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Abstract

A'Carboh_and oxygen isotopes were analyzed in carbonate apatite
co, and in co-existing_calcité.' Both C and 0 in apatite co, are
'enriéhed in‘the respectiVe.Tightvisotopes relative to calcite.
These results confirm thehpfoposition that carbonate is part of .

the apatite structure.

Introduction’

Analyses of many natural apatites show them to contain appre-

ciable quantities of o, (up to 5 or 6 per cent), and specific names

have been proposed for these species. Francolite has been used to
describé carbonate-rich apatite which contains more than 1 per cent
" of fluorine, whereas dahlite apﬁlfes to carbonate-rich apatite with
low concentration of fluorine (]).;'

‘The structural nature ofdbarbonéte apatite has been a mattér
of controversy for thirty yearSA(Z;B,M). Sufficient evidence, based
on x-ray, infra red spectroscopy and optical. properties is now
present to suggést that carbonate is part of the apatite structure
(5,6,7,8). | o

Carbonate apatite can be formed in the laboratory by replace-
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ment of calcite. This was per%ormed by Ames (3) who used C
labelled CaCO3 and formed carbonate apatite by réaﬁting the calcite
with a NaBPOM aqueous solution. The carbonate apati te so formed is
due to an incomplete réplacement of CO3-2 by POM-B.

The purpose of the work reported here was to investigate the



location of CO? in sgdimentafy apatite by-analyéihg the isotopic
Conpositioh of the'carbdn‘and.oxygen‘ih apatite<C02.. |
Infrared spectra of carbonate apatite(8,9,]0,]1J2,13)fndcate that the
structurallenvjronment of cérbonate in apatite differs from that in
caTcite.'_Therefore, the isotobic composition of carbonAand oxygen

in apatite derived CO2 would be expected to differ from that of CO2

 obtained from co-existing calcite.

Experimental

A total"of 29 samble$ were analyzed. These inc]uded ovulite
phospﬁorltes dredged from the sea off California and Agulhas Bank,
phosphétized limes tones frdn'Chatham Rise, pellet-bone phosphorites
énd phosphatic limestones from the Campanfan Mi shash Formation in
Israel.. One sample of a living inarticulate brachiopod was analyzed-;
a Lingula from thé SE‘sector of Kaeohe Bay, Hawafi from 2m deep water,
26.5° ¢ temperaturé and’a salinity of 33.8 %o. '

fDr.'D.R. Simpson ffqn Lehigh University kindly provided us with
two synthetic Carbonéte-apatites he prepared. Bofh of them were made
by reacting calcite with sodium phosphate (14). Sample SI-1 is one
phosphate sample'which was pfepared from the calcite analyzed as SI-2.
Sample SI-C6 contains unreacted calcite. |

A flow'sheet of the énaiytical procedure is showh on Figure 1.
Calcite and apatite were separated chemica]iy by dissolving calcite
in triammonium citrate fér 50 hbufs at 30° C. The techrique was
described in detail by Silverman and his co-workers (5). After
treatment,the-residue was x-rayed to ensure cqnpléte disappearance

of calcite peaks., If was then assumed that all the CO2 extracted



from the Eesidue was der}Ved'fron apatite-bound carbonate..

Carbon dioxide for.fsotbpic analysis Was extracted by reacting
the samples (-~ 0.0hg for calcite-rich samples, ~ 0.1-0.3g for calcite-
poor apatite) with'phosphorfé acid using the methods developed by
McCrea = (15). | | |

The fbllowing tests werevperformed to ensure validity of the
procedure: | | |

a. Calcite-ffee apatite did not show any difference in the
volume of o, evolved before and'after the triammonium citrate treat-
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ment. Neither did the treatment affect thes C vé]ue. Since §C
of the citrate used (-24.9%) was isotopically much different from
that of the sampTés sthied. the above result proves that no measurable
.exchange occurred.

b.~ No meésQFab]e'CO2 could be evolved by reacting citrate with |
phosphoric acid.

c. The 50 hohrs'reaction'time wi th triammonium citrate was
chosen after proving that this time is sufficient to.dissolve all
the calcite. -

The isotope analyses are reportéd in terms of & per-mil relative
to the PDB standard. - ?

o Al sampies weré-ruq in duplicates: an average value for the
duplicate analyses is reported} -From repeated analyses of a single
homogenlzed sample, as well as frem a statistical analysis of the
duplicate runs, the standard deviation of the overall proceduré is
.estimated as 0.2 per mil. 1In all calculations-whefe errors are

reported, the aim was to achieve 95% confidence levels, hence an

error of two standard deviations. (0.4%,) was assumed for the analyses.



~From fhe'volume of CO2 evolved from the total sample and that

E or 60]8 obtained on

evolved from apatite only, and from the 6C
the total sample and apatite 50‘8 or 6C18 of calcite WaS,CaTculated
using: R Y S IO L 4
P+ 6 .. P

ap °~ ap cal STcal T 6;tofal - 100 (1)

where Pap and_Pcaj are ﬁhe percentgges.of apati te CO2 and caléfte
C02'in total COzlévolved,:‘Due‘tO'the structure of formula (1)

- the propagated error in Vajues in calcite is large especially

in cases where, almost_a1l the Cdz was contributed by:apatité.' One
mus t thereforé view with caution a]i results where little calcite
was present. | |

The fractionation between the two co-existing minerals is expressed

by: , . | .
S | 18 13 | o
 Cé = écal éap (for O or C'7) .. - : (2)
and - : ) . ' ] . ) A
R calcite - . CA .
Zea = ~ 1+ ]
: R apatite 1000 (3)
where R is. the ratio of abundance of 018/016‘and CB/CI2 as recorded

by the mass spectrometer. The error which applies to calculations of"

8 is obviously propagated,in calculating &

cal CA”

The reaclion of carbonate with anhydrous H Oq involves the

. P
3 _
liberation of only two thirds of the oxygens. The isotopic fractiona-
tion for this reaction is consfant at constant temperature. In this
work o is assumed to be the same for calcite and carbonate apatite,

This assumptidn is'probah]y incorrect, It has been shown (16) that



. whereas ¢ = 1.01008, 1.01090. is not

calcite
known at the present time, hence the & values for apatite should

OLdqlomite - “apatite

be considered as a first approximation only. Once q will

apatite
be determined, however, all the & values reported here can be

converted to true values.

Results

Tables 1, 2 and 3 summarize the results of calcite content,
ré]afive contribution.of CO2 by calcite and by apatité; and-the
isotopic éonposition of CO2 from tHe total sample and from apatite
after citrate dissolution. 'Caléulated values for the isotopic
cdnpositiph of calcite CO2 and.fof the difference .5CA are élso
included in.the fableé.'. Figures 2 and 3 summarize the analytical
data graphically.

Atfempts_to interprét our analytical results are severely
encﬁmbered by several difficulties: |

1. As the error in & is a propagated error, it becomes

cal

extremely large in samples which are very close to being monomineralic.

This makes the cpmpafison of 6cal witH 6apat difficult in some cases.
2. If onc is to use the isotope data in order to obtain infor-

mation on fhe location of carbonate in the structufe; one has to

assume that all other factors determining the formation of

apatite and calcite were identical. This is not necessarily the case,

since there is a bossibility‘thét apati te énd calcite in the

studied rocks were ndt débos{ted contemporaneéusly. In several of

the rocks from Isrgel, secondéry calcite céh be seen under the .

microscope. so that one may claim here that differences in isotopic

composition between calcite and apatite are actually differences in.



the composition of the agueous medium from which they were deposited.

3.‘ In the francolite shell analysis of Lingula from Hawai i,
“the result is difficult to interpret. Although no calcitic shells
of anima]s'¢o;existing with the Lingula were available for analysis,
the 6018 value in the apatite CO2 is close to -6% , whereas calcite
at equilibrfum with sea water‘at the given temperature (26.5o C)
should hévela 50]8 value of-z_—Z%r.

The fbilowing't}ends were, however,»observed in the data:

'a. A}though the errors are large for the calcite values, the
most probable value for calcite carbon almost always appears more
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enriched in C ° than the Cdé'in the apatite of the same sample
(Fig. 2). Oxygen data are less regular (Fig. 3)..

Ab. Several samples may be singled out for their importance
in cheéking the signifiéancelof the results: (1) MK66Ca is
an Israéli phoéphorite with a calcitic matrix. This calcite seems to
be enriched in heavy carbén-and light oxygen as compared to the
adjacent apatite-carbonate. ‘MK66Si is a sample taken from the same
hand-specimeﬁ, in wHich the matrix was silicified. Nd significant
difference between.. two phases was observed here in eitﬁer 6C]3 or
6018. - (2) .Sample ST-C6 fs a synthetic apatite prepared by Simpson,
in which not a1l the calcite was reacted. There is no way in which
later chahges could have .influenced this sample. Nevertheless, the
13 and'O]8

relict calcite-in SI-C6 is enriched in C as compared to

the co-eXLsting apatite (Figs. 2 and 3).
c. The most important result, is that in all but two samples
.in which both apatite and calcite are abuhdnct,'the isotopih composi tion

of apatite C0, differs significantly from calcite co,.



DISCUSSION

When examining Figs.'2 and 3; onc has to bear in mind that the
several populations represented differ from each other by more than
their -geographical location.

Whereas thé California and Israe] samples are tektbook
phosphorites (the former pelletal, the latter having a considerable
bone component), the Chatham Rise samples and KPSh'are phosphatized
limestones. Thus, whereas the pellet phosphorites may have formed
either as a direct precipitate from sea water or as a rep]acément
product of calcite, the same does not apply to the Chatham Rise
samples. They probably are the.closest natural analogue of sample
~SI-C6, which.was synthetiéally prepared by phosphatizing a calcite.
One anoma]ous feature which should be notedv in the Israeli Mishash
phosphorites, is the enriéhmeht of the light isotopes (both in
calcite and apatifé), as compared to normal marine limestones (17).

Noting'the~abqve—m¢ntiohed characteristics the following
Ageneralizations can be madé{ |

No significant differences are evident in most California
phosphoriles belween Lhe isoltopic cunpositioh of calcite and
apati te COZ' Excépt{Ons;are KR62 where the calcité carbon is
significantly heavier than the apatite counterpart. The relation
in samples KP33 and KP51 is interesting; whereas the black, organic
matter-rich cores of ;hése sampies show no significant fractionation,
there is a significant enrichment in O]8 in the calcite o% fhe
outer parts of the nodules where organic matter is depleted. No
simple explanation for this facf is offered. One possibility is that

" the calcite re-equilibrates with colder, O]S-enriched water after



depositiqn. It is impossible to determine whethér the.apparent
<simi]arity-fn isotopic canppsffion of épatite and calcite in |
California phosphorites is é.trﬁe phenomenon or whetHerAit is caused
by the Very lafge errors in été] (these samples having préctically no
calcite in them). |

For almost all other sémp]es) where there is a measurable amount
of calcite,both oxygen énd_carbdn-are enriched in apatite CO2 in
their respective light'isotopéé. Thié holds true for the Chatham
Rise samples, those from Israel and the synthetically prepared
- sample SI-C6. 1In the analyzed Lingula samplelthe revérse phenomenon
is observed; calcite carbon is lighter than apatite carbon. |
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From plots of .calcite éontent of the rock versus ACAC and
18 ' .

80 - (=1000 ln.aCA). As in Figs. 4 and 5 it,appears‘that the
fractionatfonlof carboﬁ betweeh_calcife and .apati te increases with
decreasing percéhfage of ca]cife in the rock.
| This trend is even more evident for oxygen than it is for
carbon (Fig. 5) where the Tinear cbrrelatién coefficient is
_vsignificéht'r= -84. | |

In the.process of bhosphafization'of limestoné, the
pefcentageuof remainfng calcite can serve as a good measure of how fér
the process has advancéd. 'it seems thefefore, that fractionation
increases with'fncreasing phﬁsphatization, which éuggests that

isotopically light COZ is pfeferentially.removed from the

pfe-existing calcite during this process, probably as bicarbonéte.

Conclusions .

The results of this study show that there is a difference in
" the isotopic composition between CO2 extracted from apatite and

- that from co-exisffng'calcfte.' It is concluded here that both oxygen



and carbon in apatite CO, are enriched in the light isotopes of

each element as compared to the co-existing calcite. If the CO,
which is associated with the apafite were'juét representing calcite
which was not d:sso]ved by the citrate treatment, one would expect its
isotopic conposutlon not to dnffer f rom therest of the calcite in

the rock. A quantitative estimate of calcite apatite fractionation
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is more difficult. Average values were calculated for A.,C and

CA
ACAO]8 as 2.8 % (&= 1.0028) and 2.1 % (6 = ITOOZI) respectively for
all significant data.

If is therefore concluded tHat the stable isotppe data are
in accord with other investigatfons, in particular with infrared
spectroscopy, and indicate thatAcérbonate does enter the apatite
structure. There is no way to obtain further information on the
locatibn‘of CO3 in apatite ffan the present isotopic analyses,
Isotopic studies of apatites prepared at differept temperatures and
yielding different infrared spectra (13) may furnish further
information. o '

The possibility of establishing a combined carbonate-phosphate
geo-or paleo-thermometer on carbonate-apatites should be considered
in the light of these reéujts. A word of céution;should be given,
however, to workers presently studying 6018 in co-existing marine
apatite-caléite sui tes. 'Uﬁlesé the precaution of removal of

apatite (0, is taken, the measured fractionation may be in error.
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Figure 2 ‘ isotopic composition of 002 carbon (ﬁClB) in

co~-existing apatite and calcite-, Vertical.

-t

lines show margin of error at 95% confidence
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level,
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Table 1

Percent Calcite, Percent of 002 Contrivuted by Apatite, and Percent QOZ in Residue

Sample Sample description % Calcite 7 Apatite . 7% Co, in
No. ;o . : - : co, (Ap.) Residue (R)

KPL. Ovulitic phosphorite, off Calif. 1.3 87 3.7
kP2 Ovulitic phosphorite, off Calif., 1.5 8 4.2
NP3 Gvulitic phosphorite, off Calif. 2.2 | 77 a3. |
KPQ‘ | Ovulitic phosphorite, off Calif., '""l.9 80 3.5
KP5 : ‘Ovulitic phosphorite, off Calif. ! 1.1 ‘»'90 he5
KP6 .©  Ovulitic phosphorite, off Calif. 1.3 .90 by
KP15 Cvulitic phosphorite, off Calif. S 3.5 59 2.3
KP331i  Owvulitic phosphorite, off Calif., o o | |

v Light margins of nodule .~ = { 1.5 ‘ 87 _ 4.3
XP33d Same as 331i; dark core of nodule - 1.9 - 82 k.0
KP511i  Similar to 331i - ’ 2.0 78 | 3.2
KP51d Similar to 33d e o 2.3 | 78 3.7
kP62 Phosphate sand, Baja, Calif. 9.3 6 0.8
KP55 Pslletal phosphorite, Agulhas Bankx = 15.1 32 3.2

‘XFQ Pnospratized limestone, Chathan Rise 23,9 30 o b



23N

raospnatized Llinesione, uvaataam nlse <t e O
Phospnatized liﬁestone, Chatham Rise 20.¢ 33
Phosphatized linestone, Chatham Rise L2, b . 20
Phosphatized limestone, 3eamount NTjS L1,0 . 23
Pellst-Bone Phosphorite calcitic . : ' S
matrix, Israel ' 55.3 .13
.anme sample as [{66Ca3.siliceous -
matrix : ' 1.8 . 53
Pellst-Bone phosphorite, Israel . -1k, 6 .31
Pellzt-Bone ph os“norlte, Israel ‘ 38.6 21
hosphatic cha‘v Israel S , - 73.9 - 10
Phosphatic chal“, Israel » ‘ Ls,8 _ 6.7
Fhesphatic limestone, Israel , 4.8 ' 3.3
Lincula, Hawail 2.0 63.5
Synthetic apatite L 1.3 A 89.
Calcite from which SI-1 was
prepared - 100
Synthetic apatite, not completelw
reacted 6.9 58
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cy _ _
50+9 Vaiues in Total Sample, Apatite, Calculated Value for Calcite and Ay,

Tabl

(¢

€  Sample descriptionl | ' 6Olsfctil éolsap;£ 6O180al§ AC‘QIS
Ovulitic phosphorite off Calif. -0.3 0.2 -3.6%4.1 13
Ovulitic phosphorite off Calif. - =0.3 | 0.1 -2.823.8 I
Ovulitic phosphorite off Calif. 1.7 -0.3 —6;lf2.3 -5.8%2.3
Ovulitic phosphorite off Calif. 0.3 0.4 ° 0.,1z2.6  I-
_ Cvulitic phosphorite off Caiif. o 1.3 1.1 ' é.8§6.4 | I
bvulit;c phosphorite off Calif. 0.8 0.2 - -9.4I5.5 -9.6%5.5
Ovulitic phosphorite off Calif.  -0.2  =0.2  -0.2%1.1 1
(23311  Ovulitic vhosphorite off Calif. o T
light margins of nodule . 0.9  —0;2 8.374.2 8.5%4,2
A'Same‘as 331i, dark core of nodule -0.3 -0.3 ';O.jfZ.l I
XP511i  Similar to 3311 - 0.5 0.4 . 3.6i2;3 4.0%2.3
’ Similar to 33d L ;0.3 C -0s 0.4%2,L T
‘Phosvhate sand, Bajé, Calif.. .—O.ﬁ" 13,17 Q.ZfO.? 3.3%0.8
Felletal ohosphorite, Agulhas Bank 1.1 N -Gk 1.8%0.6 2.3is°?.

phatized limestone, Chatham : _
1.7 . g.28 2.0%0.6 1,.2%50.7
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Rise = - ' | 0.k 0,1  0,6%0,6 C.7%0.6

KFEL hosphatized limestcone, Chatham .
N 2 A - -t Z

Rise 'la.l. 0«2 :_]_QD-'.OQO, loBiOoR
KP65 Prosphatized limestone, Chatham

R-,\-. . ) . —0,2 o.l "002:’1.055 I

KP5h Fhosphatized limestone seamount , . N
NS | o 0.7 ©-0.5  1.1%0.5  1.6%0.7

1MKE6Ca Fellet-Bone phesphorite, .calcitic

&

ratrix, Israsl ‘ I —8.5 o -6.5 78.8?1.3 -2. 3__.3

©KE€6SiL  Same sample as FH66Ca, siliceous '
ratrizx - o ; -6.6 ~6.5 - -6, —«e“ﬂ 1
AR5 Fellet-Bone phosphorite, Israel 72 -9.9  =6.0%fl.2  3,2%1.3
BC393 Pellet-Zone phospborite, I el -2.,8 ~6,0° ~3.2%C.9 258i1.0'
‘§FS?8 Fhosphatic chalk, Israel T =3.5 . =5.2 -3.3?1.2_ 1.9%1.3
43352 Phosvhatic chalk, Israel -5 -5.1 ~6.,4%2,0 I
58178 ! Phospnatic limestone, Israel ~5.5 -8.3 -6.5%5,2 I
LH Lingula, Hawaii -6,2 -5.8 -6.9%1.9 I
SI-1 Synthetic apati=e -12.0 ~9,0  =35.5%20L -26,5%2L
SI;Z Calcite frdm which SI-1 was '
;repared -12.5 - -12.5 -
SI-C6 Synthetic apatize not '
cempletely reac=ed ' -8.4 -10.0 -6.2%2.¢ 3,8%2.0

The margin of error at the 95% confidence level is T 0.4,

iven at ¢5% confidence level.
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Sagi%e Sample description éclBtot;_‘ AClBapit éclgcaf ACACIBZ
KF1 Ovulitic phosphorite off Calif. -2.2 —2.6  =1.3%5.9 1°
KP2 Cvulitic phosphorite of f Calif. -3 -2.6 O;7f& 5 . I
KP3 Ovulitic phosphorife off Calif. -1.9 -1.7 -2.5%2.4 1
KPL Ovulitic phosphorite off Calif. -1.8 .6 -1.8%2.9 I
KP5 Ovﬁlitic phosphorite off Calif. “1uhe -i.2  -3.236.5 T
AKP6_ OVﬁlifié phdsﬁhofite off Calif. -2;5‘ -2.2 ’—5.0i8.2' I
KP15 Ovulitic phosphorite off Calif, -2.0 22,0 -2.0%1.2. I
KP3Blii Cvulitic phosphorite off Calif., f: _ ' o
. lignt margins of nodule | : _-1.3: ' 1.5 ;AO.be.é I
KP33a  Same as 331i, dark core of < |
nodule - -1.1 -1.5 0.7%3.1 I
- KP511i . Similar to 3311 -1.2 -%.3 -0.6F2,4 I
X¥P51d  Similar to 334 -1.6 -2.1  -0.1%#2.6 I
" KP62 Phosphate sand, Baja, Calif, = s2.k -8 S1.3%1.3 ¢ 7.1ELL4
KP5S Pelilestal ?hosphoriée, Agulhas - } “ | , '
| Bank 1.0 =0:8 1.8%0.6  2.6Z0C.7:¢

N l w‘ s . - o g .' » . J
&C 3 Values in To<%al Sample, Apvatite, Calculated Value for

Table

2

Calcite and ACA




linestone,

Chatham

1.7%0.6 2,030,

~)

KF63 Prhosphatized limestone, Chatham _

?.".Se . 1.91-036 203:}:00?"
KPo4 Pnosphatized limestone, Chatham : N

Rise 1.7%30.7 3.1%0.68
KP65 fnosvn?tlzoa limestone, Chatham . ' u

A\l . . . . 7 : . -_ 103 ) "099 C learcos ’ 207:007
KPs54 Phbsphatized limestone, Seamount _ ' :

NT5 ' . . 1.9 0.3 .~ 2.3%.5 " 2.0%0.7
MK66Ca  Pellet-Bone Phosphorite, calcitic : o

- matrix, Israel , _ T -8.7 -10.1 -8.4%1.9 1.7%1.9

¥K66Si  Same sample as ¥K66Ca siliceous ' |

matrix _ -10.1 -10.3 -10.0X1.8 I
AR1S Pellet—Bonefphosphorite; Isrsel -9.6 f9.5 ~9.,6%1.2 . I
BC393 Pellet~Bone phosphorite, Israel - -4.,0 4.6 :13.9i0;8'”1 - I
AF376 Pncsphatic chalk, Israsl - | ~2.0 -5.9 ~1.5%0. A LT L
45352  Fhosphatic chalk, Israel C-2,27 7 -3.8 777 -2.071.3  1.8%1.b
SE178 Phosvhatic limestone, Israel - -6.6 - =8.4 —6.5?5.3 ' T
LH Lingula, Hawaii “ L4 -2.0 -8.6%1,8 -6,671,¢
Si-1 Synthetic apatiteé -22.3  -20.0 . -40.3%w7 - I
SI-2 Calcite from which SI-1 was

preparsd ~-24.,0 - -24,0%0.4 -
S”-C6 Synthetic apa lte not comnlote’" . '

reacted -19.8 -22.0 -16.8%f3.9 5.,213.9

1 - . ,
The margin of error at the 95% confidence level is I 0.4,
Z.Errors given at 95% confidence level,
3 e 1 . - -
7 I-- &C 3 - &C 3 dees net significantly differ from zero.





