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A b s t r a c t  

Carbon and oxygen i so topes  wer'e ana lyzed  i n  c a r b o n a t e  a p a t  i t e  

C02 and i n  c o - e x i s t i n g c a l c i t e .  B o t h  C and 0  i n a p a t i t e  C02 a r e  

e n r i c h e d  i n  t h e  r e s p e c t i v e  l i g h t  i s o t o p e s  r e l a t i v e  t o  c a l c i t e .  

These r e s u l t s  c o n f  i rm t h e ' . p r o p o s i  t i  on t h a t  c a r b o n a t e  ' i s  ' p a r t  o f  

t h e  a p a t i  t e  s t r u c t u r e .  

Ana lyses  o f  many tiatural a p a t i t e s  show them t o  c o n t a i ' n  app re -  

c i a b l e  q u a n t i t i e s  o f  C02 :(up t o  5 o r  6  p e r  c e n t ) ,  and s p e c i f i c  names 

have been proposed f o r  t hese  s p e c i e s .  Franc01 i t e  has been used t o  

- d e s c r i b e  c a r b o n a t e - r i c h  a p a t i t e w h i c h c o n t a i n s  more t h a n  1 p e r  c e n t  
- .  

. ' ' o f  f l u o r i n e ,  whereas d a ' h l i  t e  a p p l i e s  t o  c a r b o n a t e - r i c h  a p a t i t e  wi t h  

low c o n c e n t r a t i o n  o f  f l u o r i n e  ( 1 ) .  

.The s t r u c t u r a l  n a t u r e  of " c a r b o n a t e  a p a t i t e  has been a  m a t t e r  

of c o n t r o v e r s y  f o r  t h ' i r t y  years .  (2 ,3 ,4 ) .  S u f f i c i e n t  e v i d e n c e ,  based 

. on x - r a y ,  i n f r a  .red s p e c t r o s c o p y .  and o p t i c a l ' .  p r o p e r t i e s  i s  now 

.p resen t  t o  sugges t  t h a t  c a r b o n a t e  i s  p a r t  o f  t h e  a p a t i  t e  s t r u c t u r e  

' ( 5 ,6 ,7 ,8 ) .  

Carbonate  a p a t i t e  can be formed i n  t h e  l a b o r a t o r y  b y  r e p l a c e -  

ment  o f  c a l c i t e .  T h i s  was pe r fo rmed  by Ames ( 3 )  who used C 14 

l a b e l l e d  CaCO and formed c a r b o n a t e  a p a t i t e  by r e a c t i n g  t h e  c a l c i t e  3 
w i t h  s Na PO aqueous so11.1t ion. The c a r b o n a t e  a p a t i t e  s o  formed i s  3 4 
due t o  an i n c o m p l e t e  rep lacemen t  o f  C O  - 2 

3 by   PO^-^. 
The purpose of t h e  work  r e p o r t e d  he re  was t o  i n v e s t i g a t e  t h e  



- l o c a t i o n  o f  C O  i n  sed imentary  a p a t i t e  by a n a l y z i n g  t h e i s o t o p i c  3 
c a n p o s i t i o n  o f  the carbon and oxygen i n  a p a t i t e . C 0 2 .  

I n f r a r e d  s p e c t r a  o f  carbonate  a p a t i  t e  (8 ,9 ,  10, 11,12, 13)' indicate t h a t  t h e  

s t r u c t u r a l  envi ronment o f ,  carbonate  i n  a p a t i t e  d i f f ' e r s  f rom t h a t  i n  

c a l c i  t e .  Therefore ,  the i s o t o p i c  c m p o s i  t i  on o f  carbon and oxygen 

i n  a p a t i t e  d e r i v e d  C02 would be expected t o  d i f f e r  f r a n  t h a t  o f  C o p  

ob ta ined  f rom c o - e x i s t i n g  c a l c i t e .  . , 

Exper imenta l  
. . .  

. . 

A t o t a l  - o f  29.samples were analyzed.  These i nc l uded  ovu 1 i t e  

phosphori . tes dredged f rom the  sea o f f  C a l i f o r n i a  and Agulhas Bank; 

phosphat ized l imestones f rom Chatham R ise, p e l  l e t - bone  phosphor i  tes 

, and phospha t i c  l imestones f rom the  Campanian Mi  shash Format ion i n  

I s r a e l . .  On'e sample of  a  l i v i n g  i n a r t i c u l a t e  brach iopod was ana lyzed- -  

- a  L i n g u l a  fran the SE s e c t o r  of Kaeohe Bay, Hawaii  f r cm 2mdeep wate r ,  
0 

26.5 C temperature and a  s a l i n i t y  o f  33.8%0. 

D r .  D.R.  Simpson f rcm Lehigh U n i v e r s i t y  k i n d l y  p rov ided  us w i t h  
I 

two s y n t h e t i c  ca rbona te -apa t i  tes  he prepared.  Both of them were made 

- by r e a c t i n g  c a l c i  t e  w i t h  sodium phosphate ( 1 4 ) .  .Sample S I - 1  i s  one 

phosphate sample wh ich .  was prepared f r a n  the c a l c i  t e  analyzed as 5 1 - 2 .  

Sample SI-C6 c o n t a i n s  unreacted c a l c i t e .  

A f l o w  sheet  o f  the  a n a l y t i c a l  procedure i s  shown on F i g u r e  1 .  

C a l c i  t e  and a p a t i  t e  were separated chemica l  l y  by , d i s s o l v i n g  c a l c i  t e  

i n  triammonium c i  t r a t e  f o r  50 hours a t  3d0 C .  The techn ique was 

desc r i bed  i n  d e t a i  1 by S ;  lverman and h i s  co-worke'rs ( 5 ) .  A f t e r  

treatment, the res idue  was x - rayed  t o  ensure ccmple te  d isappearance 

- of c a l c i t e  peaks.  I t w a s  then assumed t h a t  a l l  the  C 0 2 e x t r a c t e d  



. f rm the res idue  was d e r i v e d ' f r a n  apa t i t e -bound  carbona te . .  

Carbon d i o x i d e  f o r  i s o t o p i c  a n a l y s i s  was e x t r a c t e d  by r e a c t i n g  

the  samples ( -  0.049 f o r  c a l c i t e - r i c h  samples,- 0. 1-0.39 f o r  c a l c i t e -  

poor a p a t i t e )  w i t h  phosphor i c  a c i d  us ing  the  methods developed by 

McCrea (15 ) .  

The f o l l o w i n g  t e s t s  were performed t o  ensure v a l i d ;  t y  o f  t he  

procedure:  

a.  C a l c i t e - f r e e  a p a t i t e  d i d  n o t  show any d i f f e r e n c e  i n  the 

volume o f  C02 evo lved before  and a f t e r  the triammonium c i t r a t e  t r e a t -  

13 ment. N e i t h e r  d i d  the  t rea tment  a f f e c t  the! C va lue .  S ince 6 C 13 

o f  the c i ' t r a t e  used ( -24.9%) was i s o t o p i c a l l y  much d i f f e r e n t  from 

t h a t  o f  the sampl'es s t u d i e d .  the  above r e s u l t  proves t h a t  no  measurable . 

. . exchange occur red.  

b. No measurable C O  c o u l d  be evo lved  by r e a c t i n g  c i  t r a t e  c l ~ i  t h  2 
, - phosphor i c  ,ac id .  

c.  The 50 hours' r e a c t i o n  t ime w i t h  tr iammonium c i t r a t e  was 

chosen a f t e r  p r o v i n g  t h a t  t h i s ' .  t ime  i s  s u f f i c i e n t  t o . d i s s o l v e  a1 1 
. .  - 

t he  c a l c i t e .  

The i so tope  analyses a re  repo r ted  i n  terms o f  6 per-mi  1 r e l a t i v e  

t o  the PDB standard.  

A l l  samples were run  i n  d u p l i c a t e s :  an average va lue  f o r  t he  

d u p l i c a t e  analyses. i s  r epo r ted .  F r m  repeated analyses o f  a  s i n g l e  

homogentzed sample, ds  w e l l  as frm a s t a t i s t i c a l  a n a l y s i s  ~f t h e  

d u p l i c a t e  runs,  the. s tandard  d e v i a t i o n  o f  the  o v e r a l l  procedure i s  

es t ima ted  as 0.2 per  m i l .  I n  a l l  c a l c u l a t i o n s  where e r r o r s  a re  

repo r ted ,  the aim was t o  ach ieve 95% con f idence  l e v e l s ,  hence an 

: e r r o r  o f  t w o s t a n d a r d  d e v i a t i o n s  (0 .4%")  was assumed, for  t h e  ana lyses.  



Fran  t h e  volume o f  C02 evo lved  f r cm the t o t a l s a m p l e  and th,at 
-9 . 

18 
evo lved  f rcm a p a t i t e  o n l y ,  and f rm the  6c13 o r  60 ob ta ined  on 

18 18 
t h e  t o t a l  sample and a p a t i t e  S O  o r  6C of c a l c i t e  wa-s -ca lcu la ted  

us ing :  .. , .  ,j..; 1 . .  f l y  

I 

6 . P  
aP 

+ 6 
aP ' 

= 6 
c a l  ' ca l  : t o t a  1 . - l o 0  ( 1 )  

' where P 
aP 

a n d  Pcal  a t e  t he  percentages of a p a t i  t e  C02 and c a l t i  t e  

C02 i n  t o t a l  C02 evo lved.  : D u e t o t h e  s t r u c t u r e  o f  f o rmu la  ( I )  

the  propagated e r r o r  i n  va lues i n  c a l c i t e  i s  l a rge  e s p e c i a l l y  

C i n  cases whe,re almos t a1 1 the C02 was c o n t r i  buted by .'spat i te .  One 

must t h e r e f o r e  v iew w i t h  c a u t i o n  a1 1 r e s u l t s  where l i t t l e  c a l c i t e  

was p resen t .  

The f r a c t i o n a t i . o n  between the two c o - e x i s t i n g  m i n e r a l s  i s  expressed. 

:. by: 
;' 

+ . .  ,cA =. 6 ' - 6 
ca  1 aP ( f o r  0 l 8  o r  c 1 3 )  

and A 
a R c a l c i  t e  . C A  
:.. C A  = 

R a p a t i t e  x l +  
1000 ( 3  

where R i s .  the r a t i o  o f  abundance of 0 ~ . ~ / 0 ' ~ a n d  c13 /c12  as recorded 

by  the mass spec t rane te r .  The e r r o r  wh ich  a p p l i e s  t o  c a l c u l a t i o n s  o f '  

6 i s  o b v i o u s l y  propagated i n  c a l c u l a t i n g  
c a  1 A C A .  

Ttie I . ~ ~ L L : O I ~ I  o f  earbonstc  w i  t h  anhydrous H Pfl i n \ i n l ves  the 3 -4 
l i b e l - a t i o n  o f  o n l y  two t h i r d s  o f  the  cxygens. The i s o t o p i c  f r a c t i o n a -  

t i o n  f o r  t h i s  r e a c t i o n  i s  cons tan t  a t  cons tan t  temperature.  I n  t h i s  

work a i s  assumed t o  be the  same f o r  c a l c i t e  and carbonate  a p a t i t e .  

Th is  assumption i s  p rohah l y  i n c o r r e c t ,  I t  has been,shown(16)  t h a t  



whereas a  = 1.01008, adolomite = 1.01090. aapatite i s  n o t  
c a l c i t e  

known a t  the  p resen t  t i m e ,  hence t h e  6 va lues f o r  a p a t i t e  shou ld  

be cons idered as a f i r s t  approx imat ion  on1.y. Once aapati t e  w i l l  

be determined,  however, a1 1 the 6 va lues  r e p o r t e d  here can be 

conver ted  t o  t r u e  va lues .  

Res u  1 t s  

Tables 1 ,  2 and 3 summarize the r e s u l t s  o f  c a l c i t e  c o n t e n t ,  
. . 

r e l a t i v e  c o n t r i b u t i o n  o f  C02 by c a l c i t e  and by a p a t i t e ,  and the  

i s o t o p i c  c a n p o s i t i o n  of C02 f rom the t o t a l  samp le  and f r a n  a p a t i t e  

a f t e r  c i  t r a t e  d i s s o l u t i o n .  C a l c u l a t e d  va lues f o r  the i s o t o p i c  ' 

caoposi t i o n  o f  c a l c i t e  C02 a n d  f o r  the d i f f e r e n c e  . A ~ ~ ~  a re  a l s o  

includ,ed i n .  the t a b l e s .  . F i gu res  2 and 3 summarize the a n a l y t i c a l  

- . d a t a  g r a p h i c a l l y .  

At tempts t o  i n t e r p r e t  our a n a l y t i c a l  r e s u l t s  a re  s e v e r e l y  
- 

encumbered by s e v e r a l  d i f f i c u l t i e s :  

1. As t h e  e r r o r  i n  heal i s  a  propagated e r r o r ,  i t becomes 

ex t reme ly  l a r g e  i n  samples wh ich  a re  v e r y  c.lose t o  be ing  monominera l ic .  

T h i s  makes the  c m p a r i  son of  bcal w i t h  6apa t  d i f f i c u l t  i n  some cases. 

2. I f  one i s  t o  use'  the  i s o t o p e  d a t a  i n  o rder  t o  o b t a i n  i n f o r -  

ma t i on  on the l o c a t i o n  o f  ca rbona te  i n  t he  s t r u c t u r e ,  one has t o  

assume' t h a t  a l l  o t h e r  f a c t o r s  d e t e r m i n i n g  the  f o rma t i on  o f  

a p a t i t e  and c a l c i t e  were i d e n t i c a l .  Th is  i s  n o t  n e c e s s a r i l y  the case, 

s i n c e  t he re  i s  a  p o s s i b i  1 i  t y '  t h a t  a p a t i t e  and c a l c i t e  i n  the 

s ' tud ied  rocks were n o t  depos i t ed  contemporaneous ly. I n  s e v e r a l  of 

t he ' i - ocks  f rom I s r g e l ,  secondary c a l c i t e  can be seen under the T '  

microscope.  s o  t h a t  on'e may . c l a i m  here  t h a t  d i f f e r e n c e s  i n  i s o t o p i c  

I ,  c a n p o s i t i o n  between c a l c i t e  and a p a t i t e  a re  a c t u a l l y  d i f f e r e n c e s  i n ,  



6. 

. - 
. t h e c o m p o s i t i o n  o f  the  a q u e o u s m e d i u m f r m w h i c h  t h e y w e r e d e p o s i t e d .  

3 .  I n  t he  f r a n c o l i t e  s h e l l  a n a l y s i s  o f  L i n q u l a  f rom Hawai i ,  

the r e s u l t  i s  d i f f i c u l t  t o  i n t e r p r e t .  A l though no . c a l c i t i c  s h e l l s  

o f  animals c o - e x i s t i n g  w i t h  the  L i n q u l a  were avai  l a b l e  f o r  a n a l y s i s ,  

t h e  6018 v a , l i e  i n  the a p a t i t e  C02 i s  c l o s e  t o  -6%c , whereas c a l c i t e  

a t  equ i  l i  b r ium w i t h  sea water  a t  t he  g i v e n  temperature (26.5'  C) 

shou ld  have a  'ol* va lue  o f  , -206, . 
The f o l  lowing tkends were, however, observed i n  t he  d a t a :  

a. A l though  the  e r r o r s  a re  l a r g e  f o r  the  c a l c i t e  va lues ,  t he  

most p robab le  v a l u e  f o r  c a l c i t e  carbon a lmost  always appears more 

en r i ched  i n  c13 than the  C02 i n  the  a p a t i t e  o f  the  same sample 

( F i g .  2 ) .  Oxygen d a t a  a r e  less  r e g u l a r  ( F i g .  3 ) .  

b. Severa l  'samples may be s i n g  led  ou t  f o r  t h e i  r importance 

i n  check ing the s  i g n i  f icance o f  the r e s u l t s  : ( 1) MK66Ca i s  

- an I s r a e l i  phospho r i t e  w i t h  . a  c a l c i t i c  m a t r i x .  Th is  c a l c i t e  seems t o  

be en r i ched  i n  heavy carbon. and 1 i g h t  oxygen as compared t o  the 

, ad jacen t  a p a t i t e - c a r b o n a t e .  - ~ ~ 6 6 ~ i  i s  a  sample taken from the  same 

hand-specimen, i n  wh ich  the m a t r i x  was s i  l i c i f i e d .  No s i g n i f i c a n t  

13 d i f f e r e n c e  between.,two phases was observed here i n  e i t h e r  6 C  o r  

18 
60 . ( 2 )  .Sample S T - C 6  i s  a s y n t h e t i c  a p a t i t e  prepared by Simpson, 

i n  wh ich  n o t  d1.1 t he  c a l c i t e  was reac ted .  There i s  no way i n  wh ich  

l a t e r  changes c o u l d  have . i n f l u e n c e d  t h i s  sample. Never the less ,  the  

r e l i c t  c a l c i t e f i n  SI-C6 i s  en r i ched  i n  c13 and 0 1 8  as compared t o  

t he  c o - e x i s t i n g  a p a t i t e  (F igs .  2  and 3 ) .  

c .  The most impor tan t  r e s u l t ,  i s  t h a t  i n  a l l  b u t  two samples 

i n  wh ich  b o t h  a p a t i t e  and c a l c i t e  a re  abundnct,  t he  i so top i ' c  c a n p o s i t i o n  

o f  a p a t i t e  C02 d i f f e r s  s i g n i f i c a n t l y  fran c a l c i t e  C02. 



, . D I S C U S S I O N  

When examining F igs .  2  and 3 ,  onc has' t o  bear i n  mind t h a t  the 

s e v e r a l  popu la t i ons  represen ted  d i f f e r  from each ot'her by more than 

the;  r .geograph ica l  l o c a t i  on. 

Whereas the  C a l i f o r n i a  and I s r a e l  samples are  tex tbook  

phosphor i tes  ( t h e  former p e l  l e t a l ,  t he  l a t t e r  hav ing  a  cons ide rab le  

bone component), the Chatham Rise samples and KP54 a re  phosphat ized 

1 imestones. Thus, whereas the  pe 1 l e t  phosphor i  tes  may have formed 

e i t h e r  as a  d i r e c t  p r e c i p i t a t e  f rom sea water  o r  as a  replacement 

p roduc t  of  c a l c i t e ,  the same'does n o t  a p p l y  t o  the Chatham Rise . 

samples. They p robab l y  a re  t he  c l o s e s t  n a t u r a l  analogue o f  sample 

SI-C6, wh ich  was s y n t h e t i c a l  l y  prepared by phospha t i z i ng  a  c a l c i t e .  

- One anomalous f e a t u r e  wh ich  shou ld  be n o t e d ,  i n  the I s r a e l i  M.ishash 

- phosphor i tes,  i s  the enr ichment  o f  t he  l i g h t  i so topes  ( b o t h  i n  

c a l c i t e  and a p a t i t e ) ,  as compared t o  normal mar ine  l imestones (17) .  

No t i ng  the  -above-mentioned c h a r a c t e r i s t i c s  the  f o l l o w i n g  

g e n e r a l i z a t i o n s  can be made: 

No s i g n i f i c a n t  d i f f e r e n c e s  a re  e v i d e n t  i n  most C a l i f o r n i a  

pkuspt1ur.i ~ e s  LeLweer~ L I I C  i s o t o p i c  cunposi t i  on sf c a l c i  t e  and 

a p a t i t e  C02. Excep t i ons .a re  KP62 where the c a l c i t e  carbon i s  . . .  

s i g n i f i c a n t l y  heav ie r  th'an the a p a t i t e  c o u n t e r p a r t .  The r e l a 6 i o n  

i n  samples KP33 and K P 5 1  i s  i n t e r e s t i n g ;  whereas the b lack ,  o rgan i c  

m a t t e r - r i c h  cores of  these samples show n o  s i g n i f i c a n t  f r a c t i o n a t i o n ,  
, . 

t he re  i s  a  s i g n i f i c a n t  enr ichment  i n  018 i n  the c a l c i t e  o f  the 

ou te r  p a r t s  of the nodules where o rgan i c  m a t t e r  i s  dep le ted .  No 

s imp le  e x p l a n a t i o n  f o r  t h i s  f a c t  i s  o f f e r e d .  One p o s s i b i  1 i  t y  i s  t h a t  
- .  18 the c a l c i t e  r e - e q u i l i b r a t e s ' w i t h  c o l d e r ,  0 - e n r i c h e d  wa-ter a f t e r  



. . 
d e p o s i t i o n .  I t  i s  imposs ib le  t o  determine whether t he  apparent  

. . 

s i m i  l a r i t y -  i n  i s o t o p i c  compos i t i on  o f  a p a t i t e  and c a l c i t e  i n  
. . 

C a l i f o r n i a  phosphor i tes  i s  a  t r u e  phenanenon o r  whether i t  i s  caused 

by the v e r y  l a r g e  e r r o r s  i n  deal ( t hese  samples hav ing p r a c t i c a l l y  no  

c a l c i t e  ' in  them). 

For  a lmost  a l l  o t h e r  samples, where t he re  i s  a  measurable amount . . 

o f  c a l c i t e , b o t h  oxygen and c a r b o n  a re  en r i ched  i n  a p a t i t e  C02 i n  

t h e i r  r e s p e c t i v e  l i g h t  i so topes .  Th is  ho lds  t r u e  f o r  the  Chatham 

~ i s e  samples, those f rom I s r a e l  and t h e  s y n t h e t i c a l l y  prepared 

sample SI-C6. I n  t he  analyzed L i n q u l a  sample the  reverse  phenomenon 

i s  observed; c a l c i t e  carbon i -s  l i g h t e r  than a p a t i t e  carbon.  

13 
' . F rom p l o t s  o f  . c a l c i t e  c o n t e n t  o f  the  rock  versus A C and 

18 
C A  , 

Ac no ( =  1000 1 n  aCA) .  As i n  ~i gs. 4 and 5 i t .appears t h a t  the  

- f r a c t i o n a t i o n  o f  carbon b e t w e e n . c a l c i t e  a n d s a p a t i t e  increases w i t h  

decreas ing  percentage o f  c a l c i t e  i n  the  rock .  

Th i s  t r e n d  i s  even more e v i d e n t  f o r  oxygen than i t  i s  f o r  

carbon ( F i g .  5), where the  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  i s  

s i g n i f i c a n t  .r = -84. 

I n  the  process of p h o s p h a t i z a t i o n  o f  l imestone,  the 

centage. .o f  remain ing c a l c i t e  can serve as a  good measure o f  how f a r  

t he  process has advanced. I t  seems t h e r e f o r e ,  t h a t  f r a c t i o n a t i o n  

increases w i  t h  i n c r e a s i n g  phosphat i  z a t i o n ,  wh ich  suggests t h a t  

i s o t o p i c a l  l y  1 i g h t  C02 i s  p r e f e r e n t i a l  l y  removed from the 

p r e - e x i  s t i n g  c a l c i  t e  d u r i n g  t h i s  process,  p robab l y  as b ica rbona te .  

Conc 1 us i,pns 

The r e s u l t s  of t h i s  s tudy  show t h a t  t he re  i s  a  d i f f e r e n c e  i n  

the i s o t o p i c  canposi t i o n b e t w e e n  C O q  e x t r a c t e d  f rom a p a t i t e  and 

-* . t h a t  frm co -ex i s t i ' ng  c a l c i t e , '  It i s . c o n c l u d e d  here t h a t  b o t h  oxygen 



and carbon i n  a p a t i t e  C02 a r e  e n r i c h e d  i n  the l i g h t  i so topes  o f  

each element as ccmpared t o  the  c o - e x i s t i n g  c a l c i  t e .  If the  C02 

wh ich  i s  assoc ia ted  w i t h  t h e  a p a t i t e  were j u s t  r e p r e s e n t i n g  c a l c i t e  ' , 

wh ich  was n o t  d i s s o l v e d  by the c i t r a t e  t rea tment ,  .one would expect  i t s  

i s o t o p i c  c m p o s i  t i o n  n o t  t o  d i f f e r  f rom the  rest o f  the c a l c i t e  i n  

t h e  rock .  A q u a n t i t a t i v e  e s t i m a t e  of c a l c i t e  a p a t i t e  f r a c t i o n a t i o n  

i s  more d i f f i c u l t .  Average va lues were c a l c u l a t e d  f o r  A c13 and 
C A 

bCA018 as 2 .8  %, (6= 1.0028) and 2. 1 g, (6 = 1.0021) r e s p e c t i v e l y  f o r  

a l l  s i g n i f i c a n t  da ta .  

I t  i s  t h e r e f o r e  concluded t h a t  t he  s t a b l e  i s o t o p e  d a t a  a re  

i n  accord w i  t h  o t h e r  i n v e s t i g a t i o n s ,  i n  p a r t i c u l a r  w i  t h  i n f r a r e d  

spect roscopy,  and i n d i c a t e  t h a t , c a r b o n a t e  does e n t e r  the  a p a t i t e  

s t r u c t u r e .  There i s  n o  way t o  o b t a i n  f u r t h e r  i n f o r m a t i o n  on the  

. l oca t i on  o f  C O  i n  a p a t i t e  from t h e  p resen t  i s o t o p i c  ana lyses.  
3  

- I s o t o p i c  s t u d i e s  o f  a p a t i t e s  prepared a t  d i f f e r e n t  temperatures and 

y i e  l d i n g  d i  f f e r e n t  i n f r a r e d  s p e c t r a  (13)  may f u r n i s h  f u r t h e r  

The poss i b i  l i t y  o f  e s t a b l  i s h i n g  a  combined carbonate-phosphate 

geo-or  pa leo -  thermometer on carbona te -apa t  i tes  shou l d  be cons i d e r e d  

i n  the l i g h t  o f  these r e s u l t s .  A word o f  ca 'u t ion shou ld  be g i ven ,  

18 however, t o  workers  p r e s e n t l y  s t u d y i n g  60 i n  c o - e x i s t i n g  mar ine  , 

a p a t i  t e - c a l c i  t e  s u i  tes .  Unless t he  p r e c a u t i o n  o f  removal o f  

a p a t i t e  Cnq i s  t a k e n ,  t he  measured f r a c t i o n a t i o n  may be i n  e r r o r .  

We w i s h  t o  thank D r .  D .R .  Slmpson f o r  k i n d l y  p r o v i d i n g  the  

s y n t h e t i c  a p a t i t e  and, . t o  E .  Ruth  f o r  mass spect roscopy a n a l y s i s  

: The s t u d y w a s  suppor ted  by funds f rom an AEC c o i l t r a c t  ~ ~ ( 1 1 - 1 ) . 3 4 , ~ . ~ . 1 3 4 .  



10. 
. - 

P a r t i a l  suppor t  f o r  Y .  ~ o l o d n ~  was p rov ided  by a  f e l l o w s h i p  from 

the Oceanographic and Limnologi  c a l  Research Company of I s r a e l ,  

and a  F u l b r i g h t  T rave l  Grant  by the  U.S. - I s r a e l  Educa t i ona l  

Foundat i.on. 
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. . 

,, dissolve in 0.5 m. react with 
triammonilam citrate . . 95% H3PO4 

I 2 

9 5 O l O  H3PO4 

equilibrate for . .  . .  

60-70 hrs.' 
purify CO;! ' ,  . .  

. , 

measure 
volume C 0 2  

Analyze C02 for C,O. 

Residue 

. . 

13 18 . Report as  8 c a p ,  Soap  

60 - 7'0 hrs. 

. , .  

F i q u r e  1 

pur i fy C02 wash with water 
. . d ry  a t  105OC measure 

. . 

. 0.I-0.3.g 
I . Analyze C02 for C,O.... 

. . 



I s o t o p i c  composition o f  CC carbon (6"13)  in 2 

co-zx is t2 r .g ,  =r;3a-tiei;e and cz l -c i t e  - , i r e r t i c a l  

l i n e s  show !iiargir,. o f  e r r o r  a t  . O f i  ,J.G c ~ i ~ f i d ~ n c e  
. . 

l e v e l ,  



I - 1 1 1  1- I. 

' o f f  California Chatham Rise Israel 0 t hers Synthetic 





, a I .  

F i a u r e  3 



13' 4 Figure ~ C A  c13 ( t ic l3 ) w r s u s  t h e  p e r i n n - -  c a l  - 6C a p ,  

tage  of' calcite 5 . ~  t h e  :;ample. Only Ai: ?, 
. . . . 

v a l u e s  which d i z f e r  s j .gni : f icant iy . I"rom z e r c  

were p l o t t e d .  . . 



@ Israel . '  * Ca l ifo'rn ia 
A Chatham Rise * Others 

Percent ca lc i te  , 

I 



18 (6(il& 1.8 a d  c a l  - 6 0  ap ) v e r s u s  the ~ i e r c e n -  

t a g e  o f  calcits i n  the sample. Only A values 

which differ siignificsctly from z e r o  were 
. . 

. . -p 1 c -1; .t 3 d , r-':.. J.;;, c li~~ez.~. 1-c:gressic/n li!~-. was 
. - 

dr.a1::n n e g l e c t i n g  p o i n t  11r" .S 78, and ne 52-Live 

A values, . The best l i r i ea r  fit is : 



Is rael  
+ Ca l i f o rn ia  
* C.hotham Rise 
9 Others 

. . .Percent c a l c i t e  . . 

0 .  

, F i g u r e  5 



P e r c e n t  C a l c i t e ,  ? e r c e n t  of C G 2  C o n t r i b u t e d  b y  A ? a t i t e ,  and P e r c e n t  C C 2  i n  3 e s i d u e  
. . 

Szmple S z n p l e  d e s c r i p t i o n  5 C a l c i t e  7; Apat i te  3; cc, ir: 
p: \o .  C02 ( A ? . )  R e s i d u e  ( 2 )  

..-- I<-yi , G v u l i t i c .  p h o s p h o r i t e ,  off Calif .  1.3 87 * . 3.7 
. . 

G v u l i t i c  p h c s p h o r i t e ,  o f f  Calif.  1.5 

O v u l i t i c  p h o s p h o r i t e ,  o f f  Calif .  . 2 . 2  
. ../ 

G v u l i t i c  $c.osphorite,  o f f  Calif .  i . 9  
', 

O v u l i t i c  p h o s p h o r i t e ,  o f f  Calif. . 1.1 

O v u l i t i c  p h o s p h o r i t e ,  o f f  Cal i f .  1 .3  

G v u i i t i i  c h o s p h o r i ' t e ,  o l f  Cal i f .  30'5 

3 n l i t i c  p h o s p h o r i t e ,  o f f  Zal if . ,  
L i g h t  m a r g i n s  o f  n o d u l e  . ' 

Sane as 3 3 i i p  d a r k ' c o r e  o f  n o d u l ~  

S i m i l a r  t o  331i 
. . 

3irriilar t o  33d 

? h o s ~ h z t e  s a n d ,  Eaja, Calif .  

.- 
P ~ l i e  t a i  2hosphori t e  , Agulhas bzzk 

. . . . - . . . . . . - . - -_ . . . . -I_ . \  .._ _ . . .  I 

T k o s p h a t i z s d  l i x e s  t o n e ,  Chat?ax 2 i s e  



rA?S j rnospnaxlzza Lines t o n e ,  Ghatham ?:is? 2LC, 8 3 1  cie8 . c 

. , . - ,.. I < '  

c.rG1; . Phos$rlatized l i n e s t o n e ,  Chathain . X s e  20,9 33 4-,6 . 
. . 

!,- '7 / y 
1 . r ~  j ?hos$m-LFzed l i n e s t o n e ,  Chatham E i se  42.4 2 0  . .  '. . 4.7  
2-5c Q l . 0  23 5.4. . .  Fhosphat ized l i n e s t o n e ,  Seamount YT5 

1,3~.66~~ i3eliz-t-5one Phosphor i te  . c a l c i t i c  
s a t r i x ,  I s r a e l  

$,,36 5s i C. ., a i ,~e  .. -. sa.m?le as 1;~66Ca., . s i l i c e o i ~ s  
xa.t.rix 

AR15 Pe l l z t -3one  phosphor i t e ;  1 s r a e l '  

ceg 

2e9 

3C393 ? e l l 2  t-Sor_e phc . sphor i t e ,  I s r a e l  38.6 . 21 $ a  4 

k r ~ 7 2  ?hospha t ic  ci laik,  I s r a e l  
. . 

AS352 Phos9ha t ic  c h a l k ,  I s r a e l  

3 ~ 1 7 3  f ! ~ s s p h u t i c  l i m s  tone,  I s r a e l  

S y n t h e t i c  a p z t i t e  

C z l c i t e  f r o n  ivhich SL-1 w a s  
p r epz reb  

S I - C ~  S p - t h e  t i c  a ~ a t i C e ,  n o t  c o n p l e t e l y  
reacte:! 



dgLa \ raiues i n  T o t a l  Sample, A p a t i t e ,  ~ a l c h l a t e d  Valuc f o r  C a l c i t e  and ACA 

18. 1 
6G- 18 1 8018 2 1 e2 

a J i a l  do a p a t  c a l c  4 7 ~ ~ -  Sanple  d e s c r i p t i o n  

KP1 C v u l i t i c  phosphor i t e .  c f f  Cali?. ' -0 .3  . , 0 . 2  -3.624.1 I 

O v i l i t i c  phosphor i t e  o f 2  C a l i f ,  

G v u l i t i c  phosphor i te  o f f  Calif. -1.7 ' .  

K -?I$ O ~ v . l i t i c  phosphor i te  o f f  C a l i f ,  

i(P j C y u l i t i c  . phosphor i te  o f f  Cal i f .  ' 

G v u l i t i c  phosphor i te  o f f  C a l i f .  -0 ,8  ' 

O v u l i t i c  phosphor i t e  cf: C a l i f .  

Ovul i*ic  phosphor i t e  o f f  C z l i Z .  
l i g h t  x a r g i n s ' o f  nodule . .  

Saxe as 331i, da rk  co re  of  nodule 

SFnilar t o  331i 

'phosphate sar.d, 3a j a ,  c a l i f .  . . 

E e l l e  t a l  p h c s p h c r i t e ,  Agulhas 33nk 



.<s.Fb 
i A " .  

x~65 

F'hospl;atized l i rces tcne  , Chatham 
R i s e  

K P-54 ~ 7 ,  A riosphatlzed. l imes tone  seariount 
pi 'i' 5 

~:i;.;cbsi S a ~ 2  sam3le as 1%66Zz, s i l i c e 3 v . s  - 5 221 r;.,. 1- 

a a t r i x  -5 ,6  -6.5 . A 

. . n  

Fel le t -3one  phosphor i t e ,  I s r a e l  . - ( . 2  -9 C' A315 * / '  -6,0f!,.2 ' 3 ,3P1 ,3  - 2-.. . - -  
7. - r e l l e t - ~ o n 2  y:?oschcr l te;  l s r e e l  -7.8. . . - 6"  3 .  ' . 3 ~ 3 9 3  - -3 ..220. $! 2 ,  G A L .  3 -  -. 

.[, ?;I.; 7 2 

.id. .d Fhossha t i c  c h a l k ,  I s r s e l  ' -345 . - 5 2  -3.321.2 1.951.3 

, -  Phosphat ic  cha lk ,  I s r a e l  
I 

sji1.7s - ,  r n o s p h a t i c  -. l i x e s t o n c  , Israel  

C a l c i t e  f r on  which S I - 1  was 
~ r z g i r e d  

SI-C6 S j x t h e t i c  z p a t i ~ e  n o t  
c c . m ~ l e + e l y  r e a c ~ z d  

- - - - - - - 

1 
. . Tlie a a r g i n  o f  e r r o r  a t  t he  95,s conf idence  l e v e l  i s  2 0.4. 

2 Z r r o r s  give2 a t  753; conf idence l e v z l ,  

l&. 18 3 ' - - 3C 
talc - .60 does  n o t  s i p i f l c a n t l y  d i f f e r  from z e r o .  z9a-t; 



hC13 Values i n  T o t a l  S a ~ i p l e ,  A p a t i t e ,  C a l c u l a t e d  Value f o r  C a l c i t e  and ACI- 

S a n p l e  

50 . S a n p l e  d e s c r i p t i o n  

O v u l i t i c  p h o s p h o r i t e  o f f  C a l i f . ,  -2 .2  -2.6 -1.325.9 

C v ~ l i t i c  p h o s p h o r i t e  o f f  ~ & l i f .  -1.3 -1.6 0.724.5 

G n l i t i c  p h o s p h o r i t e  o f f  Ca l i f .  -I.* 9 

O m l i t i c  p h o s p h o r i t e  o f ?  Cal i f ,  : -1.8 

C v u l i t i c  p h o s p h o r i t e  o f f  Calif .  

C-miit ic pho'sphoz'ite o f f  Cal i f .  

O v u l i t i c  p h o s p h o r i t e  o f f  Calif .  -2.0 

KP33l i  C v u l i t i c  p h o s p h o r i t e  o f f  Cal i f . ,  
-1.3 l i g h t  n a r g i n s  o f  nodu lz  - e 0.324.6 I 

!(P33d Sane zs 331i, d a r k  c o r e  o f  
n o d u l e  

K?51d S i n i l a r  t o  33d . . 

~ h o s ' p h a t e  s a n d ,  3a ja, Calif .- - -2 .4  , .  

P e i l c t s i  p h o s p h o r i t e ,  Agulhas 
Bank ,, , . . .  - . . 

1 , O '  - .. 



Phcsphat ized l i n e s t o n e ,  Chathain - .  .-:ise 

Fhosphat ized l i a e s t o n e ,  S e a m ~ u n t  
3 T 5  . . 1 . 9  

T e l i e  t-Bone Fnos?hor i te ,  c a l c i t i c  
c a t r i x ,  I s r a e l  -8,7 

Saze sample as ~K66Ca s i l i c e o u s  
m z t r i x  

?elle t-3one. phosphor i t e ,  Israel -9.6 

X 3 9 3  ' . Pellet-Bone phosphoFi'te., . I s r z e l .  -4.0 -4.6 ' -  -3 0 + 0 , 8 . . . :  ,,-. .- I 

;, .:'- P - .  7 
.=A st 8 Phcspha t ic  c h a x ,  ~ s r x e l  -2 ,O  -5.9 -1 - * J - .  z - q , 4  ;+.,4f1,4 

,42 35 2 Fhospnat ic  'halk, I s r z e l  

SZl?e P h o s ~ h a t l c  l imes tone ,  I s r z e l  
- .  . . LH l&?+~.b.~ g~<?Z12. 

SI-1  
. . S 3 ~ t h e  t i c  apatit& 

C z l c i t e  from which SI-1 was 
p repa red  

S y n t h e t i c  z 9 a t i t e  n o t  c o n p l e t e l y  
r ~ z c t e c i  -19. 8 

1 r,, ~ . . e  n a r g i n  of E r r o r  a t  t h z  95% ccnf idence  level is i 0.4. 

2 - 
, s r r o r s  given zt 9558 confidence l e v e l .  

. . . . 
3 I-- 6c13 - 6c13 does  r.ct c,igilflcazi-3.v d i f f a r  frcm z e r o .  c  22- z~ - C 




