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ABSTRACT

ECONOMIC AND FETROGRAPHIC EVALUATION  
OF GRAVEL RESOURCES IN SOUTHERN MICHIGAN

By

N orm an E . W ingard

A p ilo t study of g la c ia l g r a v e ls  in  M ichigan w as undertaken to  d eterm in e  

p etrograph ic  v a r ia b le s  to  b e  re la ted  to  th e  g eo lo g y  of the d e p o s its  and to  th e ir  

eco n o m ic  ex p lo ita tio n .

S am p les w e r e  obtained o v e r  an a rea  o f ap p rox im ate ly  1 7 ,0 0 0  sq u are  m ile s  

in sou th ern  and w e ste r n  M ichigan in  in it ia l p ilo t and su p p lem en ta l p h a se s  o f  

the in v estig a tio n .

The g r a v e l d e p o s its  a r e  c la s s if ie d  g e n e tic a lly  on the b a s is  of th e  appar

ent dom inant en v iron m en t o f d ep osition . T h is n orm ally  r e f le c t s  th e  la s t  c y c le  

o f  d ep osition  for  m uch i f  not m o st o f the m a te r ia l co m p ris in g  the d ep o sit.

A n e s s e n t ia l ly  hom ogen eou s su ite  o f l ith o lo g ie s  i s  found in  a ll  s a m p le s .  

The r e la t iv e  q u an tities o f v a r io u s ro ck  ty p e s  vary  w ith in  narrow  l im its  but a r e  

sy s te m a tic  o v er  la r g e  a r e a s . T h ese  v a r ia tio n s r e la te  to  th e  g eo m etry  of the  

b ed rock  ou tcrop s r e la t iv e  to  flow  paths o f g la c ia l  ic e  and g la c io flu v ia l tr a n s 

p ortation . T h is sy s te m a tic  va r ia tio n  should  a llow  approxim ate co m p o sitio n a l 

e s t im a te s  to  b e  m ade for  d r ift m a te r ia ls  w ith in  the a r e a . C erta in  lith o lo g ic  

typ es can  b e  r e la te d  to  th e ir  b ed rock  so u r c e , w h erea s  o th e r s , e s p e c ia lly  

carb on ates a r e  often  n o n -d ist in c tiv e .

D istr ib u tion  o f m a te r ia ls  in  the d e p o s its  i s  app arently  cau sed  by
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d ir ec tio n a l d ev ia tion  o f ic e  paths b etw een  d ifferen t a d v a n ce s , ch an ges of d ir e c 

tion  w ith in  ind ividual ic e  m a s s e s ,  and d isp e r s io n  o f m a te r ia ls  b e c a u se  o f th e  

m ec h a n ics  o f  ic e  m ovem en t com pounded by th e  e ffe c ts  o f sed im en t r e -c y c l in g .

P a r t ic le  s iz e  d istr ib u tion  in d ic a te s  that ev en  w h ere  stro n g  d ir ec tio n a l  

or ien ta tio n  of the d ep o sitin g  m ed ium  i s  r e v e a le d  by c r o ss -b e d d in g , no s ig n if 

ican t r e la tio n sh ip  e x is t s  b etw een  th is  or ien ta tion  and th e  s iz e  d istr ib u tion  of 

m a te r ia ls .

P r o g la c ia l d e p o s its  d isp la y  a s lig h t ly  b e tte r  m ean  so r t in g  than ic e  contact  

d e p o s its , h ow ever, the fo r m e r  are  r a r e ly  w e l l  so r te d . A  w ide ran ge  of o v e r 

lap  for  so r tin g  v a lu es b e tw een  th e se  c a te g o r ie s  i s  in terp re ted  a s  la r g e ly  ca u sed  

by th e  e f fe c ts  o f p rev io u s c y c le s  of g la c ia l and p r o g la c ia l a c tiv ity . P r o g la c ia l  

channel d e p o s its  conta in  the h ig h est prop ortion  o f san d .

P h y s ic a l c h a r a c te r is t ic s  o f ind iv idual p a r t ic le s  show  g e n e r a lly  low  but 

c o n s is te n t c o r r e la t io n s .

The in it ia l p ilo t p h a se , b a sed  on pebble cou n ts, v e r s u s  the su p p lem en ta l 

p hase u sin g  a pebble vo lum e p roced u re  sh o w s that e ith er  m ethod ca n  b e  u sed  

to  d e sc r ib e  a r e a l v a r ia tio n s in  the d is tr ib u tio n  of lith o lig ic  com ponents; how

e v e r , th e  r e la t iv e  v o lu m es o f  com ponents m o re  c le a r ly  r e la te  to  the natural 

d istr ib u tio n s and the p ro ced u re  is  m ore  e ff ic ie n t .

P roven an ce  and d is p e r s a l  are  b a s ic  co n sid era tio n s in  the in terp reta tion  

o f the d istr ib u tion  o f d r ift m a te r ia ls . F a c to r s  a re  lo ca tio n  of b ed rock  ou tcrop  

or su bcrop  beneath th e  d r ift , s tr u c tu r e  and d istr ib u tion  o f  b ed rock  u n its , 

g la c ia l lobation , a s s o c ia te d  m o r a in e s  or m o ra in a l s y s te m , and th e  type o f

d ep o sit b a sed  on m orp h ology , s tr u c tu r e , and r e la tio n sh ip s  to  o th er  

d e p o s its .
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S y stem a tic  r e g io n a l v a r ia tio n s in  the co m p o sitio n  of d r ift m a te r ia ls  a r e  

b e s t  r e f le c te d  b y  grouping a l l  r o ck  ty p e s  in to  a  th r ee  com ponent sy s te m  con

s is t in g  o f c r y s ta l l in e s ,  e la s t ic s ,  and ca rb o n a tes . A f in er  breakdow n o f th e  

lith o lo g ic  su ite  and other m ea su red  v a r ia b le s , including s iz e  freq u en cy  d is 

trib ution  and p h y s ic a l and c h e m ic a l p r o p e r tie s  o f ind ividual com ponents a r e  

n eeded  on ly  fo r  lo c a l o r  d e ta iled  s tu d ie s  of ind iv id u al g r a v e l d e p o s its .

G en era lly  h igh er  c la s t ic  content o c c u r s  in  d e p o s its  r e la te d  to  the Saginaw  

G lacia l Lobe than in  th o se  a ss o c ia te d  w ith  th e  Lake M ichigan L obe, the  

r e v e r s e  s itu a tio n  m ay o c c u r , h ow ever .

C la stic  to  carb on ate  and c r y s ta llin e  to  to ta l sed im en ta ry  ro ck  ra tio  m aps  

prov id e com p lim en tary  in terp re ta tio n  of provenance and d isp e r sa l:  e la s t ic s  

r e la te  p r in c ip a lly  to  lo c a l so u r c e s  o f d ilu tion , c r y s ta ll in e s  to  r e s id u a l con 

cen tra tion s produced  b y  sed im en ta ry  r e -c y c l in g  and m u ltip le  g la c ia t io n s , 

and carb on ates to  a g e n e ra l background le v e l  produced by m u ltip le  p er ip h era l 

so u r c e s .

R eg ion a l ev a lu a tio n  of th e  g r a v e ls  i s  in terp reted  in  te r m s  o f th e ir  

en g in eer in g  p o ten tia l. G ravel quality  w hich i s  dependent upon the am ount of 

d e le te r io u s  m a te r ia l p r e sen t v a r ie s  geograp h ica lly  a s  a con seq u en ce  of the  

n on -u n iform ity  o f natural in te r a c tio n s . V aria tion s in  lith o lo g ic  content can  

b e  u sed  to  p red ic t the ran ge o f  petrograp h ic  c h a r a c te r is t ic s  r e la tin g  to con 

c r e te  ag g reg a te  su ita b ility .

M ateria l th a t co n stitu te s  good co n cre te  a g g reg a te  i s  th a t w h ich  i s  ch em 

ic a lly  sta b le  and p h y sica lly  sound w hen en ca sed  in  portland cem en t and
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exposed  to w eathering . D e leter io u s rock ty p e s  found in M ichigan g r a v e ls  are  

principally  sh a le , ch ert, ferru ginou s clay co n cre tio n s, fr ia b le  san d ston es, 

s ilts to n e s , and other rocks w ith p lan es of w ea k n ess . P h ysica l and ch em ica l 

durability  m ay be influenced by coatin gs, or  w eathering.

E ngineering t e s t s  on con crete  m ade fr o m  the g r a v e l sa m p les show that 

chert and ferru gin ou s concretions a r e  the m o st harm ful com ponents in  ter m s  

of freeze -th a w  durability .

The percent of d e leter iou s m a ter ia ls  sh ow s an exp ected  in v e rse  re la tion 

sh ip  to the bulk sp e c if ic  grav ity  of the aggregate  and a d irec t re la tion sh ip  with  

percent absorption . No re la tio n sh ip  w as ob served  betw een  d e leter iou s con

tent and flexu ra l or  co m p ress iv e  strength  o f the co n cre te .

P oten tia l a lk a li reactiv ity  of th e  aggregate  in d ica tes a  probable rela tion  

to  the percent of ch ert p resen t.

The sum  of the engineering t e s t s  on the aggregates su g g es ts  that heavy  

m edia separation  should b e  su ffic ien t for rem oving m ost d e le ter io u s com 

ponents from  the M ichigan g r a v e ls . O ver b en efic ia tion  can b e  avoided by fo l

lowing gu id elines e sta b lish ed  by reg ion al lith o log ic  a n a ly s is  of the g ravel  

so u r c e s .
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INTRODUCTION

The study w as undertaken at the req u est of the R esea rch  Laboratory  

Section of the M ichigan Departm ent of State H ighways. The need w as e x p r essed  

for m ore deta iled  knowledge of the g la c ie r -r e la te d  d ep osits  of M ichigan which  

se r v e  as the principal sou rce  of aggregate m a ter ia ls  for concrete construc

tion .

The or ig in a l stated  ob jectives w ere:

1. "To develop  a c la ss if ic a tio n  sy stem  for g la c ia l aggrega tes b ased  on 

geo log ica l h istory  and orig in .

2. "To determ ine the engineering p roperties o f a rep resen ta tive  num ber 

of g lac ia l aggregates from  various geo log ica l backgrounds.

3. "To determ ine if  any correla tion s e x is t  betw een go e lo g ica l back

ground and engineering prop erties used for predicting perform ance of a g 

g reg a tes .

4 . "To verify  by experim ental m eans w hether reason ab le  prediction  for  

perform ance o f aggregates in pavem ents can be m ade by c la ssify in g  the geo

lo g ica l background of the aggregates. "

The demand for lo w -co st aggregate  m a ter ia ls  for concrete  stru ctu res and 

highways has b een  constantly in creasin g  w hile the m ore read ily  ava ilab le , high 

quality so u r c e s  a re  being  depleted . M ichigan is  the second la rg est producer  

of sand and g ravel in the nation, with an annual production in 1966 of over 55



m illio n  to n s , at the value of n ea r ly  50 m illio n  d o lla r s . P roduction  f ig u r e s  for  

sand and g r a v e l in  M ichigan for  the 10 y e a r  p er iod  o f 1957 through 1966 a r e  

g iven  in  T ab le 1.

TABLE 1

Sand and G ravel P roduction  in  M ichigan  from  1957 to  1966

Y ear M illion  
Short Tons Value in T housands o f D o lla rs Rank in  U. S.

1957 4 1 ,8 3 8 3 5 ,1 4 4 2
1958 39 , 871 3 4 ,6 1 6 2
1959 4 8 ,0 5 2 4 1 ,1 9 3 2
1960 4 6 ,9 1 0 3 9 ,3 0 4 2
1961 54 , 603 4 7 ,7 9 0 2
1962 4 7 ,5 6 3 4 2 ,0 2 9 2
1963 5 0 ,4 5 8 4 3 ,4 3 3 2
1964 5 1 ,9 2 1 4 4 ,4 0 5 2
1965 5 3 ,1 6 8 4 7 ,1 7 6 2
1966 5 5 ,1 2 3 4 9 ,5 2 1 2

The o v e r -r id in g  pu rp ose o f the project i s  to  e s ta b lish  the b a s is  for  a 

sta tew id e  su rv e y  of a l l  g r a v e l so u r c e s  in  M ichigan. T o im p lem en t th e  study, 

an a rea  o f  M ichigan w as s e le c te d  for  in v estig a tio n  w h ere  h e a v ie s t  u se  o f ag 

g reg a te  o c c u r s  (excluding the D etro it m etrop o litian  a r e  ail and, con seq u en tly , 

w h ere the m o st c r it ic a l  need for  d e ta iled  know ledge o f th e  so u r c e s  w as fe lt . 

In itia l w ork  w as fo cu sed  around f iv e  m etrop o litan  c e n te r s :  L ansing, Jack son , 

K alam azoo-B attle  C reek , Grand R ap id s, and F lin t.

A ll known p its  w e r e  v is ite d  and, w h ere  g e o lo g ic a lly  r ep re sen ta tiv e  sa m p le s  

w e re  co n sid ered  obtainable b y  hand sh o v e llin g  tech n iq u es, w e re  sa m p led . Gen

e r a lly  b etw een  600 and 1000 pounds o f  g r a v e l w e r e  rem o v ed  for  laboratory  

a n a ly s is .  Sam pling w a s done by cutting v e r t ic a l  ch an n els in a s  m any ex p o su re
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fa c e s  a s  p o s s ib le , augm ented  by sp o t sa m p le s  w h er e  channel sa m p le s  cou ld  not 

be obtained .

L aboratory exam in ation  of the sa m p le s  in clu ded  p etrograp h ic  d e te r 

m ination  o f the p eb b les , and s p e c ia liz e d  a n a ly se s  o f s e le c te d  p eb b les . Such  

sp e c ia l  a n a ly s is  inclu ded  x -r a y  d iffra ctio n , th in  se c t io n , and c h e m ic a l. En

g in eer in g -ty p e  t e s t s  w e r e  p erform ed  on c o n c re te  sp e c im e n s  m ade fro m  each  

sa m p le  in  o rd er  to  c o r r e la te  p otentia l en g in eer in g  p er fo rm a n ce  w ith g e o lo g ic  

and p etrograp h ic  v a r ia b le s .

P re lim in a r y  in terp reta tio n  o f th e  in itia l p ilo t data fro m  99 so u r c e s  

r ev e a le d  the need  to  extend  the geograp h ic  a r e a  o f in v estig a tio n . A su p

p lem en ta l study w as done to  te s t  d er iv ed  g e o lo g ic a l in fe r e n c e s  and to  d ev e lo p  

and im p lem en t m o re  e ffe c t iv e  f ie ld  and lab oratory  tech n iq u es b a sed  on know

ledge gained b y  th e  in it ia l p h ase .



l o c a t i o n  a n d  e x t e n t  o f  a r e a

The in it ia l study a r ea  sp a n s ap p rox im ate ly  7500 sq u are  m ile s  con stitu tin g  

m o st of the cen tr a l part o f th e  sou th ern  qu arter  o f M ich igan 's low er  pen insu la  

a s  show n by th e  s o lid  lin e  on F ig u re  1.

S e lec tio n  of cen tra l sou th ern  M ichigan fo r  the study w a s  b a sed  on the  

c r it ic a l need for  nearby s o u r c e s  o f su ita b le  m a te r ia ls  fo r  co n cre te  a g g reg a te . 

The s i z e  of the a r e a  w as c o n sid er ed  ap p rop ria te  fo r  a p ilo t study to  d e term in e  

the g e n e ra l r e la tio n sh ip  on a  r eg io n a l b a s is .  The a r e a  i s  included b etw een  

la titu d es 4 2 °  and 4 3 °  15T north  and lon g itu d es 83° 15' and 86° w e s t . It com 

p r is e s  a ll  or p ortion s of 19 co u n ties  w ith E aton County at i t s  approxim ate cen 

te r . The a r ea  con ta in s and su rrou n d s th e  f iv e  m etrop o litan  a r e a s  o f L ansing, 

Jack son , B attle  C r ee k - K a lam azoo , Grand R ap id s, and F lin t . The su p

p lem en ta l study a r e a  i s  d e sc r ib e d  on page 59 .

4
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STUDY

F ig u re  1 . Index m ap show ing loca tion  of study a r e a .



GEOLOGY

Bedrock

The m a te r ia ls  that m ake up the g r a v e ls  and the other g la c ia l d ep o sits  are  

d er iv ed  e n tire ly  from  the underlying bedrock  over w hich the g la c ie r s  sp read .

In M ichigan th e se  m a te r ia ls  w e re  ground out o f  the rock s o f the M ichigan b a s in  

upstream  from  th e ir  p lace  o f d ep osition  or w e re  rem oved  from  the Canadian 

Shield  a rea  of P recam b rian  c r y sta llin e  ro ck s in  Canada. F igu re  2 i s  a gen

e r a liz e d  g e o lo g ic  m ap of M ichigan.

P le is to ce n e  G eology o f M ichigan

The g la c ia l fea tu re s  of the southern  pen in su la , develop ed  during the 

W isconsinan  g la c ia l s ta g e , a r e  r e la ted  to  th ree  ic e  lob es which c o a le sc ed  to  

form  a continental ic e  sh e e t, a t the tim e  of m axim um  ic e  extent but w e re  m ore  

or l e s s  d is tin ct during advance and r e tr e a t . T h ese  w e re  the M ichigan or Lake 

M ichigan Lobe w hich  occupied  the p resen t Lake M ichigan b a s in , the Saginaw  

Lobe w hich extended sou th w ester ly  from  Saginaw B ay, and H uron-E rie Lobe 

w hich occupied  the Lake E r ie  b a s in , the southern  part o f Lake Huron b a s in , 

and the portion  o f O ntario betw een  the tw o b a s in s .

D eposition  of m a te r ia ls  by  ic e  and m eltw ater  a sso c ia te d  w ith one or m ore  

of th e se  th ree  lo b es has produced a north -south  su c c e s s io n  of m o r a in e s . T h ese  

a r e  d escr ib ed  in d eta il e lse w h e r e  (L everett and T ay lor , 1915). M oraines and
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their  a sso c ia te d  outw ash d ep o s its  in  th is  p rin cip a l study a rea  can b e  s e e n  in  

Figure 3.

To s im p lify  d isc u ss io n , th e se  m o ra in es  w ere  grouped by L everett (1915) 

into m ora in ic  s y s te m s . The s y s te m s  are  groups o f a sso c ia te d  m ora in es of a 

given lobe or th ose  w ith s im ila r  in terlob ate  re la tio n sh ip s .

M ost of the m ajor m o ra in es  o f th e  southern  h a lf o f the Lower P en insu la  of  

M ichigan a re  included in  L ev erett’s  K alam azoo and V alp ara iso  m ora in ic  

sy s te m s of the Lake M ichigan Lobe, the K alam azoo and C harlotte sy s te m s  of 

the Saginaw Lobe, and the M iss iss in a w a , Sa lam on ie , W abash, and F ort Wayne 

m ora in es of the H uron-E rie Lobe, and the in terlob ate  b e lts  betw een  the Lake 

M ichigan and Saginaw L obes and b etw een  the Saginaw and H uron-E rie  L obes.

The m ore  w eakly d evelop ed  m ora in es include the S tu rgis and Tekonsha  

m ora in es, form ed  during r e c e s s io n  of the Saginaw Lobe, but b ord erin g  a ll 

three lobes; the Lake B order M orainic System  of the Lake M ichigan Lobe, a 

s e r ie s  of w eakly  developed  m ora in es in  th e  Saginaw b a s in  ; and the group of 

m ora in es betw een  Huron and E r ie  b a s in s  including the P ort Huron M orainic  

S y stem , the B irm ingh am , M t. C lem en s, E m m ett, e tc . The P ort Huron 

M oraine, h ow ever, i s  lo c a lly  w ell d evelop ed  and la r g e ly  continuous along m uch  

of the e a stern  s id e  o f  the Southern P en insu la  (L everett and T aylor, 1915).

A la ter  re -a d v a n ce  by g la c ia l ic e  i s  rep resen ted  by the V alders T ill .

This la rg e ly  c o n s is ts  o f low , flat ground m orain e com p osed  of red  t i l l
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borderin g  Lake M ichigan to  the north, (M elhorn, 1953).

Saginaw Lobe

The m a te r ia ls  for the in it ia l study w ere  taken  p rin cip a lly  from  Saginaw  

Lobe d ep o sits  and, in  p art, from  the contiguous in terlob ate  a r e a s . A b r ie f  

d iscu ss io n  is  th e r e fo r e , p resen ted .

The cen tra l g la c ia l lobe in  southern  low er M ichigan, the Saginaw, m oved  

southw estw ard from  the Saginaw b a s in  in to  Indiana. T h is lobe m elted  back  

w h ile  the Lake M ichigan and H u ron -E rie  lob es s t i l l  reach ed  in to  Indiana.

The r e la tiv e  w ea k n ess o f the Saginaw Lobe a s  com pared to  it s  neighboring  

lob es w as due to the fact that beyond the Saginaw b a sin  the ic e  tra v e rsed  

a c r o ss  m ore  e lev a ted  country . T h is r e su lte d  in le s s  th ick n ess and w eaker  

developm ent o f the ic e  (L ev erett and T a y lo r , 1915).

S ev era l stron g  m o ra in es develop ed  in  M ichigan by th e  Saginaw Lobe ic e .  

L everett b e lie v ed  that prom inant m o ra in es could b e  form ed  by r e c e s s io n  of  

th is  r e la tiv e ly  sm a ll ic e  lobe b eca u se  o f in c r e a se d  load  of drift m ater ia l 

caused  by the con vergen ce  of the th ree  lo b e s . T h is load m ay, in  fact, have 

been a factor in  the w ea k n ess  of m ovem ent o f the Saginaw Lobe.

South of the Grand R iv er  Channel (occupied , in part, by  the Maple R iver) 

the d istr ibu tion  o f m o ra in es h a s b een  g rea tly  in fluenced  by the re la tio n  of the 

Saginaw Lobe to the topography.

D escr ip tio n s of the individual m o ra in es  in  th is  group can b e  found on
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p a g es 238 to  240 o f  U . S . G eo log ica l Su rvey  M onograph 53 .

L andform s v e r s u s  D ep o s its

T he m o st e x te n s iv e  g la c ia l fo rm s a r e  r e c e s s io n a l  m o r a in es , ground  

m o ra in es  or  t i l l  p la in s , lake p la in s , and g r a v e l o r  outw ash p la in s . R e c e s 

s io n a l m o ra in es  m ark p o s itio n s  of the g la c ie r  fron t su bsequent to  the bu ild in g  

of the term in a l or  end m o ra in e . T h ese  r e p r e se n t t im e s  w hen a c c r e t io n  o f ic e  

and m eltin g  w e r e  n ea r ly  b a lan ced . T h ese  m o r a in e s  m ay b e  land la id  o r  w ater  

la id , depending on w h eth er  d ep osition  w a s on land o r  in w ater  ponded in  front 

of the g la c ie r .

Ground m o ra in es  o r  t i l l  p la in s l ie  b etw een  s u c c e s s iv e  r e c e s s io n a l  m o r a in e s . 

They in d ica te  a r e a s  w h ere  the reced in g  g la c ie r  d e p o s its  i t s  load o f h e tero g en eo u s  

m a ter ia l w ithout so r tin g . L oca lly  t i l l  p la ins a r e  rew ork ed  by m e lt  w a te r s .

K arnes. A "kam e" i s  an ic e -c o n ta c t  fea tu re . A t le a s t  two p r in c ip a l 

m ethods o f o r ig in  have b een  p ostu la ted  (F lin t, 1957, pp. 1 4 7 -1 4 8 ). One m ethod  

i s  the accu m u lation  of d e b r is  on or in  the su r fa c e  o f stagnant ic e  w hich la ter  

m e lts  to lea v e  th is  accu m u la tion  in a su p p osed ly  c h a r a c te r is t ic  cone sh ap e . The  

other is  for  a d e lta  or outw ash cone to  be b u ilt  in  fron t o f the i c e .  L ater  m eltin g  

of the ic e  c a u se s  c o lla p se  on th e  s id e  tow ard the i c e  and iso la t io n  of th e  rem a in 

ing m ound. In add ition , "kam es" m ay or ig in a te  a s  c r e v a s s e  f i ll in g s  in  the ic e  

sh e e t . A ccord in g  to  Sparks (1960), "Although th e se  fo r m s a re  reco g n iza b le
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w hen th e ir  in itia l shape i s  w e ll  p r e se r v e d , th ey  m ay d eg en era te  s lo w ly , through  

the action  o f e r o s io n , to  s h a p e le s s  m ounds o f g r a v e l, at w hich s ta te  it  i s  very  

d ifficu lt to  d eterm in e  th e ir  o r ig in . M "K am es" th u s, a s  w ith m any other  

topographic fe a tu r e s , a r e  p o ly g en e tic . T h eir  su r fa c e  e x p r e ss io n  or landform  

d oes not n e c e s s a r i ly  r e p r e se n t  any sp e c if ic  d ep o sitio n a l en v iron m en t.

K ettle  L ak es. K ettle s  or  k e ttle  la k es  a r e  rough ly  c ir c u la r  d e p r e ss io n s ,  

freq u en tly  o ccu rr in g  on outw ash p la in s , but so m e tim e s  found am ong m o ra in es , 

o r  t i l l  p la in s , or  e ls e w h e r e . T hey a r e  tra d itio n a lly  reg a rd ed  a s  having form ed  

by m eltin g  of b lo c k s  o f ic e  that have b rok en  o ff o f th e  m ain  m a ss  of th e  g la c ie r  

during t im e s  o f r e tr e a t  and ab lation . F e r r is ,  e t .  a l .  (1954), o ffer  an a ltern a tiv e  

to the c la s s ic a l  ic e  b lock  strand in g  h y p o th esis  fo r  th e  form ation  of k e ttle  la k es  

in  Oakland Com ity, M ich igan , w h ich  show  a non-ran dom  a r e a l d istr ib u tion .

The e lev a tio n  of the m ajor  d eep s in  th e s e  la k es  show  a p r o g r e s s iv e  deepen ing  

in  a  d ir ec tio n  accord an t w ith  that o f th e  s lo p e  o f  th e  b ed rock  topography. T his 

c o n s is te n c y  w ould not b e  lik e ly  from  the random  strand in g  o f ic e  b lo c k s . The 

lak es appear to  occu r  o v e r  p r e -g la c ia l  d ra in age  lin e s  w ith th e  e leva tion  of 

th e ir  d eep s corresp on d in g  to  the su r fa c e  of b a s a l  san d s and g r a v e ls  in  the  

channel. The p rin c ip a l a x e s  o f the d eep s in  add ition , co rresp o n d  w ith  the  

dom inant freq u en c ie s  o f  b ed rock  sh ea r  lin ea tio n s (K elly , 1936 , p. 215). P r e 

e x is tin g  topographic lo w s , includ ing d ra in age  l in e s  a r e  le ft w ith  " ice  plugs"  

after  the g la c ia l ic e  h a s m elted  o ff the in te r f lu v e s . The ic e  p lugs a r e  bu ried  

by the d eb r is  from  m e ltin g  ic e  fro m  h igh er a r e a s .  Ice rem ain in g  in  the low s  

m ay p rotect th e  d e p r e ss io n  fro m  subseq uent a d v a n ces . E ventually  the ic e  

m e lts  from  the low s lea v in g  d e p r e ss io n s .
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Outwash P la in s . Outwash or gravel p lains id ea lly  are  d ep o sits  w ith an  

internal so rtin g  in  which granular m ater ia l pred om in ates. T h ese  g ra v e l d e

p o sits  w ere  la id  down by braided  m eltw ater s tr ea m s that w ere  overburdened  

with sed im en ts.

Lake B ed s. L acustrine d ep osits or  old lake b eds a re  m ade up of c lay  or 

sands, e ith er  of w hich m ay b e  lo ca lly  predom inant. Lake beds a r e  r e la tiv e ly  

fla t, and in  so m e p la ces  cover  previous g la c ia l or g lacio flu v ia l d ep o s its . 

D eposits

The preceed ing d iscu ssio n  of the m ore prom inent g la c ia lly  re la ted  land- 

form s illu s tr a te s  that s im ila r  topographic e x p r ess io n s  m ay r e su lt  from  d iv e r se  

o r ig in s . S im ila r ly , m a ter ia ls  deposited  in  two or m ore a rea s  by iden tica l or  

a llied  p r o c e sse s  need  not n e c e ssa r ily  form  su rface  e x p r ess io n s  identifiab le  by  

present geom orphic term inology .

The m a ter ia ls  o f g la c ia l and g lacio flu v ia l d ep o sits  r e fle c t  the dynam ic  

conditions at the tim e  of d eposition . The m ater ia ls  o f the d ep o sits  m ust, then, 

be considered  a s com ponents of a sed im ento log ic  unit related  to  the d yn am ics.

G eom orphic term in o logy , which has long been  u sed  to d e sc r ib e  g la c ia l  

and a sso c ia ted  su rface  fea tu res , cannot be u sed  in a c la ss if ic a tio n  sch em e  

for the m a ter ia ls  com position  of g la c ia l and re la ted  d ep o sits .

G eom orphology being the progency of "Physiography" i s  c la s s ic a lly  a d e s 

criptive study of su rface  fea tu res . The inherited  term in ology , u sefu l in  d e s 

crip tive  context, h as no sp e c if ic  gen etic  s ign ifican ce . Many m orphologic  

featu res are  form ed by a com plex in teraction  o f se v e r a l dynam ic p r o c e s s e s ,  

both depositional and ero sio n a l. The dynam ics of sed im entation , on the other
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hand, a r e  by far  the dom inant fa c to r s  co n tro llin g  the s i z e  freq u en cy  d istr ib u tion  

of m a te r ia ls  and a s  su ch  m u st b e  u sed  a s  th e  b a s is  o f c la s s if ic a t io n .

O ther fa c to r s  w h ich  m u st then  b e  taken  into account in  eva lu atin g  the  

d ep osit a re: (1) p roven an ce , so u r c e  of the ind ividual con stitu en ts: (2) d is 

p ersa l; and (3) p o s t-d e p o s it io n a l p r o c e s s e s  su ch  a s  so lu tio n , rep la cem en t, 

d ecom p osition , d is in teg ra tio n , e tc .  w hich m ay a ffec t the m a te r ia ls  o f the  

d ep osit to  so m e d e g r e e .

C la ss ific a tio n  of D ep o s its

In ord er  to  sa m p le  and eva lu a te  the com p lete  sp ectru m  of g la c io flu v ia l  

m a ter ia ls  it i s  n e c e s s a r y  that a c la s s if ic a t io n  sc h e m e  b e  u sed  that is  b a sed  

on the p r o c e s s e s  of sed im en ta tio n . F a c to r s  co n sid er ed  a r e  d ep osition a l  

m edium , such  a s  g la c ia l ic e ,  m e lt  w a te r , e tc . F ie ld  c r ite r ia  u sed  to  r e c 

ogn ize each  c la s s  inclu de p r im ary  sed im en ta ry  s tr u c tu r e s , g eo m etry  o f the  

d ep osit, and tex tu re  o f the m a te r ia l. G eom orphic te r m s  for  th e  a sso c ia te d  

topographic fea tu re s  a r e  l is te d  for  each  type o f d ep o sit a s  w e ll  a s  a m ention  

of the stru c tu res  w hich m ay b e  d isp layed . T able 2 l i s t s  the g la c ia l and 

g la c ia l-r e la te d  ty p es  o f  d e p o s its  co n sid ered  in  th e  p resen t study.

An attem pt has b e e n  m ade to  m ake the c la s s if ic a t io n  s im p le  and stra ig h t

forw ard . One o f the p ro jec t g o a ls  i s  to  fa c ilita te  econ om ic  exp lo ita tion . In 

ord er to m eet th is  g o a l the r e s u lt s  m u st b e  in terp retab le  to  e n g in e er s  and  

o th ers in terested  in  exp lora tion  of the m a te r ia ls , a s  w e ll a s  to  g e o lo g is ts .

F ie ld  c r ite r ia  u sed  to  r e c o g n iz e  geom orph ic  fo rm s a re  the sa m e  char

a c te r is t ic s  w id ely  rec o g n ize d  by g la c ia l g e o lo g is ts  and e x te n s iv e ly  d escr ib ed  

in  the litera tu re . R ep etition  h ere  i s  o u ts id e  the scop e  of th e  study, h ow ever,



TABLE 2

C la ss ifica tio n  of G lacia l and R elated  D ep osits

G enetic Type T extu res and Sedim entary  
Structures

P o ss ib le  A sso c ia te d  
Landform

(1) G lacial -  in clu des  
a ll m a ter ia l d epos
ited  d ir ec tly  by 
g la c ia l ic e .

T ill , no apparent s tr a t
ifica tio n .

End m ora in es -  in 
cluding both term in a l 
and r e c e s s io n a l.

M edial m ora in es  
L ateral m ora in es  
Ground m ora in es or  
t i l l  p la in s.

(2) G lacioflu via l m o -  
ra in a l or m o ra in a l-  
ice  contact

a . W ater -  la id  d r ift, 
sh ow s w eakly  d ev e l
oped stra tifica tio n , 
m ay b e  d iscon tin uou s, 
often d isp lays ic e -  
shove fea tu res .

b . P oorly  sorted  or c la y -  
s i l t  g r a v e ls .

K am e, Kame com p lex, 
an d /or  r e c e s s io n a l  
m ora in e.

L ocal "outwash" fan  
or con e, e tc .

(3) Confined ic e -c o n ta c t P oorly  to  m oderately  
so r ted  g r a v e ls .

E sk er s

(4) G laciofluvia l drain
age channel (con
fined outw ash

M oderately  to w e ll sorted  
g r a v e ls .

E x ten siv e  c r o s s  bedding -  
fo re  se t  d ip s gen era lly  
g rea ter  than in  (5).

Confined drainage  
ch a n n els ," S p illw a y s ," 
v a lley  tra in s , Kame 
te r r a c e s .

(5) G laciofluvia l out
w ash (unconfined  
outwash)

M oderately  to  w e ll so rted  
g r a v e ls .

C rossbedding at low er  
a n g les than in (4).

Outwash p la in s.

15
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the rea d er  i s  r e fe r r e d  to  F lin t (1957), T h w aites (1956), L ev erett (1902, 1917, 

1929), L ev ere tt  and T ay lor  (1915), Lane (1907), K n eller  (1964), B r e tz  (1955), 

Huxel and P e tr i (1965), and o th e r s .

Ideally  a c la s s if ic a t io n  o f d e p o s its  w ould h a v e  a g e n e tic  b a s is ,  r e f le c t  

a ll com p osition a l v a r ia tio n s and b e  d evoid  o f su b jec tiv ity  in  in terp reta tion .

M ost p rev io u s r e fe r e n c e s  to  g la c ia lly  r e la te d  d e p o s its  have b een  g e o -  

m orp h ica lly  o r ien ted . In m any c a s e s  d e p o s its  and landform  have b een  m is 

takenly co n sid er ed  id e n t it ie s . S in ce vary in g  d e g r e e s  o f a s so c ia t io n  e x is t  b e 

tw een  landform  and d e p o s it, ran g in g  from  co m p lete  to  non e, the d e g r ee  of 

su b jectiv ity  in vo lved  in  th is  type o f  in terp re ta tio n  i s  e x tr e m e ly  high. T his  

r e su lts  in con fu sion  and m ak es the p r a c tic a l a p p lica tion s of w ork so  orien ted  

ex trem e ly  im p rob ab le .

A g en e tic  c la s s if ic a t io n  of g la c ia l and g la c ia lly  r e la te d  d ep o sits  has b een  

used  by H uxel and P e tr i (1965) in  N orth Dakota. T h eir  c la s s if ic a t io n  w as  

d ev ised  to fa c ilita te  the study o f lo c a l ground w ater  hydrology; h o w ev er , not 

su rp r is in g ly  m any o f their ,fgeoh yd ro log ie  units"  a r e  s im ila r  or  id en tica l to  

the d ep o sit typ es a r r iv e d  at h e r e . T hey reco g n ized  four ty p es  o f g la c io flu v ia l 

se d im e n ts , (A) v a lle y  outw ash , (B) unconfined outw ash , (C) ic e -c o n ta c t  

d e p o s its , and (D) u n d ifferen tia ted  outw ash .

In the p resen t study "undifferentiated" d ep o sit c a te g o r ie s  have b een  

avoided in  an attem pt to  m ake the r e s u lt s  u sea b le  to  p erso n s having litt le  or  

no g e o lo g ica l tra in in g . H uxel and P etr i d e sc r ib e  th e ir  "undifferentiated  out

wash" a s  "thick and d is c o n tin u o u s .. .  in terbedded  la y e r s  o f c la y , s i l t s ,  sand, 

and g r a v e l. " M ost o f th is  w ould probably f it  into the p r e sen t c la s s if ic a t io n
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under "m orainal ice -co n ta c t"  (b) poorly  so r ted  c la y  or  c la y - s i l t  g r a v e ls .

M ost g la c ia l and g la c io flu v ia l d e p o s its  a r e  co m p lex . Only in r e la t iv e ly  

few  c a s e s  have the p r o c e s s e s  of d ep o sitio n  b een  un iform  su ffic ien tly  long that 

a g r a v e l d ep o sit could  f it  p e r fe c tly  into one of the above c a te g o r ie s . In m any  

c a s e s ,  tw o or  even  th ree  o f th e se  im p lied  m o d es of d ep o sitio n  m ay b e  r e 

flec ted  in one g r a v e l so u r c e . The c h a r a c te r is t ic s  that appear to r e p r e se n t  

the dom inant p r o c e s s  o f d ep osition  have b een  u sed  to  s e le c t  a d ep osition a l 

ca teg o ry .

Source o f M ater ia ls

The lith o lo g ic  a n a ly se s  c a rr ie d  out h e r e  a llow  rea so n a b ly  good in fe r e n c e s  

a s  to  the b ed rock  so u r c e s  and ro u tes o f g la c ia l and flu v ia l tran sp orta tion  o f  

m uch of the m a te r ia l m aking up th e  g r a v e ls . T h is  know ledge i s  fundam ental 

to the u ltim ate  eco n o m ic  g o a l of p red ictin g  aggrega te  su ita b ility  on a r eg io n a l 

b a s is .

A ll g r a v e l so u r c e s  stu d ied  in  both the b a s ic  99 so u r c e  eva lu ation  and the  

supp lem ental 133 sa m p le  study contain  an e s s e n t ia lly  s im ila r  su ite  o f  

l ith o lo g ie s . The p r in c ip a l d istin gu ish ab le  d ifferen ce , i s  in  th e  r e la t iv e  

quantities o f the var iou s r o ck  typ es ra th er  than in  w ide varia tion  in  the su ite  

i t s e lf .

The u n iform ity  of th is  a sse m b la g e  a s  found ov er  th e  in it ia l 19 county a r ea  

and the a rea  to  the north sam p led  in  th e  su pp lem en tal study i s  cau sed  by th e  

g eo m etry  o f the bedrock  ou tcrop s r e la t iv e  to flow  paths o f g la c ia l ic e  and 

g la c io flu v ia l tran sp orta tion .
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The configuration  o f the M ichigan b a s in  i s  su ch  that g la c ia l advance from  

any d irec tio n  p a s s e s  o v e r  e s s e n t ia l ly  the sa m e  s e r ie s  o f  outcropping fo rm a tio n s . 

T his cau sed  the sa m e  e s s e n t ia l  su ite  of ro ck s to  o ccu r  in  a l l  s im ila r ly  d e

posited  g la c ia l or  g la c io flu v ia l se d im e n ts  o v er  th e  b a s in . The r e la t iv e  con

tr ib u tion s from  each  form ation  d iffe r s  in  am ounts prop ortion a l to  the d e g r ee  o f  

angular concord ance b etw een  the s tr ik e  o f the b ed rock  and th e  d ir ec tio n  of 

g la c ia l ad van ce . W here d irec tio n  of g la c ia l  m ovem ent b eca m e tangentia l to  

the s tr ik e  of the r o ck s  cropping out o f the b a s in  su r fa c e , the ic e  p icked  up the  

sam e type o f ro ck  m a te r ia l con tin u ou sly  a long the c o u r se , form in g  a concen

trated  tra in  of m a te r ia l down s tr e a m  from  that ou tcrop .

F ig u re  4 i l lu s tr a te s  th e  in fe rr ed  r e la tio n  of g la c ie r  m ovem ent o v er  the  

outcrop pattern  o f th e  b a s in . On the w e s t  s id e  o f  the L ow er P en in su la  th e  d ir e c 

tion  o f ic e  m ovem ent along the e a s te r n  ed ge  of the M ichigan ic e  lobe b e c o m e s  

tangentia l and n ea r ly  p a r a lle l in  th e  s tr ik e  of th e  b a s in  r o c k s . T h is i s  r e f le c 

ted  in  th e  d r ift in  K alam azoo County and adjacent a r e a s  by con cen tra tion  of 

sandstone and ferru g in ou s co n cre tio n s d er iv ed  from  th e  low er M arsh a ll Sand

stone and the C oldw ater Sh ale.

C o n v er se ly , w h ere  the g la c ia l advance w a s at r ig h t a n g le s  to  the s tr ik e  

of the outcrop  a m uch s m a lle r  am ount o f  m a ter ia l w a s added to  the ic e ,  in  

proportion  to  the stra tig ra p h ic  th ic k n e ss  of the outcropping lith o lo g ic  un it.

W here the ic e  p a ssed  o v e r  a stra tig ra p h ic  seq u en ce  w ith  a dom inant lith o logy  

a high le v e l o f con cen tration  i s  sp read  o v er  a w ide a r e a . Such a h igh  le v e l  

occu rs a s  a  background con cen tration  fo r  carbonate r o ck s  a lon g  the a x is  o f the  

Saginaw Lobe (this study; A n d erson , 1962). T he ic e  d eep ly  erod ed  a s  i t  p a sse d



1‘)

L E G E N D

J U R A S S I C  I 1

P E N N S Y L V A N I A N  ^

M I S S I S S I P P I A N

M I S S I S S I P P I A N  -  I T  II 
D E V O N I A N  U11111UIUI

I

D E V O N  I A N  

S I L U R I A N  

O R D O V I C I A N  

C A M B R I A N

P R E  - C A M B R I A N

F igu re  4 . Inferred d is p e r sa l paths for g la c ia lly  tran sp orted  m a te r ia ls .



20

over the d o lom ite  o f th e  N iagaran  S e r ie s  th at fo r m s  th e  e sca rp m en t sep a ra tin g  

G eorgean B ay from  Lake H uron. A lthough th is  d id  not su pp ly  a l l  o f carb on ates  

found in d e p o s its  o f th is  lobe it  did con trib u te  to  a g e n e r a l r is e  in  background  

le v e l.

M ost of th e  lith o lo g ie s  p r e se n t in  the g r a v e l su ite  have b een  d er iv ed  from  

the ro ck s o f th e  part o f the M ichigan  B a sin  that u n d e r lie s  th e  Lower P en in su la . 

T hose w hich have b e e n  contributed  from  ou tsid e  o f th is  part of the b a s in  a r e  fro m  

bedrock so u r c e s  in  the Upper P en in su la  and in  Canada. With the excep tion  qf 

the N iagaran d o lo m ites  th e se  r o ck s  that a r e  fa r - tr a v e lle d  a r e  m inor com p ared  

w ith th o se  of lo ca l d er iv a tio n . T h ese  fa r - tr a v e lle d  com ponents con stitu te  m o st  

of the igneous and m etam orp h ic  ro ck  typ es from  th e U pper P en in su la  o f M ich

igan  and from  the sh ie ld  a r ea  o f O ntario .

A ssig n m en t of a pebble found in  th e  g r a v e l to  a s p e c if ic  bedrock  unit can b e  

done only i f  the p a r tic le  p o s s e s s e s  d is t in c t iv e  id en tify in g  c h a r a c te r is t ic s  known  

to  b e  a sso c ia te d  w ith a  s tra tig ra p h ic  unit. Many ro ck  ty p e s  found in  the g r a v e ls  

a re  n o n -d istin c tiv e . T h is  i s  e s p e c ia l ly  tru e fo r  ca rb o n a tes , which can r a r e ly  

b e a ss ig n ed  to  a sp e c if ic  u n it. Sed im entary  s tr u c tu r e s  can  r a r e ly  b e  o b serv ed  

in  the p a r tic le s  and, g e n e r a lly , i f  v e s t ig e s  o f f o s s i l s  r em a in , they  a r e  too  

badly abraided for sp e c if ic  id en tifica tio n . The sa m e  am bigu ity  holds for m any  

other sed im en tary  r o c k s  and ign eou s and m etam orp h ic  r o ck s  a s  w e ll .  A sh a le , 

a b a sa lt, o r  a q u artz ite  pebb le, to  b e  a ss ig n e d  to  a b ed rock  so u r c e  unit m u st  

show so m e id en tifiab le  p h y sic a l, c h e m ic a l, o r  s tr u c tu r a l fea tu re .

The rock  ty p es that a r e  m o st freq u en tly  id en tifiab le  in  te r m s o f probable  

stra tigrap h ic  d er iva tion  a r e  c e r ta in  sa n d sto n es , so m e  co n c re tio n s , s la t e s ,
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s c h is t s , phaneritic igneous r o ck s , and any rock s containing p etro liferou s or  

carbonaceous m atter .

W here the ic e  advanced over o lder drift that had been deposited  by e a r lie r  

ic e  or g lacio flu v ia l action , the p r e -e x is t in g  drift w as incorporated into the ic e ,  

thus g rea tly  diluting the new ly eroded f ir s t -c y c le  sed im en ts . Any m oraine and 

it s  a sso c ia ted  p rog lacia l dep osit m ay thus be made up la rg e ly  of secon d , th ird , 

and m u lticycled  g la c ia l sed im en t. Each m inor advance and r e c e s s io n  w ill have 

caused so m e  e ro s io n , transportation , and deposition  of m ater ia l.

D irection al deviation  o f ic e  paths betw een d ifferent ad van ces, changes of 

d irection  even w ithin a s in g le  ic e  m a ss , and d isp ersio n  of m a ter ia ls  due to the 

m echan ics of ic e  m ovem ent compound the e ffec ts  o f sed im ent r e -c y c lin g  to  

produce the d istribution  of m a ter ia ls  found in  the su r fic ia l d ep o sits .



PROCEDURES

P relim in ary  F ie ld  Work

In itia l f ie ld  w ork c o n s is te d  o f r ec o n n a issa n c e  o f g r a v e l exp osu re  lo ca l

i t ie s .  I ts  purpose w as tw ofold: (1) to  o b se r v e  the ch a ra cter  o f ind ividual 

d ep o sits  so  that a w orkab le  c la s s if ic a t io n  of g la c ia l d e p o s its  could b e  e sta b 

lish ed  which w ould b e  am en ab le  to  the p r a c tic a l g o a l o f the p ro jec t, ye t  

b ased  on sound g e o lo g ic  p r in c ip le s , and (2) d e term in e  tech n iq u es for  taking  

sa m p les  w ithin the l im its  o f a v a ila b le  fa c i l i t ie s  w h ich  w ould sa t is fy  the r e q u ir e 

m ents o f the p rop osed  a n a ly s is .

During the e a r ly  phase o f  the f ie ld  w ork , m ea su r em e n ts  w e re  m ade to 

d eterm ine the attitude o f sed im en ta ry  s tr u c tu r e s  in  th e  g ra v e l e x p o su r e s . The 

str ik e  and dip of fo r e s e t  b ed s w e r e  m ea su red  in  a num ber o f e x p o su res  

throughout the p its . T he num ber o f m ea su r em e n ts  w a s d eterm in ed  b y  the  

extent o f exp osu re  w h ere  the b ed s could b e  d eterm in ed  to  b e  d efin ite ly  in  p la c e . 

T h ese w e re  rep ea ted  throughout both  the v e r t ic a l  and la te r a l ex ten t o f  the  

exp osu re .

T h ese  m ea su rem en ts  w e r e  then  p lotted  a s  fa ce  p o le s  on a Schm idt 

Stereographic N et. The d istr ib u tion  of points w as d eterm in ed  by a point 

counting technique and the d en sity  of poin ts fa llin g  on  the p lot w as contoured .

If a dom inant d irec tio n  of dip w as ev id en t from  th e  p lo t, the perpendicu lar w as

taken a s  the a v e ra g e  cu rren t d irec tio n .

22
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Sam pling

T he sa m p lin g  techn iqu e f in a lly  u sed  fo r  the bulk  o f th e  sam p lin g  w as  

d ecid ed  on th e  b a s is  o f th e  ou tcom e o f  the study o f  th e  re la tio n sh ip  o f the  

m ech a n ica l d istr ib u tion  to sed im en ta ry  s tr u c tu r e s . The lack  o f  c o rre la tio n  

b etw een  the a v era g e  cu rren t d ir ec tio n , e v e n  w h ere  stro n g ly  d isp layed , and 

the p a r tic le  s iz e  d istr ib u tion  ren d ered  it  o f  no advantage to continue the tim e  

consum ing p roced u re o f  m easu r in g  and p lotting  fo r e s e t  bedding p la n es .

S in ce the purpose o f the study w a s to  c h a r a c te r iz e  th e  g ra v e l d ep o sit, a s  

a w h o le , an  en g in eer in g  type o f  sam p le  w a s d e s ir a b le . A sa m p le  that w ould  

b e s t  r e p r e se n t  th e  d ep o sit w ith in  the sco p e  of t im e  and equipm ent lim ita tion s  

w as d eterm in ed  to  c o n s is t  o f m u ltip le  channel sa m p le s  w h ere  p o s s ib le . F r e 

quently it w a s  n e c e s s a r y  to  o ffse t  the channel in  ord er  to  obtain  the com p lete  

v e r tic a l se c tio n .

B efo re  sa m p lin g , a ll  m a te r ia ls  that had slu m p ed  ov er  the fa ce  o f the  

exp osu re w e re  sh o v e lled  aw ay in  o rd er  to  p rep are  a v e r t ic a l fa c e . The v e r 

t ic a l exten t o f  th e  ex p o su re  w a s in c r e a se d  by d igging downward to  a p ra c tica l  

lim it -  e ith er  the w ater  tab le  or  until cav in g  prevented  fu rth er  p r o g r e s s . The 

en tire  v e r t ic a l co lum n w a s  then  sa m p led  by u sin g  a p ick -m attock  and la rg e  

sand sco o p . A sam p le  c r o s s  se c t io n  o f ap p rox im ately  s ix  sq u are  in ch es w as  

v isu a lly  e s t im a te d  and m aintained  during th e  sam p lin g . O cca sio n a lly  la rg er  

a rea s  would ca v e-a w a y  under the im pact o f  the p ick -m attock  but the e x c e s s  

m ateria l w a s not bagged .

T h is p roced u re  w as rep ea ted  from  tw o  to  s ix  t im e s  throughout the p it. 

The num ber of channel sa m p le s  w a s d eterm in ed  by the am ount of exposu re
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p r e sen t. In the in itia l p h ase 476 g r a v e l p its  w e r e  v is ite d , o f w hich 99 could  b e  

sam p led  by th e  m anual m ethods em p loyed . T h is type o f sam p lin g  p roced u re i s  

adequate only  in  a c tiv e  or  r e c en tly  a c tiv e  p it s .  In o ld er  e x p o su r e s , w h ere  

e x te n s iv e  slu m p in g  h as o ccu rred  o r  v egeta tion  h a s b eco m e  e s ta b lish e d , sa m p le s  

could not b e  obtained in  a rea so n a b le  length  of t im e .

M echanical A n a ly s is

P a r tic le  s iz e  d istr ib u tion  w a s d eterm in ed  fo r  the g r a v e l fra c tio n  for  a ll  

99 sa m p le s  to  the in te r v a ls  l is te d  in  T able 3 .

TABLE 3

S iev e  S ize  G rades for  G ravel A n a ly s is

Inches M illim e ter s

2 5 0 .8
2 -  1 -1 /2 5 0 .8  -  3 8 .1
1 - 1 /2  -  1 3 8 .1  -  2 5 .4

1 -  3 /4 2 5 .4  -  1 9 .0
3 /4  -  5 /8 1 9 .0  -  1 6 .0
5 /8  -  1 /2 1 6 .0  -  1 2 .7
1 /2  -  3 /8 1 2 .7  -  9 .5 1

3 /8  -  3 /1 6 9 .5 1  -  4 .7 6
< 3 /1 6 < 4 .7 6

A G ilson  s ie v e  sh ak er w as u sed  for  the s ie v in g . A m in im um  of f iv e  m in 

u tes w as u sed  for  a l l  sa m p le s .

P etrograp h ic  A n a ly s is

The p etrograp h ic  a n a ly s is  o f the g r a v e l com ponents c o n s is te d  o f a  pebble  

count and v a r io u s su p p lem en ta l t e s t s  o f  p h y sica l and c h e m ic a l c h a r a c te r is t ic s  

on se le c te d  p a r t ic le s .
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Its  pu rpose w a s  to  d e term in e  th e  r e la t iv e  abundance o f  s p e c if ic  ro ck  

types and c er ta in  p h y sic a l and c h e m ic a l a ttr ib u tes o f  ea ch  that m igh t b ear  

som e r e la tio n sh ip  to  th e  g eo lo g y  of th e  d e p o s its  and en g in eer in g  a p p lica tio n s  

of the m a te r ia ls .

P r in c ip a lly , th e  p etrograp h ic  exam in ation  w a s p er fo rm ed  by m ean s o f  

a b in ocu lar  m ic r o sc o p e . T he s a m p le s  s ie v e d  during the m ech a n ica l a n a ly s is  

w ere  r e - s iz e d  into  th r e e  g r a d e s:

1- 1/2  -  1 
1 -  3 /4 1 - 1 /2  -  3 /4

3 /4  -  5 /8  
5 /8  -  1 /2  
1 /2  -  3 /8

3 /4  -  3 /8

3 /8  -  3 /1 6 3 /8  -  3 /1 6

The quantity in  ea ch  w as then  red u ced  by sp litt in g  to  ap p rox im ately  150  

pebb les for p etrograp h ic  exam in ation . F ig u re  5 sh o w s the data sh e e t  u sed  to  

reco rd  the r e s u lt s  o f  th e  p etrograp h ic  a n a ly s is .

A lthough the > 1 . 5 0  inch p a r t ic le s  w e r e  exam in ed  and rec o rd ed , the data 

w ere  not u sed  in th e  a n a ly se s  s in c e  i t  w as not p o s s ib le  to  obtain  150 p a r tic le s
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to  m aintain  equal c la s s  s iz e .  The num ber o f p a r t ic le s  an a lyzed  p e tr o -  

grap h ica lly  w as 450 fo r  each  of 99 so u r c e s  fo r  a  to ta l o f 45 , 550 .

E ach p a r tic le  w a s eva lu ated  in  te r m s  o f the fo llow in g  v a r ia b le s:

1 . lith o logy
2 . shape (sp h eric ity )
3 . round ness
4 . su r fa c e  tex tu re
5 . coa tin gs
6 . fra c tu r es
7 . stren gth
8 . d eg ree  o f w eath erin g
9 . organ ic  m atter

10 . p o ten tia lly  a lk a li-r e a c t iv e
11 . p r e se n c e  o f so lu b le s  or su lf id e s
12 . poten tia l b a s e  exch an ge

S p h eric ity  (Shape). M ethods o f  m ea su r in g  and eva lu atin g  p a r tic le  shape  

have b een  proposed  by W adell (1932, 1933), K rum bein (1941), Z ingg (1935), 

Walz (1936), M arw ick (1936), S ch ie l (1943), and o th e r s .

W adell (1932) show ed that th e  shape and rou n d n ess a r e  g e o m e tr ic a lly  

d istin ct co n cep ts . The shape b e in g  independent of the an gu larity  or  round ness  

of the ed g es o r  c o r n e r s . Shape, fundam enta lly , m e a su r e s  the r a tio  o f the  

su rface  a rea  to the volum e o f a  p a r tic le . W adell defined  sp h e r ic ity  a s  th e  

cube root of the ra tio  o f the vo lum e o f th e  p a r tic le  and th e  vo lu m e of the c ir 

cu m scrib in g  sp h ere:

w here D i s  the nom inal d iam eter  o f a  p a r tic le  and A i s  the long d im en sion  

of the p a r tic le  w hich i s  equal to  th e  d ia m eter  o f  a c ircu m cr ib in g  sp h e re .

S p h eric ity 6 ) tP
/  6 ) A3
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K rum bein (1941) show ed that for  m o st p a r tic le s  the nom inal d iam eter , 

DP = ABC w h ere  A = long a x is , B  = in term ed ia te , and C = sh o rt a x is  of the  

p a rtic le , T h erefore:

The m ethod used  h e r e  w as p rop osed  by K rum bein. It r eq u ire s  only that 

the long, in term ed ia te , and sh ort d ia m eters  a r e  m ea su red  and the sp h er ic ity  

is  read  from  a chart or  ca lcu la ted  d ir e c tly . The sp h er ic ity  i s  determ in ed  by  

two r a tio s  b etw een  p a ir s  o f the d ia m eters: the in term ed ia te  to  long d iam eter  

and the sh ort to  in term ed ia te  d ia m eter . T his " in tercep t m ethod" i s  b ased  on  

com parison  of th e  p ebb les w ith a r e fer e n c e  so lid  -  a tr ia x ia l e lip so id . The 

three d ia m eters  o f  the pebble a r e  defined a s m utually  perpendicu lar in te rc ep ts .

A verage sp h er ic ity  can b e  d eterm ined  for any group b y  adding the com 

ponent sp h e r ic it ie s  and dividing by the num ber of p eb b les. F or th is  study, a 

pebble ca lip er  w as con stru cted  for  the m easu rem en t of the th ree  m utually  

perpendicular in te r c e p ts . T h is d ev ice  w as fash ion ed  from  the illu stra tio n  

shown b y  K rum bein (1941, p. 65). F or a d isc u ss io n  o f the m ethod and technique  

of m easu rem en t, the rea d er  i s  r e fe r r e d  to K rum bein (1941, p . 66).

R oundness. W adell's m ethod o f determ in ing roundness req u ires  d e ter 

m ining th e  rad ius of the in scr ib ed  c ir c le  and the r a d ii of th e  ed ges and co rn ers  

of a projected  im age. The roundness i s  then determ ined  a s  the ra tio  of the  

average rad ius of curvature to  the rad ius of the in scr ib ed  c ir c le .  A much  

fa ster  m ethod w hich w a s u sed  w as that o f Krum bein; w h erein  the roundness of

Sphericity /6 )  ABC
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each  p a r tic le  i s  v isu a lly  com p ared  w ith  stan dard  im a g e s  o f known ro u n d n ess .

The im a g es w e r e  p h otograp h ica lly  rep rod u ced  from  K rum bein’s  ch art. C op ies

w ere  m ade that w e r e  both  e n la rg ed  and red u ced  by fa c to r s  su ch  that the im age

s iz e  w as equ iva len t to  the m ean  d ia m eter  fo r  ea ch  s iz e  g ra d e . S ta t is t ic a l

stu d ies  of K rum bein’s  show ed that a v e r a g e  v a lu es  for  rou n d n ess obtained  by

th is  technique a g r e e  v e r y  c lo s e ly  w ith  th o se  obtained by the o r ig in a l m ethod of

W adell. Continued c h e c k s , throughout th e  p etrograp h ic  a n a ly s is , r ev e a le d

that d ifferen t w o r k e rs  con tin u a lly  g ave  s im ila r  and c o n s is te n t  v a lu e s .
■

L ithologic  Id en tifica tion . A fter  sh ap e m ea su r em e n ts  and rou n d n ess w e re  

d eterm in ed , lith o lo g ic  id en tifica tio n  of ea ch  pebble w a s  m ade by b reak in g  the  

pebble and o b serv in g  it b y  m ea n s of a  b in ocu lar  m ic r o sc o p e .

L ithologic  T erm in o lo g y . B e fo r e  stan d ard izin g  the lith o lo g ic  term in o logy  

ap p roxim ately  5000 p eb b les w e r e  id en tified  from  10 s o u r c e s . T hin se c t io n s  

w e re  m ade to a id  in  e s ta b lish in g  id en tity  o f so m e  of the fin er  gra in ed  r o c k s .

In a l l ,  so m e  80 d ifferen t r o ck  te r m s  inclu d ing  m o d ifier s  w e r e  reco rd ed . A  

standard l i s t  of r o ck  te r m s  w a s  th en  e s ta b lish e d  w h ich  inclu ded  a ll  lith o lo g ie s  

found in  the g r a v e ls , p lus s e v e r a l  not y e t  found but thought p o s s ib le  to  o ccu r . 

T his p erm itted  a fa s te r , m o re  e ff ic ie n t  id en tifica tio n  of lith o lo g ie s  and 

e lim in ated  the u se  o f d u p lica te  or  redundant term in o lo g y . T ab le  4 i s  th e  l i s t  

of rock  n om en cla tu re  u sed  fo r  th e  rem a in in g  89 sa m p le s .

M ost o f  th e se  a r e  standard  p etrograp h ic  te r m s  w hich can  b e  found d e s 

crib ed  in any p etrograp h ic  r e fe r e n c e  book (Huang, 1962; M oorehou se, 1959; 

K rum bein and P ettijohn , 1938; M iln er , 1962; Spock, 1953; P ettijoh n , 1957). A 

few , how ever, a r e  m o re  s p e c ia liz e d  in  u sa g e  and r eq u ire  exp lanation . T h ese
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TABLE 4 

LITHOLOGIC TERM S

Igneous M etam orphic

G ranite Q u artz ite
Syenite M arb le
G ranodiorite S la te
D iorite P h y llite
Gabbro S ch ist
P er id otite M etagrayw acke
Dunite M etaark ose
D iabase

F e ls ite M in era ls  (sta te)
B asa lt
A m ygdaloid

P egm atite
Lam prophyre
C arbonatite

Sedim entary

C onglom erate
B rec c ia
Sandstone, grayw ack e
Sandstone, a r k o se
Sandstone, q u a rtz itic
S iltston e
C alcareou s s ilts to n e
Shale

Crag
TUI
Coal
Clay
sat
Iron oxide (lim o n ite , h e m a tite , s e v e r e ly  w eath ered  ferru g in o u s p a r tic le s )  
F erru gin ous co n cre tio n  (clay  iron ston e)

L im estone  
D olom itic  lim e sto n e  
C alcareous d o lom ite  
D olom ite  
Chalk
C hert, I, H, m ,  or IV 
Chert, ja sp er  
Cherty lim e sto n e
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include cra g , a natural co n cre te  com p osed  o f g r a v e l cem en ted  togeth er  w ith  

calcium  carbonate. The four ca teg o r ie s  o f  chert a r e  v isu a lly  d is tin c t ty p es  

d escrib ed  by M ich aels, e t .  a l, (1965) and intended to p o s s e s s  d ifferen t prop

e r t ie s  a ffectin g  en g in eerin g  u sa g e .

Thin S ec tio n s. Thin se c t io n s  w ere  m ad e and exam in ed  fo r  a  few  se le c te d  

pebbles w hich w ere  rep re sen ta tiv e  of com m only recu rr in g  lith o lo g ies  and for 

which id en tifica tion  w as un certa in  by m egascop ic  m eans or  b inocu lar  

m icro sco p e .

P h y sica l and C hem ical C h a ra c ter is t ic s . P h y sic a l and ch em ica l ch ar

a c te r is t ic s  o f each  pebble w e re  noted at th e  tim e  o f  the lith o log ic  id en tifica tion . 

T h ese include su rfa ce  tex tu re , p resen ce  or  a b sen ce  of co a tin g s , fra c tu r es , 

strength , d eg ree  of w eath erin g , p resen ce  o r  ab sen ce  of organ ic  m a te r ia l, or  

other contam inating su b sta n ces w hich could  be poten tia lly  harm ful for u s e  as  

con crete  a g g reg a te .

Surface T extu re. A qu alita tive  sc a le  w as u sed  to  d e sc r ib e  the su rfa ce  

texture o f each  p a r tic le . E ach textural c la s s  w as a ss ig n ed  a num ber a s  

fo llo w s:

0 -  Smooth and Irregu lar  -  Includes cry sta llin e  r o c k s . A ll sm ooth
c ry sta l fa c e s  and ir r e g u la r  ed ges and 
c o rn er s .

-  V ery fin e ly  irr eg u la r  su r fa c e .

-  F in e ly  irreg u la r  su r fa c e .

-  M ostly sed im en tary  p a r t ic le s , s lig h t  
s tr ea m  rounding a lso  ch a ra cter ized  
th e se  p a r t ic le s .

-  Sm ooth su rfa ce  on g en era lly  rounded  
p a r tic le s .

1 -  Rough

2 -  S ligh tly  Rough

3 -  S lightly  P o lish ed

4 -  P o lish ed
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5 -  Sm ooth -  Sm ooth su r fa c e  that d o e s  not in d ica te
p o lish in g  a c tio n .

6 -  c h a lk y  -  F r ia b le , e tc .

C oatin gs. C oatings on p a r t ic le s  w e r e  c la s s i f ie d  by both quantity  and 

co m p o sitio n . It has b e e n  e m p ir ic a lly  d e term in ed  that a  p a r tic le  w ith  le s s  

than o n e -th ird  o f i t s  a r e a  coated  d o es not n o rm a lly  produce any d e le te r io u s  

e ffe c t  for  en g in eer in g  p u r p o se s . The p a r t ic le s  w e r e , th e r e fo r e , c la s s e d  a s  

th ose  w ith  (a) no co a tin g , (b) coated  on l e s s  than o n e -th ird  o f i t s  a r e a , and  

(c) coated  on m o re  than o n e -th ird  o f i t s  a r e a . The com p osition  o f  the coating  

w as a ls o  noted and c la s s i f ie d  a s  fo llo w s:

1. F r ia b le  or  lo o s i ly  bonded m a te r ia l

2. Gypsum

3. O pal, e tc .

4 . S ilt  or  c la y

5. CaCO and MgCOu O

6. M anganese o x id es

7. Iron o x id es

F r a c tu r e s . The s e v e r ity  o f fractu r in g  in h eren t in  the p a r t ic le s  w as  

noted a s  none, few , o r  m any. Any v is ib le  parting  w a s c o n sid er ed  a s  a fr a c 

ture.

S trength . The tech n iq u e u sed  to judge r e la t iv e  stren g th  w as th e  trad ition 

a lly  a ccep ted  m ethod o f su b je c tiv e ly  d eterm in in g  th e  d e g r ee  of e a s e  or d if

ficu lty  w ith  w h ich  the p a r tic le  b rea k s under a h am m er b lo w . The p a r t ic le s
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w e r e  ra ted  a s  s tr o n g , m o d era te , or  w eak . T h is m eth od , although u se fu l, i s  

not co n sid ered  to  b e  w h olly  adequate.

The unit o f stren g th  o r  d u rab ility  coded  for  the com p uter data red u ction  

program  w a s a  c o m p o site  o f the m ea su red  stren gth  and th e  num ber o f v is ib le  

fr a c tu r e s  or o th er  p lan es o f  w e a k n ess .

D eg ree  of W eath erin g . E ach  p a r tic le  w as d eterm in ed  to  b e  fr e sh  or  

unw eathered, m o d era te ly , or  stro n g ly  w ea th ered .

O rganic M atter . P e tr o life r o u s  and carb on aceou s m atter  w e r e  rated  a s  

b eing  e ith er  p resen t o r  ab sen t.

P o ten tia lly  A lk a li R e a c tiv e , P r e se n c e  o f S o lu b les , S u lfid es , or  P oten tia l 

B ase  E xchan ge. P a r t ic le s  for  w hich th e  lith o logy  and p h y sica l d escr ip tio n  

accord  w ith th o se  known to  b e  p oten tia lly  c h em ica lly  r e a c tiv e  w e r e  noted  

under the colum n R e m a rk s.

C h em ical A n a ly s is

C arbon ates. D uring the p etrograp h ic  exam in ation  the carb on ates w e re  

id en tified  a s  l im e sto n e , d o lo m itic  l im e sto n e , c a lc a r  eo u s d o lom ite  o r  d o lom ite  by  

m ean s o f ac id  r ea c tio n  and sta in in g  tech n iq u es. A liz a r in  red  a n d fe r r ic  ch lor id e  

w ere  u sed  to  iden tify  c a lc ite . T he a liz a r in  r ed  s  prod u ces a deep r ed  s ta in  

on c a lc ite  but d o es  not a ffec t d o lo m ite . F e r r ic  ch lo r id e , s im ila r ly  m ay b e  

u sed  to  co lo r  c a lc ite  brow n w ithout a ffectin g  d o lom ite  {F riedm an , 1959). 

D olom ite or  d o lo m itic  l im e s to n e s  w ere  reco g n ized  b y  a spot t e s t  involving  

p -n itr o b e n z e n e -a z o re so u rc in a l (Mann, 1955). When put into so lu tion  on the  

rock w ith  d ilu te  HCl, the organ ic  dye i s  ad sorb ed  b y  M g (OH)_ producing a  

d istin ctiv e  b lu e  c o lo r . T he tim e  that it  ta k es  fo r  the b lu e  co lo r  to  appear i s  an
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in d ication  o f the am ount o f Mg p r e se n t . A d o lo m ite  w il l  produce the c o lo r  

w ithin  the f i r s t  few  se c o n d s  w h ile  th e  p eb b les o f in term ed ia te  c o m p o sitio n  

w ill  take s e v e r a l s e c o n d s . A lm o st any carb onate ro ck  w il l  produce th e  b lue  

co lo r  a fter  about one m inute in  so lu tion .

C alcium  and M agnesium  D eterm in ation s o f C arbonate R o c k s . The ca lc iu m  

and m agn esiu m  d eterm in a tio n s w e r e  m ade fo r  carb on ate  p eb b les s e le c te d  

from  sa m p le s  1 through 50 . S e v e ra l p eb b les w e r e  s e le c te d  fro m  each  o f the  

th ree  c la s s e s  o f carbonate r o c k s  id en tified  by th e  b in ocu lar  m ic r o sc o p e  and 

sta in  tech n iq u es, that i s  one or m o re  id en tified  a s  lim e sto n e , a s  d o lom itic  

lim e sto n e  or  c a lc a re o u s  d o lo m ite , and a s  d o lo m ite .

The r e su lts  w e r e  obtained b y  titra tio n  w ith  e th y len ed ia m in e te tra ce tic  

ac id  d isod ium  s a lt .  T itra tio n  fo r  ca lc iu m  w a s p er fo rm ed  at pH 12 w ith  

hydroxy naphtha! b lu e  in d ica to r . D uring the p ro ced u re  th e  m agn esiu m  w as  

p recip ita ted  a s  h yd rox id e. The com bined  ca lc iu m  and m agn esiu m  content w a s  

determ ined  by a secon d  titra tio n  at pH 10 w ith  ca lm a g ite  or  e r io ch ro m e  b lack  

T in d ica tor . The m agn esiu m  content w a s d eterm in ed  a s  the d iffe re n c e  b e 

tw een  the tw o  t itr a tio n s . The r e s u lt s  a r e  rep o rted  in  A ppendix T able 12.

The c h e m ic a l a n a ly se s  w e r e  run on th e  carb on ates: (1) to  ch eck  on the  

accu racy  o f id en tifica tion  b y  sta in in g  and v isu a l m ea n s , and (2) to  d eterm in e  

what the range and a v era g e  v a lu es  w e re  for  the carb on ates in  the g r a v e ls .

The r e su lts  show n in  T able 12 w e r e  u sed  to  define th e  r o ck  in te r m s  of 

i t s  ox ide content. The num ber fo llow in g  the hyphen in  Colum n 1 corresp on d s  

to  the v isu a l id en tifica tion  (1 -  d o lo m ite , 2 -  in te rm e d ia te , 3 -  lim esto n e).

Data for  th e  com p osition  o f carb on ates i s  g iv en  by P ettijohn  (1957) a s  lis te d  

in  T able 5 .
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N om en cla tu re  o f S ed im en tary  C a lc itic  and D o lo m itic  C arbonates  
(A fter P ettijohn  T able 80 , p. 418)

Type
P ercen t
D olom ite

A pprox. MgO 
E quivalent %

A pprox. MgCOg 
E q uivalen t %

L im eston e
High C alcium 0 to  10 0 to  1 .1 0 to  2 .3
M agnesium 0 to  10 1 .1  to  2 .1 2 .3  to  4 .4

D olom itic  L im eston e 10 to  50 2 .1  to 1 0 .8 4 .4  to  2 2 .7
C a lc itic  D olom ite 50 to  90 1 0 .8  to  1 9 .5 2 2 .7  to  4 1 .0
D olom ite 90 to  100 1 9 .5  to 21 . 6 4 1 .0  to  4 5 .4

The ro ck  n om en cla tu re  d eterm in ed  fro m  the c h e m ic a l data i s  g iv en  in the  

la s t  co lu m n o f T ab le 12. C o n sisten tly  high v a lu es  for m agn esiu m  show  sub

stan tia l am ounts o f  d o lo m ite  in a ll  but one sa m p le . Of th e  159 pow dered sa m 

p le s  run , only on e, A 1 6 -3 , i s  a  pure lim e sto n e . T h ese  r e s u lt s  w e re  not 

exp ected  in asm u ch  a s  m o st  carbonate ro ck s tend to  occu r  near the en d -  

m em b ers o f the s e r i e s .  E ven  though th e  "average"  lim e sto n e  con ta in s 7 .9 0  

p ercen t MgO th is  value r a r e ly  o c c u r s  s in c e  m o st  carbonate r o ck s  contain  

e ith er  m uch m o re  o r  m uch l e s s  m agn esiu m . M ost l im e s to n e s , in  fa c t , have  

le s s  than 2 p ercen t or o v er  19 p ercen t MgO. A n illu s tr a tio n  o f the g e n e ra l  

sc a r c ity  o f in term ed ia te  carbonate ro ck s i s  found in  a tab le  g iv en  by  

P ettijohn (1957, p. 417) and reprod uced  h e r e  a s  T able 6.
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TABLE 6

R e la tiv e  Abundance of l im e s t o n e  and D o lom ite  
(from  P ettijohn , p . 4 1 7 , 1957)

P ercen t D olom ite N um ber of Sam p les

0 to  10 48
10 to 50 8
50 to 90 5
90 to  100 97

T h ree o f the pow ders produced MgO ex ceed in g  2 1 .6  p e r ce n t, th e  equ iv

alent to  100 p ercen t d o lo m ite . Subsequent x -r a y  d iffraction  a n a ly s is  on tw o o f  

th ese  for  w h ich  su ffic ien t pow der w a s le ft  o v er  did not r e v e a l the p r e se n c e  of 

m agn esite  o r  other m a g n esiu m -b ea r in g  m in e r a ls .

Standard sa m p le s  of c a lc ite  and d o lom ite  w e r e  run b y  th e  sa m e p roced u re  

in  ord er  to d eterm in e  if  a  sy s te m a tic  e r r o r  m ight b e  cau sin g  th e  u n exp ected ly  

high Mg v a lu es . It w a s found that up to  +5 p ercen t could  occu r  in  the ab so lu te  

v a lu es .

It i s  a ssu m ed  that the r e la t iv e  v a lu es  a r e  c o r r e c t  and that the v isu a l m ean s  

of id en tifica tion  w a s e s s e n t ia l ly  a c cu ra te . The MgO v a lu e s , h o w ev er , w ere  

sy s te m a tic a lly  high b y  about 2 to  4 p ercen t. A c o r r e c tio n  downward o f  2 p er 

cent MgO w ould put a l l  v a lu es  in to  an exp ected  ran ge .

The g r ea ter  n u m bers of carb onates of in term ed ia te  com p osition  a r e  partly  

due to  the fa c t that w ith the excep tion  of 16 , 17 , 18 , and 38, m ore  than one 

pebble w as ground from  each  p etrograph ic  group , th ereb y , crea tin g  an  a v erage  

for the group.
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P otential A lkali R eactiv ity

A ch em ica l te s t , e sta b lish ed  by the A m erican  Society  fo r  T esting  and 

M ateria ls (ASTM C 289) w as used  to  determ ine the potential a lk a li rea c tiv ity  

of each so u rce  of m a ter ia l in  Portland cem ent con crete . The m ethod d eter

mined the potential rea c tiv ity  by  m easuring the amount of d isso lv ed  s i l ic a  and 

the reduction o f alkalin ity  of a IN  NaOH solu tion  allow ed to rea c t w ith powdered  

sam p les ground from  the aggregate .

One thousand gram s of m ater ia l for  each  ava ilab le  s iz e  fraction  w ere  taken  

from  each  r e se r v e  sam p le . The m ater ia l w as crushed  to <  1 /4  inch in a jaw 

crusher and further reduced  by m eans o f a d isc  p u lverizer  to  p ass a #50 s ie v e .  

Powder p assin g  the #50 and reta ined  on a #100 s ie v e  w as te s te d .

The reaction  procedure in vo lves w eighing the th ree  rep lica te  25 g  portions 

of the powder into sp ec ia lly  m ade n o n -reactive , se a led  reaction  conta iners and 

adding 25 m l of NaOH solu tion . The powdered m ater ia l i s  a llow ed to rea ct  

with IN  sodium  hydroxide for 24 hours at 80 C. N orm ally, th ree  tr ip lica te  

sam p les and a blank w ere  run concurrently , requiring a to ta l of 10 reaction  

conta iners.

The f ilte r e d  so lu tion  obtained is  used  to  determ ine the d isso lv ed  s il ic a  

and reduction in a lkalin ity . D isso lved  s i l ic a  is  determ ined g ra v im etr ica lly  as  

prescrib ed  by the ASTM Manual (1964, p. 190-191). D isso lved  s i l ic a  is  

reported as: Sc = SiO in  m illim o le s  per lite r .

The reduction in alkalin ity  or b a s ic ity  o f the solu tion  w a s obtained by  

titration . R eduction in  a lkalin ity  i s  reported  in  m illim o le s  per lite r  = R c.
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D isso lv e d  s i l ic a  (Sc) i s  p lotted  on a lo g a r ith m ic  s c a le  w h ile  red u ction  in  

a lka lin ity  (Rc) i s  p lotted  a lon g  the a r ith m etic  ord in ate  (F ig . 6). A  cu rv e  draw n  

on the graph i s  an e m p ir ic a lly  d e term in ed  d iv id ing lin e  b e tw een  a g g r e g a te s  

d eterm in ed  to  b e  p o ten tia lly  a lk a lin e  r e a c tiv e  and th o se  found to  b e  in n ocu ou s. 

T hose fa llin g  to  the r ig h t o f th is  l in e  a r e  lik e ly  to p o s s e s s  a  d e le te r io u s  d e g r ee  

of a lk a li r e a c tiv ity . The p r e se n c e  o f  c er ta in  m in e r a ls  m ay produce m is lea d in g  

in terp reta tion . Iron and m agn esiu m  carb on ates and m agn esiu m  s i l ic a t e s ,  or  

if  so lu b le  s i l ic a t e s  a r e  p resen t, c a lc iu m  carbonate m ay ca u se  sp u r io u s in c r e a se  

in Rc and m ay ca u se  an  in c r e a se  o r  d e c r e a s e  in  S c . T h is m ay a ffec t the in d ica 

tion  of p otentia l r e a c tiv ity  o f the m a rg in a l a g g r e g a te s .

The m ajor d ifficu lty  i s  in te rp re tin g  the r e s u lt s  of th e  ex tran eou s d e c r e a se  

in a lka lin ity  w h ich  r e s u lt s  in  the sp u r io u s in c r e a se  in  R c , cau sed  b y  d o lom ite  

or fer ro u s  iro n . A ccord in g  to  M ie len z  and B enton (1958) a quartz a g g reg a te  

with 1 p ercen t opal w i l l  b e  show n to  b e  d e le te r io u s  but in  com b ination  w ith  

d olom ite  m ay appear fro m  the t e s t  to  b e  innocuous due to  p rec ip ita tio n  of  

m agnesium  or  iron  hydroxid e and in c r e a s e  o f R c . M ie len z  and B enton c ite  a s  

an exam p le  that i f  2 .5  p ercen t opal w e r e  p r e sen t the a g g reg a te  w ould appear  

d efin ite ly  d e le te r io u s . E xtraneous p rec ip ita tio n  of hydroxide d o es  not o ccu r  

if  the am ount o f  r e a c tiv e  s i l ic a  i s  h igh . With 5 p ercen t or  m o re  o f opal th e  

bulk o f the a g g r eg a te  h as no e ffe c t  on Sc and R c .

F in a l in terp reta tio n  o f  the r e su lt  i s  m ade in  conjunction  w ith  the p e tr o -  

graphic a n a ly s is  and th e  fr e e z e -th a w  exp an sion  t e s t s  (pu 86 ) .
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E ngin eering  T e s ts  o f C oncrete B eam s

The p roced u res for  th e  en g in eer in g  te s t s  re la tin g  to  co n cre te  b ea m s and 

cy lin d ers a r e  g iven  in d eta il in  ASTM Standards. The appropriate standard  

is  r e fe r r e d  to  in  the d isc u ss io n  of the te s t  r e s u lt s .



PETROLOGY OF GLACIAL GRAVELS

Form  of Data

The data gathered  together which c o lle c tiv e ly  form  the petrographic  

an a lysis  c o n s is t  of:

1. F ie ld  ob servation s

2 . S ieve  an a ly ses

3. P ebble counts and a sso c ia ted  ob servation s and m easu rem en ts

4. C hem ical a n a ly ses  of carbonate p a r tic les

5 . T e s ts  o f aggregate  sa m p les including sp e c if ic  gravity  and percent 
absorption.

A nalytical P rocedure

A n a ly s is  o f the petrographic data i s  carr ied  out in  tw o p h a ses. Phase 1,

the reduction of individual pit data and the calcu lation  of var iab les for  each

sam ple independent of other sa m p les . Phase 2 u ses  the gen era lized  P hase 1

data to determ ine the betw een -p it v a r ia b les .

Phase 1. The f ir s t  phase i s  done by m eans of a com puter oriented

an alysis co n sistin g  of tw o program s for the reduction  of data and calcu lation

of individual pit s ta t is t ic s .

P rogram  "Percent"

A com puter program  w as w ritten  to ca lcu la te  p ercen tages and m eans of

a ll var iab les determ ined  for  each  pit. T h ese  ca lcu la tion s are  sum m arized  on

the data su m m ary sh eet (Table 11) and T ab les 15 through 21 .
41
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M eans w e re  ca lcu la ted  independently fo r  ea ch  rock  type in  each  s i z e  grad e  

and again  fo r  a ll p a r t ic le s  in  the sa m p le  w ith r e sp e c t  to  sp h e r ic ity , ro u n d n ess , 

tex tu re , p h y sica l d u rab ility , w eath erin g  and co a tin g s . M eans w e re  ca lcu la ted  

for th e  la r g e s t  s i z e  only fo r  sp e c if ic  gra v ity  and ab sorp tion .

P ercen t ca lcu la tio n s include the fo llow in g: p ercen ta g es  o f  each  r o ck  type  

for the e n tir e  sam p le; p e r ce n ta g es  of p a r t ic le s  o f each  rock  type that fa ll  into  

one of th r ee  d e g r ee  c a te g o r ie s  (good, bad , ind ifferen t) for  th e  p h y sica l ch a r

a c te r is t ic s ,  i . e . ,  p h y sic a l d u rab ility , w ea th er in g , te x tu r e , and coatin gs;  

percen tage  o f p a r t ic le s  o f  a ll  r o ck  typ es fo r  th e  e n tir e  sa m p le  that fa ll  into  

one o f the d e g r ee  c a te g o r ie s  for th e  fo llow in g  c h a r a c te r is t ic s :  co a tin g s, 

w eath erin g , p h y sic a l du rab ility , organ ic  m a tter , c h e m ic a lly  r e a c t iv e ,  

potential b a se  exch an ge, so lu b le s  a n d /o r  su lfid es ;  p ercen ta g e  o f p o ten tia lly  

d e le te r io u s  m a te r ia l (for en g in eer in g  u sage) in  the sa m p le . Z ingg (1935) 

shape c la s s e s  w e r e  a lso  com puted and th e  p ercen tage  o f p a r tic le s  in  each  

w as d eterm in ed .

P rogram  " L east Squares"

T his program  ca lcu la ted  s t a t is t ic s  for  ind ividual sa m p le s . It i s  b a s ic a lly  

a le a s t  sq u a r es  a n a ly s is  p rogram  d esign ed  to  handle th e  ava ilab le  data. Out

put included: c o rr e la tio n  c o e ff ic ie n ts , su m s o f v a r ia b le s , m ean  su m s o f  

v a r ia b le s , standard  deviation  o f v a r ia b le s , su m s of sq u a res  o f v a r ia b le s , 

su m s of sq uared  d ev ia tio n s from  the m ean .
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P h ase  2 . T he seco n d  p h ase  o f the data a n a ly s is  w as to  d e term in e  r e la tio n 

sh ips b etw een  sa m p le s . The c o m p u ter -o r ien ted  portion  o f  th is  p h ase  c o n s is t s  

of:

(a) F a cto r  a n a ly s is  o f lith o lo g ic  d is tr ib u tio n s .

(b) A n a ly s is  o f v a r ia n ce  o f  p h y s ic a l and en g in eer in g  v a r ia b le s .

P a r tic le  S iz e  A n a ly s is

Q u artile  M ea su res

M echanical a n a ly s is  data fo r  th e  g r a v e l fra c tio n  w a s  u sed  to  co n stru ct  

cu rves for  th e  cu m u lative  s iz e  freq u en cy  d is tr ib u tio n . The conventional m ethod  

of con stru ctin g  th e se  c u r v e s  fo r  s a n d -s iz e d  m a te r ia ls  i s  to  p lot th e  p a r tic le  

d ia m eters on a lo g a r ith m ic  s c a le .  A ssu m in g  a lo g -n o r m a l d istr ib u tio n  for  

such sed im en ts  th is  techn iqu e sy m m e tr iz e s  th e  d istr ib u tio n . H ow ever, h ere  

w e w ish  to d ea l w ith  th e  c o a r se  fra c tio n  o f th e  d is tr ib u tio n . F o r  th is  pu rp ose  

the cu rv es  a re  b e s t  p lotted  on an  a r ith m etic  ra th er  than a  lo g a r ith m ic  s c a le .

The p lo ts w e r e  ch osen  to  g iv e  m axim um  e x p r e s s io n  to  th e  data p o in ts. A 

sam p le  cu rve  i s  show n in  F ig u re  7 . B oth  the v e r y  c o a r s e  and th e  v ery  fine  

ends of the d istr ib u tion  have b een  run o ff the s c a le  o f the graph in  o rd er  to  

em p h asize  the sp read  o f  the cen tra l v a lu e s . T he f i r s t  and th ird  q u a rtile s  w e re  

picked and a so r tin g  c o e ff ic ie n t  w as ca lcu la ted  (K rum bein and P ettijohn , 1938).

The q u artile  m e a su r e s , so r tin g  c o e ff ic ie n t , and a r ith m etic  q u artile  d ev ia 

tions a re  a ll g iv en  in  T a b le s  13 and 14 . A so r tin g  c o e ff ic ie n t i s  in tended to  

give a m ea su re  o f the sp rea d  o f the d istr ib u tio n . T h is i s  b a se d  on the r a tio  

betw een tw o q u a r tile s . A m e a su r e  o f  the a sym m etry  or  sk ew n e ss  m ay  a ls o  b e  

m ade b y  com p arin g  the m ed ian  value w ith  an a v era g e  of the f ir s t  and th ird
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F ig u re  7 . Sam ple cum u lative  s iz e  freq u en cy  d istr ib u tion  c u rv e .

q u a rtile s . A lthough s im ila r  ca lcu la tio n s m ay b e  m ade fro m  e ith e r  a r ith m e tic , 

g e o m e tr ic , or  logarith m ic  d istr ib u tio n s, the u se  o f q u artile  m e a su r e s  has the  

advantage that they  a r e  confined to  the cen tra l p art o f the freq u en cy  d istr ib u tion  

and not su b ject to  the in flu en ce  o f ex tr em e  p a r tic le  s i z e s  (K rum bein and 

P ettijohn, 1938).

Sorting

A p er fec tly  so r ted  sed im en t h as a so r tin g  c o e ff ic ie n t of 1 .0 .  V alu es l e s s  

than 2 .5  a re  c o n sid ered  to b e  w e ll  so r te d , 3 .0  i s  norm al and v a lu es  ex ceed in g  

4 .5  in d icate  poor so r tin g  (P ettijoh n , 1957 and T r a sk , 1932).
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V alu es for  the m ean  so r tin g  c o e ff ic ie n t  fo r  each  of the d ep o sit ty p es con

s id ered  a re:

M orainal Ice C ontact D ep o s its  (Type 2) 4 .7 2

Confined Ice  C ontact D e p o s its  -  E sk e r s  (Type 3) 4 . 75

P r o g la c ia l C hannel D ep o sits  (Type 4) 4 . 20

P r o g la c ia l F an and D elta  D e p o s its  (Type 5) 3 .7 7

A ccord in g  to  the c r ite r ia  o f T ra sk , both c a te g o r ie s  o f ic e  contact d e p o s its  

are poorly  so r te d  and both  c a te g o r ie s  o f p ro g la c ia l se d im e n ts  a r e  "norm al"  

or m od era te ly  so r te d . Ind ividually , on ly  tw o p its out of 99 a re  "w ell so r te d , ” 

N os. 44 and 71 , w ith  So v a lu es r e sp e c t iv e ly  o f 2 .2 4  and 1 .8 4 .  T h ese  a r e  both  

outwash d e p o s its . N o. 44 i s  on th e  A llen d a le  D elta o f the g la c ia l  Grand R iv er  

Channel and N o. 71 is  an outw ash p la in  or d elta  in  Jack son  County p o ssib ly  

a sso c ia te d  w ith  g la c ia l R a is in  R iv e r  d ra in a g e . F ifteen  of th e  outw ash d e p o s its  

exceed  So of 4 .5  and w ou ld  b e  co n sid er ed  "poorly so r te d . "

The So in  a g e n e r a l w ay r e f le c t s  the d eg ree  of rew ork in g  by flu v ia l p ro c

e s s e s .  The com pound natu re of g la c ia l  and g la c io flu v ia l d e p o s its  brought about 

by the fa c t that each  d ep o s it  is  the r e s u lt  o f th e  in tera c tio n  of m ore  than a 

sin g le  ep iso d e  o f g la c ia l o r  flu v ia l a c tiv ity  ap p ears to  b e  r e f le c te d  by th e  so r tin g  

d isp layed  by th e  ind ividual d e p o s its . Som e of th e s e , c la s s if ie d  a s  m ora in a l, 

m ay p o s s e s s  a h igh er d e g r e e  of so r tin g  (low er So value) than so m e of th o se  

c la s se d  by th e ir  m orp hology  a s outw ash or p r o g la c ia l. The r e c y c lin g  o f m a te 

r ia ls  b y  la ter  e p iso d e s  c r e a te s  a com p lex ity  preclud in g  th e  d ir e c t  re la tio n sh ip  

of m orphology and so r tin g  or  any o ther s in g le  p etrograp h ic  c h a r a c te r is t ic .

The fa c t that th e  m ean  So for p ro g la c ia l d e p o s its  i s  low er  (b etter  sorted ) than
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th e  m ean  fo r  i c e  con tact d e p o s its  in d ic a tes  that the la s t  e p iso d e , th e  one by  

w hich th e ir  p o s itio n  in  the c la s s if ic a t io n  i s  d e term in ed , i s  th e  m o st  im portant 

s in g le  in flu en ce  on so r t in g . H ow ever, th e  ran ge  o f va lu es for  in d iv id u al p its  

sh ow s that the p rev io u s h is to r ie s  o f the m a te r ia l i s  v ery  im portant in  d e ter 

m ining th e  d e g r e e  o f so r t in g .

P h y sic a l C h a r a c te r is t ic s  o f  P a r t ic le s

F o llo w in g  i s  a d e sc r ip tio n  and d is c u s s io n  o f the m ea su red  p h y sica l prop

e r t ie s  o f ind ividual p a r t ic le s  from  the 99 sa m p le s . S ign ifican t v a r ia b ility  of 

th ese  c h a r a c te r is t ic s  i s  d is c u s s e d  in con n ection  w ith each  v a r ia b le . R ela tion 

sh ip s b etw een  the v a r io u s c h a r a c te r is t ic s  am ong sa m p le s  a r e  p resen ted  at 

the end of the se c t io n .

R ou n d n ess. M axim um  and m inim um  rou n d n ess for  a s iz e  ran ge  from  

.3 454  fo r  s iz e  1 sa m p le  # 6  and .6 8 5 2  for  S iz e  1 sa m p le  #40 (T able 18). Both  

of th e se  sa m p le  s i t e s  a r e  confined  outw ash (Gp #4 ). M ean m axim um  and m in

imum rou n d n ess for  a l l  s i z e s  a r e  r e s p e c t iv e ly , .3 8 2 0  and .6 6 4 2  fo r  the sa m e  

two p its . The standard  d ev ia tion  for rou n d n ess for  a l l  s i z e s  ra n g e s  fro m  a 

low of . 0865 for  pit #56  and a high of . 1481 fo r  p it #12 . P it #56 i s  a m orain al 

d ep osit (Gp. 2) and #12 i s  a  confined  outw ash  or v a lle y  tra in .

S p h er ic ity . M ean sp h e r ic ity  for each  p it ra n g es  from  . 7137 fo r  pit #51 

to  .7 8 5 9  for  p it #5 (T able 15). T h ere i s  no apparent r e la tio n  to  d ep o sit ty p e , 

so u rce  o f m a te r ia ls , or  o ther d ep osition a l v a r ia b le . S im ila r ly , sp h e r ic ity  

does not b e a r  any m e a su r ea b le  re la tio n sh ip  to  p a r tic le  s i z e .

Standard d ev ia tio n s o f sp h e r ic ity  for  e a ch  s iz e  grade a r e  c o n s is te n tly  low  

for a ll p its  w ith  the h ig h est b e in g  0 .3 4  for  p it # 5 . T h is i s  the pit w ith  the
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h igh est m ean sp h eric ity  for a ll p a r tic le s . The la r g e s t  and sm a lle s t  s iz e  grad es  

have the h igh est sp h e r ic it ie s  (. 816 and . 808, re sp ec tiv e ly ) and s iz e  2 (inter

m ediate) is  average . T h is , how ever, i s  not a g en era l rela tion sh ip .

C orrelation  co effic ien ts  for sp h eric ity  -  s iz e  a re  norm ally  d istributed  

for 99 p its  and have both th e ir  m ean and m edian va lu es at - .  04. Sphericity  

does not vary appreciab ly  betw een rock  ty p es .

Surface T exture. Mean va lu es of su rface  tex tu ra l m easu rem en ts a re  used  

as an index for var ia tion s. V alues are  g iven  in T able 17. Surface textu ral 

variations show som e co rre la tio n  w ith other ph ysica l v a r ia b les , e sp e c ia lly  

w eathering, sp e c if ic  g rav ity , round ness, and p h ysica l durability . It does not 

correla te  with sp h eric ity  and show s no apparent variation  w ith s iz e .

C orrelation  of su rfa ce  textu re with other p h ysica l p aram eters occu rs  

b ecau se  of com m on c h a r a c ter is t ic s  o f certa in  lith o log ies such  as fr iab le  

standstones, den se  ch erts  and lim e sto n es , e tc . Stream  action  often produces 

a polish  on cer ta in  types o f rock s although so m e m ay round but not p o lish . The 

data show th a t  certa in  rock s tend to c lu ster  in  a g iven  su rface  textu ra l group 

and others sc a tter  w idely  through se v e r a l o f the ca te g o r ie s .

Surface textu ral va lu es averaged  from  each  pit show litt le  variation .

N either d ifferent geom orphological a ffilia tion s of d ep osits  nor sed im en to log ica l 

param eters a re  re flec ted  by any con sisten t su rface  textural d ifferen ces .

W eathering. The d eg ree  o f w eathering of rock  p a r tic le s  r e su lts  from  

action o f p ost-d ep osition a l p r o c e s s e s . M ean va lu es are  g iven  in Table 16.

W eathering appears to  d isp lay  no se le c t iv e  e ffec t re la tiv e  to p artic le  s iz e .  T here  

is  no apparent o v era ll in c r e a se  or d e c re a se  in  the d egree  of w eathering with
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changing p a r tic le  s i z e .  A lthough the d e g r ee  of w ea th er in g  in flu en ces th e  phys

ica l d u rab ility , i t  d o es  not appear to  b e  the b a s ic  c a u sa l fa cto r  in  the du ra

b ility  -  s i z e  r e la t io n sh ip s . T h e se  a r e  d is c u sse d  under th e  heading " P h ysica l 

D u r a b ility ."

S p ec ific  G ravity . S p ec ific  gra v ity  i s  a fundam ental en g in eer in g  property

of co n c re te  a g g reg a te . M ean s p e c if ic  g ra v ity  for e a ch  lith o lo g ic  group over  a l l  

99 d e p o s its  i s  l is te d  in  T able 7 . T h ese  data a r e  c o n s is te n t  w ith p rev io u sly  

known v a lu es fo r  l ith o lo g ie s  and p resen t no new fin d in g s. No sy s te m a tic  var

iation  b e tw een  d e p o s its  w a s d e term in ed .

TABLE 7

M ean S p ec ific  G ravity  for  E ach  R ock Type

L ithology S p ec ific  G ravity

P h an eritic  A c id  Igneous 2 .6 8 7 7
P h an eritic  In term ed ia te  Igneous 2 .9 1 7 3
P h an eritic  B a s ic  Igneous 2 .9 9 0 1
M icro -P h a n er itic  Igneous 2 .8 2 6 3
A phanitic A cid  Igneous 2 .7 2 2 4
A phanitic B a s ic  Igneous 2 . 8623
P egm atite 2 .6 3 1 8
Sandstone 2 .2 9 8 8
S iltston e 2 .2 5 8 8
C alcareou s S iltsto n e 2 .0 2 9 1
Shale 2 .5 2 7 4
Crag 2 .1 9 8 3
Coal 2 .3 7 1 0
Clay 2 .1 3 0 3
Iron O xide 2 .1 1 2 0
F erru gin ou s C on cretion s 2 .5 8 0 2
L im estone 2 .5 6 8 5
D olom itic  L im eston e 2 .7 5 3 1
D olom ite 2 .7 3 6 8
Chalk 1 .9 3 9 2
Chert 2 .5 0 3 6
N on -F o lia ted  M etam orphic 2 .6 7 1 3
F olia ted  M etam orphic 2 .6 9 8 4
O thers 2 .7 9 3 4
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P ercen t A b sorp tion . S in ce  ab sorp tion  is  in v e r s e ly  r e la ted  to  sp e c if ic  

grav ity  i t s  r e la tio n sh ip s  to  o ther v a r ia b le s  and to  d e p o s its  a r e  s im ila r . M eans  

for  sp e c if ic  gra v ity  and ab sorp tion  a r e  g iv en  in  T a b les  20 and 21.

P h y sica l D u rab ility . P h y s ic a l du rab ility  i s  a m ea su r e  o f th e  p h y sica l  

ch a ra cter  of the ro ck  that c o r r e la te s  w ith o th er  e x p r e ss io n s  of p h y sica l con

d ition , includ ing sp e c if ic  g r a v ity , ab sorp tion , and w eath erin g . A low  but 

n o n eth e less  s ta t is t ic a l ly  va lid  c o r r e la tio n  a lso  o c c u r s  betw een  p h y sica l dura

b ility  and su r fa c e  tex tu re .

T h ere  i s  no apparent d iffe re n c e  in  the d u rab ility  of the th ree  s iz e  g r a d e s .  

T able 19 l is t s  th e  m ean va lu es for  d u rab ility . T h is m ean , a s  w ith  su r fa c e  

tex tu re  and d e g r ee  o f w eath erin g , i s  an index value d eterm in ed  by the a v era g e  

num ber of p a r t ic le s  fa llin g  into variou s d is c r e te  c la s s e s .

C hem ical C h a r a c te r is t ic s  o f P a r t ic le s

The ch em ica l nature o f the individual g r a v e l p a r tic le s  m ay a ffec t the  

en g in eer in g  quality  o f th e  g r a v e l and i s  d is c u sse d  in  the se c tio n  on en g in eer in g  

u sage. The p etro logy  o f the g r a v e l i t s e l f  i s  b e s t  eva lu ated  by lith o lo g ic  com 

position  w hich in  turn  r e f le c t s  th e  c h em istry  o f ind ividual co n stitu en ts . 

R ela tion sh ip s b etw een  P etrograp h ic  V ar iab les

C orrela tion  c o e ff ic ie n ts  w e re  com puted fo r  a ll  com binations of p e tro 

graphic v a r ia b le s  for  each  p it. F o r  a lm o st e v e r y  com bination  of v a r ia b le s , 

the range o f c o e ff ic ie n ts  i s  quite w id e . To d e term in e  i f  the co e ffic ien t v a lu es  

w ere  m eaningfu l or s im p ly  random ly d istr ib u ted , th e  ranked c o e ff ic ie n ts  for  

certa in  com b inations w e re  p lotted  for a ll  9 9 r 's  on p robab ility  graph paper. A  

stra igh t line w ith  a m ean or  m edian value of 0 w ould r e su lt  if  the d istr ib u tion



of r ’s  w e r e  random . If, h ow ever, the d istr ib u tion  of r ’s  w e re  non-random , 

the curve would b e  skew ed  e ith er  right or  le f t , depending on w hether th e  c o r 

re la tio n  w e re  p o s itiv e  or n eg a tiv e . Skew ness of the cu rve in d ica tes tru e  c o r 

re la tio n . Spurious high or  low co rr e la tio n s  can b e  d isreg a rd ed  and the m edian  

value u sed  a s the actu a l d egree  of c o rre la tio n  for  a ll 99 d e p o s its .

T ab les 8 , 9 and 10 l i s t  the com binations of v a r ia b les  p lo tted . A ll are  

m ore or le s s  norm al and the d eg ree  o f sk ew n ess  i s  show n b y  the m ean and 

m edian value.

TABLE 8

M edian C orrelation  B etw een  P a ir s  
o f  V ariab les for  99 r ’s  -  S ize  1 (1 -1 /2 "  -  3 /4 " )

Sp ecific  G ravity ------

A bsorption - . 7 6 ------

Lithology - . 0 2 - . 0 2 ------

Sphericity .0 3 - . 0 7 .02 ------

Texture .1 1 .0 4 .0 9 .0 2 ------

R oundness - . 0 6 .09 0 . 1 0 .18
W eathering - . 2 7 .3 4 - . 0 6 - . 0 6 - . 1 1  - . 0 1 ------

P h ysica l D urability - . 3 8 .37 - . 1 2 - . 0 6 - . 1 5  - . 0 1 . 4 0
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TABLE 9

M edian C o rre la tio n  B etw een  V a ria b les  F o r  99 r 's  
S iz e  2 (3 /4 "  -  3 /8 " )

L ithology
S p h eric ity
T exture
R oundness
W eathering
P h y sic a l D urab ility
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TABLE 10

M edian C o rre la tio n  B etw een  V a r ia b les  F o r  99 r 's  
S iz e  3 (3 /8"  -  3 /1 6 " )

Lithology --------------

Sphericity .0 3 —

T exture .1 1 - . 0 3 --------------

R oundness .0 3 .0 7 - . 3 6 --------------

W eathering - . 0 9 - . 0 3 - . 1 2 0 --------------

P h y sica l D urability - . 1 5 - .  02 - . 1 3 - . 1 5 .2 8 -------------
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F or p a r t ic le s  o f the la r g e s t  s i z e  grad e  (1 -1 /2 "  to  3 /4 " ) , the h ig h est c o r 

re la tio n s  a r e  sp e c if ic  grav ity  and ab sorp tion . T h ese  p red ictab ly  show  stron g  

negative c o r r e la t io n . The m edian c o rr e la tio n  for  a l l  p a r t ic le s  m ea su r ed  i s  

- . 7 6 .  P h y sic a l d u rab ility  i s  s ig n if ica n tly  co rr e la ted  w ith  both sp e c if ic  g ra v ity  

and ab sorp tion . The s ig n s  on th e s e  m ay be confusin g  b e c a u se  o f th e  coding  

used  for p h y sic a l d u rab ility , w hich ranks the m o st durable a s  1 and the le a s t  

a s 3. High sp e c if ic  g ra v ity , then , and high d u rab ility  (low code num ber) occu r  

togeth er  and, th e r e fo r e , c re a te  a  n egative  c o e ff ic ie n t. High ab sorp tion  o c c u r s  

with low d u rab ility  (high code num ber) and c r e a te s  a p o s itiv e  c o e ff ic ie n t .

D urab ility  and w eath erin g  a ls o  show  a h igh ly  s ig n ifica n t c o r r e la tio n . The 

p o sitiv e  r  h ere  again  in d ica tes  that the m ore  w ea th ered  p a r t ic le s  a re  the le s s  

durab le. S p ec ific  grav ity  and ab sorp tion  a lso  a r e  a ffec ted  b y  the d eg ree  of 

w eathering  of the p a r t ic le s .  D urab ility  and su r fa c e  tex tu re  show  a low er but 

n o n eth eless  c o n siste n t c o r r e la tio n . O ther r e la tio n sh ip s  b etw een  p etrograph ic  

v a r ia b les  that a r e  l e s s  pronounced but s t i l l  c o n sis te n tly  p r e sen t a r e  su r fa ce  

texture w ith  rou n d n ess and w eath erin g  and sp h er ic ity  w ith  ro u n d n ess .

L ithology d o es not show  stro n g  re la tio n  to  any o f the other v a r ia b le s .

T h is , no doubt, i s  due to  the la rg e  num ber of ro ck  ty p es  p resen t in  the su ite .  

The r e la tio n sh ip s  show n, h ow ever, a r e  c o n sis te n t throughout a l l  99 d e p o s its .

The c o r r e la t io n  of lith o lo g y  w ith p h y sic a l d u rab ility  i s  s tr o n g e st  w h ile  

su rface  tex tu re  and w eathering  show  so m e  a sso c ia t io n . It i s  in te r e s t in g  to  

note that no apparent r e la tio n sh ip  e x is t s  b etw een  rock  type and ro u n d n ess .

In the tw o s m a lle r  s iz e  g r a d e s , s im ila r  re la tio n sh ip s  a re  found b etw een  

v a r ia b le s . C on trasts a r e  c ited  a s  fo llo w s: Surface tex tu re  and rou n d n ess a re
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m ore c lo se ly  re la ted  then in th e  la rg er  s iz e  c la s s .  R oundness and durability  

show a higher contrast in the sm a lle s t  s iz e  (3/8"  to  3 /1 6 ”). The negative sign  

ind icates that the m ore round appear sligh tly  m ore durable on the whole for  

th is s iz e .  T his may b e  due to  p lanes of w eakness or  other p h ysica l e lem en ts  

producing a re la tiv e ly  m ore m arked reduction in roundness of sm a ll p a r tic le s . 

This i s  an inherent problem  in  the m easurem ent of roundness b ased  on the 

number of " c o r n e r s .”

D istribution of L ithologies

S evera l analytical techn iques w ere  used  to  d e sc r ib e  and analyze the a rea l 

variation of the lithologic su ite . The percentage com p osition  of d iagn ostica lly  

sign ificant rock  types a s  w e ll a s  various com binations w ere  plotted on a rea l 

m aps. Much of the interpretation  of th is  data has application  in  engineering  

usage of the m ater ia ls  and w ill  b e  d iscu sse d  in  th is  connection . The g eo lo g ica l 

sign ifican ce i s  d iscu ssed  la ter  in  th is  section .

W ithin Individual S am p les. The d istribution  o f rock  types in each gravel 

pit sam pled  is  rep resen ted  in  Table 11.

R oundness, sp h eric ity , tex tu re , coatings, p h y sica l durability , w eathering  

and ch em ica l durability are  d isc u sse d  in general under "Petrography" and need  

not be d escrib ed  for each  p it. The data are  p resen ted  in  T ab les 12 through 21. 

Betw een pit rela tion sh ip s w ill b e  d iscu ssed  in the next section .

B etw een Sam ples. The con sisten cy  of the lith o log ic  su ite  betw een sam p les  

was m entioned e a r lie r  in the d iscu ssio n  of so u rc es  o f m a ter ia ls . The gen era l 

content of th is  su ite  i s  g iven  in  the d iscu ss io n  of the petrographic a n a ly s is , 

p. 61 -71 .
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F a c to r s  in  th e  p r e se n t  d is tr ib u tio n  o f m a te r ia ls  in  the g r a v e ls  a r e , (1) b ed 

rock  so u r c e s  and th e ir  d istr ib u tion  and ex p o su re  to  g la c ia l and r e la te d  e r o s io n ,  

(2) d is ta n ce  and d ir ec tio n  o f tra n sp o rt, (3) m ode o f  tra n sp o rt ( ic e , ic e  and 

w a ter , w a ter) and d ep o sitio n , and (4) p o st d ep o sitio n a l a ltera tio n  of th e  d e

p osited  m a te r ia ls  by e ith e r  ch e m ic a l or p h y sica l m ea n s.

In teraction  b etw een  each  of th e se  fa c to r s  and th e  r e la t iv e  im p ortan ce  of  

each d e te r m in e s  the fin a l p r o p e r tie s  o f each  lith o lo g y  at each  s i t e .  T h e se ,  

h ow ever, a r e  fundam ental p h y sic a l p a ra m eters  w hich a r e  b a s ic  to any d ep o sit  

but not e a s i ly  r e s o lv e d  to  sp e c if ic  sa m p le  s i t e s .  R ath er an e m p ir ic a l a n a ly s is  

of th e se  fa c to r s  i s  u sed  to ex p la in  th e  lith o lo g ic  d istr ib u tion  in  te r m s  o f lo ca l  

a rea l p a r a m e te r s .

F a c to r s  (1) and (2) have b een  d is c u sse d  under ’’Sou rce o f M ateria ls"  

p. 17^21, w h ile  (3) m ode o f tra n sp o rt and d ep osition  is  beyond  the sc o p e  of  

th is stu d y . T he sp e c if ic  e f fe c ts  o f  the in tera c tio n  o f w ater  and ic e  tra n sp o rt  

w ithin the r eg io n  o f study i s  taken into account su b seq u en tly , p. 6 1 -7 1 .

P o st  d ep o sitio n a l ch anges p r in c ip a lly  e ffe c t  the so lu tion  o r  p rec ip ita tion  

of so lu b le  m in e r a ls  and s a l t s .  P rec ip ita tio n  o f CaCO o c c u r s  along exp osedO

fa ces  of c o a r se  stra ta  w hich  s e r v e  a s  chan n els o f ground w a ter  m igra tion .

This prod u ces th e  m a te r ia l r e fe r r e d  to  a s  c r a g . In se v e r a l o f th e se  sa m e  

d ep o sits  in c ip ien t a ltera tio n  of fe ld sp a r s  in the contained r o c k s  i s  producing  

the d ep osition  of m inute n e e d le - lik e  c la y  coatin gs on the p eb b les . O xidation  

has cau sed  the p artia l or  co m p lete  d is in teg ra tio n  o f so m e  p a r t ic le s  contain ing  

ferrou s carb on ates and o f so m e  b a s ic  and in term ed ia te  ign eou s r o c k s . D io r ite s  

in  so m e  c a s e s  a r e  d ecom p osed  to  the point o f  p h y sica l d is in teg ra tio n . Leaching
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of ca rb o n a tes , com m on in  g la c ia l t i l l s  in  so m e  a r e a s ,d o e s  not app ear to  b e  

im portant in  the g ra v e l d e p o s its .

A s e r ie s  o f fa cto r  a n a ly se s  w a s p erform ed  in  an  e ffo r t  to further c la s s ify  

the 99 so u r c e s  o f g r a v e ls  and to  obtain  a c le a r  r e la tio n sh ip  of th e se  d ep o s its  

to th e  known geo logy  of th e  r eg io n .

B a s ic a lly , factor  a n a ly s is  i s  an  a n a ly tica l p roced u re  u sed  to  red u ce the  

num ber o f v a r ia b le s  and to  d e lin ea te  new and few er  independent underly ing  

fa c to r s . T he in ter  co rr e la tio n s  am ong th e  v a r ia b le s  co n stitu te  the b a s ic  data  

for  factor  a n a ly s is . The proced u re s e a r c h e s  th e  c o r r e la tio n  c o e ff ic ie n ts  for  

r e la tio n sh ip s , g rou p s, s im ila r  v a r ia b le s , and th en  d e r iv e s  a  h yp oth etica l fa c to r  

sp e c if ic  to  each  group.

The m o st  freq u en tly  u sed  option fo r  ex tra ctin g  fa c to r s  i s  the p r in c ip a l-  

factor  so lu tio n . U sing th is  technique a f i r s t  factor  i s  ex tra c ted  w hich accou nts  

for  the la r g e s t  p rop ortion  of var ia tion  in  the o b serv ed  m e a s u r e s . A secon d  

independent fa c to r  i s  then  d eterm in ed  that accou n ts for  a  m axim um  of the  

res id u a l v ar ia tion . The p r o c e s s  i s  continued u n til the to ta l var ia tion  i s  ex 

plained.

The factor  pattern  th at has b een  d eterm in ed  i s  then u su a lly  m ath em atica lly  

rotated to  a r r iv e  at a s im p le r  s tru c tu re  o r  pattern and th e  m o st m eaningfu l 

p osition s for  th e  fa c to r s . The rotated  so lu tio n s m ay p rovide a b a s is  for  the  

con stru ction  of a m odel to  exp la in  the in it ia l var ia tion  or  s e r v e  for  o ther

F actor  a n a ly s is , th en , i s  e s s e n t ia l ly  a  so p h istica ted  data red uction  tech 

nique. Thorough trea tm en t o f factor  a n a ly s is  can  b e  found in  C atte ll (1952)
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and H arm on (1960). T he com puter p rogram  u sed  in  th is  study i s  d e sc r ib e d  in  

"F actor A: P rin c ip a l C om ponents and O rthogonal R otation , ” T ech n ica l R eport  

No. 34 , C om puter In stitu te  for  S ocia l S e r v ic e s  R e se a r c h , M ichigan State  

U n iv ersity .

L ith o log ic  data fed  into  the fa c to r  a n a ly s is  rou tin e  w e r e  arran ged  into  

c a te g o r ie s  w h ich  w ould  p erm it a ss ig n m en t o f ind ividual sa m p le s  in to  s im ila r ity  

c a te g o r ie s  by m ean s o f th e  m axim um  fa cto r  load in gs d er iv ed  by v er im a x  ro ta 

tion . E ight d ifferen t s e t s  o f input data w e r e  u sed  for  se p a r a te  ru n s. T h ese  

include both ranked lith o lo g ic  data and actu a l p ercen ta g e  v a lu es com p iled  into  

four d ifferen t grouping s c h e m e s .

The u s e  of both ranked and actu a l p ercen tage  data p ro v id es a ch eck  on 

the p o ss ib ility  that sm a ll  flu ctu ation s in  the p ercen ta g e  data m ight a lte r  the  

loadings and m ask  th e  g r o s s  r e la t io n sh ip s . On the other hand, the d e g r e e  to  

which one lith o lo g ic  group  d iffered  fro m  another m ight b e  m o re  g e o lo g ica lly  

sign ifican t than the s im p le  fact that one i s  m o re  abundant than an oth er .

The f ir s t  s e t  o f data an a lyzed  b y  th e  fa cto r  a n a ly s is  rou tin e  c o n s is te d  of 

17 lith o lo g ie s . T h ese  w e re  s e le c te d  fro m  the 24 groups inclu ded  in  th e  p etro 

graphic a n a ly s is  by  o m is s io n  o f  se v e n  low freq u en cy  m em b er s  w h ose  p r e se n c e  

or ab sen ce  w a s lik e ly  to  b e  random  or fo llow  a P o is so n  d istr ib u tio n .

Four s e t s  o f output w e r e  obtained  for  both th e  ranked and the p ercen tage  

data input. Separate  so lu tio n s in d iv id u ally  r e so lv e d  th e  v ar ia tion s in the data 

into two, th r e e , fou r, and f iv e  fa c to r s  on the b a s is  o f the m axim um  rotated  

factor  load in gs.
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S im ila r  s e t s  of so lu tio n s w e r e  obta in ed  fo r  the su b seq u en t fa c to r  a n a ly se s  

b ased  on the data reo r g a n ize d  into few er  v a r ia b le s . T he se v e n  v a r ia b le  input 

y ie ld ed  up to  f iv e  ro ta ted  fa cto r  load in gs, the four va r ia b le  a n a ly s is  su p p lied  

two and th r ee  w ay load in gs and the th ree  v a r ia b le  a n a ly s is  loaded  two w a y s .

E ach so lu tio n  to  the fa c to r  a n a ly s is  when p lotted  on a m ap o f the a rea  

show s th e  a r e a l d istr ib u tio n  o f sa m p le s  that fa ll  into th e  a ss ig n e d  fa cto r  ca t

e g o r ie s .

Only th o se  so lu tio n s  that app eared  to  y ie ld  som eth in g  o f  s ig n if ic a n c e  to  

the g eo lo g y  o f the d e p o s its  or en g in eer in g  u sa g e  o f the m a te r ia ls  i s  d is c u s se d  

below  under ’’In feren ces"  p . 61 •

Supplem ental Study of L ithologic  D istr ib u tion

The lith o lo g ic  r e s u lt s  o f the above p ilo t study p r e sc r ib e d  that a new s e t  

of ex p erim en ta l data sh ould  b e  gath ered  and exam in ed . The p u rp ose  o f the  

new phase w as th r e e -fo ld : (1) to  d eve lop  and im p lem en t a m o re  e ff ic ie n t  pro

cedure fo r  sam p lin g  d r ift m a te r ia ls  (potential a g g reg a te  so u r c e s  for  eco n o m ic  

p rojects) to  d e term in e  la rg e  s c a le  a r e a l v a r ia b ility . (2) E xtend th e  geograp h ic  

area  o f in v estig a tio n  to  te s t  d er iv ed  in fe r e n c e s  regard in g  a r e a l v a r ia b ility  of 

the lith o log ic  su ite . (3) G ather add itional in form ation  to  v e r ify  and expand the  

in feren ces  regard in g  th e  e ffe c ts  o f g la c ia l d isp e r s io n  and other g e o lo g ic a l  

p a ra m eters .

V olum e P eb b le  A n a ly s is . In feren ces both o f  g e o lo g ic a l and eco n o m ic  s ig 

n ifican ce a r e  drawn from  the d istr ib u tion  o f m a te r ia ls  in  the d r ift.

The a r e a l d istr ib u tion  o f th e  quality  c h a r a c te r is t ic s  o f the m a te r ia l for  

highway or con stru ction  a g grega te  i s  in terp reted  and th ereb y  m ade m ore
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p red ictab le  by m ean s o f the r ec o n str u c tio n  o f  the flow  paths of g la c ia l i c e ,  th e  

r esu ltin g  d is p e r s a l  p a ttern s fo r  th e  m a te r ia ls , th e ir  p roven an ce , and th e  dy

nam ic fa c to r s  co n tro llin g  d ep osition  and rew ork in g . The q u ality  o f natural 

m a te r ia ls  for  u s e  a s  a g g reg a te  i s  a  function of the r e la t iv e  am ounts o f the d if

fer in g  com ponents m ea su red  by vo lum e ra th er  than num bers of p eb b les . T h is  

has b een  docum ented by s tu d ie s  of fr e e z e -th a w  r e s is ta n c e  o f c o n c re te  and o th er  

d u rab ility  s tu d ie s  m ade by the M ichigan D epartm en t of State H ighw ays R e se a r c h  

L aboratory and other a g e n c ie s . L arger  p a r tic le s  have b een  c le a r ly  shown to  

be m ore  h arm fu l than sm a ll ,  i f  they  a r e  su b ject to  exp an sion  o r  d is in teg ra tio n  

when e n c lo sed  in c o n c re te .

S im ila r ly  r e la t iv e  q u an tities o f  d iffer in g  m a te r ia ls  in  a g la c io flu v ia l  

d ep osit a r e  m o re  d ir e c t ly  in terp reta b le  in  te r m s  o f p roven an ce , tran sp orta tion , 

d ep osition  and p o st d ep o sitio n a l h is to r y  in  te r m s  o f volum e ra th er  than num bers  

of p eb b les.

A s iz e  ran ge of p a r t ic le s  o r  g la c ia l d r ift contain ing the g r e a te s t  v a r ia b ility  

in lith o log ic  content w a s d eterm in ed  by A n d erson  (1962) to  b e  b etw een  1 /2  and 

one inch  d ia m e te r s . A lthough the p resen t study sh ow s no c o n sis te n t re la tio n 

sh ip  betw een  s i z e  and lith o lo g y , the u se  of th is  s iz e  range for  the a n a ly s is  o f  

the m a te r ia ls  h as th e  advantage o f e lim in a tin g  any p o ss ib le  sp u riou s s iz e  e f 

fe c ts , and g r e a tly  fa c il ita te s  the sam p lin g  p roced u re .

The u se  o f  volum e sam p lin g  fo r  se d im en to lo g ica l a n a ly s is  p rov id es a  

num ber of advantages ov er  the trad ition a l pebb le counting tech n iq u e. T h ese  

include sm a lle r  sam p le  s i z e ,  e lim in a tio n  o f m u ltip le  s iz e  grad in g , sp eed , and  

sim p lified  data handling. A n a n a ly tica l r e su lt  can b e  obtained c o n sis tin g  of
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few er  e le m en ts  w hich is  m ore  rea d ily  exp la ined  in  te r m s o f the gen etic  h is to ry  

of the d ep osit.

L ocation  and E xtent o f Expanded A rea  o f Study. The a rea  covered  for  the  

supp lem en tal study i s  shown b y  the broken lin e  on the index map (F ig . 1). It 

extends the o r ig in a l study a rea  to  include p r a c tic a lly  a ll of the w estern  half of 

the Southern P en in su la  o f M ichigan. The extended area  c o v er s  approxim ately  

9000 sq uare m ile s .

Sam pling P ro ced u re . A s in g le  sam p le  from  the 1 /2 - in .  to 1 - in . pebble  

population w as obtained from  each  of 138 tow nsh ips in  the w estern  half of the  

Lower P en in su la . The sa m p le s  w ere  taken  from  fie ld  ex p o su res  in  g ra v e l p its  

or other m an m ade ex ca v a tio n s . G ravel p its  w e re  p re ferred  loca tion s for  

sam pling b e c a u se  o f the additional sed im en to lo g ica l data a v a ilab le , but w here  

pits w ere  not p resen t road  cuts or  any other su itab le  ex p o su res w ere  sam p led . 

Many p its  had f r e s h  v e r tic a l e x p o su r e s , in which c a se  the sam p le  co n sis ted  of 

an in tegrated  com p osite  o f grab sa m p les  or a v er tica l channel from  a ll g ra v e l  

strata  p resen t. W here exp osu re  w as absen t a lag sam p le w as obtained from  

the pebb les exp osed  at the su r fa c e . T h ese  lag  sam p les w e r e  subsequently  

found to b e  unsu itab le and w ere  e lim in ated  from  the a n a ly s is . The 1 /2 - in .  to  

1 -in . pebb les w e re  sep arated  by hand s ie v in g  through sq u are m esh  sc r e e n s  and 

8 to 10 pounds w e r e  bagged  for  laboratory a n a ly s is .

Laboratory P roced u re

P re lim in a ry  Handling

In the laboratory the sa m p les  w ere  f ir s t  w ashed to rem o v e  c lay  lum ps and 

fine m a ter ia l adhering to  the peb b les. The w ashed  pebb les w ere  then p laced  in
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a 2000 m l b ea k er  to  obtain  an ap p rox im ate  in it ia l v o lu m e . The p eb b les w e re  

agitated in  the b ea k er  to  obtain  m axim u m  packing and m o re  p eb b les w e r e  added  

to bring the le v e l  to  2000 m l m ark . F o r  th is  p roced u re  th e  b ea k er  w a s  in it ia lly  

filled  w ith w a ter  w hich  w as a llow ed  to  s p i l l  out a s  it  w a s d isp la ced  by the peb

b le s . T h is h elp ed  to  p ro tect the b e a k e r  from  b r e a k a g e  during f illin g  and r e 

duced fr ic tio n  b e tw een  p eb b les to  a id  packing.

L ith o log ic  Separation  

The tw o - l ite r  vo lum e of p eb b les w a s  then sep a ra ted  into ten  lith o lo g ic  

groups: (1) e x tr u s iv e  ig n eo u s , (2) in tr u s iv e  ig n e o u s , (3) fo lia ted  m eta m o r

phic, (4) n o n -fo lia ted  m etam o rp h ic , (5) ca rb o n a te , (6) s i l ic e o u s  sed im en t  

(chert), (7) sa n d sto n e , (8) sh a le  and s i lt s to n e , (9) ferru g in o u s c la y  con

cre tio n s, and (10) o th e r s .

T h is s im p lif ie d  c la s s if ic a t io n  w a s  em p loyed  s o  that rap id  v isu a l id e n tific a 

tion would b e  p o s s ib le . Each c a te g o ry  i s  b a se d  on e a s i ly  v is ib le  c r ite r ia  y e t  

reta ins a ll s ig n ifica n t e le m en ts  n e c e s s a r y  for  the in terp re ta tio n  of th e  g e o lo g ic  

origin  o f the m a te r ia ls  for  the p u rp ose  of reg io n a l ev a lu a tio n  a s  w e ll  a s  re ta in 

ing identity o f d e le te r io u s  com p onents fo r  en g in eer in g  u sa g e . A b in ocu lar  

m icro sco p e , g iv in g  m agn ifica tion s o f se v e n  to  30 t im e s  w a s u sed  for p a r tic le s  

when identity  w a s q u estion ab le  by naked eye  o b serv a tio n .

The vo lum e of ea ch  lith o lo g ic  c a te g o ry  w a s  d e term in ed  by w eigh ing  a ll  of 

the pebbles in  each  group, f ir s t  in a ir ,  and then  in  w a te r . The w eigh t d ifferen ce  

i s  equal to  the volum e in  cubic c e n tim e te r s . W eight data and vo lum e w ere  

record ed  in  tabu lar fo rm  to  fa c il ita te  tra n sfe r  o f th e  data to  punch ca rd s for  

s ta tis t ic a l trea tm en t.
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In feren ces from  A n a ly s is  o f L ith o log ic  D istr ib u tion

The a r e a l va r ia tio n  in  th e  lith o lo g ic  su ite  i s  probab ly  th e  m ost g e o lo g ic a lly  

sign ifican t factor  in  the in terp re ta tio n  o f  the P le is to c e n e  geo lo g y  o f the r eg io n . 

B a sic  co n sid er a tio n s  in  the a r e a l  in terp reta tio n  of the d istr ib u tion  o f  drift 

m a ter ia ls  a r e  p rovenance and d is p e r s a l .  F a c to r s  that m igh t en ter  in to  the  

in terp retation  a re: b ed rock  outcrop  o r  su b crop  b en eath  the d r ift, s tr u c tu r e  

and d istr ib u tion  o f b ed ro ck  u n its (F ig . 2 ), g la c ia l  lobation , a s s o c ia te d  m ora in e  

or m o ra in ic  s y s te m , and the type o f d ep o sit b a s e  on m orp hology , s tr u c tu r e , 

and r e la tio n sh ip s  to  o th er  g la c ia lly  r e la te d  d e p o s its . In terp retation  of the p er

centage d istr ib u tio n  w a s attem pted  r e la t iv e  to  the b ed rock  and the su r f ic ia l  

geology.

The fa c to r  a n a ly s is  (p. 57 )b ased  on the o r ig in a l 99 sa m p le s  in itia ted  the  

in terp retive  phase o f the lith o lo g ic  a n a ly s is .

The g en era l ou tcom e of th e  fa c to r  a n a ly se s  w as that w hen m o re  than th r ee  

v ariab les a r e  u sed  the outcom e i s  d ifficu lt to in te rp re t m ean in gfu lly  and that 

when the data a r e  red u ced  to  a s im p le  c la s s if ic a t io n  th e  fa c to r  a n a ly s is  b e 

com es tra n sp a ren t and u n n e ce ssa ry  s in c e  th is  s im p lif ie d  data are  m ore  e a s i ly  

in terp reted  d ir e c t ly . T he need  for in tr ic a te  s ta t is t ic a l  m anipulation  of the data 

is  thus obviated . R educing the com p lex ity  o f the a n a ly s is  h a s  the advantage of  

allow ing th e  in v e stig a to r  to  s e e  c le a r ly  the natural v a r ia tio n  in  the com p osition  

of the m a te r ia ls  d ir e c t ly  r e f le c te d  in  a u sefu l r e su lt .

The in terp re ta tio n  o f the fa cto r  a n a ly se s  brought the in v e stig a tio n  fu ll 

c y c le , from  an e x te n s iv e  lith o lo g ic  breakdow n o f  the g r a v e l sa m p le s , req u iring  

a com plex s ta t is t ic a l  a n a ly s is , to  a h igh ly  s im p lif ie d  rock  c la s s if ic a t io n
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con sistin g  of only the m o st b a s ic  lith o lo g ic  c a te g o r ie s :  c r y s ta ll in e s , e la s t ic s ,  

and carb on ates. When the d istr ib u tion  o f sam p le  s i t e s  i s  adequately  d en se  and 

covers a su ffic ien tly  la rg e  a rea , th is  s im p le  tr ip a r tite  c la s s if ic a t io n  r e f le c t s  

m ost c le a r ly  the a r e a l d istr ib u tion  of m a te r ia ls  in te r m s  o f the g e o lo g ic a l  

a g en c ies  r e sp o n s ib le . M ore sp e c if ic a lly , the d istr ib u tion  o f d r ift m a te r ia ls  

can be r e la ted  to  lin es  o f g la c ia l and p ro g la c ia l d isp e rs io n .

F ig u res 8 and 9 a r e  100 percent tr ia n g le s . They rep re sen t the d istr ib u tion  

of the th ree  lith o lo g ic  c a te g o r ie s . E ach co rn er  of the tr ia n g le  r e p r e se n ts  100  

percent c r y s ta llin e , c la s t ic ,  or carbonate com ponents. Each sam p le  is  rep 

resen ted  by one point. The d iagram s illu s tr a te  the re la tio n sh ip s betw een  

lith o log ies in the d r ift m entioned e a r lie r ;  although in tern a lly  h e tero g en eo u s, 

that is  containing a la rg e  a ssem b la g e  o f rock  ty p es , th is  a ssem b la g e  i s  uniform  

over the en tire  a r e a . A c lich e  so m e tim e s  applied  to th is situ ation  is  "hom o

geneous in  it s  h e te r o g e n ie ty ." T h is i s  shown by the tight c lu ster in g  o f p o in ts.

A very sm a ll range of com p osition  e x is t s  in  te r m s of p o ss ib le  v a lu e s . T his  

m eans that any in fe r e n c e s  to b e  m ade from  the lith o log ic  va r ia b ility  in  g r a v e ls ,  

m ust be m ade on the b a s is  of r e la t iv e ly  su b tle  varia tion  in  broad ly  defined  

lithologic c a te g o r ie s .

The above find ings ind icate  that s ig n ifica n t reg ion a l var ia tion s in  the com 

position of the g r a v e ls  a re  b e s t  r e f le c te d  by g r o ss  lith o logy .

The fine breakdow n o f the lith o lo g ic  su ite  and other m easu red  v a r ia b le s , 

including s iz e  frequ en cy  d istr ib u tion  and p h ysica l and ch em ica l p ro p er tie s  of 

individual com ponents s e r v e  b e s t  for lo ca l or  d eta iled  stu d ies  o f individual 

gravel d e p o s its .
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CARBONATE F igu re 8. 100 p ercen t diagram
show ing p ercen ta g es o f c r y s 
ta llin e , c la s t ic , and carbonate  
pebbles in  in itia l study a r e a .
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show ing p ercen tages of c r y s 
ta llin e , c la s t ic , and carbonate  
pebb les in  supplem ental study  
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The in it ia l 99 d e p o s its , p r in c ip a lly  in  th e  Saginaw Lobe c lu s te r e d  around  

60 p ercen t carb on ate  w ith  a l l  but f iv e  contain ing le s s  than 5 p ercen t c la s t ic  

rocks (F ig . 8). A n ea r ly  id e n tica l c lu ste r in g  o f po in ts o c c u r s  aga in  fo r  the  

supplem ental sa m p le s  taken  from  the sa m e lob e (F ig . 9 ). Som ew hat h igh er  

carbonate v a lu es  g e n e r a lly  r e la te  to  M ichigan Lobe d e p o s its , h o w ev er , an 

indefin ite range of o v er la p  o c c u r s  su ch  that a  random ly  ch o sen  sa m p le  from  a  

Saginaw Lobe d ep o sit m ay have a h igh er p rop ortion  o f carb onate than cer ta in  

M ichigan Lobe sa m p le s .

P er ce n ta g e s  o f the m ajor r o ck  c a te g o r ie s  fo r  a ll 232 sa m p le s  w e r e  p lotted  

on a rea l m aps that a ls o  show  r o ck  outcrop . T h e se  a r e  in clu d ed  a s  F ig u r e s  10 , 

11, and 12. T h ese  m aps a r e  d e sc r ip t iv e  o f  th e  d istr ib u tio n  of m a te r ia ls  and 

in terp retiv e  in th e m s e lv e s . H ow ever, fa c ie s  in terp reta tio n  i s  fa c ilita te d  by 

consid erin g  the a r e a l d istr ib u tio n  of the r a tio s  of (a) c la s t ic  to  carbonate r o c k s ,  

and (b) c r y s ta llin e  to  sed im en ta ry  r o c k s .

The lith o lo g ic  r a tio  m aps (F ig s . 13 and 14) w e r e  su p er im p o sed  o v e r  a 

map show ing a r e a s  o f th in  d r ift  and ou tcrop  for  the expanded study a r e a . Data  

again include a l l  232 sa m p le s .

F ig u re  13 sh ow s th e  r a tio  o f c la s t ic  to carbonate r o c k s . In crea s in g  s i z e s  

of c ir c le s  r e p r e se n t  in c r e a s in g  c la s t ic -c a r b o n a te  r a tio . Sam ple s i t e s  w h ere  

no ap p reciab le  e la s t ic s  occu r a r e  unm arked.

The d istr ib u tion  of ra tio  v a lu es  fo rm s a com p lex  pattern . A contour m ap  

of the d istr ib u tio n  w ould appear unduly co m p lica ted  and would m ore  lik e ly  

confuse than a id  th e  in terp re ta tio n . The c ir c le -p o in t  p lo t, how ever, sh ow s only  

the actual d istr ib u tio n  of r e la t iv e  v a lu es and i s  e a s i ly  in terp re ted  in  te r m s of
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Figure 10. Percent carbonate rocks.
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Figure 11. Percent c lastic  rocks.



Figure 12. Percent crysta lline rocks.
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Figure 13. C lastic/carbonate ratio map.
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Figure 14. C rystalline/sed im entary ratio map.
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the s e v e r a l e le m en ts  involved  in  the tran sp orta tion  and d ep osition  of the  

m a ter ia ls .

D rift m a ter ia ls  b eing  c a rr ie d  into the cen tra l part o f sou th ern  M ichigan  

on the north w est, e a s t  and sou th east, a re  shown b y  the a rro w s on the m ap to  

have a g en era lly  high r e la tiv e  carbonate content. T h ese  m a te r ia ls  a re  d erived  

from  known so u r c e s  and provide exp ected  v a lu e s . A  few  c ir c le d  points in  the 

north of the a rea  d er iv e  th e ir  c la s t ic  content from  K eweenawan and Cam brian  

sandstones that crop  out along th e  south sh o re  of Lake S u p erior . In the south  

of the a rea  the apparently spotty d istr ib u tion  of h igh er c la s t ic  a r e a s  is  e x 

plained by the d isp e r sa l pattern of F igu re  4 r e la t iv e  to the d istr ib u tion  of a r e a s  

of thin drift and su bcrop  or outcrop .

F igu re 14 i s  a plot of the ra tio  o f  c r y sta llin e  ro ck s to  sed im en tary  r o c k s .  

The c r y sta llin e /se d im e n ta r y  ra tio  i s  m ore  c o n sis te n t in  it s  a r e a l sp read  than 

the c la s tic /c a r b o n a te  r a tio . T h is p erm its  the conventional contouring o f the 

data. In terpretation  is  co n sisten t w ith that o f the c la s t ic /c a r b o n a te  d istr ibu tion  

d iscu ssed  above.

The h igh est cry sta llin e  con cen tration s occu r in  a Y -sh ap ed  pattern that 

lie s  just in s id e  the in terlob ate  zon es on the Saginaw Lobe s id e . R ather than 

relating to the a r e a s  of lo ca l b ed rock  a s  on the p rev iou s m ap, the c ry sta llin e  

high is  b e st  exp lained  a s  resu ltin g  from  res id u a l m a te r ia ls  le ft ov er  from  

ea r lier  c y c le s  o f g laciation ; p o ss ib ly  even  p re-W isco n sin a n . L everett (1915) 

ascrib ed  native copper in the drift in  Lower M ichigan and Ohio to have com e  

from  the northw est. L ater w o rk ers (H orsberg and A nderson , 1956, and 

A nderson, 1962) regard  e a r lie r  g la c ia l m ovem ent to  have advanced along



topographic lo w s , fo llow ing a g en era lly  north to  south path p ara lle l to  the ax es  

of the p resen t grea t la k es . E ither way cry sta llin e  ro ck s w ould b e  c a rr ied  in  

from  the Lake Superior reg io n  or  cry sta llin e  a r e a s  e a st  of th ere . The p resen t  

pattern has resu lted  from  re-w ork in g  o f the o lder drift by g la c ia l and re la ted  

fluvial agents concom m itant w ith the bringing in  of la rg e  quantities o f car

bonates by la ter  g la c ia l e p iso d es . Interm ediate va lu es of the c r y sta l l in e /s e d 

im ent ra tio  ou tsid e of the cen tra l high owe th e ir  pattern  to lo ca l in flu en ces of  

m ixing by gen era lly  inward rad ia lly  m oving ic e  and outward flow ing m eltw a ters . 

Local reductions in the c r y sta llin e /se d im e n t ra tio  that crea te  the irreg u la r  

pattern on the south s id e  of the e a ster n  lim b of the cry sta llin e  high a r e  caused  

by the c la s t ic  addition from  lo ca l so u r c e s . The d e p ress io n  over A llegan  

County, on the southw est r e su lts  from  m ixing in  of M ississ ip p ia n  and Penn

sylvanian sh a le s  and san d ston es rem oved  from  the e a st  s id e  of the Lake 

M ichigan b a sin .

The patterns of transp ortation  and d isp e r sa l su ggested  h ere  provide the 

fram ew ork to e stim a te  the g r o ss  lith o log ic  content anyw here w ithin the a rea . 

Knowing the d e le ter io u s com ponents that occur in a sso c ia tio n  w ith each  of the 

three b a s ic  lith o lo g ies  w ill p erm it an e stim a te  of p ercen t o f d e leter iou s m ate

r ia ls  to be expected  at any sp e c if ic  s ite  along w ith the approxim ate ph ysica l 

and ch em ical p rop er ites of the anticipated  d e le ter io u s com ponent. A ccu racy  

of this prediction  w ill b e  b ased  la rg e ly  on that of the p resen tly  ex istin g  pub

lished  d escr ip tion s of the so u rce  rock s and on d eta iled  d escr ip tiv e  stu d ies  

suggested  h ere  to be ca rr ied  out on certa in  bedrock fo rm a tio n s. (See su g

gestions for further r e se a r c h , p. 104).



A PPLIC A TIO N  TO ENGINEERING USAGE 

OF AGGREGATE MATERIALS

A pplication  o f P etro g ra p h ic  A n a ly s is  to  Sou rce E xp loration  and E valuation  

The fo llow in g  co n sid er a tio n s  r e le v a n t to en g in eer  ing u sa g e  o f g r a v e ls  

are b a sed  on p etrograp h ic  and g e o lo g ic  data and fin d in gs p resen ted  above.

The lith o lo g ic  c o m p o sitio n  and s i z e  grad ing o f M ichigan g la c ia l g r a v e ls  r e s u lt s  

from  the com p lex  in te ra c tio n  of m u ltip le  g e o lo g ic  c a u s e s  including in ten sity  

and duration of e r o s io n , tra n sp o rta tio n , and su b seq u en t w eath erin g  o f the  

com ponent m a te r ia ls , th e ir  s o u r c e s ,  d ir e c t io n s  of g la c ia l  m ovem en t, e ffe c ts  

of m ixing by rep ea ted  g la c ia l m o v em e n ts , in te r sp e r se d  w ith rep ea ted  p er io d s  

of further m ix in g  and d ep o sitio n  b y  flow in g  m e lt  w a te r s  fro m  the ic e .

G ravel q u ality  w h ich  i s  dependent upon s i z e  grad ing and the am ount of 

d e le ter io u s m a te r ia l p r e sen t v a r ie s  g eo g ra p h ica lly  a s  a  con seq u en ce  of the  

non-uniform ity o f th e se  natural in te r a c tio n s .

V aria tion s in  th e  lith o lo g ic  content re su ltin g  from  th e se  in tera ctio n s a r e  

of se v e r a l s c a le s  o f m agnitude. The la r g e - s c a le  v a r ia tio n s are  th o se  con

cerned h e r e . T h ese  v a r ia tio n s can b e  u sed  to  p red ict the range o f petrograp h ic  

c h a r a c te r is t ic s  re la tin g  to  c o n c re te  a g g reg a te  su ita b ility  fro m  so u r c e s  w ithin  

the study a r e a . S m a ller  s c a le  v a r ia b ility  in  the p etrograp h ic  ch a ra cter  of 

gravel so u r c e s  m u st s t i l l  b e  eva lu ated  by individual p r o d u cers .
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M ater ia l that c o n stitu te s  good c o n c r e te  a g g r eg a te  i s  th a t w h ich  i s  c h e m ic a lly  

stab le  and p h y sic a lly  sound w hen e n c a se d  in  Portland cem en t and su b jected  to  

a tm osp h eric  w eath erin g . T he r e lev a n t p h y sio c h e m ic a l p r o p e r tie s  a r e  d e te r 

m ined by m ea n s of p etrograp h ic  a n a ly s is .

T ech n iq u es outlined  b y  M ather and M ather (1950) and M ie len z  (1946) p ro 

vide a g e n e r a l b a s is  for  a g g reg a te  p etrograph y. M od ifica tion  o f  b a s ic  p ro 

ced u res w i l l  g e n e r a lly  lea d  to th e  m o st  e ffe c t iv e  p ro ced u re  fo r  c h a r a c te r iz in g  

the d e p o s its  in  a sp e c if ic  so u r c e .

R eg ion a l eva lu ation  a s  p er fo rm ed  h e r e  p ro v id es the fo llo w in g  in form ation  

that can b e  d ir e c t ly  app lied  to  the p red ic tio n  o f ex p ected  a g g r eg a te  q u a lity  w ith in  

the study a rea :

1. G en eral lith o lo g ic  content o f g r a v e l.

2 . A p p rox im ate  p rop ortion  of d e le te r io u s  r o ck  ty p e s .

3 . N atu re o f  d e le te r io u s  ro ck  ty p e s .

The r e la t io n sh ip s  b e tw een  th e  m ore  fin e ly  d e ta ile d  p etrograp h ic  v a r ia b le s  

determ ined  in  the p ilo t p h a se  o f th is  study a r e  draw n fro m  a  sa m p le  population  

that s ta t is t ic a lly  ap p roach es infinty and a r e  taken ov er  an a r e a  su ffic ien tly  

large (7500 sq u are  m ile s )  that th ey  can b e  a ssu m e d  to  ex ten d  to  g la c ia l  g r a v e ls  

throughout M ichigan. T h is  background o f in form ation , w h en  coupled w ith  the  

regional lith o lo g ic  v a r ia tio n s a s  d e term in ed  by th e  m eth od s o f the su p p lem en ta l 

phase, can  provide a co m p lete  b a s is  o f p red iction  o f r eg io n a l tren d s o f ag 

gregate q u a lity . A s  a lrea d y  pointed  out, sp e c if ic  s i t e s  o r  p it s ,  h o w ev er , s t i l l  

req u ire th e ir  own d e ta iled  a n a ly s is . G rading c h a r a c te r is t ic s ,  in  p a r ticu la r , 

have no p red ic ta b ility  o v e r  la rg e  a r e a s .
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F a cto rs  R elatin g  to  A ggrega te  Su itab ility

The su itab ility  o f an a g g reg a te  depends on both i t s  p h y sic a l and ch em ica l  

sou n d n ess. Much lite ra tu re  has b een  a m a ssed  that d e sc r ib e s  th e se  char

a c te r is t ic s  in  d eta il (se e  r e fe r e n c e s )  and th ey  need  only b e  touched on h ere .

B a s ic a lly  d e le te r io u s  p a r t ic le s  can b e  regard ed  a s  e ith er  p h y sica lly  or  

ch em ica lly  h arm fu l, h ow ever, a p a r tic le  m ay b e  both p h y sica lly  unsound and 

ch em ica lly  r e a c tiv e . Sed im entary form ation s in M ichigan contribute th ese  

doubly harm ful m a te r ia ls  to  g r a v e ls  in the form  o f  sh a le , ch ert and ferru g in ou s  

c lay  con cretion s. Other p h y sica lly  unsound m a te r ia ls  c o n s is t  of fr ia b le  sand

sto n e s , s i lts to n e s , and c er ta in  o ther rock  ty p es that tend  to  sp lit  or break  along  

plan es of w e a k n ess . C rysta llin e  rock  so u r c e s  in  the N orthern P en insu la  or... 

Canada provide fo lia ted  m etam orp h ic  and c er ta in  ign eou s ro ck s that are  phys

ic a lly  non-durable due to ch em ica l w eathering  or p o s s e s  d e le te r io u s  shape  

c h a r a c te r is t ic s .

Coatings

Coatings on ag g reg a te  p a r tic le s  m ay b e  e ith er  p h y sica lly  or ch em ica lly  

d e le ter io u s o r  innocuous. C lay, s i l t ,  fin e  sand o r  sm a ll p eb b les cem en ted  to  

p artic le  su r fa c e s ,if  not f ir m ly  bound to  the p a r tic le , m ay red u ce cem en t-  

aggregate  bonding, hi the g r a v e ls  an a lyzed  h ere  the cem enting agen ts are  

e ith er  carbonates or  o x id es  and a r e  not e x c e s s iv e ly  w ater  so lu b le  or r ea c tiv e  

in  con crete . S u lfates and other w ater  so lu b le  m a te r ia ls  are  known a s  en cru stin g  

or cem enting agen ts in  so m e  a r e a s  and w h ere  th ey  occu r  a re  ch em ica lly  d e le te 

r io u s . If w eakly or  poorly  bonded en cru sta tio n s or ch em ica lly  r ea c tiv e  coatin gs  

occu r in large  quantities the flex u ra l stren gth  and du rab ility  of the co n cre te  

m ay be red u ced .
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W eathering

E x ten siv e  w eath erin g  o f c er ta in  rock  ty p es  that a re  ch em ica lly  unstable  

under a tm osp h eric  con d ition s m ay produce a g grega te  p a r tic le s  that a r e  phys

ica lly  n on -d u rab le . Som e carb on ates, s i l t s to n e s , sh a le s  and b a s ic  igneous  

rock s m ay b e  a ltered  b y  w eath erin g  p r o c e s s e s  involv ing organ ic  a c id s , fro st  

action , and so lu tion  by p erco la tin g  ground w a ter . W eathered p a r tic le s  are  

ch a ra cter ized  by low d en sity  or crum bly  su r fa ce  tex tu re . R esid u a l products 

of w eathering  including c la y  m in e r a ls , o x id es , su lfa te s , and carbonate m ay o r  

m ay not b e  d e le te r io u s . Som e ro ck  ty p es produce d e le ter io u s  a ltera tio n  pro

ducts during w eath erin g  w h erea s  o th ers m ay b eco m e only p a rtia lly  granulated  

with litt le  ch em ica l a ltera tio n . The e ffe c t o f w eathering on durability  o f  a 

p a rtic le  in  co n cre te  m u st b e  sep a ra te ly  evalu ated  fo r  each  rock  type contained  

in the ag g reg a te .

The m o st  com m on p h y s ic a lly  non-durable or  w eath ered  p a r tic le s  a r e  

strongly  w eath ered  igneous and m etam orphic r o c k s , leached  carbonate rock s, 

sh a le s , and iron  o x id e s .

Shape

Shale, s la te  and fo lia ted  m etam orphic rock  ty p es a re  often con sid ered  

d e le ter io u s b e c a u se  of th e ir  co n cre te  m ix  c h a r a c te r is t ic s . They produce a 

harsh m ix  which r e q u ir e s  e x c e s s  w ater  to m ake i t  w orkab le . In addition, 

d isc  or rod  sh ap es m ay r e f le c t  in tern a l w e a k n e sse s  such  a s fra c tu r es  or  

lam in ation s. T h ese  sh a p es a r e  m easu red  a s  Zingg c la s s e s  I and IV (se e  

petrographic a n a ly s is  and A ppendix).
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Other P h y sica l W eak n esses

L am inations, fr a c tu r e s , a n d sc h isto c ity  o f aggregate  p a r tic le s  su ch  a s  

sc h is t , s la te , sh a le , s ilts to n e , g n e is s , and so m e  lim esto n e  provide p lan es of 

w eak n ess that m ay lead  to  fa ilu re  of co n cre te  by in c r e a se d  su sc ep tib ility  to  

ch em ica l and m ech an ica l attack .

Soft or  fr ia b le  p a r t ic le s  su ch  a s  fr ia b le  san d ston e , sh a le ,s ilts to n e  and 

w eathered  c r y s ta llin e s  a re  u n d esirab le  b e c a u se  of low stren gth , e la s t ic ity  

and ab rasion  r e s is ta n c e . R ocks w ith w eakly  bonded hard gra in s su ch  a s  som e  

san dstones m ay b e  d istin gu ish ed  from  th o se  w ith  w eakly  bonded so ft  g ra in s .

The fo rm er  m ay not b e  a s  harm ful a s  the la tter  if  not abundant.

S ev era l e a s ily  id en tifiab le  rock  typ es have u n d esirab le  pore c h a r a c te r is t ic s .  

T h ese  include so m e typ es o f ch ert, ferru gin ou s co n cre tio n s, sh a le , and s i l t -  

sto n es . T h ese  ro ck s contain  in terconn ected  voids o f l e s s  than four to f iv e  

m icron s that produce high ca p illa r ity  but drain  at h yd rosta tic  p r e ssu r e s  in  

e x c e s s  of the te n s ile  stren gth  o f the co n cre te . A bsorbed  w ater not exp e lled  

during the freez in g  c y c le  expands and i f  the p a r tic le  i s  near the su r fa ce  o f  a 

pavem ent c a u se s  a popout. If such  p a r tic le s  a re  deep ly  em bedded in  the pave

m ent and i f  the pavem ent i s  su bjected  to  heavy tra ffic  the en tire  s la b  m ay d is 

rupt.

C hem ical D urability

Som e rock s a r e  su b ject to  exp an sive  ch em ica l rea c tio n . The m ost com m on  

problem  i s  the " a lk a li-aggregate"  or " a lk a li-s ilic a "  rea c tio n . H ere, ro ck s  

with fre e  s i l ic a  r ea c t w ith the a lk a li p resen t in  the cem en t to produce s il ic a te  

g e ls  in the co n cre te . T h ese  g e ls  gen erate  hyd rosta tic  p r e ssu re  w hich m ay
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d isru p t or  o th e rw ise  d e te r io r a te  th e  c o n c r e te . In M ichigan r o ck s  found to  

contain  fr e e  s i l i c a  a r e  r e la t iv e ly  few  in v a r ie ty  and g e n e r a lly  c o n s is t  o f c h e r ts ,  

or ch erty  l im e s to n e s , s i l ic e o u s  s h a le s  and p h y lite s .

A seco n d  a lk a li r ea c tio n  c a lle d  the " a lk a li-carb on ate"  r e a c tio n  h as b een  

found to  ca u se  e x te n s iv e  dam age to  c o n c r e te  in  c er ta in  neighb oring  s ta te s  and 

Canada. C arefu l exam in ation  o f ca rb o n a tes w as m ade in  th is  study to  d e te r 

m ine if  c er ta in  lo n g -te rm  road  fa ilu re  could  b e  linked to  th is  c a u se .

The r ea c tio n  i s  produced only by v e r y  fin e  gra in ed  a r g illa c e o u s  carbonate  

rock s o f in term ed ia te  co m p o sitio n  (ca lc a re o u s  d o lo m ites  o r  d o lo m itic  l im e 

sto n es) that d isp la y  in d is t in c t  la m in a tio n s. A g g reg a te  p a r t ic le s  o f  th is  exact  

d escr ip tio n  w e r e  not found in  any o f the an a lyzed  sa m p le s . R ock s approx

im ating th is  d e sc r ip tio n  w e r e  su b jected  to  sp e c ia l  x -r a y  and c h e m ic a l a n a ly s is  

to  d eterm in e  c la y  content and w e re  exam in ed  a fter  in corp ora tion  in co n cre te  

b e a m s. No in d ica tion  w a s found to su g g e s t  that th is  p rob lem  o c c u r s  in  M ich

igan  a g g r eg a te s .

O ther p otentia l ch em ica l r e a c tio n s  in clu de b a se  exch ange r ea c tio n s  by  

z e o lite s  and c la y  m in e r a ls , d eco m p o sitio n  b y  su lfid e  m in e r a ls  that w ould pro

duce su lfu r ic  a c id , and so lu tio n  o f w a ter  so lu b le  m in e r a ls  su ch  a s  c h lo r id e s  

and su lfa te s . None of th e se  r e a c tiv e  m a te r ia ls  i s  p resen t to  any s ig n ifica n t  

d eg ree  in  any o f the an a lyzed  sa m p le s .

O rganic m atter  p r e sen t in  a g g reg a te  p a r t ic le s  w ill  inh ib it hydration of 

Portland cem en t or produce ab n orm al hydration  p rodu cts w h ich  w il l  d e c r e a se  

the stren gth  or du rab ility  of the c o n c r e te . Such harm fu l m a te r ia l c o n s is t s  of 

carbonaceous m a ter ia l like c o a l or  w oody m a te r ia ls  and p e tro lifer o u s  or
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b itum inous m a tter  d is se m in a te d  in  the ro ck .

E n gin eerin g  T e st  R e su lts

Of the o r ig in a l 99 sa m p le s , su ff ic ien t m a te r ia l rem a in ed  a fte r  the p etro 

graphic exam in ation  fo r  en g in eer in g  te s t in g . F ir s t  vacuum  ab sorp tion  and 

bulk sp e c if ic  g ra v ity  d e term in a tio n s w e r e  m ade (ASTM C 127). T h ree  each  

3 by 4 by 16 in . c o n c re te  b e a m s and four each  4 by 8 in . c o n cre te  cy lin d er s  

w ere  then m ade fro m  the a g g reg a te  u s in g  a 5 .5  sack  co n cre te  and 5 p ercen t  

a ir  en tra in m en t. A fter  14 days m o is t  cu r in g  a t 100 p ercen t r e la t iv e  hum idity  

the b e a m s w e re  su b jected  to  a rap id  fr e e z in g  and thaw ing p ro ced u re . F a ilu re  

w as in d icated  by m ea n s o f a  so n ic  m od u lu s. Seventy  p ercen t o f the p r e te s t  

value w as co n sid er ed  to  r e p r e se n t  fa ilu r e . The t e s t  p roced u re  i s  d escr ib ed  

in  d eta il in  A m er ica n  S oc iety  fo r  T estin g  and M a ter ia ls  Standards C 291-61  

and C 2 1 5 -6 0 . E ach  beam  w as then  te s te d  fo r  flex u ra l stren gth  w ith third  

point loading (ASTM C 7 8 -5 9 ) . The 4 in . cy lin d er s  w e r e  te s te d  fo r  c o m p r e s

s iv e  stren gth  a fter  28 d ays of m o is t  cu r in g . P o ten tia l a lk a li r e a c tiv ity  of the  

99 ind ividual sa m p le s  w a s  a lso  d eterm in ed  b y  c h em ica l t e s t s  (ASTM C 289) 

d escr ib ed  on page 37 . The r e s u lt s  a r e  p lotted  on F ig u re  6.

S ca tter  d ia g ra m s w e r e  p lotted  to  d eterm in e  r e la tio n sh ip s  b etw een  (1) the  

individual p o ten tia lly  d e le te r io u s  ty p es  o f m a ter ia l and the en g in eer in g  te s t  

r e su lts  (F ig s . 15 through 18) and (2) the to ta l p oten tia lly  d e le te r io u s  rock  

typ es and th e  sa m e  en g in eer in g  t e s t s  (F ig . 19).
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D ia g ra m s for  the four m o st abundant p oten tia lly  d e le te r io u s  rock  typ es;  

ch er t, sa n d sto n e , sh a le , and ferru g in o u s co n cre tio n s a r e  p lotted  a g a in st the  

va r io u s t e s t  r e s u lt s  in F ig u r e s  15 , 16 , 17 and 18 .

A lthough tren d s can b e  rec o g n ize d  from  th is  s e t  o f d ia g ra m s, the fa ct that 

som e sa m p le s  have r e la t iv e ly  few  p a r t ic le s  o f a p a rticu la r  d e le te r io u s  type  

c r e a te s  a c er ta in  am ount o f ex tran eou s sc a tte r  that ten d s to cloud the in te r 

pretation . Com bining the ind ividual p o ten tia lly  d e le te r io u s  ty p es r e d u c e s  th is  

sc a tte r . The p ercen t o f p oten tia lly  d e le te r io u s  m a te r ia l of F igu re  19 w a s  

ca lcu la ted  by com bining the p ercen ta g es  o f san d ston e , s i l t s to n e , ca lc a re o u s  

s ilts to n e , sh a le , iro n  o x id e , ferru g in o u s c o n cre tio n s and c h e r t. T h ese  p er 

cen ta g es a r e  p lotted  a g a in st the en g in eer in g  t e s t  r e s u lt s .  D isc u ss io n  is  

p resen ted  b e lo w .

Bulk S p ec ific  G ravity  v e r su s  P ercen t P o ten tia l D e le te r io u s , F igu re  19 (a).

A g e n e r a l in v e r se  re la tio n sh ip  i s  o b serv ed  b etw een  sp e c if ic  grav ity  and 

p ercen t p otentia l d e le te r io u s . T h is i s  an ex p ected  r e s u lt  and, in  fa c t, heavy  

m edia sep a ra tio n  depends upon th is  e s ta b lish e d  re la tio n sh ip .

A few  p o in ts in th e  upper righ t o f the d iagram  r e p r e se n t  sa m p le s  con

tain ing high con cen tra tion s o f  ch ert and ferru g in ou s c o n c re tio n s . S p ec ific

grav ity  d eterm in ed  for  individual p a r t ic le s  o f ch ert and ferru g in ou s c o n c r e 

tion s during the p etrograp h ic  exam in ation  in d ica te  that both of th e se  d e le te r io u s  

typ es h ave  a w ide ran ge  o f v a lu es . In m o st c a s e s ,  h o w ev er , th ey  can  b e  

rem oved  b y  heavy  m ed ia  sep a ra tio n . The o v e r a ll ran ge of sp e c if ic  g ra v ity  for  

chert i s  2 .3 0  to 2. 68 . F o r  ferru g in o u s co n cre tio n s the range i s  1 .7  to  3 .4 .
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Vacuum  A b sorp tion  v e r su s  P e r c e n t P o ten tia l D e le te r io u s , F ig u re  19 (b).

T h is d iagram  in d ic a te s  a d ir e c t  re la tio n  b e tw een  high ab sorp tion  and h igh  

d e le te r io u s  conten t. T h is i s  in  a g reem en t w ith  cu rren t a g g reg a te  sp e c if ic a t io n s  

w hich lim it  the am ount of so ft  p a r t ic le s  (high ab sorp tion , low  s p e c if ic  g rav ity )  

in  p r o c e ss e d  m a te r ia l. The g r a v e l u sed  to  m ake the te s t  b e a m s  and c y lin d er s  

w as bank run (untreated), th e r e fo r e  the content of porous m a te r ia l w as h igh .

The h ig h est ab sorp tion  o c c u r s  in  sa m p le s  w ith a s  m uch a s  40 p ercen t san d 

sto n e , sh a le , s i lt s to n e , and c h e r t. T h ese  sa m e  sa m p le s  w hen in co rp o ra ted  in  

te s t  b e a m s produced e a r ly  fr e e z e -th a w  fa ilu re  and low flex u ra l stren g th .

F r e e z e  and Thaw D urab ility  v e r su s  P ercen t P o ten tia l D e le te r io u s , F ig u re  19 (c ).

A d u rab ility  factor  w a s ca lcu la ted  for  each  o f  the te s t  b e a m s b y  the m ethod  

of ASTM Standard C 291 . The so n ic  m oduli o f the b ea m s a r e  m ea su red  at 

regu lar  in te r v a ls  in the fr e e z e -th a w  cy c lin g . When the m odulus of a  b eam  

r e a c h e s  70 p ercen t of the o r ig in a l value the b e a m s a r e  rem oved  fro m  te s t in g .

The sc a tte r  d iagram  sh ow s a grouping in  the a r ea  g r e a te r  than 17 p ercen t  

potential d e le te r io u s  m a te r ia l and a d u rab ility  fa cto r  o f 17 w h ich  is  equal to  

73 fr e e z e -th a w  c y c le s .  Of th e  56  sa m p le s  75 p ercen t fa ll w ith in  the b ou n d aries  

of th is  a r e a .

S ev era l fa c to r s  that a r e  not te s te d  h ere  m ay in fluence fa ilu r e  in  the b e a m s . 

They in clu d e the s iz e  o f  th e  t e s t  beam  (the 3 b y  4 b y  1 6 - in . stan dard  b eam  w a s  

u sed  in th is  study), the m axim um  s iz e  of the a g g reg a te  (1 in . m axim um  u sed  

in  the p r e se n t  study) and th e  sp e c if ic  d e le te r io u s  rock  typ es cau sin g  fa ilu r e .

The in tera c tio n  of th e se  v a r ia b le s  i s  b ein g  exam in ed  by fu rth er  te s t in g  at the  

p resen t t im e .
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F lexu ra l Strength (psi) v e rsu s  P ercen t P oten tia l D e le ter io u s , F igu re 19 (d).

The flexu ra l stren gth  w as te s te d  a fter  the b eam s had been  su bjected  to 

freeze -th a w  testin g . The grouping of points on the sc a tte r  plot in d ica tes  that 

a lm o st half the b ea m s d isrupted  in tern a lly  causin g  sign ifican t w eakening.

T h ese b ea m s had va lu es from  40 -  200 p s i. The rem ain ing  b ea m s had s ig 

nificantly  l e s s  in tern al d isruption  and th e ir  va lu es ranged from  275 -  425 p s i.

The sca ttered  va lues for  flexu ra l strength  r e la tiv e  to  the percent o f  

potentially  d e le ter io u s m a ter ia ls  d oes not ind icate any sign ifican t corre la tion .

28 Day C om p ressive  Strength v e rsu s  P ercen t P oten tia l D e le ter io u s , F igu re 19 (e).

Four inch cy lin d ers w ere  te s te d  for co m p ress iv e  strength  after  28 days of 

m oist curing. No re la tion  betw een  co m p re ss iv e  strength  and the amount of 

potentially  d e le ter io u s m a ter ia l i s  apparent.

P otential A lkali R ea ctiv ity , D isso lv ed  S ilica , v e rsu s  R eduction in  A lkalin ity ,
F igure 6.

F igure 6 is  a plot o f the d isso lv ed  s i l ic a  (Sc) on a logarith im ic  s c a le  

v ersu s the reduction  in a lkalin ity  on an arith m etic  s c a le .  An em p ir ica lly  

d erived  curve on th e  graph r ep re sen ts  the dividing lin e  betw een  potentially  

d eleter iou s and innocuous aggregate  (ASTM C 289).

The data points fa ll in  two groups, one divided by the curve on the right, 

and the other a d isp e rse d  group of eight points on the le ft .

When th is data is  exam ined in conjunction w ith the petrographic r e su lts  a 

general re la tion  w ith the chert content i s  su ggested . The amount of ch ert  

p resen t on the innocuous s id e  i s  l e s s  than on the potentially  d e le ter io u s s id e , 

but th is re la tio n  i s  not ab so lu te . Much sca tter  i s  presen t s in c e  re la tiv e ly  high  

and low values fa ll  on e ith er  s id e  of the cu rve. T his i s  probably caused  by the
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p r e se n c e  o f  s e v e r a l ty p e s  o f ch ert found in  the g la c ia l g r a v e l. U ntil a p o s itiv e  

b a s is  o f d is tin c tio n  of innocuous v e r su s  d e le te r io u s  ch ert ty p es  i s  developed  

th is  m ethod w ill  be o f lim ite d  va lu e .

D e le ter io u s  C on stitu ten ts and B en e fic ia tio n  o f M ichigan G la c ia l G ravel

The bulk o f  the g r a v e l a g g reg a te  produced and u sed  in highw ay con stru ction  

in  sou th ern  L ow er M ichigan  i s  upgraded b y  heavy  m ed ia  sep a ra tio n  (HMS) of the  

l ig h ter , d e le te r io u s  p a r t ic le s  from  the sound m a te r ia l. V ariou s m ethods of 

b e n e fic ia tio n  and th e ir  a p p lica tion s a r e  not w ith in  the sc o p e  of the p resen t d is

c u ss io n , h o w ev er , m en tion  i s  m ade o f th e  ap p lica tion  of HMS to  sp e c if ic  prob

lem  a r e a s  in sou th ern  L ow er M ichigan.

E xam ination  of th e  g la c ia l  g r a v e l has show n that the d istr ib u tio n  o f d e le te 

r io u s r o ck  ty p e s  to b e  qu ite v a r ia b le  but p red ictab le  w ith in  c er ta in  l im its .  The 

p r e se n c e  o f cer ta in  d e le te r io u s  ro ck  ty p e s  su ch  a s  c h e r t, sh a le , ferru ginou s  

c o n c re tio n s , and san d ston e  a r e  found in  d e fin ite  d is p e r sa l p a ttern s. T h is  m ean s  

that g la c ia l flow  paths b e tw een  the o r ig in a l so u r c e  ro ck  and the point o f d ep o si

tion  m ay b e  r e c o n str u c ted  to aid  in  g r a v e l so u r c e  eva lu ation . T he lith o log ic  

com p osition  o f  the g la c ia l  d r ift w a s  con tro lled  b y  the d ir e c tio n s  o f ic e  m ove

m ent, th e  b ed rock  o v e r  w hich the ic e  m oved  and the natu re o f th e  deposition al 

m ed ia . Sam pling of g r a v e l p its  and other ex p o su re s  o f d r ift h as y ie ld ed  data 

which w hen plotted  on S ta te -w id e  m aps p osition  th e se  flow  paths and d isp e r sa l  

pattern s (F ig s . 4 , 1 0 -1 4 , 2 0 -2 2 ) . T h ese  data m ay then b e  app lied  to c a s e s  in  

which s p e c if ic  d e le te r io u s  ty p es  m u st b e  e lim in a ted .

H eavy m ed ia  sep a ra tio n  w ill a lm o st a lw ays produce a ccep ta b le  m a ter ia l  

using a s p e c if ic  g ra v ity  o f from  2 . 55 to  2 . 60 . H ow ever, w h ere  the d istr ib u tion
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of d e le te r io u s  ty p es  i s  known th is  high a grav ity  liquid m ay not be needed and 

"over benefication"  w ill  in c re a se  the c o s t  o f the aggrega te . In the c a se  o f new  

d ep o sits  p re lim in a ry , lo ca l quality eva lu ation  using the reg io n a l in form ation  

gained in  th is  study m ay identify  a r e a s  o f low  d e le ter io u s  content which m ay  

red uce the o v e r a ll b en efic ia tion  c o s t s .  W here ferru ginou s co n cretio n s are  

abundant even  a 2 . 60 gra v ity  w ill  not rem o v e  a ll d e le te r io u s  p a r t ic le s . In 

th is  c a se  sp e c ia l b en efic ia tio n  techn iqu es m ay have to  be used .

The problem  in  a r e a s  w ith  sp e c if ic  d e le ter io u s rock  typ es is  d isc u sse d  

below .

Sandstone and F erru g in ou s C oncretions in  G ravel S o u rces of Calhoun, 
E aton, Ingham and Jackson  C ounties

The g la c ia l g r a v e ls  in  the four county a r e a s  o f Calhoun, E aton, Ingham  

and Jackson  co u n ties , have p articu lar ly  high concen trations o f fr ia b le  

sandstone and ferru g in ou s co n cre tio n s. The so u rce  for  the san dstone and 

som e of the F e~ con cretion s is  the low er M arshall Sandstone o f M ississ ip p ia n  

age . The rem ain d er of the F e-eo n cre tio n s a r e  attributed to the Coldw ater  

Shale. A rea s  o f  outcrop  for  th e se  form ation s can b e  d eterm ined  from  F igu re  2 

and the variou s p ercen tage  m aps. The percentage of sandstone ran ges from  

5 percent to 25 per cent w h ile  the p ercen tage of con cretion s ra n g es from  le s s  than 

1. 0 percent to  10 p ercen t. The range o f abundance o f th e se  m a ter ia ls  i s  

large ly  con tro lled  by the proxim ity  of outcrop  loca tion s to the g ra v e l pit 

lo ca tion s.

To m eet sp ec if ic a tio n s  for  highway aggregate  g r a v e l from  low quality  

so u rc es ,su ch  a s  m ay occu r in th is  four county a rea ,m u st b e  upgraded by
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b en efic ia tion . Heavy m edia separation  (HMS) of the ligh ter  d e leter io u s  

p a rtic les  i s  the m ost com m on m ethod. F erru gin ous con cretion s, how ever, 

may not y ie ld  to heavy m edia separation  even w ith a liquid of gravity  2 . 6 . The 

con cretion s often have rem anent s id e r ite  (FeCO ) c o r e s  with a 3 . 8 sp e c if icO

gravity . A ll ferruginous concretion s have varying am ounts o f lim onite  

(Fe O , S. G. 3 . 6 -4 .0 ) .  This o ccu rs a s  a w eathering product of the iron
6 O

carbonate. Further w eathering in a su b aeria l environm ent m ay reduce parts  

of the F e-co n cre tio n  to  an ’’iron  b earin g  c lay . M T his i s  the term  m ost pre

valent in engineering litera tu re . S ta tistica l data obtained in  the p resen t study  

indicate that over fifty percent o f the re la tiv e ly  unweathered F e-co n cre tio n s  

have a sp e c if ic  grav ity  g rea ter  than 2 . 6. Broken and w eathered F e-co n cre tio n s  

may have d en s itie s  a s  low as 1 .7  w hile the unw eathered, in tact ones m ay have  

values up to  3 .4 .  lo c a t in g  a g ravel pit in  an area  w ith a high proportion of 

concretions may b e fru stratin g  for the producer b ecau se  of rejec tio n  of p ro ces

sed  m ater ia l and for the contractor who m ay not m eet construction  sch ed u les  

due to lack of su itab le aggregate . E arly  freeze -th a w  fa ilu re  of even  recen t  

pavem ents b ecau se  of F e -co n cre tio n s in d ica tes that the problem  may be presen t  

even a fter  HMS p r o c ess in g .

Careful se lec tio n  o f new so u rc es  in th is  four county area  may y ie ld  gravel 

which contains few er F e-co n cre tio n s thus m aking it m ore profitab le to produce  

sp ec ifica tion  m a ter ia l. H ighest p ercentages o f ferruginous concretion s occur  

in southern Ingham and ea stern  Jackson counties (F ig . 20). F riab le  sandstone  

which m ay be d e le ter io u s has a s im ila r  but m ore w idesp read  distribution . 

Exploration for  new g ra v e l so u rc es  in w estern  Jackson , Calhoun and southern



F igure 20. Map o f percent ferruginous con cretion s
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E aton co u n tie s  should  red u ce  the p ercen ta g e  o f F e -c o n c r e t io n s . A red u ction  

of the to ta l F e -c o n c r e t io n s  w il l  y ie ld  g r a v e l w ith  low gra v ity  d e le te r io u s  m ate

r ia ls  w h ich  can b e  rem oved  w ith  a heavy  m ed ia  liquid  of from  2 . 5 0  to  2.  55 

sp e c if ic  g r a v ity .

High C hert Content in A r e a s  o f Oakland, G en esee , S h ia w a ssee , and  
L ivin gston  C ounties and the K alam azoo , Calhoun County A r ea .

Two a r e a s  in sou th ern  Low er M ichigan w ith  an unusually  high ch ert con

ten t in  the g r a v e l d e p o s its  can b e  o b serv ed  in F ig u re  21. The petrograp h ic  data  

from  fou rteen  g r a v e l p its  in the Oakland, G en esee , S h ia w a ssee  and L iv in gston  

County a r e a  sh ow s ten  p its  with a ch er t content g r e a te r  than 14 p ercen t. One 

pit had 27 . 8 p ercen t ch ert p r e sen t. In the K alam azoo, Calhoun county a rea  

se v e n  p its  have va lu es g r ea ter  than 1 6 . 2  p ercen t. The range in value i s  from

1 6 . 2  p ercen t to  23 . 8 p e r ce n t. T he m ean  for  th is  a rea  i s  1 9 .4  p ercen t.

The a r ea  o f  O akland, G en esee , S h ia w a ssee  and L ivingston  cou n ties l ie s  en 

t ir e ly  w ith  the b ou n d aries o f the Saginaw G lacia l Lobe. The d e p o s its  in  th is  a r ea  

a r e a  r e su lt  of e r o s io n  and d ep osition  by g la c ia l ic e  fanning outw ard from  the  

n o rth ea st-so u th w est a x is  of Saginaw B ay and it s  sou thw estw ard  continuation . 

G lacia l e r o s io n  took p la c e  on the ex p o sed  b ed rock  w hich flanks Saginaw Bay 

(F ig . 4 ) . The ch erty  B ayport L im eston e  (Upper M iss iss ip p ia n  age) i s  found 

in outcrop  in  th e se  a r e a s . The lo ca lly  high con cen tra tion s of ch ert in  the p its  

of th is  a rea  a r e  la r g e ly  due to the p rox im ity  of the ch ert b earin g  Bayport 

F orm ation . The reg io n a l ch ert le v e l in  the Saginaw g la c ia l lobe d ep o s its  i s  

ap p rox im ately  ten  p ercen t. T his in d ic a tes  that p o ssib ly  a s m uch a s  15 p ercen t  

o f the to ta l ch ert w a s d er iv ed  from  lo c a l B ayport ou tcrop s only a few  m ile s
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^ •1 4 *

F igure 21. Map of percent chert.
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aw ay. The background ch ert le v e l  of 10 p ercen t i s  probably due to  g la c ia l  

e r o s io n  from  the Lake Huron b a s in  w h ich  i s  u n derla in  by a th ick  seq u en ce  of 

lim e sto n e  and d o lom ite  m uch o f w h ich  i s  ch ert b e a r in g . T he T r a v e r se  Group  

o f fo rm a tio n s and the Dundee L im esto n e  fo rm a tio n  o f the O nondaga Group a lso  

appear to have contributed  ch er t to  the g la c ia l g r a v e l.

Chert p ercen ta g es  in  the K alam azoo , Calhoun county a r e a  ran ge  fro m

1 6 . 2  p ercen t to  2 3 . 8  p ercen t. T h is  high con cen tra tion  o f ch er t i s  probably  

caused  by r e s id u a l en rich m en t due to f lu v ia l breakdow n o f th e  w eak er  rock  

ty p e s . The g r a v e l p its  sa m p le s  a l l  l ie  a long  th e  K alam azoo R iv er  w h ich  during  

d eg la c ia tio n  w a s a to r r e n tia l m eltw a ter  s tr e a m . M eltw ater fro m  both the  

Saginaw and Lake M ichigan g la c ia l  lo b es had o u tle ts  v ia  the g la c ia l  K alam azoo  

R iv er  s y s te m . T h is produced an en v iron m en t w h ich  e lim in a ted  m o st of the  

w eak c la s t ic  ro ck  ty p e s  and th u s in c r e a se d  the o v e r a ll  p ercen ta g e  o f the m o re  

r e s is ta n t ch er t.

The o r ig in a l so u r c e  fo rm a tio n s for  the ch ert found in  Lake M ichigan  

g la c ia l lobe d e p o s its  a r e  s tr a tig r a p h ic a lly  c o r r e la t iv e  w ith  the fo rm a tio n s  

w hich su pp lied  the c h e r t in  the Saginaw  Lobe d e p o s its . T h e se  in c lu d e  m o st of 

the ch ert b ea r in g  D evonian age  carb on ates and th e  Upper M is s is s ip p ia n  B ay

port L im eston e (F ig . 2 ). C hert v a lu es fo r  m o st  o f the Lake M ichigan Lobe 

d ep o sits  a r e  fa ir ly  un iform  ex cep t w h ere  flu v ia l en r ich m en t h as tak en  p la c e . 

T his i s  exp la in ed  b y  the fa ct that m o st o f the carb on ate  (and ch ert) w a s d er ived  

from  Lake M ichigan b a s in  ou tcrop s w h ich  o ccu r  over  a  la r g e  a r e a . T h is ex 

plains th e  d isp e r se d  background ch er t le v e ls  fo r  th e  e n tir e  S tate  that range  

from  b etw een  4 p ercen t to  8 p ercen t depending upon th e  p rox im ity  o f the
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o r ig in a l so u r c e  r o c k s .

Som e o f th e  m o re  porous ch erts  that a r e  low in  sp e c if ic  grav ity  are  e a s ily

rem oved  by heavy m ed ia  liq u id s . The ran ge in  sp e c if ic  g r a v it ie s  i s  from  2 .0

to 2 .7  depending upon the type of ch ert. No d efin itive  c r ite r ia  have y e t b een

determ ined  to d istin g u ish  the d e le te r io u s  ch ert ty p es  from  the n o n -d e le te r io u s .

The g en era lly  low ch ert le v e ls ,  h ow ever, p o se  few  p ro b lem s s in c e  HMS

b en efic ia tion  w ill  r em o v e  m o st o f the ch ert w hich in  m o st a r e a s  i s  not c r it ic a l .

F erru g in ou s C on cretions and Shale Content in A llegan  and Ottawa 
C ounties.

F erru g in ou s con cretion  and sh a le  le v e ls  a re  abnorm ally  high in  e leven  

sam p les from  A lleg a n  and Ottawa co u n tie s . T h is problem  a lso  extend s to the 

south into V anBuren County beyond the l im its  of the p resen t sam p lin g .

The high le v e ls  o f ferru g in ou s co n cre tio n s range from  1 .4  p ercen t to 

10. 8 p ercen t. The m ean  value is  ap p roxim ately  6. 0 p ercen t. High va lues  

such a s  th e se  p o se  th e  sa m e b en efica tio n  p rob lem s d isc u sse d  for  the Ingham, 

Jackson , E aton, and Calhoun county a rea  .

The o r ig in a l so u r c e  fo r  the F e -c o n c r e t io n s  in  th is  a rea  i s  th e  Coldwater 

Shale w hich  d ir e c t ly  u n d er lie s  the g la c ia l d r ift . The Coldw ater a ls o  contributed  

shale p eb b les w hich occu r  in  abnorm ally  high con cen tration s throughout the  

area . The sh a le , h o w ev er , read ily  y ie ld s  to HMS due to  it s  low  sp e c if ic  

gravity .
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The va lu es for  both F e-co n cre tio n s  and sh a le  are  given  below :

Sam ple Number Shale F e-C on cretion s

1 -14 2.1% 2.7%

2-12 2 .9 3 .5

2-13 6 .2 10. 8

2 -14 4 .9 ------

3-1 2 0 .5 9. 8

3-13 2 .0 10 .4

3 -13  (2) 4 .0 5 .9

3 -1 4 2 .7 5. 8

4-11 0 .5 2. 5

4 -1 2 3 .1 5 .4

5-13 4 .7 1 .4

5-15 0. 6 1 .4

F rom  inspection  of the data it i s  in ferred  that sm a ll sc a le  fluctuations  

in the hydrau lics of the loca l depositional environm ents are  large ly  resp on sib le  

for gravel quality in  the a rea . High sh a le  va lu es ind icate  a le s s  vigorous  

fluvial environm ent w hile  low sh ale  va lu es indicate m ore in tense fluvial activ ity . 

This m eans that b en efic ia tion  can be reduced by locating new gravel p its along 

the m ajor drainage channels w herever p o ssib le .
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T otal D e le te r io u s

The net e ffe c t  o f a l l  p oten tia lly  d e le te r io u s  com ponents i s  show n b y  the 

m ap of p ercen t to ta l d e le te r io u s  (F ig . 22).  T he d istr ib u tion  of v a lu es  on  

th is  m ap r e f le c t s  the su m  o f the s p e c if ic  d e le te r io u s  ty p es  d is c u s s e d  above. 

A r e a s  of high v a lu es r e la te  to  a co n sid era b le  d e g r e e  to  the d istr ib u tio n  of 

chert s in c e  th is  com ponent is  th e  m o st freq u en t s in g le  d e le te r io u s  typ e .

Soft and fr ia b le  c la s t ic  r o c k s , h ow ever , in c r e a se  th e  to ta l d e le te r io u s  con

tent s ig n if ica n tly  in the sou th ern  part o f  the a r e a .

E xp loration  for  G ravel A g grega te

E xp loration  for  g r a v e l can b e  v iew ed  a s  to  se p a r a te  p h a ses: location  and 

evalu ation . E xp loration  g e n e ra lly  c e n te r s  around e x is t in g  s tr e a m s  o r  strea m  

channels w h ere  q u an tities of g ra v e l a r e  u su a lly  abundant. B e c a u se  flu v ia l 

action  often  in c r e a s e s  the quality  by rem ov in g  the so ft  or d e le te r io u s  p a r t ic le s , 

th ese  a r e a s  provide h igh quality  a g g reg a te . On the o ther hand, g la c ia l drift  

that w a s  d ep osited  d ir e c t ly  by m eltin g  ic e  or  m eltw a ter  s tr e a m s  which flow ed  

from  the reced in g  ic e  m a s s e s  often  con ta in s poor q u ality  m a te r ia ls  b e c a u se  

of high con cen tra tion s of so ft p a r t ic le s .

E xp loration  for  g r a v e l in  a g la c ia ted  te r r a n e  i s  som ew h at m ore d ifficu lt  

than in  n o n -g la c ia l a r e a s  b e c a u se  the su r fa c e  fo r m s  m ay be n on d istin ctive  

and lo ca l p ock ets o f g r a v e l m ay fo rm , ra th er  than b road , chan n elled  d e p o s its . 

Identification  of g la c ia l d e p o s its  w h ich  m ay contain  g r a v e l on the other hand,



Figure 22. Map of percent total d e leter iou s.
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m ay b e  a ided  by the fa c t  that so m e  fe a tu r e s  a r e  to p o g ra p h ica lly  p o s it iv e  and  

m ay have a  r ec o g n iz a b le  "m orphology. " S u r fic ia l g eo lo g y  m ap s, topographic  

m ap s, a e r ia l  photographs and s o i l  m aps a id  in  th e  lo ca tio n  o f lik e ly  so u r c e  

a r e a s . S u r fic ia l geo logy  m aps in  g la c ia ted  reg io n s  w il l  show  a r e a s  o f ou tw ash  

(d ep o sits  w ater  la id  at the ic e  m a r g in s , h en ce  "w ashed out") that contain  the  

bulk of the g r a v e l and san d . T opographic m aps and a e r ia l photos at a la r g e r  

s c a le  w il l  show other fe a tu r e s  w h ich  lo c a lly  m ay b e  of s ig n if ic a n c e .

E valuation

O nce a g r a v e l d ep o sit i s  loca ted  it  m u st b e  exam in ed  and eva lu ated  m ore  

fu lly . The h o r izo n ta l and v e r t ic a l ex ten t, th e  grad ing and the quality  of m a ter 

ia l p resen t a r e  a l l  fa c to r s  w h ich  m u st be co n sid er ed  i f  th e  d ep o sit i s  to be d evelop ed  

and operated  p rofitab ly . T e st  p its  or  b o re  h o le s  m ust b e  excava ted  to e s ta b lish  

the s iz e  and v a r ia tio n s w ith in  the d ep o sit. The sp acin g  of the ex ca v a tio n s is  

d eterm in ed  by th e  am ount of in form ation  d e s ir e d . S am p les m u st be taken at 

both v e r t ic a l and h o r izo n ta l in te r v a ls  to  a s s e s s  th e  am ount of u sea b le  m a te r ia l  

p resen t, b e in g  ca re fu l to in su r e  that th e  sa m p le s  a r e  r e p r e se n ta t iv e . G ravel 

quality i s  d eterm in ed  b y  sep ara tin g  a p ortion  of th e  s ie v e d  m a ter ia l for  

petrograph ic  exam in ation . P etrograp h ic  a n a ly s is  o f g la c ia l g r a v e l in  M ichigan  

w ill  show  varying am ounts o f d e le te r io u s  p a r t ic le s  both lo c a lly  and r e g io n a lly .

N orm ally  en g in eer in g  sam p lin g  is  for  th e  pu rpose o f m ea su r in g  la te r a l  

varia tion  only . F or th is  p u rp ose  a co m p o site  sa m p le  i s  d e s ir a b le . U su a lly  

v e r tica l channel sa m p le s  a r e  b e s t . V e r tica l v a r ia b ility  in  the m a te r ia ls  o f a
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g la c ia l g r a v e l d e p o s it , h o w ev er , d o e s  e x is t  and can  b e  m ea su red  and eva lu ated . 

In th is  c a s e ,  se p a r a te  h o r izo n s should  b e  se p a r a te ly  sam p led  and exam in ed . 

T h is typ e of sam p lin g  m ight b e  of b e n e fit  to  take advantage o f natural so r tin g  

action  in  d e p o s its  w h ere  a m ajor  change in the d ep o sitio n a l m ed ia  or  so u r c e  of 

m a te r ia ls  h as o ccu rred  during the t im e  o f  i t s  accu m u lation .

G ravel P etrograp h y  A pplied  to  E xp loration  for  A g g reg a te

The p etrograp h er w il l  p lay an in c r e a s in g  r o le  in  g r a v e l exp loration  a s  th e  

supply o f good quality  a g g reg a te  d im in ish e s . C erta in  a r e a s  o f M ichigan h ave  

unusual p rob lem s w ith  reg a rd  to  d e le te d  o u s  rock  ty p e s  w h ich  m ay be so lv e d  

by c r it ic a l p etrograp h ic  exam in ation .

S am p les fo r  p etrograp h ic  exam in ation  can  b e  obtained b y  fie ld  p erson n el 

and retu rn ed  to  the L aboratory  or the petrograp h er can  sam p le  and exam in e  

th e  m a ter ia l o n -s ite .

M ost ex p lo ra tio n  in v o lv es  sam p lin g  m a te r ia l fro m  t e s t  p its  and b o re  h o le s .  

When the petrograp h ic  exam in ation  i s  m ade in  the f ie ld , a  la rg e  area  can  be

eva lu ated 'in  a sh o rt t im e . E xcavation  equipm ent can  be m oved im m ed ia te ly  

to  a new s i t e  d eterm in ed  by th e  te s t  r e s u lt s  obtained from  th e p reced in g  s i t e .  

The o n -s ite  evalu ation  i s ,  th e r e fo r e , m ore  eco n o m ic a l s in c e  d r illin g  cre w s  

can op erate  a t m axim um  e ff ic ie n c y  in  te r m s  o f the p etrograp h ic  in form ation  

gained.
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The grading o f m a ter ia l p resen t in  a d ep osit u su a lly  can be determ ined  

ap p roxim ately  by v isu a l e stim a tio n  in  the f ie ld . S am p les from  a fre sh  w orking  

cut can b e  s ie v e d  for m o re  sp e c if ic  in form ation  if  th e  quality of the g r a v e l is  

accep tab le  enough to w arrant further exp lora tion .

The tech n ica l equipm ent needed  fo r  f ie ld  p etrograp h ic  exam ination  i s  

e a s ily  tran sp orted  to  the job s i t e .  The equipm ent in c lu d es a s e le c t io n  o f s ie v e s  

to  sep a ra te  the c o a r se  a g g reg a te , so r tin g  c a n s , a va r ia b le  power b in ocu lar  

m icr o sc o p e  and a quantity o f  w ater  for  w ash ing sa m p le s .

The actual petrograph ic id en tifica tion  m ay b e  undertaken in  e ith er  of two 

w ays. T he f ir s t  i s  the standard ASTM M ethod of r e la tin g  the frequ en cy  of 

lith o lo g ie s  on a count b a s is .  T h is  m ethod r eq u ire s  additional s ie v in g  and  

se le c t io n  o f 200 p eb b les in  each  s iz e  g rad e . The seco n d  m ethod i s  b y  the  

volum e pebble a n a ly s is  a s  d evelop ed  in  the p resen t study (p. 59 ). The m ethod  

r e la te s  the frequ en cy  o f individual ro ck  typ es (or grouping of rock s) by  com paring  

their  volum e to  an  o r ig in a l volum e o f m a te r ia l. The volum e d eterm in ation s  

can b e  m ade by w ater  d isp la cem en t or  by using A rch im ed es p r in c ip le .

L ithologic id en tifica tion  n eed s on ly  to  provide e ff ic ie n t data for  the econ om ic  

purpose. M ichigan g la c ia l g r a v e ls  contain a w ide v a r ie ty  of rock  ty p e s , how ever, 

the s ig n ifica n t d e le te r io u s  ty p es are  e a s i ly  id en tifiab le .

The com p osition  and p h ysica l c h a r a c te r is t ic s  o f d e le te r io u s  com ponents 

are d eterm in ed  in e a r ly  exp loratory  evalu ation . A fter  a pit i s  e sta b lish ed , 

continuing quality  con tro l evalu ation  can b e  m aintained by a s im p lified  c la s s i f i 

cation of m a te r ia ls  req u irin g  only reco g n itio n  o f th e  d e le te r io u s  rock  ty p e s .



T he d e le te r io u s  su ite  h a s  one m em b e r , th e  ferru g in o u s co n cre tio n , w h ich  

r e q u ir e s  add ition al c a r e  on th e  part o f th e  p e tro g ra p h er . F e -c o n c r e t io n s  have  

a ran ge in s p e c if ic  g ra v ity  fro m  1 .5  to 3 .5  depending upon th e ir  in tern a l co m 

p o s itio n . The F e -c o n c r e t io n , w h ere  found in  abundance, m u st b e  tre a ted  by  

h eavy  m ed ia  sep a ra tio n  at a high g ra v ity  o f 2 .6 0  to  in su re  e lim in a tio n . O ften  

the F e -c o n c r e t io n  w il l  b e  n on -u n iform ly  d istr ib u ted  throughout a d e p o s it. T h is  

m ea n s that c lo s e  a tten tion  m u st b e  paid to  a r e a s  o f high con cen tra tion  during the  

ex p lo ra tio n  p h ase of pit d evelop m en t so  that eco n o m ic  op era tion  can  b e  m ain 

ta in ed  during production .



CONCLUSIONS

1. A c la s s if ic a t io n  of g ra v e l d ep o sits  w hich can  b e  u sed  for econ om ic  

evaluation is  b a sed  on the v isu a l appearance of the m a te r ia ls  in  the f ie ld . A s 

so c ia ted  landform  is  o f secon d ary  im p ortan ce.

2. M echanical a n a ly s is  in d ica tes  that m ean so r tin g  of the g ra v e l d ep o sits  

d iffers  s lig h tly  b etw een  ic e -c o n ta c t  and p ro g la c ia l d e p o s its , w ith the pro

g la c ia l d ep o s its  b eing  b e tter  so r ted . T h is i s  p r im a rily  cau sed  by h igh er sand  

content in the p r o g la c ia l d e p o s its .

3 . P h y sica l c h a r a c te r is t ic s  o f individual p a r tic le s  d isp lay  low but con

s is te n t  c o rr e la tio n s , h ow ever, do not s e r v e  to d ifferen tia te  sa m p les  on any 

b a s is  of c la s s if ic a t io n .

4 . L ithologic a n a ly s is  su p p lie s  the d efin itive  c r ite r ia  for a g grega te  so u rc e  

evaluation . A n e s s e n t ia lly  uniform  a ssem b la g e  o f rock  ty p es  o ccu rs  over the  

en tire  a rea  of sou thern  and w e ste rn  Lower M ichigan. The g en era l un iform ity  

of th e  su ite  i s  in terp reted  a s  la rg e ly  cau sed  by m ix in g  b e c a u se  of r ec y c lin g  of 

m a ter ia ls  during m ultip le  p h a ses o f g la c ia tio n  and g la c io flu v ia l rew orking.

Sign ificant reg io n a l var ia tion s in th e  com p osition  of th e  g r a v e ls  a re  

re flec ted  by g r o s s  lith o logy . A th ree  com ponent sy s te m  co n sistin g  o f c r y s ta l

lin e , c la s t ic , and carbonate r o c k s , r e la te s  to p r o c e s s e s  of tran sp ortation  and 

deposition . A lith o fa c ie s  type o f an a ly tica l approach cen tered  on th e se  com 

ponents i s  in terp reted  in  te r m s  of the fin a l d isp e r sa l o f the m a te r ia ls . A m ore
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d eta iled  breakdown of the lith o log ic  su ite , s iz e  frequency distribution , and 

physical and ch em ica l p ro p ertie s  of individual com ponents a re  usefu l for lo ca l  

or detailed  stu d ies  of individual gravel d ep o sits .

5 . L ithologic a n a ly s is  p rovides a b a s is  for  pred iction  of reg ional trends

of aggregate  quality. V ariations in  g r o ss  lithology re la te  d irec tly  to  am ounts of 

ph ysica lly  and ch em ica lly  unsound m a te r ia ls . E ngineering te s t  r e su lts  of the  

m a ter ia ls , in turn, ind icate that the expected  reg ional le v e ls  of d e leter iou s  

p a r tic le s  can, in m ost c a s e s ,  b e  rem oved  by heavy m edia separation .

6. A few sp ec ific  d e le ter io u s rock  typ es can  usually  be cited  a s  the 

m ajor aggregate  problem  for g en era l geographic r eg io n s . The lithologic  

an a ly sis  su p p lies su ffic ien t inform ation to  exp lore for b e s t  so u rces  to  m in im ize  

the d e le ter io u s m a ter ia ls  and to  m ake recom m endations for beneficia tion .

7. P etrographic evaluation  o f aggregate so u rc es  for  exploration  or other  

purposes can be e ffec tiv e ly  done in the f ie ld  w ith a sm a ll amount of equipm ent 

by the volum e pebble technique.



SUGGESTIONS FOR FURTHER RESEARCH

The volum e pebble a n a ly s is  s y s te m  of lith o lo g ic  a n a ly s is  m u st b e  app lied  

to  the rem ain in g  a r e a s  of the S tate. In th is  w ay the in tegra ted  p ic tu re  w il l  b e  

e sta b lish e d  of the g e o lo g ic  h is to r y  and p r o c e s s e s  that d istr ib u ted  the g la c ia l  

m a te r ia ls . T h is w ill  en ab le  th e  ran ge  of a g g r e g a te  quality  to  b e  e s tim a te d  on  

a S ta te -w id e  b a s is .

D eta iled  sm a ll a r ea  s tu d ie s  for  a g g reg a te  so u r c e  ev a lu a tio n s a r e  n e c 

e s s a r y  w h ere  sp e c if ic  in form ation  i s  sought in  conjunction w ith  production . 

Since it  w as not the pu rpose of th is  rep o rt to c h a r a c te r iz e  s p e c if ic  s o u r c e s ,  

th is  a sp e c t  h as only b e e n  m en tion ed , but i s  not d evelop ed  h e r e .

F u rth er  in sigh t w ith  th e  sp e c if ic  quality  c h a r a c te r is t ic s  o f a g g reg a te  

m a te r ia ls  in  th e  g r a v e ls  w il l  b e  ga ined  b y  d e ta iled  and sy s te m a t ic  study of 

the b ed rock  u n its from  w h ich  they w e r e  d er iv ed  by the g la c ia l and r e la ted  

p r o c e s s e s .  M ost im portant o f th e se  to b e  stu d ied  a r e  the carb on ates o f  

M iss iss ip p ia n  age  and the c la s t ic  form ation s o f P en n sy lvan ian  a g e .
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TABLE 11 
GENERAL. DATA SUMMARY SHEET  
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TABLE 12 
CHEMICAL TEST DATA

t e m p l e  N o .
C e O .

p e r c e n t
M rO ,

p e r c e n t
N a m e S a m p l e  N o .

C a O ,
p e r c e n t

M g O ,
p e r c e n t

N a m e S a m p l e  N o .
C a P ,

p e r c e n t
M g O ,

p e r c e n t
N a m e

1 - 1 2 6 . 9 1 6 . 5 C a l c l t l c  D o l o m i t e 1 9 - 1 2 6 . 7 1 9 . 2 C a l c l t l c  D o l o m i t e 3 7 - 1 2 9 . 6 2 0 . 1 D o l o m i t e

1 - 2 3 0 . 3 1 5 . 4 C e l c l t l c  D o l o m i t e 1 9 - 2 2 8 . 3 1 7 . 9 C a l d t l c  D o l o m i t e 3 7 - 2 3 0 . 9 2 1 . 0 D o l o m i t e

1 - 3 3 5 . 8 1 2 . 9 C a l d t l c  D o l o m i t e 1 9 - 3 3 6 . 7 1 2 . 4 C a l c l t l c  D o l o m i t e 3 7 - 3 3 8 . 4 1 0 . 1 D o l o m l t l c  l i m e s t o n e

2 - 1 2 9 . 2 2 1 . 6 D o l o m i t e 2 0 - 1 2 7 . 9 2 2 . 5 D o l o m i t e 3 0 - 1 2 9 . 8 2 0 . 5 D o l o m i t e

2 - 2 3 6 . 0 7 . 7 D o l o m l t l c  L im es to n e 2 0 - 2 2 7 . 1 2 0 . 1 D o l o m i t e 3 8 - 2 2 7 . 6 1 9 . 1 C a l c l t l c  D o l o m i t e

2 - 3 4 3 . 1 4 . 2 D o l o m l t l c  L i m e s t o n e 2 0 - 3 4 7 . 9 4 . 0 D o l o m l t l c  l i m e s t o n e 3 8 - 3 1 3 . 1 6 . 9 D o l o m l t l c  l i m e s t o n e

3 - 1 3 0 . 2 1 6 . 1 C a l c l t l c  D o l o m i t e 2 1 - 1 3 0 , 0 2 0 . 0 D o l o m i t e 3 9 - 1 3 0 . 0 2 2 . 0 D o l o m i t e

3 - 2 3 6 . 9 9 . 8 D o l o m l t l c  L i m e s t o n e 2 1 - 2 3 1 . 2 1 4 . 5 C a l c l t l c  D o l o m i t e 3 9 - 2 3 1 . 8 2 0 . 6 D o l o m i t e

3 - 3 4 7 . 3 1 . 8 M a g n e e l a n  L i m e s t o n e 2 1 - 3 4 2 . 3 6 . 2 D o l o m l t l c  L i m e s t o n e 3 9 - 3 3 4 . 0 1 1 . 0 C a l c l t l c  D o l o m i t e

4 - 1 2 9 . 7 2 0 .  0 D o l o m i t e 2 2 - 1 2 9 . 8 1 9 . 4 C a l c l t l c  D o l o m i t e 4 6 - 1 3 0 . 7 2 0 . 9 D o l o m i t e

4 - 2 2 6 . 3 1 6 . 3 C a l c l t l c  D o l o m i t e 2 2 - 2 2 7 . 6 2 1 . 0 D o l o m i t e 4 0 - 2 2 6 . 5 1 7 . 9 C a l c l t l c  D o l o m i t e

4 - 9 4 2 . 6 f i .  0 D o l o m l t l c  L i m e s t o n e 2 2 - 3 4 1 . 0 4 , 4 D o l o m l t l c  L i m e s t o n e 4 0 - 3 3 3 , 1 1 2 . 5 C n l c i t l c  D o l o m i t e

5 - 1 2 0 . 5 1 1 . 6 C a l c l t l c  D o l o m i t e 2 3 - 1 2 6 . 6 1 9 . 8 D o l o m i t e 4 1 - 1 2 7 . 6 1 8 . 2 C a l d t l c  D o l o m i t e

5 - 2 3 2 . 8 6 . 6 D o l o m l t l c  L i m e s t o n e 2 3 - 2 2 9 . 1 2 0 . 4 D o l o m i t e 4 1 - 2 3 0 . 1 1 9 . 2 C a l c l t l c  D o l o m i t e

5 - 3 4 4 . 3 5 . 4 D o l o m l t l c  L i m e s t o n e 2 3 - 3 4 3 . 2 6 . 7 D o l o m l t l c  l i m e s t o n e 4 1 - 3 3 2 . 9 1 0 . 2 D o l o m l t l c  L i m e s t o n e

6 - 1 2 9 .  B 2 0 . 4 D o l o m i t e 2 4 - 1 2 7 . 0 1 9 . 1 C a l c l t l c  D o l o m i t e 4 2 - 1 30.0 2 0 . 2 D o l o m i t e

6 - 2 3 2 . 1 1 8 . 3 C a l c l t l c  D o l o m i t e 2 4 - 2 2 5 . 6 1 8 . 6 C a l c l t l c  D o l o m i t e 4 2 - 2 2 4 . 3 1 6 . 9 C a l c l t l c  D o l o m i t e

6 - 3 4 5 . 6 3 . 1 D o l o m l t l c  L i m e s t o n e 2 4 - 3 3 7 . 4 1 2 . 1 C a l c l t l c  D o l o m i t e 4 2 - 3 3 2 . 9 1 1 . 9 C a l c l t l c  D o l o m i t e

7 - 1 2 7 . 1 1 8 . 7 C a l c l t l c  D o l o m i t e 2 5 - 1 2 9 . 1 1 9 . 6 D o l o m i t e 4 3 - 1 3 0 . 6 2 0 . 4 D o l o m i t e

7 - 2 2 7 . 6 6 . 7 D o l o m l t l c  l i m e s t o n e 2 5 - 2 2 9 . 8 1 9 . 9 D o l o m i t e 4 3 - 2 2 7 . 9 1 6 . 0 C a l c l t l c  D o l o m i t e

7 - 3 4 2 . 4 5 . 8 D o l o m l t l c  l i m e s t o n e 2 5 - 3 4 0 . 7 9 . 7 D o l o m l t l c  l i m e s t o n e 4 3 - 3 3 7 . 1 1 1 . 6 C a l c l t l c  D o l o m i t e

8 - 1 2 9 . 8 2 1 . 2 D o l o m i t e 2 6 - 1 2 9 . 9 2 1 . 2 D o l o m i t e 4 4 - 1 2 6 . 9 1 8 . 3 C a l d t l c  D o l o m i t e

8 - 2 3 1 . 2 1 9 . 1 C a l d t l c  D o l o m i t e 2 6 - 2 2 4 . 6 1 6 . 6 C a l c l t l c  D o l o m i t e 4 4 - 2 3 1 . 3 1 9 . 1 C a l c l t l c  D o t o m l t e

6 - 3 3 7 . 3 7 . 2 D o l o m l t l c  L i m e s t o n e 2 6 - 3 3 1 . 1 1 5 . 8 C a l d t l c  J o l o m l t e 4 4 - 3 3 4 . 0 1 2 . 1 C a l d t l c  D o l o m i t e

9 - 1 2 7 . 4 2 2 . 6 D o l o m i t e 2 7 - 1 3 0 . 5 2 1 . 1 D o l o m i t e 4 5 - 1 2 6 . 7 1 8 , 2 C a l c l t l c  D o l o m i t e

6 - 2 2 9 . 0 2 0 . 0 D o l o m i t e 2 7 - 2 2 7 . 4 1 6 . 8 C a l d t l c  D o l o m i t e 4 5 - 2 2 5 . 2 1 6 . 2 C a l c l t l c  D o l o m i t e

9 - 3 3 8 . 9 9 . 8 D o l o m l t l c  L i m e s t o n e 2 7 - 3 3 3 . 6 1 2 . 2 C a l c l t l c  D o l o m i t e 4 5 - 3 3 2 . 7 8 . S D o l o m l t l c  L i m e s t o n e

1 0 - 1 2 0 . 1 2 0 . 7 D o l o m i t e 2 8 - 1 2 9 . 3 2 0 . 8 D o l o m i t e 4 6 - 1 2 9 . 8 2 0 . 3 D o l o m i t e
1 0 - 2 2 8 . 4 1 9 . 1 C a l c l t l c  D o l o m i t e 2 8 - 2 2 9 . 7 1 9 . 2 C a l c l t l c  D o l o m i t e 4 6 - 2 2 9 . 6 1 9 . 7 D o l o m i t e

1 0 - 3 3 3 . 4 4 . 2 D o l o m l t l c  L i m e s t o n e 2 8 - 3 3 8 . 4 7 . 2 D o l o m l t l c  l i m e s t o n e 4 6 - 3 3 8 . 9 7 . 0 D o l o m l t l c  l i m e s t o n e

1 1 - 1 3 0 . 0 2 0 . 1 D o l o m i t e 2 9 - 1 2 8 . 0 2 0 . 6 D o l o m i t e 4 7 - 1 3 0 . 3 2 1 . 3 D o t o m l t e

1 1 - 2 3 1 . 5 1 6 . 4 C e l c l t l c  D o l o m i t e 2 9 - 2 2 9 . 0 1 9 . 6 D o l o m i t e 4 7 - 2 3 1 . 1 2 1 , 1 D o l o m i t e

1 1 - 3 3 6 . 7 7 . 3 D o l o m l t l c  l i m e s t o n e 2 9 - 3 4 6 . 6 3 . 9 D o l o m l t l c  l i m e s t o n e 4 7 - 3 4 7 . 8 2 . 8 D o l o m l t l c  l i m e s t o n e

1 2 - 1 2 9 . 5 2 1 . 6 D o l o m i t e 3 0 - 1 2 9 . 8 2 0 , 8 D o l o m i t e 4 8 - 1 3 1 . 3 2 0 , 8 D o l o m i t e

1 2 - 2 3 0 . 3 1 4 . 1 C a l c l t l c  D o l o m i t e 3 0 - 2 3 0 . 1 1 9 . 5 C a l c l t l c  D o l o m i t e 4 8 - 2 3 0 . 5 2 1 . 5 D o l o m i t e
1 2 - 3 4 8 . 1 2 . 6 D o l o m l t l c  L i m e s t o n e 3 0 - 3 4 1 . 0 9 . 9 D o l o m l t l c  L i m e s t o n e 4 8 - 3 4 4 . 4 5 . 1 D o l o m l t l c  l i m e s t o n e

1 3 - 1 1 2 . 8 9 . 1 D o l o m l t l c  L i m e s t o n e 3 1 - 1 3 0 . 4 2 1 .  r. D o t o m l t e 4 9 - 1 3 0 . 5 2 1 . 1 D o l o m i t e
1 3 - 2 2 9 . 8 1 9 . 3 C a l c l t l c  D o l o m i t e 3 1 - 2 2 8 . 7 1 9 . 3 C a l c l t l c  D o l o m i t e 4 9 - 2 2 6 . 9 1 9 . 3 C a l c l t l c  D o l o m i t e

1 3 - 3 3 5 . 6 5 . 6 D o l o m l t l c  L i m e s t o n e 3 1 - 3 3 6 , 1 1 1 . 6 C a l c l t l c  D o l o m i t e 4 9 - 3 3 6 , 9 5 , 0 D o l o m l t l c  l i m e s t o n e

1 4 - 1 2 7 . 4 1 9 . 3 C a l c l t l c  D o t o m l t e 3 2 - 1 3 0 . 7 2 0 . 2 D o t o m l t e 5 0 - 1 3 0 . 1 2 0 . 7 D o l o m i t e
1 4 - 2 3 4 . 4 1 3 . 9 C a l c l t l c  D o l o m i t e 3 2 - 2 2 8 . 6 1 9 . 6 D o t o m l t e 6 0 - 2 3 0 , 2 2 0 , 3 D o l o m i t e
1 4 - 3 4 6 . 9 3 . 4 D o l o m l t l c  l i m e s t o n e 3 2 - 3 3 7 . 1 8 . 6 D o l o m l t l c  l i m e s t o n e 5 0 - 3 4 3 . 4 5 . 9 D o l o m l t l c  l i m e s t o n e

1 5 - 1 2 7 . 9 2 0 . 4 D o l o m i t e 3 3 - 1 2 9 . 4 2 0 . 4 D o l o m i t e
1 5 - 2 3 0 . 4 1 8 . 7 C a l c l t l c  D o l o m i t e 3 3 - 2 2 6 . 2 1 7 . 9 D o l o m i t e
1 5 - 3 4 3 . 7 5 . 5 D o l o m l t l c  l i m e s t o n e 3 3 - 3 3 0 . 3 8 . 6 D o l o m l t l c  l i m e s t o n e

1 6 - 1 2 6 . 6 1 6 . 3 C a l c l t l c  D o l o m i t e 3 4 - 1 2 9 . 0 1 9 . 6 D o l o m i t e A  1 6 - 1 2 9 . 6 2 0 . 4 D o l o m i t e
1 6 - 2 3 0 . 9 1 4 . 0 C a l c l t l c  D o l o m i t e 3 4 - 2 2 7 . 3 1 6 . 7 C a l c l t l c  D o l o m i t e A  1 6 - 2 2 8 . 2 1 9 . 8 D o l o m i t e
1 6 - 3 3 1 . 6 1 1 . 4 C a l c l t l c  D o l o m i t e 3 4 - 3 3 6 . 7 8 . 0 D o l o m l t l c  L i m e s t o n e A  1 6 - 3 5 4 . 5 0 . 9 High C a l c i u m  l i m e e t o m

1 7 - 1 2 6 .  7 1 9 . 4 C a l c l t l c  D o l o m i t e 3 5 - 1 2 9 . 5 2 0 . 6 D o l o m i t e A  1 7 - 1 2 9 . 8 2 0 . 1 D o l o m i t e
1 7 - 2 2 8 . 6 1 8 . 8 C a l c l t l c  D o l o m i t e 3 5 - 2 3 1 . 7 1 7 . 6 C a l c l t l c  D o l o m i t e A  1 7 - 2 2 8 . 6 1 4 . 7 C a l c l t l c  D o l o m i t e
1 7 - 3 3 6 . 4 8 . 1 D o l o m l t l c  L i m e s t o n e 3 5 - 3 3 6 . 5 7 . 0 D o l o m l t l c  L i m e s t o n e A  1 7 - 3 2 9 . 5 2 0 . 3 D o l o m i t e

1 8 - 1 2 9 . 4 2 2 , 0 D o l o m i t e 3 6 - 1 2 1 . 8 1 4 . 3 C a l c l t l c  D o l o m i t e A  1 8 - 1 3 0 . 7 2 1 . 3 D o l o m i t e
1 8 - 2 2 7 . 0 2 0 . 7 D o l o m i t e 3 6 - 2 2 9 . 0 1 9 . 4 ' C a l d t l c  D o l o m i t e A  1 8 - 2 3 0 . 5 2 1 . 7 D o l o m i t e
1 6 - 3 4 1 . 9 7 . 5 D o l o m l t l c  l i m e s t o n e 3 6 - 3 5 0 . 3 2 . 3 D o l o m l t l o  l i m e s t o n e A  1 6 - 3 3 3 . 5 2 . 4 D o l o m l t l c  l i m e s t o n e



TABLE 13 
SUMMARY OF SIZE DATA

■type* 
(Ice Contact)

Pit
No.

M
a Md

S
0

1 .255 .073 5.02
2 .257 .125 2.94
8 .324 .149 2.91
9 .368 .155 4.13

19 .372 .177 3.08
20 .304 .113 3.81
21 .288 .087 4.10
32 .481 .209 3.06
34 .635 .302 2.75
35 .774 .334 4.23
36 .260 .036 5.15
37 .160 .027 5.11
46 .586 .182 3.99
55 .385 .074 5.77
56 .382 .202 2.69
62 .625 .194 4.23
64 .682 .147 4.16
68 .492 .095 5.63
72 .218 .080 3.02
73 .296 .259 5.27
77 .463 .035 8.09
78 .767 .374 3.66
79 .162 .015 8.94
80 .511 .120 6.09
82 .251 .040 10.07
86 .210 .040 4.34
87 .710 .230 5.19
94 .346 .090 3.37
95 .666 .171 6.14

T 12.229 4.135 136.94
5t 0.422 

N = 29
0.143 4.72

Type 3 
(Confined Ice Contact)

Pit
No.

M
a Md

S
0

74 .494 .155 4.20
75 .520 .173 3.60
81 .372 .065 7.83
83 .355 .062 5.52
85 .130 .010 8.12
88 .460 .165 3.66
89 .391 .109 4.07
90 '.579 .135 4.86
91 .253 .075 3.64
92 .412 .140 2.89
93 .246 .064 3.91

T 4.212 1.153 52.30
X 0.383 0.105 

N = 11
4.75

Type 4 
(Confined Outwash)

Pit
No.

M
a Md

S
0

5 .305 .080 3.24
6 .823 .010 3.46
7 .259 .130 2.48

10 .542 .189 5.44
11 .186 .044 2.91
12 .813 .018 3.39
16 .142 .016 2.79
17 .312 .114 3.51
18 .272 .154 3.22
22 .208 .059 4.32
23 .296 .136 2.89
24 .264 .102 4.09
25 .426 .176 4.25
26 .564 .269 4.66
27 .495 .158 4.50
30 .487 .204 4.91
33 .348 .051 4.11
38 .476 .262 2.69
40 .500 .270 2.98
41 .322 .154 3.11
42 .293 .165 2.92
43 .274 .160 3.09
44 .325 .228 2.24
45 .120 .219 4.12
47 .279 .086 4.61
48 .334 .268 4.86
49 .449 .126 4.27
50 .256 .265 5.16
53 .311 .089 4.22
59 .172 .230 6.23
60 .413 .143 3.24
65 .383 .055 5.40
66 .184 .025 10.05
76 .284 .040 9.89
84 .343 .110 3.79
97 .256 .081 4.32

T 12.716 4.086 151.36
X 0.353 0.113

N = 36
4.20

Type S 
(Unconfined Outwash)

Pit
No.

M
a Md

S
0

3 .101 .010 2.88
4 .232 .056 3.69

13 .070 .013 3.00
14 .128 .054 3.13
15 .293 .117 3.05
28 .349 .130 4.08
29 .195 .035 4.48
31 .556 .239 3.72
39 .696 .255 4.22
51 .640 .155 4.32
52 .335 .191 2.55
54 .750 .276 4.36
58 .288 .075 4.70
59 .436 .112 5.51
61 .332 .209 3.46
63 .230 .092 3.03
69 .307 .065 4.70
70 .362 .079 3.32
71 .158 .055 1.84
96 .277 .083 3.91
98 .312 .065 4.60
99 .485 ,110 4.46

T 7.532 2.476 83.01
X 0.342 0.112 

N = 22
3.77

M '  Arithmatic mean diam eter 
a

M . = Quartile median diam eter 
a

Sq = Sorting coefficient
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TABLE 14
©UARTILE MEASURES FOR SIZE FREQUENCY ANALYSIS

P i t  N o . T y p e
D e p o s i t 1 Q 1 Q 2

« 3

S o r t .
C o e f f .

° 3

Q u a r t .  D e v .  
A r l t h .

2

P i t  N o . T y p e

D e p o s i t 1 * 1

Q 1

* 3

S o r t .
C o e f f .

« 1

* 3

Q u a r t .  D e v .  
A r l t h .

< V 9 3

2

1 2 0 . 3 2 B 0 . 0 7 3 0 , 0 1 3 2 5 .  2 3 5 . 0 2 0 . 1  x  5 7 5 1 4 0 . 6 1 6 0 , 1 5 5 0 . 0 3 3 1 8 . 6 7 4 . 3 2 0 ,  2 9 1

2 2 0 . 3 4 8 0 . 1 2 5 0 . 0 4 0 8 . 7 0 2 . 9 4 0 . 1  x  5 4 5 2 4 0 , 4 3 5 0 . 1 9 1 0 . 0 6 7 6 . 4 9 2 . 5 5 0 . 1 8 4

3 4 0 . 0 5 6 0 . 0 1 0 0 , 0 0 7 8 . 2 9 2 .  8 8 0 .  0 2 6 5 3 3 0 . 3 2 1 0 . 0 8 9 0 . 0 1 8 1 7 . 8 3 4 . 2 2 0 . 1 6 1

4 4 0 . 2 1 8 0 .  0 5 6 0 .  0 1 6 1 3 . 6 2 3 . 6 9 0 , 1 0 1 5 4 4 1 , 0 6 5 0 . 2 7 6 0 . 0 5 6 1 9 . 0 2 4 . 3 6 0 .  5 0 4

5 3 0 .  2 7 2 0 . 0 8 0 0 . 0 2 6 1 0 . 4 6 3 . 2 4 0 . 1 2 3 5 5 2 0 .  3 3 3 0 . 0 7 4 0 . 0 1 0 3 3 . 3 0 5 . 7 7 0 . 1 6 1

6 3 0 . 0 4 8 0 . 0 1 0 0 .  0 0 4 1 2 . 0 0 3 . 4 6 0 . 0 2 2 5 6 2 0 . 5 1 5 0 . 2 0 2 0 . 0 7 1 7 . 2 5 2 . 6 9 0 .  2 2 2

7 3 0 . 3 0 9 0 . 1 3 0 0 . 0 5 0 6 . 1 8 2 . 4 8 0 . 1 2 9 5 7 3 0 . 1 5 5 0 .0 3 0 0 .  0 0 4 3 8 . 7 5 6 .  2 3 0 .  0 7 5

8 2 0 . 3 9 9 0 . 1 4 9 0 . 0 4 7 8 . 4 4 2 . 9 1 0 . 1 7 6 5 8 4 0 . 2 8 7 0 . 0 7 5 0 , 0 1 3 2 2 . 0 8 4 . 7 0 0 . 1 3 7

9 2 0 .  5 2 8 0 . 1 5 5 0 .  0 3 1 1 7 .  0 3 4 . 1 3 0 . 2 4 8 5 9 4 0 .  4 8 6 0 . 1 1 2 0 . 0 1 6 3 0 . 3 7 5 . 5 1 0 .  2 3 5

1 0 3 0 . 7 4 0 0 . 1 8 9 0 . 0 2 5 2 9 . 6 0 5 . 4 9 0 . 3 5 1 6 0 3 0 , 6 6 9 0 . 2 0 9 0 .  0 5 6 1 1 . 9 5 3 . 2 4 0 . 1 8 1

1 1 3 0 . 1 S 2 0 . 0 4 4 0 . 0 1 8 8 . 4 4 2 . 9 1 0 . 0 3 1 6 1 4 0 , 6 6 9 0 . 2 0 9 0 .  0 5 6 1 1 . 9 5 3 . 4 6 0 . 3 0 6

1 2 3 0 .  0 6 9 0 . 0 1 8 0 . 0 0 6 1 1 . 5 0 3 . 3 9 0 . 0 3 1 6 2 2 0 . 7 8 8 0 . 1 9 4 0 .  0 4 4 1 7 . 9 1 4 . 2 3 0 . 3 7 2

1 3 4 0 . 0 7 2 0 . 0 1 3 0 . 0 0 8 9 ,  00 3 .0 0 0 . 0 3 2 6 3 4 0 . 2 6 6 0 . 0 9 2 0 .  0 2 9 9 . 1 7 3 ,  0 3 0 . 1 1 8

1 4 4 0 . 1 5 7 0 . 0 5 4 0 . 0 1 6 9 .  8 1 3 . 1 3 0 .  0 7 0 6 4 2 0 . 8 6 3 0 . 1 4 7 0 .  0 5 0 1 7 . 2 6 4 . 1 6 0 . 4 0 6

1 5 4 0 . 3 4 5 0 . 1 1 7 0 . 0 3 7 9 . 3 2 3 . 0 5 0 . 1 5 4 6 5 3 0 . 3 2 1 0 . 0 5 5 0 . 0 1 1 2 9 . 1 8 S .  4 0 0 . 1 5 5

1 6 3 0 . 0 7 8 0 . 0 1 6 0 . 0 1 0 7 . 8 0 2 . 7 9 0 . 0 3 4 6 6 3 0 . 1 1 0 0 . 0 2 5 0. 0 0 1 1 1 0 . 0 0 1 0 .  0 5 0 .  0 5 4

1 7 3 0 . 3 5 7 0 . 1 1 4 0 . 0 2 9 1 2 . 3 1 3 . 2 2 0 .  1 6 4 6 7 1 0 . 5 4 2 0 . 1 5 3 0 . oso 1 3 . 5 5 < 3 , 6 8 0 . 2 5 1

1 8 3 0 . 4 0 6 0 . 1 5 4 0 . 0 3 9 1 0 . 4 1 3 . 2 2 0 . 1 8 3 6 8 2 0 . 4 7 6 0 . 0 9 5 0 . 0 1 5 3 1 . 7 3 S .  6 3 0 .  2 3 0

1 9 2 0 . 4 7 6 0 . 1 7 7 0 . 0 5 0 9 .  5 2 3 . 0 8 0 . 2 0 8 6 9 4 0 . 2 6 5 0 . 0 6 5 0 . 0 1 2 2 2 . 0 6 4 . 7 0 0 . 1 2 6

2 0 2 0 . 3 6 4 0 . 1 1 3 0 .  0 2 5 1 4 . 5 6 3 . 8 1 0 . 1 6 9 7 0 4 0 . 2 5 4 0 . 0 7 9 0 . 0 2 3 1 1 . 0 4 3 . 3 2 0 . 1 1 5

2 1 2 0 . 3 3 6 0 .  0 8 7 0 .  0 2 0 1 6 . 8 0 4 . 1 0 0 . 1 5 8 7 1 4 0 . 1 0 2 0 . 0 5 5 0 .  0 3 0 3 . 4 0 1 . 8 4 0 . 0 3 6

2 2 3 0 . 2 2 4 0 .  0 5 9 0 .  0 1 2 1 8 . 6 7 4 . 3 2 0 . 1 0 6 7 2 2 0 . 2 2 8 0 .  0 8 0 0 . 0 2 5 9 . 1 2 3 . 0 2 0 . 1 0 1

2 3 3 0 . 3 7 4 0 . 1 3 6 0 . 0 4 5 8 . 3 1 2 . 8 9 0 . 1 6 4 7 3 2 0 . 2 5 9 0 . 0 6 1 0 .  0 0 9 2 8 . 7 8 S .  2 7 0 . 1 2 5

2 4 3 0 .  3 7 0 0 . 1 0 2 0 . 0 2 2 1 6 . 8 2 4 . 0 9 0 . 1 7 4 7 4 6 0 . 5 3 1 0 . 1 5 5 0 .  0 3 0 1 7 . 7 0 4 .  2 0 0 .  2 5 0

2 5 3 0 . 5 9 8 0 . 1 7 6 0 .  0 3 3 1 8 . 1 2 4 , 2 5 0 .  2 8 2 7 5 6 0 . 5 4 5 0 . 1 7 3 0 . 0 4 2 1 2 . 9 8 3 . 6 0 0 .  2 5 1

2 6 3 0 .  8 2 3 0 . 2 6 9 0 .  0 3 8 2 1 . 6 6 4 . 6 6 0 , 3 9 2 7 6 3 0 . 1 9 6 0 . 0 4 0 0 . 0 0 2 9 8 . 0 0 9 . 8 9 0 . 0 9 7

2 7 3 0 .  6 5 0 0 . 1 5 8 0 . 0 3 2 2 0 . 3 1 4 , 5 0 0 . 3 0 9 7 7 2 0 . 1 9 6 0 . 0 3 5 0 . 0 0 3 6 5 . 3 3 8 . 0 9 0 .  0 9 6

2 6 4 0 . 3 8 6 0 . 1 3 0 0 . 0 2 3 1 6 . 7 8 4 . 0 8 . 0 . 1 8 1 7 8 2 1 . 0 7 2 0 . 3 7 4 0 . 0 8 0 1 3 . 4 0 3 . 6 6 0 .  4 9 6

2 9 4 0 . 1 8 1 0 . 0 3 5 0 .  0 0 9 2 0 . 1 1 4 . 4 8 0 . 0 8 6 7 9 2 0 . 0 8 0 0 .  0 1 5 0 . 0 0 1 8 0 .  0 0 8 . 9 4 0 . 0 3 9

3 0 3 0 . 7 0 1 0 .  2 0 4 0 .  0 2 9 2 4 . 1 7 4 . 9 1 0 . 3 3 6 8 0 2 0 . 5 5 7 0 . 1 2 0 0 . 0 1 5 3 7 . 1 3 6 . 0 9 0 . 2 7 1

3 1 4 0 . 7 3 3 0 .  2 3 9 0 . 0 5 3 1 3 . 8 3 3 , 7 2 0 . 3 4 0 8 1 6 0 . 3 0 6 0 .  0 6 5 0 , 0 0 5 6 1 . 2 0 7 . 8 3 0 . 1 5 0

3 2 2 0 .  6 0 1 0 . 2 0 9 0 . 0 6 4 9 . 3 9 3 . 0 6 0 . 2 6 8 8 2 2 0 . 2 2 9 0 . 0 4 0 0 . 0 0 2 1 1 4 . 5 0 1 0 . 0 7 0 . 1 1 3

3 3 3 0 . 1 6 9 0 .  0 5 1 0 . 0 1 0 1 6 . 9 0 4 . 1 1 0 . 0 7 9 8 3 6 0 . 3 0 5 0 .  0 6 2 0 . 0 1 0 3 0 .  5 0 5 . 5 2 0 . 1 4 7

3 4 2 0 . 8 2 4 0 . 3 0 2 0 . 1 0 9 7 . 5 6 2 .  7 5 0 . 3 5 7 8 4 3 0 . 3 6 0 0 . 1 1 0 0 . 0 2 5 1 4 . 4 0 3 . 7 9 0 . 1 6 7

3 5 2 1 . 0 7 5 0 . 3 3 4 0 . 0 6 0 1 7 . 9 2 4 . 2 3 0 . 5 0 7 8 5 6 0 .  0 6 6 0 .  0 1 0 0 . 0 0 1 6 6 . 0 0 8 . 1 2 0 . 0 3 2

3 6 2 0 . 1 8 6 0 . 0 3 6 0 . 0 0 7 2 6 .  5 7 5 . 1 5 0 . 0 8 9 8 6 2 0 . 1 5 1 0 . 0 4 0 0 . 0 0 8 1 6 .  8 7 4 . 3 4 0 . 0 7 1

3 7 2 0 . 1 3 1 0 . 0 2 7 0 . 0 0 5 2 6 . 2 0 5 . 1 1 0 ,  0 6 3 8 7 2 0 . 9 7 2 0 .  2 3 0 0 . 0 3 6 2 7 . 0 0 5 . 1 9 0 . 4 6 8

3 8 3 0 . 6 0 0 0 . 2 6 2 0 . 0 8 3 7 . 2 3 2 . 6 9 0 .  2 5 8 6 6 6 0 . 4 9 6 0 . 1 6 5 0 . 0 3 7 1 3 . 4 1 3 . 6 6 0 . 2 2 9

3 9 4 u . 6 9 3 0 . 2 5 5 0 . 0 5 0 17.86 4 . 2 2 0 . 4 2 1 3 9 fl 0 . 1 1 5 0 . 1 0 9 0 . 0 2 5 1 8 . 6 0 4  0 7 0 , 1 9 6

4 0 3 0 . 7 0 8 0 . 2 7 0 0 . 0 8 0 8 . 8 5 2 . 9 8 0 . 3 1 4 9 0 6 0 . 5 9 0 0 . 1 3 5 0 . 0 2 5 2 3 . 6 0 4 . 8 6 0 . 2 8 2

4 1 3 0 . 4 2 5 0 . 1 5 4 0 . 0 4 4 9 . 6 6 3 . 1 1 0 . 1 9 0 9 1 6 0 . 2 6 5 0 . 0 7 5 0 . 0 2 0 1 3 . 2 5 3 . 6 4 0 . 1 2 2

4 2 3 0 . 4 2 7 0 . 1 6 5 0 .  0 5 0 8 . 5 4 2 . 9 2 0 . 1 8 8 9 2 6 0 . 3 9 4 0 . 1 4 0 0 . 0 4 7 8 . 3 8 2 . 8 9 0 . 1 7 3

4 3 3 0 . 4 0 0 0 . 1 6 0 0 . 0 4 2 9 . 5 2 3 . 0 9 0 . 1 7 9 9 3 6 0 .  2 3 3 0 . 0 6 4 0 . 0 1 5 1 5 . 5 3 3 . 9 1 0 . 1 0 9

4 4 3 0 . 4 7 5 0 . 2 2 8 0 . 0 9 5 5 . 0 0 2 . 2 4 0 . 1 9 0 9 4 2 0 .  2 8 4 0 . 0 9 0 0 . 0 2 5 1 1 . 9 6 3 . 3 7 0 . 1 2 9

4 5 3 0 . 0 6 8 0 . 0 1 9 0 .  0 0 4 1 7 . 0 0 4 . 1 2 0 . 0 3 2 9 5 2 0 .  7 9 5 0 . 1 7 1 0 . 0 2 1 3 7 . 8 6 6 . 1 4 0 . 3 8 7

4 6 2 0 . 6 8 5 0 . 1 8 2 0 .  0 1 4 2 1 . 2 9 4 . 6 1 0 . 1 4 2 9 6 4 0 .  2 7 3 0 . 0 9 3 0 , 0 1 8 1 5 . 1 7 3 . 9 1 0 . 1 2 7

4 7 3 0 . 2 9 8 0 .  0 8 6 0 . 0 1 4 2 1 . 2 9 4 . 6 1 0 . 1 4 2 9 7 3 0 . 2 8 0 0 . 0 8 1 0 . 0 1 5 1 8 . 6 7 4 . 3 2 0 . 1 3 2

4 8 3 0 . 2 8 3 0 . 0 6 8 0 .  0 1 2 2 3 . 5 8 4 . 8 6 0 . 1 3 5 9 8 4 0 .  2 5 3 0 . 0 6 5 0 . 0 1 2 2 1 . 0 8 4 . 6 0 0 . 1 2 0

4 9 3 0 . 4 5 7 0 . 1 2 6 0 .  0 2 5 1 8 . 2 8 4 . 2 7 0 . 2 1 6 9 9 4 0 . 4 9 6 0 . 1 1 0 1 . 0 2 5 1 9 . 8 4 4 . 4 6 0 . 2 3 5

5 0 3 0 . 2 4 0 0 .  0 6 5 0 .  0 0 9 26 . 67 5 . 1 6 0 . 1 1 5

1 .  G l a c l a i
2 .  G U c l o - f J u v .  I c e  C o n t a c t

3 .  C o n f i n e d  O u t w a s h

4 .  O u t w a s h  D e l t a  o r  P l a i n
5 .  G l a c l o - l a c u s t r l n e

6 .  E a k e r s



P it
N o.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
3 6
37
3 8
39
40
41
42
4 3
44
45
46
47
48
49
50
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TABLE 15
MEAN SPHERICITY FOR A LL ROCK TYPES BY SIZE GRADE

_ _
X X X X X X X X

s p o s i t A ll S iz e s S iz e  1 S iz e  2 S iz e  3 P i t D e p o s it A ll S iz e s S iz e  1 S iz e  2 S iz e  3
Type ( 1 - 1 /2  to ( 1 - 1 /2  to (3 /4  to (3 /8  to N o. T y p e ( 1 - 1 /2  to ( 1 - 1 /2  to (3 /4  to (3 /8  to

3 /1 6  in . ) 3 /4  in .  > 3 / 8  i n . ) 3 /1 6  in . ) 3 / 1 6  i n . ) 3 /4  i n . ) 3 /8  in .  ) 3 /1 6  in .

IC .7 2 8 3 .7 3 1 2 .7 3 2 5 .7 2 1 0 51 UO .7 1 3 7 .7 1 7 4 .7 1 7 3 .7 0 7 3
IC . 7525 ----- .7 4 1 8 .7 3 8 5 52 U O . 7210 .7 5 1 3 .7 2 1 0 . 0910
UO . 7570 .8 0 3 9 .7 5 1 7 .7 4 1 3 53 CO .7 1 4 4 .7 3 7 1 .7 2 3 6 . 6874
UO .7 8 0 3 . 8205 .7 6 3 1 .7 4 8 3 54 UO . 7131 .7 2 8 1 .7 2 0 7 . 6898
CO .7 8 5 9 .8 1 5 8 . 7433 . 8077 55 UO .7 2 4 8 .7 5 1 7 .7 2 9 7 . 6930
CO . 7574 .8 6 1 2 .7 4 5 0 . 7408 56 IC .7 4 4 3 .7 5 9 1 .7 4 2 5 .7 3 1 1
CO .7 6 8 2 .7 7 1 4 .7 5 4 1 .7 7 9 3 57 C O .7 4 4 4 .7 3 6 2 . 7545 .7 4 2 5
IC .7 5 2 8 .7 5 0 8 .7 5 6 4 .7 4 7 5 58 UO .7 2 6 6 .7 3 2 6 .7 4 3 1 ,7 0 4 0
IC .7 4 2 0 .7 3 2 6 .7 5 2 7 .7 4 0 3 59 UO .7 4 2 7 .7 4 5 6 .7 5 9 8 .7 2 2 6
CO .7 3 1 7 .7 4 5 4 .7 2 4 9 .7 2 9 5 60 CO .7 5 5 5 . 7597 . 7551 .7 5 1 5
CO .7 4 6 2 .7 5 4 1 .7 3 8 7 .7 4 6 7 61 UO .7 4 0 0 .7 5 6 5 . 72 0 6 . 7435
CO .7 3 8 7 .7 5 3 0 .7 2 6 3 .7 4 3 0 62 IC .7 3 6 6 .7 3 6 8 .7 6 3 1 .7 0 9 8
UO . 7334 .7 7 3 6 .7 3 4 3 .7 2 9 1 63 UO .7 3 3 2 .7 4 3 7 .7 4 6 2 .7 1 1 6
UO . 7322 .7 3 4 6 .7 3 4 1 .7 3 0 0 64 IC .7 3 6 6 .7 4 4 6 .7 6 7 1 . 6986
UO .7 6 0 7 .7 5 9 8 .7 8 4 3 .7 3 7 9 65 CO .7 6 2 0 .7 5 1 0 .7 4 4 4 .7 9 0 4
CO .7 4 9 6 .7 1 4 1 .7 5 4 2 .7 5 9 8 66 CO .7 7 2 5 .7 4 4 3 .7 5 4 2 .8 0 8 4
CO .7 4 0 3 .7 3 8 5 .7 4 9 0 .7 3 1 0 67 G .7 4 7 4 .7 3 4 6 .7 4 1 3 .7 7 0 5
CO .7 3 3 5 .7 5 2 7 .7 4 1 0 .7 0 6 8 68 IC .7 6 8 0 .7 6 3 0 .7 6 7 8 .7 7 3 7
IC .7 4 3 2 .7 5 5 2 .7 3 3 1 .7 4 3 5 69 U O .7 5 0 0 .7 4 9 3 .7 4 8 7 .7 6 0 8
IC .7 4 7 8 .7 4 9 0 .7 5 6 3 .7 3 8 1 70 U O .7 4 9 1 .7 4 7 9 .7 4 0 7 .7 5 8 6
IC .7 6 2 2 .7 7 1 7 .7 5 8 6 .7 5 4 8 71 U O .7 6 7 6 .7 7 3 4 .7 6 6 1 .7 6 7 1
C O .7 5 6 8 .7 5 6 9 .7 6 9 0 .7 4 5 2 72 IC .7 6 9 1 .7 4 1 7 .7 6 7 7 .7 8 9 6
CO .7 5 0 7 .7 5 4 0 .7 5 0 1 .7 4 7 9 73 IC .7 5 3 0 .7 4 1 1 .7 5 5 8 .7 6 2 1
C O .7 4 4 4 .7 4 4 7 .7 4 3 4 .7 4 3 5 74 C IC .7 6 3 6 .7 7 3 4 .7 5 6 7 .7 6 0 6
CO .7 3 2 9 .7 3 8 3 .7 3 7 2 .7 2 3 1 75 C IC .7 6 1 7 .7 6 4 0 . 7653 .7 5 5 7
CO .7 3 0 9 .7 3 5 0 . 7395 .7 1 7 9 76 C O .7 5 7 1 .7 5 4 8 .7 6 0 4 .7 5 4 9
CO .7 4 3 1 .7 3 7 7 .7 3 6 9 .7 5 4 6 77 IC .7 6 4 5 .7 6 7 2 .7 6 6 0 .7 6 0 3
UO .7 4 5 1 .7 5 6 7 .7 3 8 7 .7 3 9 8 78 IC .7 5 1 7 .7 4 7 9 .7 5 2 3 .7 5 9 9
UO .7 3 2 5 .7 3 3 9 .7 2 1 1 .7 4 2 6 79 IC .7 4 8 3 .7 5 3 7 .7 4 4 8 .7 4 9 0
CO .7 3 8 1 .7 4 0 3 .7 2 9 2 .7 4 5 5 80 C O .7 4 0 0 .7 3 8 9 .7 2 6 0 .7 5 4 9
UO .7 5 3 7 .7 5 1 1 .7 6 0 4 .7 4 9 4 81 CIC .7 5 8 3 .7 5 2 1 .7 5 4 4 .7 6 8 5
IC . 7377 .7 4 4 0 .7 3 3 7 .7 3 5 5 82 TO . 7559 .7 4 5 7 .7 5 7 4 .7 6 4 6
C O .7 3 9 6 .7 4 8 1 .7 3 5 2 .7 3 5 4 83 C IC .7 6 0 4 .7 7 6 2 .7 5 5 1 .7 4 9 9
IC .7 5 3 8 .7 5 1 0 .7 5 6 0 .7 5 4 7 84 CO .7 5 3 5 .7 5 9 7 .7 4 5 8 .7 5 5 1
IC .7 4 9 3 .7 4 2 2 .7 4 7 2 .7 5 8 6 85 CIC .7 4 1 6 .7 4 5 2 .7 4 1 6 .7 4 4 3
IC .7 4 9 0 .7 5 0 0 .7 4 9 4 .7 4 8 0 86 IC .7 5 3 8 .7 6 2 9 .7 5 1 4 .7 4 9 4
IC .7 5 2 8 .7 4 8 5 .7 5 9 1 .7 4 9 5 87 IC .7 7 3 5 .7 7 0 9 .7 6 0 3 .7 7 3 5
CO .7 4 8 8 .7 5 2 3 .7 4 5 9 .7 4 8 8 88 C IC .7 4 8 1 .7 4 8 6 .7 3 2 5 .7 6 3 0
U O .7 5 2 7 .7 4 8 4 .7 5 2 6 .7 5 7 1 89 C IC .7 4 6 5 .7 6 5 5 .7 6 4 9 .7 3 6 6
CO .7 4 7 4 .7 5 1 5 .7 4 3 5 .7 4 7 1 90 C IC .7 4 8 7 .7 3 8 6 .7 6 5 0 .7 4 9 5
CO .7 4 8 6 .7 5 9 3 .7 3 8 3 .7 4 7 6 91 C IC .7 5 2 8 .7 6 0 7 .7 4 5 4 .7 5 7 4
UO .7 3 9 3 .7 2 8 1 .7 3 8 2 .7 5 1 7 92 C IC .7 3 8 4 .7 3 6 5 .7 3 2 7 .7 4 6 9
U O .7 5 8 1 .7 6 3 7 .7 5 1 8 .7 5 7 7 93 C IC .7 3 4 7 .7 5 2 1 .7 4 2 6 .7 0 9 1
U O .7 4 1 1 .7 4 9 6 .7 3 6 0 .7 3 7 5 94 IC .7 4 4 7 .7 4 8 9 .7 5 5 0 .7 3 0 3
UO .7 3 2 2 .7 2 9 3 .7 2 6 5 .7 3 9 3 95 IC .7 1 5 3 .7 4 3 0 .7 1 9 2 .6 8 5 2
IC .7 4 0 0 .7 4 8 8 .7 4 8 0 .7 2 4 3 96 UO .7 2 5 7 .7 3 4 7 .7 4 2 4 .7 0 0 0
CO .7 4 1 9 .7 4 8 3 .7 4 7 1 .7 3 1 7 97 CO .7 3 9 9 .7 6 1 4 .7 5 1 5 .7 0 6 2
CO .7 2 0 3 .7 4 0 0 .7 1 7 9 .7 0 2 9 98 UO .7 2 3 7 .7 3 2 4 .7 3 4 5 .7 0 4 0
CO .7 2 9 1 .7 3 3 3 .7 2 9 3 .7 2 5 2 99 U O .7 3 6 5 .7 5 2 3 .7 2 9 6 .7 2 7 8
C O .7 1 4 7 .7 2 8 6 .7 2 0 3 .6 9 5 4
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TABLE 16
MEAN DEGREE OF WEATHERING FOR A L L  ROCK TY PES BY SIZE GRADE

_ _ ...

X X X X
P it D e p o s it A ll S iz e s S iz e  1 S iz e  2 S iz e  3
No, T y p e ( 1 - 1 /2  to ( 1 - 1 /2  to (3 /4  to ( 3 / 8  to

3 / 1 6  i n . ) 3 /1 6  i n . ) 3 / 8  i n . ) 3 / 1 6  i n . )

1 IC 1 .6 1 8 1 .5 4 4 1 .5 9 3 1 .7 2 0 0
2 IC 1 .9 5 5 --------------- 1 .9 6 6 1 .9 4 0
3 UO 1. 864 1 .7 6 9 1 .9 2 0 1 .8 2 7
4 UO 1 . 896 1 .9 2 2 1 . 907 1 .8 0 0
5 C O 1 .8 2 2 1 .8 0 3 1 .8 1 3 1 .8 2 6 7
6 C O 1 .8 2 5 1 .7 2 7 1 . 826 1 . 826
7 CO 1 .7 3 6 1 .7 5 7 1 .7 8 6 1 . 626
8 IC 1 .7 8 0 1 .7 7 7 1 .7 6 7 1 . 800
9 IC 1 . 813 1 .8 7 5 1 . 713 1 . 813

10 C O 1 .8 0 4 1. 607 1 .9 2 0 1 .8 2 7
11 C O 1 .6 9 3 3 1 .7 5 3 1 .7 9 3 1 .5 5 3
12 C O 1 . 629 1 .6 6 1 1 .6 0 0 1 .6 3 3
13 U O 1 .4 4 8 1 .8 4 6 1 . 604 1 .2 6 0
14 U O 1 .5 8 9 1 .7 6 8 1 .8 6 3 1 .2 3 5
15 U O 1 .4 9 7 1 .6 6 0 0 1 .5 4 0 1 .2 8 9
16 CO 1 .6 2 3 1 .7 1 4 1 .5 4 6 1 . 666
17 CO 1 .4 8 4 1 . 608 1 .3 8 0 1 .4 4 2
18 CO 1 .7 5 1 1 .7 3 3 1 . 833 1 .6 8 7
19 IC 1 .7 3 1 1 .8 8 4 1 .5 9 3 1 .7 2 7
20 IC 1 .4 8 4 1 .4 9 3 1 .  6200 1 .3 4 0
21 IC 1 .6 6 2 1 .7 4 6 1 .5 4 7 1 .7 2 7
22 C O 1 .6 1 1 1 .5 5 5 1 .8 2 7 1 .4 3 3
23 C O 1 .6 7 3 1 .8 9 3 1 .4 2 0 1 .7 0 7
24 C O 1 .4 8 9 1 .5 1 4 1 .4 8 0 1 .4 5 3
25 CO 1 .4 1 6 1 .6 0 0 1 .3 9 3 1 .2 5 3
26 C O 1 .3 4 2 1 .4 8 3 1 .2 6 0 1 .2 8 7
27 C O 1 .2 5 3 1 .2 6 0 1 . 267 1 .2 3 3
28 UO 1 .3 1 3 1 .5 7 3 1 .2 2 0 1 .1 4 7
29 U O 1 .4 1 8 1 .3 3 3 1 .8 0 7 1 .1 1 3
3 0 C O 1 .4 1 3 1 .5 4 4 1 .5 0 0 1 .1 8 7
31 U O 1 .4 3 1 1 .5 0 3 1 .3 7 3 1 .4 2 0
3 2 IC 1 .4 4 0 1 .3 2 0 1 .4 2 0 1 .  580
33 C O 1 .4 0 2 1 .4 7 3 1 .4 3 3 1 .3 0 0
34 IC 1 .3 4 7 1 .4 1 2 1 .3 8 0 1 .2 5 3
35 IC 1 .3 8 2 1 .4 3 3 1 .4 0 7 1 .3 0 7
3 6 IC 1 .4 6 2 1 .6 0 4 1 .2 6 0 1 .5 2 7
37 IC 1 .3 6 9 1 .4 4 2 1 .4 0 0 1 .2 8 7
38 CO 1 .3 0 0 1 .3 7 4 1 .3 2 7 1 .1 6 7
39 UO 1 .2 2 7 1 .3 0 7 1 .2 2 0 1 .1 5 3
40 C O 1 .2 6 2 1 .3 4 9 1 .1 6 0 1 .2 8 0
41 C O 1 .2 5 1 1 .3 5 6 1 .2 5 3 1 .1 4 0
42 UO 1 .1 8 4 1 .2 9 3 1 .1 0 7 1 .1 5 3
43 UO 1 .2 4 7 1 .2 6 0 1 .3 0 0 1 .1 8 7
44 UO 1 .3 7 2 1 .2 8 0 1 . 2 - 3 1 .6 2 4
45 UO 1 .5 4 7 1 .4 4 0 1 .4 7 3 1 .6 3 3
4 6 IC 1 .3 7 4 1 .4 0 8 1 .4 5 6 1 .2 6 0
4 7 IC 1 .3 5 8 1 .4 0 4 1 .3 2 9 1 .3 5 3
48 CO 1 .2 8 1 1 .2 6 0 1 .3 0 2 1 .2 8 0
49 C O 1 .4 3 0 1 .4 9 7 1 .4 8 3 1 .3 0 0
50 CO 1 .3 6 5 1 .2 1 8 1 .3 7 3 1 .5 0 7

X X X X
P it D e p o s i t A ll S iz e s S iz e  1 S iz e  2 S iz e  3
N o. T y p e ( 1 - 1 /2  to ( 1 - 1 /2  to ( 3 /4  to ( 3 /8  to

3 /1 6  i n . ) 3 /1 6  i n . ) 3 / 8  i n . ) 3 / 1 6  in .  )

51 U O 1 .3 7 1 1 .4 1 9 1 .3 1 3 1 .3 6 0
52 U O 1 .3 1 6 1 .2 7 9 1 .3 2 7 1 .3 3 3
53 C O 1 .3 2 2 1 .4 0 4 1 .2 5 3 1 .3 0 0
54 UO 1 .4 7 1 1 .5 5 0 1 . 593 1 . 273
55 U O 1 .3 3 6 1 .4 7 3 1 .1 6 7 1 .3 6 7
56 IC 1 .3 4 2 1 .3 3 8 1 .3 2 0 1 .3 5 3
57 C O 1 .4 0 7 1 .2 9 3 1 .4 1 3 1 .5 1 3
58 UO 1 .4 0 9 1 .3 0 0 1 .4 7 3 1 .4 5 3
5 9 UO 1 .3 0 9 1 .2 5 3 1 .4 4 0 1 .2 3 3
60 C O 1 .4 3 6 1 .3 4 7 1 .6 2 7 1 .3 3 3
61 UO 1 .4 1 9 1 .5 4 0 1 .3 1 5 1 .3 9 5
62 IC 1 .4 7 3 1 .5 3 3 1 .5 3 3 1 .3 3 3
63 U O 1 .4 5 1 1 .4 1 2 1 .4 5 3 1 .4 8 7
64 IC 1 .4 4 7 1 .5 2 0 1 .5 2 0 1 .2 8 7
65 C O 1 .3 2 5 1 .3 2 7 1 . 299 1 .3 4 9
66 C O 1 .3 2 0 1 .3 5 9 1 .4 0 0 1 .2 1 5
67 G 1 .4 6 0 1 .7 3 1 1 .3 4 0 1 .2 8 7
68 IC 1 .4 5 6 1 . 687 1 .3 2 7 1 .3 4 7
69 U O 1 .3 0 7 1 .4 8 6 1 .1 8 0 1 .1 1 1
70 U O 1 .3 1 6 1 .0 8 0 1 .3 7 3 1 .4 9 3
71 U O 1 .3 1 4 1 .5 1 2 1 .1 3 3 1 .3 8 0
72 IC 1 .3 2 0 1 .5 3 1 1 .3 5 1 1 .1 5 3
73 IC 1 .3 1 6 1 .5 7 3 1 .1 9 3 1 .1 8 0
74 C IC 1 .2 7 7 1 .4 5 9 1 .2 3 3 1 .1 2 8
75 C IC 1 .4 0 8 1 .7 1 1 1 .4 3 3 1 .0 8 0
7 6 C O 1 .2 5 3 1 .3 3 9 1 .0 5 3 1 .3 8 3
77 IC 1 .1 5 2 1 .0 7 3 1 .0 6 0 1 .3 2 4
78 IC 1 .5 6 7 1 .4 8 6 1 .6 7 3 1 .5 2 7
79 IC 1 .4 7 4 1 .6 6 2 1 .3 3 3 1 .5 1 3
80 C O 1 .3 9 6 1 .5 2 8 1 .4 6 0 1 .2 0 7
81 C IC 1 .2 3 6 1 .1 6 0 1 .1 4 7 1 .4 0 0
82 IC 1 .2 4 7 1 .3 4 8 1 .1 4 7 1 .2 5 3
83 C IC 1 .1 3 8 1 .1 0 0 1 .1 4 0 1 .1 7 3
84 C O 1 .3 4 9 1 .4 0 0 1 .1 5 3 1 .4 9 3
85 C IC 1 .3 7 3 1 .3 3 3 1 .4 6 7 1 .2 6 7
86 IC 1 .2 2 8 1 .3 4 2 1 .2 3 3 1 .1 2 7
87 IC 1 .5 4 0 0 1 . 660 1 .4 6 0 1 .4 8 7
88 C IC 1 .2 7 3 1 .2 1 1 1 .2 8 0 1 .3 2 7
89 C IC 1 .3 5 6 1 .3 3 8 1 .2 4 7 1 .4 0 7
9 0 C IC 1 .4 7 8 1 .3 9 5 1 .5 2 0 1 .5 0 0
91 C IC 1 .4 7 8 1 .3 0 1 1 .4 0 7 1 .7 0 0
92 C IC 1 .3 4 9 1 .5 1 0 1 .3 1 3 1 .2 2 7
93 C IC 1 .3 0 0 1 .4 4 3 1 .2 0 7 1 .2 5 3
94 IC 1 .3 0 7 1 .4 0 7 1 .1 6 0 1 .3 5 3
95 IC 1 .4 7 3 1 .4 8 1 1 .3 9 3 1 .4 1 3
96 U O 1 .2 5 6 1 .4 0 7 1 .1 1 3 1 .2 4 7
97 C O 1 .4 1 6 1 .6 2 4 1 .1 5 3 1 .4 6 7
98 U O 1 .4 3 6 1 .4 6 7 1 .4 4 7 1 .3 9 3
99 U O 1 .5 3 3 1 .5 5 3 1 .5 2 7 1 .5 2 0
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TABLE 17
MEAN SURFACE TEXTURE FOR A L L  ROCK T Y P E S BY SIZE GRADE

_ . _ _
X X X X X X X X

P it D e p o s it A ll  S iz e s S iz e  1 S iz e  2 S iz e  3 P i t D e p o s i t A ll S iz e s S iz e  1 S iz e  2 S iz e  3
N o. T y p e ( 1 - 1 /2  to ( 1 - 1 /2  to (3 /4  to (3 /8  to N o. T y p e ( 1 - 1 /2  to ( 1 - 1 /2  to (3 /4  to (3 /8  to

3 / 1 6  i n . ) 3 /1 6  i n . ) 3 /8  i n . ) 3 /1 6  in .  ) 3 /1 6  i n . ) 3 /1 6  in . ) 3 / 8  in .  ) 3 / 1 6  i n . )

1 IC 2 .3 4 0 2 .1 6 7 8 2 .3 8 2 .4 4 6 7 51 UO 2 .9 7 8 2 .9 1 9 3 .4 5 3 2 . 540
2 IC 3 .5 2 4 ------ 3 .4 2 0 3 .4 0 0 52 UO 2 .9 9 3 2 . 986 3 . 153 2 . 853
3 UO 3 .0 8 2 3 .0 6 4 3 . 207 2 .9 0 7 53 C O 2 .8 8 9 2 . 829 2 . 933 2 . 900
4 UO 3 .1 6 2 3 .5 1 2 3 .1 0 7 2 .9 9 3 54 UO 2 .7 8 4 2 .7 1 8 3 .3 4 0 2 .2 8 7
5 C O 3 .3 7 1 3 . 622 3 .2 8 7 3 .2 4 0 55 UO 2 . 867 3 . 180 2 . 627 2 . 793
6 CO 2 . 935 2 . 818 2 .9 8 6 2 .9 1 3 56 IC 2 . 647 2 .4 5 3 2 .4 0 7 3 . 060
7 C O 3 .1 7 4 3 .0 2 8 3 .1 7 3 2 .1 3 3 57 CO 2 .5 4 7 3 . 020 2 . 200 2 .4 2 0
8 IC 3 .2 9 1 3 .5 7 1 3 .3 2 7 3 .0 3 3 58 UO 3 .5 0 7 2 . 813 3 .3 4 7 3 . 3 6 0
9 IC 3 .2 2 2 3 .4 7 9 3 .  080 3 .2 2 7 59 UO 3 . 060 3 .0 9 3 3 .7 3 3 2 . 353

10 CO 2 . 600 2 . 574 1 .7 8 0 3 .3 4 7 60 CO 2 .9 6 9 2 .7 0 7 2 . 660 3 . 540
11 CO 2 .7 0 0 2 .1 6 4 3 .0 8 7 2 . 860 61 UO 3 .1 0 4 3 .6 3 3 2 .7 2 5 2 .9 0 4
12 CO 2 .3 6 0 2 .3 8 7 2 .0 4 6 2 . 646 62 rc 3 .5 1 6 3 .6 4 7 3 .5 4 0 3 .3 6 0
13 UO 2 .4 3 9 2 .3 8 4 2 .3 4 2 2 .5 4 0 63 UO 2 .8 3 8 2 .7 9 7 2 .8 1 3 2 .9 0 7
14 UO 2 .2 3 3 2 . 029 1 .9 6 6 2 .5 8 4 64 IC 3 .3 8 7 3 .7 2 3 3 .5 6 7 2 .8 6 0
15 UO 2 . 8 4 6 3 .1 8 0 2 . 233 3 .1 2 8 65 C O 3 .2 2 9 2 .9 1 3 3 .2 9 9 3 .4 7 7
16 CO 2 .4 8 9 2 .0 4 7 2 .9 8 0 2 .1 8 6 66 C O 3 .1 3 8 2 .6 4 1 3 .5 4 7 3 .0 2 7
17 CO 2 .7 0 5 2 .6 2 2 2 . 627 2 .8 8 5 67 G 3 .2 6 9 3 .6 9 6 2 .7 5 3 3 .3 6 0
18 CO 2 .1 8 4 2 .0 8 7 2 .1 1 3 2 .3 5 3 68 IC 3 .2 3 3 3 .5 1 0 2 .7 2 0 3 .4 6 7
19 IC 2 .7 1 3 2 .0 6 8 3 .1 7 3 2 .8 9 3 69 UO 2 .9 0 8 2 .4 9 3 3 .2 9 3 3 .0 2 8
2 0 IC 2 .8 5 8 3 . 053 2 .3 4 7 3 .1 7 3 7 0 UO 3 .3 6 0 3 . 627 3 . 560 2 .8 9 3
21 IC 2 .4 4 9 2 .1 2 7 3 . 027 2 .2 2 7 71 UO 3 .4 5 2 3 .5 1 2 3 .3 8 7 3 .4 8 0
22 CO 2 .7 4 7 3 .1 0 2 2 .2 1 3 2 .9 2 7 72 IC 2 .6 9 3 2 .7 1 9 2 .4 5 3 2 .9 1 3
23 CO 2 . 642 2 .0 5 3 3 .2 0 7 2 .6 6 7 73 IC 3 .0 4 4 3 .7 0 0 2 .7 9 3 2 . 640
24 CO 2 . 600 2 .3 3 1 2 .8 7 3 2 .6 1 3 74 C IC 3 .1 4 9 3 .6 6 2 2 .5 8 0 3 . 208
25 C O 2 . 993 2 .5 4 0 3 .1 8 7 3 .2 5 3 75 C IC 3 .2 8 3 3 .4 7 7 3 .5 6 7 2 . 807
26 CO 2. 840 3 .5 1 7 2 .4 4 0 2 .5 6 0 76 C O 3 .1 1 0 2 .7 4 8 3 .1 6 0 3 .3 6 9
27 CO 3 .0 9 3 3 .7 0 0 2 .2 4 0 3 .3 4 0 77 IC 3 .0 8 5 3 .0 8 0 3 .2 8 0 2 . 890
28 UO 2 . 820 2 .8 0 7 3 .2 6 0 2 .3 9 3 78 IC 2 .8 9 3 2 .4 3 1 3 .4 0 0 2 .8 6 0
29 UO 2 .4 7 1 3 .0 4 0 2 . 2 8 0 2 .0 9 3 79 IC 2 .8 5 5 2 .9 8 7 2 .4 7 3 3 .1 6 7
3 0 CO 2 .3 9 3 2 .2 0 4 2 .4 4 7 2 .5 4 0 80 C O 2 .5 6 3 2 .5 1 4 2 .5 5 3 2 .6 2 0
31 UO 2 .6 3 6 2 .4 0 3 3 . 213 2 .3 0 0 81 C IC 2 .6 8 0 2 .5 4 0 2 .8 7 3 2 .6 2 7
32 IC 2 .8 2 2 3 .2 7 3 2 .5 7 3 2 .6 2 0 82 IC 2 .4 5 1 2 . 658 2 .2 5 3 2 .4 4 0
33 CO 2 .6 9 8 2 .6 6 7 2 .2 7 3 - 3 .1 5 3 83 C IC 2 .4 6 4 2 .5 2 0 2 .5 0 7 2 .3 6 7
34 IC 2 .9 3 6 2 .8 0 4 3 .3 0 0 2 .7 0 7 84 C O 2 .5 9 3 2 .4 6 7 2 .6 4 0 2 .6 7 3
35 IC 2 .9 9 3 3 .2 0 0 2 . 767 3 . 013 85 C IC 2 .7 8 8 2 .0 6 7 3 .1 5 3 2 .5 1 3
36 IC 2 .6 7 1 2 .4 9 7 2 .7 8 7 2 .7 0 7 86 IC 2 . 220 2 . 225 2 .2 6 7 2 .1 8 7
37 IC 2 .5 8 9 2 .4 1 3 2 .7 7 3 2 .5 2 7 87 IC 2 .0 4 4 1 . 830 2 .0 7 3 2 .1 7 3
38 CO 3 .2 8 4 3 . 669 3 .2 7 3 2 .9 4 0 88 C IC 2 .6 5 3 2 .6 8 0 2 .3 7 3 2 .9 2 0
39 U O 2 .5 1 1 2 .6 6 0 2 .6 3 3 2 .2 4 0 89 C IC 2 .4 4 9 2 .1 6 8 2 .4 7 3 2 .7 0 0
4 0 C O 2 .9 9 6 2 .5 9 7 2 .7 9 3 3 . 593 9 0 C IC 2 .3 7 1 1 . 864 2 .7 3 3 2 .4 7 3
41 C O 2 . 929 2 .6 7 8 3 .2 0 0 2 .9 0 7 91 C IC 2 .1 9 3 2 . 089 2 .2 6 7 2 .1 7 3
42 UO 3 . 073 3 .7 2 0 2 .5 6 1 2 .9 3 3 92 C IC 2 .2 5 3 2 .5 0 3 2 .1 0 7 2 .1 5 3
43 UO 2 .7 0 7 2 .6 8 5 2 .4 7 3 2 .9 4 7 93 C IC 2 .0 0 9 2 .1 0 1 1 .8 8 0 2 . 047
44 UO 3 .4 9 4 3 .8 4 0 3 .8 4 0 2 .7 9 8 94 IC 2 .1 4 9 2 .0 5 3 1 .9 7 3 2 .4 2 0
45 UO 2 . 761 2 .  80 0 2 . 833 2 .6 4 0 95 IC 1 .8 5 8 2 .0 8 5 1 .7 8 0 1 .5 5 3
4 6 IC 2 .5 3 0 2 .8 0 3 2 .1 4 1 2 .6 2 0 96 UO 2 .2 9 8 2 .6 5 3 2 .1 0 7 2 .1 3 3
47 CO 2 .9 9 5 2 .4 6 5 2 . 906 3 .4 8 7 97 C O 1 .8 0 2 2 .2 2 1 1 .2 0 0 1 . 993
48 CO 3 .0 9 1 2 .6 6 0 2 .9 5 3 3 .6 6 0 98 UO 3 .1 6 9 2 .9 2 7 3 .2 5 3 3 .3 2 7
49 C O 2 . 846 3 .6 2 4 2 .4 0 9 2 .4 8 7 99 UO 2 .7 4 0 2 .5 6 7 2 .7 8 0 2 . 873
50 CO 3 .0 5 1 3 .2 8 2 2 .8 6 7 3 .0 0 7
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TABLE 18
MEAN ROUNDNESS FOR A L L  ROCK TYPES BY SIZE GRADE

_ - _
X X X X X X X X

P it D e p o s it A ll S iz e s S iz e  1 S iz e  2 S iz e  3 P i t D e p o s it A ll S iz e s S iz e  1 S iz e  2 S iz e  3
No. T y p e (1 - 1 /2  to ( 1 - 1 /2  to (3 /4  to ( 3 /8  to N o. T y p e ( 1 - 1 /2  to ( 1 - 1 /2  to (3 /4  to ( 3 /8  to

3 /1 6  i n . ) 3 /1 6  i n . ) 3 /8  in . > 3 /1 G  in . > 3 /1 6  i n . ) 3 /1 6  i n . ) 3 /8  i n . ) 3 /1 6  in . )

1 1C .5 6 0 0 .5 4 6 3 .5 7 3 3 . 5593 51 U O . 6251 .6 1 8 2 .6 2 1 3 .6 3 6 0
2 1C .4 5 4 9 ----- .4 6 4 0 .4 4 0 0 52 UO .6 4 5 1 .6 5 3 1 .6 4 6 7  ■ . 6360
3 UO .4 5 9 3 .5 0 5 1 .4 5 0 7 .4 4 8 0 53 CO .6 2 9 6 .6 2 8 8 .6 3 8 0 .6 2 2 0
4 U O .4 3 8 2 .4 7 2 9 .4 3 2 7 .4 0 9 3 54 UO .5 7 4 9 .5 6 9 1 .5 9 2 7 .5 6 2 7
5 CO .4 4 9 8 .4 7 8 7 .4 4 1 3 .4 3 5 3 55 UO .6 3 5 6 .6 4 8 0 .6 3 4 7 .6 2 4 0
6 CO .3 8 2 0 .3 4 5 4 .3 8 0 0 .3 8 8 0 5 6 IC .6 0 0 2 .6 0 0 0 . 6200 . 5807
7 CO .4 3 3 1 .4 4 5 7 .4 5 2 6 .4 0 7 3 57 C O .6 2 3 3 .6 1 9 3 .6 3 0 0 .6 2 0 7
8 IC .4 5 8 4 .4 9 2 8 .4 5 1 3 .4 4 0 7 58 UO . 6000 .6 0 1 3 .6 0 1 3 .5 9 7 3
9 IC .4 9 8 4 .5 1 6 7 .5 1 0 7 .4 8 0 0 59 UO .6 5 6 2 .6 6 5 3 .6 4 5 3 . 6560

10 CO .5 4 4 2 .6 1 1 5 .5 6 6 7 .4 7 8 7 60 CO .6 3 2 9 .6 5 1 3 . 6300 .6 1 6 7
11 CO .5 6 6 9 .5 9 3 8 .5 3 7 3 .5 7 0 6 61 UO . 6286 .6 1 0 0 . 6537 .6 2 0 2
12 CO .5 1 9 2 .4 7 5 8 .5 8 6 7 .4 6 9 3 62 IC .6 1 8 9 .6 3 4 0 .6 1 8 0 . 6047
13 UO .4 9 2 3 .4 2 3 1 .4 7 2 5 .5 1 2 0 63 UO . 6500 .6 5 1 4 . 6580 .6 3 9 3
14 UO .5 4 5 2 .5 4 4 9 .5 6 7 8 .5 2 4 8 64 IC .6 1 1 1 .6 0 0 7 .6 2 2 0 . 6100
15 UO .5 7 4 4 .5 0 3 3 .6 5 0 0 .5 6 9 8 65 CO .6 4 8 4 .6 4 5 3 .6 4 4 9 .6 5 5 0
16 CO .5 3 9 8 .6 1 2 7 .5 4 2 7 . 5966 66 C O .6 5 1 9 .6 5 1 1 .6 6 4 0 .6 4 0 3
17 CO .5 2 0 3 .5 3 0 1 .5 7 2 0 .4 6 1 7 67 G .5 9 5 6 .6 0 7 6 .5 9 8 7 .5 8 2 7
18 CO .5 7 3 3 .5 9 4 0 .5 6 8 0 .5 5 8 0 68 IC .5 7 9 8 .5 6 6 0 .5 9 8 0 .5 7 4 7
19 IC .4 5 7 1 .5 3 8 3 .4 3 8 0 .3 9 6 0 69 UO .5 8 2 4 .5 8 3 8 .5 8 2 0 .5 7 7 8
2 0 IC .4 7 2 9 .4 3 6 0 .5 5 2 0 .4 3 0 7 70 UO .5 9 0 4 .6 0 2 0 .5 7 2 7 .5 9 6 7
21 IC .4 7 7 4 .5 0 7 7 .4 1 9 3 .4 9 4 0 71 UO .5 9 8 2 .6 0 9 5 .6 1 0 0 .5 8 0 7
22 C O .4 5 2 9 .4 2 3 2 .5 3 7 3 .3 9 5 3 72 IC .5 9 1 4 .5 7 7 1 .5 9 5 9 .5 9 6 0
23 CO .5 1 2 4 .5 2 7 3 .4 4 0 7 .5 6 9 3 73 IC .6 2 1 6 .6 1 7 3 .6 4 9 3 .5 9 8 0
24 C O .4 5 3 8 .5 2 5 7 .4 1 1 3 .4 2 0 0 74 C IC .6 2 6 3 .6 6 2 2 .6 0 0 7 .6 1 7 4
25 CO .5 1 4 9 .5 6 2 7 .4 7 9 3 .5 0 2 7 75 CIC .5 5 6 8 .5 4 8 3 .5 4 1 3 .5 8 0 7
26 C O .5 3 3 3 .4 9 9 3 .5 7 0 0 .5 3 2 0 76 CO .5 8 3 6 .6 1 3 4 .6 2 0 7 .5 2 0 1
27 CO .5 1 8 0 .5 2 2 7 .5 7 0 0 .4 6 1 3 77 IC .6 0 5 2 .5 9 6 0 .6 1 4 0 .6 0 5 5
28 UO .5 5 9 8 .5 9 9 3 .5 0 0 0 .5 8 0 0 78 IC .5 3 9 3 .5 6 3 2 .5 1 8 7 .5 4 0 7
29 VO .5 1 0 9 .4 3 6 7 .5 5 2 0 .5 4 4 0 79 IC .5 4 0 3 .5 2 2 5 .5 8 7 3 .5 0 2 7
3 0 CO .5 7 4 4 .5 3 3 3 .5 8 4 0 .6 0 6 0 80 CO .5 7 0 7 .5 5 4 9 .5 7 2 0 .5 8 4 7
31 UO .4 9 4 2 .4 8 9 3 .4 3 1 3 .5 6 2 7 81 C IC .6 0 3 3 .6 1 3 3 .6 1 6 7 .5 8 0 0
32 IC .5 5 1 3 .5 1 2 7 .6 0 4 7 .5 3 6 7 82 IC .5 9 0 7 .5 9 0 4 .6 0 5 3 .5 7 5 3
33 CO .5 3 4 9 .5 7 8 7 .5 7 8 7 .4 4 7 3 83 C IC .5 8 8 0 .5 8 9 3 .5 9 8 0 .5 7 6 7
34 IC .5 3 3 6 .5 9 0 5 .4 7 0 7 .5 3 8 7 84 CO . 5900 .5 9 7 3 .5 8 2 7 .5 9 0 0
35 IC .5 3 7 8 .5 1 4 0 .5 7 0 0 .5 2 9 3 85 CIC .5 2 3 3 .5 4 6 7 .4 8 5 3 .5 5 5 3
36 IC .5 4 2 0 .6 0 4 0 .5 2 0 0 .5 0 0 7 86 IC .5 3 9 0 .5 6 1 3 .5 3 5 3 .5 2 4 7
37 IC .5 5 8 9 .5 8 4 6 .5 4 9 3 .5 5 0 7 87 IC .5 5 0 7 .5 6 5 3 .5 4 0 0 .5 4 6 7
38 CO .5 5 9 1 .6 1 3 7 .5 5 8 7 .5 1 6 7 88 CIC .5 8 4 0 .5 7 7 6 .5 7 0 7 .6 0 4 7
39 U O .6 0 8 2 .6 2 2 0 .6 3 1 3 .5 7 1 3 89 CIC .5 8 2 4 .5 9 5 4 .5 6 1 3 .5 8 4 7
40 C O .6 6 4 2 .6 8 5 2 .6 8 6 0 ,6 2 0 7 90 C IC .5 7 0 8 .5 5 5 1 .5 7 8 0 .5 7 9 3
41 CO .6 4 9 1 .6 7 3 2 .6 3 1 3 .6 4 3 3 91 CIC .5 8 7 1 .5 6 9 2 .5 8 0 7 .6 1 2 7
42 U O .6 6 2 0 .6 3 2 7 .6 7 8 0 .6 7 5 3 92 CIC .5 7 0 0 .5 4 6 3 .5 8 3 3 .5 8 0 7
43 U O .6 5 9 1 .6 4 3 8 .6 7 2 7 .6 6 0 0 93 CIC .5 7 0 9 .5 7 2 5 .5 7 0 0 .5 7 0 0
44 U O ,6 5 1 7 .6 4 2 7 .6 5 5 3 .6 5 7 0 94 IC .5 6 8 2 .5 8 2 7 .5 4 6 7 .5 7 5 3
45 UO .6 2 2 3 .6 0 0 0 .6 1 7 3 .6 3 1 3 95 IC .5 4 6 9 .5 8 8 4 .5 4 8 0 .5 0 3 3
46 IC .6 0 3 8 .6 1 4 3 .6 0 8 7 .5 8 8 7 96 UO .5 9 1 8 .6 2 4 7 .5 7 3 3 .5 7 7 3
47 CO .6 2 1 3 .6 3 6 5 .6 2 0 8 .6 1 3 3 97 CO .5 3 0 2 .5 5 3 0 .5 1 4 0 .5 2 4 7
48 CO .6 4 1 4 .6 4 9 3 .6 3 6 9 .6 3 8 0 98 UO .6 4 5 6 . 6560 .6 4 5 3 .6 3 5 3
49 C O .6 3 5 0 .6 4 5 6 .6 3 0 2 .6 3 0 0 99 UO .6 1 9 3 .6 2 0 0 .6 3 0 7 .6 0 7 3
50 CO .6 3 8 5 .6 3 0 9 .6 3 7 3 .6 4 7 3
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TABLE 20 
MEAN ABSORPTION

m t
No.

D ep o sit
T ype

X
S ize  1 

(1 -1 /2  to  
3 /1 6  I n .)

P it
No.

D ep o s it
T y p e

X 
S ize  1 

(1 -1 /2  to  
3 /1 6  i n . )

1 IC 1 .3 8 9 51 UO 2 .2 5 2
2 IC ----- 52 UO 1 .7 4 2
3 UO 1. 843 53 CO 1 .5 5 9
4 UO 1 .7 6 6 54 UO 3 .9 4 4
5 CO 2 .0 0 3 55 UO 2 .2 8 1
6 CO 1 .1 9 3 56 IC 1 .8 0 2
7 CO 1 .2 0 2 57 CO 2 .7 4 0
8 IC 1 .5 7 8 58 UO 3 .5 6 9
9 IC 2 .291 59 UO 2 .2 2 0

10 CO 2 .2 1 0 60 CO 2 .2 0 9
11 CO 1 .9 9 4 61 UO 3 .4 9 2
12 CO 4 .9 5 7 62 IC 2 .4 4 6
13 UO 3 .9 1 7 63 UO 2 .5 5 4
14 UO 2 .6 4 2 64 IC 3 .6 8 4
15 UO 1 .5 5 4 65 CO 2 .7 9 3
16 CO 3. 178 66 CO 2. 649
17 CO 1 .7 7 6 67 G 3 .9 2 2
18 CO 1 .6 5 8 68 IC 3. 638
19 IC 2 .3 3 7 69 UO 3. 804
20 IC 1. 122 70 UO 3 .5 0 5
21 IC 1 .4 1 2 71 UO 3 .1 0 3
22 CO 1 .5 9 5 72 IC 3 .1 3 6
23 CO 1. 809 73 IC 3 .1 3 5
24 CO 2 .3 0 2 74 CIC 2 .4 6 3
25 CO 1 .3 2 5 75 CIC 3 .5 1 0
26 CO 1 .5 5 3 76 CO 2 .4 2 2
27 CO 1 .6 1 0 77 IC 1 .9 0 3
28 UO .6 8 6 78 IC 3 .3 5 3
29 UO 2. 055 79 IC 4 .2 1 0
30 CO 1 .5 2 7 80 CO 2 .4 2 2
31 UO 2 .7 7 2 81 CIC 1 .7 1 8
32 IC 1 .4 0 5 82 IC 1. 884
33 CO 1 .1 8 7 83 CIC 1 .4 9 9
34 IC 1 .8 8 2 84 CO 1 .4 8 2
35 IC 1 .7 2 0 85 C IC 3 .6 5 3
36 IC 3 .1 0 4 86 IC 1 .8 8 0
37 IC 2 .3 6 5 87 IC 4 . 631
38 CO 1 .7 0 8 88 C IC 1 .5 2 7
39 UO 1 .9 2 4 89 CIC 1 .4 9 2
40 CO 1 .6 4 9 90 CIC 2. 233
41 CO 1 .4 2 5 91 CIC 1. 878
42 UO 1 .2 7 1 92 CIC 2 .3 8 6
43 UO 1 .5 6 5 93 CIC 1 1 .4 5 6
44 UO 1 .7 2 3 94 IC 4 .3 9 1
45 UO 4 .8 4 9 95 IC 1 .2 8 6
46 IC 2 .3 4 4 96 UO 1 .1 6 9
47 CO 2 .2 4 8 • 97 C O 1 .6 8 8 8
48 CO 1 .8 9 4 98 UO 1 .1 3 2
49 CO 1 .9 0 8 99 UO 1. 884
50 CO 1 .9 0 5

TABLE 21 
MEAN SPECIFIC GRAVITY

P it
No.

D e p o s it
T y p e

X 
S ize  1 

(1 - 1 /2  to  
3 /1 6  I n . )

P it
No.

D ep o sit
T ype

X 
S iz e  1 

(1 -1 /2  to  
3 /1 6  in . )

1 IC 2 .6 8 5 51 UO 2. 816
2 IC ----- 52 UO 2. 617
3 UO 2. 669 53 CO 2 . 658
4 UO 2. 666 54 UO 2. 537
4 CO 2 .6 3 7 55 UO 2. 605
6 CO 2 .6 7 2 56 IC 2. 558
7 CO 2 .6 8 9 57 CO 2 .5 3 5
8 IC 2 .6 7 4 58 UO 2 .3 7 0
9 IC 2 . 650 59 UO 2 .5 7 7

10 CO 2 .6 9 0 60 CO 2. 588
11 CO 2 .5 8 9 61 UO 2 .5 3 9
12 CO 2 .4 5 0 62 IC 2. 625
13 UO 2 .4 0 1 63 UO 2 .5 4 3
14 UO 2 .541 64 IC 2 .5 0 7
15 UO 2. 631 65 CO 2 .5 3 3
16 CO 2 .5 0 0 66 CO 2. 549
17 CO 2 .6 3 0 67 G 2 .5 3 9
18 CO 2. 614 68 IC 2 .5 4 2
19 IC 2 .5 8 4 69 UO 2 .4 6 9
20 IC 2 .7 0 0 70 UO 2 .5 4 9
21 IC 2 . 653 71 UO 2 .5 3 2
22 CO 2 .6 3 6 72 IC 2 .4 7 2
23 CO 2 .6 2 8 73 IC 2 .5 3 4
24 CO 2 .5 7 3 74 CIC 2 .5 6 7
25 CO 2 .6 5 1 75 CIC 2 .511
26 CO 2 .6 6 6 76 CO 2 .5 7 2
27 CO 2 .6 9 5 77 IC 2 .6 1 8
28 UO 2 .7 0 0 78 IC 2 .5 0 3
29 UO 2 .5 5 8 79 IC 2 .3 6 3
30 CO 2 . 638 80 CO 2 .6 4 7
31 UO 2 .6 1 5 81 CIC 2 . 623
32 IC 2 .6 7 4 82 IC 2 .6 2 8
33 CO 2 .6 8 6 83 CIC 2 . 639
34 IC 2 .6 8 5 84 CO 2. 626
35 IC 2.C S0 85 CIC 2 .4 8 7
36 IC 2 .5 8 2 86 IC 2 .6 1 7
37 IC 2 .5 9 8 87 IC 2 .3 8 4
38 CO 2 .6 4 3 88 CIC 2 .6 6 2
39 UO 2 . 687 89 CIC 2 .6 3 3
40 CO 2. 653 90 CIC 2 .6 2 7
41 CO 2 .6 5 0 91 CIC 2 .6 0 0
42 UO 2 .6 1 4 92 CIC 2 .7 3 3
43 UO 2 .601 93 CIC 2 . 651
44 UO 2 .5 9 2 94 IC 2 .5 6 7
45 UO 2 .3 7 5 95 IC 2 .6 5 4
46 IC 2 .5 7 1 96 UO 2 . 633
47 CO 2 .5 4 8 97 CO 2 .594
48 CO 2 .6 1 3 98 UO 2. 665
44 CO 2. 590 99 UO 2 .6 2 0
50 CO 2. 591


