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Ansrnacr
The control of the precipitation of pyrite and marcasite by chemical environ-

ment suggests that these two minerals are not a dimorphous pair in the usual sense
of the term, but rather that they are chemically distinct compounds. A critical study
of all available analyses indicates that pyrite corresponds very closely to ideal FeS2,
but that marcasite is definitely sulfur-low. Allen and Johnston's precision analyses
of these two minerals, using identical procedures on each, also bears out this con-
clusion. Marcasite is thus a compound somewhat more iron-rich than FeSz, just

as its isomorphous arsenic analogue, killingite, is a compound usually somewhat
more iron-rich than FeAsz. The phase boundary between pyrite and marcasite is,
therefore, analogous to a phase boundary in, say, the Cu-Zn (brass) system, with
crystal structure a function of chemical composition. At ordinary temperatures,
the boundary between marcasite and pyrite is close to the composition FeSz, which
gives rise to the probable misconception that both are exactly FeSz. The excess iron
in marcasite and lilllingite can be accommodated in the crystal structure in only one
simple way out of three possibilities: interstitial solid solution, omission solid solu-
tion or prory solid solution. These three cases are distinguishable by comparing the

unit cell densities with the experimentally determined densities. Proof is given that
in ldllingite and marcasite, the excess iron is due to proxy solid solution, which
indicates the corresponding chemical formulas of these minerals to be:

ldllingite: Fe Ii:1, marcasite: Fe 13"1,
The chemical difierence between pyrite and marcasite provides a ready explanation
for preferential formation of marcasite in acid solution as against the formation of
pyrite in alkaline solution. The function of the hydrogen ion seems to be to remove
some of the S from the normal FeS2 groups to form HzS and sulfur-deficient-FeS2,
which is marcasite.

INrnooucrroN

Pyrite and marcasite have long been regarded as two difierent
forms of the same chemical compound, FeS2, an opinion which has
been largely consolidated by several publications of the Geophysi-
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cal Laboratory.l.2 In addition to placing pyrite and marcasite
definitely in the category of polymorphous pairs, with marcasite
as the unstable member under ordinary conditions, investigations
of that laboratory have also established the following important
fact: Acid solutions and low temperatures favor the precipitation
of marcasite, while alkaline solutions and high temperatures, on the
other hand, favor the precipitation of pyrite. At a given tempera-
ture, the proportion of FeS2 precipitating as marcasite is an almost
linear function of the final acid concentration.

This is held to be an example of the theory that the external
chemical environment can affect the nature of the phase precipita-
ted, for Allen, Crenshaw, Johnston, and Larsen3 say, in explanation,

Monotropic forms often crystallize from some particular solvent. . . .

The particular solvent, in this case, differs from the one which
precipitates the stable modification by the hydrogen ion contribu-
tion of a half per cent, or less, of sulfuric acid, or of a quarter per
cent, or less, of hydrochloric acid. Furthermore, the unstable
marcasite will precipitate even in the presence of the stable modi-
fication, pyrite, provided that the acid concentration is right. In
nature, cases are known of the unstable marcasite growing in
parallel position on the stable pyrite.4

It is natural to entertain the suspicion that this group of con-
ditions contains elements which do not fit into a consistent system.
One could understand the situation much more readily if pyrite
and marcasite were not polymorphous forms but were actually
chemically distinct. It is easy to understand why a slight difference
of chemical environment should condition the precipitation of
chemically distinct compounds, but it requires a rather elaborate
pyramiding of theories and hypotheses to explain why an insignifi-
cant change in the chemical environment would change the physi-
cal mopification of a precipitating compound.

This objection may be summarized semiformally as follows:
The[~ are two prom?sitions:

1 E. T. A1l@,J..L. Creili;bftw, John Johnston and Esper S. Larsen, The Mineral
SuIphides of Iron.: A11~.J.SC.. (4) 33, pp. 169-236, 1912.

ii'E.-T; Allen, I.L.C1:enslmw, and H. E. Merwin, Effect of Temperature and

Apirlitx ii1 the Forination,of Marcasite (FeS2) and Wurtzite (ZnS); A Contribution
to the Genesis of Unstable Forms: Am. J. Sc., (4) 38, pp. 393-431,1914.

I 3 Rerertnc.l31, p.;190.
~ Victor Goldsi!hmidt, Atlas der Krystallformen, Heidelberg, 1920, Vol. 6, figs.

1'07and 118.
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1. Pyrite and marcasite are polymorphous forms of FeSz, of

which pyrite is the stable modification under ordinary con-

ditions.
2. Pyrite and marcasite are precipitated together, the propor-

tion of the marcasite present being proportional to the

hydrogen ion concentration, the maximum absolute value of

which is very low.
One chooses, arbitrarily, let us say, to doubt that these form a

consistent body of facts. He is then confronted by three alterna-

tives:
(a) 1 is in error.

{b) 2 is in error.
(c) Both I and 2 are in error.

There is no reason to doubt the careful work of the investigators

of the Geophysical laboratory with regard to 2. Therefore all

alternatives except (a) are eliminated.
The present paper has as its theme, an inquiry into possible

support for the proposition that pyrite and marcasite are chemi-

cally distinct, and the consequences of the results.

Tun CoruposrrroN on PvnrrB axl Manclstre

In considering the possible variations in composition of pyrite

and marcasite from the ideal FeSz formula, and realizing how

impure minerals almost universally are, one might very naturally

be lead to look for impurities in one or the other, or at least differ-

ent impurities in pyrite than in marcasite, in nature, as a.possible

cause of the difierence in modification. It will appear, as a matter

of fact, that impurities are a factor in so determining the modi-

fication to precipitate. At the present stage of the inquiry, however,

the guiding principle must be that as many variables as possible

should be eliminated from the problem in order to gain a clue to

the fundamentals of the situation. In this connection, it will be

recalled that the investigators of the Geophysical Laboratory

worked with as pure preparations as laboratory conditions per-

mitted, and still were able to produce pyrite or marcasite at will.

As a start then, one only need consider the variations possible in

the system iron-sulfur. The writer has therefore studied analyses

of pyrite and marcasite which contain only iron and sulfur. Most

of the analyses are taken from Doelter's compilations.s

5 C. Doelter and H. Leitmeier, Handbuch der Mineralchemie, IV, Erste H?ilfte,

1926, pp. 527 -529 ; pp. 56G567.
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To Doelter's have been added those which have been mentioned
since.

Table I lists the available analyses of pyrite containing (ac-
cording to the analyses themselves) only iron and sulfur. Table II
gives a set of excellent analyses of pure cobaltiferous pyrite, three
of which are surely from Franklin Furnace while the fourth is so
nearly identical to these that it may also be reasonably supposed
to represent pyrite from the same locality, although the actual
locality for this material is not given. Table III gives available
analyses for marcasite containing no essential elements other than
iron and sulfur.

The analyses have been reduced to iron and sulfur atom ratios,
which are given in the last columns of the tables. The analyses
may be easily studied by means of the graphical representation
of all analyses given in figure 1. Here the analyses are plotted ac-
cording to indicated iron-sulfur ratio, which should, of course, be
I/2.000 for ideal FeS:

Fig. 1. Graphical representation of iron: sulfur ratios of marcasite and pyrite
analyses. The iron content is arbitrarily considered constant while the sulfur content
is taken as a variable. The notation beneath individual analyses is explained by the
following key:

E:EIba pyrite, probably contaminated with hematite.
D : Subnormal density.
I: Contains insoluble material in excess of 1/e.
S:Sulfur determination alone available, iron by differ-

ence.
-.67:Percentage deviation of summation fuom lO0.0O/6.

(noted only in cases having notable deviation)
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PvnrrB. One notes that the pyrite analyses cover a considerable
spread in iron-sulfur ratio. There is, however, a distinct tendency
for the analyses to cluster densely about a value just a trifle lower
tharr I/2.000, with the rest of the analySes scattered in a group
which also centers approximately here. This very strongly suggests
a distribution of error about a correct value. That this is almost
certainly the case is indicated by the following critical discussion
of the analyses.

5. This analysis adds only to 95.73 and is obviously untrustworthy. In addition,
the material lor analysis is described as coming in thin leaves. The analysis may be

summarily discarded.
8. This analysis is part of a routine report of a number of heterogeneous analy-

ses, made, it would appear, by a firm of commercial analysts. There was no selection

of material, but mereiy an analysis of a "pyrite" sample, which, incidentally, was a

concretion. Whether the concretion was actually pyrite or marcasite cannot be as-

certained. Newhouse,6 as well as Van Horn and Van IIorn,T have indicated that con-

cretions may be of either mineral or both. Under any circumstances, this analysis

is not one in which sufficient care has been exercised to warrant its inclusion among

data to be used in establishing the composition of pyrite.

!,n, lf , and. 18. These analyses represent EIba pyrite. The writer happens to be

very familiar with this material from a search for fluid inclusions in pyrite. This

particular material contains much hematite occurring as inclusions within single
pyrite crystals. The lusters of the two minerals, although very difierent, blend very

well on the conchoidally fractured surface of broken pyrite, which appears as intense
yellow highlights and deep shadows. The hematite is therefore easily missed even

though a search is made for it. Needless to say, included hematite would raise the

apparent iron content of the pyrite. This is evidently just what has happened.

Analysis 13 is accompanied by the statement: "with hematite, analysis free from

same." The present writer doubts the latter statement. Analyses 17 and 18 are ac-

companied by the statement that the material "perhaps contains a little oxide,"

and the authors (chemists evidently), avoided the use of this material supposedly

for this reason in their experimental work on the iron-sulfur system (using instead,

however, pyrite which is probably just as questionable; see beyond). The list of

analyses given in table I contains one by the Allen, Crenshaw and Johnston (No.

14) also of the Elba pyrite. This, if any, should be trustworthy, for it was published

by men qualified both mineralogically and chemically to select and analyze minerals.

It is noteworthy that this analysis is within the central region of pyrite iron-sulfur

ratios. One can, therefore, discard the other Elba p"vrite analyses as being very

probably contaminated with hematite.

6 W. H. Newhouse, Some Forms of Iron Sulphide Occurring in Coal and Other

Sedimentary Rocks: Jou.rn. Geol.,35,1927 ,pp.77 and 83.
? Frank R. Van Horn and Kent R. Van Horn, X-Ray Study of Pyrite or Mar-

casite Concietions in the Rocks of the Cleveland, Ohio, Quadrangles'. Am. Mineral.,

18, pp. 288-294, 1933.
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19 aniL20,  Thedensi tyof  th ispyr i te,of  unknownlocal i ty ," I I .S.A. ," isgivenas
4.978.In spite of Dana's generous range, this is too low for pyrite which ought to
have a density of 5.02, according to Allen, Crenshaw, and Johnston. In view of the
fact that the authors were evidently chemists, it seems fair to conclude that the high
iron content and low density may not indicate an unusual pyrite (for certainly a
higher-than-normal iron content ought to be accompanied by a high density), but
rather indicate, say, pyrite plus some limonite-like aiteration product, or possibly
other contamination. Incidentally, the two (duplicate) analyses show a noteworthy
variation of Fe: S of from 1 : 1.950 to 1 : 1.940. This is greater than the greatest devia-
tion of any of the analyses of the central compact group of thoroughly trustworthy
analyses, from their mean value. This indicates, then, either poor chemical manipu-
lation, which is not very probable, or, irregular contamination of the samples, as
from alteration products.

,16. Carmichaelhas contributeda number of analysesof sulfides used incertain
ore dressing tests. Analyses of both pyrite (locality unknown) and marcasite are
included. (Incidentally, if the labels pyrite and marcasite were transferred on these
two analyses, they would fit the groups of superior analyses very well.) As it stands,
they form outposts beyond the superior analyses. This may be due, in the case of
pyrite, to incomplete analysis, for the summation totals only 99.62/6, which is a
greater deviation from.100.00/6 than any unquestionably good analysis retained.

7. No obvious fault can be detected in this analysis.
3,4, and 6" These three analyses are exceptional in displaying lo o great a xtlfur

content. They are also exceptional in being the only pyrite analyses containing
insoluble matter in excess of 1/a, containing, l.ll7o, 4.10/6, and 1.22/e insohtble.
In analysis 3, this "insoluble" shows up by lowering the density to 4.925. The ma-
terial was obviously contaminated in various ways and certainly unsuited to analyr
sis. Numbers 3 and 6, incidentally, add to exactly 100.00, which makes it appear that
some additional impurity was suspected and subtracted from the true experimental
data.

This leaves a group of what might be termed snperior arlalyses,
published by such unimpeachable authorities as Kraus and Scott,
and Allen, Crenshaw, and Johnston. There have been included
two slightly doubtful analyses: one by Schnabel, which adds tc
exactly 100.0070, and therefore appears to have had some other
original constituents which have been allowed for against the origi-
nal data, and one by Bornemann and Hengstenberg, which con-
tains the high amount ol l.O0/6 insoluble. If these are omitted,
the analyses constitute a consistent group with a maximum de-
viation of iron: sulfur ratio of less than half a per cent, the center
of gravity of the group being just a trifle more iron-high than
called for by the formula FeSz. If the two analyses mentioned in
this paragraph are retained, the group is extended about again as
far as the previously-mentioned limit on the iron-high side. Al-
though the theory to be presented by the writer is consistent with
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either interpretation of the analyses, it is the writer's opinion that

the slightly doubtful analyses be best omitted. This would give

pyrite a composition close to, if not actually, FeS2, with a possible

very slight iron excess.
Mancasrrr. There are all too few marcasite analyses available.

A glance at Fig. 1, however, will indicate that all of these indicate
an FelS ratio less than 1:2.000, without exception. Taken as a

group, the analyses show less tendency to cluster about some well

defined average value. Nevertheless, the group as a whole has an
iron content distinctly greater than that of pyrite, the average of

the group indicating a value somewhere in the region of 1:1.970,

with several analyses clustered in the region of Fe:S:1:1.985.
Analysis 2 does not add to near 100/6 and may be omitted

from the list of superior analyses. Analysis 5, although it shows a

significant deficiency of sulfur which should not escape attention,
contains no direct determination for iron. Analyses 1 and 3 do not

total to within 0.4070 of 100/6. But in spite of this fact, however,
it is significant that if sulfur were added to them to the amount
of the deficiency, analysis 1 would still not have enough sulfur to

make FeSz, and analysis 3 would have only just enough. This

same sulfur handicap could be given other analyses of marcasite
and still not make FeSz.

The analyses by Allen, Crenshaw, and Johnston (No. 4), and
the one by Manasse (No. 6) may be distinguished as distinctly
superior, and these may be used with confidence in establishing a

formula for marcasite. The one by Arbeiter (No. 3) also seems to

have been done with some mineralogical responsibility, in spite of
its somewhat low summation. These form a system of three good
analyses which indicate an iron:sulfur ratio of from 1:1.985 to

1:1.995. These, as well as all the rest (except 2 and 5, which show
such obvious internal grounds for rejection) are shown plotted in

fig. 1.
CouposrrroNs or PvnrrE AND MancasrrB. Figure 1 shows

graphically that the composition of pyrite is very close to FeSz,

but may possibly run as low in sulfur as FeSr gga. This conclusion
may be subject to some extension with the appearance of further
reliable analyses of pyrite, The figure also shows that marcasite
runs preferably to a formula FeSr.ggo, but may possibly vary some-
what, or even vary extensively-the data are not sufficiently
numerous to decide on this point with any assurance-, but that
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it only approaches the composition FeSz. If Carmichael's analysis
is excluded-and it seems obvious from her recorded data that an
analysis comparable with the best complete mineralogical deter-
mination was not attempted for her ore dressing purposes-, one
can say that no marcasite analysis has appeared which more than
approaches the formula FeS2, in some cases even with the handicap
that all analytical deficiencies be conceded to be unapprehended
sulfur.

This excess of iron in marcasite is quite unorthodox, but need
not be regarded with surprise. The other well known member of
the marcasite group, liillingite, FeAs2, almost always runs to ex-
cess iron. Pure FeAsz contains 27.16T0 Fe and 72.847a As. A glance
over pages 594, 595 and 596 ol Doelter's Eondbuch will show that
the iron content of l<illingite is usually higher than this value even
making allowances for some of the arsenic being replaced by sulfur.
This is well known and customarily explained by saying that the
lcillingite contains the "leucopyrite molecule," Fe3Asa, . in solid
solution.

Pnpcrsror ANarvsns oF PyRrrE awn MancesrrB. Since the
analyses just discussed were not originally made with a view to
determining a chemical difference between pyrite and marcasite,
it would be desirable to have a series of comparable analyses of
ideally pure minerals made with extreme care for this particular
purpose. Fortunately, just such data are available for one occur-
rence of pyrite and one occurrence of marcasite. These have been
provided by Allen and Johnston8 who obtained them for quite a
difierent purpose, namely, for tests of the precision character of
iron and sulfur determinations in FeSz. Their best determinations
are those given as pyrite analysis 14, table I, and marcasite analy-
sis 4, table III, above. The minerals were ideally pure except that
the marcasite contained a trace of copper and that both minerals
contained a slight admixture oI qttartz.

Not only does their best result show the marcasite to have
a supernormal iron:sulfur ratio, but each of the sulfur deter-
minations, made by difierent methods, show a lower sulfur con-
tent for marcasite than for ovrite. These determinations are as
follows:

8 E. T. Allen and John Johnston, The exact determination of sulphur in pyrite

and marcasite: fourn. Ind. and Eng. Chem.,2, pp. 196-203, 1910.
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Allen and Johnston's method

Sodium carbonate variation
Magnesium oxide variation

Fresenius's method modified

Lunge's method modified

Pyri.te
46.46T0
46.  53

TH E AM ERICAN MIN ERALOGIST

Pyri.tre

53 .46
s3.s3%

Marcosite

53.28
53.3370

53.49  Av .  53 .30  Av .
5 3 . 3 7  5 3 .  1 3

5 3 . 1 1

53.12  Av .
5 3 . 1 8  5 2 . 9 9

53 .07

53.03 ,4v.
Ideal FeSz 53.M

The lower determination of each comparable pair is given in block
type. Note that the marcasite is always the lower, and that it is
always less than the ideal value. It would appear that the low
sulfur content of marcasite called forth the duplicate analyses for
this mineral as compared with the single determinations for pyrite
in the two last methods. The low sulfur content of marcasite,
evidently, then, does not depend on the method of analysis.

Furthermore, the gravimetric determinations of iron gave higher
iron for marcasite than for pyrite in each comparable determina-
tion. These are as follows, the higher iron content being indicated
in block tvpe:

Marcasile
46.4970
46.57

46.49 Av. 46.53 Av.
Ideal FeSz 46.5570

The volumetric determinations of iron were as follows:

Pyrite: 46.75, 46.67, 46.66, 46.75, average, 46.72/6.
Marcasite: 46.63, 46.49, 46.54, average, 46.5570.

Unfortunately, the volumetric comparison does not tend in the
same direction as the gravimetric. The authors, however, accept
the gravimetric results as nearer the truth, especially in view of
the fact tha.t if the volumetric results were used, the totals would
be 100.25/6 for pyrite and 100.05/6 for marcasite as against
I00.0270 for pyrite ar'd. l0O.03To for marcasite in the gravimetric
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determinations. The totals appear to indicate a false iron excess
for pyrite in the volumetric determinations.

One may conclude, therefor, that not only does the statistical
study of the pyrite and marcasite analyses give practically unani-
mous support to a higher iron:sulfur ratio in marcasite than in
pyrite, but that the most carefully made individual determinations,
using identical methods on both minerals, bear out the same
thesis.
Tne DrsrnrBUTroN ol Excoss InoN rN THE MARCASTTE GRoup.

Lorr.rNcrrB. In the discussion of what happens to the excess iron
in the marcasite group of minerals, it will be convenient to start
with liillingite, for in this mineral the effects are exaggerated and
excellent data are available.

Ltillingite may be conceived as having a high iron:arsenic ratio
in only three simple ways:

1. The structure of the crystal is that of ideal FeAs2, with ad-
ditional iron atoms in the interstices, between other atoms in
the normal structure. This may be termed interstitial solid
solution and may be represented by the formula FeAsz1,r",
where n is a small fractional number indicating the iron
excess.

2. The structure of the crystal is that of the ideal FeAsz with
occasional arsenics missing in the structure. This is actually
not a solid solution at all, but could not be distinguished
from that general class of compounds by its analysis alone.
For uniformity, however, this may be designated, omi,ssion
soli.d solution, and represented by the formula FeAs2--, where
m is a small fractional number indicating the arsenic defi-
ciency.

3. The structure of the crystal is that of the ideal FeAs2 with
some of the arsenic atoms missing but with iron atoms proxy-
ing in their places. This may be represented by the formula
Fe lFe" f, where r is a small fractional number indicating

lAsz 'J
the number of iron atoms occupying the positions normally
occupied by arsenic atoms. This condition may be designated
proxy solid. solution.

Complex solutions can also be imagined which involve combina-
tions of the above cases. Case 1 gives rise to a supernormal density,
because the unit cell has its normal contents plus additional iron.



54 THE AMERICAN MINERALOGIST

Case 2 gives rise to a highly subnormal density because the unit
cell has its normal contents less, on the average, a fraction of an
arsenic atom. Case 3 gives rise to a slightly subnormal density in
the case of liillingite (slightly supernormal in the case of marca-
site), because the cell has its normal contents plus the loss in weight
(gain in marcasite) accruing from replacing a fraction of an arsenic
atom, on the average, by its equivalent in the lighter iron. From
the cell dimensions as revealed by x-ray difiraction measurements,
the known atomic weights of iron and arsenic, and the value of
n, rn, and r, as calculated from the chemical analysis, it is possible
to calculate the mass per unit volume, or the density of the cell,
which can then be compared with the actual measured density.

In the case of ltillingite, excellent data are available for the use
of the above criterion, in the published values of the constants of
the Franklin Furnace crystals.e'10
These are as follows:

Chemical Analysis Weight per cent atom ratios

As
S
Fe

69. 80
o . 2 l

29.40

.933

.007

. s30

The iron : arsenic + sulfur ratio is evidently much too high for ideal
FeAs2, so the excess iron must be allowed for according to either
case 1, 2, or 3,above. These give the following results:

I  i  r tn 1'ooo
1. Fe 

lAsrrf *zFe, where z is determined by the condition, 
2 

: 
lJ73

lS*  I
This gives n: .0128

As l -S  2  |  '77  3  
.wh ich  e ives  * :  .015Also  

,  
: - : - . ' tS

CelI, containing 2 lormula weights: a:2 g5A

b : 5  2 5
c : 5  . 9 2

Volume:88.643

The formula is then Fe lar t .qsSl+.rzs F".

l s  .01s1
e L. H. Bauer and H. Berman, Ldllingite from Franklin, New Jersey: Am'. M'in'

erol., 12, pp. 39-43, 1927 .
toM. J.Buerger, The Crystal Stmcture of Ld'Ilingite, FeAu: Zeit. Krist.,82,

pp .165 -187 ,1932 .
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This corresponds to a formula weight of 213.3, which, substituted in the den-

mass of unit  cel l  2X213.3X1.65X10-'1 ,
sltv relallon leaos [o a oen-' volume of unit ceII 88.6X 10-u

sity of 8.06
2. Fe\sz--, is here, FeAsr.zo S.org, which corresponds to a formula weight of

187.8.
This leads to a density of 6.99

determined by ( q*r:1.92t
I
I  c  t .760
I r  .013
t

which gives I o:t .St
I  r :  . 0 1

The formula is then Fe lFe.m I
I

lAsr.sr l
js.or I

This has a weight ot 203.7 and leads to a density of 7.58.
These values are conveniently gathered together in Table IV.

Taslo IV. Posstsln CoNsraNrs FoR Ldr,LrNGrrE, wrrrr Vanrous Posslgr,r
Drsroser,s or rrrE ExcESS Inor.r Arous

Iron disposal

1 .
Additional
solution

,)
Omission
solution

?

Proxy
solution

4 .

No excess
iron

General formula for
l,ijllingite

FeiAs,-1+'zFeneles,-"--l
q l

FeAsr

Formula for Frank-
lin l6llingite

Forrnula weight for
Franklin lcillingite

Density for Frank-
lin ldllineite

FelAsr.sesl*

lS  .ua l
128Fe

2 t 3 . 3

06

FelAsr.zo I
lS .or: l

187  .8

6 . 9 9

2 0 5 . 8

7  .66
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The density actually determined by means of a pycnometer was
found to be 7.53. This is definitely too low for pure FeAs2, but
within about half a per cent of the calculated value on the assump-
tion that iron atoms proxy for arsenic atoms in an otherwise normal
crystal structure. This agreement is within the limits of experimen-
tal error. This criterion thus not only confirms the accuracy of
the chemical analysis, in its apparent arsenic deficiency, but it also
definitely proves that the iron excess is to be accounted for through
the condition of proxy solid solution.

Mencl,srrB. In the case of marcasite, the available data are not
so precise; they have not all been obtained on marcasite from the
same locality, and, finally, the effects to be looked for are less
pronounced than in l<illingite due to the slighter iron excess in
marcasite. Nevertheless, it is possible to arrive at valuable con-
clusions with the scanty and imperfect data at hand.

Cell constants for marcasite have been published by de Jotgtt
Buerger,l2 and Bannister.l3
These are as follows:

de Jong
e +xs.s95
b  4 . 4 5
c  5 . 4 2
v  8 1  . 8

Buerger
J . J /

4 . M
5  . 3 9

8 0 . 6

Bannister
3 . 3 8 4
4 . M
5 .39

80.843

The constants given by Bannister and the writer agree exactly
except for the length of the o axis. The writer has gone over his
original measurements and finds that the length of this axis was
determined by averaging the distances of spots appearing in two
pairs of layer lines. The average of each pair of layer lines agrees
with that of the other within one part on two thousand, so these
measurements seem to be trustworthy ones. It will appear in a
subsequent publication that the length of the o axis shrinks with
increasing iron content, without great effect on the other axes, so
Bannister's and the writer's data may be considered to be in com-
plete harmony for crystals of slightly difierent iron content. Since

1r W. F. de Jong, Bepaling van de absolute aslengten van markasiet et daarmee
isomorfe mineralen: Physica,6, pp. 325-332, 1926.

o M. J. Buerger, The Crystal Structure of Marcasite: Am. Mineral., 16, pp.
361-395,1931.

13 F. A. Bannister, The distinction of pyrite from marcasite in nodular growths:
Min. M ag., 23, pp. 179-187, 1932.
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a density will be introduced which was measured on the very
crystals on which the writer made c-ray determinations, his own
value of the cell dimensions will be retained. De Jong's results are
so difierent that it appears likely that he made his measurements
on crystals containing other than iron and sulfur in their composi-
tions, probably arsenic.

A critical quantitative analysis is not available for the marcasite
used by the writer, but a qualitative analysis has ascertained it to
be free from the usual impurities to be expected for this mineral.
In lieu of the actual iron:sulfur ratio, lherefore, it will probably
not be far wrong to assume a value of 1: 1.985, which is the average
value deduced for marcasite. The constitution of the cell may then
be studied according to the general cases discussed above. The
resulting constants are given in table V. The density actually de-
termined by pycnometer was 4.92, which agrees only with an ex-
cess of iron if it is in the structure as a proxy solid solution, as was

Telr,n V. Possrsln CoNsreNrs ron MencesrtE, wrrrr Vanrous Possrnr,c

Drsposar,s ol rrn Excrss InoN Arous

Iron disposal

General formula for
marcasite

Formula for marca-

site assuming:
F e I

FeSzt.0755 Fe FeSr.gss

1 .
Addition
solution

,)
Omission
solution

3 .
Proxy

solution

No excess
iron

Formula weight for
marcasite assuming:

F e 1

Density of marca-
site assuming:

F e 1

r24 . t7

5.08+

119 45 t 2 0 . 1

4 . 8 8 4 . 9 2 4 . 9 1

FeSq*zFe

s  1 .985
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the case with liillingite. While this is not a very sensitive criterion
for distinguishing pure FeSz from a compound containing excess
iron, it should be pointed out that the agreement is better with
excess iron than without it, which tends to raise confidence that
the excess iron indicated by chemical analyses is real and not due
to some sort of systematic analytical error.

It should be noted that if Bannister's dimensions for the mar-
casite cell be used instead of the writer's, the densities calculated
in Table V would each be decreased by about 0.01. If the excess
iron which appears in the chemical analyses is conceded to be real,
it can only be accounted for as proxying for sulfur atoms, regard-
less of whose values for the marcasite cell are selected. Further-
more, if the iron:sul{ur ratio of marcasite is eventually found to
be somewhat difierent than that deduced in the preceding dis-
cussion of analyses, or if it is found to be variable, the value of the
density which will be least affected by the change is the density
calculated on the basis of proxy solution.

fn connection with the original data used for the marcasite
given above, it should be pointed out also that these figures were
a matter of published recordra before the theory of excess iron in
marcasite had been developed, and that they can therefore be
relied upon to be unprejudiced by theoretical views. It is necessary
to mention this due to the fact that the writer's published density
is in excess of any other published for marcasite including that of
Allen, Crenshaw, Johnston, and Larsen's15 figure of 4.89. It is in-
teresting to note that the density of the material used by these
investigators rose to 4.91 alter heating to about 620"C. and cool-
itg.

TnB Pvnrrp-Mancesrrp RBr-nrroN

All evidence points to the fact that pyrite is pure, or very ap-
proximately pure, FeSs, while marcasite is Fe lFe" l, where ar

lS,- ,  I
is a small fraction in the neighborhood of .004, giving marcasite
an empirical composition of FeSr' r.ssr or thereabouts. It is, there-
fore, incorrect to speak of pyrite and marcasite as polymorphous
forms of the same compound, in the usual sense of the word poly-
morphous. It follows that one cannot speak of marcasite as un-

la Reference 12,pp.366 and.367.
15 Reference 1, p. 188.
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stable with respect to pyrite, any more than one can speak of
pyrrhotite as unstable with respect to pyrite. They are chemically
distinct. The relation between pyrite and marcasite is, therefore,
primarily a chemical one; fundamentally it may be expressed by
the equation:

pyrite marcasite

If the iron is added to pyrite in water solution (1) becomes

pyrite marcasite

It is known from the work of Allen, Crenshaw, Johnston, and Lar-
sen that in the presence of acid, the right member of this equation
tends to be formed in preference to the left member. This fact
may be combined with equation (2) to give the following:

)y l l+ . lspe++*Fesr :  r " lu t "  ] ** t r ,  1  f  4rO (3)
lSz-"1

pyrite marcasite

The positive charge appearing on the right may be expected to be
absorbed by any substance present at the time of the reaction
which is capable of being oxidized. For example, if ferrous iron is
used as sulfate to supply the excess iron required by marcasite, as
in the experiments by Allen, Crenshaw and Merwin, the following
equation may be expected to hold:

rHzsoa*(1f 4)*FeSoa*F"s,: n. l f"" l+rtr, t  *2rFez(soa)a (4)
lJz-"1

pyrite marcasite

where r formula weights of FeSOE go to supply the excess iron
for marcasite and 4r formula weights are used to absorb the piosi
tive charge. In part, however, the liberated. sulfate is probably
also concerned in absorbing the charge, thus:

l F e , I
'rFe* FeSs : U.lr,_,1 * ta

, p"++rFes, : 
".llj.l. 

xs * 2tce,

( 1 )

(2)
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2SO2+2O2

1I
oHzso+* *Feso+* FeSz : t" 

l;"j,I 
* rHzS* 2"rSOa*4.rO (5)

pyrite marcasite

Possible substantiation for this latter reaction is supplied by Allen,
Crenshaw, and Merwin, who mentior, ". . . sulfur dioxide, which
forms when the temperature and acidity are sufficiently high. . ."16.
These investigators have explained the formation of sulfur dioxide
thus (page 396):

"At the higher temperature and the higher acid concentrations a side reaction

becomes manifest, viz: the reduction of the sulphuric acid to sulphur by the hydro-

gen sulphide, followed in turn by the interaction of the sulphur with the sulphuric
acid and tlre appearance of sulphur dioxide."

Equation (5) may be expected to at least add to the sulfur dioxide
formation, if it does not actually account for much of it.

It should be pointed out that acid concentration is not the only
variable tending to influence the formation of pyrite or marcasite.
Equations (3) and (4) indicate that hydrogen ion concentration
and iron concentration tend to push the reaction in the direction
of forming marcasite, but that this is opposed by the gas pressure
of HeS, which tends to push'the reaction towards the formation
of pyrite. Equation (3) also indicates that the concentration of the
particular agent utilized for absorbing the positive charge freed
from the iron will also tend to push the reaction in the direction of
marcasite, while the concentration ol the resulting oxidized mate-
rial, unless solid, will tend to reverse this action and to form pyrite.

Needless to say, other acid radicals could be substituted for the
sulfate which appears in equations (4) and (5), with similar re-
sults, generally .speaking.

One may regard the fact that marcasite forms in acid solution
as consistent with the fact that marcasite is lower in sulfur than
pyrite. The office of the acid is to remove the sulfur from pyrite
crystals already formed, or from normal molecular groups of FeSz
composition about to precipitate, by the action of H+ upon S to
form the removable gas phase IIIS. In the precipitation of FeSz
by the action of HqS on a ferrous salt, the products include not
only FeS2 but acid, according to the equation given by Allen,

lc Reference 2, p. 395.
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Crenshaw and Merwin:17

(6)

If the acid formed on the right of equation (6) is not removed from
the sphere of influence of the FeS2 immediately, these can react; in
the presence of FeS04 (which must always be present in the system
whether FeS04 was the original iron sulfate salt used, as in equa-
tion (6), or not, because with products H2S04 and FeS2, equation
(6) must always come to equilibrium and FeS04 must be present by
its action from right to left) and form marcasite as indicated by
equation (4) and perhaps (5). If, however, some material with an
alkaline reaction is present to remove the acid formed by equation
(6), only the normal FeS2 or pyrite is formed.

As a consequence, then, of the low sulfur content of marcasite,
as compared with the high sulfur content of pyrite, the formation
of pyrite in alkaline solutions and the formation of marcasite in
acid solutions receives reasonable explanation. In anticipation, it
may be said that a like relation holds between sphalerite (the so-
called "stable," but actually the high-sulfur, form of ZnS) and
wurtzite (the so-called "unstable," but actually the low-sulfur
form of ZnS). The evidence 18for this, together with the structural
significance will appear shortly.

17 Reference 2, p. 396.
18 M. J. Buerger, The Sphalerite-Wurtzite Relation, to appear shortly.




