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ABSTRACT

X-ray, microscopic, microchemical, contact-print, and mineral synthesis techniques
have been applied to the problem of the relationships of the higher natural arsenides
of cobalt, nickel, and iron. The data obtained have been correlated with a review
of existing analyses.

Both the isometric and "orthorhombic"l groups exhibit limited isomorphism in
regard to the three metals, and the two groups appear to be essentially comple­
mentary. The isometric members form a single group of triarsenides with the
skutterudite structure. The long-held assumption that published analyses indicate
the existence of an isometric diarsenide series is not substantiated by a critical review
of the analyses. Extensive arsenic deficiency shown by published analyses of
isometric arsenides is due largely to mechanical inhomogeneity involving "ortho­
rhombic" diarsenides, niccolite, and other minerals. Isomorphous substitution of
metal for arsenic may contribute to the arsenic deficiency, but evidence for this was
not obtained.

The lattice constants of the isometric arsenides are related to the ratio between the
three metals, varying directly with increasing nickel, iron, or nickel and iron content.
Variations in arsenic ratio do not appear to influence the lattice constants appreci­
ably. The lattice constants range from 8.187 A to 8.311 A, an increase over that
previously recorded (8.18A.. to 8.27 A).

Isometric arsenide crystals are almost invariably zoned and inhomogeneous,
containing both isometric and nonisometric constituents. Fine granular aggregates
of "orthorhombic" diarsenides frequently occur in these complex cubic crystals

I The term "orthorhombic" in quotation marks is used. as a group term for the nonisometric higher arsenides, all of
which are orthorhombic with the exception of saffiorite which Peacock (1944) considers monoclinic with rectangular axes.
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and have probably often been overlooked since the anisotropism is weak. The
inhomogeneous character of these zonal crystals could account for many of the
reported compositional peculiarities of the isometric arsenides such as extensive
arsenic deficiency and extreme variation in the cobalt-nickel-iron ratio.

Since there is no valid basis for an isometric diarsenide series, it is urged that the
names smaltite, chloanthite, chathamite, and arsenoferrite, long associated with an
alleged series of isometric diarsenides, be dropped. The single term skutterudite
should be applied to all isometric arsenides of cobalt, nickel, and iron and in a re­
stricted sense to those in which cobalt is dominant; the appropriate modifiers, nickel­
ian and ferrian, would indicate dominance of nickel and iron respectively. Such a
terminology is believed adequate since the isomorphism between cobalt, nickel, and
iron in the isometric group is clearly limited, and only a single end member (cobalt)
appears to exist.

The "orthorhombic" diarsenides exhibit both discontinuous and limited iso­
morphism between cobalt, nickel, and iron; those high in nickel are completely
separated from the iron-bearing members by a broad wedge of isometric arsenides.
The term rammelsbergite is retained for the common high-nickel member, and
pararammelsbergite for the rarer nickel-rich form. The term loellingite is applied
to all iron-rich orthorhomic diarsenides and in a restricted sense to those with an
iron ratio greater than 85. The group of iron-rich orthorhombic diarsenides with
an iron ratio of less than 85 and with cobalt dominant over nickel may be termed
cobaltian loellingite. The corresponding group with nickel dominant over cobalt
is designated nickelian loellingite. Safflorite has been rather generally accepted
for the cobalt end member of an allegedly unlimited isomorphous series of ortho­
rhombic diarsenides, the other end members being loellingite and rammelsbergite.
There is no evidence for the existence of such a cobalt end member of the "ortho­
rhombic" series, either from the available data on natural material or from the
experiments in synthesis. The plotting of the published analyses indicates a cluster­
ing of "orthorhombic" analyses in the mid-portion of the cobalt-iron edge of the
diagram. The symmetry of these iron-cobalt arsenides is monoclinic according to
(Peacock, 1944), justifying the retention of the name safflorite as a species distinct
from loellingite. However it should be redefined as a monoclinic diarsenide of
cobalt and iron in which the proportions of the two metals are approximately equal

PROBLEMS OF THE HIGHER ARSENIDES

The minerals studied are the so-called white arsenides of cobalt, nickel, and iron,
distinguished by color from the reddish, lower arsenides such as niccolite and
maucherite. They may also be referred to as the higher arsenides since all members
have an arsenic content greater than that required for the composition RAs!.

The extent of isomorphous substitution between cobalt, nickel, and iron furnishes
a major problem of the isometric arsenide series. Substitution has been generally
considered unlimited, even to the extent that cobalt, nickel, and iron end members
have been reported. For many high-iron and high-nickel occurrences, originally
cited as isometric, restudy of material from the localities in question and attention to
the original descriptions reveal that the analyzed materials were often either"ortho­
rhombic" arsenides, mistakenly identified as isometric, or inhomogeneous mixtures.

Variation in metal-arsenic ratio shown by published analyses of the isometric
arsenides is a problem of considerable interest. The ratio of metal to arsenic in the
195 published analyses ranges from 1:1.12 to 1:3.68. This has been explained as
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due either to mechanical inhomogeneity or isomorphous substitution of arsenic for
metal or of metal for arsenic. Heretofore no extensive investigation of the problem
has been attempted.

The remarkable zonal structure of the isometric arsenides was recognized long ago.
Microscopic, analytical chemical methods and partial solubility techniques have
been employed in earlier attempts to identify the individual components, but the
identification of the constituents has not been checked by x-ray methods. The
identity of the constituents in the zonal crystals is essential to the solution of the
problem of isomorphous substitution among the three metals as well as that of metal­
arsenic ratio.

Another problem concerns the variation in the lattice constants of the isometric
arsenides, first noted by Oftedal (1926; 1928). He suggested that the differences are
due to variations in metal-arsenic ratio or variations in the ratio of the three metals
but left the problem unsolved. Oftedal (1926; 1928) recognized the apparently
anomalous structural stituation in which two parallel series of isometric arsenides, one
of diarsenides (smaltite, etc.) and another of triarsenides (skutterudite, etc.) possess
identical crystal structures. The solution is closely related to the problems of
variation in metal-arsenic ratio and variation in lattice constants.

The long-held assumption that two parallel series of the arsenides of these metals
exist, one isometric, the other "orthorhombic", each exhibiting unlimited isomor~

phous substitution between cobalt, nickel, and iron, is unsupported. Both iso­
metric and "orthorhombic" arsenides containing all three elements exist, but the
extent of isomorphous substitution within each group is open to question. The
present view of unlimited solid solution is based largely on chemical analyses, most of
which were made many years ago on material whose homogeneity had not been
ascertained and whose structural identity as isometric or "orthorhombic" had not
been established.

Emphasis has been placed on the problems relating to the isometric arsenides;
however, two problems of the "orthorhombic" series have been given consideration;
the extent of isomorphous substitution between cobalt, nickel, and iron and the
question of nomenclature. A number of changes in nomenclature and classification
are found necessary. A classification and nomenclature of the higher arsenides is
offered in Table I where comparison is lJlade with the conventional classification of
these minerals used by many authors in recent years and with that employed in the
new 7th edition of Dana's System of Mineralogy (Palache, Berman, and Frondel,
1944). The relations of the minerals under discussion are shown diagrammatically
in Figure 1. The conventional classification assumes the existence of three distinct
mineral series. Most authors imply that each series exhibits unlimited isomorphous
substitution between cobalt, nickel, and iron. Restudy supports the view that the
isometric diarsenides are nonexistent and that all isometric members are essentially
triarsenides. These may be represented by a triangular diagram (Fig. la) in which
(cobaltian), nickelian, and ferrian skutterudite form the three segments. The
"orthorhombic" diarsenides comprise discontinuous and limited units (Fig. Ib)
which together are essentially complementary to the isometric arsenides.



TABLE 1.-Classification and nomenclature of the higher arsenides of cobalt, nickel and iron

Conventional classification prevailing in mineralogical literature Classification in 7th edition of Dana's System, Revised classificationPalache, Bennan, and Frondel (1944)

SKUTTERUDlTE SERIES (ISOMETRIC TRIARSENIDES) SKUTTERUDlTE SERIES SKUTTERUDlTE SERIES

ISOMETRIC ARSENIDES-RAs.-x = .0 to .5 ISOMETRIC TRIARSENlDES-RAs.

Skutterudite CoAs. (Dana, 1932) Skutterudite (Co, Ni)As.-x Skutterudite (cohaltian) (Co, Ni, Fe)Asr and CoAs.
Nickel-skutterudi te (Ni, Co, Fe)As. (Dana, 1932) Nickel-skutterudite (Ni, Co)As,-x Nickelian skutterudite (Ni, Co, Fe)Asa
Ferriferous skutterudite (Co, Ni, Fe)As. (Short, 1940) Ferrian skutterudite (Fe, Ni, Co)A..- x (End member doubtful)

Ferrian skutterudite (Fe, Ni, ColAs.
(End member douhtful)

SMALTITE-CHLOANTHITE SERIES (ISOMETRIC DIARSENIDES) ISOMETRIC ARSENIDES-RAs.-x x = .5 to I.

Smaltite CoAs, (Short, 1940) Smaltite (Co, Ni)As.-x The above terms provide an adequate nomenclature for all
Chloanthite NiA.. (Short, 1940) Chloanthite (Ni, Co)As3- x isometric higher arsenides of these elements. The applica-
Chathamite "(Fe, Ni, Co)A.." (Dana, 1892) Chathamite (Fe, Ni, Co)As,-x tion of special Dames to varieties whose analyses exhibit

deviations in arsenic ratio from the theoretical composition
Arsenoferrite FeAs' (Dana, 1932) Arsenoferrite (?) FeAS2 RAsa arc unnecessary since in many cases this is due to me-

chanical inhomogeneity. Structurally they are all triar-
senides of the skutteride type even though the arsenic defi-
ciency may in some cases be due in part to substitution of
metal for arsenic.

ORTHORHOMBIC DIARSENIDES ORTHORHOMBIC DIARSENIDES "ORTHORHOllBIC" DIARSENIDES

Orlhorhombic
Rammelsbergite NiAs' (Dana, 1932) Rammelsbergite NiAs, Rammelsbergite (Ni, Co, Fe)As, and NiAs'
Loellingite FeAs' (Dana, 1932) Pararammelsbergite NiAs, Pararammelsbergite (Ni, Co, Fe)As, and NiA..
Safflorite COAS2 (Dana, 1932) Loellingite FeAs, Loellingite (Fe, Co, Ni)AS2 with Fe > 85% and

Safllorite CoASt "with considerable FeAst
iron (4-16%)" Cobaltian loellingite (Fe, Co, NilA.. with Fe < 85% and

cobalt > nickel
Nickelian loellingite (Fe, Ni, ColA•• with Fe < 85% and

nickel> cobalt
Monoclinic

Safllorite (Cal, FOl)A.. deviation from 1: 1
ratio not known.
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FIGURE t.-Relation of composition to crystalUzation in the higher arsenides.

(a) Isometric triarsenides
I. (Cobaltian) Skutterudite
2. Nickelian Skutterudite
3. Fenian Skutterudite

(b) "Orthorhombic" diarsenides
Orthorhombic

4. Rammelsbergite and Pararammel.:;bergite
S. (Fenian) Loellingite
6. Cobalt ian Loellingite
7. Nickelian Loellingite

Monoclinic
8. Safl10rite
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MICROSCOPIC INVESTIGATIONS

The microscopic methods used follow the standard practices developed by
SchneiderhOhn and Ramdohr (1931; 1934), Short (1940), and others in the investiga­
tion of the opaque ore minerals.

Surfaces of two types were employed: standard bakelite mounts polished on a
Graton-Vanderwilt machine and hand-polished surfaces. Unmounted, hand­
polished specimens are preferred as they are prepared more rapidly, larger specimens
may be polished, and the electrolytic contact-print method is more readily
applied. To use the electrolytic contact-print method on specimens mounted in
bakelite blocks, one must drill through the bakelite to make contact with the
metallic specimen. If the sample contains considerable gangue, several holes may
be drilled before a suitable contact is established.

An electrically driven flexible shaft drill was used to obtain material to be used in
microchemical testing and in the preparation of x-ray samples. The drill is similar
to that described by Harcourt (1937) but differs in two respects: (1) It is mounted
on a Leitz "manipulator" permitting easy and accurate control in one vertical and
two horizontal directions; (2) two interchangeable clamps permit the use of both
ordinary dental drills and needles.

The chemical methods used were entirely qualitative. The lack of homogeneity







TABLE 7-Continued.

Original description of analyzed R:As
Crystallization and Mineral Name

No. Locality (I) Analyst (2) Source of data (3) Sp. Gr. material including comments on homo- Co-Ni-Fe Ratio(4) geneity & explanation of deviations Ratio (6) (7) Assigned to material Assigned to material onfrom theoretical composition (5) in original source (8) hasis of present study (9)
--- ---

52 Riechelsdorf, Hesse Sartorius Genth (1848) - Isometric (cube-oct.-dod.) ; homog. 35.8- 55.0- 9.2 1: 2.27 I Speiskoball I Nickelian skutterudite
p.279 under micro.

53 Riechelsdorl, Hesse Bull Rose (1852) p. 52 - Isometr1c crystals. 18.7- 51.3-30.0 1:2.50 I Chloanlhil 1 Nickelian skutttJudite
~

r
Riechelsdorf, Hesse Rammelsberg Rammelsberg 6.374 Isometric (cube·oct. ); As by differ- 28.7- 69.1- 2.2 I: 1.29 I Spdskoball I ? Nickelian skutterudite

(1853) p. 226 ence, Sp. Gr. 4.374 in original, car- (?)
reeted in Rammelsberg (1875, p. 36).

55 Riechelsdorf, Hesse Weber Rammelsberg 6.374 Same specimen as 54. 40.3- 42.9-16.8 1: 1.12 I Speiskoball I ? Nickelian skutterudite
(1853) p. 226 (?)

56 Riechelsdorf, Hesse Klauer Rammelsberg - Crystalline, isometric; aver. 2 anal. 52.8- 39.4- 7.8 1: I. 72 I Speiskoball I ? Skutterudite (?)
(1853) p. 225

57 Riechelsdorf, Hesse Lorenz Beutell & Lorenz - No description; 57, 58 and 59 made on 3 47.6- 48.6- 3.8 1:2.88 I Spdskoball I Nickelian skutterudite
(1915) p. 364 different specimens.

58 Riechelsdori, Hesse Lorenz Beautell & Lorenz - No description; another specimen. 50.9- 45.1- 3.7 1: 2.87 I Speiskobatl I Skutterudite
(1915) p. 364

59 Riechelsdorf, Hesse Lorenz Beau tell & Lorenz - No description; another specimen. 46.8- 40.6-12.6 1:2.60 I S peiskoball I Skullerudite
(1915) p. 364

------
60 WoHach, Baden Petersen Petersen (1869) 6.797 Massive, rhombic crysts.; Sb and Co 14.7- 0 --ll5.3 1:2.08 0 Geieril 0 Loellingite

p.393 in arsenide.

61 Gutes Gottes Mine, Petersen Petersen (1868) 6.272 Isometric (cube-oct.); core of nicco- 42.1- 35.7-22.2 1:2.55 I Speiskoball I Skutterudite
Wittichen, Baden p.72 lite, chalcopyrite assoc.

62 Witlichen, Baden Hilger «Original?) No description, original source not 0 - 92.5- 7.5 1: 1.86 O? Rammelsbergil 0 Ramme1sbergite
Quoted by Mc- seen.
Cay (1883) p. 9

63 Dreikonigstern Mine, Petersen Sandberger (1868) 6.915 Nodular, needlelike, massive, rhombic; 77.4- 5.5-17.1 1: 1.81 0 A ,senkobalteisen M Safflorite
Rheinerzau ThaI, p.410 core of Bi, S~ in arsenide; shells of
WUrllemberg speiskobalt inclosing radial a,senko-

balleisen.



Questionable analysis.
Identity (?)

I? Skulterudite (?)S peiskobalt

BieLer, Hesse66

_:~__A_u_er_b_a_C__h_,_H_e_s_se

I

_R_e_in_h_a_r_d_t__

I

_I_Ia_r_r_eS_(1_8_8__1_)_1'_'_1_3 __-~_I_M_:_::_.~_:_~,_i_s_om_._c_rY_s_t_s._;_C_h_a_lc_o_p_y_n·_t._eI~4.2- ~.3-31.5 ~I_~J

__:~ .B._ie._b_c._r,_H_e_ss_e ~U_g_i_er ~1~_~1_:4_ic_r.(_18~~ ~ _T_o_ta_l.s.o.n_,y__9_5_.8_0_;_n_o_d_e_s_cr_iP:~ J4~~4~_O~~~: ~3.~2 _~ ~ _IVei:e~~peiSkObalt
Van Gerichten Sandberger (1873) 7.1 Isometric (cube- oct.- dod.); chalcopy- 38.5-- 39.7'21.8 1:2.53 I Speiskobalt ! Xi.hlian skuttcruJitc

p. 137 rite and niccolite assoc.-latter often I

included.
---I-~~-----1------I-------I----I--~~~~~~~~~--I------I-----I------~~- -------

Schweina-Glticksbrunn, Krusch
Sachsen~:hfeiDjngen

67

--_.

t69

r71
w
~ ----

n

73

Bieber, Hesse Van Gerichten Sandberger (1873)
p.138

6.7 In druses on sp.iskobalt; chalcopyrite 46.3- 0 -53.7 I: 1.45
and pyrite assoc.

O? SpathioPYTit
(QuiTlkies)

M SalTIorite

74 Eisleben, Prov. 01
Saxony in Prussia
(not Thuringia)

Int. Nickel Co. Peacock & Dadson 6.97
(1940) p. 572

Orthorhombic; Co in Rammclsbergite, 10.4- 89.5- .1 1:1.99 0
Fe in loellingite, Bi native; Rft.
micro. exam. J arriso. intergrown with
loellingite and Bi; X-ray.

Rarnmelsbergite o Rammelsbergite

Loellingite

Loellingite

Locllingite

o

oA rsenikeis&tJ.

o - 0 -100 I: I. 38 O? A rsenikalkies

o -

o - 0 -100 1:1.65 0

o -100 I: 1.94 O? I--:';-:e~~~~----- 0

----------1-----

Platy, orthorhombic

Original source not seen.

6.8 l\1assive; S- in arsenikalkies; aver. 4
anal.

Jordan (1837)
p.439

Illing (1854) p. 56

·Illing (1854A)
p. 51 ?

Hintze (1904)
p.871

1----------------1-------1---1--------------- --·----1--- ---I-----~··-·-------

75 5t. Andreasberg in the Jordan
Harz

76 St. Andreasberg in the Illing
Harz

---

77 St. Andreasberg in the Illing
Harz




