tensity orders have been obtained from an a axis rotation photo-
graph. The parameter 8. is seen to be limited to 135°, corresponding
to u,=.375=%, to within less than one percent of the total possible
variation. As an indication of the correctness of 8, = 135°, the cal-
culated intensities at this point in comparison with the observed

An additional check on the correctness of 8, is had by an inspec-
tion of the list of planes indexed (Table I). In the rows correspond-
ing to (0k4) and (kk4), it is evident that only such planes reflect as
have k+%+1 even. Out of at least fourteen chances for planes with
h+-k+1 odd to reflect, not one reflection is recorded. For this type
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TaBLE VII. CoMPARISON OF CALCULATED AND OBSERVED ORDERS OF INTENSITIES
FOR (h0l) PLANES, AT 8,=135°

|K\/ I| ©Plane Observed order
103 Very Strong
\%
139 200 200 Strong
107 103 \VJ
56 400)
56 303 400, 303, 202, 305 Medium
52 202 \Y
38 305
28 600 b 600, 402 Weak
24 402 \%
16 101 10t Very Weak
7 204) \V;
5 301} 204, 301, 404 Absent
3 404

of plane, the total difiracted radiation is due to the sulfur atoms.
In this case, the phase function takes the form

P=—4sin (k6)-sin (46,).

The right hand member vanishes for values of 49, equal to 0°, 180°,
360°, etc., or for values of 8, equal to 0°, 45°, 90°, 135°, 180°, etc.
The 135° solution is identical with the value of the parameter al-
ready determined.

As final checks on the proposed parameters, Table VIII shows
the graphically calculated and the observed intensities of planes
not involving 6., and planes not involving 6, both taken together
for comparison, and Table IX shows the calculated intensities of
all planes having values of sin 6 less than .4, and not near the cen-
tral portion of the photograph. To include planes of higher values
of sin # would be to push the proof of accuracy of the parameters
beyond the order of accuracy of their determination. The checks
are Clearly satisfactory.

THE MARCASITE STRUCTURE

DescripTiON. The considerations just detailed lead to a com-
plete description of the structure of marcasite, in the following
terms:
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Unit cell: ¢=3.37 A
b=4.44 A
=539 A
Space group: V!

TaBLE VIII. CoMPARISON OF CALCULATED AND OBSERVED ORDERS OF INTENSITIES
FOR (hk0) anp (hOl) PLANES, AT

0= 73°
6.=130°
[EVI|  Plane Observed order
272 110 110, 103 Very Strong
V
139 200 200 Strong
\Y%
115 150 150 Strong
107 103
99 310 V
85 240
80 350
57 040 310, 240, 350, 040, 400, 303, 202, 305 Medium
56 400
56 303 \V4
52 202
52 550 550
38 305)
34 190 V
32 G640
31 460
29 710 190, 640, 460, 710, 600, 060, 402 Weak
28 600
26 060 \V4
24 402
16 101 101 Very Weak
10 130
4 204
6 330 \V/
5 301
4 020
3 404} 130, 204, 330, 301, 020, 404, 530,
3 530 220, 420, 620, 170 Absent
2 220
2 420
0 620
0
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Iron atoms (on symmetry centers) at: [[000]] and [[$33])

Sulfur atoms (on reflection planes) at: [[Ousv.]], [[04:5.]),

(3,3 — ws,3+0.]l, and [[3,54us5 —0c]]

389

where

corresponding to {

[ Uy=.203+.01
| V.=.375+.01

Mbb =¥ = 900
v.c=3,=2.02

TaBLE IX. ComMpaRrISON OF CALCULATED AND OBSERVED ORDERS OF INTEN-
SITIES FOR ALL PLANES HAVING sIN 6 UNDER .4 aND PositioNs Nor Too NEAR
CENTER OF PHOTOGRAPH, AT

0= 73°
9,=135°
IK\/ 1| Plane Observed order
272 110
226 121 110, 121 Very Strong
151 2314-041 | AV
unresolved| (231-4+041), 111, 200 Strong
147 11| unresolved
139 200 l v
113 212
109 321 | 212, 321, (132+4-222), 031 Strong
102 1324-222 unresolved
unresolved
99 3100 \V
89 1314221
unresolved
86 031 310, (131+4221), 240, 211, 040, 311 Medium
85 240 unresolved
83 211
60 311 vV
57 040
o s ] 021, 032 Weak
16 101 101 Very Weak
10 130 V
8 141
5 301 130, 141, 301, 020, 220 Absent
4 020
2 220
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for the marcasite studied. The coordinates are referred to the con-
ventional marcasite orientation, taking the origin at a symmetry
center.

F1c. 9. (001)-plan (upper left), (100)-elevation (lower left), and (010)-elevation
(lower right) of marcasite. The iron atoms (stippled) and sulfur atoms are drawn to
scale. The relation between the sulfur pair and iron triad is well seen in the lower
right (010) elevation, The bottom three irons form the triad, to which is attached,
below and in back, the bottom two sulfurs. The axis of the sulfur pair slopes down
and back away from the iron triad.

A unit cell of this structure, together with a few additional atoms
to complete the picture, is shown in Fig. 9. The structure is iden-
tical with the one proposed by Huggins on grounds of atomic theory
and shown in Fig. 2. From a certain point of view, it can be easily
visualized as a stack of separate (100) planes; each plane consists of
parallel strings of Fe-S—S-Fe-S—S— - — extending in the direction
of the ¢ axis with all the iron atoms in a straight line, but with the
sulfur atom pairs nesting zigzag between these irons and causing
the crooked appearance of the string. Adjacent threads have sulfur
pairs pointing in the same direction, but adjacent planes have
them pointing in reversed directions. Between (100) planes the fit
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is made by contacting an iron atom of one plane with the nearest
sulfur atoms of neighboring strings in the next plane.
GEOMETRICAL PROPERTIES. Various important geometrical prop-
erties of the structure of marcasite can be calculated as follows:
Paired sulfur distance:
AB = /() F (c — 220t = 2.25A.

Unpaired sulfur distances:

AE = /(b — 2m)t + (c — 2z% = 2.96A
R GRS
G () v (5) o

A4’ (two (100) sheets apart) = a = 3.37A.

Iron—iron distances:

DD’ (two (100) sheets apart) = ¢ = 3.37A

a\? 70BN\ /¢N° .. =
op=y/(3)+(3)+(3) - sk
00, = ¢ = 5.39A
DDy = /a® 52 = 5.52A
Iron—sulfur distances:

A0 = /2 F 22 = 2.21A

N ey

The structure displays 6-3 coordination. The iron atom, D is
surrounded by six sulfurs at distances which are identical, within
the accuracy of measurement: two sulfurs in the same plane, C and
G, centrosymmetrical with respect to the iron; two in the plane in
front, A and E; and two in the plane behind, centrosymmetrical
with 4 and E. All these surround the iron at a distance of 2.21—
2.24 A. The sulfur atom, 4, in turn, has three irons nearest it at
this distance: O, in the same plane, and D and D’ in the plane in
front and behind.
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‘The relation of the structure to other structures can best be
visuallized by separating a sulfur pair with its immediate iron
environment. This group, as indicated in Fig. 1B, is a sulfur pair
capped at each end by an iron triad. The triangles formed by the
iron triads are rotated 180° with respect to one another. These
triangles are not exactly equilateral, but are rather isosceles, as in-
dicated by the distances: DD’ =3.37A; OD and OD’=3.88A; the
acute angle is about 513° instead of the ideal 60°. The angle which
the plane of the iron triad makes with the direction of the sulfur
pair is very close to the ideal 90°. For the parameters given, it can
be calculated as:

= i f e o
180°—tan™'(b/c) — tan~' = 87°.

=
2

RELATION TO OTHER STRUCTURES

PyriTE. These same units in the undistorted, ideally symmetri-
cal condition are distinguishable in pyrite, and indeed it was on the
assumption that these units carried over from pyrite to marcasite
that Huggins® proposed a structure for marcasite. The difference
between pyrite and marcasite is essentially one of a different link-
ing of these units, at the same time satisfying the 6~3 coordination
requirement.

In Table X certain geometrical properties of pyrite? are given in
cdmparison with those of the marcasite structure, to bring out the
essential identity of this common unit.

RutiLe. The rutile structure is a special case of the marcasite
structure. The marcasite structure tends toward tle rutile struc-
ture by decrease of the distance between the sulfur atom and the
plane of the iron triad. When the sulfur atom actually occupies the
plane of the iron triad, and the triad makes an angle of 90° with the
sulfur pair, it is identical with the rutile structure type.

Proof of the close relation between the marcasite and rutile
groups, as well as an excellent visual check on the general correct-
ness of the marcasite structure, is offered in Fig. 10, in which stand-

2 Loc. cit.
2 Pyrite designations and distances taken from: P. P, Ewald and C. Hermann,
Structurbericht, 1913-1926, p. 153 (supplement to recent numbers of Zeif. Krist.).
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ard crystal drawings of marcasite,?® l6llingite,* and rutile® are
given in the same orientation for comparison. The tetragonaloid
aspect of the marcasite group is obvious.

TaBLe X. CompARISON OF CERTAIN DimMeNsioNs oF THE CoMmMON UNIT OF THE
PYRITE AND MARCASITE STRUCTURES

. Joplin
Eyrite marcasite
Paired sulfur distances d=2.10A AB =2.254
f=3.82 DD’'=3.37
Iron-iron distances in triad f=3.82 0D =3.88
\f=3.82 0D’=3.88
e=2.26 A0 =2.21
Distances from sulfur to irons e=2.26 AD =2.24
in nearest triad le=2.26 AD'=2.24
Distance from apex of one [a=5.40 ¢ =5.39
iron triad to centro- { a=5.40 DD,=5.52
symmetrical apex la=5.40 DD,=5.52
Angle between sulfur pair 90° +87°
and iron triad

THE CHEMICAL NATURE OF MARCASITE

RaDpIT oF SULFUR AND IRON AToms. The geometrical properties
listed indicate that the closest iron-sulfur approach is identical with
the closest sulfur-sulfur approach, to within the limits of error of the
determination. Slight changes in the parameters do not destroy the
essential nature of this feature. Assuming that both the iron and
sulfur atoms behave like rather hard spheres, it follows that they
have the same radius, namely; about 1.12A.

28 Traced from: Victor Goldschmidt, A#las der Kristallformen, Heidelberg, 1920,
vol. 6.

2 1. H. Bauer and H. Berman, Lollingite from Franklin, New Jersey, Am.
Mineral., 12, 1927, p. 40.

25 Habit taken from Dana’s System, (1914), p. 238, Fig. 4, but redrawn so that
the rutile ¢ axis direction corresponds with the marcasite and l6llingite ¢ axis direc-
tion, and the rutile a; and g, axial directions corresponding with the marcasite and
Isllingite b and ¢ axial directions.
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Fulrle

Marcasile

Lollin 7/725'

Fic. 10. Comparison of the habits of the rutile and marcasite groups. As redrawn,
the rutile ¢ axis is parallel with the marcasite and lsllingite ¢ axis direction. Other
axes are parallel. Corresponding faces, referred to this orientation, have identical

indices.

StATE oF IonizarroN. The probable state of ionization of the
atoms in marcasite may be investigated without any chemical as-
sumptions whatever by considering the sulfur-iron spacing to be ex-
pected from sulfur atoms and iron atoms in various states of ioniza-
tion. The situation may be appreciated at a glance, thus:?

% Radii from: V. M. Goldsmidt, Geochemische Verteilungsgesetze der Elemente,
vol. 7: Skrifter utgits av Det Norske Videnskaps-Akademi i Oslo 1. Matem.-Naturvid.
Klasse, 1926, No. 2, pp. 26, 34, and 43.
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g6t .34A S0 1.04A ge- 1,744

L]
Fe?, 1.26A 1.60A 2,30A 3.008
Fert, 0.834 1.174 1.87A 2.57A
Fedt, 0.67A 1.01A 1.711A 2,414

The figures are additions of the corresponding sulfur and iron radii.
Evidently the only satisfactory chemical constitution for marca-
site, from this geometrical criterion, is Fe’Sy’, which gives a sulfur-
iron spacing of 2.30 A, in rather good agreement with the observed
spacing of 2.24 A. The conclusion is that the sulfur and iron are in
essentially the atomic state. The same situation also holds for py-
rite, where this distance is 2.26 A
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