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ABSTRACT

The crystal structure of four synthetic samples of melanterite, (Fe,Cu)SO4 •7H2O, and six natural samples of melanterite and
one of zinc-melanterite from the Richmond mine, Iron Mountain, California, has been refined in space group P21/c. The structure
refinements show that substitution of Cu for Fe at the M2 site distorts the octahedron in a square-planar fashion. This behavior is
attributed to the Jahn–Teller distortion induced by incorporation of Cu2+ (d 9 ) at the M2 site. The M1 octahedron does not undergo
a similar distortion. Chemical analyses for Fe, Cu and Zn by electron microprobe, AA and ICP–MS reveal a wide variation in the
chemical composition of melanterite from this locality, but no strong correlation was found between the proportions of Cu, Fe and
Zn and the wide range of colors exhibited by the material. Melanterite with a deep blue color could easily be confused with
chalcanthite during field observations.

Keywords: melanterite, zinc-melanterite, boothite, crystal structure, Jahn–Teller distortion, Richmond mine, Iron Mountain,
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SOMMAIRE

La structure cristalline de quatre échantillons synthétiques de mélanterite, (Fe,Cu)SO4 •7H2O, et de six échantillons naturels
de mélanterite et un de zinc-mélanterite provenant de la mine Richmond, située à Iron Mountain, en Californie, a été affinée dans
le groupe spatial P21/c. Les résultats montrent que la substitution de Cu au Fe au site M2 cause une déformation de l’octaèdre pour
donner un polyèdre à plan carré. Ce comportement serait dû à une distorsion de type Jahn–Teller à cause de l’incorporation des
ions Cu2+ (d 9) au site M2. En revanche, l’octaèdre M1 ne subit aucune déformation semblable. Les analyses de ces échantillons
pour le Fe, Cu and Zn avec une microsonde électronique, par absorption atomique et par plasma avec couplage inductif et
spectrométrie de masse (ICP–MS) révèlent une variabilité importante en composition chimique de la mélanterite provenant de cet
endroit, mais sans forte corrélation entre les proportions de Cu, Fe et Zn, et la couleur du matériau. La mélanterite bleu foncé
pourrait facilement passer pour la chalcanthite dans les observations préliminaires sur le terrain.

(Traduit par la Rédaction)

Mots-clés: mélanterite, zinc-mélanterite, boothite, structure cristalline, distortion de Jahn–Teller, mine Richmond, Iron Mountain,
Californie.
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INTRODUCTION

Sulfate minerals commonly form where water has
interacted with sulfide mine waste. These reactions pro-
duce acidic solutions that are heavily laden with metals.
The composition of the solutions varies as minerals are
precipitated and dissolved, as the mine waste responds
to external factors such as seasonal variations in tem-
perature and rainfall at the mine site (Alpers et al.
1994b). Sulfate minerals are very important in this pro-
cess, as they provide a diverse group of atomic struc-
tures capable of a wide variety of chemical compositions

(Hawthorne et al. 2000). As mine-waste solutions
evolve, many different sulfates may crystallize and dis-
solve. Each mineral structure incorporates different
metals and has a different field of stability with respect
to such factors as temperature, pH, relative humidity and
metal concentrations.

The main purpose of this work was to study the struc-
tural response of the melanterite as Cu substitutes for
Fe. Melanterite is commonly one of the first minerals to
crystallize as sulfide mine-waste oxidizes and interacts
with water. Melanterite has the ability to incorporate
many different metals into its structure, and thus affects
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THE MINES AT IRON MOUNTAIN, CALIFORNIA

The mines at Iron Mountain, northern California
(Fig. 1), produce extremely acidic mine-waters that are
heavily laden with metals (Alpers et al.1992, Nordstrom
& Alpers 1999). A gossan zone and the underlying
massive pyrite orebody have been mined as a source of
Au and Cu, as well as pyrite to produce sulfuric acid.
The mines contain extensive workings (Fig. 1) through
which groundwater percolates and then enters the wa-
tershed of the Sacramento River. The melanterite se-
lected for this study was taken from the Richmond mine.

the composition of the mine waters from which it crys-
tallizes. Melanterite from Iron Mountain, California,
exhibits a wide range of chemical composition and pro-
vides an excellent opportunity to study the limits of sub-
stitution and changes in atomic structure in response to
these chemical variations. It also exhibits a wide spec-
trum of colors, such as dark green, yellow, light blue
and dark blue. In this study, I evaluate the dependence
of color on major-element chemistry, and characterize
the structural aspects by refinement of the crystal struc-
ture of four synthetic samples and seven natural
samples.

FIG. 1. (a) A map of the state of California, indicating the location of Iron Mountain. (b)
A cross-section of the Richmond mine indicating the relative positions of the Richmond
and Mattie deposits, taken from Alpers et al. (1992) and reproduced with the permis-
sion of the U.S. Geological Survey. Access was through the Richmond portal; x marks
the location of samples that are described as Mattie deposit samples. Samples from the
Richmond deposit were collected at y. (c) Samples from the Richmond deposit were
collected from the drifts that meet at the five-way junction. Locations of samples in
Figure 6 refer to these drifts.
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An adit in the Richmond mine has been maintained and
provides a unique opportunity to study the sequence of
precipitation and dissolution of minerals and the effect
on the resulting effluent. At one point, this adit passes
close to the Mattie deposit, where fluids originating
from this orebody also precipitate secondary sulfates.
The pyrite ore and pyrite-containing waste rock at this
mine are highly susceptible to oxidation. There are his-
torical accounts of sulfides contained in ore cars gener-
ating extreme heat, to the point of incandescence, upon
exposure to air, as the cars were pushed out of the mine.
The fluids in the mine are extremely acidic, with pH as
low as –3.6 and total concentrations of dissolved solids
approaching 1000 g L–1 (Alpers et al. 1994a, Nordstrom
et al. 2000). The cycle of arid and wet periods in north-
ern California and the permeability of the deposit create
a very dynamic environment ideally suited for the pre-
cipitation of secondary sulfates.

The distribution of supergene sulfates within the
mine workings is highly variable and depends on tem-
perature, humidity, pH and the availability of oxygen.
These parameters vary within the mine and throughout
the year (Alpers et al. 1994b). Melanterite occurs
throughout the mine as a coating on mine walls and as
stalactites and stalagmites, which form where fluid drips
from the adit roof or from mechanical systems such as
pipes and tubes (Figs. 2, 3).

PREVIOUS WORK

Minerals of the melanterite group (MSO4•7H2O, M
= Fe, Cu, Zn, Co and Mn) are common in zones of al-
teration in which sulfide minerals are subject to oxida-
tion (e.g., Frau 2000). Melanterite, with a structure
consisting of a flexible array of metal-containing octa-
hedra that are loosely held together by hydrogen bond-
ing, is capable of incorporating a wide range of divalent
transition metals. The actual composition of a
melanterite-group mineral closely reflects the availabil-
ity of these metals in the parent solutions; however,
experimental work (Fig. 4) by Bodurtha (1995) has
shown that in the system CuSO4–FeSO4–H2O, a parti-
tion of cations is established between a crystal and the
liquid with which it is in equilibrium. The Fe end-mem-
ber, melanterite sensu stricto, is the most common, and
typically is found where pyrite from a coal deposit or a
massive sulfide ore has been oxidized. Gaines et al.
(1997) (and references therein) reviewed the minerals
of this group. Jambor et al. (2000) described the details
of the chemical variations that have been observed for
minerals within the group. The transition metals found
to substitute for Fe in melanterite from the Richmond
mine are Cu and Zn. Natural melanterite with signifi-
cant Cu contents has been reported by Keating & Berry
(1953) [(Fe0.53Cu0.44Zn0.02)SO4• 7H2O] and by Palache
et al. (1951) [(Fe0.67Cu0.33)SO4•7H2O]. In a study of the
synthetic system CuSO4–FeSO4–H2O, Collins (1923)
observed the upper limit of iron-for-copper substitution

in ferroan boothite to be (Cu0.66Fe0.34)SO4•7H2O. The
end-member boothite, CuSO4•7H2O, is rare, and the
natural occurrence of this mineral has even been ques-
tioned. Optical and morphological data are given in
Palache et al. (1951) for boothite that dehydrated to
chalcanthite (CuSO4•5H2O). Zinc-melanterite (Zn0.57
Fe0.35Mg0.097Ca0.021)SO4•7H2O has been described by
Liu et al. (1995).

METHOD OF SYNTHESIS

The synthetic melanterite samples provided by
Bodurtha (1995) were grown in an anaerobic glove-box
containing an argon atmosphere with 2.5% hydrogen
gas. A low concentration of O2 was verified using com-
mercial methylene blue indicator strips. Commercial
FeSO4•7H2O and CuSO4•5H2O were dissolved in 0.1M
H2SO4 at 50°C in various proportions, and an iron wire
was added to the solution to enhance reduction of Fe3+.
Sulfuric acid was added until the solution was saturated.
The solution was filtered and allowed to cool to 22°C in
the glove box. The solution was decanted, by vacuum
filtering, and the resulting crystals were left to dry over-
night in the glove box, on the filter paper. Samples
melant8(100), m10b, n73 and m40a were synthesized
in this way.

CHEMICAL ANALYSIS

Melanterite from Iron Mountain was analyzed for Fe,
Cu and Zn with an electron microprobe. Chips of
coarsely crystalline melanterite (Fig. 5) were surrounded
by epoxy in glass tubes 1 cm in diameter and were pol-
ished in oil. The electron beam, with a beam current of
approximately 20 nA at 15 kV, was rastered over an
area 0.1 � 0.1 mm to minimize sample damage over
the 200 seconds of collection time. Chalcopyrite (S–332
Queen’s Univ.) and sphalerite (S–334 Queen’s Univ.)
were used as standards. The melanterite is very difficult
to analyze, as fluid inclusions burst because of the
vacuum and heating by the electron beam. The result-
ing fluid and gas destroy the carbon coating. The
samples had been stored in mineral oil since they were
collected; under vacuum, the oil slowly seeped out of
the grains and disrupted the carbon coating. Only Fe,
Cu and Zn and S were observed; the low signal-to-noise
ratio resulted in poor detection-limits as a result of the
degradation of the sample surface during analysis.

An analysis for Fe, Cu and Zn by inductively coupled
plasma – mass spectrometry was conducted on natural
specimens of melanterite from Iron Mountain, for which
large homogeneous fragments were available. Synthetic
melanterite was analyzed for Fe and Cu by dissolution
of the crystals and measurement of the solution concen-
tration by atomic absorption spectroscopy. Standard
solutions of FeSO4 and CuSO4 were studied for com-
parison. Table 1 contains a summary of the chemical
composition, cell dimensions and agreement factors of
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the synthetic and natural melanterite samples for which
the atomic structure was refined.

RESULTS OF CHEMICAL ANALYSIS

The compositions of the melanterite (Fig. 6) illus-
trate the variability of the metal ratios within the deposit.
The melanterite shows a wide range of composition that

varies from the Fe end-member to those with equal
amounts of Fe, Cu and Zn. Most samples are classified
as melanterite, but sample 91RS209c (Table 1) is zinc-
melanterite (Zn0.62Fe0.34Cu0.04)SO4•7H2O. The atomic
structure of zinc-melanterite is reported here. The zinc
content of this material exceeds the limit of Zn-for-Fe
substitution suggested by Jambor et al. (2000). This
extra substitution of Zn may be made possible by the

FIG. 2. Stalactites of melanterite hanging from a water pipe in the Richmond adit about
200 m in from the portal and close to where the adit approaches the nearby Mattie
deposit.
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FIG. 3. Smaller stalactites of melanterite forming on a ventilation tube in the same area as those shown in Figure 2. The stalac-
tites are commonly hollow, 3–5 mm in inner diameter, through which fluids pass downward and deposit melanterite at the
termination. The stalactite near the scale is an example of such a “drinking straw” morphology.

FIG. 4. Synthetic precipitates of Cu-bearing melanterite are depleted in Cu relative to the
solution from which they crystallize.
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square-planar distortion of the M2 octahedron of the
structure caused by Cu substitution (see below). No
analyzed samples fall within the field of boothite.

The relationship between the composition of the
melanterite and the location within the mine workings
also is presented in Figure 6. The compositional varia-
tion of a melanterite sample is not strongly dependent
on location within the mine. The widest variation oc-

curs for materials collected from the Mattie location. All
of the specimens from this location were collected
within only a few meters of one another, where the Rich-
mond mine adit passes the nearby Mattie deposit (the
projection of the Mattie deposit onto the plane of the
Richmond adit is denoted by x in Fig. 1b). The higher
Cu and Zn values for these samples likely result from
the higher overall Cu and Zn content of the Mattie de-

FIG. 5. The variation in color exhibited by melanterite from the Richmond mine. The
material shown is the source of crystal fragments used in the X-ray-diffraction experi-
ments. The sample numbers shown are used throughout the paper. The sample vials are
1 cm in diameter.
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posit relative to the Richmond mine. However, at the
Mattie location, cuprian melanterite occurs in close
proximity to melanterite with an end-member composi-
tion. This extreme variation in composition within a
short distance is a consequence of the heterogeneous
nature of the solutions that percolate through the deposit.

THE COLOR OF MELANTERITE

The color variation in melanterite from the Rich-
mond mine is striking (Figs. 2, 3, 5). Figure 7 presents
the color of the material as a function of chemical com-
position in the system Fe–Cu–Zn. There is no obvious
relationship between composition and color. For ex-
ample, green or turquoise material can be very rich in
Fe or have almost equal proportions of Fe, Cu and Zn.
The turquoise color may be caused by only a small
amount of Cu. Sample 98–RP–36 (Table 1) has only 7
at.% Cu and exhibits a turquoise color (Fig. 5). Sample
Mati–7 has equal amounts of Fe, Cu and Zn and exhib-
its a deep blue color (Fig. 5). This deep blue color has
caused melanterite to be commonly misidentified as
chalcanthite during field studies.

There is a suggestion that melanterite with a yellow-
ish color from the Richmond mine may be more zinc-
rich. It is possible that minute amounts of Fe3+ may
cause such a yellowish coloration, but no data are avail-
able as to the possible extent of Fe3+ incorporation in

these materials. The melanterite does occur in proxim-
ity to Fe3+-bearing phases such as copiapite at the Rich-
mond mine (Fig. 8) and other locations worldwide.

A large single crystal of melanterite from a stalactite
from the Richmond mine was oriented using a spindle
stage and the observed cleavages, and cut into sections.
All of this work was accomplished with the material
immersed in mineral oil to limit dehydration The opti-
cal transmission spectra were measured. These data
were collected by Professor George Rossman of Cali-
fornia Institute of Technology and are available in elec-
tronic form at http://minerals.gps.caltech.edu/. The
spectra confirm that iron is present as Fe2+, H2O is
present in the structure, and there is a weak dichroism
that is consistent with Fe2+ occupying the distorted M1
and M2 octahedra that exist in melanterite.

STRUCTURE ANALYSIS

X-ray-diffraction data (MoK� radiation) for syn-
thetic samples melant8(100), m10b, n73 and m40a were
collected using an Enraf–Nonius CAD4 diffractometer.
The Iron Mountain samples listed in Table 1 were stud-
ied with a Bruker AXS diffractometer. Each crystal frag-
ment was mounted in a 0.3 mm capillary filled with
mineral oil to limit dehydration. The unit-cell dimen-
sions (Table 1) were determined by the automatic cen-
tering of 25 reflections. Data reduction and least-squares

FIG. 6. The atomic proportion of Fe, Cu and Zn found in melanterite at the Richmond
mine, as determined by electron-microprobe analysis and ICP–MS analysis. The com-
position of the zinc-melanterite is indicated by sample number 91rs209c.
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refinement in space group P21/c were performed with
the XTAL3.0 system (Hall 2000). Agreement factors are
reported in Table 1. Starting parameters were taken from
Baur (1964). The metal sites were assumed to be com-
pletely filled and were modeled using the scattering fac-
tors for Fe. Site refinements of the Fe, Cu and Zn content
were not possible because of the similar scattering-fac-
tors of these three elements. Table 2 lists the atom coor-
dinates and isotropic displacement factors. The
anisotropic atomic-displacement parameters and ob-
served and calculated structure-factors are available
from the Depository of Unpublished Data, CISTI, Na-
tional Research Council of Canada, Ottawa, Ontario
K1A 0S2, Canada.

The structure of melanterite (Fig. 9) consists of two
distinct MO6 octahedra and a sulfate tetrahedron that are
linked by hydrogen bonds. All of the oxygen atoms in
the structure coordinate either a metal site or the sulfur
site, except for one H2O molecule (Ow11) that is not
involved directly in a coordination polyhedron. In Table
3, the bond lengths are listed for the various composi-
tions studied. The bond lengths for synthetic melanterite
determined by Baur (1964), also presented, are in ex-
cellent agreement with the synthetic melanterite
melant8(100) of this study. Fronczek et al. (2001) de-
scribed the melanterite structure measured at 120 K. The
geometry of the sulfate tetrahedron does not change

upon replacement of Fe by Cu, nor does the degree of
distortion of the M1 site. A plot of the variance of the
octahedron bond-lengths (Fig.10) for M1 shows the
variance to remain constant for different bulk-composi-
tions. However, the variances of the bond-lengths of the
M2 octahedra show a significant increase as the Cu con-
tent of the material increases. Inspection of Table 3
reveals that this increased variance is a result of the M2–
Ow10 bond, which becomes longer as the melanterite
becomes richer in Cu. This increase is the result of the
square-planar distortion induced in the M2 octahedron
by the d 9 configuration of Cu2+ (Strens 1966). The
length of the M2–Ow10 bond in cuprian melanterite is
greater than that in copper-poor melanterite.

The distortion of the structure upon substitution of
Cu also plays a role in the dehydration behavior of
melanterite. Where only a small amount of Cu is present
in the structure, the melanterite dehydrates to siderotil
instead of rozenite. This change in dehydration behav-
ior could be the result of an enhanced stability of
siderotil with a small amount of Cu, with respect to
rozenite. It may also be that a small amount of Cu
changes the mechanism of dehydration to favor a pro-
cess that produces metastable siderotil. The distortion
of the atomic structure with Cu substitution may also
change the limits of substitution of other metals in
melanterite and explain why the zinc-melanterite from

FIG. 7. The variation in color as a function of composition. There is a general trend for
more Fe-rich samples to be yellow or green, and more Cu-rich samples to be blue or
turquoise, but there are several exceptions to this trend.
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Iron Mountain contains more Zn than has been observed
previously.

CONCLUSIONS AND FUTURE WORK

The melanterite group of minerals are common in
acidic mine-waste systems. The structure of melanterite
is able to incorporate a wide range of transition metals.
The composition of melanterite that precipitates or dis-
solves within mine wastes, in terms of the transition

metals, can dramatically change the composition of
water draining from these areas. The observed limit of
Cu substitution, approximately 35 at.% for material
from the Richmond mine, reflects the composition of
the liquids that are forming the melanterite and is not a
limit imposed by crystal-chemical considerations. The
present work indicates that Cu substitution takes place
only at the M2 site. Increased substitution of Cu above
a Cu:Fe ratio of 1:1 must involve Cu replacing Fe at the
M1 site. The Jahn–Teller distortions induced at the M1

FIG. 8. Melanterite (dark blue) is closely associated with copiapite (yellow) on the adit
walls of the Richmond mine.
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site by Cu substitution may destabilize the structure and
explain why boothite and ferroan boothite are rarely
observed.

Current research into metal-site occupancies, the
pattern of hydrogen bonding (Anderson 2002) and hy-
dration–dehydration behavior as a function of tempera-
ture and composition in deuterated melanterite will give
additional useful information to help in understanding
the role of melanterite in problems related to acid mine-
drainage.
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