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Abstract

Weathering of metal-sulfide minerals produces suites of variably soluble efflorescent sulfate salts at a number of localities
in the eastern United States. The salts, which are present on mine wastes, tailings piles, and outcrops, include minerals that
incorporate heavy metals in solid solution, primarily the highly soluble members of the melanterite, rozenite, epsomite,
halotrichite, and copiapite groups. The minerals were identified by a combination of powder X-ray diffraction (XRD),
scanning electron microscopy (SEM), and electron-microprobe. Base-metal salts are rare at these localities, and Cu, Zn, and
Co are commonly sequestered as solid solutions within Fe- and Fe—Al sulfate minerals. Salt dissolution affects the surface-
water chemistry at abandoned mines that exploited the massive sulfide deposits in the Vermont copper belt, the Mineral
district of central Virginia, the Copper Basin (Ducktown) mining district of Tennessee, and where sulfide-bearing
metamorphic rocks undisturbed by mining are exposed in Great Smoky Mountains National Park in North Carolina and
Tennessee.

Dissolution experiments on composite salt samples from three minesites and two outcrops of metamorphic rock showed that,
in all cases, the pH of the leachates rapidly declined from 6.9 to <3.7, and specific conductance increased gradually over 24 h.
Leachates analyzed after 24-h dissolution experiments indicated that all of the salts provided ready sources of dissolved Al (>30
mg L"), Fe (>47 mg L"), sulfate (>1000 mg L"), and base metals (1000 mg L™ for minesites, and 2 mg L™ for other
sites). Geochemical modeling of surface waters, mine-waste leachates, and salt leachates using PHREEQC software predicted
saturation in the observed ochre minerals, but significant concentration by evaporation would be needed to reach saturation in
most of the sulfate salts. Periodic surface-water monitoring at Vermont minesites indicated peak annual metal loads during
spring runoff. At the Virginia site, where no winter-long snowpack develops, metal loads were highest during summer months
when salts were dissolved periodically by rainstorms following sustained evaporation during dry spells. Despite the relatively
humid climate of the eastern United States, where precipitation typically exceeds evaporation, salts form intermittently in open
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areas, persist in protected areas when temperature and relative humidity are appropriate, and contribute to metal loadings and
acidity in surface waters upon dissolution, thereby causing short-term perturbations in water quality.

Published by Elsevier B.V.
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1. Introduction

Secondary sulfate minerals play an important role
in acid drainage and metal sequestration in surface
environments. Efflorescent blooms of hydrated metal
salts have long been recognized as products of
evaporation of acid-sulfate waters that form from
oxidative weathering of Fe-sulfide and other sulfide
minerals. Recent emphasis on the environmental
significance of sulfate minerals has spawned a
renewed interest in these minerals as indicators of
water quality and as monitors of water—rock
interactions (Alpers et al., 2000). Because of the
high solubility of many of the efflorescent sulfate
minerals, climate is an important control on mineral
formation and mobilization of metals. In wet
climates, salts are ephemeral unless they develop
in sheltered areas. In arid climates, or during
prolonged dry periods in humid -climates, thick
crusts of salts can form by evaporative processes,
where upward migration of water by capillary action
is the dominant process (Olyphant et al., 1991;
Dold, 1999). Dissolution of accumulated highly
soluble sulfate salts during spring snowmelt runoff
or rainstorms can have short-term, catastrophic
effects on metal loadings and on aquatic ecosystems
(Nordstrom, 1977; Dagenhart, 1980; Olyphant et al.,
1991; Bayless and Olyphant, 1993; Keith et al.,
2001).

More than 100 inactive or abandoned mines and
prospects associated with massive sulfide deposits
are documented in the eastern US (Fig. 1). Although
most are small, some represent significant, historical
mining districts that were active until about 1960.
Some minesites have recently become the focus of
federal, state, or local remediation activities because
of the emanation of acid mine drainage. The cycling
of metals and acid by the precipitation and dis-
solution of efflorescent salts is an important process
at these sites. Although similar sulfate-mineral

assemblages contribute to acid mine drainage at
many coal mines in the eastern US, the base-metal
concentrations of minerals and associated waters
typically are lower than those observed at base-metal
mines (Cravotta, 1994; Rose and Cravotta, 1998;
Cravotta et al., 1999).

Secondary sulfate minerals associated with acid
drainage in the eastern US include efflorescent salts
and Fe- and Al-hydroxysulfate minerals (Palache et
al., 1951; Dagenhart, 1980; Cravotta, 1994; Flohr et
al.,, 1995; Byerly, 1996; Coskren and Lauf, 1996;
Nordstrom and Alpers, 1999; Bigham and Nordstrom,
2000). Weathering of pyrite [FeS,] and pyrrhotite
[Fe;_,S] provides the primary source of Fe and
acidity that leads to precipitation of sulfate minerals
by myriad processes including oxidation, hydrolysis,
and evaporation. A variety of simple hydrated salts
can form, among which those of divalent cations have
the general formula M?'SO, - nH,0, where M=Fe*",
Mg, Zn, Ca, and Cu, as well as mixed divalent—
trivalent salts. The most common mineral groups that
form efflorescent salts by natural weathering in
metal-rich environments include: (1) monoclinic
sulfates of the melanterite group, having the general
formula M2+SO4'7H20, where M=Co, Cu, Fe, Mn,
Zn; (2) orthorhombic sulfates of general formula
M?*S0O,-7H,0, where M=Mg, Zn, or Ni; (3)
monoclinic sulfates of the hexahydrite group, general
formula M?"SO, - 6H,0, where M=Co, Cu, Fe, Mg,
Mn, Ni, Zn; (4) triclinic sulfates of the chalcanthite
group, M?'SO, - 5H,0, where M=Cu, Fe, Mg, Mn;
(5) monoclinic sulfates of the rozenite group,
M?**SO, - 4H,0, where M=Co, Cd, Fe, Mg, Mn, Ni,
Zn; (6) monoclinic sulfates of the halotrichite group,
AB,(SO4), - 22H,0, where A=Fe*", Mg, Mn*", Ni,
Zn; B=Al, Cr>*, Fe*"; and (7) triclinic sulfates of the
copiapite group, which includes mixed-valence min-
erals of general formula A*'Fej (SO4)s(OH), " 18—
20H,0, wherein A=Ca, Cu, Fe, Mg, Zn, and trivalent
minerals in the group have the general formula
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Fig. 1. Study areas. Black dots show locations of inactive mines, prospects, and mineral occurrences classified as massive sulfide-type mineral

deposits in the eastern US (McFaul et al., 2000).

B,/3 Fei (SO4)s(OH), - 20H,0O, wherein B=Al, Fe.
Iron hydroxysulfate minerals include the character-
istic ochre minerals of acid mine drainage, schwert-
mannite and jarosite. Secondary Al sulfates typically
are amorphous, although crystalline alunogen and
felsobanyaite (basaluminite) are locally observed.
Surface accumulations of sulfate minerals form by
evaporation and precipitation within ponded surface
waters, on wet surfaces, at seeps, in groundwater
discharges along fractures and cleavages, at dis-
charges from pipes and culverts, and by upward
wicking of pore waters in mine-waste and tailings
piles by capillary action. Dissolution of sulfate
minerals releases metals that can be carried to streams
as ionic species in solution, as surface runoff with
potential for adverse effects on aquatic ecosystems, or
the metals can be localized in wetted surfaces and in
ponded waters that repeatedly evaporate, precipitate
minerals, and redissolve them, in processes that

effectively recycle metals and acidity in surficial
environments.

In this paper, we describe field occurrences and
mineralogical data for sulfate minerals associated
with oxidative weathering of sulfide minerals at
several localities in the eastern US. We also compare
the effects of sulfate-mineral dissolution on stream
metal load as a function of climate. Study areas
include (1) inactive mines developed in pyrrhotite-
rich, Besshi-type massive sulfide deposits in Ver-
mont and Tennessee, (2) inactive mines developed in
pyrite-rich, Kuroko-type massive sulfide deposits in
Virginia, and (3) outcrops of sulfide-bearing, region-
ally metamorphosed sedimentary rocks exposed to
weathering in the Great Smoky Mountains (Fig. 1).
An alphabetical listing of sulfate minerals identified
at these localities in this study and in previous work
is given in Table 1, together with nominal mineral
formulas.
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Sulfate minerals®
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Mineral Nominal chemical formula Vermont Central Copper Great Smoky
copper Virginia Basin, TN Mountains,
mines mines NC, TN

Aluminite AL(SO4)(OH)4 - 7TH,0 3

Alunogen (s) Aly(SOy4); - 17H,O X X,1 2.3

Amorphous Al sulfate hydrate X X

Anglesite PbSO, X

Antlerite (i) Cu3SO4(OH), 1

Apjohnite (Mn,Mg)Al,(SOy4), - 22H,0 3

Basaluminite Al4(SO4)(OH), - 4H,0 3

Bianchite (s) (Zn,Fe*")(S0,) - 6H,0 X

Botryogen MgFe**(S04)»(OH) - 7TH,O 3

Brochantite (i) Cuy(SO4)(OH)g 1

Chalcanthite (s) CuSO, - 5H,0 X 1 5

Copiapite (s) Fe*'Fe3 (SO4)6(OH), - 20H,0 X X,1 X 2

Coskrenite-(Ce) (Ce,Nd,La),(S04),(C,04) - 8H,O 3

Destinezite Fe,(PO4)(SO4)(OH) - 6H,0 3.4

Dietrichite (s) (Zn,Fe** Mn)AlLy(SOy), - 22H,0 X

Epsomite (s) MgSO, - 7TH,O X,1 2.3

Ferricopiapite (s) Fe3fiFel' (S04)s(OH), - 20H,0 1

Ferrohexahydrite (s) FeSO,- 6H,O 1

Fibroferrite Fe**(SO4)(OH) - 5H,0 X 1 X X

Goslarite (s) ZnSO, - TH,O X

Gunningite (s) ZnSO4 - H,O

Gypsum (i) CaSO, - 2H,0 X X,1 X X,2,3

Hexahydrite (s) MgSO, - 6H,0O X 3

Halotrichite (s) FeAly(SOy),4 - 22H,0 X,2,3

Jarosite (i) KFe3"(S04)-(0OH)s X X,1 X X,2,3

Jurbanite Al(SO4)(OH) - 5H,O 3

Linarite (i) PbCu?*(SO,)(OH), 1

Levinsonite-(Y) (Y,Nd,Ce)AI(SO4)»(C,04) - 12H,0 3

Magnesiocopiapite (s) MgFe3 (SO4)s(OH), - 20H,0 X 3

Melanterite (s) FeSO, - 7H,0O X 1 X 2,3

Paracoquimbite (s) Fe3'(S04)s - 9H,0 1

Pentahydrite (s) MgSO, - 5SH,O 1

Pickeringite (s) MgAL(SOy),4 - 22H,0 X 1 3

Rhomboclase (H;0)Fe**(S0y), - 3H,0 1

Rozenite (s) FeSO, - 4H,0 X 1 X X,2,3

Schwertmannite (i) Fe}t014(OH);5(SO4)2 X X X 3

Serpierite (i) Ca(Cu,Zn)4(SO4)2(OH)s - 3H,0 1

Siderotil (s) Fe?'S0, - 5H,0 X (Cu)

Slavikite NaMg,Fe3 " (SO4),(OH)g - 33H,0 X,2,3

Starkeyite MgSO, - 4H,0 2

Szomolnokite (s) Fe?*'S0, - H,0 1

Tschermigite (NH)4AL(SO,), - 12H,0 3

Zugshunstite-(Ce) (Ce,Nd,La)Al(SO4),(C,04) - 12H,0 3

# Nominal chemical formulas from Mandarino (1999) except jarosite (Jambor, 1999). X—this study; 1—Dagenhart (1980); 2—Flohr et al.
(1995); 3—Coskren and Lauf (2000), 4—Peacor et al. (1999); 5—Palache et al. (1951); (s), highly soluble in water; (i), relatively insoluble in
water. In addition to jarosite, both ammoniojarosite and probable hydronium jarosite have been reported to occur at Alum Cave.

Whereas precipitation, rather than evaporation,
dominates the climate throughout the eastern US,
each of the sites has important seasonal variations in

climate that affect the formation and dissolution of
sulfates. The Vermont sites experience a winter
snowpack and spring melt, whereas the Virginia and
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Tennessee sites do not. Furthermore, the Great Smoky
Mountains receive the highest annual rainfall (>100
cm) of any area in the eastern US.

2. Methods

Salts were sampled using stainless steel spatulas
to separate the salts from substrate. Samples were
stored in tightly sealed plastic vials or wrapped in
plastic wrap and enclosed in sealed plastic bags. Air
temperature and relative humidity conditions were
measured in the field with a pocket hygrometer.
Powder X-ray diffraction (XRD) and qualitative
chemical analysis by scanning electron microscopy
(SEM) were used in an iterative fashion to identify
the minerals present. Neither technique used alone
was sufficient for unambiguous mineral identification
because (1) many of the salts form fine-grained
mixtures; (2) extensive solid solution typifies many
of the sulfate-mineral groups present, so few
minerals exactly match nominal end-member powder
patterns; (3) grinding during sample preparation can
promote changes in hydration state or cause clump-
ing, leading to inaccuracies in XRD relative peak
intensities; (4) the sulfate minerals typically produce
complex XRD patterns with many overlapping
peaks; and (5) energy-dispersion spectra (EDS)
identify the major and minor elements present, but
do not provide information about hydration state or
redox state. Small crystal size, sensitivity of sulfate
minerals to beam damage, and difficulty in polishing
limit reliable electron-probe microanalysis (EPMA)
of most samples. Reported mineral compositions are
based on atomic percentages calculated on the basis
of anhydrous formulas.

Mineral groups were identified using a Scintag X1
automated powder diffractometer equipped with a
Peltier detector with CuKa radiation. Salts were
sorted under a binocular microscope, handpicked,
and lightly ground in agate. JADE 5.0 software was
used with the JCPDS database (ICCD, 2000) to
facilitate mineral identification. Crystal habit, size,
and qualitative chemical composition were obtained
with a JEOL JSM-840 scanning electron microscope
equipped with a backscattered-electron (BSE) detec-
tor, a secondary electron (SE) detector, and a PGT X-
ray energy-dispersion system. A semiquantitative,

standardless software package was used to estimate
atomic proportions of elements in salts to verify and
refine XRD identifications. Precision of these esti-
mates is on the order of 2% to 5% of the element
amount present, based on counting statistics. Mineral
compositions by EPMA were obtained with a JEOL-
JSX8900 instrument at USGS Laboratories in Reston,
Virginia. Selected salt samples were mounted in
epoxy and were polished without water. The microp-
robe, equipped with five wavelength-dispersion spec-
trometers, was operated at 15 kV. Beam current (20 or
40 nA) and beam diameter were varied to minimize
sample damage. Microprobe standards included anhy-
drite for S, chalcopyrite for Cu, and a variety of
silicate, carbonate, and oxide mineral standards for
other elements.

Leaching experiments of salts and composite
samples of mine waste were performed to compare
the geochemistry of resulting solutions with measured
surface-water compositions. Composite samples of
salts (20 g) from five sites were dissolved in 400 mL
of deionized water in a capped polypropylene bottle
by shaking the sample for 5 min. Leachate was
monitored for pH and specific conductance during the
24-h experiment, after which the leachate was filtered
and analyzed for cations and anions (Hageman and
Briggs, 2000) in USGS Laboratories by inductively
coupled plasma mass spectrometry (ICP-MS) using a
multielement method developed by Meier et al.
(1994).

Stream waters at the Elizabeth mine and at
Valzinco were sampled seasonally over the course of
a year. Copperas Brook was sampled monthly; flow
was monitored at a weir constructed about 1 km
downstream from the Elizabeth minesite (Kornfeld,
2001). Knight’s Branch, the stream that flows through
the Valzinco tailings, was sampled seasonally (John-
son et al., 2000; Seal et al., 2002). Field procedures
for water sampling were based on methods described
by Ficklin and Mosier (1999). Water samples were
filtered in the field (0.45 pum nitrocellulose filters) and
divided into splits for cation and anion analysis.
Dissolved total iron and ferrous iron concentrations
were determined in the field using a Hach DR2000
spectrophotometer. Cations were analyzed at USGS
Laboratories in Denver, Colorado, by ICP-MS and
inductively coupled plasma atomic emission spec-
trometry (ICP-AES). Anions were analyzed by ion
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chromatography (chloride and sulfate) and by ion-
selective electrode (fluoride) at USGS Laboratories in
Ocala, Florida. Saturation indices for salt and tailings
leachates, tailings seeps, and stream waters were
evaluated with the program PHREEQCI (Parkhurst
and Appelo, 1999) using the WATEQA4F database
(Ball and Nordstrom, 1991).

3. Site descriptions
3.1. Vermont copper belt

The Vermont copper belt of east—central Vermont
(White and Eric, 1944; Slack et al., 1993, 2001;
Kierstead, 2001) is a series of pyrrhotite-rich, Besshi-
type massive sulfide deposits within the Connecticut
River watershed. The largest mine was Elizabeth,
which was discovered in 1793 and was developed
initially for copperas (melanterite) production from
pyrrhotite ore by processes similar to those first
described by Agricola (1556). Copper was mined
at Elizabeth from the 1830s until 1958, and at the
Ely and Pike Hill mines until 1918. Copperas
production occurred only at the Elizabeth minesite.
Vestiges of the copperas process remain despite later
mining for Cu. The geology, environmental geo-
chemistry, and mining history of the Elizabeth and
Ely mines were summarized by Hammarstrom and
Seal (2001).

Extensive piles of mine waste containing cobble-
to boulder-size pieces of partly oxidized, pyrrhotite-
rich ore are present at all three minesites. In addition,
a 120,000 m* (30 acres) accumulation of flotation
tailings occupies the stream valley that forms the
headwaters of Copperas Brook, the stream that drains
the Elizabeth minesite. Significantly fewer flotation
tailings are present at Ely and Pike Hill. Acid mine
drainage affects streams that drain all three mines.
Overall, the mine drainage at the Elizabeth and Ely
mines is characterized by acidic to near-neutral pH
(1.9 to 6.9), high specific conductance (0.2 to 5.7 mS
cm™ "), and elevated concentrations of dissolved Fe
(0.3 to 1000 mg L"), Al (0.02 to 236 mg L"), Cu
(up to 200 mg L"), Zn (up to 38 mg L"), Co (up to
7 mg L"), and sulfate (92 to 4900 mg L") (Seal et
al., 2001). The Elizabeth and Ely mines are listed by
the U.S. Environmental Protection Agency as Super-

fund sites because of ecological impacts on receiving
streams (Hathaway et al., 2001).

On humid days, efflorescent salts (melanterite—
rozenite mixtures) form white coatings on oxidized
ore (Hammarstrom et al., 1999; 2001a,b). The white
salts do not blanket fully oxidized mine soils, but form
preferentially on exposed ore surfaces, especially
along fractures (Fig. 2a). The salts dissolve with the
slightest rain event. Site visits included every season
over a period of 3 years. During the spring thaw of
winter snowpack, snow patches persist at elevations
above the salt occurrences, so further melting and rain
promote downslope salt dissolution and contribute

a

Fig. 2. Field occurrences of efflorescent sulfate salts. (a)
“Snowball”-type white salts coat fractures on oxidized pyrrhotite-
rich ore on waste dumps at the Ely copper mine, Vermont. (b)
Efflorescent salt “bloom” on weathered surface of sulfidic rocks of
the Great Smoky Group along the Road-to-Nowhere, at the
southeastern corner of Great Smoky Mountains National Park.
Note pens for scale in both photos.
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acidity and metals to surface runoff on the rising limb
of the hydrograph (flushing). In summer, salt crusts
form along the rim of the vestigial tailings pond that
receives surface runoff from mine wastes upgradient
of the tailings. Following rain, globular masses of wet
“protosalts” are observed on scrap wood, twigs, and
leaf litter, as well as along the walls of erosion gullies.
Secondary sulfate salts are also present on outcrops of
sulfide-bearing country rocks of the lithologies that
host the massive sulfide deposits in the Vermont
copper belt. In road cuts several kilometers away from
the mined areas, gypsum and pickeringite form
centimeter-thick crusts on marble outcrops in partly
sheltered areas (Hammarstrom et al., 2001a).

3.2. The Mineral district of central Virginia

The mines of the Mineral district exploited pyrite-
rich, Kuroko-type massive sulfide deposits. The
Sulphur, Boyd Smith, and Arminius mines were
active from about 1835 to 1920 along Contrary Creek,
an 8.5-km-long stream that drains into Lake Anna in
Louisa County, Virginia. The mines produced pyrite,
gossan iron ore, and small amounts of copper.
Weathering of pyrite-rich mine waste produces a
variety of salts that are localized under protected wall
rock overhangs or that form intermittently on mine
waste along stream banks. Measurements of stream
pH ranged from 3.3 to 6.2 along the length of the
creek in July 1998; the lowest pH values were
observed immediately downstream of the mine areas.
Dagenhart (1980) described 29 secondary sulfate
minerals that occurred on Louisa County mine dumps,
and demonstrated that salt dissolution during storm
runoff increased the peak metal loads in Contrary
Creek to as much as 50 times base-flow metal loads.
Limited efforts at reclamation in the 1970s had no
apparent long-term benefits; the creek is still affected,
and the site is currently being considered for further
restoration efforts.

The salts persist year-round in a protected area at
the Sulphur mine, where a centimeter-thick salt crust
coats weathering pyritic schist that forms the host rock
for the deposit. Dagenhart (1980) described the
occurrence of 24 secondary sulfate minerals at the
Sulphur mine; chemical compositions indicated the
presence of different varieties of copiapite, all of
which incorporated minor amounts of Mn, Zn, and

Cu. In addition, magnesian rozenite, melanterite, and
zincian pickeringite were reported. Dagenhart
observed that melanterite precipitated in periods of
high relative humidity early in the day (morning dew),
dehydrated to rozenite during the afternoon, and
converted back to melanterite later in the day.
Rozenite was the dominant ferrous sulfate mineral
when we sampled the area. Many of the minerals
reported by Dagenhart were observed, but a number
of others, including melanterite, szomolnokite, and
rhomboclase were not. In samples collected on pyritic
schist during dry periods, copiapite was the dominant
mineral in the crust, along with alunogen, halotrichite,
and jarosite. In contrast to the persistent crust,
ephemeral salts form on weathering rock and mine
waste in open areas along the banks of Contrary Creek
at all three minesites.

In a nearby watershed, oxidation of flotation
tailings from Pb—Zn processing at the Valzinco mine
produced similar acid mine-drainage conditions (John-
son et al., 2000; Seal et al., 2002). Prior to site
reclamation in 2002, a variety of highly soluble white,
yellow, and pale blue sulfate minerals coated the
tailings on hot, dry days. The salts effloresced on
sulfide-rich layers in partly oxidized tailings exposed
on the banks of a former process-water pit area below
the former flotation mill. Surface runoff from the pit
area drained into a stream that flows through tailings
(>1500 m>). Site reclamation completed by the State
of Virginia in 2001 included regrading and capping
the tailings to shut down the cycle of precipitation and
dissolution of sulfate minerals in an effort to improve
stream quality.

At both Contrary Creek and Valzinco, streams that
flow through mine waste or tailings are acidic (pH<4),
elevated in dissolved metals, and are devoid of fish.
Fresh pyrite accumulates in deltas that have formed
along erosion channels in the tailings lining stream
banks. Depending on weather conditions, salts can be
observed to form on pyrite accumulated along stream
banks. Jarosite precipitates subaqueously in shallow,
low-pH pools and seeps along the streams.

3.3. Great Smoky Mountains
Weathering of sulfidic (primarily pyritic) schist,

slate, and phyllite of the Anakeesta Formation of the
Late Proterozoic Great Smoky Group (King et al.,
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1968) produces acid rock drainage severe enough to
affect aquatic life (e.g., Huckabee et al., 1975; Kucken
et al., 1994). Landslides are common in this lithology
(Schultz, 1998), creating temporary, but catastrophic,
impacts on aquatic ecosystems. The lithology also
poses engineering problems because of the high
potential for acid generation associated with exposing
fresh pyrite-bearing rock surfaces during construction
projects (Tingle, 1995; Byerly, 1996; Schaeffer and
Clawson, 1996). Efflorescent sulfate salts coat freshly
exposed outcrops in landslide breakaway zones. Iron-
and Al-hydroxysulfate minerals precipitate down-
stream of landslide debris flows (Hammarstrom et
al., 2003).

Salts are well-preserved at a popular hiking
destination known as Alum Cave Bluff, where more
than 20 sulfate minerals, as well as rare-earth oxalate
minerals that form in soil below the bluff, are known
to occur (Flohr et al., 1995; Coskren and Lauf, 1996,
2000; Lauf, 1997; Peacor et al., 1999). Alum Cave is
the type locality for apjohnite, and is one of the few
North American localities for slavikite, which forms
as masses of yellow-green hexagonal crystals on
weathering phyllite. Throughout the region, salts are
present where sulfidic rocks of the Great Smoky
Group are exposed, such as the Road-to-Nowhere
locality at the southeastern corner of the park (Fig.
2b). The Alum Cave and Road-to-Nowhere sites were
visited in June of 1997 (wet season) and again in
September 1998 (dry season). The abundance of
efflorescent salts at Alum Cave varied from visit to
visit, although some salts were always present. The
specimens that were collected contained copiapite,
halotrichite-group minerals, slavikite, and alunogen.

Surface-water quality in the park is affected by acid
rain and by oxidative weathering of the sulfidic
Anakeesta Formation (Flum and Nodvin, 1995).
Streams that drain the Anakeesta Formation are highly
variable in pH, ranging from 4.0 to about 7.0. Drip
waters and streams immediately below landslides
typically have low pH values (~4) and elevated
concentrations of dissolved metals relative to other
surface waters (Seal et al., 1998).

3.4. Copper Basin, Tennessee

More than a century of copper mining and
chemical production in the Copper Basin (Duck-

town) mining district in southeastern Tennessee has
had a negative impact on aquatic, riparian, and
terrestrial ecosystems. Although major reforestation
and other restoration efforts have been ongoing since
the 1930s, acid mine drainage persists. Moyer et al.
(2000) identified a number of factors that contribute
to the environmental impacts in the Copper Basin,
among which are severe erosion due to devegetation
from open-air roasting of massive sulfide ores,
oxidation of ores and mine waste, lack of acid-
neutralizing potential in the rocks of the region, and
accelerated oxidation related to high rates of
precipitation and humid conditions. Many of the
waste piles have been reclaimed. The Ocoee River
watershed, a popular recreational area for water
sports and the locus of hydroelectric power dams,
has been affected by acid mine drainage, especially
along Davis Mill Creek and North Potato Creek. A
variety of different types of processed materials is
exposed to weathering in open piles along Davis
Mill Creek (Moyer et al., 2002; Piatak et al., 2002).
Efflorescent salts form on calcine piles, on granu-
lated pellet slag, and on massive cliffs of pot slag;
surface runoff from these materials enters Davis Mill
Creek. Sulfate minerals were sampled at several
localities along Davis Mill Creek and at the
abandoned London Mill flotation plant in the North
Potato Creek watershed to the west of Davis Mill
Creek. The host rocks for the Besshi-type massive
sulfide deposits that were mined at Copper Basin are
sulfidic members of the Great Smoky Group, the
regionally extensive lithology that crops out in Great
Smoky Mountains National Park and includes the
Anakeesta Formation. For this study, the Copper
Basin site was visited only in the spring of 2001.
Salts precipitate from ponded acidic water along the
streams, at seeps and culvert discharge points, on
slag piles, and on abandoned processing-facility
structures. Locally, pH values as low as 1.5 were
measured in ponded waters. Salts include copiapite,
fibroferrite, hexahydrite, melanterite, halotrichite-
group minerals, and gypsum.

Water quality is impaired along the entire length
of Davis Mill Creek (Moyer et al., 2000). Stream
pH ranged from 2.5 to 3.0. Dissolved sulfate locally
exceeded 6000 mg L', Fe was up to 640 mg L',
Al to 80 mg L', Mn to 210 mg L', and Zn to
320 mg L.
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4. Mineralogy

Pyrite and (or) pyrrhotite are ubiquitous at all of
the sites. Generalized possible reaction pathways from
primary Fe-sulfide minerals to the secondary sulfate
minerals observed in this study are illustrated in Fig.
3. Oxidation by oxygen may not be significant for
primary sulfide minerals with molar metal/sulfur
ratios=1, such as sphalerite and chalcopyrite; ferric
iron is the main oxidant of these minerals in natural
systems (Plumlee, 1999). Oxidation of pyrrhotite by
O, produces an amount of acid commensurate with

415

pyrrhotite composition, typically described by the
reaction: Fe;_,S+(2—x/2)0,+xH,0—(1—x)Fe* +
SO; +2xH", where 1 mol of pyrrhotite produces a
maximum of 0.25 mol of acid. Jambor (2003)
proposed an alternative formulation for the pyrrhotite
oxidation reaction by writing the reaction for a specific
pyrrhotite composition (e.g., Fe;Sg in Fig. 3). Thus,
the amount of acid produced, 2 mol of H' per mol of
pyrrhotite, is comparable to the amount of acid
produced by pyrite oxidation, in agreement with field
observations for pyrrhotite-rich deposits. Oxidation of
pyrrhotite of this composition by ferric iron produces

Oxidation of primary Fe-sulfide minerals by oxygen:

pyrrhotite: Fe,Sg + 15.5
pyrite:

Fate of Fe 2*

No oxidation

Fate o

FeS2 + 3.502

0, + HyO —p 7 Fe2* + 8 SO,2 + 2 H*
+HO—»Fe* +250,7+ 2 H'

4&— ) Biotic (pH<4) or abiotic (pH>4) oxidation

Fe2* +0.25 0, + H*—p Fe3 + 0.5 H,0

f Fe3+

A/

Salt precipitation

Al from (Ferric or mixed valence)
silicates
—
Fe2* b + SO42 g + 7 Hy0 —» FeSO, 7H, 0 | | ¥

(melanterite)
Changes in temperature,

\A Oxidation of sulfides by ferric iron

Fe,Sg + 62 Fe3* + 32 H,0 —» 69 Fe2* + 8 SO, + 64 H*
CuFeS, + 16 Fe3* + 8 Hy0 —» Cu2* + 17Fe2* + 2 SO, + 16 H*

Hydrolysis and ochre precipitation

relative humidity

FeSOy4 ¢ 7 HyO g FeSO,0 4 HyO ) + 3 HYO
(melanterite) (rozenite)

\4
FeZJr(aQ)Jr 4 l:eSJr(aq)Jr 6 8042_(aq)+ 21 H,0 + 0.5 O,—p

Fe2*Fe,3*(SO,)g(OH), * 20H,0)
(copiapite)

Y

Fe2*(aq) + 480,42 (5q) + 2A* 5y + 22H,0 —»

FeAly(SOy), 22H,0(,
(halotrichite)

@tion, oxidation, hydrolysis
F9A|4(SO4)2' 22H20(S)+ 0.25 02 —»>
Fe(OH); + 2AI(OH); + 4 SO42' +8H"+135 H,O

3Fed*

At pH~1.5to 3, [SO,] > 3,000 ug mL-1, K* from silicates:

(aq) T 2 80,7 + K* + 6 HyO —p KFe3*(SO4)5(OH)s + 8 H*
q (jarosite)

At pH~ 3 to 4, [SO,] ~ 1,000 to 3,000 ng mL-1:
3 2-
8Fe +(aq) +80,7+14H,0— FeBOS(OH)G(SQ4)+ 22 H*
(schwertmannite)
At pH>5, [SO,] <1,000 ug mL-1:
Fe3* +3 H,0—» Fe(OH), + 3H*

(aq) . g
(ferrihydrite)
I i

Over a wide pH range, [SO,] < 1,000 pg mL™":
Feaq+ 2H,0—» FeOOH + 3H"
(goethite)

Fig. 3. Processes that lead to secondary sulfate-mineral formation from oxidation of primary Fe-sulfide minerals. Acid-generating steps are
underlined. Reactions based on those of Scharer et al. (1994), Bigham (1994), Plumlee (1999), Rose and Cravotta (1998), Bigham and
Nordstrom (2000), and Jambor (2003).
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64 mol of H' per mol of pyrrhotite (Fig. 3), along with
ferrous iron and sulfate that may precipitate as early-
formed efflorescent sulfate salts (Jambor, 2003;
Scharer et al., 1994). A variety of different oxidation
pathways may operate in any given setting. Dissolved
metals and sulfate can remain in solution or become
incorporated in a variety of minerals, depending on the
local chemical and physical environment.

4.1. Monoclinic sulfates of the melanterite and
rozenite groups

Melanterite [Fe*"SO,-7H,0] is one of the most
common soluble sulfate minerals found in nature
(Jambor et al., 2000). Melanterite dehydrates
to rozenite [Fe’'SO4-4H,0] or to szomolnokite
[Fe*"SO,-H,0] with increasing temperature and
(or) decreasing relative humidity. In the pure system
at 20 °C, the melanterite—rozenite transition occurs
at 59% relative humidity (Fig. 4; Chou et al., 2002).
Solid solution affects the dehydration product. For
example, Jambor and Traill (1963) observed that
Cu-bearing melanterite dehydrated to siderotil
whereas Cu-free melanterite dehydrated to rozenite
under the same conditions. Alpers et al. (1994b)

proposed a general formula for melanterite-group
minerals as (Fe%ix,yanCuy)SO4 -7H,0, where
maximum x and y observed in natural samples are
0.307 and 0.654, respectively.

Melanterite sampled for this study typically forms
blocky, equant crystals with prominent growth zones
(Fig. 5a), or stalactites, and generally includes minor
Cu or Zn. White salt crusts on oxidized ore minerals
within Vermont mine wastes are composed of rozenite
and (or) melanterite, depending on the temperature—
humidity conditions. Salts are not apparent early in
the morning but develop as the day warms. For
example, field measurements of air temperature
(T=24.2 °C) and relative humidity (RH=41%) on a
June day at noon are consistent with the experimen-
tally determined stability field for rozenite (Fig. 4,
Chou et al., 2002) and the XRD confirmation of the
presence of rozenite. Samples collected from the same
localities under more humid conditions (RH=76%) are
also white, but XRD patterns indicated both rozenite
and melanterite to be present. Blue salts that formed
on a very humid day (RH>90%) were identified as
melanterite, with no traces of rozenite. Rosettes of
green melanterite and white rozenite grew on a blob of
wet, yellow protosalt that, upon drying in the

100 T T T
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Fig. 4. Hydrogenetic grids for hydrated metal-sulfate salts. Curves represent experimentally determined dehydration reactions in terms of
temperature and relative humidity; “?” indicates uncertain reaction phase boundaries. The shaded field represents the general range of
temperature and relative humidity conditions in the eastern United States during the summer. Data sources for curves are: (1) melanterite and
rozenite (dotted lines); chalcanthite and bonattite (solid line) (Chou et al., 2002), (2) epsomite, hexahydrite, and kieserite (Chou and Seal,
2003a), (3) morenosite and retgersite (dash-dot line) (Chou and Seal, 2003b), (4) bieberite and moorhouseite (heavy line) (Chou and Seal,
2003c), and (5) goslarite, bianchite, and gunningite (dashed lines) (Chou and Seal, this volume).
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Fig. 5. Secondary-electron images showing varieties of Fe-sulfate salts. (a) Blue Cu-bearing melanterite formed on a weathering calcine pile in
Copper Basin; EDS spectrum (0 to 10 keV) shows minor Cu and Zn in the melanterite. (b) Yellow copiapite on pyrite from along Contrary
Creek, Virginia. (c¢) Pinkish brown bundles of fibroferrite on jarosite-rich waste piles at the Elizabeth mine, Vermont. (d) Pseudocubic crystals of
jarosite that precipitate as a yellow mud in acidic water (pH=2.6) at the Elizabeth mine, Vermont.

laboratory, crystallized to copiapite. Blue salts that
formed on flotation tailings at the Ely mine are
melanterite that incorporates solid solution Cu and Co
(Hammarstrom et al., 2001b). Accumulations of blue
melanterite-group minerals at the Vermont copper
mines are a reliable guide to local areas that contain
elevated base-metal concentrations in the mine waste
and tailings.

Stalactites of green melanterite, up to 4 cm long
and 0.5 cm wide, forming on a flotation plant in
Copper Basin were sampled. Over the course of a few
months, a stalactite stored in mineral oil developed a
brownish orange, oxidized coating; part of the same
stalactite stored in plastic wrap developed a white
powdery rozenite crust. The melanterite displays
growth zones on the order of 2 um wide, but no
chemical zoning was detected by X-ray mapping of
the zoned area. EPMA analysis (n=7) showed that the
melanterite contains 2 wt.% Cu, 0.2 wt.% Zn and has
a formula of (Feg93Cu ¢ 0Zng.01)SO4 - 7H,O. Crow-
ley et al. (2003) measured spectral reflectance proper-
ties of the melanterite stalactite in the visible to short-
wave infrared wavelength range (0.4 to 2.5 pm). In

addition to the spectral features for ferrous iron and
molecular water, weak crystal-field features sugges-
tive of Fe—O charge transfer, which is compatible with
ferric oxide mineral contaminants, were observed.
Alpers et al. (1994a) noted that many samples of
melanterite contain inclusions of ferric oxide that
color the mineral dark green or orange brown.
Although no other minerals were identified by XRD
shortly after sampling, the stalactite readily oxidized
in air and in mineral oil over time.

SEM data confirm that our melanterite-bearing
samples that dehydrated to siderotil are Cu-rich
relative to those that dehydrate to rozenite. Measure-
ments of relative humidity and air temperature in the
field and in ambient laboratory conditions can be
compared with metal-sulfate equilibrium curves for
pure phases (Fig. 4). XRD and SEM identifications of
melanterite sampled on relatively humid days are
consistent with the experimental data. Similarly, the
absence of melanterite in our samples from Great
Smoky Mountains National Park is consistent with the
measured relative humidity conditions (RH<20%) at
the time. Many of the RH-sensitive salts, such as
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melanterite, will dehydrate at ambient laboratory
conditions unless preserved in some way (mineral
oil, controlled humidity conditions). The humidity-
buffer technique of Chou et al. (1998) can be adapted
for field use to control the relative humidity environ-
ment during sample transport and storage.

4.2. Triclinic sulfates of the chalcanthite group

Salts on Vermont mine-waste soils and flotation
tailings include chalcanthite and Cu-bearing siderotil.
Pale blue, water-clear crystals on pine needles, on
mine waste, and as drusy coatings on damp oxidized
tailings-pile surfaces produced an XRD powder
pattern that most closely matches siderotil. However,
SEM study showed that two minerals are present: (1)
pseudohexagonal crystals of siderotil about 10 um in
diameter composed of S, Fe, Cu, and Mg, and (2)
unidentified curved bundles of elongate crystals
composed of S and Al with subequal amounts of
Fe and Cu and minor amounts of Mg (Hammarstrom
et al.,, 1999), which most likely represent a
mineral of the halotrichite group. EPMA analysis
suggested that the siderotil formula is approximately
(Fep7Cup3)SO4-5H,0. On the Ely mine tailings,
nearly pure chalcanthite (minor Fe) forms crystals,
100 pm wide, where spring runoff cuts a gully
through unoxidized tailings. Field measurements of
temperature and relative humidity are consistent with
the experimentally determined chalcanthite stability
field (Fig. 4).

4.3. Triclinic sulfates of the copiapite group

Copiapite, fibroferrite, jarosite, and schwertmannite
are the Fe’"-bearing minerals observed at our sites.
Copiapite was less common in exposed settings relative
to the melanterite- and halotrichite-group minerals, and
apparently forms in environments that are more
sheltered. Yellow rosettes of tabular copiapite crystals
form on pyritic Anakeesta schist at Alum Cave, and on
detrital pyrite sands along Contrary Creek (Fig. 5b). In
Vermont, wet blobs of material in erosion gullies and on
wood fragments in jarosite-rich mine waste, upon
drying in air, crystallized copiapite with or without
bundles of pinkish brown fibroferrite crystals (Fig. Sc).
EDS spectra for Alum Cave copiapite indicate that Fe
and S are the major constituents, with minor Mg and Al

4.4. Monoclinic sulfates of the halotrichite group

The most common mixed-valence salts encoun-
tered in our study are divalent-trivalent solid solutions
of halotrichite-group minerals. A variety of different
crystal habits has been observed (Fig. 6), but all are
elongate rather than equant. The minerals form white,
salmon, or yellowish radiating bundles of silky fibers
or “hair salts” associated with, or grown upon, simple
salts. Halotrichite-group minerals appear to be more
stable than melanterite-group minerals at ambient
conditions. Jerz and Rimstidt (2003), using a modified
version of the humidity-buffer method of Chou et al.
(2002), demonstrated an equilibrium humidity of 90%
at 25 °C for a natural, halotrichite-rich sample.
Fibroferrite- and melanterite-rich samples from the
same location, a massive sulfide mine in the Great
Gossan Lead of southwestern Virginia, equilibrated at
RH 88% and 82%, respectively.

Along Contrary Creek, copiapite formed directly
on pyrite surfaces with clusters of pseudohexagonal
rozenite crystals, and halotrichite fibers grew on
rozenite (Fig. 6a). This same paragenesis is observed
at the Vermont sites and has been documented
elsewhere (Nordstrom and Alpers, 1999). Aluminum
is apparently excluded from the initial minerals that
precipitate upon evaporation of the acid-sulfate fluids.
During dry summer months, thin crusts of white
zincian pickeringite form on tailings along Contrary
Creek at the Arminius mine. A variety of Zn-rich
white, pink, pale blue, and yellow salts forms
intermittently on flotation tailings at the Valzinco
mine. The differently colored salts were identified by
XRD to be mixtures of minerals of the melanterite,
pickeringite, and hexahydrite groups as well as
alunogen. SEM and EPMA analyses confirmed the
composition of alunogen. However, chemical analysis
indicated that compositions of the other minerals do
not match the end-member mineral that most closely
fit the XRD pattern because Zn is the dominant cation
rather than Fe or Mg. EDS data showed that some of
the compositions approximate the Zn-rich halotri-
chite-group mineral, dietrichite, and the Zn-rich
equivalent of hexahydrite, bianchite. Fibrous bundles
of dietrichite enclose bianchite or goslarite in a texture
that resembles cornhusks (Fig. 6¢). XRD patterns for
Valzinco salts were obtained shortly after the sam-
pling program. Reanalysis of selected samples after a
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year showed that the halotrichite-group minerals and
alunogen had not changed, but goslarite had dehy-
drated to a mixture of bianchite and gunningite, and a
Zn-Fe hexahydrate mineral had dehydrated to a
pentahydrate (i.e., a chalcanthite-group mineral such

halotrichite
~hair salts

100 microns

goslarite/
bianchite (0)

M Zn
79
Al Zn

as siderotil). Chou and Seal (this volume) showed that
the goslarite—bianchite transition occurs at a relative
humidity of about 60% at room temperature (20 °C);
eastern US conditions commonly span this transition
(Fig. 4).

Electron microprobe data for the halotrichite-group
minerals (Fig. 7a) show that minerals from different
localities plot in discrete fields, and data for a given
locality exhibit a range of compositions. Composi-
tions of salts from the road cut in Anakeesta
Formation along the Road-to-Nowhere plot near
end-member pickeringite. Samples from the two
Virginia minesites are more Fe-rich, and the Valzinco
salts incorporate base metals and approach the
composition of dietrichite. The orange color observed
for halotrichite-group minerals at Alum Cave is likely
due to substitution of Mn, although the possibility of
an Fe’" substitution for Al (a bilinite component)
cannot be ruled out. In all analyses of our samples, Fe
exceeds Mn, thus corresponding to halotrichite rather
than apjohnite.

In each of our study areas, the Al-bearing halo-
trichite-group minerals form late in the paragenetic
sequence relative to melanterite—rozenite or copiapite.
Experimental data on ternary systems (Fig. 7b, c)
provide clues to the observed mineral paragenesis. In
the ideal systems, epsomite or melanterite alone
coexists with saturated solutions that contain up to
about 15 to 20 wt.% Aly(SOy)s, respectively (Linke
and Seidell, 1958). Tie lines (solid lines) define two 3-
phase fields where the halotrichite-group minerals are
stable with (1) saturated solutions and alunogen, and
(2) saturated solutions and epsomite or melanterite.
Saturated solutions that coexist with the halotrichite-
group minerals in both systems lie at the H,O (wt.%)
minimum on the solutus. As solutions evaporate (i.c.,
decrease in wt.% H,0) at constant temperature,
solution composition moves away from the H,O apex

Fig. 6. SEM images of halotrichite-group minerals. (a) Halotrichite
hair salts that formed in the laboratory as the outermost phase during
drying of a blob of wet, yellow copiapite protosalts on pyrite. (b)
Pickeringite from a road cut through pyritic rocks of the Great
Smoky Group along the Road-to-Nowhere, North Carolina. (c)
Dietrichite laths enclosing goslarite—bianchite on flotation mill
tailings at the Valzinco mine, Virginia. EDS spectra (0 to 10 keV)
for points “x” and “0” show that the Al-bearing mineral encloses the
Al-free mineral. (a) and (b) are secondary-electron images, and (c) is
a backscattered-electron image.
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until the saturated-solution composition curve is
intersected. Melanterite, for example, should crystal-
lize before the solution composition evolves to
halotrichite saturation, for all but the most Al-rich
starting solutions; i.e., starting solution with Al/Fe(II)
weight ratios greater than about 2 (Fig. 7¢). In acid
mine drainage, ferrous iron typically exceeds Al in
concentration at least until solutions become oxidized.

4.5. Jarosite

Jarosite is a major component of the oxidized
mine-waste piles and tailings, especially along the
eroded side slopes of tailings piles (Crowley et al.,
2001). The jarosite-rich mine-waste soils typically are
yellow to yellowish brown and have paste-pH values
of less than 2.5. Relatively pure jarosite is precipitat-
ing in shallow acidic pools along stream channels at
most of our study sites. Associated waters typically
have pH<3.1 and ~5000 mg L' dissolved sulfate.
Jarosite forms euhedral, pseudocubic crystals on the
order of 1 pm across (Fig. 5d). Microprobe analyses
of jarosite from the Elizabeth mine average 6.1+£0.6
wt.% K50, and 0.45+0.17 wt.% Na,O, with H,O of
12.65 wt.% determined by thermogravimetric analy-
sis, thus suggesting an approximate formula of
[K0.65N30.08(H3O)0.27]21AOOFe3(SO4)2(OH)6- Multi-
element analysis of a bulk sample of jarosite showed
that it is not a significant base-metal sink (Hammar-
strom et al., 1999).

Jarosite and schwertmannite are precipitating in
Davis Mill Creek, where stream pH is typically 2.5 to
3. Jarosite-rich mud forms in puddles and side pools
along the edge of the creek. XRD of a bulk sample
indicated minor gypsum, quartz, and mica. The
jarosite-rich mud contains 33 wt.% Fe, 3.2 wt.% K,
and 2500 ppm Cu+Pb+Zn. In contrast, ochre material
coating the center of the streambed in an area of
higher flow lacked jarosite, consisted of a mixture of
schwertmannite and goethite, and contained 40 wt.%
Fe, 0.2 wt.% K, and 310 ppm base metals.

4.6. Other sulfate minerals

Gypsum is ubiquitous at most sites under all
weather conditions. Although gypsum is slightly
soluble in water, it is much less soluble than any of
the other sulfate salts found at the study sites.
Slavikite was present at Alum Cave in 1997 and
1998, but not on a visit in October 2001. Both
slavikite and the associated halotrichite-group miner-
als appear to be stable under ambient laboratory
conditions. No Na was detected in any of the Alum
Cave slavikite samples; this observation is consistent
with the conclusion of Flohr et al. (1995) that the
Alum Cave material fits the stoichiometry MgFe3>
(SO4)4(OH); - 18H,0, as described by Makovicky and
Stresko (1967). The accepted formula for slavikite,
NaMnge§’+(SO4)7(OH)6 -33H,0 (Gaines et al., 1997;
Mandarino, 1999) is based on the crystal-structure
study of Siisse (1973). The crystal structure of Alum
Cave material is under study by R. Rouse et al. at the
University of Michigan.

The salt compositions reflect the overall chemistry
of the mineral deposits or protolith. Mica and chlorite
are ubiquitous as gangue and wall rock minerals at all
of the study sites. Although mica typically is ranked
as intermediate (biotite) to very slow weathering
(muscovite), mica, chlorite, and plagioclase are the
likely sources of Al. Potassium has not been observed
in any of the highly soluble salts, but kalinite
[KAI(SO4), - 11H,0] is reported to be common at
other localities (Keith et al., 1999). Jarosite seems to
have been the only secondary mineral to sequester K
at our study sites.

5. Geochemistry of mine waters and efflorescent
salt leachates

Geochemical modeling typically is performed on
natural water samples to evaluate the control of
dissolved-metal concentrations by mineral solubility

Fig. 7. Halotrichite-group minerals. (a) Range of EPMA compositions of this study plotted in terms of mole percent. (b) Solution—solid
compositions for end-member pickeringite in the system MgSO4—Al(SO4);—H,0 in terms of weight percent (Bassett and Watt, 1950).
(c) Solution—solid compositions for end-member halotrichite in the system FeSO4—Aly(SO4);—H,0 in terms of weight percent (Occleshaw,
1925; Smith, 1942). Experimental data are compiled in Linke and Seidell (1958). The stoichiometry of hydration for the intermediate
solids (halotrichite or pickeringite) in some of the original solubility experiments was uncertain, and was later shown to have a 22 H,O

stoichiometry.
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(Nordstrom and Alpers, 1999; Alpers and Nordstrom,
1999). We computed saturation indices (SI) for
surface waters and leachates from mine-waste soils
at selected sites, as well as for salt leachates to
compare observed mineral assemblages (Table 1)
with SI values predicted by PHREEQC. Saturation
indices indicate the thermodynamic tendency of a
particular solution to precipitate or dissolve a mineral
(Nordstrom and Alpers, 1999; Alpers and Nord-
strom, 1999). Negative SI values indicate under-
saturation with respect to a given mineral and a
tendency for the solution to dissolve that mineral,
whereas positive SI values indicate that the mineral
is likely to precipitate. Geochemical modeling of
aqueous solutions is limited by availability of
appropriate thermodynamic data, underlying assump-
tions of geochemical equilibrium that may or may
not apply, availability of complete water-chemistry
data for the solution to be modeled, and quality of
the data. Jarosite was the only Fe''-sulfate mineral
included in the original WATEQ4 database because
thermodynamic data for other minerals were not
available. The WATEQ4 database was edited to
include data for schwertmannite using the log K,
data reported by Kawano and Tomita (2001) and by
Bigham et al. (1996), as well as estimated log K,
values for halotrichite and pickeringite reported by
Reardon (1988). The estimated solubility product for
schwertmannite of Yu et al. (1999) falls between the
values reported by the other two studies. Reardon
(1988) estimated log K, for halotrichite and pick-
eringite in part from the experimental data for
solubility plotted in Fig. 7b and c, as compiled by
Linke and Seidell (1958).

Saturation indices were computed for natural drip
waters from outcrops of the Anakeesta Formation
(samples ACT-1 and RTN-1 from Seal et al., 1998),
for surface seeps on mine waste at the Elizabeth
mine (LIZM samples from Seal et al., 2001), for an
acidic puddle formed by surface runoff from
flotation tailings at the Valzinco mine (sample
VLZN-10-2), and for composite mine-waste leach-
ates (Table 2). All of the natural waters and leachates
have low ionic strength. The Fe?'/Fe’" ratios for
leachates were set to match measured oxic surface-
water data from Seal et al. (2001). Extreme solution
compositions are required for sulfate-mineral precip-
itation. Frau (2000) showed that hyperacidic saline

waters (pH=0.6, 203 g L' SO, Fez+fFeT0t31:0.94)
precipitate melanterite at an abandoned pyrite mine
in Sardinia, Italy; both PHREEQE (precursor to
PHREEQC) and programs incorporating Pitzer equa-
tions predicted near-saturation or slight oversatura-
tion in melanterite (SI=—0.9 to 0.15). In our study
areas, such extreme unoxidized waters may form
locally in direct contact with oxidizing sulfide
minerals as soil pore waters or as wetted surfaces.
Such solutions are not likely to persist for long
without evaporating to produce salts along fractures
(such as the rozenite—melanterite rinds on weath-
ering ore shown in Fig. 2), oxidizing to produce
ferric iron or mixed-valence minerals, or being
diluted. Gypsum, which is ubiquitous at these sites,
is always undersaturated in the modeling exercise
(SI=—5.65 to —0.67), although SI values approach 0
more closely than those of most of the other sulfate
minerals.

For natural waters and mine-waste leachates alike,
SI values for schwertmannite, using the data of
Bigham et al. (1996), are <0 for all samples. Chemical
analyses of two schwertmannite-rich samples (Ham-
marstrom et al., 1999) from stream-bed ochre
deposits at the Elizabeth mine showed that the
material is composed mainly of Fe (41 wt.%), S
(5.31 wt.%), and O and H. The molar Fe/S ratios for
these samples, 4.5, is in good agreement with the
molar Fe/S ratio=4.9 reported by Bigham (1994) for
the type specimen of schwertmannite and with the
molar Fe/S ratio=5.0 for the Bigham et al. (1996)
schwertmannite composition used in the PHREEQC
simulations. For the Kawano and Tomita (2001)
schwertmannite, the molar Fe/S=7.6. This is within
the range of chemical compositions reported for
natural schwertmannite (molar Fe/S 4.6 to 8.3)
summarized by Bigham and Nordstrom (2000). These
data illustrate the uncertainties in the nature of
schwertmannite and jarosite. The observed ochre
minerals may have accumulated and transformed over
time. Some of the analyses in Table 2 indicate a SI of
>0 for jarosite, but the low concentrations of dissolved
sulfate (<500 mg L") are contrary to the observations
that jarosite generally precipitates from low-pH,
sulfate-rich waters (Bigham, 1994; Herbert, 1995).
In these cases, the availability of dissolved K drives
jarosite saturation. Discrepancies between observed
and predicted saturated phases reflect kinetic factors,
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Table 2
Chemistry of natural waters and mine-waste leachates associated with efflorescent sulfate salts

Metal mine oxic surface waters Mine-waste leachates
Sample ACT-1 RTN-1 LIZM11-2 LIZM12-2 LIZM13-2 VLZN-10-2 98JHEly = 98JHNPF TP1-3 VZ-SP1A
Temperature (°C) 14 18 22.6 13.7 24.4 31.1 20 20 20 20
pH 4 4.6 3.74 2.4 2.09 1.1 2.95 3.65 3.58 2.7
Water data in mg L~' (PHREEQCI input data)
Ca 0.05 0.4 60 59 97 83 14 0.1 170 0.79
Mg 0.45 0.74 12 36 90 900 13 0.14 2.1 11
Na 0.27 0.71 1.7 7.7 9.9 4 0.02 0.22 0.41 0.01
K 0.025 0.43 4.8 0.4 0.28 0.25 0.009 0.33 0.009 0.009
Si 1.4 4.49 7 36 56.1 47 0.19 0.18 0.16 0.009
Fe** 0.14 0 0.25 0.78 0.18 8930 10.8 0.011 0.048 117
Fe** 0.18 0.009 0.38 0.92 3.42 4800 252 0.025 0.112 63
Al 1.2 0.63 22 69 180 800 22 0.018 3.6 16
Cu 0.001 0.0006 0.85 57 110 59 4.6 0.35 0.13 0.43
Zn 0.008 0.021 0.35 11 25 2300 0.45 0.02 0.1 5.4
Pb 0.0002 0 0.0004 0.18 0.00051 2.1 0.00069 0.00077 0.0002 1.5
Ba 0.004 0.004 0.28 0.1 0.1 0.0005 0.0009 0.001 0.0001 0.016
Cl 0.5 0.026 0.5 6.7 6.4 41 0.4 0.5 0.09 1
Mn 0.033 0.6 0.42 49 250 - 0.28 0.0066 0.065 0.53
Cd - - 0.0016 0.1 0.22 - 0.0043 0.0001 0.0013 0.013
SO, 5.9 8 240 1900 4900 53,600 480 15 410 760
Dissolved O, 9 8 7 11 7 6 - - - -
Phase® Saturation index
Anglesite —5.50 - —4.11 —1.17 —3.75 —0.12 —3.75 —4.54 —4.33 —0.37
Barite —1.71 —1.64 1.14 1.13 0.98 —1.32 —1.20 —2.01 -2.19 0.10
Bianchite —9.48 —8.91 —6.6 —4.75 —4.37 —2.39 —6.35 —8.66 —7.06 —5.21
Chalcanthite —9.45 —9.56 —5.31 —3.06 —2.76 —2.98 —4.42 —6.51 —6.02 —5.38
Epsomite —6.84 —6.51 —4.23 —3.28 —2.94 —1.99 —4.03 —6.98 —4.87 —4.03
Goslarite —9.19 - —6.38 —4.46 —4.17 —2.25 —6.12 —8.43 —6.82 —4.97
Gypsum —5.65 —4.60 —1.32 —0.93 —0.67 —0.83 —1.81 —4.93 —0.77 —2.98
Halotrichite —23.1 - —18.2 —14.7 —133 —748 —14.1 —26.3 —18.19  —13.2
Jarosite(ss) —3.07 —5.91 0.93 —3.98 —5.68 —2.97 1.59 —5.00 —2.83 1.32
Melanterite —7.58 —11.08 —6.18 —6.35 —5.90 —1.37 —4.38 —8.34 —6.77 —3.26
Pickeringite -229 —22.8 —16.8 —12.1 —10.9 —8.68 —14.3 —25.5 —16.8 —14.5
Schwertmannite 15.8 8.73 13.9 —8.37 —154 —15.1 15.5 4.24 7.85 12.6
Schwertmannite B —1.93 —9.55 —2.72 —23.15 —29.7 - —0.15 —12.8 —8.51 —2.65
Fe(OH)3a —0.42 —1.17 —0.92 —4.14 —5.13 —5.38 —0.95 —2.01 -1.73 —1.39
Goethite 5.06 4.47 4.89 1.33 0.74 0.73 4.76 3.70 3.98 4.32
Ionic strength 0.0004 0.0004 0.008 0.04 0.08 0.60 0.011 0.0005 0.001 0.002
Charge imbalance  38.6 8.35 —3.56 —34.2 —36.6 596  —20.74 —7.48 639 —134

? Phase compositions as listed in Table 1, except as follows: schwertmannite FegOg(OH)so(SO4); 05 (Kawano and Tomita, 2001);

schwertmannite B FegOg(OH),5(SOy4); 6 (Bigham et al., 1996); jarosite(ss) (Kg77Nag03Ho2)Fe;(SO4)2(OH)s; charge imbalance, 100X

(cations—|anions|)/(cations+|anions).

disequilibria processes in natural systems, and uncer-
tainties in redox state and the underlying thermody-
namic data.

Calculations indicate that all of the natural waters
and mine-waste leachates are saturated in goethite
and undersaturated in amorphous ferric hydroxide

(Table 2). As noted by Alpers and Nordstrom (1999),
goethite is less soluble than ferrihydrite or amor-
phous Fe(OH); and always appears to be super-
saturated in low-temperature solutions that are
saturated in the other poorly crystalline ochre
minerals. All of the ochre minerals are metastable
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with respect to goethite over time (Fig. 3); goethite is
the most thermodynamically stable Fe-oxide mineral
under most soil conditions (Schwertmann and Taylor,
1977). Four years after sampling, the natural waters
show no signs of any precipitates. Jarosite was
identified by XRD in bottom sediments in the
tailings pond where water sample LIZM11-2 was
collected; SI values are 0.93 for jarosite solid
solution, 0.09 for jarosite sensu stricto, and —3.66
for hydronium jarosite. Jarosite is a major compo-
nent of Vermont mine-waste samples 98JHNPF and
98JHEly; leachate is undersaturated (SI=—5.00) in
the first case, and supersaturated (SI=1.59) in jarosite
solid solution in the latter.

Dissolution experiments on bulk samples of salts
(20:1 water/solid ratio) from three mine-waste piles
and two outcrops of sulfidic metamorphic rock
showed that in all cases the pH dropped instanta-
neously from 6.9 (DI water used in the experiment)
to <4 (Table 3). Within another 30 min, pH declined
to <3.2 and then decreased slightly over the next 24
h. Chemical analysis of leachates filtered (0.45 pm)
after 24 h showed that all of the salts are ready
sources of soluble Fe, Al, sulfate, and a variety of
other ions (Table 4). No solids precipitated in the
leachates. Concentrations of dissolved Al exceeded
30 mg L' for all samples, reflecting the abundant
presence of halotrichite-group minerals and aluno-
gen. Salts sequester significant concentrations of
heavy metals (Fig. 8), many of which can pose
potential threats to aquatic life. With the exception of

Table 3
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the sample from the Valzinco Pb—Zn mine, dissolved
concentrations of Pb are one to two orders of
magnitude lower than other base-metal concentra-
tions. This reflects the overall Pb-poor character of
these settings and the relative insolubility of angle-
site (Seal et al., 2000).

Salts associated with outcrops of the Anakeesta
Formation (Alum Cave and Road-to-Nowhere sam-
ples) contain concentrations of some metals and As
(Table 4) that are similar to those in salts from the
mine areas. Although rare-earth-element (REE) sul-
fate—oxalate minerals have been observed only at
Alum Cave (Coskren and Lauf, 2000; Rouse et al.,
2001), concentrations of REE in the dissolved salt
samples from the other localities are similar to, or
higher than, the Alum Cave results. Thus, REE are
incorporated in efflorescent sulfate salts, are mobile in
the environment, and possibly REE minerals may
form in acid-drainage settings other than that at Alum
Cave.

The highly soluble salts completely dissolved in
the leaching experiment. Calculated SI values for
most of the observed salts ranged from —1 to —10.
The results suggest that the solutions approach
saturation in simple metal hydrates such as melan-
terite or epsomite (SI values of —2 to —4) more
closely than they approach saturation in halotrichite-
group minerals (SI values of —11 to —13). The
ideal end-member mineral compositions in the
thermodynamic database used for the speciation
calculations are far removed from the observed

Geochemical data for leachates of composite efflorescent salt samples from five localities

Sulphur mine Arminius mine Valzinco Alum Cave outcrop Road-to-Nowhere outcrop
pH
0.5 min 2.28 3.40 3.69 2.76 3.36
30 min 2.34 3.13 3.18 2.78 2.93
1h 2.42 3.03 3.18 2.70 2.92
12 h 2.21 3.00 3.09 2.36 2.86
24 h 2.20 2.98 3.07 2.47 2.84
Specific conductance (mS cm ™)
0.5 min 1.5 34 9.2 2.5 35
30 min 7.1 7.5 12.0 8.2 12.5
1h 8.0 7.4 12.0 9.2 12.7
12 h 8.9 7.6 12.0 9.5 12.4
24 h 7.6 7.6 12.0 9.5 124
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Table 4
Geochemical data for salt leachate at 24 h*

425

Sulphur Arminius  Valzinco Alum Cave Road-to- Sulphur Arminius  Valzinco Alum Cave Road-to-
mine mine mine outcrop Nowhere mine mine mine outcrop Nowhere
outcrop outcrop

Ag 0.03 <0.01 0.1 <0.01 <0.01 Na 0.16 0.22 0.12 0.06 0.21
Al >30,000 >30,000 >30,000 >30,000 >30,000 Nb 0.2 0.58 0.2 <0.02 <0.02
As 120 <0.2 <0.2 34 7.8 Nd 1400 500 510 1200 200
Au 0.01 0.05 <0.01 <0.01 <0.01 Ni 110 160 970 810 860
Ba 22 11 9.7 17 2 Pb 52 7.4 460 0.76 0.2
Be 9.5 33 42 0.7 9.0 Pr 410 120 160 360 56
Bi' 0.53 <0.01 0.06 0.02 <0.01 Rb 3.7 1.8 2.7 0.2 6.2
Ca 13 120 36 9.3 7.6 Re 0.06 0.04 0.1 <0.02 0.1
Cd 13 2600 6900 3.2 13 Sb 0.4 0.75 1.0 0.2 <0.02
Ce 3500 880 1400 3400 370 Sc 66 240 89 13 13
Co 660 250 2700 1100 930 Se <0.2 <0.2 23 <0.2 <0.2
Cr 260 570 260 73 78 Si0,  <0.5 2 2 <0.5 <0.5
Cs 0.30 0.47 0.05 3.0 7.5 Sm 300 150 110 260 48
Cu 4400 88,000 59,000 900 1200 Sn 1 0.1 <0.05  <0.05 <0.05
Dy 110 120 43 74 25 SO, 5000 5100 7200 1000 1200
Er 42 58 20 22 73 Sr 8.1 82 11 4.6 0.3
Eu 65 79 20 44 15 Ta 0.2 <0.02 0.1 <0.02 <0.02
Fe >200,000 51,000 >200,000 190,000 71,000 Tb 24 20 9.7 19 53
Ga 21 <0.02 <0.02 <0.02 03 Th 860 160 260 230 40
Gd 200 130 81 180 37 Ti 290 420 760 58 130
Hf 0.76 <0.05 <0.05 <0.05 <0.05 TI <0.05 0.2 <0.05  <0.05 <0.05
Ho 17 22 6.7 9.3 32 Tm 5.5 8.8 2.7 2.4 0.81
In 1.3 24 15 0.50 0.1 U 160 450 360 100 57
K 340 160 180 <0.3 <03 V 22 2 330 11 5.6
La 850 330 520 1300 68 w 0.3 <0.02 1.6 0.3 0.4
Li 110 250 270 430 790 Y 350 490 180 180 64
Mg 250 460 600 100 120 Yb 37 52 20 14 5.1
Mn 23,000 35,000 77,000 26,000 6100 Zn 1300 610,000 >1,000,000 1200 650
Mo 0.86 0.08 0.73 0.4 0.51 Zr 92 2.6 3.1 3.7 0.3

* All values in pg L! except Ca, Mg, SiO,, Na, and SOy, which are mg L.

solid—solution compositions. A barite SI of 0.4 for
the salt leachate from the Sulphur mine is consistent
with SEM observations of barite in salt samples
from this site. All minerals were undersaturated in
the geochemical modeling of salt leachates, except
for barite, goethite, and forms of jarosite, depending
on redox assumptions.

6. Effects on water quality

Copperas Brook, which receives most of the
surface runoff from the Elizabeth minesite, was
sampled at a site 1 km downstream from the mine,
monthly in 1999-2000 (Kornfeld, 2001) and weekly
during the 2001 period of spring snowmelt. Knight’s

Branch was sampled downstream from the Valzinco
mine seasonally from 1999 to 2001 (Seal et al., 2002).
Elevated Cu loads at the Vermont site relative to those
at the Virginia site reflect differences in the types of
mineral deposits exploited at the two mines (Seal et
al., 2001). Peak metal loads at the Elizabeth mine
occurred during spring runoff as the winter snowpack
melted (Fig. 9). In contrast, metal loads at the
Valzinco mine in Virginia were highest during the
summer months in response to evaporative concen-
tration during periods of drought punctuated by
dissolution events associated with thunderstorms.

In addition to their major-metal contents, soluble
salts can temporarily sequester and subsequently
release trace metals of potential environmental con-
cern. Cadmium, for example, typically occurs as a
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Fig. 8. Metal abundances in efflorescent salt leachates. Salts form on
base-metal mine waste at the Sulphur, Arminius, and Valzinco
mines. Salts form on pyritic shale away from known mineral
deposits at Alum Cave and along the Road-to-Nowhere.

minor element in sphalerite. Weathering of sphalerite
leads to precipitation of Zn salts such as goslarite or
bianchite, or to incorporation of Zn in solid solutions
of Fe’'-bearing minerals, such as those of the
melanterite group. The leachate data (Table 4) indicate
that Cd is readily released during dissolution of Zn-
rich efflorescent salts. Schuiling (1992) reported the
presence of Cd in goslarite-rich salt accumulations in
Europe and documented seasonal variation in heavy-
metal loads in the Geul River as a function of
the relative balance between precipitation and evap-
oration. Although a Cd rozenite-group mineral
[CdSO, - 4H,0] has been approved (Grice and Ferra-
ris, 2003), natural occurrences of end-member Cd
salts are rare.

Year-to-year climate variations complicate predic-
tion of anticipated metal loads. Fig. 10a shows the
monthly average discharge for a multiyear period for
the Ompompanoosuc River at a stream-gage site a few
kilometers downstream from the Elizabeth mine,
where stream flow always peaks during spring melt
of the winter snowpack. The stream that drains the
Valzinco mine is not monitored. Monthly stream-flow
data for a monitored stream in Spotsylvania County,
near the Valzinco mine, are plotted in Fig. 10b. The
Po River watershed is similar in size to the Ompom-
panoosuc River watershed. Flow in the Po River

varies dramatically and can peak in any season.
Impacts of salt dissolution are most likely to be high
in summer because of the accumulation of salts during
dry spells and dissolution during rainstorms. Late-
afternoon thunderstorms are common in the summer
in this area.

A number of previous studies, many in different
climatic settings, have demonstrated the effects that
dissolution of metal-sulfate salts during rainfall
events has on surface and groundwater (Dagenhart,
1980; Schuiling, 1992; Bayless and Olyphant, 1993;
Jambor et al., 2000; Keith et al, 2001). In par-
ticular, Dagenhart’s (1980) study of Contrary Creek
(Sulphur and Arminius mines) showed that spiked
increases in dissolved-metal and sulfate concentra-
tions, which occurred during the rising limb of the
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Fig. 9. Seasonal variations in metal loads in streams. (a) Copperas

Brook sampled 1 km downstream from the Elizabeth mine, Virginia

(Kornfeld, 2001). (b) Knight’s Branch sampled 1 km downstream
from the Valzinco mine, Virginia (Seal et al., 2002).
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Fig. 10. Yearly variation in monthly average discharge for streams in
Vermont and Virginia. Data from USGS National Water Information
System (NWIS) for (a) the Ompompanoosuc River at Union Village,
Vermont (station 01141500) and (b) the Po River near Spotsylvania,
Virginia (station 01673800).

hydrograph following a storm in June 1978, were
related to the dissolution of efflorescent salts on
mine tailings lining the creek. Our data corroborate
this effect at the nearby Valzinco mine and show
that spring snowmelts in parts of the eastern US can
produce similar effects. In humid climates, dissolu-
tion of soluble salts that accumulate during dry
periods can have acute or chronic effects on aquatic
ecosystems.

7. Conclusions

(1)  Sulfidic mine wastes, as well as sulfidic outcrops
away from mineral deposits, develop a wide

@

)

“4)

®)

(6)

0

variety of highly soluble efflorescent sulfate salts
at a number of locations in the eastern US,
including areas where high rainfall occurs.
Sulfate salts can pose determinative challenges
because of the complex chemistry of the salts,
the common presence of intergrowths of multi-
ple minerals, and instability with respect to
temperature and relative humidity.

Metal-sulfate salts are complex solid solutions
that may incorporate minor and trace metals,
such as Co and Cd, into minerals composed
mainly of Fe, Al, Mg, Cu, Mn, and Zn. Although
end-member minerals such as bieberite
[CoSO4-7H,0] are known to occur as rare
minerals, these elements typically are incorpo-
rated in the more common efflorescent salts such
as melanterite. Trace elements potentially affect
aquatic ecosystems when salts are dissolved by
waters of low ionic strength (rain, snowmelt).
Sulfate minerals cycle Fe, Al, other metals, and
S in surface environments.

Salt leachates indicate the potential chemical
composition of surface runoff from salt accumu-
lations. The leachates had low pH values and
high contents of dissolved solids, characteristic
of acid drainage at the sample sites. Speciation
calculations for the leachates indicated that the
stoichiometric end-members of many of the
observed mineral groups dissolve in the simu-
lated runoff experiment.

Modeling of mine-waste leachates that predicted
saturation in goethite, and in most cases in
jarosite, are in agreement with the observed
mineral assemblages.

Observed mineral paragenetic sequences, rela-
tive saturation indices, and available experimen-
tal data on (Fe,Mg)-Al-SO4~H,O mineral
systems indicate that halotrichite-group minerals
crystallize late relative to simple hydrous metal-
sulfate salts. Once formed, the halotrichite-group
minerals seem to be stable over a broader range
of temperature and relative humidity conditions
than are the simple metal-sulfate salts that lack
Al as an essential element.

Repeated site visits during different weather
conditions are necessary to document the occur-
rence of efflorescent sulfate minerals in relatively
humid climates. Similarly, long-term monitoring
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of water quality is necessary to document the
seasonality of peak metal loads and maximum
metal concentrations to develop adequate reme-
diation schemes for metal-sulfide minesites in the
eastern US.
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