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ABsrRAcr

Headden's unnamed sodium iron manganese phosphate from the Nickel Plate pegma-

tite, S. Dak., has been reexamined and its identity with arrojadite from the Serra Branca

pegmatite, Brazil, has been established by direct comparison. The optical properties of

arrojadite from the Nickel Plate pegmatite are: a:1.664,0:1.670, and 7: 1.675; X color-

less, Y pale green, Z pale yellow green, X:b,ZAa:l8o, 2V:86o, r<t strong. New optical

properties oI arrojadite from otJrer localities are given. The space group is C2/m. (Q321,) and

the uni t  cel l  has aq:  16.60,  60:10.02,  and.  co:23.99 A;  a;b:c:1.656: l :2.389,  9:93" 37' .

Material from Hiihnerkobel, Bavaria, and from Norrti, Sweden, originally described as

arrojadite is not isostructural with arrojadite from the Nickel Plate pegmatite and from the

Serra Branca pegmatite, and the name hiihnerkobelite is proposed for this partly oxidized

material with formula (Naz, Ca)O.2(Fe, Mn)O.PzOr.
Graftonite (Fe, Mn, Ca)g(POr)z is associated with arrojadite at the NickelPlate pegma-

tite. A new analysis is given, together with a partial analysis of graftonite from the Rice

pegmatite, and optical properties are correlated with chemical composition. Optical proper-

ties of the graftonite from the Nickel Piate pegmatite are; a:1.709, F:l'714, l:1.736,
X cofor less,  Y color less,  Zpink,X:b,ZAa:36o,2V:53' ,  b iaxia l* ,  r (u strong.  The

space group is Ph/c(C6zn); the unit cell has oo:8.87, bo:11.57, and co:6.77 A; a:b:c
:.766:l:.533, P:99'12'. The relationship between the new cell and the Penfield orienta-

tion is discussed.

INrnopucrroN

Pretious work

fn the course of an investigation of phosphate minerals from the Black
Hills, it was desired to know whether arrojadite was present. Published
descriptions of the mineral were inadequate and appeared to describe

* Published by permission of the Director, U. S. Geological Survey.
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different minerals. Type arrojadite from the Serra Branca pegmatite,l
Brazil (Guimar6,es, 1925) was said to represent the partly oxidized form
of the mineral described, but not named by Headden in 1891 (Headden,
1891) from the Nickel Plate mine, Pennington County, S. Dak. Direct
comparison of the two had never been made. Quensel (1937) gave the
name headdenite to the Nickel Plate mineral. The priority of the name
arrojadite was pointed out by both Mason (1941, p. 132) and GuimarSes
(1942) though neither had access to the Nickel Plate arrojadite. Arro-
jadite has also been described from the Norrii pegmatite of Srveden
(Ericksson, 1946) and from Hiihnerkobel, Bavaria (Mason, 1942),but
these minerals were called arrojadite primarily on the basis of chemical
composition, and not by direct comparison with either the Brazilian or
the Black Hills arrojadite. Arrojadite from various localities has quite
difierent chemical analyses, and these should be used with caution as a
means of establishing the identity of members of the species, especially
when part of the iron is oxidized.

Arrojadite from the Nickel Plate mine and the Serra Branca pegma-
tite was obtained from the Headden collection of Harvard University
and from the U. S. National Museum for direct correlation of physical
properties. A sample of varulite from Skrumpetorp, Sweden, and samples
of arrojadite from Hiihnerkobel, Bavaria, and Norrd, Sweden, were
obtained from Professor Brian Mason of Indiana University.

Description oJ material fron the Nickel Plate mine

Headden described a green phosphate from the Nickel Plate mine as
being associated with beryl, spodumene, mica, and cassiterite in granite.
A dark-green cleavage block about 6 inches long, from the Headden
collection of Harvard University, appearing massive and homogeneous
on the outside, was found to contain small books of muscovite, granular
quartz, graftonite, and cassiterite in the interior.

Thin sections showed that arrojadite and cassiterite were intimately
intergrown, with thin seams and some euhedral crystals of cassiterite in
the cleavage planes of the arrojadite. Parallel euhderal cassiterite crystals
are developed in the cleavage planes of arrojadite and in the associated
quartz. The quartz and arrojadite have a curved boundary which sug-
gests replacement of the arrojadite by qtartz. Of especial interest are
rows of haloes in the cassiterite. As the cassiterite itself is strongly
pleochroic, any possible pleochroism of the haloes is marked. The rows
of haloes in some thin sections occupy the whole width of the cassiterite

I As used in this paper the terms Serra Branca pegmatite, Rice pegmatite, Norrd peg-

matite, Etta pegmatite, and Skrumpetorp pegmatite serve only as a convenient means of
reference and are not to be considered as analogous to stratigraphic names.
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seam in the arrojadite cleavage planes; in other sections, the row of

haloes was seen at one side or in the center of the seam. In others several
rows occurred. The rows of inclusions are usually parallel to the D axis

in the arrojadite. A small sample of purified cassiterite was found to be
feebly radioactive, but the samplg was too small to obtain quantitative
results.

At some places the graftonite showed an abrupt contact with the arro-
jadite; at other places it was surrounded by a rim of material with relief

similar to that of the graftonite, but with abnormal blue birefringence.
Long, thin stringers of original arrojadite showing parallel extinction lie
in the graftonite and suggest that graftonite may have replaced ar-
rojadite along cleavage planes, though definite paragenetic relationships
could not be completely determined.

In the arrojadite are occasional shreds of a deep grass green material,
which has the appearance of the grass-green varulite from Skrumpetorp,
Sweden.

GRarroNrtB

Optical stud,ies

The optical constants for graftonite from the Nickel Plate mine are
given in Table 1. The optical orientation is given for the new axial direc-
tions as defined by single-crystal r-ray studies discussed below. In any

Tastn 1. Oprrcar CorsraNrs ron Gn.lrroxrrB
Nickel Plate mine. S. Dak.

Indices Absorption Orientation

a  1 . 7 0 9
p  r . 7 r 4
1  1 . 7 3 6

X colorless
Y colorless
Z pink

X:b 2V:53", sign f

Z/\c:36" z(u strong

group of minerals in which isomorphous substitution occurs, it is desir-

able to correlate the indices of refraction with chemical composition. The
chief variables in composition in graftonite are calcium, manganese, and
iron. The per cent of each for all known analyzed samples is given in Table

2, together with the indices of refraction, arranged in order of increasing
alpha index. It is seen that a high calcium content lowers the indices of
refraction and that iron and manganese raise the indices, iron more than
manganese. The indices of refraction of graftonite from Olgiasca, Lake

Como, Italy, are a little low in comparison with other recorded indices.
The low calcium and high ferrous iron content of this mineral indicate
that it should have the highest observed indices of refraction. The very
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Taar,n 2. Connnrarrox or INnrcns ol REFRAcrroN or GnLnrolrrre
wrrn Cer,cruu, MANG.lNrsn, ervo InoN Conrewr

r . 709  1 .709
1 . 7 1 4  1 . 7 1 4
t .733  1 .736

4 .7  r  6 .00
25 .48  2 r .8 r
27 .78  30 .70

1. Graftonite, Rice pegmatite, North Groton, N. H., Lindberg, analvst.
2. Graftonite, Melvin Mtn., Grafton Co., N. H., S. L. Penfield, analyst (Penfield,

1900).
3. Graftonite, Valle della Madonna, Brissago, Tessin, Switzerland. (Parker, 1939).
4. Repossite, Olgiasca, Lake Como. Italy. Galliteli, analyst (Periodico Mineral)

(Grill, 1935).
5. Graftonite, Greenwood, Maine, Fahey, analyst (Glass, 1937).
6. Graftonite, Nickel Piate mine, Lindberg, analyst.

similar indices of refraction for the Greenwood, Maine, and the Nickel
Plate material show the compensating effect of higher calcium and higher
iron and less manganese in the Nickel Plate material. Calcium, manga-
nese, and iron were determined on the graftonite from the Rice peg-
matite especially for this study, as the indices of refraction indicated that
this had a higher calcium content than any graftonite previously
analyzed.

Chemical composition

The graftonite was separated from arrojadite by Clerici solution.
Alteration along cleavage cracks on the graftonite produced a material
of higher birefringence and lower indices of refraction. This alteration
product had a lower specific gravity, and it was possible to float most of
the impurity from the graftonite although a complete separation was not
obtained.

The analysis of graftonite from the Nickel Plate mine (Table 3) con-
forms closely to the established formula (Fe,Mn,Ca)3(PODr. K.J.
Murata examined the material spectrographically and reports, in addi-
tion, the presence of Sn, Zn, and Cu, in hundredths of 1 per cent, and the
absenceof Be, B, Ti,Zr, Ag, Tl, Pb, Bi, As, Sb, Ge, In, Cd, Mo, W, Cr,
V, Co, Ni, La, Y, Ba, and Sr. The absence of spectrographic amounts of
Tl indicates that substitution or base exchange does not occur during the
treatment with Clerici solution.

a

p
^v

CaO
MnO
FeO

1 . 6 9 5
1.699
1 . 7 1 9

12.80
15 .96
28.84

1 .700
1 .705
1  , a i

9 .23
t7  . 62
30. 65

1 . 7 0 5
1 . 7 0 8
1 . 7 2 2

7 .95
l5  .65
32 .58

1 .708
l . / l J

1 . 7 2 4

4 .50
23 .32
32 .33
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Analysis Ratios
Orygen

equivalent
Met.

equivalent
Atoms
per cell

PzOs
FezOr

AtrzOa
FeO
MnO
Mgo
LrrO
Nazo
KrO
CaO
HzO
F
Insol.

Total
Less F:O

Sp. gr.:

39.66
none
0 .20

30. 70
2 t . 8 1
0 .  10
0.05
0 .28
none
6.00
0.60
0 . 2 0
0 . 1 6

99.76
0.08

99.68

J . / / J

.2794

.0020

.4273

.3075

.0025

.0017

.0045

.1070

1 .3968

.0059

.4273

.3075

.0025

.0017

.0045

.1070

. 5 5 U /

.0039

.4273

.3075

.0025

.0034

.0090

.1070

7 .e4 (P)

2.2s32 (O) 32.02 (O)

Atoms per cell found by multiplying oxygen and metal equivalents by 1421X.01.

V (in AB) X l0-2aXdensiry 625X3.775

1.6604x10-24 1.6ff i4

Formula Rr2P3Qr2: 4 Rr@OJg.
Lindberg, analyst.

One-half gram graftonite from the Rice pegmatite' North Groton, N. H.,

was purified to determine the indices of refraction. When these were

found to be the lowest observed indices, a partial analysis was made on

the remaining portion of the sample: 15.96 per cent MnO, 28.84 per cent

FeO, 12.80 per cent CaO, 41.65 per cent PzOr; total 99.25 per cent.

Graftonite is completely soluble in dilute HCl, HNO3, and H2SOa,

except that of high calcium content, which precipitates gypsum in the

presence of sulfuric acid.
The molecular weight of Nickel Plate graftonite is 353.

X-ray stud,ies

Two sets of rotation and Weissenberg photographs were taken on a

small cleavage fragment so oriented that (1) the X-optical direction:D

was the axis of rotation, and (2) {010} and {100} were inazone parallel

M. Wt . :
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to the axis of rotation:c, Z\c:36o in acute angle (new cell). Two
cleavages were observed: {010} good and {100} fair. The unit-cell dimen-
s ions are ao 8.87,  bo 11.57,  and cs 6.17 L,  wi th B:99o72,  I15, .  The
volume of the unit cell is 625 At. Fou. molecules per unit cell were com-
puted from the observed gravity 3.775. Examinations of projections of
Weissenberg photographs showed (hkl) all orders presentl (l0l) present
whenl:2n; and (0ft0) present when fr: 2n.Thespace group isp2r/c(C|zn).

J-
an

^ 

ul". ,. o***rnrroN or. l*outo*rrr 

D

The directions of a and c were chosen, according to r-ray convention,
so as to give the unit cell with the most orthogonal B. Therutio a:b:c
:0.766:1:0.533, P:99"12'. This is a different orientation of the unit
ce l l  f rom that  chosen by Penf ie ld (Penf ie ld,  1900) a:b:c: .886:1: .582,
F:66". Penfield considered his measurements made with a conracr
goniometer on large crystals intergrown with triphylite as approximate
only: "The fundamental measurements are not very reliable, and the
axial ratios therefore can only be appriximately correct.,, The zerolayer
about the D axis of rotation was examined to see what directions made
angles approximately at 66o. Two sets of directions, one with a B* of
62" and the other with a B* of 69o were found. Figure 1 shows the recipro-
cal cell (,4) and the corresponding direct lattice cell (B), patterned after
Buerger (1942). ff the direction for c remains unchanged, and the short
diagonal of the unit cell becomes a, (C) shows a possible orientation cor-
responding to that of Penfield. If the directions of both a and. c are
changed to become the long and short diagonals of the unit cell projec-
tion, a second orientation (D) is also possible. Reference to Fig. 1 shows
that cell (D) is most nearly orthogonal. Table 4 shows the relationship be-
tween d values calculated from measurements made from the zero level
of Weissenberg films around the D axis of rotation, cell edges, axial ratios,
and 0.

The r-ray powder-diffraction spacing data from graftonite from the
Nickel Plate mine are given in Table 5. For comparison, spacing data
are given for graftonite from Greenwood, Me. (U. S. Nat. Museum No.
103008; analyzed by J.J. Fahey (Glass, 1937), and graftonite from the
Rice pegmatite, North Groton, N. H.
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Tesrn 4. Onmurarron or Gnemoxrrt

Possible old orientation

lst choice 2nd choice

AA

Penfield
orientation

New
orientation

A

dlroo;

dloory

Ao

bo

Co

a i b i c

8 . 7 6
6.09

80048',
8 . 8 7

rr.57
6 . r7

99"72'
0 . 7 6 6 : 1 : 0 . 5 3 3

8 . 7 6
5.46
62"
9 . 9 3

r1.57
6 . 1 7
118"

0 . 8 5 8 : 1 : 0 . 5 3 3

9 .35
5.46
69o

10.00
rr.57
s .85
1 1 1 '

0 .866:  I  :0 .506

660

l14"
0 . 8 8 6 : 1 : 0 . 5 8 2

T.lnr,E 5. X-Rav Powonn Splcntc Dltl lon GnelroNrtp-
InoN Rlnrluox, Maxcaxrsn Frmrn (A)

Nickel Plate, S. D, Rice Pegmatite, N. H. Greenwood, Me'

2
1
I
1
I
I

4
2

10

1

I
1

J

L

1
1
1
2

r + . 5 r

3 .61
3 .50
3 .36
3 . r 7
3.08
3 .O2
2.956
2.902
2.860

2 .810
2 .7 r5
2.550
2 .510

2.412
2 .377
2.311
2 .27 r
2.230
2.r33

2.067
2.042
t .970

4.30

3 .50

3 .01
2.953
2.906
2.867

2 . 7  t 5

2 .52

2.41O
2 .377
2.311
2 .276
2.226

2 .058
2.O37

3  4 .3 t

9  3 .52

1  3 . r 4

4  3 .01
4 2.966

10 (Broad) 2 .899
4 2.860

I  2 .706

1  2 .510
|  2 .4&
3 2.405

t  2.323
1  2 .271

I  2.126
1 2.082
|  2.052

|  1.972

4
J

1
10

2
1
1
1
1

2
2
I
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Trr;r 5-(continueil)

Nickel Plate, S. D. Rice pegmatite, N. H. Greenwood, Me.

r . 927
1.892
1 .875
I .836
1 .802
1 .788
r . 7s7
r .733
r . 7 t l
1 .687
1 .658
1.617
1.600
r .577
1 .549
1.543
I  . 5 1 6
1.495
1.453
r .424
t . 4 t l
1 .386
1 . 3 7 1
1 .351
r .337
1 . 3 1 5
1.306
1.287
1.251
1.231
1.205
1.200
1 .160
1 . 1 5 6
1 .103
1.083
1.061
1.057
r.047
t .o t2
0.9882
0.9864
0.9735

1.927
1.886

1 .850

1 .774
t .769
1 .735
r . 7 1 5
1 .693
1 .659
1.6t9
1.600
1 .584
1 .539

1 .524
r.495

1.4t4

7.366
1 .351

1 .319
r .314

1.248
1.213
1.205

r .170
1 . 1 5 7
1.102

1 . 9 2 7
I .887
1 .875
1 .831
1 .806
1 . 7 7 8
r.I f f i
t .728
1 . 7 1 7
r .687
1 . 6 5 7
1 .619
1 .600

1 .501
1.481
1.455
1 . 4 3 6
r .414
r .397

1 .356
1 .327

1.301

1 .236

2
1

2
1
I
2
1
a

2

1
2
I

I
1
1
I
1
I
I

1
2

1

1
7

2
2

1

I

1

1
I
1

2
2
1
I
I

I

I

1
1

I

1

2
I
I
2
1
1
1
I

I
I

I
I
I
1
I
1
I
I
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Annoyelrrn

Optical, properties

The optical properties and the chemical composition of arrojadite

from the Nickel Plate mine, S. Dak., are listed in Table 6, together with

newly determined indices of refraction of arrojadite from the Serra

Branca pegmatite, Braztl, and from the Etta pegmatite, S. Dak. In ad-

dition, the published optical properties and chemical composition of

varulite and oxidized related minerals are given. The indices of refraction

of the Nickel Plate arrojadite are found to be almost identical with those

of arrojadite from the Etta mine, and slightly higher than the newly

determined indices of arrojadite from the Serra Branca pegmatite

(U.S.N.M. 96111). Guimardes (1942) obtained lower indices, but his low

indices are a correction of his earlier reported higher indices

Q:1.70; "y-d:.007) (Guimat-aes 1925). Guimardesr optical orienta-

tion is incorrect, possibly due to misidentification of directions and

planes which are here identified by taking single-crystal x-ray pictures

about certain directions previously oriented optically. In a monoclinic

mineral, the optic plane cannot coincide with {110}. The new optical

or ientat ion is  X:b;Z/ \a, :18 ' .  The best  c leavage is  {001} ;  {201}  is  a

fairly well developed cleavage; theangle between the two is 68o. Z lies in

the acute angle.
In any group of minerals in which substitution occurs, it is desirable

to correlate chemical composition with indices of refraction. Despite

wide difierences in chemical composition between the arrojadite from the

Nickel Plate and Serra Branca mines, the indices of refraction differ by

no more than 0.003, and it is very likely that an analysis made upon a

pure sample of the latter might show less oxidation of the iron. Samples

of so-called arrojadite from Europe have much higher indices of refrac-

tion, and if they are considered in a separate series, which excludes the

serra Branca arrojadite, they show increasing indices with increasing

ferric iron, decreasing phosphate, and decreasing manganese. The sub-

stitution of large amounts of calcium for sodium in the Hiihnerkobel,

Bavaria, arrojadite probably also contributes to its higher indices. In-

creasing birefringence may accompany this change in iirdices, but enough

optic data for the series are not yet known.
The absorption is so weak in the Nickel Plate and Serra Branca arro-

jadite, that pleochroism can be observed only in thick pieces. In the

European material, with the exception of the type varulite from Varu-

triisk, the absorption is very strong grass green. The arrojadite from

Hiihnerkobel and Norrii occurs in dense, very fine grained masses, where-

as the arrojadite from the Nickel Plate and serra Branca pegmatites is

coarsely crystalline, cleavage pieces 6 inches in length being known.
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Tesrr 6. Oprrcer, Pnopnnrrrs ewo Cnnurc.q,r. Couposruor.r ol
Anno;aorrn axo Oxmrzrn Rrr,erro MrNrne,r,s

Indices

7

Absorpli.on
x

Y

z

Ori.enlalior
X
Z plate
2 V

Sign
Dispersion

X-ray

Con,osition
P,O5
FerOs
Al,o,
FeO
MnO
CaO
Mso
Na'O
K,O
Li,o
H,O+
H,O-
F
Insol.
SnOr
Total

t . 6 4 9
1  . 6 5 4
1  . 6 5 7

weak
colorless

colorless

pale
green

c :3* "
(110)
820

| 662
1 .668
1 . 6 1 2

weak

1 .665
1 . 6 7 0
I  O / J

weak

1.  708

1 . 7 2 2

strong

1 . 7 1 8

r . 7 3 I

strong
green

yellow

green

colorless

42.80
8 , 3 5
0 . 3 6
7 . 5 2

2 5 . 3 0
4 . 8 6
0.00
7 . 1 2
o 1 2
0 . 8 8
0 . 7 5
0 . 1 4
0 . 0 6
1 . 8 0

> 1 . 7 7 0
probably

1 . 7 8 5

strong
gray

green

weak
colorless

pale

yellow
green

- t

(001) : 1
860

r 1 v

Large
-l-

800

true
arrojadite

90"
( 1 )

true
arrojadite

34 32
12.39

19.84
12 33
5 . 6 9
1 .  8 5
4 . 6 7

trace
4 . 9 6
0 4 4

0 6 6
1.  52

1 0 0 . 1 2

true
arrojadite

40.00
none
2 . 6 6

28.22
1 5 .  7 8
2 . 4 6
I  . 0 4
6 . 4 0

0 . 0 9
0 .  9 1
noDe
0 . 8 0
0 . 1 1

99.87

3 . 5 5 3

difierent

44.60
6 . 4 4

12.01
21.06
3 . 6 0
0 . 0 9
9 . 7 2
trace

1 . 5 2
0 .  1 4
0 . 0 8
0 . 4 4

99.70

difierent

4 1 .  9 3
1 4 . 4 5

8 . 1 5
9  . 7 9
1 .  3 5
2  . 5 5
9 . 6 7
0 . 0 6
0 2 5
0 . 8 5
0 . 2 0
0.00
0 . 5 0

9 9 . 7 5

3 . 5 5

difierent

3 9 . 4 0
26.49

7 . 0 9
6 . 4 4
9 . 7 0
0 . 6 8
3 . 7 3
0 . 0 5
0 . 3 6
4 . 4 9
o . 2 4

1 . 8 8

100.  55

J . 4 J

1. Arrojadite, Serra Branca, Brazil. (Gqimud,es, 1942 )
2. Arrojadite, Serra Branca, Brazil U S.N M. No. 96111, optics by Lindberg.
3. Arojadite, Etta pegmatite, South Dakota. Harvard No. 523; optics by Lindberg.
4. Arrojadite, Nickel Plate mine, South Dakota. Irarvard No. 543, optics and analyses by Lindberg.
5. Varulite, Skrumpetorp, Sweden. (Mason, 1940.)
6 Arrojadite, Norrd pegmatite, Sweden. (Eriksson, 1936.)
7. Varulite, Varutrii.sl, Sweden Type material. (euensel, 1937.)
8. Arrojadite, Iliihnerkobel, Bavaria (Mason, 1942 )
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Chemical compositi.on

A piece an inch wide was cleaved from the end of a large block of the

Nickel Plate sample, and a fresh unoxidized sample of arrojadite was pre-

pared from the interior. Impurities were removed by the use of methylene

iodide and clerici solution; the sample was washed until the washings

gave no test for thallium. A small portion of the sample was then dis-

solved and gave no test for thallium. The sample so obtained for chemical

analysis is at least 99.5 per cent pure.
The new chemical analyses and ratios are given in Table 7 together

with Headden's old analysis. Although the author analyzed material

from the Headden collection of Harvard University, certain discrepan-

cies were found to exist between the two analyses. The greater purity of

T,{sLn 7. Crmurclr ANer,vsrs aNo Fonuur,a. ol ARRoJADrrE,

Nrcrrl Pr-ltr Mrwn, S. Dax.

Calculations of Analysis

Ratios 
oxygen

equivalent
Met. Atoms

equivalent per cell

&Oa
FezOs
AlzO:
FeO
MnO
Mgo
CaO
Liro
NurO
KzO
HzO
F
Insol.

Total
Less O:F

sp.gr .

.5636 48.02

.0522 4.45

.3928 33.47

.2226 18.97

.0258 2.20

.0,139 3.74

.0060 .51

.2065 17.60

.0369 3.14

.1010  8 .61
3 .59

38 .64
none

25 .05
1 5 . 5 4
1 .50
J .  J J

0.  28
7 .46
2 .00
o .73
0 .69
a  A n

40.00
none
2 . 6 6

28.22
15  .78
1.04
2 4 6
0.09
6 . n
l - l +

0 .91
0 .80
0 . 1 1

.2818

.0261

.3928

.2226

.0258

.0439

.0030

.1032

.0185

.0505

.0421

1.4090

.0783

.3928

.2226

.0258

.0439

.0030

.t032

.0185

.0505
- .0211

99.89
. 2 3

too.2l
0 .34

Total O 2.3265 1e8.24 (O)

99.66 99.87

J .  J J J

Atoms per cell found by multiplying oxygen and metal equivalents by 8521 X '01'

Vol .Xdensiry 3982X3.553
M \ [ ' t . :  

-  :  - : E 5 2 1 .
1.6604 1.6f f i4

1. Headden, analyst.
2. Lindberg, analyst.



70 MARIE LOUISE LINDBERG

the author's sample is indicated by the smaller amount of insoluble
material (2.47 per cent in Headden's analysis,0.11 per cent in the new
analysis). fn addition to insoluble impurity it is very likely that small
amounts of graftonite or other soluble impurities existed in his sample.

The number of atoms of each kind per unit cell is given in the last
column of Table 7. fn deriving a formula for arrojadite, it must be con-
sidered (1) whether calcium occupies a position equivalent to other di-
valent ions, or whether on the basis of ionic radius it should be grouped
with sodium and potassiuml and (2) whether water present occurs in the
mineral as water of crystallization or as hydroxyl. Previous authors
(Mason 1941 and Headden 1891) have calculated the formula of arro-
jadite on a dry basis. Formulas based on the above considerations are:

(Na, K)5rs(Fe,  Mn, Mg, Ca, Al ,  L i )15.6a(POr)D(F,  OH),  l .0SHzO,Z:4.
(Na, K, Ca)2.sa(Fe, Mn, Mg, Al, Li)4.e7(PO, r,Z:12 (dry basis).
(Na, K,  Ca)2.6a(Fe,  Mn, Mg, Al ,  L i )4.r7(Porr . (pO4_,)(OH, F)r , ,  r : .51,2:12

The ratios were obtained by grouping the number of atoms per cell
(last column Table 7), and by dividing through by Z, the number of
molecules per unit cell. The space group imposes the requirement that
Z be an even number of molecules. The simplified formula for (1) can be
written

(Na, K)5(Fe, Mn, Ca)16(pOr)rr(F, OH).H2O

and for (2) and (3)

(Na, K, Ca)r(Fe, Mn)5(POa)a.

Arrojadite is completely soluble in dilute HCl, HNOB, and HzSOa.

X-ra,y studies

Two sets of rotation and Weissenberg photographs were taken on a
small cleavage fragment so mounted that (1) the *-optical direction
(:D) was the axis of rotation, and (2) {001} and {010} were in a zone
parallel to the axis of rotation:[100]. The a and c directions were so
chosen as to make a c-centered cell with 0 :93' 37 ' + Ilt . The best cleav-
age is { 001 | ; l20l } is a fairly well developed cleavage I the angle between
the two cleavages is 68o. The unit-cell dimensions are as 16.60, bo 10.02,
and c6 23.99 A;  a:b:c:1.656:1:2.389.  The volume of  the uni t  ce l l  is
3982 43. Examinations of projections of Weissenberg photographs show
(hkl) present when hlk even, (fr01) present when h even and (0fr0)
present when fr even. Three possible space groups are C 2f m, C2 and
C* (CZn, C3, C?). Since arrojadite is apparently not piezoeleitric,*

+ C. Frondel, private communication.
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c 2/m is favored. Additional absences are: (200) with /z not divisible by

4, (001), I not divisibleby 2, and (h\l), h/2*l odd.

In Table 8 are given the *-ray powder spacing data for arrojadite and

related minerals. The arrojadite from the Nickel Plate mine, Pennington

County, S. Dak. represents the purq analyzed sample. It has the same

powder pattern as arrojadite from the Serra Branca pegmatite, Brazil

(u.s.N.M. No. 96111), and the identity of the two is thus established by

direct comparison of the two minerals. Also included for comparison are

new f-ray data for so-called arrojadite from the Norrii pegmatite,

Sweden, and from Hiihnerkobel, Bavaria, and varulite from Skrumpe-

torp, Sweden, and from varutrdsk, Sweden. Microscopic examination

shows that the material from the Norr6 pegmatite contained a small

amount (under 10 per cent) triphylite. The sample from Hiihnerkobel was

part of the analyzed sample (Mason, 1942) and contained a small amount

of alluaudite. The varulite from varutriisk, supplied through the cour-

tesy of Professor Quensel corresponds to the yellow green phosphate de-

scribed by him as representing beginning alteration to alluaudite (Quen-

sel, 1937, p.94).No mineral, colorless under the microscope, with indices

a 1.720 and, t 1.732 was noted. These latter four are remarkably similar,

though some differences, in part due to the purity of the samples, occur.

All four are more alike than they are similar to true arrojadite. True

arrojadite shows many lines, some relatively intense, that are not pres-

ent in the material from Varutrdsk, Skrumpetorp, Norrd, and Hiihner-

kobel, as is illustrated in Fig. 2. It is here proposed to consider arrojadite

from the Serra Branca pegmatite and the Nickel Plate mine as isostruc-

tural, and to consider the minerals from the Norrti pegmatite and from

Hiihnerkobel as isostructural with the varulite from Skrumpetorp, and

Varutrdsk, but to consider the two groups as no longer isostructural wif-h

each other. Truly they are separate but related minerals. Mason (1941)

in computing formulas for varulite and arrojadite, recognized the partial

oxidation of his samples as being difierent from the Nickel Plate analysis,

but did not have type material, and could not foresee the small differ-

ences in pattern between the two types.

In addition, the r-ray spacing data for a triplite sample, Serra Branca

dite and triplite, and publishes unit-cell dimensions and an analysis not

of arrojadite but of triplite. His values for the unit cell are: ao 5.99,bs
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Tanrr 8. X-Ray Powonn SpacrNc Derl
Iron radiation, manganese filter (A)

Arrojadite
Serra

Branca
Pegmatite,

Brazil;
U,S N.M.

9 6 1 1 1

1 2 . 0 8
7 . 6 5
7 . 1 2
6 . 5 1
5 . 9 3
5  . 5 5
5 . O 2
4 . 5 8
4 . 2 2
3 . 8 4
3 . 4 2
3 . 3 2

3 . 2 2
3 .  1 3
3 0 4
2.4 .87
2 . 7 6 6
2 . 7 t 2
2 .680
2 . 5 9 4
2 554
2 518
2.421
2 . 3 8 5

2 . 2 1 4
2.192
2 .  1 1 5
1 . 9 7 6
1 . 9 5 5
I  . 9 1 5
1 .  8 7 5
1 . 8 5 7
1 . 7 5 7
1 .  7 1 5
1 .687

1 .650
1  . 6 1 0
1 .590
1 . 5 7 2
1  . 5 6 6
1 553

Arrojadite
Nickel

Plate mine,
Pennington

County,
South

Dakota;
Harvard 543

Pure

Varulite
Skrumpe-

torp,
Sweden

Varulite
VuutrAsk,

)weoen

I

3

3

So-called
Anojadite,

Norrii
P:gmafite,

)weoen;
9O/6 pve,
1O7o ri-
phyllite

6 . 2 6

5 . 2 7

4 . 2 8
3 . 9 2
3 .48

So-called
Arrojadite,

HiihnerkoI
Bavaria;
Analyzed
sample;
contains

alluaudite

3 . 4 9
3 . 3 3
3 . 2 1
3 . 0 8
3 . O 2
2 . 9 I 3
2 853
2 772
2 . 7 1 8

2 580
2 . 5 2 6

2 175
2. t48
2.O87
2.060
1 .949

Triplite,
Serra

Branca
Pegmatite,

Btazil

Natro-
nhi l i te

Branch-
ville,
Con-

necticut;
Harvard

95263

I d

5 . 2 5

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

8  3 . 1 5

l0  2 .867

3  2 3 t 8
3  2 . 2 6 2

1 6 . 0 6
8 .  7 6
8 . 3 0
6 .  3 0
5 .  5 8
5 . 4 4

2  t 2 t 4
3  7 . 6 2
1  7 . 1 2
2  6 . 5 2
4  5 . 9 3
4  5 . 5 4
3  5 . 0 1
3  4 . 5 8
1  4 . 2 3
1  3 . 8 4
3  3 . 4 2
I  3 . 3 3

O .  J J

5 . 4 7

3 . 5 0

3 . 1 1
.3 .08
?  o (
2 9 0
2 . 7 9
2 . 7 3
2 . 6 2

8 3 0

6 .  3 5

5 . 4 6

4 . 3 0
[ 1 4

3 . 4 9 8

3 . 1 2
3  . 0 8
2 . 9 6
2.909
2 792
2 . 7 3 7
2 . 6 3 5

2 . 5 5 6
2 506
2 . 4 3 2
2 . 3 5 9

2 . 2 1 2
2 . 1 5 2
7  a l <

2 -070
1 999
1 . 9 6 7
1 . 9 3 7
1.832
| . 7 9 6
1  . 7 5 0
|  .742

1  4 . 2 7
4  3 . 6 2
2  3 - 4 1
6  3 . 2 3

5

.3
1

2
1
5

3
1
1
2
1

10

I

5
o
1

6
2

10

8
1
I
3
2

3 . 2 2

3 . 0 4
2  . 8 5
2 . 7 7
t  1 ,

2 . 6 8
2 . 5 9
2 . 5 6
2  . 5 1 8
2 . 4 2 4
2 . 3 9 1
2.309
2 .305
2.226
2.202
2 . 1 5 6
1 989
1 . 9 6 4
1 0 t

1 .888
1 865
1 . 7 6 7
1 . 7  1 9
1 .687
1 . 6 6 4
1  . 6 5 4
1  . 6 1 6
r . 5 9 7
r  . 5 8
r  .562
1 . 5 3 9
1  . 5 2 9
1 . 5 0 6
1 . 4 9 2
| . 4 7 8
1 . 4 6 3
1 . 4 4 8
r  .432
| . 4 2 1
1  . 3 8 8
1 . 3 7 8
1 .360
1 . 3 3 8
r  .330
I , Z J J

1.243
1.205
I  t o (

1 . 1 8 3
1 .  1 6 1
1.  108
1 . 0 9 4
1 .052
1 .040
1 . 0 1 3

2 .508

1 0

I
3

3 1 2
3 0 t
2 . 9 4 2
2 .880
2 . 7 6 6
2 712
2 672

2 . 5 3 1
2 . 5 0 0

2 . 1 3 7
2 . 1 , O 1
2.060
| 982
1 952
1 . 8 5 9
1 . 8 1 5

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

/i
5
I
3

5

3  . 0 3
2 . 8 6
2 . 8 3
2 . 7  3
2 . 6 9
2 . 6 0

2  . 4 1 1
2 . 3 7 7
2 316
2.290
2 . 2 1 8
2 . 1 7 9
2 .148
2 .  1 0 8
2.Ot2
1  . 9 7 5
r . 9 1 7
1 . 8 3 3
1 . 8 2 5
1  8 1 5

.v.i88
1 . 7 6 5
1 . 7 4 4
r . 6 7 2
1.  638
r .627
1 .600

8  2 . 6 0 8
8  2 5 8 6
|  2 . 4 9 4
3 2 .420

2 . 1 1 7
2 . 0 7 4
1 . 9 9 3
1  . 9 6 1
1 .935
1 . 8 3 1
| . 7 9 5
1 . 7 5 7
1 . 7 3 8
1 .687
1  . 6 5 6

1 . 6 2 3
1 . 6 0 0

1 . 9 1 1
1 . 8 5 1
1 .836
1  . 8 1 8
1 . 7  4 4

1 695

I  . 6 4 8
1 .606
1  . 5 8 7
I  .580

I  . 5 3 5

| 824
1 . 7 9 5

I  . 6 1 3

I  . 5 0 1
1 .485
1 . 4 7 8

1  . 4 7 1
1 .453
1 . 4 3 5
| . 4 1 4
1 . 3 9 4

1 . 4 6 0
1 . 4 4 3
1 . 4 t 9
1 .  4 0 1
1  . 3 8 7
1  . 3 7 5

1 . 3 4 9
1 . 3 3 6
1 . 3 0 8
1 . 2 2 7
1.206
1 158
1 .  1 3 5
1 . 0 9 0
t . o 7 2
1 . 0 6 5
1 .038
1.027

.981
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calcium in the latter:
,,The esseniial feature which distinguishes varulite and arrojadite from natrophilite is

the presence of calcium. The question thus arises as to what part this calcium plays in the

structure of varulite and arrojadite.
.,Thus three names are current for the iron-rich members of the arrojadite varulite

group-soda triphylite, arrojadite, and headdenite. Application of the law of priority

Hiihnerkobel, Bavaria. Contains alluaudite as impurity.

calcium is its distinguishing feature."
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Def.nition of arroj ad,ite

Arrojadite from the Nickel plate pegmatite and from the Serra Branca

"Most grains are intimately interwoven with a yelrowish green phosphate, without
doubt alluaudite, representing beginning alteration to that mineral."

samples of varulite supplied through the courtesy of professor euensel
appear to be the yellowish green phosphate and are isostructural with the
Skrumpetorp varulite.
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SuuuenY

Optical, chemical, and r-ray stud,ies were made upon graftonite and

arroladite from the Nickel Plate mine, Pennington County, South Da-

kota. the arrojadite from the Nickel Plate pegmatite was found to be

isostructural and identical with arrojadite from the Serra Branca pegma-

tite. Arrojadite from the Nickel Plate mine was found to be structurally

different from arrojadite from Huhnerkobel, Bavaria, and Norrd'

sweden, and are designated hilhnerkobelite to differentiate them from

true arrojadite.
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