 12750 15 56 1082 1041
ZH 5090 8020 20000 16 55 1059 1018
28 5090 6620 14820 L ) . - 1023
3N 6570  ==== 11940 - 38 —— 1023
38 5170  w=—- 25810 -~ 23 ‘ ——— 1024
Ix 6210  ==== 14290 — 23 ———- 1018
Ls 6650 w—— 17170 T = 35 —— 1002
5§ 5750 8060 13560 8 30 1036 1014
58 4000 14090 32000 - 18 —— 1021
&Y 3960 9370  emee. 13 109 1054 958
6s 4070 7270 17500 9 63 1042 988
"™ 4870 --— 18870 - 14 w——- 1068
7S 3980 === 12200 - 21 — 1057
8f == 8140 24250 5 21 1040 - 1024
85 3260  e—- 21280 — 17 m—— 1025
9N 4020 ~—— 16540 - 17 , ww— 1050
98 4030 ———- 16070 -— 8 — 1043
10K 2580 8240 20600 W 67 1068 1015
108 3360 ~=—= 11360 - 19 -—— 1055
1IN 2120 - 6960 18370 12 88 1085 1009
118 2490 9760 15040 17 46 1069  1loLo
128 1670 6630 16600 16 46 1070 - 1040
128 2220  ---~ 13380 17 ~~——= 1055
1IN e 7430 15960 5 i 1055 1019
135 e 7840 15080 5 20 1041 1026
LN 4970 2 ~—— 15450 — 15 — 1025
4SS 4530  =-—- - 16260 -~ 16 ——— 1021
158 5090 ——— 20000 — 14 = 1020
158 4950 e 21980 -— 24 —— 1012
168 2530 5990 16670 13 53 1065 1025
168 2110 7810 16600 T 1054 1022
178 3950 11020 36830 13 69 1045 989
178 3911 6260 22730 5 77 1036 964
188 2480 9800 16670 18 72 1063 1009
188 2960 === 19900 - 29 ——— 1048
I9N 1600 === 23120 - 22 —— 1021
198 . 1600 == 12120 - 7 —— 10M9
208 2510  ——== 26500 — 24 —— 1021
208 . 2510  ==== 14600 - 12 ——— 1038
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Table 18 (continued)

ent Velocity Dept%x to Horizon Sea level HElevation

A

Station V3 V2 V3 2 Va3 V2 V3
21N 2450 7010 15150 13 6 1045 997
218 2450 6460 16340 6 67 1056 995
228 2840 6650 9300 12 33 1056 1035
228 2840 8350 9880 L 23 1068 1049
23 3360 ——— 13250 - 16 — 1058
238 4ol0  =——s 18450 - 18 — 1062
2 2500 8200 17940 7 56 1073 1024
248 2500 BG40 21740 W 67 1070 1017
25N = 8160 18000 . a— SRR
258 ~=w= 6700 17800 -— 21 —— o
268 1880 e 12960 39 146
26s 1940 9450 20000 28 120

V1 = glacia]l til1

V2 = cambrian sandatone, the average trus velocity =
7792 £t./sec.

V3 = orysialline complex, the average true velocity =
16,910 ft./sec.

Table 19

Seismic Stations with Alternate Values

Original Depth : Alternate Depth
Station V2 V3 V2
& 13 104 _ 13 Indeterminate
6s 9 63 12 Lo .
11¥ 12 88 12 71
118 17 k6 16 . 56
168 13 53 13 k7
168 14 46 12 58
178 13 n 12 87
178 5 77 L e 36
ey . 18 72 18 62

228 L _ 23 b 37
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The location of all the seilsmic stations, wells and test holes are
shown in Fig. 42; areas where sandstone is absent are indicated as are
areas where more than 50 feet of sandstone is present. Fig. 43 shows
the relation of the till, sandstone, and basement rock surfaces to the
ground surface in vertlcal sections along traverses across the area.

II-8d Bweluation of Results

Although considerable space has been devoted to a discussion of the
locations in which appreciable errors in results were discovered, and
thelr cause, attention should also be called to the fact that good agree~
ment between the seismic data and drill hole data was also obtained.

It has already been pointed out that an alternative interpretation of the
seismic data equally as valid as the one first adopted would have reduced.
the discrepancy at site 17S from 47 feet to 6 feet, and that the depth

to sandstone at site 68 was verified within 3 feet by the drilling
although the depth to basement was appreciably in error. At Test Well
Nos 3 located about 500 feet northeast of seismic site 115, the drill
hole data substantiated the seismically determined depths to the sand=
stone to within 7 feet, and to the crystalline basement to within 4 feete.
Similarly a test hole between seismic sites 2N and 12N and about 200

feet from each corroborated the seismically determined depth to sand- '
stone in that area to within 5 feet. Test hole 5, which lies about half
way between seismic sites 4N and 55 and about 400 feet from each cor—
roborated there was no sandstone in this area as indicated seismically
and verified within 3 feet the seiemieally determined depths to the
crystalline rock complex. Test Hole No. 4 at the northwest edge of town
and located about 200 feet northwest of the two short seismic gpreads
established to aid in locating a water main likewise corroborated there
was no sandstone in that area, and agreed with the seismically determined
depth to the basement complex within 3 feet.

Although there were other wells in the area, in particular the
main town well which showed 104 feet of section above the basement com=
plex, there were no seismic stations close enough (within about 800 feet)
to permit valid comparisons with the seismic results.

A summary table of the agreement obtained at all wells located
within 500 feet of any selsmic station is given in Table 20, From this
table it 1s seen that the average degree of agreement between the seismic .
and well log data without regard to sign is 4 feet if the original data
for 175 and 6N are omitted as representing abnormal situations. This
degree of agreement is more in line with that obtained elsevwhere.
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Table 20

Comparlson of Well and Seismic Depths
Greenwood, Clark County, Wisconsin
) |
Elevation
Distance of sandstone Basement

Yell Seismic Statiocn _from Well Well Seismic Well Seicmic
Test Noe &4 ¥ Auxiliary 200 ftoSE e e 1024 1027
¥Well No. 3 = 115 Interpretation 1 400 ft.SW 1062 1069 1036 1040
~ 118 Interpretation 2 . 1062 1070 1036 1030
Test Noe 5 ix 400 ft.HW  w=m== === 1020 1018
58 BOO ftoSR = == 1020 1021

Well Fos 2 €N Interpretation 1 At Site 1051 1054 1029 958
€N Interpretation 2 At Site 1051 1054 1029 Indeterm-

inate
Test No. X 12N 250 £t.NW 1066 1070 == ,
¥ell No. 1 175 Interpretation 1 Lo ft.W —— 5 1011 96k
- 175 Interpretation 2 evweee ==ew= 1011 1005

This investigation;outside of those conducted for engineering and
mining purposes,is probably the one most thoroughly tested by.subsequent
drilling. The investigation also involved one of the most difficult
problem areas that had been studied up to the time of this survey.
Thanks to the extensive drill hole testing program carried out by the
town of Greenwood the nature of the problems encountered are now under-
stood. However it cannot be said that in view of this understanding,
unambiguous interpretations would now be possible in this same type of
an area. TYortunately such areas are the exception rather than the rule,
and as indicated here at Greenwood even in a complex area the selsmic
method is applicable to a study of most of the area.

I1=9 = University of Wisconsin, Willows Athletic Field
Madison, Wisconsin

11-9a General Statement

The Willows Athletic Field lies at the head of Unliversity Bay on
Lake Mendota on & low, flat area that was formerly lake bottom. Little
was known of the subsurface geology other than that lake alluvium and
glacial till overlaid Cambrian sandstone at depth. The problem was to
ascertain the subsurface geology so that it could be decided whether
it would be best to sink a well as & source of water sup s Or to run
in a pipeline and use clty water. The general location /6f the area and
the available geologic information from cutcrops and well logs in the
vicinity are shown in Fig. U,
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II-9b Seismlc Investigation

The selsmic refraction method of reverse profile shooting was used
to establish depths at 13 locations which are shown on the map of Fig.
45, Three distinct velocity layers were found to be present, The upper
surface velocity layer (Vi) had a velocity varying from 3500 ft./sec. to
5500 ft./sec. and was identified as glacial t111 and lake sediments
having varying degrees of water saturation, Below this was an inter-
mediate velocity layer (Vé) which had a velocity of about 7000 ft./sec.
This layer was only found at about half the sites. The identity of this
material was questionable and it was tentatively identified as an older
t111, Throughout the area a deep high speed layer (V,) was found which
wag characterized by a velocity of about $000 ft./sec. and was identified
as the sandstone bedrock,

The velocity depth values and sea level elevation of each horizon -
are tabulated in Table 21. A contour map showing the configuration of
the sandstone surface is included in Fig, 45,

II-9¢c Discussion of Results

It is seen from the contour map that a well defined buried valley,
Incised in the sandstone surface, cuts diagonally across the area, The relief
indicated on this surface is 126 feet., The greatest depth was at location
LW and the shallowest at 2W.. To bring this out more clearly vertical
sections were drawn along traverses A-A and B~B of Fig. 46. TFrom these
sections 1t is also seen that the intermediate velocity layer occurs
only in the valley area,

To check the nature of the V, high speed horizon identified as
sandstone, a test hole was drillea at site 2W where the depth to the

Va horizon was shwon by the seismic data to be 13 feet below the surface,
ater Table was encountered at 9 feet and a hard sandstone at 13 feet

which could only be penetrated with difficulty using a hand auger,

This verified both the nature of the material and the seismic depth at
this location,

That the valley outlined by the selsmic work is probably a tribu-
tary to a larger valley to the west of the area is indicated by the well
at the Post Farm, City Well No. 6 and ocutcrops of bedrock seen at the
surface, City Well No. 6 showed 45 feet of drift overlying sandstone,
whereas the Post Farm well indicated 255 feet of drift overlying sand=-
stone, See Fig, 44, As the surface elevation of both wells is very
nearly the same, there seems little reason to doubt that the relief
shown on the sandstone surface by the seismic data to the east is real,
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Table 21
. Selgmic Data

Willows Athletic Field, University of Wisconsin

Apparent Yeloeit;' ' " Depth to Horizon Sea Level Elevation
Station Vi ~ V2 3 V2 V3 Vo V3
v 6250 — 9550 —— 92 — 768
1B 6250 ——— 9550 —_ 78 — 775
10 5740 ———— 8980 - L2 —— 812
25 3550 —————re 9200 - 38 ——— 812
2@ 3550 === 9200 - 13 -— 86
20 4200 ——c—e 8820 ——— 27 —— 822
3w 4210 7400 9530 31 102 827 756
38 k210 7400 9530 i 92 799 758
30 4680 7300 9500 19 96 833 756
Ig 3760 6100 8770 27 63 815 788
Ly 3760 6100 8770 28 133 825 720
5B 5650 ———- 8280 — 58 -— 762
5W 5650 ——— 8280 - 87 — 762

V1 = glacial till and lake alluvium

V2 possible older ti1ll, the average true velocity =
6860 ft./seec. o

V3 = sandstone, the average true veloclty =
9066 ft./sece.

+ J1=10 -~ Elkhorn, Wisconsin

I1I1-10a General Statement

Elkhorn 1ies in an area where a relatively thick section of glacial

$111 (150-230 ft.) overlies shale and dolomite. The agquifer is the till
as neither the underlying Richmond Formation nor the deeper limestone
of the Galensa Formation afford a source of water. This was shown by
City Well No. U4 which was drilled to a depth of 2648 feet and encoun-
‘tered essentislly no water beneath the base of the till at 227 feet.
A buried pre~glacial valley system is known to occur several miles to
the west of town and the problem was to determine whether & tributaxy
extended into this area which, if filled with sand and gravel, would
constitute a better aquifer than the till.
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I1-10b Selsmic Investigation

Seiemic refraction reconnaissance measurements were carried out at
10 locations in the area using the reverse shooting refraction method.
The results of these measurements showed two seiemic layers; a surface
leyer (V3) having a velocity varying from 6900 ft./sec. to 8280 ft./sec.
vhich was 1dentified as glacial till, and a second layer (V,) having a
velogity varying from 13,200 ft./sec. to 24,300 ft./sec. which was
identified g8 shales and dolomites of the Richmond Formation, The
locations of the seismic stations and the city wells are shown in Fig,
47, The pertinent data for each seismic station are given in Table 22.
Profile sections along the three traverses indicated in Fig. 47 are
ghown in Figs. 48 and 49, Contours on the surface of the Richmond Forma-
tion are included. .

I1-30¢ DPiscussion of Seismic Results

The seismic study here was disappointing as no subsurface bedrock
valley was indicated in the town area. On the contrary, there were '
indications of a broad ridge beneath the town with about 40 feet relief,
The greatest thickness of t1ill found was about 280 feet and occured on
the south side of town.

As the town was obtaining its water supply from a sand and gravel
lens lying within the ti1l1 that occurred at depths between 20 and 160
feet, 1t was decided to see if the lateral extent of this lens could
be determined using electrical resistivity measurements, If it was
sufficiently large a second well might be located in it without affeot-
ing the yleld of the existing well.

II=10d ZElectrical Resistivity Investigation

Three different electrode spacings for constant depth profiling
were used with a Wenner configuration. (See Appendix for description
of this configuration and the traverse method of measurement.) Assuming
that the effective depth of penetration is approximately two thirds that
of the surface electrode separation, two series of measurements were
run along & traverse where the seismic depths indicated the greatest
thickness of t1l1l; on one series the electrode spacing was 90 feet and
on the other it was 130 feet. In the other areas, traverses were run
with electrode spacings‘of 50 and 130 feet. These electrode intervals
were adopted on the basis of the depthe over which sand and gravel
were observed in Well No. 4, 20 to 160 feet. By measuring resistivity
values down to two fixed depths on & series of traverses crossing the area,



Table 22

Seismic Data, Elkhorn, Wisconsin

’ epparent Veloci&y ' Depth %o Horizon Sea Le;pl Elevation

Station 1 2 2 2 ‘
la 6460 12700 208 813
2a 6460 ' 13750 220 797
3b 7200 14390 257 760
o 7200 12300 . 232 777
5¢ 7100 13120 202 804
6o 7100 15400 26k 742
74 7100 24750 . 283 . 702
84 7100 24000 . 269 726
%e 8260 19220 ' 244 736
10e 8260 18740 232 733

1 saturated glaclal till

Vo Richmond shale and dolomite, the average true velocity =

16,812 ft./sec.

it was hoped not only to define the lateral boundaries of the sand and
gravel in the till but also to get some 1ldea as to whether a uniform
thickness was maintained. The locations of the resistivity traverses
are shown in Fig. 50. )

II-10e ZRBlectrical Resistivity Results

, The resistivity values obtained for both electrode spacings used on

each traverse are listed in Table 23. These values were plotted at the
location of the center points of the elctrodes spread at each location
and were contoured as shown in Fig. 50. In Figs. 51, 52 and 53, resist~
ivity profiles are drawn along each traverse.

It is seen from the profiles and contour map that there is a pro-
nounced resistivity “high® whose axis lies in the vicinity of Well No. L,
This "nigh" is about 1000 feet wide and its axis strikes about 60° east
of north. Since a similar pattern is shown with both the 50 and 130
foot electrode intervals, there seems little doubt that the same geo-
logic factor is influencing both sets of measurements which bracket a
80 foot depth interval. The sand and gravel layer observed in Well No. 4
which extends from 20 to 160 feet is belleved to be the explanation for
this high resistivity area. As the resistivity values get progressively
smaller to the southwest, the postulated lens of sand and gravel elther
thins out or plunges downward in this direction. '
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Table 23
Resistivity Values, Elkhorn Wisconsin

Iine A——N-S line SE} of Sec. 1, T W, R 17E

North End Resiativity Ohm Centimeters
Station (90 ft. Spacing) . (1300 ft. Spacing)
1 12290 10210
2 10450 . 11700
3 12100 10020
b 112000 11720
5 11680 . 12100
6 - 11300 11300
7 12200 \ 11650
8 14050 15500
9 14520 14600
10 13920 : 17030
11 16580 : 15690
12 o 11700 15340

Line B~—~N-S in center N} of Sec. 1, T 2N, R 178

South End ' Resistivity Ohm Centimeters
Station ‘ (50 f£+. Spacing) - (130 ft. Spacing)
-1 12840 12850
2 14500 : 21480
3 15180 21670
L 16500 15810
5 14480 : 113020
6 9560 9260
7 9070 9800
8 8340 7840
9 8760 6980
- Iine 0-—N-5 line in SW} of Sec.l, T 2N, R 17E
North End Resistivity Ohm Centimeters
_Station (50 ft. Spacing) (130 ft. Spacing) -
1 12955 14663
2 13941 ’ B 14314
3 10753 13692
L 12700 11450
5 14371 12345
é 13041 13469
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Table 23 '(continued)

Iine D---E-W line in S} of S of Sec.l, T 2N, R 17B

End of Line A Resistivity Ohm Centimeters

Station (50 ft. Spacing) (130 ft. Spacing)
1 12450 12700
2 12480 _ 13950
3 13100 ~ 14010
L 14000 ~ 12920
5 12800 12920
6 10430 . 10620
7 11490 11400
8 11310 11270
9 14270 13680

10 13100 11900
11 11100 13690

Iine E~~-B-W 1line in X% of Sec.l, T 2N, R 17E

East End Resistivity ' Ohm Centimeters
Station . (50 £t. Spacing) (130 ft. Spacing)
1 17045 11080
2 18000 » 14060
3 16660 13395
L 11680 12075
5 14360 12780
6 12780 11800
7 11203 9385
8 8140 ' 8340
9 11250 9660
10 10005 9040



Table 23 (continued)

Line F-—-E-W line in N} of Sec. 1, T 2N, R 178

East End : Resistivity Ohm Centimeters
_Station (50 ft. Spacing) (130 ft. Spacing)
1 15035 15350
2 13980 15195
3 14600 16180
L 14750 . S 15610
5 13900 15290
6 14800 12370
7 13120 12920
8 11680 11475
9 11970 11950
10 11680 11250

Line G-—N-S line in NW} of Sec.l, T 2N, R 178

South End , Resistivity Ohm Centimeters
Station (50 ft. Spacing) (130 ft. Spacing)

1l 13120 13700

2 12060 11975

3 11970 11525

L 11970 10980

5 - 11970 10510

6 10085 10850

South of the railroad the resistivity pattern suggests much greater
irregularities in the till than is found to the north of the railroad.
At the north edge of the area the sharp negative resistivity gradient
observed is probably related to an abrupt termination of the sand and
gravel in that direction. Whether this is related to the bedrock ridge
revealed by the selsmic data, whose crest lies in about the area of marked
change in resistivity, cannot be deduced on the basis of present data,
though such a situation would give a logical explanation for the observed
change in the resistivity values.
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II:-ll - Neilsville, Wisconsin
Il-1la General Statement

Neilsville is in a portion of the state where glacial till is
underlaid by Cambrian sandstone and granite. The purpose of the geo-
physical measurements was in the nature of a test and reconnaissance.
The area had been previously studied using electrical resistivity depth
measurements by the U.S. Geological Survey and a well had Heen drilled
at what appeared to be a favorable site. The well data, howevsr, failed
to corroborate the depth to granite indicated by the geophysical measure-
ment, and the lack of agreement was over 100 feet. As the electrical
depth measurements at Antigo, Wisconein (See Section II-2)had agreed
in gross measure with both the seismic refraction depth measurements and
well data, the seismic measurement at Neilsville was proposed to see
if the driller had struck a large granite boulder in the drift and not
true basement rock.

II~11b Seismic Investigation

Seismic refraction measurements were made at three sites in the
Neilsville arca. Site 1 was at the location of the well where the
depth to granite differed so radically from that indicated by the elec-
trical memsurements. Sites 2 and 3 were selected by the town engineer
as potential areas for locating a new water well. The general loca~
tions of the measurements are shown in Fig. 5k. '

At site 1, reverse seismic refraction measurements were made with
. the shot located at the well in each case. At the other two sites the
measurements were open ended. The data obtained in each area are given
in Table 2}*'

Table 24

Seismic Data, Neilsville, Wisconsin

A ent Velocity Depth (feet) Depth from well
site V1 V2 V3 32 V3 at Site 1
la 2160 6780 20350 13 60 0-10 ti11
1b 2080 8760 17760 13 58 10-47 sandstone
2 Lo60 8910 18000 16 89 47 granite
3 2860 9410 19000 8 235

V1 surface till

=
V2 = sandstone
= crystalline basement rock (granite)



II-11lc Remerks on Test

The selsmic tests substantiated the well data on the depth of
basement rock at site 1, and in addition indicated that site 3 might
be the best location for a well from the standpoint of thickness of
rotential aquifer. In Fig. 54, the thickness of sandstone indicated at
each site is given at the respective locations. As surface elevations
vere not avallable for each site, it is not known whether an actual
bedrock valley also occurs in the area of site 3 or not.

II-12 = Marshfield, Wisconsin
II-12a General Statement

The city of Marshfield lies in a section of the state where
for the most part glacial till lies directly upon the pre-=Cambdrian
crystalline rock surface. Locally there are some thin layers of
Cambrian sandstone, but in general it is the till that serves as an
aquifer. The thickness of material above the crystalline rocks is
quite variable but seldom exceeds 50 feet except where there are huried
valleys incised in the crystalline rock surface.

As a program of test well exploration for additional water for the
city had failed after drilling approximately 50 test wells, the U.S.
Geologlcal Survey undertock an electrical resistivity survey in the
area to study the depth of the underlying Ygranite® surface in the
hope of finding a buried valley with associated gravels that would serve
as an aquifer. This program was successful both in locatingz a well-
defined burled valley which contained a thick section of gravel yield-
ing abundant water. Because many of the buried glacial wvalleys in
Wisconsin are filled with relatively impermeable till rather than sand
and gravel, the full significance of locating the wvalley could not be
appreclated until a test well had been drilled penetrating it. This
well showed 16 feet of drift followed by 49 feet of coarse gravel and
sand underlaid by granite.

I1-12b Gravity and Magnetic Study

As the position of the buried wvalley was now known, it was decided
to see if it could have been located using gravity and magnetic measure-
ments. Accordingly, 41 sets of observations were made in sections 28
and 33 of T 26N, R 3B with a station spacing of about 0.2 miles. In
these sections the resistivity measurements indicate that the burled
valley strikes northeast-southwest dlagonally across section 28 and
then north-~south in section 33. Some of the stations were located on
the perimeter of the area with a station spacing of about one mile
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for regional control. Fig. 55 shows the location of the gravity and
magnetic stations in relation to the position of the valley as mapped
on the basis of the resistivity measurements and test wells.

The anomaly values are tabulated in Table 25 and Figs. 56a and
- 57 show Bouguer Anomaly and magnetic anomaly maps of the area respec-
tively.

From Fig. 56a, it is seen that the regional gravity gradient is so
pronounced that the effect of the buried valley is almost completely
magkeds The only indication of 4ts presence is a negative re-entrant
in the contours indicating a local deficiency in mass. The magnetic
anomaly mep, on the other hand, shows a well-defined magnetic "low"
crossing the area which appears to be associated with the valley.

This "low®, while parallel in general trend to the valley as indicated
in Fige 55, appears to be displaced both to the west and south; however,
there seems to be little reason to doubt that it is related to the
velley.

In order to study the gravity values further, the regional gradient:
was subtracted from the gravity anomaly map of Fig. 56a and the resul-
tant residual values contoured to outline a rorth-south area of minimm
gravity values having about 1 mgal relief. This residual msp, while
not giving any great detail, does agree in generesl location and trend
with the lmown valley. See Pig. 56b

It therefore appears that both gravity and magnetic measurements
can be used to outline buried vaelleys. However, it is fortuitous that
a valley as small as that of Marshfield which is about 0.3 miles wide -
and less than 100 feet in depth shows up so distinctly in these mea-
surements. The density differential indicated between the crystalline
rock and the gravels present is about 1 gm/cm3 which is rather high.
Likewise the change in magnetic susceptibility indicated between the
gravels and the crystalline rocks is large. In another area where the
valley 1s filled with '"normal® glacial drift or the bedrock material
different, the anomalies might be considerably smaller.
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Table 25

Gravity and Magnetic Anomaly Values

Marshfield, Wisconsin

Bouguer Bouguer
Gravity Magnetic Gravity Magnetic

tio ls mmag Station (mgals) (zommag)
2 ~78.31 100 21 =72.96 59

b ~75.21 90 23 ~75493 127

5 -72.33 108 2l «76409 L2

6 =76432 91 25 ~76.61 93

7 =75.41 54 26 =77.30 92

8 IR ” 27 =77+95 121

9 =73.33 123 28 -77.80 38
10 =72¢20 119 29 -7773 61
11 -68.73 130 30 ~77+79 24
12 ~70 i 300 31 -77.11 173.
13 ~73.88 59 32 ~75.73 22
15 =73+66 95 34 ~76452 ~66
16 =73.02 134 35 =76426 35
17 -78,28 68 36 -75.80 20
18 ~78.72 83 37 =75.15 . 77
19 =77.13 71 38 =7.83 85
20 =75493 232
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Part III
Subsurface Engineering Studies
IiI—l - General Statement

Engineering applications of geophysics can be divided into the
follovring categories:

(1) Materiala explorat.ion, the location of sand, gravel or rock
for construction purposes.

(2) Foundation studies, the determination of the subsurface geology
at the sites for bulldings, dams or bridges.

(3) Route investigations, the location of the most economical
route for roads, rallroads or canals.

(4) Structure studies, the testing of models or actual structures
from the standpoint of design or specifications.

Investigations in the first three categories are included in this reports
/

I11-2 « lower Paint River Dam Diversion Carnal
Crystal Falls, Michigan

IlI=28 General Statement

The Lower Paint River Dam is part of the hydro-electric development
of the Wisconsin-Michigen Power Co., and is located just across the
Wisconsin-Michigan State line near the town of Crystal Falls. The
geology of the aree 1s simple with glacial till overlying granite bed-
rocke The geophysical investigation was carried out to determine the
depth to bedrock along the route of a proposed diversion canal, about
7000 feet in length, between the dam and Peavey Pond. Preliminary
drilling had shown that the depth to the underlying granite varled from
a few feet to over 20 feet and that the rock surface was very irregular
with abrupt changes in relief up to 15 feet.
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I11~2b Seismic Investigation

Depth measurements were made at sixty-two locations using the
reverse shooting seismic refraction method, and three seismic velocity
horizons were found to be present. The upper horizon (vl) vhich had 2
veloclty varying between 1500 and 2200 ft./sec. was identified as un-—
saturated glacial till. The second horizon (Vz) with a velocity varying
from 5000 to 5600 ft./sec. was identified as saturated glacial till
(water table), and in the swamp areas formed the surface layer. The
third horizon (V3) had a velocity varying between 11,000 and 20,000
ft./sece 2nd was identified gs the crystalline rock surface having a
"~ variable petrologic composition.

The selamic depths and elevations are tabulated in Table 26.
The location of the points of depth measurement are shown in Fig. 58
along with contours on thefigranite® surface. In Figs. 59 and 60,
depth profiles along the proposed route of the canal are shown.

III=2c Evaluation of Results

At the time of the selsmic survey, a few test holes had been drilled
along the proposed center line of the canal, and it was in part because
of the highly irregular results shown by the drill data that the Uni-
versity was asked to make a study of the route. The agreement between
the seismic data and the drill hole logs varied considerably, but as
most of the tests were near the dam in an area with marked irregularities
in the bedrock surface, no conclusion was reached regarding the overall
accuracy of the survey. However, on the basis of the accuracy achieved
on other seismic investigations, it was decided to re-route the canal
in part and modify the design so as to raise. the bottom 7 feet in order
to avoid rock.

After the construction work was completed, it was possible to
secure a better evaluation of the seismic results from both the engi-
neer's records of where rock was encountered and rod sounding of the
proximity of bedrock to the canal bdottom. It was found that where the
selsmic measurements were made in line with the canal the agreement was
goode Where seismic spreads were far apart (500 feet or more) the
rock surface irregularities were such that straight line extrapolation
of depths between seismic stations was not Jjustified. Where the seismie
measurements were made at right angles to the canal the degree of ir-
regularity of the bedrock surface was frequently correct but the actual
location of the irregularity was not. These relations can best be seen
from the comparative profiles shown in Fig. 61 for sections along the
center line of the completed canal corresponding to sections AA and
CC of Fig. 580



Table 26

Selsmic Data, Lowér Paint River Dam Diversion Canal
Crystal Falls, Michigan

Elevations Relative Sea lLevel

Ground VWater Rock Ground Water Rock
Station level _ Table Surface Station Level Table __Surface
1A 1291 — 1271 16B 1307 — 1297
1B 1299 ———— 1285 o 17A 1304 1298 1273
2A 1295 ——— 1290 17B 1307 1.208 1266
2B 1290 —— 1280 18a 1313 1300 1278
3A 1291 1286 1271 ~ 18B 1301 — 1290
3B 1294 1285 1271 19A 1296 — 1288
L 1303 1300 1281 198 1291 -— 1269
4B 1304 1301 1286 20A 1296 —— 1285
5A 1278 1272 1258 20B 1298 ——— 1291
5B 1282 1280 1258 21A 1303 —— 1288
GA 1287 1282 1276 21B 1299 ——— 1289
6B 1289 1284 1274 22A 1298 1287 1261
7A 1297 | e 1281 228 1293 1288 1253
7B 1304 —— 1293 23A 1289 1288 1260
- 8A 1283 1276 1262 23B 1291 1290 1265
8 1288 = 1282 1266 244 1285 = e 1257
SA 1293 — 1283 254 1286 - 1269
9B 1284 | - 1274 25B 1286 —— 1270
10A 1299 1293 1277 26a 1296 1292 1279
10B 1295 1291 1273 26B 1315 1294 1268
114 1283 —— 1278 . 27A 1296 1290 1280
113 1287 —— 1276 278 1275 ————— 1274
124 1293 1290 1266 28A 1310 1300 1250
128 1292 1290 1255 28B 1284 —— 1280
134 1298 1295 1237 29A 1304 ——— 1274
138 1303 1299 1251 29B 1275 —— 1274
144 1295 1287 1278 : 30A 1316 1311 1264
154 1315 —— 1297 30B 1304 1299 1283
15B 1319 — 1311 31A 1304 1295 1283

164 1304 ———eeee 1292 31B 1274 ——— 1271

The general consensus of opinion of the engineers in charge of the
project was that the work was successful and had resulted in savinpg
several thousands of dollars.
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IITI-3 - Wisconsin Dells, Wisconsin
Subsurface Materials Investigations

III-32 General Statement

The purpose of this investigations was to ascertain the degree to
which sands and gravels could be differentiated from glacial till on
the basis of seismic velocity determinations and electrical resistivity
measurements. The area studied was north of Wisconsin Dells and im-
mediately adjacent to the glacial terminal moraine. A supplementary
study was also made north of Madison in two gravel pits near the vil-
lage of Burke. )

Measurements were carried out first at seven sites in a large
gravel plt vwhere the materials could be identified and correlated with
the geophysical results. Further observations were made at six sites
on the till behind the moraine and at four sites on the outwash sand
. deposits in front of the moraine. As these observations were for the
determination of typical resistivity and velocity values only, the sels-
mie spread was limited to 200 feet and the resistivity electrode inter-
vals to 1000 feet. As twelve selsmic detectors were used in line over
the 200 foot spread, the velocity values are well established.

III-3b Seismic Investigation

In all of the locations, except two in the gravel pit, there
appoeared to be a low velocity surface layer, tentatively identified as
weathered glacial till in which the average velocity was about 1350 ft./sec.
Similar velocity values were also noted for the surface layer over the
moraine and the outwash plain.

The veloclty values observed over known gravel both at Wisconsin
Dells and Burke, varied from 2240 to 3040 ft./sec. with an average value
of about 2660 ft./sec. The spread in values observed over the outwash
sands in front of the moraine was greater than that observed over the
gravels and 1t was indeterminate whether these sands could be differ-
entiated from till or gravel. The till behind the moraine was charac-
terized by velocity values varying from 1650 to 2620 ft./sec. with an
average value of 1990 ft./sec.

On the basis of these results 1t would appear that gravel or a
mixture of sand and gravel might well be differentiated from till so
long as both materials were unsaturated and above water table. As the
effect of complete saturation is to raise the apparent veloclty to a
value approximating that of sound in water (about 5000 ft./sec.), it is
obvious that both materials would have essentially the same veloclty
below water table.
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In Table 27 the observed veiocity values are given along with
the depth of the weathered surface layer as determined from the seismic
measurements in the test areas.

A serles of velocity determinations were carried out at twenty-

geven other sites along the edge of the moraine as an extension of this
study and their general locations are indicated in Fig. 62. At all of

the sites a low velocity surface layer of about 1350 ft./sec. was observed.
The actual values ranged from 1010 ft./sec. to 1780 ft./sec. At fourteen
locations the velocity values observed immediately below the surface layer
_were in the range 2440 ft./sec. to 3420 ft./sec. The material here was
tentatively identified as gravel or a combination of sand and gravel.

At nine locations the velocity values observed below the surface layer
were in the range of 1700 to 2000 ft. /sec. and the material was classi-
fled as probable till. The velocity values beneath the surface layer

at the other sites were in the range of 2000 to 2200 ft./sec. and the
nature of the material was indeterminate. These data are summarized

in Table 28.

III=3¢c Resistivity Studies

Reslistivity measurements were also carried out in the test area
at essentially the same sites as the seismic measurements were made.
The Wenner electrode configuration was used with electrode spacing of
20, ho, 60, 80, and 100 feet. Average resistivity values for each of
the above electrode spacings were determined with current flowing in
opposite directions.

The results of these measurements in the test area are summarized
in Table 29, and shown graphically in Fig. 63. At four of the sites in
the gravel pit area the resistivity values increased systematically
with increase in electrode spacing. It is significant that at each of
these #ites the overburden of soil had not been stripped off the under-
lying gravel. The results at the two locations on exposed gravel,
sites G-1 and G-5, are markedly different in that at these locations
the resistivity values obtained with both the short and long electrode
spacings are consistently high.

Somewhat similar relations are observed over the till with results
at four sites showing an increase in values as the electrode spacing is
increased and those at two sites, Ty and Tq, remaining essentially
constent, although values are significantly lower that those in the
gravel pit. The values were more varisble on the outwash plain, although
significantly higher, than in the other two areas. Despite the varia-
bility in values the change in resistivity with increase in electrode
spacing vas very similar.
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Table 27a

Seismic Results in Test Areas
Wisconein Dells, Wisconsin

Seismic Velocities Deeth of Layers
Station N V2 hks) 2 3
Gravel Pit
G=-1 — 2100 —— 20 —
G2 1600 2952 e 9 -
G=3 1300 28l2 — 5 -
G-t 1340 2239 - 6 -
G5 1720 3014 — 4 —
G=6 —— 2U40 3750%1 -— 12
G~7 1800 3040 —— 5 —_—
Outwash Plain
0-1 1360 ——- — 35 -
Om2 1321 1832 ———— 19 ——
0=3 1324 3020 — 36 -
Ol 1223 ——— sl70%2 - 46
Moraine _
T-1 1250 2160 e 21 -
-2 1890 ———— — 30 -
T3 1433 2000 N 28 -
Ted} 1400 2620 —— 2 -
w5 1400 1650 3368+1 3 31
e 1647 — —— 30 ——
V1 = weathered glacial till but may include sand in
outwash plain area.
V> = area of gravel pit = gravel
%l = clay or older till (?)
%2 = water table (?)
Table 27b
Observations near Burke, Wisconsin
Station 1 V2 V3 V2 V3
1 1290 — Ls520 - 20
2 1780 2330 5600 L 30
3 — 1960 8400 0 32
V1 = weathered till
V2 = sand and gravel

water table at sites 1 and 2, bedrock at site 3
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Seismie Values, w1sc9n91n Dells Area

Seismic Velocities Depth of layers ’ Material
Station V1 V2 ¥3 V2 3 _Identification at Depth
A-1 1540 3300 —— 7 —— gravel
A=2 1300 2187 ——— 5 - ?
A-3 1500 2045 — 4 — ?
A-ly 1040 1818 ———— L w— i1l
A-5 1340 2820 ———— ? - gravel
A~-51 1000 2440 —— L —-— gravel
A=6 1200 2528 — 5 - gravel
A=7 1340 1572 —— L - till
A-8 1koo 1730 — 6 e $111
A=9Q 1200 2890 ——— 5 -~ gravel
A-91 1700 2990 — 14 —— gravel
A-10 1060 1700 2315 3 18 gravel
A-11- —— 2010 3165 5 - gravel
A=-11Y 1760 - - i1l
A-12 1040 1908 — 1 - till
A=-13 1440 2015 | —— [ - ti11
A-1h 1200 2000 —— L - ‘ t111
A-15 1014 2192 —— b - ?
A=16 1700 2440 — 7 —— gravel
A=-17 1040 . 1850 ——— 5 -— 111
A-18 1780 2530 ——— 18 - granite
A-181 1525 - —-— ti11
A-19 1710 - : - - till
A-20 1460 2150 ——— 3 —— ?
A=-21 1360 2762 —— L - gravel
A-21 1100 2440  ——— 3 - gravel
A-22 1410 3470 —— 5 —— gravel
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Table 29
Resistivity Values
Wisconsin Dells, Wisconsin

Site 20 ft, Lo ft. 60.ft, 80 fte 100 fto

Ohm cm x 105
Gravel Area : ’
Gm1 139.0 137.0 136.0 117.0 122.0
Gm2 4y,2 78.4 123.0 150.0 178.0
G=3 ol 7243 . 976 120.0 141.0
Gel} 109.0 175.0 169.0 184,0 —-——
G=5 60,0 87.2 12540 130.0 150.0
G=6 ki.7 67.3 109.0 3.37.0 156.0
Moraine Area :
Tl 83.5 80.2 779 93.2 103.0
T2 4.3 65.1 92.7 8743 109.0
T3 75.3 85.1 88.2 102.0 126.0
Tt 38.6 46,9 584 . 764 82.0
T’ 41.7 6442 81.8 87.3 90,2
T . 3644 61.7 87.8 93.3 90.3
Outwash Plain
0=-1 " 23745 291.0 322.0 35040 331.0
0=-2 116.7 180.0 214.5 228.0 188.5
0=3 150.5 182.5 202.0 221.5 219.0

Owdy 201.2 239.5 261.5. 273e5 281.5

From these comparisons it appeared that on a relative basis at
least sand could be differentiated from t1ll on the basis of the
higher resistivity values, and the steeper resistivity gradient
obtained with increase in electrode spacing.
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I1I-4 =~ Argyle, Wisconsin, Yellowstone River Dam Site

I1I=lla. General Statement

‘ The Yellowstone River flows through an area of Paleozole rocks in
southern Wisconsin, and at a site about flve miles northwest of Argyle
& dam was planned by the Wisconsin State Conservation Department. The
valley walls at the proposed dam site are composed of St. Peter sandstone
capped with Gelena limestone and rise about 60 feet above the valley
floor. The purpose of the geophysical investigation was to determine
the thiclmess of alluvium along the center. line of the dam, and the
depth of the Lower Magnesian dolomite, which lies below the St. Peter
sandstone. The dolomite is frequently cavernous and if occurring near
the surface, might cause excessive leakage beneath the dam.

III-4b Séismic Investigation

Depth determinations were made using the reverse refraction shooting
method at 10 sites; four were along the center line of the proposed dam
and the balance were in the area of the proposed spillwaey.

Four distinct velocity horizons were found. The upper horizon
(V1) bad a velocity ranging from 1380 to 1860 ft./sec. and was iden-
tified as unsaturated alluvium. The second horizon (V2) had a velocity
varying from 3050 to 5670 ft./sec. and was identified as partially to
completely saturated alluvium; this horizon constituted the surface
layer over part of the area. The third horizon (V3) had a velocity
varying from 7700 to 9600 ft./sec. and was identified as the St. Peter
sandstones The deepest horizon (V}) which was determined, bad a velocity.
- yarying from 13,600 to 15,800 ft./sec. and was identified as the Lower
Magnesian dolomite. The velocity and depth .values for each site are
given in Table 30.

Table 30
Seismic Data at Yellowstone River Dam Site
-Seismic Velocltles Depth of Layers

Station 1 2 3 1 3

N 3080 = 8330 15080 25 83

15 L1950 11000 16500 25 98

W 5670 7460 ——— 19 80

i L1910 9690 e 22 80

3w 3960 7Ly s 25 50

3B 3960 7000 12500 22 sh

L - 3800 6750 ——rn e 20 55

58 1380 9260 ——— 21 79

56 1860 7730 15000 21 125

SN 3830 7710 12230 26 138
V3 = surface alluvium
Vo = St. Peter sandstone, average true velocity 8460 ft./sece
V3 =. Lower Magnesian dolomite, average true velocity 14,700 ft./sec.
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The location of the depth measurements are shown in Fig. 64 which
also includes depth profiles constructed along the center line of the
proposed dam and spillway.

I11I=lic IDvaluation of Resulis

In addition to the seismic measurements, auger holes were put down
at ten locations along the center line of the dam. Three of these were
at seismic stations and in each case the auger indicated a depth of
alluvium nearly B feet less that was indicated by the seismic measure~
mentss The reason for this discrepancy 1s not definitely known but there
are two possible explanations.

(1) The surface of the St. Peter sandstone is weathered in this
locality. The weathered layer would have a velocity similar to that
of alluvium, hence the seismic depth would be that for the fresh rock
which would be deeper than that of the actual geologic boundary.

(2) layers of hard pan are not uncommon in alluvium. In this
cagse such a layer could be interpreted as being the underlying sandstone.

As the dam finally built was of earth fill construction with no
excavation to bedrock, it is not known which of the abnve explanations
is correct. No drilling was carried out to test the accuracy of the
seismic measurements as to the depth of the Lower Magnesian dolomite
which appears to be at depths greater than 50 feet below the valley floor
throughout the area.

III-5 = Madison, Wisconsin
Second Point Nuclear Accelerator Site

11I-5a General Statement

Second Point, known also as Bresze Point, lies on the south shore
of lake Mendota and was selected as a possible site for the location
of a new laboratory and muclear accelerator. A requirement for the
proposed structure was that the foundation extend to bedrock, as the
settling tolerance for the accelerator was extremely small. The area
is covered by glaecial drift and no specific information was avallable
regarding the depth to bedrock except from scattered rock outcrops along
the lake and the log of a well about a half mile away; the latter showed
a depth of 98 feet. A map of the pre-glacial surface of the Madison
ares did indicate that bedrock formed a hill under the area, but the
data upon which this map was based could not be found.
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As specific information regarding the elevation of bedrock was re-—
quired within two days, only a limited number of seismic depth measure-
ments were madees

I1I-5b Seismic Investigation

Measurements were made using the reverse shooting refraction method
at the six locations shown in Fig. 65. Three seismic horizons were
found to be present at all of the locations and at two sites four hor-
1zons were mappeds. The upper horizon (Vl) had a velocity of approximately
1700 ft./sec. and was identified as unsaturated glacial till. The second
horizon (V) had & velocity of about 4000 ft./sec. and was tentatively
identified, on the basis of the velocity values, either as older till
or water table. On the basis of the subsurface map referred to, the
elevation of this horizon correlated it with the Madison sandstone.
The third horizon (V3) vhich had a velocity of approximately 7300 ft./sec.
wvas similarly identified on the basis of the veloclity value as sandstone,
but on the basis of the map it correlated with the Mendota limestone
or the Jordan sandstone if present. The deepest horizon (V) had a
velocity averaging about 12,000 ft./sec. and on the basis of the veloclty
value was believed to be limestone. The discrepancy between the sub- ‘
surface geology indicated by the map and the selsmic veloclities could
not be resolved as there was no time to carry out further field studies.
On the basis of the kmown soft character of the Madison sandstone and
the fact that it would probably be above water table 1f present as
mapped, it was decided that it might have a velocity as low as 4000
ft./sec. and the section was correlated as indicated in Table 31.

Table 31

Seismic Data at Second Point

Elv. Apparent Velocitiles Depth of ers Elv. Rel. Lake
Site Rel. Lake V1 V2 V3 V2 1% V2 V3

1 25 1420 3335 7350 -7 =31 +18 - 6
2 32 1470 5530 6900 -9 -~21 #23 4
3 35 1510 4270 6600 =11 =30 24 .5
L Ly 1650 5000 8500 =22 ) +25 .7
5 72 2175 3850 8340 ~42  -98 «30 =26
6 63 1516 3050 5660 -8 -71 +55 -8

V1 = unsaturated till

V2 = Madison sandstone (?)

V3 = Jordan sandstone (?)

Vi = at sites 1 and 2 only, Mendota limestone = 12,000 ft./sec.
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It was however recognized that this correlation might be in error
because the first horizon was poorly defined in each case. (See Fig. 66)
An alternate interpretation could, be put on the data whereby the two
upper, low velocity layers would be combined into a single layer. The
effect of this difference in interpreting the travel-time data on the
calculated depth of bedrock is brought out in Table 32.

Table 32

Alternate Interpretation of the Selsmic Data
’ Second Point

Elv.
Elve Apparent Velocities _ Depth Rel. Iake
Site Rel. lake V1 I V2 V3
1 25 2500 7350 -18 .7
2 32 2000 6900 =13 +9
3 35 2000 6600 =20 *15
L L4 1650 8600 =23 24
5 72 2170 7550 -65 R
6 63 3500 5770 ~6% #9

= gsurface till
Vo = Madison sandstone _
= at sites 1 and 2 only, Mendota limestone = 12,000 ft./sec.

It was not resolved which of the above interpretations was the more
correct until later, when close order seismic work showed that the orig-
inal interpretation as shown in Fig. 66 was correct. Table 32 has been
retained to show the effect of this potential source of error on the
resulis.

An anger hole was put down at site 2 to test the geologic interpre-
tation of the data and sandstone was encountered at 9 feets This was
the calculated depth to the 4000 ft./sec. (Vz) horizon that had been
correlated with the Madison sandstone. The interpretation of the data
therefore was correct although the veloclty is abnormally low for a
sandstone.

- 1In Fig. 65 contours showing the depth. to the bedrock surface (Vj)
horizon are shown and depth profiles along traverses A-A and B-B are
presented in Fig. 67.
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II1-6 ~ Madison, Wisconsin
Bydraulies Bullding
University of Wisconsin

IlI-6a General Statement

Science Hall, the site of the University seismograph pier, was
found to be no longer suitable for teleseismic recording of earthquales
because the glacial till, on which the pier rests, was picking up traf-
fic vibrations to such an extent that the only quiet periods were between
01300 and 05:00 1in the morning. In an effort to locate a bedrock site
the Hydraulics laboratory, which has an elevation about 80 feet lower
than Science Hall, was selected as a place that mizht have bedrock within
a few feet of the surface. A reverse soismic refraction depth measure-
ment was made along the shore of Lake Mendota just west of the Iaboratory
to see if this was the case.

II1I~6b Regults of Seismic Measurement
Two selsmic velocity horizons were found to be present. The upper
horizon (V1) had a velocity of about 5300 ft./sec. and was identified
as water saturated glacial till. The lower horizen (V2) had a velocity
of about 9000 f£t./sec. and was identified as the underlying ‘sandstons.
The pertinent data are summarized in Table 33. : (/
‘Table 33

Seismic Results, Hydraulics Laboratory

Apparent Velocities Depth
Site 1 V2 ¥
1 5145 8150 110 ft. (east end)

2 5691 9900 - 72 ft. (west end)

V1 = water saturated till
VY2 a seandstone

As the depths indicated are well below any practical level for
a pler $o bedrock, it was concluded that the seismograph station would
have to be moved to some other area. '
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I11-7 = Cave of the Mounds
Gravity Study

I11~7a General Statement

Although caves are natural phenomena which are familiarly exploi-
ted ag tourist attractions they may also have a very vital bearing upon
the foundations of engineering structures and leakage from reservoirs.
In addition they are becoming increasingly important as & means of
protecting vital industry and storing records in times of war.

The present investigation wags undertaken to find out if caves could
be successfully located by using gravity observations. The area chosen
embraced about 4.5 square miles near Blue Mounds in Dane County and
included the Cave of the Mounds. This cave extends about 400 feet in
a north—gouth direction with a short easterly extension at the northern
end. The cross—sectlion varies approximately from 10 by 25 feet to 50
by 25 feete

I11I-7b Gravity Survey

Two lmindred and seventy-nine gravity stations were established in
the area with approximately two-thirds of them concentrated over the
area of the cave. The density of the limestones in that area is ap-
proximately 2.71 gm/cmd which figure also represents the demsity con-
tl‘&sto ’

The gravity readings were reduced to give Bouguer anomalies and a
contoured iso~znomaly map of the area is shown in Fig. €8. This map
shows that a well-defined gravity minimum is associmsted with the known
cave, and several other gravity minima suggest other caves in the areae.
These relations are brought out more strongly by the residual gravity
map (Fige 69) which was prepared using a grid averaging system for
removing the regional effect.

In order to compare the residusl anomalies on this map wlth those
that would be expected, measured sections were taken in the cave at
A=A, B-B, and C~C, and the theoretical gravitational effect of the
cave at eaci section computed. These are compared with the observed
residual velues in Fig. 70. The agreement 1s very close and shows that
the method 1s applicable for this type of study.



GContour Interval
0.25 mgals

J00 FEET

BOUGUER GRAVITY ANOMALY MAP
BLUE MOUNDS AREA, WIS, FIG. 68.

o= Q9T -



- =151 -

Contour Interval , I ———
2 Gravity Units ] 0 100 200 300
(0.2 mgals) FT.

RESIDUAL GRAVITY ANOMALY MAP
BLUE MOUNDS | F1G.89




4 '_° -+=-2

gravity units

-4 | \ 24 ’-%--4
1) I 1,
) T
/7] '/ 7: | /7 / "'L‘-‘-/

| /-l // /7‘/‘/‘7"7'// // /////
CFC;MPAR|SON OF OBSERVED 8 COMPUTED GRAVITY
PROFILES  CAVE OF THE MOUNDS
' - FIG.70

- 26T -




-153..

111-8 =~ Oshkosh, Wisconsin
Gravel Pit Extension

1I1-8a General Statemsnt

Oshkosh is located in the eastern part of the state in an area
vhere glacial drift lies directly upon Paleozoic limestone. The
problem here was to determine what adjacent land should be purchased for
the further development of an established gravel pit located in the
drift, The sand and gravel occure as sheet-like deposits interbedded
with t1ll and that ares having the greatest thickmess of drift above
the limestone was sought as being the most desirable. Had this been a
limestone quarry the problem would have been the reverse, as the area
having the least amount of stripping wou.ld have been the one looked
fore.

The seismic refraction method of reverse shooting was used and
depths were determined at 29 sites. The locations of these sites in
relation to the existing sand and gravel pit are shown in Pig. 7.

111«8b Seismic Results

Two distinct seismic horizone were found to be present. The

upper horizén (V1) had a velocity varying from 1500 to 3500 ft./sec.
vwhich was ldentified as unsaturated glacial till composed of clay, sand
and gravel. The lower horizen (V ) had a velocity which averaged about
- 16,000 fte/sec. which was identified as the underlying limestone. The
qeismic depth data for each site are listed in Table 34. The variations
- in thickness of drift over the limestone are indicated by the contours

in Pige. 71 which show the depth to the 1imestone. This is also brought
out by the profile sections of Fig. 72. .

Inspection of these figures shows that to the north of the present
gravel pit the depthL of drift decreases from about 40 feet to 10 feet;
however the change in thickness does not appear to be uniform and a
buried limestone ridge is indicated which strikes across the area in a
northwest~soatheast direction.

In & limited way the above indications are substantiated by test
trenching which encountered limestone at 10 feet where limestone 1is
shown by the seismic measurements to be at a depth of 12 feet.
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Table W

Seismic Resultse, Oshkosh, Wisconsin

Apparent Velocities _ Depth of layers
Station " V2 V2 Y
B 2710 © 15400 36
A 3410 23900 51
1 k090 14300 22
2 3670 14200 27
3 5000 14500 18
I 1430 21700 15
5 4150 19600 - 16
6 5550 24000 20
7 2720 12800 . 13
8 1930 11100 11
9 2630 16670 12
10 - o o . s
11 2780 50000 11
12 2040 9250 22
13 1750 12500 _ 22
14 2290 18700 26
15 1800 12000 13
16 1670 14600 15
17 2720 13000 11
18 - 2080 12400 11
19 2370 16700 30
20 3460 13600 N
21 2250 16230 22
22 2190 18320 < 21
23 1500 20000 19
2k 2710 12500 14
25W 2000 12400 17
268 2760 17500 20
27 2000 16820 15
28 2750 ' 12500 8

Y1 = glacial till
V2 = limestone, average true velocity 16,100 ft./sec.
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III-9 « Milwaukee Harbor
Thickness of the lLake Bottom Sediment

I1I=9a General Statement

Test measurements were made off Milwaukee Harbor as a preliminary
to carrying out a seismic refraction study in the off-shore area of the
Atlantic Coastal Plain., : 4

Two, 38 foot picket boats were made available by the U.S. Coast
Guard and three reversed seismic refraction profiles were shot in depths
of water ranging from 55 feet to about 100 feet. The locations of the
measurements in relation to the Milwaukee Harbor entrance are shown in

Pig. 73.

I1I~Sb Seismic Results

Two distinct velocity layers were observed beneath the bottom.
The upper layer (V1) had a velocity of about 6300 ft./sec. which, on
the basis of chart notations as to the type of bottom, was water
saturated sand. The lower layer had a velocity of about 17,000 ft./sec.
and was tentatively identified as limestone, probadly the fcement rock®
of the Milwaukee Formation but possibly underlying Wiagara dolomite,
which also outcrops along much of the Milwaukee lake shore.

In addition to these refraction measurements, reflections were
obtained from a third horizon which, on the basis of the depth, would
appear to be the Niagara Formation if the bedrock surface is correctly
identified as being the Milwaukee Formation. In computing the reflec~
tion depths, mean velocities were estimated from a graph of the square
of the travel-time versus the square of the distance., The depth was
then determined from the equations

h = V;2t2-12

2

in which h = depth
¥V = travel time
x = distance from shot point to receiving point.

The results are summarized in Table 35.
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Table 35
Selsmic Results, Milwaukee Harbor

Refraction Measurements

Depth from

Apparent Velocities Lake Surface

Station  Shot loeation V2 V2 V3 V2 V3
B surface L4700 6296 16440 57 88
CN surface - 4700 6333 17000 105 229
CN bottom 4700 6087 17770 105 243
cs surface 4700 6333 18235 95 229
N surface 4700 6260 17270 95 231
DS bottom 4700 6280 17400 95 231

V2 = lake sediments unconsolidated
V3 = Milwaukee Formation (limestone and shale)

Reflection Msasurements

» Depth from

; _ Lake Surface
Stetion Shot Location . Mean YVelocity A/
B - surface 13,270 ft./sec. 475
oN " surface 11,400 ft./sec. 846

V4 = Niagara dolomite (?)

It 18 seen from the above table that the sediments range from 31
feet in thickness at station B, which 18 three miles off the harbor
entrance, to 134 feet, three and one half miles offshore. This repre-
sents an increase in the thickness of sediments of 103 feet or a thick-
ening of 29 feet to the mile. In ildentifying the V3 horizon as the
Milwaukee Formation, the reflections at stations B and C were used as
a gulde along with the known thickness of local formations from well
datas This reflection came from a depth of about 390 feet beneath the
bedrock surface at station B and 615 feet at station C. By projecting
these various surfaces (V, and Vu) back towards the shore, it is seen
that both surfaces intercapt at about the shoreline. This relation is
to be expected because the Milwaukee Formation is truncated by erosion
to give a feather edge at Milwaukee with 1ts outcrop limited to the area

immediately adjacent to the lake shore. See Fig. The
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As the seismic spreads were oriented roughly perpendicular to the
section of Fig. 74, it was possible to determine the slope of the bed-
rock surface (top of the Milwaukee Formation) in a direction slightly
east of north, and it was found that the component of dip in this di-

rection is roughly 14°.

On the basis of these measurements 1t appears that the seismic
method is applicable to the study of sedimentation and silting in
harbors and reservoirs and can also be uged for studying the funda~
mental geologlc structure beneath the Great lakes.
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Part 1V
Mineral Deposit Studies
.IV-l ~ General Statement

Although the application of geophysics to subsurface studies re-
celved its initial impetus from mineral exploration investigations,
most of the methods soon fell into disrepute and in large measure
were abandoned by the mining companies until relatively recently.
This lack of confidence in geophysical measurement can be attributed
principally to three causes. (1) The methods were developed primarily
by physicists who, for the most part, had 1ittle understanding of the
complex geologic parameters associated with many mineral occurrences
that would 1limit the application of the measurements. As a consequence,
there were many investigations attempted that were foredoomed to failure.
(2) Most geologists and mining engineers, instead of cooperating and
working with the physicists, adopted the attitude that it was up to
the physiclists to demonstrate that they could produce positive results
without the benefit of any geologic information. Many otherwise suc~
cessful investigatlions failed because of the lack of key geologic infor—-
mation that was deliberately withheld. (3) As with all new scientifie
innovations that are only partially understood by the pudblic, there
were a group of unscrupulous entrepreneurs who rushed in to exploit the
gullibility of the mining profession. ‘

It has only been because of the successful application of geophysiecs
to petroleum exploration and the fact that the major oil companies have
assumed a leading role in developing more advanced exploration methods,
that the mining profession is again considering goeophysics as a tool
for exploration and development. However, the geology of most mineral
deposits 1s far more complex than that associated with those of oil and
the uncertainties will always be large. Further, as nearly every mining
district constitutes a unique eituation, there will always have to be
some blind exploratory work, and a certain percentage of failures is
inevitable.

The following geophysical studies are limited to mineral exploration
problems pertinent to Wisconsin, but they are varied enough to show many
of the difficulties and limitations to be expected in using geophysics

in the search for ore deposits.



IV-2 -~ Geophysical Studies over Iron Formation
IV=2a General Statement

Iron ore production in the lake Superior Region has progressed to
the point that exhaustion of present known high grade deposits can be
forecast, and a great deal of attention has been focused on Wiscomsin
as representing an area that might have high grade reserves that have
not yet been exploited. o

Most of the state is covered by glacial drift and it is only from
dip needle measurements that much of the geology of the area has been
deduced. A major problem though is to distinguish between magnetic anom-
alies related to changes in petrology and those related to iron forma-
tion, especially as hematite, which is ‘the principal ore, is non- mag-
netic. ' .

In order to ascertain what geophysical methods might be applicable
to locating possible iron reserves in Wisconsin, several series of geo-
physical investigations were carried out in the various iron districts
of the lake Superior region. The areas studied, and the methods used,.
were as follows?

Vermillion Range of Minnesota Gravity studies in conjunction with
existing magnetic data

Mesabl Range of Minnesota Seismic and electrical studies:

‘Gogeb:lc Ra.nge of Wisconsin Gravity, seismic, and electro-
magnetic studies in conjunction
with existing moagnetic data

Baraboo Area of Wisconsin Magnetic and gravity studies

The detailed data and the exact locations of the studies reported are
not gilven because of the economic significance of the results to the
companies directly concerned who cooperated in making these investiga-
tions. The results presented are believed to be representative examples
for particular geologic situations which occur in each of the areas
investigated.

IV-3 - Vermillion Range, Minnesota
IV-3a (General Description
In the Vermillion district the Soudan Iron vFormtion occurs as

steeply dipping lenses of ferruginous cherts infolded in the voleanic
Ely greenstone which is overlaid by the sedimentary Knife lLake Serles.



- 164 -

Intrusive granites are present in the area which may account for the
metamorphism of much of the iron formation.

Pronounced magnetlc anomalies are commonly associated with the
iron formation although where the mineralization is chiefly hematite,
as at Ely, no anomaly may be associated with the ore. Gravity studies
were carried out at thres separate localities of known iron occurrence,
and samples were collected for density determinations. The density
values obtained are given in Table 36.

Table 36

Density Values, Vermillion Range

No. of
Material Samples Spread in Values Yorage
Greenstone 6 2.80~3.21 gm/em3 3.00 gmsm

Iron Formation

oxidized, leached, porous chert 1 2.61
coarse, black jasper 1 3.88
hematite "hard" ore 2 Lo34~-4,82 L.58
Enife lake Series L 2.70-2.85 2.77
Granite 3 2.65"2.68 2.67

The significant density contrast is that between the greenstone
and the iron ore, and from Table 36 it is seen that the demsity of the
ore~bearing iron formation is, on the average, at least 0.5 gm/em3
greater than that of the greenstone. The acturl contrast at any one
place will, of course, depend upon the relative amount of oxidation
of the ore that has taken place. As most of the ore in this area is
thard® blue hematite rather than M"soft" earthy oxidized hematite, gravity
methods should be useful for mapping the occurrence of this ore.

IV-3b Gravity Studies

All of the gravity studies wers carried out with Worden gravimeters
with a sensitivity ranging from 0.01 to 0.1 mgals per scale division.
In each area a series of gravity traverses were made across known oc~
currences of iron formation with a station spacing varying from 40 to
200 fest. All readings were reduced to give simple Bouguer anomalies,
vhich were regarded as adequate for the study being made.

IV-3by Area A

Barlier dip needle work in this area showed & change in dip of 75° in
crossing the iron formation which is about 600 feet wide; and aero~-megnetic
work conducted at an elevation of 1000 feet showed an anomaly of about
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5000 garmagse The gravity study, which consisted of observations at about
40 to 50 foot intervals, indicated a local gravity anomaly centered over
the iron formation which rises about & 1.7 mgals above the regional
trend as seen from Fig. 75. Similar results were noted on all the
traverses, and the results shown can be regarded as representative of
the area. The resultes of the earlier magnetic measurements have also
been included for comparative purposes. The displacement in the magnetic
anomaly is caused by the inclination of the earth's magnetic fleld and
the difference in elevation at which the observations were made relative
to the elevation of ths upper induced magnetic pole in the steeply dip~-
ping iron formation. '

IV-3by, Area B

In this area, a test gravity profile wes run along a traverse which
included the so-called Ely trough, from which iron ore has been produced
to a depth of about 3000 feet. As aero-magnetic data are available for
the area, they have been included in this study for comparative purposese.
Relationships that are of particular interest here are: (1) the effect
on the magnetic anomaly values of relatively small amounts of magnetite
in non=commercial iron deposits and (2) the relatively small but consist-
ent gravity anomalies associated with areas of workable iron ore.

The traverse crosses a section of greenstone which contains iron
formation at two locations and the whole is infolded in granitic rocks.
One of the iron occurrences is in the Ely trough where the iron is in
the form of '"hard"® blue hematite. At the other location, the iron for-
mation consists of thin layers of finely disseminated magnetite in slate
and chert, and is of non-commercial grade. It 1s seen from Fig. 76
and Fig. 77 that small local gravity anomalies occur over the outcrop
area of iron formation in each case, but, whereas a magnetic anomaly of
9000 gammas is indicated over the area of low grade magnetite ore, no
mognetic anomaly at all is indicated in the area of the high grade hem-
atite ore body.

The large reglonal gravitational anomaly gradlents appear here to
be related to the thickness of greenstone in the surrounding granite,
and this regional effect has to be removed in order to isolate the weaker
anomaly values assoclated with the iron formation. The residual value
in each case is seen to be about 0.5 mgal.

1V-3b3 Area O

This ares lies in lLake County, Minnesota. Traverses were run
crossing four known outcrop areas of iron formation in greenstone.
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Fig. 78 shows three local gravity anomaly Phighs?® in association
with these iron occurrences, and the residual anomaly velues vary between
0.3 and 1.0 mgals. The failure to obtain an anomaly over all four of
the outcrop areas 1is probably related to the fact that there are actually
only three areas of iron formation present. From an inspection of Fig.
78, it is seen that the anomaly width actually includes both of the
reported iron occurrences in the area where the direct correlation be-
tween the gravity anomaly peaks and iron occurrence is missing. As no
fsaddle” is indicated in the anomaly peak it would seem that the entire
area between the two iron occurrences is mineralized.

IV=-3¢ Conclusion on Vermillion Range Studies

Gravity anomslies appear to be associated with both hematite and
magnetlte in this area. Strong regional gravity gradients tend to mask
the local anomalies associated with the iron formation but these can
- be successfully, and easily, removed in order to isolate the residual
gravity values aspsociated with the iron formation. The magnitude of the
residual values in general appears to be sufficiently large, greater
than 0.5 mgal, so that terraln corrections are only required in areas
of very marked relief. The magnetic anomalies, by contrast, are confined
to only those iron occurrences having magnetite associated with thems
As the megnitude of the magnetic anomalies are governed not only by the
percent of magnetite present but alsc such other factors as the geometry.
and atitude of the iron bearing body in the earth's field. lov grade
non—~commerclal iron occurrences frequently have larger magnetic anomalies
assoclated with them than higher grade deposits with the same type of
mineralization. As the iron formation occurs as relatively narrow bands,
detailed traverses are required with geophysical observations at no
more than 100 foot intervals,.

IV-4 - (Gogebic Range, Wisconsin
IV-be General Statement

The Gogebic iron renge is located in northern Wisconsin and Michigan.
It is composed of & narrow belt of sedimentary pre~Cambrian rocks of
upper Huronlan age which strike parallel to that of the axis of Lake
Superior. The Ironwood Formation which is the most important member of the
series economically, consists of about 650 feet of coarse-grained fer-
ruginous chert interbedded with fine-grained cherty iron carbonate.
On the basis of this variation in lithology, the formation is divided
into five main subdiviesions. These formations can be separated both on
the basls of lithology, and on the basis of thelr average densities as
shown in Table 37.
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Table 37

Divisions of Ironwood Formation

Stratigraphic Lithologic Densit
__Divisions Descriptions gm/cmg
Anvil , Ferruginous chert 3437
Ponce Cherty iron carbonsate 3.08
Norrie Ferruginous chert 3.35
Yale Cherty iron carbonate . 3410
Plymouth Ferruginous chert 343

The adjacent slates, taken as a whole, have a density approximating
2.7 en/cm3 except for the basal portion of the overlying Tyler formation.
The gravity method should therefore be applicable to trace the iron
formation which for the most part is buried beneath a cover of Pleistocene
glacial till.

This picture of the local geology, although valid for the eastern
part of the range near Hurley, is complicated to the west by the presence
of a gabbro laccolith which is in contact with the Ironwood formation
near Mineral Iake. The gabbro and the nearby Keweenawan basic lava flows
both exert a strong reglonal gravitational effect in the area, As was
shown in the Vermillion District, though, the gravitational effect of such
bodies which tend to mask that of the iron formation, can be removed
sucessfully so that the iron formation can be traced.

It is observed that the coarse textured chert usually has magnetite
and '"hard" blue hematite in association with it, while the fine-grained
chert is associated only with iron carbonate. As the coarse-gralined
chert is predominant, the formation as a whole should have a high
megnetic susceptibility. This is indicated to be the case by the resultis
of the early dip needle and sun compass surveys made over the area.
Variations in dip of up to 70°, end declination changes of over 170°,
were observed in erossing the iron formation. ’

In the course of the present study, several regional traverses were
run using gravity and seismic refraction measurements which in general
followed the lines of earlier magnetic measurements. The selsmlc measure-
ments were made primarily to determine the thickness of the overlying
glacial drift. It was also hoped that the various pre-Cambrian rock
types beneath the glacial deposits might be characterized by velocity
values distinctive emough to permit the formations to be differentiated
on this basis. Although true velocity variations from 13,000 to 25,000
ft./sec. were observed for the pre-=Cambrian rocks, it was not possible
to establish any rigid correlation as outcrop and drill hole data were
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too scarce to permit adequate callbratlon. The specific selsmlc infor-
mation obtalined at each observation site will not be listed here as the
measurements are being included in a more comprehensive study of the

arcas. The depth results however are incorporated in the profiles showm.

In addition to the above measurements, two electro-magnetic traverses -
were also made across the Ironwood Formation near Upson to see if this
method could be used to map the location of the formation.

IV-4b Lake Namekagon-Mellen Area

Comparative dip needle and Bouguer gravity anomaly values and their
relation to the underlying geology, along two of the lines of measurement,
one near Lake Namekagon and one near Mellen, Wisconsin, are given in
Figse 792 and 79b. Both traverses show appreclable magnetic and residual
gravity anomalies defining the location of the iron formation whose depth,
as indicated by the seismic measurements, varies from only a few feet
to over 200 feet bencath the surface. The residual gravity anomaly on
the Lake Namekagon traverse is about 2.0 mgals, and on the Mellen traverse,
it is slightly over 5.0 mgals. The associated dip needle anomalies are
72° and 63° respectively. Either basis of exploration, therefore, appears
to be adequate for tracing the iron formation in this area although the
magnetic values give much the greater anomalies; however, it should be
noted that the magnetic anomaly picture observed here is not characteristic
of the entire Gogeblc Range. At the eastern end of the range the magnetic
anomaly pattern is not as pronounced as that shown in Figs. 79a and '79b.
The transition observed in anomaly pattern from one end of the range to
the other is shown in Fig. 80.

IV-4c Upson Area, Wisconsein, Blectro~-magnetic Study
IV~4cy General Statement

Electromagnetic traverses were conducted near Upson as part of the
general study of the Gogebiec Range.

Upson lies in T 45N, R 1W, Iron County, and the Ironwood Formation,
as Inferred from magnetic measurements, runs Just routh of the town and
strikes epproximately 600 West of North. Two electro-magnetic traverses
were established her2, one running north-south and the other east-west
across the iron formation.

IV-lic, Electro-magnetic Study

A vertical gsending coil, that was energlzed with a 2000 cycle
per second alternating current, was used in these measurements.
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This was oriented in the plane of direction of the receiving search
coil, and observations were made followlng the procedure outlined in the
Appendix for Mn line" measurements. On the east-west traverse, which
was 4700 feet long, coil separations of 30, 100, 300 and 400 feet were
used to determine how significant the separations were in depicting the
subsurface geology. Observations were made at 100 foot intervals except
for the 300 foot coil spacing on which observations were made at 50 foot
intervals. As the area here was not characterized by rough topography,
missorientation effects are not regarded as significant and the observed
dips can all be regarded as real.

With a 50 foot spacing between coils, the primary fleld completely
masked any contributing effect from conductors at depth. As the spacing
was increased, the dips increased as shown in Fig. 8l. There was 1little
change in values or pattern when the spacing was 300 feet and 400 feet,
end dips as high as 500 were recorded.

A similar anomaly pattern of dips was obtained on the north-south
traverse using a 300 foot coil separation, although the values observed
were only about half those found on the east-west traverse. The cause
of the alternating "highs® and "lows® observed on these two traverses
is not definitely known. One pronounced 'high® appears to be assoclated
with the iron formation, as indicated in Figs. 81 and 82. The other
highs®, covering a more extensive area, 8ll occur over the area underlaid
by the Tyler slate series. This series is known to have some magnetite
and hematite assocliated with it as was shown by the density studies and
the magnetic dip needle profiles in FMg. 80. As the electro-megnetic
#highs? are related to this mineralization, it appears that this method
may be used to trace the iron bearing formation.

IV=5 = 3Baraboo Syncline
Wisconsin

IV=5a General Statement

Iron formation, in the form of ferruginous slate and cherty dolomite,
occurs in the Freedom formation which is near the top of a pre-Cambrian
sedimentary sequence in the Baraboo syncline. Although this formation
is everyvwhere buried beneath later Cambrian and Pleistocene sediments,
drill hole data show that the iron is in the form of hematite and iron
carbonate and that the iron bearing section is about 500 feet thick.
Although ro mining operations have been carried out In recent years,
soft hematite was mined in the past at three different locations along
the axis of ths syncline. ZEarly magnetic dip needle surveys carried out
over the area showed no pronounced magnetic anomalies as would be ex-
pected with this type of iron ore; exploration was therefore based almost:
entirely on drilling. However, it was felt that it might be possible to
outline the boundaries of the primary iron formation with the more sen-
sitive vertical component magnetometer and gravity meters.
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IV=-5b Gravity and Magnetic Study

Fige 83 shows the gravity and magnetic anomaly valﬁes obtalined
along a traverse across the strike of the syncline between Wisconsin
Dells and Sauk. City.

Very strong regional gradients are seen to be present in both sets
of data, but pronounced local anomalies occur in three places. The most
striking of these is over the north limb of the syncline which is mapped
as quartzite. Here the residual magnetic anomaly is of the order of
500 gammas and the residual gravity anomaly is about 3.0 mgals. The
second anomaly area occurs over the central portion of the syncline where
the iron bearing Freeodom formation is knowm to occur. Although there 1is
a residual magnetic anomaly of about 250 gammas in this vicinity, there
is no pronounced gravity anomaly. The third anomaly area is over the
south flanlkk of the syncline, mapped as quartzite, where the residual
gravity anomaly is about 1.0 mgal and the residual magnetic anomaly is
about 50 gammas.

Although iron formation has not been reported within or below the
bagal Baraboo quartzite, these observations suggest that such a layer
* might be present. It is also possible that the tight fold shown on the
north flank of the syncline in Fig. 83 may have iron formation enfolded
within the quartzite. An alternative explanation is that the quartzite has
been overthrust onto the iron formation. Correct interpretation of the
structure 1s rendered difficult by its complexity and the cover of more
recent sediments. ‘

Although the above deductlons appear to be logical and substantiated.
by the data, more extensive studies on the syncline as a whole show that
most of the northern magnetic thigh' actually occurs beyond the boundary
of the syncline. There is therefore considerable doubt as to the wvalidlty
of the above Interpretations and until more work is done, no conclusion
can be reached other than 1t appears possible to map the iron formation
in the central part of the syncline by magnetic method. The flanking
gravity and magznetic %highs® may be related to an entirely separate and
as yet unexplored occurrence of iron formation.

IV=5¢ Mognetic Investigation at the Illinois Mine

As part of the above lnvestigation, several detailed magnetic tra=-
verses were established over the o0ld Illinois Mine with stations at about
100 foot intervals. The results of these measurements suggest that a
magnetic minimm of about 100 gammas follows the position of the known
ore body which 1s oxidized soft hematite rather closely. The magnetic
susceptibility measurements carried out on the ore and the unoxidized
ferruginous slate of the Freedom formation indicate that this relation
is to be expected. The susceptipility of the ore was 0.0 and that of
the ferruginous slate 19.0 x 10~ cgs.
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Several pronounced one station anomliea.haﬂng both a positive
and negative sign,were observed in this area, but these are attributed
to steel casing or other iron material associated with the mine woriings.

IV=6 Mesabi Range, Minnesota
IV-6a General Statement ‘

The iron ores of the Mesabl Range are "soft" ores oxidized from
rrimary ferruginous cherts kmown as taconites. Investigations were
made to see 1f the thickness of the glacial drift overlying the ore
could be determined by seismic or electrical measurements, or, failing
that, to see if the depth of the underlying taconite could be established. .

Measurements were carried out in five different areas on the Mesabi
Range. In each area there were diamond drill hole data which permitted
the geophysical results to be eveluated accurately in terms of the sube
surface geology.

IV=6b Seismic Studies

The reverse refraction seismic method was used to determine depths
along a traverse about a quarter mlle long in each area. Measurements
were also made in outcrop areas to establish characteristic velocities
for each rock type believed to be present so that formations encountered
at depth could be identified. These latter data are summerized in
Table 380 i : ‘ .

Table 38

Characteristic Velocity Values
Mesabl Range, Minnesota

Material Velocity

. Glacial drift (unsaturated) C 3300 ft./sec.
Boulder clay (saturated) 5490 ft./sec.
Oxidized ore (soft) 3850 ft./sec.
Upper cherty taconite - : L4650 ft./sec.
Lower cherty taconite 20800 ft./sece

From an inspection of 'l‘a.'ble'38. it 1s seen that it would not be
possible to differentiate the iron ore from till below the water table as
the water-saturated sediments have a velocity of about 5000 ft./ seCe
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It would be problematical whether ore above the water table could be
differentiated from drift and impossible if the overlying drift con-
tained mich boulder clay. Therefore, it was recognized at the outset
that the only information likely to be obtained from seismic work would
be the depth of the lower cherty taconite, and possibly the depth of
boulder clay if it occured as discrete layers in the till.

. The results for this part of the study have been divided on the
basis of the individual areas studied.

IV—6b1 Area 1
The selsmic measurements in this area consisted of three reversed

profiles and two open ended measurements. The results are summarized
in Table 39.

Table 39
Seismic results, Area 1
Drill Depth
Apparent Velocities Depth of layers to taconite
Station V1 V2 Va Wy Vg V3 " Wi Vi
1A 3150 —==— 6660 10600 - 119 238 235
18 3150 - —— ee— 235
1D 3600 —-== 7770 ~——— - 119  —— 280
25 3060 wee= 7800 =ee—— = 118 - 280
2N 3480 == THOO - - 119 - 230
3s 3220 4610 6950 == b5 120 - 305
3N 2070 4130 7030 emwmee 26 134 - 210
4 3680 e=m— 8180 =—ee— w125 e 210
5 3400 ——— 6660 e - 120 - 195
V1 = Glacial drift
Vo = Older till in drift (?) water table (?) Average true
veloelty = 4350 ft./sec.
v Boulder clay, Average true velocity = 7300 ft./sec.

Taconite .

=
nun

In identifying the velocity horizons given in Table 39, both the
drill hole data nearest each site and the outcrop velocity measurements
in Table 38 were used; however, identification of the V, horizon was
made on the basis of surface exposures in the side of ag open pit mine
vhere the boulder clay occurs at a depth of 120 feet. The observed
velocity for this clay however averaged about 7300 ft./sec. rather than
5500 ft./sec. vhich was indicated by the outcerop velocity measurement.
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Except for the taconite surface which was defined only at location 43,
this was the deepest horizon mappede As the boulder clay appears to
occur as a layer, a perched water table is to be expected with unsat-
urated drift and ore beneath it. As a comsequence the depth of the
deecper taconite horizon is apt to be in error because of the resulting
downward refraction. The decrease in velocity with depth under such
conditions cannot be recognized, and ealculated depth values will be
too greate This condition, however, did not appear to be present at
location Ay vhere the depth to the taconite agreed within 3 feet of
that indicated by the drill data. .

The locations of the seismic stations relative to the drill holes,
and a comparative depth profile based upon the two sets of data, are
shown in Fig. 84, ' '

IV-6'b2 Area 2

In this area, two seismic traverses were run at approximately
right angles to each other. Two reverse profiles were shot along a
north~south line and one reverse profile along an eest-west line. The
V3 horizon which averaged about 6000 ft./sec. was tentatively identified
a8 the boulder clay. The Vj horizon on the basis of the high veloclty
values appeared to be the taconite. Unfortunately, there were no drill .
hole data here to permit an evaluation of the results which are swme-
rized in Table 40. The depth profiles based on these data are shown
in Fig. 85, : :

Table 40

Seismic Resulte, Area 2

Apparent Veloci Depth of Layers
Station Vi V2 3 vy V2 V3 vy
18 3770 —mmm 5500  =—ee — 132 e
N 2270 420 2l — ——
25 4025  —=m= 5980  =m——e —_ 173 e
b 2770 ———— 6860 —————— — 76 —
3B B0 mme= —eem 10450 —_— - 174
3w 3970 —— — 12000 - — 217
Ly 11200 - — ———
"V1 = unsaturated till
V2 = older till (1) water table (1)
V3 = boulder clay (1) Average true velocity = 6370 ft./sec.
L, = taconite, average true velocity = 11,200 ft./sece .
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IV-6b3 Area 3

Four reverse refraction profiles were shot in this area. At four
of the shot points, water table was oYserved to be close to the surface
which is verified by the seismic veloclty values for the surface layer
at these locations being somewhat greater than 5000 ft. /sec. Three
seismic horizons were defined which, on the basis of the veloclty values,
were correlated with the surface till, water table and the taconite.

The correlation of the depth of the selsmic horizons with the geologic
formations shown by the drill hole data, although consistently poor
except at sites 1N and 28, suggested the ore horizon was mapped at 2N
and 35. The departures were not of a random nature, and 1t 1s seen that
for both the ore and taconite surfaces a deeper conformable surface

1s indicateds This suggests that over most of the area there 1s a
perched water table with unsaturated material beneath 1t which, as
explained above, would result in too great a depth being calculated.

The seismic data are summarized in Table 41, and the depth profile-
comparing the seismic and drill hole depths is shown in Fig. 86.

Table 41
Seismic Results, Area 3

Drill Depth

Apparent Velocity Depth of La ers to Taconite
Station V1 V2 V3 vy, AP vy
s e 5380 == 17300 - —-— 286 120
1N 2890 =e~=  ==== 14200 - =e— 176 180
25 3220 me——  — 8500 - e 98 105
2N 2017 ==—= 4250 7240 — 85 280 165
35 3330 ~-—= 6930 14300 -~ 88 259 155
3N == 6000 = = 11000 e wem 257 —
4s —— 5210 === 26000 e 23] 140
In w=== 5350 ==—= 15200 -~ === 145 ——

V1 = glaclal arift (saturated in part)
Vo, = water table (7)
V2 = ore (7) or water table (1)
7 = taconite, average true velocity = 14,000 ft./sece

IV-6by Area L

The drift cover here was very thin compared to the other areas
invegtigated. Three profiles were established and the data are sum-
marized in Table 42. The comparative depth profiles are shown in Fig.
87 and it is seen that the selsmic data agree fairly well with the drill
hole logs.



ELEVATION

re

AO

—— e e O —— -

0/5.

A

F7. 705 rea2s T7 T8 75

o
&8/ 82
‘o,
8«4
T7
762 O 75% orf
02s IN

900~

2 3 3
8 5 %
N

SEISMIC STATION MAP AND PROFILE

IN TH ( :

| R | D -Tr el bTriL ! D IR
=T ATE [ i="Ar 77 ’ YL,
%" % ORE V3 %

/ 7777/,
A// / / - mcé/f//rs / /
LI
‘Vy TA;OIV/TS FALSE ”opa?ﬂ ", V. //

.v"

AREA 3 MESABI RANGE

o 100 R2oo J00
FEET

O ORILL HOLE
® SE/SMIC STAT/ON
v+ RESISTIVITY SITE

r23 7150 N 4N g0 mse
L e s - 900
-~ 8oo
7
/ — 700
("]
/ —600

FIG. 86

—98“[—



ELEVATION

SEISMIC STATION MAP & PROFILE

AREA 4 MESABI RANGE
- =04
id 728
TR e ° o 77 ° 726 © 725
T ——— 3~
—'7- ' — — e
35 A
L eeeeemees
o /00 ROO0 oo o ORILL HOLE
FEET o SE/SMIC STAT/ION
v RES/STIVITY SITE
Te8_2¥ 727 3s 726 ros sw
------ P v "‘“, _

Vs

S quamizie -~ A NNA
} ! \ A ! 4 ] \ \ LY

€~ €~ £ -~ P o~ LY -~ s P AN AR

| /7/7/7/7/7/@;&_/ 25

// AVST77777 7 /
P~
. I' I'\ I‘ I' ' . ! I‘ N

1 V3

7~ —

- 18T -



- 188 -

Table 42
Seismic Results, Area 4
' Drill Depth
Apparent Velocl Depth of layers to Taconite
Station V1 V2 tg3 ' 82 V3 V3
1s 4510 6930 —-———— 24 -~ 95
1N 3240 ————— 10300 - 20 30
28 1760 — 20500 - 27 ks
Pt 2810 e 19400 -_— 23 22
3s 2420 ——— 11100 - 22 20
38 3710 —— 13000 - 62 25, 60%
* gquartzite
1 unsaturated glacial till

V2 = boulder clay (1)
= taconite, average true velocity = 16,050 ft./sec.

IV-6b5 Area 5

Three reverse refraction profiles were established in this area.
The subsurface geology, while perhaps more complicated than that at
the other sites studied, was on the whole fairly well delineated by the
selsmic work except at site 1B. The seismic results are tabulated in
Table 43, and Fig. 88 shows a profile comparing the seismic and drill
hole data

Table 43
Seismic Results, Area 5

A Drill Depth

" Apparent Velocity Depth of layers to Taconite
Station V1 V2 V3 Yo Y ¥3
v 5510 —— 9680 — 127 135
1B 5260 ——— 16500 - 240 170
b | 5560 ———— 13000 e 149 170
Z 5890 8830 12500 96 209 205
W 4550 ——— 28600 — 221 210
3B ———re 8320 24700 -~ 221 227

= saturated glacial drift
Vo = unknown horizon in upper taconite
=~ lower taconite, average true velocity = 14,725 ft./sece
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IV-6¢ Summary on Seismic Investigations

As indicated by the outcrop velocity studies, the seismic refrac-
tion method is not suitable for locating the soft oxidized ores of the
Mesabl Range. The velocity of seismic propagation in the ore is no
greater than that of the overlying glacial t111 and lower than that
for water saturated sediments. As a result, the ore cannot be 4if-
ferentiated from till or detected below water table. However, it does
appear possible to detect the underlying taconite by this method except
vhere 1t underlies a perched water table. Where this occurs, the lower
veloclty of the unsaturated glacial drift and ore beneath the boulder
clay layer causes downward refraction and erroneous depths are obtained
for the deeper, high velocity, taconite layer. However, this situation
was encountered on a wide spread basis.in only one of the five areas
investigateds In the other areas, the drill hole data indicated that
the seismic results portrayed. the taconite surface with sufficient
fidelity to be used for mapping depressions where ore might occur.

1V-6d Electrical Resistivity Studies

In view of the failure of the seismic refraction measurements to
detect ore, a series of test electrical registivity depth measurements
were carried out about site Ay in Area 1. See Fig. 84. The Wenner
configuration was used with DC current and porous pot potential elec-
trodess TFig. 89 shows the plot of the apparent resistivity values .
obtained for different electrode spacing intervals. The same data,
prlotted on a cumulative basis are shown in Fig. 90. Interpretation
on this basis, as explained in the Antigo Survey, has been generally
good. Breaks in slope are indicated for electrode spacings of 30, 62,
117, and 215 feet which are interpreted as representing those depths
at which changes in resistivity occur. The adjacent seismic data in-

- dicated horizons at 45 and 120 feet and the drill log shows ore under-
lying till at 175 feet and taconite at 310 feet. As the depth of
penetration in resistivity measurements is usually less than the elec-
trode spacing by some proportional factor which varies with the loeal
geology, it appeared these measurements might be useful. It was there-
fore decided to pursue the study further to find out if the break in
slope of the resistivity curve at 220 feet could be correlated with the
change from till to ore at 175 feet.

: The areas chosen for study were the same as were used in making
the seismic refraction studies. All of the areas were free of local
subsurface conductors and regarded as good test areas for electrical
meagurement.,
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IV-63; Area 1

Four sets of electrical resistivity depth measurements were made
in this area using the Wenner electrode configuration; also, two sets
of measurements were made with unsymmetrical electrode configurations,
and a test run made to compare the results obtained with metal potential
stake electrodes with those using porous pot non-polarizing potential
electrodes to see if there was any pronounced directional factor present.
Two of the sets of measurements were made with the spreads oriented per-
rendicular to each other. The results of these special measurements
showed that the Wenner electrode configuration gave the most easily
interpreted results, and that non-polarizing potential electrodes should
be usede On the test conducted with the electrode spreads oriented at
right angles to each other, it was found that while the resistivity
values obtained were numerically different for the same electrode
spacing, the pattern of the resistivity graph obtained in each direction
was essentially the same, and that comparable depths were indicated.
See Fige 91le However, it should be noted that whereas five horizons
were indicated in one direction, only four were indicated in the other.
In making the depth analyses, all of the resistivity wvalues were plotted
on a cumlative basis as a function of the electrode spacing, and these
plots were compared with the projected log of the nearest diamond drill
holes. Several 'breaks" in slope on the graph were indicated at each
location. As the drill hole data showed no changes in geology in the
t111, it was necessary to use the seismic data in order to establish
complete correlations. All of the data are summarized in Table 44,

Table 44
Electrical Resistivity Values, Area 1

Elegtrode Spacing of Break in § opé
Site A /§ Ay " s 5 /o
4o 30 62 117 —— 215 ———
A N-S 35 71 120 — 206 356 ——
Ay B-W L2 83 120 — —— 316 ——

A, 35 67 100 170 220 288 375
A3 25 57 100 159 210 308 413
Average Selsmic Depths:
35(T2)  122(V5) 238(7,)
Ao - ti1l - 180 - ore -~ 298 - taconite
Ay - till - 165 - ore - 235 - taconite

0
0

Ar 0 = till - 165 - ore and slate - 218 - taconite
0 - till - 154 - ore and slate - 220 ~ taconite
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On the basis of the seismic data for horizons above the boulder

clay (V3), it appears that #1 can be correlated with material having
velocity of about 4400 ft./sec. and tentatively identified as older
t111l or the water table. F> has no kmown geologic or seismic counterpart
but may represent sand or gravel within the +ill. /9 appears to correlate
with seismic horizon V3, the boulder clay. Although'/) appears to
correlate with the drill hole depth defining the till - ore boundary at
sites A and A3, this resistivity horizon is missing at the other sites,
" and the,ﬂ resistivity layer which does occur everywhere is correlated

with the gop of the ore. The /% layer is correlated with the lower cherty
taconite, and;o is related to some sueh deeper geologic horizon as the '
underlying quartzite. The above correlations between the three sets of
data are shown graphically in Figz. 92.

The data obtained in the other areas investigated were analyzed in
a similar menner and correlations established from the drill hole and
gelsmic data.
17-66.2 Area 3

The location of the points of measurement in this area are shown
in Fig. 86 and the results are summarized in Table 45.

Table 45

Electrical Resistivity Results, Area 3

Blectrode Spacing of Break in Slope
Site V! £z % AL
B~3 by 87 © 115 198
Bl Lo 60 85 198
Average Seismic Depths: 85(V2) 190(Vy,)
B=3 0 - till - 48 - ore -~ 185 - taconite
Bdy 0 - ti11l - 45 - ore ~ 180 - taconite

In this area, only four resistivity layers are indicated below the
surface layer. In correlating which of the "breaks!" are related to the
till - ore interface, that having the greatest change in slope was selected,
This "break" occurs at too shallow a depth to be related to the taconite
and as no pronounced discontinuity i1s indicated in the ore, this is the
obvious break to select for defining the top of the ore. A graphical
correlation of these resistivity, seismic and drill hole data is included
in Fig. 92.
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Two other sets of measurements with assymmetric electrode spreads
were made in this area, but it was found that the results did not readily
lend themselves to interpretation and for this reason have been omitted.
17-6(13 Area 4

The location of the single measurement made in this area is shown
in Fig. 87 and the results obtained are given in Table 46.

Tadle 46
Electrical Resistivity Results, Area 4

Electrode Spo;cing of Break in Slope

Site L . £3
D-1 60 136 Nk

Seismic Depth: 22 to 62 fest (V4) taconite

D=1 O =~ till - 3% - tacenite - 72 - conglomerate - 80 - guartszite

These measuremsnts show only three resistivity layers beneath the
surface layer. The upper break, ﬂl. correlates with ths depth of the
taconite as indicated by both the seismic and drill hole data. /. )
appears to be related to the taconite - quartzite interface and tﬁe deeper
horizon, F3. apparently is related to some rock member within the basement
complex. :

IV-64;, Area 5

The location of the measurements made in this area are shown in
Fig. 88 and the results are summarized in Table 47.

Table 47

Electrical Resistivity Results, Area 5

Electrode Spacing of Break in $lope
site A A A Py p }6 /7
Oml ko 115 140 180 200 260 380
c-3 N7 115 133 186 @ e mee e
C~4 30 80 132 —— ' 222 265 300

-5 By 113 148 180 -~
Seismic Depth: 110(V5) . 220(75)
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Table 47 (continued)

C-1 O - till - 186 - slate and ore - 215 - taconite - 370 -~ quartzite
. C=3 0 - til1ll - 25 -~ taconite -~ 145 - slate -~ 192 - taconite

C~% 0 ~ ti1ll ~ 172 - ore - 240 - taconite

=5 0 ~ till - 25 - taconite - 130 - slate ~ 180 - quartzite

The drill holé data and the geologic cross-section (Fig. 88) both
indicate it would be misleading to assume horizontal layering of geo-
logie lithologic units in correlating the resistivity horizons. The
apparent horizontal layering indicated by the correlation chart of
Fig. 93 and Table 47 down through the ,03 horizon, actually cuts across
geologic lithologic units and therefore must be related to some factors
other than rock type. Presumably, these would be changes in either
the degree of water saturation or in the chemlistry of the ground water,

IV-665 Summary of Electrical Measurements

It appeared, with the exception of Area 5, that electrical resist-
ivity values could be used to delineate one or more horizons in the
glacial $ill, the top of the ore, the taconite surface and, in some cases,
a formational break either within the taconite or below it. The electrode
spacings delineating the different electrical resistivity layers, while
appearing to give a direct correlation with depth for the near surface
layering indicated by the seismic measurements, were apparently related
to the deeper geologic horizons by some constant which differed with
the different areas. These relationships and the constants derived for
each layer are summarized in Table 48 and are shown graphically in Fig.
92 and Fig. 93. ‘ .

That the constants, while appearing to be unique for each of the
areas studied, are actually related to depth of the horizon as well as
the lithology is shown in Fig. 94. It is seen that there is a very
large change in value with depth for the near surface layer, defined
seismically as having a velocity between 4000 and 5000 ft./sec., and
probably representing an older till or water table. It will also be
gseen that when the taconite gete near to the surface, its depth value
coincides with this horizon which elsewhere occurs in the till. This
suggests that the horizon is actually the water table. The constant
for the Vi horizon, characterized by a velocity of 7000 £t./eec. and
jdentified as boulder clay in the side of the open mine pit in Area 1,
likewise shows a definite variation with depth. The same is trus for
the top of the ore. In the case of the taconite surface, the constant
varies systematically for all depths greater than 180 feet. However,
when the taconite is within 50 feet of the surface, the constant is
comparable to that of the Vp horizon, which, as has been pointed out,
is believed to represent the water table., Presumably, this would also
apply to the ore horizon where it approaches the surface. ’
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Table 48
Table of Electrical Resistivity Coefficients
Mesabi Range, Minnesota

égea l
Blectrical  Seismic  Geologic Coefficlent X*
Site  Horizon Horizon  Horizon V2. V3 Ore _ Taconite
Ao A 35t Vo U5 f4. 1.29
Pz 115 3 120 1.05
Ps 225 Ore 180 . . +80
Ay A1 35 V2 35 1,00
P3 120 V3 117 . 97
,a§ 205 | Ore 164 )
#6355 Tac. 235 ‘ 66
/03 120 73 117 97
P 6 315 Tac. 235 oh
A 100 Y4 118 1.18
2 ,/o’g 220 3 ore 165 .75
°6 290 Tac, 220 76
A 100 V3110 1.10
220 Ore 155 ' 71
' /2 310 ' Tao 220 o71
AVﬁragO K 1.03 1005 =:76 ° 22
A Area 3
By 115 Ore 50 45
? ;ﬁ 200 Tac. 185 | 93
B, f4 85 Ore L5 52 |
- Al, 198 vy, 190 Tao 180 91
Average K 48 292

®_Goeffici = Seismic or Geological Horizon
Ooefficient X Blectrical Horiton
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Table 48 (continued)

Area 4
Blectrical .Geologic : Coefficient K*
Site Horizon Horlzon ' Ore _ Taconite _Quartzite
A B Tas. 50 .59
A2 137 Qtzite 80 59
Average K 59 «59
' Area.‘ 5
0y 180 Tac. 175 97
/,53 380 Qtzite 370 97
0y P15 Tac. 25 | 55 |
Le] 222 Ore 170 76
¥ ”g 265 Tac. 240 .90
05 AL b5 Tac. 25 .55
AL 180 Qtzite 180 1.00
Average K 76 +55(shallow) .98

° de

. . - Geologzlcal Horizon
Oosfficlent X Electrical Horizon

Since there is nothing distinctive about the resistivity values
.for identifying a horizon as is the case with seismic values, a major
problem in using resistivity 1s the correlation of breaks in the
resistivity curve with the appropriate geologic horizon. It is there-
fore necessary to establish control from drill hole 4ata. If used on
this basgis, the method would be useful for cutlining reserves as well
as prospecting. It has been demonstrated for meny years by the work
of the Ground Water Division of the Illinois Geologlcal Survey that
such measurements can be used successfully with this type of empirlcal
interpretation. Much of the subsurface geology of that state has been
worked out by the use of electrical resistivity measurements so in-
terpreted, and drilling has proven the results to be correct approx-
imately 90 % of ths time.
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IV=7 = ZElectro-magnetic Investigations
Along the Boundary of the Keweenawan Volcanic Flows
Northern Wisconsin .

IV=7a General Statement

The Koweenawan basic lave flows of Upper Michigan, Wisconsin and
Minnesota are known to be mineralized in several areas. The most speo=
tecular occurence being the native copper and copprer—oxides found on the
Kewsenawan Pennisula in Michigan. In Wisconsin, the kmown mineralization
is 1imited to minor amounts of metallic sulphides and copper along the ‘
southern boundaries of the flows. This investigation was undertalken to
seo i1f these occurences could be located and extended using electro-
magnetic methods. '

IV=7b Electro~magnetic Study

The instruments used consisted of a 42 inch vertical primary coil
energized with a 2000 cycle per second alternating current with a search
(receiving) coil having a dlameter of 12 inches which was mounted so that
i1t could be rotated 360 degrees about both a horizontal and vertical
axis. The field procedure followed is that described in the Appendix.

IV-7¢c BRarabee Test. Ashland County

- This area, located in SE} SELX, Sec. 32, T 45N, R3-V, is one in which
some sulphide mineralization had been found by surface prospecting.
Five traverses were run in the vicinity of the old test pit and the dlp
results showed no pronounced near surface conductor. However, null widths
(position of minimum signal) of 3° and 4° observed immediately adjacent
to the pit did however indicate a conductor in the area.

Two additional traverses, each about a half mile long, were run
about a helf mile west of the area across Trout Brook, and although dips
as large as 8° were obtained, they are of questionable validity since all
were observed in areas adjacent to marked changes in topography. FPhan-
ton dips are apt to be obtained under such conditions due to misalignment
of the coils,as it is not alweys possible to see the receiving coil so that
the plane of the sending (emergizing) coil can be oriented in the correct
azimth. To check on this at Trout Brook, two sets of measurements were
made for each of the traverses; one with the energizing coil 300 feet
north of the sending coil and one with the energizing coil 300 feet south
of the search coil. All measurements were carried out *in line" with
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observations at 50 foot intervals. As the marked dips which were ohserved
on the first series of measurements were not obtained at the same locations:
vhen the energlizing coil was moved to the other side of the receiving coil,
i1t seems fairly certain that the observed dipshere were related more to
misalignment than the presence of any conductor. See Fig. 95.

IV~ Davis Hill Area, Bayfield County

In this area, conglomerate and lava flows have been intruded by
gabbro, and near the gabbro contact some. traces of copper mineralization
have been reported. A series of #in line" east-west traverses were es-
tablished so as to cross this contact. No pronounced dip anomalies were
observed except where power lines were crossed, and although mull widths
of 4° to 10° were found, they appeared to be associated with areas of
swampy ground or else with areas of conglomerate in which there was
probably as high water content. However, in one area having a local
dip of 3° with a mull width of 3°, some trace of iron and copper sulphide
mineralization was noted. .

The general conclusion reached from these investigations was that
good conductors were absent in areas surveyed, although the presence of
local weak conductors was indicatede. ' :

" IV-8 - Magﬁetic Survey of Peridotite Body
I1V-8a. (General Statement

.This investigation was made to outline the areal extent of a perido-
tite body which outcrops from beneath a surface cover of glacial drift
in Sec. 24, T 36N, R 21E of Marinette Oounty. The presence of asbestos -
in the outcrop indicated that 1t might be developed commercially if the
body were extensive enough. As magnetite was found to be an abundant
accessory mineral in the peridotite, magnetic measurements were chosen
as the most sultable geophysical method to outline the horizontal extent
of the body.

Iv-8b Magnetic Survey

One lundred and sixty magnetic observations were made with an Askania
vertical component variometer. Of these, approximately one half were on
a8 reconnaissance basis with observations every 100 feet along traverses
roughly 200 feet apart, and the balance located so as to form a 40 foot
grid of stations over the peridotite outcrop and the area immediately
adjacent. The data were corrected for diurnal field changes and latitude
effects and the resulting anomalies plotted and contoured. See Fig. 96. -
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The variation observed in local anomaly values is over 6500 gammas,
with a single magnetic 'hight' depicted whose dimensions are roughly 200
feet by 300 feet. This magnetic anomaly has a local relief of 5500
gammag, and is offset slightly to the south of the center of the outerop
area. A weak anomaly area of opposite sign is indicated to the north.

The above observations suggest that the peridotite body is a vertical
elongate pipe-like body. The anomaly pattern is very similar to that
which would be produced by a vertical bar magnet as the upper pole, near
to the surface, would be dominant giving rise to & very sharp anomaly
profile as is observed here. See Fig. 97.

As the magnetic anomaly conforms so closely to the outcrop area
of the peridotite, it is obvious that the observable peridotite represents
the entire areal extent of the body which is too small for commercial
exploitation.

IV=9 = Lead - Zinc Deposit
- Gravity Study, Shmllsburg, Wisconsin

IV-9a Genergl Statement

The lead-~zinc deposits in Wisconsin occur in gently folded lime-
stones and dolomites of Ordovician age with the ore occuring as fillings
along joints, inclined fractures (pitches), and bedding planes (flats). .
Deposition appears to be predominantly galena in the upper levels, and
sphalerite at depth; most of the ore bodies are within 250 feet of the
present surface. As the deposits appear, for the most part, to be limlted
to the synclinal folds, it was felt that gravlity observations might
serve to depiet favorable structure even if the mineralized areas them-
selves could not be directly located. The test area chosen was one in
which there was a kmown ore body that as yet had not been mined.

IV=0h Gravity Survey

Two gravity traverses were established across the strike of the ore
body having sufficient length to completely bracket both the mineralized
area and any associated structure in the limestone. A third partial
traverse was also run which started over the ore body. For comparative
purposes, a fourth traverse was established parallel to the others that
crossed an area that was believed to be mineralizede The average statlon
spacing used wes 100 feet along each traverse. The locations of the
stations and their relation to the ore body are indicated in Fig. 98.
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The observationa were reduced to give Bouguer anomalies and the
results along each traverse are shown in Pig. 99. The most strildng
feature on these profiles is the pronounced regional gradlient; however,
if this reglonal effect is removed, there appears to be a systematic
series of residual "highs® and "lows" whose dimensions are about those
of the known folding in the areas On the two complete traverses, B-B
and C-C, it 1s seen that the ore in each case lies in an area having
residual gravity minimum which was interpreted as being synclinal. It
i1s also noted that a gravity thigh' occurs either over or immediately
adjacent to the reported position of the ore. This latter observation
may be entirely fortuitous, but is suggestive enough to warrant more
detalled work.

IV=9¢ COonclusion

On the basis of the limited amount of work done, it appears that
the gravity method is applicable to mepping the subsurface geologic
structure in the lead=zinc district of Wisconsin, and may also be used
to locate areas of mineralization. The residual anomaly values, however,
are less than one mgal, and careful detailed work with a high precision
instrument is required.
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Part V
General Geologic Studies
V-1 «~ General Statement

In the foregoing sections it has been shown how geophysical methods
are being used to help solve problems in applied geology connected with
water supply, engineering and mineral exploration. In addition to
these investigations, severdl purely scientific geologic studies are
being undertaken in various parts of the state. The nature of these
studles is quite varlable and as most of them will not be completed
for soms time to come, a few words will suffice at this time to des-
cribe their nature and the progress that has been made on each.

V-2 «~ Subsurface Topographic Studies
V-22 Lake Mills - Waterloo - Fond du lac Areas

The water supply investigation at the Emmon Blaine Farm near lake
Mills indicated the presence of a buried ridge of basement rocks which
was over a thousand feet high. It was shown that through the use of
seigmic, gravity and magnetic measurements, in connection with avail-
able well data, it was possible to follow this ridge for over 20 miles.
The geophysical measurements are being extended to include what appears
to be a parallel ridge to the east near Hartford, and to the Fond du
Lac region in the north where similar subsurface ridges are indicated
by well data. As these ridges are believed to be the remnants of old
mountain ranges that at one time crossed Wisconsin, a more complete
knowledge of thelr location and distribution pattern will be of consid-
erable help in understanding the basic geologic framework within the
state, as well as the movemsnt of underground water.

V=2b Madison Area

It is kmown from well data that the pre-glacial Yahara River flowed
in a valley over 500 feet deep through what is now the City of Madison.
As was indicated by the seismic studies at the Willows Athletic Field,
tributary valleys over 150 feet in depth also occur. Since it is not
feasible to carry out seismic or magnetic measurements in the city proper,
and as shooting of explosives in the lakes bounding the city is strongly
discouraged by the State Conservation Department, a gravity study is
being made of the area to see if the pre-—gzlacial drainage pattern of
the area can be mapped. Fig. 100 shows the gravity station network
developed to date.



GRAVITY STATION .« i
MAP

MADISO

8

VIGINITY

FIG. 100

° LAKE
: MENDOOTA

prs.
.
+
.

¢ -

~'.“Oooo..o see o o (NN4:

- 2Te. -



V=3 « Crypto-Volecanic Structure Investigations

In several areas in Wisconsin, there are localities in which there
is evidence of marked local structural disturbances involving both
upward and downward movement., As this structural derangement sugzests
what might occur if an active volcanic pipe had been present in the
area which never actually reached the surface, these are referred to
as orypto (hidden) volcanic structures. One such structure that has
been well mapped geologically occurs at Des Plains, Illinois just south
of the Wisconsin ~ Illinois state line. A gravity investigzation is
being made of this area to see 1f a local gravity anomaly 1s assoclated
with the structurally deranged area. If a volecanic pipe is present
at depth, a gravity maximum would be expected in the area. If a neg-
ative anomaly is assoclated with the area, the structure could result
from a possible salt dome type of intrusion or the collapse of a cav-
ernous area developed by solution. Enough work has been done on this
study to indicate that a negative gravity anomaly 1is present, Since
the gravity anomaly area 1s considerably larger than the known area
of structural displacement as determined from well logs, 1t is planned
to carry out supplementary seismic measurements to ascertain if the
complex structure does extend as far as is indicated by the gravity
measurements,

V-4 ~ Petrologic Investigations

One of the major problems in geology 1is whether or not plutonic
igneous rocks are derived by differentiation from a parent magma of basic -
composition., Granites, for example, may either be the result of such
& process, or they may represent sediments that were granitized at depth,

Similarly, there are different theories concerning the origin of
basic rock occurences, Under the granitization concept, these rocks
constitute an expanding "front" from a granitic mass. Under the magmatic
theory, such mineral assemblages would sink as early, high density
differentiates, As the resulting mass distribution should be markedly
different, a serlies of gravity studies are being made to see 1f these
date can be used to ascertain which or where each process seems to apply
in Wisconein., Three areas are being studled: the Wausau area, "where
there is syenite and dlorite; the Mellen area, where there 1s granite
and gabbro; and the west shore of Lake Superior, where the thick basic -
rock sheet known as the Duluth lopolith appears to have differentiated
in place giving rise to gabbro and granite.
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V-5 = Structural Studies

Two structural studies are being conducted. One involves the
Lake Superior Syncline and the other, the Baraboo Syncline. Gravity,
magnetic and seismic studies are being undertaken in connection with
each area. An outstanding feature associated with the Lake Superior
Syncline is the large gravity anomaly (90 mgals) observed in crossing
it. This anomaly is related to Keweenawan basic volcanic flows which
ars enfolded in the sediments. See Fig. 10l. On the basis of the large
anomaly, it appears that this structure, with its assoclated lavas,
extends southwest into central Kansas where 1t abruptly terminates.

Comment has already been made in connection with the study of the
Baraboo Syncline on the magnetic anomalies associated with the iron
bearing Freedom Formation, and the fact that a pronounced anomaly also
occurs just off the north flank. Fig. 102 shows the anomaly pattern
as developed from the station network of magnetic observations that
has been established over the area. A similar network of gravity
observations has been completed, and it is planned to supplement these
measurements with seismic studies.
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Part VI
Appendix
on
Geophysical Theory and Method of Reductions
Vi-l -~ Gravity Methods
Vi-la Gravity Theory

The fundamental expressidn for gravitational attraction is:
F=u _L ml;,:m_ 2,,. ’
r ' . Eq. (1)

in vhich F = force of attraction.
¥ = the gravitational constant (6.67 X 10-8),
m} and mp = two respective masses.
r = distance between mass my and mass mp,

Newton's Second Law of Motion statesg .
F = ma » EQ' (2)

in which m = mass.
a = acceleration.

If the two expressions are equated equal to eé.ch other and m and m2
are taken as unit masses, then

a = __1_1‘;2_, . ' . Bq. (3)

rl

If m equals the mass of the earth, then the attractive force on a

unit mass would equal the acceleration imparted to a falling body at
the surface of the earth. If the earth 1ls assumed to be approximated
by a sphere, '

¥ 43T B> 0°
¥ 4/3TRe

radius of the earth.
the density of the earth.

in vhich R

q
|
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However, as the earth is not a sphere but approaches an oblate
ellipsold of revolution, rotating about its minor axis, the value of
gravitational acceleration increases from the equator towards the poles.
This is due both to the decrease in radius in progressing toward the
poles and to the decrease in the outward normal component of centrifugal
acceleration due to rotation. The following expression evaluates both
effects and gives the sea level value of gravity at any latitude.

Go = 978.049 (1 4 0.0052884 sin?d - 0.0000059 sin? 24) Eq. (5)

in which Gy, = sea level gravity.
4} = latitude of point of observation.

This expression is based on a change in radius of the earth from
6,378,388 meters at the equator to 6,356,909 meters at the poles.

The equatorial gravitational value (978.049) is an empirically deter-
mined value based on observed values of gravity at different places
corrected to the equator on the basgis of the above change in dimen-
sions, ’

The actual value of gravitational acceleration at any place,
however, will vary from that determined by Eq. 5 because of elevation,
the density of the rocks present, and the thickness of the underlying
crustal material. As the geologic factors can only be partially eval-
uated, the corrections that are applied to the sea level value of gravity,
as determined by Bq. (5), usually allow for only the effects associated
with a change in elevation; that is, the effect of the vertical grad-
ient due to change in elevation and the effect of the included rock
ness.

Effect of change in elevation alone = =-0.3086 mgals/meter
or Eq. (6)
~0.09406 mgals/foot,

where & mgal = 0.001 em/sec?,

Effect of included rock mass = +0.04185¢ megals/meter
or Bq. (7)
+0,01276 ¢ mgals/foot
where o is the density of the rocks present.

If the ares is hilly, an additional correction is required to allow
for the effect of the mess of hills rising above the observation site,
and the deficlency in mass assoclated with valleys below the site.
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The method of determining the correction, while not difficult, is
laborious as it requires that all of the surrounding terrain within
a radius of about 15 miles be evaluated in terms of differences in
elevation from that at the observation site for small ereal compart-
ments. The gravitational effect for each is computed and the sum of
the effects in all compartments applied as a correcticn.

The sum of the above corrections applied to the sea level value
of gravity constitutes the theoretical value of gravity. This usually
differs from the observed value, snd the difference between the two is
the anomaly. It is the anomaly values which have to be interpreted
as to thelr geological significance.

VI-1b Observed Gravity

Observed values of gravity are determined on the basis of the
difference in instrumental readings between two points, one of which
is used as a base. The instruments commonly used, gravimeters, are
all subject to "drift¥; +that is, a change in reading with time due
to non=elastic stretching of the spring system. As the rate of drift
is not uniform and varies with temperature and pressure, it is neces~
sary to make frequent repeat observations at a base station. By using
such repeat observations for control, all the intervening readings can
be corrected for this effect. These corrected readings are then made
relative to some base station value. In order to get the relative
difference between sites converted from gravimeter scale units to
gravity unite (mgals), these differences must be multiplied by the
.scale constant of the instrument.

If the absolute gravity value at the base station is known,
then 211 the stations can be put on an absolute basis. In Wisconsin,
the primary gravity base used for absolute values is in the basement
of Science Hall on the campus of the University of Wisconsin in
Madison, vwhere the absolute gravity value, determined by 12 sets of
observations between Madlson and the natilonal gravity base in Wash-
ington, is 980.3686 cm/secZ2.

Vi-lc Example of Gravity Reductlons

An exnmple of a complete set of gravity reductions is as
follows} '
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Observed Data and Drift Correction Sheet

Instrument Drift Corrected
Btation -~ Time Reading Correction Reading
1 1000 2416 ' — | 2416
2 10315 2118 -1 2117
3 10330 . - 20l -2 2039
o1 11:00 - 2420 -4 2416
Reduction Sﬁeet
~ Difference Absolute Gravity
Oorrected  Difference  x Scale Constant (Observed)
Station Reading from Base 1 (E'= 1 mgal) (em/sec.?)
1 2416 —— —— 980.3688
2 217 ~299 ~29.9 980.3389
3 2039 =377 =377 980.3311
Theoretical Gravity
4 Sea Level [Elevation Mags Perruin
Stae latitude Elevation Gravity Correction OCorrection Correction
' e (2 &
2 - 42010.0' - 100 ft. 980.3741 9.4 mgal 3ol mgale) 0.2 mgal )

1. Sea Level Gravity from tables based on Eqe (5).

2. Elevation correction = .09406 x 100 = 9.4 mgals.

3. Mass Correction with (@) = 2.67 = .01276 x 2,67 x 100
= 3e4 mgals.

ke ¥From tablés and topograpbic map = 0.2 mgal.

‘Theoretical gravity = Sea level Gravity 980.3741

- Elevation Correction - 0094
4+ Mass Correction + 0034
- Terraln Correction - ,0002
7980.3679
Gravity Anomaly = Observed Gravity = Theoretical Gravity
For Station 2 = 980.2389 - 980.3679
Anomaly = - 06290 = - 29 mgals
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VIi-14 Residual Anomely Values

The bulk of most anomaly values 1s related to mass distributions
lying several miles beneath the surface and only a small vrortion,
which 1s related to near surface geologic features, is important from
an exploration standpoint; it is therefore necessary to separate the
twvo., Several methods are used in making the separation, and they all
entail considerable labor. -The simplest form of residual separation
is that based on profiles as illustrated in Fig. 13, Other methods
involve the use of a grid system for averaging the regional effect
and subtracting it, or a map of the regional trends i1s drawn by in-
spection and subtracted from the observed anomaly map. There are alse
second derivative maps that can be prepared. The success of the method
used in each case will depend mostly on how well the areal extent of
the residual is gauged in subtracting the regiomnal.

Vi~le Gravity Interpretation

The interpretation of the residual anomslies, once they have been
separated, usually requires the computation of the gravitational effect
of one or more geologic models that appear reasonabdble in the light of
the kmown geology and the sign, magnitude end pattern of the contoured
residual gravity anomaly, As there are always two unknowns, the depth
and density contrast involved, 1t 1s not possible to get a completely
unambiguous interpretation, ZEven if ths calculated effect exactly .
matches that of the'residual anomaly pattern, it is nearly always
possible to find another set of equally probable conditioms that would
also match the anomaly; for this reason, gravity methods are not recom-
mended for depth studies. Thelr principle and most successful appli-
cation is in outlining the locations of buried mass abnormalities re~
lated either to geologic structure or to changes in petrology.

VI-2 - Magnetics
VI-2a General Statement

Magnetism is visuallzed as being caused by groups of elemental
magnets distributed throughout a body and aligned in chains with their
north and south poles alternating so as to atiract each other. If
similar poles were adjacent, there would be a repulsion rather than
attraction. The fundamental expression for the force between magnetic
poles 1is3
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- + 1,0 P2 ' Bq. (8
r-sl.BLE a- (8)

r

=

in which P and P» = the strength of the poles.
r = to the dlstence between the poles.
M = permeability "= 1 for air.
¥+ 1indicates the force may be an attraction or repulsion.

Permeability is a measure of the lines of magnetic force that can pass
through a unit cross-sectional area. Materials are described as fer—
romagnetic vhen A >>- 1, paramagnetic when A > 1, and diamagnetic
when A2 €1l. Examples of ferromagnetic materials are nickel, cobalt,
and iron. ZIExamples of diamagnetic materials are sulphur, bismth,
and quartze

Other magnetic quantities that must be considered are aé followss

(1) Magnetic field strength (H): the magnetic field is repre-
sented by "lines of force®, end the field strength is the
number of lines per square centimeter in a section perpendi-
cular to the direction of flow. Lines of force are directed
outward from one pole and inward to the other pole. These
can best be seen by sprinkling iron filings on a piece of
paper held over a magnet.

(2) Susceptibility (K): a measure of the ease with which a body
becomes magnetized by induction; that is, the ease with which
the internal elemental magnets are oriented into chains.

(3) Polarization (I): a measure of the mumber and the degree of
orientation of the elementary dipole magnets in a body.
Polarization 1s really a measure of the intensity of man-
netlzation, and it plays the same role in magnetics as does
density in gravitational studies.

I = m 'y Eq.. (9)
where E is the field strength of the earth's magnetic field = 0.6

oersteds. X, the susceptibility, 1s usually governed by the percentage
of the mineral magnetite present and can be expressed as:

K = KmP , Bq. (10)
Where KEm = the susceptibélity of powdered magnitite
. = 300,000 x 10™C cgs. units.
P = percentage by volume of magnetite in a rock.
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The common magnetic unit used in exploration studies 1s the gamma.,
1Y = 1075 cersted (gauss)

1l oersted = fleld strength when a force of 1 dyne is exerted on a
unit pole. A unit pole is defined as when %two equal poles exert a
force of 1 dyne when 1 centimeter apart.

VI-2b Magnetic Qnéntities Measured

The earth has a magnetic field similar to that which would be pro=
duced by a small dipole magnet at its center with the negative (S)
megnetic pole oriented toward the North geographic pole. A compass
aligns iteelf in the resultant magnetic field so that its positive
() pole points toward the area where the lines of force converge over
the negative (S) pole. A dip needle measures the inclination of the
earthls field and its position will vary from horizontal at the equator
to vertical over the pole area. Other instruments measure the change
in total intensity or its vertical or horizontal components. Funde~
mental relations are as follows:

¥ - _.E__. ’ EQ.' (11)

cos i

in which total intensity. -
"horizontal component of total intensity.

angle of inclination (dip) from the horizontal.

(ol
nun

E+7 Bq. (12)

in which

vertical component of total intensity.

d 4 w

= tan i ‘ Eq. (13)

In the United States, the range in the above values are approximatelys

Y = 0.4 to 0.6 oersted; 40,000 to 60,000 gaumes.
E = O0.14 to 0.28 ocersted; 14,000 to 28,000 gammas.
1 = 550 to 750,

The other magnetic quantity that can be used in exploration work is the
declination (d), the departure of magnetic North from the true Noruh.
The variation in "i" within the United States is from 24° B in the
northwest states to 20° W in the northeast states.
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However, these quantities are not static. There is a long period
secular (change) in magnetic field strength and direction, and super-
imposed upon this is a short perilod diurnal cyclic change and also
occasional magnetic storms. The latter generally are assoclated with
sun spot activity. There 18 no true theoretical magnetic intensity
value at anyone place, only a constantly changing value that is deter-
mined empiricslly. Every ten years 1t is necessary to prepare new ,
charte and taebles to describe the earth's magnetié¢ field, These charts
evaluate the probable secular change to be expected, but not the diurnal
changes; as a result, the theoretical intensity, as determined in
common practice, does not include the diurnal change. The effect of
the diurnal change is applied to the observed magnetic values in much
the same way that the drift correction is applied in establishing
observed gravity values. In contrast to drift readings which mst be
established for the particular instrument in use, the diurnal correction
in magnetics can be taken with an auxiliary instrument maintained at
any base station, The anomaly, as in gravity, is the difference between
the corrected observed magnetic readings and theoretical wvalues as
determined from the charts referred to above.

VI-2¢ Exasmple of Magnetic Reduction

An example of reductions for measurements made with a vertical
component variometer 1s given below. Thils instrument, described in
Part I, must be oriented so that the horizontal component of the
earth's field does not influence the readings., This is done by
aligning the instrument so that the axis of rotation of the magmetic
element l1ies in the magnetic meridian., Two readings are taken; one
with the north pole of the instrument pointing East and one with it
pointing West. ' If the instrument is not compensated for changes in
temperature, an additional correction has to be applied for the effect
of such changes,

Observed Data
Diurnal Corrected
Sta, Time N in W N in E Averare Temperature Correction Read

1 10:00 52.4 52.6 52.5 20.1 ———e 52.5
2 10:15 48,7 48.5 48,6 20,2 ~0.1 48.5
3 10:30 54.3 54.3 54.3 20,2 -0,2 54,1
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Anomaly Reduction

Gammas Change

Corrected Change Cal. x Scale X Theoretical
Sta, __Reading _ from Base (K = 10% ) Change from Base _Anomaly
1 5245 - — —~—— ————
2 L8.5  =l.0 - ~40% +10% . -30%

Vi=-2d Analysis of Anomaly Values

As with gravity it is frequently necessary to separate the effects
of deep seated geologic controls from those related to near surface
geologye. Analysis of the anomaly values is similar to that used in
interpreting gravity anomalies, namely the magnetic effects of different
geologic models are computed and compared with the observed anomaly
pattern. However, in contrast to gravity studies, where there are only
two principal unkmown factors, there are five such unknown factors in
magnetics. The polarization contrast and depth from which the anomaly
originates are analogous to the density contrast and depth factor in
gravity. In addition, the direction of the earth's field and the
orientation and geometry of the disturbing element also have pronounced
effects upon the anomaly. This is because most magnetic polarization
i1s not an inherent feature of the body, but is induced by the earth's
field. If the body is of a lath-like shape, with its long axis oriented
parallel to the direction of the earth's field, two magnetic poles will
be induced near the extreme ends. As one will exert an attraction and
the other a repulsion on the magnetic element of the instrument, the
measurement always represents the net effect of the two. The near
pole will always exert the dominant effect and, in the above case, a
nerrov sharp magnetic Migh" would be produced because the distence to
the lower remote pole will be much greater than that to the upper pole.
If the same body were oriented with its long axis perpendicular to the
earth's field, the induced poles would lie along the two sides and be
very close together. Here the effect of the lower pole would cancel
most of that produced by the upper pole and a weak but broad magnetic
high would result. An additional effect related to the inclination
of the earth's field, where vertical component or horizontal component
measurements are being used, is that of magnetic latitude. Near the
equator, the inclination is slight, and as a result, the vertical
component 1s very smalle Poles will be induced on the north-south
faces of bodies giving pairs of weak anomaly areas having opposite
sign. At high latitudes where the inclination is great, the vertical
component of the earth's field will be dominant, and poles will be
. induced on the wpper and lower faces of bodies with single anomaly
areas vhose magnltude will be governed by the pole separation.
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As 2ll these factors must be evaluated in making an interpretation,
it is seen that magnetic studies present a much more complex problem
than is encountered in gravity. The principal use of magnetics, there~
fore, has been limlted to outlining areas having rocks or minerals of
high magnetic susceptibility.

VI—j - ZElectrical Resistivity Measurements
VI-3a General Statement

Resistivity or specific resistance (50 is defined for a homogenous
material by the expressiong

R ‘OT s | Eq. (14)

in vhich R = +the observed resistance in ohms.
L = the length of the sample tested.
A = the cross~sectional area of the sample.

The resistivity unit is the ohm centimeter.

When an electric current enters the ground, whichlis assumed to
be homogenous, the potential at any distance from the current source

tes _f1 ' Eq. (15)
2mrr

<
I

-

potential.

resistivity of material.
current.

distance from current source.

Bq. 14 assumes that this potential occurs everywhere on the surface of
a hemispherical bowl of radius " That 1s, the potential at a depth
equal to Wrif is the same as that observed at "r¥# distance on the surface
from the current source.

In carrying out electrical resistivity measurements, four elec~
trodes are commonly placed in a line with an equal spacing (a) between
thems This is called the Wenner electrode configuration. A measured
current is applied between the two end electrodes and differences in
potential are recorded between the two central .electrodes, as was
illustrated in Fig. 5.
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Y
Uith this arrangement. the potential at electrode (Py) due to
the current entering the ground at 0y is P I/2Wa. There is also
& potential due to the current leaving the ground at Cp, ~£I/2T2a.
The net potential at Py is 3

vl.ﬁ_I-_....ﬁ._I_
2Tra 2T2a

= _L 1 1]
28

it - |
s [ ] | Eq. (16)

In the same way it is found that the net potential (V) at the other
potential electrode, Pz, is 3

w BLiex)
= -.22% [_23] - Eq. (17)

The difference in potential measured between Py and P, is:

V= V1 -7V

7= LI ) Eqe (18)

2MTa

The resistivity, as determ1ned using the Wenner configuration.is
therefore:

(
L)

e = 2Ta L | | Eq. (19)
in wvhich V = potential difference in voltg,

I = current applied in amperess’

& = distance between electrodes.

As the distance between electrodes is increased, the effective
depth of penetration of the current into the ground also increases.
Howvever, as the rock mantle 1s not homogenous but is stratified in
layers with different speclific reslstances, there willl be changes
observed in the resistivity values with chenge in epacing. The value
with each spacing represents a composite derived from several diffsrent
rock layers. Because of thils, only the relative change in values are
dlagnostic, and a plot of measured resistivity values as a function
of electrode’ spacing 1s used to detect changes in geology with depth.
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The interpretation of resistivity date in terms of actual depths
at which changes in geology occur is a controversial subject, and
without going into the arguments involved, it will suffice to say that
no theoretical approach or empirical interpretation method has proved
to be universally applicable. The rule of thumb assumption that the
depth of penetration equals the electrode spacing is based on the idea
that the equipotential lines describe a hemisphere dround the current
electrode. From Fig. 104; it is seen that this does not conform to the
equipotentlial pattern actually obtained. The effective depth of pene-
tration is always less than the electrode spacing, although how much
less is a variable quantity depending upon many factors that cannot
alwvays be evaluated. The number of layers present, their thickness,
and the relative change in resistivity of each combine to make the
depth of penetration vary in different areas. Further, the observed
changes can also be caused by horizontal changes in resistivity as the
electrode spacing is incréased. For these various reasons, it has been
found that resistivity data, taken in connection with depth investiga~
tions, can frequently only be interpreted reliably where local well
data can be used to establish an empirical calibration standard, but
even this method cannot be used successfully where there are marked
horizontal changes in the geologic columm. Seismic data have showm
this last factor to be a very real hazard in central and northern
Wisconsln where the total section of sedimentary cover is no greater
than the relief on the underlying crystalline complex; the same problem
occurs in southern Wisconsin where the buried pre-glacial surface is
composed of limestone which also has a high resistivity.

‘Other factors that influence the results, such as difference in
moisture content of the soil, depth of penetration of the electrodes, and -
changes in chemistry, can be eliminated through the use of alternating
current or non-polarizing electrodes. The effect of buried conductors,
such as pipe lines, while not subject to correction, can usually be
recognized as spurious.

Vi-3b Reduction of Resistivity Data

An example illustrating the reduction of data taken for a resistivity
determination is as follows:

Current (1) . : Potential Difference (V)
between C1 & C2 P1 and Po
Forward Reverse Average Forward TReverse Average

Ourrent Current Current , Ourrent

27 27 27 16.6 29.9 2343
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Electrode ‘Resistivity
Spacing (a) v/ 1.2 (30.28a)
feet (ohn _cms.)

70 , 21450

Flge 105 shows a typical graph of observed reslstivity values
Plotted as a function of eléctrode spacing, and also an alternative
method of plotting whereby the cumlative resistivity values are
Plotted as a function of the electrode spacing. The latter method,
referred to as the Moore or cumilative method, is one largely used
in making empirical interpretations. The electrode spacing at which
there are changes in slope of the straight line segments drawn through
the points are interpreted as deing depths at which there are subsurface
changes in geology. In interpreting the observed resistivity curve,
inflection points and points of marked change in rate of line curvature
are interpreted as being related to subsurface changes in geology.

Although several theoretical methods of interpreting electrical
resistlvity measurements have been devised that are applicable for
simple geologic situations involving two to three layers, it is seldom
that situations as simple as these are encountered, and as a result,
the methods are not generally applicable. As wes shown by the tests
conducted at Antigo (Part II), the Moore (cwmlative) empirical method
of interpretation gave results that agreed on the vhole better with the
selsmic results than those based on any other method of interpretation.

Vi=3c Traverse (Constant Depth) Resistivity Measurements

In using electrical resistivity measurements to investigate hor-
izontal variations in the subsurface geology, the Wenner configuration
of electrodes can be employed so as to probe to a constant depth along
a traversej that is, the entire spread of electrodes is advanced along
the traverse malntaining o constant electrode spacing, The interval
of advance is usually that of the distance between a single pair of
electrodes. Observations and reductions are carried out as in making
resistlvity studles of changes in geology with depth, but the results
are plotted as a proflle. Where changes in resistivity are encountered
that are of wide extent as compared to the total length of the spread
of electrodes, they can be regarded as valid. Fig. 106, for example,
shows the change in resistivity observed in crossing a dolomite ridge
buried beneath glacial till. However, where the changes in resistivity
have 2 width less than, or approximately the same as, the distance be~
tween a palr of electrodes, the resistivity values cannot be regarded
as showing directly the changes in subsurface resistivity. The reason
for thls 1s illustrated in Fig. 107.
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As the local zone of lower resistivity (higher conductivity) is
approached, the distortion of the equipotential lines away from the
conductor, due to convergence of the current lines towards it, decreases
the potentlal difference between P; and Pp. Therefore, for positions
B and O, there is a decrease in apparent resistivity. At position D
there is a small potentlal drop between C, and P because the conductor
lies between these electrodes, but there is a large potential change
between C1 and Pj. - The resulting large potential difference between
P; and Py gives an abnormally high resistivity value. At position E,
the conductor lies between Py and Ps, and there is as a result, a low
apparent resistivity value. For the other positions going away from'
the conductor, the situations are analogous to those observed in approaching
the conductors If the local anomalous area had involved a poorer con- ’
ductor instead of a better conductor, the distortion pattern would have
been reversed. ‘

VI-3d Remarks on the Interpretation of Traverse Measurements

Sand and gravel layers in till generally are found to be char-
acterized by high resistivity values. High values 2lso are observed
where till overllies a bedrock ridge of limestone or granite, but in the
cages vwhere shale is involved, the opposite relation may be observed.

To understand these relations, it must be remembered that, in
addition to the electrical properties of the rocks themselves, the -
chemistry of the water filling the pore spaces plays an important
and frequently dominant role in determining the resistivity value.
Water derived by infiltration from the surface will have its chemistry
determined by the mineral composition of the rocks which are leached
as the water percolates downward through them. Clays, in addition to
percolating water, also have chemically combined water, and the
chemistry of the water present affects both their permeability and
resistivity. A calclum base clay is flocculent and relatively pervious,
whereas a sodium base clay is deflocculated and impervious. As glacial
till usually contains a considerable amount of clay, a contrast in
resistivity between such material and sand or gravel is to be expected.
The clay material has a better electrical conductivity and a lower re-
sistivity than the sand which is made up principally of quartz grains
which have a high resistivity.

Water in sediments laid down under marine conditions mey be saline
or fresh depending upon the degree to which fresh water from surface
sources has been able to flush out the original water of deposition.
The reverse process may also take place due to contamination from
nearby salt layers. Another factor influencing the resistivity of
sediments 1s the degree that crystallization or cementation hes taken
place. ' '
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Vi-4 = Seismic Methods -
Vi-lbe General Statement

The seismic methods depend upon determining the velocity of pro-
pagation of sound waves generated by an explosion through earth materials
and analyzing the refraction and reflection phenomena at the interfaces
(voundaries) between rock layers which are charactex;zed. by different
acoustic vélocities.

The velocity of sound is dependent upon the type of impulsge var-
iously described as compressional waves, transverse waves, Rayleigh
waves, and Love waves, as well as the physical characteristics of the
material. These physical characteristics are described in terms of the
following elastic constants:

(1) Bulk Modulus (K): a measure of the ratio of stress (force -
per unit area) applied to the induced strain (volume of
" distortion produced).

b AY

Stress = o~ Strain = =5 ¢
g = FA = . Bq. (20)
AV/V AAV

(2) Young's Modulus (E): is a measure of the ratio of the stress
applied to the strain induced where simple compression or
tension are involved. In tension, ths strain is an elonga-
tion distortion, and in compression, it is a shortening
distortion. For both situations, strain = AL .

: L
E = F/A = FL . ' . Eq.' (21)
AL/L AAL

(3) BRizidity or Shear Modulus (n): a measure of the ratio of
stress to strain for simple shear. A shearing stress is
exerted as an opposing couple and the displacement involves
no change in volume., The displacement AL, therefore, is one
involving only a change in shape such as the distortion of a
rectangle into a rhombus.

F/A = FL. Bq. (22)
AL/L AAL

n

(4) Poisson's Ratio (6): a measure of & geometric change in
ghape. For a body under compression, as a cylinder, there
will be a shortening AL and an increase in diameter .AD,
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The ratio of the distortionmal change in diameter to that in
length is Poisson's ratio.

g = 2_;;%. . : Bq. (23)

(5) Lemd constants (A and £+ ): a pair of mathematical constants
vhich relate the other elastic constants for a ma.terial to
- each other. '

- & E ° . ‘ E [ (zl'l’
A 114-0')(1-2«) : -

2l sevran

Of the sound waves transmitted through the ground, only the
compressional waves need be considered for purposes of selsmic investi-
gations. These waves progress as an alternate compression and rare-
faction, and are the first to be recorded, as they have the highest
velocity ‘of all the seismic waves. For thie reason, thers is little
ambiguity in identifying their arrival. The expression for their

velocity iss 5q (26)

:@— [3n V—_ {[li'l—‘gg 26]

where /O is the density of the material.

‘Wher a velocity discontinuity is encountered at depth, the selsmic
waves have part of their emergy reflected back towards the surface from
the sirfece of discontinuity, and part refracted across the boundary
into the underlying layer.

Vi-4b Fundamentals of Refraction Method

It is found, as with light, that the degree of refraction (change
in direction of propagation) of sound waves depends upon the difference
in velocity of transmission on opposite sides of an acoustic boundary,
and follows the relations set forth in Snell’s lLaw. See Eq. (27)e

Sini = V1 . Eq. (27)
Sin »r Vo
angle of incidence.

in vhich 1§
: r

V1

V2

angle of refraction.
velocity in incidence layer.
velocity in refracted layer.
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" Yhen the angle of refraction is 90° and sin r = l, MV ig termed the
critical angle of incidence. :

Sini = %.1.-

At the critical a.ngle.zthe refracted wave does not penetrate into the
underlying layer but travels along the interface with the veloclity in
the underlying layer. As the wave advances along the boundary, energy
will also be refracted back to the surface at the same angle as the
critical incident angle. This phenomenon is the basis of the refraction
method and its successful application depends upon there always being en
increase in veloclity with depth. -

The refracted path for a sound wave generated at point "a" and
received at point "d" is shown in Fig. 108.

s x —,
|
-

FI1G. 108

From this figure, it 1s seen that the refracted travel path a,b,c,d, can
be described as:

b
cos 1

in vhich 1 = criticel angle.
h = depth to the second layer.

Path abed = 2 + X=-2(h tan 1) , Eq. (28)

The travel time along this path is:

p o= 2h - (x - 2h tan 1) , Eq. (29)
cos 1 Vp Vo

which can also be expressed as follows:

= — 2 4+ x _ 2nseini .
cos 1 Vq AP Vo cos i
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From Snell's law, Sin i = -,%_ ,
P = X & Z2h e 2hsin i
v, cosivVy ?gs o i

T = X 4 Zh (1 - sin?g )

Vo coslVy

P = X ¢ Zh_ eosRi
V2 cosiVy

T = x 4+ 2hecosi , Bq. (30)
V2 - N :

The travel time eqﬁation (Eq. 30) can be expressed entirely in
terms of velocity wvalues through the relations

then cos i = 1 = 102 V - sz
T = x 4+ on V2 - 12

V2 - NV Bq. (31)

To determine the depth of ‘the second layer, it is only necessary
to know the veloclty values V3 and V5, and the travel time. These can
be obtained from a graph of the o'bserved travel time of the compressional
waves in going from the point of origin to each of the detectors.

For a two layer situation such as outlined above, the graph would
appear as shown in Pig. 109. The first line segment (A to B) represents
travel via the direct path from the point of origin S to detectors
1, 2 and 3, and the slope of this line is 1/Vi. The second line segment
(B to 0) represents travel via the deeper but quicker path. The slope
of this line is 1/V2. The distance (X,) from the shot point to which
the break in the travel time plot occurs at B is known as the critical
distance, the distance beyond which the quickest route from the shot
point to the surface detectors 1is via the longer path.
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At the critical distance, 1t is seen that the travel time via &

direct path in the surface layer with. velocity V:

s

\ .

2

is the same as that

d wave along the

where part of the travel path follows the re‘fra.c%e

'Vy = V2 interface.

Therefore:

Bq. (32)

X
A

Solving for ™t

Bqe. (33)
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All of the quantities needed can be determined directly from the graph,
and the depth "™i¥ solved for directly.

The depth can also be computed from what is known as the "Intercept
Time® The travel time, expressed in Eq. (30), is:

T

n
M
+
P
o
@
[es

When Px® equals zero this expression is reduced to:
 _2h cos 4
nw o Eq. (34)

where Tg is the intercept value on the travel time coordinate for the
line segment defining the velocity in the second layer. See Fig. 109.

To =

The folloving example demonstrates that both methods give identical
results. In all cases a correction must be applied to the travel times
for the difference in elevation of the detectors and that at which the
sound source (shot) is located.

Seismic Example 1

Observed Data

Corrected : ‘
, . Travel Time Distance fron Data from
Detector __ to Detector Shot Point Travel Time Plot .
1 0.05 sec. : 250 V1 = 5000 fto/sece
2 0.10 500 Vo = 14,000 fte/sece
3 0420 1000 To = 0.193 sece.
L 0.30 1500 xe = 150 ft.
5 0.34 2000
6 0.37 2500 -
7. 0.41 , 3000
8 0.U45 3500
Dopth calculations on the basis of Time Interce >t (Bq. 30):
Mg = .2h cos ig
0 v
h = ._EELEE;_. sin i = .IEL.
2 cosl _ V2
sini = 000_ = 3562
14000 3% :

8

cos 1
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2x .9;53
h = 518 feet

Depth calculations on the basis of critical distance (Eq. 33):

ho= e e -T1
72 ' VI
n = 1500 @oo = 5000 = pso 4/ 9000
00 + 5000 - 19000

b o= 750 VR = 750 x .69 = 518 fest.

When more than two layers are 1nvolved. the particular ray that will
be refracted at 90° at the lowest enterface ™! is deﬁn,ed by the ratio:

V1
n

sin 1n =

This can best be seen from & specific example as the three layer situa- '
tion shown in Flg. 110.

.m
o)

FIG. 110

90° V3

In this case, §, 18 the critical angle at the V, - V5 interface. From
plain geometry, it is seen that @, is also the refracted angle at the
V1 - V2 interface. Expressing the incldent and refracted angles in
terms of the velocity values according to Snell's laws’

giny - N

sing2 7
einf, = siné1 T2
R 1
sin@2 = V2
sin 9qo V3

sinﬂz' = L
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therefore:

sin £1 V2 - V2 | = V1 Eq. (35) '

The same relations could be developed for any number of layers.

For a three layer problem, the thickness of the first layer having
velocity V; is obtained as in the previous example using the, time inter—.
cept for the line segment defining the velocity Vy. The thickness of
the second layer in which the velocity is V, is determined from the
expressiont ’

Top = 2hy cosbl 4 _2h2 cosf2 _ BEq. (36)

where T is the time intercept for the line segment defining the veloclty
V3. hy 1s the thickmess of the first layer determined independantly as
a two layer problem, and ein@l « V1/V3 , sin@z = Vo/V3 .

An examplé of a depth computation where three layers are involved
1s as followss

Seismic Example 2

Data from Travel-Time Graph

Vi1 = 5000 ft./sec. Toy1 = +193 sec.
Vg =" 14000 fto/seco Toz = .398 8€C.
V3 = 20000 ft./sec.

As previously calcvlated (see geismic example 1)3

= Ty V : |
n = 2oL 1 o= critical angle of incidencé at
2 cosal V1 - V2 interface.
hy = 518 feet

Top = 2h1$:s£1 + 2 cosf2

V2 ,
= Y1z _5000 = o.2 1+ = 0.96
sin 31 v3 30000 v 5 ’ cos 61 9 7
sind, = V2 = 14000 = 0.70 , cos@, = 0.714

73 20000
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Substituting in Eq. (36):
6398 = 2‘ 518“.26:2) e 2hp S.:Zluz

5000 14000

«0001023 hy = .398 - ,200

—=s198 = 1938 feet
by = .0001023 930 fee

Total Depth = hy + hp
518 + 1938 = 2456 feet.

n

For a four layer situation: ‘
To3 = Z2h) cog X1 + _2ho cos¥2 + 2h3 gos ¥3
v v v :
’ 1 2 3 Bqg. (37)
sin)y = %. » sinYp = va" *+ 8in X3 s .;%. : :

¥3 = incldent angle refracted 90° at the V3 - Vj interface.

In all cases it is assumed that the velocity increases with depth.
If the veloclty decreases with depth, the incident ray would be refracted
downward into the underlying layer, and no record of the low velocity )
horizon would be obtained. This happens, however, only where limestones
overlie other sediments, or where igneous rocks are interbedded in
sediments. For all other geologlc situations, the effects of compaction
and cementation with depth (usually also a measure of geologic age)
results in an increase in velocity with depth. '

When the strata at depth are not flat-lying, but are dipping, it
1s necessary to modify both the field procedurs and mode of analysis.
If a horizon is dipping away from the shot point, the thickness of the
overlying layer gets progressively greater with a consequent lag in the
time of arrival over that which would have been obtained if there had
been no dip. As a result, the velocity value derived from the slope
of the travel time graph segment defining V2 gives an apparent velocity
that is less then the true value. This can be seen by reference to
Fige. 111l. Similarly, the apparent velocity for the dipping layer will
be higher than the true value when shooting up dipe.
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REVERSE TRAVEL TIME GRAPH
. LOCATION 3
BLAINE FARM, LAKE MILLS, WIS.
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As 1t may not be known whether subsurface layers are dipping or
not, the only safe procedure is to make two series of measurements in
opposite directions and compare the travel time graphs. This technique
is called reverse shootings If the underlying beds are horizontal, the
intercept times for each layer will be the same in either direction.
With dipping layers, the intercept times will always be greater in the
down dip direction. The total travel time, however, in either direction
will be the same. See Fig. 112.

1f shoofing were carried out in one direction only, the assumption
of horizontal layering in such an area would obviously lead to erroneous
concluslions concerning the rock types present. ’

The equation for the travel path and travel time in either direc-~’
tion can be developed along the same lines as was shovn in determining
the .equations for horizontal layering. For a multilayer situation, as
shown in Fige. 113, the expressions for depth are glven below.

FIG. 113 '

(1) For a two layer situation with a single dipping interface: On
the basis of the critical distance (Xg) when shooting down dip,

Xeb = Zhcosd + Xb 4p (14 @)
V1 V1 N .
Or .'.‘ . ’ - K
2 = Zb [1-sin(14¢)] Eq. (38)
cos 1
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Since ¥ here is measured perpendicular to the dipping horizon.
the vertical depth hz = hfcos¢ . Therefore:

Bq. (39)

n, = Xob [1-sin (3 +®)] where J1_ = gin (14+¢)
2 cosgp cos 1 Y2b

For shooting up dip: | Eq. (40)

& ':1 - sin (1 - ¢)] where _;}_;_ = gin (1 .;Q)
2

2 cosd cos i

Using the time intercept method, the expresslion is the same
as for horizontal layering, but it is necessary to determine
the true velocity value.

. v
m = _2h cos § 1 = gin (4 -
0a. “H o (1 -¢)
or L 2 ain (149)
V2
hy = X0a Vi T = sin 1
2 cosicos ' V2

Knowing the depth at one of the shooting points, that at any distance -
: ®x® glong the line of measurement can be determined as: ho 4 ta.ndlx
down dip, or h2 - tandfx up dip.

(2) Tor a three layer problem with two dipping layers:
Tomm = 2h2 cos 123 o p 20813 + cos 13 Eq. (41)
Vo .

N
o v
1. = - ~L = ‘
T sin )3 -¢12) T3 sin (€3 +0;,)
V1 '.= sinaljy - sin ¢
V2 sin (123 ¢23) sin (123 4-&23)

Yz'— = sin 123
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Fer four layer problem with three dipping layers:

038, = 2nh3 cos 134 . ha(cosXpl + cos €24)
V3 72. :
4 bilcosxat + cos i) Eq. (42)
. T
v - )
7;-;- = sin &4 -¢12?
Y -
-VTJI.S = sin (614 +@q))
Vi = sinel1l - sin 8y
72 sin &zl - P3y) sin (o4 +P23)
Y2 = sina(yy, - sin 8oy
V3. sin (134 -¢34) : sin (134 +¢347
V3 =~ eini |
W *

In 2ll cases 'h" is measured perpendicular to the dipping .
surface, and the vertical depth involved will be hy m= h/cosd.

~The general procedure followed in working up reverse profile data
are as followss

(1)

(2)

From the travel time graph the values for Vi, Vs, v2'b' Vo, and
Vip are determined and the intercepts Tgias» Tolb: Toza: wg"‘
ezc., read or the critical distances Xqg and Xgp deteruined.

On the basis of the velocity ratios the angle of incldence
and inclination are solved fors

Exomples
Vi = - . Vi -
v © ein (2 P12) oo - oin (124610
adding, JL_ 4 J1_ = 2siniy,
Voa V2p
subtracting,
V1 - Y}__ = 2 sin¢12
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(3) With the above values the depth can he solved by substitution
in the basic equation for determining the depth.

Vhen the subsurface geology involves irregular surfaces rather than
plane surfaces, as discussed up to now, the travel time plots will show
abnormalities which can be used as a means of determining the nature
of the irregularity and also estimating their magnetude.

In Fig. 114, the offect of a limited vertical offset is indicated
when shooting across 1t in opposite directions. The change in thickness:
of the upper layer (Vy) with velocity results in the time offget (At)
indicated in the V2 line segment of the travel time graph. The dis~
placement (Z) can be computed as ¢

g = AtT1 = AN T Eq. (43)
cos 1 VX = 1

The effect of a large vertical displacement is also shown in Fig.
114, when shooting across it in opposite directions. Although the amount
of the displacerent cannot be computed in this case, the location of
the displacement at "S" distance can be determined.

S = X-hteni . 'Eq-(mk)

vhere X = distance where the break in the V5 line segment of the

travel time graph occurs. 'h" is the computed thickness of the surface
layer at the shot end of the line. Angle"i#is defined from the relation-~
ship sin 1 = V1/Vo.

Although the above discussions consider the simpler types of sube
surfacé geologic structure, in practice more complex ones are encountered
such as ridges or valleys between the two ends of a reverse shooting
profiles It frequently happens that when such features are near to one
shot point, they will show up in shooting in one direction but not in
the othere For this situation to occur with a valley, for example, it
must lle inside the critical distance from the shot point.

In rough terrain, relative changes in the elevation of the various
detectors to each other and the shot point will require an auxillary set
of calculations to correct all observed travel times to a fixed datum
plane before the travel time graph can be constructed. '
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VI=5 « Blectro-Magnetic Method
Vi-5a (eneral Statement

When an electrlc current 1s pasgsed through a coll of wire, a
magnetic fleld will be created around the conductor. By using nmumerous
insulated turns on a circular frame and an alternating current, a strong
electro-magnetic field can be created. Such a megnetic field will cut
into the earth and induce voltage variations which in turn will set up
electrical currents in the earth, and these currents will have a secondary
magnetic field assoclated with them which will distort the primary field
set up by the energlzing coll.at the surface. The better the subsurface
conductor, the greater will be the distortion of the primary field.

The above describes the basig of the electro-magnetic method, and
the only measurements required are those for the distortion of the
primary field. '

Quantitles that can be measured are magnetic flux, magnitude of
the wvertical or horizontal component of the magnetic field, magnitude
and direction of the resultant magnetic field and phase of the electric
or magnetic field. As & rule, the magnitude and direction of ths re-
sultant field are the quantities measured. This is done with a secondary
gearch coil whose operation 1s described in the next section.

Vi-5b General Theory

The results obtalned are influenced by the relative electrical
conductivity of the subsurface conductor to the surrounding rock, the
length of the conductor, the mutual inductance between the coll and
conductor, the frequency of the enmergizing current, the current in the
energizing coil, end the electrical resistivity of the overburden.

In view of the complex nature of the theory, it will only be con~-
sidered in general terms. The electromotive force (e.mef.)}, E,, created
by the energizing coll produces an alternating current, Iy, in the sub-
surface conductor which in turn induces an electromotive force, Bg.

The search coil is acted upon by both the primary e.m.f. (Eo) and the
secondary e.m.f. (Bg). The overburden acts as a shield vhose effect
varies approximately as the square of the frequency of the current in
the primary energizing coil.

The search coll is gimbal mounted on a tripod so as to have both
a verticel and horizontal axes of rotation, and a minimum signal (null)
will be obtained when the search coil is tangent to the fleld of the
energizing coil (vertical and perpendicular to the plane of the
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energizing coil). A minimum signal also will be obtained with the search
coil horizontal and perpendicular to the plane of the energlzing coil.
& maximum signal will be obtained when the search coil is wvertical in
the plane of the energizing coil. In all cases it is assumed that the
elevation of both colls is the same: i.e., the axls of rotation of the
search coll is at the same elevation as the center of the emerglzing
coil. The orientation of the search coil relative to the secondary
field produced by a subsurface conductor, is such that a minimum signal
(null) will be obtained when the plane of the search coil is tangent to
the circular magnetic fleld surrounding the conductor created by the
induced current.

The actual orientation for a minimum signal, therefore, will depend
upon whether there is a buried conductor present or not, although the
minimum signal position will always be obtained when the search coill is
tangent to the resultant field of both the primary and secondary sources.

With the energizing coil vertical and its plane pointed toward the
search coil, if any angle from the vertical (dip) of the search coil, or
direction of the search coil (strike) is obtained other than that pointing
toward the energizing coil, there is evidence of the presence of a huried
conductore

VI-5¢ Field Procedure
General procedure and data recorded are as followsi

(1) Point the energizing coil in a vertical position toward the
search coil.

(2) ZLevel the search coil tripod.

(3) set the vertical arc at 90° so that the plane of the search
coll is vertical in gimbal.

(4) Rotate the coil about the vertical axis of the tripod until
a minimom signal is obtained.

(5) Clamp the coil ring and turn the coil still in the vertical
position through 90°, the position for maximum signal. (gimbal
axis will be pointed at the energizing coil.)

(6) Rotate the coil about the horizontal gimbal axis until a
minimim signal is obtained. This will define the dip.

(7) Record the msgnitude and direction of dip and sharpness of the
oull (minimum signal) in degrees.
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The method employed in traversing an area involves setting up both
coils along a line parallel to the suspected strike of the buried con-
ductor and then advancing this line sideways so as to always maintain
the same azlmmthal orientation. The amount of advance is governed by
the estimated depth to the conductor. In general, about one half of
the estimated depth is used. Similarly, the distance between the ener-
glzing and search coil is determined as equal to about three times the
estimated depth.

Since the energizing coil must be "sighted at the search coil,
this requires elther cutting lines of sight in wooded country or else
using magnetic orlentation. 1In areas of marked magnetic anomalies,
the latter procedure may induce considerable errors.in the results,
as was demonstrated at Trout Brook. See Fig. 95.

Where the country rock has disseminated conductors either as mineral
material or water, the nmull positions found will be very broad. The
presence of a more homogenous material, even if a poor conductor,will be
indicated in such areas by obtaining sharper nulls.

In Fige 115, strike and dip curves obtained over a buried sheet
conductor are shown for vertical orientation and for a dip of about U459,
In each case the dlp curve is at about zero value where the strike value
is & meximum, end this position in general coincides with the axis of
the conductor, and hence permits its position to be mapped. The direc—
tlon of dip of a conductor is determined on the basis that the smallest
angle of dip occurs on the hanging wall side.

VI-6 «~ Conclusion

For those desiring a more complete eprsition on the methods of
reduction and interpretation of data and the theory underlying them, the
following texts are recommednded.

General techinical discussion suitable for reader without an
advanced mathematlcal background.
Geophysical Prospecting for 01l by L.L.Nettleton
McGraw Hill Co. New York, 1940 .

An Introduction to Geophysical Prospecting by Milton Dobrin
MeGraw Hill Co., New York, 1953.

Complete tefhnical discussion requiring an advanced kmowledgse of
‘mathematicse.
Geophysical Exploration by Carl Heiland
Prentice Hell Co., New York, 1940.

Exploration Geophysics by J.J.Jakosky
Trija Publighing Co., Los Angeles, Calf. 1950,
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