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The decarbonation of carbonate-fluorapatite (francolite)
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Abstract

The decarbonation of carbonate-fluorapatite (francolite) has been studied in the range
599"-747"C, at atmospheric pressure. Progressive CO, loss from the apati te is characterized
by color change, an increase in crystal l ini ty, and the appearance ofan anomalous z, doublet in
the infrared absorption spectrum. Interpretat ion of the rate data with dif fusion theory gives an
activation energy of 62.5 kcal/mde and entropy of act ivat ion within the l imits 3.g to l l .2
cal/mole/deg. Signif icant deviat ions from ideal kinetics occur at high fract ional CO, losses.
Application of the data to the thermometry of the 'Mott led Zone' (Israel) thermal meta-
morphism gives 300"C as a minimum temperature estimate for the event. Optimum condi-
t ions are suggested for industr ial processes which concentrate phosphorites by roasting.

Introduction

Carbonate-fluorapatite (francolite) is the principal
mineral of phosphorites, the sedimentary rock phos-
phates. The nature of the carbonate content, whether
it is part of the apatite, or adsorbed on the surface of
the mineral, or even due to admixture with CaCOr,
and its structural position, if i t is part of the apatite
lattice, has been a subject of considerable con-
troversy, which today appears to be resolved. The
CO!- group is considered to be a part of the fluor-
apatite structure, substituting for POI- groups in
the naturally occurring mineral (McConnell , 1952a;
Altschuler et al., 19521' LeGeros et al., 1970). The
structure of carbonate-fluorapatite is probably tri-
clinic (pseudohexagonal), and upon heating it de-
composes according to the following reaction (Ax-
elrod, private communication):

Cau-,7r ,  [ (POr)r - , (COr) , ] (F,  OH) -
(carbonate-fl uorapatite)

Cau(POn),(F,OH) + CaO * CO,
(fluorapatite)

The presence of CaO as a separate phase in the prod-
uct has been confirmed in the present study; the X-
ray powder pattern of CaO can be recognized in the

heated sample. It should be emphasized that the for-
mula given above for carbonate-fluorapatite is sche-
matic, since at least some Na substitutes for Ca, F
usually occurs above the stoichiometric value, and
hydroxyl also occurs in minor amounts. Also the
CaO does not form in the same proportion as the
liberated COr; less CaO is formed, and the CaO/P"Ou
ratio in the heated material is greater than stoichio-
metric.

The rate of decarbonation of carbonate-fluor-
apatite has been experimentally studied in the
temperature range 599o-747"C, at atmospheric pres-
sure. The objectives of the study were to investigate
the mineralogy and kinetics of the solid-state reaction.
The data can then be used to provide a geological
thermometer when sedimentary rocks containing
carbonate-fluorapatite are metamorphosed. The study
may also be of use in setting optimal conditions for
industrial processes which use heat to enrich phos-
phor i tes.

Experimental methods

The raw material is the product called by the Ne-
gev Phosphate Company 'Cyclone Makhtesh.' It is
the small-size fraction of the Makhtesh Katan
phosphorite which is separated by St. Jacques cy-
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clones. It contains approximately 30 percent POu,
and the following impurities: calcite, organic matter,
montmorillonite, quartz, some gypsum, and traces of
halite. The raw material was repeatedly washed
with distil led water, and the clay fraction (less than
2 pm) was decanted. This treatment removed
montmorillonite, quartz (which occurs in the clay
fraction), gypsum, and halite. The remaining mate-
rial was treated with triammonium citrate (Silverman
et al., 1952) to dissolve the calcite. Table I gives
partial chemical analyses of the sample before and
after this treatment. The washed and dried residue
was carefully homogenized and preheated at M0"C
for 5 hours. Infrared absorption spectra, which can
detect as little as 0. I percent CaCOa, did not show
any extraneous peaks apart from organic matter. The
organic matter appeared to be intimately mixed with
the phosphate, and it was not possible to separate it
by mechanical means. A grain-size analysis was car-
ried on the treated material using a Warman cy-
closizer (Table 2). This sample was used in all experi-
ments.

For each experimental run, 500 mg of the pre-
treated reactant was weighed into a small vitreous
silica crucible. The crucible and its contents were then
inserted into a carefully calibrated horizontal furnace
whose temperature was precisely maintained by
means of a thyristor fired P.I.D. controller (West
Gardian). Temperature was monitored automatically
every few minutes by a Honeywell versaprint re-
corder connected to a chromel-alumel thermocouple,
whose tip was in contact with the crucible. Accurate
temperature measurements were made with a Leeds
and Northrup K-4 potentiometer. Samples reached
temperature within 2 minutes after being inserted
into the furnace. On completion of the experiments,
the products were cooled in air and immediately re-
weighed to determine the weight loss.

The product was examined by X-rays and the an-
gular difference between the two X-ray diffraction
peaks (410) and (004) measured. This A2d has been
shown by Gulbrandsen (1970) to be a linear function
of the CO, content of the apatite. The A2d(004)-(410)

Table | . Partial chemical analyses of the reactant before and after
treatment with triammonium citrate

wt .  %
Pzos

Table 2. Grain-size distribution of the ourified reactant

S i z e  F r a c t i o n

2-1Oym 10-20ym 20-30pm 30-40pm 40-60pm

Perce  n tage 53 t ) t )

measurements were made on chart recordings of runs
of 0.5'C per minute traverses, using an XRD-6 Gen-
eral Electric diffractometer with Ni-filtered Cu radi-
ation (Fig. 3). Infrared absorption spectra for many
samples were made on a Perkin-Elmer IR 257. The
samples were mixed with KBr (in concentration of
about 2 mg sample/2OO mg KBr) and made into
pellets. The range covered was from 625-4000 cm-'.
A simultaneous DTA/TGA analysis was made on a
Mettler Thermoanalyser, and some selected heated
samples were examined with a Cambridge Stereoscan
(s.E.M.).

Results and discussion

The original material is yellow-cream in color. The
pretreatment at 440oC changes the color to grey, due
to reduction of the organic mattei. Above 550oC, the
reduced organic matter is quickly oxidized and color
changes to white. Above this temperature, COz also
begins to leave the structure in measurable amounts.
Heating at high temperatures gives the apatite a
greenish tint. This coloration may be due to the pro-
duction of electronic defects (vacancies?) and not to
the presence of trace elements, since the coloration is
common to all heated phosphorites, irrespective of
their origin, and prolonged exposure to X-rays also
gives a greenish tint to some apatites.

Tab le  3  summar izes  the  we igh t  loss  and
A20(004)-(410) data for the four experimental tem-
peratures. The fractional weight loss (a) is also in-
cluded in the table. The total experimental weight
loss exceeds the actual COz content (Table 1) by 1.3
percent. Independent analysis showed this difference
to be due mainly to the partly reduced organic mat-
ter, and in part to water loss. Organic matter analysis
by a modified Pregl method gave carbon = 1.0 per-
cent and hydrogen : 0. I percent; the total water
content of the apatite : L I percent (Table I ). Of this
water, 0.2 percent is hydroxyl substituting for F, and
is not expelled even at the highest experimental tem-
perature. Pretreatment removes 0.5 percent. Part of
the remaining water (0.48o) is due to the oxidation of
organic H during the Penfield analysis, and the re-
mainder contributes to the weight loss. The weight

t 0

'u{r. %
F

w+. f"
coz

wt.  7"
Hzo

Before t reatment
After  t reatment

5 . 5  t .  I
3 . 9  t .  I

3 3 . 4
35.4

3 . 8
4 . 0
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loss arising from decarbonation is calculated by sub-
tracting the organic matter and water weight loss
from the total. To avoid significant overlapping be-
tween the COz and other weight losses, no total
weight loss below 2 percent was considered. The er-
rors in the decarbonation weight losses given in Table
3 cannot exceed 0.1 percent.

Figdre I shows the COz weight loss as a function of
time for the various temperatures. The initial rapid
decarbonation is followed by a much slower late-
stage CO, loss. The TGA/DTA analysis indicated a
single continuous endothermic process. Figure 2
shows 420(004)-(410) as a function of the CO, con-
tent deduced from weight loss. The agreement with
Gulbrandsen's line is remarkably good. It can be
noted that at very low CO, values (less than 0.2Vo) the
relation breaks down; this may be expected, since
small amounts of carbonate can be accommodated in
the apatite structure without any distortion. Another
observation from the X-ray diffractograms is the in-
crease of crystallinity which occurs as the COz is
expelled. Textural examination with the S.E.M.
shows that continuous heating results in the develop-
ment of crystalline faces on the surface of the apatite
grains.

The infrared absorption spectra furnish com-
plementary evidence to the X-ray diffractograms, be-
cause they are very sensitive to changes in small
amounts o[ CO, (< lVo), but are relatively insensitive
to higher CO, contents (Fig. 4). Heated samples with
low COz contents give an anomalous z, doublet at
867 and 877 cm-t (Fig. aB). This doublet is well
known in the spectra of biological apatites, but is
anomalous since the CO2z- v, vibration is normally
nondegenerate. LeGeros et al. (1970) discuss at
length the various explanations for this phenomena.
The fact that the doublet is not observed at first with
high CO, content (Fig. 4A), and appears only at low
CO, content, supports in our opinion McConnell's
(1952b) hypothesis that CO3- groups in the apatite
are in two different orientations "perpendicular" and
"parallel" to the c axis (both groups are in fact tilted
at -32'C). In accordance with the observed negative
birefringence, most CO3- are perpendicular and only
a few are parallel. Structurally, it is easier to expel the
perpendicular groups, and the effect of the parallel
carbonate groups is only seen when a greater part of
the perpendicular CO3- are lost.

Kinetics of decarbonation

The kinetics of the decarbonation reaction can be
interpreted from the experimental data. In the analy-

Table 3. Results of decarbonation experiments at I atmosphere

Run  No . T ime  Wt .  Lossx
( H r s .  )  %

LzO Frac t iona l+
( 0 0 4 ) - ( 4 1 0 )  C O ,  L o s s

1=599+40C

30
25
33

29
z o

2 1

23
22

20
28
34
24

T=649+40c

-  - ^ ^ .  , o ^
l = o y d + 4  u

66
46
44
42
47
40
4 1
67
45
43
48

1=747+4oc

69
52
5 3
5 5
56
t o

68
50
f l

12,33
1 6 .  0 0
2 4 . 0 0
) t  7 7

3 1 . 5 0
4 0 . 0 0
48.  00
48.33

64.50
1 2 . O O
7 2 . 0 0
88.  00
9 7 . 0 0

1 04 .  00

0.  94
1 , 1 1

1 . 6 4
1  , 1 0
1 o )

2 . 0 9
? n o

1  . 9 8
2 . 3 8
4 7 1

2 . 4 1

1  . 4 1
1 . 4 2
1 . 4 4
1 . 4 4
1  . 4 6
1  . 4 8
|  . 4 . '

1 . 4 9
I . ) l

I  . 5 0
1 . 5 2
1 . 5 4
1 . 5 4
1  . 5 6

t . ) o

1 . 4 3
1 . 4 5
1  . 4 9

1  q <

1 . 5 6
1 F , 1

1  . 4 2
1  . 4 5
1 5 n
1  q q

1 . 5 4
I  . 5 8
I  t ra

1 . 5 1
1  . 6 0

I  q <

1  . 5 4
t . )  I

1  . 5 8
I  . 5 8
1  . 5 9
1  . 5 8
1  . 6 0
l q o

0 . 2 4
0.  30

o . 4 2
0 . 4 4
0 . 4 9

0 . 5 4
0 . 5 4
0 .  5 1
0 . 6 1
n 5 q

o . 6 2

n K o

0 . 5 0
2 , 0 0
4 . 2 5
8.  00

1 8 . 0 0
45.  00
4 8 . 0 0
9 2 . 0 0

o . 2 7
0 .  5 0
1  . 0 5
2 . 0 0
4 .  0 0
6 . 0 0

1 6 . 0 0
2 3 . O O
2 4 . 2 0
48.20
92.00

0 .  1 7
0 . 2 5
0 .  5 0
1  . 0 0
4.  00
8 .  0 0

20.  00
4 4 . 0 0
7 2 . O 0

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

1 4 1

? J R

1 . 3 5
2 . 0 4
) 5 4

2 . 8 8
3 . 2 1
1  1 0

3 . 5 3
3 . 2 5

3 . 1 4

2 . 4 0
2 . 7 9

3 . 4 0

3 . 7 6
3 . 8 6
3 . 8 9

n < A

0 .  6 1
0 .  6 7
0 . 1 4
0 , 1 6
0 .  8 0
0 . 1 6
0 .  8 7

o . 3 5
o . 5 2
0 . 6 6
0 . 1 4
0 . 8 2
o . 8 2
0 .  8 6
0 .  9 0
0 . 8 3
n  0 1

0 . 9 6

0 . 6 2
0 . 7 2
0 . 8 2

0 .  8 7
n  o l

0 .  96
0 .  9 9
r  . 00

64
58
57
o l

62
65
59
60
63

x  Ca l cu la ted  by  sub t rac t i ng  - f he  o rgan i c  ma t t e r  and
wa te r  con ten t  f r om  the  t o - f a l  we igh t  l oss .

' C a l c u l a t e d  
b y  d i v i d i n g  t h e  C O ,  w e i g h t  l o s s  b y  t h e  C O ,

con ten t  o f  t he  reac tan t  ( c f .  Tab le  l ) .
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sis that follows, the weight loss results are used in
preference to the AU(004)-(410) because of the
greater sensitivity of the weight measurements to
small CO, losses, especially for high fractional CO2
losses to which the X-ray measurements are partic-
ularly insensitive.

The init ial question posed is: are the kinetics of
decarbonation controlled by diffusion of CO, out of
the apatite, or by an alternative process such as dis-
proportionation of CO, from the lattice? Martin and
Fyfe (1970) have provided a simple graphical method
for analyzing heterogeneous reaction kinetics, which
can be applied to the experimental data of this study.
For an "Interface" controlled reaction (after Bratton
and Br indley,  1965)

( l )  Io  :  K1t  :  [  -  ( l  -  a ; ' r '1  = 0.206 ( t / to .u)

a is the fractional extent of conversion to product
(fractional weight loss) and /o.u is the time for 50
percent reaction. Equation (l) describes the develop-
ment, at a constant rate, of an interface which pene-
trates inwards into a spherical particle. In applying
this model to the decarbonation kinetics it is assumed
that the reaction interface represents a boundary or
zone separating decarbonated material from reac-

tant. The second model (after Jander, 1927) is based
on parabolic kinetics and describes a reaction pro-
gress controlled by diffusional processes.

(2)  D" :  Knt  :  [  -  ( l  -  a ; 'u '1 '  :  0 .0426 ( t / tou)

Both models neglect nucleation effects. The half-time
(lo u) is evaluated from experimental a us. t ime plots.
The D" and I, functions can be represented on plots
of a us. (t/to.u), and comparison of the experimental
data with the two model curves leads to an inter-
pretation of the crit ical rate processes. Analysis of the
experimental decarbonation data (Table 3) shows
that at all temperatures the D" model is followed
more closely (Fig. 5). At 599'C all data plot close to
the D" curve (Fig. 5A), but at the higher temper-
atures the data deviate away from the D" l ine for high
a values (Fig. 5B). The significance of these devia-
tions wil l shortly be considered. However, it is evi-
dent from the above analysis that the rate-controll ing
process is the diffusion of COz out of the fluorapatite.

Diffusional kinetics are described by the Arrhenius
exponential function:

D : Do exp (- Ea/ RT)(3)

D is the diffusion coefficient (cm'lsec), Do is a tem-
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the mechanism of decarbonation than does the Jan-
der model (2). Solution of equation (4) is best ap-
proached by drawing master plots of a us. (Dt/q2);
these can be done by substituting known values of
(Dt/a") into (4) and summing for e. (Dt/a2) can be
evaluated for the experimental a from these master
plots. These (Dt/a") values are then plotted against
the experimental t ime, yielding a straight l ine with
slope (D/a2) passing through the axes. Finally, a plot
of log,o(D /a') us. (l /T) gives a straight l ine with slope
(-EA/2.303R) and an intercept of log'o(Do/a2).

The COg weight-loss data presented in Table 3
have been analyzed by the above procedure. The
plots of (Dt/a') us. t ime give good straight l ines pass-
ing through the axes for all data at 599'C and for a
values < 0.75 at higher temperatures. Deviations
from the ideal model at high d are very similar to
those evident in Figure 58. The (D/a") thus deduced

1.30 1.10 1 . 5 0 r . 60
A  2 0  C " K o

Fig. 2. Plot of A2d(004)-(410) against CO, weight percent (ob-
tained by subtracting the CO, weight loss from the CO, content of
the reactant), for all experimental data. ,4 is the linear regression
line deduced from the plot:

y : 20.85 - 12.88;r (! : CO"wr.Vo, x = A20, esd : 0.263).

I is the line deduced by Gulbrandsen (1970) from X-ray and
chemical analyses of marine apati tes.

perature-independent pre-exponential factor, R is the
gas coefficient, T is the absolute temperature, and Ea
is the activation energy. Evaluation of a pre-ex-
ponential factor and Ea is necessary for the extrapo-
lation of experimental kinetic data onto the geologi-
cal time scale. It is possible to estimate approximately
these coefficients from equations (2) and (3). How-
ever, an intrinsically more useful analysis can be
made using an equation based on the conduction of
heat in solids. Diffusion of CO, from a spherical
particle can be described by the equation (cl Carslaw
and Jaeger, 1959, p. 233-237):

n - @

( 4 )  |  -  a :  ( 6 / r , ) Z , l ( / n ) X  e x p ( - r 2  1 2 D t / a 2 ) l

in which a is the ,";;, of a sphericat particle. the
model represented by (4) corresponds more closely to

54 52  50
2g  Cu Kq

Fig. 3. X-ray diffractograms showing (004) and (410) reflections.
(A) diffractogram of a sample with no COz loss (#69): A20 = 1.36.
(B) diffractogram of a sample almost completely decarbonated
(#63): AM : l .59. Note the differences in crystallinity evident from
the peak shapes.

a

a

o

a
a a

a
a

a

a

a
a

t a
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1 4 0 0 1 2 0 0 1 0  0 0 8 0 0

WAVENUMBER CM 
- '

Fig. 4. Infrared absorption spectra of heated samples; (A) spec-
t rum of  sample contain ing 2.5V0 CO2 (#66);  (B) spectrum of  sample
contain ing 0.1Vo CO2 (#57);  (C) spectrum of  completely decarbo-
nated sample (obtained by calcining at 1000'C). Note the attenua-
t ion and f inal  d isappearance of  the z,  peak wi th decreasing CO,
content ,  and the appearance of  a z,  doublet  in spectrum B.

are analyzed in Figure 6 by a plot of logro(D/a2) us.
(1/T). Linear regression gives a l ine whose slope
yields an activation energy of 62.5 kcallmole, and
whose intercept a value of (D"/a2) : 8.5 X 108.

Estimates of the entropy of activation (A^S*) can be
made from a knowledge of the pre-exponential factor
Do. Absolute rate theory gives the following relation-
ship (Wynne-Jones and Eyring, 1935):

(5)  D" :  (kTt /2.72h)  x  exp (+AS*/R)

in which k is the Boltzmann constant, ft is Planck's
constant and d is the 'mean free path,' i .e. the dis-
tance between two successive equil ibrium positions in
the diffusion path. Do for the decarbonation reaction
is obtainable by dividing the experimental (D"/a2)by
a2. Analysis of the grain-size data (Table 2) indicates
5 pm to be a reasonable value for a. Ifthe required d
is taken to be a lattice parameter, the a-cell dimension

(-10 A) is suitable, and the corresponding value of
AS* at 1000'K (727"C) is ll.2 cal/deg/mole. The
choice of d implies that CO, diffuses out of the apatite
by Jumping' from one lattice position to another.
However, the CO, more probably diffuses through
defects, dislocations, interstices, and grain bound-
aries, rather than through the lattice. X-ray diffrac-
tion shows that the initial crystallite size is -200 A,
and subsequent heating results in an increase to >500
A, with corresponding annealing of the solid. The
defect/dislocation density can thus be expected to be
greatest in the initial stages of reaction, and 200 A
can be taken as a maximum estimate of the mean free
path. The corresponding value of AS* at 1000'K is
3.8 cal/deg. The two calculated values place approxi-
mate limits on the actual entropy of activation.
Whichever limiting value is taken, the decarbonation
reaction is characterized by a favorable AS*. This
accords with the physical process of decarbonation
for which an overall positive entropy change occurs
owing to the release of COr.

2 4 6 8 1 0 1 2 1 4
r/ro.s

Fig. 5 Plot of the experimental fractional weight loss data (a)

against (l/lo ,). Derivation of the D" and 1" model curves is given in

the text. (A) data at 599oC; (B) data at higher temperatures (closed

circ les :  649'C, open c i rc les = 698"C, t r iangles:  747"C).
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The deviations at high a values from the ' ideal'

diffusion kinetics originate from several possible
sources. The first, breakdown in the model assump-
tions, has been discussed by Carter (1961). Failure of
equation (4) can be expected to occur at high a,
owing to its not allowing for differences in the molar
volumes between reactant and product. However,
Carter's analysis indicated that quite large molar vol-
ume differences were necessary for equation (4) to
break down. Such large differences wil l not occur in
the decarbonation reaction, and it is questionable if
this effect applies. A second source for the deviations
is the elimination of the small-size fraction from the
reaction, since small particles wil l completely de-
carbonate before larger ones. This effectively in-
creases the mean grain size, and examination of the
exponential term in (4) shows that such an increase
would result in low estimates of a. The overall grain
size distribution is dominated by the 2-10 pm frac-
tion (Table 2), and so this elimination effect wil l not
be evident unti l substantial decarbonation has oc-
curred.

A third and potentially significant source for the
deviations is variation in the pre-exponential factor
Do. Any quantity which increases Do during the
course of reaction wil l result in the kinetics being
retarded. A decrease in the entropy of activation
would produce this effect, as would a reduction in the
mean free path d. Crystall i te size increases during
reaction, with corresponding annealing and reduc-
tion in the defect/dislocation density. This would
effectively reduce the mean free path of diffusion, and
could also reduce AS*, since this entropy term is
related to the 'space' available for the activation
process.

Finally, it can be noted that the deviations may
also be related to the greater difficulty in expelling the
"parallel" COI- groups relative to the more numer-
ous "perpendicular" groups.

Applications and conclusions

The decarbonation data can be applied to the ther-
mometry of the metamorphism of sediments contain-
ing carbonate-fluorapatite. One such application is
to the metamorphism, known as the 'Mot t led Zone
(Israel) Event,' in which bituminous and phosphatic
marls, chalks, l imestones, sandstones, and conglom-
erates of Campanian to Neogene age were converted
into a high-temperature mineral assemblage, notable
for its exotic mineralogy (Bentor et al., 1963a, b:
Gross et  a l . ,1967;  Gross,  1970;Kolodny et  a l . ,1973).
The lack of an apparent cause for the metamorphism

- 5

N

o

o
(D

)
- 6

1 . 0 0  1 . 0 5  l . l 0  1 . 1 5

1 / r  x  1 0 3
Fig 6 Arrhenius plot  of  log 'o(D/a ' )  against  ( /n x 10.  L inear

regression gives a l ine ofs lope - l  36 X l0a,  intercept  8.93 and

correlation coeffi cient 0.996

has led to some controversy over the origin of the
'Mottled Zone' assemblage, and indeed some authors
have doubted the high-temperature genesis (cf. Av-
nimelech, 1964). The present view is that the thermal
metamorphism is a consequence of the spontaneous
subsurface combustion (autometamorphism) of the
organic material during the late Miocene (Bentor and
Vroman, 1960; Kolodny et al . ,  l97l ;  Bentor et al . ,
1972; Kolodny and Gross, 1974).  Experimental  and
che mical studies have indicated an essentially
isochemical metamorphism, characterized by decar-
bonation (Bentor et al., 1972;' Kolodny and Gross,
1974). Kolodny and Gross postulate a sequence of
events in which the parent sediments were heated,
underwent decarbonation at low (approximately at-
mospheric) pressure and low CO, pressure yielding a
high-temperature assemblage with spurrite pre-
dominant, equivalent to sanidinite to pyroxene horn-
fels facies. Subsequent cooling with recarbonation
and hydration resulted in the appearance of a lower-
temperature assernblage, characterized by the pres-
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ence of minerals such as ettringite, tobermorite,
aragonite, and vaterite.

A  par t i cu la r  advantage o f  the  carbon-
ate-fluorapatite decarbonation reaction in geother-
mometry is that the COz loss is irreversible and not
influenced by an retrograde recarbonation. Within
the'Mottled Zone' the mineral is invariably in a state
of partial or complete decarbonation, thus empha-
sizing the high-temperature origin of the assemblage.
The highest CO, contents (3.2Vo), found in the mar-
gins of the thermal aureole, are significantly lower
than the CO, contents of the parent sedimentary
apatites, which are remarkably constant (3.6-4.0E0).
The results of A2d(004)-(410) measurements corre-
spond very well with the Gross (1976) theory of 'hot

spots.' The fluorapatites at such hot spots show al-
most total COz loss (many show complete loss),
whereas they contain progressively more CO, as a
function of distance from the spots, until the max-
imum CO, contents are obtained in the undisturbed
sediments.

The decarbonation data have been extrapolated to
lower temperatures by calculating [by means of equa-
tion (3) and the experimentally deduced Ea and
(D"/a')l values of (D/a') at temperatures in the range
300o-600"C. These (D/a') values were then inserted
into equation (4), and / calculated for known a. The
results of this procedure are represented in Figure 7
by a plot of temperature against log,ol (in years) for a
values of 0.05, 0.50, and 0.95. The curves give the
temperature-time relationships required for the oc-
currence ofthe three selected fractional weight losses.
The time scale terminates at ca. 10,000 years, which is
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Fig. 7 Temperature-log,o time (in years) plot obtained by the
extrapolation of the experimental data to lower temperatures.

an estimate of the maximum life span of the Mottled
Zone event calculated from a knowledge of the heat
generated by the combustion of the organic matter,
the approximate temperatures maintained during the
event, and the mass of rock heated. The 0.05 contour
represents a minimal CO, weight loss (0,27o), and can
be used to provide minimum temperature estimates
for the metamorphism. It can be seen that even if the
10,000 year life span is chosen, the minimum temper-
ature is shown to be 300"C; if a more conservative
estimate of l0-100 years is taken, temperatures in the
range 350o-380'C are indicated. Crude decrepitation
experiments with Neogene Hazev a sandstones placed
the lower temperature limit at 200o-400'C (Kolodny
and Gross, 1974). Similarly, the 0.95 contour pro-
vides an estimate of the temperatures required for
complete decarbonation. However, in this instance
the estimates are obviously far too low, since the
observed deviations from ideal kinetics at a > 0.75
render the extrapolations to lower temperatures in-
accurate. It should also be noted that any temper-
ature estimates made by this method will tend to be
minima, since we do not take into account (l) the
grain-size distribution ofthe naturally occurring apa-
tite, which will be larger than the small size fraction
used in this study and (2) CO, pressure, which may be
more than atmospheric and could inhibit the decar-
bonation kinetics.

The kinetics of decarbonation also give an in-
dication of optimal conditions .for industrial pro-
cesses which concentrate phosphorites by roasting.
Referring to the higher-temperature data in Figure l,
it is evident that a very small fraction of the total
heating time results in substantial CO, loss. For in-
stance, at 647"C approximately 75 percent of the
total CO, content is expelled in 20 percent of the time
required for 90 percent loss. Since fuel conservation is
now an important economic requirement, it may be
more economical to partially concentrate the
phosphorites by heating at lower temperatures, and
for shorter times, than are required for complete
decarbonation.
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