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ABSTRACT

The gravity method has been widely used to delineate buried bedrock 

valleys in glaciated a reas. The method is based on mapping spatial 

perturbations in the gravity field associated with bedrock topography 

which causes horizontal variations in density between the bedrock and 

the generally le s s  dense, overlying glacial drift. It is  desirab le, 

however, in both ground w ater, geomorphic., and engineering investi­

gations to map not only the buried bedrock va lley s, but to prepare a 

bedrock topography map from the gravity observations. A method of 

mapping bedrock topography using gravity m easurem ents in conjunc­

tion with well log information has been developed and successfu lly  

applied to Kalamazoo County, Michigan. Depth to bedrock and gravity  

observations at well s ite s  are used to calculate a regional gravity 

anomaly map which excludes the effect of bedrock above a datum.

This map is subtracted from the Bouguer gravity anomaly values to 

obtain a residual gravity anomaly map reflecting prim arily bedrock 

topography. The residual gravity anom alies obtained by th is method 

show a significantly improved correlation with bedrock topography 

over residuals obtained by the conventional graphical and statistica l 

methods. The residual gravity anom alies are converted to bedrock 

elevation using the assum ed density contrast between the glacial 

sedim ents and the bedrock.



The bedrock topography map of Kalamazoo County shows a 

prevailing westward slope with a superim posed, complex bedrock 

channel system . The principal channels generally trend east—w est 

or north-south. The map is used to d iscu ss the preglacial and p eri-  

glacial drainage and the ground water potential of the County.
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CHAPTER I

INTRODUCTION

Purpose and Method

The search for potable water is one of the oldest endeavors of man. 

Ancient civilizations thrived where ample quantities of surface water 

were available. The first recorded use of ground water dates back 

more than five thousand years (Tolman, 1937). Ground water was 

needed then, even as it is today, to supplement surface supplies of 

water for human consumption and irrigation. Therefore, the art of 

prospecting and developing ground water resources is a s  old as the 

earliest civilization known to man. Today, the exploration and devel­

opment of ground water supplies has become an important and complex 

scien ce.

During the last several decades industrialization, while demand­

ing more water, has resulted in extensive pollution of surface, and 

to a certain extent, ground w ater, through irresponsible waste d is­

posal practices. The increasing rate of surface water pollution and 

the expanding use of water have increased the demand for the develop­

ment of new ground water resou rces. Therefore, present techniques 

of ground water prospecting must be revised and new methods perfected.



The application of geophysical techniques to ground water explora­

tion is a comparatively new field with considerable potential. This 

branch of natural science is being used, not only in prospecting for 

ground water aquifers, but a lso  in their evaluation and developm ent. 

Accordingly, as in all developing fie ld s, the effectiveness of the geo­

physical methods in solving diversified hydro-geologic problem s must 

be examined. This will eventually lead to the modification of present 

methods and the development of new techniques for the analysis and 

interpretation of field data.

In form erly glaciated a rea s , glacial sedim ents are often the only 

available source for ground water because bedrock form ations are  

either impermeable or contain polluted or saline w ater. Glacial 

sediments are known for their extrem e heterogeneity. Both lateral 

and vertical variations of their physical properties are common. 

Glacial sedim ents in bedrock channels, however, have proven to be 

favorable s ite s  for locating ground water aquifers. The reason for 

this are as follows: 1) Bedrock valleys have a greater probability

of containing thicker sections of sand and gravel because of the 

increased thickness of glacial drift from the latest glaciation;

2) Bedrock valleys often are the loci of preserved cr  buried outwash 

deposits from earlier  glaciation; 3) Outwash deposits on bedrock highs 

are more likely to be eroded (Horberg, 1950).

In most geologic situations, the bedrock form ations have higher



densities than the overlying sed im ents. As a resu lt, depressions in 

the bedrock surface produce lower gravity readings than these bedrock 

a reas, which are topographically high. This correlation  between bed­

rock topography and gravity renders the method suitable for mapping 

bedrock topographic features particularly in ca se s  of significant r e lie f  

on bedrock surface or a well developed hydromorphic pattern. Buried 

bedrock channels can be identified by the unique sinuous pattern which 

they commonly display on a Bouguer gravity map. In few c a s e s , buried 

bedrock channels are difficult to delineate because glacial deposits  

have densities equal to or slightly  exceeding that of bedrock (McGinnis 

et a l, 1963). Lennox and Cc rlson (1967) conducted laboratory density  

measurements on a lim ited number of sam ples of s i l t ,  sandstone, send , 

shale and t ill . They concluded that the d en sities of the first four 

materials are essen tia lly  the sam e. The t i l l ,  on the other hand, showed 

appreciably higher d en sities. In this c a se , thickening of the till as  

encountered in buried channels could produce a high gravity trend along 

the valley a x is . Hall and Hajnel (1962) have found both high and low 

gravity anom alies associated  with the trends of known buried channels.

The gravity method has been applied in delineating buried bedrock  

channels and defining the cro ss  section  of these channels through model 

studies at locations where well control is  availab le. The present study 

aim s at expanding the scope of the gravity method by developing a 

technique of computing bedrock topography from gravity observations
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and well control. A bedrock topography map is valuable, not only 

in ground water studies, but a lso  in engineering and geomorphic 

investigations. The study was carried out in Kalamazoo County, 

Michigan because of the strong dependence of the area upon ground 

water sou rces, and a lso  because of the availability of ample well 

data.

Correlative Investigations

Kalamazoo County has previously been studied, possibly more 

than once, by regional gravity and magnetic stud ies. These 

investigations were carried out by oil com panies for the purpose 

of locating oil and gas fields in the buried Paleozoic bedrock. No 

major geophysical investigations, however, have been previously  

undertaken to study the ground water resources of the glacial 

sediments. The only geophysical studies carried out for the purpose 

of locating ground water aquifers were in the form of scattered , and 

rather limited resistiv ity  m easurem ents conducted by consulting 

firms on behalf of the City of Kalamazoo Water Department or local 

industry.

The Department of Natural R esources of the Michigan Geological 

Survey, in cooperation with the United S tates Geological Survey  

and the City of Kalamazoo, released Report Number 23 concerning 

the "Ground W ater Hydrology and Glacial Geology of the Kalamazoo 

Area." This report is based on an investigation which started in
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1946 and dealt with the availability and quality of ground water in 

the Kalamazoo area (Deutsch, Vanlier, and Giroux, 1960). The 

investigation involved the collection and compilation of data per­

taining to the source, occurrence, and chem ical quality of ground 

water. The United States Geological Survey, in addition, is  con­

ducting a hydrological program in Kalamazoo County which is  based
4

on well data, pumping te s ts , and a drilling program . The expected  

outcome of this study will be the delineation of aquifers, compilation  

of transm issibility coefficient and aquifer thickness contour m aps.

A report concerning the findings of this investigation w ill be released  

in the near future.

The Michigan Highway Com m ission is conducting a shallow coring  

program aimed at classifying and delineating surface glacial deposits 

in Kalamazoo County. The purpose of this investigation is to locate 

sand and gravel deposits suitable for road construction

General descriptions of the geology of the Southern Peninsula of 

Michigan including Kalamazoo County can be found in papers by Lane 

(1895), Leverett (1912, 1917) and Leverett and Taylor (1915).

Martin (1955) compiled an areal geology map of the Southern Penin­

sula of Michigan and prepared a special report on the glacial history  

of Kalamazoo County (M artin, 1957).

Reports containing ground water data on the Kalamazoo area were 

also made by Lane (1899) and Leverett (1906, a , b).
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Area of Study

The area covered by this investigation is  Kalamazoo County, 

Michigan. Located in the southwestern corner of the Southern 

Peninsula (Fig. 1), Kalamazoo County lies  between latitudes 42°

05' N and 41° 25' N and longitudes 85° 25* and 85° 45* W. The 

County is divided into sixteen townships covering T1S to T4S and 

R9w to R12 W.

The major river in Kalamazoo County is the Kalamazoo. It 

flows from east to west in the eastern part of the County. At the 

City of Kalamazoo it changes direction and flows northward.

There are several sm all creek s, the largest of which is  Portage 

Creek. It joins the Kalamazoo River where it changes direction  

and flows northward. There are numerous lakes, m ostly inter­

connected, the largest of which is Gull Lake, located in the north­

eastern corner of the County.

Most of the area is generally flat with a maximum relief of 

fifty feet. Surface relief in the northwestern part of the County, 

however, is appreciably higher due to the Kalamazoo m oraines.

The maximum elevation of the moraines is about 1050 feet above 

sea level, and the relief is  about 150 feet.

The largest municipality is  the City of Kalamazoo which has a 

population of about 200,000. Industry includes paper manufacturing, 

pharmaceutic products, and transportation equipment. These



industries make a considerable demand upon the local ground water  

sou rces.

The surface w aters of the County, e sp ec ia lly  the Kalamazoo 

River, have becom e polluted through w aste disposal of the paper 

companies and other indu stries. Thus, ground water is  the main 

source of usable w ater.



I

8

KALAMAZOO COUNTY

ALAMO

... f  ..

C O O f l  R 

/  „

OSHTEMO

/
/

■ftnrflAMAZO 5t * » ' t « • _
*' Clrr *f /-TTL
*. * . KA L AMAZOO . *• — . . #• * •■* • «*■r

/
T E X * i

/

PORTAGE

/
/

P^AIRE RONDE

/

SCHOOLCRAFT

\
\

COMSTOCK CHARLESTON

\

FIGURE I AREA OF STUDY



CHAPTER II

THE GEOLOGY OF KALAMAZOO COUNTY

Kalamazoo County Is com pletely covered with glacial sedim ents 

ranging in thickness from le ss  than 50 to 650 feet. The thickest 

section lies to the w est where the Kalamazoo moraines overlie bed­

rock channels. Throughout the area the glacial sedim ents are 

variable, ranging from w ell-sorted  lenticular outwash deposits to 

completely unsorted, and m ostly compact t il l .

The area was subject to two periods of Pleistocene glaciation; 

IlUnoian, and Wisconsinan which deposited the main body of glacial 

sediments. Whether the Nebraskan and Kansan glaciation was 

active in Kalamazoo County is uncertain. Drilling logs reveal the 

presence of a soil profile which very often contains tree logs, brush 

stem s, muck or peat beds. This so il profile is  not present every­

where, but it is  found in a sufficient number of places to establish  

the fact that the glacial sedim ents in Kalamazoo County were deposited 

during more than one glacial age. Older glacial deposits are more 

indurated and cemented than the younger and may be separated from  

them by well developed soil profiles or outwash deposits.
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The Wisconsinan drift sheet is the youngest and best preserved  

of the Pleistocene glacial deposits. Its m oraines have a very d is­

tinct pattern reflecting the lobate nature of the ice sh ee ts . The 

pattern reveals three Wisconsinan lobes which invaded the Southern 

Peninsula of Michigan. The course of each lobe was controlled by 

the lowlands. The dominant one, the Lake Michigan lobe, followed 

the Lake Michigan basin and pressed into Kalamazoo County in a 

southeastwardly direction. This lobe was responsible for the present 

surface topography of most of Kalamazoo County. It formed all the 

morainic ridges except for the northeastern part of the Tekonsha 

moraine which was deposited by the Saginaw lobe (P late 1).

The retreat of Lake Michigan lobe was not uniform. There were 

at least four main intervals during which the ice front was stationary. 

This is evident from the areal distribution of the m orainic r id g es .

The Tekonsha m oraines were formed during the first and e a r lie st  

halt of the Lake Michigan ice front. The second recession al halt 

deposited the Battle Creek m oraines. Part of this discontinuous 

system  lies in R oss, Pavilion, and Brady Townships. The third 

halt formed the morainic bodies located in Richlano, Cooper and 

Prarie Ronde Townships. The fourth, and perhaps the longest s t i l l— 

stand of ice , formed the Kalamazoo m oraines which are one of the 

most highly developed m orainic ridges in the Southern Peninsula of 

Michigan (Martin, 1957). This one is  com posed of two w ell-defined
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ridges separated by a narrow, yet nearly continuous outwash apron. 

The width of each ridge varies between one and four m ile s .

The Saginaw lobe followed the Saginaw Bay lowland and invaded 

Kalamazoo County from the northeast. This ice produced the eastern­

most part of the Tekonsha moraine and retreated faster than the other 

two lobes. The third main lobe was the Erie-Huron lobe, which came 

in along the Erie—Huron lowland and did not affect the present topog­

raphy in the County (M azola, 1962).

Besides the Kalamazoo and Tekonsha m oraines, Kalamazoo 

County is covered with outwash deposits and ground m oraines. The 

southeastern corner is  characterized by drumlins and is  d issected  by 

several small creeks and unoccupied stream  valleys trending north- 

east-southwest. These channels relate to the Kankakee torrent which 

in early middle W isconsinan tim e drained all three ice lobes in the 

area of southern Michigan and northern Indiana (Zum berg, 1960).

The bedrock in Kalamazoo County is  im m ediately overlain by a 

relatively continuous layer of dense plastic blue clay with alm ost no 

grains larger than fine sand. This deposit is  generally thicker at 

locations of low bedrock topography and contians blocks of Coldwater 

shale. It was probably deposited by turbid ice-darrm ed and se m i-  

stagnant water.

The Paleozoic bedrock form ations underlying the glacial drift are  

formed of two units. The o ld est, the Coldwater shale of M ississippian
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agef is the bedrock formation in m ost of the County. The M arshall 

sandstone overlies the Coldwater shale in the northeastern corner of 

the County though it has not been well delineated. The Coldwater 

shale is light colored, greenish to bluish black, becoming sandier 

toward the top and gradually passing upward into the Marshall sand­

stone. It occasionally contains lim estone bands or len ses of M arshall- 

type sandstone. The shale is  relatively impermeable and is not known 

to supply useable water in Kalamazoo County. The Marshall sandstone 

in quite fractured and permeable and is used as a ground water aquifer 

in Kalamazoo County and elsew here in Michigan.



topography and followed major bedrock va lley s . Broad and shallow  

bedrock valleys were more effective in controlling the d irections of 

ice movement than narrower and deeper valleys (Cham erlin, 1888). 

Preglacial valleys trending in alm ost the sam e direction as the ice 

movement were more effective in the channeling flow than those 

trending at angles to it. The effectiveness of bedrock topography in 

controlling glacial movement a lso  depends on the thickness of the ice 

m ass. Thick ice sheets are le s s  affected by bedrock topography than 

thin ones. A lso, theoretically ice m asses of more tem perate g lacio -  

thermal character are more mobile and their m ovem ents subsequently 

more controlled by bedrock topography than ice  m a sses  of m ore polar 

geophysical character.

Ice action greatly modified the pre-p leistocene bedrock landscape 

in the region of the study. Differential glacial scouring affected  

some areas more than others. Soft or jointed bedrock areas are  

gouged by ice to a greater degree than hard unjointed rocks. A lso , 

in periglacial conditions wedging activated by freezing of water in 

exposed bedrock joints can promote future glacial plucking or m ass 

wastage along valley flanks.

Preglacial valleys undergo the most severe  geomorphic m odifica­

tion as a result o f glacial action. In areas of continental glaciation  

tributary valleys trending normal to the ice front are overridden, 

truncated and often destroyed. Those parallel are gouged, widened,
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interior. The bedrock Is m ostly  sh a le , sandstone, and carbonate. 

These lithologies are folded and loca lly  faulted. Their deform ation  

was caused by regional s t r e s s e s ,  vertica l com paction over buried  

hills in the basem ent, faulting of Precam brian basem ent and stra in s  

due to solution of underlying weaker and m ore soluble beds (N ew com b, 

1933; Cohee, 1965). Folding in the bedrock form ations occu rs along  

axial trends, the m ost prominent of which show s a prevailing north— 

w est-southeast d irection .

The preglacial drainage pattern in the Southern Peninsula and 

surrounding areas is  not fully understood. Two hypotheses proposed  

regarding preglacial drainage have been sum m arized  by Fenneman  

(1938), Spencer (1891), and Horberg and Anderson (1956). They 

suggest that the p re glacial drainage in the G reat Lakes was eastw ard  

and emptied into the S t. Lawrence R iver . In C ontrast, Grabau 

(1901) proposed a general southw esterly  drainage d ischarging into 

the M ississippi probably by way o f the preglacia l T eays v a lley .

The form er drainage pattern im plies that s trea m s w ere flowing  

into the southward advancing ice f r o n t .  This would resu lt in dam­

ming of drainage and the developm ent of large p er ig lac ia l la k es, 

with allied cr o ss  drainage zones and many drainage r e v e r sa ls .

Mazola (1962) indicated that the p resen ce  of a deeply buried , c lea n , 

pebble—free clay in the glacia l d ep osits  o f th is  area is  p ossib ly  an 

evidence of the drainage b lockage. L everett (1899), A rey (1909),
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and Udden, (1900) su ggested  that s im ila r  c la y s  in Iowa rep resen t  

quiet w ater d ep osits  form ed a fter  su b m ergen ce  o f the reg io n , a v iew  

which supports dam m ing o f the s tr e a m s . Bain (1897) b e lie v e s  that 

these c la y s are  c lo s e ly  a sso c ia te d  to lo e s s  d ep o sits  and probably  

related to it . Alden and Leighton (1919) and Kay (1916) b e lie v e  that 

these c la y s resu lted  from  ch em ica l leach in g  and w eathering  o f  

Kansan and Illinoian t i l l s .

D rilling in K alam azoo County r e v ea ls  the p re se n c e  o f an a lm o st  

continuous layer of blue c la y  d ir e c tly  above the bedrock su r fa c e .  

There is  no ev id en ce o f varving or  s tr a tif ica tio n  in th is  c la y  la y e r .  

However it contains le n se s  o f sand a n d /o r  g ra v e l and in c lu d es b lock s  

of bedrock m a ter ia l. In so m e bedrock v a lle y s , th is  c la y  d ep osit m ay  

reach a th ick n ess of 50 feet or m o r e . Even in p la c e s  w h ere the c la y  

is com paratively th ick , a gradual change of c la y  to t i l l  h as not been  

observed. This in form ation , p lus the fact that the c la y  la y er  is  

notably th icker in bedrock d e p r e s s io n s , su g g e s ts  that it  m ay have 

been deposited under stagnant ice  cond itions due to g la c ia l dam m ing  

or drainage and not due to leach ing o f o ld er  t il l  d e p o s its . The c la y  

may a lso  be outwash d ep osit form ed during a long in terva l o f  s t i l l  

stand in the in itia l phase o f W isconsinan  g la c ia tio n . In th is  c a s e  

the clay  m ay be eroded rock flour produced during the e a r ly  g la c ia l  

advance.
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Bedrock Channel Deposits as Ground Water Aquifers

As previously stated , many bedrock channels in other areas  

contain exceptionally thick sand and gravel deposits which can be 

developed into ground water aqu ifers. Som e bedrock v a lle y s , how­

ever, offer a better chance of containing sorted glacia l sed im ents  

than others. G enerally, the quality of g lacia l sed im ents in a buried 

bedrock channel depends on the following:

1. Age of glacial sed im en ts. O ld e r  glacial deposits are m ore

compact and cem ented than younger sed im en ts.

2. Direction of flow in the channel relative to ice advances.

a . Bedrock channels which slope in the sam e direction

as the ice advance served  a s  slu icew ays for m elt 

w ater, in this situation , the glacial debris tends to 

have been sorted resulting in excellen t ground water 

aquifers (W ayne, 1956). The extent of sorting and 

quantity of outwash deposits in these va lleys depend 

on the duration of the period during which the channel 

was active and the sedim ent load carried  by m elt 

water (H orberg, 1945).

b. When the direction of stream  flow was toward the ice

front, the stream  channel becam e dammed and glacial 

lakes developed. In th is situation the stream  channel 

is  m ostly filled  with clay  s i l t ,  and mud, thus forming



a poor w a terb ea r in g  m a te r ia l (M a z o la , 1962;

M cG rain , 1948; W ayn e, 1956).

P e r ig la c ia l o r  p r e g la c ia l b ed rock  c h a n n e ls , d ev e lo p ed  

p a ra lle l to the ic e  fron t w h ile  the ic e  fron t w as  

s ta t io n a r y , m ay rem a in  a s  a c t iv e  d ra in a g e  ch a n n e ls  

for a long t im e . A c c o r d in g ly , th e se  c h a n n e ls  m ay  

conta in  a p p rec ia b le  th ic k n e s s e s  o f w e ll—so r te d  o u tw a sh .
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of the gravity readings agreed to within 0 .2  sca le  d iv ision s (about 

0.02 m gals). The observed gravity reading w as obtained by a v er­

aging the consistent readings.

The meter drift was estim ated by reoccuping a se lec ted  base  

station every hour. In addition, gravity readings at two previously  

occupied stations were repeated during each hour to add extra pre­

cision to the drift correction . A base station (at the in tersection  o f  

Texas Drive and 8th S treet in Kalamazoo County) and fourteen su b -  

bases were established for the su rvey .

Reduction of Field Data

The observed gravity readings are not ab so lu te , but rather are  

related to an arbitrarily  chosen v a lu e . T hese rela tive  readings 

must be corrected for various influencing factors which have no 

relation with subsurface geology. The values of these correction s  

can be accurately calculated and applied to the observed  reading. 

The corrections are: (1) latitude co rrectio n , (2) free—a ir  c o r re c ­

tion, (3) Bouguer or m ass co rrectio n , and (4) terra in  co rrectio n . 

The corrected gravity readings are known a s  the Bouguer gravity  

anomaly which is calculated by the following equation:

Gb = Go + Gf — Gbc + Gt — G e  

where

Gj-, is the Bouguer gravity anom aly

G0 is  the observed gravity reading corrected  for m eter drift
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Ge *s the latitude correction  

is the m ass correction  

Gf is the free-a ir  correction  

Gt is the terrain correction

Latitude Correction

The Earth's gravity field increases from the equator to the p o les. 

This increase is caused by a gradual decrease of the Earth's radius 

and the centrifugal force which opposes the Earth's gravitational 

field from the equator to the p o les. The rate of the gravity field  

increase is 1.307 sin  2 9 mgals/W ule, where 0 is the latitude. The 

area under investigation lie s  between latitudes 42° 05' and 42° 25'N . 

The corresponding rates of increase in the gravitational attraction  

are 1.3017 and 1.3002 m gals/m ile  respectively . The difference  

between the two rates is very sm a ll, and their average of 1.301 

mgals/mile or 0.0002464 m gals/foot was assum ed for the entire  

area.

The gravity stations were placed on the Michigan coordinate 

system established by the U. S . Coast and Geodetic Survey. A 

base latitude was selected  at the southern border of Kalamazoo 

County and the latitudes of the stations were related to it.

Mass Correction

The mass or Bouguer correction com pensates for the gravita­

tional effect of the m ass existing between the ground surface and
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the datum. The datum was chosen to be 700 feet above sea  level 

which is the lowest surface elevation in the County. The m ass cor­

rection is computed from the equation:

Gbc = 2 Xyodh'

where V is the universal gravitational constant, /© is the overburden 

density and dhr is the difference between the datum and station e leva­

tion. A density of 2 . 15 gm /cc was assum ed for the overburden 

material. The rationale behind this se lection  w ill be d iscussed  in 

detail in the section concerning density calcu lations.

Free-Air Correction

The free-air correction com pensates for the effect on the observed  

gravity readings of the variation of surface elevation at observation  

points. The rate of vertical gravity variation can be written as:

= -0 .09406 -  0.0007 C*o 24> m g a ls /f t .; where 

0 is the latitude 

and is the rate of vertical gravity variation.

>9The effect of latitude variation on is sm all and can be neglected;3h

accordingly

= 0.09406 Ah'mgals; where 

is  the free -a ir  correction  and 

Ah is the difference between station and datum elevation .
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Terrain Correction

in areas where topography in the v icin ity  of gravity stations is  

reasonably flat, the application of the infinite slab  form ula to e s t i ­

mate the m ass correction  is  adequate. H owever, in a rea s  where 

the topographic re lie f  is  grea t, local topography can introduce 

errors in the calculations of these c o r re c tio n s . In these a rea s  the 

terrain correction is  needed to com pensate for local topographic 

effects.

The expected maximum value for the terrain  correction  is  

negligible because surveyed roads w ere se lec ted  to avoid rough 

topography. This value w as estim ated  not to exceed  0 .0 2  m gals  

in the western part of Kalamazoo County w here the topography is  

rather com plex. As only very  few gravity  stations are expected  

to have terrain effects requiring th is correction , the terra in  

correction is neglected.

After applying the above d iscu ssed  correction s to the observed  

gravity readings, the resulting Bouguer gravity values w ere con­

toured. Plates 3a and 3b show the resu lting contour m aps for  both 

the northern and southern half of Kalamazoo County.

Sources of E rrors and A ccuracy

The accuracy of reduced gravity observations depends on the 

magnitude of errors introduced in surface e levation , and in the
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gravity and latitude m easurem ents. Accuracy is  a lso  affected by 

the magnitude of the terrain effect which has been assum ed to be 

negligible, and by any significant error in the assumed density for 

the glacial sediments forming topography.

To examine the accuracy of the gravity observations, thirteen  

gravity stations, each occupied tw ice, were selected  so that the 

two gravity observations at each location correspond to different 

drift curves. The standard deviation for these repeated stations was 

calculated to be 0.023 m gals.

Surface elevation errors introduce subsequent erro rs in the 

calculations of free air and m ass corrections. In areas of detailed  

survey, surface elevations were tied to bench marks to within +

0.01 feet. Assuming no error in elevations of bench m arks, the 

above error in surface elevation introduces a subsequent error of 

0.0066 mgals in the calculation of free air and m ass corrections.

In the reconnaissance part of the survey, surface elevations are  

accurate to + 0.1 of the contour interval of the United States Geolog­

ical Survey Topographic S h eets. The contour interval in these  

sheets is either 10 or 20 feet. T herefore, the elevations are con­

sidered accurate within to + 2 .0  feet, which corresponds to an error  

of + 0.132 mgals in the calculations of free -a ir  and m a ss-co rrectio n s.

Latitude measurements were performed on a base map having a 

scale of 1:24,000. Station locations are accurate to +50 feet. The



Factors Controlling Densities

Density measurements on sam ples taken at different locations in a 

geologic formation often reveal that the density of individual forma­

tions varies significantly both laterally and vertica lly . Variations in 

physical properties such as mineralogy, porosity, com position, 

degree of saturation, texture, and degree of cementation, are all 

reflected in density variations. In relatively homogeneous form ations, 

the range of density variations is usually sm all and an average density 

can be easily adopted. But other formations may be extrem ely  

heterogeneous. Thus, the use of an average density in gravity reduc­

tions can distort anomalies and lead to appreciable errors in inter­

pretation. The extent of formation heterogeneity is  especia lly  

critical where the geologically interesting gravity anom alies are of 

low amplitude, i. e . ,  generally le ss  than a few m illiga ls.

Glacial sediments are a typical example of formations which may 

exhibit a wide spectrum of density. The pattern of this variation 

can be very complex and difficult to predict. A typical glacial deposit 

may be composed of a poorly sorted, inhomogeneous till which is  

made up of particles varying from a clay to boulder s iz e . The 

boulders are usually randomly dispersed in a matrix of a sm aller  

size particles. As a result of this conglomeration of different s iz e s ,  

composition and textures, the density of till m aterial usually varies  

within a rather wide range in contrast to glacial outwash deposits



which are m ore so r ted  and h o m o g e n e o u s . T h e r e fo r e , g la c ia l  

outwash is  exp ected  to  sh ow  a m o r e  u n iform  d e n s ity . O utw ash  

d ep osits , h o w ever , a r e  u su a lly  le n t ic u la r  and se ld o m  have g r e a t  

lateral or v er tica l d im e n s io n s .

A lso , the e ffec t  o f  w a ter  tab le  depth ca n  be s ig n if ic a n t  on the  

lateral d en sity  v a r ia tion  in g la c ia l s e d im e n ts .  The th ic k n e s s  o f  

glacial sed im en ts  ly in g  ab ove w a te r  ta b le  in K a la m a zo o  C ounty  

varies betw een z e r o  and one hundred f e e t .  S in c e  th e  d e n s ity  o f  

porous sed im en ts  in c r e a s e s  w ith  the d e g r e e  o f  w a te r  s a tu r a t io n ,  

lateral variation  in th ic k n e ss  o f  the g la c ia l  s e d im e n ta r y  s e c t io n  

above the w ater  tab le  i s  ex p e c ted  to  c a u s e  c o r r e sp o n d in g  la te r a l  

variation in d e n s ity . The o r d e r  o f  m agn itu d e o f  d e n s ity  v a r ia t io n  

as a resu lt o f sa tu ra tio n  can  be r e a liz e d  by n otin g  that d ry  sa n d s  

with twenty p ercen t p o r o s ity  upon sa tu r a tio n  sh o w  0 .2  g m /c c  

increase in d en sity .

Published D en sitie s

A review  o f lite r a tu r e  co n cern in g  d e s ity  r a n g e s  o f  d iffe r e n t  r o ck  

types g ives a quan titative p e r s p e c t iv e  to  the p r e c e d in g  d is c u s s io n  

(M anger, 1963; B ir c h , 1942). F or  e x a m p le , in F ig u re  2 ,  w h ich  is  

adapted from  B irch  (1 9 4 2 ) by G rant and W est (1 9 6 5 ) , in d ic a te s  that 

density o f so il and a llu v ia l m a te r ia l r a n g e s  fr o m  1 .6  to 2 .2 ;  sa n d ­

stones from  2 .0  to 2 .7  and s h a le s  fro m  1 .9 0  to  2 .8  g m / c c .  T h is
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figure also suggests an extensive density overlap among all the 

sedimentary groups. Part of this overlap probably resu lts from  

the fact that these rock densities are plotted without regard to age 

or depth of burial.

Glacial sediments exhibit a sim ilar density distribution. A 

typical section of glacial sedim ents may be formed of outwash or 

till deposits, or both. The outwash or till sections are usually 

formed of thin layers or lenses of intercalated sand, s ilt , c lay , 

gravel, or mixtures of each apparently arranged at rnadom. The 

density variation produced by such random distribution together 

with the possible density variation within the individual sedim ents 

themselves produce a complex lateral density variation pattern in 

the glacial sediments. To illustrate, Hall and Hajnal (1962) con­

ducted laboratory density measurements on drill core sam ples of 

glacial sediments obtained from two test holes located near 

Kindersley, Saskatchewan, Canada. The results of their m easure­

ments are shown in Table 1 .

Table 2 shows a tabulation of densities obtained from sam ples 

collected from eighteen drill cores taken from test drilling near 

Two Hills, Alberta, Canada, and in the neighborhood of Saskatchewan 

River (Lennex and Carlson, 1967). The densities of s i l t ,  sand, 

sandstone, and shale are nearly the sam e. The density of till 

seems to be appreciable higher. However, these densities are based
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Material Density
gm /cc

clay 2 .0

till 2 .10-2 .20

silt 1 *80

sand 1•90—2 . 15

Table 1. Density of glacial sedim ents near Kindersley, Saskatchewan, 
Canada (after Hall and Hajnal, 1962).

Material Average Saturated Density No. of Sam ples
gm /cc

silt 1.99 3

sandstone 2 .00  6

sand 2 .04  2

shale 2 .05  2

till 2 .25 5

Table 2. Density of Sediments near Two H ills, Alberta 
(after Lennox and Carlson, 1967)

on a very limited number of sam ples and may not be representative 

Of the sedimentary rock types and glacial deposits in the cited a rea s, 

nor indeed in the area of the present concern.

Methods of Density Determination 

Introduction

The reduction and quantitative interpretation of gravity 

observations requires prior knowledge o f densities of various
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subsurface form ations. The reliab ility  of gravity findings is  

largely dependent on the accuracy with which these densities  

are determined. D efinitely, in situ  density calculations give  

the best results because the m easurem ents are carried out on 

rock sam ples in their natural situation. Such methods as  

borehole density logging, Nettleton's profile , variable density, 

together with a suggested method presented below and referred  

to as the gravity-geologic method, are exam ples of available  

techniques for in situ rock density calculation.

Laboratory Procedures for M easuring D ensities

Laboratory density m easurem ents con sist o f calculating the 

volume and weight of rock sam ples obtained by an appropriate 

sampling technique. The procedure is  not well suited to uncon­

solidated rocks since the acquisition, handling, and transportation  

of samples often disturb them and lead to changes in their 

physical properties. In som e c a se s , density m easurem ents are  

preformed on sam ples taken at regular intervals in a form ation. 

The resulting densities are then used to calculate a weighted 

average density or a smoothed depth-density function.

Commonly, the laboratory methods are used to determ ine an 

average density for overburden from sam ples restricted  to surface
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outcrops of the formation. However, in glacial and glacio-fluvial 

material differential com paction, cem entation and saturation can 

lead to an increase of density with depth (Athy, 1930). To obtain 

a representative density of overburden this method requires a 

considerable amount of sam pling, a large number of m easurem ents, 

and a sampling technique which m inim izes sam ple disturbance.

Density Profile Methods

Nettleton's profile method involves calculating an overburden 

density from gravity readings. The estim ated density represents  

the density of m aterial constituting the topographic feature. The 

procedure consists of taking c losely -sp aced  gravity readings over 

a  selected topographic feature. Then the gravity readings are  

reduced using different possib le density values for the m aterial 

forming topography. The average density of the overburden is  

selected to be the one which gives the least correlation between 

the Bouguer gravity and topography.

The topographic features employed in Nettleton's method should 

not be associated with a structural feature. In other w ords, the 

topographic feature used in this computation should not be one 

which is anomalous in its physical properties. A lso, the re lie f  

of the feature should be appreciable so  that accurate density  

calculations can be achieved. M oreover, the regional gravity
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surface must be sim ple. The gravity stations should be located  

along a relatively straight line across the feature, their eleva­

tions should be measured accurately, and terrain corrections  

performed.

Although this method determ ines the average density of the 

material forming the topographic re lie f, it does not give informa­

tion as to the density of rocks below the level of the low est point 

of topography ( Vaj k, 1956).

Obviously, the Nettleton method requires much labor and 

relies on personal judgement to determine the density em pir­

ically. To circumvent the drawbacks of the profile method, 

Siegert (1942) suggested a least square method o f calculating  

overburden densities. He assum ed that the observed gravity  

reading along a relatively short segm ent of the profile vary  

linearly with distance. This assum ed linearity perm its the 

determination of interpolated gravity and surface elevation at a 

station from the straight lines drawn through the observed gravity  

and surface elevations of two stations on either side of the desig­

nated station. The sam e process of interpolation is  performed  

on each station of the profile. If ĝ  and ĥ  are the differences 

between the interpolated and measured values o*1 observed gravity  

and elevation at station i then gj = -k  hf where k is  the combined 

free air and m ass factor. The above mathematical formulation
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demands that k is chosen so as to make (g  ̂ -  k h )̂  ̂ a minimum,
isi

where n is the number of gravity stations along the p rofile . The 

least square procedure is applied to determine the value of k 

which makes the gravity profile as smooth as possib le. This value 

of k is readily then converted to the overburden density.

Variable Density Approach

The application of an average density is  justified in situations 

where the expected error due to variability of density is  negligible 

when compared with the amplitude of the anom alies of in terest.

In many applications, the anom alies under investigation have a 

low amplitude, thus errors introduced because of abnormally high 

density variations may be of sufficient amplitude to seventy distort 

or even mask the actual anom alies. The search  for Niagaran 

reefs in Michigan by gravity provides an example of such a situa­

tion. Some of the most o il-prolific  reefs do not exceed several 

tens of feet in thickness. They are buried under an overburden 

of a few thousand feet. The gravity anom alies associated with 

these reefs seldom exceed an amplitude of 0 .3  m gals. In these 

cases if the density of the material forming the topography varies  

0,1 gm /cc from the selected average, the actual anom alies will 

be distorted by 0.13 mgals in areas where a surface topographic 

relief of 100 feet ex is ts . This is an appreciable error compared



40

to the expected an om aly .

The approach of using a variab le  d en sity  in the reduction of  

gravity data has not received  a s much attention a s  it r ea lly  

d eserves. Only three papers dealing with the subject a re  known 

to the author. Vajk (1956) dem onstrated the n e c e ss ity  of using  

a variable density under certa in  con d ition s, how ever he did not 

suggest a definite procedure for ca lcu lating  the variab le  d en sity . 

Grant and E lsaharty (1962) calcu lated  the variab le  d en sity  by 

minimizing the corre la tion s betw een su rface  elevation  and 

Bouguer gravity residuals which w ere extracted  from  the Bouguer 

gravity and elevation su r fa ces by approxim ating the regional 

trends by polynom ials using the method o f le a s t  sq u a r e s . D ensity  

residuals at individual sta tion s w ere ca lcu lated  to reduce the 

correlation between su rface  elevation  and Bouguer gravity  

residuals. These density  resid u a ls  w ere added to an assu m ed  

average density to obtain the variab le d e n s it ie s .

This method of calcu lating a variab le d ensity  m ay produce 

erroneous density va lues due to the am biguity of the potential 

field used in the ca lcu lation . The e r r o r s  in calcu lated  d en sitie s  

are expected to be re la tiv e ly  high when deep ly  buried m a sse s  

produce gravity anom alies o f identical width to chose produced  

by lateral density changes in su rface  sed im e n ts . It is  a lso  

obvious that the gravitational e ffec t produced by la tera l var ia tion s
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in density of surface sed im ents, and the surface elevation  

residuals are determined by approximating the regional effects  

by polynomials; a method which takes objectivity. Human judge­

ment and experience greatly influence the outcome of the compu­

tations .

Merritt (1968) suggested a method of calculating a variable 

density of overburden material by utilizing observed gravity and 

elevation readings. All stations located within a predetermined 

radius of a center station were used to calculate the overburden 

density at the station. The coordinates of all the stations in each  

station group were calculated relative to the coordinates of the 

center station. The observed gravity values of stations surround­

ing and including the center station were approximated with a 

polynomial equation. The polynomial is a first degree function 

of the station elevation, and a f ir s t , third, or fifth degree  

function of the station coordinates. For exam ple, the first 

degree polynomial equation is expressed as:

gp = ao f a i X xi + a2 S ^ i  “ a3 £ hi

where

gp is the predicted observed gravity, 

is  the polynomial coefficient.

Xj and ŷ  relative station coordinates, 

and hi is  the station elevation with reference to the datum. The



function gp is  ch o se n  su ch  that I t  gQ -  9p ]^  is  a m in im u m , w h e re

gQ is the m easured observed gravity. The least square coefficient 

associated with the elevation term  is  utilized to calculate the 

overburden density at the center station . The den sities obtained by 

applying this method greatly depend on the grid radius em ployed.

If a unique density pattern is to be chosen, a method must be devised  

to determine the optimum grid radius.

Geophysical-Geological Method

The method presented here for calculating rock den sities  

is sim ilar to the approach suggested by Legge (1944). He noted 

that the Bouguer gravity anomaly can be represented by

The Bouguer gravity anomaly a lso  can be written as follows:

hi is  the d iffe r e n c e  b etw een  th e s ta tio n  e'.evation  and 
datum

9B i i s  the B ou gu er g r a v ity  a n o m a ly  

k i s  the com b in ed  m a s s  and f r e e - a i r  fa c to r  

gi i s  the la titu d e c o r r e c te d  o b se r v e d  g r a v ity .

where G| is  the Bouguer gravity anomaly at station i

aj£ is the polynomial coefficient

Xj and y  ̂ are the x and y coordinates o f station i.

9Bi = 9i + k ht

where

t
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The least square principle demands that:

N , n m . g
^  [(g. + khi) -  x(J ] = a minimum.

i = 1 j = O / =  0

Legge's method is modified here so  that the available geologic  

information could be utilized as additional control in calculating  

an average density for both the glacial sedim ents and bedrock.

The geologic information con sists of the th icknesses of glacial 

and bedrock sediments at 256 test hole locations assum ing a datum 

of 300 feet above sea leve l. For each well location, assum e that 

is the thickness of glacial sed im ents, while represents the 

thickness of bedrock m aterial above the chosen datum. Let us 

assume, a lso , that the Bouguer gravity anomaly can be written as:

where is the Bouguer gravity anomaly at test hole i 

is  a polynomial coefficient 

and y. are the location coordinates of test hole i .* 4

The mass or Bouguer correction which should be added to the

n m

free-air anomaly to obtain the Bouguer gravity anomaly can be

written as:

K f ^ h  + ^ H )

where K = constant

P\ and /°2  are the densities of glacial and bedrock sed im ents,

re sp e c tiv e ly .
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Accordingly, we can w rite

9Bi = 9o1 '  K (n  ^  + /*»> Hi) 

where gQ| is the free-a ir  anomaly at test hole i .  The least

square principle demands that:

z [goi - K ( ^ h t + /*> Ht) - $  x i 'A )
2

= a minimum

rO

where N represents the total number of test h o le s . This 

equation is  a first degree function o f the thickness of the glacial 

and bedrock sedim ents above the datum. Dividing each term  of 

the equation by K, the least square coefficien t of hj and yield  

the glacial and bedrock average d en sities d irectly . D ensity  

values were computed for up to fourth degree function of the 

station coordinates.

The elevation datum was chosen to be the low est known 

bedrock elevation. F ree-a ir  anom alies at te s t  holes where 

direct gravity observations w ere not made w ere calculated by 

interpolation from a previously com piled Bouguer gravity contour 

map using an arbitra. ilychosen  density of 2 .1 5  g m /c c .

This method was applied to all ex isting  test holes which 

reached or penetrated the bedrock surface and the resu lts are  

shown in Table 3 . this table shows the d en sities of glacial and 

bedrock sedim ents corresponding to a regional trend representa­

tion of up to the fourth degree polynom ial. A lso shown are the
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sum s o f the sq u a red  r e s id u a ls .

D egree o f P o ly n o m ia l 1st 2nd 3 rd 4th

/° 1 g m /c c  (g la c ia l  s e d im e n ts ) 1 .9 0 1 .9 5 2 .  15 2 .0 9

/°2 g m /c c  (b ed ro ck  s e d im e n ts ) 2 .0 8 1 .9 5 2 .4 3 2 .3 0

Sum of sq u ared  r e s id u a ls 435 24 8 156 130

Table 3 .  D e n s ity  v a lu e s  r e s u lt in g  fr o m  a p p ly in g  the g e o p h y s ic a l-  
g e o lo g ic a l m ethod  to  a ll  t e s t  h o le s  in K a la m a zo o  C o u n ty .

It is  ap p aren t fro m  T ab le  3 that fa ir ly  r e a so n a b le  d e n s ity  

values w ere  ob ta in ed  by u s in g  a  th ir d  d e g r e e  fu n ctio n  o f  th e  x  

and y c o o r d in a te s . T he fou rth  d e g r e e  fu n ction  r e p r e s e n ta t io n  

resulted  in an  a b n o r m a lly  lo w  b e d r o c k  d e n s ity  w h ile  th e  su m  o f  

the re s id u a ls  i s  the lo w e s t .

Table 4  sh o w s that the r e s u l t s  w h ich  w e r e  o b ta in ed  w hen  

ca lcu la tion s w e r e  s t r ic t e d  to  25  t e s t  h o le s  c h o s e n  in  a r e a s  

covered  w ith  t i l l  ty p e  g la c ia l  s e d im e n t s .  M o st o f  th e s e  w e l l s  

are located  in the K a la m a zo o  M o r a in e .

D egree o f  P o ly n o m ia l 1st 2nd 3rd 4th

A*| g m /c c  (g la c ia l s e d im e n ts ) 2 .4 4 2 .  16 1 .9 5 2 .  10

g m /c c  (b ed ro ck  s e d im e n ts ) 2 .9 5 2 .2 9 1 .9 8 2 .0 8

Sum s o f  sq u ared  r e s id u a ls 0 .5 6 0 .2 6 0 .0 6 0 .0 2

Table 4 .  D e n s ity  v a lu e s  o b ta in ed  by a p p ly in g  th e  g e o p h y s ic a l—
g e o lo g ic a l m eth od  to  t e s t  h o le s  lo c a te d  in  a r e a s  

c o v e r e d  w ith  t i l l  d e p o s i t s .



The first degree representation  in x and y o f the Bouguer 

gravity produced density estim a tes  which appear to be in best 

agreement with values anticipated from previous s tu d ies . How­

e v e r ,  the sum of the squared resid u als is  larger  than that obtained 

from the higher degree equations. To further investiage the 

extent of density dependence on the type of g lacia l sed im ent, 

Kalamazoo County was divided into sev era l overlapping a rea s  

depending on the nature o f surface g lacia l d ep o sits . The a r e a s  

were also delineated to insure that enough r e lie f  on the bedrock  

surface existed within each area (m inim um  of 50 feet) to allow  

a reliable estim ate of d e n s it ie s . The r e su lts , how ever, did not 

show a coherent relationship between the d en sities  obtained and 

the type of glacial deposit.

The failure of the method may be accounted for by the lim ited  

data and the interpolation p ro cess  em ployed to obtain gravity  

values at test hole locations where d irect gravity observations  

were not available. A lso , the polynom ial representation  o f the 

Bouguer gravity anomaly may not elim inate the regional e ffec ts

quantitatively.

The assumption that K-j (^ ih | +Z32^ i) represent the gravita­

tional effect of both the bedrock and g lacia l sed im ents above the 

(latum implies that topography of the ground and bedrock su rfaces  

are sufficiently horizontal that g lacia l and bedrock sed im en ts
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above the datum  can  be r e p r e s e n te d  by in fin ite  s la b s .  H o w ev er , 

in c a se s  w h ere the b ed ro ck  and s u r fa c e  top ograp h y  ex h ib it c o n ­

siderable r e l ie f  the in fin ite  s la b  a ssu m p tio n  m ay lead  to  e r r o n e o u s  

resu lts. In th e se  s itu a t io n s , an a lte r n a t iv e  p r o c ed u re  is  s u g g e s te d  

based on a m ethod d e v ise d  by T a lw a n i, e t  a l (1 9 5 9 ) for  the c a lc u la ­

tion o f the g ra v ita tio n a l e f fe c t  o f  ir r e g u la r  tw o d im e n s io n a l b o d ie s .  

The c r o s s  s e c t io n  o f  the d r ift  and b ed ro ck  la y e r s  a r e  a p p ro x im a ted  

by polygons a s  show n in F ig u re  3 .  The co m b in ed  g r a v ita tio n a l  

effect o f the g la c ia l and b ed rock  m a te r ia l a b o v e  the datum  ca n  be  

written as;

f ,  (X , Z)/®! + f2 (X , Z ) ^

where f  ̂ (X , Z) and fg (X ,Z )  a r e  the g r a v ita tio n a l e f f e c t s  o f  g la c ia l

and bedrock la y e r s  r e s p e c t iv e ly  a s su m in g  a d e n s ity  o f  1 .O g m /c c .
I Z p+ !

They can be e x p r e s s e d  as: f ( X ,Z )  = 2 (a p+bp
p = i * -

w h ere  a p = XP +1 ~ *jp bp = X p Z p + i -  X p+1  Z p
Z p+1 — Z p Z p + ) _  Z p

In th ese  eq u ation s (F ig u r e  3 ) p r*epresents the p o lygon  s id e  

num ber, X and Z a r e  th e  c o o r d in a te s  o f  p o lygon  c o r n e r s .  T he  

sum m ation i s  c a r r ie d  o v e r  the [ s id e s  o f  th e  P o ly g o n . A c c o r d in g ly ,  

the le a s t  sq u a re  p r in c ip le  d em an d s that:

1= N . n m  i k 2
> tgoi-Lfi (x,z) + f2 cx.z)^] 21 21 ajk yi 1 =

i * 1 j= o  k=o

a m inim um  w h e r e  g 0  ̂ i s  the f r e e —a ir  g r a v ity  a n o m a ly  a t w e ll
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number i and other sym bols are as defined above. The choice of 

a density of unity for the density of both the glacial and bedrock 

sediments in calculating f-, (X ,Z ) and f2 (X ,Z ) makes their least 

square coefficients equal the density of the glacial and bedrock 

sediments. This modified approach has been applied to profile P 

shown in Plate 2a which is established by six  w e lls . The profile 

is located in Comstock and Kalamazoo Townships where the surface  

sediments are m ostly outwash glacial d eposits. Table 5 shows 

the densities calculated by fitting polynomials of up to the fourth 

degree to the Bouguer gravity anom ly.

Degree of polynomial 1st 2nd 3rd 4th

/ ° 1  gm /cc (glacial sedim ents) 1.80 1 .90 2 .27 1 .43

gm /cc (bedrock sedim ents) 1.70 2 . 16 2 .6 0 1 .76

Sum of squares of residuals 10.50 1 .94 0 .95 0.55

Table 5. Densities of bedrock and glacial sedim ents obtained by 
approximating the two dim ensional glacial and bedrock 
m asses by polygons.

The third degree polynomial is  shown to yield the best density  

values. It is a lso  clear that the fourth degree polynomial, while 

showing the sm allest sum s of the square of the residuals, does 

not yield realistic densities.

Attempting to assign  an average density to the glacial and 

bedrock sediments using the above listed  resu lts appears to be
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a risky venture. The sum of the squares of the residuals cannot 

be used as criterion for selecting the most suitable equation to 

represent the regional e ffect. The density values corresponding 

to the sm allest sum of the squares of the residuals in m ost ca ses  

do not fall within the known range of density variation. Accordingly, 

a reasonable average density was selected  for the glacial and bed­

rock m aterials, based on published data. Unconsolidated sand, 

gravel, and clay deposits usually have a density ranging between 

1.9 and 2 .1  gm /cc  depending on com paction, cem entation and the 

degree of saturation. Till m ateria ls, on the other hand, have 

generally higher densities which vary between 2 .1  to 2 .3  g m /c c .

An average density of 2 .1 5  gm /cc  was assum ed for the glacial 

sediments because sedim ents could be till or outwash type deposits  

or a combination of both. This value lays midway between the 

normal density of the till m aterial and that of sand, gravel, and 

clay deposits. This density value a lso  was determined by Klasner 

(1963) using Nettleton's profile method in the New Haven, Michigan 

area which is im m ediately to the w est of Kalamazoo County. The 

use of two separate density values in the reduction of gravity data 

depending on whether we are dealing with areas covered with till 

or outwash deposits appears very appealing. However, glacial 

deposits often change nature at depths, and unless proven other­

w ise , the use of an average density seem s to be sa fest.



The density of the Coldwater shale w as assum ed to be 2 .5 5  g m /c c .  

This value was obtained by laboratory m easurem ents at the Depart­

ment of Geology of Michigan State U niversity and appears to be a 

reasonable e s tim a te .



CHAPTER VI

REGIONAL AND RESIDUALS

Introduction

One of the most unfortunate facts about geophysical methods of 

exploration is that the m easurem ents are not very se lective  in 

nature. Consequently they portray not only the distribution and 

physical characteristics of features of in terest, but a lso  anomalous 

bodies creating m easureable effects at the point of m easurem ent. 

Surface inhomogeneities and random reading errors often add to 

the complexity of the situation. The extraction of the anomaly of 

interest from this complex spectrum  of overlapping effects i s ,  

therefore, a critica l and certain ly frustrating task entrusted to 

the geophysicist. Much of this frustration has been laid upon the 

ambiguity inherent in the mathematical representation of the 

potential field . This fact hoc been pointed out several tim es in 

literature (S k ee ls , 1947; Nettleton, 1954).

Conventional Methods of Isolation Residuals

The development of techniques for extracting residual gravity  

effects from the total effects has been the subject of intensive study 

for the last several decades. Several methods have been suggested

52



f o r  this purpose. In this connection, two com plem entary term s  

have been introduced in literature; the "regional" and "residual".

The "regional" or trend (Grant, 1954) is defined a s  the Bouguer 

gravity value which would have been obtained had the anom alies 

of interest been absent. The anom alies of interest are called  

"residuals" and are obtained by subtracting the regional from the 

Bouguer gravity. T herefore, depending on what we define as  

residual, numerous regional values can be obtained, and vice v ersa . 

The term "regional" by itse lf has no meaning unless the expected  

anomalies are com pletely defined.

From the practical point of view , the regional is  often recognized  

as those smooth broad variations which have low curvature, sug­

gesting deep-seated disturbances. Adm ittedly, this definition of 

the regional could be m isleading.

The earliest method of regional elim ination was by contour or  

profile smoothing. The justification of this procedure is  that the 

smooth variations are attributed to anomalous m a sses  which are 

considered to be too deep or broad to be of interest for exploration. 

This is the most em pirical approach of defining the regional. This 

method may be useful in particular c a se s  when the ''egional is  sim ple  

and has a uniform gradient. However, in areas where the regional 

is complex, the method becom es very difficult to apply (N ettleton,
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A more refined version  of the above method is  often called "cross  

profiling” . This involves plotting gravity profiles in a network of 

intersecting lin es . The spacing of these lin es and their orientation  

depends on the degree of com plexity and trend of the reg ion a l. The 

advantage of the c r o ss  profiling method is  that the regional values  

at each point of in tersection  have to be the sam e for the two inter­

secting profiles by adjusting and modifying the regional cu rves.

This method is s till em pirical and can lead to erroneous r e su lts . It 

is sim ilar to the method of d irect contour or profile smoothing 

except that the c r o ss  profiling method is  done along two s e ts  of pro­

files. This extra dim ension may im prove the accuracy of estim ating  

the regional, esp ec ia lly  in c a se s  where the regional is  rather com ­

plicated .

To evaluate c r o ss  profiling a s  a method of elim inating the 

regional gravity trend and producing gravity residuals indicative of 

bedrock topography, the method was applied to the Bouguer gravity  

map of Kalamazoo County (P la tes  3a , 3b). One se t  of parallel pro­

files was established in the northeast-southw est direction  parallel 

to the general Bouguer gravity gradient. The second se t of parallel 

profiles was taken normal to the f ir s t , with the spacing between 

lines established at about three m iles  in both se t of lin e s . A fter the 

cross profile routines w ere com pleted , the residual gravity values  

at 39 randomly chosen test holes w ere plotted v ersu s bedrock



elevation (Figure 4). The selection  of the 39 test holes was per­

formed by drawing at random, ten percent of the test holes of each 

township with a minimum of two holes from each Township. Figure 

4 shows that the scatter of points on either side of the least square 

line is appreciable. A value of 0.21 was obtained for the correlation  

coefficient, resulting in a coefficient of determination of 0 .0 4  indi­

cating that only 4 percent of the observed variations of the gravity  

residuals obtained by cro ss  profiling is  attributed to bedrock topog­

raphy. A test of significance at the 5% and 1% leve ls  indicates that 

the above correlation coefficient does not differ from zero . The 

points in Figure 4 which are enclosed in squares represent maximum  

negative deviation from the least square lin es . Most of these points 

correspond to test holes located over very prominent, broad, rela­

tively low Bouguer gravity anom alies which are caused by deep 

seated m ass distributions. Obviously, the c ro ss  profile method did 

not remove these anom alies com pletely and the residuals w ere 

accordingly lower than expected. S im ilar ly , the circled  points of 

Figure 4 show anomalously higher values of resid u als. These points 

correspond to test holes located over aprominent broad gravity high 

which was not com pletely elim inated as a regional e ffect. A ccord- 

ingly, most of the scatter of points in Figure 4 indicates that the 

cross profile method can produce distorted gravity residuals in 

terms of this analysis. To produce meaningful residuals by applying
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the cross profile method, the interpreter must be fam iliar with 

the geology of the area . A lso , he should know the approximate 

amplitude, width and shape of gravity anom alies which are to be 

defined as residuals.

All the methods of contour or profile smoothing depend on the 

experience and judgement of the interpreter. In extrem ely com pli­

cated situations, different interpreters might arrive at totally  

different regional maps.

The apparent inadequacy of the smoothing technique has led 

various workers to the other approaches for regional evaluation. 

These techinques were designed in such a way that the interpreter's 

judgement is removed, as much as p ossib le, from affecting the 

outcome of the regional calculations. Griffin (1949) suggested  

defining the regional as the weighted mean of the observed values 

at a number of points in the surrounding area . Using cylindrical 

coordinates he defined the regional according to the following 

equation:

where G is the regional and g (r ,9 )  is a gravity value at a point 

on a circle of radius r centered at the data point. He pointed out 

that this approach elim inates human b ias. P eters (1949) and 

Elkins (1951) indicated that the residual obtained by applying this 

rc t̂hod could be equivalent to the second derivative. Nettleton (1954),

G -
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Swartz (1954) Dean (1959), and Ray and Jain (1961) indicated that 

the approach leads to different resu lts depending on the grid spacing 

and the formula used. It is apparent that human judgement is  not 

completely eliminated because the choice of the grid configuration 

and dimension is not based on any theoretical consideration.

In addition to the smoothing and griding methods of calculating the 

regional, a group of analytical methods has been introduced in the 

geophysical literature. These methods commanded a great deal of 

popularity in recent years. The polynomial approximation of the 

regional by the method of least squares has proved to be one of the 

most popular of analytical methods. The ea r liest version was 

employed by Numerov (1929) on gravity data obtained over a lake.

He assumed the regional to be a first degree polynomial of the form  

a + bh + dy + cx; where x and y are Cartesian coordinates, h is the 

depth of water in the lake, and the constants, a , b, c , and d are  

determined by the least square method. Agocs (1951) demonstrated 

the applicability of the method for the removal of a plane regional 

superimposed on the gravitational effect of a sphere. He remarked 

that the method can be used to approximate a more complicated  

regional by using a higher order polynomial. Simpson (1954) used 

a higher order polynomial. He conceded that large amplitude local 

anomalies or blunders in observations could lead to local unrealistic  

estimates of the regional.
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While the idea of using polynomials seem s to keep human bias at a 

minimum, some assumptions have to be made as to the properties or 

behavior of the raw data. These assum ptions are usually employed to 

establish checks and controls through which the equation that best 

fits the data can be selected . It is  usually assum ed that the residuals 

occur at random and that positive and negative local disturbances have 

about equal probability of occurrence. Therefore, the sum of resid­

uals should be a minimum.

In the traditional way of executing the least square fitting of a 

polynomial, a low order polynomial equation is  initially used, and 

the least square method is applied to calculate the coeffic ien ts.

More terms are then added to produce a higher order equation which 

is subjected again to the least square an a lysis . This process of add­

ing more term s and calculating coefficients is usually repeated until 

a polynomial equation which produces a minimum sum of the squared 

values of residuals is obtained. Obviously, certain term s are common 

to several polynomial equations. The coefficient of each one of these  

terms is determined once for each equation in which it ex ists  because 

the coefficient of a certain term may depend on the polynomial equa­

tion in which it ex is ts . To avoid the added labor of calculating the 

coefficient of som e term s several tim es, the approach can be modi­

fied in such a way that the effect of any term  in the polynomial can 

be separately investigated so that, step by step , a check of the goodness
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of fit can be achieved. This approach w as described  by Oldham and 

Sutherland (1955), and Grant (1957), who assum ed a regional equa­

tion of the form:

G = t)Qp0  + b ip-j + .................................................................+t>nPj

where the *s are polynom ials in x and y ,  the b's are co e ffic ien ts , 

and being of degree j . The polynom ials are determ ined so  that

= O when j*k. The sum m ation is  taken over a ll the occupied  

values of x and y . This modified version  is superior to the conven­

tional polynomial approximation because the coeffic ien ts and the 

standard error are independent of the degree of the polynomial fitted . 

The computations can be carried  out faster  and with le s s  labor. This 

is especially advantageous in case  of high degree polynom ials.

The residuals obtained by fitting a polynomial to the regional are  

not particularly suited for quantitative in terpretation . The s ta t is ­

tical basis behind the method assu m es that the average value of the 

residual is zero . In other w ords, the probability of occurrence of 

positive and negative residuals is  equal. In the m ajority of actual 

cases, this assum ption seem s to be hardly tenable. When w e , for 

example, wish to delineate pregalcial va lleys or locate sa lt  d om es, 

we are expecting to compute a regional which w ill yield  predom i­

nately negative resid u a ls.

The extraction of gravity residuals by approxim ating the regional 

gravity trend by a polynomial applying the method of lea st squares



performed on the Bouguer gravity  map o f Kalamazoo County.

Th# gravity residuals corresponding to the fifth and seventh degree  

polynomial representation of the regional w ere calcu lated  at the 39 

test hole locations described in the d iscu ssio n  of the c r o s s  profile  

method. These residual values plotted v e r su s  bedrock e levation s  

and the results are shown in F igures 5 and 6  which correspond  

respectively to the fifth and seventh degree polynom ial reg ion a l.

It is apparent that Figure 5 d isp lays le s s  sca tter  of points than 

Figure 6 . This is  a lso  apparent from  the values of the correla tion  

coefficients of 0 .44  for the fifth and 0 .3 4  for the seventh degree  

polynomial representation of the reg io n a l. The corresponding  

coefficients of determ inations are 0 .1 9  and 0 . 12 resp ec tiv e ly .

These values of the coeffic ien t of determ inations a lso  indicate that, 

in this study, the gravity resid u als obtained by approxim ating the 

regional trend by polynom ials is  su p erior  to those from  c r o s s  pro­

filing in reflecting bedrock topography. T ests of sign ifican ce of 

the correlation at the 5% level indicates that the correla tion  between  

bedrock elevations and polynom ial resid u a ls is  s ign ifican t. At the 

1% level the correlation between fifth degree polynom ial resid u a ls  

and bedrock elevations is  sign ificant w hile the seventh  degree poly­

nomial residuals are not sign ificantly  correla ted  to bedrock e le v a ­

tions. The deviations of the resid u a ls from  the lea st square lin es  

in Figures 5 and 6  indicates that the method o f representing the 

naglonal trend by polynomial a n a ly sis  often resu lts  in d istorted



GR
AV

ITY
 

RE
SI

0U
AL

8 
IN 

M
GA

LS

5 0 0  6 0 0  700 800
BEDROCK ELEVATION IN FEET ABOVE SEA LEVEL

FIGURE 5  -  RELATION BETW EEN FIFTH  DEGREE POLY­
NOMIAL RESIDUALS (g R ) AND BEDROCK ELEVATION (E).



9R
4V

IT
Y

 
RE

SI
D

U
A

LS
 

IN

O O

05

00
OO

06

9 0 07 0 0 6 0 05 0 0 6 0 0
BEDROCK ELEVATION IN FEET ABOVE 8EA LEVEL

FIGURE 6  -  RELATION BETWEEN SEVENTH DEGREE 
POLYNOMIAL RESIDUALS (gR ) AND BEDROCK
ELEVATION ( E ) ._______________________________________



64

residuals as in the case  of the c r o ss  profile r e s id u a l.

The above d iscussion  concerning the available m ethods for the 

e x t r a c t i o n  of the residual anom aly from  the observed potential fie ld , 

point out that, although the methods are  num erous and d iv ersified , 

none of them seem s to offer a totally  objective res id u a ls . However, 

some are more objective than o th ers. The grid methods are subjec­

tive and em pirical. The labeling of their resu lts  a s  resid u als is  

questionable.

The polynomial approxim ation of the regional may lead to a m ore 

realistic evaluation of the regional than the grid m ethods, e sp ec ia lly  

in situations where the regional is  sim p le and can be represented  by 

a low degree polynom ial. In m ost c a s e s ,  how ever, the residual pat­

tern obtained is only suited for locating trends rather than for quan­

titative interpretation.

The cross-profiling method is  generally  favored in producing the 

most realistic resid u a ls, e sp ec ia lly  when the in terpreter has a fa irly  

thorough knowledge of the subsurface geology of the a re a , and par­

ticularly, of the structure he is  exp loring.

Geologic Residual Gravity Anomaly

The above d iscussion  dem onstrates the fact that gravity resid u als  

obtained by employing any of the described  m ethods can be ex trem ely  

inaccurate in defining the bedrock topography. The application of 

these residuals in calculating the d im ensions and depths of m ass
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distributions characterized by sm all amplitude anom alies in areas  

of c o m p le x  regional gravity may lead to erroneous resu lts . The 

a c c u r a c y  of the results is  certain to be enhanced when known geology  

is incorporated. It is  the goal of th is suggested method to apply the 

geologic information available in Kalamazoo County, and the observed  

Bouguer gravity in calculating gravity regional and residual e ffec ts . 

The available geologic information con sists  of 256 test holes reach­

ing or penetrating the bedrock surface together with 50 additional test 

holes which penetrated a considerable thickness of glacial sed im ents.

To apply this method, it is  essen tia l to assum e that the regional 

gravity effect is broad, and the test holes are located so  that the 

interpolation of calculated regional gravity at test hole locations 

completely defines the regional gravity effect. The assum ption that 

the regional effect is sim ple and regional anom alies rather broad is  

justified because the regional anom alies are caused by deeper, and 

generally broader density variations in the Paleozoic section and 

underlying rocks.

The regional gravity effect at a sp ecific  location is  here defined 

as the observed Bouguer gravity which would be obtained had the 

bedrock m aterial, above a datum, been replaced by glacial sed i­

ments. The datum was chosen to be the low est elevation point on 

the bedrock surface in Kalamazoo County, and is  300 feet above sea  

level. Accordingly, the residual Bouguer gravity anomaly is  defined 

as the gravitational effect of the surplus m ass due to the existence of



d e n s e r  bedrock above datum elevation  rather than g lacia l sed im en ts .

To illustrate the m ethod, let us assu m e that at a sp ec if ic  te s t  hole 

location^, /® 2  and H are the d®n sit ie s  artd th ick n esses  of g lacia l 

a n d  bedrock sedim ents resp ec tiv e ly  (F igure 7 ). At th is location  the 

surplus mass caused by the presen ce o f H feet of bedrock m ateria l 

instead of glacial sed im ents contributes g = 2fTtf H ( / ° 2  “ ) m illig a ls

to the gravity reading. This e ffect here defined a s  the residual 

Bouguer gravity. For a constant density  co n tra st, the residual 

Bouguer gravity is  d irectly  proportional to the th ick n ess of the bed­

rock section above the assum ed datum e leva tion . The regional 

Bouguer gravity at the location is  obtained by subtracting the residual 

Bouguer gravity from the observed  Bouguer grav ity . It m ust be 

emphasized here that the surp lus m a ss e ffect or residual Bouguer 

gravity is always positive a s  long a s  H is  p o s it iv e . H ow ever, in 

locations where bedrock surface is  below  the assum ed  datum e le v a ­

tion, H is negative and the residual Bouguer gravity  a lso  is  n egative .

A density contrast o f  0 .4  g m /c c  w as assum ed  for the density  

contrast C^2~  and the regional gravity  e ffec t at each  te s t  hole  

location was calculated a s  d escribed  above. The regional va lu es  

which were computed at w ell location s w ere interpolated to  define  

the regional su r fa c e . A su itab le approach would be to fit a poly­

nomial using the method of lea st  square to the regional va lu es o r  to 

contour them d irectly . D irect contouring w as se lec te d  b ecau se
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many test h o les, not reaching bedrock, have been employed a s  extra  

control in the contouring p ro c ess . The maximum depth of penetra­

tion of these test holes was used in the sam e manner to calcu late a 

minimum value of the regional which was used as a regional con­

touring guide. The Bouguer gravity values at the test hole locations 

were computed from d irect gravim etric readings or interpolated from  

the Bouguer gravity contour map. The gravity regional contour map 

was employed to estim ate the gravity regional at every gravity station . 

The gravity regional value was subtracted from the Bouguer gravity  

anomaly value at each gravity station to produce the residual gravity  

anomaly value. These w ere contoured to produce the residual gravity  

contour map shown in P lates 4a and 4b . A contour interval of 0 .2  

mgals was se lec ted . The conversion of residual gravity to bedrock  

elevation can be achieved using the following equation:

EB = g R / f 2 t f > C / ° 2 -  ^1>]+ D

where

9R is the value of the residual gravity at a gravity station  

y is  the universal gravitational constant

D is  the chosen datum elevation (300 feet above sea  level)

/ ® 2  “ °̂i *s  the density contrast between bedrock and glacial 
sedim ents (0 .4  g m /cc )

Eg is  bedrock elevation  relative to sea  le v e l.

It is  apparent from  this eauation that a residual value o f zero  repre­

sents a bedrock elevation of 300 feet above sea  le v e l . P ositive and
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ttve residual values represent bedrock elevations greater or le ss  

i^apectively. Bedrock elevations were calculated at each gravity  

gMtton and contoured to obtain the bedrock topography map (P lates 5 , 

«§*and 6 b).

Because of the density of the glacial drift in particular may vary 

■Considerably, the expression ( Aj) is  also expected to vary. The 

.^effect of this variation on the accuracy of the method of calculating  

' gravity residuals depends on the range of density variation. In areas  

where local density contrasts are more than the assum ed 0 .4  g m /cc , 

calculated bedrock elevations are expected to be higher than true 

'values, and vice v ersa .

The assumption that the bedrock upper surface is  a gently 'undulating 

Surface to justify the approximation of bedrock m asses by infinite 

•labs, is another possible source of erro r . Glacial erosion certainly  

Smoothed and reduced the re lief on the bedrock surface; yet, som e 

glaciated valleys may have sufficiently steep sid es to impair the 

validity of the assum ption. To evaluate the effect of an irregular
k

bomplex bedrock surface on the accuracy of our calculations, let us 

gwsume a situation as shown in Figure 7 .

The glacial drift is shown to overlay a flat bedrock surface except 

the presence of a bedrock channel. Suppose that the elevation  

the bedrock surface is to be calculated at points A , B , C, D, and 

employing the residual gravity values at each location. The errors



In tro d u ce d  in the calcu lations o f the reg ion al, resid u a l, and bedrock  

elevations at any point between A and E can be explained a s  follows:

(1 ) At point A located at a large d istance from  the edge of the v a lley , 

the errors introduced are insign ificant. (2) At B , d irectly  above the 

edge of the va lley , the error  is  expected to be m axim um . Its m agni­

tude depends on the depth, and the steep n ess  of the va lley  s id e s . The 

application of the infinite slab form ula to the resid u als in this location  

to calculate bedrock elevation  im plies that the va lley  is  neglected .

The presence of the va lley  renders the value of the residual gravity  

at location B le s s  than what it would be in the absence o f the v a lley . 

Therefore, the application o f the infinite slab  form ula to calcu late  

the bedrock elevations at B from  the residual gravity  value resu lts  

in bedrock elevation which are  le s s  than the true v a lu es. (3) At D, 

the error is  a lso  m axim um . The infinite slab  assum ption im plies  

the absence of the bedrock m aterial above the va lley  flo o r . The 

presence of such m aterial renders the residual gravity  at location  

D more than its value if the bedrock m ateria l above the va lley  floor  

was absent. T herefore, at location D , the calcu lated  bedrock e le ­

vation is  expected to be higher than the actual v a lu es. (4) A s we 

move towards E , the e r r o r s  d ecrease  until they reach a minimum  

at the center of the v a lley . (5) At location C between B and D , the 

absolute value of the erro r  is  le s s  than that at e ith er  point, B or  D .

In this region applying the infinite slab  form ula im p lies that we are
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ad d in g  the bedrock m ass labeled 1 and at the sam e tim e , ignoring

the presence of the m ass labeled 2 (dotted). The two e r r o r s  reduce

each others effect, and the net resu lt is  a  sm a ller  e r r o r . At a c e r -  
1

tain location C, between B and D, the gravitational e ffect o f the added 

mass is equal to that of the ignored m a ss , and the net e rro r  is  z e r o .  

Because the number two m a ss is  alw ays c lo se r  to the su rface  than
f

mass number one, point C is  alw ays c lo se r  to B than D.

The magnitude of e r r o r s  introduced in the calcu lations of bed­

rock topography by applying the infinite slab  form ula in a rea s  of 

complex bedrock topography can be v isu a lized  by a m odel study.

The model employed is  shown in the upper right hand sid e  of 

Figure 8 . The model indicates a fla t-lay in g  bedrock surface modi­

fied by a steep-sided  bedrock channel. The slope of the bedrock  

valley sides was assum ed to be 1 0 °  and its  floor width 1 0 0 0  fe e t .

The glacial sedim ents w ere assum ed  to be 1 0 0  feet thick and the 

valley depth was varied between 25 and 125 fe e t, at 25 feet in ter­

vals. For each va lley  depth, the gravitational e ffec t resu lting  

from the ex cess  m ass produced by the p resen ce  o f bedrock se d i­

ments instead of g lacia l sed im en ts above the datum w as calcu lated  

at several surface sta tion s using the method suggested  by Talwani, 

at al (1959). Using a density  con trast o f 0 .4 0  g m /c c , th ese  g ra v i-  

tational values correspond to what has been defined e a r lie r  a s  the 

residual Bouguer anom aly. The suggested  approach for calculating
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the bedrock e levation  from  the re s id u a ls  w as then applied  to each  

r e s id u a l  value at each  su r fa ce  s ta tio n . The e r r o r s  introduced in the 

calculations of bedrock e lev a tio n s  from  the gra v ity  r e s id u a ls  by 

applying the infinite slab  form ula w as obtained at each  su r fa ce  s ta ­

tion by subtracting the known bedrock e le v a tio n s  at each  su rfa ce  

s t a t io n  (relative to datum D) from  the ca lcu la ted  v a lu e s . F igu re 8  

shows the m agnitudes of the e r r o r s  in te r m s  o f d ista n ce  from  m id­

p o in t on the s id e  of the bedrock ch an n el. A s d isc u sse d  ab o v e , the  

g r a p h s  show that the e r r o r s  in ca lcu la tin g  bedrock e lev a tio n s  from  

the residual gravity  v a lu es a r e  m inim um  at grea t d ista n ce  from  the 

adga of the v a lley  and ap p rox im ately  half w ay down it s  s id e s .  E r r o r s  

a r a ,  however, m axim um  at the upper and low er poin ts on the v a lle y  

s id e s .

To dem onstrate the su p er io r ity  o f  th is  g eo lo g ic  m ethod o f iso la t— 

ing gravity resid u a ls  re flec tin g  bedrock  topography, the 39 te s t  

holes previously used to eva lu ate  the resid u a l m aps w ere  a ssu m ed  

nonexistent. The regional grav ity  v a lu es  a t each  one o f th ose  te s t  

holes was estim ated  by in terpolating the reg ional grav ity  va lu es  

obtained by the g eo lo g ic  method at the surrounding te s t  h o le s . The 

Interpolated regional grav ity  va lu e at each  t e s t  hole w a s subtracted  

from the corresponding B ouguer grav ity  v a lu es  to  obtain resid u a l 

grav ity  va lu es. T hese resid u a l grav ity  va lu es  a re  plotted v e r su s  

bsd rock  elevation  in F igure 9 . T h is figure sh ow s that the points in
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the graph exhibit appreciably le s s  sca tter  around the least squares  

line tf»n those in F igures 4 , 5 and 6 . A coeffic ien t of determ ination  

of 0.83 was calculated for the points of F igure 9 . The correla tion  

between bedrock elevations and geologic residual Bouguer gravity  

is highly significant at the 1% lev e l. This show s that the geologic  

method is  far superior to the methods o f c r o s s  profiling and poly­

nomial approximation of regionals by the method of lea st square in 

producing residual gravity values which reflect bedrock topography. 

Most of the points in Figure 9 which show appreciable deviation from  

the least squares line correspond to te st  holes located in a rea s  w here 

additional bedrock control is  very  s c a r c e . The regional va lues at 

these test holes w ere thus obtained by interpolating from  regional 

gravity values located at large d istan ces from  the te s t  hole s i t e s .



CHAPTER VII

DISCUSSION OF R ESU LTS

B ouguer Gravity Anomaly

Tire Bouguer gravity anom aly contour map o f Kalam azoo County 

is shown in P lates 3a and 3b . As m entioned p rev io u sly , a density  

of 2.15 gm /cc was assum ed for the g lacia l sed im ent and an elevation  

of 700 feet above sea  leve l w as taken a s  the datum . The Bouguer  

gravity contour map rep resen ts the gravitational effect o f  a ll d is ­

turbing m asses beneath the ground su r fa c e . T hese e ffec ts  include 

lateral density variation and the local thickening and thinning within  

the glacial sed im en ts, and the e ffec t of structure and density  varia ­

tions in the Paleozoic section  and basem ent com p lex .

The Bouguer gravity anom aly m aps exhibit the follow ing broad 

features:

1. A general northeast-southw est gradient of roughly 0 .8  

m agls/m ile is  apparent, with value in creasin g  to the south .

2. A gravity high is  centered  in the southw estern  corner of 

Comstock Township. It extends eastw ard a c r o ss  central 

Charleston Township to the eastern  border o f the county.

This gravity high se e m s  to d isappear tow ards the w est in

76
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west central K alam azoo T ow nsh ip , due to the p r e se n c e  o f  

a bedrock channel. It b e co m es  n o ticeab le  again  in sec tio n  

22 and broadens in O sthem o and A lam a T ow n sh ip s.

3 . A  prominent grav ity  high c o v e r s  P r a ir ie  R onde, S c h o o l­

craft, and the sou thern  half o f P ortage and T ex a s  T ow n sh ip s. 

This gravity high tren d s n orth -n orth w est and d isp la y s  its  

strongest e x p r e ss io n  in N orthw est S ch o o lcra ft T ow nsh ip .

4. A gravity high is  located  at the so u th ea stern  c o rn e r  o f the 

County and ap p ears to extend sou th eastw ard  into Calhoun  

and S t. Joseph C ou n ties .

5. A prominent a rea  w here the g en era l B ouguer g ra v ity  grad­

ient is  very  low  tren d s n o r th w est-so u th ea st from  the 

northern boundaries of R ichalnd and C ooper to cen tra l R ich­

land and C h arleston  T ow n sh ip s. It c r o s s e s  the K alam azoo  

County line at the so u th ea stern  c o r n e r  o f C h arleston  Town­

ship. In th is  a r ea  a broad low  anom aly  s e e m s  to be resp o n ­

sib le for ca n ce llin g  o r  g re a tly  reducing the lo ca l g ra v ity  

gradient. T h is fea tu re c o in c id e s  w ith a  v e r y  prom inent low  

in the total m agn etic  f ie ld .

6 . A gravity low  cen tered  in e a s t—cen tra l C lim ax T ow nship  

extends eastw ard  a c r o s s  south  P av ilion  and sw in g s  to the 

northwest in P ortage  T ow nsh ip . F rom  th e r e , it ex ten d s  

w estw ard c r o ss in g  the county lin e  in w e s t  T ex a s  T ow nsh ip .
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Most of the anom alies d iscussed  above generally  have co rre­

sponding magnetic anom alies (H inze, 1963). This correlation  is  

very important in identifying the causative bodies of these anom alies  

and the isolation of gravity resid u a ls. The glacial and Paleozoic  

sediments are known to have little or no magnetic e ffec ts . T herefore, 

we can conclude that these broad features in the Bouguer anomaly 

map are caused by structural and lithologic variations in the base­

ment complex and hence should be elim inated as regional. This 

interpretation is  substantiated by the generally  low gradients of the 

gravity anom alies, which again indicate a deep sou rce .

In addition to these broad fea tu res, the map a lso  indicates the 

presence of local linear trends of relatively  low Bouguer gravity  

values. These trends are caused by bedrock channels and w ill be 

described in detail in the section  regarding the gravity residuals 

and bedrock topography.

Gravity Residuals

Bedrock Topography Residual Bouguer Gravity Anomaly Map 

Plates 4a and 4b show the gravity residuals calculated by 

employing the w ell log information and the Bouguer gravity  

anomaly contour map. The residual values represent the gravi­

tational effect of the e x c ess  m ass resulting from the presence  

of denser bedrock sedim ents above the datum elevation (300 feet
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above sea  lev e l)  instead  o f g la c ia l se d im e n ts . D efined in th is  

manner, the resid u al grav ity  va lu es are  p o sitiv e  a s  long a s  

the bedrock e levation  is  g rea ter  than the datum e lev a tio n . N ega­

tive residual grav ity  v a lu es  indicate bedrock e lev a tio n s  l e s s  than  

the datum e lev a tio n .

Inspection of the resid u a l contour map r e v ea ls  the p r esen ce  o f  

several linear trends ch a ra cter ized  by low er grav ity  r e s id u a ls . 

These trends re sem b le  a fluvia l drainage pattern and a re  believed  

to be caused by bedrock ch a n n e ls . The m ost prom inent lin ear  

low residual a rea  is  located  ju st e a s t  o f  the w estern  boundary of 

Kalamazoo C ounty. H ere it g en era lly  tren d s n orth -sou th . T his  

trend en ters  the County at the northw estern  co rn er  and c r o s s e s  

the southern boundary at south—cen tra l P a ra r ie  Ronde T ow nship . 

The low est resid u al grav ity  va lu es o f  z ero  m ga ls  occu r  at two 

loca lities along the a x is  o f  the trend at the sou th w estern  co rn er  

of Oshtemo and the w e st-c en tr a l portion of T exas T ow nsh ips.

S evera l additional low  resid u a l tren d s a re  apparent and have 

an e a s t-w e s t  or n o rth w est-sou th east d ir ec tio n . The m ost prom ­

inent extends g en era lly  e a s t -w e s t  a c r o s s  cen tra l K alam azoo  

County. It e n te r s  the County at the n orth eastern  co rn er  o f  

Charleston T ow nship , continues northw estw ard to cen tra l R o ss  

Township w here it turns southw ard , then w estw ard  and continues
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in this direction a cr o ss  C om stock, Kalam azoo, and Oshtemo 

Townships. This m ajor trend is  joined by sev era l tributaries  

trending northw est-southeast and northeast-southw est. The 

drainage system  of th is trend appears to be very  com plex in and 

west of the City of Kalam azoo.

Other minor trends include an e a s t—w est bedrock channel and 

its two tr ib u taries. This trend occupies the northw estern and 

north-central part o f Kalamazoo County.

In addition to the above mentioned low residual gravity tren d s, 

several residual gravity highs a lso  e x is t . The m ost prom inent of  

these are located in northwestern NAfakeshma, southw estern C lim ax, 

and southeastern Pavilion Tow nships. S evera l additional a rea s  of 

high residuals are apparent in northwestern K alam azoo, south­

eastern O shtem o, northeastern R ichland, and northw estern Rose  

Townships. These high gravity resid u als reflect re la tive ly  high 

bedrock topography.

Gravity R esiduals Obtained by Approximating the Regional by 
Polynom ials

As mentioned p rev iously , gravity resid u als obtained by fitting  

a polynomial to the gravity data for the purpose of separating  

regional trends may not be suitable for quantitative interpretation . 

They are u sefu l, how ever, for visual study of anom alous tren d s. 

With th is in m ind, gravity resid u a ls w ere computed for gravity
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regionals approximated by polynom ials of fifth and seventh d eg rees .

The County was divided into two parts by an ea st-w est tine in such  

a way as to permit areal overlap . The calcu lations w ere perform ed  

separately on these two h a lves. R esiduals corresponding to the fifth 

and seventh degree polynomial regionals are  illustrated  in P la tes 7 a p 

7bf and 8a, 8b.

Examination of the residual contour maps revea ls  the c lo se  s im i­

larity between the fifth and seventh degree resid u a ls . H owever, as  

expected, the seventh degree residuals anom alies are generally  of 

less amplitude than the fifth. A lso , the seventh degree resid u a ls show  

better resolution of anom alies than the fifth.

A careful comparison between residuals obtained by approximating 

the gravity regional by a seventh degree polynomial and the bedrock  

topography residual Bouguer gravity anom aly dem onstrates the ability  

of the least square technique to outline anom alous a r e a s . H owever, 

the method fails to define the regional quantitatively. The resu lt is  

that gravitational effects of deeper bodies are not com pletely  elim inated , 

thus causing distortions to the gravity resid u a ls . For exam ple, the 

gravity high located in southern Com stock is  s t ill very  prom inent 

in the fifth and seventh degree polynom ial resid u a ls . T his anom aly  

is caused by basement effects and should be elim inated as a regional.

•*hne situation is  repeated in southern T exas and northern  

Preire Ronde Townships where a gravity high caused



by the basement is  not com p letely  e lim in ated  a s  reg io n a l. Som e  

n e g e t tv e  gravity an om alies caused  by anom alous fea tu res in the 

paleozo ic  section  o r  the basem ent a re  a ls o  apparent in the resid u al 

m epe. These negative an om alies  could give a fa lse  indication o f a 

bedrock channel. This can be illu stra ted  by an area  in W akeshma 

Township where it appears from  the resid u a ls  obtained by a seventh  

deg ree  polynomial regional that the "F" va lley  (p la tes 5) extends  

farther south into Brady and w ak esh m a T ow nsh ips, than su ggested  

by geo log ic inform ation.

B edrock Contour Map

P la te s  5 , 6a and 6b show the bedrock topography map o f  

K alam azoo County. The contour lin e s  a r e  dashed in a r e a s  w here  

bedrock  control and grav ity  coverage  is  in su ffic ien t to perm it  

a c c u ra te  outlining of bedrock topography. The contour map 

in d ica tes  a prevailing w estw ard slop e  of the bedrock su r fa c e . 

B edrock  elevations a s  high a s  850 feet a re  encountered in the 

e a s te rn  part o f the County w hile th ese  at the w estern  part are  

under 350 feet at certa in  lo ca tio n s . Superim posed  on th is  general 

bedrock  surface s lop e  are  se v e r a l prom inent high topographic  

fe a tu re s  which a re  located in sou thw estern  S ch o o lcra ft, south­

w estern  O shtem o, northeastern  T e x a s , northw estern  R o ss , and 

n o r th e a s te rn  C om stock T ow nsh ips. Local low e lev a tio n s on



the bedrock surface e x is ts  along the a x e s  of bedrock ch an n els.

A c lo se  exam ination of the bedrock topography map indicates  

the p re se n c e  of a very  com plicated  bedrock channel sy s te m . The 

main b ed ro ck  channels se em  to trend gen era lly  e a s t-w e s t  o r  north- 

south . However, the tr ib u taries of the main bedrock channels trend  

northwest-southeast. Bedrock channels are designated in plate 5 

by alphabetic sym bols for e a sy  re fer en c e .

The "A" va lley  trends w estw ard a c r o ss  Kalamazoo County. It 

p o sse sse s  fairly steep  s id e s  and a rounded floor indicating the 

possib le  effect of g lacia tion , o r  indeed com bined g lac ia l and 

fluvial erosion . Its channel exh ib its appreciable m eandering  

indicating strong fluvial e f fe c ts . S ev era l contour c lo su r e s  along  

the axis of the channel and loca l r e v e r sa ls  o f slop e  are  apparent, 

fu rth e r  suggesting g lacia l or g la c io -flu  vial in flu en ces .

The most prom inent feature o f the "A" channel is  the fact that 

most of its tributaries in Kalamazoo County se e m  to join the r iver  

from the south. The la rg est of th ese  tr ib u taries is  the "F"

Channel which originate in central Brady Tow nship. The "F"

-Channel has a very broad channel and a rather stra igh t c o u r se .

Its s id e s  show very  gentle s lo p e s . The "G" channel is  another 

tr ib u to a ry  to the "A" bedrock ch an n el. It s e e m s  to join the "A" 

Channel near the sam e point at which the "A "  and "F" channels 

m eet. The "j" va lley  is  another tributary to the "A" ch an n el.



ft tea a n arrow er c r o s s  s e c t io n  and v e r y  s t e e p  s i d e s .

The "E" ch an n el jo in s  th e  "A" ch a n n e l a t  th e  c e n t e r  o f  

Comstock T ow nsh ip  and tr e n d s  w e s tw a r d  p a r a l le l  to  th e  "A" 

ctannel. Its ch a n n el c o in c id e s  w ith  th e  MG" ch a n n e l fo r  ab ou t a  

mile in so u th e a ste rn  K a la m a z o o  T o w n sh ip  and s w in g s  w e s tw a r d  

to meet the "F" ch a n n e l in  so u th w e s te r n  K a la m a z o o  T o w n sh ip .

It changes c o u r se  to  so u th w e stw a r d  and m e e t s  the 11K*1 ch a n n e l  

in w est-cen tra l T e x a s  T o w n sh ip .

* M
The "C* and ,fC M c h a n n e ls  a r e  t r ib u t a r ie s  to  th e  "C" c h a n n e l  

which was flow in g  w e s tw a r d  in n o r th e r n  A la m o  T o w n sh ip . Its  

direction o f  flo w  b e c o m e s  n o rth w a rd  in  s e c t io n  4  o f  th e  T o w n sh ip  

and c r o s s e s  the K a la m a zo o  b o r d e r  in to  A lle g a n  C o u n ty . T h is  

channel and it s  t r ib u ta r ie s  a r e  b road  w ith  g e n t ly  s lo p in g  s i d e s .

The "K" and "B" s e g m e n t s  r e p r e s e n t  th e  d e e p e s t  b e d r o c k  

channels in K alam azoo  C o u n ty . T h e ir  c h a n n e ls  a r e  n a r r o w  and  

have steep  s id e s .  The lo w e s t  b e d r o c k  e le v a t io n  in  K a la m a z o o  

County e x is t s  a lo n g  the a x i s  o f  the "K" s e g m e n t  and o c c u r s  in  

w est-central T e x a s  and s o u th e a s t  O sh te m o  T o w n s h ip s .

The "M" ch an n el i s  th e  s o u th e r n m o s t  b e d r o c k  c h a n n e l in  

Kalamazoo C ounty. Its d ir e c t io n  o f  f lo w  w a s  w e s t — n o r th w e s tw a r d . 

This channel m ay  not b e  v e r y  a c c u r a t e ly  d e lin e a te d  b e c a u s e  o f  

lack of a ccu ra te  g r a v ity  and w e l l  lo g  in fo r m a tio n  in  th is  p a r t  o f
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the County. H owever, its ex isten ce  is  estab lish ed  by the presen ce  

of a bedrock channel in Van Buren County which se e m s  to be a 

continuation of the sam e drainage (G iroux, et a l ,  1964).



CHAPTER VIII

INTERPRETATION O F R E SU L T S

C o rre la t io n  of Bedrock and S u rfa ce  Topography

In areas covered with a thin g la c ia l d e p o s it , su r fa ce  topography  

very often reflects bedrock topography. In K alam azoo C ounty, h ow ever , 

glacial sediments are  su ffic ien tly  th ick  that m uch o f the bedrock topog­

raphy is masked by the g la c ia l c o v e r . T hus, w h ile  the bedrock su r ­

face generally s lo p es  downward to the w e s t ,  su r fa ce  topography is  

highest at the w est s id e  o f the county . S u rfa ce  topography i s  g re a tly  

influenced by the a rea l d istr ib u tion  of term in a l m o ra in es in the  

County. The distribution d oes not s e e m  to be re la ted  to  bedrock  

topography.

Because a correla tion  betw een su r fa ce  topography and bedrock  

topography is  lacking, the co rre la tio n  betw een su r fa ce  drainage and 

the bedrock channel sy s te m  is  exp ected  to be v e r y  p o o r . The a v a il­

able bedrock inform ation in the sou th w estern  part o f  the Southern  

Peninsula of M ichigan in d ica tes a p reva ilin g  w estw ard  s lo p e  o f the  

bedrock surface. A ssu m in g  p o s t-g la c ia l rebound to be l e s s  than the  

relief difference in b ed rock , the p reva ilin g  d irectio n  o f p reg la c ia l
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drainage 1° area (which includes K alam azoo County) would p re­

sum ably have been westward tow ards the Lake M ichigan Lowland. It 

is alao apparent that present su r fece  drainage is  to the w e s t , but litt le  

of its coincides with the p reg lac ia l drainage l in e s . C oincidence be­

tween the present surface drainage and bedrock channels e x is t  only  

in areas where differential com paction  o f th ick g la c ia l d ep o sits  has 

occurred in bedrock channels, o r  w here g la c ia l d ep o sits  a re  insuf­

ficient to fill these channels.

There are several exam p les in K alam azoo County w h ere bedrock  

channels (as proven by d r illin g ) have su rface  e x p r e ss io n . T hese  

channels are shown in P late 9 .  The m ost prom inent exam ple a r e  the  

tributaries of Pine C reek in K alam azoo County w hich se e m  to be flow ­

ing over the "C” and the northern part o f the MB n bedrock ch a n n els .

The "B" channel co incides w ith a tr ibutary  of Pine C reek  which  

joins Rupert, M urry, H ipps, and Barbour Lakes to the m ain c r e e k .  

Southward the surface ex p r ess io n  o f the MB ,? channel d isap p ears  

beneath the glacial d ep osits  o f the K alam azoo m ora in es which con cea l 

its surface exp ression . Part o f  the "E" channel located  betw een the 

WF" and "K" channel a lso  co in c id es  w ith the su rfa ce  drainage lin ea — 

tion of the west fork o f Portage C reek  and C rooked , D uck, and P retty  

Lakes. A third exam ple of bedrock channel being reoccup ied  by
„ M

surface stream s is  the bedrock  "C" channel w hich g en era lly  co in c id es  

with Spring and Brook C r e ek s . The a sso c ia tio n  o f the p resen t
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Kalamazoo River to segm ents of the "A", "D", and "C" channels is  

also apparent. This suggests the possib ility that the Kalamazoo 

River follows surface depressions along bedrock channels.

Relation Between Bedrock Channels and Surface Geology

Plate 1 shows the distribution of bedrock channels and surface  

geology in Kalamazoo County. It is  apparent from the map, that 

the two distributions are totally independent and unrelated. This 

suggests that bedrock topography was not a major factor in control­

ling the movement of g la c iers . Examination of the bedrock topog­

raphy map (Plate 5) and Plate 1 a lso  indicates no apparent relation 

between bedrock channel distribution and bedrock surface geology.

Reconstruction of the Drainage Pattern Before and During Glaciation 

Before discussing the classification  of bedrock channels in Kala­

mazoo County, a few pertinent facts are worth restating: (1) P re-  

glacial bedrock channels flow in the general direction of the bedrock 

surface s lo p e . Their cou rses, however may be controlled by struc­

ture and differential hardness of bedrock. (2) The bedrock surface 

of the southwestern part of the Southern Peninsula of Michigan, 

which includes Kalamazoo County, slopes westwarc towards Lake 

Michigan. The structural trend is ,  however, to the northwest.

(3) Preglacial channels never cro ss  drainage divides which may be 

formed of more resistant bedrock form ations.
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A careful study of Plate 5 indicates that water in bedrock channels 

”CM and its tributaries "C" and "C", as well a s the "A" and MM" 

channels, generally flow in a prevailing w esterly direction towards 

the Lake Michigan Basin. These channels appear to have relatively  

broad floors up to a m ile wide and exhibit noticeable meandering. 

These facts suggest that the above mentioned bedrock channels may 

have represented the preglacial fluvial drainage in Kalamazoo County, 

Michigan. The "F1*, "G", and "J" channels appear to have been 

tributaries to the "A" channel and are believed to be preglacial as 

w ell.

In term s of these configurations the following sequence of events 

is postulated. When the ice front of the Lake Michigan lobe, which 

invaded Kalamazoo County from the northwest, covered the north­

western corner of the County, it blocked the westward flowing m aster 

"C" channel. The dammed water began to rise  until it reached the 

elevation of the drainage barrier between the "A" and "C" channels. 

The dammed water then breached the drainage barrier in Kalamazoo 

Township to form the MD" segm ent of the bedrock drainage channels 

which was flowing southward. Thus, the pregalcial drainage in the 

"CM and part of the "C" was seem ingly diverted to -low southward 

and join the "A” channel. This drainage pattern apparently did not 

last very long because the floor elevations of the f,CM, "C" and MD” 

channels are appreciably higher than that of the "A" channel.
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Apparently, the "B" channel was a lso  formed a s a c ro ss  drainage 

by the glacial melt water from the southward advancing and eastward 

spreading Lake Michigan ice front to the "A” channel. This channel 

is appreciably deeper than the "CM and "D" channels indicating that 

it was carrying a larger load of water southward.

The ice front seem ingly advanced farther southward and continued 

to spread to the east; eventually blocking the "A" channel. The 

damming of the preglacial "A" channel probably created an alterna­

tive route for drainage farther south. This drainage is  suggested  

on Plate 5 as the "E" channel which trended southwest. Sm all seg ­

ments of the pregalcial "G" and "F" tributaries of the "A" channel 

were incorporated in this new periglacial stream  channel. As a 

result of this drainage d iversion, drainage offsets occurred in the 

western part of the "A" channel, and in the northern parts of the 

"G" and "F" bedrock channels.

The "K" channel may also  have been created by glacial melt 

waters flowing southward from the advancing Lake Michigan ice 

front towards the "M" preglacial channel which was not yet dammed 

by the advancing ice front. This segm ent "K", like the "B" channel, 

is appreciably deeper than the "A" or "C" channels and has steep  

sided valley w alls accentuated probably by post-glacial down cutting. 

This evidence suggests that the MB" and "K" channels are periglacial. 

It is also possible that the "K" channel was the locus for a northwest
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flowing water in preglacial tim e, then a reversal in drainage 

occurred during glaciation. As the ice front advanced further south 

and east, presumably the "E" channel drainage was dammed and the 

"I" and "H" channels were formed to carry the westward advancing 

drainage to the "K" and hence to the "M" channel.



CHAPTER IX

GROUND WATER POSSIBILITIES IN 

KALAMAZOO COUNTV, MICHIGAN

Introduction

The City of Kalamazoo's municipal water needs, in addition to 

industrial and dom estic water consumption in Kalamazoo County, 

is totally dependent on ground water supp lies. Most of th is needed 

supply com es from aquifers in the glacial sed im ents. The remain­

ing portion is  supplied by w ells completed in the M arshall sandstone 

aquifers and located in the northeastern corner of the County.

The chem ical quality of the ground water produced from  the 

glacial and sandstone aquifers is  quite variable. The m ost common  

salts are the bicarbonates of calcium  and m agnesium . According 

to Deutch, V anlier, and Giroux (1960), the bicarbonates are derived  

from particles of lim estone and sandstone which are the major con­

stituent of glacial sed im ents. In som e a r ea s , how ever, the m ost 

abundant d issolved  m aterial is  calcium  su lfa te . The su lfates are  

more common in the ground water produced from  w ells  com pleted  

in sand and gravel aquifers which are in contact with shale or basal 

till. It was noted by Deutch, V anlier, and Giroux (1960) that low er­

ing the water table resu lts in an upward m igration of the calcium
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sulfate waters from the Coldwater shale to the aquifers in glacial 

sediments. Iron and manganese are a lso  a common constituent in 

the ground water of Kalamazoo County. Their concentration is  

variable depending on the locality.

The author believes that the migration process is  faster in areas  

occupied by bedrock channels especia lly  where a local depression  

in the floor of the bedrock channels ex is ts . Figure 10 shows the 

normalized concentration (highest concentration taken as 1 0 0 ) of 

several chemical compounds in the ground water pumped from five 

wells belonging to the Upjohn Company and located along profile 

"S" (Plate 6 a) crossing the axis of the MF" channel in Portage 

Township. The graph has been constructed from water analysis 

data supplied by the Upjohn Company. It is obvious that ground 

waters obtained from w ells located along the axis of the bedrock 

channel is the highest in salt content. The increased rate of upward 

migration of dissolved sa lts from bedrock sedim ents to glacial 

aquifers located in bedrock channels may be caused by the combined 

effect of these suggested factors: (1) The effective area through 

which saline water migration takes place is greater in areas of bed­

rock depressions than in flat a rea s . (2) Bedrock cepressions are  

possible site for upward migration of waters of relatively higher 

salinity content because the salinity of bedrock sedim ents generally  

increases with depth. (3) Some of the bedrock channels in
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Kalamazoo County may be established along the troughs of minor 

folds in the bedrock surface. It is also possible that som e of them 

follow minor faults or fracture zones in the bedrock surface where 

the resistance to stream  erosion is minimum. Whether the channels 

are established over fault zones, fractures, or minor folds, the 

rate of upward migration of saline waters from the bedrock to the 

glacial sediments is expected to be enhanced. The evidence of high 

salinity in ground waters produced from aquifers located at the center 

of bedrock channels is demonstrated in one location as seen in 

Figure 10. Whether this situation ex ists  in other areas or not is  

unknown. More studies are warranted.

The glacial sedim ents in Kalamazoo County range in thickness 

between 50 feet, m ostly in the vicinity of the Kalamazoo R iver, to 

650 feet in the west side of the County where the Kalamazoo m oraines 

are underlain by bedrock channels. The saturated thickness in areas  

where the glacial sedim ents are thin is very sm all and the possib ility  

of developing aquifers suitable for satisfying the needs of municipal­

ities or industries is  m inim al. Accordingly, areas underlain by a 

thick section of saturated glacial sedim ents are more favorable for 

locating aquifers of appreciable thickness and suitable y ield . A reas 

which are covered with thick outwash and recent channel deposits 

are especially  favorable for locating ground water aquifers. B esides  

having high perm eabilities, aquifers developed in the channel deposits
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of recent stream s, very often, replenish the water lost to pumpage 

5y  direct recharge from surface w a ters . This is  the reasonw hy  

many of the pumping stations of the City o f Kalamazoo Water Depart­

ment are located along surface drainage. The w aters o f the Kalamazoo 

River, which is the largest surface drainage in Kalamazoo County, 

are highly polluted. A ccordingly, no attem pt was made to develop  

g ro u n d  water aquifers in its channel d ep osits . G lacial till sed im ents  

in Kalamazoo County are m ostly  form ed of red or blue com pact and 

impervious sedim ents which are formed of p artic les having a wide 

range of s iz e s .  H owever, in som e a r e a s , t ill deposits are form ed  

Of fine grained clay  type sed im ents which are grey , brown, o r  grey­

ish blue in co lo r . Both v a r ie ties  of till deposits are unsuitable as  

aquifers.

Exploration drilling in the spring o f 1968 indicated that the out- 

wash apron located between the outer and inner Kalamazoo M oraines 

la underlain by very th ick , highly perm eable sand and gravel d ep osits . 

An exploration test hole was attempted at the center of section  21 of 

Oshtemo Township where the mud circu lation  was lost at a depth of 

860 feet after penetrating 50 feet of very  coarse  gravel and /or sand 

deposits. The drilling was discontinued because the circulation  

oould not be restored and heaving of the outwash deposits made 

drilling im possib le . The resu lts  indicate an upper aquifer of 90 feet 

Of sand and/or gravel and a lower aquifer beginning at a depth o f 207



foet below the surface. The total thickness of the lower aquifer 

could not be determined because of the term ination of drilling at the 

site. The lower and upper aquifers are separated by 30 feet of till 

deposits.

The existence of th is extraordinarily thick sequence of outwash 

deposits in the apron may be accounted for a s  follows: While the 

Lake Michigan ice front was stationary during the form ations of the 

imer Kalamazoo m oraines, the glacial m elt water w as confined 

between the ice front and the outer Kalamazoo moraine to the e a st , 

which was already present. This resulted in the confinement of 

deposition of the glacial outwash deposits to the area between the two 

Kalamazoo m oraines. Thick outwash deposits may a lso  ex ist  d irectly  

to the east of the outer Kalamazoo moraine . The glacial slu icew ay  

which was flowing eastward away from the ice  front during the 

formation of these m oraines is  expected to have deposited the coarser  

datrttus directly to the east of these outer m oraines.

B ad  rock Channels in Kalamazoo County as Loci for Ground Water 
Aquifers

Ground water exploration in bedrock channels in Ohio (S ch aefer , 

Write, and VanTyl, 1946), Illinois (H orberg, 1950; Piskin and 

Bergstrom, 1967; Stephen, 1967) and Indiana (Wayne, 1956) indicate 

that bedrock channels are esp ecia lly  favorable for locating ground 

water aquifers. However, in severa l in stan ces, bedrock channels
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were found to contain fine grained deposits such as c la y , s i l t ,  and 

impervious sediments or till deposits (M cGrain, 1948; Wayne, 1956). 

Fine grained glacial deposits may be formed under stagnant conditions 

due to damming of drainage by ice fronts. In som e situations, it is  

also possible that pre-existing outwash deposits in bedrock channels 

were excavated and destroyed by the advancing ic e , or associated  

torrential outwash w aters, and then the channels refilled with poorly  

sorted till or even fine grained fluvial or lacustrine d ep osits. Under 

these circum stances, glacial sedim ents in bedrock channels usually  

possess low perm eability and cannot be developed as aqu ifers.

The available well log information in Kalamazoo County is  not 

sufficient to establish  the nature of the glacial deposits in a ll bedrock 

channels. The City of Kalamazoo Water Department undertook a 

drilling program in 1968 and 1969 to investigate the nature o f glacial 

deposits in selected  locations. About 30 drill holes w ere completed  

during this period, m ostly in Com stock, Richland, and Oshtemo 

Townships. However, few of these test holes w ere located over  

bedrock channels. Based on available drill log inform ation, the 

following general conclusions are drawn regarding the nature of 

glacial deposits in the bedrock channels of Kalamazoo County: (1)

Ths "A” channel (Plate 5) appears to be generally  billed with till 

type deposits. This conclusion is  based on scattered drill log infor­

mation in Com stock, Kalamazoo, and Oshtemo Townships. It is



possible that the preglacial deposits in th is channel have been  

excavated  and destroyed by g lacia l action and then replaced by unsorted  

till o r  even relatively unsorted g lacio-fluv ia l d ep o sits . (2) The " F "  

end "G" bedrock channels appear to contain outwash d ep osits . E ast-  

central Portage Township is  ex ten sively  drilled  by the Upjohn Company. 

Several aquifers were developed along the segm ent of the " F "  valley  

located in the area . The better aquifers in th is area are located along  

the sides of the bedrock channel. A few inferior w e lls  w ere developed  

along the axis where the glacial outwash deposits are fine-grained and 

less sorted. The water pumped from  these w e lls  show s a re la tively  

higher percentage of d isso lved  s a lt s .  (3) The "E" bedrock channel 

is known to contain extensive outwash d ep osits . These deposits are  

especially thick in the segm ent of the channel to the southwest of the 

City of Kalamazoo where the bedrock channel co incides with the su r­

face drainage lines of the w est fork of Portage C reek , Crooked, Duck, 

and Pretty Lakes. The thick outwash deposits in th is segm ent probably 

consists of both glacial outwash and recent p ost-g lacia l channel 

deposits. (4) Spring and Brook C reeks flow southwestward and 

overly the "C" tributary of "C" bedrock channel. Flow gauges 

placed at selected  locations along the creek  indicate that during dry  

periods appreciable surface water flow is  sustained by ground w ater. 

This suggests that the presence of perm eable outwash and channel

i t

deposits in the area  surrounding the C reek and in the "C" bedrock



channel* As a resu lt, four exploration d r ill h o les w ere com pleted  

along the sides of the channel in Richland Township in ea r ly  spring of 

1968. The resu lts indicated the p resence of up to 170 feet o f outwash

I f

deposits underlain by c lay  and other lacustrine d ep o sits . The "C"

"C" tributaries o f the "C" channel have not been drilled  exten­

sively. However, an exploration d rill hole w as com pleted in north­

west Cooper Township about 1200 feet south o f the a x is  o f the MC" 

channel which encountered 90 feet of surface outwash dep osits under­

lain by clay and lake type d ep o sits . M ore drilling  is  need to define  

the nature of glacial deposits in the channel in other a r e a s . (5) The 

glacial sedim ents in the "B" and "K" v a lley s  are  the th ickest in 

Kalamazoo County. The nature of the d ep osits is  not known in d e ta il. 

Besides several oil te st holes which do not indicate the nature of 

glacial deposits in the "B" v a lle y , only one exploration  te st  hole w as 

drilled by the City of Kalamazoo W ater D epartm ent. This te s t  hole 

was drilled over the ax is  of the "B" v a lley  in central Alam o Township. 

The results indicate the presen ce of 55 feet o f outwash deposit in the 

form of thin layers of sand an d /or gravel and c la y . This sec tio n  o f  

oub*ash is  underlain by till and lake type d ep o sits . The thick g lac ia l 

sediments in the "B" and "K" v a lley s  a re  apt to  contain thick outwash  

deposits and further exploration drilling  is  strongly  recom m ended in 

these a rea s. ( 6 ) More study is  a lso  needed to accu rately  define the 

axis and nature o f g lacia l sed im ents in the "M" v a lle y .



CHAPTER X

CONCLUSIONS

Applicability of the Gravity Method in Outlining Bedrock Topography 

The results of the gravity investigation in Kalamazoo County, 

Michigan, warrant the following conclusions: (1) The gravity  

method can be su ccessfu lly  em ployed in Kalamazoo County to outline 

bedrock topographic features and map the bedrock su rfa ce . The 

density of the glacial sed im ents in the area which w as estim ated  to 

be 2.15 gm /cc , is appreciably low er than the reported 2 .5 5  g m /cc  

value for the density of Coldwater sh a le . This large density  contrast 

permitted the application of the gravity method to outline bedrock  

topography. (2) The procedure developed for isolating the residual 

gravity anomalies caused by buried bedrock topography has been 

successfully used to obtain a fa ir ly  detailed bedrock topography map 

of the County. (3) The detail in the com piled bedrock topography 

map made it possib le to reconstruct the preglacia l and perig lacia l 

drainage in Kalamazoo County. (4) The proposed approach o f ca l­

culating the average density of the g lacia l and bedrock sed im ents  

using the free -a ir  anom aly and w ell log inform ation produced density  

estimates comparable to m easured v a lu es . H ow ever, the resu lts

101



r ' '

art inconclusive because of the wide range o f density values ob­

tained and the lack of correlation between fr e e -a ir  anomaly values 

and various types of glacial sed im ents. The interpolation of the 

fTea-air anomaly values to well locations where d irect gravity obser— 

vetions were not available and the difficulty of defining the polynomial 

equation which best approxim ates the regional trend w ere the main 

sources of inaccuracy. (5) The gravity residuals obtained by 

approximating the regional trend by a polynomial applying the method 

of least squares is useful in delineating bedrock channels. The 

method however, did not result in a quantitative definition of the 

residual Bouguer gravity anom alies. The residuals obtained by 

approximating the regional by a polynomial of up to the seventh  

degree appeared to be distorted by the gravitational effects of deep 

structures which should have been elim inated as part of the regional. 

Accordingly, these residuals w ere not suitable for quantitative 

interpretation.

Suggestions for Further Studies

Additional gravity observations and explorations! drilling is  

desirable in Schoolcraft and P rairie  Ronde Townsh.ps to define 

accurately the "MM valley and its tr ibu taries. The "A" valley  in 

Ross and Charleston Townships is  defined on the b asis of only a few  

gravity observations. Further gravity and exploration drilling in
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t  a r e a  is  thus a lso  justified for defining the axis of the valley and 

pure of its glacial sedim ents.

Very little is  known about the glacial sedim ents in the "BM and MK" 

Hays and so more exploration drilling is  desirable here as w ell.

The glacial deposits of the outwash apron located between the inner 

J outer Kalamazoo m oraines appear to be formed m ostly of thick, 

(hiy permeable sand and/or gravel horizons. Because of the 

mmercial implications this area is  highly recommended for fur-

bStter sources of uncontaminated water for future com m ercial and 

municipal use.

I#**' exploration drilling.

T he implications for detailed glacial geological study in such

using geophysical techniques are considerable. They are not

academically of in terest, but can lead to locating further and
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Ŵ xWWW\ \ \  \VVW\V_ \W % ^ \V I
v\v\V  \ \  \

V \ \ \ww V N\ \ \ \ x\\V
!ov\

>LATE 3a. CONTOUR IV
SOUTHERN H.



®° RIIW

UR MAP OF THE BOUG

HERN HALF OF KALAMAZOO COUNT

SC



OUGUER GRAVITY ANOIV

5UNTY CONTOUR INTE

SCALE I : 24000



/

30

ANOMALY

)UR INTERVAL 0-20 MGALS

n P M 5 ? I T V =  ? I 5  G M / C . C



00/

M O I d

/

/ /



\

\

(C
/

\ \ w \ \\

25



\
)
/

✓
/ / i

I

I

I

V
I

I.

/
/
/

< n

s

1 /  

I  I  

I

I

/

/

\

\
\

\

\ \  
\
\

\  \.

/

\  w
/  /  /

i  /

/

/

/
/

/

/

i

\   _

\  \
\  \

\  \ .

/ / /
/

/
/

/
/

/
/

/
/

/ /
/

//<
1 1 {

R9W



PSQ8
O

I

)u )

/ /
/ /

' / /

/ / /

w m

/ /

/ /
I !

I

i I
I I I! I

V



2^«

h e o
/ I m /k

m i l / / / 1'
' / & ) ! I  /  / /

n/i
' UHH
a  m i ,

m
1 1

/
/ / /  /  / /  /  

1 1  

a /



N

1 ---------7

45

42,
25

TIS A



RI2W

A ,



1— 7

40



] \s 't~ jT T n r

----------------------------1---------7

35

ROW



4.0 \



\
V

\ \

\
\

\
\ \

>

\



/  X

x  /  /
/  /  /  /  /  / /

"  /  /  / / / ' / /
/  /  f t  /  f y

- t  / /  / / / / / , -  
/  / /  /  /  / /

/

’ /  /  /  /  / / /  

' ? / / / ('  s S  / '  / / /  '  y  

/ /  /  / / /  /  /

'  / / / /  /  /  /  / / /  / / /
/ / / / / /

/  i  !O

L J

r
< 1 /



1— ~

25

\  \  \  \  \ \  v
\  \  \  \ V \

\
\

\  \  \  \  \  N

\  \  \  \
S  \  V  \  \

X x  \

\  \  \  \  \  \

\ \ \ \ V \  \  w\  \  \  \  \  X X . X   ̂
\  v \  X  -2.0V x  v

\  X  V  \
X  X \  X  \ X .  ' x X  \  \

N



8 o 2C)

R9W
\  \  \  V \ \  \  \ \  \ \  \M . \  v \  \  \  \ \\  \  \  \  \  \ \  \

\
\

\ X
\  \  

\
\  I  A  \  \

J  1 1  r> V \\
v ^ - 7  1 1 /  i  \  \  \ \ \  \ \  n n v  \  \  \N \ V / / /  i ^ ^ N V

x ~ ^  /  / 1 1 \\W \ \  \"> / / / \ \ V4?'
t 'i  i  I  I  ! \ \ \



1

\

\  \  \ \  \
\  \  \ \  \
\  \  V \ \

\  \  \  \ \  N

s, \ \  \  V\ \  \
\  \ \  V .

\\\ \ \ \ \  \
W  H P  \  \  N

25

i \ m
TIS



TIS

-2 0





J
6,0



6.0



E R

\



HCR



\
V

N

So.
N

\

w •%

vVA '
o

A  \

\ \  '

\\
\



/  /

\

1!
'  \\ \ '\  \  \

iM ("
IIV:-:I v —



W !
Ii

\ \ ii

< / ) /

I. \
I

i I//'\  \  \ w  i /  / /  f  i  / 1 1  / 1  •
v w  \ \ \  *



^ \ \ C
\ \ \ ^ \  

): i ii
' / h  

/  / / 1 

/  s  i

y



- 2 0



£T
S









/

M— ^





I I1 \
I \m



\ /

I

I

/

I

1

€

/
' X

w
/

V

I

r
/ 9

I 4

/

\
\

*
\

h
\

!  1 i / f / / '  / / 7 / / >
i I f j / f / / / / A '

m / M /  / / / /  / / /  // / /
T V /  /  / / /  / >

H ' / / / ' /
i n  /  /  / '  7  *

\

*

*

/



h

' /
/ /

a

/ /—̂ / / // / / / / / /■ / // / y / / / / / / /  /////q
S  /  y  /  /  /  /  /  /  / /  /  V i

> ' / / / /  /  / / / V / t f

m m



-  15







AM/





7.0



KC

/





/ / /  / /  i  /

'///M fr
'  /  / / ' W ! i  /
 ̂j  / / / 1 / /  /

7  t / y

\

c r

w



/ / '/
/

7 I f f / / / / // /
/ / /  i i 1  f  /  / / /

JiiS////'
- s S ? / / / / /

0 0  ' 
/ '  / /  /

/
/

/
/

/

/

P O

CO



- 15





CONTO



CONTOUR MAP OF THE



THE BOUGUER GRAVIT



GRAVITY ANOMALY nc



7.0

NORTHERN HALF OF KALAMAZOC



-AMAZOO COUNTY



/



/

/

/
/

/
/ / / / / /
/  / ' ! *  y /  / / /



77/ /



•? 
<-

w, .tJ W
■' f

<• ' <5

• -jvr, -'
> * * -

«'4» 'V

/
i



*+,rr i j  .

■r 'Hi -f

i ■
■*-* * 

»!<*«*
> :«

k





•*: A J



>>■
4

U
ijf *

/
• /

-.. *v

‘tv

/  ,
/•



(

[

Ll



P







)c 1 M \ A
/



1 - ,
•-C

-;>■

A/ ' " T 3 S



/

- 1 0



X

V

1.0









X





A
/ -

E

\ -

A
a

;/

Y

%
/ '  N \  \

• '
\  \

\  \
\  \

<</*>'

)c
\

\

'■ \ I

\
\
\

I
V \ I \ \

x\

3 . 0
.'3.0



V
\

\
» .
1 /
/ /

/  1 i
I \

/ \

/ "  M \  A / Y /'
v \  /  / /
\  ' v - - '  !  i

S '
/ \ y

^ '

\

y  /
/

s
/

/s
/s

ss

)

I  I

\  \
\  V.

S .  V

/
\



F3S

.2.0<•*

e
k
V ,

" K
I i



T4S



A.
1.20

R y  0

V



0 s

1

I

01
/ /  

/  /

/
S \

/  / /

7/
/

I
/

/
/

/

/ /
/ /

/ /  £
/ /  ^

- X  //

X  C r \\  K \  I --------

,  \
I V ' s

~ : \ ' w  >N X \  \  \

\  \  \  » - \ 
s \  » \  \  \

\  \  \  \ \  \
\ \  \  \ \  \  
\  '  ' \  V
\  \  \  '  >\  x \  \  V

\  \  \  ^  V

I
A

r
£

c
c
t-

£

£

/>
C

dr
t :

K

's i

V  V

%



\
\
\

V
\

N
N.

%

\  '

— N  \  \v  \  X X
N  \  V  \

>

\  ' '  ' '  X  X
\  \  \  \  X

\  \  '  > >•\  \  \  v  N
✓ \  Ni N \  Ns

^ \  \  V s\  \  \  V
\  \  N x

\  \  \  X
\  \  \  \  * %

N \  \  \  x
x  \  x  \

N \  \  \
N * \  Nv

Y  i \  Y

c H  - O " 7  0  \  \

✓
✓s

/

/
/

2.0
\

/  /  x



/
V

1

/
/
V

\
\
\
\

1 \
1 \
1 \
I
\

C A

/  y  

✓
/

/
/
i
i
\
\
\
\
\

r
t
t  • 
t  
t  t
h

\ \) \
/ 1

/ 1f
I
1i

- i*







p VT’r >





\

x -' \

s  ?  I

(  \ 9  E
/



T4S



T4S

05
o

42



RI2W



/ I j E

y

\> ‘

v>y
0 /

y

/

y

/

1.0 /
/

I
I

\
■N N

   \
r  s  \

/ /

A N
I 
\

I
\
I
\
I

\
\

\

- / \
\

\
\

w

\ V  'V  1
i  \ N '  
\  \ v 1 

*  ) '  1
I 
I 
I 
I

40



c _bi O-'7 0  Xiv '

2.0

)

/  /

-2.60

\

RIIW



/

Mild

t  -jV I

4

9

\

tt
I
9
I
I
\
\

\

i

n *.

\d v
y s ~ \  o \✓ » •



w '  /

2.0
N,

I
I
\
\

\
\ s

n  ^CTrrrr

<c



A "

RIOW



V
<0.0-

r » ,

\s
V,

\

\
'X

\
'X
'X

' 1

/

2 . 4

/ ,

V

25



W/

r N

2.40
v



R9W



T4S

/

05-
42



42



\ \

/
RI2W

I
I
I
I
I J 
I /

I  /

/ /

PL

\

1



\ \  \ 

\ x '

\ \

\ !
i /  /
i /  /

l
I
I
I
l

✓
/

/  /
(  /
/ /

v  —

 , - 2 . 6 1

40
j ______

LATE 4 a  BEDROCK
SOUTHERN HALF

SCAL



 -2-60v / /  I j
'  !  > ■ !  /  /  /  /  ^

' S / / / /  /  \  »
\  >

" '  s  '  /  \  » '»
'  s ' /  s '  \  • 1
v  i ! 1' ' s  1 I I
^  '  *  1 i

^ *  i t !S  \ \

RIIW

\
\

i  '  '  9  '  '  \
. '  / ' /  / / / , ' -----------------------' V  \  \

. 3 5

CK TOPOGRAPHY RESI
HALF OF KALAMAZOO COUNTY 

SCALE I : 2 4 0 0 0



I
I
I

✓ V

/

.35

RESIDUAL BOUGUER
NTY CONTOUR l(

DENSIT COB



R GRAVITY ANOMALY
OUR INTERVAL 0-20 MGALS

9

IT CONTRAST 0 -4 0  GM/CC



RIOW



25



R9W



\
V
I
I
I
I
I
1

I
\
I

R9W '

8 5 20



05-
42

J

r



m m r n

VS*

s»t* J , • Vv
X. -*•* *‘

TS

















3 0 '



RIOW } . \



25

-  . . .  f * * ‘ -

• - - r

•

■ /

; *

\

- ' f*1

/
I

v
^ . 9 c r - " )

y

V
/

\

4

/

D

*  ■ '■ — J/  ^  —

/  / % ----------------

f ' /
i  /  / "

/  /  / / / /

/ / / / / / / 
}  i  t  /  /  

/  '  t . '  i  *  /
J  *  / ' '  •

S  '  / . ' / !  '



25

\
%

.•> -*r

&
■: f

f r v - V
\

/  V v

# 'V

\
« \

\
I I

I

' ^4*
J Z . 9 C T — ' )

y



C O

-CO- -
00



-p*

V
\

\
c

\

7 ‘

■ * • *

• N  *
- ./.1 '•**■ .--* . v .

;•=-■'■> ‘ ■■"'. - . ■ v' - - - *
V rt%i I

t
>

f

\

r  ^v-  \ i  \  '
^ A  F ^ l  \  \

/  V V V
/  \  \  \

•  y v  \  N .

/
/  /

/ /  
i i

\v
s

\
\

\
■■.S'
X  I 

« 
I

I

  ___

h

. 2 0  ^

x 2.0"

\  X  ' v

\
I
I
I

I
f

/
2 . 2 0

3
/  /



20
■9*

4 T

V /  
f

N l

I

f r /
?* *

\
A

\
•. \ ' 

' V. I 
I 
I 
I 
I 
i 
I

1 . Av v
V

V

? * 0  ^

2.0
I
I
I

1

I
I
/

I
I

/ I

/
2.20

i

■f*.r -i

/  / TIS

i. ■ '»
/  s

25
/ \#v.

■>■ V .« •



♦'*>

u

V - 0

1.0
i



. . \  \
\ , v l

t
' \  -s'V” I I

x \  I '•
/ \  . \  . I

» ’ \  . \ l

p m  \  . % ■ & . .

! r s \ W  ' ' '
i A: ■ ^

' C ' v 2 . 0



X \ V , 25
r f

1
I
i
r

\

/

TIS



’ * 

r ;

.r> *
L-* ̂
I'W,

V - 0

1.0
I



/ . o

i

V





I M

1.0

c

>





V 2.0







/  /  ' 

I k  1  \  ^
V-y

) R c



. . ■ 7T' . -■*' v; **•■'%■ * v■ T *;v., ;1 • ,* v *
i . i r

. A v ■ 'ft r •■
r .s * '. w' ... •.•>” v*Tv»

*. *• ■*" & ?*■  . j

\



/  /

' / 0
\

t / I

9 /  /
/  /  j

/  ✓ /
/  ✓  /

/  * /
'  /  ^

✓
*✓
/*

/
/

i

• "vr 
*■*

.w»>

* ^ f '



q

\

v  \  V i t  I !  I



‘ ft* «„

: J M  /

/  (S i /  /

trr

. i ' i >
/ , ' !  1 1 /  i

/ ! I \
I I * 1  1  \  \
* I I 1 '  1 V V 
I |  i !  * * % va *



\
;

i

1
v 1

* \ !
1 \ 1
/ \ 1

y i 1
i/

■ iI
I

/  i —. ; /
c * /  i O .  I  /
,  •* 1 1 *  I
/ . /  / , / /

/ *  . /  I  t  /  '
/  . /  I  I  /  /

/A  
/  i 

/  i  

l

i
i
» /  
# /

V  X  N  \  \  \  
\  \  \  \  \

v  V  \  \  \  '

■ N «. N  V V \  ‘\ \ \  \  \ ’ ' % N i  ‘



t
X(  ?  
i  .V)y

< f £ u S U J ^  /

/

.  /

: / '  . /

✓
s

s*

N

%
i
i
i
i

N
\
\
\
\
\

o p

I
I
I
t



2 0

V









1

\

s
/

$

/
/ /

/ /
/ I
1 *
1 \
\ \





2.0

2.0
v





/ I r











CO



O '



TIS
c

A

20 -

i



r o

C D

' i

- \
- \

A

X
7V r' r  n r  r r n r r r

*4

?!
X/

' X r i u  u L C U



\

H













/s
S  i 

/  /



2.0



2.0



s

v



(L .4

c K







X .



r r
# r

l i
I 1 
I \
% '

I

I

\
/ \  \ \

/  
I 
» n T T T

*
\
\  - l - L - I - L

\  2.0 V ^

E . T \  0  \  N
\
t

x \ ' x —

'  /  /
I f  /  N  N\
: I  /  /  X  \

i
i



1 >
\  \
\  \  

\
\

s V
\

r  \
\  ' x
\
\

N \  0 \  1
\  \

T t t

x

" N  \
" ' x ' '

\  0  2

X>. \  V  \
V
I

07



*

%S>*i -V

*  .t. r -S











s



















'■ b



V \

A * * *  \  ' N

w.

a

3:

m .





I £ _ v J





T r i p s '



2.80

0  0 a

y -■K

r
<*+■

r>- >*'

V

i-?-.
♦V 'l

f'*
c * t ’

T*
«* .*■ -•rl

"̂v- ’ . '** TU

t--*. 'A-*, *v'a*v 1?*^. ^

>&#* ’ f r+,j

♦  ■ V

i J*

T ' r , r*
*

*r... V^- ' ■.'*•«* r :T . -v / "V^j

-  ■' 4 S l :  .  l  1 -  .S ..;

"V

■£

/v  ••• .:sj

*  * «8 ~ 1 •*; J S B I•ilc> \  , ^ $ 1 :  ; • -> 'H
" ' -Sfc'r: i  ■» ±  ■ ■"■ ■ 'r ^ :V* i  «  '-i.- -

‘ ,V f* <*ax*
J ” ' Si .-■ • ■



o

*

,-t. .■ * *■ '■ '&< . ■» - -■. "' r «.* » ' I









i  I ,
*

I
\

 ̂ ' 1 -» *>Y" ■
■■ •• j * ;,

■-jS

x>. 'v:**

■*«,*: 4 1
f

Y * ‘
&

!<•> -

,V* T * r '  w - t
*«2 f?V

f »Û
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• y T “  /  • : *  -  ■

.1* * . - . < ; * ■ '  - .  V
" ' ' I '  .*■■» * •* '* v ■» ■;• ►jr. -w.'

■ ■ ■ ‘ . ■ ' 4. . ' . , -*.>
' ' 1 ■ . ■* - ♦ »  • . ■•.

c. 1 -f ■;* . • ■ -* ■iV. S t -J *' 1
‘v ■ , ■<

;V £ *  V  ‘ .

7 * aA # * V  - I.- «v* ’ *' y **r,* ...'•
.. v  . 1 '  . X* * *. *iv • ' v *•-* -

W ^ a N r ^ '- V '  : >*
' ' '■ - x  - *• '

4-  . . . .

'■*.. . * ‘ y ' / I
+ ■* v “ ‘ 

X  k.

\

»
II

/
t

/

x -

/
/

/
/
/

/
/
/

I  /  /

SRi

■as

f i  " /

7 /  X
' /  r'  /

/
/

/
/r

|  v *
*>>I

£
p
t
e

■ v

■ * % >
■ A?’-' ** * . . .









^  i r ‘



/  /  /  V
’ /  /  s  

/  /  s9 • *
U ' i,, n J| i, j / i j i f f9 tftjr;

*  & T  m 0 :



V
/

/ /

/ / /





I
/

/ / 1 
/  /

/ /



V



800



'f



("Try's*■' .»■• t t t . /  r;■ . ' *■'

' jt .-*•#■ •  V. .. ►- I- JS-* *  i  f  -  ‘  r^-4 V* J  i

.' ;  ■-■•.  • *K •,«*•>;,1 i* ., !•*. '■ •'••. */’• • • . .. •

1
\

*m * w

/*■

/  1 *
/  I  /

 / /r  / y

j*\'



\ >

?. ?■ : ■•' 
'  »v

■ . ,  ■* ■ . .\ V „ V V 't- . v r  / «  ‘j £

* . i* • <■ i . - t  “v .-/■ **•

H

■*

■T'-' . ‘ -■ i  .' ..**. • *-t-. ~ ,
T'.,. V.. *4 '> [' .■$-A t

n
&

- '  .«
.i

\
/

/ c V i
tI
I
\
\

I
I
I
I

I /
1 I 
\ I  
\ I  
\  \

\
\
\
\
\
/

✓

/
/
\
\

✓ /

■ V  

'  /  /  / - \

M \  N /

/
f
I
v

\ \

\
%

%
9

/
/

w
\  V 
\
»

/
/

/

/



'•'f *
0 3

*■
>V *

S  *•
vV

I M

/  ,
/ V 

/  /
/  /

I  /  /
/  /\ A/ /  /  X v  v / / ;

r
\
i
iitt9

\ W  
. ) )

— • /

/
/

/
/  /  

/  // t //  /  /

/
It
E
1=
t
C'
c**
t

%

/ V

/

/  \
/  \

I I
v ;  ^
V  *

. / V * T : .



*- ’ 5 ,- V*
*
r* jr *

J * /  ■ *

: • * ^ w N * ^ a x  M ' f i d

> 'v

X

U-'-L'JJdJt,



009

\

,  0 0 9 . ^
i
i
%

\

\

\
\  \  

\  i 
\

\
%
\

\  \
4

/
V \ /
\ | i\ i

\
\

\ \ \
\ \ >
\ yi
\ \
\ \

i

V  \
N x  \

N  V  
\

\

Nn  \  V

\ \  \ \  \ \»  \  t  &  «  iV \  \  \  \  v
\  \  ' '  '  \  \
\  \  \  \  \  \\  \  \  \  \  \

\  \  ' '

\ \  \  \  \  \\  \  \  \  \  '
\  \  \  \  \  \  \

. \  \  \  \  \  \  \  \
\ \  \  x  \  \  '  x'  \  

x \  \  \  \  \  \  \  \'""v v \ \ \ \ \ \ x '\  \  V \  \  \   ̂ \

x "x  \  \  \  \  \  \
v X  \  \  '  \  '  X  * » v  \  \  vV v  V  v  \  \  \



500



/  
600 X

■>. . \

X X
' n s x ' \

' v  ' ' ' N j

' s .

400—..,
X »

* sr  ^ * 1

%

3

f
3
a
3
j
*
3
3

3

/
I
I
\

I
I



*  V  >-- .'•'■V



\ \  \ \  \  \ \J

00
9



I
I
I ■ n ;

/  \

V V
\  \ - . N

. \  V:

V

««.«• «b»m *>•» — mmmm •»* 

-* «■<* <*m* mm

\
* \

\
\  •

/
/  9 *  *  *  ^\ / ! I /  /  /

\  /  / .  /  /  /  X  .* I f ' Z * S S
* I  I i f ' /  ^
\  t  '  I  /  '  /  X "! j  I  /  /  /  /  S

I  I  I  » /  /  /  S

I  I  *  f /  / '  * ' s
•. /  /  y / /  /  /  r

y





K

K

I
i f 
l 
I 
% 
\

9

\

/

/
I

I
I
1

1

I
I
I

s



800



\ I 
\ \

\
\

\
1
/

/r
:i
l
\



> ' \
\  "

J T
V ' '  /  

'  /

/
I
%
\

I
V

\  >  -

I

OS

^  1  

i !

I

- /

/
- /-s



f t o n  *•.



I /

V/

I
\

. V W

X _

*
I?
f  * *' ,V- 'W
*  1 ' : . ' v*
* i > . . ■ i v, . ,

‘ **

'  ' k\ ,
_  mm *• — — —'yf f  ’•M"* — .<•*

f  e  '

/
✓

I
\ \  - 

S. A A A  ^

e

X
*• ?

1 . •■*

* * *\V. ,

* 4 4 4 4 -

,  800 "»





✓V

—

a

%

0 0 ^

1

r̂ i ^ V



< x ' *



f
w

\
I



s



o o z

/
s  ss

s 'Ss

0



o a



\  ' N
\

\ \
» \
V V

V

t
1

\

o \  W \ c v X
\  '  * \

\  ! \  \— ) \ \  v

' s .  \
' v  s ----------'

Y \  
/ /

/  /

\
I
I
I
I

\
/

A

-  700



j K

\
I
I
I
I

$

. /  /  
✓

/
/
I
t
I
\
\

§
£
£
&

X
\

s  \
\  I
I I

;  /

3 / /^  /  /
^  /  /

:/ / i s
/JF

S'
V /  ✓

7  /  /
■/ /  /

A
\  \  t r J  / / /p \  \ V / / /

-C 700 / ;

X  x X '
\

V  s

/

\
\

 700 '



\

\  \
700
\



\
I

\
I

\  
I

/  I 
/  /

/  /

/  /

\
»
I

1

I\  I 
V  /

\

/ " N

!
1

\
\
\

\
\

\
\
\
I

/
/

/ B / R
/

/
I
I
%
\

\

A

_______________



A



I
I

/

*

\

J

I
i

Y

I
I
I
I

%
I
I

/
I
\

\ \
\  \
\  \
I

✓

I
I
\



£



800



✓
* 800

/

/  r -  I/ L i

800
4

\
I

#

I
I
I
\

in M A..
700

\ I%

%

I
I
I
I
I
I

I
I
t
I

\
i
/
I
I
I
I
I

* / ,r,,T,n x 

/

I
I
I

s / s✓ /  * 4/ ✓ /  ' 
/  '  /

'  / / / e o
/  /  /  I

' / /



SfeL

■ r -
i*

* * .l »

</P ** "nyy^
'A4̂ ^



-05

42

>

t ‘A,A'yV''

/ / / /

I* '  ̂ J ' V* * tfr.





N

\
\  \

J \  ' ' '  - 1 \  \  \

%  \  \  \  ^

' \  b j  \

.  \  \ ,  V

V  \  , X ^ , *

> v S -



* •<‘.*v«*. <a # »■ <-. •> w. t

- ' ’ ' •' ■’ " ■•■', ‘J-*i'’ : . ■■ ■ * v ' - . - w^ r iA  ■ . ■ ; . „ •  ^ *•■ • •'•‘J"‘ " * :

1 ■> 1 1 ■ —■'■ ,»■ ■'■■-.I y  .̂ >M..a
y

V -

g ? ^ / .

f / / / /  /  « >  
, / / /  /  ' / >  
■ * ✓ / '  / / #

V «» •* *K  i l7 s *  1 ‘.4 ■ 55 • -i ,. /̂ ; fc . * •■»'•' $ . * *• t ' »< • ,t ‘ * -*s !*
_■ •: . ^ \ .  - '•■ ' '■*■■•'. ■ v -

' / /  / / ' /
' /  '  / ' »/  / /  / %
(  * / /  '  
r l  /  J

•  * !  
t  /  tJ  § /
/  /

' /
/

, /

— f + ~

0 0 / . /  ,

/

s



■' 700

/  /  f  —
/  /  /

/V  f? ■i-  , * + ■* . • -

* ' ’  ' » • -  , .-  '

* - ■ ■ ,  ,* .« -VjWVft : n - ■ !-‘
.........................‘ -ft?"- • • •“ •‘-

Air ■A

. ,T  - 

■?%

*
■ -..P.i *  •

■*s ■■■■■ h ' v ? V'-'Y v .. ■;
.-:. •-“ ' ■ ' y» Y Y

tW .t£ 2 ? f
Vv

<v*~ *%j - •'''*■ v  ’ '/Nr «•'

te -5 js r
wr>

► j-'k«. ■ * ‘̂ 4  YW " V A ■ Y V



\
\ \

\
\

I \
I \
I \

\ X
\  _ N

\

\  \
\

.  6 0 0  x

\  \  ' 
,  >, i

V  * » i
\  I 1  »

\
\





/
/

/
/

/

/ B /  R A
/

/
/

I

/
/ \

/
/  \

/  \

\
I \

\

\
\ \

\
\

\ \
X  X  '

\  N \
N V \  ^

V
\  " ----------------------------------------- .

\  \

— r * — .................

" — „  • • • • . ^  ' ' ^   ---------------
  N' s

"  O x  X " x

RIOW
/

30



A

i

RIOW



»s
I v y w.

/
I
I
I
\

'C \
\  \
\  \
\ >
I

y

25
J_______

IftA1! fo"i"



008 I
$

I

/

t
I

\
\
I
I
/

/ VI  /M



t
\

M 6d

ooe

/

\
I
i
f
i
#

\
r

^  prnrr^

ij
1

tj j  jj,* ̂

t
I
I
I
I
\

I
\

008
/

t
i

r TAl
001 I

/  /  ‘

/ ____
I  I







15



F5#'5«e'



*

I /

45

1 2  W

<











Mild
S£

✓ >



35

MW



T

V



30

O ' /

, X

' X X  

\ \

/  '  * 
/  * *

'  f  /
'  7  /

'  /  /
/  ✓

/  /
I
\

\

o:>

R



T---7
30

RIOW

,    __

4



30

RI0W /
/

f \

600



w
/  \

4
✓

✓
✓ /



9 Z
'  I



92
C _____ L



. kN V
1 N\  V  W  \  \  \ f

\  \ < * >  \  '  \
\  V  Vv s *  V \  V • /"

V  \  N  N  N  \  S  v  \  \  i

\  "  '  \  I /
V  N  N k \ \ \ y  \  \  ^  I - •

v \  v v N '  \ \  \  ' O  .

" s  v  \ \ \  \  \  N ' O  i t^ i /
'•v  N \ \ \  \  \  \  ' IA  1 l \ _ J

^  '•v  \ \  w  \  ' i y
\  ' • v  \  \ S  \  \  \  \  \ I I  I /

i \ \ \ \ ' \  \  1 • '  '  > j>   % \  \ \ \  \  \  \ 1 1  i i /  r \ /

/  S  \  N \^\W'i i' /O
/ /  \  ' '  \ ^ V .  V i  » ' •  / / '  - A/ ' /  \  \  \  w  * * I j {11 a n

S /  \  \ 1 \\ \ \  ’ I 1 I I i

\ o \
v

/
I  
I 
I 
Io

\ \Yx\i Vu /' ? r  \ \ w\\ , n j i / f  I l L .\ \\1 • I'M.' / *
\

! /

I

\

I
I
\

/
I
\

\ I 
\ I

' . i i i ;  i

I i i li i
/ M U 11  9 1  I  I I I  11 I *

’ * 7 1 !  Ii  i l l  ' 

a  Hi i i v w

\ \\  \
\  v\  \  \



C M

l O

00



c a



ol 7
> 2 0

\  \
\  \

v X X

" x  \  N
V  ^ x  

^  X  s '\  N v
\  \  \

A

I
t
V
X i i i .  _L_ i i_ ‘.U  '

*>' A

4 2

2 5

\
I

\  '

> > ; \
I I --------
I «

V l>“ 600"
v

~ 7 0 0 ______





i).



A



\ o o * \
» V

\





On





)





I
I

'  '  \\  \ \
'  ' I
v ' I

\  \  \  t
\  \  \  \  

\  \  \  t
\  V '  •

X \  \  \
\ \  \  \  ______________

\  \  N ——
<  \  \  V  —



V.

"sN.









N.

600



D



Q

 008-





t-t rt

I I  1 t  1 * 1 * 1 
/  i l >1 I |  *



/

%\
. \

% x  W**** - w  x*» V  Xfc *^*S. ■ v *  ^  ■-

■ X  x  x  %  X  x - * .  V vX  V  X  X  «Sk -*» *>v ^
" ' \ ' \ ' ' : 0 ' v  ' " ^  -----------------  _
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; ^ r V - 7 -  *V





&
„ V V , - w

vi>  ■

f f  .■% <t:

* -  . *  -
 ̂ , . . • • • % »

' #' 9

-. r> J* ■ t d ■>
c;y.

-> .v
• & . . . .,

V  A

_
71 »v; v '■‘k. * •<:*

S ^ S & S g f r

+ m % * ? : r ~  y  . & J a x ;
R'-l’S: ! ' l i F r l Z  '»‘ * 'V '.„ J1 I  ‘r*^^

> • •■ • X  * >  A . ’ *- 7 * ■$“ ■ ' . * i , : > ;!
A- *

■I V>T*

*\]r ► «*
, W s

^  * - . .  . n

" & k

■;- v  w ^ ^ ^ S t k
■ ■' - •  - "  - ! V - >  '-.V - - ^  j j r ^ ' f J K s S

\
/

/

. . - T ‘ V

• * * 1 ’ J r '/ 'd fc

• * ■ <h , ■ •'** * n % ”

^  *^ '*r

m

o





• s « ,

* V- a"

y g H

| i <ji

>, -*,.*> .*'* *W *■;.V - v »• ' ^

~ fr .

*

" m m m ..*  it'- - ;1' . "' 1 *K

*w,v- <#•." V*V

:" \iV +»■*«. ^

%■» V* ' ■
* -A * -  - M-n 

■ ' l #

■< '  *, K,■* ■*



w  »■« »*

' >jU> ' ‘‘f -

*•1,

*

D



> 1

(> “ W „ p -• v' •«. #•.*
*1. i

• ^ F
T T

■ ., ■?■ . . x*rJ-  ̂ T ffVT- *4--'.

«»*■  fl~

■’•>#■. \ 
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