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NEAR FROBISHER, SASKATCHEWAN 

ABSTRACT 

Surface DC resistivity, total gravity field, and horizontal gra-

vity gradient surveys were conducted in an area of approximately 200 

square miles near to the city of Estevan in southeastern Saskatchewan, 

Canada. The results of these surveys, together with the first arrivals 

from oil-company seismic records, were interpreted in an attempt to 

locate and delineate the bedrock-drift contact and sand and gravel de-

posits. Of all the techniques, only the surface resistivity technique 

proved usefuL It was used successfully, with certain reservations, 

to indicate sand and gravel deposits, but could not be used to determine 

either the thickness of, or the depth to, the deposits. The surface 

resistivity technique, in conjunction with a drilling program, was used 

to locate accurately the buried preglacial Missouri River channel in 

the survey area. 

Density~ DC resistivity, texture and pebble composition studies 

were made on split-barrel and chip samples obtained during a drilling 

program. Laqoratory studies indicate that on the basis of the physi-

cal properties investigated tills found in the test area cannot be 

readily differentiated. 

An apparent dependency of apparent resistivity on current density 

was observed both in field and laboratory measurements. Measurements 

-7 -2 
were made between approximately 3 x 10 and 6 x l 0 amps per square 

meter. At current densities less than about 3 x 10-
4 

amps per square 

meter, the apparent resistivity increases with increasing current density. 

i 



-4 At current densities greater than 3 x 10 amps per square meter, the 

apparent resistivity decreases with increasing current densities. 
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PREFACE 

The use of surface geophysical techniques as aids for mapping 

Pleistocene sediments in Canada has not been generally successful. Much 

of the previous work has suffered from a lack of a detailed knowledge of 

the geological model and, in particular, the effect of the geological model 

on the geophysical results. 

This thesis is an attempt to explain geophysical results, both 

successes and failures, in terms of a ·geological model. For this reason, 

the practical field approach of measurement and explanation, rather than 

theoretical analysis, has been emphasized. The results of a twenty -five

hole, 11,000 -foot drilling program did much to help explain the various 

geophysical field measurements. A number of laboratory measurements, 

which were aimed at measuring some of the physical parameters of 11 undis

turbed samples" obtained during the drilling program, were also of great 

assistance in interpreting certain of the geophysical field results. 

The thesis is divided into two parts. The first three chapters pro

vide the location and purpose of the project, the previous work done in 

the area, and a brief outline of the principles of the geophysical methods 

used in the study respectively. 

Part two provides field results (Chapter 4), laboratory results 

(Chapter 5), and composite geological cross-sections based on drilling 

and geophysical results (Chapter 6). Discussions and error analysis of 

the results are included in each chapter. 

Conclusions that were reached are outlined in Chapter 7. 

iii 
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CHAPTER I 

INTRODUCTION 

1. 1 Location 

The survey area (Figure 1. 11) is situated in the southeastern 

corner of Saskatchewan and is represented by the southeastern quarter 

of the National Topographic Series map 62-E (Weyburn). The area is 

approximately 150 miles southeast of Regina. The village of Frobisher 

in the southeast corner, after which the survey area is named, and the 

town of Steelman, on the west central edge of the survey area, are the 

two main centres of population (Figure 1. 12}. 

1. 2 Geography 

The area is characterized by a broad, flat to gently undulating 

plain. It has a maximum difference in relief of approximately 20 feet 

and slopes almost imperceptibly to the south. No permanent streams 

occur in the survey area, although the Souris River does provide a 

southern boundary. Small intermittent sloughs occur, but all of them 

are usually dry during July and August. The Frobisher area is well 

serviced by roads, including an east-west paved provincial highway 

and a grid system of market (all-weather) and section-line roads. 

Topographic maps on a scale of 1" :: 2 miles, with a contour 

interval of 25 feet, and serial photographs are available for the survey 

area. 



ALBERTA 

r, 
-c.,-

NWT 

SASKATCHEWAN 

• ~egina 

•Weyburn 

UNITED STATES OF AMERICA 

20 0 
I I 

FIGURE 1.11 

Location of survey a rea 

MANITOBA 

40 80 tOO Miles 
I I ___, 

SCALE 



Rg5 Rg4 Rg3 

Tp2 

-f 
·~~~~~~~~~---·~ 

Tpl 

2 f. 0 2 3 Miles 

SCALE 

FIGURE 1.12 

-survey area 



-4-

l. 3 Purpose of project 

The purpose of the project was fourfold: 

1. To evaluate the feasibility of using certain geophysical 

ffi":!thods and techniques for locating and delineating potential aquifers 

2. To delineate the buried preglacial lv1issouri River channel 

~1hich has been renamed the .Estevan Valley, in Saskatchewan 

{Christiansen, 196.5) 

3. To delineate the contact between the drift and bedrock 

sediments 

4. To evaluate the possibility, that, in dealing with the 

prcviousl;y" enumerated problems, a combination of geology, geophysics, 

an.d drilling is more useful and economic than a combination of geology 

and d-rilling. 

The geophysical methods and techniques used were surface D. C. 

resistivity, gravity, including vertical component and horizcntal gradient 

:and s ei sn1ic r ctionp restricted to the 

on c onve nti onal s ei sn1ic records obtai ned 

c.rpretation of first arrivals 

the exploration for oil. 

The shortage o£ pern1anent, potable, water-supplies was the 

original reason for conducting a geophys a.l. ;;; rvey in southeastern 

Saskatchewan. The decision to work in a small area and, in particular, 

the Frobisher area was influenced mainly by the following factors. 

1. Positions of the preglacial Missouri River channel in the 

Frobisher area, as postulated by Hall (1960), and Hobson et al. (1962) 

'Were not in agreement with that suggested by Meneley et al. (19.57). 
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29 Results of resistivity surveys in southern Manitoba demon

strated that the surface resistivity technique could be used successfully 

to outline near-surface gravel and sand deposits occurring in glacial 

sediments (Wyder, 1964). 

3. Previous geophysical surveys evidently had outlined success

fully the course of the buried preglacial Missouri River channel west of 

Steelman (Morrison, 1960; Hall, 1961; Robinson, 1962). East of 

Steelman, however, the lack of definite anomalies made interpretation 

of the geophysical results very difficult and of questionable value. 

4. Validity of the interpretation of geophysical results could be 

evaluated only with the aid of a drilling program. The cost of such a 

program necessitated conducting it in a small area in order to obtain 

the requisite detaiL 

5. Any geophysical techniques which provided meaningful results 

in this known "geophysically difficult" area probably would prove useful 

in solving problems in many other areas in the Canadian Prairies. 



CHAPTER II 

PREVIOUS WORK 

2 o ;" oJLogy 

In the Frobisher areaD glacial drift is underlain by the Ravenscrag 

Formation ~Fraser (~t aL l935L The formation» \vhich is Paleocene in 

ageD consists mainly of very fine sands 9 va:rying ic thickness from 

less than one inch to approximately ten feeL Interbedded \vith the sands 

are beds~ a few inches to several feet thick,) of clays» silts 9 and shaleso 

Lignite seams a!so a:re present. Individual beds tend to be laterally 

discontinuous a~d commonly are lenticular in natu:re. Fraser et aL 

!{ 1935) suggested that9 near EBtevac" approximately 35 miles south\~Jest 

of Frobi Ra:ve~sc:rag Formation may be 800 feet thicko 

Thr:; on the b~sdrock surface -.;Nas rnapped by ~~1eneley et aL 

1n 1957 o This ';1lork \vas llnde::rt:aken prirnariiLy to 1nap the course of the 

art;ao The information 

record§ of one thouE:and one hundred and sixty=fivc ¥later and 

The a~thor s stated that the 

bed:roock topography of the 

dLs sse ted surface ':!!~th a :maximum :reEe£ 

of 900 feet n and conc=.uded that in places more than 400 feet of drift 

mantles th€ bedrock surface. 

A prelimLna:ry map of the sc,Irficial deposits h1 southern Saskat~ 

che\van was prepared in 1948 by Johnston et aL Christiansen (1956} 
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published a comprehensive study of the surficial geology of a region which 

included the Weyburn map area. Based on Christiansenws work, approxi

mately the middle one-half of the Frobisher area lies in an east-west 

trending belt of dead ice moraine. The southern and northern ends of 

the area have ground moraine at the surface (Figure 2. 11 )o 

In 1960 E. Hall produced a map outlining the surficial deposits 

and the location and extent of aquifers in the Weyburn map area~ This 

was the first attempt to map aquifers within the drifL He postulated 

a course for the preglacial Missouri River channel in the Frobisher 

area (Figure 2. 12) markedly different from that of Meneley et al. The 

relocation of the channel was based on the results of one test hole 

drilled 2 miles north of Frobisher (SE l-25-3-4-W2, see Figure 2o 13 

for location numbering system). 

Several test holes were drilled in 1960 for the Geological Survey 

of Canada and the Saskatchewan Research Council. The stratigraphy of 

three of the test holes is reported by Christiansen and Parizek (1961}, 

who also presented an interpretational cross-section of the buried pre

glacial Missouri River channel. The cross-section which postulates a 

channel approximately 4 1/2 miles wide at the top and 1/4 mile wide at 

the bottom and cut approximately 340 feet into bedrock, is based~ in 

part, on the work of Meneley et al. (1957 ). 

A soil map» which includes the Weyburn map area, has been 

published (Mitchell et al. 1944). The soil boundaries reflect to a 

large degree the bomdaries of certain surficial deposits as determined 

by Christiansen (1956). 
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2. 2 Geophysics 

Geophysical techniques were first applied in the area by the 

Saskatchewan Research Council in 1959. The results of surface DC re

sistivity surveys conducted in 1959 and 1960, but as yet unpublished, 

were used to delineate the course of the preglacial Missouri River 

channel. 

In the summer of 1961, seismic and surface, DC resistivity crews 

of the Geological Survey of Canada operated in the Weyburn map area 

and in the Frobisher area in particular.. The preliminary results of 

this work were published by Hobson et al. (1961) .. From these results, a 

course was plotted, which agreed with the course postulated by Hall (1960). 

A drilling program, based on the results of the seismic and resistivity 

surveys, was completed in the spring of 1962.. Although the results of 

the drilling program were not definitive, they were sufficient to suggest 

that further evaluation of the usefulness of geophysical methods was 

justified. 

In 1962, D. H. Hall investigated the possibility of using the 

first arrivals on seismic records, oltained by oil exploration crews in 

Saskatchewan, for groundwater prospecting.. Part of this study included 

records obtained in the Frobisher area.. Hall concluded that the reworking 

of oil-company sie:smic exploration data is effective in mapping the bed

rock surface, if the latter is within 100 to 200 feet of the surface. It 

can also be used occasionally to locate buried channels if the upper 

channel walls lie within 100 or 200 feet of surface. In addition, he con

cluded that interfaces, as determined by velocity contrasts in the drift, 
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are discontinuous. Despite these difficulties Hall predicted the location 

of the bu:ried preglacial Missouri River channel near Steelman. Most 

of the postulated depths to the bedrock-drift interface along the sieennic 

cross~section were in excess of 200 feet. The location of the buried 

channel does not coincide with that predicted by previous workers 

(Figure 2. 12). 

In 1962, Robinson published a report on a gravity survey in 

the Weyburn map areag Part of the survey, which was the first attempt 

to apply the gravity method to locating the preglacial Missouri River 

channels took place in the Frobisher areaQ Contrary to the usual nega

tive anomalies associated with sediment-filled channels, Robinson re

ported a positive anomaly associated with the preglacial Missouri 

cr.~.annel. Robinson attributed the change in the gravity anomalies west 

and east of Steelman to change in the type and quantity of sediments 

filling the buried channel.. Robinson correlated an increase in gravel 

and sand thickness with an increasingly positive anomaly.. The gravity 

survey appears to have outlined successfully the buried channel west 

of Steelman, but east of Steelman, the anomalies are less positive and 

di scontint::.cus .. 
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CHAPTER III 

GEOPHYSICS 

3. 1 Surface resistivity 

Heiland (1934) stated that electrical resistivity was the most 

suitable of all geophysical methods for prospecting for potential ground-

water -bearing geological structures. Time has emphasized the validity 

of this statement. Kelly (1962, p 128) stated 11the most useful and widely 

applied geophysical technique, in the field of ground water hydrology, is 

the electrical resistivity method". 

3. 11 Theory 

Resistivity is defined as the resistance between opposite faces 

of a unit cube of material. In metric units, resistivity is expressed 

1n either ohm-centimeters or ohm-meters. 

Geological nomenclature is of such a nature that any given 

rock type can have a range of, rather than a unique, resistivity. The 

resistivity of a rock type or geological body, void of metallic minerals, 

can be approximated by the empirical expression 

where 

P= .Pw , (Kelly, 1962 p 131) ........ . 
Ft Fs 

3. 111 

p = resistivity of the rock type, 

g = resistivity of the fluid contained in the pores of the rock, 

::: factor depending on the porosity of the rock; it would range 
from 0 for a non-porous rock to 1 for a very porous rock, 
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F s :;; factor depending on the degree of fluid saturation of the 
rock. 

Thus the resistivity of a completely-saturated, highly-porous rock app-

roaches the resistivity of the contained liquid. If the permeability 

of the rock is anisotropic, the resistivity of the rock will be least 

parallel to the direction of greatest permeability. 

Rock porosities range from less than 1 per cent to greater than 

50 per cent with values less than 5 per cent (igneous and metamorphic 

rocks and dense limestones) considered low, and values greater than 

20 per cent (clays, sand, and gravel) considered high. The porosity 

factor, Ft for the above mentioned rocks would vary from nearly 0. 00 

to approximately 0. 10 to 0. 70 respectively. Ranges of resistivities for 

these and other common rock types are given in figure 3. 111. Similar 

and more complete information can be found in Jakosky (1950, p. 440), 

Heiland (1940, p. 657), and Tagg (1964, p. 4). 

The surface resistivity technique consists of putting a current 

I into the earth through two current electrodes A and B and measuring 

the associated potential distribution with two potential electrodes M arrl 

N. The potential difference V between M and N is most often measured 

on a straight line joining the current electrodes (Figure 3. 112). 

The arrangement of electrodes is referred to as the configura-

tion. The two most commonly used configurations are the Wenner (dis-

tances between adjacent electrodes are equal) and the Schlumberger 

(distance between the potential electrodes is less than one-tenth the 

distance between the current electrodes). However, the resistivity 
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results used in this study were obtained with a three =electrode (one 

current electrode is placed~ in a practical sense~ at infinity relative to 

the other) configuration. All of the mentioned configurations, as defined 

in figure 3. 113~ consist of 4 colinear electrodes. 

Although most configurations consist of four electrodes, several 

specialized configurations with five or more electrodes have been de~ 

veloped. Such configurations (Lee et al. 1929) are mainly used to detect 

lateral resistivity variations in the vicinity of the potential electrodes. 

Jakosky (1950, p 517-520) defined other specialized electrode configur-

ations. 

Almost without exception resistivities as measured in the field 

represent a function of the resistivities of several rock types. This 

measured resistivity is defined by 

where 

a = 27T v 
G I 

a = apparent resistivity, 

V = potential diffe renee between potential electrodes, 

I = current flowing between current electrodes, 

G = configuration factor:., (Carpenter, 1955) determined by the 
relative positions of the electrodes. For a 4-electrode 
configuration it is defined as 

c··.·= _1_ + _1_ .. = _1_ = ,I 
. AM BN AN BM 

There are two basic methods for mapping the variation of re = 

sistivity below the earth's surface. Horizontal traversings commonly 

referred to as constant depth profiling~ consists of using fixed dis-

tances between adjacent electrodes and moving the configuration as a 
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whole across the land surface. Vertical profiling, sometimes referred 

to as electrical drilling, involves keeping the centre of the configura= 

tion fixed and changing the relative distances between electrodes. 

They are used to determine lateral and vertical resistivity variations 

respectively. These methods are illustrated in figures 3. 114~ 3. 115, 

and 3 o 116. 

If a continuous current flows in an electrically isotropic and 

homogeneous medium (charge density is zero), then any potential V 

must satisfy Laplace's equation (\/Zv ;:: 0) everywhere» except at points 

which are current sinks or sources. Laplace 1 s equation must be solved 

for the boundary conditions of a specific situation, in order to obtain a 

particular solutiono 

Except for the case of a single, semi~iniinite, electrically 

isotropic and homogeneous medium, the layered-earth model is the 

simplest for which Laplace's equation can be solvedo A solution for n 

layers has been developed (Ehrenburg and Watson, 1931) 9 but it cannot 

be readily numerically evaluated for more than a 4=layer earth (Mooney 

and Wetzel» 1956L without the aid of digital computers. Current and 

equipotential lines for a semi=infinite medium and a 2 =layer earth are 

shown in figures 3 .. 117 and 3 9 118 re spectivelyo 

There are very few published solutions to Laplace 1 s equation for 

other than layered earth models. Cook and Van Nostrand (1954) and 

Cook and Gray {1961) have considered the model of a hemispherical 

conductor in a highly resistive medium. Vozoff (1960) has considered 
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the interpretation of resistivity curves for general 3 =dimensional in= 

homogeneities. As yet the method is not perfected fo:r even the simplest 

of 3~dimensional models. 

3. 12 Interpretation techniques 

The term nresistivity curveru applies to a graph of apparent re= 

sistivity versus some function of electrode separation. Such curves if 

plotted from field results are referred to as ilfield curvesn. The choice 

of the method of interpretation of field curves is a highly personal sub= 

ject1 depending primarily on the training and experience of the inter= 

prete r. 

It has been customary to divide interpretation methods into 

three main, but somewhat vague, categories: empirical» theoretic all) 

and model experiments. The terms coempirical" and Htheoretical[' as 

commonly used in the past are misleading. The incorrect usage of 

these terms have led many inexperienced interpreters to place an un= 

warranted faith in so=called t'theoretical 10 techniques. 

An empirical technique consists of conducting an experiment in 

the field to determine a relationship between the field results and the 

geological model. This empirical relationship 9 for which there is often 

little~ if any, readily understandable~ theoretical explanation~ is 

applicable in the experimental area~ and in any other area where it can 

be demonstrated that the same electrical conditions existo Included in 

the empirical techniques for interpreting vertical profile field curves 

are the factor 9 cumulative curve» and qualitative methods. 
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Factor methods (Gish and Rooney9 1925) relate minimums, maxi= 

mums, and inflection points of field curves to depths of electrical dis= 

continuities.. Cumulative curve methods (Moore, 1944, Ruedy, 1945) 

consist of preparing a plot of cumulative resistivity versus distance 

between the potential electrodes of a Wenner configuration and relating 

the intersection of tangents drawn to the curve to depth to the resistivity 

discontinuities. Qualitative methods (Wyder, 1964) are used to interpret 

the field curves in terms of the geological model. In general9 relative 

terms such as uudeeper here than thereu', or "present here but absent 

there", are used. There is little attempt to assign absolute depths to 

electrical discontinuities., 

Theoretical methods of interpreting vertical=profile, field 

curves can be divided into two categories; curve analyzing and curve 

matching. In both cases the techniques are based on a numerical 

analysis of a specific mathematical model. 

The curve analyzing technique (Taggy 1932) involves using the 

field curve characteristics to construct a layered earth modeL This 

technique is most efficient when used to analyze field curves repre= 

senting a two=layer earth .. Sundberg (1932) and Pirson (1934) have pro= 

posed methods whereby Tagg 's method could be extrapolated to analyzing 

three or more layered earth models. 

One form of curve matching consists of matching a field curve 

to a 11type curve" (La Campagne Gene rale de Geophysique, 19 55 and 

Mooney and Wetzel, 1956). These type curves are obtained by solving 
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Laplace's equation for the surface potentials associated with a current 

flow in an idealized modeL The use of type curves involves the assump~ 

tion that if a field curve can be made to match a type curve the field con

ditions are similar to the assumed mathematical modeL 

A second form of curve matching involves constructing type 

curves to fit specific field curves (Koefoed, 1960 and Unz, 1962). This 

method involves using a two layer curve and modifying it to fit assymptoti= 

cally to the field curveo The accuracy of the method decreases with an 

increasing number of layer so 

The interpretation of horizontal-profile~ field curves is almost 

always empiricaL The results of horizontal-profile surveys are 

generally presented as an equi=resistivity map (Heiland, 1942, pe 737). 

These maps are often erroneously presented as representing the resis = 

tivity either at, or to, a constant deptho This assumption is not valid 

in areas where strata are laterally variableo The value of equi=resistivity 

maps lies in the fact that they will often show trendsll or zones of 

anomalous resistivity 9 which can be used for delineating areas for 

detailed investigations 0 

The use of type curves for analyzing horizontal profile field 

curves is not extensively treated in literature.. The models which have 

been analyzed are highly specialized and are 9 in general, not applicable 

to areas of glacial sediments (Cook and Van Nostrand, 1954, Cook and 

Gray~ 1961 9 Burke, 1958~ and in the discussion of Hubbert, 1932). 

Alfano (1959~ 1960, and 1961) has provided the most useful papers, 
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to date~ on the subject of the influence of surface formations of finite 

dimensions on resistivity values.. While not directly applicable to 

resistivity measurements made in glacial deposits 9 his papers do pro= 

vide an insight into some of the field curves one rnight expect to 

encounter .. 

The use of scale models to analyze the effect of anomalous bodies 

is often worthwhile.. The method consists of synthesizing a small-scale 

geological model and conducting horizontal traverses and vertical pro= 

files on the model surfaceo This method is used generally either to 

compare practical measurements with theoretical calculations, or to 

obtain type curves for geological models which are too complicated to 

analyze mathematically. Hubbert (1937) has enumerated some of the 

problems of scaling geological models for structural studies. 

3. 13 Equipment 

Resistivity equipment can be classified as direct current (DC}, 

commutated DC 9 alternating current (AC) or electromagnetic (EM). 

Because of the lack of a necessity for frequency and phase selective 

receivers~ DC equipment is the least complicated of the three types .. 

Similarly~ field results obtained with DC equipment are the simplest to 

understando Results obtained with the use of AC and EM equipment are, 

to an unknown degree 9 frequency and phase dependento 

Typical DC equipment consists of two circuits; one for measuring 

current and one for measuring potential differences. Both circuits are 

connected independently to the ground through a pair of electrodes. 



Basic circuits are modified to meet the conditions encountered by various 

workers (Figure 3. 113) .. 

The current circuit consists of a DC generator~ generally a 

battery pack~ a rheostat and an ammeter connected in series with two~ 

metal, current electrodeso The strength of the current source is usually 

increased as the depth of investigation is increased .. 

The circuit for measuring potential differences is normally com

prised of either a high input=impedence voltmeters or a potentiometer 

connected to a pair of non=polarizing electrodes. This circuit is 

usually modified to allow the measurement of the contact :resistance 

of the electrodes and the cancelling of effects of natural potentials 

occurring between the electrodes. Non~polarizing electrodes are used 

in the potential circuit to minimize electrochemical potentials which are 

set up when a metal electrode is placed in contact with the ground. 

These electrodes consist of a porous potD containing a metal electrode, 

the latter being immersed in a solution of one of its salts. 

3. 14 Applications 

Surface resistivity techniques have been applied successfully 

to a number of hydrogeological problems in a large variety of geological 

modelso In the NetherlandsD they have been used to locate salt water = 

fresh water contacts (Flathe~ 1955). Resistivity surveys have played 

an important role in Central Africa where this type of exploration for 

permeable lenses in a series of clays and sands has become routine (Huot 

and Mathiez~ 1956~ p. 634)o Wiebenga (1955) reports the successful 
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application of resistivity techniques to locating water sources for 

Australian farmers. 

In North America, the first resistivity surveys conducted for 

the purpose of locating groundwater were probably completed in Illinois 

by Hubbert in 1932 (Kelly9 1962 9 Po 136). There, the targets have been 

sands and gravels occurring either as isolated bodies withins or as 

deposits in preglacial bedrock depressions and channels beneath, a 

cover of glacial sediments. 

Most of the North American resistivity surveys have been 

completed with AC or commutated DC equipment (Buhle, 1964, Lum, 

1961, and Lennox 9 1962 ).. Extensive surface DC resistivity surveys 

have been conducted in Western Canada by officers of the Saskatchewan 

Research Council ~Gendzwill, 1964) and the Geological Survey of 

Canada (.Hobson et al. 1962; Wyde r, 1964; and Lis sey and Wyder, 1965 ). 

3. 2 Electric logging 

Electric logging has been associated primarily with the oil 

industry where interpretation has become a specialized and highly sophis~ 

ticated science. Workers in the groundwater and engineering geology 

fields are now bee oming aware of the possible applications of electric 

logging techniques to their problems .. 

3o 21 Principles 

Electric logging techniques are aimed at measuring two quan= 

tities. The first is the self=potential (SP) generated 9 primarily by 
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current flowing from shale ~clay) beds through the drilling mud and 

into more permeable beds such as sand and gravel.. The second 

quantity is the electrical resistivity ( p ) of sedi:rrEnts .. Wyllie (1957, 

p 2) points out that while electric logging techniques may come close 

to precisely measuring these quantities» complete success is :rarely 

achieved .. 

3 .. 22 Equipment 

The most common~ electric logging equipment, used by 

workers dealing with problems in groundwater and unconsolidated 

sediments 3 simultaneously records self=potential and single point 

resistivity (Figure 3o 22l)o 

Single point resistivity equipment consists of two electrodes; 

a fixed electrode 3 which is buried at the surface~ and a movable elec ~ 

trode~ which is lowered into the drill holeo Changes in resistivity 

recorded at the surface reflect the changing contact resistance of the 

movable electrode.. The movable electrode (sonde) is raised or 

lowered in the fluid-filled drill hole on a single conductor cable. 

The signals from the sonde are recorded on a continuous strip chart 

recorder. The self=potential is conventionally recorded on the left 

half and the resistivity on the right half of the chart., 

3. 23 Application 

The single point resistivity curve is used to determine the 

depths to~ and the thickness of~ potential aquifers. The self= 

potential curve is generally used to determine qualitatively the 
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Fixed electrode 

FIGURE 3.221 

Schematic of 2- electrode electro -logger 
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quality of water in aquifers. In certain instances 9 the self=potential 

curve can more accurately locate potential aquifer boundaries than 

can the resistivity curve. 

The above considerations 9 while very general and not always 

strictly applicable 9 indicate the extent of interpretations of electric 

logs as practised by the average geologist o.r hydrologist., Multiple 

electrode devices potentially capable of yielding much more information 

than the more conventional equipment are available. Their potential 

value is uncle r investigation .. 

3" 3 Gravity 

Lennox (1962 9 p .. 274) stated neven the very little information 

available at the present time concerning gravity exploration for 

groundwater in the western Canadian plains suggests this method 

may eventually take as prominent a place in this field of geophysical 

prospecting as the more established methods of earth resistivity and 

seismic refraction uu" This statement may be too broad in its claims. 

However 9 it does emphasize the fact that gravity exploration can make 

a significant contribution to geological and hydrological studies con= 

ducted in unconsolidated sediments .. 

3" 31 Theory 

The gravity method of geophysical prospecting consists of 

measuring changes in the earth 1 s gravitational field., These changes 

are associated with density variations in the earth 1 s subsurface. Near 

surface density contrasts will have a greater effect on the gravitational 
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field than similar contrasts at greater depths~ assuming a given geo

logical body. Typical densities of sedimentary and unconsolidated 

rocks are presented in figure 3. 311. More complete information can 

be obtained in Jakosky (1950 9 p 264L Heiland 0 946 9 p 77) and Parasnis 

(1962~ p 41 ). 

The acceleration due to gravity is roughly 980 em/ sec 2 or 

980 gals. Gals are too large for practical use and gravity anomalies 

are usually expressed in terms of milligals 9 where 1 gal equals 1000 

rnilligals (rngals ). 

Total field 9 vertic ial gradient 9 and horizontal gradient are the 

three techniques which can be used to measure the effect of a disturbing 

body in the earth's gravitational field. Of the three~ the total field 

has been the most widely used, and the only one used for exploration 

in unconsolidated sediments in Canada. It consists of measuring the 

variations in the earth us gravitational field relative to an arbitrary re

ference station. The gradient techniques are used to measure the 

rate of change of the gravitational field in a horizontal or vertical direction. 

Gravity anomalies associated with glacial sedirnents are of the 

order of Oo 5 mgaL This means differences of 5 x 10= 7 must be detected 

in the gravitational field. Not only must these differences be measured» 

but the changes due to geological structures must be separated from 

those of different origin., 

The r~Bouguer Anomaly 11 is that part of the difference between 

observed and theoretical gravity at any point on the earth, which is 

due to either lateral variations in density beneath the earth 1 s surface 
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or incorrect assumptions in applied corrections.. This quantity is ob= 

tained by correcting the raw field data for drift~ latitude.~~ altitude and 

topography. 

Drift 9 which is the change at any one station of a reading with 

time, is caused by tidal effects of the sun and moon and inherent creep 

characteristics of the instrumento This drift can be eliminated from 

the results~ taking observations at one point at regular intervals and 

correcting the values at intervening stations by distributing the difference 

on a time basis .. 

Latitude correction takes into account the increase in gravity 

from the earth 1 s equator to its poles. The correction is based on the 

International Gravity Formula (Heiland 9 1940 9 p 97) and is added or 

subtracted depending on the station being south or north respectively 

of the reference station. 

The force of gravity outside the earth varies in inverse pro= 

portion to the square of the distance from the earth 1 s centre.. This 

necessitates reducing all gravity stations to a common datum in order 

to eliminate any altitude effect. The altitude correction consists of 

two parts, the free air correction which takes into account the 

difference in elevation between the station and the reference level.~~ and 

the Bouguer correction 9 which takes into account the :mass of rock 

between the two levelso 

Topographic correction takes into account the effect of hills 

and valleys on individual station values. It is significant only in very 

hilly country and is not usually applied in southern Saskatchewan .. 
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The tuBouguer Anomaly 1
' represents the integrated effects of all 

subsurface density variations.. Both small=scale (local) and largc=scale 

(regional) variations are included in this reduced value. In order to 

simplify interpretation of local variations 9 regional variation is re= 

moved from the "Bouguer" values. This final value is referred to 

as the residual gravity value. 

3. 32 Interpretation 

Interpretation of gravity surveys 1s normally made on a contour 

map of residual gravity values. Such a map will enable an interpreter 

to estimate the lateral extent of bodies causing the various residual 

anomalies. 

The general approach to interpreting total field anomalies is to 

assume that they are caused by a geologically realistic body of known 

dimensions. Mathematical methods are used to calculate the associated 

gravitational field. If the calculations approximate the field results 

then the assumed body is a possible interpretation of the geological_ model. 

Gradient residuals are plotted as vectors~ the magnitude of 

which represent the rate of change in the azimuth of the vector. These 

maps are used qualitatively to pin point anomalous areas. 

3e 33 Gravimeters 

Gravimeters are instruments that can make relative gravity 

measurements with an accuracy approaching l part in l 08 0 There are 

two principal types used for geophysical prospecting, stable and unstable. 

The stable gravimeter is in fact an extremely sensitive balance 9 

usually a spring carrying a weight. Changes in the gravitational field 
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cause small displacements (of the order of a few Angstrom units) of the 

spring. These displacements are magnified to a point where they can 

be measured and related to the change in gravity. 

The most widely utilized gravimeters are the unstable type. This 

type i~ designed so that displacements due to changes in the gravitational 

field tend to be increased by other forces which come into play. The 

displacement force is measured by the counter force necessary tore~ 

store the element to equilibrium .. 

3 .. 34 Application 

Exploration gravity techniques have been used successfully to 

detect sediment filled channels in the Western Canadian Prairies (Hall 

and Hajnal~ 1962, Lennox 9 1962 9 and Robinson 9 1963). Hall and Hajnal 

and Lennox reported negative nBouguer anomalies 11 associated with 

channels cut in either till or bedrock sands and shales. Robinson 

reported positive residual anomalies associated with sediments in the 

buried Missouri River channel. 

3. 4 Seismic refraction 

Seismic refraction techniques have not been used extensively 

to either locate or delineate potential aquifers occurring in the 

Pleistocene sediments of the Canadian Prairies. Until recently 

the major problem was one of cost. The advent of solid state equip= 

ment and simple energy sources has put the cost of such surveys, for 

shallow investigations» into the same price range as surface resistivity 

and gravity surveys.. The decision to use seismic refraction can now 



be_ made on a basis of applicability rather than one of economics .. 

3 G 41 Principles 

In the seismic technique a pulse of acoustic energy is generated 

at or near the surface of the groundD and the resulting motion of the 

ground is detected by electromechanical detectors called geophones. 

If the time interval between the pulse generation and its arrival at the 

various geophones 9 which are usually colinear 9 is measured» then the 

velocity of the pulse in the ground can be determined. 

The energy from a pulse will radiate in all directions from 

the point of impact (shotpoint)" Some of it will follow a straight line 

(direct) path between the shotpoint and the geophone and other parts 

of it will travel downwards until a boundary between regions of 

differing velocity is encountered at which partition of the energy will 

occur.. Part of the energy will be refracted 9 as predicted by Snell's 

Law as applied in optical studiesD and some of it will be reflected. 

(Figure 3o 411 ).. Providing the propagation rate (velocity) of the 

energy pulse increases below the nvelocity boundary11 there is a 

critical angle at which the pulse will be refracted parallel to the 

boundaryo This refracted energy will act as a source for energy re= 

fracted into the lower velocity mediumo The head wave travelling 

upwards will be detected by the geophones (Figure 3o 411 ). 

If a graph of elapsed time between the instant of the shot and 

the first arrival of energy at the geophone versus distance from the 

shotpoint is plottedD the points will fall along one of the two intersecting 
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straight lines for a two=layer case (Figure 3. 412). This graph is re= 

£erred to as a travel=time curve or time=distance plot. The slopes of 

the two lines are the inverse of the velocities of the upper and lower 

layers. The abscissa of the point of intersection is referred to as the 

critical distance and the ordinate is referred to as the critical time. 

The projected ordinate intercept of the line representing the high 

velocity layer is referred to as the intercept time (Figure 3. 412 ). 

The above treatment assumes a horizontal nvelocity interfacerv 

with each layer of a uniform velocity. The discussion has dealt with a 

two=layer easel! but similar arguments are applicable for three or 

more layers. Shears surface and boundary waves$ which are not 

usually detected or identified on conventional seismic recordss have 

not been considered in the above discussiono 

There are three common methods of using the time-distance 

plot to calculate depths to velocity boundaries" While in th~ory they 

are equivalent$ in practic~ there can be considerable differences in 

the results obtained" These methods involve use of times and distances9 

intercept time 9 and critical distance. 

If a low velocity9 
11weathered" layer occurs at the surface9 time 

distance plots often do not intercept the time axis at zero, as they 

theoretically should. This results in an error in any determination 

of time from the plot (Dix 9 1962 9 p 73-106; Nettleton, 19409 p 297=305). 

Hall ( 1962 9 p 7) points out that the critical distance method is the only 

one that should be used for depth determination when the effect of the 

weathered layer is unknown. 
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For two layers of velocity v1 and V 2 , the critical distance Xc 

is related to the depth h to the interface~ by the formula: 

h = Xc, /vz - VI 
2 V Vz + v 1 

..........••...•........ 3.411 

Field seismic data is subject to many corrections. As well as 

the weathering correction, these include: shotpoint elevation, geophone 

elevation, effect of dipping strata, and the effect of non uniform veloci~ 

ties in strata .. Comprehensive discussions on these and other correc= 

tions can be found in Nettleton (1940), Dix (1952) and Slotnick (1959). 

Except in very special cases these corrections are not normally app= 

lied when only first arrival (first break) times are used for plotting 

time distance curves. 

The problem of "picking n first arrival times has been con= 

sidered in some detail by Patterso.n (1964) and Hagedoorn (1964). 

Patterson has shown the accuracy of timing a first arrival depends 

on the location of the shot and geophones 9 the size of the charge 9 the 

existing ground unrest at the time of the shot 9 and the characteristics 

of the recording equipment. Hagedoorn discus sed the effects of 

placing the shot in material of differing velocity within one shot hole. 

Lennox ( 1962) discus sed the problems of low velocity con= 

trasts9 velocity inversions (a low velocity material below a high velo= 

city medium), blind zones (high velocity layers too thin to be de-

tected)~ and velocity anistropy within one medium. These problems 

are common in areas covered by glacial sediments. 
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3. 42 Equipment 

The main components of a set of single=channel~ seismic equip= 

ment are a geophone connected by cable to a filter~ an amplifier and a re~ 

cording device (Figure 3. 421). Seismic equipment commonly employed in 

the exploration for oil consists of 24 or more individual recording channels. 

It is now common practice to record the output from the geophones~ after 

amplification, on a magnetic tape either in analogue or digital form. 

The operating costs of the order of 1" 000 dollars per day and 

initial cost~ of the order of 100 9 000 dollars or more 9 severely limit the 

use of conventional oil seismic crews in exploring for relatively inexpen-

sive minerals such as gravel and water. However 9 the problems of 

initial and operating costs have been more or less overcome with the 

advent of specially designed equipment for shallow seismic studies. 

For this equipment 9 the source of energy instead of being a 

charge of dynamite is commonly a hammer striking a metal plate. The 

signal from the geophone is recorded in one of 3 fashions: 

l. as a first arrival only by an incremental time counting device 
triggered by the hammer blow and stopped by the first energy 
arrival at the geophone~ 

2. as a series of dashes on heat sensitive papers 

3. in analogue form on photographic papero 

The first and second methods are used only on single or dual channel 

equipment~ whereas the third method is used on single or multiple channel 

equipment. 

3 .. 43 Application 

The application of the small scale seismic equipment and method 
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to groundwater and Pleistocene stratigraphy problems in Western Canada has 

met with less success than either the resistivity or gravity methods .. 

However~ this may reflect a lack of published experimentation rather 

than a lack of applicability. As suggested by Lennox (1962~ p 272)~ the 

advent of continuously recording equipment may make the hammer 

seismic method a useful tool for solving stratigraphic problems in glacial 

sediments. 

Hobson~ al.. (1962) report the only published instance of con= 

ventional seismic equipment being used in the Canadian Prairies to 

map specifically gravels associated with preglacial river channels. 

However» the results are inconclusive. 

Hall (1962) investigated the possibility of using first arrivals 

on seismic records 9 obtained during conventional seismic surveys» for 

mapping the drift~bedrock contact in Southern Saskatchewan. He reports 

limited success in areas where specific conditions are met (Hall9 1962» 
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CHAPTER IV 

FIELD RESULTS 

4. 1 Surface resistivity 

Of all the geophysical methodss surface resistivity has proved 

to be the most applicable for locating and delineating gravel deposits. 

This was the main reason for using the method in an attempt to detect 

sand and gravel deposits~ which may be associated with the preglacial 

Missouri River channeL 

4. 11 Equipment 

The DC resistivity equipment was designed and made in the 

Physics Division of the Saskatchewan Research Council. The equip

ment is not commercially available. It consists of three separate units~ 

an instrument console and two dual-reel cable stands. All of the equip= 

ment is mounted in a one ton truck. The instrument console contains 

current and potential measuring circuits and a battery pack. Six thou

sand feet of current cable and four thousand feet of coaxial~ potential 

cable fill the four cable reels to capacity. 

The current circuit is composed of a 225 volt battery pack~ a 

rheostat to control the currents a reversing switch 9 an ammeters and 

a power switch which is spring =loaded in the off position. 

The potential measuring circuit has two supplementary circuits 

essential for efficient operation of DC resistivity equipment. One cir= 

cuit enables the operator to check the contact resistance of the potential 
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electrodes. A second circuit enables the operator to cancel any self~ 

potential occurring in the potential circuit. A Keithley 600A electro= 

14 
meter 9 with an, input impedance of 10 ohms 9 was used to measure the 

potential difference between the potential electrodes. 

The potential electrodes consist of a 1/4 inch diameter~ copper 

tube~ embedded in a copper sulphate saturated gel which is contained 

in a porous pot. The use of a gel, rather than an aqueous solution of 

copper sulphate, greatly reduces the problems associated with loss of 

solution from the porous pot. 

Two sizes of cold-rolled steel were employed as current elec-

trades. The smaller electrodes» 1/2 inch in diameter and 2 feet longl' 

were used wherever good electrical contact could be made in the upper 

18 inches of the soiL Tapered current electrodes, 4 feet long and 

with a maximum diameter of 1 inchl' were used in drier areas.. The 

latter electrodes had a weld bead applied in a straight line along their 

length. If these electrodes were twisted 360 degrees before withdrawal 

attempts were made 9 they could be easily extracted from the ground. 

A detailed description of the DC surface resistivity equipment

and accessories is given in Wyder (1964, p. 46=56). 

4. 12 Field procedure 

The field procedure varied with size of the crew 9 electrode 

configuration~ and surface conditions of the ground. 

Two 9 three-electrode, vertical profiles were completed each 

time the current cable was laid out 9 one near each of the two current 



electrodes which were separated by 5100 feet. Twenty~six readings» 

thirteen near each current electrode» could be completed in thirty-five 

minutes by a 3 man crew. The potential electrodes which were initially 

1600 and 800 feet from the current electrode were moved stepwise 

until they were 50 and 25 feet from the current electrode~ 

Measurements using the Schlumberger arrl Wenner configurations 

were also made with a single current cable lay-out. Starting with the 

current electrodes 5100 feet apart and ending with them 180 feet apart~ 

a three man crew could complete eighty-five measurements within four 

hours. A four man crew could accomplish the same task in approxi~ 

mately three hours. Portable transceivers were used to maintain 

communications amongst the crew members. 

The field data was recorded on specially prepared forms. Re = 

sistivity values were calculated in the field in order to minimize pro~ 

cedural errors., 

4. 13 Field experiment results 

Several field experiments were conducted in order to develop 

efficient methods of obtaining useful and meaningful results. These 

experiments took place at various times throughout the four field seasons. 

The effect of placing the potential electrodes on the road shoul

der9 rather than in the flanking ditches 9 is shown in figure 4. 131& 

The one-day test was made where the bottom of a 15 foot wide ditch 

is approximately 3 1/2 feet below the top of the 20 foot wide road. Less 

than 5 per cent of all ditches are deeper than this. 
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The graphs presented in figure 4. 131 indicate that for three

electrode a-spans greater than 60 to 80 feetll computed apparent 

resistivities are independent of the position of the potential electrodes. 

However for a- spans less than 60 to 80 feet, the character of the 

field curve can be altered significantly by placing the potential elec

trodes on the road shoulder, rather than in the ditch with the current 

e 1 e c t r ode s . 

The difference between the field curves is explained by the 

fact that for large a-spans the land surface can be considered to app

roximate a flat surface while for small a-spans, less than 60 to 80 feet 

in this instance, ditches are topographical discontinuities which sig

nificantly alter the pattern of the near surface potential field. The 

above explanation assumes electrical homogeneity 0 This assumption 

does not seem unreasonable when it is realized that material excavated 

in order to form the ditches 9 is used to create the road. In order to 

minimize the disruptive effects .of the ditches all resistivity surveys 

were conducted with both the potential and current electrodes in the 

roadside ditches 9 if such existed. 

It was decided in 1961 to use the three -electrode rather than 

the Wenner or Schlumberger configurations for making the majority 

of the resistivity measurementsc The main reasons for this decision 

were: 

1 o Electrode configurations in which the potential electrodes 

are moved and the current electrodes remain fixed are more sensitive 
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to vertical and lateral changes in resistivity than electrode configura

tions in which the current electrodes are also moved. 

2. ~ Wenner and Schlumberger configurations are slower and 

more cumbersome to use under field conditions than is the three~ 

electrode configuration. 

3. - Lack of a DC amplifier and a maximum of only 6, 000 feet 

of current cable limited the use of a Schlumberger configuration to a 

maximum of 600 feet between potential electrodes. This limitation is 

a result of the low power of the battery pack and of a mathematical 

assumption in the derivation of the Schlumberger resistivity formula. 

In figure 4. 132~ a comparison is made of three-electrode and 

Wenner data at two~ geologically different~ drill~hole sites. If the 

model could be assumed to be layered and homogeneous, with respect 

to electrical properties 9 the Wenner and three-electrode field curves 

would be geometrically the same. While the two curves obtained at 

each drill hole exhibited the same general trends 9 they are net identical. 

The three -electrode results reflect the lack of electrical homogeneity 

to a greater extent than do the Wenner results. At the same times 

three-electrode results appear to be more sensitive to the sub-surface 

geological conditions than do the smoother curves obtained from the 

results of the Wenner surveyso The above observations are not sur

prising when it is realized that the Wenner configuration measures the 

apparent resistivity of a much larger volume of earth than does the 

three-electrode configuration. 
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Figure 4.133 displays the results of a test of the assumption 

that two current electrodes» when separated by 5100 feet, are for 

practical purposes at infinity with respect to each other. The raw 

field data has been corrected» assuming a homogeneous earth, for the 

fact that theoretically the potential distribution around one electrode 

is modified slightly due to the finite distance to the second electrode 

(Wyder, 1964, p. 37-40). In figure 4.133 a small diagram above each 

of the two sets of field curves indicates the position of the potential 

electrodes relative to the current electrodesp for each of the four 

curves. 

The results of this and similar tests indicate that 

1. - current electrodes 5100 feet apart can for practical pur

poses be considered as "infinitelye' separated if the effect of the dis

tant electrode (a maximum of 8 per cent for an "an of 800 feet) is 

taken into consideration. 

2. ~ the geological model is electrically inhomogeneous. 

Similar results were obtained when the current cable was 

placed east and west of the test electrode. The same potential elect

rode locations were used throughout the above study. These locations 

and those of the current electrodes were displaced 48 feet west and 

8 feet north. The results obtained are shown in figure 4. 134. It can 

be seen that although the general trends of the field curves are main

tained, the detailed characteristics of the curves are modified. This 

result indicates the heterogeneity of the geological model and empha

sizes the fallacy in expecting to repeat exactly apparent resistivity 
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values determined at an earlier dateo 

A more conclusive demonstration of the problem of repeating 

field data is presented in figure 4o 135. Although .very general field 

curve trends can be repeated annually 9 individual apparent resistivity 

values may vary greatly. Again the heterogeneity of the geological 

model is emphasized~ lateral changes in particular. 

During the 1961~ 1963 and 1964 field seasons, it was noted 

that a change in the magnitude of the currenty for a fixed electrode 

spacing, often resulted in a change in the calculated apparent resistivity. 

This phenomenon was not consistent because a decrease in current was 

not always matched by a corresponding decrease in apparent resisti

vityo In fact» a decrease in applied current could result in a decrease, 

an increase, and in some instances no change at all in the computed 

apparent resistivityo 

The dependency of apparent resistivity on applied current was 

tested experimentally in 1965G Seven sets of observations were made 

using the three -electrode configuration and one each with the Wenner 

and Schlumberger configurations. The experiment, using currents of 

1. 59 1. 0 9 and 0. 75 amps 9 was conducted along the western edges of 

sections 12 and 13 in Township 5» Range 4~ WZo 

A set of observations consisted of thirteen different a-spans 

("a" varying from 25 to 800 feet) for the three-electrode configuration, 

fifteen different a-spans ( 11 a 11 varying from 60 to 1700 feet) for the 

Wenner configuration, and sixty different a/b ratios for the 
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Schlumberge r configuration. The average resistivities computed for the 

three different currents for each set of observations are presented in 

table 4 . 1 3 1 . 

TABLE 4. 131 

Variation of apparent resistivity with applied current 

0. 75 amps 10 0 amps 1. 5 amps 

Wenner 12 0 5 ohm~m 12.5 ohrn-rn 12. 7 ohm-m 
Schlumberger 110 7 12. 1 12.3 
3 -electrode 1 13.6 13. 9 14. 1 

2 13. 3 13. 6 13. 7 
3 110 8 110 9 12. 1 
4 12.2 12.2 12. 6 
5 12.0 12 0 1 12.2 
6 12.7 12.7 13.2 
7 13.2 13. 3 13. 5 

Average of 
3 -electrode 12.7 12. 8 13. 1 

The results indicate that an increase in applied current by a 

factor of two is accompanied by an approximately 3 per cent in-

crease in apparent resistivity. 

4. 14 Discussion of field experiment results 

The results of the field experiments indicate that the survey 

area is a difficult one in which to fipply electrical surface DC resisti-

vity technique. As previously noted, experimental results show that 

ditches can significantly influence the measured potential values to 

distances up to six times the width of the ditch {Figure 4. 131). Thus 

interpretation of the left-hand side (low "a-spans 11
) of the field curves 
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involves an awareness of the presence or absence of ditches. Other 

topographical effects were a minimum within the study area because of 

its inherent flatness. Wherever broad valleys or hills were present, 

the field curves obtained in those areas were assumed to reflect the 

presence of such features and were interpreted with this assumption in 

mind. That is, broad valleys and hills were assumed to affect large 

a-span readings similar to the way in which ditches affected small 

a- span values. 

The field tests which involved making readings at various azi

muths (Figure 4. 133) 9 slightly displacing the electrode configuration 

(Figure 4. 134) 9 and comparing different electrode configurations 

(Figure 4. 132L all indicate the survey area is electrically hetero

geneous. This condition exists in areas which are not associated with 

ditches, hillss grounded wire fences 9 culverts~ and buried conductors 

such as pipelines and pools of free water 0 It would seem, therefore9 

that electrical heterogeneity can be equated with geological complexity. 

This is not too surprising when it is considered that the geological 

model consists of glacial sediments overlying a bedrock containing 

several distinct rock-types. The tests indicate both lateral and verti

cal geological boundaries. 

The decision to use the three -electrode configuration for 

exploration purposes might be questioned in light of the heterogeneity 

of the geological model. However the three~electrode results con

stantly reflect the importance of near-surface lateral changes in the 
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electrical, and hence 2 the geological model. These lateral effects often 

are not reflected in the smooth field curves which are generally associated 

with measurement made with a Wenner configuration. 

The unknown effect of lateral variations~ when assumed to be 

the result of vertical variations 9 can lead to gross errors in computed 

depths. The detection of lateral variations even though it leads to field 

curves not amenable to simple quantitative analysis, is preferable to 

analyzing quantitatively field curves of questionable validity -- in terms 

of representing the actual geological model. 

The problem of annually repeating field curves is~ in the main, 

probably a reflection of the heterogeneity of the geological model. 

This is particularly true for the smaller a-spans (less than 100 feet). 

An unknown but perhaps significant effect on the apparent resistivity 

values for a-spans less than 25 feet could be the variation in the depth, 

as a result of abnormally wet or dry years, to the zone of 100 per cent 

water saturation. 

In general, the field experiments indicate that simple quantita

tive interpretations of field resistivity curves will yield inconclusive 

and erroneous results. The interpretation of field curves should be 

qualitative with consideration being given to non~geological features 

such as ditchess and surface water bodies. Such an interpretation 

requires a good knowledge and understanding of the geological model 

and the possible ways in which it can be reflected in the field curves. 

The variation of apparent resistivity with current density has not 

been reported previously by authors working with unconsolidated sediments. 
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Pullen (1929)~ using AC equipment~ reported a similar phenomenon in 

measuring the resistivities of drill cores and hand specimens of cer

tain ores. He attributed the observed phenomenon to polarization 

phenomena. 

Lee et al. (1929) 9 again using AC equipment~ reported a varia

tion of resistivity with applied voltage in an area of lithified sedimentary 

rocks. They noted that a change of applied voltage by 50 per cent re

sulted in unpredictable changes in the computed apparent resistivity. 

If, as is indicated by the results shown in table 4. 131 ~ there 

is a variation in resistivity with current density, then the field curves 

obtained in the survey area are affected 9 to an unknown degree, by the 

fact that as the a-spans are increased there is a decrease in current 

density and hence measured apparent resistivity. If, in glacial sedi

ments9 measured apparent resistivities are not independent of current 

densities 9 then the use of presently available type-curves and curve 

analyzing techniques to analyze field curves will need modification. 

A simple explanation for the apparent variation of resistivity 

with current density is unknown. It is probably associated with the 

presence of clay minerals in the sediments. If this is true, then the 

explanation may lie in part with the "double -layer 11 phenomenon as so

ciated with such particles (Winsauer and McCardell 9 1953). Clay and 

shale forming minerals~ as found in nature, are capable of adsorbing 

more negative ions than positive ions from an ionic solutio,n. As a 

result the clay minerals are more, negatively charged than the sur

rounding solution. Positively charged ions are attracted to 'the 
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vicinity of the clay particles, forming a diffuse ionic layer~ which with 

the negative ions on the clay minerals form the so-called double layer. 

The presence of a double layer is thought to be one explanation 

for a phenomenon referred to as induced polarization (Keller and 

Frischnecht, 1966, p. 436-486). Simply stated, induced polarization, 

as the term is used here, is the variations of either electrical res is

tivity or dielectric constant which depend on frequency and time. It 

appears to depend on the texture rather than the atomic or molecular 

structure of a rock. The physical explanation of induced polarization 

phenomena is not well understoodo For this reason, and until more 

experimental data is obtained, no attempt will be made to explain, on 

a physical basis, the variation of resistivity with current density 

observed in a clay rich environmento 

4. 15 Exploration results 

The locations of surface resistivity stations are plotted on 

plate 1. Vertical profiles using a three-electrode configuration were 

completed at each station, twenty-five stations being occupied at least 

twice. The 1961 surveys were conducted mainly along north-south 

lines 3 and 7 miles west of Steelman and 1 mile east of Frobisher 

and, on an east-west line in Ranges 5 and 6, six miles south of 

Steelman. The 1963 work included most of the survey area with the 

exception of Ranges 4 and 5 in Township 5, in which only five stations 

were occupied. The 1964 surveys were located~ except for twenty 

stations, in Townships 4 and 5, Ranges 3~ 4 and So The 1965 work was 
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confined almost entirely to three north-south traverses: a 24 mile.line 

1/2 mile west of Frobisher» a 6 mile traverse in Township 5, Range 

53 and a 4 mile traverse in Townships 4 and 5 9 Range 3. 

Figure 4.151 is a frequency plot of measured apparent resistivity 

values for eight of the twenty three-electrode a-spans used in exploring 

the Steelman survey area. 

The histograms in figure 4. 151 indicate: 

1. - for a-spans greater than 300 feet, the average apparent 

resistivity decreases with increasing a-span. 

2.. - the average apparent resistivity for a given a-span varies 

throughout the survey area 

3. surface (small a-span) apparent resistivities have a 

wider range and a less well defined (on a basis of frequency of occur

rence) average than do deeper (large a-span) apparent resistivities 

4. - there is not a bi-modal distribution of apparent resisti

vities for any a-span other than the 25 foot a-span. The bi-modal 

appearance of the a=25 foot a-span is misleading because of the large 

number of unique apparent resistivity values falling above and below 

the maximum and minimum values respectivelyo This indicates 

that there are not a large number of distinctly anomalous apparent 

resistivity values measured within the survey area. 

The 1961 surface resistivity results demonstrated that theoreti

cal and empirical interpretational procedures would not be applicable 

in the Steelman area. This decision was made following unsuccessful 
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attempts to interpret one hundred and fifty field curves with Meaney

Wetzel type -curve S 9 Tagg 's method, and Hummel's method, as well 

as the empirical methods of Gish and Rooney, Moore, and Barnes 

(Wyder, 1964). The results indicated that field time could be better 

utilized by restricting the resistivity measurements to a-spans in excess 

of 100 feet. This decision was based on the wide range of resistivity 

values associated with the small a-spans. 

In 1963, the resistivity stations were selected to provide surface 

resistivity measurements over most of the survey area. The two-fold 

purpose was to delineate the buried preglacial Missouri River channel 

and, at the same time, to outline anomalous~ apparent resistivity zones 

not associated with the buried channel. Other than two resistivity "highs", 

one at Steelman and a second 12 miles north of Frobisher, the survey 

failed to yield any distinctive anomalies. 

In 1964 it was decided to attempt to determine if the two 1963 

anomalous resistivity "highs" could be interpreted as being associated 

with a common gravel deposit. Using a-spans of 250 feet and greater, the 

resistivity crew completed a series of north-south traverses between the 

two resistivity highs. Part of these results are presented as an equi

resistivity map in figure 4. 152. 

Where they coincided~ the 1964 results approximately duplicated 

the 1963 results. It can be seen in figure 4. 152 that there appears to be 

two anomalously high resistivity zones which could be interpreted as 

coalescing east and south of Steelman. The anomalous zones, as outlined 
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in figure 4. 152, were assumed to represent sand and gravel deposits in 

the buried Missouri channel and an associated tributary. 

The 1964 drilling program~ drill holes 64-1 to 64-9 inclusive 

provided a check on the interpretation of the 1964 surface resistivity 

results {Figure 4. 152 ). It was predicted 9 prior to drilling» that drill 

holes 64-2 9 64=7 9 the site of which was shifted 700 feet south in order 

to check a gravity anomaly9 and 64-9 would be located on gravel de-

posits. Similarly9 drill holes 64-3 and 64=6 were expected to penetrate 

significant thicknesses of sand and drill holes 64=1~ 64-5» 64-8 3 and 64-4s 

for which no 1964 resistivity data was available 9 were expected to inter

sect little or no sand and graveL The sites of these drill holes were chosen 

so as to gain geologic control both within and outside the anomalous zones. 

The drilling results supported the above interpretation in general but 

not in detail (plates 2 9 3 and 4). 

The 1964 drilling results indicated that the gravel deposit 12 

miles north of Frobisher (plate 4) was not in the main channel of the 

buried ~Ais sourL This conclusion is based on the fact that the bedrock 

surface on which the gravel rests is 200 feet above the bedrock surface 

at Steelman 9 where the buried Missouri channel is known to be present. 

The above fact coupled with the knowledge that 9 in the survey area, the 

water in the preglacial Missouri flo~,red from west to east~ indicates 

that the gravel deposit north of Frobisher may represent either a tribu

tary to 9 or a terrace of 9 the buried Missouri channeL Based on the 

information obtained from drill holes 64-4 and 64~9 it appeared that the 
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buried preglacial Missouri River channel lay somewhere near Frobisher. 

These observations determined the extent and the purpose of the 1965 re

sistivity field program. 

The 1965 surface resistivity survey had two main purposes. 

Firstly~ to map the possible extension of the gravel deposit located 12 

miles north of Frobisher and secondly 9 to determine where the buried 

preglacial Missouri River channel crossed a north~south line, 1 mile 

west of the eastern boundary of Range 4. 

Figure 4. 153 is a series of surface resistivity horizontal pro

files constructed from vertical profile field curves obtained at stations 

situated along a north-south line 3 miles east of drill holes 64-1» 64-29 

and 64-3, A zone of anomalous resistivity values 9 approximately 2 miles 

wide9 is readily discernable. This is assumed to reflect the lateral ex

tension of the gravel and sand deposit discovered with the aid of surface 

resistivity measurements in 1963¢ Drill hole 65-11 1 which proved the 

existence of gravel and sand in the anomalous resistivity zone~ was 

located at the site of a resistivity field curve similar to the one used to 

pinpoint drill hole 64-2 (Plate 4). 

The surface resistivity depth profiles used in attempts to locate 

the buried preglacial .Missouri River channel are presented in plates 

4 and 5. The original prediction for the location of the buried channel 

was at the site of drill hole 65 =4. The choice of this site was based on 

the assumption that a sand filled channel 9 as presented in plate 3, would 

be indicated by a resistivity field curve such as was obtained at the site 

of drill hole 65-4. (Plate 5 ) .. 
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When drill hole 65-4 proved not to be located in the buried pre

glacial Missouri River channel, drill holes 65-5 and 65-6 were com

pleted. These holes were drilled in order to determine if the resistivity 

results were of any use for predicting the absence of the buried channeL 

When, as predicted, both holes failed to locate the buried channel, the 

surface resistivity changes at depth. In particular, the field curves 

were inspected for indications of gravel 1 an increase of apparent 

resistivity at large a-spans, rather than a sand filled channeL On this 

basis, the sites for drill holes 65-9 and 65-10 (Plate 5) were selected 

as being over the buried channel. Drill holes 65-14, 65-15, and 65-16 

were selected as being outside of the channeL With the exception of 

drill hole 65-15, the predictions were confirmed by the drilling results. 

4. 16 Discussion of field results 

The field results indicate that lateral resistivity variations can 

significantly affect the character of field curves in the Frobisher area, 

making them uninterpretable other than in a very general and qualitative 

fashion, The lateral electrical hetereogeneity is considered to be 

correlative with the geological modeL In an area of glacial sediments 

and bedrock channels~ the geological model tends to be one of linear 

features (end moraines~ gravel in channels.l eskers~ etc,) within till..

For this reason~ anomalous zones ar~ most efficiently and best out

lined by parallel rather than intersecting traverses oriented so as to 

cross suspected linear features. The validity of this point is demon

strated by the marked differences in azimuthal apparent resistivity 
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within the survey area (sub-section 4. 13). 

Almost all of the field curves indicate a gradual decrease of 

apparent resistivity with depth (Plates 2, 3, 4, 5 and 6). Based on the 

data presented in sub-section 4. 13 and 4. 14 an explanation for the 

apparently anomalous decrease in resistivity with depth could be, 1n 

part, a decrease in apparent resistivity with a decrease in current 

density. However until measurements are made with equipment capable 

of providing more current and higher amplification of DC signals, the 

possible practical significance of resistivity variation with current 

density is mainly conjectural. 

Horizontal profiles cannot be used with any degree of certainty 

to delineate the buried preglacial Missouri River channel in the 

Frobisher area. This is due to the similarity of the resistivities of 

the bedrock and channel fill sediments. The lack of success in using 

the horizontal profiling technique for locating the buried Missouri channel 

is opposed to the success~ in part, of using the same technique for de

lineating the gravel~ terrace~ deposit (Figure 4. 153). In areas where 

a significant amount of gravel fills the channel, or a portion of it, the 

horizontal profiling technique would probably be of value. 

The apparent lack of significant resistivity contrasts, except 

possibly between clay-and sand-poor gravels and surrounding rock 

types, indicate that surface resistivity surveys cannot be used to deter

mine either the depth to, or the configuration of, the drift~bedrock 

contact. However the failure of the resistivity technique ab a quantita

tive tool does not eliminate it as a valuable qualitative tool. If tre 
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resistivity depth profiles are interpreted in terms of reasonable geologic 

models, they may provide valuable information as to areas where 

gravel deposits are most likely to be found. Unfortunately, no one 

field curve is particularly definitive. All field curves must be inter

preted with respect to each other as well as individually. In this way 

anomalous field curves in one traverse may be correlated with anomalous 

field curves in adjacent traverses. However, due to lateral changes 

in the geologic model, the anomalous field curves in several traverses 

may not necessarily be correlative (Plates 2, 3, and 5). 

In general then, it would appear that with careful inspection, 

three-electrode depth profiles along parallel traverses can be used to 

increase the probability of locating, with a minimum of drill holes, the 

buried preglacial Missouri River channel. As exemplified by the success

ful delineation of the terrace deposit (Plate 4)~ the method can be used 

with some degree of confidence for locating gravel and sand bodies, 

potential aquifers, within the survey area, providing their thickness is 

of the order of 1/2 their depth of burial (Plate 4). 

4. 17 Analysis of errors 

The distances between electrodes were measured to the nearest 

1/10 foot for distances less than 300 feet and to the nearest 1 foot for 

distances in excess of 300 feeL The electrometer had a calibrated 

accuracy of 1 per cent of full scale and a precision of 0. 5 per cent of 

full scale. The ammeter had a calibrated accuracy of 1 per cent of 

full scale and a precision of 0. 025 amperes. These data have been used 
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to calculate that the maximum error 1n any one apparent resistivity value 

is less than t 4 percent. 

All current and voltage readings were repeated twice or until 

two consecutive readings were the same. This practice eliminated 

any effects due to changes in the self -potential between the potential 

electrodes. The practice of taking readings in forward and reverse 

directions was discontinued in 1961 once it had been confirmed that there 

was not a detectable difference in the readings. Errors due to careless

nesss such as misplaced electrodes 9 were almost entirely eliminated 

through the practice of checking unexpected results in the field at the 

time of the survey. 

The unknown effect on apparent resistivity values due to changes 

in current density has not been quantitatively evaluated. As is discussed 

in this section 9 this effect may or may not modify significantly the 

calculated apparent resistivity values for the larger a-spans. 

4. 2 Electro logging 

Single point resistivity and self potential electro logging of holes 

drilled in unconsolidated sediments has become common practice in 

the Western Canadian prairies. The electro logs are used qualitatively 

to establish geologic contacts and to provide an estimate of the salinity 

of formational waters. 

4. 21 Results 

Single point and self potential electrologs were completed in 

all the 1964 and 1965 drill holess with the exception of 65-2 and 65~3 
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which were cased. Due to equipment malfunctions, the electro logs of 

64-6 to 64-9 inclusive were the poorest, in quality 9 of all the electro logs. 

However only in the case of drill hole 64-6 was the electro log of limited 

value. 

The stratigraphic section for each drill hole~ as determined 

from an examination of the samples, was plotted on the appropriate 

electro log. Wherever the electro log gave a definite indication, the 

approximate geological contacts, as based on the core examinations, 

were shifted so as to agree with the electro log. The stratigraphic sec

tions based on both sample description and electro log results are pre

sented in Plates 2, 3, 4, and 5. 

The single point resistivity curves are uncalibrated. They in

dicate that the bedrock resistivity is not significantly different from 

the resistivity of the overlying till.. This is surprising in view of the 

fact that the field curves indicate, almost without exception, a notice

able decrease 1n resistivity with depth. The explanation for this fact 

may be either 1n a gradual decrease in resistivity with depth or in the 

relationship of decreasing resistivity with decreasing current density. 

A combination of the two suggested explanations cannot be overlooked., 

4e 3 Gravity 

The main reasons for conducting gravity surveys were: 

1. - to compare the gravity method with the seismic refraction 

and surface resistivity methods as a means of locating the buried pre

glacial Missouri River channel and surficial gravel deposits 



2. ~ to study further the positive residual gravity anomalies re

ported by Robinson (1963) as being associated with the buried preglacial 

Missouri River channel in the Frobisher arf'a 

3. - to evaluate the feasibility of using horizontal gradient tech

niques to delineate gravel deposits occurring within or at the base of 

the drift. 

4. 31 Equipment and method 

The 1964 'total gravity' survey was con1pleted with a Worden, 

temperature-compensated, gravimeter which had a small dial constant 

of 0. 0887 mgal per div. The 1965 'horizontal gradient' survey was con

ducted with a Lacoste~Romberg, temperature=controlled gravimeter. 

This instrument, which was the only one available, had a small dial 

constant of 1. 04465 mgal per dial unit. The elevation control for 

both gravimetric surveys was established by closed -loop, levelling 

circuits. 

The total field measurements were made at 250 foot intervals 

along the traverse lines Gl, G2, and G3 (Plate 1). The two traverse 

lines, near to Steelman, were treated as a single-loop survey, with 

the base station at the south end of the westerurnost line. A horizon-

tal gravity gradient survey was conducted acres s the terrace gravel 

deposit (Plate 1 ). The survey was conducted on a 30 meter grid, 

three stations wide and forty-four stations long. 

At least two instrument readings were made at each of the 

total field and horizontal gradient stations. Follo"\ving the first reading, 



the gravimeter was unbalanced and, following rebalancing, was read a 

second time. For the total field traverses, if the t\\ o readings did not 

agree within 0. 2 small dial units, additional readings were made until 

a majority did agree within the tolerance range. Ihc tolerance range 

for the horizontal gradient survey was 0. 02 small dial units. Com

bined instrument drift and tidal variations were determined by occupy-

ing a base station at intervals of approximately an hour. 

4. 3 2 R e s ult s 

The total field results are presented on plates 2 and 4. The 

raw field data has been corrected for instrurnent drift and tidal 

variations, latitude, and then reduced to a con1mrn datum, to pro-

vide "Bouguer values 11
• Finally, a regional trend correction was 

applied in order to remove the influence of large- seale, geological 

features. 

The regional trend cor recti on for profiles G -1 and G -2 (Plate 

2) was obtained from regional gravity maps for Sa1thern Saskatchewan 

(Sawatzky, 1959). The regional trend correction for profile G-3 

(Plate 4) was made by plotting the "Bouguer values 11 and selecting 

stations every mile in one case, and every 1/4 rnile in the second case. 

A smooth curve was then drawn through these station values and sub

tracted for the 11 Bouguer values 11
• 

The horizontal gradient results are presented in figure 4. 321. 

The magnitude and direction of the gradient are reprE~sented by the 

length and azimuth of the vectors respectively. This data has not been 
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corrected for regional trends. 

4. 33 Discussion of results 

The total field results indicate there is not a defuJitive~ posi

tive anomaly associated with the buried preglacial lvlis souri River 

channel at Steelman, or with tie terrace grav de:pr)sit north of 

Frobisher (Plates 2 and 4). The residual gr;:Jvity ;::tnomalies are not 

definitive in as much as they are extremely s r;.s to the method 

by which the regional trend is removed, as is der:nonstrated by the 

total field residual gravity anomalies pre sentcd in plate 4. The 

residual gravity anomalies can be made positi , nf;gative, or zero 

by choosing an appropriate interval between stations used for ,making 

regional corrections. This means that \Vithout prior kno\"'.rledge as to 

the width of the anomalous body, its effect could be inadvertently 

removed with the regional correction. Short traverses could yield 

erroneous results if they were completed between two very local anoma

lous lows or highs 1 such as occur between driH holes 64~6A and 64-7 

(Plate 2). In this instance, an anomalous high which probably is part 

of a regional trend is flanked by two anomalous lows. 

The arbitrary interpretation of total field, residual anomalies 

is not good practice, unless it is known that the regional trend correc

tion applied to total field data does not include the effects of the anomalous 

body. Similarly traverses which are not significantly longer than the 

width of the anomalous body 9 can yield misleading inJormation in the 

form of apparent, rather than actual, anomalies. 



The horizontal gradient results (Figure 4. 321) indicate that 

there is not a definitive change in horizontal gradient ,associated with 

the terrace gravel deposit. Also, neither the magn1tude nor the direc

tion of the horizontal gradients display either a consistent or a pre~ 

dictable trend. Most of the gradients prt:!Sented in figure 4. 321 fall 

within or very close to the sensitivity limits of the gravimeter. The 

large magnitude gradients appear to point r:nan1l}' -.,;vest and scuth. This 

probably reflects the regional trend displayed on the regional gravity 

map for Southern Saskatchewan (Sawatzky, 1959). Because it is not 

apparent to the same degree in all three trave..t·s s~ a possible gradient 

reversal south of drill hole 65-2 is interpreted as a local near sur

face feature. 

It appears, that in the Frobisher area, total field and horizon

tal gradient gravity techniques are of very little, if any, value because 

of the necessary guesswork in removing regional trends and because 

of the lack of significant horizontal gradients associated with thick 

deposits of sand and gravel, occupying a bedrock low. 

4. 34 Analysis of errors 

The elevation of the individual gravity ations was determined 

to the nearest 1 I 10 foot, with an allowable error of 1 I 10 foot per line 

mile and a maximum error of 41 l 0 of a foot for any given levelling 

circuit. The horizontal distances were mmsured to the nearest 114 

foot. 

The two gravimeters had a precision of 0. 01 mgal, and an 
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accuracy of 0. 04 mgalso Thus taking into account the levelling and the 

instrument accuracy3 the relative accuracy of the gravity readings in 

the survey area is -± 0. 01 mgals. 

4. 4 Seismic refraction 

The purpose of the seismic refraction study was to evaluate the 

p o s sib ili t y of using the fir s t a r rivals of reflection r e c or d s t o de t e rm in e 

the configuration of the bedrock-drift contact. A similar but much more 

comprehensive study (Hall, 1962) had been made in Saskatchewan, in

cluding an area near Steelman. However, the lack of sufficient geologi

cal control left some doubt as to the general applicability of the results. 

4. 41 Method 

Approximately 80 line miles of conventional seismic records, 

displaying first arrivals~ were obtained from the British American Oil 

Company Limited. The times of the arrival of the first energy on 24 

line miles (S-1 and S-2, Plate 1) of these records ~'ere determined. A 

preliminary plotting of the results along profile S~2 (Plate l) indicated 

that only those records for distances in excess of approximately 2, 000 

feet from the shot point were of value. This requirement is attributable 

to the low velocity contrast between the bedrock and drift materials and 

to the thickness of the drift. Unfortunately the first arrival recordings, 

except for distances less than 1320 feet, were not reversed. As a 

result, various forms of wave front analysis could not, as was ori-

ginally intended, be applied to the data. 
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The seismic records along S-2 (Plate 1 )$ which indicated the pre

sence of a two or more "layered earth", were interpreted for depths to 

bedrock. The interpretation was based on the assumption that the first 

change in velocity occurred at the drift bedrock interface. Because of 

unknown effects of the weathered layer at the surface, the computations 

were made using the critical distance method of calculation. This 

method minimizes errors due to an unknown weathering zone thickness 

( Hall, l 9 6 2 , p, 7 ) . 

The calculated depths to the refraction surfaces have not been 

corrected for the depth of the shot poirt. Such a correction, in con

junction with the techniques used, would compound the error due to the 

unknown thickness of the weathered layer. That a weathered layer 

exists is indicated by the failure of the time distance plots to intersect 

the time axis at the origin. 

4~ 42 He sults 

The results of the seismic refraction computations are plotted 

on plates 4 and 5. These results indicate that there is not a consistent 

correlation between the refraction surfaces and the drift-bedrock inter-

face, The velocity contrast is approximately 1, 000 feet per second 

with the velocity above the refraction surface being approximately 

6~ 000 feet per second. Based on the above results and the fact that 

over the buried preglacial Missouri channel, first arrivals for distances 

in excess of 4, 000 feet (these were not available) were needed, the 

decision was made to discontinue any further seisrnic refraction work. 
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4. 43 Discussion of results 

The se:isrnic refraction surfaces, as plotted on 9lates 4 and 5, do 

not appear to bear any consistent relationship to the drift~bedrock con-

tact. The reason or reasons for this lack of correlation are open to 

conjecture. However it is suggested that contributing factors would 

probably include the heterogeneity of the drift and the low velocity con

trast between the drift and bedrock sediments. 

The use of more sophisticated interpreUition techniques, for 

most of which reversed profile data is required, may result in more 

meaningful predictions as to the depth of the drift~bedrock contact. 

However, in view of the high cost of operating conventional seismic 

crews, it is doubtful that the use of such crews for the sole purpose 

of mapping the drift-bedrock contact can be justified. It would appear 

that unreversed seismic refraction profiles, as obtained by conventional 

seismic crews in areas such as the Frobisher area, cannot be used with 

any degree of certainty for predicting the depth to the drift~bedrock con

tact. 

4. 44 Analysis of errors 

The 11 errors" in the seismic refraction results are essentially 

unknown, mainly because of the lack of reversed profiles. The paucity 

of reversed profiles does not allow an evaluation of the validity of the 

assumption of a horizontally layered earth. Thus apparent 11errors rr 

probably reflect a misapplication of a method which is dependent on the 

assumption of a horizontally layered earth. 



The computed velocities are subject to a personal bias on the 

part of the interpreter of approximately t 300 feet per second. This 

error reflects the npicking~~ of the first arrivals~ as well as determin~ 

ing the best straight line fit to a group of scattered points. 

4. 5 Drilling and sampling 

The prime purpose of the drilling and sampling programs was 

to evaluate the results of the geophysical studies. A secondary purpose 

\vas to delineate the buried preglacial Missouri River channel within 

the boundaries of the survey area. 

These aims were achieved with a total of twenty~five d~rill holes 

(Plate 1) involving 11,093 feet of drilling. This drilling was done with 

rotary hydraulic drills in the late sumrner s and autu,mns of 1964 and 

1965. Elevation control for the holes was established by a series of 

levelling and surveying~barometer circuits. 

4. 51 Chip samples 

Chip samples are the cuttings created by the advancement of 

the drilling bit. These cuttings were screened from the drilling mud 

as it left the drill hole; the samples being taken at 10 foot intervals, 

with allowance for the time it took for the chips to travel up the hole. 

The sample was washed to remove excess mud and placed in a pan. 

The chips representing the formation being drilled had then to be 

picked from the sample, because all samples are contaminated to some 

degree by material above the working level of the bit. Finally, the 
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chips were dried, in order to allow inspection_ of thern 3 ate r date, 

identified and ed in labelled cloth sacks. F'&.il tn the chips, 

before thern in sacks, results in an UEidentifiable mush. 

If the gr:;ologist works clos with t.t\f d 

obtaining poor s s is mini:rnized. Propr:;rl 

chip samples can provide a good lithologic 

consolidated sedirnents. Unfortuna 

detern1ining the physical properties of tht::; 

this :reason, sampling procedures, which 

were used in eleven drill holes. 

4. 52 Split~tube sarnple s 

A aplit -tube san1pler vvas u"s ed to f; 

cha s of 

d of drill holes in un-

r not too useful for 

:rnaterial. For 

't..:.ndistu:rbed samples 11
, 

s 1n six different 

drill holes. The samples were sligbtly les than 3 inches in diameter, 

and aried in length from a few inches to OX 1.0.1 :'::t t 2 l/2 feet. Till, 

clay, silt~ sand., and gravel were all succe sa:rnplc;d. Sampling 

of bedr"ock 1.~d ~h:aJ.es was not so though sorne .small 

samples 'Nere obtained. 

At the surface, the sampler \vas hect e:1nd opened. The sample 

v;ras removed and then cleaned of all drilli A sr:nall portion of 

the clean sample was cut off and ed irttu a. led. cloth bag. The 

remainder of the sample was placed 1r1 :rnaste:).,; ba.gs C::tnd. vvax~s in 

a piece of 3 inch diameter, plastic pipe. The top end of the sample 

was marked on the outside of the plastic pipt::·. 

The ~tube samples were obtained to c1v1de infor1.nation on 
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the physical properties of the various sediments. Even thrugh the 

samples are not wholly"undisturbed ", it is believed that the measure

ments would yield useful, practical results. 

4o 53 Core-barrel samples 

Attempts were made to sample the drift and bedrock sediments 

with a floating core-barrel. Because of the number of boulders present, 

the sampler was noticeably ineffective for obtaining till samples. It did 

prove successful in bedrock sands and shales. A combination of high 

drilling speed and low pumping rate gave almost 100 per cent recovery 

of bedrock cores. Samples 1 1/2 inches in diarnete rand up to 10 feet 

long were obtained. 

The core-barrel samples were washed and placed in mastex 

bags before being wax-sealed in clear plastic tubes, 2 inches india

meter. The top of the sample was marked on the plastic tube. 

4. 54 Side -wall sampler 

A recent innovation of the Physics Division of the Saskatchewan 

Research Council is capable of obtaining "undisturbed n samples from 

abandoned drill holes (Morrison, l966)G The sampler is a wire =line 

device capable of extracting samples~ 3/4 inch in diameter and approxi

mately 4 inches long, from the side of a drill hole. The tool is 

mounted on a specially modified truck, thus making it independent 

of the drill. 

The side-wall sampler was used in drill holes 64-l to 64-5 

inclusive to obtain samples of till, fine sand, silt 9 and bedrock sands, 



s.ilts, shales and coals. It is not a good tool for sa:rnpling gravel. The 

samples are superior to chip samples for identification pu.rposes, 

but for determining the physical properties of the sedirnents, they 

are inferior to split~tube and core~barrel , as they are not 

as 11 undisturbed'' as the larger samples. The side~vla11 sampler's 

greatest value is in its use as an aid in deline geological contacts. 



CHAPTER V 

LABORATORY RESULTS 

5. 1 Core resistivity 

The DC resistivities of the split-·tube and core~barrel samples 

were measured for two reasons: 

1. - the determination of the res 1 stlv of the different uncon-

solidated sediments in the survey area; 

2. ~ the investigation, under cont:rol1ed conditions, of the 

field observation that apparent resi ses with increasing 

current density. 

5. 11 Equipment 

The equipment, of which a schen1atic .tarn 1s presented in 

figure 5. 111, was built specifically to mea re i.stivities at currents 

of 10, 501 1 00~ zoo~ 400, 800 and 1' 000 mic 0::".211 For a 2. 9 inch 

diameter sample~ these currents give curre nsities between 5. 9 x lo-4 

and 5. 9 x 10=
2 

amperes/ square meter. e current densities are 

larger than the average current densities, beUNeen 3. 0 x 10= 4 amperes/ 

square meter for an !!a"=span of 25 feet and 3. ()X 0~ 7 a.r:nperes/square 

meter for an rlar!~span of 800 feet, that were ed in making the field 

measurements. The equipment consists of two primary ci::rcu_its, a 

cur rent 1measuring circuit and a potential measuring circuit. 

The equipment was designed with two special features: 

1. ~ all currents and voltages were recorded on continuous, 
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strip chart~ potentiometric recorder and also monitored 

and «-1 voltmeter; 

an ammeter 

a special circuit, for 'bucking 1 anv b occur~ 

I"ing between the potential electrodes, \:V'as thr~ .rneasur-

ing circuit. These features were included :mai to .rninimize the 

possibility that faulty equipment de sign might h e been re spocs ible 

for an apparent dependency of res 

description of the function of the more 

5. 111) of the equipment follows. 

on de A brief 

components (Figure 

In the current circuit 9 the current elt; trodes are copper plates, 

3 inchc~s in diameter and 1/16 inch in thickri s . :\ :r coil of No. 8, 

uninsulated 9 copper wire is soldered onto s de; of the electrodes 

which are wax sealed into a 3 inch diameter, plastic The current 

fjlectrodes make indirect contact with the 

latter being saturated with copper sulphate s 

functions as a rheostat.il is a ten turn, 20k""o! 

R 103 and R11 are cur rent calibration e s1 dl 

tage drop across which is measured on one 

e through sponges~ the 

on. Resister Rg, which 

Hesistors R92 

± J% accuracy), the vol-

n.cl of the t\vo~channel 

potentiometric recorder (Westronics 1v1odt::l IJ _,__:~ -1 / DV 6.P.:1). The 

amn1eter Ml (Bach-Simpson multi~ range~ l 0 

and 1 amp) provides a check on the recorder, 

In the potential circuit, the electrode are hollow· glass tubes, 

'Nhich are drawn to a contact diameter of approxunc<~e:l; l nnn. The 

tubes are filled with copper sulphate solution, copper leads 



from the contacts of switch S2 are immersed. Care was taken that air 

bubbles, the presence of which lead to high contact resistances, were 

not left at the base of the solution column. These non=polarizing elect

rodes were selected following a series of trial experiments which in

cluded potential electrodes of copper and platinum wire. Although all 

three types of electrodes gave similar results, the high contact impedance 

of the metallic electrodes, coupled with a filtering capacitor in the 

microvoltmeter ~ resulted in an RC network with a long time constant 

(this effect has been observed in field rneasurernents whenever the con-

tact resistance of the potential electrodes is very high). The non

polarizing electrodes, with their low contact resistance, eliminated the 

time~constant effect of slowly decaying potentials after the current was 

shut off. 

The signal from the potential electrodes was led through coaxial 

cables to the input of the DC amplifier which was the amplifier portion 

of a Keithley Model 151 voltmeter. In order to reduce the output of the 

DC amplifier to the 0 to 10 mv range of the recorder, a Westronics 

Model 151 voltage divider was placed between the DC amplifier and 

the second channel of the two channel recorder. The input to the DC 

amplifier was monitored on the meter in the microvoltmeter. This 

provided a check of the results displayed on the record3r. 

5. 12 Method 

The method developed for measuring the core resistivities mini

mized the exposure of the sample to the drying effects of the atmosphere. 
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The wax~ sealed tube was opened and the s ernovcd, care being 

taken to mark the top of the sample. The sample Vv trimmed at 

positions for the potential electrodes were marked. TlH-:: sample was 

placed in the current electrode holders; care beicg tEtken to ensure that 

excess copper sulphate solution was not squeezed from the sponges and 

allowed to lie in the holder at the bottom of tlc_e , thereby pro-

viding a current path other than through the s Potential elect-

rodes were placed between 1/8 and l/4 inch into tb~e sarnple at the 

premarked sites. 

Resistivity measurements were made with cu.:rrcnt travelling in 

a forward, from the bottom to the top of the s , and then in a 

reversed direction. The current leads and the potential leads were 

reversed for the reverse readings. The forward me:asu:rements were 

made by increasing the current step~,Nise fro:r:n 0 to 1000 microamps 

(approximately 5. 9 x 1Q~4 to 5. 9 x 10~2 c square meter). 

The reverse measurements were made by decreas the current step-

wise from 1000 to 10 microamps. 

For most samples, data for several. d:if±ere:nt potential electrode 

separations was obtained, with measurements be made with potential 

electrode separations of 5, 10, and 20 em. \Vhe possible, electrode 

separations of 30 and 40 em were also used. Following the completion of 

the resistivity measurements, the sample was rernoved from tre current 

electrode holders and its length and diameter measured. 



5. 13 Results 

The average DC resistivitiesp as determined by averaging all 

measurements made at different potential electrode separations for each 

of the samples obtained in drill holes 65-2 and 65~3, are presented 1n 

figures 5. 131 and 5. 132. The average DC resistivities of the till samples 

in holes 65-2 and 65-3 are 7. 5 and 60 0 ohm~meters respectively. In 

drill hole 65-2, the till above the supsurface oxidized zone has a 

higher aver age resistivity 7. 9 ohm -meters, than the till below it, 6. 5 

ohm-meters. This is the reverse of the situation in drill hole 65-3, 

where the resistivity is 5. 7 ohm-meters above and 6. 6 ohm-meters 

below the oxidized zone. In both drill holes, the DC resistivities of the 

bedrock shales, 7. 9 ohm-meters, and sands, 7. 1 ohm-meters, are not 

significantly different from those of the overlying tills. Based on only two 

other measurements~ the DC resistivity of the drift sands, 11.6 ohm

meters may be one and one-half to two times that of the till. A summary 

of the DC resistivities of the till samples from drill holes 65-2 and 65-3 

is presented in table 5. 131. 

With reference to table 5. 131, the core resistivities for a poten-

tial electrode separation of 5 ern are noticeably different from those ob

tained with potential electrode separations of 10 em to 20 em. Also, 

core DC resistivity appears to decrease with increasing current density. 

The apparent effect is most obvious for the two groups of data in table 

5. 131, which contain the largest number of samples. 
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TA.BLE 5. 131 

Variation of till resistivity with current 

Drill hole 6 5-2 65-3 
Potential 
electrode 
separation (em) 5 10 20 5 10 20 

Average DC resistivity (ohrn-m) 

Current 
(Milliamps) 

10 8.2 7.7 7. 7 5. 1 6. 1 6.3 

50 8.0 7. 7 7.5 5.2 6, 1 6.0 

100 8.2 7.5 7.5 5.2 6.0 6.3 

200 8.2 7.5 7.5 5.0 6.0 6.2 

400 8. 1 7.4 7.2 5. 1 6.0 5.8 

800 8.0 7 . 1 7.3 5. 1 5. 7 6.0 

1000 8. 1 7.2 7.3 5. 1 5. 7 6.0 

Number of samples 
for which average 
is obtained 8 12 7 4 14 7 

5. 14 Discussion 

The average resistivity~ approximately 7 ohm~meters, of the 

cores is lower than the average apparent resistivity, of the order of 

12 ohm-meters, measured in the field. This is not surprising when it 

is realized that the laboratory measurements could not be made on the 

highly resistive materials such as gravels and clean (clay and silt free)sands. 

It is interesting to note that the resistivities of the two clay (particle size 



-rich sand samples in drill hole 65-2 were of the order of 12 ohm-meters. 

Thus the laboratory measurements do not present a representative aver

age, because the resistivities of non-cohesive samples are not included 

in the average resistivity value of 7 ohm -meters. 

The variability of till resistivities between drill holes, as well 

as within one hole, is reflected in the field results. This fact of lateral 

and vertical resistivity variation within one sediment emphasizes the 

danger in assuming an electrically layered model in the survey area. 

These laboratory results demonstrate the very real necessity of examin

ing all field resistivity curves in terms of the geological model, rather 

than in terms of an electrical model consisting of either electrically 

uniform !ayers or electrically uniform prisms. 

The variation in till resistivity, from 3 ohm -meters, and less, 

to 12 ohm-meters, and more, indicates the problem involved in com

piling equiresistivity maps for the purposes of outlining gravel deposits. 

Anomalously high resistivity zones, which are often associated with 

porous3 fresh water bearing deposits such as gravel, can also be 

associated with resistivity changes within a till. The anomalously high 

resistivities within a till may be explained by the presence of a large 

number of small 9 isolated, sand=and~gravel~rich pockets, which 

collectively appear as a highly resistive zone. 

The similarity in resistivity between bedrock and overlying sedi

ments9 as indicated by the single point resistivity electro log curves, 

is supported by the laboratory measurements. However, the paucity 
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of bedrock sample measurements may be providing a false value for 

the average bedrock resistivity. 

There appears to be a distinct variation of resistivity with 

current density. In particular, the resistivity decreases with increas

ing current density. This is opposite to the increase in resistivity with 

increasing current density indicated by the field results. The apparent 

discrepancy may be explained by the fact that the laboratory measure

ments were made at much higher current densities, 5. 9 x 10-4 to 

5. 9 x lo-Z amperes per square meter~ than were the field measurements, 

3. 0 x lo- 7 to 3. 0 x lo-4 amperes per square meter. This might be 

explained by assuming the existence of a certain critical current density, 

below which the rate of flow of ions is impeded by the presence of the 

double layer effect, and above which the ads orbed and associated ions 

become mobile. However more work must be done before this can 

become an acceptable hypothesis. 

It is worth mentioning that similar effects, which are observed 

when ionic and metallic conductors are in contact, are explained in 

terms of potential gradients rather than current density. The choice 

between potential gradient and current density may be a matter of pre-

ference. However, until more experimental evidence becomes available, 

the author prefers the use of the term current density because of the 

association of resistivity with "ease of flow" as opposed to the surmount

ing of a 11potential barrier" (overvoltage effect, Keller and Frischknecht, 

p. 438-446). This latter concept is associated with current flow through 

a maze of ionic and metallic conductors held in a none onducting medium. 
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5. 15 Analysis of errors 

The maximum experimental error in the resistivity values at 10 

mic roamps of current due to measuring the core diameter (-!:: 3 mm), the 

distances between the potential electrodes (t 1 mm) and reading the poten

tial difference and current values ( -
1

- of the total chart width) is app-
200 

roximately!: 5 per cent. This decreases to less than 1 per cent at 1 milli-

amp. The accuracy of the recorder is Oo 25 per cent of span or-!: 5 micro-

volts~ whichever is greater. The calibration resistors for measuring 

the current are all accurate to within""!: 0. 9 per cent. This calibration 

was checked before and after the experiment. 

It can be shown that the standard error of the means presented 

in table 5.131 is of the order of "tO. 2 ohm~rneters (Quenoville, 1959). 

In particular, for the 10 em separation of drill hole 65-3, the standard 

error is ~0. 23 ohm-meters. A test for trends (Crow, et al. 1960) 

indicates that, for the two sets of data (Table 5. 131 ), with a potential 

electrode separation of 10 em~ a trend exists at the 1 per cent significance 

level. A trend in this instance means a change in resistivity with current 

density. 

5. 2 Core d~nsity 

Densities of the core-barrel and split~tube sarnples were mea-

sured in order to determine the density variations within, and the 

differences among~ the various sediments occurring in the survey 

area and to investigate the cause for the lack of residual gravity anoma-

lies associated with the preglacial buried Missouri River channel. 



5. 21 Equipment and method 

The densities of the samples were determined innnediately after 

the resistivity measurements had been completed. Following the removal 

of the copper-sulphate saturated ends, the s \Veighed, to the 

nearest gram, on a beam balance. The \/Olurne of the sample was then 

determined by placing it in a 2 litre flask containing either 1 I 2 or 1 litre 

of water, depending on the amount of the sarnJ:Jle. After its volume had been 

determined, the sample was sealed in a rrlaStf;x_ bag. 
( 

5 . 2 2 R e s ult s 

Density measurements for samples fron1 drill holes 65~2 and 65-3 

are presented graphically in figures 5. 131 and 5.132 respectively. The 

average densities for the different rock types ar given in table 5. 221. 

TABLE 5. 221 

Sample Densities (g:ms/ cc) 

Rock Type No. of Samples 1\1in ~,;1ax Avg 

Bedrock shale 4 2.21 2.22 2.22 

Bedrock sand 4 2.04 2. 10 2.07 

Drift sand 2 2.04 2.08 2.06 

Silty clay 1 2.03 

Till 52 2.09 2.29 2. 18 

The values in table 5. 221 also include measu:rernents on samples not 

obtained in drill holes 65-2 and 65-3. 



5. 23 Discussion of results 

The laboratory results indicate that the bed o~.::k sand has approxi

mately the same density (2. 1 gms per cc) as the drift sands and silty 

clays. The bedrock shales have approximately thf Sd .. rne density (2. 2 

gms per cc) as the till. The similarity in densit between preglacial (?) 

silt, drift, silty clay and sand, and Ravenscr:~1g and, plus the fact that 

the buried channel is 2/3 or more filled with 1ovv density material (Plates 

2, 3, and 5), explain the lack of definitive pos 

anomalies associated with either the buried 

or negative, residual 

ial Missouri channel 

or the terrace (?) deposit. If the channel was completely filled by till, 

there should be a slightly positive anomaly. If it were completely filled 

with silt, sand and gravel, there should be either no anomaly or a 

slightly negative anomaly. 

In the above discussion, it is assumed that the bedrock material 

is mainly sand rather than the denser shale. This assumption is based 

on the knowledge, from the drill hole data, that sand is the rnajor bed-

rock component in the survey area. Wherever it was encountered in 

the drill holes, shale accounted for less than 20 per cent of the bedrock 

material. 

Based on the laboratory density values, ar1d using the Bouguer 

correction formula (Hall and Hajnal, 1962 ), the xnaximum, positive, 

total-field anomaly that would be associated with the buried channel, 

providing it is 350 feet deep and filled with till, is approximately 0. 5 

mgals. It appears that the positive residual ano:rnalies, as reported by 
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Robinson (1963) associated with the preglacial Missouri channel, must be 

associated with increased thicknesses of till. For a thickness of 100 

feet of till {approximately the average amount of till in the channel in the 

Frobisher area}, the maximum, positive, total-field anomaly is approxi

mately 0. 1 mgals. Table 5. 221 indicates that variations in the density 

of the till are sufficient to create anomalies similar in magnitude to 

the above values. These anomalies probably would not be as persistent 

as those associated with buried channel So 

5. 24 Analysis of errors 

It is possible that the samples expanded following extraction from 

the sampling toolso However, since the wax seals on the plastic pipes 

were not broken, and the samples were readily extractable from the 

plastic pipe, it is doubtful if any significant amount of expansion took 

place. Any expansion would result in the above densities being lower 

than the actual values. 

The average weight of the samples was 1, 668 grams, with a 

maximum of 2~ 557 grams and a minimum of 626 grams. Eight samples 

weighed less than 1, 000 grams and 17 samples weighed in excess of 

2, 000 grams. Thus the percentage error in the weighing of the samples 

to the nearest gram would be less than 0. 2 per cent for even the 

smallest sample. 

The average volume of the samples was 764 cc with a maximum 

of 1185 cc and a minimum of 295 cc. Seven samples had a volume less 

than 500 cc and seven samples had a volume in excess of 1000 cc. Hence 
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the percentage error in measuring the volume of the samples to the nearest 

10 cc (there were lines every 20 cc on the 2 litre graduated column) would 

be 2. 7 per cent for the smallest sample. Thus the maximum measure-

ment error in the density determinations is approximat 3 per cent. 

5. 3 Logging of samples 

All samples were inspected in the laboratory in order to confirm 

or modify conclu~ions based on the initial core descriptions (logs) that 

were made in the field. 

5. 31 Equipment and method 

All samples, including those for which resistivity and density 

values had been determined, were dried before they were studied. Each 

sample was tested, with dilute hydrochloric acid, for carbonate content. 

Its state of oxidation was determined by identifying its colour with the 

aid of Munsell Soil Colour charts. Chip samples 'Alere placed in 

labelled, plastic vials and stored in specially~constructed, wooden 

boxes. Split-tube, core~barrel, and side wall amples were placed in 

plastic bags inside labelled cloth bags. 

The above inforrnation, together with any physical descriptions, 

depths below surface, and rock names was recorded and placed in a 

folder labelled for the appropriate drill-hole. Each folder also 

contains, if available, a copy of the electro log, the driller's log, 

and the geologist's field core description. A list of all the various 

samples is also included. 
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5.32 Results 

All of the till samples are calcareous. Based on the intensity of 

reaction to the addition of dilute HCl, some samples are much more cal

careous than others. Drift silt and sand were distinguished from pre

glacial silt and sand, on the basis that the former are moderately to 

very calcareous and the latter are slightly calcareous. 

The average dry colour of the unoxidized till is olive gray 

(5 Y6/ 1) to light gray (5 Y7 /1 }, and pale yellow (5 Y8/ 4} when it is oxidized. 

The till samples from the drill holes south of 65-4 (Plate 5) are darker 

(gray, 5Y5/ 1) than the till samples from elsewhere in the survey area. 

All numerical colour values are from Munsell soil colour charts. 

Bedrock sands are whiter than the dirty-gray, drift sands. 

5. 33 Discussion and analysis of errors 

Logging errors can be caused by either misidentification or 

poor sampling techniques. Both types of errors can be reduced if one 

or more of the following are available: driller's log, on-site geologist's 

log, electro logs, and side wall or other types of "undisturbed samples". 

Only chip samples, on-site geologist's logs and poor quality 

electro logs are available for drill holes 64-6, -·7, -8 (Plate 2), and 

64-9 (Plate 3). However, in nearby drill holes (64-5, Plate 2 and 64-4, 

Plate 3 ), the stratigraphic section was established with the aid of side 

wall samples. This information provided data regarding rock types 

and their approximate depth of occurrence. Accordingly, the geological 

contacts in drill holes 64-6, -7, and -9 are thought to be accurate to 
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within 10 feet. In the other holes, where good control exists, geological 

contacts in the drill hole are probably accurate to within less than 5 feet. 

The dilute HCl test (Christiansen, 1965) appears to be a useful 

means of distinguishing between bedrock and drift sediments in the Fro

bisher area. Care must be exercised when the test is applied in areas 

where calcareous sandstone concretions occur in the bedrock. Also, 

some of the drift silt samples from drill holes 65-6 and 65-7 (Plate 5) 

were only slightly calcareous. 

Initially, the most difficult logging problem was determining 

the state of oxidation. However, the recognition of a slightly brownish

gray, indigenous colour of till samples from hole 65~8 (Plate 5) and holes 

south of it, simplified the rroxidation problem!i and the associated errors 

in identifying oxidized samples. As a result, providing colour is a valid 

criterion for determining the state of oxidation, there is probably very 

little error in the designation of an oxidation zone. However, in drill 

holes for which only chip samples are available, there is a distinct pas si

bility that existing oxidized zones have not been detected. 

In view of the various sampling procedures, as outlined 1n sec

tion 4. 5, it is thought that errors caused by poor sampling techniques 

are minimal. 

5. 4 Mechanical analysis 

Following the completion of resistivity and density tests and 

identification, the split-tube and core-barrel samples were subjected 

to grain size analysis. The purpose of the analyses was to determine 
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any relationship that might exist between a sample's resistivity and 

density values, and its textural properties, and to investigate the possi

bility of establishing a textural classification for the tills occurring in 

the survey area. 

5. 41 Method and results 

The samples were analyzed for grain size by members of the 

staff of the Saskatchewan Department of Highways, Soils Testing Labora

tory. The grain size distribution of between 400 and 600 grams of each 

sample was determined. The disaggregated sample was passed through 

a nest of 9 sieves, the smallest openings being 50 microns. The sample 

particles less than 50 microns in diameter were subjected to a hydro

meter analysis for the purpose of determining the percentage of clay 

size {2 microns and less) particles in the sample. 

The results of the grain size analyses were reported in the 

form of graphical plots of comulative weight percentage versus grain 

size. The percentage of clay and silt, sand) and gravel for samples 

taken from holes 65~2 and 65-3 are presented graphically in figures 

5. 421 and 5. 422 respectively. Textural diagrams displaying the per-

centages of clay, silt, and sand in the nsand~size and less 11 fraction 

of the same samples are presented in figures 5. 423 and 5. 424 respec

tively. 

5. 42 Discussion 

The data presented in figures 5.421 and 5.422 are not completely 

representative of the true sediment in the case of tills and gravels. 
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This is the result of the fact that all boulders larger than 3 inches cannot 

be accommodated by the split~tube sampler~ However, based on field 

observations, it is assumed that a small, but unknown, portion of the 

till and gravel deposits is composed of boulders greater than 3 inches in 

diameter. Therefore it is believed that the data is reasonably representa-

tive. 

It appears that tills above and below subsurface, oxidized zones 

cannot be separated on a textural basis.. This is not too surprising when 

it is considered that the source for most of the till materials is several 

hundred miles to the north of the survey area. Also, a sec and till sheet 

laid on top of one previously deposited, will have -part of the lower till 

incorporated within it. 

Except for very local variations due to the presence ci sand and 

silt pockets, the textural qualities of the till samples from the two drill 

holes, which are 8 1/2 miles apart, are not significantly different. Again, 

this is not too surprising when one considers the common source areas, 

plus the fact that there is not a significant change in the bedrock con

figuration between the drill holes. The latter fact is considered from 

the point of view that sharp bedrock highs would tend to be smoothed by 

the flowing ice~ thus incorporating bedrock mate rial into the till and 

possibly modifying its texture and composition, at least locally. Oxi

dized till does not appear to be texturally different from unoxidized till. 

This may be a reflection of insufficient sampling of the oxidized zone, 

resulting in non~ representative results. 



=108-

There is not a particularly close correlation, for samples from 

drill hole 65-2, between core resistivity (Figure 5. 13.1) and texh1ral 

variations in the till samples (Figures 5. 421). This rnay be due to the 

fact that only a part of each sample, for which the resistivity was mea

sured, was disintegrated for mechanical analyses. Also, with most till 

samples having a clay and silt content of between 55 and 65 per cent, a 

change of the sand fraction by 10 percentage points n1ay not be sufficient 

to cause any resistivity changes within the experirnental error limits of 

measurement. This latter point is apparently refuted by the results for 

the 306 foot sample in figures 5. 131 and 5. 421. In this instance, a very 

sandy till has a resistivity similar to clay~and silt=rich, till samples. 

However, this may be an instance where an unrepresentative portion of 

the whole sample was used for mechanical analyses. There is a good 

correlation between high resistivity values and the two sand samples in 

drill hole 65=2. In drill hole 65-3, (Figures 5.132 and 5. 422) there 

appears to be a relationship between the re si ti values and the sand 

content of the tills. This may reflect the possibility that the mechanical 

analyses samples were more representative of tl:te entire core than were 

some of the samples used for analyzing the co trom drill hole 65 =2. 

It appears as if there might be a correlation between the percentage of 

sand size and greater particles and the DC resistivities of till samples. 

In particular, an increase in sand content is reflected by an increase in 

DC resistivity. However, much more experin1ental ;,vor k n1.ust be carried 

out before this relationship can be established. 
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The relationship between the density and 11 sand -size and larger" 

particles of the split core samples appears to be inverse to the resistivity

grain size relationship, as there seems to be a decrease in density with 

an increase in sand and gravel. However mucb rno re experimental data 

should be obtained before this relationship can be accepted. 

Figures 5. 423 and 5. 424 indicate that it is not possible to separate 

tills, above and below subsurface oxidized zones 1 on a textural basis. 

Nor does it appear possible to use textural analyses to extend a till 

laterally. This may be a result of poor sampling. However, it is more 

likely a reflection of lateral textural changes within a given till. The tex

tural results indicate that probably the main problem in determining the 

"average" or "representative", grain-size distribution of a till is deter

mining the optimum sample size. 

5. 43 Analysis of errors 

In the pre sent study, extreme accuracy is of questionable value 

because the samples are, at best, an approxirnate representation of the 

parent material. This is emphasized by the tact that b.vo samples of till, 

1 foot apart and outwardly of the same appearance, can have as many as 

fifteen percentile points variation in any one size. 

Based on the total sample weights beio re and after sieving, duplica

tion of hydrometer analyses of "mechanically split" samples, and inspec

tion of sand size particles for adherence of finer grained particles, it 

is not unreasonable to assume that the performed analyses are accurate 

to within 10 per cent of the "correct" results. 
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5. 5 Feb ble campo sition 

A simplified, pebble composition analysis of the gravels and 

tills sampled with a split-tube sampler in holes 65-2 and 65-3 was com

pleted. The purposes of these analyses were to explain Robinson's con

clusion that the positive residual gravity anomalies associated with the 

buried Missouri River channel were correlative with thick gravel deposits 

and also to determine if isolated gravel pockets in the drift have the same 

composition as that of the preglacial gravels. A pebble composition analy

sis of part of the greater than sand size fraction of the mechanically 

analyzed till samples was also completed. Its purpose was to investigate 

the possibility of using the results to distinguish between different tills 

in the survey area. 

Finally, a pebble composition analysis of gravels washed to the 

surface by drilling mud was completed. The purpose of this analysis was 

to test the possibility of identifying two, compositionally different gravels 

even though one might be contaminated with the other. 

5. 51 Method 

The five petrologic categories of the composition analysis were: 

igneous or metamorphic, chert (including other varieties of quartz), car

bonates, shale, and miscellaneous. Metallics and coal were included in 

this last category. The analysis consisted of counting the pebbles in 

each category for any given sample and expressing the result as a per

centage of the entire number of pebbles counted. The analysis was 

completed on 2 sizes (8. 0 mm and 4. 0 mm) for the till samples and 3 
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sizes (12. 7 mm 9 9. 5 mm, and 4. 8 mm) for the gravel samples. The pur

pose of the different screen sizes was to determine to what extent, if any, 

the composition analyses were influenced by particle size. 

5. 52 Results 

The compositional analyses of samples from drill holes 65-2 and 

65-3 are presented in graphical form in figures 5. 521 and 5. 522 respec

tively. Tables 5. 521 and 5. 522 display the variation of gravel composi

tion with grain size. The samples from holes 65-2 and 65-3 were obtained 

at the base of the casing and are for practical purposes uncontaminated. 

They have been used as references to which other samples have been 

compared. 

The reference samples represent three, distinct, gravel types: 

1.) Drift gravels - characterized by a content of greater than 80 

per cent of igneous, metamorphic and carbonate pebbles. 

2.) Shale gravels - containing more than 90 per cent shale 

pebbles. 

3.) Preglacial gravels - comprised of mare than 70 per cent 

chert pebbles. 

The samples from holes 65=10 and 65-11 (Tables 5. 522) were 

screened from the drilling mud. Although not as definitive as those 

samples from the control holes, the results do indicate, on a campo si

tional basis, the presence of the same 3 distinctive types of gravel. 

The pebbles in the drift gravels are angular to subangular and of 

low sphericity, those in the shale and preglacial gravels are well rounded, 
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TABLE 5.521 

Variation of gravel composition of control samples with pebble size 

Hole Sieve Percent of total Total 

no. 
Depth 

size _ Igneous & pebbles 
Metamorphics Chert Carbonates Shale Miscellaneous counted 

295' 
12.'lnm 33- 0 34 33 0 6 

9.5mm 30 0 20 40 lO 10 
65-2 to 

4.8mm 34 9 23 33 i 219 
296' 

overage 34 8 23 33 2 235 
-

-316.51 
12.7mm 50 0 0 50 0 2 

9.5mm 0 0 0 70 30 7 
'65-2 to 

318.5' 
4.8mm 0 0 0 98 2 174 

overage I 0 0 96 3 185 

357.51 
121mm 23 73 4 0 0 24 

9.5mm 18 75 0 3 4 61 
65-2 to 

358.251 
4.8mm 14 78 I 7 0 228 

average 15 78 I 6 0 313 

359' 
121mm 5 91 4 0 0 43 

9.5mm 10 88 2 0 0 102 
65-2 to 

360' 
4.8mm 6 92 I I 0 311 

average 7 91 I I 0 456 

360' 
12.7mm 9 82 9 0 0 II 

65-2 
9.5mm 7 93 0 0 0 177 

to 

360.5' 
4.8mm 6 93 I 0 0 309 

average 6 93 I 0 0 497 

363' 
12.7mm 20 76 4 0 0 45 

9.5mm 16 81 3 0 0 58 
65-2 to 

363.5' 
4.8mm 13 83 3 ' 0 429 

average 14 82 3 I 0 5.32 
-

364' 
12.7mm 14 65 21 0 0 29 

65-2 to 
9.5mm 10 69 13 8 0 48 

364.5' 
4.8mm 16 78 4 2 0 205 

averag~ 15. 75 7 3 0 282 

190' 
121mm 41 9 50 0 0 29 

9.5mm 31 2 67 0 0 106 
65-3 to 

191' 
4.8mm 34 8 57 t 0 353 

average 33 7 59 I 0 488 
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TABLE 5.522 

Variation of grovel composition of wash samples with pebble size 

Hole Sieve Percent of total Total 
Depth 

size Igneous & pebbles 
no. 

Metamorphics Chert Carbonates Shale Miscellaneous counted 

.331' 
12.7mm 31 31 . 36 2 0 45 

9.5mm 37 19 43 I 0 172 
65-10 to 

339' 
4.8mm 33 18 46 3 0 226 

average 34 20 44 2 0 443 

460' 
12.7mm 33 33 34 0 0 3 

65-10 
9.5mm 22 26 52 0 0 23 

to 

461' 
4.8mm 21 59 18 2 0 254 

overage 21 56 21 2 0 280 

31' 
12.7mm 33 0 67 0 0 9 

9.5mm 51 4 45 0 0 45 
65-11 to 

35' 
4.8mm 48 4 48 0 0 289 

average 48 4 48 0 0 343 

12.7mm 37 46 
270' 

3 7 7 30 

9.5mm 21 54 17 5 3 123 
65-11 to 

271' 
4.8mm 16 61 18 5 0 272 

average 19 60 16 4 I 425 

290' 
12.7mm 20 70 10 0 0 10 

9.5mm 7 78 13 2 0 40 
65-11 to 

291' 
4.8mm 10 80 9 I 0 330 

overage 10 80 9 I 0 380 

300' 
12.7mm 12 76 12 0 0 8 

9.5mm 5 81 7 7 0 41 
65-11 to 

301' 
4.8mm II 84 4 I 0 327 

averoge: II 83 5 I 0 ... 376 
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but of low sphericity. Whereas the drift and shale gravels are light 

coloured, the preglacial gravels have a distinctive brown colour. 

5. 53 Discussion of results 

The fact that chert, acid igneous, carbonate and shale rocks are 

present in the buried preglacial Missouri River channel indicates that the 

channel deposits are not the cause of reported gravity highs (Robinson, 1963). 

Gravels of this nature are represented by the low end of Jakosky 's (1961, 

p. 266) density range of 1. 7 to 2. 4 gms per cc for water saturated gravels 

varying in porosity between 20. 2 and 3 7. 7 per cent. Higher density gra

vels have basic and ultrabasic rocks as parent mate rial. This evidence 

therefore reinforces the previous conclusion that increasing thickness of 

till, rather than gravel, is the probable explanation for the reported 

gravity highs. 

The composition analyses also indicate that gravel deposits might 

be used for correlation purposes in the Frobisher area. The main useful

ness is separating drift mate rial from preglacial (technically bedrock) 

gravels. This result has been used to correlate gravel samples from the 

different drill holes (Plates 2, 3, 4, 5 and 6). 

The assumption that the gravel composed mainly of chert is pre

glacial is probably open to question. However, the fact of the pebbles 

being very well rounded suggests that they are river and stream deposits 

which have been transported long distances. Furthermore, the low carbon

ate and igneous pebble content of the gravels (less than 15 per cent) suggests 

that they are of a different provenance than the low chert content, drift 
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gravels. It is interesting to note that no drift gravels are found, in the 

channel deposits 9 below any chert rich (preglacial) gravels. The drift 

gravels (which include the shale rich gravels) can be readily distinguished, 

by their light colour, from the darker coloured preglacial gravels. This 

is the result of the compositional differences between the gravels. 

Figures 5. 521 and 5. 522 indicate, for the size of samples used, 

that a compositional analysis of the "greater than sand-size" fraction of 

till samples cannot be used for correlating tills. This suggests that the 

tills are of similar provenance, except for local variations caused by 

the type of material on which the till is deposited. 

The results presented in table 5. 521 indicate that for the screen 

sizes tested 9 the gravel compositions are independent of pebble size. 

Also all sample composition, in almost all instances, will not vary more 

than ten percentage points. Based on this data, it would appear that the 

results presented in figures 5. 521 and 5. 522 are probably a good indica

tion of the composition of the gravel size portions of the till samples. 

Table 5. 522 presents composition analyses for gravel samples 

washed up uncased drill holes by the drilling fluid. These results indicate 

that, providing good drilling procedures are practiced, the composition of 

gravel deposits can be determined with some degree of confidence. This 

has been done in separating and correlating the various gravel deposits 

presented in plates 2, 3, 4, 5, and 6. 
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5. 54 Analyses of errors 

It is estimated that the number of pebbles of any one rock type 

in a given sample is accurate to within 2 per cent of the total for that 

rock type. This estimation is based on three repeat analysis of samples 

containing two hundred and thirty -eight, three hundred and eighty, and 

four hundred and eighty pebbles. 
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CHAPTER VI 

INTEGRATED INTERPRETATION 

6. 1 Cross sections 

The geological cross sections presented in plates 2, 3, 4, and 5, 

are an interpretation of data obtained from drill hole samples, driller~s 

reports, geologist's core descriptions, and electro-logs. These are 

alternative interpretations but because of the paucity of data it is not 

possible to choose definitely, the correct one. The drill holes, the 

primary source of the above mentioned data, were not located to opti

mize the gain of stratigraphical information but rather to test the 

results of various geophysical surveys; surface resistivity in particu

lar. 

In general, there are three main critera used for subsurface 

correlation of glacially derived sediments. These are age dates, 

oxidized zones,and sand and gravel deposits. Age dating is based on 

either the identification of fossils such as shells, pollen, and vertebrate 

remains or radiocarbon analysis of material such as wood. Unfortun

ately, material suitable for age dating was not found in the survey area. 

6.11 Oxidized zones 

Oxidized zones are assumed to represent periods of subaerial 

weathering. Oxidation is thought to take place between the surface 

and the groundwater table. The most widely accepted criterion for 

the state of oxidation is colour. In the mid-latitudes, shades of brown 
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and yellow are usually associated with oxidation zones. 

In the Frobisher area two oxidation zones have been recognized; 

one at the surface and a second at 150 feet or more below the surface. 

both have been confirmed with chip, side wall and split-tube samples. 

They vary in thickness from about 8 feet to 150 feet. The surface 

zone averages approximately 40 feet and the subsurface zone aver

ages about 15 feet in thickness. 

The surface oxidation zone is continuous and approximately 

uniform in thickness, except in drill hole 65-7 (Plate 5), where it 

is about 150 feet thick. It is assumed that this increased thickness 

of the oxidation zone is associated with a depressed water table. 

This is a consequence of the Souris River valley, the northern edge 

of which is located about 800 feet to the south of drill hole 65-7. 

The base of this valley is approximately 200 feet below the surface 

elevation of the drill hole. 

The subsurface oxidized zone was not located in every drill 

hole. This could be the result of removal by erosion, non-development 

due to special circumstances, such as free water or ice on the land 

surface, or as a result of poor sampling techniques. If the buried 

oxidized zone represents a former weathering surface, then it would 

appear that there are at least two tills in the area. However, with 

the available data, it is not possible to determine whether or not 

the tills represent two different stages (major advances of ice) or 

substages of a single stage. 
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The cor relation of the oxidation zone between drill holes may 

be erroneous~ even though only one subsurface oxidation zone was 

intersected in the drill hole sQ It is possible that the subsurface 

oxidized zone is actually composed of remnants of two or more for

mer wyathering surfaces. Furthermore, if a concept of multiple 

tills without weathered surfaces is accepted, the oxidation zone, 

as outlined in plates 2, 4, and 5, may be a weathered, erosional sur

face which transects several tills. If either of the above suggestions 

is true, then the concept of two tills, as indicated by the oxidized 

zones, is incorrect. 

6. 12 Sand and gravel deposits 

In the Frobisher area, there are several widespread, but 

discontinuous, sand and gravel deposits. These deposits have 

been designated as either drift or preglacial deposits on the basis 

of pebble composition (Tables 5. 521 and 5. 522). 

Sand and gravel deposits of large areal extent are often 

assumed to represent periods of glacial retreat. In plates 3, 4, 

and 5, a drift-gravel deposit appears to separate two tills. In 

plate 2, it may be represented by all or part of the sand and gravel 

rich till. Within the buried preglacial Missouri channel, there is a 

second, discontinuous, gravel deposit below the lowest till (Plates 

2, 3, and 5 ). 

Thin drift -gravel deposits were inter sec ted in several of 

the drill holes. These are assumed to be isolated deposits and hence 
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no attempt has been made to interpolate between drill holes. The 

drift-gravel encountered in drill hole 65-6 (Plate 5) is thought to be 

in an 1ce margin drainage channel, because it is in a bedrock depres-

sian. 

The preglacial (? }, sands and gravels are confined to the 

preglacial buried Missouri River channel and a dE~pression located 

some 12 miles north of Frobisher (Plates 2, 3, 4, and 5). The gravels 

and sandy silt suggest meandering rivers flowed within the channel 

and the depression. There is insufficient drilling control to map 

the gravel and silt deposits other than as gross units. 

6. 2 Ravenscrag topography 

Figures 6. 21 and 6. 22 are two examples of attempts to con

tour the surface of the Ravenscrag Formation. In figure 6. 21, only 

the data from stratigraphic drill holes has been used as a basis of 

contouring. In figure 6. 22, the same basic data has been contoured 

so as to agree in configuration, where possible, with the preglacial 

bedrock topography map presented by Meneley ~ aJ~. (1957). Both 

figures indicate a northwest-:-southeast trending, bedrock depression 

and a secondary 9 roughly east -west trending~ depression north of 

the major depression. 

With the limited data at hand, it is very difficult to determine 

which of the two figures is closer to the truth. The problem with 

figure 6. 22 is that neither of the two additional depressions is sub

stantiated with trustworthy drill hole information. Most of this 
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doubt could be dispelled with a drill hole in the southwest corner of 

Township 5, Range 4 and a second drill hole, 1 1/2 miles west of 

Hirsch. 

6. 3 Geophysical model 

From a geological viewpoint, the usefulness of geophysical 

survey results can be judged only by the additional information that 

they provide which could not be obtained with more conventional geo

logical methods. In the Frobisher area, the gross electrical model 

can be used to indicate where gravel deposits occur, providing the 

deposits are of the requisite thickness and resistivity in .relation 

to their depth of burial. The electro-logs were used to locate 

accurately most of the geological contacts, with the notable excep

tion of the oxidized zones. A combination of electro-logs and 

driller 1s logs were used to delineate the sand and gravel rich tills 

outlined in Plates 2 and 5. 

However, throughout most of the Frobisher area, the sub

surface rocks are lacking in physical contrasts. It is possible 

that the apparent lack of contrast may be a function of the method 

by which the raw field data was obtained or the techniques by which 

the data was interpreted. 

The interpreted surface geophysical results added very 

little to the information contained in the cross sections. The results 

could not be used to delineate the bedrock surface, the individual 
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sand and gravel deposits or the oxidized zones. For these reasons, 

the geophysical model is of minimal use for outlining the model in the 

detail required for geological interpretation. 

6. 4 Geological model 

Based on drilling evidence, the geological model in the 

Frobisher area seems to be a mature bedrock surface, beneath 

200 to 450 feet of glacial drift. The bedrock surface may be modi

fied locally by glacial drainage channels (Figure 6. 22). 

The preglacial Missouri River channel represents the maJor 

local relief, both on the bedrock and Ravenscrag Forrnation surfaces. 

It is cut into the Ravenscrag Formation to a maximum depth of about 

300 feet. The lower 200 to 150 feet of the channel is filled with 

preglacial silt, sand, and gravel. The upper 100 to 150 feet is 

filled with till and drift gravels. 

Up to this point, the buried Missouri River channel has been 

referred to as preglacial in origin. The following observations may 

indicate the channel was formed in interglacial, rather than pre

glacial, times: 

1. In plates 2 and 5, the channel appears to occupy a side

hill positiono 

2. The channel is about 2 miles wide, but is located within 

a valley which appears to be greater than 16 miles wide. 

3. Preglacial fluvial deposits have not been found anyv\here 

except in the channel and the terrace. 
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4. The composition of the preglacial gravels in the channel is 

different from those 1n the terrace. This point is considered signifi

cant even though the channel gravels were washed up the hole, because 

wash samples from drill hole 65-11, 3 miles east of the control hole 

65-2, are very similar in composition to the gravels in the control 

hole (Tables 5. 521 and 5o 522). 

5. The base of the preglacial gravels in the terrace deposit 

1s about 150 feet above the base of the channel deposits. 

These facts can be explained if the following assumptions are 

made: 

1. The terrace gravels represent the remainder of the source 

for what would be reworked preglacial gravels in the buried Missouri 

River channeL 

2. The base level for the preglacial Missouri River valley 

was about 1550 feet above sea leveL 

The above two assumptions lead to a possible conclusion that 

the so-called preglacial buried Missouri River channel is actually 

an interglacial feature and as such was a major meltwater drainage 

channel. A suggested means of evaluating this hypothesis is to 

sample the silt beds in the channel and make palaeontological and 

palynological studies to determine whether or not the silt is 

Tertiary in age. 

If the channel 1s a meltwater drainage channel, it is possible 

that it continues southeastwards into the United States of America, 
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as is indicated in figures 6. 21 and 6 .. 22.. One or two drill holes to

gether with some surface DC resistivity surveys would prove or 

disprove this hypothesiso 

It appears from the evidence presented in Plates 2 to 5 in

clusive, that there are at least three tills in the Frobisher area. 

Two of these are separated from each other by a weathered surface. 

The third till is separated from the two tills above it by a sand and 

gravel deposit.. The absolute ages of the three tills are open toques

tion, because of the lack of material suitable for age dating. 
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CHAPTER VII 

CONCLUSIONS 

None of the geophysical techniques, as applied in the sur

vey area, were successful in determining the detailed geological 

model. It was not possible to delineate the bedrock-drift contact or 

to correlate individual units between drill holes. However, surface 

DC resistivity techniques can be used to discover and delineate sand 

and gravel deposits, if the depth to the top of the deposits is of the 

order of four times their thickness. 

The DC resistivity of the tills appear to be dependent m the 

current density. At current densities of less than about 3 x 10-4 

amperes per square meter, the resistivity increases with rising 

current density. At higher current densities, the resistivity becomes 

less with increasing current density. Field measurements made at 

the lower current densities indicate a twofold increase in current 

density (for a fixed a- span) is accompanied by a 3 per cent increase 

in apparent resistivity. The problems of non-constant resistivity 

and lateral changes in electrical properties make the use of quanti

tative interpretational methods of questionable validity. 

Based on laboratory measurements, the till has a DC resisti

vity of about 6, 5 ohm -meters, but varies between 3 and 12 ohm -meters. 

Drift sands, bedrock sands, and bedrock shales have DC resistivities 

of the order of 12, 7, and 8 ohm-meters respectively. 
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A combination of geological, geophysical, and drilling techniques 

is more useful than is a combination of geological and drilling tech

niques alone, for locating and delineating the buried Missouri River 

channel and major gravel deposits in a geological model such as found 

in the Frobisher area. However, it is further concluded that geo

physical techniques should not be used as geological reconnaissance 

tools but rather as methods of providing a detailed study in particular 

areas for the purpose of answering specific problems. 

There are at least three tills in the Frobisher area. Two 

of them are possibly related to one rnaj or ice advance and the third 

to a second major ice advance. In the northern half of the survey 

area, the upper till is separated from the lower tills by an oxidized 

till zone. This zone has not been detected south of Frobisher. The 

different tills cannot be separated on a basis of texture, pebble corn-

position, density, resistivity, and colour. 

Three distinct types of gravels occur in the survey area. 

Preglacial gravels are well rounded and consist of 80 per cent or 

more of brown chert. They are found in the bedrock low 12 miles 

north of Frobisher. A similar gravel with a minimum chert content 

of about 50 per cent is found in the buried Missouri River channel. 

These gravels have not been found above the lowest till or drift

gravel deposits. There are two distinctly different types of drift

gravel. One consists of almost 100 per cent shale pebbles. The 

second is composed of 80 per cent or more of sub-angular limestone, 
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dolomite, metamorphic, and acid igneous pebbles. 

The overall composition of a gravel can be determined, on a 

broad basis, if a minimum of ten pebbles are availablee Further

more, the composition of the gravels is independent of size, in the 

range between 4e 8 mm and 12. 7 mm. 

In the Frobisher area, the buried Missouri River channel 

is approximately 2 miles wide. It varies in depth between 17 5 and 

3 00 feet. The channel contains between 100 and 150 feet of fluvial 

silt, sand, and gravel. There are indications that the channel is 

interglacial rather than preglacial in age. It may have originated 

as a major melt-water drainage channel. 
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