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Abstract:
The purpose of this study was to develop an obsidian hydration dating technique that could be applied
to naturally worked sediments. Two field settings were chosen. The first setting is a group of five
post-glacial fluvial terraces cut into an obsidian-rich outwash plain near West Yellowstone, MT. The
second field setting is a group of five raised and deformed Holocene lakeshores near Breeze Point on
Yellowstone Lake, WY. Results from the terraces imply that grains are only partially reworked, so that
each grain can potentialIy record several events. The dominant reworking mechanism in the fluvial
environment is fracturing as opposed to abrasion. All of the terraces were cut in a shorter period of time
than the technique can discern. Using the calibration curve from Pierce and others (1976) and a
hydration value of 6.5 ±0.5 microns, an age of 20±3 ka is obtained for the terraces. An alternate method
using hydration rate constants for the Obsidian Cliff flow (Michels, 1985), an effective hydration
temperature (EHT) of 1.4 °C and a rind value of 6.5 ± 0.5 microns yields an age of 15,520 + 2480
-2300 yrs. Both of these ages are older than those calculated by Nash (1984) for the same terraces.
However, if the calibration I^C date of 7,100 ± 50 yrs B.P. used by Nash (1984) is too young, his
calculated terrace ages are also too young.

Results from the Holocene lakeshores imply coastal processes do not serve as an effective mechanism
to fracture obsidian gravel. All of the shorelines possess a dominant rind signal at about 5.5 ± 0.5
microns. Hydration rate constants for the Obsidian Cliff flow (Michels, 1985) were used instead of
constants calculated for the Aster Creek flow (Michels, 1988), which forms the local bedrock in the
area, because the latter are thought to be in error. Using Obsidian Cliff constants, an EHT of 1.0 °C and
a rind value of 5.5 ± 0.5 microns, the shorelines yield an age of 12,270 +2330 -2130 yrs. Considering
that all dated postglacial shorelines in the Yellowstone Lake basin are younger than about 9 ka, it is
concluded that the rind signal associated with the shorelines probably dates from latest Pinedale time.

All of the terraces and shorelines have rinds that are thicker than those used to date these features. It is
hypothesized that these older peaks may date from reworking by Eowisconsin glaciers, Bull Lake
glaciers and hydration dating from original cooling cracks, in order of increasing thickness and age.

Hydration rate is dependent on temperature and the chemistry of the glass. Because chemistry varies
within and between flows, rate would also be expected to vary. Much of the observed spread in rind
thicknesses is probably due to natural variation in hydration rate. Therefore, it is not appropriate to use
a single set of hydration rate constants determined from a single sample to calculate ages for artifacts
and geological samples without recognizing this limitation. 
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ABSTRACT

The p u rp o se  o f t h i s  s tu d y  was to  d e v e lo p  an o b s id ia n  h y d r a t io n  
d a t in g  te c h n iq u e  t h a t  c o u ld  be a p p l i e d  t o  n a t u r a l l y  w orked  s e d im e n ts . 
Two f i e l d  s e t t i n g s  w ere  c h o se n . The f i r s t  s e t t i n g  i s  a  g roup  o f  f i v e  
p o s t - g l a c i a l  f l u v i a l  t e r r a c e s  c u t  i n t o  an  o b s i d i a n - r i c h  outw ash  p l a i n  
n e a r  W est Y e llo w s to n e , MT. The seco n d  f i e l d  s e t t i n g  i s  a g roup o f  f i v e  
r a i s e d  and defo rm ed  H olocene  la k e s h o r e s  n e a r  B reeze  P o in t  on Y e llo w sto n e  
L ak e , WY„ R e s u l ts  from  th e  t e r r a c e s  im ply  t h a t  g r a in s  a r e  ,only p a r t i a l l y  
rew o rk ed , so  t h a t  each  g r a in  can  p o t e n t i a l Iy  r e c o rd  s e v e r a l  e v e n ts .  The 
dom inan t re w o rk in g  m echanism  i n  th e  f l u v i a l  e n v iro n m e n t i s  f r a c t u r i n g  a s  
opposed  t o  a b r a s io n .  A ll  o f th e  t e r r a c e s  w ere  c u t  i n  a s h o r t e r  p e r io d  o f  
tim e  th a n  th e  te c h n iq u e  can d i s c e r n .  U sin g  th e  c a l i b r a t i o n  cu rv e  from  
P ie r c e  and o th e r s  (1976) and a h y d r a t io n  v a lu e  o f 6 .5  + 0 . 5  m ic ro n s , an 
age o f 20 + 3 k a  i s  o b ta in e d  f o r  th e  t e r r a c e s .  An a l t e r n a t e  m ethod u s in g  
h y d r a t io n  r a t e  c o n s ta n t s  f o r  th e  O b s id ia n  C l i f f  flow  (M ic h e ls , 1 9 8 5 ) , an 
e f f e c t i v e  h y d r a t io n  te m p e ra tu re  (EHT) o f  1 .4  ° c  and a  r in d  v a lu e  o f 6 .5  
+ 0 .5  m ic ro n s  y i e l d s  an  age o f 1 5 ,5 2 0  + 2480 -2 3 0 0  y r s .  B oth  o f th e s e  
a g e s  a r e  o l d e r  t h a n  t h o s e  c a l c u l a t e d  by Nash (1984) f o r  th e  same 
t e r r a c e s .  How ever, i f  th e  c a l i b r a t i o n  d a te  o f 7 ,1 0 0  + 50 y r s  B .P . 
u sed  by Nash (1984) i s  to o  young , h i s  c a l c u l a t e d  t e r r a c e  ag es  a r e  a l s o  
to o  young .

R e s u l ts  from  th e  H o locene  la k e s h o r e s  im ply  c o a s t a l  p r o c e s s e s  do n o t  
s e rv e  as  an e f f e c t i v e  m echanism  to  f r a c t u r e  o b s id ia n  g r a v e l .  A ll o f th e  
s h o r e l in e s  p o s s e s s  a dom inan t r in d  s ig n a l  a t  a b o u t 5 .5  + 0 .5  m ic ro n s . 
H y d ra tio n  r a t e  c o n s ta n t s  f o r  th e  O b s id ia n  C l i f f  f lo w  (M ic h e ls , 1985) 
w e re  u s e d  i n s t e a d  o f c o n s ta n t s  c a l c u l a t e d  f o r  th e  A s te r  C reek f lo w  
(M ic h e ls , 1 9 8 8 ) , w h ic h  form s th e  l o c a l  b e d ro c k  i n  th e  a r e a ,  b e c a u se  th e  
l a t t e r  a r e  th o u g h t to  be i n  e r r o r .  U sin g  O b s id ia n  C l i f f  c o n s ta n t s ,  an  
EHT o f  1 .0  °C and a r i n d  v a lu e  o f 5 .5  + 0 .5  m ic ro n s , th e  s h o r e l in e s  
y i e l d  an  age o f  1 2 ,2 7 0  +2330 -2 1 3 0  y r s .  C o n s id e r in g  t h a t  a l l  d a te d  p o s t ­
g l a c i a l  s h o r e l in e s  i n  th e  Y e llo w s to n e  Lake b a s in  a r e  y o u n g e r th a n  a b o u t 
9 k a ,  i t  i s  c o n c lu d e d  t h a t  th e  r i n d  s ig n a l  a s s o c i a t e d  w i th  th e  s h o re ­
l i n e s  p ro b a b ly  d a te s  from  l a t e s t  P in e d a le  t im e .

A ll  o f  th e  t e r r a c e s  and s h o r e l in e s  have  r in d s  t h a t  a r e  t h i c k e r  th a n  
th o s e  u se d  to  d a te  th e s e  f e a t u r e s .  I t  i s  h y p o th e s iz e d  t h a t  th e s e  o l d e r  
p eaks may d a te  from  rew o rk in g  by E o w isc o n s in  g l a c i e r s .  B u ll  Lake g l a ­
c i e r s  and h y d r a t io n  d a t in g  from  o r i g i n a l  c o o lin g  c r a c k s ,  i n  o r d e r  o f 
i n c r e a s i n g  th ic k n e s s  and a g e .

H y d ra tio n  r a t e  i s  d ep e n d en t on te m p e ra tu re  and th e  c h e m is try  o f  th e  
g l a s s .  B ecause  c h e m is try  v a r i e s . w i t h in  and be tw een  f lo w s , r a t e  w ou ld  
a l s o  be e x p e c te d  to  v a r y .  Much o f th e  o b se rv e d  s p re a d  i n  r in d  t h i c k ­
n e s s e s  i s  p ro b a b ly  due to  n a tu r a l  v a r i a t i o n  in  h y d r a t io n  r a t e .  T h e re ­
f o r e ,  i t  i s  n o t  a p p r o p r i a t e  t o  u se  a s in g l e  s e t  o f  h y d r a t io n  r a t e  
c o n s ta n ts  d e te rm in e d  from  a s in g l e  sam ple to  c a l c u l a t e  a g e s  f o r  a r t i ­
f a c t s  and g e o lo g ic a l  sam p les  w i th o u t  r e c o g n iz in g  t h i s  l i m i t a t i o n .
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INTRODUCTION 

The Problem

Numerous m ethods have been  d e v e lo p e d  and u sed  t o  d a te  Q u a te rn a ry  

d e p o s i t s  and e v e n ts ,  in c lu d in g  d a t in g  (T erasm ae , 1 9 8 4 ) , d e n d ro c h ro n ­

o lo g y  ( P a rk e r  and o t h e r s ,  1 9 8 4 ), s o i l  d eve lopm en t ( B irk e la n d ,  1 9 8 4 ) , 

am ino a c id  r a c e m iz a t io n  (W eh m ille r , 1 9 8 4 ) , h o rn b le n d e  e tc h in g  (L ocke, 

1979; H a l l  and H e in y , 1983). and o b s id ia n  h y d r a t io n  d a t in g  ( P ie r c e  and 

o t h e r s ,  1 9 7 6 ;  F rie d m a n  and O b ra d o v ic h , 1 9 8 1 ) . A l l  o f th e s e  m ethods 

a t te m p t  to  m easu re  a  c e r t a i n  p r o p e r ty  o r  c o n d i t io n  t h a t  changes p r o g re s ­

s iv e l y  w i th  t im e . How ever, g iv e n  th e  v a r i e t y  and c o m p le x ity  o f  f i e l d  

s i t u a t i o n s  f a c e d  by Q u a te rn a ry  r e s e a r c h e r s ,  few m ethods can be a p p l i e d  

i n  any  g i v e n  l o c a t i o n .  T h e r e f o r e ,  d a t in g  te c h n iq u e s  chosen  by th e  

r e s e a r c h e r  a r e  d i c t a t e d  l a r g e l y  by f i e l d  c o n s t r a i n t s .

In  th e  Y e llo w s to n e  r e g io n  t h e r e  a r e  a b u n d a n t r h y o l i t i c  o b s id ia n  

l a v a  f lo w s  ( C h r i s t i a n s e n  and B la n k , 1972) w h ich  p ro v id e  many o p p o r ­

t u n i t i e s  to  u t i l i z e  th e  o b s id ia n  h y d r a t io n  d a t in g  te c h n iq u e  f o r  Q u a te r ­

n a ry  s t u d i e s .  F o r. exam p le . P ie r c e  a n d  o t h e r s  (1 9 7 6 )  u s e d  o b s i d i a n  

h y d r a t io n  d a t in g  te c h n iq u e s  to  d a te  g l a c i a l  e v e n ts  n e a r  W est Y ellow ­

s to n e ,  MT. In  t h i s  r e g io n ,  and i n  o th e r  a r e a s  w here o b s id ia n  i s  fo u n d , 

o b s id ia n  h y d r a t io n  h as  a l s o  b een  u se d  t o  d a te  v o lc a n ic  e v e n ts  (F ried m an , 

1968; F riedm an  and O b ra d o v ic h , 1981) and f l u v i a l  t e r r a c e s  (L undstrom , 

1986) in  a d d i t i o n  t o  th e  more common usage  f o r  a r c h e o lo g ic a l  a p p l i c a ­

t i o n s  (F riedm an  and S m ith , 1960; d a r k ,  1964; M e ig h a n , 1 983 ) . T h is
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te c h n iq u e  h as  th e  a d v a n ta g e  o f  b e in g  low  c o s t  and r e l a t i v e l y  s t r a i g h t ­

fo rw a rd  to  p e rfo rm . How ever, th e  te c h n iq u e  i s  l i m i t e d  t o  th e  e x te n t  t h a t  

t h e r e  m ust be o b s id ia n  p r e s e n t  i n  s u f f i c i e n t  q u a n t i t i e s  and i n  a p p ro ­

p r i a t e  f i e l d  s i t u a t i o n s .  The p u rp o se  o f t h i s  s tu d y  i s  t o  d e v e lo p  a 

m ethodo logy  t h a t  can  be u sed  t o  d a te  Q u a te rn a ry  la n d fo rm s  t h a t  c o n ta in  

n a t u r a l l y  w orked o b s id ia n .

T h is  s tu d y  f o c u s e s  on o b s id ia n  n a t u r a l l y  rew o rk ed  i n  two d e p o s i -  

t i o n a l  s e t t i n g s ,  th e  f i r s t  o f  w h ich  i s  a f l i g h t  o f  f l u v i a l  t e r r a c e s  n e a r  

W est Y e llo w s to n e , MT. T hese t e r r a c e s  w ere  form ed by p r o g r e s s iv e  dow ncut­

t i n g  o f th e  M adison R iv e r  th ro u g h  an  o b s i d i a n - r i c h  ou tw ash  p l a i n  i n  

p o s t - P in e d a l e  tim e  (N ash, 1 9 8 4 ) . T h is  i s  an i d e a l  s i t e  a t  w h ich  to  a p p ly  

o b s id ia n  h y d r a t io n  d a t in g  to  f l u v i a l  t e r r a c e s  b e c a u se  th e  same t e r r a c e s  

w ere  d a te d  by and th e  s c a rp  d e g ra d a t io n  m ethod (N ash , 1 9 8 4 ), th u s  

a l lo w in g  an  in d e p e n d e n t ch eck  a g a in s t  th e  ag es  o b ta in e d  i n  t h i s  s tu d y .

The seco n d  s e t t i n g  i s  a  g roup  o f  r a i s e d  and defo rm ed  s h o r e l in e s  

n e a r  B re e ze  P o in t  a t  Y e llo w sto n e  L ak e , WY. T hese s h o r e l in e s  a r e  a l s o  

p o s t - P in e d a l e  in  age and have  p ro b a b ly  been  r a i s e d  r e l a t i v e  t c  l a k e  

l e v e l  and deform ed by a  com plex i n t e r a c t i o n  o f  v o l c a n o - te c to n i c s  and 

d o w n c u ttin g  a t  th e  o u t l e t  o f Y e llo w s to n e  Lake (M eyer and L ocke , 1 9 8 6 ) . 

The s u c c e s s f u l  deve lopm en t o f  a  m ethodo logy  t o  d a te  t h e s e  s h o r e l in e s  

s h o u ld  p ro v id e  a  means t o  d e te rm in e  r e c e n t  r a t e s  o f d e fo rm a tio n  i n  th e  

Y e llo w s to n e  C a ld e ra .

The f l u v i a l  t e r r a c e s  w ere  d e l i b e r a t e l y  ch o sen  f i r s t  b e c a u se  su ch  

s u r f a c e s  p ro v id e  an unam biguous e v e n t s t r a t i g r a p h y  w i th  th e  u pperm ost 

t e r r a c e  b e in g  th e  o l d e s t  (Thompson and J o n e s ,  1986) . T h is  a s su m p tio n  

a llo w e d  f o r  th e  deve lopm en t o f  th e  te c h n iq u e  and i n t e r p r e t a t i o n  o f th e
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r e s u l t s  w i th o u t  t a k in g  i n t o  a c c o u n t  t h e  p o s s i b i l i t y  t h a t  th e  h ig h e s t  

s u r f a c e  may n o t  b e  t h e  o l d e s t .

C on tem porary  u p l i f t  d a ta  r e p o r te d  by  D z u r is in  and  x a m a sh ita  (1987) 

f o r  t h e  Y e llo w s to n e  Lake a r e a  i n d i c a t e  t h a t  some a r e a s  o f  u p l i f t  h av e  

r e v e r s e d  t o  s u b s id e n c e .  I n  a d d i t i o n ,  B a i ly  (1984) and  H am ilto n  (1985) 

h av e  docum ented  subm erged  s h o r e l in e s  w h ich  a l s o  i n d i c a t e  s u b s i d e n c e . 

B o th  o f  t h e s e  l i n e s  o f  e v id e n c e  l e a d  t o  th e  c o n c lu s io n  t h a t  t h e  s h o re ­

l i n e s  a ro u n d  Y e llo w s to n e  Lake c a n n o t b e  assum ed t o  b e  i n  a  r e l a t i v e  

se q u e n c e  w i th  t h e  u p p e rm o st s h o r e l in e  b e in g  th e  o l d e s t .

a

P re v io u s  Work

Ross and S m ith  (1955) f i r s t  n o te d  t h a t  s u r f a c e s  on  w e a th e r e d  

o b s id ia n  had u n d e rg o n e  a  c h e m ic a l  and p h y s ic a l  ch ange  known a s  h y d ra ­

t i o n .  H y d ra tio n  i s  t h e  i n ta k e  o f  w a te r ,  w h ich  c a u s e s  a n  i n c r e a s e  i n  

d e n s i t y  and  r e f r a c t i v e  in d e x  i n  a d d i t i o n  t o  c a u s in g  t h e  h y d ra te d  l a y e r  

t o  becom e m e c h a n ic a l ly  s t r a i n e d  (R oss and S m ith , 1 9 5 5 ) . The d i f f e r e n c e  

b e tw e e n  th e  r e f r a c t i v e  i n d i c e s  o f  t h e  h y d r a te d  and nonhydr a t e d  p o r t i o n s  

o f  t h e  o b s id ia n  and  th e  in c r e a s e d  b i r e f r i n g e n c e  due t o  m e c h a n ic a l s t r a i n  

m ake t h e  h y d r a te d  l a y e r  e a s i l y  v i s i b l e  w i th  a  s ta n d a r d  p e t r o g r a p h ic  

m ic ro s c o p e  (F ried m an  and  S m ith , 1 9 6 0 ) .

F u r th e r  s tu d y  b y  F ried m an  and S m ith  (1960) d e te rm in e d  t h a t  h y d r a -  

/ t i o n  o c c u rs  u n d e r  n o rm al a tm o s p h e r ic  c o n d i t io n s  and t h a t  r a t e  i s  l a r g e l y

d e p e n d e n t  u p o n  t e m p e r a t u r e  a n d  c h e m ic a l  c o m p o s i tio n  o f  th e  g l a s s .  

T h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  know  b o t h  t h e  t e m p e r a t u r e  a t  w h ic h  

h y d r a t io n  o c c u r r e d  and  th e  c o m p o s i t io n  o f  t h e  g l a s s  i n  o r d e r  t o  a c ­

c u r a t e l y  d e te rm in e  t im e  e la p s e d  s in c e  h y d r a t io n  b e g a n . The c o m p o s i tio n
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o f  a g iv en  sam ple can  be d e te rm in e d  by s ta n d a r d  a n a l y t i c a l  te c h n iq u e s ^  

b u t  th e  e f f e c t i v e  h y d r a t io n  te m p e ra tu re  m ust be e s t im a te d  i f  h y d r a t io n  

h as  sp an n ed  a c o n s id e r a b le  amount o f  t im e , g iv e n  t h e  e v id e n c e  f o r  

Q u a te rn a ry  c l i m a t i c  change (S h a c k le to n  and Opdyke, 1 9 7 3 ) .

F riedm an  and L ong  (1 9 7 6 )  e x p e r i m e n t e d  w i t h  s e v e r a l  t y p e s  o f  

o b s id ia n  h e ld  a t  v a r io u s  te m p e ra tu re s  f o r  d i f f e r e n t  l e n g th s  o f tim e  t o  

d e te rm in e  th e  A r rh e n iu s  e q u a t io n  r e l a t i n g  h y d r a t io n  r a t e  t o  te m p e ra tu re .  

T h is  e q u a t io n  ta k e s  th e  f o l lo w in g  fo rm :

k  = Ab- e Zrt

w here  k  i s  th e  h y d r a t io n  r a t e  (m ic ro n s  s q u a re d  p e r  IO^ y e a r s ) ,  A i s  a 

c o n s ta n t ,  E i s  th e  a c t i v a t i o n  e n e rg y  o f th e  h y d r a t io n  p ro c e s s  ( c a l o r i e s  

p e r  m o le ) , R i s  th e  gas c o n s ta n t  ( c a l o r i e s  p e r  d e g re e  p e r  m o le ) , and T 

i s  a b s o lu te  te m p e ra tu re  ( K e lv in s ) .  R a te  i s  e x p re s s e d  a s  m ic ro n s  s q u a re d  

p e r  IO^ y e a r s  b e c a u se  h y d r a t io n  p l o t t e d  a g a in s t  te m p e ra tu re  fo llo w s  a 

lo g a r i th m ic  c u rv e . F riedm an  and Long (1976) a l s o  d e te rm in e d  ttie  r e l a ­

t i o n s h i p s  b e tw een  s i l i c a  c o n te n t ,  r e f r a c t i v e  in d e x  and  h y d r a t io n  r a t e .  

Thus, i f  th e  te m p e ra tu re  t o  w h ich  an  o b s id ia n  sam ple h a s  been  ex p o sed  

and i t s  ch e m ica l c o m p o s itio n  o r  r e f r a c t i v e  in d e x  a r e  known, th e  r a t e  o f 

h y d r a t io n  can  be c a l c u l a t e d .  F riedm an  and Long (1976) c o n c lu d e d  t h a t  i f  

I )  th e  e f f e c t i v e  h y d r a t io n  te m p e ra tu re  o f a sam ple  i s  d e te rm in e d  by 

d i r e c t  m easu rem en t o r  by e s t im a t io n  th ro u g h  c l i m a t i c  r e c o r d s  and 2) th e  

h y d r a t i o n  r a t e  i s  d e te r m in e d  e m p i r i c a l l y  o r  c a l c u l a t e d  from  s i l i c a  

c o n te n t ,  r e f r a c t i v e  in d e x , o r  c h e m ica l in d e x  th e n  n u m e r ic a l  d a t in g  t o  + 

10 % a c c u ra c y  i s  p o s s ib l e .  T h is  p r i n c i p l e  h a s  been  a p p l i e d  to  n a t u r a l l y  

rew orked  o b s id ia n  i n  s e v e r a l  s t u d i e s  i n  th e  Y e llo w s to n e  r e g io n .

P i e r c e  and o t h e r s  (1976) r e l a t e d  t h e  t h i c k n e s s  o f  h y d r a t i o n  r i n d s
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on p e b b le s  i n  t i l l  t o  g l a c i a l  e v e n ts  n e a r  W est Y e llo w s to n e , MT, The 

m easu red  r in d s  f e l l  i n t o  f i v e  d i s t i n c t  g ro u p s w i th  th e  t h i n n e s t  (young­

e s t )  r in d s  a s s o c i a te d  w i th  P in e d a le  d e g la c ia l  d e p o s i t s  and th e  t h i c k e r  

( o ld e r )  r in d s  w i th  P in e d a le  te r m in a l  m o ra in e s , . c o o l in g  c ra c k s  on th e  

W est Y e llo w s to n e  f lo w . B u l l  Lake te r m in a l  m o ra in e s  and c o o l in g  c ra c k s  on 

t h e  O b s i d ia n  C l i f f  f lo w , i n  o r d e r  o f i n c r e a s i n g  th i c k n e s s .  The two 

g ro u p s  o f  r in d s  a s s o c i a te d  w i th  o r i g i n a l  c o o lin g  c ra c k s  w ere  c a l i b r a t e d  

a g a in s t  K-Ar ages  f o r  th e  W est Y e llo w s to n e  and O b s id ia n  C l i f f  f lo w s to  

y i e l d  a p p ro x im a te  a g e s  f o r  th e  g l a c i a l  e v e n ts  by i n t e r p o l a t i o n .

F riedm an  and O b rad o v ich  (1981) d a te d  v o lc a n ic  e v e n ts  a t  s e v e r a l  

l o c a l i t i e s  i n  th e  w e s te r n  U .S . u s in g  o b s id ia n  h y d r a t io n  d a t in g  t e c h ­

n iq u e s .  The a g e s  f o r  th e s e  e v e n ts  ran g e  from  12 k a  t o  o v e r  I Ma and th e  

h y d r a t io n  d a te s  w ere  com pared w i th  ag es  o b ta in e d  th ro u g h  I ^ c  and K-Ar 

m eth o d s . In  m ost c a s e s  th e  ag reem en t be tw een  th e  two a g e s  was "good" (+ 

20 %), th u s  e s t a b l i s h i n g  th e  r e l i a b i l i t y  o f th e  o b s i d i a n  h y d r a t i o n  

d a t in g  m ethod f o r  v o lc a n ic  e v e n ts .

More s p e c i f i c a l l y ,  F riedm an  and O b rad o v ich  (1981) c o n d u c te d  p a r t  o f 

t h e i r  r e s e a r c h  i n  Y e llo w sto n e  P a rk , WY. A ll  o f th e  o b s id ia n  u sed  f o r  

h y d r a t io n  d a t in g  w as s i m i l a r  i n  ch e m ica l c o m p o s itio n  t o  th e  O b s id ia n  

C l i f f  sam p les u se d  f o r  e x p e r im e n ta l  d e te r m in a t io n  o f  h y d r a t io n  r a t e .  A 

te m p e ra tu re  o f - 1 °  C was used  f o r  th e  g l a c i a l  te m p e ra tu re  b e c au se  m ost 

o f th e  s i t e s  w ere  c o v e re d  by a  l a r g e  te m p e ra te  i c e  s h e e t  ( P ie r c e ,  1 9 7 9 ). 

P r e s e n t  day te m p e ra tu re s  w ere  d e te rm in e d  u s in g  th e  P a llm an n  te c h n iq u e  of 

te m p e ra tu re  i n t e g r a t i o n  (F riedm an  and  Norman, 1 9 8 1 ). H y d ra tio n  r in d  a g e s  

w ere  p l o t t e d  w i th  + 20 % u n c e r t a in ty  o f  th e  age w h i le  th e  K-Ar ages  w ere  

p l o t t e d  w i th  t h e i r  p u b l is h e d  u n c e r t a i n t i e s .  As i n  o th e r  r e g io n s  o f th e
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p l o t t e d  w i th  t h e i r  p u b l is h e d  u n c e r t a i n t i e s .  As i n  o t h e r  r e g io n s  o f  th e  

w e s t e r n  U .S . w h e re  F r ie d m a n  a n d  O b ra d o v ic h  (1981) c o n d u c te d  t h e i r  

r e s e a r c h ,  th e  a g re e m e n t b e tw e en  th e  a g e s  o b ta in e d  th ro u g h  K-Ar d a t in g  

and  o b s id i a n  h y d r a t io n  d a t in g  was g o o d .

L undstrom  (1986) r e l a t e d  th e  t h ic k n e s s  o f  h y d r a t io n  r i n d s  t o  a 

g ro u p  o f  f l u v i a l  t e r r a c e s  a lo n g  th e  M adison R iv e r  b e lo w  Quake Lake i n  

s o u th w e s t  M ontana. The m eth o d o lo g y  was n o t  c l e a r l y  s t a t e d  n o r  w ere  t h e  

d a ta  l i s t e d  from  w h ic h  t h e  r e s u l t s  w ere  d e r iv e d .  T h e r e f o r e ,  th e  i n t e r ­

p r e t a t i o n  p o s tu l a t e d  b y  L undstrom  (1986) c a n n o t b e  o b j e c t i v e l y  e v a lu a ­

t e d .

Q u a te rn a ry  G eology o f  F i e ld  S i t e s  

W est Y e llo w s to n e  B a s in

T he l a t e  C e n o z o ic , e x t e n s i o n a l .  W est Y e llo w s to n e  B a s in  c o n ta in s  

a b u n d an t, e v id e n c e  f o r  a t  l e a s t  two m a jo r  g l a c i a t i o n s  i n  t h e  P l e i s to c e n e  

t h a t  hav e  b e e n  c o r r e l a t e d  w i th  th e  ty p e  s e c t i o n s  o f  t h e  B u l l  Lake and  

P in e d a le  g l a c i a t i o n s  i n  th e  Wind R iv e r  M oun ta ins o f  Wyoming ( A ld e n ,  

1953; R ichm ond, 1964; W itk in d , 1969; P ie r c e  and o t h e r s ,  1976; P i e r c e ,  

1 9 7 9 ) . The f l o o r  o f  t h e  b a s i n  i s  c o v e re d  b y  up t o  30 m e te rs  o f  o b s id i a n -  

r i c h  g r a v e l  t h a t  l i e s  b e tw e en  th e  m ore e x te n s iv e  B u l l  L ake m o ra in es  and  

th e  s m a l le r  P in e d a le  m o ra in e s  ( F ig .  I )  (R ichm ond, 1 9 6 4 ) . The age  and 

o r i g i n  o f  t h i s  g r a v e l  d e p o s i t  h a s  b e e n  a  m a t te r  o f  d e b a te  amongr t h e  

s e v e r a l  a u th o r s  who h av e  w orked  i n  t h i s  a r e a .

A ld e n  (1 9 5 3 )  d e s c r i b e d  t h e  g r a v e l  d e p o s i t  a s  a  l a r g e  t e r r a c e  

p o s td a t in g  th e  B u l l  Lake m o ra in es  a t  H orse  B u t t e .  T h is  i n t e r p r e t a t i o n  

was b a s e d  on t h e  o b s e r v a t io n  t h a t  t h e  d e p o s i t  d o es  n o t  a p p e a r  t o  have
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n n s ' 1 I TOO' I 1CT45'

44 ‘ 45 '  -
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WYOMING

44 - 30 '

F ig u re  I -  Map show ing  s tu d y  a r e a  i n  r e l a t i o n  to  P in e d a le  i c e  m a rg in . 
M a jo r  e l e m e n t s  o f  g l a c i a l  o u tb u r s t  f lo o d  h y p o th e s is  a r e  a l s o  shown 
( a f t e r  P i e r c e ,  1 9 7 9 ).
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been  o v e r r id d e n  by a g l a c i e r .  Al den  (1 9 5 3 )  h y p o t h e s i z e d  t h a t  th e  

W isc o n s in -a g e  m o ra in es  o f B eav e r C reek , dow nstream  from Hebgen L ake , may 

have dammed th e  narrow  M adison Canyon, th e re b y  c r e a t i n g  a l a r g e  la k e  in  

th e  W est Y e llo w sto n e  B a s in  i n t o  w h ich  th e  o b s id ia n  g r a v e l  was d e p o s i te d .

Richmond (1964) r e p o r te d  t h a t  th e  O b s id ia n  Sand P la in  (OSP) was 

d e p o s i te d  in  th e  B u l l  L a k e -P in e d a le  i n t e r g l a c i a t i o n .  T h is  i n t e r p r e t a t i o n  

was b a sed  on s im i l a r  s o i l  c h a r a c t e r i s t i c s  d e v e lo p e d  on a l o e s s  cap found  

on b o th  th e  sand  p l a i n  and th e  B u l l  Lake m o ra in e s  a t  H orse  B u t te .  Thus 

th e  sand  p l a i n  was d e p o s i te d  a f t e r  r e c e s s io n  o f B u l l  Lake i c e  b u t  b e fo re  

t h e  s o i l  f o rm in g  p e r i o d  o f  t h e  B u l l  I a k e - P in e d a le  i n t e r g l a c i a t i o n  

(Richm ond, 1 9 6 4 ). He a l s o  s t a t e d  t h a t  t h e  s t r u c t u r e ,  t e x t u r e  an d  

e s p e c i a l l y  th e  l i t h o lo g y  o f th e  o b s id ia n  g r a v e l  s u g g e s t  t h a t  i t  i s  

u n r e la te d  to  g l a c i a t i o n .

Richmond (1964) s u g g e s te d  t h a t  b e c au se  th e  g ra v e l  o c c u rs  i n  beds 10 

t o  30 cm t h i c k  and d i s p la y s  c ro s s b e d d in g  and c h a n n e l - a n d - f i l l  s t r u c ­

t u r e s ,  i t  w as d e p o s i te d  by s h a llo w  a g g ra d in g  s tr e a m s . Much of t h i s  

sed im en t may have been  d e r iv e d  d i r e c t l y  from  th e  s u r f a c e s  o f o b s id ia n  

f lo w s  w i t h i n  t h e  p a r k  w h ic h  c o n ta in  ab u n d an t sand  and g r a v e l  s i z e  

m a t e r i a l ,  o r  a l t e r n a t i v e l y  c o u ld  a l s o  have  been  d e r iv e d  th ro u g h  th e  

f l u v i a l  re w o rk in g  o f l a r g e r  c l a s t s  (Richm ond, 1 9 6 4 ) .

W itk in d  (1969) d e s c r ib e d  th e  OSP a s  h a v in g  b e e n  d e p o s i t e d  by 

m e ltw a te r  from  r e c e d in g  B u l l  Lake i c e .  E v id en ce  f o r  t h i s  i s  th e  s t r a t i ­

g ra p h ic  r e l a t i o n s h i p s  a t  H orse B u t te  and a lo n g  th e  n o r th  edge o f th e  

b a s in  w here  th e  g ra v e l  o v e r l i e s  t i l l  o f B u l l  Lake a g e .

P i e r c e  and o t h e r s  (1976) s u g g e s t e d  t h a t  t h e  OSP i s  P i n e d a l e -a g e

o u tw a s h .  E v idence  i n c l u d e s  h y d r a t i o n  r i n d s  from one l o c a l i t y  on th e
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d e p o s i t ,  w h ich  do n o t  d i f f e r  s i g n i f i c a n t l y  in  th ic k n e s s  from  th o s e  in  

P in e d a le  m o ra in e s  ( P ie r c e  and o t h e r s ,  1 9 7 6 ) . I t  m ust be em phasized  t h a t  

t h i s  e v id e n c e  does n o t  r u l e  o u t th e  h y p o th e s is  o f  a c o m p o site  age f o r  

th e  OSP.

P ie rc e  (1979) m a in ta in e d  t h a t  th e  OSP i s  P in e d a le -a g e  outw ash  and 

f u r t h e r  p o s tu l a te d  m u l t ip l e  g l a c i a l  o u tb u r s t  f lo o d s  f o r  th e  o r i g i n  o f 

th e  sand  p l a i n  (F ig u re  I ) . G eo therm al h e a t  c o u ld  have  form ed a la k e  100 

km^ in  a r e a  and 100 m deep  i n  th e  U pper, Midway and Lower G eyser B a s in s  

( P ie r c e ,  1 9 7 9 ). R e le a s e  o f t h i s  l a k e  by g l a c i a l  dam f a i l u r e  a t  N a tio n a l  

P a rk  M oun ta in  w ould  have r e l e a s e d  c a ta s t r o p h ic  f lo o d s  i n t o  th e  W est 

Y e llo w sto n e  B a s in . P onding  o f th e  f lo o d  w a te r s  by m o ra in e  damming a t  

B eaver C reek , 1 .5  km w e s t o f Hebgen dam, may have ca u se d  a low g r a d i e n t  

f lo o d  d e l t a  to  a c c u m u la te  in  th e  B a s in  ( P ie r c e ,  1 9 7 9 ).

In  s e v e r a l  a r e a s ,  th e  g ra v e l  d e p o s i t  c o n s i s t s  o f s h e e t l i k e  bed s 15 

t o  60 cm t h ic k  w ith  p la n a r  c ro s s  s t r a t i f i c a t i o n  i n c l in e d  a t  b o th  low and 

h ig h  a n g le s  t o  th e  b e d d in g  ( P ie r c e ,  1 9 7 9 ) . S i l t - r i c h  in te r b e d s  betw een  

c ro s sb e d d e d  l a y e r s  a r e  common and c u t - a n d - f i l l  s t r u c t u r e s  a re  p o o r ly  

d e v e lo p e d .  The c ro s s b e d s  o f f i n e  g ra v e l  g e n e r a l ly  have open boxwork 

s t r u c t u r e  and v e ry  l i t t l e  i n t e r s t i t i a l  f i n e s . These se d im e n ta ry  c h a ra c ­

t e r i s t i c s  s u g g e s t  r a p id  d e p o s i t io n  by s h e e t  f lo o d  ( P ie r c e ,  1 9 7 9 ).

The s t r o n g e s t  e v id e n c e  t h a t  P ie r c e  (1979) p r e s e n te d  f o r  a P in e d a le  

age f o r  th e  O b s id ia n  Sand P la in  i s  th e  d o c u m e n ta tio n  o f a s e r i e s  o f 

ou tw ash  c h a n n e ls  em a n a tin g  from  a P in e d a le  te r m in a l  m o ra in e  com plex a t  

t h e  m ou th  o f  M a d iso n  C anyon o n to  th e  OSP. T hus, th e  m o ra in e s  a re  

p h y s ic a l ly  t i e d  to  th e  sand  p l a i n .

P i e r c e  (197 9) a l s o  s t a t e d  t h a t  h y d r a t i o n  r i n d s  from th e  OSP
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c o l l e c t e d  a t  d e p th s  from  two t o  tw e lv e  m e te rs  a r e  th e  same th ic k n e s s  a s  

t h o s e  fro m  t h e  P i n e d a l e  t e r m i n a l  m o ra in e s . H ow ever, t h i s  d a ta  was 

n e i t h e r  p r e s e n te d  n o r  c i t e d ,  so  i t  i s  n o t  known w h e th e r  i t  was th e  same 

d a ta  from  P ie r c e  and o th e r s  (1976) o r  r e s u l t e d  from  a d d i t i o n a l  s t u d i e s .

P ie r c e  (1979) d i s a g r e e d  w i th  Richmond (1964) i n  a s s ig n in g  th e  s o i l s  

on t h e  OSP t o  t h e  B u l l  L a k e -P in e d a le  i n t e r g l a c i a l .  I n s t e a d ,  P ie r c e  

(1979) d e s c r ib e d  th e  s o i l s  a s  weak and s i m i l a r  to  p r o f i l e s  d e v e lo p e d  on 

o th e r  P in e d a le -a g e  sandy  d e p o s i t s .  The s i l t  i n  th e  u p p e r 50 cm o f  th e  

p r o f i l e s  i s  a t t r i b u t e d  t o  e o l i a n  i n f l u x  and s u b s e q u e n t t r a n s l o c a t i o n .

From th e  above d i s c u s s io n ,  i t  i s  e v id e n t  t h a t  th e  age and o r i g i n  o f 

th e  OSP i s  a  m a t te r  o f  q u i t e  some d e b a te .  I t  i s  l i k e l y  t h a t  th e  m ost 

r e c e n t  p e r io d  o f d e p o s i t io n  o c c u r re d  d u r in g  th e  P in e d a le  g l a c i a t i o n ,  b u t  

i t  i s  a l s o  p o s s ib l e  t h a t  e a r l i e r  p e r io d s  o f d e p o s i t io n  c o n t r ib u te d  t o  

th e  b u lk  o f th e  d e p o s i t .

The OSP was d i s s e c t e d  by th e  M adison R iv e r  in  p o s t - P in e d a le  tim e  

l e a v in g  f i v e  w e l l  d e v e lo p e d , n o r th  f a c i n g ,  f l u v i a l  t e r r a c e s .  P ie r c e  and 

o th e r s  (1976) r e p o r t e d  t h a t  th e  OSP h a s  n e a r ly  i d e n t i c a l  r in d  t h i c k ­

n e s s e s  a s  P in e d a le  te r m in a l  m o ra in e s  d a te d  from  2 8 ,0 0 0  t o  4 0 ,0 0 0  y r s .  

B ecause  th e  t e r r a c e s  a r e  i n s e t  i n t o  t h i s  d e p o s i t ,  th e y  m ust be y o u n g e r 

th a n  t h i s  age r a n g e . N ash (1984) d a te d  th e  t e r r a c e s  u s in g  1^C and s c a r p  

d e g ra d a t io n  m ethods and a s s ig n e d  a g e s  o f  1 1 ,6 0 0  + 6 ,4 0 0 ,  9 ,6 0 0  + 5 ,6 0 0  

and 7 ,1 0 0  + 50 y e a r s  to  T e r ra c e s  T2 th ro u g h  T4, r e s p e c t i v e l y .  These a g e s  

s e r v e  a s  a n  i n d e p e n d e n t  c h e c k  a g a i n s t  th e . d a te s  f o r  th e  t e r r a c e s  

o b ta in e d  i n  t h i s  s tu d y .

P a r t  one o f t h i s  s tu d y  d e v is e s  an o b s id ia n  h y d r a t io n  d a t in g  m ethod 

t h a t  can  be a p p l i e d  t o  f l u v i a l  d e p o s i t s  t o  o b ta in  n u m e r ic a l  d a te s .  The

10
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t h r e e  m ain  h y p o th e s e s  t h a t  w i l l  be t e s t e d  a r e ;  I )  th e  OSP was d e p o s i te d  

s o l e l y  i n  P in e d a le  tim e  and t h a t  th e  h y d r a t io n  r in d s  from  th e  d e p o s i t  

r e f l e c t  t h i s  a g e , 2) f l u v i a l  p r o c e s s e s  o f t r a c t i o n  t r a n s p o r t  e f f e c t i v e l y  

r e w o rk  o b s i d i a n  p e b b le s  s o  t h a t  e a ch  t e r r a c e  p o s s e s s e s  an u n iq u e , 

c h a r a c t e r i s t i c  h y d r a t io n  r in d  th ic k n e s s ,  and 3) th e  d a te s  d e r iv e d  from  

t h i s  s tu d y  a r e  d i r e c t l y  co m p arab le  t o  th o s e  o b ta in e d  by Nash (1984) f o r  

th e  same t e r r a c e s .

Y e llo w s to n e  L ake B a s in

Y e llo w s to n e  L ake o c c u p ie s  an i r r e g u l a r l y  sh ap ed  b a s in  a p p ro x im a te ly  

30 km by 25 km t h a t  was form ed a s  a  r e s u l t  o f  th e  com plex i n t e r a c t i o n  

b e tw een  c a ld e r a  c o l l a p s e  and p o s tc o l l a p s e  v o lc a n is m , i c e - c a p  g l a c i a t i o n ,  

and l a c u s t r i n e  p r o c e s s e s .  The Q u a te rn a ry  h i s t o r y  o f th e  b a s in  in v o lv e s  

th e  seq u en ce  o f  th e s e  e v e n ts .

T h r e e  m a jo r  c a l d e r a - f o r m i n g  e r u p t i v e  c y c l e s  o c c u r r e d  i n  th e  

Y e llo w sto n e  r e g io n  i n  l a t e  P l io c e n e  and Q u a te rn a ry  tim e  ( C h r i s t i a n s e n ,  

1 9 8 4 ) . Each o f th e s e  c y c le s  c u lm in a te d  i n  a m a jo r  e r u p t io n  o f e x p lo s iv e ­

ly  e j e c t e d  m a t e r i a l  t h a t  form ed v o lu m in o u s  a s h  f lo w s , b u t  was c h a ra c ­

t e r i z e d  a t  t h e  b e g i n n i n g  a n d  e n d  by lo n g  p e r io d s  o f i n t e r m i t t e n t  

r h y o l i t i c  and b a s a l t i c  e r u p t i o n s .  The f i r s t  c y c le  began  a b o u t 2 .2  Ma 

w ith  s m a ll  e r u p t io n s  o f r h y o l i t e  and b a s a l t  and c u lm in a te d  w i th  th e  

e r u p t io n  o f th e  H u c k le b e rry  R idge T u ff  a t  2 .0  Ma, T h is  e r u p t io n  was th e  

l a r g e s t  o f th e  t h r e e  c a ld e ra - fo r m in g  e r u p t io n s  and e j e c t e d  a volum e of 

m a t e r i a l  g r e a t e r  th a n  2500 km3 . C h r i s t i a n s e n  (1984) s t a t e d  t h a t  th e  

H u c k le b e rry  R idge T u ff  fo rm ed  a s in g l e  c o o lin g  u n i t  and was p ro b a b ly  

e r u p t e d  i n  h o u rs  o r  days and n o t  d e c ad e s  o r  c e n t u r i e s .  The c a ld e r a  

form ed by t h i s  e r u p t io n ,  w h ich  i s  m o s tly  o b sc u re d  by m ore r e c e n t  l a v a
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f le w s ,  m easu red  a p p ro x im a te ly  100 km by 60 km.

The seco n d  c a ld e r a  fo rm in g  e r u p t io n  o c c u r r e d  a t  a b o u t 1 .3  Ma and 

was th e  s m a l l e s t  of. th e  t h r e e .  The c a ld e r a  form ed by th e  e r u p t io n  o f  th e  

M esa F a l l s -  T u f f  i s  l o c a t e d  i n  th e  I s l a n d  P a rk  a r e a  and. i s  w h o lly  

c o n ta in e d  w i t h in  th e  H u c k le b e rry  R idge. C a ld e ra  ( C h r i s t i a n s e n i 1 9 8 4 ). The 

volum e o f m a te r i a l  e j e c t e d  from  th e  Mesa F a l l s  C a ld e ra  was a t  l e a s t  280

; "  y  ;

The t h i r d  v o l c a n i c  c y c le  beg an  a t  a b o u t 1 .2  Ma an d , a s  th e  m ost 

r e c e n t  c y c le ,  l e f t  t h e  m ost co m p le te  r e c o r d .  F o r  t h e  f i r s t  6.00 k a  

r h y o l i t i c  l a v a  was i n t e r m i t t e n t l y  e ru p te d  from  a s e t  o f  a r c u a te  f r a c ­

t u r e s  t h a t  w ould  e v e n tu a l ly  o u t l i n e  th e  Lava C reek  C a ld e r a  ( C h r i s ­

t i a n s e n ,  1984) . At 630 k a ,  th e  c l i m a c t i c  e r u p t io n  o f  th e  t h i r d  c y c le  

c a ld e r a  o c c u r re d  e m p la c in g  m ore th a n  1000 km^ o f L ava  C reek  T u f f .  T h is  

c a ld e r a  i s  a b o u t 75 kin lo n g  and 45 km a c r o s s .  In  th e  l a s t  630 k a ,  th e  

c a ld e r a  h as  b een  f i l l i n g  w i th  s e d im e n ts  and r h y o l i t i c  l a v a  f lo w s , many 

o f w h ic h  have b een  e r u p te d  i n  th e  l a s t  150 ka  ( F ig .  2) ( C h r i s t i a n s e n ,  

1 9 8 4 ) .

The p r e s e n t  shape  o f  th e  Y e llo w s to n e  Lake , B a s in  i s  l a r g e l y  ■ th e  

r e s u l t  o f  p o s t - c o l l a p s e  y o l c a n i s m .  C h r i s t i a n s e n  a n d  B la n k  (1 9 7 2 )  

p r o p o s e d  a  s u b  c a l d e r a  c o l l a p s e  a s s o c i a t e d  w i th  th e  e r u p t io n  o f  th e ' 

Shoshone Lake T u ff  a t  a b o u t 162 k a  ( l a t e r  in f o r m a l ly  renam ed  th e  t u f f  o f  

B lu f f  P o in t  i n  th e  W est Thumb a r e a ;  C h r i s t i a n s e n ,  1974) f o r  th e .  fo rm a­

t i o n  o f th e  W est. Thumb em baym ent. . The re m a in d e r  o f  th e  w e s te r n  s h o re  o f  ■
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F ig u re  2 -  R e g io n a l map o f Y e llo w s to n e  N a t i o n a l  P a r k  a n d  v i c i n i t y  
shew ing  r h y o l i t e  l a v a  flo w s and l o c a t i o n  o f  s tu d y  s i t e s .  Ages of f lo w s 
( I y e a r s )  in  p a r e n th e s e s  ( A f te r  R ichm ond, 1 9 8 6 ) .

AC -  A s te r  C reek  f lo w  (174)
BL -  B u f f a lo  Lake flow  (160)
BP -  T u ff  o f  B lu f f  P o in t  (162) 
BR -  B e c h le r  R iv e r  flow  (117) 
CC -  Cougar C reek  flo w  (399)
CF -  Canyon flow  (613)

CS -  C r y s ta l  S p r in g s  f lo w  (80) 
DC -  Dry C reek  f lo w  (162)
EB -  E le p h a n t  Back flo w  (153) 
GP -  G ra n ts  P a ss  flow  (77)

GR -  G ibbon R iv e r  f lo w  (90)
HV -  Hayden v a l l e y  flow  (102)
ML -  Mary L ake f lo w  (165)
NP -  Nez P e rc e  flo w  (160)
0C -  O b s id ia n  Q i f f  f lo w  (183)
PP -  P i t c h s t o n e  P l a te a u  flow  (70) 

SC -  S p r in g  C reek  flo w  (?)
SL -  Summit L ake flo w  (113)
SO -  S o l f a t a r a  P l a te a u  flo w  (H O ) 
WT -  W est Thumb f lo w  (148)

WY -  W est Y e llo w s to n e  flow  (117)
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Y e llo w s to n e  L ake i s  b o rd e re d  by r h y o l i t i c  l a v a  f lo w s  t h a t  p r o b a b l y  

c o n t r ib u te d  t o  th e  impoundm ent o f  th e  la k e  (F ig . 2) (Richm ond, 1 9 7 6 ) .

The W est Thumb flo w  e ru p te d  e a s tw a rd  a c r o s s  th e  c a ld e r a  b a s in  and 

dammed th e  S o u th e a s t  Arm p a le o c a n y o n  a t  a b o u t 148 + 12 ka  by im p in g in g  

on th e  f la n k  o f  Sour Creek Dome a  few k i lo m e te r s  n o r t h  o f  F i s h i n g  

B r id g e , c a u s in g  th e  fo rm a tio n  o f an  a n c e s t r a l  Y e llo w s to n e  Lake (R ich ­

mond, 1976; R ichm ond, 1 9 8 6 ) . The E le p h a n t  Back flo w  K-Ar d a te d  a t  153 + 

2 ka  o v e r l i e s  th e  s l i g h t l y  o ld e r  W est Thumb flow  and  i s  c u t  by a s e r i e s  

o f  n o r t h e a s t - t r e n d i n g  f a u l t s  t h a t  form  a  com plex g ra b e n  s t r u c t u r e  (USGS, 

1 9 7 2 ).

O th e r  r h y o l i t i c  l a v a  f lo w s o f  th e  t h i r d  v o l c a n ic  c y c le  t h a t  may 

have p la y e d  a  r o l e  i n  th e  fo rm a tio n  o f  th e  Y e llo w s to n e  Lake B a s in  and 

w ere  l i k e l y  t o  have c o n t r ib u te d  se d im e n t to . th e  .b a s in  a r e  th e  Dry C reek  

f lo w , K-Ar d a te d  a t  162 + 2 k a ,  and th e  A s te r  C reek  f lo w  K-Ar d a te d  a t  

174 + 4  k a  and w h ic h  form s th e  l o c a l  b e d ro c k  i n  th e  B re e z e  P o in t  a r e a  

(F ig .  2) (R ichm ond, 1 9 8 6 ) .

The Y e llo w s to n e  P l a te a u ,  on w h ich  Y e llo w s to n e  Lake i s  l o c a t e d ,  h a s  

s e rv e d  a s  th e  lo c u s  f o r  a t  l e a s t  t h r e e  i c e  cap  g l a c i a t i o n s  and p o s s ib ly  

a s  many a s  tw e lv e  (Richm ond, 1 9 8 6 ) . G l a c ia t i o n  p ro b a b ly  began  i n  l a t e .  

P l io c e n e  tim e  b u t  th e  o l d e s t ,  w e l l - d a te d  g l a c i a l  d e p o s i t s  d a te  from  th e  

e a r l y .  P l e i s t o c e n e .  G la c ie r s  d a t in g  from  th e  I l l i n o i a r i  and W isc o n s in  

p e r io d s  a r e  known t o  have  f i l l e d  and  o v e rf lo w e d  th e  c a ld e r a  form ed by 

th e  e r u p t io n  o f th e  L ava C reek T u f f .  G la c ie r s  t h a t  a c cu m u la te d  a t  a b o u t 

150 t o  140 k a  have  t r a d i t i o n a l l y  b een  c o r r e l a t e d  t o  t h e  B u l l  L a k e  

G l a c i a t i o n  w h i le  g l a c i a l  adv an ces  o c c u r r in g  from. 117 t o  a b o u t 80 k a  have 

been  r e a s s ig n e d  t o  th e  E o w isc o n s in  p e r io d  (R ichm ond, 1 9 8 6 ). I c e  th a t .
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a c c u m u la te d  from  >45 t o  a b o u t 10 k a  h a s  b e e n  c o r r e l a t e d  t o  th e  P in e d a le  

G l a c ia t i o n  ( P ie r c e  and o t h e r s ,  1 9 7 6 ) . The d e s ig n a t io n s  o f  B u ll  Lake and 

P in e d a le  G la c ia t i o n s  fo l lo w  th e  te rm in o lo g y  o f  B la c k w e ld e r  (1915) f o r  

t h e  Wind R iv e r  M ou n ta in s  o f  Wyoming ( P ie r c e  and o t h e r s , 1976; R ichm ond, 

1976; P i e r c e ,  1979) w h e re a s  g l a c i e r s  d a t i n g  from  th e  E o w isc o n s in  f o l lo w  

th e  te rm in o lo g y  o f  Richmond (1 9 8 6 ).

The f o r m a t i o n  o f  t h e  p r e s e n t  Y e llo w s to n e  Lake b e g a n  w ith  th e  

dow nw asting  o f  P in e d a le  i c e  i n  t h e  l a k e  b a s in  a t  a b o u t 1 4 .5  k a  when i c e  

m a r g i n a l  l a k e s  fo rm e d  a r o u n d  t h e  s t a g n a n t  i c e  (R ichm ond, 1 9 7 6 a ) . 

Richmond (1976a) d e s c r ib e d  b r o a d ,  d is c o n t in u o u s  t e r r a c e s  a t  up t o  143 m 

above th e  p r e s e n t  Y e llo w s to n e  Lake and c o n c lu d e d  t h a t  a l l  s u r f a c e s  above 

33 m w ere  kame t e r r a c e s .  A s h o r e l in e  a t  33 m above p r e s e n t  l a k e  l e v e l  

shows b o th  i c e - c o n t a c t  and w a v e -c u t f e a t u r e s  w h ich  m ig h t b e .e x p e c te d  t o  

fo rm  i n  a s s o c i a t i o n  w i th  an  ic e - m a r g in a l  l a k e .  S u r fa c e s  a t  27 and 24-23  

m a r e  g e n e r a l l y  d i s c o n t in u o u s  and p o o r ly  form ed b u t  a r e  b e l i e v e d  t o  hav e  

b e e n  form ed d u r in g  m in o r p a u s e s  i n  t h e  e r o s io n  o f  t h e  Y e llo w s to n e  Lake 

o u t l e t  (R ichm ond, 1 9 7 6 a ) .

Richmond (1 9 7 4 , 1977) mapped p o s t - g l a c i a l  s h o r e l in e s  a t  1 8 -2 0 , 1 7 , 

1 2 -1 4 , 9 - 1 0 .6 ,  7 . 6 ,  4 .5 ,  and 3 m above  p r e s e n t  l a k e  l e v e l .  D e l t a i c  s a n d s  

g ra d e d  t o  an  1 8 -20  m s h o r e l in e  a t  t h e  s o u th  end o f  t h e  S o u th e a s t  Arm 

o v e r l i e  l a k e  s i l t s  c o n ta in in g  o r g a n ic  m a t t e r  r a d io c a r b o n  d a te d  a t  9060 +_ 

300 y r  B .P . (R ichm ond, 1 9 7 4 ) . Richmond (1976a) c o n s id e r e d  t h i s  s h o r e l in e  

t o  b e  t h e  f i r s t  t o  fo rm  a f t e r  c o m p le te  d e g l a c i a t i o n  o f  t h e  la k e  b a s i n  

b e c a u s e  t h e r e  a r e  num erous l a r g e  s p i t s ,  b a r s  and la g o o n a l  d e p r e s s io n s  

a s s o c i a t e d  w i th  t h i s  s h o r e l in e  t h a t  a r e  n o t  n o te d  a t  h ig h e r  l e v e l s .  Such 

f e a t u r e s  a r e  i n d i c a t i v e  o f  s t r o n g  lo n g s h o re  c u r r e n t s  t h a t  a r e  u s u a l l y
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a s s o c i a t e d  w i th  l a r g e  b o d ie s  o f open  w a te r .

Richmond (1974) o b ta in e d  a minimum r a d io c a rb o n  d a te  o f 5590 + 250 

y r  B .P . from  a la g o o n a l  d e p o s i t  f o r  a 12 m s h o r e l in e  a t  th e  s o u th  end  o f  

th e  S o u th e a s t  Arm (B a k e r8 1 9 7 6 ) . O r g a n ic - r ic h  c la y  o v e r ly in g  d e p o s i t s  o f 

th e  Squaw Lake h y d ro th e rm a l e x p lo s io n  have  been  r a d io c a r b o n  d a te d  a t  

3500 + 250 y r  B .P . The 7 .6  m s h o r e l in e  i s  c u t  i n t o  th e  e x p lo s io n  d e p o s i t  

i n  a b l u f f  o f  Y e llo w s to n e  Lake s o u th e a s t  o f  Squaw L ak e . C h arco a l found  

be tw een  b e a ch  g r a v e l  and o v e r ly in g  c o llu v iu m  on a  3 m  s h o r e l in e  was 

r a d io c a r b o n  d a te d  a t  620 + 250 y r . B .P . th e re b y  p r o v id in g  a  minimum age 

f o r  t h i s  s u r f a c e  (R ichm ond, 1 9 7 6 a ) .

M eyer (1986) o b ta in e d  d a te s  from  la g o o n a l  d e p o s i t s  f o r  two 

s h o r e l in e s  i n  th e  n o r th w e s t  p a r t  o f  th e  la k e  b a s in .  An age o f 2495 + 135 

y r s  B .P . was d e te rm in e d  f o r  S h o r e l in e  S6 ( S h o r e l in e  S S '- th is  s tu d y )  a t  

ab o u t 18 m above la k e  datum  and an  age o f  1410 + 160 y r s  B .P . was 

a s s ig n e d  t o  S h o r e l in e  S5 ( S h o r e l in e  S 4 - th i s  s tu d y )  a t  a b o u t 8 m above 

l a k e  d a tu m . The d a t e s  w e re  d e r iv e d  from  b a s a l  o rg a n ic  m a t t e r  t h a t  

a c c u m u la te d  s in c e  th e  abandonm ent o f  th e  s h o r e l in e  and  may have  b e e n  

c o n ta m in a te d  by r o o t l e t  i n t r u s i o n .  T h e r e f o r e ,  th e s e  d a te s  may be s e v e r a l  

th o u sa n d  y e a r s  to o  young  and m ust be  c o n s id e re d  minimum d a te s  (M eyer, 

1 9 8 6 ) . Locke (1989) r e p o r t e d ,  i n  a  p o s t e r ,  two a d d i t i o n a l  minimum -^C  

d a te s  o f  a b o u t 6 k a  f o r  S h o r e l in e  S6 ( S h o r e l in e  S 5 - th i s  s tu d y ) .

From th e  above d i s c u s s io n ,  i t  can  be c o n c lu d e d  t h a t  th e  e l e v a te d  

s h o r e l in e s  a ro u n d  Y e llo w sto n e  L a k e .w e re  form ed d u r in g  th e  l a s t  9 k a  a s  

i n d i c a t e d  by minimum and maximum r a d io c a rb o n  d a t e s .  Richmond (1976a) 

assum ed t h a t  th e  s h o r e l in e s  w ere  h o r iz o n ta l ,  and c o r r e l a t e d  th em  by  

h e ig h t  above p r e s e n t  l a k e  l e v e l . F u r th e r  w ork by M eyer (1 9 8 6 ) , M eyer and



17

Locke (1986) and Locke- (1989) shew ed t h a t  th e  r a i s e d  la k e s h o r e s  a r e  

s i g n i f i c a n t l y  d e fo rm ed . T h is  was done by p r e c i s e  l e v e l i n g  s u rv e y s  and 

c o r r e l a t i o n  o f s h o r e l in e s  be tw een  l e v e l i n g  l i n e s .  E s t im a t io n  o f v e r t i c a l  

d e fo rm a tio n  ra n g e  u p . to  4 mm/yr f o r  s h o r e l in e  S6 on th e  n o r th e a s t  s h o r e ,  

com pared t o  th e  h i s t o r i c  r a t e  o f  7 .5  mm/yr f o r  t h a t  a r e a  (M eyer, 1986; 

F e l to n  and S m ith , 1 9 8 2 ) . S h o r e l in e  e l e v a t i o n  d a ta  from  M eyer (1986) a l s o  

i n d i c a t e  t h a t  some s h o r e l in e s  a r e  t i l t e d  by as  much a s  6 m/km. G iven  th e  

e v id e n c e  f o r  v e r t i c a l  d e fo rm a t io n , r e e v a lu a t io n  o f  s h o r e l in e  c o r r e l a ­

t i o n s  r e p o r t e d  by Richmond (1976) i s  w a r r a n te d .

The r a d io c a r b o n  d a te s  g iv e n  above i n d i c a t e  t h a t  l a k e  l e v e l  has b een  

d e c l in in g  a t  a  ro u g h ly  c o n s ta n t  r a t e  f o r  a b o u t th e  p a s t  9 k a . How ever, 

v a r io u s  l i n e s  o f geom orph ic  e v id e n c e  i n d i c a t e  t h a t  l a k e  l e v e l  d e c l i n e  

h a s  b een  i n t e r r u p t e d ,  p e rh a p s  s e v e r a l  t im e s ,  by e p is o d e s  o f  r i s i n g  l a k e  

l e v e l . B a i l e y  (1 9 8 4 )  a n d  H a m ilto n  (1985) have  - docum ented  subm erged 

s h o r e l in e s  w h ic h  i n d i c a t e  t h a t  w a te r  l e v e l  h a s  r i s e n  t o  th e  p r e s e n t  

l e v e l  a f t e r  fo rm in g  th e  now subm erged s h o r e l in e s .  M eyer (1986) s u g g e s te d  

t h a t  c a ld e r a  i n f l a t i o n  as  docum ented by P e l tp n  and  S m ith  (1982) w ou ld  

c a u s e  d i f f e r e n t i a l  u p l i f t  o f  th e  la k e  o u t l e t  and accom panying  w a te r  

l e v e l  r i s e  th ro u g h o u t  th e  la k e  b a s in .  O pposing  r a t e s  o f  d o w n c u ttin g  a t  

th e  la k e  o u t l e t  w ould  depend l a r g e l y  on th e  r e l a t i v e  e r o d i b i l i t y  o f  th e  

o u t l e t  m a t e r i a l .  L ow ering  l a k e  l e v e l  may a l s o  be c o n t r o l l e d  by l o c a l  

dow nw arping a s  i n d i c a t e d  by s h o r e l in e s  t i l t i n g  down to w ard s  th e  la k e  

o u t l e t  (M eyer, 1 9 8 6 ).

C o n s i d e r i n g  t h e  a b o v e  f a c t o r s ,  l a k e s h o r e s  a r e  p ro b a b ly  form ed 

d u r in g  p e r io d s  o f s t a b l e  to  r i s i n g  w a te r  l e v e l s ,  when w a v e -c u t c l i f f s  

can  be e f f e c t i v e l y  u n d e rc u t (M eyer, 1 9 8 6 ) . P e r io d s  o f  r i s i n g  w a te r  l e v e l
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have  b een  ro u g h ly  e q u a te d  to  e p is o d e s  o f u p l i f t  a t  th e  o u t l e t .  D u ring  

p e r io d s  o f f a l l i n g  w a te r  l e v e l  th e  wave en erg y  i s  p resu m ab ly  d i s s i p a t e d  

on th e  w a v e -c u t p la t f o r m .  The e x i s t e n c e  o f  a t  l e a s t  t e n  d i s c r e t e  

H o locene  s h o r e l in e s  im p l ie s  a t  l e a s t  a s  many e p is o d e s  o f  d e fo rm a t io n .

The s t u d i e s  o f  Locke and M eyer (1 9 8 5 ), M eyer (1986)» M eyer and 

Locke (1986) and Locke (1989 , p e r s o n a l  comm.) have  done much to  d e c ip h e r  

th e  com plex v o l c a n o - te c to n i c  d e fo rm a t io n a l  s ig n a l  t h a t  i s  d is p la y e d  i n  

th e  Y e llo w s to n e  l a k e s h o r e s . How ever, th e  s tu d i e s  hav e  b een  r e s t r i c t e d  by 

th e  l a c k  o f  a  m eans t o  n u m e r ic a l ly  d a te  th e  s h o r e l in e  seg m en ts  and make 

f irm  c o r r e l a t i o n s  b e tw een  w id e ly  sp a c e d  l o c a t i o n s .  M eyer (1986) su g ­

g e s te d  th e  u se  o f  o b s id ia n  h y d r a t io n  d a t in g  te c h n iq u e s  t o  s o lv e  th e  

d a t i n g  and c o r r e l a t i o n  p rob lem  b e c a u se  o f th e  abundance  o f o b s id ia n  

g ra v e l  on th e  r a i s e d  s h o r e l in e s .

The p u rp o se  o f th e  second  p a r t  o f t h i s  s tu d y  t h e r e f o r e ,  i s  t o  

d e v is e  a m ethod , u s in g  o b s id ia n  h y d r a t io n  d a t in g  t e c h n iq u e s ,  t o  n u m eri­

c a l l y  d a te  and c o r r e l a t e  d i s c r e t e  s h o r e l in e  se g m e n ts . The h y p o th e s is  

t h a t  w i l l  be t e s t e d  i n  t h i s  p a r t  o f  th e  s tu d y  i s  t h a t  l a c u s t r i n e  

p r o c e s s e s  o f  s to r m  sw a sh  and lo n g s h o r e  c u r r e n t s  e f f e c t i v e l y  rew ork  

o b s id ia n  p e b b le s  so  t h a t  e ach  s h o r e l in e  p o s s e s s e s  a u n iq u e , c h a r a c t e r i s ­

t i c  h y d r a t io n  r i n d  th ic k n e s s .
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METHODS 

Sam plin g

O b s id ia n  Sand P l a in

S am pling  p i t  l o c a t i o n s  f o r  s tu d y  s i t e  I  w ere  s e l e c t e d  from  a  s k e tc h  

map o f  f l u v i a l  t e r r a c e s  a lo n g  th e  M adison  R iv e r  by N ash (1984) ( F ig .  3 ) .  

S am pling  p i t s  w ere  l o c a t e d  be tw een  d a te d  t e r r a c e  s c a r p s  so  t h a t  age 

d a t in g  r e s u l t s  from  t h i s  s tu d y  s h o u ld  be d i r e c t l y  c o m p arab le  to  th o s e  o f  

Nash (1 9 8 4 ) . T h is  i s  b e c a u se  t e r r a c e s  and t e r r a c e  s c a r p s  a r e  s im u l­

ta n e o u s ly  a c te d  upon by th e  s tre a m  and  th e  abandonm ent o f  a p a r t i c u l a r  

s tre a m  p o s i t i o n  i s  r e f l e c t e d  i n  th e  a g e s  o f  b o th  t h e s e  ty p e s  o f s u r ­

f a c e s .

S a m p lin g  p i t s  w e r e  dug  by t h e  a u th o r  on e a c h  o f  th e  f l u v i a l  

t e r r a c e s  t o  a  d e p th  o f one m e te r  and  sam ples c o l l e c t e d  a t  20 cm i n c r e ­

m en ts . T h e re  was no v i s i b l e  s t r a t i g r a p h y  and v e ry  l i t t l e  s o i l  d e v e lo p ­

m en t. S o i l  p r o f i l e s  g e n e r a l ly  c o n s i s t e d  o f  a t h i n  (5 cm) A h o r iz o n  w i th  

a  t h i c k e r  (20 cm) Bw h o r iz o n .  C are was ta k e n  to  d ig  t h e  p i t s  away from  

th e  to e  o f th e  a d ja c e n t  s lo p e  so  t h a t  t h e r e  was l i t t l e  chance  o f  m ix in g  

m a t e r i a l  from  th e  n e x t  h ig h e r  t e r r a c e .  Modern r i v e r  g r a v e l  sam p les w e re  

c o l l e c t e d  from  th e  a c t i v e  r i v e r  c h a n n e l a n d .f ro m  an  e x p o sed  g r a v e l  b a r .  

The m odern g r a v e l  sam p les  w ere  c o l l e c t e d  a t  a d e p th  o f a b o u t 20 cm 

b e c a u se  o f th e  d i f f i c u l t y  o f d ig g in g  a  p i t  i n  th e  a c t i v e  c h a n n e l and  th e  

p ro x im ity  o f  th e  w a te r  t a b l e  to  th e  s u r f a c e  o f th e  g r a v e l  b a r .
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Pit T l

Pit T2
Pit TO

Pit T3

Pit T4

* 0 1 #

*000 ■

L_____ 1 ? 0  m e te rs
vertical exaggeration

North
IDAHO

MAP LOCATION

WYOMING

F ig u re  3 -  Computer g e n e ra te d  (G olden  G ra p h ic s .  1984) d iag ram  o f s tu d y  
s i t e  I sh ew in g  l o c a t i o n  o f sam ple p i t s .  S k e tch  map a f t e r  Nash (1 9 8 4 ) .
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Y e llo w s to n e  Lake

S a m p lin g  p i t s  w e r e  dug  by t h e  a u th o r  and W illia m  Locke on a 

se q u en c e  o f  b e a ch  b a r s  a lo n g  a low  g r a d i e n t  d e p o s i t io n a l  c o a s t l i n e  n e a r  

B re e ze  P o in t  f o r  s tu d y  s i t e  2 ( F ig s .  2 and 4 ) .  T h is  ty p e  o f c o a s t l i n e  

was c h o sen  b e c a u se  th e  m a t e r i a l  t h a t  c o m p r is e s  t h e  b a r s  m u s t h a v e  

t r a v e l e d  a lo n g e r  d i s t a n c e  th a n  b e a ch  m a t e r i a l  found  i n  s t e e p ,  e r o s io n a l  

c o a s t l i n e s  (Komar, 1 9 7 6 ) . On a low  g r a d i e n t  c o a s t l i n e ,  th e  f e a t u r e s  a r e  

l a r g e l y  c o n s t r u c t i o n a l  and th e  m a t e r i a l  was p ro b a b ly  t r a n s p o r t e d  from  

a n o th e r  l o c a t i o n  w h i le  th e  b e a ch  m a t e r i a l  on a  s te e p  c o a s t l i n e  may be 

d e r iv e d  from  th e  a d ja c e n t  c l i f f .  T h is  d i f f e r e n c e  i s  im p o r ta n t  b e c a u se  

th e  b e a c h  m a t e r i a l  i s  m ore l i k e l y  t o  be rew orked  i f  i t  i s  t r a n s p o r t e d  a 

g r e a t e r  d i s t a n c e .

Sam ple p i t s  w ere  dug on th e  c r e s t s  o f b e a ch  berm s (F ig . 4) t o  a 

d e p th  o f one m e te r  and sam ples c o l l e c t e d  a t  20 cm in c r e m e n ts .  S o i l  

d eve lopm en t was g e n e r a l ly  p o o r , b u t  t h e r e  was a  s i g n i f i c a n t  amount o f  

o rg a n ic  m a t t e r  a c c u m u la te d  i n  th e  A h o r iz o n s  o f some o f  th e  p i t s .

H y d ra tio n  R ind M easurem ent

L a b o ra to ry  p ro c e d u re s  u se d  f o r  sam ple p r e p a r a t i o n  w ere  m o d i f ie d  

from  M ic h e ls  and B e b r ic h  (1971) (A ppendix  A ). The m ain  d i f f e r e n c e  i s  

t h a t  s i x  o b s id ia n  g r a in s  i n s t e a d  o f  a s in g l e  wedge c u t  from  an a n th ro p o ­

l o g i c a l  a r t i f a c t  a r e  m ounted d i r e c t l y  t o  a s l i d e .

A ll  sam p les  w ere  m easu red  b l i n d ,  i n  th e  s e n se  t h a t  sam p les  w ere  

r e l a b e l e d  by W il l i a m  L ocke b e f o r e  p r e p a r a t i o n  and m easu rem en t. The 

i d e n t i t y  o f  th e  sam p les  was r e v e a le d  o n ly  a f t e r  m e a s u r e m e n ts  w e re  

c o m p le te d . T h is  b l in d in g  p ro c e d u re  s h o u ld  d e c re a s e  th e  s u b j e c t i v i t y  o f
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A—Modern beach berm
I I l

Horizontal distance (meters) from present coastline

F ig u re  4 -  S u rv ey ed  p r o f i l e  o f b each  berm s a t  B re e ze  P o in t  sh o w in g  
l o c a t i o n s  o f  sam p le  p i t s .  V e r t i c a l  e x a g g e r a t io n  i s  x20 .
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th e  o b s id ia n  h y d r a t io n  d a t in g  te c h n iq u e  as u sed  in  t h i s  s tu d y  t o  i n s i g ­

n i f i c a n t  l e v e l s .

The o p t i c a l  sy s te m  u sed  to  m easu re  h y d r a t io n  r in d s  i n  t h i s  s tu d y  

c o n s i s t s  o f an  A m erican  O p t ic a l  p o l a r i z i n g  m ic ro sc o p e  o u t f i t t e d  w i th  a 

V ic k e rs  i m a g e - s p l i t t i n g  m e a su r in g  e y e p ie c e .  A IOx d ry  l e n s  was u sed  f o r  

m easurem ent c o u p le d  w i th  a  15x e y e p ie c e ,  th e re b y  p r o v i d i n g  a t o t a l  

m a g n i f ic a t io n  o f  150x. A d m itte d ly , t h i s  m a g n i f ic a t io n  i s  c o n s id e r a b ly  

l e s s  th a n  w hat i s  recommended by M ic h e ls  and B e b r ic h  (1 9 7 1 ) , b u t  b e c a u se  

s t a t i s t i c a l l y  v a l i d  sam ple  s i z e s  w ere  u se d , i t  was th o u g h t  t h a t  a d ry  

l e n s  w ould  be m ore e f f i c i e n t  in  te rm s  o f  tim e  th a n  a h ig h e r  power o i l  

im m ersion  l e n s .  F u r th e rm o re , u se  o f th e  recommended o p t i c a l  sy stem  was 

l i m i t e d  by w h a t was a v a i l a b l e  i n  th e  D epartm en t o f  E a r th  S c ie n c e s  a t  

M ontana S t a t e  U n i v e r s i ty .

When , v i e w in g  i n d i v i d u a l  g r a in s  u n d er th e  m ic ro sc o p e  e ach  r i n d  

m easu red  m ust f i r s t  m eet a  s e t  o f c r i t e r i a  w h ich  w ere  c h o sen  in  o r d e r  t o  

o b ta in  th e  m ost c o n s i s t e n t  and a c c u r a te  m easu rem en ts b e tw e en  g r a i n s  ̂

These c r i t e r i a  in c lu d e :  I )  sm ooth edge o f  g r a in  a t  l e a s t  0 .1 5  mm lo n g  2) 

edge o f g r a i n  p e r p e n d ic u la r  to  m ic ro sc o p e  s ta g e  and 3) h y d r a t io n  f r o n t  

p a r a l l e l  t o  edge o f  g r a in  and p e r p e n d ic u la r  t o  m ic ro sc o p e  s t a g e .  I f  th e  

m e a su r in g  l o c a t i o n  m ee ts  th e  f i r s t  two c r i t e r i a  b u t  t h e r e  i s  no r i n d  

p r e s e n t ,  th e n  a  z e r o  th ic k n e s s  r i n d  i s  r e c o r d e d .  A d e t a i l e d  flow  c h a r t  

f o r  h y d r a t io n  r in d  m easu rem en t p ro c e d u re s  i s  l o c a t e d  i n  - a p p e n d ix  B.

The e r r o r  t h a t  i s  a s s o c i a te d  w i th  th e  o b s id ia n  h y d r a t io n  d a t in g  

te c h n iq u e  s tem s from  two m ain s o u r c e s ,  w h ich  a r e  th e  r e s o l u t i o n  o f  th e  

o p t i c a l  sy s te m  and m easu rem en t e r r o r .  T hese s o u rc e s  o f  e r r o r  do n o t  v a ry  

s i g n i f i c a n t l y  fro m  o n e  a g e  d e t e r m i n a t i o n  t o  a n o th e r  (M ic h e ls  and
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B e b r ic h 6 1971) „ B ecause  th e  com bined o p e r a t o r  a n d  i n s t r u m e n t  e r r o r  

a f f e c t  a l l  s a m p le s  i n  a  g iv e n  s tu d y  e q u a l ly ,  i t  i s  recommended by 

M ic h e ls  and B e b r ic h  (1971) t h a t  e a ch  l a b o r a to r y  com pute a  s ta n d a r d  e r r o r  

t h a t  a p p l i e s  to  a l l  h y d r a t io n  m easu rem en ts  by. t h a t  l a b o r a t o r y .

The r e s o l u t i o n  o f  an  o p t i c a l  sy s tem  i s  g iv e n  b y :

R = 0 .610y/N A

w here  R i s  th e  l i m i t  o f  r e s o l u t i o n  (m ic ro n s )  0 y i s  th e  w a v e le n g th  o f 

l i g h t  b e in g  u se d  (m ic ro n s )  and NA i s  th e  n u m e r ic a l  a p e r t u r e  o f th e  

o b j e c t iv e  l e n s  (L e ac h , 1 9 7 7 ) . The l i g h t  s o u rc e  u sed  i n  t h i s  s tu d y  i s  a 

tu n g s te n  h a lo g e n  b u lb  w h ich  e m its  th e  f u l l  sp e c tru m  o f  v i s i b l e  l i g h t  and 

c o rre s p o n d s  t o  a  w a v e le n g th  r a n g in g  from  0 .4  t o  0 .7 5  m ic ro n s . T hese 

lo w e r and u p p e r l i m i t s  a r e  d e s ig n a te d  y^ and y g , r e s p e c t i v e l y .

For th e  MSU/NPS sy stem  th e  l i m i t s  o f  r e s o l u t i o n  a r e  g iv e n  b y :

R1 = 0 .6 1 0 ( 0 .4 ) /0 .2 5  

R1 = 0 .9 7 6  m ic ro n s  ( v i o l e t  l i g h t )  

and

R2 = 0 .6 1 0 ( 0 .7 5 ) /0 .2 5  

R2 = 1 .83  m ic ro n s  ( r e d  l i g h t )

How ever, by u s in g  an  i m a g e - s p l i t t i n g  m e a su r in g  e y e p ie c e ,  th e  r e s o l u t i o n  

o f an o p t i c a l  sy s te m  can  be in c r e a s e d  by a  f a c t o r  o f t e n  o r  more (D yson, 

I 9 6 0 ) .  The f i n a l  e r r o r  o f  th e  o p t i c a l  sy s tem  u s in g  th e  i m a g e - s p l i t t i n g  

e y e p ie c e  i s  g iv e n  b y :

E = cR

w h ere  E i s  th e  e r r o r  (m ic ro n s ) ,  c i s  a  c o n s ta n t  r e l a t e d  t o  th e  c o n t r a s t  

from  th e  c e n te r  t o  th e  edge o f an im age and R i s  th e  o p t i c a l  r e s o l u t i o n  

o f th e  m ic ro sc o p e  a s  g iv e n  above (L e ac h , 1 9 7 7 ), V a lu e s  o f  c g e n e r a l ly



v a ry  from  a b o u t 0 .0 9 6  t o  0 .0 6 8  d e p e n d in g  on th e  g e n e ra l  c o n d i t io n s  o f  

o b s e r v a t io n  and c o rre s p o n d  t o . a n  im provem ent o f from  1 0 .4  t o  1 4 .7  t im e s  

th e  t h e o r e t i c a l  r e s o l v in g  pow er o f th e  m ic ro sc o p e  (D yson, I 9 6 0 ) .

The f i n a l  t h e o r e t i c a l  e r r o r  ra n g e  o f  th e  o p t i c a l  sy stem  u s e d . i n  

t h i s  s tu d y  i s  g iv e n  by th e  f o l lo w in g ;

E1 = 0 .0 9 6 (0 .9 7 6 )

E1 = 0 .0 9 4  m ic ro n s  

and

E2 = 0 .0 9 6 ( 1 .8 3 )

E2 = 0 .1 7 6  m ic ro n s

T h is  ra n g e  com pares f a v o r a b ly  w ith  th e  s ta n d a r d  e r r o r  o f + 0 . 1  m ic ro n  

a c c e p te d  by M ic h e ls  and B e b r ic h  (1971) f o r  t h e i r  l a b o r a t o r y .

An e x p e r im e n t  w as done t o  d e te rm in e  th e  e r r o r  a s s o c i a te d  w i th  

m easurem ent, o f  th e  h y d r a t io n  r i n d s .  . Two r in d s  w ere  m easu red  i n  th e  same 

p la c e  t h i r t y  t im e s  e ach  and th e  mean and s ta n d a r d  d e v ia t i o n  com puted f o r  

e a ch  g roup  o f  m easu rem en ts  (T a b le  I ) . The f i r s t  g roup  h a s  a  mean o f  5 .7 6  

m ic ro n s  and s ta n d a r d  d e v ia t i o n .o f  0 .3  m ic ro n s  w h i le  th e  seco n d  g roup  h a s  

a  mean o f  19 .43  m ic ro n s , and s ta n d a r d  d e v ia t io n  o f  0 .4 4  m ic ro n s . I t  i s  

c o n c lu d e d  f ro m  t h i s  e x p e r im e n t  t h a t  s m a l le r ,  r in d s  have  a s m a l le r  

m easu rem en t e r r o r  a s s o c i a te d  w i th  them . T h is  i s  c o n s i s t e n t  w i th  o b s e rv a ­

t i o n s  i n  t h a t  t h i c k e r  r i n d s ,g e n e r a l l y  hav e  an i n d i s t i n c t  h y d r a t io n  f r o n t  

and so  m e a s u r in g  p r e c i s io n ,  w ould  be .e x p e c te d  t o  be som ew hat lo w e r .

A s ta n d a r d  e r r o r  o f  +/ 0 .3  m ic ro n s  was a c c e p te d  b e c a u se  th e  h y d ra ­

t i o n  r in d s  a s s o c i a te d  w i th  th e  f l u v i a l  t e r r a c e s ,  and l a k e s h o r e s  i n  t h i s  

s tu d y  a r e  c l o s e r  t o  th e  f i r s t  g roup  o f e r r o r  d e te r m in a t io n  m easu rem en ts  

th a n  th e  seco n d  (T a b le  I ) .  The s ta n d a r d  e r r o r  o f + 0 .3  m ic ro n s  a l s o
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T a b le  I .  D ata  a r r a y  and a n a ly s i s  o f  m easurem ent e r r o r  e x p e r i m e n t . • Two 
i n d iv i d u a l  h y d r a t io n  ;r in d s ,  w e re  m easu red  t h i r t y  tim e s  each  t o  
d e te rm in e  e r r o r  a s s o c i a te d  w i th  m easu rem en t t e c h n iq u e .

Sam ple 5 -5 -1 „  g r a in  5 L l - 7 - 3 » g r a in  3

5 .2 6  m ic ro n s 1 8 .8 6  m ic ro n s
5 .6 0 19 .8 3
5 .7 1 2 0 .5 1
5 .6 6 2 0 .0 6
5 .4 9  . 1 9 .0 9
5 .8 9 1 9 .5 4
5 .8 9 2 0 .0 0
5 .3 7 2 0 .0 0  .
5 .7 1 19 .03
5 .7 1 19 .7 7
5 .6 6 1 9 .6 6
6 .0 0 19 .43
5 .7 7 18 .9 1
5 .6 0 1 9 .3 1
5 .8 3 1 9 .6 0
5 .4 3 19 .83
6 .0 6 1 9 .6 0
5 .6 6 19 .43
6 .0 6 19 .37
5 .8 3 1 9 .1 4
6 .1 7 19 .43
6 .1 1 1 9 ,2 0

. 6 .2 9 19 .3 7
5 .0 9 1 9 .0 3
6 .1 7 18 .63
6 .2 9 1 8 .4 6
S i 83 1 9 .8 9
5 .6 0 19 .4 3
5 .7 7 19 .43
5 .2 6 1 9 .0 9

Mean 5 .7 6 1 9 .4 3

S td  Dev 0 .3 0 0 .4 4
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in c lu d e s  th e  e r r o r  a s s o c i a te d  w i th  th e  o p t i c a l  sy s te m .

G ra in  S iz e  S e l e c t io n

A ll  o f . th e  sam p les  from  b o th  th e  f l u v i a l  t e r r a c e s  and  th e  l a k e -  

s h o r e s  c o n t a i n  s e d im e n t  s i z e  c l a s s e s  from  f i n e  san d  th ro u g h  c o a rs e  

g r a v e l .  T h e re fo re ,, an  e x p e r im e n t was p e rfo rm ed  to  d e te rm in e  th e  o p tim a l  . 

g r a i n  s i z e  t o  w ork w i th  i n  t h i s  s tu d y ,  b o th  i n  te rm s  o f  th e  number o f 

m easu rem en ts  ta k e n  p e r  g iv e n  n u m b er o f  g r a i n s  a n d  e a s e  o f  s a m p le  

p r e p a r a t i o n .  The sam ple c h o sen  f o r  t h i s  e x p e rim e n t (KDA-88-TO,. 80 -100  

cm) was o b ta in e d  from  th e  OSP. The 80 t o  100 cm l e v e l  was ch o sen  b e c a u se  

i t  i s  th e  l e a s t  l i k e l y  t o  have  been  a f f e c t e d  by b i o t u r b a t i o n  and s o l a r  

i n s o l a t i o n .  Sample g r a in  s i z e s  ra n g e  from  c o a rs e  s i l t  t o  p e b b le  s i z e  

p a r t i c l e s  (0 .0 6 2 5  t o  16 mm), b u t  n o t  a l l  o f  th e s e  s i z e s  w e re  p re p a re d  

f o r  m easu rem en t b e c a u se  of. l a b o r a to r y  l i m i t a t i o n s .  The s i z e s  t h a t  w ere  

p re p a re d  a r e  as  f o l l o w s s 0 .5  t o  I  mm, I  t o  2 mm, 2 t o  4 mm and 4 t o  8 

mm. S l id e s  w ere  p re p a re d , w i th  .a t  l e a s t  30  g r a in s  f o r  e a ch  s i z e  c l a s s  and  

exam ined  under, t h e . : p e t r o g r a p h ic  ,m ic ro sco p e  to  d e te rm in e  h y d r a t io n  r i n d  

th ic k n e s s e s  (T a b le  2 ) .  '

The sam ple m eans o f th e  h y d r a t io n  r i n d  th ic k n e s s e s  a r e  s t a t i s t i ­

c a l l y  i n d i s t i n g u i s h a b l e  f o r  th e  sam ple  s i z e s  exam ined  (T a b le  2 ) .  I n  

a d d i t i o n ,  e a c h  s i z e  c l a s s  exam ined  h a s  a  co m p arab le  ra n g e  o f  r i n d  

t h ic k n e s s e s ,  t h e r e f o r e  i t  w a s .a ssu m e d , t h a t  th e  s i z e  c l a s s  t h a t  o f f e r e d  

th e  g r e a t e s t  num ber o f m easu rem en ts p e r  g iv e n  num ber o f  g r a in s  w ould  be 

th e  m ost e f f i c i e n t  t o  w ork  w i th  f o r  th e  re m a in d e r  o f th e  s tu d y .

From T a b le  2 i t  i s  c o n c lu d e d  t h a t  th e  optimum g r a i n  s i z e  to  p r e p a r e  

f o r  h y d r a t io n  r i n d  m easu rem en ts  i s  th e  2 t o  4. mm c l a s s  b e c a u se  o f  th e
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T a b le  2 . D ata  a r r a y  and  a n a ly s i s  o f  h y d r a t io n  r in d  th ic k n e s s e s  f o r  
d i f f e r e n t  g r a i n  s i z e  c l a s s e s  from  T e r ra c e  TO (8 0 -1 0 0  cm )=

28

S iz e C la s s e s

0 .5  — I  mm 1 - 2  mm 2 -  4 mm 4 — 8 mm

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

1 0 .7 8 7 .8 3 6 .3 9 9 .2 8
1 4 .6 1 8 .7 8 ' 7 .7 2 9 .4 4
16 .89 9 .0 0 8 .4 4 9 .5 6
19 .06 9 .7 2 9 .9 4 1 0 .6 7
19 .17 10 .5 6 10 .11 1 1 .3 3
2 1 .8 9 1 2 .0 0 1 1 .8 9 1 1 .6 1
23 .56 1 2 .3 9 .1 2 .2 2 1 2 .7 2

1 2 .5 0 1 2 .4 4 1 3 .7 2
1 3 .7 2 1 3 .5 0 1 3 .7 8
1 4 .6 1 1 4 .0 0 1 4 .2 8
17 .06 14 .11 1 4 .4 4
1 7 .2 2 1 4 .5 6 1 4 .5 0
1 8 .9 4 1 5 .0 0 1 6 .0 6
2 0 .7 8 19 .67 1 6 .1 1
22 .67 2 0 .2 8 16 ,17
2 4 .3 3 2 0 .3 9 1 7 .4 4
2 4 .6 1 20 .6 1 1 7 .7 2

2 1 .2 2 1 8 .1 1
2 1 .5 0 2 0 .1 7
2 2 .3 9 22 .8 3
23 .17
2 5 .3 3
2 5 .8 9
2 7 .9 4

23 .1 7

N n=10 n=20 n=27 n=24

Mean 14 .27 1 3 .6 8 1 5 .3 0 13 .87

S td  Dev 7 .0 1 6 .1 9 6 .9 8 4 .7 2

S td  E r ro r 2 .2 2 1 .3 8 1 .3 4 0 .9 6
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number o f  m easu rem en ts  ta k e n  p e r  num ber o f  g r a i n s .  A lth o u g h  th e  4 t o  8 

mm c l a s s  showed th e , s m a l le s t  s ta n d a r d  e r r o r  o f  th e  mean (SEM)1 th e  

d i f f i c u l t y  o f p r e p a r a t i o n  o f th e  l a r g e r  g r a in s  d i c t a t e d  th e  c h o ic e  o f 

th e  2 t o  4 mm c l a s s .  T h is  s m a l le r  c l a s s  s i z e  i s  t h o u g h t . t o  r e p r e s e n t  a 

b a la n c e  b e tw een  h ig h  e n e rg y  d e p o s i t io n a l  e n y irp n m e n ts  arid e a s e  o f sam ple  

p r e p a r a t i o n .  G ra in s  l a r g e r  th a n  t h i s  a r e  m ore . d i f f i c u l t . to . w o rk  w i th  and 

ta k e  lo n g e r  t o  p r e p a r e ,  b u t  p resu m ab ly  a r e  r e p r e s e n t a t i v e  o f h i g h e r  

e n e r g y  d e p o s i t i o n a l  e n v iro n m e n ts  (C h u rch , 1 9 7 2 ) . S m a lle r  g r a in s  a r e  

somewhat e a s i e r  to  p r e p a r e ,  b u t  d id  n o t  hav e  a s  many m e a s u ra b le  r i r id s  

f o r  a  g iv e n  num ber o f g r a i n s .  The l i k l i h o o d  o f re w o rk in g  f o r  s m a l le r  

g r a in s  i s  n o t  a s  g r e a t  a s  w i th  l a r g e r  g r a in s  due t o  th e  c u s h io n in g  

e f f e c t  o f a w a te r  f i lm  s u rro u n d in g  e a c h  g r a in  ( Z ie g l e r ,  1911; T h i e l ,  

1 9 4 0 ). S m a lle r  g r a in s  a r e  a l s o  more l i k e l y  t o  t r a v e l  i n  s u s p e n s io n  w h ich  

i s  n o t  an e f f e c t i v e  re w o rk in g  m echanism  (D obkins and F o lk , 1 9 7 0 ) .

In  h i n d s i g h t ,  th e  c h o ic e  o f  s a m p le  K D A -88-T 0, 8 0 -1 0 0  cm w as

u n f o r tu n a te  i n  t h a t  i t  i s  one o f th e  few b im odal sa m p les  e n c o u n te re d  i n  

t h i s  s tu d y  ( s e e  RESULTS). ,Thus th e  t e n t a t i v e  c o n c lu s io n  o f com p arab le  

r i n d  d e v e lo p m e n t  on d i f f e r e n t  s iz e d  g r a in s  h as  n o t  b een  a d e q u a te ly  

t e s t e d .  '

Z e ro  T h ic k n e ss  H y d ra tio n  R inds

To d e te rm in e  i f  o b s id ia n  g r a v e l  w as e f f e c t i v e l y  rew orked  i n  th e  

f l u v i a l  sy stem  an e x p e rim e n t was p e rfo rm e d  t o  t e s t  th e  h y p o th e s is  t h a t  

th e  a n c e s t r a l  M adison R iv e r  s u f f i c i e n t l y  rew o rk ed  o b s id ia n  g r a in s  so  

t h a t  e a c h  t e r r a c e  p o s s e s s e s  a u n iq u e , c h a r a c t e r i s t i c  h y d r a t io n  r i n d  

th ic k n e s s .  I t  was assum ed f o r  t h i s  e x p e r im e n t t h a t  th e  m cderri s tre a m
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s e rv e s  a s  an  a p p r o p r i a t e  a n a lo g  f o r  th e  a n c e s t r a l  M adison R iv e r  w h ich  

c u t  th e  t e r r a c e s .  The e x p e r im e n t c o n s i s t e d  o f  e x a m in in g  o b s id ia n  g r a in s  

from  T e r ra c e s  T l t o  T4 and th e  m odern s tre a m  and  s p e c i f i c a l l y  n o t in g  th e  

p re s e n c e  o f z e ro  th ic k n e s s  r in d s  fo und  on e ach  g r a i n .  Many g r a in s  had 

more th a n  one  l o c a t i o n  w here  a  z e ro  th ic k n e s s  r i n d  c o u ld  be o b s e rv e d , a s  

o u t l i n e d  by th e  m easurem ent s i t e  s e l e c t i o n  c r i t e r i a ,  b u t  n o t  m ore th a n  

one z e r o  th ic k n e s s  r i n d  w as re c o rd e d  f o r  e a c h  g r a in .  By c l a s s i f y i n g  e a ch  

g r a i n  a s  p o s s e s s i n g  z e r o  r i n d s  o r  n o t  p o s s e s s in g  z e r o  r i n d s ,  th e  

s t a t i s t i c a l  t e s t s  a r e  m ore s i g n i f i c a n t  (R ic h a rd  R o s s i ,  1989 , p e r s o n a l  

comm.)

The d a ta  w ere  a n a ly z e d  u s in g  a  s e r i e s  o f 2 x  2 c h i  s q u a re  t e s t s  

(w ith  a 5 % r e j e c t i o n  l e v e l )  t o  t e s t  w h e th e r  t h e r e  was a  d i f f e r e n c e  in  

th e  num ber o f z e r o s  found  on each  o f th e  u p p e r t e r r a c e s  com pared t o  th e  

m odern s tre a m  (T a b le s  3 and 4 ) .  The f i r s t  h y p o th e s is  i s  t h a t  th e  num ber 

o f z e ro  th ic k n e s s  r in d s  on a l l  s u r f a c e s  i s  e q u a l .  T h is  h y p o th e s is  was 

r e j e c t e d  w i th  a  P -v a lu e  = 0 .0 1 3 5  (T a b le  3 ) :  th e r e  i s  o n ly  a I  % chance  

o f t h i s  o b s e rv e d  d i f f e r e n c e  i n  z e r o  v a lu e s  h a v in g  a r i s e n  from  sa m p lin g  

o f  s i m i l a r  p o p u la t io n s .  The r e j e c t i o n  o f  t h i s  h y p o th e s is  i n d i c a t e s  t h a t  

t h e r e  i s  a d i f f e r e n c e  betw een  sa m p le s .

The seco n d  h y p o th e s is  i s  t h a t  th e  m odern s tre a m  i s  s i m i l a r  t o  th e  

fo u r  o th e r  s u r f a c e s  w i th  r e s p e c t  t o  th e  num ber o f z e ro  th ic k n e s s  r i n d s .  

T h is  h y p o th e s i s  was r e j e c t e d  w i th  a  P -v a lu e  = 0 .0 0 3 2  (T a b le  4) w h ic h  

i n d i c a t e s  t h a t  t h e r e  i s  a  d i f f e r e n c e  b e tw een  th e  m odern s tre a m  sam p le  

and  T e r r a c e s  T l th ro u g h  T4.

The r e s u l t s  o f  th e s e  two s t a t i s t i c a l  t e s t s  im p ly  t h a t  rew o rk in g  

does ta k e  p la c e  i n  th e  m odern s tr e a m . H ow ever, re w o rk in g  i s  n o t  co m p le te
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T a b le  3 .  Chi s q u a re  t e s t  to  d e te rm in e  i f  a l l  t e r r a c e s  have  same num ber 
o f  z e ro  th ic k n e s s  r i n d s .

R ind T h ic k n e ss
z e ro n o n -z e ro

T e r ra c e  T l 15
T l  11
T3 . 14.
T4 20

Modern s tre a m  25 -

20
24
22
17
11

Hg: T l = T2 = T3 = T4 = M odern s tre a m  
P -v a lu e  = 0 .0 1 3 5
T h e re fo re  r e j e c t  Ho0 t h e r e  i s  a d i f f e r e n c e  be tw een  sa m p le s .
N o te : 35 t o  37 g r a in s  w ere  m easu red  from  e a ch  s u r f a c e  w i th  each  g r a in  
h a v in g  o n ly  one m easu rem en t. '

T a b le  4 .  Chi s q u a re  t e s t  to  d e te rm in e  i f  th e  m odern s tre a m  h a s  th e  same 
num ber o f  z e r o  th ic k n e s s  r in d s  a s  th e  t e r r a c e s .

R ind T h ic k n e s s
z e ro n o n -z e ro

T e r ra c e s  T l t o  T4 60 83
Modern s tre a m 25 11

H : T l + T2 + T3 + T4 = Modern s tre a m  
P -v a lu e  = 0 .0 0 3 2
T h e r e f o r e  r e j e c t  Hq0 t h e r e  i s  a  d i f f e r e n c e  be tw een  th e  t e r r a c e s  and th e  
m odern s tr e a m .
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a s  i n d i c a t e d  by th e  p re s e n c e  o f h y d r a t io n  r in d s  on g r a v e l  sam p led  from  

th e  m odern s tr e a m . T h is  i s  c o n s i s t e n t  w ith , th e  o b s e r v a t io n  o f  P ie r c e  and 

o th e r s  (1976) t h a t  th e  g r a in s  th e y  exam ined  f o r  e v id e n c e  o f  g l a c i a l  

re w o rk in g  a l s o  p o s s e s s e d  p r e e x i s t i n g  r in d s  t h a t  d a te d  from  e a r l i e r  

e v e n ts .  T h e re fo re *  e a ch  re w o rk in g  e v e n t does n o t  c o m p le te ly  e r a s e  th e  

r e c o r d  o f  p r e v i o u s  r e w o r k in g  e v e n t s ,  p o t e n t i a l l y  e n a b l in g  s e v e r a l  

e v e n ts  to  be d a te d  from  a  s in g l e  g r a in .

S t a t i s t i c a l  M ethods and D a ta  P r e s e n t a t i o n

H y d ra tio n  r in d s  on o b s id ia n  a r t i f a c t s  a r e  c l e a r l y  i d e n t i f i a b l e  and  

p r e s e n t  l i t t l e  a m b ig u ity  i n  c o r r e l a t i n g  a r in d  w i th  th e  c r e a t i o n  o f th e  

a r t i f a c t  (F riedm an  and S m ith , 1 9 6 0 ). H ow ever, when e x a m in in g  r in d s  from  

n a t u r a l l y  w o rk e d  o b s i d i a n ,  t h e  r i n d s  t h a t  d a te  from  th e  e v e n t  o f

i n t e r e s t  m ust be s e l e c t e d  from  a num ber o f  r in d  th i c k n e s s e s .  P ie rC e  and  

o th e r s  (1 9 7 6 ) , i n  t h e i r  s tu d y  o f g l a c i a l l y  w orked o b s id i a n ,  re a s o n e d

t h a t  b o th  r a d i a l  p r e s s u r e  c ra c k s  and s h e a r  c ra c k s  on o b s id ia n  g r a v e l  

stemmed from  g l a c i a l  p r o c e s s e s  and so  c o u ld  c o n c e n t r a te  t h e i r  m easu re ­

m ent e f f o r t s  on r in d s  t h a t  form ed a lo n g  th e s e  c r a c k s .

The l a c k  o f c l e a r l y  i d e n t i f i a b l e  e v e n t - s p e c i f i c  h y d r a t io n  r in d s  to  

m easu re  i n  th e  c a se  o f  f l u v i a l  and l a c u s t r i n e  w orked  se d im e n t?  d i c t a t e s  

a  s t a t i s t i c a l  a p p ro a c h  t o  th e  p ro b le m . As m en tio n e d  a b o v e , on a g iv e n  

g r a in  t h e r e  may be s e v e r a l  r i n d  th ic k n e s s e s  and t h e r e f o r e  i t  i s  l o g i c a l  

t o  assum e t h a t  th e  t h i n n e s t  r in d s  d a te  from  th e  m ost r e c e n t  e v e n t and

t h a t  p r o g r e s s iv e ly  t h i c k e r  r i n d s  d a t e  f ro m  o l d e r  e v e n t s .  H o w e v er,

b e c a u se  th e  h y d r a t io n  phenomena c a u se s  m e c h a n ic a l s t r a i n ,  r in d s  te n d  t o  

s p a l l  p a r a l l e l  t o  th e  g r a in  edge (M ic h e ls  and B e b r ic h ,  1971) and th u s
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may c a u se  a n o m o lo u sly  t h i n  r in d s  t o  be p r e s e n t .  C o n se q u e n tly , sam ple 

s i z e s  m ust be s u f f i c i e n t l y  la r g e  t o  be a b le  to  d i f f e r e n t i a t e  be tw een  

r in d s  t h a t  d a te  from  th e  e v e n t o f i n t e r e s t . a n d  th o s e  t h a t  a r e  c r e a te d  by 

o th e r  p r o c e s s e s  ( i . e .  s p a l l i n g  and f r o s t  f r a c t u r e ) .

A f u r t h e r  r e a s o n  s t a t i s t i c a l l y  v a l i d  sam ple s i z e s  m ust be u sed  f o r  

n a tu r a l l y -  w orked: sp ec im en s  i s  t h a t  i t  i s  l i k e l y  t h a t  h y d r a t io n  r a t e  

v a r i e s  w i t h in  i n d iv i d u a l  r h y o l i t e  f lo w s  and  i s  g e n e r a l ly  a c c e p te d  t h a t  

h y d r a t io n  r a t e  v a r i e s  betw een, f lo w s  (F riedm an  and L ong, ; 1976; M ic h e ls , 

1985 ; M ic h e ls ,  1988) . F riedm an  and i ,o h g  (197,6) p o s tu l a t e d  r e l a t i o n s h i p s  

b e tw e en  s i l i c a  c o n te n t  and h y d r a t io n  r a t e  arid , be tw een  r e f r a c t i v e  in d e x  

a n d .h y d r a t io n  r a t e .  They a l s o  found  t h a t  in c r e a s e d  CaO (c a lc iu m  o x id e )  

and MgO (m agnesium  o x id e )  re d u c e  th e  h y d r a t io n  r a t e .  A n a ly se s  o f s i n g l e ­

s o u rc e  (A s te r  C reek and O b s id ia n  C l i f f  f lo w s)  o b s id ia n  shows v a r i a t i o n  

among t h e  c h e m ic a l  c o n s t i t u e n t s  o f i n d iv id u a l  sam p les  (A ppendix  C) . 

(F riedm an  and  L ong , 1976 ; M ic h e ls ,  1 9 8 8 ). I n  p a r t i c u l a r ,  th e  am ounts o f  

CaO and MgO i n  th e  A s te r  C reek flow , v a ry  by as  much a s  f a c t o r s  o f  1 .4  

and 2 .0 ,  r e s p e c t i v e l y .  The a n a ly s e s  i n d i c a t e  t h a t  t h e s e  f lo w s p ro b a b ly  

do n o t  have  a u n iq u e  h y d r a t io n  r a t e  b u t  t h a t  r a t e s  a r e  v a r i a b l e  a ro u n d  

some r e p r e s e n t a t i v e  h y d r a t io n  r a t e .  T h e r e f o r e ,  s in g l e - s o u r c e  o b s id ia n  

g r a in s  may p o s s e s s  d i f f e r e n t  r in d  th ic k n e s s e s  t h a t  d a te  from  th e  same 

e v e n t .

F u r t h e r m o r e ,  b e c a u s e ,  e a c h  o b s i d i a n  f lo w  h as  a  r e p r e s e n t a t i v e  

h y d r a t io n  r a t e  (F ried m an  ^nd Long, 1 9 7 6 ) , d e p o s i t s  w i th  m ore th a n  ope 

s o u rc e  a r e a  may a l s o  p o s s e s s  r in d s  o f  d i f f e r e n t  t h ic k n e s s e s  t h a t  d a te  

from, th e  same e v e n t .  I f  a  g iv e n  s e t  o f s e q u e n t i a l -  d e p o s i t s  su ch  a s . 

f l u v i a l  t e r r a c e s  c o n ta in  t h e  same, m ix tu re  o f  so u rc e  m a t e r i a l ,  s t a t i s t ! -
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c a l l y  v a l i d  sam ple s i z e s  from  e ach  t e r r a c e  s h o u ld  a l l e v i a t e  th e  p rob lem  

o f  d i f f e r i n g  h y d r a t io n  r a t e ? ,  assu m in g  t h a t  each  t e r r a c e  c o n ta in s  th e  

same m ix tu re  o f  s o u rc e  m a t e r i a l .

N o n p a ra m e tr ic  d e n s i ty  e s t im a t io n  ( T a r t e r  and K ronm al, 1976) was 

used  t o  d i s p la y  th e  r i n d  m easurem ent d a ta  from  th e  sam ple p i t s  on th e  

f l u v i a l  t e r r a c e s  and I a k e s h o r e s .  D e n s i ty  . e s t im a t io n  a s s ig n s  each  d a ta  

p o in t  a  s ta n d a r d  d i s t r i b u t i o n  and th e  sum t o t a l  o f  a l l  d a ta  p o i n t s  

d e f in e s  th e  shape  o f th e  o v e r a l l  d e n s i ty  e s t im a t io n  c u rv e .  How ever, th e  

sh ap e  o f  th e  c u rv e  can  be s l i g h t l y  a l t e r e d  by c h o o s in g  d i f f e r e n t . 

sm o o th in g  p a ra m e te r s .  The a d v a n ta g e s  o f d e n s i ty  e s t im a t io n  o v e r 'p a r a m e - . 

t r i e  f re q u e n c y  h is to g ra m s  i s  t h a t  b i a s  i s  n o t  in t r o d u c e d  by c h o o s in g  a 

c l a s s  i n t e r v a l  and th e  te c h n iq u e  does n o t  assum e t h a t  th e  sam ple was 

ta k e n  from  a  n o rm a lly  d i s t r i b u t e d  p o p u l a t i o n .  F u r t h e r m o r e ,  d e n s i t y  

e s t i m a t i o n  w as u s e d  b e c a u s e  th e  d a ta  d i s t r i b u t i o n  f o r  each  o f th e  

sam p les  a p p e a r s  t o  be a  m ix tu re  o f s e v e r a l  n o rm a lly  d i s t r i b u t e d  p o p u la ­

t i o n s  (R ic h a rd  R o s s i ,  1 9 8 9 , .p e r s o n a l  com m .). T h is  i s  a s i t u a t i o n  w h ich  

does n o t  e a s i l y  l e n d  i t s e l f  t o  p a ra m e tr ic  s t a t i s t i c a l  a n a l y s i s .  How ever, 

c u r v e  f i t t i n g  p r o c e d u r e s  a r e  c u r r e n t l y  i n .  p r o g re s s  t h a t  w i l l  a llo w  

p a ra m e tr ic  e s t im a te s  o f . th e  d a ta  d i s t r i b u t i o n s  (R ic h a rd  R o s s i ,  1990, 

p e r s o n a l  comm.) .
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RESULTS

d

O b s id ia n  Sand P l a in

R ind m easurem ent d a t a ,  e x c lu s iv e  o f  z e ro  r i n d s ,  f o r  i n d i v i d u a l  

s a m p l in g  l e v e l s  f o r  T e r r a c e  TO (A p p en d ix  D) a r e  shown by  d e n s i t y  

e s t i m a t io n  d ia g ra m s  i n  F ig u r e s  5 - 9 .  H y d ra tio n  r i n d s  from  e a c h  sa m p lin g  

d e p th  w ere  m easu red  i n  o r d e r  t o  d e te rm in e  i f  h y d r a t io n  r in d  t h ic k n e s s  

v a r i e d  w i th  d e p th  and t o  d e f in e  an  a p p r o p r i a t e  d e p th  from  w h ic h  t o  

m easu re  r i n d s  i n  t h e  re m a in d e r  o f  t h e  sa m p lin g  p i t s .  The 20 t o  40 cm and 

40 t o  60 cm l e v e l s  f o r  T e r ra c e  TO ( F ig s .  6 and 7) show th e  m ost r e g u l a r  

p eak  i n  t h e  0 t o  10 m ic ro n  ra n g e  and  t h e r e f o r e  t h i s  r a n g e  o f  l e v e l s  was 

u se d  i n  a l l  s u b s e q u e n t  sam ple  m ea su rem e n ts .

I t  s h o u ld  b e  n o te d  t h a t  a l l  o f  t h e  d i f f e r e n t  p i t  l e v e l s  e x c e p t  th e  

80 t o  100 cm l e v e l  show a  s i m i l a r  p a t t e r n  o f  d a ta  d i s t r i b u t i o n  ( F ig s .  5 -  

9 ) .  The d a ta  f o r  t h e  u p p e r  80 cm o f  t h e  p i t  s u g g e s t  t h a t  t h e  h y d r a t io n  

r i n d s  r e c o r d  a t  l e a s t  t h r e e  e v e n ts  w i th  t h e  y o u n g e s t  c e n te r e d  a ro u n d  6 .5  

m ic ro n s . The d o m in an t p e a k  a t  a b o u t 6 .5  m ic ro n s  f o r  t h e  80 t o  100 cm 

d e p th  i s  much subdued  and  th e  d i s t r i b u t i o n  in s t e a d  d i s p l a y s  s t r o n g  p e a k s  

a t  a b o u t 14 and 22 m ic ro n s  ( F ig .  9 ) .  The a g g re g a te  d a t a  f o r  T e r ra c e  TO 

c l e a r l y  shows a l l  t h r e e  p e a k s  ( F ig .  1 0 ) .

R ind m easu rem en t d a t a ,  e x c lu s iv e  o f  z e ro  r i n d s , from  th e  20 t o  60 

cm d e p th  f o r  T e r r a c e s  T l t o  T4 and s u r f a c e  sam p les  f o r  t h e  m odern s tr e a m  

(A ppendix  E) a r e  shown b y  d e n s i t y  e s t i m a t io n  d iag ra m s  i n  F ig u re s  1 1 -1 5 . 

T hese d e n s i t y  d ia g ra m s  show a  s t r o n g  p e a k  c e n te r e d  a ro u n d  6 .5  m ic ro n s .
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Terrace TO, O - 20 cm (n=32)

Q 0.05

Thickness of Rind (microns)

F i g u r e  5 -  Rind m easu rem en t d a t a  f o r  T e r r a c e  TO a t  0 -  20 cm d e p th .
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Terrace TO, 20 - 40 cm (n=31)

Thickness of Rind (microns)

F i g u r e  6 -  Rind m easu rem en t  d a t a  f o r  T e r r a c e  TO a t  20 -  40 cm d e p th .
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Terrace TO, 40 - 60 cm (n=35)

O 0.05

Thickness of Rind (microns)

F ig u r e  7 -  Rind m easu rem en t  d a t a  f o r  T e r r a c e  TO a t  40 -  60  cm d e p th .
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Terrace TO, 60 - 80 cm (n=33)

Thickness of Rind (microns)

F i g u r e  8 -  R ind  m easurem ent d a ta  f o r  T e r r a c e  TO a t  60 -  80 cm d e p th .
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Terrace TO, 8 0 - 100 cm (n=27)

Thickness of Rind (microns)

F i g u r e  9 -  R ind m easu rem en t  d a ta  f o r  T e r r a c e  TO a t  80 -  100 cm d e p th .
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Terrace TO, O - 1 0O cm (n=158)

Thickness of Rind (microns)

F ig u r e  10 -  A g g re g a te  r i n d  m easurem ent d a t a  f o r  T e r r a c e  TO.
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TerraceH (n=78)

Thickness of Rind (microns)

F i g u r e  11 -  R ind  m easu rem en t d a t a  f o r  T e r r a c e  T l .
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Terrace T2 (n=76)

Thickness of Rind (microns)

F ig u r e  12 -  R ind  m easu rem en t  d a t a  f o r  T e r r a c e  T2.
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Terrace T3 (n=60)

Thickness of Rind (microns)

F ig u r e  13 -  Rind m easurem ent d a t a  f o r  T e r r a c e  T3.
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Terrace T4 (n=91)

Thickness of Rind (microns)

F i g u r e  14 -  Rind m easu rem en t  d a t a  f o r  T e r r a c e  T4.
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Modern Stream (n=58)

Q 0.05

Thickness of Rind (microns)

F ig u r e  15 -  Rind m easurem ent d a ta  f o r  modern s t r e a m .
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H ow ever, t h e  d i s t r i b u t i o n  o f  r in d s  t h i c k e r  th a n  6 ,5  m ic ro n s  f o r  T e r r a c e s  

T l t o  T4 and  th e  m odern s tr e a m  do n o t  a p p e a r  t o  c o n s i s t e n t l y  c l u s t e r .

Y e llo w s to n e  Lake

R ind m easu rem en t d a t a ,  e x c lu s iv e  o f  z e ro  r i n d s ,  f o r  t h e  f i v e  r a i s e d  

s h o r e l i n e s  (A ppendix  F) a r e  shown b y  d e n s i t y  e s t i m a t io n  d iag ra m s i n  

F ig u r e s  1 6 -2 0 . E ach  o f  t h e  d iag ra m s  h a s  a  p ro m in e n t p e a k  b e tw e en  5 and

6 .2  m ic ro n s . R inds t h i c k e r  th a n  t h i s  do n o t  a p p e a r  t o  c l u s t e r  a ro u n d  

common p o i n t s  f o r  a l l  s h o r e l in e s  b u t  a r e  d i s t r i b u t e d  b e tw e en  a b o u t 10 

and  30 m ic ro n s . B o th  S h o r e l in e s  S3 and  S4 ( F ig s .  18 and  19) a l s o  show a  

f a i r l y  p ro m in e n t p e a k  a t  a b o u t 16 m ic ro n s . The u p p e rm o st s h o r e l i n e ,  S5, 

d i s p l a y s  a  p e a k  a t  a b o u t 21 m ic ro n s  t h a t  i s  a s  p ro m in e n t a s  t h e  p e a k  a t

5 .2  m ic ro n s  ( F ig .  2 0 ) .
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Shoreline SI (n=63)

Thickness of Rind (microns)

F ig u r e  16 -  R ind  m easu rem en t  d a ta  f o r  S h o r e l i n e  S I .
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Shoreline S2 (n=84)

Q 0.05

Thickness of Rind (microns)

F ig u re  17 -  R ind m easu rem en t  d a t a  f o r  S h o r e l i n e  S2.
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Shoreline S3 (n=80)

O 0.05

Thickness of Rind (microns)

F ig u r e  18 -  Rind m easurem ent d a t a  f o r  S h o r e l i n e  S3.
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Shoreline S4 (n=62)

Thickness of Rind (microns)

F ig u r e  19 -  Rind m easu rem en t  d a t a  f o r  S h o r e l i n e  S4.
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Shoreline S5 (n=51)

Q 0.05 -

Thickness of Rind (microns)

F ig u r e  20 -  Rind m easurem ent d a t a  f o r  s h o r e l i n e  S5.



53

DISCUSSION

The o r i g i n a l  p u rp o se  o f t h i s  s tu d y  was to  d e v is e  a  m ethod , u s in g  

o b s id ia n  h y d r a t io n  d a t in g  te c h n iq u e s ,  t o  d a te  f l u v i a l  t e r r a c e s  and l a k e  

s h o r e l in e s -  D uring  th e  c o u rs e  o f t h i s  s tu d y ,  much in f o r m a t io n  h as  b een  

r e v e a le d  a b o u t th e  o b s id ia n  h y d r a t io n  d a t in g  te c h n iq u e  i n  g e n e r a l .  T h is  

in fo r m a t io n  h a s  im p o r ta n t  r a m i f i c a t i o n s  f o r  g e o lo g i s t s  and a rc h a e o lo ­

g i s t s  e m p lo y in g  t h e  t e c h n i q u e  i n  t h e i r  s t u d i e s .  I n  th e  f o l lo w in g  

s e c t i o n ,  th e  te c h n iq u e  w i l l  f i r s t  be d is c u s s e d  a s  a p p l i e d  to  f l u v i a l  

t e r r a c e s  and l a k e s h o r e s  and th e n  a  g e n e ra l  d i s c u s s io n  o f th e  o b s id ia n  

h y d r a t io n  d a t in g  te c h n iq u e  w i l l  f o l lo w .

O b s id ia n  Sand P la in

S o la r  I n s o l a t i o n

F riedm an  and Long (1976) found  t h a t  o b s id ia n  e x p o sed  t o  th e  sun  

w i l l  h y d r a te  much m ore r a p id ly  th a n  b u r ie d  o b s id ia n .  In  t h e i r  e x p e r i ­

m ents n e a r  W est Y e llo w s to n e , MT, th e y  d e te rm in e d  t h a t  o b s id ia n  from  th e  

O b s id ia n  C l i f f  flow  re a c h e d  a  te m p e ra tu re  o f 1 9 .7  °C i n  d i r e c t  s u n l i g h t  

w h ich  c o rre s p o n d s  t o  a  h y d r a t io n  r a t e  o f 1 6 .0  m ic ro n s 2/ 1000 y r s .  S o i l  

te m p e ra tu re  a t  a d e p th  o f 0 .9  m a v e ra g e d  6 .9  °C, w h ich  c o rre s p o n d s  to  a 

h y d r a t io n  r a t e  o f 3 .4  m ic ro n s2/1 0 0 0  y r s .  The d i s p a r i t y  b e tw een  th e s e  tw o . 

r a t e s  i s  v e ry  s i g n i f i c a n t  w i th  r e g a r d  t o  sam p lin g  d e p th .  I t  w ould a p p e a r  

from  th e  s tu d y  o f  F riedm an  and Long (1976) t h a t  t o  e s c a p e  th e  e f f e c t s  o f 

s o l a r  h e a t in g ,  sam p les  s h o u ld  o n ly  be c o l l e c t e d  a t  some d e p th  below  th e

s u r f a c e .
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The d a ta  from  T e r ra c e  TO ( F ig s .  5 -9 )  show t h a t  t h e r e  i s  no a p p a re n t  

i n c r e a s e  i n  r i n d  th ic k n e s s  i n  th e  u p p e r  few  d e c im e te r s  w h ich  im p l ie s  

t h a t  e f f e c t s  o f  s o l a r  h e a t in g  a r e  n e g l i g i b l e  a t  t h i s  s i t e .  I t  was 

e x p e c te d  t h a t  t h e r e  w ould  be an  i n c r e a s e  i n  r in d  th ic k n e s s  to w ard  th e  

s u r f a c e ,  b u t  t h i s  i s  n o t  p o r t r a y e d  by th e  d a ta .  One p o s s ib l e  e x p la n a t io n  

i s  t h a t  b i o t u r b a t i o n  c o u ld  have th e  e f f e c t  o f  m ix in g  th e  s u r f a c e  l a y e r  

th e re b y  n u l l i f y i n g  th e  s o l a r  h e a t in g  s i g n a l .  B i o tu r b a t io n  may ta k e  th e  

form  o f  r o o t  th row  o r  ground  s q u i r r e l  b u rro w in g . I t  i s  a l s o  p o s s ib l e  

t h a t ,  b e c a u se  t h i s  s i t e  i s  c o v e re d  by snow f o r  a  l a r g e  p a r t  o f each  

y e a r ,  s o l a r  h e a t in g  does n o t  have an  e f f e c t  on th e  h y d r a t io n  r a t e .

R ew orking P ro c e s s e s

R e w o rk in g  i n  t h e  f l u v i a l  e n v iro n m en t i s  p ro b a b ly  d om ina ted  by 

f r a c t u r i n g  a s  o pposed  t o  a b r a s io n .  T b e n h o fe l (1 9 4 5 ), i n  h i s  s tu d y  o f th e  

r o u n d in g  o f  s a n d  g r a i n s ,  s t a t e d  t h a t  when s tre a m  se d im e n t c o n ta in s  

g r a v e l  and sa n d , th e  sand  p a r t i c l e s  do n o t  become ro u n d e d . I n s t e a d ,  th e  

sa n d  g r a in s  a r e  r e p e a te d ly  f r a c tu r e d  by im p ac t and g r in d in g .  I t  i s  n o t  

u n re a s o n a b le  to  s u g g e s t  t h a t  g r a v e l  s i z e  p a r t i c l e s  a l s o  rem a in  a n g u la r  

t h r o u g h  t h e  sam e p r o c e s s e s  o f  r e w o r k in g .  D obkins and F o lk  (1970) 

r e p o r t e d  t h a t  s tre a m  g r a v e l s  r e t a i n  much o f  t h e i r  a n g u la r i t y  d u r i n g  

t r a n s p o r t .  T h is  im p l ie s  t h a t  i f  re w o rk in g  does o c c u r  i n  th e  f l u v i a l  

e n v iro n m e n t, th e n  th e  dom inant p ro c e s s  i s  p ro b a b ly  f r a c t u r i n g  a s  o p p o sed  

t o  a b r a s io n ,  w h ich  w ould  te n d  t o  i n c r e a s e  th e  ro u n d n e ss  o f i n d iv i d u a l  

c l a s t s  (D obkins and F o lk , 1 9 7 0 ).

When e x a m in in g  hand  sp ec im en s  from  th e  OSP, some o f  th e  o b s id ia n  

p e b b le s  hav e  s l i g h t l y  f r o s t e d  c o r n e r s ,  w h ich  p ro b a b ly  r e s u l t e d  f r o m  

a b r a s i o n ,  b u t  g e n e r a l l y  t h e  o b s i d i a n  g r a i n s  a r e  v e ry  a n g u la r  and
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i r r e g u l a r  in  sh a p e . When ex am in in g  th e s e  p e b b le s  w i th  a  m ic ro sc o p e , some 

o f  th e  c o rn e r s  a p p e a r  a b ra d e d , b u t  o v e r a l l  th e  ed g es  o f th e  p e b b le s  a r e  

g e n e r a l ly  sm ooth . No r in d s  w ere  m e a s u re d  on c o r n e r s  t h a t  a p p e a r e d  

a b r a d e d  b e c a u s e  t h e  r i n d s  in  t h e s e  a r e a s  d id  n o t  have  c o n s i s t e n t  

th ic k n e s s e s  a lo n g  th e  a b ra d e d  ed g e . I n s t e a d ,  a l l  r in d s  w ere  m easu red  on 

sm ooth e d g e s . A sm ooth  edge w ould  be e x p e c te d  t o  be c r e a te d  th ro u g h  th e  

c o n c h o id a l  f r a c t u r e  o f  o b s id ia n .  The above o b s e r v a t io n s  i n d i c a t e  t h a t  

o b s id ia n  p e b b le s  w ear in  th e  f l u v i a l  e n v iro n m en t m a in ly  by f r a c t u r i n g  

and h y d r a t io n  r i n d s  w ere  m easu red  o n ly  on f r a c t u r e  s u r f a c e s .

The m odern s tre a m  c o n ta in s  s i g n i f i c a n t l y  m ore z e r o  th ic k n e s s  r in d s  

th a n  th e  h ig h e r  t e r r a c e s  (T a b le s  3 and 4) w h ich  im p l ie s  t h a t  f l u v i a l  

re w o rk in g  i s  an  e f f e c t i v e  a g e n t i n  r e s e t t i n g  r in d s  on o b s id ia n  g r a i n s .  

The m odern s tre a m  p o s s e s s e s  a b o u t 20 t o  60 % m ore z e r o  th ic k n e s s  r i n d s  

t h a n  t h e  o t h e r  s u r f a c e s  ( T a b le  3 )  w h ic h  i n d i c a t e s  t h a t  rew o rk in g  

p r o c e s s e s  a r e  e f f e c t i v e  on a b o u t 20 t o  60 % o f th e  g r a i n s .  The p r o c e s s e s  

t h a t  p ro d u ce  z e ro  th ic k n e s s  r in d s  on T e r r a c e s  T l t o  T4 (T a b le  3) m ost 

p r o b a b l y  r e f l e c t  i n  s i t u  f r a c t u r i n g ,  sa m p lin g  te c h n iq u e  and sam ple  

p r e p a r a t i o n .

G ra in s  a r e  o n ly  p a r t i a l l y  rew orked  i n  th e  f l u v i a l  e n v iro n m en t w h ich  

im p l ie s  t h a t  e a ch  g r a in  can p o t e n t i a l l y  r e c o r d  m u l t i p l e  e v e n ts .  T h is  i s  

e v id e n c e d  by m u l t ip l e  r in d  th ic k n e s s e s  f o r  each  p i t  l e v e l  ( F ig s .  5 -9 )  

and m u l t i p l e  r i n d  th ic k n e s s e s  on i n d iv i d u a l  g r a in s  a s  o b s e rv e d  i n  t h i s  

s tu d y  and r e p o r t e d  by P ie r c e  and o th e r s  (1 9 7 6 ). A d d i t io n a l  e v id e n c e  

in c lu d e s  th e  f a c t  t h a t  g r a in s  i n  th e  m odern s tre a m  p o s s e s s  r in d s  o f  

v a r io u s  th ic k n e s s  i n  a d d i t io n  to  z e r o  th ic k n e s s  r in d s  (A ppendix  E ) . I f  

co m p le te  re w o rk in g  o c c u rs  i n  th e  f l u v i a l  e n v iro n m e n t, th e r e  s h o u ld  n o t
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be any m e a s u ra b le  r in d s  p r e s e n t  on m odern s tre a m  g r a v e l  and by  i n ­

f e r e n c e ,  g r a v e l  from  an  in d iv i d u a l  t e r r a c e  sh o u ld  o n ly  p o s s e s s  r in d s  

t h a t  d a te  from  a  s i n g l e  e v e n t .  B o th  o f  th e s e  s i t u a t i o n s  a r e  c l e a r l y  n o t  

th e  c a s e .

D epth  o f R ew orking

T h ere  was no v i s i b l e  s t r a t i g r a p h y  i n  th e  p i t  on T e r ra c e  TO6 how ever 

th e  d a ta  from  th e  80 t o  100 cm d e p th  (F ig .  9) l a c k  th e  dom inan t peak  a t  

a b o u t 6 .5  m ic ro n s  and i n s t e a d  show two p ro m in e n t p eak s  a t  a b o u t 13 and 

22 m ic ro n s , r e s p e c t i v e l y .  T hese d a ta  a r e  n o t  c o m p a tib le  w i th  a P in e d a le  

age f o r  t h i s  m a t e r i a l  and can  be i n t e r p r e t e d  i n  a t  l e a s t  two w ays. The 

f i r s t  h y p o th e s i s  i s  t h a t  th e  80 cm d e p th  r e p r e s e n t s  maximum d e p th , o f  

rew o rk in g  by a P in e d a le  age s tr e a m . T h is  im p l ie s  t h a t  th e  b u lk  o f  th e  

d e p o s i t  d a te s  from  an e a r l i e r  d e p o s i t i o n a l  e v e n t and  P in e d a le  re w o rk in g  

o n ly  a f f e c t e d  th e . u p p e r 80 cm o f th e  OSP a t  t h i s  l o c a t i o n .

The se co n d  h y p o th e s is  i s  t h a t  th e  amount o f  m a t e r i a l  above th e  80 

cm d e p th  r e p r e s e n t s  P in e d a le  a g g r a d a t io n .  T h is  h y p o th e s i s  i s  g e n e t i c a l l y  

s i m i l a r  t o  th e  f i r s t  h y p o th e s is  b u t  d i f f e r s  in  a t  l e a s t  one im p o r ta n t  

a s p e c t .  B o th  h y p o th e s e s  c a l l  f o r  some P in e d a le -a g e  m echanism  t o  r e s e t  

g r a in s  i n  th e  u p p e r  80 cm o f th e  d e p o s i t ,  how ever one c a l l s  f o r  f l u v i a l  

rew o rk in g  w h ere  th e  seco n d  c a l l s  f o r  a g g ra d a t io n ,  w h ich  i s  c o m p a tib le  

w i th  P i e r c e 's  (1979) o u tb u r s t  f lo o d  h y p o th e s i s .

The a u th o r  p ro p o se s  t h a t  th e  OSP does n o t  d a te  from  one p a r t i c u l a r  

e p is o d e  o f d e p o s i t io n ,  b u t  i n s t e a d  i s  a  c o m p o s ite  d e p o s i t  t h a t  h a s  

u ndergone  a t  l e a s t  two p e r io d s  o f d e p o s i t io n .  The e a r l i e r  m a jo r p e r io d  

o f  d e p o s i t io n  p o s td a te s  th e  r e c e s s io n  o f  B u l l  Lake i c e  from  H orse  B u t te  

(A lden , 1953 ; W itk in d , 1 9 6 9 ) . H y d ra tio n  r in d s  from  th e  80 t o  100 cm
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d e p th  (F ig .  9) d i s p la y  th e  y o u n g e s t  peak  a t  a b o u t 13 m ic ro n s  w h ic h  

i n d i c a t e s  t h a t  t h i s  l e v e l  l a r g e l y  d a te s  from  B u l l  Lake tim e  (F ig . 2 1 ) .  

H ow ever, h y d r a t io n  r in d s  on g r a v e l  c o l l e c t e d  a t  d e p th s  from  2 t o  12 m 

below  th e  s u r f a c e  o f th e  OSP i n  o th e r  l o c a t i o n s  d a te  from  P in e d a le  tim e  

( P ie r c e ,  .1 9 7 9 ). T h is  i n d i c a t e s  t h a t  th e  d e p o s i t i o n a l  a n d  e r o s i o n a l  

h i s t o r y  o f  th e  OSP i s  com plex and t h a t  t h e r e  may be l a r g e  p a le o - c h a n n e ls  

i n  th e  OSP t h a t  w ere  e ro d e d  i n  p r e - P in e d a le  tim e  and  f i l l e d  d u r i n g  

P in e d a le  a g g r a d a t io n .

O n ly  a b o u t  80 cm o f  s e d im e n t was a g g ra d e d  o r  rew orked  a t  th e  

l o c a t i o n  o f sa m p lin g  p i t  TO d u r in g  P in e d a le  t im e . As m en tio n e d  a b o v e , 

d e p o s i t io n  c o u ld  hav e  b een  i n  th e  form  o f s h a llo w  a g g ra d in g  s tr e a m s  

(R ichm ond, 1964) o r  from  g l a c i a l  o u t b u r s t  f lo o d s  ( P i e r c e ,  1 9 7 9 ). From 

e v id e n c e  p r e s e n te d  b e lo w , a d v a n c in g  and f u l l  P in e d a le  i c e  c o n d i t io n s  a r e  

c h a r a c te r i z e d  by a g g r a d a t io n  w h e re as  P in e d a le  r e c e s s io n  i s  c h a r a c te r i z e d  

by e r o s io n  and t e r r a c e  fo rm a tio n . I t  m ust be em p h asized  t h a t  t h i s  m u l t i ­

age OSP i n t e r p r e t a t i o n  i s  b a se d  on one s i t e  o n ly  b u t  i s  c o m p a tib le  w i th  

e v id e n c e  p r e s e n te d  by A lden  (1 9 5 3 ), Richmond (1 9 6 4 ) , W itk in d  (1969) and 

P ie rc e  (1 9 7 9 ).

I t  i s  d i f f i c u l t  t o  r e c o n c i l e  th e  d i s p a r i t y  b e tw e en  a g g r a d a t io n  

d u r in g  B u l l  Lake r e c e s s io n  as p o s tu l a t e d  by W itk in d  (1969) b u t  dow ncut­

t i n g  d u r in g  P in e d a le  r e c e s s io n .  H ow ever, th e  g l a c i a l  reg im e  of e ach  i c e  

m ass w as v e ry  d i f f e r e n t .  The B u l l  Lake g l a c i e r  e x te n d e d  o u t  i n t o  th e  

W est Y e llo w s to n e  B a s in  t o  th e  p o s i t i o n  o f  H orse  B u t te  w h e re as  P in e d a le  

i c e  j u s t  e x i t e d  th e  m outh o f  M adison Canyon (F ig .  I ) .  The g r a d ie n t  from  

th e  m outh o f M adison  Canyon t o  H orse  B u t te  b e g in s  a t  a b o u t 1 °  b u t soon 

l e s s e n s  t o  a b o u t 0 .1 °  ( P ie r c e ,  1 9 7 9 ) . The g r a d ie n t  o f  th e  s u r f a c e  i s
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v e ry  lo w , b u t  p r o b a b ly  does  n o t  r e f l e c t  t h e  o r i g i n a l  s u r f a c e  t h a t  th e  

B u l l  Lake i c e  moved a c r o s s . Richmond (1964) r e p o r t e d  t h a t  th e  g r a v e l  

r a n g e s  i n  d e p th  from  12 t o  30 m and r e s t s  on l a c u s t r i n e  s e d im e n ts  im­

pounded by  th e  B u l l  Lake m o ra in e s . D epending  on th e  th ic k n e s s  o f  th e  

l a c u s t r i n e  d e p o s i t s ,  t h e  g r a d i e n t  o f  th e  s u r f a c e  may h av e  b e e n  much 

s t e e p e r .

The g l a c i e r  dynam ics o f  B u l l  L ake i c e  a r e  f u r t h e r  d i f f e r e n t i a t e d  

from  P in e d a le  g l a c i e r  dynam ics b e c a u s e  t h e  W est Y e llo w s to n e  f lo w  was n o t  

em p laced  u n t i l  a t  l e a s t  l a t e  B u l l  L ake t im e  ( P ie r c e  and  o t h e r s ,  1 9 7 6 ) . 

P i e r c e  (1976) r e p o r t e d  t h a t  B u ll  Lake i c e  moved i n t o  th e  W est Y e l ­

l o w s to n e  B a s in  from  th e  s o u th e a s t  th ro u g h  a  15 km gap t h a t  i s  now 

o c c u p ie d  b y  th e  W est Y e llo w s to n e  f lo w . P in e d a le  i c e  a d v an ced  i n t o  th e  

b a s i n  from  th e  n o r t h e a s t  and o r i g i n a t e d  a t  t h e  i c e  d i v id e  l o c a t e d  i n  t h e  

v i c i n i t y  o f  O b s id ia n  C l i f f .  I f  t h e  W est Y e llo w s to n e  f lo w  was em placed  

w h i le  B u l l  Lake i c e  was p r e s e n t ,  i t  i s  l i k e l y  t h a t  t h e r e  w ere  l a r g e  

jo k u lh la u p s  i n  t h e  b a s i n  d u r in g  t h i s  t im e .  The W est Y e llo w s to n e  f lo w  h a s  

b e e n  K -A r d a te d  a t  117 +_ 8 k a  and  h a s  co n c av e  em baym ents t h a t  s u g g e s t  

t h a t  i t  was e ru p te d  a g a i n s t  i c e  (W ald rop , 1975; W aldrop  and P i e r c e ,  

1975; P i e r c e ,  1975; P i e r c e  and o t h e r s ,  1976; R ichm ond, 1976b; P i e r c e ,  

1 9 7 9 ) . The e r u p t i o n  o f  l a v a  i n  c o n ta c t  w i th  th e  i c e  c o u ld  hav e  p ro v id e d  

a  m echanism  f o r  m e l t in g  and  f lo o d s  i n  t h e  W est Y e llo w s to n e  B a s in  w h ich  

may h av e  c o n t r i b u te d  t o  t h e  d e p o s i t i o n  o f  th e  OSP d u r in g  l a t e  B u ll  Lake 

t im e .

Age o f  T e r r a c e s

T h e re  i s  no a p p a re n t  d i f f e r e n c e  b e tw e en  t h e  p o s i t i o n  o f  t h e  young­

e s t  p e a k  from  T e r ra c e s  TO th ro u g h  T4 ( F ig s .  1 0 - 1 4 ) ,  i n d i c a t i n g  t h a t  t h e
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t e r r a c e s  w ere  c u t  i n  a s h o r t e r  p e r io d  o f  tim e  th a n  th e  te c h n iq u e  ;can 

d i s c e r n .  Each s u r f a c e  h as  a l a r g e  peak  ( F ig s .  10—14) c e n te r e d  a ro u n d  6 .5  

m ic ro n s  w i th  a ra n g e  from  6 t o  7 m ic ro n s . B ecause  th e  d a ta  s e t s  m ost 

p ro b a b ly  r e f l e c t  m u lti-m o d a l d i s t r i b u t i o n s ,  p a ra m e tr ic  s t a t i s t i c s  w ere  

o r i g i n a l l y  n o t  u se d  t o  make i n f e r e n c e s  a b o u t th e  p o p u la t io n s .  How ever, 

o n g o in g  a n a ly s e s  by R o s s i  (1990 , p e r s o n a l  comm.) s h p u ld  p ro v id e  m ore 

r e l i a b l e  e s t im a te s  o f th e  c e n te r  o f th e  p eaks and th e  s ta n d a r d  e r r o r  o f  

th e s e  e s t im a te s  by m eans o f p a ra m e tr ic  c u rv e  f i t t i n g .  F o r th e  p r e s e n t ,  

th e  c e n te r  (mode) o f  th e  l a r g e  peak  f o r  e a ch  t e r r a c e  l e v e l  i s  th e  b e s t  

m easu re  o f r in d  th ic k n e s s .

T he f i r s t  m e th o d  u s e d  t o  o b t a i n  a  d a te  f o r  th e  t e r r a c e s  was 

a p p l i c a t i o n  to  th e  c a l i b r a t i o n  c u rv e  from  P ie rc e  and  o th e r s  (1976) (F ig .  

21) o f  an h y d r a t io n  v a lu e  o f 6 .5  + 0 .5  m ic ro n s , w h ich  y i e l d s  an age o f 

2 0 ,0 0 0  + 3 ,0 0 0  y r .  T h is  age a g re e s  w i th  P ie r c e  and o th e r s  (1976) i n  t h a t  

th e  t e r r a c e s  a r e  y o u n g e r th a n  f u l l  P in e d a le  m o ra in es  ( tM30. k a )  b u t  o ld e r  

th a n  P in e d a le  d e g la c i a l  d e p o s i t s  ( " 1 2  k a )  . N ash  (1 9 8 4 )  u s e d  s c a r p  

m orphology t o  d a te  th e  t e r r a c e s  by c a l i b r a t i n g  th e  te c h n iq u e  a g a in s t  a 

minimum 1ZhC d a te  o f 7 ,1 0 0  + 50 y r  f o r  T e r ra c e  T4. I f  t h i s ,  d a te  i s  to o .  

young, th e  d a te s  o b ta in e d  from  th e  u p p e r s c a r p s  w i l l  a l s o  be to o  young . 

F ig u re  22 shows th e  a g e s  N ash (1984) d e r iv e d  f o r  th e  t e r r a c e s  com pared 

t o  ag es  f o r  th e  t e r r a c e s  d e r iv e d  by th e  f i r s t  m ethod i n  t h i s  s e c t i o n .  As 

can  be se e n  from  t h i s  c o m p a riso n , m ost o f th e  a g e s  do n o t  o v e r l a p  

b e c a u s e  N ash  (1 9 8 4 )  e s t i m a t e d  t h a t  ■ th e  t e r r a c e s  a r e  s i g n i f i c a n t l y  

y o u n g e r th a n  e s t im a te s  from  t h i s  s tu d y .

A se co n d  m ethod u sed  t o  o b t a in  an  age f o r  th e  fo rm a tio n  o f th e  

t e r r a c e s  w as t o  u se  h y d r a t io n  r a t e  c o n s ta n t s  c a l c u l a t e d  f o r  th e  O b s id ia n



60

P i n e d a l e  d e g l a c i a  
d e p o s i t s

M a d i s o n  R i v e r  
t e r r a c e s  ( P e a k  1 )

M a d i s o n  R i v e r  
t e r r a c e s  ( P e a k  2 )

P i n e d a l e  t e r m i n a l  m o r a i n e s

• =  R a n g e  o f  m o d a l  
v a l u e s  ( t h i s  s t u d y )

I =  ± 1  S . D.  ( f r o m  P i e r c e  
a n d  o t h e r s ,  1 9 7 6 )

W e s t  Y e l l o w s t o n e  f l o w

B u l l  L a k e  t e r m i n a l  m o r a i n e s

I l l i
5 6 7 8 9 10 11 12 13 14 15 16

Rind thickness (microns)

F ig u re  21 -  H y d ra tio n  c a l i b r a t i o n  c u rv e  show ing a g e s  o f  M adison R iv e r  
t e r r a c e s  and an i n t e r p r e t e d  o l d e r  e v e n t  (heavy l i n e s ,  t h i s  s tu d y )  in  
r e l a t i o n  to  g l a c i a l  d e p o s i t s  i n  th e  W est Y e llo w s to n e  a r e a  ( a f t e r  P ie r c e  
and o t h e r s ,  1 9 7 6 ) .
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C O R R E L A T I O N S

P i n e d a l e  t e r m i n a l
m o r a i n e s I- - - - - - - - — ■ I

T e r r a c e  TO

T l fim tm m im n]

T 2

T 3 | i u u i u u u m n

T4 I fm rom m n fl
E X P L A N A T I O N

i l l l i i l S  ▼  T h i s  s t u d y
P i n e d a l e  d e g l a c i a l

d e p o s i t s
N a s h  ( 1 9 8 4 )

M o d e r n  s t r e a m  I
P i e r c e  a n d  o t h e r s  ( 1 9 7 6 )

G 10 2 0 3 0  4 0

A G E  ( I O 1 y e a r s )

F ig u re  22 -  C o r r e la t io n  c h a r t  s h o w in g  a g e s  o f  s e l e c t e d  s u r f  i c i a l  
g e o lo g ic  f e a t u r e s  in  th e  W est Y e llo w s to n e  a r e a .
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C l i f f  f lo w  (M ic h e ls 9 1985) t o g e th e r  w i th  an  e s t im a te d  e f f e c t i v e  h y d ra ­

t i o n  te m p e ra tu re  (EHT). T h is  m ethod assum es t h a t  th e  o b s id ia n  i n  th e  OSP 

i s  e i t h e r  d e r iv e d  from  th e  O b s id ia n  C l i f f  flow  o r  h y d r a te s  a t  ro u g h ly  

th e  same r a t e .  F riedm an  and O b rad o v ich  (1981) exam ined  e ig h t  o b s id ia n  

f lo w s i n  Y e llo w s to n e  N a t io n a l  P a rk  and  fo u n d  t h a t  a l l  o f  th e  f lo w s w ere  

c h e m ic a l ly  s i m i l a r  t o  th e  O b s id ia n  C l i f f  f lo w . T h e r e f o r e 9 th e y  p o s tu ­

l a t e d  t h a t  t h e r e  was no d i f f e r e n c e  i n  h y d r a t io n  r a t e  among th e  f lo w s . 

P ie r c e  and o th e r s  (1976) r e p o r t e d  t h a t  m ost o f th e  m a t e r i a l  in  th e  OSP 

was p ro b a b ly  d e r iv e d  from  th e  W est Y e llo w sto n e  f lo w , w h ic h  was in c lu d e d  

i n  th e  a n a ly s i s  by F riedm an and O b rad o v ich  (1 9 8 1 ).

The A rrh e n iu s  e q u a t io n  u sed  by M ic h e ls  (1985) t o  r e l a t e  h y d r a t io n  

r a t e  to  te m p e ra tu re  i s  th e  same as t h a t  u sed  by F riedm an  and Long (1976) 

and l i s t e d  e a r l i e r  i n  t h i s  t h e s i s .  The w o rk in g  v e r s i o n  o f  t h i s  e q u a t io n  

f o r  th e  O b s id ia n  C l i f f  flow  ta k e s  th e  fo rm :

k ' = 7 .0 5  e x p [7 7 5 9 6 /8 .3 1 7  (1 /4 7 3 .1 6  -  1 /T 1)]  

w here k '  i s  an unknown ( h y d r a t io n  r a t e  a t  T 1) and T 1 i s  e q u a l t o  th e  EHT 

i n  K f o r  th e  s i t e  t o  be d a te d .  To c o n v e r t  th e  EHT from  °C t o  K use.:

Te (K) = Te (0 C) + 273 .1 6

The e q u a tio n  t h a t  c o n v e r ts  th e  r a t e  c o n s ta n t s  t o  th e  h y d r a t io n  r a t e  i s :  

k ' (3 6 5 .2 6 )(1 0 0 0 )  = r a t e  e x p re s s e d  a s  m ic ro n s^ /1 0 0 0  y e a r s  

F riedm an  and O b rad o v ich  (1981) e s t im a te d  t h a t  th e  p r e s e n t  EHT on 

th e  W est Y e llo w s to n e  flo w  i s  3 .0  °C and  th e  EHT d u r in g  g l a c i a l  tim es  was 

0 °C. T h is  i s  som ew hat d i f f e r e n t  th a n  e s t im a te s  by P ie r c e  and o th e r s  

(1976) o f  3 .9  °C ( p r e s e n t  day) and - 2 .1  °C ( g l a c i a l ) .  To a d ju s t  f o r  th e  

e l e v a t i o n  d i f f e r e n c e  be tw een  th e  OSP and th e  W est Y e llo w s to n e  flo w  a 

s ta n d a r d  v a lu e  o f 0 .5  °C was added  t o  a l l  e s t im a te s  o f  EHT. P ie r c e  and
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o th e r s  (1976) c o n s id e r e d  p o s t g l a c i a l  EHT1s t o  have  been  i n  e f f e c t  from  0 

t o  11 k a  and g l a c i a l  EHT1s to  have  b een  i n  e f f e c t  from  11 t o  75 k a  and 

127 t o  170 k a . The t e r r a c e s  a r e  th o u g h t t o  be post-m axim um  P in e d a le  in  

age (< 20 k a ) ,  so  g l a c i a l  EHT1s have  b een  o p e r a t in g  f o r  ro u g h ly  h a l f  th e  

tim e  and p o s t  g l a c i a l  EHT' s have been  i n  e f f e c t  f o r  th e  re m a in d e r  o f th e  

tim e  f o r  t h i s  s i t e .  I n  t h i s  s tu d y  an  EHT o f  1 .4  °C w as c h o sen  b e c a u se  

t h i s  i s  an  a v e ra g e  o f p r e s e n t  and g l a c i a l  te m p e ra tu re  (+ 0 .5  0 C f o r  

e l e v a t i o n  d i f f e r e n c e )  a s  e s t im a te d  by P ie r c e  and o th e r s  (1976) and  i s  

th o u g h t  t o  r e p r e s e n t  an  i n t e g r a t e d  e s t im a te  o f te m p e ra tu re s , o p e r a t in g  

from  l a t e  P in e d a le  t o  th e  p r e s e n t .

An EHT o f 1 .4  0 C c o u p le d  w i th  an h y d r a t io n  r i n d  th ic k n e s s  o f 6 .5  + 

0 .5  m ic ro n s  y i e l d s  an  age o f  1 5 ,5 2 0  +2480 -2 300  y e a r s  f o r  th e  f l u v i a l  

t e r r a c e s .  T h is  age i s  l e s s  th a n  t h a t  c a l c u l a t e d  f o r  th e  t e r r a c e s  by 

means o f th e  c a l i b r a t i o n  c u rv e  ( F ig .  2 1 ) , b u t  i s  i n  th e  same ra n g e .

I t  i s  h y p o th e s iz e d  h e re  t h a t  t e r r a c e  c u t t i n g  was i n i t i a t e d  im­

m e d ia te ly  upon r e t r e a t  o f  f u l l  P in e d a le  i c e .  R ap id  t e r r a c e  fo rm a tio n  i s  

n o t  u n r e a s o n a b le  i n  l i g h t  o f w ork by Thompson and J o n e s  (1986) who 

d e te rm in e d  t h a t  r a t e s  o f  i n c i s i o n  w ere  a s s o c i a t e d  w i th  th e  p o s i t i o n  o f  

an  i c e  f r o n t .  D u rin g  tim e s  o f r a p id  g l a c i a l  r e t r e a t ,  i n c i s i o n  was a l s o  

r a p i d ,  b u t  d u r in g  t im e s  o f s lo w e r  g l a c i a l  r e t r e a t  o r  s t i l l  s t a n d s ,  

i n c i s i o n  was s lo w e r  o r  a g g ra d a t io n  o c c u r r e d .

Y e llo w s to n e  Lake

R ew orking P ro c e s s e s

R ew orking i n  th e  b each  e n v iro n m en t i s  l a r g e l y  c a u se d  by a b r a s io n .  

G rogan (1945) s tu d i e d  th e  sh a p es  o f r h y o l i t e  g ra v e l  on a Lake S u p e r io r
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b e a ch  and fo u n d  t h a t  ro u n d n e ss  i n c r e a s e d  away from  th e  s o u rc e  a r e a ,  

w h i le  th e  o v e r a l l  s i z e  changed  v e ry  l i t t l e .  T h is  i n d i c a t e s  t h a t  f r a c t u r ­

in g  was p ro b a b ly  n o t  an  a c t i v e  p ro c e s s  on t h i s  b e a c h , b e c a u se  f r a c t u r i n g  

w ould  te n d  t o  i n c r e a s e  th e  a n g u la r i t y  o f  th e  g r a v e l  w h i le  a t  th e  same 

tim e  d e c r e a s in g  th e  s i z e .  G rogan (1945) a t t r i b u t e d  t h e  . i n c r e a s e  i n  

r o u n d in g  t o  t r a c t i o n  t r a n s p o r t  a lo n g  th e  b e a ch  f a c e .  Sames (1966) 

s tu d i e d  i s o t r o p i c  ( c h e r t  and q u a r t z i t e )  p e b b le  a s s o c i a t i o n s  to  d e te rm in e  

i f  l i t t o r a l  and f l u v i a l  e n v iro n m e n ts  c o u ld  be d i s t i n g u i s h e d  on th e  b a s i s  

o f ro u n d n e ss  and a n g u l a r i t y .  He fo u n d  t h a t  b o th  e n v iro n m e n ts  show a f a i r  

d e g re e  o f ro u n d n e s s , b u t  th e  f l u v i a l  p e b b le  a s s o c i a t i o n s  had a much 

h ig h e r  p e rc e n ta g e  o f  a n g u la r  com ponents and a w id e r  v a r i e t y  o f s h a p e s .  

D obkins and F o lk  (1970) a l s o  s tu d i e d  th e  re w o rk in g  p r o c e s s e s  o f b o th  

s tre a m s  and b e a c h e s . They fo und  t h a t ,  w h i le  a n g u l a r i t y  rem a in e d  r e l a ­

t i v e l y  c o n s ta n t  d u r in g  s tre a m  t r a n s p o r t a t i o n ,  a  s i g n i f i c a n t  in c r e a s e  i n  

ro u n d in g  o c c u r r e d  i n  th e  b each  e n v iro n m e n t w h ich  was a l s o  a t t r i b u t e d  t o  

t r a c t i o n  t r a n s p o r t  on th e  beach  f a c e .  From th e  above s t u d i e s ,  i t  can  be 

c o n c lu d e d  t h a t  f l u v i a l  p e b b le s  a r e  rew o rk ed  by a c o m b in a tio n  o f a b r a s io n  

and f r a c t u r i n g ,  w h e re as  b each  p e b b le s  a r e  rew orked  m a in ly  by a b r a s io n .  

T h is  c o n c lu s io n  h a s  im p o r ta n t  r a m i f i c a t i o n s  f o r  t h i s  s tu d y  b e c a u s e  

h y d r a t io n  r in d s  w ere  m easu red  on ly  on f r a c t u r e d  s u r f a c e s  and c o n se q u e n t­

ly  re w o rk in g  p r o c e s s e s  on th e  s h o r e l in e s  a re  n o t  w e l l  r e f l e c t e d  by th e  

sam ple  m easu rem en t t e c h n iq u e .  H ow ever, b e c a u se  a b r a s io n  i s  th o u g h t t o  

r e p r e s e n t  s m a l l - s c a l e  f r a c t u r i n g ,  some o f th e  r i n d s  m easu red  on t h e  

s h o r e l in e s  c o u ld  d a te  from  th e  tim e  o f b e a ch  a b r a s io n .
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Age of S h o r e l in e s

The r i n d  m easu rem en t d a ta  f o r  a l l  s h o r e l in e s  (S1-S 5) d i s p la y  a 

p ro m in e n t peak  t h a t  r a n g e s  from  5 .0  t o  6 .2  m ic ro n s  ( F ig s .  1 6 -2 0 ) . At th e  

o u t s e t  of th e  s tu d y  i t  was h y p o th e s iz e d  t h a t  each  s h o r e l in e  has a u n iq u e  

te m p o ra l s ig n a l  t h a t  i s  r e f l e c t e d  by th e  th ic k n e s s  o f  h y d r a t io n  r i n d s  

from  t h a t  p a r t i c u l a r  s u r f a c e .  How ever, t h i s  does n o t  a p p e a r  to  be th e  

c a s e .  I n s t e a d ,  a l l  o f  th e  s h o r e l in e s  a r e  v e ry  s i m i l a r  w i th  r e g a r d  t o  

h y d r a t io n  r in d  t h ic k n e s s e s .  As w i th  th e  f l u v i a l  t e r r a c e s ,  w h ich  a l s o  had 

v e ry  s i m i l a r  (b u t  t h i c k e r )  r in d  t h ic k n e s s e s ,  i t  can  be  h y p o th e s iz e d  t h a t  

th e  s h o r e l in e s  w ere  form ed i n  a m ore r a p id  p e r io d  o f  tim e  th a n  th e  

te c h n iq u e  can  d i s c e r n .  T h is  may be t r u e ,  b u t  th e  a u th o r  b e l i e v e s  t h a t  

t h e  r i n d  s i g n a l  f o r  a l l  o f  t h e  s h o r e l in e s  i s  i n h e r i t e d  from  some 

p re v io u s  g e o lo g ic  e v e n t  and  i s  n o t  a s s o c i a t e d  w i th  th e  fo rm a tio n  o f th e  

s h o r e l i n e s .  As w i th  th e  t e r r a c e s ,  a somewhat a r b i t r a r y  h y d r a t io n  v a lu e  

o f  5 .5  m ic ro n s  was ch o sen  to  r e p r e s e n t  th e  s h o r e l in e s  p e n d in g  f u r t h e r  

s t a t i s t i c a l  a n a ly s e s  by R o ss i (1990 , p e r s o n a l  com m .).

The s h o r e l in e s  s tu d i e d  a t  Y e llo w s to n e  Lake a r e  n o t  o ld e r  th a n  a b o u t 

1 4 .5  k a  and a r e  p ro b a b ly  y o u n g e r th a n  12 k a . L a c u s t r in e  and a l l u v i a l  

d e p o s i t s  i n  th e  Y e llo w s to n e  Lake B asin , have , y ie ld e d  , ^ C  a g e s  o f 1 4 ,3 6 0  + 

400  (W a d d in g to n  and  W rig h t, 1 9 7 4 ) , 1 4 ,4 9 0  + 350 (Richm ond, 1 9 7 6 b ) , 

1 4 ,1 3 0  + 370 (K e lle y  and o t h e r s ,  1978) and 13 ,650  + 650 BP (Richm ond, 

1 9 7 6 b ). Richmond (1976a) e s t im a te s  t h a t  Y e llo w sto n e  Lake, was c o m p le te ly  

i c e  f r e e  by a b o u t 12 k a .  At t h r e e  l o c a l i t i e s  a ro u n d  th e  l a k e .  G la c ie r  

Peak a s h  h as  b een  i d e n t i f i e d  (Richm ond, 1 9 7 6 a ). T h is  a sh  h as  been, 

d a te d  a t  1 1 .2  k a  i n  M ontana (M e h rin g e r and o t h e r s ,  1984) . R ichm ond  

(1976a) r e p o r t e d  a  maximum d a te  o f 9060 + 300 y e a r s  a s s o c i a te d  w i th
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an  18—20 m s h o r e l in e  w h ich  he c o n s id e re d  t o  be th e  f i r s t  s h o r e l in e  to  

form  a f t e r  c o m p le te  deg l a c i a t i o n  o f th e  la k e  b a s in .  H ow ever, b e c a u se  o f 

d e fo rm a tio n  t h i s  s h o r e l in e  i s  n o t  ev e ry w h ere  18-20 m above p r e s e n t  l a k e  

l e v e l .  As d i s c u s s e d  p r e v io u s ly ,  M eyer and Locke (1986) r e p o r t e d  minimum 

1AC a g e s  o f 2495 + 130 and 1410 + 160 y r s  B .P . f o r  la g o o n s  a t  1 8 .4  and 

9 .1  m, r e s p e c t i v e l y .  T hese minimum and maximum ag es  i n d i c a t e  t h a t  i c e -  

m a rg in a l  l a k e s  and  s tr e a m s  w ere  p r e s e n t  i n  th e  Y e llo w s to n e  Lake B a s in  by 

a b o u t 1 4 .5  k a  and t h a t  th e  b a s in  was p ro b a b ly  c o m p le te ly  ic e  f r e e  by 

a b o u t 12 k a .

C hem ical a n a ly s e s  o f d e t r i t a l  o b s id ia n  g r a in s  from  th e  s h o r e l in e s  

a t  B re e ze  P o in t  (A p p e n d ix -C) i n d i c a t e  t h a t  v i r t u a l l y  a l l  o f  th e  g r a in s  

a r e  from  th e  A s te r  C reek  f lo w  (Wayne H a m ilto n , 1989 , w r i t t e n  com m .). 

These g r a in s  w ere  random ly  s e l e c t e d  from  d i f f e r e n t  s h o r e l in e s  and from  

d i f f e r e n t  sam ple  l e v e l s .  T h e r e f o r e ,  i t  i s  r e a s o n a b le  to  co n c lu d e  t h a t  

m ost o f th e  o b s id ia n  g ra v e l  on th e  s h o r e l in e s  a t  B re e z e  P o in t  i s  d e r iv e d  

from  th e  A s te r  C reek  flo w  w hich  i s  th e  l o c a l  b e d ro c k  i n  th e  a r e a  (F ig .  

2) .

H y d r a t i o n  r a t e  c o n s t a n t s  f o r  t h e  A s t e r  C re e k  flo w  have b een  

d e te rm in e d  by M ic h e ls  (1 9 8 8 ). T h e s e  c o n s t a n t s  a l l o w  n u m e r i c a l  a g e  

e s t im a te s  f o r  r i n d  th ic k n e s s e s  i f  th e  EHT i s  known. The w o rk in g  v e r s i o n  

o f th e  A rrh e n iu s  e q u a t io n  r e l a t i n g  h y d r a t io n  r a t e  t o  te m p e ra tu re  t a k e s  

th e  form  o f :

k '  = 5 .1 4  e x p [8 6 8 3 4 /8 .3 1 7  (1 /4 7 3 .1 6  -  1 / T ') ]  

w here  k '  i s  th e  h y d r a t io n  r a t e  a t  T 1 and  T1 i s  e q u a l t o  th e  EHT i n  K f o r  

th e  s i t e .  The f i n a l  e q u a t io n  t h a t  g iv e s  th e  h y d r a t io n  r a t e  f o r  th e  A s te r  

C reek  flow  i s :
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k ' (3 6 5 .2 6 )(1 0 0 0 )  = r a t e  e x p re s s e d  a s  m i c r o n s ^ /  1000 y e a r s  

Thus i f  th e  EHT can  be  m easu red  o r  e s t im a te d ,  a  n u m e r ic a l  d a te  can  be 

g e n e ra te d  u s in g  th e  above e q u a t io n .  How ever, f o r  r e a s o n s  g iv e n  be lo w , 

t h e r e  i s  th e  p o s s i b i l i t y  t h a t  th e  h y d r a t io n  r a t e  c o n s ta n t s  f o r  th e  A s te r  

C reek  f lo w  a r e  i n  e r r o r .

F riedm an  and O b rad o v ich  (1981) u sed  a g l a c i a l  s o i l  te m p e ra tu re  o f 

- I  °C and d i r e c t l y  m easu red  p r e s e n t  s o i l  te m p e ra tu re  to  d e te rm in e  EHT1s 

f o r  v a r io u s  s i t e s  i n  Y e llo w sto n e  i n  t h e i r  s tu d y  o f d a t i n g  v o l c a n i c  

e v e n ts  u s in g  o b s id ia n  h y d r a t io n  d a t in g .  F riedm an  and N o rto n  (1981) u sed  

th e  P a llm an  m ethod  t o  d i r e c t l y  m easu re  s o i l  te m p e ra tu re  i n  th e  Y el­

lo w s to n e  a r e a  s o  t h a t  p r e s e n t  day EHT1 s co u ld  be u se d  i n  s t u d i e s  

em p loy ing  o b s id ia n  h y d r a t io n  d a t in g .  S o i l  te m p e ra tu re  w as m easu red  a t  

tw e lv e  s i t e s  a ro u n d  Y e llo w s to n e  Lake and te m p e ra tu re s  a lo n g  th e  w e s te r n  

s h o r e  n e a r e s t  B re e z e  P o in t  ra n g e  from  5 .7  t o  1 0 .6  °C . F riedm an and 

N orton  (1981) h y p o th e s iz e d  t h a t  th e  h ig h  s o i l  t e m p e ra tu re s  r e s u l t  from  

g e o th e rm a l h e a t  f l u x .  These te m p e ra tu re s  w ere  n o rm a liz e d  t o  a s i t e  a t  

7000 f e e t  a s l  (2134 m) and  i n  d i r e c t  s u n l i g h t .  The s h o r e l in e s  a t  B re e z e  

P o in t  a r e  7732 f e e t  a s l  (2357 m) and  a r e  shaded  b e c a u s e  o f th e  d en se  

lo d g e p o le  c o v e r . T h e r e f o r e ,  th e  a c tu a l  p r e s e n t  EHT f o r  th e  s tu d y  s i t e  i s  

p ro b a b ly  lo w e r th a n  th e  v a lu e s  r e p o r t e d  by F riedm an  and N o rto n  (1981) 

f o r  s i t e s  a ro u n d  Y e llo w s to n e  L ak e . A ssu m in g  t h a t  t h e  p r e s e n t  s o i l  

te m p e ra tu re  r e p r e s e n t s  th e  h ig h  end o f  th e  ran g e  f o r  EHT and  th e  g l a c i a l  

te m p e ra tu re  r e p r e s e n t s  th e  low e n d , th e  a c t u a l  EHT p ro b a b ly  l i e s  be tw een  

th e s e  two end p o i n t s .

The age o f th e  g e o lo g ic  e v e n t t h a t  p ro d u ced  th e  y o u n g e s t  r in d s  on 

th e  s h o r e l in e s  can  be e s t im a te d  by u s in g  t h e . A rrh e n iu s  e q u a t io n  and th e
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e s t im a te d  and m easu red  E H T 's. T a b le  5 l i s t s  h y d r a t io n  r a t e s  and c o r ­

r e s p o n d i n g  n u m e r i c a l  a g e s  o f  a  5 .5  m ic ro n  r i n d  u s in g  te m p e ra tu re s  

r a n g in g  from  - I .  °C t o  11 °C. C le a r ly ,  some o f th e s e  d a te s  a r e  e r ro n e o u s  

g iv e n  t h a t  th e  A s te r  C reek f lo w  . h as  b een  K-Ar d a te d  a t  174 + 4 k a  

(R ichm ond, 19.86). The EHT f o r  th e  B re e ze  P o in t  s i t e  m ust have  been  n e a r  

o r  above 6 °C, i f  th e  h y d r a t io n  c o n s ta n t s  c a lc u la t e d  by M ich e ls  (1988) 

a r e  c o r r e c t .  O th e rw is e , th e  d e r iv e d  d a te s  a r e  o ld e r  th a n  th e  o b s id ia n  

f lo w  i t s e l f .  A 5 .5  m ic ro n  r in d  y i e l d s  a  d a te  o f a b o u t 48 ka i f  a 

te m p e ra tu re  o f 11 °C (m easu red  a t  G ra n t V i l la g e )  i s  u s e d . I t  i s  u n l ik e ly  

th a t-  th e  EHT h a s  been  h ig h e r  th a n  t h i s  v a lu e  and i t  i s  p ro b a b ly  much 

lo w e r , g iv e n  th e  n e a r - g l a c i a l  c l im a te  i n  Y e llo w s to n e  P a rk  th ro u g h o u t  

m ost o f th e  H o locene (R ichm ond, 1 9 8 6 ).

T a b le  5 .  H y d ra tio n  r a t e s  and n u m e r ic a l ag es  f o r  a 5 .5  m ic ro n  r in d  and 
e f f e c t i v e  h y d r a t io n  te m p e ra tu re s  r a n g in g  from  - I  t o  11 °C f o r  
A s te r  C reek o b s id ia n  ( A f te r  M ic h e ls ,  1 9 8 8 ).

T em p era tu re R a te Age

- I  °C 0 .1 6  m ic r o n s ^ /1000 y r s 1 ,1 8 2 ,0 0 0  y r s
0 0 .1 8 934 ,000
I 0 .2 1 686 ,0 0 0
2 0 .2 6 525 ,000
3. 0 .27 415 ,0 0 0
4 . 0 .3 1 3 1 5 ,0 0 0
5 0 .3 6 233 ,000
6 0 .4 1 180 ,000
7 0 .4 7 137 ,000
8 0 .54 . 104 ,000
9 0 .6 1  . 81 ,0 0 0

10 . 0 .7 0 6 2 ,0 0 0
11 0 .7 9 4 8 ,0 0 0
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I t  i s  p o s s ib l e  t h a t  th e ' h y d r a t io n  r a t e  c o n s ta n t s ' f o r  th e  A s te r  

C reek  f lo w  (M ic h e ls , 1988) a r e  i n  e r r o r .  The .c o n s ta n t s  y i e l d  r a t e s  t h a t  

a r e  an o r d e r  o f m ag n itu d e  l e s s  th a n ;  O b s id ia n  C l i f f  c o n s ta n t s  f o r  th e  

same te m p e ra tu re ,  even  though  th e  c h e m is t r ie s  a r e  v e ry  s i m i l a r  (A ppendix  

C ). F riedm an  and Long (1976) r e p o r t e d  th a t ,  in c re a se d - . S ip 2 ' in c r e a s e s  th e  

r a t e  o f .h y d r a t i o n  w h i le  in c r e a s e d  CaO and MgO d e c re a s e  h y d r a t io n  r a t e .  

C hem ical a n a ly s e s  o f A s te r  C reek o b s id ia n  (M ic h e ls , 1 988a , 1988b) show a 

h ig h e r  s i l i c a  c o n te n t  th a n  O b s id ia n  C l i f f  (F riedm an  and  L ong, 1 9 7 6 ; 

M ic h e ls , 1985) and v i r t u a l l y  i d e n t i c a l  v a lu e s  o f  CaO and MgO ■ (A ppendix  

C). T hese a n a ly s e s  i n d i c a t e  t h a t  th e  A s te r  C reek flow  s h o u ld  h y d r a te  a t  

a r a t e  f a s t e r  th a n  o r . e q u a l to  t h a t  o f th e  O b s id ia n  C l i f f  f lo w .

F riedm an  and O b rad o v ich  (1981) a n a ly z e d  th e  c h e m is tr y  o f  e i g h t  

d i f f e r e n t  O b s id ia n  f lo w s  i n  -Y ellow stone  P a rk . The a g e s  o f  th e s e  f lo w s  

ra n g e  from  77 t o  399 k a . A ll o f th e  f lo w s  w ere  c h e m ic a l ly  s im i l a r  t o  th e  

O b s id ia n  C l i f f  f lo w  w hich  l e d  F riedm an  and O b rad o v ich  (1981) t o  c o n c lu d e  

t h a t  a l l  o f  th e  f lo w s  had  th e  same h y d r a t io n  r a t e  a s  t h a t  c a l c u l a t e d  f o r  

O b s id ia n . C l i f f .  The A s te r  C reek f lo w  was n o t  in c lu d e d  i n  t h i s  a n a l y s i s ,  

b u t  i t  i s  s i m i l a r  i n  b o th  c h e m is try  and age t o  th e  O b s id ia n  C l i f f  f lo w .

From t h e  a b o v e  d i s c u s s io n  i t  i s  r e a s o n a b le  t o  assum e t h a t  th e  

h y d r a t io n  r a t e  c o n s ta n t s  c a lc u la t e d  f o r  th e  A s te r  C reek  f lo w  (M ic h e ls , 

1988) a r e  i n  e r r o r .  M ic h e ls  (1990 , p e r s o n a l  comm.) i n d i c a t e d  t h a t  th e  

m ost l i k e l y  s o u rc e  o f e r r o r  i n  d e te rm in in g  h y d r a t io n  r a t e  c o n s ta n ts  was 

c a l c u l a t i n g  th e  a c t i v a t i o n  en erg y  b a s e d  on l i n e a r  r e g r e s s i o n .o f  in d u c e d  

h y d r a t io n  m easu rem e n ts . In d u ce d  h y d r a t io n  i s  a c c o m p lish e d  a t  h ig h  (1 5 0 - 

250  °C) t e m p e r a t u r e s  s o  t h e  e x t r a p o l a t i o n  to  am b ie n t te m p e ra tu re s  

r e q u i r e d  by t h i s  te c h n iq u e  c o u ld  i n t r o d u c e  s i g n i f i c a n t  e r r o r  i n  d e t e r ­
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m in in g  th e  a c t i v a t i o n  energy! o f  a  p a r t i c u l a r  g l a s s .  M ic h e ls  (1 9 9 0 , 

p e r s o n a l  comm.) s t a t e d  • t h a t  he r e q u i r e s  a c o r r e l a t i o n  c o e f f i c i e n t  o f a t  

l e a s t  0 .9997  in  o r d e r  t o  a c c e p t  th e  d e r iv e d  a c t i v a t i o n  e n e rg y  v a lu e .  The 

c o r r e l a t i o n  c o e f f i c i e n t  f o r  d e te rm in in g  th e  a c t i v a t i o n  en e rg y  f o r  th e  

A s te r  C reek flo w  i s  0 .9 9 9 7 , (M ic h e ls , 1988) w h ich  i n d i c a t e s  t h a t  t h i s  

v a lu e  j u s t  m et th e  m inim um . r e q u ir e m e n ts  a s  d e f in e d  by M ic h e ls  (1990 , 

p e r s o n a l  comm.) .  An e r r o r  o f  j u s t  10 % i n  d e te rm in in g  . th e  a c t i v a t i o n  

e n e rg y  can  change th e  c a l c u l a t e d  h y d r a t io n  r a t e s  by . an  o r d e r  o f mag­

n i tu d e .  T h is  p o t e n t i a l  s o u rc e  o f e r r o r  c o u ld  a c c o u n t f o r  th e  l a r g e  d i f ­

f e r e n c e  i n .h y d r a t i o n  r a t e  c o n s ta n t s  b e tw een  th e  A s te r  C reek  and O b s id ia n  

C l i f f . f l o w s .  A ssum ing t h a t  th e  A s te r  C reek  h y d r a t io n  r a t e  c o n s ta n t s  a r e  

i n  e r r o r ,  th e  c o n s ta n t s  c a lc u la t e d  f o r  th e  O b s id ia n  C l i f f  f lo w  (M ic h e ls , 

1985) w i l l  be u sed  t o  e s t im a te  a g e s  f o r  th e  s h o r e l in e s  a t  B re e z e  P o in t .

An EHT o f  1 .0  °C was u sed  f o r  th e  s h o r e l in e s  a t  B re e ze  P o in t  

b e c a u se  t h i s  te m p e ra tu re  i s  th o u g h t t o  a p p ro x im a te  an  i n t e g r a t e d  a v e ra g e  

b e tw e en  g l a c i a l  te m p e ra tu re s  (-1  °C) and  p r e s e n t  s o i l  t e m p e ra tu re s .  L e ss  

w e ig h t  was g iv e n  t o  p r e s e n t  s o i l  te m p e ra tu re s  b e c a u se  a  c o o le r  c l im a te  

h as  p r e v a i le d  th ro u g h o u t  m ost o f th e  H o lo c e n e ' (Richm ond, 1 9 8 6 ) . .

■ A ,r in d , th ic k n e s s  o f 5 .5  + 0 .5  m ic ro n s  c o u p le d  w i th  an EHT o f 1 .0  °C 

y i e l d s  an  age o f 1 2 ,2 7 0  +23.30 -2 1 3 0  y e a r s  f o r  th e  s h o r e l in e s  a t  B re e z e  

P o in t .  T h is  ag e  a g re e s  w e l l  w i th  e s t im a te s  o f d e g la c i a t i o n  f o r  th e  Y e l-
i - -

lo w s to p e  Lake B a s in  (Richm ond, 1976a; 1976b; 1986) b u t  i s  th o u g h t t o  be 

to o  o ld  t o  be a s s o c i a t e d  w i th  th e  fo rm a tio n  o f th e  s h o r e l i n e s .  Richmond 

(1976a) r e p o r t e d  ^ C  d a te s  f o r  th e  s h o re l in e s ,  form ed a f t e r  d e g l a c i a t i o n  

o f  th e  b a s in  r a n g in g  from  a  maximum age o f  9060 + 300 y r s  B .P . f o r  

S h o r e l in e  S7 (? )  (1 8 -2 0  m). t o  a minimum age o f 620 + 250 y r s  B .P . f o r



71

S h o r e l in e  S 2 (? ) (3 m) . M eyer and  Locke (1986) r e p o r t e d  minimum a g e s  

f o r  S h o r e l in e s  S6 and  S5 ( S h o r e l in e s  S5 and  S A -th is  s tu d y )  o f  2495 +_130 

and  1410 + 160 y r s  B o P ., r e s p e c t i v e l y .  Locke (1989) a l s o  r e p o r te d  two 

m inim um  a g e s  o f  a b o u t 6 k a  f o r  S h o re l in e  S6 ( S h o r e l in e  S 5 - th i s  

s t u d y ) . The h y d r a t io n  ag e  d i s p la y e d  b y  th e  s h o r e l in e s  a t  B re e z e  P o in t  i s  

c o n s id e r a b ly  o l d e r  th a n  any  o f  th e  maximum and minimum a g e s  a s ­

s o c ia t e d  w i th  H o locene  s h o r e l in e s  i n  th e  l a k e  b a s i n .  T h e r e f o r e ,  t h e  

r i n d s  m ust b e  a s s o c i a t e d  w i th  a n  o l d e r  r e s e t t i n g  e v e n t  o r  th e  EHT m ust 

b e  h i g h e r .

I t  i s  h y p o th e s iz e d  t h a t  t h e  r i n d s  from  th e  s h o r e l i n e s  e f f e c t i v e l y  

d a te  t h e  d e g l a c i a t i o n  o f  t h e  Y e llo w s to n e  B a s in .  A r in d  t h ic k n e s s  o f  5 .5  

m ic ro n s  c l o s e l y  m a tc h es  r i n d  th ic k n e s s e s  from  d e g l a c i a l  d e p o s i t s  i n  t h e  

O b s id ia n  C l i f f  a r e a  ( F ig .  2 1 ) .  P ie r c e  and o th e r s  (1976) a l s o  e s t im a te d  

t h a t  d e g l a c i a t i o n  o f  t h e  Y e llo w s to n e  P l a te a u  o c c u r r e d  a b o u t 12 k a .  T h is  

h y p o th e s i s  i s  f u r t h e r  s u p p o r te d  b y  th e  l a c k  o f  an  e f f e c t i v e  rew o rk in g  

m echanism  f o r  t h e  b e a c h  e n v iro n m e n t. C o n s e q u e n tly , t h e  r in d s  w ould b e  

e x p e c te d  t o  d a te  from  t h e  l a s t  e f f e c t i v e  re w o rk in g  m echanism  w h ich  was 

t h e  w an ing  P in e d a le  i c e  m ass .

E s t im a te s  c a n  b e  made a s  t o  how t h i c k  h y d r a t io n  r i n d s  d a t in g  from  

t h e  o c c u p a t io n  o f  t h e  s h o r e l in e s  w ould  b e  i f  c o a s t a l  p r o c e s s e s  w ere  an  

e f f e c t i v e  re w o rk in g  m echanism . Assum ing, a n  ag e  o f  from  2 t o  9 k a  f o r  t h e  

s h o r e l in e s  and an  EHT o f  I  0C th e  h y d r a t io n  r i n d  v a lu e s  sh o u ld  ra n g e  

from  a b o u t 2 .2  t o  4 .7  m ic r o n s . A l l  o f  th e  s h o r e l i n e s  hav e  h y d r a t io n  

v a l u e s  i n  t h i s  r a n g e  (A p p e n d ix  F ) . T hese r i n d s  may d a te  from  th e  

o c c u p a t io n  o f  a  g iv e n  s h o r e l i n e  b u t , u n f o r t u n a t e ly  t h e  n o n p a ra m e tr ic  

d e n s i t y  e s t i m a t io n  te c h n iq u e s  a s  u se d  i n  t h i s  s tu d y  c a n n o t  d e te rm in e  i f
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th e s e  t h i n  r i n d s  fo rm  a  d i s c r e t e  c l u s t e r  o f  p o i n t s .  F o r  th e  s a k e  o f  

a rg u m e n ts e s t im a te s  o f  t h e  ag e  o f  t h e  s h o r e l in e s  c a n  b e  made i f  t h e s e  

r i n d s  a r e  assum ed t o  h av e  form ed by  c o a s t a l  re w o rk in g . U sing  an  EHT o f  I  

0 Cs h y d r a t io n  r a t e  c o n s ta n t s  f o r  th e  O b s id ia n  C l i f f  f lo w  (M ic h e ls „ 1985) 

and  minimum r in d  t h ic k n e s s e s  f ro m  2 .7 4  t o  3 .7 7  (A p p e n d ix  F) , t h e  

s h o r e l in e s  y i e l d  minimum a g e s  o f  3050 t o  5770 y e a r s .  T hese  a g e s  a r e  i n  

r e a s o n a b le  a g re e m e n t w i th  some o f  t h e  minimum a g e s  a s  d i s c u s s e d  

a b o v e .

The s h o r e l in e s  a t  Y e llo w s to n e  Lake m ust hav e  fo rm ed  a f t e r  12 k a  b u t  

u n f o r t u n a t e ly  t h e  t e c h n iq u e s  u s e d  i n  t h i s  s tu d y  c a n n o t  f u r t h e r  r e s o lv e  

t h e  a g e s  o f  t h e s e  f e a t u r e s  w i th  any  d e g re e  o f  c e r t a i n t y .  I t  i s  th o u g h t  

t h a t  l a r g e r  sam p le  s i z e s  o f  l a k e s h o r e  g r a v e l  w ould do l i t t l e  t o  a s s i s t  

i n  th e  d a t in g  o f  t h e s e  f e a t u r e s  b e c a u s e  o f  th e  r e l a t i v e  i n e f f e c t i v e n e s s  

o f  t h e  b e a c h  e n v iro n m e n t t o  p ro d u c e  f r e s h - f r a c t u r e d  s u r f a c e s .

I n t e r p r e t a t i o n  o f  O ld e r  E v e n ts

A g g re g a te  d a ta  from  T e r ra c e  TO ( F ig .  10) form s tw o d i s t i n c t  p e a k s ,  

i n  a d d i t i o n  t o  t h e  one c e n te r e d  a t  a b o u t 6 .5  m ic ro n s ,  t h a t  r e p r e s e n t  

e v e n ts  t h a t  o c c u r r e d  b e f o r e  l a t e  P in e d a le  t im e .  T hese  p e a k s  a r e  c e n te r e d  

a t  a b o u t 12 and 22 m ic ro n s ,  r e s p e c t i v e l y .  The p eak  a t  a b o u t 12 m ic ro n s  

f i t s  r e a s o n a b ly  w e l l  w i th  h y d r a t io n  r i n d s  a t t r i b u t e d  t o  B u l l  L a k e  

g l a c i a t i o n  b y  P i e r c e  and o th e r s  (1976) ( F ig .  2 1 ) .  They m easu red  a  t o t a l  

o f  64  h y d r a t io n  r i n d s  s p re a d  o v e r  f i v e  s i t e s  b u t  i n  t h i s  s tu d y  a  t o t a l  

o f  158 m easu rem en ts  w ere  ta k e n  a t  one s i t e .  Of t h e  158 m ea su rem e n ts , 

o n ly  a b o u t 21 % o r  33 r i n d s  f e l l  u n d e r  t h e  p eak  c e n te r e d  a t  a b o u t 12 

m ic ro n s  (R ic h a rd  R o s s i ,  1990 , p e r s o n a l  com m .). C o n s e q u e n t ly ,• b e c a u s e  o f
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th e  r e l a t i v e l y  s m a ll  sam p le  s i z e s ,  i t  i s  d i f f i c u l t  t o  d e te rm in e  i f  t h e s e  

two g ro u p s  o f  r i n d s  came from  th e  same p o p u la t io n ,  nam ely  B u l l  Lake 

rew o rk ed  g l a c i a l  p e b b le s .

A n o th e r  h y p o th e s i s  i s  t h a t  th e  g ro u p  o f  r in d s  c e n te r e d  a ro u n d  12 

m ic ro n s  d a te  from  t h e  em placem ent, o f  t h e  W est Y e llo w s to n e  f lo w . P i e r c e  

and  o t h e r s  (1976) m easu red  j u s t  s i x  r i n d s  i n t e r p r e t e d  a s  fo rm in g  a lo n g  

o r i g i n a l  c o o l in g  c r a c k s  on th e  W est Y e llo w s to n e  f lo w , b u t  th e y  a r e  a l l  

c l u s t e r e d  a ro u n d  1 2 .5  m ic ro n s ,  w h ic h  i s  a  c lo s e  m atch  t o  t h e  12 m ic ro n  

p e a k  from  t h i s  s tu d y .  T h is  h y p o th e s i s  i s  f u r t h e r  s u p p o r te d  by  P i e r c e  

(1979) who s t a t e d  t h a t  m ost o f  t h e  m a t e r i a l  i n  t h e  OSP was p ro b a b ly  

d e r iv e d  from  t h e  W est Y e llo w s to n e  f lo w .

The p eak  c e n te r e d  a t  a b o u t 22 m ic ro n s  ( F ig .  10) d o e s  n o t  seem  t o  

f i t  i n t o  th e  h y d r a t io n - e v e n t  m odel d e v e lo p e d  b y  P i e r c e  an d  o t h e r s  

(1 9 7 6 ) . The t h i c k e s t  r i n d s  m easu red  i n  t h a t  s tu d y  w ere  o n ly  a b o u t 17 

m ic ro n s . P ie r c e  and o t h e r s  (1976) a t t r i b u t e d  th e  t h i c k e s t  r i n d s  t o  

c r a c k s  form ed d u r in g  th e  em placem ent o f  th e  o b s id ia n  C l i f f  f lo w . A g a in , 

o n ly  a b o u t s i x  r i n d s  w ere  m easu red  t o  s u p p o r t  t h i s  c la im . I t  i s  v e r y  

p o s s ib l e  t h a t  r i n d s  c l u s t e r e d  a ro u n d  22 m ic ro n s  d a te  o r i g i n a l  c o o l in g  

c r a c k s  and t h a t  t h e  r i n d s  m easu red  b y  P ie r c e  and o t h e r s  (1976 ) a r e  

a n o m o lo u s ly  t h i n .  T h is  i s  s u p p o r te d  b y  th e  f a c t  t h a t  a  s u b s t a n t i a l  

num ber o f  r i n d s  ("2 0 ) make up th e  p e a k  c e n te r e d  a t  22 m ic ro n s , w h ich  

i n d i c a t e s  t h a t  t h e r e  p ro b a b ly  was some e v e n t  a s s o c i a t e d  w i t h . t h i s  p e a k . 

And o b v io u s ly ,  t h e s e  r i n d s  c a n n o t d a te  from  b e f o r e  t h e  em placem ent o f  

t h e  O b s id ia n  C l i f f  f lo w  (assu m in g  t h a t  a l l  m a t e r i a l  i n  t h e  OSP h a s  th e  

same ra n g e  o f  h y d r a t io n  r a t e  c o n s ta n t s  a s  th e  O b s id ia n  C l i f f  f l o w ) . 

A ssum ing t h a t  t h e  r i n d s  g ro u p ed  a ro u n d  22 m ic ro n s  d a te  from  t h e  o r i g i n a l
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em placem ent o f th e  O bsid ian .. C l i f f  f lo w , a r e c a l i b r a t i o n  o f  th e  h y d r a t io n  

c u r v e  fro m  P i e r c e  a n d  o t h e r s  (1976). (F ig . 21) m ig h t be w a r ra n te d .  

R e c a l i b r a t in g  t h i s  c u rv e  may have th e  e f f e c t  o f c h a n g in g  th e  d a te s  f o r  

th e  B u l l  Lake G l a c i a t i o n .

An h y p o th e s i s  t h a t  i n t e g r a t e s  d a ta  from  P ie r c e  and o th e r s  (1976) 

and from  t h i s  s tu d y  i s  t h a t  th e  peak  a t  a b o u t 12 m ic ro n s  d a te s  from  th e  

E o w ise o n s in  (R ichm ond, 1 9 8 6 ) , r in d s  from  17 t o  18 m ic ro n s  d a te  from  B u l l  

Lake tim e  and r in d s  a t  a b o u t 22 m ic ro n s  d a te  from  o r i g i n a l  c o o l i n g  

c r a c k s .  The E o w isc o n s in  g l a c i a t i o n  o c c u r r e d  from  a b o u t 80 t o  117 k a  

(R ichm ond, 1986) and  i s  th o u g h t t o  be l e s s  e x te n s iv e  th a n  b o th  th e  B u l l  

L ak e  a n d  P i h e d a l e  G l a c i a t i o n s .  Even th o u g h  th e  a g g re g a te  d a ta  from  

T e r ra c e  TO ( F ig .  10) does n o t  show a  p eak  a t  17 t o  18 m ic ro n s , many o f  

th e  d e n s i ty  d iag ram s ' f o r  b o th  th e  t e r r a c e s  and s h o r e l in e s  (F ig s .  11 -20 ) 

show a  c o n c e n t r a t io n  o f  r i n d  th ic k n e s s e s  i n  t h i s  r a n g e .

I t  i s .  n o t  known why m easurem ent d a ta  t h i c k e r  th a n  a b o u t 6 .5  m ifcrons 

f o r  th e  t e r r a c e s  and  a b o u t 5 .5  m ic ro n s  f o r  th e  s h o r e l in e s  does n o t  seem  

t o  c o n s i s t e n t l y  c l u s t e r  around  one o r  s e v e r a l  p o i n t s .  I t  i s  l i k e l y  t h a t  

re w o rk in g  d u r in g  th e  m ost r e c e n t  e v e n t  rem oved m ost o f  th e  e x i s t i n g  

f i n d s ,  th e re b y , l e a v in g  o n ly  a f ra g m e n ta ry  r e c o r d  o f  o ld e r  rew o rk in g  

e v e n ts .  The s p re a d  c a u se d  by n a t u r a l  v a r i a t i o n  i n  h y d r a t io n  r a t e s  w ou ld  

be  e x p e c t e d  t o  be l a r g e r  f o r  o ld e r  e v e n ts  w h ich  h as  th e  e f f e c t  o f 

d e e m p h a s iz in g  d a ta  c o n c e n t r a t io n s .  The l a c k  o f  c l u s t e r i n g  may a l s o  

r e f l e c t  a  com plex re w o rk in g  h i s t o r y  t h a t  i s  beyond th e  scope o f t h i s  

s tu d y  t o  d e c ip h e r .
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The O b s id ia n  H y d ra tio n  T echn ique

O b s id ia n  h y d r a t io n  d a t in g  was o r i g i n a l l y  d e v e lo p e d  t o  d a t e  a r ­

c h a e o l o g i c a l  a r t i f a c t s  and h a s  s in c e  b e e n  a d a p te d  t o  d a te  g e o lo g ic  

e v e n ts  and  d e p o s i t s  = In  a l l  s t u d i e s  known t o  t h e  a u th o r ,  a  s i n g l e  s e t  o f  

h y d r a t io n  r a t e  c o n s ta n t s  h a s  b e e n  u s e d  t o  c a l c u l a t e  a g e s  f o r  a r t i f a c t s  

o r  g e o lo g ic  e v e n ts  i f  t h e  o b s id ia n  i s  th o u g h t  t o  b e  d e r iv e d  from  a 

s i n g l e  s o u r c e .  In  some c a s e s ,  when m u l t i p l e  s o u rc e s  a r e  l i k e l y ,  a  s i n g l e  

r a t e  i s  s t i l l  a p p l i e d  ( e . g .  F ried m an  and O b ra d o v ic h , 1 9 8 1 ) . The p r a c t i c e  

o f  u s in g  a  s i n g l e  g ro u p  o f  h y d r a t io n  r a t e  c o n s ta n t s  f o r  a  g iv e n  r i n d  o r  

g ro u p  o f  r i n d s  h a s  t h e  e f f e c t  o f  ig n o r in g  n a t u r a l  v a r i a t i o n  w i t h i n  

o b s id ia n  f lo w s  w h ic h  may b e  t h e  c a u s e  o f  s c a t t e r  i n  t h e  r in d  t h i c k ­

n e s s e s  .

The s c a t t e r  o f  r i n d  th ic k n e s s e s  a ro u n d  e a c h  o f  t h e  p e a k s  f o r  b o th  

t h e  t e r r a c e s  ( F ig s . 1 0 -1 4 ) and th e  s h o r e l in e s  ( F ig s .  1 6 -2 0 )  i s  a t ­

t r i b u t e d  t o  a  num ber o f  s o u r c e s .  The f i r s t ,  and p r o b a b ly  m ost im p o r ta n t ,  

i s  v a r y in g  c h e m is try  b e tw e e n  and  w i t h in  o b s id ia n  f lo w s .  H y d ra tio n  i s  a 

f u n c t io n  o f  b o th  te m p e ra tu re  and c h e m is tr y  o f  a  p a r t i c u l a r  r h y o l i t i c  

g l a s s .  As d i s c u s s e d  a b o v e , F ried m an  and Long (1976) r e p o r t e d  t h a t  t h e  

am ount o f  S iU g, CaO and  MgO a f f e c t e d  t h e  r a t e  o f  h y d r a t i o n .  The am ounts 

o f  t h e s e  t h r e e  c o n s t i t u e n t s  c a n n o t b e  e x p e c te d  t o  b e  i d e n t i c a l  f o r  

d i f f e r e n t  o b s i d i a n  f l o w s .  F r ie d m a n  an d  O b ra d o v ic h  (1981) r e p o r t e d  

d i f f e r e n c e s  i n  h y d r a t io n  r a t e s  f o r  many f lo w s  a ro u n d  t h e  w e s te rn  U n ite d  

S t a t e s . They a l s o  a n a ly z e d  e i g h t  d i f f e r e n t  f lo w s  i n  Y e llo w s to n e  P a rk  and 

found  t h a t  a l l  had  s i m i l a r  c h e m i s t r i e s .  How ever, t h e  a n a ly s e s  f o r  th e  

d i f f e r e n t  f lo w s  i n  Y e llo w s to n e  w ere  n o t  r e p o r t e d ,  and  c o n s e q u e n t ly  i t  

c a n n o t  b e  d e te rm in e d  j u s t  how s i m i l a r  t h e s e  f lo w s  a r e  w i th  r e s p e c t  t o



t h e i r  S iO ^, CaO and  MgO c o n te n t .

The a p p a re n t  v a r i a b i l i t y  i n  c h e m is t r y . w i th in  an  i n d iv id u a l  flow  

p ro b a b ly  r e s u l t s  from  th e  t e c h n i q u e  u s e d  t o  a n a l y z e  t h e  g l a s s  i n  

a d d i t i o n  t o  n a tu r a l  v a r i a t i o n .  A ppendix  C (T a b le  7) shows' a to m ic  a b s o rp ­

t i o n  s p e c tro s c o p y  a n a ly s e s  f o r  m u l t ip l e  sam ples i d e n t i f i e d  a s  A s t e r  

C reek  o b s id ia n  (M ic h e ls , 198,8b). As can  be s e e n , c o n s id e r a b le  v a r i a b i l ­

i t y  e x i s t s  i n  th e  am ounts o f th e  c h e m ic a l c o n s t i t u e n t s . . In  p a r t i c u l a r ,  

th e  am ounts o f  CaO and  MgO.v a ry  by a s  much as 30 and 50 %, r e s p e c t i v e l y .  

A ppendix  C (T a b le  8) l i s t s  two s e p a r a te  a n a ly s e s  o f th e  O b s id ia n  Q i f f  

f lo w , w h ich  a l s o  shows c o n s id e r a b le  v a r i a b i l i t y  i n  key e le m e n ts . Some of 

t h i s  v a r i a t i o n  i s  p resum ed  t o  be i n h e r e n t  i n  th e  g l a s s ,  b u t  a c e r t a i n  

p e rc e n ta g e  p ro b a b ly  r e s u l t s  from  th e  a n a l y t i c  te c h n iq u e .  U n f o r tu n a te ly ,  

F riedm an  and Long (1976) and  M ich e ls  (1985 ; 1988b) d id  n o t  r e p o r t  th e  

e r r o r s  a s s o c i a t e d  w i th  each  of th e  c h e m ica l a n a ly s e s .

V a r ia t io n  i n  key e le m e n ts  w i th in  a s in g l e  f lo w  i n d i c a t e s  t h a t  

h y d r a t io n  r a t e  sh o u ld  a l s o  v a ry  w i th in  a  s in g l e  f lo w , th e re b y  c a s t i n g  

d o u b t on th e  p r a c t i c e  o f g e n e r a t in g  . a s in g l e  g roup  o f  h y d r a t io n  r a t e  

c o n s ta n t s  f o r  an e n t i r e  o b s id ia n  f lo w . T here  i s  p ro b a b ly  a  ran g e  o f 

h y d r a t io n  r a t e  c o n s ta n t s  f o r  e a ch  i n d iv i d u a l  o b s i d i a n  flow , t h a t ,  i s  

d i c t a t e d  by th e  v a r i a t i o n  in  c h e m is try  f o r  t h a t  f lo w . T a b le  6 shows 

d i f f e r e n t  h y d r a t io n  r a t e s  f o r  th e  O b s id ia n  Q i f f  f lo w , c a lc u l a t e d  f o r  th e  

same te m p e ra tu re s  by F riedm an  and Long (1976) and M ic h e ls  (1 9 8 5 ). The 

d i s p a r i t y  b e tw een  th e s e  r a t e s  i n d i c a t e s  t h a t  t h e r e  i s  v a r i a t i o n  i n  

h y d r a t io n  r a t e  w i th in  a  g iv e n  f lo w . As an exam ple, i f  an  age i s  c a lc u ­

l a t e d  u s in g  c o n s ta n t s  s u p p l ie d  by F riedm an  and Long (1976) and  M ic h e ls  

(1985) and  a ssu m in g  a r in d  th ic k n e s s  o f  6 .5  m ic ro n s  and ah  EHT o f  6 .0

76
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o C0 t h e r e  i s  a d i f f e r e n c e  i n  age o f ab o u t 14 %. T h is  t r a n s l a t e s  i n t o  an 

a p p a re n t  age  d i f f e r e n c e  o f  a b o u t 700 y e a r s  u s in g  th e s e  p a ra m e te r s .

The v a r i a t i o n  o f  h y d r a t io n  r a t e  due t o  ch e m ica l d i f f e r e n c e s  w i t h in  

i n d iv i d u a l  f lo w s  h a s  im p o r ta n t  r a m i f i c a t i o n s  f o r  a r c h a e o l o g i s t s  a n d  

g e o lo g i s t s  who u se  o b s id ia n  h y d r a t io n  d a t in g  te c h n iq u e s .  In  th e  p a s t ,  

g e n e r a l ly  o n ly  one s e t  o f  r a t e  c o n s ta n t s  was g e n e ra te d  f o r  an  i n d iv i d u a l  

f lo w  (M ic h e ls , 1 9 8 5 , 1 9 8 8 ) . T hese c o n s ta n t s  a r e  p e r i o d i c a l l y  r e v i s e d  

( Jo s e p h  M ic h e ls ,  1990, p e r s o n a l  com m ,), b u t  th e  u n d e r ly in g  a s su m p tio n  i s  

t h a t  each  o b s id ia n  flo w  p o s s e s s e s  u n iq u e  h y d r a t io n  r a t e  c o n s ta n t s .  As 

can  be se e n  from  th e  above exam ple , th e  a ssu m p tio n  o f  a s i n g l e  r a t e  f o r  

i n d iv i d u a l  f lo w s i s  n o t  j u s t i f i e d  and may le a d  to  e r ro n e o u s  c o n c lu s io n s  

a b o u t th e  age o f  a  p a r t i c u l a r  a r t i f a c t ,  a r c h a e o lo g ic a l  s i t e  o r  g e o lo g ic  

re w o rk in g  e v e n t .

T a b le  6 . H y d ra tio n  r a t e s  and c o r r e s p o n d in g  a g e s  c a lc u l a t e d  f o r  a  6 .5
m ic ro n  r i n d  f o r  O b s id ia n  C l i f f  o b s id ia n  u s in g  th e  same tem p e r­
a t u r e s .

T e m p era tu re (c C) R a te (m ic ro n s ^ /1000 y r s ) Age

I 2 I 2

6 .0 3 .1 0 2 .8 8 4396 5094
6 .9 3 .4 0 3 .2 1  . 3654 4100

1 9 .7 1 6 .0 0 13 .76 i65 223
2 2 .7 2 2 ,6 0 1 9 .0 0 . 83 117

a f t e r  ( I )  F riedm an  and Long (1976) and (2) M ic h e ls  (1985)

F riedm an  and  O b ra d o v ic h  (1981) a n a ly z e d  e ig h t  o b s id i a n  flo w s i n  th e  

Y e llo w sto n e  r e g io n  and found  t h a t  a l l  had s i m i l a r  c h e m i s t r i e s .  T h e re ­

f o r e ,  th e y  p o s tu l a t e d  t h a t  t h e r e  was no v a r i a t i o n  i n  h y d r a t io n  r a t e s  

b e tw een  th e s e  f lo w s . A g a in , th e  a n a ly s e s  o f th e s e  i n d iv i d u a l  f lo w s was
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n o t  r e p o r t e d  w h ic h  m akes i t  q u i t e  d i f f i c u l t  t o  a s s e s s  th e  s i m i l a r i t y  o f  

t h e  f lo w s .  In  l i g h t  o f th e  f a c t  t h a t  i n d iv id u a l  f lo w s p o s s e s s  con­

s id e r a b l e  v a r i a b i l i t y ,  i t  does n o t  seem l i k e l y  t h a t  e ig h t  d i f f e r e n t  

f lo w s w ould  p o s s e s s  i d e n t i c a l  h y d r a t io n  r a t e  c o n s ta n t s .

M ic h e ls  and B e b r ic h  (1971) p l o t t e d  a h i s to g r a p h  u s in g  233 r i n d  

m easu rem en ts  w h ich  ran g e  from  a b o u t I  t o  5 m ic ro n s  from  an a r c h a e o lo g i ­

c a l  s i t e  i n  M exico (F ig .  2 3 ) . T h is  ra n g e  i n  r in d  th ic k n e s s  r e p r e s e n t s  a 

p e r io d  o f  tim e  from  3584 B.C . t o  1744 A .D. Most o f th e  m easu rem en ts f a l l  

b e tw een  2 and 3 m ic ro n s  w h ich  c o rre s p o n d s  t o  an  age  ra n g e  from  34 B. C. 

t o  1077 A .D ., b u t  t h e r e  a r e  many s u b s id i a r y  p e a k s . The s p re a d  a s s o c i a t e d  

w i th  th e s e  m easu rem en ts  w a s ' a t t r i b u t e d  t o  "an u n u s u a l ly  lo n g  and com plex 

h i s t o r y  o f o c c u p a t io n " .  From th e  above d i s c u s s io n ,  i t  i s  p o s s ib le  t h a t  

much o f th e  s p re a d  i s ,  i n s t e a d ,  c a u se d  by d i f f e r i n g  h y d r a t io n  r a t e s  f o r  

many o f th e  a r t i f a c t s .  T h is  m ight- im p ly  t h a t  th e  o c c u p a tio n , h i s t o r y  o f 

t h i s  s i t e  was n o t  a s  lo n g  and com plex a s  M ich e ls  and  B e b r ic h  (1971) 

c o n c lu d e d .

As can  be s e e n  from  th e  above ex am p les , w o rk e rs  u s in g  o b s id ia n  

h y d r a t io n  d a t in g  te c h n iq u e s ,  m ust r e c o g n iz e  t h a t  h y d r a t io n  r a t e  c o n s ta n t s  

can  v a ry  b e tw een  and w i t h in  i n d iv i d u a l  o b s id ia n  f lo w s . T h e r e f o r e ,  th e  

l i m i t a t i o n s  o f u s in g  a  s in g l e  r a t e  (o r  a s in g l e  r in d )  f o r  a n  a rc h a e o lo g ­

i c a l  s i t e  o r  g e o lo g ic  rew o rk in g  e v e n t  m ust be r e c o g n iz e d  and a c c o u n te d  

f o r .  The i d e a l  m ethod w ould  be t o  o b t a in  h y d r a t io n  r a t e  c o n s ta n ts  f o r  

e ach  a r t i f a c t  o r sam p le  d a te d .  How ever, b e c a u se  o b ta in in g  h y d r a t io n  r a t e  

c o n s ta n t s  i s  a d e s t r u c t i v e  and e x p e n s iv e  p ro c e d u re ,  i t  i s  n o t  a lw ays 

p o s s ib l e  due to  f i n a n c i a l  l i m i t a t i o n s  and i s  u s u a l ly  n o t  d e s i r a b l e  due 

t o  th e  c u l t u r a l  v a lu e  o f o b s id ia n  a r t i f a c t s .
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Microns

F ig u re  23 H is tc g r a p h  o f  233 r i n d  m easu rem en ts  from  an  a r c h a e o lo g ic a l  
s i t e  i n  M exico ( a f t e r  M ic h e ls  and B e b r ic h ,  1 9 7 1 ).
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A n o th e r  s o u rc e  o f  s c a t t e r  f o r  r i n d  m easu rem en ts  i s  th e  s ta n d a r d  

m easu rem en t e r r o r .  The m easurem ent, e r r o r  f o r  t h i s  s tu d y  was d e te rm in e d  

t o  b e  0 .3  m ic ro n s . T h is  v a lu e  i s  s i g n i f i c a n t  w i th  r e g a r d  t o  i n d iv i d u a l  

r i n d  m e a su re m e n ts» b u t  i s  p ro b a b ly  n e g l i g i b l e  i n  c o m p a riso n  t o  s c a t t e r  

i n t r o d u c e d  b y  d i f f e r i n g  h y d r a t i o n  r a t e s  a s  d i s c u s s e d  a b o v e . O th e r  

s o u rc e s  o f  s c a t t e r  in c lu d e  d i f f e r e n c e s  i n  tim e  o f  re w o rk in g  and f r a c t u r ­

in g  n o t  r e l a t e d  t o  t h e  e v e n t  o f  i n t e r e s t .  T h is  f r a c t u r i n g  may t a k e  t h e  

fo rm  o f  b i o t u r b a t i o n  ( r o o t  th ro w  o r  b u rro w in g )  o r  sa m p lin g  te c h n iq u e  and 

p r e p a r a t i o n .

The u n c e r t a i n t y  in t r o d u c e d  by  r i n d  m easurem ent s c a t t e r  f o r  a r ­

t i f a c t s  and  g e o lo g ic  e v e n ts  c a n  b e  m in im ized  b y  t a k in g  m u l t ip l e  r i n d  

m ea su rem e n ts . To c h a r a c t e r i z e  a  g e o lo g ic  s i t e  o r  h o r i z o n ,  w here  o b s id ia n  

h a s  b e e n  n a t u r a l l y  w o rk ed , a  minimum o f  a b o u t 150 m easu rem en ts  m ust b e  

ta k e n  (R ic h a rd  R o s s i ,  1990 , p e r s o n a l  com m .). T h is  num ber i s  r e q u i r e d  

b e c a u s e  o f te n t im e s  o b s id i a n  h a s  gone th ro u g h  s e v e r a l  rew o rk in g  e v e n ts  

and t h e  num ber o f  r i n d  t h ic k n e s s e s  i s  d i s t r i b u t e d  among s e v e r a l  m odes. 

The d i s t r i b u t i o n  h a s  t h e  e f f e c t  o f  lo w e r in g  th e  num ber o f  r i n d s  u s e d  t o  

c h a r a c t e r i z e  a n  i n d i v i d u a l  e v e n t .  O b s id ia n  a r t i f a c t s  have  r e a d i l y  

i d e n t i f i a b l e ,  e v e n t - s p e c i f i c  r i n d s  t h a t  c a n  b e  u s e d  t o  c h a r a c t e r i z e  an  

a r c h a e o lo g ic a l  s i t e .  T h e r e f o r e ,  c o n s id e r a b ly  l e s s  r i n d  m easu rem en ts  a r e  

n eed ed  t o  d e te rm in e  a  d a te  f o r  an  o c c u p a t io n  s i t e  o r  h o r iz o n .



• CONCLUSIONS •

The o r i g i n a l  p u rp o se , o f  t h i s  s tu d y  was t o  d e v e lo p  an  o b s i d i a n  

h y d r a t i o n  d a t i n g  t e c h n i q u e  t h a t  c o u ld  be  u sed  t o  d a te  Q u a te rn a ry  

d e p o s i t s  t h a t  c o n ta in e d  d e t r i t a l  o b s id i a n .  Two ty p e s  o f  f i e l d  s e t t i n g s  

w ere  i n v e s t i g a t e d .  The f i r s t  was a g roup  o f f l u v i a l  t e r r a c e s  c u t  by th e  

a n c e s t r a l  M a d iso n .R iv e r  n e a r  W est Y e llo w s to n e , MT in . p o s t - P in e d a le  t im e . 

H y d r a t i o n  r i n d s  w e r e  e x a m in e d  fro m  th e  m odern s tre a m  in  o r d e r  to  

d e te rm in e  i f  i t  s e r v e s  as. an  a p p r o p r i a t e  a n a lo g  f o r  th e  s tre a m  t h a t  c u t  

th e  t e r r a c e s .  I t  was found  t h a t  th e  m odern s tre a m  p o s s e s s e s  s i g n i f i c a n t ­

ly  m ore z e r o  th ic k n e s s ,  r in d s  th a n  th e  t e r r a c e s  w h ic h  l e a d s  t o  t h e  

c o n c l u s i o n  t h a t  r e w o r k in g  d o e s  o c c u r  i n  t h e  . f l u v i a l  e n v iro n m e n t. 

T h e r e f o r e ,  th e  t e r r a c e s  s h o u ld  p o s s e s s  u n iq u e  a n d  c h a r a c t e r i s t i c  

h y d r a t io n  r i n d  th ic k n e s s e s  t h a t  can  be u sed  t o  d e te rm in e  t h e i r  a g e s . Be­

c a u se  r in d s  o f s e v e r a l  d i f f e r e n t  th ic k n e s s e s  on i n d iv i d u a l  g r a in s  w ere  

a l s o  found  i n  th e  m odern s t r e a m , . o n ly  p a r t i a l  re w o rk in g  o c c u rs  in  t h ig  

e n v iro n m e n t. T h is  i n d i c a t e s  t h a t  e a ch  n a t u r a l l y  w orked . O b s id ia n  p e b b le  

can  p o t e n t i a l l y  r e c o r d  s e v e r a l  re w o rk in g  e v e n ts .

E x a m in a tio n  o f p e b b le s  s a m p le d  a t  20  'em i n c r e m e n t s  fro m  t h e  

O b s id ia n  Sand P l a in  (T e r r a c e . . TO) i n d i c a t e s  t h a t  s o l a r  h e a t in g  d id  n o t  

a p p e a r  t o  a f f e c t  th e  r a t e  o f h y d r a t io n  i n  the- u p p e r few  d e c im e te rs  a t  

t h i s  s i t e .  The a g g re g a te  d a ta  from  T e r ra c e  TO a l s o  i n d i c a t e s  t h a t  th e  

O b s id ia n  Sand P la in  m ig h t d a te  from  s e v e r a l  p e r io d s  o f  d e p o s i t io n .  A ll  

o f  th e  sam p lin g  l e v e l s  e x c e p t  f o r  th e  80 -100  cm l e v e l  p o s s e s s  a  s t r o n g  

r i n d  s ig n a l  a t  a b o u t 6 .5  m ic ro n s . The lo w e r  l e v e l  h a s  s t r o n g  p eaks a t
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a b o u t 13 and 22 m ic ro n s  w h ich  p ro b a b ly  d a te  from  B u l l  L ake re w o rk in g  and 

o r i g i n a l  c o o l in g  c ra c k s  a s s o c i a te d  w i th  th e  em placem ent o f an o b s id ia n  

f lo w . T h e re fo re  i t  i s  co n c lu d e d  t h a t  th e  O b s id ia n  Sand P la in  d a te s  from  

a t  l e a s t  two p e r io d s  o f d e p o s i t io n  a t  t h i s  s i t e .

T e r ra c e s  T l th ro u g h  T4 have  a p ro m in e n t r in d  s ig n a l  a t  a b o u t 6 .5  

m ic ro n s , i n d i c a t i n g  t h a t  th e y  w ere  c u t  i n  a  s h o r t e r  p e r io d  o f  tim e  th a n  

th e  te c h n iq u e  can  d i s c e r n .  Two m ethods w ere  used, t o  o b t a in  an  age f o r  

th e  t e r r a c e s .  The f i r s t  was t o  u se  a  r i n d  v a lu e  o f 6 .5  + 0 .5  m ic ro n s  and 

th e  c a l i b r a t i o n  c u rv e  o f  P ie r c e  and o th e r s  (1976) w h ic h  y i e l d s  an  age o f  

2 0 ,0 0 0  + 3000 y e a r s .  The second  m ethod w as to  u se  th e  same r in d  v a lu e  

c o u p le d  w i t h  h y d r a t i o n  r a t e  c o n s ta n t s  f o r  th e  O b s id ia n  C l i f f  flow  

c a lc u l a t e d  by M ic h e ls  (1985) and an  e f f e c t i v e  h y d r a t io n  te m p e ra tu re  o f  

1 .4  °C. The second  m ethod y i e l d s  an age o f 1 5 ,5 2 0  + 2480 -2 300  f o r  th e  

t e r r a c e s .  B o th  o f t h e s e  a g e s  a r e  o ld e r  th a n  th o s e  c a l c u l a t e d  by N ash 

(1984) f o r  t h e . t e r r a c e s .  However, i f  th e  c a l i b r a t i o n  1^C d a te  o f 7 ,1 0 0  + 

50 y r s  B .P . u sed  by N ash (1984) i s  to o  young , h i s  t e r r a c e  a g e s  a r e  a l s o  

to o  young . I t  i s  h y p o th e s iz e d  t h a t  t e r r a c e  fo rm a tio n  was a c c o m p lish e d  

im m e d ia te ly  upon r e t r e a t  o f maximum P in e d a le  i c e  from  t h e  m o u th  o f  

M adison Canyon.

The seco n d  f i e l d  s e t t i n g  in v o lv e d  r a i s e d  s h o r e l in e s  o f p o s t - g l a c i a l  

Y e llo w s to n e  L ak e . The s h o r e l in e s  a l s o  a l l  have  s i m i l a r  r i n d  th ic k n e s s e s  

t o  one a n o th e r .  A r in d  v a lu e  of 5 .5  m ic ro n s  c o u p le d  w i th  h y d r a t io n  r a t e  

c o n s ta n t s  f o r  th e  O b s id ia n  C l i f f  f lo w  (M ic h e ls , 1985) and an  e f f e c t i v e  

h y d r a t io n  te m p e ra tu re  o f  1 .0  0C y i e l d s  an  age o f 1 2 ,2 7 0  +2330 -2 1 3 0  f o r  

th e  l a k e s h o r e s . C o n s id e r in g  t h a t  a l l  d a te d  p o s t - g l a c i a l  s h o r e l in e s  i n  

th e  Y e llo w s to n e  Lake b a s in  a r e  y o u n g e r th a n  ab o u t 9 k a ,  i t  i s  c o n c lu d e d
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t h a t  t h e  r i n d  s i g n a l  a s s o c i a t e d  w i th  th e  s h o r e l in e s  d a te s  a p r e v io u s  

re w o rk in g  e v e n t . I t  i s  h y p o th e s iz e d  t h a t  th e  r in d s  on th e  s h o r e l in e s  

d a te  from  l a t e s t  i 'in e d a le  re w o rk in g .

R ew orking p r o c e s s e s  i n  th e  f l u v i a l  e n v iro n m en t d i f f e r  from  th o s e  i n  

t h e  b e a c h  e n v iro n m e n t i n  t h a t  t h e  d o m in a n t  p r o c e s s  i n  s t r e a m s  i s  

f r a c t u r e  w h e re a s  t h e  d o m in an t p r o c e s s  on b e a c h e s  i s  a b r a s i o n .  In  t h i s  

s tu d y  r i n d s  w ere  m easu red  o n ly  on f r a c t u r e d  s u r f a c e s  b e c a u s e  r in d s  on 

a b ra d e d  e d g es  w ere  d is c o n t in u o u s  and o f  v a ry in g  t h i c k n e s s .  The te c h n iq u e  

o f  m e a su r in g  r i n d s  o n ly  on f r a c t u r e d  s u r f a c e s  th e r e b y  e x c lu d e d  m o s t 

r i n d s  t h a t  w ere  rew o rk ed  i n  t h e  b e a c h  e n v iro n m e n t.

c H y d ra tio n  r a t e  i s  d e p e n d e n t on te m p e ra tu re  and  t h e  c h e m is try  o f  th e  

g l a s s .  B ecause  c h e m is tr y  v a r i e s  w i th in  and b e tw een  o b s id i a n  f lo w s , r a t e  

w ould  a l s o  b e  e x p e c te d  t o  v a r y .  T h e r e f o r e ,  i t  i s  n o t  n e c e s s a r i l y  

a p p r o p r i a t e  t o  u s e  a  s i n g l e  g ro u p  o f  h y d r a t io n  r a t e  c o n s ta n t s  d e te rm in e d  

from  a  s i n g l e  sam p le  t o  c a l c u l a t e  a g e s  f o r  a r t i f a c t s  and g e o lo g ic a l  

s a m p le s  w i t h o u t  r e c o g n i z i n g  t h i s  l i m i t a t i o n *  H ow ever,, t h e  c o s t  o f  

c a l c u l a t i n g  h y d r a t io n  r a t e  c o n s ta n t s  f o r  e v e ry  sam p le  t o  b e  d a te d  i s  

p r o h i b i t i v e l y  e x p e n s iv e .

The o b s id ia n  h y d r a t io n  d a t in g  te c h n iq u e  d e v e lo p e d  i n  t h i s  s tu d y  i s  

v e r y  a p p r o p r i a t e  f o r  d a t in g  f l u v i a l  rew o rk in g  e v e n ts  b u t  d o es  n o t  a p p e a r  

t o  b e  a p p l i c a b l e  t o  d a t in g  m a t e r i a l  rew o rk ed  in  t h e  l a c u s t r i n e  e n v ir o n ­

m en t. T h is  te c h n iq u e  c a n  a l s o  b e  f o l lo w e d ,  w i th  m in o r  a d a p ta t i o n s ,  t o  

d a te  g l a c i a l  f e a t u r e s  a s  h a s  b e e n  done b y  P ie r c e  and o t h e r s  (1 9 7 6 ). T h is  

d a t in g  te c h n iq u e  s h o u ld  s e r v e  a s  a  u s e f u l  t o o l  t o  o t h e r  Q u a t e r n a r y  

w o rk e rs  d e s i r i n g  t o  u n r a v e l  t h e  e v e n ts  o f  t h e  p a s t .
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F ig u r e  24 -  Flew c h a r t  f o r  sample p r e p a r a t i o n  p r o c e d u r e s .

Check to see if top slide 
can be lifted without ,
disturbing qrains

Check hardness of 
balsam

Grai ns 
are lifted

S l i g h t l i j \  
softer than thum 
^ \ n a i l

Cool slides

Wash and air 
dry

Sieve 2- 4 
mm size

Air dry

Select 50 
grai ns

Heat for three

Dry slides

Lift off 
upper slide

Heat for two 
minutes

Place six grains 
on each slide and 
cover with more 
balsam

Place eight new, 
labeled slides 
on hot plate 
(label down)

Grind mounted slides 
until half the thickness 
of grains is removed

Heat Canada Balsam 
on eight labeled 
slides for 3 minutes 
at 200 C

slurry  3 I grit 
( WCA I 5T) to 
water Should be 
like syrup

Prepare grinding

Place mounted slides on 
top of new slides on hot 
plate with ground grai n 
surfaces flush against 
new slides
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F i g u r e  24 -  ( c o n t i n u e d ) .

, Heat for two 
Tl minutes

Check hardness 
of balsam

/  Slightly 
softer than 
\  thumbnail

Rinse and 
dry slides

Cool slides

Place slides 
on hotplate

Place more 
balsam on 
grains

Arrange grains 
so they will fit 
under a cover 
slip

Grind slides until 
grains can be seen 
through
(about 0 03 mm)

Heat for one 
minute

Cool slides

Place cover 
slip over 
grai ns

Place small amount 
of additional balsam 
over grains
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APPENDIX B

HYDRATION' RIND MEASUREMENT FLOW CHART
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F ig u r e  25 -  Flew c h a r t  f o r  h y d r a t i o n  r i n d  m easu rem en t.

Rind present

Select nnd for 
measurement

/  smooth 
edge of grain at 
Jeast 0 15 mm 
^ \ l o n g

^  Edge of 
grain_L to micro­
scope stage ^

/ /  hgdration\. 
^ f r o n t  parallel to 
edge of grain and X to 

stage

Calibrate image 
Splitting eyepiece with 
stage micrometer after 
Michels and BePrich (1971)

Obtain formation 
constant (fm) after 
Michels and Bebrich
( 1 9 7 1 )

Draw diagram of slide 
showing grain location

View slide with 10 x 
objective for a total of 
I S O x d S x  eyepiece)

Record 
'O" nnd



96

F ig u r e  25 ( c o n t i n u e d ) .

Compute

(B-C) /2

Turn knob on eyepiece 
clockwise until 
image is exactly split 
Record maximum shear 
Designate B

Record in notebook as 
hydration rind 
measurement

Record zero shear 
Designate A

Turn knob counterclock­
wise past zero shear until 
image is exactly split 
Record minimum shear 
Designate C
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■ APPENDIX C

CHEMICAL ANALYSES OF OBSIDIAN GRAINS
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T a b le  7 . Chemical a n a ly s e s  o f  d e t r i t a l  beach  p e b b le s  from  t h e  B re e z e  
P o i n t  a r e a .  S h o r e l i n e  d e s i g n a t i o n s  a r e  i n  p a r e n t h e s i s .  A l l  
v a l u e s  a r e  e x p r e s s e d  a s  % /  w e ig h t  ( a f t e r  M ic h e l s ,  1988) .

Specim en No. Ns^O KgO Fe2 0S 1 CaO MgO Source

456-L87-13C -1 (S I) 3 .5 0 5 .2 3 1 .41 0 .4 6 0 .0 8 A s t e r  Creek- f lo w
456-L87-15B -1 (S4) 3 .3 5 5 .2 3 1 .3 9 0 .4 0 0 .0 8 A s t e r  Creek f lo w
456-L87-17  C-I (S5) 3 .2 4 5 .3 7 1 .2 8 0 .41 0 .0 8 A s t e r  Creek f lo w
456-L87-15B -2 ( S4) 3 .4 0 5 .2 4 1 .4 9 0 .4 3 0 .0 8 A s t e r  Creek f lo w
456-L87-15D (S4) 3 .3 4 5 .5 9 1 .3 8 1 .05 0 . 1 2 U n id e n t ,  ty p e  A
456-L87-15E (84) 3 .1 8 . 5 .5 4 1 .3 9 0 .4 7 0 .0 8 U h id e n t . ty p e  B
456-L87-15A -3 (84) . 3 .4 6 5 .2 1 1 .4 4 0 .4 0 0 .0 7 A s t e r  Creek f lo w
456-L87-16A (S3) 3 .4 5 5 .3 3 1 .47 0 .4 1 0 .0 7 A s t e r  Creek f lo w
456-L87-17B -1 (S5) 3 .5 9 5 .1 6 1 .4 8 0 .4 8 0 .0 9 A s t e r  Creek f lo w
456-L87-16B (S3) 3 .5 3 5 .2 2 1 .37 0 .4 3 0 .0 8 A s t e r  Creek f lo w
456-L87-13E (S I) 3 .3 8 5 .4 4 1 .3 8 0 .4 4 0 .0 8 A s t e r  Creek f lo w
456-L87-17C -2 (S5) 3 .3 5 5 .5 1 1 .4 4 0 .4 9 0 .0 9 A s t e r  Creek f lo w
456-L87-17B -2 (S5) 3 .5 4 5 .3 1 1 .47 0 .4 4 0 .0 8 . A s t e r  Creek f lo w
456-L87-13C -2 (S I) 3 .4 6 5 .2 4 1 .4 6 0 .4 7 0 .0 9 A s t e r  Creek f low
456-L87-17B -3 (85) 3 .5 2 5 .5 6 1 .5 4 1 . 0 2 0 .1 4 U n id e n t ,  t y p e  A
456-L87-14B (S2) 3 .5 2 5 .2 6 1 .4 8 0 .5 0 0 . 1 2 A s t e r  Creek f lo w
456-L87-15A -1 (S4) 3 .4 3 5 .2 6 1 .4 2 0 .4 6 0 .0 9 A s t e r  Creek f lo w
456-L87-15A -2 (84) 3 .4 5 5 .3 4 1 .4 6 0 .5 5 0 .1 3 A s t e r  Creek f low
456—L8 7—I 7A -I (S5) 3 .2 1 5 .5 0 1 .43 0 .4 9 0 . 1 0 U n id e n t . ty p e  B
456-L87-14D -2 (S2) 3 .3 8 5 .2 6 1 .41 0 .4 6 0 .0 9 A s t e r  Creek f lo w
456-L87-15C (S4) 3 .4 4 5 .1 9 1 .41 0 .5 0 0 . 1 0 A s t e r  Creek f lo w
456-L87-14A. (S2) 3 .3 9 5 .2 0 1 .41 0 .4 8 0 . 1 1 A s t e r  Creek f lo w
456—l87—14D—I (82) 3 .4 3 5 .2 2 1 .3 8 0 .5 6 0 . 1 2 A s t e r  Creek f lo w
456-L 87-17B -4 (85) 3 .3 8 5 .4 0 1 .4 8 0 .5 0 0 . 1 0 A s t e r  Creek f lo w

T a b le  8 . Chemical 
e x p re s s e d  
M ic h e l s ,

a n a l y s e s  o f  O b s id ia n  C l i f f  o b s i d i a n .  A l l  v a l u e s  a r e  
■ a s  % /  w e ig h t  ( A f t e r  Friedm an  and Long, 1976;
1 9 8 5 ) .

S i ° 2  AI2 O3 NagO K2O Fe203 T CaO MgO TiO2

77 .1  1 2 .1 4
7 6 .7  1 2 .5 0

3 .9 2
3 .3 0

5 .07
4 .6 0

1 .27
0 .4 3

0 .3 8  0 .0 4  0 .0 9
0 .4 8  0 .0 9  0 .07
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APPENDIX D .

RIND MEASUREMENT DATA FOR INDIVIDUAL SAMPLING 
LEVELS FOR TERRACE TO
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T a b le  9 .  R ind m easurem ent d a ta  f o r  i n d i v i d u a l  s a m p l in g  l e v e l s  f o r
T e r r a c e  TO

0—20  cm 20-40 40-60 . 60-80 80-100

1 . 8 6 4 .0 0 2 .3 4 4 .2 3 2 .9 1
2 .5 1 4 .0 0 3 .7 1 4 .5 7 5 .6 6
2 .6 3 4 .1 1 4 .0 6 4 .6 9 6 .3 4
2 .91 4 .2 3 4 .8 0 4 .97 6 .5 7
3 .1 4 4 .6 3 4 .9 1 5 .0 9  ' 7 .9 4
3 .2 0 4 .6 9 5 .6 0 5 .2 6 8 .6 9
3 .5 4 4 .7 4 5 .6 6 5 .2 0 10.23
3 .6 6 5 .0 3 5 .6 6 5 .4 9 10 .40
3 .7 7 5 .2 6 5 .7 1 5 .8 9 12.23
4 .5 1 5 .9 4 5 .8 9 6 .0 6 12.57
4 .7 4 5 .9 4 5 .9 4 . 6 .0 6 12 .8 0
4 .9 1 6 .1 7 6 .0 6 6 .7 4 13 .8 9
5 .2 0 6 .2 3 6 .1 7 6 . 8 6 14 .40
5 .4 3 6 .2 9 6 .5 1 6 .9 7 14.51
5 .8 3 6 . 8 6 6 . 6 8 7 .1 4 14.97
6 .2 3 7 .2 6 6 .7 4 7 .43 15.43
6 .3 4 7 .2 6 6 .9 1 7 .7 7 20.23
7 .5 4 7 .7 1 7 .2 0 8 .57 2 0 .8 6
7 .6 6 8 .0 6 7 .37 8 .9 1 20.97
8 .0 6 8 .57 7 .43 9 .0 3 2 1 . 2 0
8 .0 6 9 .4 3 7 .4 9 9 .4 4 21.83
8 .3 4 9 .4 9 8 .0 6 1 1 . 6 6 2 2 . 1 1
8 .57 1 0 .7 4 8 .1 7 1 2 . 0 0 23.03
9 .0 3 1 1 .1 4 9 .1 4 1 2 .3 4 23.83
9 .1 4 1 1 .4 9 9 .1 4 12 .91 26 .06
9 .3 1 1 2 .3 4 9 .77 13 .37 26 .63

12 .46 14 .51 11 .26 14.17 2 8 .7 4
12.91 1 7 .6 0 11 .31 14.97
13 .26 1 9 .5 4 12 .06 15 .4 3
13 .4 9 2 2 . 8 6 1 3 .0 9 16 .11
15 .60 23 .26 14 .6 9 1 8 .0 0
22 .80 1 5 .1 4 23 .7 7

15 .66 23 .77
19.43
21 .26
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APPENDIX E

RIND MEASUREMENT DATA FOR TERRACES 
T l .THROUGH TA AND THE MODERN STREAM.
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T a b le  10. H y d r a t io n  r i n d  m easu rem en ts  f o r  T e r r a c e s  Tl th ro u g h  TA and
t h e modern s tream ,.

Tl T2 T3 TA Modern

0 0 0 4 .2 3 0
0 0 0 4 .4 0 0

2 . AO 3 .2 6 4 .0 0 4 .4 6 4 .4 6  '
3 .  A3 3.A9 4 .3 4 . 4 .5 1 5 .9 4  .
A .11 A. 23 4 .6 3 4 .7 4 6 .5 1
A.3A A. AO . 4 .6 9 4 .8 0 6 .5 1
A.3A A .57 4 .9 1  • 4 .9 7 6 .6 9
A .80 A .57 5 .4 9 5 .0 3 6 .7 4
A .97 A .74 5 .6 0 5 .1 4 6 .97
5 . IA 4 .8 0 5 .7 1 5 .2 0 7 .3 1
5 .2 6 4 .8 0 5 .8 3 5 .2 0 7 .5 4
5.9A 5 .0 9 5 .8 9 5 .2 6 8 .0 6
6 . 0 0 5 .20 6 . 0 0 5 .3 1 8 . 1 1
6 .1 7 5 .2 0 6 .0 6 . 5 .3 1 8 .4 0
6 .1 7 5 .3 1 6 .2 3 5 .3 1 8 .4 6
6 .2 3 5 .4 3 6 .2 9 5 .3 7 8 .46
6 .2 3 5 .4 9 . 6 .4 0 5 .5 4 9 .0 3
6 .2 9 5 .8 3 6 .4 6 5 .6 0 9 .0 9
6 .5 7 5 .9 4 6 .5 1 5 .7 1 9 .2 0
6 .7 A 6 .0 6 6 .6 3 5 .7 1 9 .2 6
7 .2 6 6 .1 7 6 .7 4 5 .8 3 9 .3 1
7 .3 7 6 .2 3 6 .8 0 6 .0 6 9 .8 9
7 .4 3 6 .2 3 6 .8 0 6 .1 7 1 0 . 0 0
7.5A 6 .2 9 . 7 . 1 4 . 6 .4 0 10 .2 9
7 .6 0 6 .3 4 7 .1 4 6 .6 3 10 .4 0  .
7 .83 6 .3 4 7 .2 0 6 .8 0 11.26
7 .8 9 6 .4 0 7 .2 0 6 .9 1 11.37
7.9A 6 .5 7 7 .5 4 7 .0 9 11.43
8 .0 6 6 .8 0 7 .6 6 7 .0 9 1 1 .6 6
8 . 1 1 6 .8 0 7 .7 1 7 .2 0  . 11 .71
8 . AO 6 . 8 6 7 .7 1 7 .2 6 11.77
8 .6 9 6 . 8 6 8 . 1 1 7 .4 3 11.89
8 ,9 7 6 .9 7 8 .3 4 7 .4 3 12.23
8 .97 7 .0 9 8.57 7 .5 4 12.51
9 .0 3 7 .4 9 9 .0 3 7 .6 0 12.63

1 0 .2 9 7 .7 7 9 .1 4 7 .6 6 12 .69
10 .63 7 .8 3 9 .3 1 7 .6 6 1 2 .7 4
1 0 . 8 6 8 .0 6 9 .5 4 7 .7 1 13 .09
11 .0 9 8 . 1 1 . 10 .06 7 .7 7 13.31
1 1 .0 9 8 .17 10 .06 7 .8 3  . 13 .71
11 .09 8 .2 3 1 0 . 8 6 7 .8 9 14.63
11 .31 8 .6 9 1 1 ,0 9 8 . 1 1 15 .20
11.5A 9 .0 9 11 .26 8 .4 6 15.43
1 1 .5A 1 0 . 0 0 11.37 8 .91 15 .49
1 1 . 6 6 10 .4 6 1 1 .9 4 9 .1 4 15 .60
11 .89 1 0 .6 9 ' 1 2 .3 4 9 .2 6 16.23
12 .17 1 1 . 2 0 12.51 1 0 ,; 06 16.29
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T a b le  10 . ( c o n t i n u e d ) .

Tl T2 T3 T4 modern

12.23 11 .83 1 2 ,6 9 10 .4 0 18 .06
1 2 .2 9 1 2 .1 1 1 3 .1 4 10 .51 18.51
12.57 12 .17 13 .26 1 0 . 8 6 18 .63
12 .57 1 2 .2 9 1 3 .5 4 1 1 .0 9 1 9 .6 0
13.37 12 .63 15 .31 1 1 .0 9 20.57
1 3 .5 4 13 .43 15 .66 1 2 . 0 0 2 0 .7 4  .
1 3 .9 4 1 3 .5 4 16 .0 0 12 .0 6 2 0 . 8 6
1 3 .9 4 1 3 .7 1 1 6 .7 4  • 12 .23 21.83
14 .2 9 1 4 .0 0 17.31 1 2 .7 4 21 .89
1 4 .2 9 1 4 .3 4 1 8 .2 9 12 .80 2 2 .7 4
1 4 .3 4 14 .46 1 8 .3 4 1 3 .0 9 2 3 .1 4
14.57 14 .86 .1 8 ,7 4 1 3 .0 9 25 .83
15 .0 9 14 .91 2 0 .7 4 13.43 43 .26
1 5 .1 4 14 .97 2 1 .4 9 15 .4 9
1 5 .5 4 1 5 .5 4 3 5 .4 3 1 5 .5 4
16 .06 1 5 .8 9 1 5 .8 9
1 6 .7 4 17.03 1 5 .9 4
16 .80 1 7 .4 9 16 .17
16 .86 17 .6 0 16 .8 0
17.03 17 .66 16 .80
17.37 18.23 17 .4 9 .
17 .4 9 18 .97 17 .77
18 .0 0 19 .37 18 .11
18 .0 0 19.43 1 8 .3 4
18 .29 1 9 .8 9 18 .4 0
18.51 2 1 .3 1 18 .51
18 .6 9 2 1 .4 9 1 8 .6 9
19 .0 9 2 3 .4 9 19 .03
1 9 .9 4 23.71 1 9 .1 4
20 .91 3 1 .3 1 1 9 .2 0
2 2 .7 4 3 8 .5 8 1 9 .5 4
2 3 .1 4 2 0 . 1 1
24 .4 6 2 0 .2 9

2 1 .0 9
21.83
22 .63
23.43
2 3 .4 9
2 4 .0 6
25 .3 7
25 .4 3
2 5 .7 1  
26 .6 9
3 6 .6 3
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APPENDIX F ■

RIND MEASUREMENT DATA FOR SHORELINES
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T a b le  11 . R ind  m easurem ent d a t a  f o r  S h o r e l i n e s  SI th r o u g h  S5 a t
Y e l lo w s to n e  Lake.

SI S2 S3 S4 S5

0 - 0 . 0 0 0
0 0 0 0 0
0 . . o . 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 . 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 . 0 0 0
0 . 0 0 0 0
0 .0 0 0 0
0 0 0 0 0
0 0 0 0 3 .0 9
0 0 3 .2 6 0 4 .0 0
0 0 3 .3 1 0 4 .0 6
0 0 3 .5 4 0 4 .17
0 . 3 . 7 7 3 .8 9 0 4 .2 3
0 3 .8 9 4 .2 9 2 . 8 6 4 .3 0
0 4 .0 0 4 .3 4 3 .2 0 4 .6 3
0 4 .3 4 4 .7 4 3 .3 1 4 .6 9
0 4 .3 4 4 .8 0 3 .5 4 4 .6 9

. 0 4 .4 0 4 .8 6 3 .7 1 4 .6 9
0 4 .4 6 4 .9 1 3 .8 9 4 .8 0
0 4 .5 1 5 .0 9 3 .8 9 4 .8 6
0 4 .5 7 5 .2 6 4 .1 1 4 .8 6
0 4 .5 7 5 .3 1 4 .2 3 4 .8 6
0 4 .6 9 5 .6 0 4 .2 9 5 .3 1
0 4 .6 9 5 .8 3 4 .3 4 5 .3 7
0 4 .8 0 6 .2 9 4 .5 1 6 . 0 0
0 4 .8 0 6 .2 9 4 .6 9 6 . 0 0
0 4 .8 0 6 .4 0 4 .6 9 6 . 8 6
0 4 .9 1 6 .5 1 4 .6 9 6 .91
0 4 .9 1 6 .57 4 .7 4 7 .6 6
0 4 .9 1 6 .7 4 4 .8 0 11.31

2 .7 4 4 .9 7 6 . 8 6 4 .9 1 11.43
3 .3 1 5 .0 3 6 .9 1 4 .9 1 1 1 .5 4
3 .4 3 5 .0 9 6 .9 7 4 .9 1 11 .89
3 .7 1 5 .2 0 7 .0 9 4 .9 7 12.97
3 .8 3 5 .3 1 7 .2 0 5 .0 3 14 .40
3 .8 9 5 .3 1 7 .43 5 .0 9 16.23
3 .9 4 5 .3 7 7 .6 0 5 .0 9 16.63
3 .9 4 5 .3 7 7 .6 6 5 .4 9 16 .80
4 .0 6 5 .3 7 7 .8 9 5 .4 9 19 .31
4 .0 6 5 .4 3 7 .8 9 5 .4 9 1 9 .6 0
4 .1 7 5 .4 9 8 .6 9 5 .4 9 1 9 .9 4
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SI S2 ~S3 S4 S5

T a b le  11 . ( c o n t i n u e d ) .

4 .1 7
4 .2 3
4 .2 9
4 .3 4
4 .3 4
4 .4 6
4 .4 6
4 .6 3
4 .6 9
4 .9 1
4 .9 1
4 .9 1
4 .9 7
5 .0 9
5 .1 4
5 .1 4
5 .2 0
5 .3 1
5 .3 1
5 .3 7
5 .4 9  
5 .8 3
6 .0 6
6 .0 6
6 .4 6
6 .6 9
6 .6 9
7 .2 0
7 .3 7
7 .5 4
7 .8 9
7 .8 9
7 .8 9  
8 .23
9 .6 0
9 .6 6
9 .8 9
9 .9 4

10 .17
1 0 .2 9
10 .4 0
1 1 .1 4
11.37
11 .8 9
1 2 .3 4
12 .46
1 2 .8 0
1 3 .9 4

5 .4 9
5 .4 9
5 .4 9
5 .5 4
5 .6 0
5 .7 1
5 .7 1
5 .8 3
5 .8 3
5 .9 4
5 .9 4
5 .9 4  
6 .00  
6.11  
6.17.
6 .1 7  
6 .2 9
6 .3 4
6 .4 6
6 .4 6
6.86
7 .0 3
7 .0 9
7 .1 4
7 .2 6
7 .4 9
8 .5 1
9 .1 4
9 .3 1
9 .3 1

1 0 .4 0
10 .4 0
10 .97
1 1 .0 9
11 .2 6
11 .37
11 .4 9  
11.66  
11.66
13 .03
13.03
1 3 .1 4
13 .4 9
14 .17
15 .43
16 .46
16 .46
16 .80

8 .8 0
9 .2 0
9 .9 4

10.11
11 .37
11.43
11 .89
12.57
12.97
1 3 .4 9
13 .60
14.17

. 14 ;80
14.97
1 5 .5 4
1 5 .6 0
15 .6 0
15 .66
15 .71
15 .71
15.77
15 .8 9  
16 .11  
16 .11
16 .46
16.51
16.57
16.57
16.57
16.80
1 7 .1 4
17.43
17 .66
17.77
18.57 
18 .86  
19 .20
19 .31
19 .60
19 .66
20 .0 6  
2 0 .7 4
2 1 .1 4
2 1 .6 0
23.77
26 .51
2 9 .6 0
3 0 .3 4

5 .6 0
5 .8 9  

. 6 .3 4
6 .5 7
6 .6 3
6 .97
7 .03
7 .0 9
7 .5 4
7 .7 7
8 .1 7
8 .97
9 .4 9

10 .06
10.17
10 .80
11.03
11 .3 1
11 .31  
12 .23
13.43
13 .71  
14 .86
15 .26
15 .37  
16 .0 0
16 .06
16 .4 0
16 .46
16.57
17.03
1 7 .5 4
1 7 .5 4
23 .26

19 .94
1 9 .9 4  
20 .23  
20 .46  
20 .6 9  
20 .8 0
2 1 .1 4  
21 .3 1  
2 1 .5 4  
21 .77  
21 .89  
2 2 .3 4  
22 .51
22 .63
22 .63  
24 .0 0
2 5 .1 4  
25 .43
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, ••

SI ~ S 2  ~S3 ”  S4

T a b le  11» ( c o n t i n u e d ) .

1 4 .0 0  16 .91
14 .51  17 .26
21.7.1 . 17 .66
2 6 .7 4  21 .43

2 3 .2 0  ,
. 2 4 .1 1  .

3 0 .0 6
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