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(  a r b o n a l e  D e p o s i t s  a n d  Paleoclimatic Implications 
In the Northeast Pacific Ocean

A b s t r a c t .  A  n a rro w  c a rb o n a te  b a n d  c o n s is tin g  p r e d o m in a n t ly  o f  G lo b ig e r in a -  
rich  s e d im e n ts  is p re se n t in  th e  d e ep -se a  d e p o s i ts  o f  th e  n o r th e a s t P a c ific  O cea n  
e x te n d in g  a lm o s t p a ra lle l to  th e  co a s ts  o f  O reg o n  a n d  W a sh in g to n . F iv e  ra d io 
c a rb o n  d a tes  in  th e  co re s fr o m  th is  a rea  su g g e s t th a t th e  g re a te s t c o n c e n tr a t io n  o f  
G lo b ig e r in a - r / c / i  s e d im e n ts  o c c u r re d  2 7 ,0 0 0  to  1 2 ,0 0 0  y e a r s  ago . T h is  t im e  in te r 
va l c o rre sp o n d s  ro u g h ly  to  th e  V  ash  o n  (la te  W isc o n s in )  g la c ia l t im e s  in  th e  P u g e t  
L o w la n d . T h e  re su lts  su g g e st h ig h e r  ca rb o n a te  s e d im e n ta tio n  in  th e  n o rth e a st  
P a cific  d u r in g  g la c ia l stages.

I t  is g e n e ra l ly  b e l ie v ed  th a t  v e ry  fine 
c las t ic  s e d im e n ts  o c c u r  in th e  d e ep -sea  
a re a  off th e  coas ts  o f  O r e g o n  a n d  W a s h 
in g to n  ( / ) .  A  m o r e  r e c e n t  de ta i led  
s tu d y  o f  c o re s  c o l le c ted  in  t h e  a r e a  r e 
v e a led  a n a r r o w  c a r b o n a t e  b a n d  w h ich  
consis ts  p r e d o m i n a n t l y  o f  G lo b ig er in a -  
r ich  sil ts,  c lays ,  a n d  o t h e r  b io g en ic  m a 
te r ia l  (2 , 3 ) .

T h e  s u b m a r in e  t o p o g r a p h y  o f  th e  
a r e a  is s h o w n  in F ig .  1. T h e  a r e a  is 
c h a r a c t e r i z e d  by  a b r o a d  she lf ,  a  s teep  
i r r e g u la r  s lope ,  t h e  C a s c a d ia  A b y ssa l  
P l a in  (4 )  p r e v io u s ly  d e sc r ib e d  as 
“ G r e a t  T r o u g h ” (5, 6 ) ,  a n o r th - s o u th  
t r e n d in g  h i lly  a rea ,  a n d  th e  cas t -w e s t  
M e n d o c in o  E s c a r p m e n t  in c lu d in g  th e  
h i lly  a rea  s o u th  o f  t h e  C a s c a d ia  A b y s 
sal P l a in  in th e  west .  A  d e ta i le d  d e 
sc r ip t io n  o f  t h e  t o p o g r a p h y  h a s  a l re ad y  
b e en  p re se n te d  b y  M e n a r d  (5), G ib s o n
(6 ) ,  a n d  H u r l e y  ( 4 ) ,  a n d  a d d i t io n a l  
d a ta  is p r o v id e d  by  N a y u d u  a n d  E n b y s k  
( 3 ) .

T h e  G lo b ig e r in a - r ich  se d im e n ts  in 
c o r e s  1, 2, 3, 4, 8, 9, 10, 16, a n d  17 
fo r m  a n a r r o w  b a n d ,  a p p r o x im a te ly  
160 k m  w id e  a n d  a b o u t  5 6 0  k m  long, 
a lm o s t  p a ra l le l  to th e  coas ts  o f  O r e g o n  
a n d  W a s h in g to n ,  4 8 0  k m  offshore  
(F ig .  2). T h e  c o n c e n t r a t i o n  o f  F o r a m i 
n ife ra ,  b o th  p la n k to n ic  a n d  b e n th o n ic  
fo rm s ,  re su l ts  in a  to ta l  c a r b o n a te  c o n 
ten t  o f  a p p r o x im a t e ly  30  to  7 0  p e r 
cen t .  B e c a u se  o f  v a r ia t i o n s  in th e  c o n 
c e n t r a t i o n  o f  F o r a m in i f e r a ,  th e se  
se d im e n ts  h a v e  b e en  d e s ig n a te d  as 
G lo b ig e r in a - r ich  r a th e r  t h a n  as ooze .  In 
all th e se  s a m p le s  G lo b ig e r in a -tic h  s e d i 
m e n t s  e x te n d  f ro m  th e  s u r f a c e  to  the  
b o t to m  o f  t h e  co re ,  r e a c h in g  a  m a x i 
m u m  d e p th  o f  144 c m  in c o re  16. 
H o w e v e r ,  th e  u p p e r  7 to  12 c m  o f  
all th e se  c o re s  s h o w s  a b o u t  a 30  p e r 
c e n t  d e c re a s e  in F o r a m in i f e r a  c o n te n t  
a n d  a c o n c o m i ta n t  in c re a se  in o l ive- 
b r o w n  silts a n d  c lays .  T h e r e  is a lso  a 
g re a t  in c re a se  in n u m b e r  a n d  va r ie ty  o f  
R a d io l a r i a  a n d  d i a to m s  in th e  n o r th e r n  
par t  o f  th e  b a n d .  T h e  u p p e r  sec t io n  
(o f  v a r ia b le  th ic k n e s s )  o f  G lo b ig er in a -  
r ich silts a n d  c lays  has  b e en  c o n s id e re d

as  a  s ig n if ican t  s t r a t i g r a p h ie  u n i t .  In  
c o r e  1 t h e  u p p e r  12 c m  c o n ta in  a 
la rg e  a m o u n t  o f  o l iv e -b ro w n  silts an d  
c lays,  R a d io l a r i a  a n d  d i a to m s ;  th is  c o re  
is lo w  in F o r a m in i f e r a .  T h is  sec t io n  
g ra d e s  in to  G lo b ig e r in a - r ich  s e d im e n t  
w h ic h  in tu r n  c h a n g e s  a t  a b o u t  115 
c m  in to  a s e d im e n t  w i th  v e ry  few  
F o r a m i n i f e r a  a n d  w i th o u t  R a d io l a r ia  o r  
d i a to m s  (F ig .  3). In  c o r e  16, lo ca ted  
in th e  T u f t s  A b y s sa l  P l a in  a t  a d e p th  
o f  2 2 4 4  m e te rs ,  the  u p p e r  sec t io n  is 
8 c m  th ic k  a n d  g ra d e s  d o w n w a r d  in to  
G lo b ig e r in a -r ich  s e d im e n ts .  A t  68 cm  
th e  G lo b ig e r in a - r ich  s e d im e n t s  c h a n g e  
w ith  a  b r e a k  in to  a d a r k  g ra y  sil ty c lay  
low  in F o r a m i n i f e r a  ( a b o u t  3 0  p e rc e n t )  
w h ic h  e x te n d s  to  90  c m .  F r o m  90  to  
104 cm  th e r e  is a  g r a d u a l  in c re a se  in 
th e  c o n c e n t r a t io n  o f  F o r a m in i f e r a  ( 3 0  
to  4 5  p e r c e n t )  a n d  a t  1 04  c m  th e  
s e d im e n ts  a r e  ve ry  r ich  in G lo b ig er in a  
(Fig .  4).

T w o  r a d io c a r b o n  assays  o f  c o re  1 
h a v e  b e e n  d o n e .  T h e  lo c a t io n  o f  th e  
c o re  a n d  th e  d e p th  a n d  age  o f  the  
s a m p le  a r e  s h o w n  in F ig .  3. T h e  s a m p le  
(15 to  25 c m )  b e lo w  th e  lo w  c a r b o n a te  
u p p e r  l a y e r  is a b o u t  1 2 ,4 0 0  ±  37 5  
y e a rs  o ld .  R a d io c a r b o n  d a t in g  o f  t h e  
s a m p le  (90  to  10 0  c m )  a b o v e  th e  s e c 
t io n  p o o r  in G lo b ig e r in a  ind ic a te s  th a t  
it o r ig in a te d  1 9 ,3 0 0  ±  9 5 0  y e a rs  ago. 
T h r e e  a d d i t io n a l  r a d io c a r b o n  assays  
w ere  m a d e  f r o m  c o r e  16 (Fig .  4), 
w h ic h  in d ic a te  a n  age  o f  1 5 ,500  ±  60 0  
y e a r s  f o r  th e  s a m p le  a t  10 to  20  cm ; 
2 1 ,9 5 0  ±  7 0 0  y e a r s  a t  50  to  60  cm ; 
a n d  2 6 ,9 5 0  ±  1 ,0 0 0  y e a rs  a t  130 to 
140 c m  (b o t to m  o f  th e  core) .

C ra n d e l l ,  M u l l in e a u x ,  a n d  W a l d r o n
(7 )  h a v e  sh o w n  th a t  th e  y o u n g e s t  g la c ia 
t io n  in th e  P u g e t  S o u n d  L o w la n d ,  th e  
V a s h o n  ( l a te  W is c o n s in )  a p p e a r s  to  be 
g e n e ra l ly  c o r re la t iv e  w ith  th e  m a x im u m  
o f  th e  W isco n s in  s tag e  (T azew el l )  o f  
t h e  c e n t r a l  U n i ted  S ta tes .  R a d io c a r b o n  
d a te s  on  pea t  th a t  p o s td a te s  the  V a s h o n  
d r i f t  in th e  Pu g e t  L o w la n d  suggest  that 
th e  g lac ie r  rece ss io n  u n c o v e r e d  the  
s o u th e r n  P u g e t  L o w la n d  ( s o u th  of 
Sea tt le)  a t  s o m e  t im e  b e fo re  1 4 ,000

y e a rs  a g o  (8).  E a s te r b r o o k  (9), a f te r  
a d e ta i led  s tu d y  o f  P le is to c e n e  deposi ts  
a n d  th e  r a d io c a r b o n  da tes ,  suggested  
t h a t  th e  V a s h o n  g lac ia t io n  in th e  n o r t h 
e rn  p a r t  o f  th e  P u g e t  L o w la n d  o c 
c u r re d  b e tw e e n  2 6 ,5 0 0  a n d  11 ,600  
y e a rs  ago.

T h e  five d e te r m in a t io n s  o f  r a d i o 
c a r b o n  age  m a d e  on  c o re s  1 a n d  16 
(F igs .  3 a n d  4 )  in d ic a te  t h a t  t h e  g r e a t 
es t  d e p o s i t io n  o f  G lo b ig e r in a - r ich  se d i 
m e n t s  to o k  p la c e  d u r in g  th e  V a s h o n  
( late  W is co n s in )  g lac ia l  t im es ,  su g g es t 
ing  a  de f in i te  re la t io n s h ip  b e tw e e n  the  
r a te  o f  a c c u m u l a t i o n  o f  p la n k to n ic  
F o r a m i n i f e r a  a n d  g lac ial  t im e s ;  th a t  is, 
d u r in g  a p e r io d  o f  c o ld e r  c l im a te  th e re  
is a g r e a t e r  a c c u m u l a t i o n  o f  p la n k to n ic  
F o r a m in i f e r a  in th e  a rea .

A n  i m p o r t a n t  f e a tu r e  is th e  a p p r o x i 
m a te  p a ra l le l ism  b e tw e e n  th e  c a r b o n a te  
b a n d  a n d  th e  s u r f a c e  c u r r e n t  d i s t r ib u 
tion .  W h e n  th e  su b a r c t i c  c u r r e n t  a p 
p r o a c h e s  th e  A m e r i c a n  c o as t  it spli ts  
in to  th e  n o r t h w a r d  d e f lec ted  A la sk a n  
gyra l  a n d  th e  s o u t h w a r d  de f lec ted  C a l i 
f o rn ia  c u r r e n t  (10)  w h ic h  n e a r ly  p a r a l 
lels t h e  G lo b ig erin a -rxch  sed im e n ts .  T h e  
s tu d y  o f  p l a n k to n  to w s  b y  S m i th  (11)  
in th is  a rea  sh o w s  th a t  a g re a te r  c o n 
c e n t r a t i o n  o f  p la n k to n ic  F o r a m in i f e r a  
n e a r ly  c o in c id es  w ith  th e  b o t to m  dis
t r ib u t io n  o f  G lo b ig e r in a - r ich  se d im e n ts  
as sh o w n  in F ig .  2. S m i th  f u r t h e r  s ta ted  
th a t  o n e  o f  t h e  d o m in a n t  spec ies  is 
t h e  O rb u lin a  u n ive rsa  w h ich  is a b u n 
d a n t  b e tw ee n  100 a n d  150 m ete rs .  H e  
c o n c lu d e d  th a t  th e re  is n o  d irec t  c o r 
re la t io n  b e tw e e n  th e  t e m p e r a tu r e ,  sa l in 
ity, d isso lved  o x y g e n ,  o r  in o rg an ic  
p h o s p h a t e  c o n c e n t r a t io n  a n d  th e  dis
t r ib u t io n  o f  a fo ra m in i fe ra !  p o p u la t io n .  
O rb u lin a  u n ive rsa  o c c u r s  in g re a te r  
n u m b e r s  in th e  G lo b ig e r in a - r ich  sed i
m e n t s  ( 1 2 ) ,  a n d  it is  o n e  o f  th e  m o s t  
p e r s i s t e n t  f o r m s  in  th e  e n t i r e  l en g th  
o f  th e  co re .

T h e  c lose  c o n f o r m i t y  o f  t h e  c a r 
b o n a te  s e d im e n t s  o n  th e  b o t to m  w ith  
t h e  s u r f a c e  c u r r e n t  p a th  o f  t h e  e q u a 
to r ia !  c u r r e n t  sy s te m  w as first  in d ic a te d  
b y  M u r r a y  a n d  R e n a r d  (13 ).  T h e y  e x 
p la in e d  th e  re la t io n s h ip  b y  a s su m in g  a 
h i g h e r  p r o d u c t io n  o f  F o r a m i n i f e r a  in 
t h e  c o u n te r  c u r re n t s .  A r r h e n iu s  (14) 
d e sc r ib e d  a h ig h e r  r a te  o f  a c c u m u l a 
t io n  o f  c a l c iu m  c a r b o n a te  ( F o r a m i n i 
f e r a  a n d  c o cco ii th s )  b e lo w  p a r t s  o f  the  
e q u a to r ia l  c u r r e n t  sy s te m  d u r in g  the  
l e e  A g e  in t h e  t ro p ic a l  Pac if ic .  H e  e x 
p la in e d  th e  o b se rv a t io n  as b e in g  due  
to  th e  p h e n o m e n o n  o f  t h e  h ig h  p r o 
d u c t io n  r a te  o f  p h y t o p l a n k t o n  a t  the  
s u r f a c e  o f  th e  o c e a n .  T h i s  h ig h  ra te
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Fig .  I. B a th y m e t r y  o f  th e  a r e a  off the  c o a s ts  o f  O re g o n  a n d  W a s h in g to n  s h o w in g  the  
m a j o r  to p o g r a p h ic  fea tu re s .

o f  p r o d u c t i o n  is b e l i e v e d  to  b e  d u e  
to  a n  in c r e a s e d  r a te  o f  u p w e l l in g  in 
t h e  d iv e rg e n c e .  H e  f u r t h e r  p o s tu la te d  
t h a t  t h e  h ig h  r a t e  o f  u p w e l l in g  p r o b 
a b ly  su g g es ts  g r e a t e r  in te n s i ty  o f  a t 
m o s p h e r i c  c i r c u la t io n  in lo w  a n d  in 
t e r m e d i a t e  l a t i tu d e  d u r in g  th e  l e e  A ge .  
F r o m  t h e  iso to p ic  m e a s u r e m e n t s  on  
P le is to c e n e  p la n k to n i c  F o r a m in i f e r a ,  
E m i l ia n i  ( 1 5 )  c o n f i rm e d  A r r h e n iu s ’ i n 

t e r p r e ta t io n  o f  c a r b o n a te  m a x i m a  as 
c o ld - w a te r  f ac ies  a n d  t h e  m i n i m a  as 
w a r m - w a t e r  facies .  N y b e r g  (1 6 )  e x 
a m i n e d  A r r h e n i u s ’ t h e o r y  o f  c lo se  as
so c ia t io n  o f  the  h ig h  r a te  o f  a c c u m u l a 
t io n  o f  c a l c iu m  c a r b o n a te  a t  t h e  b o t 
t o m  o f  t h e  sea  a n d  g e n e ra l  a tm o s p h e r i c  
c i r c u la t io n  a n d  c o n c lu d e d  th a t  th e  
ex is t in g  m e te o ro lo g ic a l  fac ts  d o  n o t  
c o n t r a d ic t  t h e  th e o ry .  S c h o t t  (17), in

d isc u ss in g  th e  c a r b o n a te  deposi ts ,  su g 
g e s ted  t h a t  in th e  A t la n t i c  t h e  sed i
m e n t s  d e p o s i te d  d u r in g  th e  g lacial  
s ta g es  a r e  lo w  in c a l c iu m  c a r b o n a te  
w h i le  th o se  o f  in te rg lac ia l  o r  postg lac ia l  
s tages  a r e  h ig h  in c a lc iu m  c a rb o n a te .  
H e  b e l ie v ed  th a t  d u r in g  g lac ia l  s tages  
t h e  s u r f a c e  w a te r s  o f  t h e  t ro p ic a l  A t 
l a n t i c  w e re  co o led ,  a n d  th is  re su l te d  in 
a  g re a t  r e d u c t io n  in  t h e  o rg a n ic  p r e 
c ip i t a t io n  o f  c a lc iu m  c a r b o n a te .  A t  
t h e  s a m e  t im e  th e  c o n t r i b u t io n  o f  n o n -  
c a l c a r e o u s  m a te r i a l  f r o m  th e  c o n t in e n t  
t o  t h e  sea  f lo o r  g re a t ly  in c re a sed .  O n  
t h e  o t h e r  h a n d ,  Y a l k o v a s k y ’s s tu d y  
fa i led  to  rev ea l  a d i r e c t  c o r re la t io n  b e 
tw e e n  t e m p e r a t u r e  a n d  c a r b o n a t e  c o n 
c e n t r a t i o n  (18 , 19). M a n y  a sp ec ts  o f  
th is  p r o b l e m  a n d  th e  v a r ie ty  o f  c o n 
t ro ls  o f  G lo b ig e r in a  a c c u m u l a t i o n  w ere  
v ig o ro u s ly  d iscu ssed  by  W is e m a n ,  E m i 
l ian i ,  a n d  Y a l k o v a s k y  (19).

I  be l iev e  th a t  t h e r e  w e r e  n o  s ig n i f 
i c a n t  c h a n g e s  e i th e r  in t o p o g r a p h y  
o r  o c e a n o g r a p h ic  c o n d i t io n s  in  the  
a r e a  o f  s t u d y  d u r i n g  th e  d e p o s i t io n  o f  
G lo b ig e r in a - r ich  s e d im e n ts  f r o m  a p 
p r o x i m a t e l y  2 7 ,0 0 0  to  1 1 ,0 0 0  ( ? )  years  
ago .  H e n c e ,  I  c o n c lu d e  it  is l ike ly  th a t  
t h e  g r e a t e r  a c c u m u l a t i o n  o f  G lo b ig er-  
in a - r ich  s e d im e n ts  is d u e  to increased  
p r o d u c t i o n  b r o u g h t  a b o u t  b y  in tensif ied  
a tm o s p h e r i c  a n d  o c e a n ic  c ircu la t ion ,  
w h ic h  b r o u g h t  u p  n u t r ie n t - r i c h  d e ep  
w a t e r  to  t h e  s u r f a c e  d u r i n g  V a sh o n  
g lac ia l  t im es .  C o n s e q u e n t ly  th e re  was
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Fig .  2 ( t o p  l e f t ) .  L o c a t io n s  o f  co re s  and  b o u n d a r y  o f  G lo b ig er in a -  
r ich  se d im e n ts .  Fig. 3 (m idd le ) .  L i th o lo g y  o f  c o re  1 a n d  c a r b o n - 14 
da te s .  Fig. 4 ( r i g h t ) .  C o re s  sh o w in g  th e  n a t u r e  o f  G lo b ig er in a -  
r ich  se d im e n ts  a n d  c a r b o n - 14 d a te s  f o r  c o re  16.
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e r e a t e r  p r o d u c t io n  o f  F o r a m in i f e r a .  
T h e  lac k  o f  d i lu t in g  t e r r ig e n o u s  m a 
te r ia l  m a y  a lso  h a v e  b e e n  a c o n t r i b u t 
ing  f a c to r .  T h e  re su l ts  a p p e a r  to  c o n 
f irm  A r r h e n iu s '  h y p o th e s is  ( 1 4 ) .

I f  w e  a s su m e  t h a t  t h e  final w i th 
d r a w a l  o f  th e  V a s h o n  lee  in th e  P u g e t  
L o w l a n d  o c c u r r e d  b e tw e e n  1 4 ,0 0 0  a n d  
1 1 ,6 0 0  y e a r s  ago.  th e n  th e  r a d io c a r 
b o n  d a te s  o f  1 2 ,4 0 0  ±  3 7 5  y e a r s  fo r  
c o r e  1 (15  to  25  c m )  a n d  1 5 ,5 0 0  ±  
6 0 0  y e a r s  f o r  c o re  16 (10  to 2 0  cm ),  
t a k in g  in to  c o n s id e r a t io n  th e  d if fe rences  
in t h e  s a m p le  in te rv a l  a n d  p o ss ib le  m a r 
gin  o f  e r r o r  a n d  lo ca t io n ,  a r e  in c lose  
a g r e e m e n t  a n d  c a n  b e  c o r re la te d .  T h e s e  
d a te s  suggest  th a t  th e  u p p e r  s e c t io n  o f  
v a r ia b le  t h ic k n e s s  (7 t o  12 c m )  low 
in F o r a m i n i f e r a  c o n te n t ,  g r e a te r  
a m o u n t s  o f  o l iv e -g ray  silt a n d  c la y  c o n 
ta in in g  R a d io l a r i a  a n d  d ia to m s  (in th e  
n o r th e r n  p a r t  o f  t h e  b a n d ) ,  m a y  b e  
d u e  to  t h e  g ra d u a l  r e t u r n  o f  p re se n t -  
d a y  c o n d i t io n s  a n d  c a n  b e  c o n s id e re d  
to  r e p re s e n t  pos tg lac ia l  t im es .  T h e  o c 
c u r re n c e  o f  se d im e n ts  low  in G lo b i
g er in a  a t  11 5  c m  in c o re  1 (Fig .  3) 
a n d  f r o m  68 to 10 4  c m  in c o re  16 
(Fig .  4 )  a r e  c o r re la te d  b e c a u s e  r a d io 
c a r b o n  d a te s  o f  t h e  s a m p le s  t a k e n  
a b o v e  th e s e  in te rv a ls  a r e  n e a r ly  t h e  
s am e .  T h e s e  in te rv a ls  m a y  r e p re s e n t

a  s h o r t  t im e  o f  r e t r e a t  o r  f lu c tu a t io n  
a n d  w a s t in g  o f  g lac iers .  I t  a p p e a r s  
f r o m  th e  r a d io c a r b o n  d a te s  t h a t  sec t io n  
68  t o  10 4  c m  in  c o re  16 (F ig .  4) 
m a y  b e  r e la te d  to  t h s ^ F a r m d a l i a n ” 
(2 0 ) .

F r o m  th e  five r a d io c a r b o n  ag e  d e 
t e r m i n a t io n s  f o r  c o re s  1 a n d  16 (Figs.  
3 a n d  4 )  t h e  i n f e r r e d  a v e ra g e  r a te s  o f  
s e d im e n ta t io n  f o r  t h e  G lo b ig e r in a -r ich  
s e d im e n ts  in th is  a r e a  a r e  (i) less t h a n  
2 c m  p e r  1 0 0 0  y e a r s  f o r  t h e  u p p e r  
sec t io n  in all  c o re s  r e p re s e n t in g  p o s t 
g lac ial  t im es ,  a n d  (ii) 10 c m  p e r  1000  
y e a r s  f o r  t h e  sec t io n  r e p r e s e n t in g  V a s h 
o n  g lac ial  t im es.
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