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L " The solubilaty behavior of a number of apa&ktes in sea- ¥

.

1y

. . water was investigated. ixpos re of these apaéltes to various
. solutions n which the*fluoride, calcium, magnesium, total ,
phosphate;, énd total 002 co,nce trations were varieq creat{‘. .
new phases at the solid-solution interface. ‘Rb—exﬁosure to o

e

LS

. \wregular\seawate; showed that these new phases could be altered

to yet other phases as a result of the change in the chemical

’ environment. The apatite mineral surfaces and.the changes K
¢ . N g *

. that* they underwent were examined using a number of surface

technigues *(e.g., ESCA, BET, SEM)., » ‘ \

» ~ . .
Exposure of apatites to sddium chloride and seawater ’

- »

»
« s L4
solutions at various temperatires and.pressures also demon- -
Al e

o L

Q’ - .
k, < T stratéa that these€ thermodynamic variables affect surface

4 2 %

- phase formation. The degreé of mineral dissolution, moni-

- Yo - ¢

s torged by solution composition cﬁange,*vég}ed inversely with
. . ¢ > »

>

temperature (pressure constant) and linearly with pressure
)

- ‘f'(temperature-constant). An jincrease in temperature or the .

» v 3

4
T : ﬁresence of fluoride ions in solution were found to decrease

)

pressure~induced dissolutaion. S . .

~

. The behavior of apatites in seawa?erjban be described as .
an interacbion with various componenéé of seawater at the
solid-bolution interface ;hlchhcan leag to the formation 9f )

/ new pﬁaées on the mineral surface. The comp051pion of tﬁese
- new phases is a function of the phy51c%l and chemlc;l environ-
) ment and-the charact;rlstlcs oé the apatite. The altered . .
! e -

“\ ) surface, and not the bulk mﬁneral phase, then controls

> * subsequent soluljdity, behavior and dissolution klnetlbi of. .o

the' apatite, . ’

¥
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I. What Is Phosphorite? T o
v * 4 ~

Phosphoraite or marine phosph%te roc} 1s the common name .,
for minerals high in phésphate content éhatlbeloqg to %hé
apatite group of minerals. Apatites have the generaly}or;ui
la: Mlqjxoq)ezzlaqd are characteraized by'a h?xagonal unit
cell‘bf the type P63/m. In phosphorite, the M 51te§ are
usually ;céupled by the divalent cstlon%: Ca,, Mg, §?, or Baj;
the X0, sites by the compleg trivalent ;bns PO, and COj, énd
the Z positions by the univalent ions: F, Cl or OH. Various
sqQlid solution combinations aré*poss1ble.

.
\ Beevers and MacIntyre (1946) have’suggested that apataite

€
+

has a hexagonal network composed of phosphate'tetrdhedra, a
. )
simple anion, and a divalent cation. The structure is simi-

bﬂ@ to a honeycomb, wheyxe the vertical sections are columns
of "Ca-0", with the "O" supplied by the phosphate groups in
the horizontal plane thus linking the columns together in a

continuous fashion. The fluorine 1ons odcur vertically above

°
each other within channels of the honeycomb, where they are
o - » t
co-ordinated to gﬁdltlonal ¢alcium ions in "niches" within
the irregular walls of thernetwork (Flgﬂfe Il)é ’
In the natural env1ron;ent, apatlté;does not exist as

»

a simple pure phase but includes a la}ge nhumber of substi-

tuted ions. This leads to apatlteshof widely varying com-

position, even within one geological deposit (Lehr. et al.,

&
P
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Figure I-1: ééysthy Structure of Apatite Looking Down

c-Ax1s (from Altshuler et.al., 1958 based.’
» on Beever and MacIntyre, 1946) = °* .

. ®

| Q
!

: A - quomplete structure shoylng hexagonal -

framework and unoccupied channels '
h ]
1 - ' i H

Bf Addlthn of 3 channel calciums and a” .
) fluorine occupylng same plane' \

C Position of second planar group of 3
channel calciums and 1 fluorlqg% at a

o

3 different vertical height in the struPure '
o D Complete sﬁiqcture :E
- ’ /
| ‘
0—( 0eé@ o
0 “
—ab ’ %0
, a
- - ‘|
PO4 tetrahedron, Fluorine, singly Calcium Relation of
02 superimposed and superimposed -** Unit cell

‘ to Hexagonal
* Network
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Whlppoqand Murowchick, 19679 . These substituted 1ons are

« ~  those with similarities 1n size and charge to the ionic

~ ¥

components of apatite. Natural apatites often ;ave magge—
sium aﬁd sodium substituting for calcxumt carbonate for
phosphéte, and fluoride for hydroxyl. There has been con-
siderable debate within thg llteraturé“(McConﬁell, 1973) as
to whether there "foreign ions" are truly in "the crystal .
lattice or whether theflare samply adsorbed, attached or co-~
existing phases. Much of the debate has centered around the
carbomate substitution (McConnell, 1973). The presence 5f
carbonate has been observed to weaken certain internal bonds .

i

within the apatite crystal thus making 1t more soluble than

o 1
other f@kms of apatite. A change in the characteristic apa-

?*aﬂw’/fa\\fﬁ&lte morphelogy was also noted (LeGeros et al., 1967, a,b).

Sedaimentary apatites are generaliy darbonate-flﬁorapa—
| tites (fraﬁ%olite) and exist as fin@-gralﬂed micro—-crystals
often known as collgphane (Whippo and Murowchick, 1967).

Altschuler et al. (1958) have compared a number of analyses

of sedimentary apatites and found a deficiency in B0y re~

A{ lative to Ca0O and an extess of fluoride/hydroxyl.” There ;s

generally 2-4% carbonate present. gThe chemical contgnt of
the marine apatites is controlled by‘;helr depOSLtlziéi epL A
v1ronﬁent and their mode of formation. éaturnin et al. )

(1970, 1974) have noted a wide variation in content within

South African marine phosphorites. |
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II. ﬁaboratory Studies of Apatite Solubilities

|
Publications from three main groups show the dlffare?t

approaches to the problem of apatite solubility. These .

<

publications arise from the work of: soil chemists investi-
gating the dissolution of phosphate fertilizers in natural

waters; dental scientists interested in the prevention of .
4

4
tooth decay; and marine geochemists studying formation of

§

phosphorite deposits ‘in the sea. ,

4 |
i

Very little work has been done on the problem of the

solubility behavior of apatite in seawater. Recent reviews

° q

on marine apatites have been published by Bushlnsflf (1966),
Gulbrandsen (1969) and Tooms et g%, (;?69).

Smirnov et al. (1958) measdred the solubility product
constant for a numberuof apatites in solutions similar to

H

seawater and suggested thag t sea was saturated with re-

specﬂ to hydroxyapatite. n (1965, 1966) studied the ,

solublilty of some natural “apatites in artificial seawater
A » £

at 1 athosphere and 25°C. He suggested that the solubll;ég
of apatite was a fuhcé;on of pH and reported é-solublllty
for Ca5(P04)3F as 10~ 52 1.5 and inferred that the bulk of
the ocean was saturated with re;pect to fluorapgtlte.
Gulbrandsén (1969) comparing the results of Smirnov etral.

and Roberson has suggested that the true solubility of apa-‘Nh\y

tite lies between the two sets of%%ata, since Smirnov et al.'s

Lt

- h

\

7 4 - e o
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work was based on determinations from precipitation reactions,

whilte tha¥ of ﬁoberspn‘was based on dissolution reactions.
. Kramer '(1964) has reported .solubility product constants
flor a carbonate-fluprapatite of 10103 (5°C) and 107 105(25°C)

and éﬁggésted that the oceans/ghould be saturated or super-

°
-

saturated w1thv¥25pect to carbonate~fluorapatite. Xramer N

[
4

;noted, "however, that ion-pairihg processes, apong other
things, gould 31gnif1cantly alter his calculations, and thus
his conclusions.

- Arrhenius (1963) suggested that phosphorites were dis-

solving 1in deep cold seawater and re~foyming in warm shallow

b4

waters. He also“suggested tha

]

t,impurifies in the apatites
could lead to stability in regifns whére apatite would be

predicted to dissolve.

13

Gulbrandsen (1969) suggested that high phosphate concen-
) t &

trations in seawater would promote apatite precipitation.
¥

Other factg}s which promote ,apatite formation also might

favour the formation of other minerals, the formation of
bl ‘,. M
which could be so extensive as to overwhelm or inhibit the

apatite formationl G’ ;

o

a ] . 5
Atlas (1975) suggested that the,solubility of apatites

1s dominated by solid-solution boundary reactions. The re-

/

action of a number of apatites in 33 parts per mil seaWater

at 10°C, 1 atm. were studied. He suggested that' a layer

L3

containing varying proportions of F_ and HP04= ions was the
| A

-
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most llkely-p0551blllty.' He did not 1nvest1gate‘the solad

surface 1tself, but based his hypothesis on solution concen-

[al
L

trations and calculated that a dg¢crease in Mg+ in solution

o

F

would decrease solubility, while a decrease 1g Cat? increased

» F

solubility. Atlas stated that apatite pr?0£pltatlon kinetacs

&

precludes apatite formation in open seawater, but that pore -

I4

water conditions in upwelling zones allow apatite formation
»

Ay

by direct precaipitation.

‘Weir et al. (1971) and Chien and Black (1975) investi-
f ”»

-

\
t the mineral had a wide range of solubilities. The

_gated phosphate rock dissolution in ac¢idic solutions aﬂd,ggk
found fki

most soiuble fraction was dissolved rapidly, leaving a frac-
tion that dissolved much more slowly. They suggested that

’ ,
this multi-stage process might be due to poor crystallinity -0

| ¢

found 1n sedimentary apatites. Chien and Black (1976) also

4

)
found that an increase in the carbonate content of the apa-

.

tites causes an increase in solubility, but only when the

T
alkaline-earth carbonates had'been first extracted: The '
presence of these “impurltyﬁ carbonates coulawalter,the ap-

parent solubility product significantly. They found that

R &,
there was a linear variation in the free energy of formation

of the mineral wath carbonate content. Depending on the ‘ex~

tration technique used, values of AG = -3094.5 + 124.9 x

v

(mole frac. carbonate) to = 3104.4 + 130.2 x (mole ﬁfac. car-

bonate) dkcal..role~l) were reported.’k ~

»~
v
.
’
of
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puff (197la,b) found in his investigations of apAtite-
° " - R = 3
water systems that a decrease in H,PO, -.activity op/ an in- %y
¢
crease-1in flupraide activity exteffded the stab&llﬁygfleld~gf

* apatite into theé acaidic pH region (i.e., -made apatite less % .
~ N - -

-

soluble). In. general, apgtlte'ﬁs the ‘mpst likely calcium ;

*

Phosphate 1in the pﬁy; 8 region. fhcreased“hydroﬁyl content

-

in fluorapatlte alters its stablllty“fleld’by incrééélng 1ts“

L]

. solubility. Thais effeB@ 1s modst pronounced when: the hyaro—,

-

» - xyapatite-fluorapatite i1s more than 80% hydroxyapatite.

. e -
Simpson (1966, 1967, 1969), in his investigations of
g - »
! apatite brecipitates, found™ that varying tha‘lOnlC concen-

a e
A 3

trations in the solutloﬁ’by small amounts cduld alter the

ELY

composition of the pr&01p1tatedjphase. Low magnesium con-

tent 1n solution caused’the formation of non-apatite calcium .
) * »

phosphates, but the introduction of small amounts pf\;iﬁgp;de

]

‘or chloride overcémg the magnesium effect and aided the
. formataion of *‘apatite. Apatite stronglj adsorbs. fluoride, but

Simpson found that concent£g£ionfgpf fluor}de 102 to 103 times
that, found 1n seawater were necessary to permit the formation
.of fluorapatite. The high concentration of fluoride required
> ihdicates that fluorapatite formation 1s most likely to occur
in pore watérs‘ However, the abilaity of apatite to adsorb
fluoraide gtrong;y and the low solubility of fluorapatite com-

" pared to the other forms of apatite, indicates that the

; blocking of active surface sites, pgrhaps through the mecha-
’ 1 \

Y #

1.
i ? u

A
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nism of a phase on the_solid surface, occurs fairly rapidly
% A :

o

‘and-that this process “prdtects" the remainder of ,the apa- 3

Sk N .
L s L w

tite” from dlesolutloﬁ. Completelﬁluorldatlon is probably

‘acﬁaeved by subsequent. solid diffusion.

. .
¢y Martens and Harriss (1970) have suggested that the

[

v

[
o 5 6

- presence of magne51um Ansseawater prevents the formation of

‘&

apatdte. They found that apatite-like pre01p1tates yere

. only only formed in solutlons where the calclum to magnesium

a S

watio exceeded 5. Bachra et al (1965) found that magnesium

- -

o

stabllrzedﬂthe gormatlonadf amorphous talcium phosphate, dis~
turblng the cfyStallnlty of apatite. Slmpson (1966a) has

noted, however, that low fluoride or chloride concentrations

can eliminate this mdgnesium effect. .

A L < o T

T Although the literature on dental investigations of

} hydroxyapatite dissolution and the effect of fluorife iofis
\ L - *

© 18 very extensive, only more relevant papers will be dig~

: .

cussed here., .

-

Higuchi and co-workers, (nguchl et al., 19653 Higucﬁl
» et al. 1969 ,Mi; and Higucha, *1969; Nelson*and nguchl,
’ ..

1970; and Dedhiya gt al., 1973, 1974) on the basis of sdlu~

tion concentratlon measurements and computer- modelling, have
suggested that when hydrgxyapatlte 1s exposed to salt solu-
tions a new mineral phase on the apatite surfacde forms, the.
composition” of which is a function ef the solution composi-

tion. They suggest that fluorapatite 1s more likely formed

&

WV

—
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.

by t@e exchange of fluoraide for hydroxyi.spec1és in the
apatlte:rather than by preélpltatlon~of a complete ffuorapa—

e tite. Young et §5.>Jl969)'have'found that only $mall con-
centrations of fluoride-within the hydroxyapatite structure
can significantly reduce the solubility of hydroxyapatite. [
They suggested“that this decrease in solubility 1s due to

) the increased hydrogen bonding to the fluoride ions, which
effectively "traps" the hydroxyl ions and pievents their
dyffu31on,‘thus pfeventlng the dissolution of the apatite.

B3

Higuchi and co-workers also noted that combinations of vari-

]
~— re

cous 1ons in solution decreased the solubilaty moré than was
predlcEed By the behavior of elthér of the species acting
singly. Thas siésfgxstlc effegt 1s probably the result of a
strengthening of the crystal bonds by the creation of a less-
soluble (than hf&roxyapétlte) apatite. Alteration in ion-
pairing due to ionic activity changes in solution could 4TSO
contrlbhte tg the synerglsélc effect. ’

. McCann (1968) found that the presence of “trace impuri-
ties in apatite enhanced the solubility more than was pre-
:dicted by theory. This effect was.especially notlipable in
solutions of high pH where apatite solubilaty was normally
lowest.‘ Higher solubilities of apatiter than predicted by
thepry in higﬁ pH solutions could also be due to increased

fluoride-hydroxyl exchanges caused by the increase i1n hydroxyl

ion actavaity. Thepr at which sufficient calcium and fluoride

1 ¥
.
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was dissolved from the apatite to equal tﬁe solubility pro-
duct of Ca¥F; was 1n;reased by the presence of small quanti-
ties of f£luoride and decreased by the addition of Ca or P.
With sufficient solld,-however, equlllb}aglon with gothﬂ
solids (CaF, and fluorapatite) was llkeiy. Earr and Elmore

(1962) have noted that supersaturated solutions ‘can remain-
. ‘

v
A

stable for both CaF, and fluorapatite for long periods of

-~

time without prec1pi£atlon, so that the apparent solublllii
*

-

product can be exceeded without there,belng precipitations
L 1) o %

Nucleation ‘material or an active surface are very necessary

- o .
for active precipitation and for the prevention of super-

saturation.

L g

Hagen (1975) found that the solubility product for

vy

,g'

e

fluorapatite was unaffected by particle spze or solld/solutlon

ratio. His result may have been due to 1ncongruent dlssolutlon

processes, since the Ca/F, P/F, and Ca/P ratios were' all higher

in solution than in the solad.

. ¥

IIT. Surface Studies ’ v

P?3 A number of 1nvest1gataps have suggested that a surface
[

phase 1s formed when apatites are exposed to solution and

that this new mineral phase then controls subsequeﬁt solution-

so0lid ainteractions:

-y

el
Arnold (1950) was one of the first torsuggest that a

§
surface complex formed on hydroxyapatite. He suggested that

o

“h
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hydroxyl groups adsorbed.and were incorporated where columns

of calcmumlrons within the crystal struc;urg were exbosed aq

a

the-surface. This would give a calcium-rich surface layer,

/

hand; Rootate et al. (1962}, have

&

Caj,(RO;)s0H. On the other

suggested a phosphate-defiéleﬁt surface caused by 'the hydro-

»

lysis of termlna}‘phosphate 10ns, giving an intermediate com~

plex, Caa(HPOQ)ROH)z. Deitz et al. (1964) have,admifted that .

*

there is nO%grystal species of this formula and 1t 1s only

> U

. likely to-be an intermedlate. Dicalcium phosphate dihydrate
¥ N A -
(CaHPO, - 2H,0) does exist as a sepaiate chemical crystal and
L] 1} o

"its presence has been noted on ‘the surfaces ,0f exposed hygfb-

xyapatite (Francis, 1965). Dgetz'et al. (1964) hoted that .
I — ,v‘ "

the solubility product for hydrosyapatite varied 31gn%flcant;
/T”\ . B
ly with variation in solidy¢solution ratio. The theoretical

» ®

§ f
Ca/P = 1.67 for hydroxyapatite wastonly attained in solution

» , after an appreciable fraction of the material was dissolveds

°

A L

-

Smith et al. (1974) have also found thHat varylng“hhef :
——— — [~ oty
sdgld/solutlon\}atlo caused-a variation from the predlbtedﬂ§

molar ratidn Of Ca:P of 1.67 in solgtibn when theysolld/

solution ratiq was high. This was especially true when the

-~

ratio exceeded 3g/100 cc.

>

Arnold- (1950) and Rootare and co-workers (Rootare et al.,

[

1962, Deitz et al., 1964) both suggest that the dissolutidn

process 1s most unlikely to take place on the a-b crystal

»

. ¥

I

~



face, whereas Kukura ﬁg al. (1972) suggest-that the a-c face ~

Sa

1s the more likely dissolution site. Sh%th et al. (1974)
éyggest thgt both the a-b and:the a-c faces are suitablé for

dissolution and probably all faces should be considered in ,
» i Iy *

the dissolution process. The, question of which facé 1is the

"
"

most likely éf%gﬁﬁir dissolution could be ﬁart of the multi-

stage dissolution process. The ability of a crystal face té

withstand ssolution processes‘may'be reldted to ,the strength
of the chemital bonds within the crystal and the degree \©f L

4

crystallinity on a crystal face. Both of, these mechanisgs
- L

have been suggested to bée- the cause of the multr-stage dis-
¥

«¥

4 - N
solution of heterogeneous solids. . -

I

The involvement of different Erystal faces 1in the dis-
solution process may also” be caused'%y the presence of cer-
tain 1ons 1in solution. Bell et al. (1973) found that ygen
there was low F in solution, P replaced OH groups in Shan-
nels parallel to the c—afls of the apatate crystal, whe;qgs
at high concentrations of F, replac;ment of OH groups at-
tached to surface calcium 1ons‘al§p takes place.

! A few studies of the actual mechanisms of apatite- /
solution” interactions, pased on zeta potential measurements,
have been made. Somasundaran and Agar (1972) suggested that’

phosphate, hydrogen,, and hydroxyl ions are all potential-

determining ions. The influence of calcium is due to specif-

»
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1c adsorption on the surface. Flucride interactions are
t ~

very complicated due to complex chemical reactions and

reconstruction of the original surface phase. This was

similar to the findings of "Saleeb and De Bruyn (1976).

Somasundaran and Agar (1972) suggest that at high fluoride
7 Vel " o
", concentrations, CaFs férmatlon is likely and the precipita-

tion of this compound, as ‘well as the formation of fluorapa-

tl?e, may cause the animalous behavior of fluoride ,and its
) LY

effect on the’ zeta potential.

Atlas (1975) suggested that a surface phase for apatites =
¢
1s dependent mainly on F and HPO, 1ons.  He found that the

variation in HPOL}= in solution was linear with the variation

- in surface area (solid/solution ratio), whereas the variation
“y

— ‘ in PO, 3 was gefinitely non-linear. He also suggested that
{ -
~ surface phase formation would lead to an apparent multi-stage

.

dissolution process, where the apparent equilibrium 1s in
Lol ] v

re?llty a steady-state process with competing kinetic pro-

-

[ -

‘ées$es anvolving various surface phases, as well as the ori-
grmal bulk phasé, in the daissolution progeés. Roberson (1965,

-

?966f has also suggested that a more soluble surface layer

' ~ existed 1nitially on his apati%es. )
¢ ~ Terjesen et al. (1961) have suggested that "foreign"
1ons inhipit dissolution of low~-solubility carbonates by

é¥qmot1ng the rate of reverse reactions. This theory is

* completely different from the crystallizatlonldlssolutlon

[y
o

LK . \
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theories of Burton, Cabrera and Fr?nk, 1951; Burton and

Cabrera, 1949; Cabrera and Burton, "1949; Frank, 1949),
recently reviewed by Davey (1976). They Suggest that the

disgolution process occurs at steps and kinks along a
\

crystal face and that the inhibition of the dissolution
¢

process occurs when "foreign" ions occupy sites at the

o Al

steps and kinks. Thais restylcts the dissolution procéss .
by altering the surface frée enerqgy. Davey (1976) sug-
gested that impurities which are structurally similar to
the crystal components of. apatite (for example, F , r =
1.36A°, OH , r = 1.40A°) may be the most effective in the
inhibitory processes at the kink and step 51tés. Other,
bulkier "foreagn" ions (fo; example, organic molecules)

cause inhibition at ledge sites and are thus less effec-

tive 1n inhibiting dissolution. =

IV. Objectives of this study
/"\\

Extrapolation from data obtained by allowing simple

silutlons to react w1Fh pure apatite crystals, like hyéro—
xyhpatlte, to the behavior of apatites in the marine
eﬁvironment with 1ts complex solutions and even more com-
plex assemblage of SOlldS)ln the sediments 1s Qery,alffl—
cult. Althougﬁ phosphorite and phosphate species are

relatively rare in the oceans, they are important building

blocks in thé’blo%pglcal cycle. Loss of phosphate to the

-

[
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sediments and its subsequent miner zation can be a signi-

ficant part of the éhosphate cycle in the oceans.  This

|

-

- '
study 1s an investigation into the chemical and physical

*

JpProcesses that promote or inhibit the dissolutidn of phos—c

-

. phorites in the marine environment. . ®
v

i \

A number of guestions were proppsed as objectaives of

this investigation: . -

(1)

‘altered mineral surface?

How .rapidly does apéflte achieve a stable raﬁe of dis~

B M »

3
-

solution when® exposed to seawater?
’ 1
What are the effects of solution activity cHanges (due

¥

to chemical reactiong within the confines of inter-

stltlal'water chemistry) on apatite dlsgolutlon from
* w 4 L3 ' - “ :
the point of view of (a) the so%ytlon (b) the solig?

' . 1 ’
What are the effects of tempeXature ,and pressure on
1 v

»
4 H

dissolution?

’
"

Whathklnd of élteration of the mineral surface occurs

a ¢

when 1t 1s exposed ‘to solution and how extensiwve. 1s this

g ‘ L &
alteration?

)

How can the physical and chemical environment be re-
bl N ®
lated to the form, extent, and composition of the
"

4

1 B N ‘ ' . t
What ‘time scale 1s involved 1n the surface alteration

a

and what are the effects of the alteration on the tihe

scale of daissolution?



. Environmental effects are very impgrtant in investiga-
tions of marine geochemical cycles. Th%ory may predict the
dissolution of a mineral Whlch 1n reality undergoes no dis-
solutiom— The alteration of the original surface may be thé
"missing laink" in this debate. Alteration of the éurface of

apatite may be related to ‘the stiong ability of apatite to

B

concentrate uranium and trace metals from seawater. o

L)
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I. Materials ) ’ ) .

. (e

Reagents used were supplied by Fisher Scientific, ex-

cept for the NaF (BDH Co.) and the LaClz (Anachemia).

!

Calcium and magnesium standards were prepared as di-
lutions from stock 1000 ppm solutions (Fisher).
Theilahq\apatlte samples were purchased from Ward's

Scientific. The marine sample was a generous gift from

¢

Dr. A. Soutar of the Sérlpps Institute of Oceanography. The

sample was part of a dredge haul from the Peruvian upwelling

!

zone, 19°30'S 70°20'W, 128-132 m of w r. The rock samples
were crushed by a mechanical jaw crusher and sieved to the )

desired size. The samples were carefully washed with de-

ronized water before exposure to the solutions. -

- *

The seawater was plped.}ntOUthe laboratory from a section
of Halifax harbour and passed through a series of flltérs.
The chemical characteristics were: salinity: 3.1%, Ca: 9 x

1073M, Fs 2 x 10 5M, tot. phosphate: 2 % 10 °M, and, pH about

7 - 9 . p £ ¢
II. Apparatus , ’
A. Pressure System “

£
g o

In order to simulate more closely the type of environ-

mental conditions which could affect phosphorife solubility,

&

a system in which seawater could react with phosphorite while®

8

-
L]
[
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the total system was under pressure was constructed (Figure

- [
+

EL).

' A pressurized §teel cylinder was immersed 1n a constant

-

temperature bath %5-6°#). Temperature was monitored by means

of an i1ron/contarftan.thermocouple inside the cylinder.®' Pres-

¢

sure was transmltt%d by 01l (Voltesso 35, Imperaial .01l Ltd.)

i -

from an air-driven pump. Pressure was monlitored by an exter-
4 t

nal Heise gauge, 0-1200"# 1 Atm. The stainless steel fittings,
‘cylinder, gauge and‘pump were purchgsed from High Pressure

Egp., Erie Pennsylvania, U.S.A.; fittings for the systems

’ o

inside the cylinder were either stainless steel Swagelock com-
¢ -

pression fittings or Chromatronix (Spectra-Physics) plasﬁlc/

s

teflon fittings. ‘

-

The reaction system consisted of a collapsable Cuqﬁtalﬁer,
purchased from Cole-~Parmer Ltd., as a solution reservoyilr,
connected to a column of material by a length of 1/16 ain. ?.D.
Teflon spaghetti tuﬁlng. The column was constructed from
polyethylene tubing, 18 cm x 1 cm I.D., plugged at eaéh end
by glass wool and a rubber stopper. The‘column was connecte@'

. to a high pressure control valve on the outside of the pres-
¢ L4

sure cylinder by a length of 1/8 in. 0.D. stainless steel

tubing (thick wall). 1In'normal operation two identical sys-
tems were used simultaneously. . ’

L]

As effluent was removed tHrough the control valve, the

pressure within the cylinder forced liquid from the reservoar

3
'
- - .
! ¢

Kl {
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°‘up ainto the column. The first l.cc of effluent was dis-

carded as this represented liquid sitting in tubing between

*

Jthe control valve and the top of the sediment column. Ef-

L4 » o
fluent was removed as two io cc samples, at a flow rate of, -

- °

. less than 1 gc/min. With the size of material and the flow
rate used, no in-line fil#¥fation was found necéssary.

During solution samble withdrawal, the pressure and

- s

temperature were maintained constant. Control experiments c

with empty columns indicated that there was no contamination

1 . 4

from the system plumbing. v {

a

* In order to examine the solid surface that hadﬁbeen"ex—

P
~

posed to seawater at varlousahlgh pressures, a new system
’ b
(Figure E2) was devised. In this system short lengths of
[ 4 M “
polyethydene tubing were used, one ag a water reservoir and

the other,as a sample holder. As water was pressed througg

the.high pressure valve on the pressure cylinder, oil could
¥ M

flow into the water re%étvoir through the oper end of the

L 0

o

tube. As more water was expressed, 011l entered’ the sample
holder and coated the mineral samples. During this replace-
ment‘of water by oil, the pressure of the system was main-
tained constant at the desired level. Once o1l had covered
all the m%ner?l éurfaces and there was no more .water present,
the pressure was decreased to 1 atmosphere. In Ehks'way the
surface that was exposed to seawater at an elevatéd pressure

o

was preserved for later examination. Experpments were con-

A ”

P

N L ———— - ¥
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Figure E2:

High Pressure System Used for Study of

Solid Surfaces

o
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ducted which showed that once the surface was coated with

}

o1l no further solution-apatite reactions occurred at any

3

pressure. ‘ ’ .

N

B. Suspended System . \ )

by [ 3 ]

«  The rock samples and the solutions were allowed to come

to temperature equilibrium before mixing. The suspensidns

o

were' generally 5\or lOg/lOO cc of 8-28 mesh apatite. The
suspensions were shaken in 125 cc polyethylene bottles on a

Burrell wrist-action shaker. The 2°C experiments were carried
[

out in a special constant-temperature room, the 25° experi- -
ments 1n the open laboratory, and the 50° tests in a Wilkens-

Anderson Lo-Temp constant-temperature bath.

f

LY 5
A separate suspension was used for' each time “interval.
& e ‘

This gave a 100 cc sample, which after filtration (Millipore

47 mm x 0.45 u) was split into two 50 cc samples for duplicate

(

analysis. For the experiments with alkalinaty variation,

1000 cc bottles containing 50 g of material were:used. 50 cc
¥~

samples of solution were removed by syringe: 20 cc was used
e, -

for regular analyses and 30 cc was used in measuring total

-
COQ. ’

IIT. Analyses ///T”“" \
A. Solution

The effluent from the pressure experiments was collected

i
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J
as two 10 cc samples. The pH for each sample was measured

w

‘ Y, .
immediately using an Orion 801 pH meter and a Fisher pH /

electrdde. The hydroxyl ron concentration was calculated
O 9 {

from this pH and the appropriate K,  (Weast et al., 1967).
Y
The effluent was examined closely and samples containang
- .
solids or oily films were discarded. Samples from the sus-

peﬁs;on system were handled similarly.
A

Calcium and magnesium were analyzed using a Perkin-

Elmer 403 atomic absorp€1on spectrometer with an acetylene-

air flame. The analysis procedures are outlined in the
™ -
manufacturer's handbook (Perkih-Elmer, 1968). Samples were

diluted with de-lonlzeé water, so that the coﬁcentratlons
fel¥? within.the linear response range of the 1nstrumen£
€0.1-7 ppm Ca; 0.05—0.; ppm Mg). The drlugéddsamples con~-
tained 0:5-1% La to erfhiminate phosphate interferences.

The fluoride concentrations were measured with an
Orion fluoride sﬁecxflc—ion electrode and an Orion &1 meter.
The analysas wasqbased on the method of Warner (1971).

#

Inorganic phospﬁate was measured spectrophotometrically

A() o

on a Cary 14 (Varian) spectrophétometer at 885 nm, using the
method outlined in Parsons and Sfrickland (1972).

" Total carbon dioxide was measured only for tﬁ% alka-
linity variation experiments. The Erocedure‘(Cooke, 1976)

involved injection of 5 cc¢ of sample into a flask of concen-

trated phosphoric acid. The low pH forced all the carbonates

~ :
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to COy whggh was then spargéd from the flask by a_ stream of
dry, clean N,. The gases flowed into a Beckman 315L infra-—
red analyzer. The CO, content was monitored as a‘voytage
response on a Hewlett-Packard 34750A digital voltmeter and

5150A thermal printer. Calibrations were based on stock |

I 4
i

solutions of 2K,COj3-3H,O. .
an Ay

In each analysis, §tandards were prepared-and run at the

same time as the samples, so that instrument variations cculd

1

be neglected. ' ;

»

B. Solads ‘“
4

X-ray dlffractibn'patterns wefe obtained usaing a North
Amérlean Phillips goniometer with a‘cppper Ko source and a
nickel filter. Most of the scanning electron mlcroscoée work
was done using a Cambridge Stereoscan 600 SEM. Energy dis-
perélon analyses were done Py the staff of the,DREA Sockyard
Laboratory, using an AMR 1000 SEM.

ESCA (Electron Spegtrometer for Chemical Analysis) an-
alyses were carried out on unreacted samples and samples that
were exposed to seawater spiked with 500 ppm NaF, at the
Department of Gﬁémlstry, University of Western Ontario
(MacPherson ESCA-36). Analyses on samples exposed to regular
séawatg; and séawater spiked with 500 ppm NaF at various

\

pressures were performed at AEI Sﬁfentiflc Apparatus Ltd.,
| .



. . 25
s i . .
)Manchester, U. K. Some of the samples sent to Western Ontario
were argon ion-etched, but the depth of etching was not
P - , L

measured. :

¢

Because of thé/relatlve newne§s of the ESCA technique lﬂ
geochemistry, a brief explénatlonlw111 be g¥ven h%fe. A more
detailed discussion can be found in Siegbahn ggwgi. (1967),
Delgass gé al. (1970) and Sevier (1972). In ESCA, more cor-

rectly called X-ray Photoelectron Spectroscopy, the: sample 1is

iy
] 5

irradiated with an x-ray beam of known energy and ejected

%

pﬂotoelectrons from the sample are analyzed in a magnetic or

- L4

electrostatic detector. 1In X~ray absorption spectroscopy,

1)

- 3

”

the sample 1s also irradiated with x-rays, but the’?bsorptlon
of the x-ray beam 1s measured as a function of the i—ray

energy. A comparative diagram of the two processes 1s given

-

in Figure E3. (Siegbahn et al., 1967)."° . :

In the ESCA process, the total energy, hv, of the im-

pinging x-ray beam i1s absorbed by a surface and part of the

energy, equivalent to the binding energy of an electron,

Eblnd' is used to bring the electron from an original energy
level to the Fermi level, thereby "freeing" the electron.

As the ejected electron leaves the surface 'of the bample, 4

certain amount of kinetic energy is lost; this 1s called the

N ,

work function of the sample. As the sample enters the

spectrometer it gains some kinetic energy, and this is called

1

the work function of the spectrometer. Thus the final de-
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1
tected kinetic energy 1is:.

) ‘ o
o

‘B

. ‘ kin hv

- Eblnd - ¢spec - AEchar

°

The terv AEghar (;iways positive) 1s'an additional
. correction terg tP allow for the changg in behavior dgzing
\ analysis of insulator-type materials.
Y An examplé of the graphical output is given in Figure
’ ) R 10. In thas case the binding energy was recorded over
] )gﬁq 0-1000 eV range which.cprresponds to a ilnetic enérgy

, “Yange of 1250 to 250 eV. .,
e #

¢ -
‘ 5

' : A number of peaks are denoted as "Auger“f These are
- produced by a type of radiation less electron transition -

and they can also be used for surface ana1¥51é. In the Auger

.

=
&

o process, an excitation process can cause the ejection of an

n 173

- filling of this inner-shell "hole" by an outer shell electron.
) The energy released during this process, rather Shan being

released as x-ray fluoresence, causes the ejection of anothep

opter-shell\

v
radiationle§svde-exc1tatlon process occurs most likely for
- ~ ! ¢

elements oiﬁ)momlc number less than thirty. For elements

electron, the so~called Auger effect. This *

a -

able de~excitation mechanism. . ,

+

s

The usefulness of ESC?ﬁin surface analysis is due to

v the Tact that only electrons ejected from the top fifty

it
I

o

. /

A h) i
inner-shell electron. Tha\ff-exc1tatlon process involves the

N - { \
higher in atomic humber, x-ray fluoresence 1s the more prob- -+ .
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Angstroms or less of depth are actually éetected, although
»

the 1initial x-ray beam may penetrate much deeper (Figure E4).

»

Sinces each electron withain a solid has a discrete binding
énergy, depending on,the element, the spectrum plot gaives
an indication of the elemental composition of the sol1d. By
measuring changgs!from the predicted position 6f peaks on
the binding energy scale, a heasure of the "ghemical shift"
due to chemical bonding can also be obtained.

Bg}k'qhéﬁlcal analyses were carried out jin the'qeo—

+

chemical laboratories of the Department. of Geology under the

direction of Dr. Muecke. ’'Fluoride anal?sgs'were carried out

4
by the investigator using the specific-ion electrode method

of Duff and Stuart (1970). A complete physical and . chemical

descraiption of the samples' can be found in App§§d1x A.."
1 » °

.
, - - , e
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4



¥ &
g +
~ 3
»
-
\’L*«f" -
~ . - ]
. \ J ” f
9
i ~ "
o 29
w
1
v N P
[ v
s
[
v
* [ “ ° *
IS
¢ '
1 s
PN
a . -

ai ®
v

L3 o -

Figure E4: ™ Escape depth of excited electrons when a

N . Cav " . gurface 1s exposed to X~-ray ‘Photoelectron
Spectroscopy - r, - gk
\- ¢ ' .
4 / » P
& ‘/ o LS - lQ °
@ © - v
P /‘7 ° - ¢ - '
A . s Lt
1]
- “ /
. . . s '
’, s d -
- 7/
4 +
I' 5’
Ea ]
- ?

| I



) . . ) ; ‘»
100 ) o
10) /W .
g , | F('S) Cals)
A - \Y 4 : ve_o
» ) \
_.wl. ATOMIC _..><mmmV o ,
1oL .
. % . - 3 3 A g au
w [ i
- o .
C B - -
0
0. .
._J,.._ IR T ] B N B IRE R Ll
5 0 100 1000 5000

, ELECTRON KINETIC ENERGY (eV)

e o

1

d

&

pes

e



b

RESULTS~

-

-

~
-a

i

0w



w

30 )

-t

I. Solid

A. Reaction with -Seawater at 1 Atmosphere
A,

I. Reaction with Unspmkeﬁ Seawater
] L4

©

The various unteacted apatites have been characterized
physically and chem&cally in Appendix A.
|

The electron micrographs of the marine phosphorite show .

an extremely coarse surface (Figure A3II), with some evi-

dence of the remains of marine tests (Figure A3III). After
exposure to seawater (2°C, 1 atm., 8 days), electron micro-

graphs of the surface (Figure R 1) show the formation of a

4

IHrge number of hexagonal crystals, with some of the crystals

-~

grouped 1in "rosettes". These crystals are similar’ to-the

~. )\
N
S’

Zussman (1966). (1974) has shown electron micrographs
of apatite crystals fr freshly dredged m&rlne.apatlte, but
his crystals we visible at magnlficatlon§ greater than
x 10,000. ‘

Electron (micrographs of Ontario apatite (Figure A3IVO
unexposed, shdqw a "velvety" surface covefed with small shunks,
which are pro? bly the result of the preparation process.
After exposure )to seawater, the surface was cdﬁereqlln small

?

sguare crystaAls (Figure R 2). These crystals are probably
bgtter cyystallized material left behind. when seawater dis-

solved/disorganized, more soluble surface material. '
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Figure Rl:°~ Marine Phosphorite Reacted with Seawater

(1 atm., 2%c, 8 days)
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Figure R2:
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(1 atm.,2°C, 8 days)
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Quebec apatlke had a’ similar "velvety" ‘appearance before

o

.reaction with seawater (Fléure¢A3I d,c), but after exposure

té seawater the on}y gbvious morphological change was the .

>

"weathered" appear?nceﬁof the surface (Figﬁré R 3).

1 ’

-

Béfore éxposure to seawater,  electron micrographs of the
@ 3

’Mexican apatite (Figure A3I, ‘a,b) showed distinct hexagonal

crystals allg‘ed in one direction. y.Various dislocated chunks

; " and needles were considered to be due'to crushing p;ocesses\\
~ o |

’

. . during sample:preparation. The Mexxycan samples, were observed

to have a series of alternating laght and dark bands (Faigure,

’ \
. + - Al), but'no morphological feature in) the electron micrographs
Vo ‘coqld be found to correspond to these struﬁ:s. A "weathering”

. R .
N . effect was noted (Figure R4a) over most of "the exposed surface,

with the hexagobal crystals rounded off and smoothed out.
’ ‘ This 1s 31ﬁ§laf to the crystal dissolution process described

- by Burton et al. (1951), Frank.(1949), andtBurton and Cabrera

s

(1949). ot \

3

On a few locations rod-like crystals were noted (Figure
R 4). These crystals were at first believed to be rolled

sheet silicates, such as halloyEite (Bates et al., 1955).

- '

Furthér investigation indicated that they were more likely to

o

be apatite containing a small percentage of carbonate.

LeGeros et al. (1967 a,b) found that increasing the content

2

- of carbonate changes the crystal mofphology from needle-like

o
-

« R g

@

K
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Quebec Apatite Reacted with Seawater
(1 atm.’, 2°C9 8 days)
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Mexican Apatlte Reacted w1th Seawater
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(1 atm., 2°C, 8 days), A . .
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In #c the small chunks to the rlght of the
tube are hexagonally shaped and believed
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crystals to rod-like structures or to more circular-shaped,

cryst$ls when the éarbqnate percentage content Garled,from
0.5% to 18% (by weight). ) .
¢ ¥ . . - :

u

A.II. Reaction with Phosphate-Spiked Seawater” ) .

¥

@
@

& +

Electron micrographs of Mexican japatite, whlah'had\Qeen
4 ‘
i

expased to seawater:' spiked to give a concentration of 50

&y .

mlgromolar phosphate (1 atm., 2°C, .8 days) (Figuré R 5}, °

it N v

showed the formation of a number 'of plate-like structures

which could be a type of calcium phosphate. Unfor%unately,

It

\ .
ho electron micrographs of the various calcium phosRZates\

have been published, so that exact identification wa not

)

i\
. bossaible through morphological comparison.
A i

N L] ° »

A.III. Reaction with Sejwater of Altered Ca/Mg Ratios

Oqtar}; apatite samples were reacted with seawater,
which had been‘mlxedlw1th artificial seawater (Kester et al.,
1967) to give various Ca/Mg ratios (2°C, 1 atm., 8 days).
Electron micrographs of the five exposed surfaces showéd the
presence of square-shaped crjstals which appehred to have
steps ihto theix centr§sf Electron.dispersion analysis of
¥ B $ the crystals gave essentially the same composition as the .
remainder of the surface. As for the séﬁples“exposed to

regular seawater, the crystals seen are pfbbably the result
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o

of dissolution of disorganized, more soluble surface material.
Rowles (1968) has suggested that high magﬁe51um content in

the supérnantent liquid would tend to cause the predlpltatlon ,
of magnesium-calcium phosphate. Bué, as for the Mexican apa-
tite, no electron micrographs are avallable for comparative
purposes. Figures R 6 and R 7 are examples of surfaces ex-

posed to_seawater of 1/10 and 1/100 normal calcium concentra-

tion, respectively.

A.IV. Reaction with Fluoride-Spiked Seawater

"
The electron micrographs of Mexican apatite surfaces
exposed to seawater of 1000 ppm NaF spike-’ (1 atm., 2°C, 8 days)
showed a large number of square-shaped crystals, 51m11ar'to

the structure of calcium fluoride. (Figures R 8 I, II).

After exposure to seawater spiked to 1000 ppm NaF, a few
rod-shaped srystals wére noted (Figure R8II e,f). These were
not as abundant, nor as long, as the rods seen on the surface -
exposed to regular seawater. The small number and ‘Size sug-
gests that the presence of the adsorbed and/or 1ﬂcorporated
fluoride inhibited the formation of the rods.

Electron micrographs of the marinefapatite that was ex~
posed to seawater sbiked with 500 ppm NAF (2°c, 8 days)

Figure R 9) showed the formation of both hexagonal and flat

rectangular crystals. The hexagonal crystals were similar to

those identified as apatite on the surface of marine apatite

Y



Figure R6 : Ontario Apatite Exposed to Seawater

~

\ Containing 1/10 Normal® Calcium Con-

\

centration in Seawater

(1 atm., 20C, 8 days)
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Figure R7: Ontario Apatite Exposed to Seawater of
1/100 normal calcium concentration in

*Seawater. (1 atm., 2°C, 8 days)
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Mexican Apatite Exposed to Seawater

Containing 1000 ppm NaF

o

(1 atm., ZOC, 8 days)
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Figure RO9: Marine Apatite Exposed to Seawater
Containing 500 ppm NaF
(1 atm., 2°C, 8 days)
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exposed to regular seawater. The rectangular crystals, al-
though not similar in shape to traditional calcium fluoride

crystals, could be a calcium-fYuoro~phosphate compound. The

high pH (8) and high phoéphate content should tend to cause

a preferential formation of an apatite.

[}

N Surfaces of Mef&can‘apatlte whlch had been flrst ex-—
posed to seawater spiked with 500 ppm NaF and then exposed

i . to regular seawater (1 atm., both for elghﬁ day periods) stall

exhibited square/rectangular crystals sgenijn the su£fpce Just

exposed to fluoride-spiked seawater 4F1guré R13) . ‘ ‘

v

Figures R10 & R12 show ESCA scans of unexposed Mexican ]
1 ""B‘A

and Ontario apatites. Also shown are the ESCX Wldescans of

@

\\\ ’ the Mexican, Marine and Ontario apatite surfaces exposed to

PR .
seawater spiked with 500 ppm Na¥. After argon ion-etching of

£

the apatite surface exposed to seawater spiked waith fluoraide,

the ESCA scan for fluoride showed a significant decrease in
A S 8]

peék he€ight. Thas indicates that the apatite has experienced
an uptake of fluoride on the surface. Alteration in the size

of the calcium peaks glso indicates a change in chemical com-

[=) ,

position of thée surfabte.
&

»

N \ »
. ‘ B. Reaction With Seawater at Elevated Pressures '
N b B.I. Reaction With Unspiked Seawater C g

\ \ o

4 L]
| Mex10an, Ontario, and marine apatites Were exposed to

. unsplked seawater’ at various pressures: ¢, 125 atm. (Mexican,

B
- . LN

b
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Figure RI10:

ESCA scan

?a,
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I. Unexposed Mexican Apatite

II. Mexican Apatite Exposed té
Seawater Containing 500 ppm
NaF (1 atm. , 20C, § days)
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Figure Rll: ESCA Scan of Marine Apatite Exposed to
Seawater Containing 500 ppm NaF
(1 atm., 2°C, 8 days)
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. II. Ontario Apatite Exposed to
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Figure R13: Mexican Apatite Pret®¢ated in Seawater .. .
\ Containing 500 ppm NaF Exposed to Regular v
. : o
Seawater (1 atm., 2 ¢, 8 days for each @
period) .
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SQC, Figure R14), 250 atm. {(Mexican, ZSOC,JFlgure R15), 500 \

atm. (Mexican, SOC, Figure RlS); 710 atm. (Mexican, SOC,
e 3 ! W

Figure RlG),"ioob atm. (Mexican, SOC Figure RL7; Ontario,

25° c, Flgure RlB Marihe, 25°, Figure R19) (each redction

for four days). Electron mlcrographs showed dlstlnct rod- ‘*

shaped crystals in great abundance ‘on all the surfaces.
- % £
\ These” were 51m11ar to the 'rod-shaped crystals seen on the
surface of Mexican apatite exposed to seawater at 1 atmos—

phere. The npds were about 4 microns in dlameter and up to .

* °

400 microns long (Figure Rl5c, e). -
'Y I} ’

LN R
ESCA analyses were perfgrmed on Orntario, Mexican (Figure

R20) and Marine apatltes exposed to seawater at 1000 atm. and

&

the Mexican aﬁatlte.exposeq at’ l%ﬁ atm. (Figure R21l).

The analyses of' the Mexican apatite exposed at 1000 atm.,

!

showed the appearance of a Si (2P) peak and the virtual

©

‘dleappearance of the'kl (ZS and 2P) pgeks. There was also

an~1ncrease in the Mg( S and P) and the Ca(js) peaks. The

lncreased concentratlon of magneslum 1nd1cated that 1ncreased

bl

pressure promoted the exchange of magne51um for calc;um with-
Ain the crystal lattice. The increased' magneSLum content would’

yleld a mdre soluble apatite. - - .

\

The Marlne sample showed a' high leVel of Si in the uwe-

o
g

reacted sample and essentially no, change in the reacted sample’’

~

The Ontario apatite showed a loy background of Si, Al and Mg- .

1n the unexposed sample and showed little change when exposé@£~v

to solution. There was some increase in thefCa(3S).»

P - 2 . [

. «
o * v -
( - . s . . .
! . N e 3
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Mexican Apatlte'Exposeduto’séawater with
the System at 125 atmospheres
(5°C, 4 days) .
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Mexican Apatite Exposed to Seawater
with the System at -

250 atmospheres (2‘.§°C, 4 days) a - d
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Figure R16:
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Mexican Apatlﬁe Exposed to Seawater with
System at 710 atmospheres (5°c, 4 days)
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Figure R17: Mexican Apatite Exposed to Seawater with
the System at 1000 atmospheres (5°C, ’ days)
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Figure R18: Ontario Apatite Exposed to Seawatern
the System at 1000 atmospheres (5°C,
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Figure R19: Maraine Apatite Exposed to Seawater with

the System at 1000 atmospheres (5°c,. 4 days)

N =

The large crystal in I#, and ,more closely
” N . . .
shown in Ic and d is similar to crystals seen

in unexposed samples of marlnelapatlte.‘

R Note 51m11afi£y to crystals formed during

"

experiment /lower seection Ia, also II)
!

* ¢

ot RN A AI T, AR il T . .



Bnamprute

wr



&




A

. e
LY
f\ “g/ '
£
i . R \
1 -
.
. . t -
. i : Cu , /7
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- o ‘ .
. Atmospheres (57C, 4 days) .
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The ESCA analy51s of the Mexican surface exposed to sea-

water at 125 atm. showed less uptake of Sl or Mg than the

surface exposed at 1000 dtm., Pressure obviously promotes ex-

. change and other chemical reactions. The change in the ‘peak

°

si1zes for the 1ons of the apatite crystal indicates a change
in. the bonding and composition of the surface layer .examined

by the ESCA, that lSt alter?tlon of the apatite 'surface when

, .
exposed to seawater occurred.

Energy' dispersive analyses of the rod¥haped crystals

- [ R

: andicated a high' Si content, but a complete quantitative an-
I L J

+

alysi's was not_ possible. =

. ) _ . ) \
B.II. Reaction with Fluoride-Spiked Seawater ’
s ¢ .2 3,

-
t 1

. *samples.,of Mexlcaﬁ apatite were exposed to seawatar

spiked with 500 ppm NaF at various pressures: 10Q0, 710, 500

. ‘“and 128 atm., for,four days at 5°C. Electron mlcrographs.

o §
e (Figures R22 23)of the surfaces showed no square~shaped crys-

. tals similar to those seen on surfaces exposed to fluorlde—

*
S -

spiked seawate} at 1 atm. However, a small number of rod-like

crystals weie observed. As with the 1 a;m. results, the

/

«, rpds were small in size and in number, Oo&y thfée rods =

were observed on, the Mexican apatite exposed to fluorade-
o« . )

spiked seawater at 1000° atm., compared t® the very large

- number observed on, the surface exposed to unsp%ked seawater.

\\\ ' The absence of square-shaped ®rystals could be due to their

o~ - . . 5

h -

<

. 8
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disdolution under the effects of hlgh pressure. The pres- - ¢
[ i v

ence of the”hlgh;conb?qpration of fluoride rn soluti poul? ’ %
also haye créated coﬁdltlons Wthh«lnterfered ;lth the ) ;, ' T,
?i%ormatlon Qof the tub'ular crystals.’ °/ | > o | 1 i |
! ESCA gnalysés of the Mex1ca£6apa€l£e exposed to/gluorldé—“ KX
spiked seawater at 1000 éFlgure R24) ahd 128 aém. (Figure R25) . v
A

i
showed that theréjwas }ess tendency for the surface to take up

T o t »

S1 or Mg compared to the surface exposed to regular seawaté&
/

¥ > o

- o ! ‘ ®,
at pressure. The fluoride concentration on the surface in~ “
‘ @ o © .
creased significantly. This i1ncreased ceoncentration may have . g
@ R ™ , N
inhibited the uptake of other ions from solution. This' can ,
9
' -t ‘8

also be seen lnlﬁhéhelectrdn micrographs, where the rod-Zlike ~ /

» +

a4 )
structures seen on the surfaces exposed to regular seawater .

. 2 -

were gre!tlyoreduced in frequency of appearance on the sur-

L

face exposed }o the fluoride-spiked seawater. ' o ’,
. . N { ff
II. Solution . ‘ ! v
~ R {
A. Pressure Variations . .

A.1. Reaction with NaCl Solutions

>

As described in the Experimental sectio NacCl ‘solutions
&

-
N 4

were allowed to reéact with three apatite xigam, Ontario,

and, Marine - while the system was maintaine gh pressures

(30-1000 atm.) and low temperature (5—63C). Affer a suitable

reaction time had elapsed, the reacted liquid wag removed,
filtered, and analysed. Graphs of the solution concentrations

é

{
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Figure R25: ESCA Scan of Mex1can'Abat1te Exposed to
.  Seawater Containing 500 ppm NaF with the
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v~ -
as ar function of pressure variation are given in flgures
(R26-28) . Excépt for the case of the hydroxyl ion concen-
tration, good least-squares linear correlaélons were ob-
tained for the concentration vari 1oﬁ as the pressure was
both increased and decreased. Singe pH was not measured
within the high pressure vessel, but was me&sured after the
liguid was removed, the hydroxyl 1on concentration repoerted
1s only an approximation of the concentration that actually
occurred at that pressure value. .

Sodaium chloride solutions were reaqted with’ the apé;

v
tites undgr pressure to pravide a comparison with effects

2 o

tites under pressure. The sodium chloride solutions had

that were Observed when seawater wa;zxeacted with the apd-

approximately the same 1onic strenéth as the seawater, but

because neither sodium nor chloride ions 1on-pagir to a
significang extent, a reasonably clean picture of the effect

of pressure on apatite solubility should have been obtained.

¥

AII.Reaction with Unspiked Seawater .

)

§

In an experimentally similar manner to the reaction of

NaCl solutions with the apatites, seawater was allowed to
react with fresh samples of the same three apatites. Graphs
of the solution concentrations as a function of pressure

variation are shown in Figures R29-R31. 1In the cases of the

Mexican and Ontario apatites good least-squares linea® cor-
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-

decreased, were obtained.

The variation of total phosphate concentration” in solu-

[N t

tion with variation in pressure, as 1t was both intreased

and decreased, was found to have a good linear least—sqafres

-

torrelation., However, for the cases of the fluoride and .

T

calcium concentrations, i1t was noted that the linear vari-

ation in concentration as pressure was increased was differ-~

.

M .
ent from the linear variation as the pressure decreased.'

This variation in response to pressure chaﬁé%gvcoulg be due
1

td the presence of CaCO3 within the marihe apatite. The

response of the carbonate to pressure changes could interfér

- . ¢ .

. W}th the phosphoritenfesponsé and Mask the "true" appareh£
, ?' ) % ’ .
dl , .
4 >

L o
' i

Aﬁﬂj; Reaction with Fluoride-Spiked Seawater .

3

solubilaty.

L)

As described previously, seawater spiked with 500 ppm
. —

Y [
NaF was reacted with marine apatite as, the system was maik-
tained at high pressures. Graphs Of solution concentrations
) ) -
as "functions of pressure dre diven in Figure R32. Reasonable

W
least-squares linear' correlations of concentration to pres-
»
- L4 l('

sure varlatfﬁﬁ, ag pregéuré was botQ'lncreased and decreased,

were obtained. . 1
Y L ]

A.I1IV. Comparison of Reaction Solutions .

Comparative graphs of the response of total phosphate

ry

{

”

¢

~
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S
The Effect of Pressure on the Dissolution
of Apatite 1n Seawater Spiked to 500 ppm
< NafF (5-6°C)
‘ k -Y *
((\ Figure R32: Marine
B : increasing pressure
. " ®: Cecreasing pressure
; ) ¢$: common point )
Line 1s least-squares linear regﬁession.
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L3

» concentrations in NaCl and §eawatér solutions td pressure
variations for each of the three patltés are given in e
ﬁigure R§3-R35. Although the common ion effect predicts
that the solubility should be greatly decreased in séawater

1

¢compared to NaCl solutions, 1t can be readily seen that Fhls
1s not the case. It 1s ostuiated that the effect of 1ion-
pairing in seawater w1th9;3&/constltutent;, especially the
phosphate and fluoride species, contributes to the incgeased

@ ' e
solubility in seawater. This will be more fully dlscu%sed

in the Discussion section.

B. Temperature Variations . .

'B.I. Reaction with NaCl Solutions

|

I
|

The solubilities of Ontario, Quebec, and Mexican apatites
were determined in NaCl splutions at 2° ana 25°% (l{atm., 8

° ®

days). The graphs of concentration v§r1a£ion as a function
of time for the éwo temperatures are shown in Figures R36-R§8,
In each case the éolubllltyigt 2° was greater than at 2?°C.
Thié followsdthe pattern predicted from the results of Kramer

(1964) who gave a value for a solubility product constant in

seawater of 103 (5°) and 105 (25°).

B.II. Reaction with Unspiked Seawater

1
8
The solubilities of Ontario, Quebec, Mexican,'and

a

Florida apatites were tested in seawater at 2 and 25°%¢ (8 !

4

- TN e e R o e s ot o b ok 1
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Comparison of the Effect); of Pressure on the

Dissolutidon of Apatite 1

SeawaE;r to

Dissolution in 0.65N NaCl Solution (5-6°C)

Figure R33: Mexican Y
R34: Ontario
R35: Marine '
B : seawater
A : 0.65N NaCl Solution

<4 ©

(13

L 4

seawaters

0.65N NaCl Solution

seawater

0.65N NaCl Sqlution

o

increasing pressure

decreasing pressure

common points
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+ Effect of Temperature on the Dissolution of
Apatite in 0.65N NaCl Solution (1 atm.)

Figure R36: Ontario '
R37: Quebec

R38: - Mexican
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L

vs, 1 atm.f, The graphs of conentration variation versus
timé are given in Figures R39-R42. The small differences
in solubilities over the fairly large temperature rahge‘are

.similayr .to the small dlfferepces in Kramer's data °(1964).

14

B.ITI. Reaction with NaCl Solutions at High Pressures

v -

.To test the combined effects of temperature and pressure,

]

the solubility of Mexican apétltg in NaCl solution at 5° and *
14°C‘over the pressure range 30-1000 atﬁ. was meaéured. The
‘results for total phosphate are given in Figure R43. Unfor-
tunately, the experiment had to be terminated for othér 9
reasons as the pressure was being decréased in the 14°C run.
Howevér, the two.temperapurq curves do‘spow a sagnificant
) difference. In each temperature case a good least-squareé
llnearﬂcorrelatlon of total phosphate wvariation with pressure
varlation was obtained as presi?re was ‘both increased and de-
creased. The experiment shows that although a general 1n-
crease in solubilaty wlth increasing pressure can be predlcted,
other effects can alter thlS pattern. From the results pre-
\~' sented here, the effect of an NaCl solution of 5°C, 100 .
. atmospheres is approximately equivalent to an NaCl solution

of 14°C, 500 atmospheres.

T

C. Common Ion Effects in NaCl® Solutions
A
. Spiked NaCl Solutions .

~ In an effort to separate the combined effects of common

i
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Effect of Temperature on the
Apatite; 1n Seawater (1 atm.)
Figure R39: AQntario

R40: ' Cuebec -

<

‘ R4l: Mexican -
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Comparison of the Effgct(of 'I‘empfrature
B ‘ combined Wwith Q{ Effect of Pressure on the
. Dissolution of Méxican Apatite in 0.65N NaCl

< - M
w e Solution * .
& © 4y o 8
* . a 1Y ,
Figure R43 . . .
a - v ,
, LN 4 .: decreasing pressure o
. /| ‘ .~ 5=67C o
. ° ® : 1increasing pressure
< o ° OQ ‘ . A ‘
. M: 14°C (increasing pressure only),
: ‘ '.
- Laine 1s least-squares linear regression
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>

i1ons found 1in seawater, apatite solubilities were tested in

14
b

Naél solutions (1 atm., 2°C, 8 days) containing concentra-
tions of various common\lonsa calcium (10 “M and 10 2M),
phosphate (SQ mic;omolar) and fluoride (5 and 1000 ppm) .
The common 10n splkeE were chosen to be reasonably
repre%entatlve of upwelling zone pore water cohditions.
Sholkovitz (1973) has reported a decrease 1in calc1uma;1th N
depth in the sediments' of anoxic basins. Beth hé and Burnett
(1974) have reported an increase of/phosphate ;Zth depth from
the normal seawater concentration of about 2 micromolar to
above 50 micromolar within 15 cm of sediment. Shiskina et al.

M ®

(1973) have reported interstitial fluoride’éoncegtrétions of
' ' |

11 ppm 1n Peruvian upwelling zone nts. The very high

level of 1000 ppm NaF was chosen to induce substantial reac-

tion wit@i relatively shart periodg of time. . :
Addifion of 30 micromolar pho pEate (Figures §4§ & R46)

depressed Mhe solub1¥1ty of Ontario apatite in terms of total

phosphate ‘and to a lesser extent in terms of calcium. This

15 similar to the effect seen by Dedhiya et al. (1973, 1974),

who noted a decrease in solubility of hydroxyapatite in 0.5 N
NaCl, pH 4—% solutions when 10~ iM phosphate §pikes were used.
Addition of 5 ppm NaF (Figures R47 and R48) caused a

decrease 1n both total phosphate and calcium levels for the
Quebec and gntario apatites. The fluoride concentration in
the spiked solution for the Ontario apatite remained relative-

o '

) L} ~
\
¥ \
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Effect of the Addition of Common Ions on the
Dissolution of Ontario Apatite in 0.65N NaCl

Colution (Zod, 1 atm.)

[}

Figures R44 — R46

A

O

0 « @

..

.

[

unspiked 0.65N NaCl Solution

spiked to
spiked to
spiked to

spiked to

10"%M ca

107%M ca

5 x 10_5M phosphate

1000 ppﬁ NaF
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- ) \‘
Effect of Addition of S5ppm‘NaF to the .
Dissolution of Apatite in 0.65N NaCl
Solution (1,atm., 2%y
Figure R47: Quebec - B
R48: Ontario .
A : unspiked 0.65N NaCl Solution ‘ ‘
A : spiked to 5ppm NaF '
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ly stable, while the level 1n the regular NaCl scolution
1ﬁcFeased, 1ﬁd1cat1pg an input of 1on into the solution. On

]

the other haﬁa, for the:Quebec apatite theqe was no uptake

-

- of fluoride, and to a ledser extent calcium from the spiked

LY

. solution, ,while the fluoride ievel in the unspiked solutaion

£

"remained falrlyiconstant. These decreases might indicate

a i
the pre01p1tatldm of a CaF, phase, since the solubflity pro- \\.
4 * ¥

e duct 1s approximately fequaled in the Q ebec case after about
! one day. For bath apatites, a stable”Yate of dissolution in

fluoride was achieved after about elgh days, as the fluoride

!

‘ level in the splked and unsplked solutlons was about equal

i

at that time. The difference in the fluorld behavior of the °
¢ two apatites can be explained in terms of their bulk fluoride
content (Appendlx A, Table Al).

I3

The 10 “k and 10 2M ca101um spike %olutxoas~(F1gures
R45/46) both caused significant decreases 15?35ta1 phosphate -
for the Ontario apataite, but fluoride was.,only sllghtly de-
creased. The calcium variation for the 10 * solutlon was
about the same as for:the unspiked tion, w?ereas the 10 2
solutioa showed a decrease 1in calcium with time. The degrease .
1n phosphate and calcium indicates the precipitation of a cal~
cium phosphate, but high levels of calcium are '‘necessary pe—
fore this prec1éltatlon could take place.

The NaCl solution spiked to 1000 ppm fluoride signifi-.
cantly reduced the solubility of Ontario apatite (Figures

R44/45) 1in terms of total phosphate and calcium. There was
: /



<77 :
~ 1

-

a decrease with time 1in gfrms of fluoride and to a lessar

\ ~

extent calcium. Thls uptake of fluoride by the QOntario

apatite 1s interesting in light of the perfo;mance seen 1in

. the 5 ppm NaF solution (Figure R48). ‘Ob61ou%ly a new
Yoy

fluoride-containing phase 1is precipitating out rapidly and

a

. * this new phase as 1nterfer£ng with the dissolution process,

as representéd by the total ph%§phate concentration.

“ a
<

R K [ ' [] s )
) C.II. Comparison of Solubilities i1n NaCl and Seawater Solutions

.
“ - - 3

. Figures R49-R51) show comparisons of solubilities of

) * )

) Mexican, Ontario, and-Quebec apatites in NaCl and seawater"

! ;
. solutlops (1 atm. and 2°C). ‘ o \

L
[y ¢

In the case of the Mexican apatite, solubility was signi-
N \ ]
ficantly less in seawater than in NaCl solution. The high

background concentration of ca{gyﬁm 1n seawater tended to mésk‘

-

any changes in the solubllxﬂ§f . -

]
¢ ‘

A similar, behavior in terms of total phosphate and cal-

cium concentrations was noted for the Ontario apatite. The

-

exception here-1is the fluorrde concentration. The variation
of fluoride with time for both NaCl and seawater solutions
was similar and comparison to the result obtained W1th the

NaCl + 5 ppm NaF indicated that in both the NaCl gﬁd seawater
b
solutions the high fluoride concentration in solution was the

.

&
stable rate (1in terms of rate of dissolution) case. This is

N reasonable in terms of the high fluoride content of the bulk

@
»

solid. y

s
0

©
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In the case of the Quebec apatite, the solubility in
both the NaCl and seawater. solutions was very similar. This
indaicates that the alﬁératlonqof the original surface phase
on the apatite, due to exposure to seawater, must take aqfalr'
length of time (1.e., greater than eight days). The two .
other apatites formed aytered surfaces much faster, when ex-
posed to seawater, but the composition oﬁ the newly-formed
surface was strongly dependent on the original composition of

the apatite.

D. Reaction WithfS@gied Seawater

D.I. Phosphate-Spike

Dédhlya\gz al. (1973, 1974) have found that phosphate
concentrations 1n‘§xceés of 10-3M decrease both the rate and
#the degree of dissolution of hydroxyapatite in 0.5 N NaCl
solutions. In these experlménﬁs, (Flgurgs R52, R53)¢phosphate
ievels that could be expected 1n anoxic pore waters, similar
to, pore water concentrations of the Peruvian upwelling zone
(Burnett, 1974) were used. These were several times phosphate
levels found in seawater. Both the Mexican and Florida apa-
t;tes showed no change from the behavior for unspiked seawater
at 1 atm. and 2°C. Saince $he initial phosphate levels are
about two 'orders of magnitude below that of Dedhiya et al.
(1973, 1974), laittle effect on the solublllty‘was expected.\

At pH 8 1n seawater about 90% of the total phosphate

“exists as (HPOQ=) and about 9% as (P04_3). Only about 30% of

4
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Comparison of the Effect of Phosphate

Spikes on the Dissolution ofi Apatite in
Seawater

Figure R52: Florida

R53: Mexican .

k) -
$ : seawater spiked to 2.5 x 10 SM phosphate

'

-5
{$ : seawater spiked to 5 xklo “M phosphate
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. pairing in seafhter. Therefore,'in order to decrease the

. 81 ) . '

tHe (HP04=)-exlsts free 1n solution, the remainder being
ion-paired, and only 0.01% of the (P0q~3) is free, the"rest -
being ion~paired (Atlas, 1975). 'These values indicate that

the phosphate spike was essentially neutralized by ion#

solubllléy of apatites, much higher phosphate concentrations

that even those found 1n anoxic pore waters of upwelling

-

° ! - °

zones 1s needed.
3 Pl »

. . , /*
D.II. Low-Fluoride Spike

Theiéolublllty of Florida apatite (Figure R54) 1in sea-
water spiked with 0.35 and 3.5 ppm NaF was determined. The;e :
was essentially no difference between'the behavior of thé
apatite in the two spiked solutions and that found in un-
splkedﬂseawater. McCann (1968) has noted that solutions high .,
in pH and with low fluoride.content do no? exceed the solu-

bility ‘product of CaF,. The fluoride level in the more con-

centrated spiked solution remained essentially level. .

\

D.III. High Fluoride Spike

The solubllltles\§§ the Mexican (Figure R55) and Ontario
(Figure R56) apatites an sea;ater spiked to 100 to 500 ppm
Naf (1 atm., 2°C) and those of Florida (Figure R57) and .
Marine (Figure R58) 1in 500 ppm NaF spiked seawater were de-

termined. These fluoride levels are very high in comparison
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Comparison of the Effects of Low Level

Spikes of Fluoride on the\Dlsséiutlon of

"Florida Apatite in Seawater (1 atm., ZOC)

Figure R54
% * A H
v ‘ :

e NP REIAS 2 SS s

PP ——

spiked to 0.35 ppm NaF

spiked to 3.5 ppm NaF
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Comparason of the Effect’ of Flgh Levels of
Fluoride Spikes on the Dissolution of
Apatite in Seawater (1 atn., ZOC)

Figure R55: Meklcan
R56: Ontario !
R57: Florida

: R58: larine

'Y

unspiked seawater

spiked to 100 ppm NaF :

» D B

: spiked: to 500 ppm NaF

[
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to normal: seawater levels (v 2 ppm) or even to interstztial

Peruvian upwelling pore waters of ~ 12 ppm (Shiskina et al.,

.

1972), but tﬁey;areﬂgeasonablc in light of the report of
Simpson (1969) who found that fluomide levels of 102 - 103

times normal seawat/ei? were necessary to preciputate, in‘ lab- .
oratory exgeriments, a solid phase identifiable as flg;rgﬁatlte.

In each of the 500 §pp experaiments, there was a ddcrease

in fluoride coupled with a slight decrease in calcium

Atotél phosphate was significantly reduced.\ If we take\the
wtotal phosphate concentration to represent the solubili
the apatite, then the addition oﬁ the 500 ppm NaF §pike
a s1gn¥fic§nt decrease in :;atlte sblublllty."McCann (r968)
. 1 ,
when the fluoridé¢ level was 5 ppm,

s

found that CaFQ would precipitate fgiﬁ solution at pH 7.2
wever, low levels of

phosphate 1owéred“the maximum pH level possible for CaF,

¢

s precipitation from a 5 ppm solution. This decrease 1g~the
maximum QQSSLble pH beqé%%e of phosphatglxnterference may be

_the’cause of the essentially level fluoride variation for the -

4

' 4 » N o ) ‘
* 100 ppm solutions. Fafr and Elmore (1962) found 1h theirx

study that an 'some cases'supersaturation ¢f CaF; was possible

#

and that thas ﬁg%é—stable situation lasted for longer than a

$ ~nY
.
$ . . PO
L
s :

’ 3

year.

v
' »

A shudy;cf the effect of hlghér temperatures on the .

-

kinetics of the Ontario apatite expésed to aeawaﬁer spiked '

Y \ 4 . [ %', °
with 500 ppm NaF was made (Flgure’R59).v/The tests were car-’
™ t

. 1
Al »
; e - L.
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‘
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Effect of Higher Temperatures qgmblned with
the Effect of a 500 ppm NaF Spike on the’
Dissolution of Ontario Apatlte)ldn Seawater (latm.)

\}
AN ~ \ 1 \
Figure R59 oo .
0 O ~ -
At 257°C
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¥

ried out at 25° and 50°C and 1 atmosphere. The increase in

\ temperature significantly reduced the solubility of the \ :

apatite (in terms of total phosphate) compared to the results
obtained for the spiked solution at 2°C and the unsplkéﬁ
so}utlon at 25°C. However, the increase in temperature did
not dppear to cause a faster precipitation of CaF,, as the
flgsrlde variation for the higher temperature experlméhts

9 was essentially the same a; for the £°C experiment. Simpson /
(1§69) has found that very ﬁlgh fluoride' concentrations were
necessary for the formation of fluoro-alkali apatites and

that apatites formed above 30°C lacked good crystallinity.

D.IV., Variation of Ca/Mg Ratios in Seawater
N a ! f
/

Martens and Harrass (1970) found that theﬂkagnes1um con-

-

tent in seawater prevented the formatlon of crystalline apa-

tite through the replacement of magne51um for calcium withan

the crystal structure. Simpson (1966), Bachra et al. (1964)

o and Temazic et al. (1975) found that the presence of magne-
sium encouraged Ehe formation of ;h amorphous calcium phos-
: phate, pOSSLblyaocta—calcium phospﬁate, rather than crystal-
\ N line apatite. To test the effects on dissolution and to

examine the type of surface phase, the solubilities &f Ontario

¢

apatite in seawater/artlflclal seawater (Kester et al., 1967)
mixtures grvaing Ca/Mg ratlos of 0.03, 0. 003 2.5, 5, and 10

(1 atm., 2°C) (Figures R60-62 were determingd).

- . \
. [

¢

v

1
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Effect of the Var‘latlon 1n Ca/Mg Ratios on the
Daissolution of Ontario Apatite in Seawater
(1 atm., 2°)

Figures R60 - R62

" &: Ca/Mg = 2.5
O: Ca/Mg = 5 \
®: Ca/Mg = 10
: O: Ca/NMg = 0.03
v: Ca/Mg = 0.003
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a In the:cases of low calcium levels {Figurés RGGUE%}
/ there ‘'was a decrease in the rate of dissolution compéred

o
[3

’ LY * - “~ A
<jﬁ3T . to the rate in Xegular. seawater, but 'after 8 days the
. \ .

# N - \
T\\y,«k;::>‘” phosphate and fluoride levels. were aAout the same as in

the r%gular seawater experiments. No chanbe could be seen

- - En\fhe magﬁg;:;; levels.
i

. . < +» In the low magnesium expeﬁsments (Faigur 61/62), .
¢ ~ -~ ¥ -
' +total phosphate was 51gn1f1cant%y reduced cpmpared to re-

A .

-

gular sedwater experiments. This indicate

- -+

ence of magnesium tends@to promote disgol tlgg of apatite,

that the pres-

o * .

_possibly through the formatlon‘df strong ipn-pairs with the
\ 13

phéspgate spe01es“and,fluorxdei The initza}. solid reaction

o5

: méy be the exchange of magnesium for calfci or the 1n%ro—

J

7 3

~ . - N * .
ported on the format}oq of a mggnesium—Eo taining amorphous,

- & e .
“ t -

?
» . phase. . . .
i 3
Y i N w‘\»’ v v
y D.V. Variations in Total-.CO; P " -
Lo ¥ - 1l ‘s -
s ’ b =
, Since some apatites are known °to ‘contain carbonate
v o>
& |

within the apatite sttucture (McConnelI,lQ?%); variations,

+ S - \\ N
{ 1n the carbonate content of the sedwater may, effect the

‘ a

M - - ta
solubility. There was a ghange in éxperimental procedures

A s .
v
s &

) 4

by

X [Y » » S
here, with E}e use of 50 g samples in 1000 cc solutions,

.
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- . / \ . -
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B
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11 atm., 2°C;. Ontario (1.70 wt.,: CO_ ) {Figure R63/64) and

o~ ?‘ \ Mexican (1,16 wt. % CO:-L(Figure R64/65) were used.

Variations in TCO_ for' both the Mexican and Ontario

\
A

apatites showed essentially no change over the‘length of

time of the exéeﬁlment. However, the strong changes in the \
OH, content indicated a change in the speciation of the car-
bonate species 1n soclution during the experiment. If a
®arbonatefapatite phase did form durlng'lhe early stages of
reactaion, it was likely to re-dissolve rapidly, because of
tﬁé weak carbonate linkages within the apatite structure
(LeGeros et al.}! 1967, a,b). Simpson (1966 b) found that in
the presence of‘small améunts of chloride of fluoride, even

’ ‘ large quantities of CO: 1in solution are likely to yield apar

tite rather than other calcium phospkates. -~

.

../""ﬂ

E. Pretreated Apatite Reactions with Unspiked Seawater

*

E.I. Pretreatment in Regular Seawater

©

’

«2‘ \ If a new sufface phase 1s formed when an apatite 1s ex-
. .. é&sed to seawater, then subsequent exposures to ééawater
o . ) Co
4 shbuld show a difference in the concentration chaﬂges in
. sglution relative to the oraginal seawater.
‘n
- el s

‘ . Figures R66-68 1llustrate changes in solution when an
/. s ; “ ’
,a atite~%s repeatedly re-equilibrated with fresh seawater.

i . <

- 3 . .
_— . « Mexican, Florida and Marine apatites were used and each ex-
o peraimental period lasted eight days (1 atm., 2°C). Y
\‘( Y *
- ! %e 8] 2 * * o
o . N
y L  C '
32 2 - by \
\‘.)b ,' .
" 1 > v *
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L1

Effect
on the

Figure

-

g4

of Variation of Total CO2 in Solutlion
Dissolution of Ajatite in Seawater

R63/64: Ontario

R64/65: Tex1can

.

: High Concentration TCO, o \
: Uésplked Seawater Ontario
: Low Concentration ':I‘CO2
;, High Conéeﬂtratlon TCO2

Unspiked Seawater . Mexican
: Low Concentrata.on“TCO2 ‘
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Effect of Pre-Exposure 1in
Dissolution of Apatite in

'

Figure R66: Mexican

A

R67: Florida'
‘ .
R68: Marine
L2 . )
*
Mexican
First Beriod A -
Secoqd Period ] ‘
- .-
Third Period A ‘
.. o
E n
. i )
x r‘ v
- -

1
v +
)
1
»
\
.
., ’
\ 2
-
v
I3 .
\ .
A ~
'
Fed
ot w -
N
[} 1
\ .
- ‘4 \ o N
A .
‘a \
9

Seawater ‘on the

Seawater (1 atp‘{ 2°¢)

-

Florida Marine )
¢ B v/ o
S v
o O
- . L]

b s o Rl



FY 4

°\

i

v

“ 2 *
E.
2
v
<
,
\
¥ 13
A} * ~
'
* .
AY t
s
H
N
4 ~[
{
.. . L .
. "
P_IL NS I ° wd et}
* ?
[~ § ¢ * '
. .
¥ A
[ B -
] R e
L &
< /'f e
Lot . - -~
- s ,
o B o o
N o dISee o L .
r \N“ At P |
« u -
Aem LR . D TS + et oot + e s o4
341 = = ™ [+ (-] (-} S i 'S -1 -- - - I- T}
i4
14
1’ TIME < DAYE >
.
. & '
5 ‘
- ‘
am] W = 3
¢
. [ Y L
= <
L [} L
l . ¥
% |-~ 5 3
i | .
- \ .
& N2 : -
- w1 -~
) Ty e
= T ki oy b
& > (=] [
' »
\ 4 4 »
4 T I MHME, < DRARYES > N v
. -
ik o L]
v
- - ; [
¢ . ’ N " ~ *
- - >
- s N .
- N * “ t'
- , I
BN .
. ‘ .
¢ = " "
"
. /
LY
- »




*i

82y

> .

LY ]
- i »
A \
- , .
A | )
.
a »
[ ]
.
\ LN *~ "o
/ ! - » v
/ v
@
L3 Y
b -
. - a
a N 4 -
[}
ol A P pec
.
7
g '
.; 2
- o 4
b} .
rm .4
| oreal
. -
> ° .
LL’ v
--1- ! F\-A‘""‘
—lwm L ! — I
| - A\\\\ ﬁ)—-« *"“'“"“"{j“""-v — t< WNN
V'
‘V/ -y
¥
[S—— — NI — + - L 1
q: » 4 = =] (W] L] [ tes L% -] = o 2y
‘
d T IME < DRYS >
B L]
- +
oepa M | = =3
)
e I
= ’ @
m i
| lz‘\'..‘ . . -
52 lp
" . °
5 \«WM&\\A U/Ei
o gl )
Ue 4 -
y
1
iR Ta— R— + - Nt - PO . f__:
& b g et [~ (-] 1) 154 [} =] (54 e cmlm e
i T ME < DAY > “
\ ¢ B
\
T i
§ I3
v
’ -
o
“
4 ’ > +
Y
t i s ¢
7 i -
A)"l‘ . 9
h s
PO

z



i 4

4
N v 4 . ’
N - Tn -
» Rl ] ! . ) é e |
® -
1 v .
(R A
g P ,
1 1l 4
! i
[L L
5 ~ "
) # ‘“,,4.’ N
) o \’/MRMN«”/,M S
2 li’w N e
b’\‘ /\5’“
r i
o -t O e Lamas oS + + + G
o G F] 4 - [~ [§--] 1] (R (-] PR R o ey
N 7
N A TIME <KDRYS >
L
9
v 1~ R5 f = poc
{
A
[ -
t [ - 8 N f
x 1
L’In‘
[a 8
X 1=l .
Lud
o jou gy
o]
[
[ el , . 5
\.‘\A '. * IS
I | e
v PN - B - T il pmret ’ﬁ:—/;::*’::—:m—o—ww—‘ﬂ
(=] r\: » & 1= 1t Ve t Pl e} 20 E L]
T IAMED < DAY TS >
f . . "
N ) " rl \.

>




A
4

/
-
Ay
\
" \
o
Aol 1 A oz s
¢
1= ]
&e
=
? M~
ot
& ;
L - |
bu
Cle 4 s Mu e
4 B e S Tre——e
’\‘M,,.*-"‘“
'_m 3 -t + + Aoy + " ¥ .
/«p‘\\ [~ - E3 1=} |_wm L} 11 [ = 1 Ex - = At -
\ 4 :; ° ¢ [
T MED < DFYES > ,
' i
=] | . = = !
b 4
2 7
>
! v
= LR~ N
= o
T )
5
& mwk-t'-"w?‘,___.v,//w . -
[,
L i ,
[ P
e
[OREPvew - W A o fpmmsi “ N S + 4
[# 4] g E3 [ =) [ 1= i [~ & o =] -3 At Y h
. \
L - , TIME < DFYE > - °
LY
-»
.
o &
L]
?
]
> o
,
¥
o *
- .




o M ! - . 4
- ¢
)
&
s
¢ AN
- )
]
a & &
s L]
¢
»
*
9 »
. .
’ P} anpm 1 P +
" -
1=
\"u
n Ea a
2:‘ » /‘.w/"
£ -
? L4 M BB i - R _,...MAG\\
s . I‘.L Y
\ g ..
¢t \ ’
[WH B °
.
f
’c. © [ £, . N
N 21 E L = | (=] 1= t = [ 1 s
"
” ~
- - -
o S _
« LS N T 1 ME < DF—‘-I%YF::a >
s
v -
o -
’
=@ i =
o
f
b
" (R %
- - }: -
)
v .
a,
. > 1R
' | XS}
T v S
N 1
u- «
° . [ ol
L4
.
3 b ]
: —pae A —
- e KR + do e + -
R 5 (-] (=] 1 1 ex
7
\ ’ ' "
-
l- Y T 1 MED < DY >
i i3
’ 0
. .
’ L.
» M .
i 4 -
‘ . y
Y *
Hi
' .
(3
3
.
! LS
- ' 0




&
13
¢
) . .
1}
i t
o
4
&
2 I =l =3
”
y wl -
152 )
R
=l \d
= 7
jas]
I o1
* : / . .
Lad o a
o /
Os / .
(,’L“V\V/ ~
A R4 [y £
e .| s + + + * + d
o “ -4 = (=] 16 3] (A8 [~ 1w o tmam =
4
L T ME. K DRYE >
“ -
-
’ n
L]
e t = A
AJ
1
i
= : {
T
o " r
Ej I\W//*'. f -
2o j W(
LV
) s
—— - -+ . .
2] -y [~ (-] (] P K= )& @ Cme =
°
L T ME < DHEYR >
4
. 3
o ¥




> 92 \ '

hd g

— " . ]
In the Mexican apatite case (Figure R66), the phosphate
concentration definitely décreased comparing the second to

the first period. There was a slight further drop at the

1

Reglnnlng of the third period, but a steady concentratlég,
i

\
approximately equivalent to that obtained in the second
¥

N

period, was soon achieved.. The fluoride level.did not begin

to ¢ ange Slgnl i1cant Y uncl are in e secon perio an
h i £i 1 t1l lat th ! d and

L4 LS

steady dissolution proceeded throughout the third period.

)

The calc%um concentration showed essentially no change over

-

the three periods. The differences 1in behavior of three main

»

gspecies indicates 1?congruent dissolution. During the first

period a loosely—bouﬁd h;éh phosphate surface layer is dis- ]

solved. A more strongly held secondary lgyer, probabfy a

more pure’ fluoroapatite with a lower solubility, takesylgngér

to dissolve and the éffects of this dissolution are n5% seen
\ )

until late in the seconiﬁierlod.
e

lorida apatite (Figure R67) is °

.~

4 The behavior of th

PR

much the same as the behavior of the Mexican apatite. The
“ slight differences can be seen 1ﬁ the phssphate levels in
tpe farst period, indicating a less-soluble surface phase
on the Florida apatite. This may be due to the higher bulk
fluoride coAtent of the Florida apatite. '
The Marine apatite (Figure R§8) shows a significant loss:

-of phosphate during the first period., Subsequent periods in-

dicated the formatidp of a fairly stable surface layer as

Le
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v

-

phosphate levels remained low_and steady. There was also a

“slight drop in calcium, indicating that the surface was a

’

loosely held calcium phosphate, possibly a carbonate form. .

| ‘
1

]

E.II. Pretreatment in Phosphate-Spiked Seawater

- ‘ fhetgﬁlubllltles of Mexican and Florida (Figures R69/70)
apatites which had been first exposed to seawéter spiked with
Zg and 50 m}crgmolar phosphate (% atm., 2°C, 8 days) were

. determined in reqgular seawater (1 atm., 2°C). There is a T
noticeable difference in therehaV1or of the ‘two qpatltes.

In the Mexican case the phosphatexpretreated samples showed

.

- eséentlally no dissolution, while the sample pretreated in

. regular seawater showed-disselution. * In the Florida case, .

[l

. ]
.all three samples showed dissolution. -In terms of phosphate,

kd

the dlssolutlfn’lncreased in the order 50 > 25 > regqular.

' -

Obviously a phosphate complex formed on theAMexic atite
was falriy insoluble. The phosphate was probably only ad-

%Borbed onto the surface of the Floraida agatlte and this was
b4 . ¢

rapidly released back.into the solution when fiesh‘ieawater

- s

was exposed to,thé‘pretreated’apatite.

¥

~

¢ v 4

E:III. Pretreatmeét in 500 ppm Fluoride-Spiked Seawater

M ’

¥ v oa
The solubilities of'ﬂ9x1can (Figure R71) and Ontario

(Figure R72) apatites that were first exposed to Seawater
' ' Y .

spiked with 500 ppn® NaF (1 atm.; 2°C, 8 days) were measured

N + P . %
* *
.
B
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- Effect of Pre-exposure. in 500 ppm NaF Spiked
Seawater on the, Dissolution of Apatite in

Seawater: (1 ‘atm. : ZOC)

Figure R71: Mexican

' :+ Ontario
o o ' [
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. 96 .

in regular ,seawater (1 atm., 2°C). The first 'period on the
graphs 1llustrates the behavior of the apatites during the

pretréatme?5~perlod. For both apatltes,'there is an‘uptake

of. fluoride and to a lesser extent calcium, while the

\

phosphate level 1is significantly less than when the inxtial /
L

r
solution was megular seawater. Exposure to fresh seawater

~ %

during the second period shows a slow 1ficrease in fluoride

13 . .
in selution, back to about the concentration level at the 3

end of the first period. Phosphate levels remain low,and not
uptil late in the second period is there significant increase

in phosphate in solution. This would probébly indicate the

o

formation 6f both CaF, and a fluoro-apatite on the surface
of the apatlEe. ‘This new layer re-dissolves during the second

period and this produces the increase in dissolved phbsphate/

4

during this period. However, the levels of fluoride and cal-

® [

cium still remain fairly high, indicating that CaF; and

1

hfluorépatlte could be re-forming during the second period.

The increasing amounts of dissolved phgsphate daring the late
second period might tend to inhibit .CaF, formation. *Electron

micrographs (Figure R13) of the solid after the second perlod;

however, still indicate the pFesenceMof CaF, crystals of the .

L}

%

*

‘Ekﬁ Variatlons of Surface Area of A%ifites

—

F.I. Variation of Particle Size . <

Solubilities ©f unground and two sizes of ground (8-28

P

A @

[
2
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and 48-60 mesh) Marine apatite were measured in regular
seawater (1 atm., 2°C) (Figure R73). The unground material ,

*
was tested as 100g/1000 cc, while the ground samples werg -

4

tested as 109/100 cc. For both of the ground samples therxe
was slightly higher levels of phosphate and calcium in solu-

tion compared to the unground sample. rThe increased calcium
’ o ¥ ] B
could be due to dassolution of galcium carbonatelshellg 7 -

within the Marine apatite sample that'were expos d to solu~

. . » o, .
tion when the sample was ground. Fluoride levels in solution

were essent1al}y~the same for the three saqples, but there

was igme ﬁpt%ke from solution by the ground samples in the

a -

., early part of the exposure period. ) P

- »
> * Ly i

F.II. Variation of Solid/Solution Ratio

L) WL . L]

)

The solubilities of warious weights (0.1, 0.5, l,‘S;

«
“

. 10g) Of 8-28 mesh Mexican apatite were determined in 100 cc -
- \ . .

*
1

of seawater (1 atm., 2°C) (Figure R74). 1In ‘terms of fluoride
' - ]
and calcium, there-rappeared to be no difference in the be-

L]

havior of the five quantities. The only nqticeéble differ-

>

ence was in the total dissolved phosphate, where the behavior

/‘

b "J ,
of the bg}y 0.5, and 1 g quantities was essentially the same.

The 5 g sample released about twice as Ruch phosphate as the

.

smaller quantities and the .10 g about twice ak much as the

5 g quantity. " . . :

+ v .
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Effect of Grinding During/Sample Preparation

on the Diss8lution of Marine Apatite in

Seawater (1 atm.,. 2°C)

a

Figure R73

{_o:

-
-

AV

-

Ungrqpnq

I

Ground to 8-28 mesh

Ground to 48-60

-~ &

&

mesh
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Comparison of the Effect of Variation of

q

Solid/Solution Ratio on the Dissolution of

Mexican Apatite in Seawater

Figure R74 /-

0.1 g/l00cc

0.5 g/1l00cc
1 g/1Q0cc
5 g/100cc

B 4« ¢ ® O

10 g/100cc -

L

Ma

(1 atm., 2°)

»
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I. _Dissolution Processes at 1 Atmosphere

A. The Solution

Q

A

Exposure of apatite to seawater at 1 atmosphere has

been shown to cause dissolution ¢f apatite within relatively

-

short times and lead to an eséentlally stable concentration

of 1ons in solution.

Thermodynamic equilibrium exists only

1f the intensive properties of a substance are 1ndependent

s

of time during the period alloted for experimentation and 1f

no flux of matter’ or energy exists at the boundaries or in

the 1gterlor‘of the substanc¢e (Kirkwood and Oppenheim, 1961).

All reactions that affecg the activities in solutien mqst

)
ribute to the final thermodynamic state of the solution.

The Heterogenelti of the reacting solid can.cause many "side"

reactions.

These "side" reactions, as well as the dissolution

of the dpatite fractions, affect the actitities of the 1ons

in solution and thus the solubility product of the apatite.

Consequently, the ability of the system to achieve the

.classical thermodynamic equilibrium described by Klrkwaeﬂ///h\

a Oppenheim 1s strongly altered. Heterogeneity of a solid

14
and the occurrence of" a series of reactions proceeding simul

taneously legds to the establishment of a "steady-state",

where a flux of matter or energy at the boundaries of the

substance exists (Wollast, 1974).

The approach to|classical

thermodynamic equilibrium becomes very slow and assymtotic

bl

3



o

in nature, In many situations a quasi-equilibrium is esta-
|

blished or approached because of the formation of meta-stable

intermediates, the formation of which kinetically hinders !
i [

further approach to true equilibrium. Thus,.the observed |

1

effect in solution will be bne of concentrétlons unchangang

[} Y

with time. It 1s these concentrations that have often been
used by other workers to calculate solubility products? when

in reality the values are only quasi~equilibrium concentra~
A 4 !

9

tions."

Nancollas and Tomazic (1974) have ébncludéd, "e.. &
naly51éof'solld/solutlon experimental data golely on the:
basis of thermodynamic solubility products 1s an over51mp1;f1—
catloq. Klnetic considerations may beuif paramount 1mpo£tance
in controlling the formation, of calyium phosphate phases
during precipitation reactions". Although their conclusions
were derived from crystal growt \ ies, the same conclusions

¢

certainly apply to interactions of apdtdtes with seawater.

, <
A.l. Unspiked Seawater :

'
4 S
-

Comparison of the dissolution results of apatite in sea-
water with%the dussolution results in .NaCl solutions SH?WS

remarkably little difference. The common 1on effect predicts,

a m
4 among other things, that a large concentration of a common

1on, as 1s found in.seawater, should reduce the solubility of

P

~

\j
I 4

e e ,Kr_a‘-, e R S -~ - e o Bl & M'ﬁfmm m.w-mmmm
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the solid significantly. “This effect can be seen -in the

experime in ich’a common ion was added to NaCl solutions.

However ,/ there are a number of mechanisms that.can reduce the
sHer 2

@

effectiye concentration (activity) of-an -1onic species, there-

by promoting the dissolution of the/éélld. The most well~-

[T 4 -

known of these in seawater 1s ion-pairing. Activities can

&

also be affected éy the way the i1ons°ainteract wath yater. The

solvation of igns involves the formation of water sheaths

2

around the i1on. Each type of 1on has i1ts own particular water

sheath structure and so the effect of water and 1on solvation

[

i1s peculiar to each 1on and ion-pair. This i¥§ further com-

plicated 1in seawater by the extent of this wgker structuring.
In the case of the component iong of apgatite, significant
amounts of the anions are i1on-paired; whyle about 90% of the

cations, calcium and magnesium, are free ions (Berner, 1971).

¢ 1

Warner has suggested about 44-45% of the fluoride appears as
)

MgF+, Z%Gas CaF+ and the remainder, as free 1on (seawater

30-32¢%,, salinity): The amount of HF at the pﬁ»of seawater

; —
1s negligible. Thus the fluoride activaty i1s about one~half

the actual concentration. < )

@

. ) . 0
Atlas (1975) has shown that essentially all of the phos-

phate 1s contained in ion-pairs. His values for the percen-

tages of phosphate in various ion~pairs are given below. ¢

o

Ne

PR
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% of Total Phosphate Species as Ion-Pairs .

PO,”3 HPO, 2 HyPO, g
#]
Cca “ | 7.6 v 0.01 .
Mg ; u 1.5 41. 0.1
Na ) 0.01 15. . 0.1 ;
e ]
free 0.01 28.7 0.9

. A second factor that could increase apatite solubilaity

is the phosphoric acid dissociation system: 7 "

’ v Q&}
, - -
PO, % + H\_= HPO, kq

gpo,”~ + HY = HoPO,~ - kz/ ‘

. ° 'Hypo,” + H' = H,PO, ks s
’

»

s
-

A number of authors have reported values for the dissociation = '

constants for phosphoric acid i1n seawater (Pytkowicz and

\ nwt

Kester, 1968; Atlas, 1975), but these constants are only

0

apparent constants, 1.e., the calculations to produce the L

constants i1nclude both activities and measured concgntrations.
1

s

A difference in the constants can be found comparing dis- .
sociation in NaCl solutions to dissociation in seawater: s
- pk 1 Pk 2 a pk 3 ‘
NaCl Solution 1.72 6.40 11.2
-

(Atlas, 1975)

34.8 °/, SW 1.7 6.11 ) 8.9 .

~

- e i S IS B (LR MR S



¥

, i ; 104

%

Althbugh the above figures indicate that most of the

phosphate ions are pfésent in ion-pairs, onlynvalues"bf th

stability. constants

Na

LY

Mg

Ca

1)
2)
3)
4)
54
. 6)
7)
8)
9)

b

?

@

%

relevant 1on-pair stqg}ilty

cohstants ¢

~ 8

v, &

b I
3

Stability: Constants of Relevant Idn¢Pagréa

o+
+

, MPO,,
1.13(1)

9.29(1) 722(1)
7.49(5) 5(6)  590(5)
12(7), 25.6(8) 446(1)
7.35(1) *380 (9)

¢

atlas (1975)

Smith and Alberty (1956)
Childs (1970)
Elgguist (1970%

Moreno et al. (1966) .
Gregory et al. (1970)
Davies and Hoyle' (1953)
Chughtai et al. (1968)
McDowell et al. (1970)

v

-

~p

MHPOQ_ L3

-
4

-

o

EY

(=4

_250D(3), 7860 (L)

o

hd @

w

e

r

&
A

MH, PO,

4.79(1) 4(zyb‘14.0(1)

2.9 x 106(8)
'2.24 x'106 (1)

give an 1nd1caélon‘af the stability of

the 10M~pair. The table below gives literature yalues of

-

-

.
S

4.3(4)

' These values show that P64-3 1n solytion enters into stable

- 10n=-pal

I3

L
, as well as the phosphoric acid system.

19.3(4)

The rela-

tively high) stability . of the 1on-pairs of the two main

phosphate species (Pou_3, Hgou=) should have a profound efifect

solutions, dompared to isawafei.
* ¢

L

Ay

on apatite dissolution. Much less ion-pairing occyrs in NaCl

s

T~

o
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A.II. Spiked Seawatpr -~ .

Y I T i .
Experiments Were conducted yith seawater spiked to simu-
late interstitial waters that mlght’be,fbund in apwelling
o=
* Zones. ) . o
¢ o .

) The phosphate cqnqentratlons required to reduce signi-

flcantly Hhe rates of dlssolgtlon that were reported by
) “ JV‘?
Dedhlyaxet al. 11973,41974) (L0 3M) are greatly in excess of
. ”
normal phosphate concentratloné 1n seawater (107 6M) and

.

interstitlal phosphate conpentratlons reported for upwelllng

o

T

RN -
.zone sediments (10 “M), urnett, 1974) Gulbrandsen (1969)
. ., R

’predlcted that 1ncreased phosphate activities should decrease -
the solublllty of apatite. However, the extensive iron-pairing
of phésphate species in seawater suggests that very hlgh con-

» ‘o

‘ centratlons of phosphate ‘are requlred to reduce apatlte dis-

« ‘ ) ~ N
solution in the vceans 31gn1f1cantly. o
‘ ‘;’ a ., e > .
~ , " Fluoride ions are dot as completely <on-paired as phos- .

o

phate ions and the reaction- of fluerlde with an apatite leads
to,thé fqrmatlon ofﬁauless-sqluble fluoro-apatite. Thus a
change in apatite dissolution ;hould be apparent wtth a smaller

. 1ncreaée in fluorlae/;;thyrty relative to the -change ihwpho -
phate activities necessary to produce the same resulte.

Ekamlnatlon of- the reéults of apatite exposure to seawater

splke? to 5,*100 and 500 ppm NaF showed that fluoride ¢oncen-

. 1

traj7ons of 102 to 103 times the fluorlde concentratlon of

+ 4 1

&
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[

- <
- selawater were necessary to cause prec1p1tatlon‘9f a fluor-

5

apatite phase. At fluoride concentrations of less than 100

ppm there 1s probably an adsorption of fluoride on the apa-
[l

. '
2

tite surface and subsequent alteration occurs to form
fluorapatite. At concentration; above 100 ppm precipitation
of -£luorapatite and CaFs darectly from solution likely occurs
(McCann, ,1968) . | . ‘

Thé formatiahfof fluoro-phosphate 1on;pairs‘has not
been given much consideration by previous workers, although
this woul& furthe? tie up common 10&5 and promote dissolution.
Howeve;, Ingram (1968) and Simpson (1968, 1969) have suggested
that the specyes FP03= could form as some sort of 1ntermeélate
on the apatite s?rface,durlng‘reacgion w1ﬁﬂ a fluoride~-
containing 'solution. | ‘

Alteration of‘the-Ca/Mg,r§tlos can alter th? dissolutiom
process of apatite in two ways: (1) a change in the extent
of L%n-palring and (2) alteratioqg in the solid surface t@at
would not occur with exposure to unaltered seawater. A de-
crease in»magne51um would liberate. some HP04=. The increased
amount, of phosphate would then depress the tendency for dis-
"solution. Figure R57 shows that less phosphate went 1nt3
solution in the Ca/Mg =10 solution compared to the Ca/Mg =

| .

2.5 solutlon. On the ofher hand, a decrease\in the calcium

concentration should have less effect than magnesium on ion-

pairing. In Figure R55, we can see that there 1s a sliéht

[ T PR R s e
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decrease 1n dissolution fo? the reduced“calcium solutions

compared to dissolution in regular Seawater.

7. Atlas (1975) reported virtually no change in TCO, 1n

-

°

hls'experlments with alkalinity effects on apatiie dissolu~

. 7

tion. This was 51milar to the results of this investigation.

Because of the greater solubility of apatites wi;h hxgh
carbonate content (LeGero%; 1967a, b), the s?abllltﬁ of such
an apatite that was formed on the original apatite éurface
would be low. As rapidly ascthls%new apatite formed, i1t is

'* )
dissolved back into solution. Thus the observwdd effect 1s

.

o

one ff essentially no change 1in JTCO,.
At one atmosphere pressure, the effect .0f the solution

environment on the disgolution process can be summarized in

-

terms of ion-pairiflg. Processes which contribute to in- "

creased ion-pairing with ions common to those that make up

@

apatite will increase the dissolution. Processes which de-

crease 1on-pa1r1né and liberate i1ons common to apatite will

cause a decrease in dissolution. -

’

- [

A.IIT. Pretreated Surfaces

'
N 1

If the original surface of an qﬁgtlte 1s altered when

the apatite 1s exposed to solutions whose coTp051tlon 1s
4 i

unlike regular seawater, then the solubility behavior of this

rapatite in regular seawater should-be different than the

3 o '

behavior of an unaltered apatite in regular seawater.

et
2
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Thesq differences in behavior are seen quite distinctly
for t?e apatites .tested. Examination of the results of re-

peated exbosureé éo unspiked seawater showed a noticeable de-

" . /u -
crease in concentrations of the ions cdmmon to apatite re-

-~ ° Ll

¢ ) ~ i ) - g
leased to solution with time. There was,also a decrease in
. @ 4 N .

the length of time that elapsed befgre there was no apparent

b

* ') ¢
change in concentrations in solutjon. Exposure to seawater — ——
Q -

M
<

, . i
of phosphate-pretreated surfaces showed that 1f a phosphate-

y oo *
rich phase,had beeth formed on the  apatite surface, 1t was

)

only loosely héid, whereas 'the behavior of surfaces pretreated

in fluoride-spiked seawater indicated the existence of a more

[}
@ "

compléx assemblage of phases on the apatit€ surface that more

i

effectively reduced the solubility of thHe apatite. Exémin;
o . . o ®» - i -
ation of the graphs for the fluoride -pretreated surfaces

5 . »
showed that a regime with no apparent.change in concentration

o e, .

- " .
with time was rapidly achieved after the surface was exposed
ﬂ k]

to unaltered seawater. A

o P o€

A.IV. Solubility Product Constants .

¢
~ .

A number of values for solubility product constants fér

1

apatites have been reported in the literature. The calcula-
N %

tion of most of ‘these values has been based on the knowledge

. .

of the solution activities at the time when equilibrium was

assiizz/;c have been reached and on the assumption that the

}xe\ml 1l comppsition bf the solid was adequately defined Q.

¥
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and remained essentially‘unchanged throughout thg reaction.

» Errors in either of\tbese assumptlons would certalnly lead

to significant errors ip the calculated SOlUblllty product

and thgse’become especially important in the case of .

-

'agatlte becayse of 1ts low solubility in water. Values for

5

' olublllty products for hydroxyapatlte~1n “water' have been

reported in the range %éi 10 10 _ 10 =120 with constants

for the 1ess—soldble fluorapatite about 10-10 smailef.
. . . ' e

The heterogéneity of natural apatites makes" a state-

*

rent of the realuéhase composition of the reacting surface

0

difficult. Reactivaity can thus only be determined by ;
experimentation. Calculations of stlubility products on
- 8 n ! 4

the basis of thermodynamic information must be appropriate

< »

ﬁto the phase in question. As has been shown in this study,

b ~ #
the reacting surface of an apatite is an assemblage of

) phases, the compodition of which 1s a function of the ’

hy31cal and chemical env1ronments,’the characterlstlcs of

p
\Ekpe apatite and of alteratlon as reactlon proceeds. The

1

. ESCA and SEM results have shown that surface alteration does

proceed as the reaction proceeds anﬁ we can no longer assume
that the composition of the initial reacting surface.
remains esseﬂtially unaltered througlut the reaction.

The other assumption, th;t the final concentrations in

solution represent equilabrium concentrations, 1is also

invalid in this case. When a pure simple solld dissolves

[

1 4
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in a pure liquid, the final sclution- concentrations do

.
represent equilibraum®concentrations and can be used to

-

calcufZte the solubkilaity product constant. However, with

3

heterogeneous solids the .presence of "foreign" phases and

ions alters the cherical activities in both the solution
Pl “ s t
and on the reacting surface. The presence of these

"foreign" phases creates mnew rate-determining reactions
which alter ‘the rate of approach to the time until egilib-
- i {

rium has been reached. Thus the apparent effect 1s an

-~

¢ *
equilibrium situation, whereas in regality a "cuasi-stable"
} v
o 4
situation has developed, where alteration of concentrations
does take placé,very slowly in some cases because reactions

with a common 1on may be going in opposite directions

-

v ¢
.relative to .sewweral phases.
! 4
In this study solubility product constants were not

calculated for two reasons: (1) since natural phosphorites
are heterogeneous solids, a chemical descrlptlén of the
bulk bhase(s) does not adequately describe the composition

of the reacting phase and {2) the interaction oFf the apatite
with seawater leads to the alteration of this reac ng

fsurface and causes 1ts composition to vary with time and

v 4

tp be a function Qf the surrounding environment.

! ¥

os any example calculation, suppose we assume that the
compozltlon of Mexican apatite 1s that of pure fluorapatite,

Calo(PO4)6F2. Then we can «calculaté a solubility product
! % ’
constant, assuming that the solution concentratidns are

a 7 '
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equilibrium concentrations:

, 10 6 2
KSp = aca X apo4 X af & a /
f -—
— (6.8 x 1073%0.26)10 x (3.4x107%x0.09x0.033)% x
/ (11.5x10°° %0.63)2
= 1.66x107 72 .

+
@

However the bulk chemical analysis has shown the Mexican

-4

apatite composition to be: Cag - (PO l(CO

45, 3)0.27F1.6

K = 2.3x10 %2 |
sp,

(Activity coefficients from Atlag (1975) and Berner (1971))

7 .
The difference in these two numbers quickly show that unless
the composition of each and every phase on the reacting

surface 1s known and accounted for in the calculation, the

'%flue obtained for the solubility product is invalid. The

e
ESCA and SEM results have also shown that even 1f the

composition of the initial reacting surface was known, the
/*\\ (3

™~
calculation of a solubility product would still be wrong
since alteration of the surface phase(s) occurs during the .

§
reactlon%

Theﬁcalculatlon'of the thermodynamic solubility product
1s ?ggendent on certain assumptions. Thg evidence from this
study shows that these assumptions cannot be made 1nvthen
case of the interaction of apatite with seawater. Similarly
the calculation for the partial molal volﬁme changes depends

on the phase in questioﬁ{ Other thermodynamic calculations

-
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which depend on these same assumption re also invalad.

Thus, the fundamental question 1s: what are the'reactanﬁs,
- ' [l e
4 . |
at any given time 1in this ;eacﬁlon? Once this i1s establish-
1

ed, the thermodynamic information then available will become
predictlve. . ’ , . - ®
[

» &

A, V. hinetics of Interaction

1 «

The rate of solaid glssolutlon 1s a function of the ﬁur-

3 v

’ \Y
face) area, a rate constant, and the solution concentrations.

at inaitial, intermediate, and equilibrium times. Garrels
- X

£

et al. (1961) and a number of other workers.have suggested

0

that concentration could be related to time by taking the

tide expfession td the power -1/2, whish would give a linear °
) & 1
expression of the rate. Extrapolation of the slope to in-

finite time should then give a reasonable estifate of ‘solu-

e
bility. However, as recently noted by Plummer and MacKenzie

(1974), the kinetic mechanisms of the surface reaction must

L3 u—;‘
nNot change during the reaction and the approach to equili- ¢

brium must be long for Garrels et al.'s expre551bn to be

¢

true, , Since changing surface reactions do play an important

role in the apatite-seawater reaction, estimation of the

H

solubility or the rate by this method is invalid.
1] ¢ N v
Alteration of the surface phases during reaction 1is also ,
}
likely to alter the total surface area. Many workers have

" used the BET gas adsorption method as an estimate ‘of the

. ‘ Yo
]

>
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surface area, but this method has several drawbacks:

- 4

- (1) T"the measurement represehts the area onto which gases

will adsorb, but does not take into account the difference

a

in behavior ofxflqulds, (2) gas surface area will include

adsorption onto non-azpatite phases on the surface and

.

(3) gas adsorption will occur much more readily on the
surfaces within pores than will liquad adsorption. Thus

surface area measurement by gas adsorption will be "high",

» -t

,and does$ not reflect alterations in the reactive surface
area as reaqfién proceeds. Evidence fdﬁ“fﬁigfalteratlon

can be seen 1N the ESCA and SEM data.

Y. Porosity plays an important role in the reactivity of
phdsphorl%es {Caro and éreeman, 1561). The "trapping"

of liquid within pores of the solad durlng.reactlah can

[l 4
create specialized environments where new phases can be

- ¢ -

readily formed in comparisor to the main exterior qf. the
- ' r \ 1
solid. ‘ l -
' ]

b » ¥ |
»

Examination of the concentration versus time curves

-

of ,this study shows three regichs. The first region S

'ghows1a ra?éﬁ change 1in. solutipn concentrations waith time.

This represents‘'the interaction of e original surface

3

with the original §olution. Qhe second sector shows

4

& ! i ¥ ‘
a decreasing: rate -of change in the solution concentrations,

representing an alteration of the surface, The cheﬁlcal

-+
4
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L) ! \
reactions of the solution with the altered surface are
becoming the dominant rate-determining steps. The final
sector shows no observable change in cohcentrations with.

time. It should be emphasized that the change in not

"observable", although 1h reality changes are occﬁrrlng.

4 .
This "stab%e“ regime 1s different than would exist if the

it ;(5*

original reacting surface phase(s) had not Been adltered

\

during the reaction. The regime that 1s achieved 1? highly

dependent on the reaction environnent because the phase (s)

3
formed during alteration of the surface are themselves

Q

fundtions of the\env1;pﬂment. "

Like the caiculatlon of the solubility product
sconstant, the calculation of the rate éonstant depends
on knowle?ge of the variables used in 1its calculatione
And as for theﬁsolubllltf product, the rate constant can
nno longer be calculateq by ass%ming n6 alteration in th;

reacting surface. :

o

B. ' Solad ‘

B.I. Mechanism of Surface Reactions . :

¥

The term "surface phase" commonly used discussion

i

Pl

of
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solid-solution interactions gives the 1mpression that a tdétal
covering of the original surface of the solid takes place
during the reaction. This 1s not likely to be the real case.

It 1s better to describe the 1nterac€10n of the solid with a

. |
solution in terms of the phases and ions adsorped onto the

@

solid surface. The real solid surface contains a wide variety

<

of reactive sites. The reactivity of these sites 1s a func-

tion of a' large number of factors which determine what phases
I3 9

or i1ons can occupy these sites. In some cases' the occupaglon

of a "defect" by an ion alters the reactive rface of the

1

solid, but no new phase is created, nor do the 1on dppear

"foreign" to the rest of the crystal.
The reactaivity of sites can be due to chemical "defects"
or to physical structures,on the surface (Figure D1l). The

physical structures can be described as kinks, steps and

2]

ledges' (Burton et al., 1951). For dissolution to proceed,
free energy barriers must be overcome; once this 1s done,

steps retreat, exposing a ledge. The presence of impurities

in the apatite lattice can either inhibat orx promote this

o

retreat by their effect on the free energy barriers. Becayse

¢
of the nearness of crystal neighbours, occupation of a kink

site by an adsorbing foreign 1on seems to have the most

< 1

I

effect on the dissolution process, ° , !

Adsorption at any one of the sites descraibed a?pve can

inhibit dissolution in two ways: (1) ‘certain active sites

@

5]
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Figure D1
H
(4
4

116

) L
Showing Steps, Kinks, and Ledges

" (.from Davey, 1976)
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: Schematic Diagram of a Solid Surface
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may be_necegsarflforbthe completron of chemical rea?tionsa
and to-catalyze chgmical reactions and (2) a changelin sur-
face free energies may take place. Reduction of surfgcé
. free energies by digfering amounts, depending on the type T
of sites and the adsorbing ion, may cause alteration in

surface structure and lead to the formation of elpher more o

or less soluble phases. ‘Surface free energy diffedences can

faces may promote or inhibit crystal growth in certain di-

rections. For example, the’ presence of carbonate may re-
strict growth along the'a-axis (LeGeros et al., 1967a).
Any of these sites are made up of groups of crystal .

unit cells. Each cell unit méy contain a "defect" due to

1Y

either mechanlqai‘dlterations or tan absence or addition of

a component i1on. These ghemical defects alter the surface
£

charge and provide a site)within a crystal lattice for khe
. ' !

adsorptagn of 1ons from solution, These defects in toto

]

also affegt the net surface free energy.

Surfage charge is 1mporta9t from the point of view of
the solutlon; ince 1t can determine the ability o% a surface
to adsorb ions om solution. The surféée charge of apatite
1scdependent on the pH and 1onic strength of the solution.

Bell et al. (1973) found that the replacement of surface OH

« !

!
3 -
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groﬁps by F decreased the surface basicity because the

fluoride had a weaker basicity and bgcause the high .

Y

electronegatlv;ty of the F~ decreased the basicity of

other surfage OH groups. Somasundaran and Agaf (l972)w

s A

found, that the presence of PO, 3 an solution made the
“*apatite surface charge more negatlve, while at pH >7 Ca+2
made thq‘charge more éositlve.k At low concentrations oé F
(at high pH) the effect on surface chaFge was 51m11a£ to
that of PO, 3, but of a smaller magnitude. At high F~ con-

centfatlons, the effect of charge was very‘hard to deter-

°

mine because of simultaneqQus chemical reactions, including -

i

adsorption and precipitation of fluoilde—cOntaiqlng compounds.

They did note that considerable periods of "aging" (tlmef

[ @ *

were regquired bafore reasgnably consistent results could be
-~ “ LA N ,0

obtained. This would indicate that an alteration of the .

surface occurred durihg this "aging" and that Fhey were

i v

actually measuring the surfac? charge effects of an altered

surface. However, theixr, results do show the net surface
’ l

charge 1is an important factor in the reactivity of a surfac?.
| . ;

B.II. Interaction with Unspiked Seawater

When the unreacted apatite 1s exposed to NaCl solutions
. ¢ ' dp
the rate of reaction 1s controlled by the diffusion Qf ions
through the liquid. There 1s much less 1on—pa1fing in the

NaCl solutions and probably little alteration of the original

il

-

e €
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surface of the solid. Exposure of the surface to the solu-

9

-

tion probably removes disorganized loosely-held material,
leaving behind a more insoluble and better-crystallized

,surface. Phosphoric acid dissociation would exhibit some

controlpover dissolution, but in these experiments the pH ;.
and 1onic strength were adjusted so that they were similar

to_seawiten and thus the concentratzons of the phosphate

< - [

species WOul§ be approx;matef& similar.

‘OL the other hand, whenbthe surface was exposed to sea-
water, ion-pairing plafed a significant role in dissolution
and other species were present in solution to interact with

the surface of the solid to form new phases. These new

L1

phases then exerted partial control over subsequent 1nte4—

actions with the solution until no further apparent changes

LY
”

of concentrations with time occurred. Alteration of the .
solution composition ,then must cause an alteration in the v

composition of the available phases. The rate of change of’

. i

the surface is dependent on the ionic activities in solution,
U 1

the stability and degree”of‘ionipalring and the thermodynamic

¥

’
stabilaity of .the surface in the newly altered solution. )

®
. )

B.III: Interaction with Spiked Seawater ' o

t o,

Davey’ (1976) has‘suggegted that dlfferencef in the char-
acteristics of impurities (g.g., size, charge) cause them

to interfere in the dissolution process in different ways.
- o : f

]
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Inhibition by fluoride may occur best at glnk sites, whereas

-]

inhibition by organic molecules may occur best at ledge sites.
§ L3

»

In the case of apatites, magnesium can substitute for

¥ b

calcium and fluoride for hydroxyl quite easaly, and these
two species can be expected to affect dissolution the most.

The addition of carbonate to the apatite lattice intrqduces,
q °

weak bonds which make the solid more susceptible to dlsgélu-
tion (LeGeros et al., 1967a). Addition of other calcium or

phosphate i1ons to the apatite lattice can either complete an
- ‘ R . o
incomplete crystal thereby strengthening the solid and inhi-

N [N
biting dissolution, or they can form metastable compounds

T
¥

which may promote dissolution.
Electron micrographs of surfaces exposef to fluoride-

-

spiked seawater 'showed the formation of CaFj,-like crystals
over parfs of apatite cr§§tals. It should be emphasized
that these CaF,-like crystals do not form a complete cover-
ing over the surface, but are locatéd at certain reactive
sites and appear t; inhibit dassolution by "protecting"
crystal faces which are susceptible to dissolution.

In the fluoride-spiked solutlonsoof low F_ concentra-
tions, CaF, 1s not likely to;form, but fluoride~hydroxyl
exchange or fluoride adsorption may oceur and lead to the
formation of fluorapatite (Higuchi et al., 1969). As the
fluoride activity in the solution 1s increased, the solu-

bility product of CaF, 1s reached and surpassed, leading to
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1

the formatien ;i;ﬁhe\solld—solutlon interface of a solution’
regime of supersaturated CaF; and the formation of CaF, on

4

the solid surface (Farr and Elmore, 1962; Liang, 1971).

2

ESCA analyses of the surfaces exposed to seawater spiked

’ s

with high fluoride concqntéatlons andicated the increased .
conéentrétlon of. fluoride 1n at least the top 10 atomic layers
(~ SdA°) and a change in the speciation of calcium. Thlg
speciation ‘change indicates a .change in calcium bonding 1in

the surface layér and thus the presence of a new phase
(probably CaF,).

. Because of the interest in tooth decay (hydroxyapatite
dissolution) many investigations of fluoride-apatite inter-
actions have been made., Little attention has been paid to
p&gsphate interactions; Dedhiya et gl: (1973) noted that the
presénce of phosphate reduced the réte of dissol on of
hydroxyapatite. Synergistic effects could be seen in

strontium-phosphate spiked soiutlons, with a considerable

ution, but no discussion of

¢

decrease in the rate of disso
the phosphate 1nterag§10ns or mechanisms at the solid surface
was made. Atlas (1975) has suggested that HPO,  1s the main
phosphate species on the apatite surface that has been ex~
p?sed to seawater, although this may hold true only for low

solid/selution ratio§. The additional phosphate in solution

due to spiking may lead to the formation of other calcium
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phosphates, such as monetite dr brushite, although both of
these compounds are more soluble than apat}te in the pH = 8
region (Moreqq gﬁ al., 1966; Brown, }973). At the low
phosphate concentrations found 1n"Qa€ural waters%or even
the higher’concentrations found 1n€§nterst1t1al waters of
upwelllng zones, the ambment'@hosPhate concentratlons would
p;obablenhave 11ttle effect on apatite dissolution.

Elect?on micrographs of the Ontario apatite surfaces
exposed to seawater and to seawater with altered Ca/Mg
ratlog“showed esseritially the same morphotegical features.
Rowles (196;) has suggested that as the Ca/Mg ratrb is de-
creased (even in the pH = 8 region), whltlocklte; (CaMg) 3
(POy) 2, 18 th?‘mo§t likely $olid phase form. If whit- -
lockite does not form, a calc1hm7magne51;E?exc@angg might take
place,’leadlng‘to the formaslon of a more soluble magne51uﬁ—
containing apatite. This phase woula then rapidly Fe—dissolve.

Interaction with solutions of adjusted TCO, showed l%}tle
variation in solution tomposition. High carbonate content
might lead to the formation of a carbonate~containing phase #
at the apatite surface, with variation in crystal morphology,
from the needlg-shaped non~-carbonate apatite to a calcite-
like structure with a carbonate conéent of the apatite of
greater than 20% (LeGeros, 1967 a,b). LeGeros et al. (1967a)
have suggested that the presence of carbonate bonds weakens

4’1\‘
the apatite lattice, making it more susceptible to dissolution.

[ 3
s A
'w\ ;

B T e
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B.IV, , Pretreatment of Surfaces .o, .

Examination of pret}eated apatite surfaces before and .

after exposure to regular seawater showed that the surface
+ 4 )
« altered by exposure to the initial solution was further

i 3

altered ip response to the change 1in the solution. Electron

-

micrographs of surfaces pretreated in fluoride-spiked sea-

waté;?showed the formation of CaFy~like crystals. Subsequent
. exposure to regular seawater removed most ot these crystals.
Eléher some of the originally-deposited crystals d}ssolved

because of exposure to a solution of low fluoride activity or *
4
all of the originally-deposited.crystals were dissolved

creating a supersaturation of CaF, and the reformation of
“ .

| CaF, crystals.

I

Apatite surfaces that were repeatedly exposed to un-

3

altered seawater showed a "weathering" effect at the end of

Iy
£

the Jfirst period of exposure that was ‘further developed by

subsequent exposures to seawater. Because of the compleglty
of the solid used, 1ncongruen£ dissolution of the apatite was
\ﬁthe most likely process. This could be due to the wide !
: variation in ionic activities across the abatite surface,
caused by crystal defects, degrees of crystallinaity, and the
- presence of several phases. .

) A

.
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) ,x II. Interactions of Elevated Pressures

4 ©

o

A. The Solutl'én
] w

: L)
2

A.IL. NaCl Solutions and Unspiked Seawater

- 1

K Increased pressure. caused an increase in dissolution oé

the apatites in NaCl, unspiked seawater, and fluoride-spiked

seawater solutions, where dissolution was defined to occur
s . ”

when an increase i1n 1onic concentrations in solution was ob-,

§ ’

served. ’

o .

Inc;eased dissoltuion w1tﬁ increased pressure can bg o
attrlbﬂtgd to pressure effectsdon the phés?hdrlc acid systeﬁ,
the formation of i1on-parrs and the dlssolﬁtlon process..
Ion-pairing and the'phosphorlc ;pld syst;m play a 1aége
. role in seawater; in NaCl solutions ion-pairing has mﬁch less

KN

.

effect apd the acid system wduld Fhen dominate the solution
effects. Hamann (1972) has reported K1000bar/Kib;r (25°¢C)
for the farst and second dissociation constants of 1.93 and
2.64 respectively. Increased“pressure increases the dis-
sociation of the acid. The increased é04—3 should inhibit'
the dissolution process at elevated pressures compared to

4

the, dissolution process at 1 atm.®

' .

Increased pressure should increase the dissociation of
- -
\ ion-pairs. Tnls would also inhibit the dissolution process,

especially i1n seawater. . ~
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~ If the partial molal volume chdnge representlﬂg the ~

d;7solutlon reaction in

’9"

water were fayourable (1.e., pro-

moted dissclution), then a pressure 1ncrease should further

promote d}ssolutlon.

)

a/g P(1n K) £ ~ AV/RT

in terms of pressure yields:

4

1n (KP/K 1bar)

*

< .
where Ak 1s the compressibility constant and Ax

(P3/6RT)(8N) . "

~ AV+P/RT + (P2/2RT) (AK)

U

Integration of Plahck's equatlon:

(2)

3/8 P(Ak).

The assumption can be made at preggures less than 1000 bar

9

that:,

. a

Ak = Ax = 0 pr
However, the ‘assumption that the compressibilit

e

a function of pressure is %nvaiid and Hamann (1973) has

¥

4
suggested the expression:

1n(Kp/§15ar) = -P/RT (4V)

(3)

*

factor 1s’

(4)

where b has the generallzed value, 9. 20 X 10 ~5 bar !, '

The partial molal vdlume c¢hange due-bo dlssolug;on is

-

T

represented by the value of the sum of the partial molar

volumes for the products minug the partlal'mo}al volumes for
%

the reactanﬁs.

3

If we assume“that the compound,’Cajg (PO,)¢Fy '

-

T e WS ———

-
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dissolves 1in water,“%hen we can calulate the psrtial molal

volume chanée using data from Millero's compilataon (1972 a,b) -

»

and &én51ty‘data from Fisher (1973). (25°%, 1 atm.) '

V =V = -158.9 -425 = -583.9 cc/mole

prod = Vreact
Although these values represent dissolution in water at 1 atm.,

results for seawater would not be much different. The val&e
\

‘indicates that dissolution should be strongly pFessure depend-

ent, which 1s confirmed by the results from'thls study of dis- |,

i
solution (expressed in terms .@f the solution). However, the
effe¢t of pressure does not appear to be as strong as the

-
¢ [y

calculations would predict. The calculationh 1s dependent on

.

0 ) i 33
the phase(s“ assumed to be dissolving. Increased pressure ’

would also promote the rate of alteration of the surface. Thus
A . \
the observed effect in solution is a combination of pressure-

-

induced dissolution and modification of this d;ssoluthn by

\ ; .
alteration of the surface. g o

L N
For dissclution to proceed, surface free energy barriers
- @
* 4

must be*overcome. The application of pressureé to the apatite-

w

seawater system prov1des energy necessary to ﬂvercome these free

energinlarriérs. The introduction of a known inhibiting 1ion

&

on assisted in the alteration of the original

to the sol

3

surface and new and higher free energy barriers-to dlssolutioﬁ

4

were constructed. The’'increase in temperature provides the

energy necessary for the alteration of the original surface * °

3

layer to a,less-soluble form. This alteration of the surface

}

must have an energy Barrler lower than the energy barraier

against digsolution. \ \ . ’

4 \ /
1

k3
A e LR o - Bt R ]
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Thus classical thermodynamic considerations fail ain
. predictind no dlsso}utlon with pressure. In complex‘éyﬁtems,
4
such as apatite~-seawater, reactions at the solid-solution

1nterfaée and the ability €o overcome free energy barriers

4

q
associated with these reactions dominate the dissolution

& - ‘ ' r
processes and determine the rate and extent of dissolution.

®
L - -~

A.II. Fluoride-Spiked Seawater’ )

4
v 0

. ,Th% addition of fluoride to seawater reacting with the

o

4

MarL&e(‘patlte further reduced the pressure~induced dis-

solution félgtlve to the éxtent of dissolution seen 1n un-
\\)

_5p1ked seawater. Fluorade bonceﬂfratlons in the solution
“effluent were considérably reduced due to uptake by the solad.
The increase in pressure simultaneously promoted dissolution
of the solid and the fluoridation of the apatite. A balance
between chemical reactions prométlng the stabilization of the
solid exposed to the solution and the achievement of the
greatest volume dgcrease with pressure increase must be

-3

achieved. .
" .

B. The Solid
. The Solid

|
B.I. Interaction with NaCl Solutions and Unspiked Seawater
/

~ Increased pressure promoted dissolution of the solid.
As the pressure increased some/pf the apatite dissolved,

» altering the surface of the solid until after some time a -

- U P - P D T TR
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// /// ESCA and*electron '‘micrographs of apatite surfaces exposed
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stable surface was obtained and there was no apparent change

v a

kS

in concentrations in solution with time. A further increase
N ] - R £

1n pressure promotes more dissolution b§‘alter1ng the chemi-

cal environment and reaction rates until a new stable sur-

L3

face 1s dbtained and there 1is again no apparent change in

-

solution concentrations with time. ,
. The dissolution 1in NaCl solutions was essentlj%ly a,

process with few complications.’ Reasonably linear/relation-—

ships of concentraB;pns in solution to pressure were obtained.
H LY A} £

5 »

to seawater showed that a more complex system was in control
¥ - { ~ N N b G 4

in this case’ The formation of thé rod-like crystals and

»

the‘uptaketof silicon by the Mexican apatite are. evidence fq;

‘o

a significantly altered surface and for the formation of new

. : LY .
,phasesvat certain sites on the apatlteisurface. The‘ﬁbncen—'
‘ A

trations of the relevant ions monitored in the effluent solu-
tions showed reasonably‘linear relatiorniships with pressure.

It is possible that dissolution of apatite occurs as'pressure

[}

1is 1ncreased, followed by alteration of the surface to re-

[

flect the change in the physical and chemical environment.

The altered surface does not have to contain a pure apatite '

L

phase but is likely to contain several phases of varging com-

v

position. Considering the complexity and heterogeneity of
the samples used in this study, a complex assemblage of
phases 1s probably created on the apatite surface in nature. 4

As the pressure 1s alterxed, conditions in the solPtion are

- 4
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altered and the phase composition, number of phases, and

A

the extent of coveiage of any one phase on thi surface are

PR

altered. This change can be seen when the ESCA results of

the Mexican aﬁatltes exposed to seawater at 125 atm. and

.
e

1000 atm. are compared. Also, electron micrographs of the
1000 atm. surface shoﬁed a more extensmée coverage of the

rod-shaped crystals. The crystalf on the 125 atm. surface

»

were fewer in number, but longer in length. ‘

. ’ - ! L

0 X

. 0 s
. B.IIL. Interaction with Fluoride-Spiked Seawater
P i . o -
l"l & > ! ’.
" The inhibaiting- effect of large concentrations of fluoride

on dissolutiqQn precesses! in the solution is a}so'fbund after
A » | T
examination of the solid. Although ESCA results were sonewhat

o 8

the same fo7f§urfaces exposed to rggular sgawaEe;, less uptake
of silicon or actuall loss of aluminum were seen. Examination
of the resu%%s of the Mexaican apatite surface exposed at 125

atm. showed mpre inhibition effect than the surface expos@d
4 b
_at 1000 “atm. Evidently someé of the inhibating effects of
¥ I3
the flgpylde were overcome by the increased pressure. Elec-

-

4 x
tron micrographs of the surfaces showed many fewer and gener-,

- r . ’ .
ally smaller rod-like crygtals on the fluoridated surfaces.

presence.of more rod-like crystals om<the surface exposed to

Ed
fluoride-sprked seawater at 1000 atm;;;ompared to the 125

&y

¥




. 130

t
- [}

atm. surface indicates that the increased pressure 1s keeping
“the fluoride in 5yig;1oq and thus keeping free certain sur-

face sites for the deposition of the rod—llkq crystals.

~ L]

MacDonald aéd North (}9749 predicted increased solubil-
ity with increased pressure for CaF, in water. Inhibition

of the dissolution process by the €asily formed CaF, may be

t # iy

limited by the increased pressure-induced dissolution of CaFj.

°

Thus fluoridation of the ‘apatite surface may proceed wvia the

o

LS
formation of other, more’complicated, fluoride phases. At
high piéssures, the rates of formation and the stability of

thesé spé01es may be the determinants of the fluoride inhi-=
5 . .
¥ > ¢
bition of apatite dissolution. ,

.
L
o %) \

» C. Temperature-Pressure Effects

o

o8

The one .experiment with two different temperatures and

“ increasing pressure showed that physical as well as chemical -,

e k3

effects could negate or reduce the pressure effect. In.both

o

» Y
cases of temperature, the increasing pressure increased,k apa-

e

tlt; dissolution, although the higher temperature caused less
dissolution than the lower temperature. '

A}though pressure is an important, but o@ten neglected, -
thermoéynamlc éon51dératlon‘1n the oceah, the results in this
study. indicate that physico-chemical effects are imporéant in
the %gep:seé dlSSOlutlonlpf apatites. In some circum;tances

A
the chemical environment may so alter the reacting-surface

B
8 &

t
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L

of the apatite, as to negate completely the prgséure-lnddbed .
L ] \ )
dissolution effect, whereas in other cases, the environmental

alterations may be synergistic and lead to greater dissolution

-—

[ .

than would otherwise be predicted. Y

D. Surface Problems ’

DP.I. Variation in Surface Area

. Atlas #(1975) has suggested that when apatf%er%s reacted

.
with seawater an altered surface 1s formed, with HPOy as

the maln component species. He based his prediction on the

o

fact that he-obtained a linear relatlonshiévpf p(HPOq=) An

solution to the log (solld/soiuﬁion) ra , but a more Eomplex

fl

}
relationship for p(P0O, %) to the ratio. | His solid lution
ratios were 0.91, 0.05, 0.25, 0.5, and g/100 gc. A 51m11ar‘
plot was congtructed fgz<tﬁe\data'of this study (Faigure D2),
with solid/slplution ratios of 0.1, 0.5,~1, 5, and 10 g/100 cc.
The log of the concentrdtions of both phosphate‘spec1es

“ a

showed a linear relationship to the log ksolld/solutlon) ratio.

However, a better fit to the data for the HPOI,,= was obtained

“n

with a parabollc relqtlonshlp. In both cases a better linear®
f1t was obtalned by eliminating the 0. l g/100 cc p01nt

' Examination of Atlas' data shows that a linear fit was possible

through the data points representlng the three largest wei

L .
of solid for both the HPO, and the PQ, 3 cases. This
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Figure D2 : p(HP04=) or p(PO4—3) versus log

. ' (solid/solution)
.i A = 2 -
. M+HLine A (HPO4 ) r°=.974
MLine B (HPO, ), r?=  .995
-3 2
@+® Line A (PC)4 ) r°= .976
® Line B (Po4'3) r?=  .998

<%
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mechanisms occurring at high solid/solutien ratios.

Weir et al. (1971) obtained essentially the same soih-
bility constants for hydroxyapatite in water using 0.1, 0.5,
1, and 10 g/100 é;. However, they did note that althougﬁ\
the 0.1 g/100 cc sample gave the same solubility constant as
the other samples at high pH, at low pH the results for this
solution gave a lower solubility than predicted from the high
PH results. At low solid/solution ratios, solution processes
probably dominate the dissolution mechanisms, whereas at high
solid/solution ratios, processes on the soglid syrface become
more important. If processes 1in solution ddminate thg dis- -
solution mechanisms, then‘in seawater, HPOQ= would be exj
pected to be the dominant phosphate sSpecies. If solid surface
proceéées dominate the'dlssolutlon mechanisms, then the ori-

2

ginal apatite specaies, P04-3, would be more important.

D.II. Mechanical Handling-

o

The general result of grinding 1s to create a more
|
reactive solid by an increase 1in surface area. However, sur-

face properties can be altered (Gregg, 1968), aincluding pos-
sible phase transformations (Gammage and Gleason, 1976). Gregg—\\\\/

(1968) suggested that milling may cause a destruction of pores

in the solid, leading to a decrease in the effective surface

-

area., Examination of the results of varying paﬁtfcle sizes

T

in this study show in general only a slight increase in dis-

A

solution (where the increase was measured by the increase 1in



T

B

solution ionic concentrations) with ingreased grinding.
Although phase transformations are, unllkel§, the small dif-
ferences 1in dissolution of the two grinds could indicate
that pore destruction occurred becduse of grinding. And alj
though surface measurements by gas adsorption may give a
value for the total surface area, they do not identify the
degree of reactivity of the various sites nor the effect of
porosity on the dissolution (probably highest for Marine
apatite, lowest for the Ontario and Quebec apatite§), nor do
they make corrections for gas adsorption by non-apatitic
members of the rock sample. Hlli et al. (1954) fpund that
the reproducibility of grindings was very difficult to obtain
and that grinding had a strong effect on the reactivity of
the apatite. They féund that the surfaces of fine-grained
apatites showed a slight and linear decfeas; in increase 1in
particle size from 10-400 mesh. The high surface areas of
coarse—grained apatites were rapidly reduced in going from
10-50 mesh particles. Further reductions in mesh size gave
essentially no change in surface area.

In the natural environment, pore water composition and
the reactions within individual grain pores may be the most
important determinants of the reactivity and dissolution be-
havior of apatites (Caro and Freeman’, 1961). Only in thas
r?stricted environment can conditions exist where apatite

dissolution and precipitation can occur.
]
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The objective of this study was to determine i1f exposure

’ <§> f apatite to seawater caused an alteration of the apatite

urface and how this altered surface afchted the diagenetic
)

7 actions of marine apatltel The results of the study show
* that alteration of . the surface did take place. The form-
ation of and composition of this altered surface were found

. to be functions of the physical and chemical environments

. L

l and the characteristics of the original apatite'® surface.
On the basais of the phase rule when F = 0, P = C+2

(4 - (2 = temperature + pressure) and 1if temperature and pressure

~

are fixed, then an alteration in the number of components
must cause an alteration in the number of phases. This

. alteration 1s readily seen 1n examination of the photo

]

y micrographs of the apatite surfaces exposed to fluoride-

spiked seawater. The phrase "altered surface phase"

.

implies to most readers that a complete covering of the

orlglnal‘sufface has taken place. However, the photo-

¢

mlcrographs have shown that, the locatlon of the new phases

1s a selective préZess. Although the orlglnal surface may
R be totally covered by néw phases, this layer is most likely
| ) to be a.mosaic of phases. The formation of ?ach new phase
‘~q is dependent upon the reactivity of the original surface at

each site. The reactivity can be defined in the chemical

' sense by the free erergy barrrers to chemical reactions that

are able to alter the original characteristics of these sites;

1
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in the physical sense, the reactivity 1s defined by the

- L3 M ‘
physical characteristics of the site (e.g.,.pore construc-

» v

tion, location of nearest neighbouring crystals, placement

of new phases). ¥

o * ) o

o Thermodynamic variables which are said to be inhibitang

dissulution are those varidbles which increase free enexgy
o)

barriers to dissolution reactions and promote the rates of

— chem:cal reactions other than dissolution. Variables that

v !

\ L
promote dissolution are those that promote the construction
of lower ekergy barriers and/or inhibit rates of chemacal

reactions otherlthan dissolutaion. : . '
7

s
. .

-

o, s
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Comparaison of the results from this study of dlssg{;;ion n .

!

NaCl and seawater selutloﬁs showed that there were much.

- 3

\imaller differences in the ionic concentration increases .

ﬂueuto dissolution) than could be predicted from common

.

environment that,promqtes apatite dissolution in the present -
opegnoceaqs. Thus'?he open ocean cgnnot’be considered
saéurated‘w1th respect to é?atite. This agrees Q&th the
suggesilon of Skopintsev (1972) that tRe oceans are only

from biological source (teeth, bones etc.)

50-70% satura%ed W thifespect to apatite.\ The preservation
of apatite mater1a§

- \ of e
1s probably due to organic coatings on the material.

This study has shown that elevated pressures and/or low
temperatures promote apa%ite dissolution, by not promoting
the formation of phases on tﬁé surface, \ehe apatite which
can "rrotect! the apatite from dissolution. However, the
results from this study provide evidence to show that 'the
"proper" c%émlcal environment can successfully inhibit
dissolution and permit the gro@th of apatite deposits,
thereby negating dissolution tendencies cau%ed by the deep~

sea physical environment.

This "proper" chemical environment requires significantly

-

2



. *1h open ocean seawater) or to 10~

W

.

- 13@5\ '

14

»

dirfferent ionic 'activities than-found in typical oéen ocean

seawater. Increases to about 10 ppm fluoride (from -~ 2 ppm

3 n phosphate (from ~ 10" %u

. e
in open ccean seawater) were found to be necessary to

inhibat dissolution. A decrease in‘calcium activity pro-
"
moted dissolution’. Much less 'of a change in magnesium,

compared to calcium,-was necessary to affect dissolutaion.

[y
A

The presence of fluoride i1on in seawater appears to be the

best inhibitor of apatite d}séolution in seawater. Apatite

* 9

formation 1s lliely to occur only in specialized chemieal

,environment combained with the high éurface area of sediments
1

that offer the’ right kind of nucleating surface permit the

. .
creation of the "proper” chemical environment for apatite

LS

formation. Once deposits have formed, they are "preserved"

by the alteration of their sur%;ges to the least-soluble

. -
,

phases. : .

3



PR

r

RS

s ‘
chemical cycles in the oceans.

139 v N

Suggestions for Future Research .

The most obvious avenue of future research is wa more

13

. N
detailed investigation of the apatite surface befordé and

3
after exposure to seawater. The reactivity of the rface

has bheen defined as the sum of the reactivities of t
4

individual "sites" on the apatite surface. A quantification

of this "reactivity" and an in-depth examination of the
- t

mechanisms which regulate ‘the alteration of the original

surface layer would lead to a better description of the dis-

) .
solution and formation processgs. A scanning auger mic-

roprobe should be able to define chemically the pre-exposed
surface and this evidence coupled with determinations of

surface areas and porosity could lead to a reasonable '
v 4 -

estimate of the reactivaity of the surface. The”scanningq

auger microprobe could also be used to follow the changes

w

[’}
. '

¥
that occur on the apatite surface as the reaction with

e

seawater progresses. v
g:

)

+
L9
@

N °
trace metals in the marine envir¢onment. This ab111t§\1s o
o —r
probably related to the ggactlvi y of the, solad surfagé and .
' »

% Q
: Apatltes'are«gon51dered eﬁfe lent "concentrators" of

~

1

» 4 s
the alteration that occurs with exposure! seawater. A

-

would assist in the esglmgtion of the trace‘me

1 T

4
%
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Unfortunately}little attention has been paid in-.ocean-

[y

- b
ography to pressure as a thermodynamic.variable. A deter~

P

mination<of the effects of pressure on the phosphoric acid

~ .

dissociation constants and the s%ébllltj’of iQn-pairs in

Seawater could be combined wrth the experimental data from .’

7

this study to g1§e a compglete description of the pressure-
s
induced dlssolution'of apatite. ’
This study has emphasized the investigation of 1inorganic

&

reactions and their effect on the alteration of the apatite

o

surface. The effects of a reducing environment and pore

‘ot ¢ 0
waters containing a high concentration of organi¢,compounds,
4 z \

5 »

which are typical of interstitial pore waters of upwelling

N

zoﬁes, where most phosphorite deposits are found, have not

! &
been 1Ey§st1géted in this‘'study. A ‘hore-complete simulation
of typical pore water énvironments would give a more complete’ .

-

explanation of why apatrtes exist in ¥he present oceanic Ny
¥

}

sedimentss. : : . - N

\ .

- - ~
t ©
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a I. Formation

[t
3

¢

Marine phosphorites were first reported by the, .
."Challenger Expedition" (Murray and ‘Renard, 1889, 1891).
Since then many reports have appgared in the literature.

» T S N

'y

Recent reviews have been‘published by Bushinskii (1966),

oy e

McKelvey (1967) and Tooms et al.o(l969). f \'

*PQQsphorlte'depoélis generally eccur in areas that
. Ean be 'best described as 6fn§hallow dépth (less than 1000m),
having a eontinuous'supply of phosphé%e and having low
‘ active sedimentatlon. ,A map of the major phosphorite
’depoéits is givens in flgure pP-1. ) ’ \ ]\ :
:Qhe loss of phosphate from the e;photlc layer to the
sedlménts and 1ts subsequenu.mlnérallzation 1s an important

¥

segment 1n the phosphate cyc ? in the oceans. Phésphorlte ‘
' ‘fbrmaéion has been suggested to be due to various mechanisms:
(1) darect inorganic prec?élta 1i6n (Ka;akov, 1937), (2)
phosphatization of’ existing sediments (Leckie and Stumm,
1970; Cookt 1972; Nriag&; 1976), and (3) decomposition of
organic remains. The latter process could contribute in
two ways: .(a) accumulation of skeletal and tooth material
and some shells (for exampie, the shell'of the Brachiopod
Lingula (McConnell, 1963), and (b) release of gquantities of
phosphate to the interstitial waters. .
Close examination of each of these mechanisms will
. show that each mechanism cannot exist on its own, but

- s
A

v
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Map of the world showing major upwelling
zones and phosphorite deposits (after
' McKelvey 1966)

::: upwelling areas

xxx areas of major ahimal extinctiges,, Ded
tides, etc. ‘

- — major phosphorite dep051ts- .

A Callfornlé (d'Anglejan, 1967)

B Peru~Chile (Burnett, 1974)

C North-Vest Africa (Tooms et al, 1971)

D South-West Africa (Baturin et al,
1974)

E Pacific seamounts (Summerhayes,
1967) ’ .
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“rather phosphérlte formation requires a combination of
the three mechanisms and a specialized environment that

does not "remove" or "overwhelm" the recently formed

° -
‘ -

apatite. . { .

Early ciass1cal thermodynamic calculations attemped
to show that the oceans were saturated with respect t9
various forms of apatite (Kramer, 1964; Pytkowicz and
Kester, 196%). However, various chemical 1nteract1?ns
affé&ting the actaivities of the relevant species wére not
taken into account. As Skoplhtsev (1973) has noted,1on-
pairing by phésphate species probably* means that the
oceans are only about 70% saturated with respect to apatite.
Thus d;rect brec1pitatlon is only likely to gccur in ,
specialized environments where the 1onic activities of the
relevant species are raised above their normal levels in
the open ocean.

Although direct precipitation may be possible, crystal
theory demands a certain type of surface that 1is suitable £for
crystal nucleat}on and growth. Leckie (1969) and Lgcﬁle and
Stumm (1970) havg shown thaF calcite acts both as an excel-
lent surface for the nucleation and growth of apatlﬁe and as
an adsorbing :.surface for phosphate ons. ‘These adsorbed -
ions can then interact with the calcite to form apatite,
and this mechnaism 1is probably responsible for the form-

ation of apatite on Pacific Ocean guyots (Summerhayes, 1967;

Slater and Goodwin, 1973).

e e - - .
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Calcite 1is not the only material that is often
associated with apatites. Nriagu (1976) and Cook (1972)
have shown that phosphatization of clays‘can lead to the
formation of apatite. Buggett (1974) has also observed '
freshly formed apatite cr&stals on diatom tests from the
Peruvian upwelling zone sediments. Phosphatization of
sediments, like direct precipléatlon, requires a special-
1zed environrent: continuous input of phosphate and an
environment éha£ does not remove the apatite as fast as
1t 1s formed. .

The decomposition of organic material in the sediments
could promote both of the above mechanisms. The release of
quantities of phosphate to interstitial waters creates a
continuous input of phosphate necessary for phosphatization
of the sediments and increases the activity of phosphate
pa‘kaps leading to inorganic saturation and precipitation.
The accumulatidén of skeletal and tooth material that is
already apatite will naturally provide an excellent nucleating
site for apatite crystal development. Although many areas
of the present oceans may contribyte large quantities of
material to the sediments. they do not have the proper
chemical and physical environment suitable for apatite
formation. The present upwelling zones along the western

coasts of the continents appear to offer the ﬂest environ-

ments for the formation of apatites in the present oceans.

-

[ SR ——
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Theré 1s a large quantity of organic méterial descending to
the sediments, the oxygen minimum and tte sediments c01nc1de_k
at a reasonable depth (Burnett and Chave (1n prep.) (thusJ
there i1s not much adsorption oﬁ phosphate by iron in the
sediments) and tMPre is low input of terrigenous meterial
from the neaf%y land. )

The formation of phosphorite may occur in the present
sediments, but a speciali{ed ehv1ronment in the sedlménts
is required, both for the formation of the phosphorite,
and 1ts preservation. Until the recent reports of Baturin
et. (1972) and Veeh et al. (1973), phosphorite deposits
were reported as being geologically old (Emery, 19603
d'Anglejan, 1967; Kolodny and Kaplan, 1970) and that
phosphoriite formation was not likely to occur in the
present oceans. The size and age of the large deposits of
phosphorite indicate that the, conditions suitable for
phosphorite formagion must.have beed much ﬁgre prevalant
in prev15us geological periods than they are now.

Piper and Codespoti (1975) attempted to relate‘tﬁe age
of phosphorite formations with periods of increased animal
mortalaty in the oceans, which they speculated were dué to
alterations in the nitrogen cééle. Burnett (1974) has
sugge%ted that changes i1n sea level and ocean surface

temperatures correlate well with the ages of major phos-

phorite deposits. The higher temperatures and decreased sea

o
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levels (compared to modern) would create more of the shallow,

warm water areas that promote higher productivity and thus

more input of decomposing material to the sediments. ~ These

. conditions would also provide the physical environment,

appropriate to phosphorite formation (Pevea;, 1967).
The results of this ;tudy show that cold and/or dekp waters
promote tﬁe dissolution of phosphorite. High volcanic®
act1V1t¥ during previous geological periods would increase
the input of fluoride to the oceans which would promote
the stability of apatites.

As the sea level rose, temperatures decreased and
volcanic act1v1tyssub§1ded, the size of areas best suited

-~

to phosphorite formation decreased. At the present time,

¢

except for phosphatization of existing sediments of calcite,

phosphorite formation 1s only likely to occur in the seda-"

ments of upwelling zones off the western coasts of the
continents. €Small segments of these sediments most closely

rese@ble the conditions that have existed at various times

-
3

throughout geological history.

[

ITI. Diagenesis and Surface Alterations ) ¢

The concept of a "protective" phases(s) preventing

further reaction of a mineral phase with seawater has important *

consequences in sedimentary diagenesais and the recycling of’

phosphate in the oceans. "Inhibating ions", such as fluoride *

~ 1
«
Y ¥
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with apatites, affect seawvatex, interacticn with such
mingrals as calcite laffected by rhosphate] (Berner ang

Morse, 1974} and silicates f{affected by alurinum)

(Willey, 1975, a,k). ) -

»

T
}BlageHESlS can’be affected in two ways: {%J the
»
concentration of an'ion reguired to gffectavely inhikat

dissolution will ke much less 1f alteration of qnly tﬁé

surface phases can significantly reduce dissolution and
(2) the formation of a ":rotective layer" cangreatly inhibit

further seawater interaction with the remainder of the -

ninegal. Thusiw1th1n tte sediments large amcunts of
» [
material are virtually unaffected by seawater and thus Yoo

are restricted from being cycled back into seawater. - >

H]

As phosphate 1s liberated Ly the decorposition of
& ‘ L
organic reémains in the sediments and is subsequently mineral-

’

1zed, the formation of less-solutle phases on .the surface
of the minerals prevents the re-cycling of the phosphate
into thginutrlent cycle. Only significant changes in the

physical and chemical environment whaich can alter this

.

"protective, layer" can alter the phosphate geochemical
cycle. In the present-sedimentary regxmé, conditions are

such that the formation:of a "pfotect1va layer" on newly .

- [

formed apatite is more ﬁlfﬁlcdit.

y - -
The formation of various phases on the surface of

apatite may also be the source of the ability of apatite to

&

&
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conicentrate uranaul and other trace metals from seawater.
ESCA results of surfaces exposed to seawater in this study
showed that the surface layer could contain elemengs
within phases that were very different from calcium rhos-
rhates. Simalarly, the formation of phases on the surfaces

of .other minerals may be the controlling mechanism for

. trace metal residence times 1n the oceans. For example,

the forﬁaglon of manganese nodules and the ability of )
these nodules to also concent;aﬁé trace metals from sea-
water 1s probably relatedhto the formation and alteration
of the phases on the surfaces of the nodules. : '
Cbviously, @ more detailed investigation into the
formation of surface phases oﬁ sedimentary materials and
the ability of surfaces Fo exert chemical control over
solutions which they are in contact should form an

imporkant part of discussions of marine geochemical cycles.
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1) The interaction of \seawater leads to the alteration of

the surface.of the apatite. The composition of this

.

altered surface 1s a funftlon of the physical and chemical

environment and the characteristics of the apatite. The
altered surface, which may contain phases different from the

phase that composes the Sulk of the solid, then controls the

kinetics of subsequent yeactions.

W
fa
2) The composition of/ the altered surface should not be -

descrﬂbgd as simply less—-soluble form og apatite, but may

involve a complex @assemblage of phases.

o

3) The dassolufion of apatite in seawater and NaCl solutions
1s a linear function of preséure over ,the range 30-1000 atm.

and SOC, whe¢re disscolution i1s measured by the change in

)

concentrations of the relevant ions in solution.

4) Th¢ extent of pressure~induced dissolution can be mod-

®

1fied by other thermodynamic processeé which*can inhibit’

dissolution.,

-
\ - *
]

- ' <

5{ The presepce of fluoride in solution inhibits the - v

issolution of apatite, although fluoride concentrations

-

qieatly in excess of normal seawater are necessary. The
high levels of fluoride permit the formation of compoug@s

- A

as CaF, on the surface, as well as fluorapatite.

[ ! v
N

A
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/

6) Reduction in the activaity of magneE;ﬁm‘in solution

reduces the dissolution tendency ofmabatlte. Reduction in

.

of apatite, althouth a greater change 1in cal&gum, }compared
Il

to magnesium, activity 1s necessary.

EanY 3

the activity of calcium 1n¢réases the diss lutxg:\;:ndency

.

7) Although ‘an increase 1n phosphate decreases the dis-
solution tendency of apatite, concentration levels in excess

-4
of upwelling zone pore waters are required.
&

8) The dissolution of apatites 1s an inverse function of

!

temperature. Increased terperature promotes the rate of
//

alteration of the surface and réflects the presence

of energy barriers that must be overcome before surface

altegration proceeds.

9) The ability of apatites to exist in oceanic sediments 1s
a result of the alteration of the‘surfaceé to more insoluble
;phases which inhibit the k}nétics of dissolution. The
problem of apatlté dissolution in seawater must be descr;bed
in kinetic terms, as well as in correct thermodynamic

-

solubility calculations.

10) Description of marine geochemical cycles based on know-
ledge of bulk analyses of solids and solutions may be totally
wrong. The error 1s caused by not considering the micro-
scale chemical processes leading to the alteration of the
reactive surface of a solid and the processes affecting the

-

activity of relevant ions in solution.

1
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Photograph of Apatite Samples Lo . '
A. Mex:.can)l {Banded)
o B. Ontario Brown (Wilberforce)
*C. Florida Pebble Col,]:'ophane\‘
o )
. D. M)arine Phospheorite ‘
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E. Quebec-Ontario Blue-Green Massi\.(e .
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‘ ' Table Al
.o . N~

Bulk Compositioh of the Apatites (wt, %) »

¥
X

\\ﬂ Mexican Ontario Quebe¢ Florida  Marine (PD1930)

L ~

P,0; 3§.4i’ 34.98  29.58  28.17 22.66
Ca0 46.96' o 53.72 48.84  41.99 . 34.64) ¢
" co, 1.16 1.70 7.29+  5.08 " 3.18 K
Fe,0, 0.32 0.44 _ 0.56 1.31 - " 3.16
A1,0, 1.29 0.1 ° 0,83 1,10 4.47 -
MgOo 704014 0.10 - 2.52 0.50 1.15
Na0.  0.25 "9.12 0.14 "+ 0.69 1.99 .
X,0 0.33 0.02  0.35 . 0.23 - 0.76
F 2.93 6.28 2.19  2.97 = 32.68
. ’total 88.6 97.5+  .,92.3  83.0, " 74.69
'-0=F + 1.23 2.64 *0.92 1.67 1.13
" total 88.4 94.9 91.4 81.3 75.6
1Y ] ‘, ‘\
. . :

Using the method outlined in Deer et al. (1966), the bulk
chemical formulae were calculated tb be: -

-
s

Mexican — ‘Cag sNag ggXo.07(P04)s5.1(C0#¢.27F1.6
y - 0
*ontario . Cag 4(PO4)4 3(C03)0,34F2.9 (%M 7
] ‘ s
IQuebec Cag.9¥0.8M90.64 (PO4) 4.31C03) 1 7Fy 2 (OM) 4 o7

") Florida Cay 4Nay 53MGy 13%g, 05(PPs) 411 (C03) 1 5F5

*Marine - \Ca; gNa, gMgy Ko 5 (PO4), (C03) g 4F1,5(0H) 5 5

[} >
a

* Hydroxyls ;gded to balance'chargg.
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' X=ray Powder Diffraction Patterns*

Figure A2

I. A,

3
' C‘

II. A.

Ty -

o

Lydroxyapatite Exposed%* to Séawate% + 500 ppm“
NaF

Hydroxyvapatite

Hydroxyapatite Exposed to Seawatert

Yexico Apatite a . .
Mexico Apatite Exposed to Seawaféi
Ontario Apatite 3 \

"Ontario Apatite Exposed to Seawater

Marine Phosphorite

Marine Phosphorite Exposed to Seawater + 500 ppm
NaF . ) x

Quebec Apatite : ’ ) .
Florida Pebble Collophahe -

Y

¥ (Samblés were finely ground, made into a éiurry

in

acetone and deposited on glass slides)

** (Exposure times in seawater were 192 hours at 1 amt.,

2°C) ) )
D
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Figure A3

I.

II.

~ III.

Iv.

a4

a, b Mexican Apatite Unreacted
¢, d Quebec Apataite Unreacted

e, f Florida Pebble Collphane Unreacted
Marjne Apatite Unreacted

Examples of Test Remains in the Marine Apatite
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Ontario Apatite Unreacted
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TABIE Bl (a) -

t ~

Experinent Temperature Variation . ! i
Solution 0.£5 N NaCl (1 atm ,tnitial pH set to 8.2) oa =
.
Apatate  Mexico (8-28 mesh, 10g9/100cd) a ., %r,
T -
Temperature Conc (M) ., Tame (Hours) ‘ 1
(°c) 0 2 6 48 72 120 192
p—n 1 T - I
. PO, x 107" | 003 24 58 134 129 177 218 |
, Fox107° | o0 0.7 26 14 - 138 16.5 .
on x1077 | 73 o€ 078 3.1 93 2.5 71 ) ;
ca x107° | 00 - 083 JA.68 257 250 231 447
£ ¥ -
) TPO, x 1070 | 003 22 54 676 651 ‘63 763 }\ .
25, F o x107° | o 07 2.1 4 6.9 54 53
° oi x1077 |160* o018 o098 17. 04 0.71 10
ca x1074 | o " 0,97 107 167 206 1.6 2.4
& £
G
Apatite Ontario (as above), ~ . v @ e -
| Teo, x107° | 003 ' 0€7 18 142 v15.6 16 23 9
2 F o ox100 | o 1.1 11 69 55 94 162 -
o x,107% 4 73 024 1c 46 2.7 .23, -
- -, o ° A
ca x104 10 | \075 3.0 5.4 55 55 ‘63 -
. TPO4x010_6 0 0% .8 61 45 71 715 47 ¥ -
- by
v F  x107° |0 0% " 0.6 0.9 1.z 11 105
on x 1077 |16 0.32 1.8 15 13« 17 2.4 '
\ eca x107% | p 1.1¥ 12 17 4.9 3.0 31
v g
v - : -
Apatite. Quebec (as above) .
PO, %107 |0 03 027 047 24 1.7 35 4.3
N _c 3
s ) F  x 10~ o 0.35. 0.70 "2 € 17, - 37
oi x105 | 73 179 21 46 51, 65 2.3
) ca x107% | o 9.1 145 16.45 14 6 - 124
- L) (3
TPo, x 10°° [ 003 1.1 10 51 39 3.9 -
25’@ *Froox108 | o 6,3 46 125 86 87 - N
; ) “ou"® x~107¢ |16 0 16 5.4 7.5 - 18 45
‘ca 2207 |0 w8 - - - i42 130
k]
9 - .
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»
z - r
[4 - -
by i
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o 13 ¥ -
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Experiment

‘ TALLL Bl (b}

Temperature Variation

A Solution « Scawater (i atm) \
1 * o
Apataite Mexico (B~28 mesh, 10g/100cc) . <
“ ) 1
" - Temperature tone (M) Time (Hours)
o () 0 2 6 , 48 72 120 192
. ) PO, x 1072 |20 4 088 0.88 45 3.7 4.0 10.1
> 2 Fox200 | 2% 44 s41 47 4.6 535 39
on x 1077 - 28 25 43 347 52 22
ca x103 |10% 81 88 82 83 .82 68
. PO, % 107> | 03 10 26 50 9.4 100 9,5
25 Fox107° | 275 .275 2.75 375 - 57 5.7, 35
. on x1077 | 61 - 47 6: 64 76 6.
g ‘ ca x107° | 113 83 7.6 8.4 85 7.8 8
. 3 N
v Apatite On%arlo {as above)
PO, X 107° 2 1 07 49 15,0 10.5
, -, F  x 107> 3 34 34 41 50 100 8.9
. oH  x 1077 - 26 4.4 29 3.3 65 45
’ ca x10%9 92 92 92 96 8.6 - 8.6
PO, X 1076 | 2.0 30 14 23 47 s, £5
. ’ 25 Fox 100 | 23 3.4 ‘4,1 4.6 46 48 4.6
, 4 on x 1077 13 73 57 4.8 4. 80
] ca, x1073 | 92 109 105 938 7.2 8.8 106
Apatite Quebec (as above) o
-+
PO, x 107> | 0.2 02 0.3 0.4 17 4.7 3.2
, F x10°] 23 32 38 45- 42 34 B1
*{ on x 1077 35 3 3: 28 39 15.3 10 6
* ca x1073 | 92 - 127 135 139 - 9.3
. PO, X 1078 | 2, )i 1 12 -6.0 3.7 39 6.1
25 Fox10 | 23 28 40 - 46 36 50
/. o x 1077, - 4.2 8.0 9.2 76 49 147
| ca x1073 | 9.2 138 116 %o 7 82 11.5 10.2
Apatite _ Florade . las above) ;
”
“ TR0, x 107> | 02 15 «58 30 44 30 2.3
: 2 Foox105 | 23 46 41 58 61 5.1 63
. on  x 1077 | 14. 2.8 3.0 19 21 ‘- 37
ca x103| 89 83 76 85 g4 83 B8O
. TPO, x 107> | 0.12 019 015 20 3.4 ¢ 51 91
. ' 25 F x10°| 45 ' 47 50 54 6.0 6.0 '68
. ’ on 'x 1078 | 22 B7 149 10 8 92 46 7
ca> x 1073 9,3 /‘a 3 7.9 8.4 %85 6.8 741
. ’ )
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o« | TABLE B3 . ;
Experiment- tl‘acl Solution + Spikes for Common Ion thfects"
Solution ‘0 65 W, NaCl + Spiles (latm., 2%c)
4
Apatite- Ohtario (8-28 mesh, 59/100cc) .
Spike (M) Coric. (M) _— Tame (Hours)
i 0. 3 6 10 24 72,7 115 192
- J TPox 10720 0.1 0.7 17 0.47 1.4 0.32 0.8 74
- —-— 1
1x107% (caco,) | F N\g 2070 | 1.9 2.3 145% - 3.1 2.1 8.9 8.5
o x\1077| 1.2 3.3, 21 7.8 270. 1lo. 330. 1lo. *
X : ca x107f| 1.5 21 2.8 3.9 252 '3.7 I8 4.5
: | reox 1073 o.5 2.6 1.1 2.3 -
121072 (Caco,) | F 'x 207 | 09 . Ut . 24 - 44 5.8
v OH x 10’6 3.6 . v 5.3 13. 42.v 28,
| ca xf073 |10 v 153 15.9 13, 9.3 °
™o,x 107¢ | 6.3 7. 1.2 14. 10.6 16.9 -~ 93 2
2.4x107(par) | Fox 1072 {11.5 121 15.1 15.2 ®i1.0 - 1406 102
oh x 107°| ¢.3 2.0 2.5" 14. 24.  40. 39, 27 .
MNol%a x1073| 15 17.7 1144 15.3 334 22.8 - 29.6
TPO,x 10724 34 3:3 ;247 6.3 4.9 6.0 (7.0 9.3
5x107° (K,HPO, )| F x 1072 1.0 5.9 26 3.1( - 11.5 - 10.2
O x 10| o0 002 0.006 0 £ 8.3 1.6 27. 25. 27.
ca x 1070 | 1.8 15.6 12.4 16.2  26.3 25  25.6 29.6
we v
- 4 -
. ! L
L4 s IS % s
- [ - 'y
J" N
{ + '
N ' » 3 )
& - £
~ - ‘ ) N
. 4 N .
/ .
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Experameht

Solution-
\*

Apatate

»d

°

TABLE B4

v

Varaataion of Solad amount/100, cc Solution

Sea 'ftter (1 &m., ZUC)

Mex1co {B~28 mesh)
X Sa

-

o

Zmt of- " Cconc. (M.) ) \ Tame (Fouss) )
Solid (g) 0 4 7, 24 72 120 = 192
TPOx 10784 1.55 1.47 1.95 ‘1.46 - 1.28 1.6 \I,
b1 ¥ x107°| 3.€ 4.7 6.6 5.9 3.7 4.5 5.3 &}
4 OH %9207 /| 2.6 2.7.¢ 3.3 3.k 4.6 3.7 4.7
) Ca x10°| 8.4 B.6 8.4 B.2 7.5 7.8 1.8
« __,5 o » N -~ .
TPO,X 10 255 0.8 0.8, 4.5 1.0 1.5 3.3 .
.5 T ox107| 3.5 6.2 4.3 8.1 5.2 4.7 4.0
o x 10| 2.6 3. 2.7,4,2.7 43 3.7 4.5
ca x103| 8.4 B.7 9,6 B.0 B.3 'B.6 9.1 .
IOy 1078} 135 0.4 " 1.7 2.3 16 4.9 7.8
1.0 F x10°| 3.6 4.6 5.3 7.7 4.7 3.6 4.0
of x107%| 2.6 3.3 3.3 3.1 4.9 3.5 4.0 -
’ ta x 16| B4 B.O B.1 7.6 7.5 6.9 °7.9
* TPO,x 1070 | 1.6 6.7 *6.6 7.5 19.9 17.9 ' 37.
5 0 ¥ x10°| 3.6 6.1 4.5 3.8 4.0 4.3 5.0
oH x107/| 2.6 2.9 2.7 2.5 &3 2.8 3.2
' Ca x107°| 8.4 " 9.4 * B.7 7.2 8.0 7.8  B.4
: ot . -
TPO,x 107> | 0.16 0/88  0.85 ,4.3 3.7 4.0 10.5 .
1040 F o o@*107°| 2075 4.35 4.1 4.7 4,6 5.2 3.9 .
oH x 1077 ~+ 2,75 -2.45 43 3.4 5.2 2.2
ca x103| 10.7 8.05 8.8  B.15 B.3 B.2 6.8 "
. ' ' &
N ‘ )
° , " "« »
" ;& ) . . . \
A " v, "t ' %
\ , ] . , y
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r, TABLE BS . )
[
Experiment: To Test Effects of Crushing During Sample Prepara@xo’n
s -
Solution: Seawater (1 a'tm., 20?)\ / .
Apatite: Marine (10g/100cc) \
Solad Cong. (M) Time (Hours) )
Description . 0 -, 2 6 24 48 72 120 192 240
a N - 6 ¥ " ’Y’
TFO,X 107 4.9 8.9 6.2 8.6 9\1 16 4
Un- F x 107° 5 03 4.3 4.2.5.5 5.3 55
ground OF x 1077 4.4 0.74 3.1 ™1.6 0.7 "\ 15
ca X103 1002 10.3 9.3 8.8 84 9.6
TPOx 1072 | 0.16 0.6 0.7 2.3 2.9 - 4.6
* - [
Ground F %107°| 3.6 9.0 8.6 7.3 5.9 4.9 7.7
to 8-28 o x 1078 26. 9.2 4.6 4.9 3.8 2.6 6.2
Mesh ca x1073| 8.4 g 9.0 ° 10.7 '  10.9 10.3 -~
- 7
-5
Ground* to | TPO4X 10_5 0.15 174 | /2'2 2.75 - 2.14
48-60 Mesh | ¥ X 10_B 7.4 8l9 , 1l.5 10.2° 6.5 6.1
oH x 10 55 4 22 . 4.0 1.2 1.6 1.3
ca x1073| 123 1d.9 v 21 16, 22.5 19..
H 7
) ¢
* Ground refers to material grbund in a machine using ceramic \%f
grinding wheels and sieved to appropriate mesh. - .
LY '{ -
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TABLE B6 -
Experiment  Variation of TPO g 0 Solution \ )
. ., .
Solutionl feawater + K HPO, (1 @tm. ,,2°C)W ’ . ,
4
Apatite: Mexico (8-28 mesh, 50g/1000cc) ‘ , .
TPO, Spike| Conc. (M) ) Taime (Hours) -
(M) 0 1 5 10 24 a8 192
TBp, x 1074 0.3 .03 1.5 3.5 D 6.2
25 x 1% ¢ x 107 4.1 4.2 -~ 7.0 115 18.4  40.3
on x 107’ 105 1.5 7.0 2.3 7.0 12.0
- ca® x 1073 11.4 7.9 - 8.3 9.8 8.5 9.5
L 2 4 '
TPO, X 10~ 0.21. 0.47 0 89 1.6 3.8 7.7 6.3
so0x10°% F x107°| 2.0 3.9 3.8 * 6.7 12,6 ,19.5 53.1
O x 103 | 14.2 5.8 1.5 1.4 3.1 3.7 7.3
N ca x103| 91 11.6 7.1 8.3 8.3 ° 7.9 10.9
k]
Apatite. Quebec (as above) * .o Cu
. PO, X 107" 0.19 0.41 *0.89 1.9 3.1  2.7¢
25 x 1078 F . % 1073 3.6, 3.0 .5.0 7.4 . 7.5 -
) o x 1077 | .1 5.5 1.8 0.84 70 8.6 18.
ca x 1073 11.9 _ 8.6 9.3 '106.3 8.6 12.3
' TPO, x 107- | 0.21 0.56 0.5t  0.52 0439 0.45 1.59
50 x 1076 /F  x 10| 2.0 5.6 4.5 . 4.6 4.2 4.2 4.6
B x1077 | 14.2 \84 6.1° 6.2 4.8 8.8 6.2
J ca x 1073 ] 9.1 7.8 7.9 2.3 84 8.1 8.4
* ] X
Apatlté Florida (as above) ~ ’
PO, x 107°,| 4.9 5.3 - 3.2 3.0 2.6
25 x 1078  x 1077 5.2 4.1 6.8 - 6.9 6.2
o x 1077} 5.8 2.9 2.0 1.7. 4.8 3.6
ca x 1073 7.8 1.2 7.1 7.8 7.0 7.4
% £
. TPO, X 107° . 44 - ‘8.9 4.2 3.3 5.2
50 x 1076 B ex 12070 4.5 3.8 .2 4.9 5.7 61
"on x 1077 2.6 2.3 _ 2.0 2.0 3,1 3.3
- f
L Ca s 1073} 8.2  B.1 8.0 7.9 6.8 8.4 ,
- 1 f
- ' ’
- ' R
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. . TABLE B7 . | ., .
b ' N "8 :\-'an ~ .
Experiment. Low-level Variation of Fluorade in Solution | ~
. . dolution: Seawater + NaF' (Latm., 2°C) ) . ",
A ‘ \«
Ak?tlte." Florada (8-28 mesh, 5g/100cc) i
« \ Y ry - . Ky - ) v -
4
. NQF Spike Conc. (M) L \5 Time (Hours)
' . .- (ppm) . 0 1 a 10 24 48 192 .
' J 4 - a B3 * EY '
. 0, x 1077 | «0.12  0.79 - 0247 * 0.52  1.45 ., 2.3 ) '
. 0.35 F ¢ x10° | 2.9 4.7 49y 5.3 .46 51 =-6.1 \
) - oH x1077 |~ - - 5.5 51+ 4.4 2.6. 27 1.8 ’
. \{:/ ca x 107 - 8.0 7.2 7.0 8.0 8.4 8.4 .,
_ ) N ¥
‘ — .| Teo, x 27 | 0.12 15\.3/ 1.9 5.7 - R
- * ] o |
{ , 3.5 FY  x 107> | 10.4 *9.47 8.5° ‘9.0 8.4 .3 .1 .
; * 5] o x 107’ - 5.7 2.6 4.6 3.7 - 3.7° 1.9
ca x1073 |, - 8.3 8.1 8.2 82 8.7 8.0 . C
. * £ -~ . R
'E - LY
‘ , , . .
& Y + ' 4 L}
1 . ’
1 ~ « N
/é ’ ) ’
N 14 . L3 ] -
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* . 5 " . v
. - ‘. : * . TABLE B8 “(a) *“ » N )
Experiment. High-level Variation in Fluorade, Low Temperature ‘
P 1 -
.SQI&tlon + Seawater + NaF (1 atm., 2%c) - . Py N
. ) ' “, . <
&~ ’ ~ - “ .~ .
s Apatite. Mexico (8428 mesh, 5g/100cc)
-~ NaF 9pike| Cond. (M) s ' Taime (Hours) .
oo © ppm) . oo 2 6 .« 10 ' 24 - 96 192 .°
L ( 90, x 107 ' 0.25. 0.25 0.88 : 0.63 23.5 22.5 o /.
’ Y100 F' 1073 ¥.6 1.5 1.5 _ 18§¢ 1.5 1.5 :
| on x 1077 * 5.3 3.7 3.3 3.0 33 3.%
- -~ ~ ¥
cr x 1073 7.7 7.5 8.0 19 8.0 7.8
. ) \ . N
) : . ' Mo, x 10 1.25 - - ¢ - - 1.3
n 500 F..x 103, 6.3 < 4.9 4.9 - 2.8 3.0
AR on x 107007 . 2.5 2.4 2.0 -4.0 20 1.7
1 ca x103|" "6.9 ,6.0 63, 6.1 * 53 '5.3 .
£ © % L) - . » 2
Apktite: Ontario (as above)0 >y 6 10 23 72 “153 ,J>92
\ ! .| oy x %07, 1.2 -, - - 2.6 162 23.1
’ - 100 F o otx 10543 1.45 1.6 1.6 1.9 1.7 1.7 1.8
« - . \
‘ . o x 1077 g 4.8 % - Xe 4.3 47 1.6
— ca . x 1073 745 )7.6 73 , 7.5° 80 7.9 7.9
L. ‘.| w0, x 107% 6,25 .25 o0:25% 0.25 -, 2.9 3.0
500 L F  x 1073 6.4 6.0~ 8.8 . 6.6 7 4.2%' 3.2 =~ 2.7
% ,\ ' . on x 1077’ . 33 3.3 200 Tv25 23 25 2.7
s ¥ ca ¥ x 1073 .6.9 66 6.5 6,4 ~5:1_ 4.9 4.3,
v — — i L @
7 Apatite+ Marine (as above)0. 1 f?, 9 24 72 192 -
st » 5 *-
* ' PO, x 10°° | 2.5 'p.25 0.5 0.25 0.25 85 119.3,
e 5% Fox202 82 "7 81’ 77 5.2, 3.3 6.4e . 7
® o x| - 1.4 . 1.3, - 0.%7  0.35 0.48 .
. lca x103| 60 .7.0 65 7.4 6.5 6.4 8.0
s e ‘“ o - .
. Apatite. Florida (as above)0 3° 6 1b £ - 48 96 192 .
T N o, x 1078 | - w5 2 5.5 b S p.3 - 25.8"
500 Fo.ox 1072 112 3,9 Mg 70 0 86 4 - L6.45
‘ : o x 1077 | 4.6 “%5.3, 3.8 | 4.5 3iq ,3%.2 4.5 -
ca, x W] - 703 7.5 7.3's 71 e 20 6.9
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- - TABLE B8 (b) ‘
Experament I agh~-Level Variation in Fluoride, High Temperature
N ' ®
Solution: Seawatexr + §\Ta1‘ (1 atm., 500 ppm Na¥F spaike)
\ .
‘ Apatite. Ontario (8-28 mesh, 5g/100cc) b
Temperature Conc (M) i Timg (Hours)
( %) 0 2 6 8 24 95
. TPO, X 1076 21 0 67 1‘.0') 0.3 . 0.45 -
y 25 lr x1073 64 74 8.1 7.6 5.6 5.0
: OE x 1077 1.5 7.1 7.8 6.9 3.3  15.0
P . | ca x 1073 6.0 68 7.45 6.9 * 7.1 7.1
, o, x 107° | 16 1.3 0.5 - 1.1~ Q.66
50 F ox 107> 6.3 6.5 6.5 6.3 4.6 4.1
. o x 1076 1.7 5 1.5 1.5 1.7 1.4
> ca x 1073 646 6.9 6.8 69 68, 6.9
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- TABLE B9 ' ' |
Experiment: Variation of Calcium and Magnesium 13 Solutign - ) ’ .,
Solution. Seawater + Art. Sedwater (1 atr, 2°C) ~ v, \ . ‘
. u - . . -2 ¢ . am
f [y @ ¢
Apatater. Ontario (8-2€ mesH, 5g/100cc) . ,
3 - " (‘
Ratio Conc (M) ; . Time (Hours)
ca/Mg 0 1 3 5 ) 24 96 ° 192 .
' TPO, x 107° | 2.0 . 025 0.25 0.25 0.25 2  3.45 7.§4 '
s, |F w1073 | 9.3 Ceal, 5.8 6.1 9.4 6.6 6.9 '12.1
o x107%.| 6.8 8.2 9.2 " 8.6 9.0 7.1 25 '36. ]
. ca x10> | 9.3 8.0 8.0 8.8 8.9 90 11.6 11.0
Mg x2073 | 51 7.8, 7.8 "Paes 49 48 48 51 , -
s s
, TPO, X 1008 | . 0.25 025 o0 28° o0.25 o0.98 ~ 2.91 ,
5 x 2070 |1l2.6 93 12.8 8.9 11.8 ‘110 7.4 12.7, -
of ‘x 1077 | 4.9 4.3 4.6 4.0 4.1 3,4 *37 4.8 R
ca %3103 | 9.8 7.65 7.54 89 8.1 7.8 11.5 11.3 .
Mg x 1072 | 2.7 29 1.80 2.4 23 245 2.5 * 2.4
P
TPO, x 1070 | 2  0.25 0.25 0.25 0,25 1.8 - 2.12
10 F o ox107°, | 23.4 140, 17.0 13.8 150 229 224 8L.1 . ”
oi x10°/ | 5.0 49 5.3 4.8 48 4.2 4.8' 3.9 .
- N Py,
ca .x10 3| 9.7—<%k.1 91 93 9.1 85 11.3 °1l1.8
. IMg x107% ] 1.3 13 1.3 1.45 1.25 1.3 1'45 1.59
0 1 3 5 8 24 144 192
TPO, x 107> | 0.25 1.79 107  1.43 1.43 34 3.2 5.7 :
- -»
o033l Fox107° | 5.3 M7 9, - 6. 8.1 8.8 14.8
oF x1077 | 2.5 2.9 3.0 3.5 38 3.8 4.0 2.4 :
ca x107%| 8.3 88 - 9.3 9.5 110 9.5 10.6 ”
‘Mg x 1072 | 10.8 ), 11.2 12.3 11.0 10.% 10.1 10.8 10.6
TPO, % 107 .025 0.91 1.72 1.8 155 2.15 65 6.6
o.0033] ¥ X 10= |*s5.3 62 76 6,5 6.9 81 95 13.6
sl o x1077 | 2.5 2.9 3.1 .3.5 4.1 4.2 4.7 3.9 :
ca x10%| 0.9 1.0 1.6 2.4 21 3.6 3.6 3.9
Mg x 1072 |11.0, 103 105 162 10.1 10.4 99 10.4 -
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Lxperament Variation of Lotal €0, an Solution ’ -i. -
. .,
]
Solution. , Seawater + Kaccsgor HCL (1 atn , 2% - o
! © i, M :
Apatate  Mexico (8-28 nesh, 50g/1000cc) - A -,
' M “ A n x--7‘3 *
~ .'I'C()2 conc (M) » Time, (Hours)
" w 0 2, & 10 a4, 48, M5 192
’ PO, X 107" 0057 99 211 251 ‘34 44 21 ' 18.1 [
Ce -5 , v %E‘L
High T p20750 22 40 38 45 80 120 - &
OH x 10 2d 8.2 47 002 0.06, L1 £ 30 2
ca x1073 s.¢ 6.6 52 66 69 8B 64 6.9
Tco, x 10| 122 396 405 - 49 - M5 4.6
1O, x 107°| 002 11 205 y23 26 20 3.8. 34
Regular | F x 107 | 2 1 34 038 56 77 951 115
QW xw030 78 "03 10 20 o067 2 12 89
ca x1073{ g0 81 +68* 88 8.8 93 7.0 68
TCOle()_a - - 21 - - - 22 22
PO, % 1070 ©07  1.85 7 34 35° 45 46 4.4
F x50 17 58 ¢8 "51 67 94 186 140
- ]
Low on x1077|s 070004 0003 004 DOE 04l 54 12, 477
o .ca x107%| g2 9 g9 79 .83 9,9 60 7.1
o mo, x 1071 oss 049 - f- - 0.02 0,15 046
Apatite Ontario (as above) * , 12 va ’
TPO, x 07| 006 96 188 223 295 21,3 306 210
...5 3
Hagh F x W2 23 41 33 47 3.8 10 511 360
o x 10 28 6.5 2.2 00T 004 0092 »23 21a
ca x| s58+¥758 % 98" 73 g3 s €7
—3‘ .
. Tc0, % 10 12 .47 60 - 63 6.4 5.9 .60
. TPO, % 1077 | 0 06,107 202 203 163 - 178 174
-5
Regular | T x| 20 $3 41 45 55 8.5 394 242,
on x1077{, 7.8 054 1.6 21 073 '175- 2.3 92
ca x 1073} 8.1 50 73 96 80 80 66 6.6
7c0, x 1072 - - 24 - - 2.3 - 2.4
L4
TPO, x 107 | 0.07 101 20. o 212 225 - 15 0: 13.0
Low F x10™°| \17 5.0 46 52 6.9 8.9 - 13,9
] oon x 1077 03 00l 0f 005 05 2.2 - 78
ca x )& 8 L3O TA 101 B9 9.2 67 5.8
Tco, x L07° .89¥\ 0.64 024 - 046 067 ,080 08
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TABL& Bl1l

Experament Regular, Seawater with Apatite Pretreated in Seawaterx
N (1 atm.. 2 C) for various Lengths of Time !
Solution Seawater (1 atn; : 2 °cy,
- M 3 5y
%atlte Mexico (8-28 mesh, 5 g/100cc) . )
«Pretreatment Time Conc (M) Time (Hours)
(Hr ) 2 6 10 24 96 ., 192 ¢
‘ "TPO,x 1078 47+ 39 6.1 60 119 17 3
192 F x 107° 3.6° 36 4.1 3.6. 36 8.6
.7 o x 107% 4.3 5.2 52 4.3 4.6 4.9
ca x 1073 6.0 61 7.7 5.7 509 8.2
sy {
‘ TPO,x 10 6 1.6 2.8 9.0 5.3 97, 31.9
- [ 3
384’ F x107°:] 9t5 5.1 4.7 3.6 - 11.6
' . o x 1077 5.7 5.7 5.4 | 5.8 5.4 4.2
- ca x 1073 5,5 66 8.2 549 " 5.6 7.3
3 4 1Y a
Apatite- Floraida (as above) ‘
) TPO 107 4.9 5.3 8. - 1.6  11.7 °©
(192 “F  x 1070 3.4 40 4.7 2.4 - 5.6
o x 10”7 4.6 42 4.1 3.9 3.8 4.1
* ca x 1073 5.96..88 74 5& 72 8.3
. e 1078 - '1.3 25 13.8  16.5
384 F x 107° 3.5 2.9 4.7 -t - 8.5
o x 1077 5.4 4.4 4.9 46 41 3.7
ca x 1073 6.3 6.2 8.0 5 .65 7.3
Apatite: l\qz\lrlne {10g/100cc, as above) .
TPO X 107° 5 42 12.7 - - 10.4
192 L, P ox 1070 8.5 36 44 10.2 10.0 12.7
com x 1078 | 13. 8.4 59 3.1 1.5 14
/ ca x 1073 50 6.5 8.2 6.8‘ 6 3 8.2
&
NS PO, % 1070 27 4.3 1.2 20.4 - 11.9
384 F x 107 | 20.4 - - 10.2  10.5 8.9
. | om x107® | 23, 13 13, 1.3 1.0 0.94
, ca x 1073 5.6 6.2 8.0 62 6.6 11.1
7
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- TABLE Bl%
Experiment: Regulaf Seawater with Apatite Pretreated in Seawater
' + K,HPO, for 192 Hr , 2°, 1 atm, ) ,
‘ Solution: Seawater (1 atm., 2°C) .
Apatite Mexico (8-28 rﬁ%sh, 5g/100cc)
Iretreated in Conc‘ () . Time {Hours)
SW + - (M) K,HPO, 0 2 6 10 24 96 192
. 2
* TPO, X 1070 3.5 33 36 ‘5.5 4.4 3.4
25 x 1078 F o ox 1070 3.8 37 4.2 3.4 3.3 45
‘ on x 107/ 4.2 4.5 4.5 4.3 4.2 4 8
ca x 1073 61 '5.8 7.0 6.0 5.7 7.1
TPO, X 1076 e 6.5 3.8 6 6.0 4.7 29.
5¢ x 1076 F  x 107> 3.5 3.8 4.2 3.6 3.8 38
tl om  x 1077 3.8 4.5 5 4.3 4.2 5.1
s ca x 1077 5.8 - 0 6.6 7.0 7.2
' Apatite Florida (as above) '
TPO, x 19'5 7.0 7.7 11..3 - 19.2
25 x 10”6 F x 1070 3.5 3.8 4.8 2.2 5.8
’ o ! x 10”7 4.2 38 3.8 3.6 4.4
‘ 4 x 1073 5.9 6.4 83 ‘7.0 7.8,
TPO, x 107° 1.2 1.1 1.3 - 2.6
50 x,107° F  x 107 3.7~ 3.9 44 2.6 5.6
o# x 1077 - 4.2 37 36  3e5 4.0
1 ca x 1073 2}2/;\ 8.3 4.6 6.8 ~ 7.8




LA
»

TABLE B13

Experament. Regular Seawater waith A‘;‘)atlte Pretreated in Seawater
" 4+ NaF (500 ppm) for 192 Fr., latm. , 2°C.

Solution. feawater (1 atmn., 2°¢), . N

Apatite: Mexico’{8-~28 mesh, Sg/loﬂc;c)

Conc. (M) ¢ Time (Hours)
. 0 2 6 10 24 96 192
PO, x 1076 025 0.25 025 025 0.64 1.22
_'r x 1072 1.26 1.20 1.46 1.6 25 2.5 °
. o x 1077 4.1 4.1 4.1 41 3.9 3.7
ca x 1073 6.7 54 84 6.1 . - 8.6
Apataite. Ontario (as above) *
_.6 - o ™
TPO, X 10 0.25 0.25 _0.25 0.25 025 24
(< ¢ " x 1073 0.87 13 - l1.84 2.45 2.5
OH x 1077 © 4.4 4.4 - 4.4 5.3 5.2 4.5
“ ca x 1073 6.1 6.5 7.9 70 7.4 8.4
4
a ¢ R > K ]
oy
. -
R ']
o a i) ’
W a

e e - PRt w w i = s



	00003
	00004
	00006
	00007
	00008
	00009
	00010
	00011
	00012
	00013
	00014
	00015
	00016
	00017
	00018
	00019
	00020
	00021
	00022
	00023
	00024
	00025
	00026
	00027
	00028
	00029
	00030
	00031
	00032
	00033
	00034
	00035
	00036
	00037
	00038
	00039
	00040
	00041
	00042
	00043
	00044
	00045
	00046
	00047
	00048
	00049
	00050
	00051
	00052
	00053
	00054
	00055
	00056
	00057
	00058
	00059
	00060
	00061
	00062
	00063
	00064
	00065
	00066
	00067
	00068
	00069
	00070
	00071
	00072
	00073
	00074
	00075
	00076
	00077
	00078
	00079
	00080
	00081
	00082
	00083
	00084
	00085
	00086
	00087
	00088
	00089
	00090
	00091
	00092
	00093
	00094
	00095
	00096
	00097
	00098
	00100
	00101
	00102
	00103
	00104
	00105
	00106
	00107
	00108
	00109
	00110
	00111
	00112
	00113
	00114
	00115
	00116
	00117
	00118
	00119
	00120
	00121
	00122
	00123
	00124
	00125
	00126
	00127
	00128
	00129
	00130
	00131
	00132
	00133
	00134
	00135
	00136
	00137
	00138
	00139
	00140
	00141
	00142
	00143
	00144
	00145
	00146
	00147
	00148
	00149
	00150
	00151
	00152
	00153
	00154
	00155
	00156
	00157
	00158
	00159
	00160
	00161
	00162
	00163
	00164
	00165
	00166
	00167
	00168
	00169
	00170
	00171
	00172
	00173
	00174
	00175
	00176
	00177
	00178
	00179
	00180
	00181
	00182
	00183
	00184
	00185
	00186
	00187
	00188
	00189
	00190
	00191
	00192
	00193
	00194
	00195
	00196
	00198
	00199
	00200
	00201
	00202
	00203
	00204
	00205
	00206
	00207
	00208
	00209
	00210
	00211
	00212
	00213
	00214
	00215
	00216
	00217
	00218
	00219
	00220
	00221
	00222
	00223
	00224
	00225
	00226
	00227
	00228
	00229
	00230
	00231
	00232
	00233
	00234
	00235
	00236
	00237
	00238
	00239
	00240
	00241
	00242
	00243
	00244
	00245
	00246
	00247
	00248
	00249
	00250
	00251
	00252
	00253
	00254
	00255
	00256
	00257
	00258
	00259
	00260
	00261
	00262
	00263
	00264
	00265
	00266
	00267
	00268
	00269
	00270
	00271
	00272
	00273
	00274
	00275
	00276
	00277
	00278
	00279
	00280
	00281
	00282
	00283
	00284
	00285
	00286
	00287
	00288
	00289
	00290
	00291
	00292
	00293
	00294
	00295
	00296
	00297
	00298
	00299
	00300
	00301
	00302
	00303
	00304
	00305
	00306
	00307
	00308
	00309
	00310
	00311
	00312
	00313
	00314



