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planes with h*h*l odd to reflect, not one reflection is recordecl.'fhere 
is no contribution by iron atoms to the reflections for which

h+k+l is odd, all diffracted radiation being due to the sulfur atoms.
For marcasite, the phase function, p, for the sulfur atoms, takes
the form: 

p: -Asin(&oo) .sin(/d,).

For planes (h5l), this is more specifically:

p : _ 4 sin(S0a) . sin(ld,).

Evidently the right hand member vaniShes for any value of sin
(50a) which is zero. This occurs when 500 is 0o, 180o, 360o, etc., or
when 06 is 0o, 36o, 72",108", etc. The 72o solution corresponds with
the 0a determined graphically. Any value of 96 very iear to 72o
would give rise to a sulfur contribution corresponding to an inten-
sity too small to be detected on the photograph.

The parameter, 0., has been determined graphically (Fig. g) in a
manner similar to that used in the determination of 06. rn addition,
Fig. 8 shows the variation of certain planes (dotted curves) not ap-
pearing on the c axis rotation photograph, ancl whose observed in-

order are given in Table VII. The correspondence is very good,
taking into consideration the following point: reflections lrom
planes located near the center of the rotation photograph, and on
high layer lines always appear too intense, compared with calcu-
lated intensities. This is a normal condition, caused, in part, by the
greater thickness of the splinter shaped crystal traversed by these
beams. rn no case has this effect seriously impaired the closeness of
parameter determination.
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Teslr VII. CoupanrsoN or Celcularno lxo OesBnvop Onnrns or INtpr'Isrrres
rcn (h0l) Pre.NEs, Ar 0c- 1350

lrvil Plane Obsewed order

400, 303, 202,305

ff i ,402

101

204,3Ot, n4

Very Strong

Strong

Medium

Weak

Very Wea!

Absent

103

200t39 200
't07 103
s6 4ool
s6 303f
s2 202)
38 305]|
28 600 |
24 4o2)
16 101
7 204)
s 3o1l
3 4O4)

of plane, the total diffracted radiation is due to the sulfur atoms.

In this case, the phase function takes the form

P: -4 s in ( f rda) .s in (40") .

The right hand member vanishes for values of 4d, equal to 0", 180o,

360o, etc., or for values of d" equal to 0", 45o, 90o, 135", 180o, etc'

The 135o solution is identical with the value of the parameter al-

ready determined.
As frnal checks on the proposed parameters, Table VIII shows

the graphically calculated and the observed intensities of planes

not involving d", and planes not involving 06, both taken together

for comparison, and Table IX shows the calculated intensities of

aII planes having values of sin d less than .4, and not near the cen-

tral portion of the photograph. To include planes of higher values

of sin 0 would be to push the proof of accuracy of the parameters

beyond the ord.er of accuracy of their determination. The checks

are blearly satisfactory.

TsB MancnsrrE SrRUcruRE

DBscnrprroN. The considerations just detailed lead to a com-

plete description of the structure of marcasite, in the following

terms:
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Unit  cel l :  a:337 A
b-4 .44  A
c : 5 . 3 9  A

Space group: 2612

Tesrn VIII. Cow.rnrsoN o*'Carcuurno.lwo OssrnvEn Ononns or Iw:rnxsrrrus

0 o : 7 3 "
0":130o

Plane Observed order

non (hkO) eNo (hAl Plawrs, ar

110

200

150
103
31ol
2nl
3s0l
040|
4ool
303 I
202)
s50
:n <)

J v J  
I

402)
101

t39

I r.)

107
99
6 J

80
J /

56
.)o

52
52
38
34
32
3 T
29
28
26
24
16
10
7
6

4
3
3

0
0

ll0, 103

200

150

Very Strong

Strong

Strong

310, 24n, 350, 040, 400, 303, 202, 305 Medium

V

550

V

190, 640, 4@,710,600, 060, 402 weak

V

101

V

130, 204,330, 301, 020, 404, 530,

Very Weak

220,420,620,17O Absent



JOURNAL MINERALAGICAL SOCIETY OF AMERICA 389

Iron atoms (on symmetry centers) at: [[000]l and [[]*]ll
Sulf ur atoms (on refl ec tion planes) at : flD u6v "ll, llD'il tE "ll,

lE,l - ut,t tu"ll, and ll+,+ + ub,+ - v "ll

*n"r. I ut: '2031'ol
\  tz" :  .375 + .01

corresporrdinc, { ";:r=::=lI i

Cercur,ernp llro Ossnnlto Ononns ol lNrerq-
srn 0 Urvnrn .4 aNn Posrrroxs Nor Too NEAR

[ o o : 7 t '
i .o,:135"

lrvil Ptane

Tesln IX. CoupantsoN ol
srrrEs roR l.rr- Pr,eNrs Hel'rNo
CnNrrn ol Puoroonarn, lt

Observed order

272
226
151

147
t39
113
109
r02

110
t2l

23r+04r
unresolved

1 1 1
200
212
s2 l

' l  77 -L77)

unresolied
310'

r3t+221
unresolved

031
2N
2rl
311
040
021
n ? t

101
130
t4l
301
020
220

rl0, l2l
V

(231+041), ll l,200
unresolved

V

212, 321, (132 +222), 03 I
unresolved

V

310, (l3l+221), 24O, 2ll, 040, 31 1
unresolved

V

o21,032

101
V

130,141,301,02o,220

Very Strong

S f r n n o

S f r n n r

Medium

Weak

Very Weak

Absent

99
89

86
85
83
60
J /

37
35
t6
10
8

A
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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.

Frc. 9. (001)-plan (upper left), (lO0)-elevation (Iower left), and (010)-elevation
(lower right) of marcasite. The iron atoms (stippled) and sulfur atoms are drawn to
scale. The relation between ttre sulfur pair and iron triad is well seen in ttre lower
dght (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 sulfurpair 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 c 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

I
L
j

f
zc
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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.

GBounrnrcar- PRoPERrrEs. Various important geometrical prop-

erties of the structure of marcasite can be calculated as follows:

Paired sulfur distance:

AB : \ /@FTG -83:2.2s4.

Unpaired sulfur distances :

AE : \/Q=zffi + Q - 2%Y : 2.s64

/ / o \ 2  / b \ 2  / ,  , \ 2
.  A C :  (  ( ; ) + ( ; , ) + \ r ' " - T ) : 3 . 1 0 4

/ / a \ 2  / b  \ 2  / c \ 2oo : t/ (t/ + \z 
- 2*)+ (;/ : 3 16,{

AA' ( two (100) sheets aPart)  :  a:  3374'

fron-iron distances:

DD' (two (100) sheets aPart) : a : 3.374

/  /  a\z + /1\ i  1a\ , :  e.ssao ' : l / \ z /  \2 /  \2 /
OOz -  c :  5 .394

DDl : \/F+W: 5.524

Iron-sulfur distances :

Ao:  \ / ip : r77 :2 .214

t t o : , 2  7  b  \ 2  / c  \ 2
^o -  4 /  ( ; ) + \ t - , , ) + \ z - , )  : 2214 '

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, .4. and. E; and two in the plane behind, centrosymmetrical

with / and.E. All these surround the iron at a distanceof'2'2I-

2.24 A. The sulfur atom, A, 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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l l 'he relation of the structure to other sLructures can best be
visuallized by separating a sulfur pair with its immediate iron
environment. This group, as indicated in Fig. 18, 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-
d icated by the d is tances;  DD' :337A; OD and,  OD,:3.88A; the
acute angle is about .51fo instead of the ideal 60o. The angle which
the plane of the iron triad makes with the d.irection of the sulfur
pair is very close to the ideal 90o. For the parameters given, it can
be calculated as:

970

Ror-arrox ro OrHER SrnucrunBs

PvnrrB. 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 Huggins2l proposed a structure for marcasite. The difierence
between pyrite and marcasite is essentially one of a difierent link-
ing of these units, at the same time satisfying the 6-3 coordination
requirement.

,In Table X certain geometrical properties of pyrites2 are given in
comparison with those of the marcasite structure, to bring out the
essential identity of this common unit.

RurrrB. The rutile structure is a special case of the marcasite
structure. The marcasite structure tends toward the 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 ancl 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-

2r Loc. cit.
22 Pyrite designations and distances taken from: p. p. Ewatd and C. Hermann.

structurbericht, 1913-1926, p. 153 (supplement to recent numbers of. zei.t. Kri.st.).

18oo_ tan_t(b/c)_ tan_, 
/;t_\:

\z-" I
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ard crystal drawings of marcasite,2s ltillingite,24 and rutiles are
given in the same orientation for comparison. The tetragonaloid
aspect of the marcasite group is obvious.

Tl,sLE X. Courenrsor or CnnrmN DrmmsroNs ol rrm Comror UNtt ol' tgn
Pvrrrr ervo Mlnc.lsrtr S:rnuctunns

Pyrite
Joplin

marcasite

Paired sulfur distances d. :2 . t04 A B  : 2 . 2 5 4

fron-iron distances in triad
DD':3.37.
OD :3 .88
OD ' :3 .88

Distances from sulfur to irons
in nearest triad

Distance from apex of one
iron triad to centro-
symmetrical apex

Ir:s.zz
\  I : s .82
17: s. sz

l e : 2 . 2 6
\  e : 2 . 2 6

l e : z . 2 6

l o : s .n
la : s .40
lo:s .a0

a o : 2 . 2 r
A D : 2 . 2 4
A D ' - 2 . 2 4

c  : 5 . 3 9
DDz:5 .52
D D z : 5 . 5 2

Angle between sulfur pair
and iron triad

I  Q 7 0

TUB CUBUTCAL NATURE OF MARCASITE

Rnorr ol Sur,run AND IRoN Arorus. 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.

B Traced from: Victor Goldschmidt, Atl,as iler Kri'stoil'l'formen,Heidelbetg,l92O,
vol. 6.

24 L. H. Bauer and H. Berman, Lollingite from Franklin, New Jersey, ,424.

Mineral., t2, 1927, p. 4A.
25 Habit taken from Dana's System, (1914), p. 238, Fig. 4, but redrawn so that

the rutile c axis direction corresponds with the marcasite and ldllingite o axis direc-

tion, and the mtile at and aa axial directions corresponding with the marcasite and

ldllingite D and c axial directions.

90'



394 TH E AM ERICAN MIN ERALOGI ST

Rutrle

Marcasite

La//inqife

Frc. 10. Comparison of the habits of the rutile and marcasite groups. As redrawn,
the rutile c axis is parallel with the marcasite and ldllingite o axis direction. other
axes are parallel. Corresponding faces, referred to this orientation, have identical
indices.

SrarB ol foNrzarroN. The proba.ble 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:26

26 Radii from: V. M. Goldsmidt, Geochemische Verteilungsgesetze der Elemente,
vol. 7: ShriJter utgitt ar Det Norske Vid.enskaps-Ahad.emi i. Oslo I. Matem.-Nah.atid.
Kl.asse, 1926, No. 2, pp. 26, 34, and 43.
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rite, where this distance is 2.26 A.
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