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DICKINSONITES, FILLOWITE AND ALLUAUDITES

D. Jnnolrn Frsnon, Llniaersity of Chicago, Chicago, Illinois.

Aesrnecr
Herein is discussed the crystallography and chemistry of these three Na-Fe-Mn peg-

matite phosphates, together with their interrelations. The dickinsonites invert to al-
luaudites on heating in air to around 500o, to fillorvite on heating in vacuum to g50o. Fil-
lowite on heating in air at 885" slowly changes to alluaudite. Alluaudite is stable on heating
in air to 10000, its approximate melting point.

INrnooucrrolr

The dickinsonites (dickinsonite s.s. and arrojadite), f i i lor,vite, and
alluaudites are predominantly sodium-manganese-iron phosphates oc-
curring in pegmatites. Fil lowite is rhombohedral, and has been found
only at Branchvil le, Connecticut (Shainin, 1946) where it is of hydro-
thermal origin; the others are monoclinic and are both,,primary', and
hydrothermal. on heating in air to around 500' c. the dickinsonites
change to alluaudites. On heating in a vacuum to 850o C. arrojadite
(ferrodickinsonite) inverts to ferrofillowite. on heating in air at gg5"
fillowite slowly changes to alluaudite. Alluaudites show no important
change in their diffraction pattern on heating in air to 1000o C., the
approximate melting point.

Analyses of these minerals in substantiallv all cases show a small water
content, alwal's less than 2/6 whert dealing with fresh-appearing mate-
rial. rn Danas' System (Palache et at., l95r) fi.llowite and dickinsonite
(following Brush and Dana, 1879, 1890) are assumed to carry essential
water, whereas alluaudites and arrojadite are shown without it. Accord-
ing to Thoreau and Bastien (1954b), alluaudite from Ruanda has an
endothermic reaction by DTA aL 215" due to loss of water. However
their analysis of this material showed 3.SSTy HzO (Table g), a value that
seems clearly too high for really fresh material.

IxrnanBn Spncrna

In the hope that some knowledge could be obtained regarding the
presence or absence of essential Hzo or oH in these phosphates, infrared
spectra of alluaudite and arrojadite along with ten other phosphates
were run as shown in Fig. 1. All samples were first heated at 105o to
drive off adsorbed water. Absorption with peaks in the range 9-10
microns and beyond 15 microns is presumably due to the phosphate ion.
Absorption in the 2.75 and 6.1 ranqes is attributed to unbonded oH
("water of crystall ization" or entrapped liquid molecular water), and in
the 3.0 range to bonded oH. None of the samples shows absorption in
the 2.75 area (presumably because of the previous heating to 105o), but
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several show absorption near 3.0. These include lazulite (2), monte-

brasite (3), morinite (5), sicklerite (10) and wavell ite (12). Absorption in

the 6.1 region is shown by morinite (5), vivianite (9), sicklerite (10), and

wavell ite (12). In short, these resuits confirm the presence of bonded OH

in lazulite (2), montebrasite (3), and wavell ite (12), and of unbonded

OH in vivianitel (9) and wavell ite (12). They indicate that morinite

(5; Fisher, 1960) and sicklerite (10) contain both kinds of "rvater"
also. None of the other minerals represented in this Fig. 1 is known to

carry OH, although this is present in certain varieties of triplite (1) and

apatite (6). Sicklerite (10) is a mineral of somewhat doubtful composi-

tion which this study perhaps indicates has both of these types of OH.

This figure clearly indicates that both alluaudite (7) and arrojadite (8)

lack essential OH of either type. Infrared work on mineral phosphates

has been published by Adler (1963-64), Anderson et al- (1962), Keller

et al. (1952), Moenke (1962), and Omori (196I,1964)' among others.

CnvsrauocRAPHY or DrcrrNsoNnBS

The space group of dickinsonite was given by Wolfe (1941) as 115-
C2/c. The writer confirms this group, but herewith presents- it in the

orientation A 2r/n, so that c{a.'Ihe unit cell values (in A) in this

orientation are shown in Table 1.
The powder data appear in Table 2. Here the calculated d-values

(based on the Fisher Branchvil le unit ceil) are shown for "reflections"
actually observed (except those marked ?) on single crystal pictures;

for any one line these are l isted in a rough order of decreasing intensity.

1 1 am indebted to PauI B. Moore of this department for pointing out that H. Mori and

T. Ito (Acta Cryst. 3,1-5, 1950) have shown that the "water" in vivianite is bonded to

Fe octahedra.

thicker Nujol smears. On these latter the absorption peaks due to the Nujol at 3.5, 6 85,

and 7.25 microns are omitted.
1-Triplite. Schlaggenwald, Bohemia.

2-Lazulite. Death Vailey, California.

3-Montebrasite. Custer Mt. Lode, Black Hills, S. Dakota' -

4-Lithiophilite, Custer Mt. Lode'

S-Morinite. Hugo mine, Black Hills.

6-Apatite. Buckingham, Quebec.
7-Alluaudite. Chanteloube, France.

8-Arrojadite Nickel Plate mine, Black Hills.

9-Vivianite. Mullica Hills, New Jersey.
10 Sicklerite. Custer Mt. Lode'

1 1-Natrophilite. Branchville, Connecticut.

12-Wavellite. Garland Countv, Arkansas.
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The spacings and estimated intensities of the stronger l ines are 3.05(10),
2 .7  2 (9  - ) ,  3 .22 (7  - ) ,  2 .7  8 (5 ) ,  2 .85  (5  -  ) ,  5 .93 (4 ) ,  5 .01  (4 ) ,  and  2 .55 (4 -  ) .

CnBursrny on DrcrrNsoNrros

Computations based on the published analvses of dickinsonites
(water-free basis) are shown in Table 3. From these it is clear that the
approximate formule are as follows:

Dickinsonite (Na:rKaCa:)(Mn3eFe152+M93)(POa)a3

Arrojadite (NarlKjcai) (MnreFerb2+Mgs) (POt4s

though the latter to provide a better f it with analysis no. 4 can be ex-
pressed as (Na1eK3Ca') [Ca3Mn1sFe35(Mn2/3Mg7 /3)) (Poo)nr; (Table
4). The general formuia thus becomes 3[WeX1e(POE)ro] ; or if Ca is put in
the X-position, 12[W2Xu(PO.)n]. The value assumed for the density of
the Black Hil ls arrojadite is less than the 3.55 given b1' Lindberg

Tenlp 1. UNrr Crr,r, Dar,c, oN DrcrrNsoNrrrs

Narne Vo Locality

Dickinsonite 24.74 9.97
Dickinsonite 24.89 10 11
Arrojadite 24.78 10.0.5
Arrojadite 21.89 10.02

16 73 104"41',
16.68 105'41',
16 .51  105 '41 ' ,?
16 60 105'50',

Poland, Me. Wolfe
Branchville, Conn. Fisher
Black Hills Fisher
Black Hills Lindbero

3992
4041
3959
3983

(1950) or  the 3.61 of  Headden (1391).  I f  one takes the 3.55 f igure,  i t
leads to 196 oxvgens in the arrojadite unit cell, a result inconsistent
with that obtained for the New England dickinsonites. The 2.6670 LI2OB
(as weli as the 0.80/p F) found by X4rs. Lindberg are also neglected (as
they are in Danas'System). If these are taken into account and thus
the unit cell is assumed to have 188] oxygens and 3] f luorines, the
computed density is onlv 3.435. The large amount of FezOa in the sam-
ples from Serra Branca,Brazil (Guimaraes, 1942) means that the mate-
rial is highly oxidized; thus the analyses are extremely difficult of
interpretation, since the amount of FezOr present in the analyzed sample
is uncertain.

Cnvsr.q.r,r,ocRAprry ol Frrr,owrrr

A decade back I examined a sample of f i l lowite from Branchvil le,
Conn. (Fisher, 1955a) kindly supplied by Professor Frondel from the
Harvard collection. Opticallv it was found to be biaxial (*) with
2V:30" *. I therefore assumed that it was monoclinic as stated by
Brush and Dana (1879).  A second level  precession p ic ture (F ig.2)  so
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Ianm 3. ElnurNrs rN rrrn UNrr Cnr,r,s or DrcxrNsoNrrps CoNrerlrrxc 192 Oxvcnns

Ca Mn Fe2+ Mg GVoPLiNaKNo.

1
2
3
4

2 .82 20 .94 3 .34
3 .26  20 .28  3 .17
3.08 20.12 3 02
3 .20  17  88  s .79
3 68 20.86 8.55

38 79  16 .06
38.26  15 .38
3 7 . 8 r  1 4  4 7
19 25  33 .99
18.99 30.22

1.00  48 .s7  4041 3 .42
r .28  49 .11  4041 3 .40

3 48 1t2 48.42 404t 3.39
2.24  0 .50  48 .77  3959 3 .47
3 . 2 2  1 . 6 0  4 7 . 1 8  3 9 5 9  3 . 4 9

l-Dickinsonite, Branchvilie, Conn. (Wells, 1890, no. 1)
2 Dickinsonite, Branchville, Conn. (Wells, 1890, no. 2)
3-Dickinsonite, Poland, Me. (Gonyer, 1930)
4-Arrojadite, Black Hills, S. Dak. (Lindberg, 1950)
S-Arrojadite, Black Hills, S. Dak. (Headden, 1891)

Above table recomputed to make P:48 and W: 24 and X:60

No.

Xw

LiMgCa lvl nCaNaK

Sum of
cation

valencesl

1  2 . 8 6  2 t . 1 4
2  3 . 3 5  2 0 . 6 5
3  3 . 1 2  2 0 . 3 3  0 . 5 5
4  3  3 2  1 8 . 5 8  2 . r 0
5  3 . 5 5  2 0 . 1 1  0 . 3 4
A includes 0 06 atoms Na
B includes 0.22 atoms Na

3.M 39.29 16.26
3 478 39.37 15.83
2 .50  38 .2 r  14 .62  3 .52
1 .84  20 .00  35 .31  2 .33
7 .90  18  31  29 .14  3 . rO

1.01  142.93
t.32 142.44
1 . 1 4  r 4 3 . 3 9
0 . 5 1  1 4 5 . 5 7
1 . 5 4  1 4 5 . 7 8

1 The sum of the cation valences in each row of this lov'er table is not quite exactly
144, as it theoretically should be.

TaeLE 4. Br,ecr Hrr,rs ArnolaorrB

Percent difierence

K:O

CaO
NazO
MnO
FeO
Mgo
PzO,

1 8 2
2 . 5 7
6 . 6 9

16.  50
2 9 . 5 1

1 . 0 9
4t 82

1 . 6 9
2 . 6 8
7 .04

1 6 . 6 8
30.06

t . 1 2
40.73

7 . 1
+ . J

J Z

1 . 1
1 . 9
2 . 7
2 6

100.00 100.00

1. Analysis by Lindberg (1950) omitting Li, Al, F, and HzO.
2. Composition (weight percent) assuming formula:

(Na'eKaCa ) [CarMnrsFe$(Mn2 / 3]:[tr.e7 / 3)](Po a) as
with G:3.51. The fit is very good, especially if one assumes that a little of the Na is
replaced by K. The dot after the Ca indicates one vacant lattice position.
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intrigued me that I sent it out as my 1954 Christmas card to about 100
of my crvstallographer friends stating that in the picture the D-axis
was horizontal and that precession was in the direction [101]. While
many told me the1. admired the card, only one, Professor J. D. H.
Donnay of Johns Hopkins, informed me it was not monoclinic but
rhombohedral. I thereupon checked back on the pictures of the other
levels and concluded Professor Donnav was right. From Fig. 2 (on"-.
axis horizontal, c6u*. the precessing direction) it almost looks as though

' :  Et  '  , , , ' l . : . l t : , . ,

Frc. 2. Second level precession photo of fillowite from Branchville, Conn Fe Ka, 45 kr'.,
10 ma.,  31 hrs.

there were three verticai symmetry planes, but from the 0- and 1-level
pictures in the same orientation it is clear that there are no such planes;
thus the 0-level picture shows ({) or obverse hexagonal clino-prisms
141501 and {5270},  but  lacks the ( - )  or  reverse forms {1450f  and
]12570|. Similarly the l-level photograph has the (*) ot obverse right
c l i no - rhombohedron  [3251 ] ,  bu t  l acks  {2351 }  ,  I 352 l l ,  and  {2531 } .  I t
also has the (-) or reverse right clino-rhombohedron 12+611, and the
Ief t  form 1642l l ,  but  lacks the (* )  forms {42611 and 16241l .  The 2-
level pattern (Fig. 2) shows an equilateral triangie of spots for the (f )
right and Ieft cl ino-rhombohedrons 131421and {a132} and the (-) right
and lef t  forms {23521 and {5322]1;  a lso {1562} and [6512] ;  the la t ter

, : l  r : - : .

aa
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(near the corners) are of lesser intensitl ' .  The six "outside spots" are the

(f) right and left clinorhombohedrons 142621 (medium strong) and

l6t42l (weak). Since the 0-level photo also shows the absence of two-

fold axes normai to [c], and the "reflections" all f i t -h*k*l:3n, the

space group must be R3 (#116) or R3 (l1aS)' Until some test is made to

indicate the presence or absence of a center of symmetry, it is not

possible to make a certain choice between these two space groups'

Ilowever preference is given to the latter on a morphological basis,

since Brush and Dana (1879) state that "rarely a nearlv complete

crvstal" is observedlsince this is taken to have a rhombohedron (rather

than two trigonal pyramids) with small basal pinacoid, fi.llowite may be

assumed for the time being to have a center of s.vmmetry and -belong to

the dolomite class. The Brush and Dana forms 'P (2Ol) and d (111) thus

become e (Oll2). Fil lowite has d6"*. -_ t5.254 A and c:43.32 A with

unit cell volume of 8730 A (fistrer, 1955a). The rhombohedral unit cell

h a s  c : 1 6 . 9 1 4  A  a n d  a : 5 3 o 3 6 ' w i t h  v o l u m e  o t  2 9 1 0  A .  p  ( 0 1 1 2 t :

58o37 ' ,  ( 0112 )A (1102 ) :95o21 ' ,  a i c : t i 2 .84 ,  po : ro :3 ' 28 ,  and  t r :

lIl"52'. The writer measured a single crystai on the reflection goniom-

eter and in addition to three faces of e l0lI2l found a poor face with

the approximate indices of (a 1S ' t:;. The Branchvil le f i l lowite is
(* )  wi t t r  a :  t .671+ .002 and e :  1 .676+.002 (Frondel ,  1941) '  The

s]:nthetic ferrofi l lowite (see beiow) has c,r:1.682+.002. Data obtained

from the powder pictures of Branchviile fillowite are given in Table 5.

The spacings and estimated intensities of the stronger l ines are 2.80(10)'

3 .01 (7 ) ,  3 .62 (6+ ) ,  2 .54 (6 ) ,  1 .89 (4 ) ,  3 .79 (4 - ) ,  and  11 .3 (3 * ) .

Cnplrrsrnv or Frr-r-owrrp

The results from the study of fillowite anall'5gs are shown in Table 6'

From columns I & II of this table it seems highlv probable that the

hexagonai unit ceil carries 412 oxygens. Assuming the formula

CarzNaaaMnrozFesr2+(POn) ros

the hypothetical composition would be that shown in column III i f the

specific gravity is taken as 3.42 (one of the values given by Brush and

Dana, 1879); the figures given here are in satisfactory agreement with

those of columns I and II. While the data shown in column IV are not

out-of-line with those of columns I and II, the formula on which the,v

are based is rather unsatisfactory, since it carries only 408 oxygens;

moreover the assumed specific gravity of 3.38 is definitely too low to

fit the observed values, and the 100. f igure for Mn is also too low.

However it does have the advantage that the number of POE-ions
(: 102) is divisible by three, thus allowing for a rhombohedral cell con-

tainins
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A d,"

11 438
8.492
7 352

6 . 3 6 5
5 .690
5 288
5 . 1 5 8

4 367
4 . 2 5 2
3 . 7 8 9
3 716
3 640
3 492
3 397
3 293
3 . 2 3 1
3  1 7 2
3 029
3  0 1 7
2 . 9 3 5
2 896
2 873
2 843
2 . 8 1 4
2.692
2 647
2 552
2 .500
2 442
2 408
2 . 3 9 0
2 367
)  J \

rp

? a

2
+

o t 2
0 r 4
0 0 . 6
1 1  3
2 0 2
0 2 4
1 1  6
2 1  1
12.2
3 2 4
3 0 0
0 3 3
0.3 6
2 2 . 3
oo 12
1 3 4
2 2 6
4 0 2

0 r  4
3 2 . I
2 3 2
5 2 4
00 15
4 1  0
4 1  . 3
03 t2
1 4 . 6
05 1
3 3 0
24 1

I s

o

4

5

2
7

h k l h k l

4
5
6
7

8
9

1 0
t 1
1 2
I J

'L+

l 5

1 6
l 7
1 8
19
20
2 l
2 2

24

26
2 7
2 8
29
.30
i 1
32
3 3
34

35
36

3 7
38
39
40
41
42
43
44

t

1
1 0
4

8
6

10
5
I
I

2 0 r
0 2 8
2 2 0
1 3  I
3 1  2

I
2
2
8

1 1  .280
8.400
7 220
6 . 7  4 4
6  3 1 8
.5 .640
5 . 2 4 2
4.963
4 8i4
1  .541
4 3.s .40
4 2 1
3 76-  .81
3 . 6 6  6 9
3  6 t  . 6 2
3 475
3 . 3 7 2
3 . 2 7  . 2 e

3 .  1 5 9
3 . 0 2 5
2 99-3 0l
2 .9204
2 8880
2.86-  88
2 827
2 79- 80
2 680
2 . 6 2 -  6 4
2.5423
2 48  .50

1
I

+
+ -
I

6 +

I
4
9
1
I
6
9

10
7
4

l 0
9

J J . i

0 4 8
02 14
1,1 .  11
.52 8

42.2

0 0 . 1 8

1 1  1 4
0 5 . 1 0

62 t0
5 2 0
6 3  t 2

4

10
7
5

4

3 1 . 1 0

3.3 .3

2 -10- -41
2 381r
2  .36- .3  t -
2 . 2 s -  2 6
2 2017
2.16-  -18
2.O9-  12
2 . 0 6 . 0 8
2.0353
2 . O 1
1 94- 95
1 . 8 8 -  9 1
| 8474
1  . 8 3
1 80.50

2 1 6
2 . 1 0

2 . O 4
2 . 0 1
1 9 4
I 888
1  . 8 s 3
1  8 3 1
1 8 1
1, .7 404

3 3 6
1 3  l 6
1 5 2
6 3  . 9
6 0 0
60 .3
0 6 6
0 0 . 2 1
2 2  1 8
0 5  1 4
2 5 9
0tr 12
1 5  1 8
1 6 . 1 0
o o  - 2 4
5 1  1 7

8
7
7
4
7
4
o
5
5
5
I

1 0
7
8
9
8

5
7
o

2 0  1 9
0 t  1 6
20 20

6 1  2
3 1 . 1 9
6 3  l 5

2 6 2

1 i o

43 1
3 r  t 7 4 2 5 3

5
6

Explanalion oJ colunns
d":calculated spacing

d*:neasured places (Guilier camera, Co radiation, except for lines l,hose spacing is given to only two
decimal places; these based on r14 mm straumanis (philips) camera with Fe radiation)

fp:Uncorrected visual intensities from porvder film
fu :Uncorrected visual intensities from single-crystal films

hk'l :Bravais-Miller indices
Possible planes contributing to l ine 140 also include 70.1, 35.1, 07 2,53.2, and 44.3.

2
+

I

I

4

Tenlr 5. Pomrn Dera lon Fru,r,olvrro
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T rtr.r. 5 - (C o nt inu ed.)

4 1  2 l
0 t  26
1 7 9
0 7  t 4
.52  18

0 9 . 0
00 30

08 16

1 6 8 7 0
1 . 6 5 -  6 6
I .64-65
l 60- 61
t  .5889

1 46- 47
| 4140

45
46

48
49
50

Talr,a 6. Rnsulrs rnou Frr,lowrrr ANerysns oN e H2O-Fnnn Besrs

wr 9r, ;:tl?t

II

wt. e6 p?tilt

IV

wt. ,z culi.olt wr. o7" cations
" per U.C. ' " per U.C.

III

CaO
Naro
MnO
FeO
Ltro
P:Or

' Iotal 100.00 411.34r

Water 1 66

100.00  412.64r

1  . 5 8

100.00  4 t2 l

0 . 0 0

3 . 7 9
J .  / O

39 92
9  . 7 1
0.08

40.7+

100 00 4081

0 0 0

4.17  13 .4U
5.87 34 .14

40.35 102 55
9.  s5  23  .96
0 . 0 6  0 . 7 2

40.00  101.60

3 . 7 0  1 1 . 8 9
5 . 5 4  3 2 . 2 2

40.36 t02 575
9 .88  24 .79
0 . 0 7  0 . 8 4

40.45 102 74

3 . 7 5
5 .69

40.27
9 . 6 0

40.69

12
33

100
24
1

to2

1 2
J J

lo2
24

103

1 Anions per unit cell
I. Average of two analyses by penfield (1829); G:3.a3

II. Analysis by Wells (1390); G:3.43
III. Composition assuming a formula of CarzNagrMnr02Fe242+(po{)r0r .w,ith G:3.42
IV. Composition assuming a formula of CarzNanMnr00Fe242+Li(po4)ro: with G:3.3g
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CaaNarrMnarFes2+(POr) sr

with + of a Mn missing and another I Mn replaced by $ Li.

In Danas' System (Palache et al., l95l) fi.llowite is assumed to have

an essential water content. Taken this wa1', the unit cell contents are

approximately:

CarzNaezMnssFezr2+Lir(POr) ror' 16HzO

i f  an average anal1-sis is computed with density of 3.435. However if

one attempts to integrate the water into the formula not as "water of

crystall ization," it is seen that there is a hopelessll '  large deficiency

of P in the anal.vsis for this purpose, requiring 105 (POt. About fi.ve of

the oxygen tetrahedra in the average unit cell would need to have a

central cation other than P under these conditions.

Drcr<rNsoNrrE AND FrLLowrrD

Are dickinsonite and fi l lowite dimorphous? In the thermal experiments

described ahead it is shown that when arrojadite (ferro-dickinsonite) is

heated in an evacuated Vycor tube, f i l lowite is formed at a temperature

between 750 and 850 or higher. I{owever since at these temperatures

low cristobalite is also produced, it is not safe to conclude from these

experiments that the two substances have the same composition. If the

formulas of dickinsonites are multiplied b1'103/48, one gets (putting K

wi th the Na):

Dickinsoni te (Nasr. ;Ca:z)(Ca:zMna:7Fe322Mgoa)(POr)ro;

Arrojadi te (Narr  rCau g)(Ca: zMnr:2Fe75 1Mg; ) (POr)ro:

which mav be compared with

Fillowite (Nar:Carz) (Mnro:Fezr) (POr) ror

The major difference in composition (allowing for vicarious elements)

thus seems to be that f i l lowite carries less Na. Looked at another waY'

taking the dickinsonites to be Wr+Xoo(POa)a3, one can multiply this by

412/I92 yielding approximatei)' Ws,rXr:s(PO.)ror. On this basis, com-

paring the actual anal1-tical results (using the averages of the analyses)

for a block containing 412 oxygen atoms, the result is (to a close ap-

proximation):

Dickinsoni te (Na,K)so[NarCaT(Mn,Fe)rraMgrl i r ]ProqO,, t

Arrojadite

Fillowite

(Na, K)4zICas(Mn, Fe)rrsMgsl-ir]Pro'O'r

(NasrCarz) [Car(Mn, Fe) rzzl-ir]ProrOnrr

It wii l be noted that the dickinsonite analyses are one atom too high in P,

the fi l lowite one a single atom of P too low. Considering the large num-

bers of atoms involved, and taking into account possible analytical and

sampling errors, it seems the presumption of dimorphism is not unwar-

ranted. But the final answer to this ouestion can better wait unti l
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structures are determined, so that one can have a clearer idea of possible
unoccupied sites.

Ailuaudite formulas multiplied b.v 103/12 yield:

Narr-sqCaq-:z(X' f Y') ro:(POr) ros.

Here the major difference seems to be in the smaller number of (X'*Y')
atoms, as compared to X atoms in the dickinsonites and fi l lowites.

Cnr'ursrny oF THE Ar,r,uauortBs

The unit cell data on the alluaudites (space group 15-I2rfa) are
given in Table 7 (Fisher, 1955b, 1957). The results of computations on
the chemical analyses of alluaudites on a HzO-free basis from 11 locali-

Talr,r 7. UNrr Cnr-r, Dare ox Ar,luermrrns

Weight ol PrOt

Locality MoVo
BY 

rheorv
analysIS

Varutriisk (varu-
l i te)  11.00

Hagendorf 10.93
Varutr?isk

(alluaudite) 11.04
Suku la  11 .05
Chanteloube 11.03
Buranga 11.03

1 2 . 6 4  6 . 5 1
1 2 . 5 9  6 . 5 2

1 2 . 6 2  6 . 4 8
12.59  6 .49
1 2 . 5 2  6 . 4 4
12.53  6 .40

97"54'
97"59',

97"57',
97"40',
97"30',
97'34',

3 . 5 8

3 5 8
3 . 5 8
3 . 5 8 1
3 .451

897
888

894
894
882
878

1935 44.69 44 02
2020 42.07 42 t6

1926 44.12 44.21
1927 4s 39 M.20
1902 42.80 44.78
1820 44.08 46.80

1 G-values by D. J. Fisher; others from the literature.
Weight oZ PzO; on a HrO-free basis; total summed to 100.
Theoretical weight /o PrOb:(600X141 .95)/Mo, where the unit cell is assumed to

carrJ/ 6(PrO-).
The unit cell data for the Sukula and two Varutriisk samples are taken from Guinier

camera powder films, the others are from single crystal precession measurements.

ties are shown in Table 8. From this using the fi.gures in column W* it is
clear that the aliuaudite formula can be written Wn_r(X*Y)rr(POr)rr,
where W : Na* Ca(i K) * (in some cases) a l itt le Mn; X : Mnf Fe2+f
fAg(*L i )* ( in  some cases)  a l i t t le  Na or  Ca;  Y:Fe3+;  and water  is
regarded as non-essential. Except for the l imitation on the W-value,
this is the same formula as given earlier (Fisher, 1957). The formula of
caryinite (Bostrdm, 1957) is in agreement with this if most of the Ca (or
Na) is assumed to be in the X-position, although Strunz (1960) has
given a different interpretation. All ailuaudites probabiy fall in the range
of Nar-z and Cao-e in the unit cell; in only one known sample is Ca in
excess of Na. In Table 9 are shown some idealized formulas for various
alluaudites (based on the data of Table 8). From this it is also ciear that
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there is a pronounced tendency towards an inverse reration between Na
and Fe3+; the less Na' the more Fer*. rn some cases this wourd indicate
that oxidation also involves the concomitant reaching of Na. The four
lowest analvses in Tabres g and 9 are of those with ress than 3 atoms Na
per unit cell; these four are arso highest in water (except for the varu-
trd'sk alluaudite, which is arso relativery low in Na). This indicates the
possibil i tv that "Na hores" in the structure mav be occupied by oH or
HzO.

- 
A sample of the Hagendorf alluaudite (Strunz, 1954) was heated in air

for 48 hours at 890o c.; it was then analyzed by oiva Joensuu who found
no change in its Na content, but FeO was reduced toipproxim ateIlt 7/6
and Fero:r increased to 32.3/6. The formuras of the unneatea (above)
and heated (betow) samples may be written as follows:

(Ko ,Cao 6Na5 5\fn1 z)(\{n1 1pg, ,r+Mgu ,)}-e, ,a+p' sOrr
(Ko rCao eNa5 5![10 2) (Mna TFes :e+Mgo :)Feo si*p' oOn,

w'z rX's roJr r,nor,
W'e nX's 2Y6 8(PO4)r ,

The lower densit ' of the ferri-alruaudites (the bottom three of the

Teer,n 9. Ionlrrrzno Foruur,as ol Allueuorrrs
(Listed in order of increasing values of Fea+: I)

ldeal lormula Na ca* Naf ca* x, Y Locality

NaoCaz(Xro' I:) (POr)r:
NaoCaz(Xro' I.z) (pOr)u
Nascar(Xr',%)(PO4)u
Na;Cau (Xg'I!)(POdu

NaoCa(Xs'ts )(POo)p
NasCa(Xz'Iu)(POn)o
Nasca(xz'I,s) (podu
NazCa(Xo'tsu) (POo),:
NaCaz(X;'ts2)(pOr)rz

NazCa(&'Ir)(PO+)u
Narca(&'Ir8)(potD

6.7  10 .4
7  . 3  1 0 . 1
7 . 8  8 . 7
7 . s  8 . 7
7 . 8  8 . 4
5 . 9  7 . 8
6 . 2  6 . 9
4 . J  5 . . )

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

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

0 . 3
1 . 9
1 8
1 . 8
1 . 6
7 . 4
1 . 0
2 0
J .  t

7 . 2
1 . . )

1 .6 Skrumpetorp
7.9 Varutriisk(varulite)
3 .3 Lemnds
3.3 Hagendorf
3.6 Norrii
4.2 Varutrrisk (alluaudite)
5.1 Sukula
6.5 Chanteloube
6.8 Hiihnerkobel
7 .6 Pringle
7 .9 Buranga

* Value for ca if some is added to x (or some Mn is subtracted from x and added toCa) so that (X,+V):t2.oo
Note that the last three formulas of the above tabre have tr/* values (see Table g) ofonly3; th is isbecausethe" ideal formula"gir r" . rubo. , r . isbasedpr imar i ly  

onthe(x*,v*)figures.

Note that the Na & Ca* are a poor fit in the Hiihnerkobel specimen, and the ..fit,, isvery bad in the case of ca*in the skrumpetorp anarysis. .But one can be suspicious of thelatter, since it has xt z (Table 8) equal to 
""ry 

r i . os (the Iowest value) and p of 12 . 6g(the highest value).
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T,q.lr-r 10. Rnsul-rs lnou HnerrNG Pou'oenno Allueuortr rN Arn

table) is because of the relatively small amount of Na present' The

Chanteloube (also the Sukula) samples are mangan-alluaudites' but

close to the ferri-ailuaudite boundary (Fisher, 1957); the Norrd speci-

men is the only ferro-alluaudite.

Tnnnrrr,q.r, ExpBnrlrBNrs oN THESE MrNBn'trs

study are shown in Table 10.

Ai the samples l isted except the two heated above 1000o C' - '- ielded

excellent alluaudite patterns;in fact heating this mineral to around 800"

serves to prepare a specimen that wil l give the best r-ray powder picture'

No. Locality
Temper- Time

ature (hours)
Result

Black Hills a) 910 23

(Pringle, South Dakota) b) 94O 22

c) 975 23

no sintering
strongly sintered; no glass

in part a very dark brown glass; verY

weak "glass bands"

no sintering
slightly sintered
very strongly sintered

very strongly sintered; "glass bands"

completely melted;few very weak al-

luaudite lines left; "glass bands"

apparently PartiallY melted; no

"glass bands"

completely melted; almost none of

alluaudite pattern left I pronounced

"glass bands"

nicely sintered. Excellent alluaudite

pattern including strong back re-

flection lines at il:09726 and

o.9748

no sign of sintering

very strongly sintered; shows same

pattern (including back reflection

pair) as no. 5

Buranga
(Ruanda, Africa)

Chanteloube
(France)

Hagendorf
(Bavarian "hagen
dorfite")

Skrumpetorp
(Swedish "varulite")

Varutriisk
(Swedish "varulite")

a) 910 23
b) 940 22
c) 990 22

a) 995 20
b) 1010 24

a) 985

b) 1015

a) 985

a) 800
b)  910

24

43

1 8

18
I
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r:irrA.r,& TEiM:P,

Frc. 3. X-ray powder pictures of Black Hills arrojadite (ferrodickinsonite) at room
temperature (3) and after heating in air for 24 hours at the temperatures shown. The two
basal pictures are of chanteloube alluaudite at room temperature (36) and after heating
for 24 hours at 880" (37). See caption for figure 6 to explain numbers 28 and.29. Fe/Mn
radiation, 114 mm. Straumanis-type camera.

The "glass bands" referred to in the table are broad zones of  darkening

centered near d:16 and 5.3. It is clear that the melting point of al-
luaudite is very close to 1000' C.

Powdered samples of the Headden arrojadite from the Nickel Plate
Mine, S. Dakota, supplied by Professor Frondei of Harvard were heated
for approximately 24 hours in an electric furnace. Some of these were
done in Pt boats in air, others were fi,rst put in sealed and exhausted
Vycor giass capsules. X-ray powder pictures were made from the heated
samples with results as shown in Fig. 3 (heated in air) and Fig. 4 (heated
in evacuated tubes). In Fig.3 the two basal pictures are of Chanteloube,
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Frc.4. Same as Fig.3 except samples heated in evacuated and sealed Vycor glass tubes.

The tivo basal pictures are of Branchville, Conn. fillor.ite (at room temperature and after

heating for 24 hours at 960').

France, alluaudite; and in Fig.4 the two basal pictures are of Branch-

vil le. Conn.. f i l lowite.
From Fig. 3 (air heated) it is clear that onlv a slight change has taken

place at +O5" (#24), but more extensive changes have occurred by 485'
(125). However, the big break is between this temperature and 555o
(rt2Q at which temperature the sample has the typical alluaudite struc-

ture shown in all the lower pictures of this figure, though sample 131
(heated to 855") contains a number of additional l ines. Samples nos. 28

and 29 are further discussed below. Patterns from material heated to

910o and 965" were also taken, but they were essentially the same as no.

31 of Fig. 3. The 910o sample was sintered, and the 965" sample was a

near black f used mass.
Figure 4 (heated in a vacuum) shows practically no difference between

the first two pictures (13 and 6), but transitional changes appear in the
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next three fi lms, so that at 855' (no. 12) the structure is substantially the

same as that of hllowite at 960" (no. 21), which differs only in minor

detail from the fi l lowite at 20" (no. 18)' Of course no' 12 represents a

ferro-fillowite, whereas nos. 18 and' 2l are of a manganofillowite'

Fig. 5 is a Guinier film showing the results from heating ferrodickin-

.onite i.r a vacuum for 24 hours. The top l ine is unheated material, the

second on heating to 600o, the third on heating to 885o, and the bottom

line is unheated fillowite. This shows that the inversion takes place

Frc. 5. Guinier film showing unheated arrojadite (Black Hills) in the top row, the same

heated for 24 hours in a rracrrJ- at 600o on the second row, to 885" on the third row, and

unheatecl fillowite (Branchville) in the bottom row. Co Kar-tr radiation, film protected by

Al foil, 52 Kv, 10 ma, 76 hrs in a vacuum.

from the resulting powders yielded mixed' fillowite and alluaudite pat-

terns. Judging from line intensities, the 24-hour sample was less than

half converted to alluaudite, and the 46-hour one was possibly slightly

gave the alluaudite powd'er pattern.

Figure 6 shows the results of three DTA runs made in July 1954 on

the ieadden arrojadite by D. L. Graf at the Illinois State Geological

Survey. The upper two were made in a nitrogen atmosphere' the lower
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Frc. 7. Thermogravimetricanalysis of the Black Hillsarrojadite. Run in March 1956

on a sample weighing initially 5.0016 grams by M' J' Spendlove of the College Park'

Maryland laboratory of the U' S. Bureau of Mines.

nected with the melting phenomena. Additional publications giving the

results of DTA work on mineral phosphates include Heystek and

Schmidt (1953), Manly (1950), Thoreau and Bastien (1954, a and b),

as well as others.
Figure 7 shows the results of a thermogravimetric analysis on the

HeaJden arrojadite made in March 1956 using the apparatus described

in U. S. Bureau of Mines Report of Investigation No' 5181 (1955)' On a

sample initially weighing 5.0016 grams there is a loss in weight of 9 mg'

(about O.lS%) up to a temperature of about 300o, and then a gain in

weight of some 83 mg. (or 1.66/) by the time the temperature reached

6506.  Presumably the smal l  loss represents extraneous water '  the large

gain being connected with oxidation as the material goes over to al-

luaudite.
The thermogravimetric study of Fig. 8 was run in December 1955 on

two samples of alluaudite. The lower curve (sample flS) was made on

the dense, fine-grained Pringle, South Dakota material (l'9/6HzO) and

the upper curve (sample #151) on the coarsely-crystalline Buranga,

nrruttdu specimen (355% HrO)' The probable interpretation of these

curves is that they indicate a rather reguiar loss in weight due to loss of
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extraneous water as the temperature is raised, the African material
having the steeper curve because it contains more such water. In this
figure a weightJoss of 10 mg corresponds to approxim atel,v l/o.

Acrltowre oGEMEN.T's
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