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of Ca, Fe and Mg, also of widespread occurrence. This enables the trace
element composition to be correlated with structural and envirormental
factors with greater control than for those minerals where the
additional factor of large scale major element variation is involved.

A precise spectrographic technique was required, therefore, to
make analyses of apatite samples from a wide range of igneous, pegmatitic
anl metamorphic environments. Comparison of the trace element composition
with environment could then be made.

As a study in mineral chemistry, it should be possible to determine
the degree of stability of the Ca and P sites to trace elements in
diadochic substitution. Caz+ and P5+ are markedly different in radid,
charge, and envirorment in apatite, and differences in the ability of
the two sites to accoomodate other elements should become apparent from
an investigation of this ldmd.

Apatite has long been known to be a mineral in which coupled
cation substitutions can occur. It would be valuable to determine if
coupled substitutions are necessary when impurity elements are present at
low concentrations, as this would require additional comditions for a
trace element to be incorporated in the structure, i.e., that another
element must also be incorporated to balance charges in the crystal.

There is no available data on how trace elements can vary within
a single crystal, and variations in the abundance of certain elements in
the growth medium might be reflected in the composition of the crystal.
This could provide information on the nature of the growth process, as

well as the composition of solutions in the growth medium.










FIGURE 1
Order of volatilisation of several elements
in a graphite-phosphate mixture, at concen-

trations less than 0.5%.










FIGURE 2

Plate calibration curves, showing the effect
of using only Fe lines to calibrate the line

of another element in the same spectral region.
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used, such as hydroxyfluorapatite (with OH and F in the Z position)
and chlorfluorapatite. Palache, Berman and Frondel (1951) and Hey (1955)
list these as "varieties" of the species.

Partial substitutions of other elements for Ca in the structure
(particularly Sr, lin, Ce and Y) have led to the use of further varietal

names such as manganapatite and cerapatite.
To add to the confusion in the terminology, there are in existence

nany names for apatites of peculiar composition or from different environ-
ments. These have arisen partly from a poor conception of the chemical
limits of the term apatite as a species name, and partly from the naning
of fine grained phosphate minerals that have later been shown to be chemi-
cally and structurally members of the apatite series.

Noting the broad variation in chemical ccaposition of members
of the apatite group, Fisher (1958) writes (p.185):

With the composition of apatites viewed in this broad way,

it seems that the mineralogist will defeat himself if he

insists on giving a non-chemical name to each of these potential

apatites. His subdivisions would not only have to be arbitrary,

they would approach i_nfinity.

Fisher suggests that the non-chemical names for members of the
pyromorphite series be retained, as their high lead content and geologicel
occurrence separate them frcam other members of the group.

A vorlking definition of the term apatite as a mineral spccies for
the purposes of this study is as follows:

"Apatite orystallises in the dipyramidal class of the hoxagonal
crystal system, with syrmetry 6/m. The general chemical formula is
As(xoh)B'Zq’ vhere

a) Ca is the dominant cation in the A position, and
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Pierruccini (1947) thermally synthesized a fluorapatite containing
1.8% AJ.203, and suggested that the Al was replacing both Ca and P, such
that 3Al3 HE—Y 20&2+ + P5 *.  He also obtained apatites containing 0.05%

Fe203, 0.1%5 PbO and 0.01% 2-003.

Minguzzi (1941) synthesized a chrome-bearing chlorapatite using

(4 -4
0. 75/0 03 and l. 814,/9 CI‘OB.

apatite lattice in these valence states, he suggested that Cr was

replacing P, by Cro" + 2000t ——> 3p5%,

Assuming the Cr is incorporated in the

Apatites containing Si and S are known in nature and Dihn &
Klement (1942) showed that Si and S could completely replace ? in
synthetic materials, with Sioz— + 8012:  ——— 2P013: 3 such a replacerent
can occur without a coupled change in the Gaz+ cation. If the amounts
of 5i and S replacing the P are such that the electrical charge is not
balanced in the tetrahedral P position, a couplsd replacement such as
I‘.Ya+ —_— Ca2+ is necessary.

Anjon-defective apatites have been mentioned above, and ZTitel
(1958) notes that the apatite structure is so stable that it can support
nultiple defects of many kimds. Synthetic Ga9_ 5(P3 Si)O F, is an
example of a cation-defective structure, while the compounds

Cay0.5 (P SJ.) o, Fo and Cayq, 5( Si, )o 2-’+ , are exauples of apatites with

a cation excess.

The production of fluor-, chlor— and oXy-apatites at temperatures

below fusionl, i.e., in the "solid state", was studied by Chaudron &

llromel (1932) determined the nelting point of fluorapatite as
1660°C, and of chlorapatite as 1580°C.
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Viallaeys (1949). They synthesized these apatites from CaO.P205 nixed

with the chloride, fluoride or oxide of Ca at temperatures of 800—90000.
They were further able to convert the synthetic chorapatite to fluor-
apatite by heating with CaF,, at 300°C (¥iallaeys & Chaudron, 1950).

Similarly, heating hydroxyapatite with Cal,, or (2acl2 yielded fluor-

2
apatite or chlorapatite respectively. Ifontel & Chaudron (1951) formed

2
A great amount of experimental work has besn done on apatites

fluorapatite from CaB(POh)2 and CaF, at a temperature of 550°C.

that contain OH, C or 003 groups, or loosely bound H20 in the structure.
This work bears mainly on the composition and identification of the
finely crystalline apatite ninerals found in low temperature natural
environments (i.e., sedimentary and biogenic). The problem of the
carbonate apatites is well known, and will be dealt with briefly in a
later section. iuch of this work is both contradictory and inconclusive,
ard it would not lie within the scope of the present study to deal with
it in great detail. Some of the more important papers dealing with the
synthesis of these ninerals are discussed below, however, in so far as
they have a bearing on the isomorphism that can cccur with anionic
substitutions in the apatite lattice.

A review of experimental work up to 1938 in the systems CaO-P205
and CaO—PZOS-HZO is given by Eisenberger, Lehmman & Turner (1940). They
point out the difficulties inherent in identifying mineral phases in the
systems, the slow reaction rates of phosphates, the difficulty of
attairmment of equilibrium, and the possibilities of absorption effects.

Their summary of much of the work in this field is as follows (idem, p.i%):













Vil
STRUCTURE

The atomic structure of fluor-apztite was first determired by
Haray-Szabo (1930), and Mehmel (1930, 1931), who, worlking independently,
cane to similar conclusions. It was redetermined by Eeevers & licIntyre
(1945), using further X-ray data, and the structure of Naray-Szabo was
shown to be essentially correct, with a small correction in the position
of the P atoms. A further correction of the P position has been made by
Hayashi (1960) using nuclear magnetic resonance analysis.

The space group of fluorapatite is hexagonal C63 /n* Vertical
symmetry elements in the structure are reproduced in Fig. 3.

A chain of Ca-0 atoms extends in the c¢-direction along the
vertical 3-fold rotation axes at the corners of the hexagons. These Ca
atoms are in nine fold co-ordination, each GCa being surrounded by 9 O
atoms, with three O's almost in the same plane as the Ca. At alternate
sites in the Ca-0 chain these three Ofs are elevated slightly above the
Ca-plane, and at the next site are beneath the plane. Only every second
Ca site in the chain is identical therefore. The Ca-O chains are linked
together by POA groups to form a hexagonal network, and Fig. 4 shows
the arrangement of two of these chains, linked by the P atoms.

A channel is left in the centre of the hexagonal network into
which f£it further Ca atoms and F. Six Ca atomns fit into "caves" in the
wall of the channel, at two levels of 3 each, producing a 6-fold axis at

the centre of the hexagonal networx. In this position the Ca is in 7=fold

41
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Vertical symmetry elements in fluorapatite

(after Beevers & McIntyre, 1945).













FICURE 5

Atonmic structure of fluorapatite, viewed
down the c-axis (after Beevers & McIntyre,
1945).

Black - Calcium

Grey - Oxygen

thite - Phosphorus

Red Fluorine







FIGURE 6

Variation in lattice parameters with
substitution of C1L for F in apatite

(after Wallaeys & Chaudron, 1950).
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carbonate-apatites should be reduced, but in fact the mineral francolite
contains an appreciable content of both CO, and F (3.36% O, and L.I1Z F
in their sample). The structural parameters amd density are also not in
accord with this substitution. These workers came to the conclusion that
the bulk of the C in the structure is replacing P, with a s—all amount

occupying Ca positions on the 3-fold axes at the corners of the hexagons.
A statistical distribution of the atoms in the structure of francolits

would therefore be, from Gruner & lMeConnell, corrected by Deans (1938):

10Ca = 9.810Ca + 0.077.ig + 0.113C
6P = 5.322P + 0.026V + 0.652C
210 = 22.8320 + 1.0000% + 0.168F
2F = 2.000F

It is not proposed to deal here in further detail with the numerous
publications on the structure of the carbtonate-apatites, nany of which are
somewhat repetitive, but the more important publications are nentioned
below.

Arguments proposing the substitution of C for P in apatites are
given in Bornemann-Starinkevitch & Belov (1940), and Ames (1959). A
paper by licConnell (1952) discrediting both the substitution of 003 for
F, and the existencs of calcite as an admixed phase, suggests that, in the
light of recent analyses, the structure of francolite can be represented
by the substitution of CO3 ard of (OH) L for PO,, and also suggests that
the Ca position can be occupied by neutral HZO nolecules. ILarlier papers
proposing the C for Ca substitution are lcConnell (19382, 193€b, 1939),
Sandell, Hey & cConnell (1939), and Hutton & Seelye (1942)

Some other papers dealing with the nineralogy of sedimentary and

biological carbonate-apatites and their bearing on the carbonate apatite
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basic. Sphene-apatite rocks from the N.¥W. Khibina have been similarly
accredited to the independent intrusion of a P-rich magma (Svyatlovsky &
Dieterikhs, 1939).

A pyroxenite containing 7-10% apatite and 3-12% magnetite is
associated with an alkalic stock near Libby, Montana (Larsen & Pardee,
1929). The pyroxenite grades into a biotite-pyroxenite, with apatite
and magnetite becoming less abundant as the biotite content increases.
Apatite-pyroxenites have also been described from a composite alkalic
stock at Iron Hill, Colorado (Larsen, 1942a), At Palabora in the Eastern
Transvaal, large apatite deposits occur in a pyroxenite associated with
syenite and limestone. There is every gradation from a diopsidic-
pyroxenite, containing accessory apatite, to a pure apatite rock (Shard,
19313 Du Toit, 1931).

The ubiquitous occurrence and petrology of apatite in the nepheline-
syenites, urtite-ijolites and carbonatites of the alkalie¢ rocks in S.E.
Uganda has been described by Davies (1947, 1956).

A more detailed review of all the occurrences of apatite in
these well known alkalic. and carbonatite complexss is not necessary here.
The papers of Pecora (1956) and Rowe (1958) contain descriptions of these
deposits and detailed bibliographies. Apart from the areas mentioned
above, these workers note the occurrence of apatite in many other alkalic,
alkalic ultrabasic and carbonatite complexes including the following:
Jacupiranga, Bragil; Kaiserstuhl, Germany; Isoka, N. Rhodesia; the Fen
district of Norway; Alno Island, Sweden; Chilwa, Nyasaland; Panda Hill,

Tanganyika; lagnet Cove, Arkansas; IHountain Pass, California; Spitzkop,
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TABLE VIII (Continued)

The analyses were recalculated on the basis (P + Si) = 6000 gn.atoms

x 10%, and the following formulae derived:

1.
2:
3.
b

*5.

7.

Cag 65, 780, 04F%0.34M 0,38 F0, )6 (OH)1 101, 04
Gag, 20 26720, 07¢P0, ) (OH)g 0oFs 0

Cag, 231y, 77790, 01180, 01 (P9 ) 6(OH)g, 26F1 . gy,

Ha

Cag_ 11100, 62480, 0370, 05110, 030, 0150, 01 (P2 61, 19F0. 75

(Ma+K)y 1 4(Ps 558 03B, 110247 (OH)g, 25

Cly, 02F0.67

Cag n3iy 3585 65780, 12

Cas. 93571 . 21210, 087%0. 04%C0.07"%0. 04 F5. 9851002024 ) (OH)p, 1751 .46

*(P + 81 + B) = 6000 gn. atoms x 10%.
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TABLE Ix S Continuzd 2

The analysss were recalculated on the basis (P + C) = 6000 gm.atoms

X lOl', and the following formulae derived:

1.

2.

3.

4

5.

Ca

10.130.207%0.17%€0. 03 P5.89%. 11024 (H)o, 27010, 03 1. 89

Cag, 95410, 05Fe0,10M0%0. 0245, 88%0. 12021 (OH)g, 01%%0. 03F1. 95

Ca

Ca

10.39*%0.087%0.08"%0.07"0.06%0.05"5. 97%. 03 24)(°q)o 13
O' O?F]-o 92

10.16"10.057%0.0720.05%0.03¢%5. 95%0.05%24 2 (C)g 15520 1,1, 27

Ca10.07"20.077%0.05¢F5.9200. 08024, COB)5.13%%0. 26F1. 78
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an apatite containing 20.069; 803 s and 17.31% 510, from the same environ-
ment as the wilkieite at Crestmore, and named this mineral ellestadite.
The P205 content was very low (3.06%) and licConnell believed this was
very near to the end member of a complete solid solution series betusen
apatite and ellestadite, with Si amd S substituting for P in the apatite
lattice. lilkieite would fall in the middle of the series. 0,617 co,
was found in the analysis of this mineral, amd in the light of }cConnell's
views on the position of the C in the apatite structure at that tirme he
assigned the formula Caé(F,Cl,O,OH)ZKS,Si,P,C)Oh76(Ca,C)h to ellestadite,
with C replacing soms of the Ca atoms on the 3-fold axes. Regardless of
the validity of this conclusion, the essential feature is a coupled

& > 2p°* in the lattice. Vasileva (1958)

replacemant of Sil*"' ard S
doubts that the 002 content in the analyses of wilkieite and ellestadite
represents more than admixed calcite, although he considers the coupled
substitution mentionsd above as proven, in view of the close similarity
of the ionic radii, i.e., 8%* = 0.39% amd P°* = 0.35%, and the balancing
of charges in the crystal.

Sulphate-apatites have also been reported froa the contact meta-
morphic deposits of the Shishin line in the Urals, U.S.S.H., by Borneman-
Starinkevitch (1938), who agreed with the Si and S substitution for P,
but considered the C for Ca substitution unlikely. Further analyses of
S and Si bearing apatites are reported by Vasileva (1958) from the
phlogopite-apatite deposits in the Aldan district, U.S.SeRe fnalyses of

these apatites are reproduced in Table X°







TABLE X (Continued)

Analysis 2, recalculated by lMcConnell (1937), led to the
following statistical distribution of atoms.
10Ca = 9.92 Ca + 0,06 Mg + 0.02 C
6P = 0.4, P + 2,625 + 0.12 C
2F = 0,30 F + 0.47 C1 + 0.51 OH + 0.720

(Note: C is included in the Ca position and the P position).

Analyses 4 and 7 were recalculated to atomic proportions by
Vasileva (1958a), who included Si and S in the P position, and Sr and
Na in the Ca position. CaCO3 was presumed to be present as calcite.
Further recalculation on the basis (P + Si + 5) = 6000 gm.atons x 107

leads to the folloving formulae:

be Cag ggSty 01(P) 85530, 6650.49%21) (OH)y 85020, 18

(Ps. 6650.34%24 ) (°H)g, 91F0,0511. 03

7. Cag 635%0.02"%0.33
In view of the uncertainties regarding the assignment of
elements to structural positions, these recalculations are presented

as they stand.
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TABLE XI (Continued)

1. Apatite from coarse hybrid material (317) between granophyre & olivine gabbro of
western border group, Skasrgaard (Wager & Mitchell, 1951).

2. Apatite from late fayalite ferrogabbro (4142), Skaergeard (Wager & Mitchell, 1951).
3¢  Apatite from earlier gabbro (3649), Skaergeard (Wager & Mitchell, 1951).
L. Apatite from main gabbro, Garabal Hill-Glen Fyne complex (Nookolds & Mitchell, 1948).

5. Apatite from coarse appinitic diorite, Garabal Hill-Glen Fyne complex (Nockolds &
Mitchell, l9h8§?

6. Apatite from medium appinitic diorite, Garabal Hill-Glen Fyne complex (Nockolds &
Mitchell, 1948).

7. Apatite from porphyritie graniodiorite, Garabal Hill-Glen Fyne complex (Nockolds &
Mitchell, 1948).

8. Apatite from tonalite, Morven-Strontian complex (Nockolds & Mitchell, 1948).
9. Apatite from granodiorite, Morven-Stronian complex (Nockolds & Mitchell, 1948).
10. Apatite from adamellite, Morven-Strontian complex (Nockolds & Mitchell, 1948).

11. Apatite from porphyritic outer granodiorite, Ben Nevis (Nockolds & Mitchell, 1948).
12, Apatite from muscovite-biotite adamellite, Moy, Inverness (Nockolds & liitchell, 1948).
13. Apatits from ophitic basalt, Keweenawan, Michigan (Cornwall & Rose, 1957).

1i.  Apatite from upper part, Black Jack teschenite sill, N.S.W. (Wilkinson, 1959).

15.  Apatite from upper part, Black Jack teschenite sill, N.S.W. (Wilkinson, 1959).

16.  Apatite fram hypersthene-pyroxenite dyke, Madras (Howle, 1955).

17.  Apatite from charnociite, Madras (Howie , 1955).

18.  Apatite from chamockite, Madras (lowle, 1955).

19,

Apatite from chamockite, Nadras (Rowie, 1955).
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FIGURE 9

Exanple of good correlation, between Ce and
ILa, for 21 apatites fram igneous envirorments,

r = 0.970.
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Plot of Y/Y + Ce + La against total Y + Ce + La

in apatite.
















All the analysed apatite samples contained Sr, although one
sample (A41l) from a calcite-apatite skam in Ontario contains only 8 ppm.
The range in composition of Sr in apatite is therefore very great. The
arithmetic mean of the Sr analyses for the metamorphic apatites is lower
than the mean for igneous apatites (Tables XIX and XX), although the
high value of 7.3% Sr greatly affects the igneous mean value. The
geometric means show the Sr content in the igneous apatites to be lower
than in the metamorphic group. These figures, however, are probably
somewhat meaningless as there can be a large variation in the Sr content
of apatite fram similar localities and environments. The apatite sample
from Honmouth Township, Ontario, noted above, contained only 8 ppm Sr,
while a further sample fram the same Township (A18) and presumably from
a similar enviromment, contained nearly 1% Sr. Apatite from a vein in
a Norwegian eclogite (ALL) contained over 2.6% Sr, although apatite
separated from the eclogite (A45) contained only 6125 ppm. Larsen et al
(1952) noted that whereas apatite from a vein in a syenite dyke contained
11.60% SrO, apatite within the syenite rock contained no appreciable Sr.
It would appear, therefore, that Sr in apatite is subject to extreme
variation within slightly different envirorments at one locality.

A plot of Sr vs. la in apatite from the igneous enviromments,
Fig. 14, shows a wide range o2 valves. Although Sr in apatite from
granitic pegmatites varies from 35 ppm to over 13000 ppm, most of the
pegmatitic apatites have less than 1000 pmm. Sr (and less than 1000 ppn.
La), and apatite from the plutonic intrusives contains more than 1000

ppm Sr. The highest content of Sr in apatites from the plutonic




FIGURE 14

Plot of Sr against La in apatite from igneous

intrusives and pegmatites.
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and it is probable that the Cu analyses represent little nore than
contanination where the concentration of Cu in the sample is less than
about 2 ppm.

Apatite, therefore, is considerabtly impoverished in Cu, although
it would be expected that Cu was present in many of the envirorments.
Shaw (1960b, p.275) writes, regarding the impoverishment of Cu in
scapolites, that this indicates "to what degree a mineral can exclude a
trace element which cannot be accormodated”". It would appear that this
observation could apply equally to apatite.

viii) Vanadium and Arsenic

These elements are dealt with together as they are both capable
of substituting for P in the apatite lattice, by virtue of similar radius
and charge, i.e. AsoT = 0.44R, V¥ = 0.568 amd P°* = 0.33%. The pyro-
morphite and svabite series of the apatite group of minerals contain As
and V as major elements, campletely replacing P in the structure (see
Table III).

It might be expected that apatites containing appreciable contents
of V and As would be found among the 46 samples, if there was any degree
of isomorphism between P and these clements. All the samples analysed
were checked for their As content, but the element was not detected in
any. In common with most spectrographic techniques, the method used in
this study has a very poor sensitivity for As and it could not be deter-
mined at concentrations less than about 300 to 400 ppm. It is significant
that none of the sarmples contained As even at this concentration, and the

As content is probably very much lower. Gileva & Yelentiev (1939) used

































TABLE XX

ifeans and ranges of analyses for 21 apatite samples from igneous environments

Element Crustal abundance EE* Arithmetic mean, ppm Geometric mean, ppm Range, ppm
Ce 40 3391 693 nd - 13652
Sr 450 8647 1449 35 - 73558
La 20 1696 277 nd ~ 7367
Si 25.8% 3675 1948 tr - 11013
AL 8.1% 1158 694 12 - 3029
Mg 3.1% 1361 917 tr - 6083
Fe 6.5% 2308 1286 28 - 5792
Mn 1000 8936 1221, 58 - 6.L45
Y 40 1523 356 nd - 12181
Ba 250 2645 3.8 tr - 200
Cu 70 34 - 0.5 - 120
Ni 80 - - nd - 63
\J 100 - - nd - 248
Zr 156 ~ - nd - 1000

¥Campilod fram various sources by Shaw, 1960b.






FIGURE 16

Content of U in apatite as a function of U
in total rock for igneous rocks of the
Boulder Batholith (after Altschuler, Clarke

& Young, 1958).
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a fairly constant ratio during differentiation. It can also be noted
from Fig. 16 that the relative concentrations of U in apatite is of the

order of 30 times that in the total rock. U is thus relatively

concentrated in the apatite of igneous rocks.

The authors believe UM is replacirg Ca2

* in the lattice, from
the similarity in ionic radii (W = 0.97% & ca®* = 0.998). A coupled
substitution is not necessary as the structure can readily tolerate the
slight electrical imbalances caused by such a low concentration of U.

Altschuler et al used an analytical technique enabling then to
analyse for UM' as well as total U, The igneous apatites were found
to contain from 10-66% of the U as U**. The rest of the U is present in
a higher axidation state, probably as (l102)2+. Although a wide spread
of Ul*+/tota1 U occurs, it appsars from their results that this ratio is
relatively constant for apatites from one igneous source. They consider
the possibility that the ratio U*'/0°* may have been fixed at tre time of
initial crystallization and remain unchanged, i.e., the uranium in
plutonic rocks reflects the overall oxidation capacity of the magna, and
that the U"+/U6+ ratio changes accordingly in a series of related rocks.
The effects of external oxidation and radioactive decay may, however, be
important on the present-day ratio.

Their study also contains a large bibliography on uranium and
phosphorites, and discusses the geochenmistry of U in phosphorites in
detail.

Although U is concentrated in apatite from igneous rocks, as noted

earlier, its contribution to the total U in the rock is small. This is
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partly because the content of apatite is very low in igneous rocks, and
partly because other accessory minerals, such as sphene and zZircon, may
concentrate U several orders of magnitude more strongly than apatite.
The partitioning of U between the various mineral phases of the Susamyr
granite batholith in the central Tien Shan has been studied by Leonova &
Tauson (1958). The apatite contributes from 0.25-2.8% of the total
uranium in the rock. Table XXIII shows the partition of U between the
various mineral phases in several of the batholith rocks. Z=xcept for
No. 4, which contains uranothorite, tte values of 1 in these cogenetic
rocks fall within a narrow range, ard are of the same order as those
obtained by Altschuler, et al. It appears, therefore, that U in apatite
from the acid igneous rocks is relatively constant within a cingle series
of cogenetic rocks, ard also from those of different areas, and is of the
order of 10-100 ppm.

Notes on soms other elements

As discussed in the section on analytical techniques, a major
problem in the amlysis of the apatite samples was the coincidence of
lines from the rare earth elements, many of which have complex spectra.
This problem was resolved satisfactorily for the elements already dis-
cussed, but a detailed comparison of individual rare earth spectra, with
the spectra of these elements was necessary. The standard wavelength
tables were only useful as a general guide as variations in matrix and
arcing conditions give rise to large variations in spectral line

intensities.

In the apatite samples Be is apparently either absent or present
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compositional variations. Optical changes are seldom produced by trace
elements to a degrse vhich enables these changes to be measured in the
laboratory. The colour of a orystal could be useful in this regard for
sone elements, but if ceveral impurities are present, each contributirg
to the optical absorption in the visible region (as appears to be
generally the case), it is not possible to nake accurate correlations
between these optical changes and variations in composition. A direct
analytical method therefore seems to be the only possible approach.
Some of the apatite samples used in the general study of
apatite geochemistry were fragments broken from a larger crystal,
particularly for many of the large pegmatite crystals. This method of
sanpling large crystals is common in analytical determinations of trace
element contents, and appears to be intuitively satisfactory if there is
reason to believe that the crystal grew in a homogeneous medium. If
colour or optical variations suggested, howevcr, that the crystal was
"zoned", this method would obviously not te used. The crystal analysed
in this present study gave no indication that it should be other than
homogeneous, and these analyses vere made, therefore, to determine if

this method of sampling is satisfactory.
ii) To determine if the trace element distribution could be related

to the distribution of micro-ineclusions within the erystal.

Special techniques that measure the electronic energy lovels of
an element in the solid state would enable the geocheamist to detormina
the atomic envirommemt of a trace element in a crystal. Such techniques
are not generally available and it is necessary to use indirect methods

to deternine the site of trace eleaents in a nineral.















FIGURE 17

Effect of sodium dodecylbenzene sulphanate
(SDBS) and trimethyldodecylammonium chloride
(TDMAC) on the specific growth rates of various
faces of adipic acid (after Michaels & Colville,
1960).
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The {11.]3 faces are growing more rapidly than the {100}. faces and hence
are rapidly eliminated.

It has been previously noted that the unsatisfied charges
existing on the surface of the crystal plane will be important in deter-
mining the attraction of other atams or molecules to that surface. If
different faces have different atomic arrangements on their surfaces (as
in the case of the NaCl planes noted previously) selective incorporation
of new "building units" will occur. This has to be taken into account,
but for many complex crystals the develoment of faces can be predicted
from the plane packing density of atoms on the crystal surface. Those
planes with the greatest packing density will grow more slcewly as it
requires more material to build up a new layer of the face. A difficulty
arises here as it is not possible to define precisely the plane of the
erystal surface with reference to the atomic structure. A plane taken at
any direction in the structure will not pass exactly through ths centres
of all the atoms in the neighbourhood of that plane. The calculation of
the plane packing density cannot be dome simply, as it is difficult to
know which atoms should be considered as contributing to this density.
However, the use of lattice voints, which all lie on a plane, can be
used, so that instead of defining the plane density of atoms, it is
simpler to define the plane density of lattioce points. This is possible,
of course, because each lattice point is associated with an identical
atomic enviromment.

This kinetic approach, formulated by Bravais and modified by

Donnay & Harker, is sonetimes referred to as the Bravais-Donnay-Harker
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the variation between apatite samples from different localities. However,
if an experiment were set up to determine the variation in the trace
element content within apatites from, say, a single pegmatite vein, where
differences might be expected to be slight, inhomogeneity of the individual
crystals could significantly affect the result, unless proper »recautions
wore taken when sampling.

Comparison of the contours for Ce content of the crystal by the
four independent workers, JHC, EFC, AlK and GS, shows fair agreement,
although one of the operators chose to join some of his contours to
accentuate. E-W/ trends. whereas the other operators have accentuated I
trends, and produced more or less marked zonal pattern. Contouring the
analytical values, however, is justified, as the high and low values arc
concentrated in definite belts or clusters. If large significant
variations in the composition had occurred somevhat randcmly over very
small distances, the scale of sampling would have precluded obtaining
definite compositional zones or belts within the crystal. This is not
the case, however.

The percentage of various inclusions in the crystal were plotted
and contoured (Figs. 28-30). There is no similarity between the distri-
bution of the elements and the percentage of calcite inclusions.
Lapkowsky (1959) analysed calcite from the same property as the apatite
crystal and found 1400 ppm Fe, 650 pmm ln and 860 ppm Si present. The
maximun percentage of calcite included in any sauple from the apatite
was in sample K9 (2.5% calcite). The maximum contribution of Fe, ¥n and

Si. from the ocalcite to this apatite sample would be approximately 30 pm
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There is no readily apparent correlation between a erystallo-
graphic direction within the erystal and the trace elemsnt content,
although there is a possible correlation between the crystal habit and
the composition for a few elemsnts. There is a greater area of high Ce
content near the faces ¢, d and f (particularly with d). Ce is present
in a concentration range from 6359 ppm (considering the 4948 ppm value
as possible analytical error) to a high of 10339 ppm. It therefore was
relatively abundant in the growth solutions, and it fits into the apatite
lattice readily. It is a trivalent ion and might be expected to become
readily adsorbed on the face of the crystal, but its incorporation in
the Ca>" position of the structure will create a slight distortion
(ionic radii of ca?* and ce3* are 1.03 and 1.11% respectively) and an
increase in the local positive charge accumulation on the surface. 003 *
has a higher electronegativity than ca2t (160 Keal/gm. atom as against
137 Keal/gm. atom), and a higher EK value (922 for Ce> and 477 for Ca’).
The incorporation of the 093 * jon in the place of CaZ+ will have the
effect of increasing the lattice energy and forming a samewhat weaker
and less ionic bond. The nunber of sites available for further nucle-
ation and growth are reduced, and from reasoning on kinetic and energy
grounds, presented in the previous section, the crystallisation of the
face will be impeded. Therefore, if the habit modification is dwe to
the incorporation of impurities, an impurity with the parameters of Ce3+
and in relatively high concentration would be effective. It is probable
that the most important of the parameters here is concentration. The

other elements, including other rare earths, are present in lower
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concentration than Ce, and would be far less effective in inhibiting
growth.

The good development of the faces ¢, d and f in the crystal, and
the higher concentrations of Ce mear these faces, are compatible with a
slow growth rate. The evidence is, however, indicative and not conclusive.
Other factors, such as impedance by pressures in the medium, might be
important, although growth pressures of crystal faces are of the order
of several kilograms/cmz, and the effect of impurities as habit modifyers
seems to far outweigh other factors in artificial systems.

The poor development of face e, and the good development of face
b cannot be simply related to Ce concentrations. A further difficulty
arises in considering why the Ce should be preferentially attracted to
faces ¢, d and f« The atomic enviromment of the hexagonal prism faces
of the growing apatite should be almost identical, and it would be
necessary to postulate a mechanism that created a greater concentration
of Ce on one side of the crystal than the other. Growth from a
homogeneous fluid under open space conditions would obviously not do this,
although this type of deposition would not be expected in the Grenville
province at depths of probably 15-25 km. If a model of diffusion of
elements to crystallizing nuclei is used, this mechanism would involve a
direction of flow of the "solutions" through the pore spaces of the rock.
If the direction of diffusion was fron the E to the Vi (using these terms
only in reference to the trace element ™maps" of Figs., 20-27), local
concentration gradients could arise by the rapid adsorption of charged

Ce}" ions on the nearer faces, i.e., ¢ & d, of the apatite crystal.
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1% level of significance most pairs of elements show the population
correlation coefficient to be significantly different from zero. This
implies that the general level of concentration of trace elements in

the growth medium was varying as a whole, rather than as individual
elements. It should be point out, however, that most of the correlations
are weak, although significant (fcr /0 = 0) and random fluctuations must
have occurred. another possibility which must be consicered, however, is
that variations in the physical conditions (i.e., temperature, pressure)
occurred throughout growth of the crystal, and these variations permitted
the crystal to incorporate a wider variety of trace elements within its
structure at one time than at others. A lack of informaticn on this
aspect of crystal growth prevents adequate discussion of this possibility,
but it is doubtful if such effects are significant enough to produce the
degree of variation observed.

Particularly surprising is the poor correlation, or absence of
significant correlation, between Ce, Y and La in this crystal. Ce and Y
are only somewhat weakly correlated (r = 0.390) and there is no signifi-
cant correlation between Ce and La, a pair of elements of similar proper-
ties and close geochemical coherence. This is in opposition to the
results obtained from the stuly of apatite from widely varied enviromrents
where Ce and La show a very strong correlation, and Ce and Y a much
weaker correlation.

It might be expected that elements with a great similarity in
chemical properties would show a greater degree of coherence in one

particular envirorment, than in different enviromments. If fractionation
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PLATE III

Single apatite crystal, showing mounting and

drill assembly during core-sampling.
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APPENDIX 1

Apatite samples localities

Locality

Enviroment

Turmers Island, Sebastopol Twp., Renfrew Co.,lMetamorphic (Gmmrill_e)

Ontario.
N. Burgess, Lanark Co., Ontario.
Ticonderoga, Lssex Co., N.Y.
Kukisvumchoor, Khibina, USSR.
Durango, lexico.

Wakefield Twp, Quebec.

Snarum, Nommay.

Strickland Quarry, Portland, Connecticut.

farding liine, Dixon, l. ilexico.

Ashio Mine, Shimotsuke, Japan.

Dacy's liine, Frontenac, Qucbce.

Holley Springs, Georgia.

Slyudyanim, Trancbaikal, USSR

Leroy Lake, Gouranda, Ontario.

Hugo liine, Keystone, S. Dakota.

Greenwood, lfaine.

lomouth Twp., Ontario.

Center Strafford, N. Hampshire.

Stonehan, liaine.

Varutrack, Sweden.

lieyers rRanch Pegmatite, Guffey,

bLolton, :ass.

Agardslia, Norway.

Langendarlen, lorway.

Ilatnosa, Norway.

lloreethicf Eatholith, B.C.

Con. 5, liuddersfield Twp., Quebec.

Figsion liine, Lots 4/6, Con.2l, Cardiff
Np., vntario.

Colorado.

letanorphic (Grenville)
Metamorphic?
liagmatic-alkalic
lietasamatic? from replacement
Fe~ore deposit.
¥etamorphic (Grenville)
Ultrabasic association
Granodioritic-pegmatite
Granitic pegmatite
Hydrothermmal? with Cu sulphides
lietamorphic (Grenville)
}agmatic~ultrabasic
letamorphic skarn
Hydrothermal? with Cu sulphides
Granitic pegmatito
Granitic pegmatite
lietamorphic (Grenville)
Granitic pogmatite?
Pegnatite?
Granitic pegmatite
Granitic pegmatite
Pegrnatite?
liagmatic-larvikite
llagmatic~lardalite
lagratic~kjolsasite
Vagmatic~-granito
Fluor—cte-ap ‘gneiss
Cte—i‘luox*-ap &noiss
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Sanple

No.
A9
A20
A21
A22
A23

A

A36
A3T*

Colour Fracture

N9
564/1
562/1

10GY, /1,
5BG7/2

56Y7/l;
10GY5/4
10Y8/2
10R5/4
10R5/4
10GY6/4
10GY5/%
106Y7/2
10GY7/2

5Y8/1

3.5
3.0

2.5
3.0
2.07
3.0

3-0

2.0
5.0

3.0

Dull

Sub-resinous

Vitreous
Vitreous
Vitreous

Vitreous
Vitreous
Vitreous
Vitreous

Sub-resinous

Vitreous
Vitreous

Sub-resinous

APPENDIX 3 (Continued)

3-0
3.0

3.0
2.5
2.5

4.0
1.5
2.0

1.5
1.0

1.5
2.5
2.5
4.0

3.0

1.5
2.5

1.0

Lustre Cleavage Staining Transparency

3.5
3.5

\»En:-*-
(e NoNeo]

Inclusions

4.0 « haematite, muscovite?, fluid?
inclusions.

3.5 - biotite, haematite, opaques .
& v. minor high relief
unknovns.

2,5 - opaque specks in planes.

2.0 - feldspar? & occ. opaque specks.

2.5 - minute dark needles or high
relief prismatic unknowns.

2.5 - gircon?, sphene, pyroxens?

& opaques.

1.5 - fairly pure, mainly pyroxene?
grains.

2.5 - biotite?, sphene?, pyroxene
grains & opaques.

2.5 - opaques, zircon?, sphene?

1.0 - pumo

3.0 = haematite?, fluorite.

3.0 - haematite, fluorite, sphene?
3.0 - fluorite, haematite, opaques,
calcite, scapolite?

4.0 = haematite » Oxides, calcite,
fluorite?

2.0 - scapolite?, calecite, fluorite.

5.0+ «~ numerous sphene, molybdenite?,
fluorite, biotite, calcite,
pyroxene?

3.0 = fluorite, sphene ?, opaques,
needle-like unknowns, "

3.0 -~ mainly scapolite and/or cal-
cite, ocec. opaques,

305 o fluorite’ Bphane?’ opaqma‘

[

[




S2mple oo)our Fracturs

No. Lustre
A38  10Y7/IL, 3.0 Vitreous
A39 107/, 4.0 Sub-resinous
(variable)
ALO  10GY5/2 2.5 Vitreous
ALl 10GY7/2 3.0 Vitreous
A2  10Y7/h 2.0 Vitreous
AL3 / 4 3. Vitreous
AL, 10I6 be Sub-~resinous
AL5*  10Y6/4 3.07 Sub-resinous
AL6* - - -
A7 N8 3.0 Dull

APPENDIX 3 (Continued)

3¢5
3.0
3.0

2.5

2.5
5-0
1.5

2.0
1.0

W W
)

3.5

3.0

(variable)

3.0
3¢5
3¢5

3.0
35

3.0

5.0

Cleavage Staining Transparency

Inclusions

2.5 = fluorite, haematite, calcite,
scapolite?

4.0 - haematite, opaques, v. minor
fluorite?

he5 - fluorite, biotite, opaques,
dark oriented needle-like
unknowns.

3.0 - calcite, scapolite?, biotite?,
sphene?, opaques.

3.0 - calcite mainly, occ. oriented
needle-like unknowns, &
high relief.

2.0 - fairly pure, haematite, opaques.

3.0 - dendritic black oxides? in
planes, & black needle-like
unknowns.

3.5 - opaques, needle-like unknowns,
pyroxene?

5.0 ~ opaques, calcite & pyroxene?
grains, mainly from separa-
tion of concentrate.

4.0 - all sub-microscopic dusty
opaques.

Coding system for colour, fracture, cleavage, staining and transparency is discussed in
text in section on "Sample preparation“.

*Apatite concentrated from host rock; difficult or impossible to determine many physical
parametersa.

##*Inclusions are coded according to the following scheme:

1.0 - 1 grain of inclusion in 1000 grains of sample
2.0 - approx. 5 grains of inclusion in 1000 grains of samplé ——
300 -
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