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ABSTrACT

Various potentially toxic trace elements such as As, Cu, Pb and Zn have been remobilized by the weathering of a sulfide 
orebody that was only partially mined at Leona Heights, California. As a result, this body has both natural and anthropogeni-
cally modified weathering profiles only 500 m apart. The orebody is located in a heavily urbanized area in suburban Oakland, 
and directly affects water quality in at least one stream by producing acidic conditions and relatively high concentrations of 
dissolved elements (e.g., ~500 mg/L Cu, ~3700 mg/L Zn). Micrometric-scale mineralogical investigations were performed on 
the authigenic metal-bearing phases (less than 10 mm in size) using electron-probe micro-analysis (EPMA), micro-Raman, 
micro X-ray absorption spectroscopy (mXAS), scanning X-ray diffraction (mSXRD) and scanning X-ray fluorescence (mSXRF) 
mapping techniques. Those measurements were coupled with classical mineralogical laboratory techniques, X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). Authigenic metal-bearing phases identified are mainly sulfates (jarosite, 
epsomite, schwertmannite), Fe (oxy-)hydroxides (goethite, hematite and poorly crystalline Fe products) and poorly crystalline 
Mn (hydr-)oxides. Sulfates and Fe (oxy-)hydroxides are the two main secondary products at both sites, whereas Mn (hydr-)
oxides were only observed in the samples from the non-mining site. In these samples, the various trace elements show different 
affinities for Fe or Mn compounds. Lead is preferentially associated with Mn (hydr-)oxides and As with Fe (oxy-)hydroxides or 
sulfates. Copper association with Mn and Fe phases is questionable, and the results obtained rather indicate that Cu is present as 
individual Cu-rich grains (Cu hydroxides). Some ochreous precipitates were found at both sites and correspond to a mixture of 
schwertmannite, goethite and jarosite containing some potentially toxic trace elements such as Cu, Pb and Zn. According to the 
trace element distribution and relative abundance of the unweathered sulfides, this orebody still represents a significant reservoir 
of potential contaminants for the watershed, especially in the non-mining site, as a much greater proportion of sulfides is left to 
react and because of the lower porosity in this site.

Keywords: potentially toxic trace elements, acid mine-drainage, Fe and Mn oxides, jarosite, micro-Raman spectra, California.
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thick. The study of the same sulfide orebody, weathered 
under different conditions, has been undertaken in order 
to (1) evaluate the fate and the behavior of potentially 
toxic trace metals and (2) determine the mineralogical 
variations and environmental consequences at the two 
sites. In this study, we also aim to investigate the sources 
of the various metals and metalloids (mainly As, Cu, 
Pb and Zn).

MATerIAlS And MeThOd

Field site and sampling

The site belongs to the Great Valley sequence of 
geological units in California (Fig. 1). The Leona 
Heights mine in the Oakland area, now abandoned, 
exploited a localized sulfide orebody (mainly pyrite), 
occurring within a keratophyre and quartz kerato-
phyre complex, the Leona “rhyolite”, a massive basalt 
(Graymer 2000) for sulfuric acid from the late 1800s 
through the late 1920s (Hauri 2001). This small body 
of pyrite also contains some chalcopyrite, bornite, spha-
lerite, chalcocite and native copper (Clark 1917). About 
15 km of mineshafts, tunnels and a pile of waste rock 
50 m high are the leftovers of these past mining activi-
ties. The ore is located above the Knoxville Formation, 
mainly consisting of volcanogenic and sedimentary 
units with minor conglomerate (Graymer 2000). Those 
units are affected by secondary strike-slip faults associ-
ated with the Hayward fault system. The pyrite bodies, 
some more than 30 m across, appear as veins in the 
rhyolite (Fig. 1).

The site experiences a temperate climate with annual 
rainfall around 422 mm/year (average data on the last 
century 1908–2008; http://climvis.ncdc.noaa.gov/). The 
rainy period lasts from November to the end of April, 
the rest of the year being dry.

InTrOdUCTIOn

Toxic metals in acid mine-drainage (AMD) cause 
detrimental environmental effects to ground and surface 
waters. The alteration of sulfide-bearing rocks under 
oxidizing conditions generates low-pH solutions that 
may contain potentially toxic trace elements (PTTE), 
usually metals and metalloids. Of primary importance 
in addressing issues of environmental concern and 
health safety is the release of PTTE such as As, Cu, 
Pb and Zn. Element mobility depends on a complex 
array of biotic and abiotic sorption and coprecipita-
tion onto different solid phases, such as iron (oxy-)
hydroxides, sulfates, and clays (e.g., Bhumbla & Keefer 
1994, Hudson-Edwards et al. 1999, Brown et al. 1999, 
Nachtegaal & Sparks 2004, Serrano et al. 2005). The 
stability of PTTE-hosting minerals depends on several 
geochemical parameters, such as pH, Eh, and ionic 
strength (e.g., Veeresh et al. 2003, Nachtegaal & Sparks 
2004), microbial activities (Lalonde et al. 2007, Jones & 
Renaut 2007) and climatic conditions (wet-dry cycling, 
temperature) (Dold & Fontboté 2001, Moncur et al. 
2005). In order to understand (and ideally prevent) 
remobilization of trace elements, one needs additional 
knowledge of trace-element sources, reaction rates and 
mineralogical pathways. Therefore, a clear identifica-
tion of the trace element carriers is essential to forecast 
their mobility during weathering processes.

In a single watershed, a sulfide orebody exposed to 
two different environments was studied: one affected 
by AMD as a consequence of former mining activities, 
and one from natural unaffected outcrops. We will 
refer to mine-affected and unaffected as MA and UA, 
respectively. Water runoff from the former exploitation 
has resulted in the precipitation of ochreous deposits 
in a local stream down-slope from the pile of waste 
rock at the MA site. In the UA site, weathering of the 
unexploited orebody has generated an ironpan several m 
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The mine-affected (MA) site

The pile of waste rock material consists only of 
crushed products of excavation. Most of the pile at the 
mining site is always unsaturated, but owing to seasonal 
rain events, the pile is divided in two by a channel 

several m wide created by water runoff. Additional 
secondary channels are also present through the waste 
pile. Because of the heterogeneity in color and particle 
size, samples were collected from top to bottom of the 
pile. Part of the waste rock, which is coarsely granular, 
is cemented by thin crusts developed all along the slope. 

FIG. 1. Location of the study area, in the Great Valley Sequence, California, USA. The small creek that drains the watershed 
containing the mine is the only one impacted by AMD. Sample locations are indicated as #1 to #4. Ochre samples were col-
lected at locations Oca and Ocb. The unaffected site (UA) makes up the majority of the flow that drains into the lake. It drains 
across the ironpan and the sulfide orebody. Abbreviations: WRP: waste-rock pile, HP: hardpan, S: unweathered rhyolite–
sulfide orebody complex, WS: weathered rhyolite–sulfide orebody complex, Oca and Ocb: ochres at locations a and b.



 

These thin crusts are hardpans and have been sampled 
in the main water channel.

Downhill from the pile of waste rock at the mining 
site, a small creek drains the orebody, winds through 
the neighborhood, and has a layer of ochreous precipi-
tate in its bed a few cm thick. The main supply of the 
mine creek is groundwater from buried mine-shafts 
that reaches the surface at an outlet downstream of 
the tailings (Fig. 1, at sample location Oca and #3). In 
contact with atmospheric conditions, sulfides within 
the mine dump are oxidized, weathered and leached 
by superficial waters that become acidic, generating 
typical AMD. Two samples of ochre precipitates were 
collected. The first sample (Oca; Fig. 1) was collected 
directly at the outlet. The second sample (Ocb; see 
Fig. 1) was collected downstream on the creek banks, 
just before the creek goes underground, and therefore 
was more exposed to seasonal dryness and flood events 
than sample Oca. The mine creek exhibits an acidic pH 
of ~3.8 and high electrical conductivity (E.C.) of 1394 
mS/cm. Also, several contaminants were detected in the 
mine creek (Table 1, #3). Its flow (0.3 L/s) has been 
measured to be approximately 8.3 times smaller than 
that of UA creek (2.5 L/s, Hauri 2001).

This small acidic creek meets with a large stream 
originating from the gathering of the two UA creeks, 
about 300 m downstream (Fig. 1).

The unaffected (UA) site

he UA creek site studied has developed an ironpan 
several m thick over the massive sulfide deposit, which 
generates AMD where exposed to runoff. Interstitial and 
groundwater runoffs in this area, which infiltrate the 
massive sulfide deposit, show the lowest measured pH, 

around 2 (E.C. not available here) (Table 1, #2). These 
waters also have the highest concentrations of numerous 
metals, generally far above Environmental Protection 
Agency (EPA) regulation limits (U.S. EPA. 2002; Table 
1). This acidic drainage is rapidly diluted when mixing 
with the main flow of the creek (with a neutral pH, ca. 
6.1 and an E.C. of 579 mS/cm, lower than that of the 
mine samples: Table 1, #1). Downstream, the combined 
creeks drain into a small lake. Regardless of the different 
sampling locations considered (mining-affected or not) 
the analyses of water show an effective release of the 
contaminants studied, even if a dilution occurs for most 
of the dissolved contaminants. Furthermore, in previous 
hydrological surveys, Hauri (2001) and Butler (2006) 
pointed out the high toxicity of the mine waters to 
aquatic organisms, a chronic toxicity in the lake but no 
toxicity for samples from the non-impacted creek. At 
the UA site, both the rhyolite–sulfide orebody complex 
and ironpan samples were collected at different loca-
tions from uphill to downhill according to variations in 
the mineralogical composition and color.

Experimental methods

Water samples were collected at both sites once 
during the dry season period (end of July). Each sample 
was collected in duplicate, filtered in situ on 0.2 mm 
cellulose acetate filters, acidified with HCl for trace 
element analysis and stored in acid-washed vials.

pH and electrical conductivity. The pH was 
measured in situ using a HI 1230B combined electrode 
(3M KCl) connected to a HI 9025C pH/mV meter. Elec-
trical conductivity and temperature were measured with 
a microprocessor conductivity meter (HI 933100).
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ICP. Dissolved trace element concentrations were 
analyzed by ICP–MS (Thermo X7). Analytical quality 
was evaluated by analyses of the median standard 
every five unknown samples and international certi-
fied reference waters (SLRS–4, LGC 6019). Accuracy 
was within 5% of the certified values (Table 1) and the 
analytical error, relative to standard deviation, better 
than 5% for concentrations 10 times higher than the 
detection limits.

Because of the heterogeneity in color and grain size 
at the both sites, various categories of solid samples 
were collected at both sites. Bulk chemical composi-
tions of solid samples were obtained on crushed samples 
(<63 mm) at the analytical facility of SARM–CRPG 
(Vandœuvre-lès-Nancy, France). Total contents of major 
elements were established by ICP–AES (Jobin-Yvon 
70; Govindaraju & Melvelle 1987), and that of trace 
elements, by ICP–MS (Perkin Elmer 5000, Govindaraju 
et al. 1994). Total organic carbon (TOC, with a previous 
HCl treatment to eliminate carbonates) and total sulfur 
(TS) were analyzed by O2 flow combustion at 1400°C 
using a LECO SC 144 DR.

XRD. Powder samples were characterized by X-ray 
diffraction (XRD) using CuKa1,2 radiation (step size 
of 0.04° 2u; counting time 4s) on a Siemens D5000 
diffractometer equipped with a diffracted-beam graphite 
monochromator.

Raman. To identify the mineralogical content 
at a finer scale (1 mm spot size), we used a Raman 
microspectrometer (XY 800 Dilor) equipped with an 
Ar green laser (514.5 nm) focused at the micrometer 
scale. The laser power was limited to 2–5 mW to avoid 
local heating of the sample (Courtin-Nomade et al. 
2003). Scans were usually recorded in the range 60 to 
1579 cm–1; each scan was about 15 minutes long (300 
s per window).

SEM–EDAX. A Philips XL–30 scanning electron 
microscope (SEM) coupled to an energy-dispersive 
X-ray analyzer system (EDAX) was used to obtain 
secondary (SE) and back-scattered electron (BSE) anal-
yses for morphological and semiquantitative chemical 
information. These observations were carried out on 
polished thin sections that were made after the mate-
rial was embedded in an epoxy resin, which cures at 
room temperature to avoid modification of the chemical 
speciation of the elements studied.

EPMA. Electron-Probe Microanalysis (EPMA) 
was used to obtain in situ analyses of minerals for the 
major and trace elements (CAMECA SX–50 equipped 
with an EDAX system and four wavelength-dispersive 
spectrometers operating at 15 kV and 4 nA beam current 
settings for major elements). The instrument was cali-
brated using standard reference materials, including 
natural and synthetic silicates, oxides and sulfide 
minerals. Concentrations of trace elements below 1000 
mg/kg were obtained with a voltage of 35 kV and a 
beam current of 500 nA using the procedure developed 
by Fialin et al. (1999). In this procedure, ten spots are 

probed for ten seconds each, and the data are combined 
into a single set.

Material synthesis. Synthetic goethite and two-line 
ferrihydrite (HFO) were prepared for mXAS measure-
ments according to the Schwertman & Cornell (2000) 
protocol. Amorphous manganese dioxide was synthe-
sized according to the protocol developed by Davranche 
& Bollinger (2000). Arsenic, Cu and Pb were added 
before solid precipitation (coprecipitation), or the 
elements were added after precipitation with a 24-h 
contact time (adsorption). The salts of the elements were 
Na2HAsO4•7H2O [puriss. p.a., ACS reagent, ≥98.5% 
(RT), Fluka], Cu(NO3)2•2.5H2O (ACS reagent, 98.0%, 
Sigma-Aldrich) and Pb(NO3)2 (ACS reagent, ≥99.0%, 
Sigma-Aldrich). The amounts of the various metals and 
metalloid were adjusted according to bulk chemical 
analyses on the natural samples in order to mimic the 
levels of the trace elements in the samples studied.

mSXRF and mXAS. Synchrotron-based mSXRF and 
mXAS measurements were carried out on beamline 
10.3.2 of the Advanced Light Source (ALS), Lawrence 
Berkeley National Lab, Berkeley, California (Marcus et 
al. 2004). The standards used to determine the specia-
tion of the various elements studied were previously 
described in the materials synthesis paragraph of this 
section except for the zero valence of Cu, for which a 
foil was used.

Samples were mounted onto an XYZ stage oriented 
45% to the beam. Micro-SXRF elemental maps were 
obtained by scanning a thin section 30 mm thick under a 
monochromatic beam with an incident energy of 13.085 
keV and a beam spot-size on the sample of 5 mm (H) 
3 5 mm (V) full width at half maximum (FWHM). The 
step size was 5 3 5 mm and the dwell time per point 
was 50 ms. The characteristic intensities of the Ka 
fluorescence line of the elements of interest (As, Cu, 
Fe, Mn and Pb) were windowed and measured with a 
seven-element Ge solid-state detector. As Pb L3 and As 
K fluorescence energies overlap, we acquired XRF maps 
of the same area at energies just above and just below 
the Pb L3 edge in order to separate Pb from As. Data 
on solid speciation for As, Cu and Mn were obtained 
by recording the corresponding elemental K-edge 
extended XANES. For lead, solid-speciation data were 
obtained by recording Pb L3 edge extended XANES 
spectra on several 7 mm 3 7 mm spots. Data analysis 
was performed using the 10.3.2 LabView software 
suite (http://xraysweb.lbl.gov/uxas/Beamline/Software/
Software.htm) and other standard XAFS software (e.g., 
Athena or SixPack).

mSXRD. Micro-SXRD analyses were performed on 
the former ALS beamline 7.3.3 (now 12.3.2), Lawrence 
Berkeley National Lab (Tamura et al. 2005). Micro-
XRD patterns were collected in reflection geometry. 
Micro-SXRD maps were collected on polished thin 
sections 30 mm thick mounted onto an XYZ stage hori-
zontally tilted at 10°, with an incident X-ray energy of 6 
keV, a beam size of 6 mm (H) 3 6 mm (V) and a 1024 



3 1024 pixel Mar133 CCD detector. The acquisition 
time per map varied from 10 to 18 hours, depending on 
the size of the area probed. XRD profiles were extracted 
and calibrated using the software XMAS (Tamura et al. 
2005) and a NIST LaB6 powder calibration material.

reSUlTS And dISCUSSIOn

Morphological and mineralogical  
characteristics of the two sites

The MA and UA sites exhibit differences in struc-
ture, texture of the materials and degree of water–rock 
interactions, as summarized in Table 2. These struc-
tural characteristics are only attributed to extraction 
processes. The porosity at the MA site is predominantly 
due to crushed excavation rocks. By comparison, the 
material of the UA site is massive, allowing water circu-
lation only along the fractures. The UA site is located 
in a forest, and a soil has developed on the rhyolite–
sulfide orebody complex. A network of roots favored 
the mechanical and subsequent chemical erosion along 
fracture of the parent rock.

The bulk chemical and mineralogical composi-
tions of the materials from both sites are presented in 
Table 3. At the MA site, all three types of material, 
namely waste rock pile (WRP) (i), hardpans (HP) (ii) 
and ochres (Oc) (iii), exhibit high loss on ignition 
(LOI) attributed to a large amount of hydroxylated or 
hydrated minerals. From uphill to downhill of the dump, 
no spatial gradient in the distribution of various trace 
elements was observed.

(i) The waste-rock pile is composed mainly of 
primary minerals such as quartz, feldspars and micas, 
but secondary sulfates (jarosite, alunogen) and goethite 
also were identified.

(ii) The hardpan samples are Fe-rich crusts with 
cements composed of goethite and jarosite. Some of the 
Fe (oxy-)hydroxides exhibit typical colloform textures, 
characteristic of authigenic precipitation from colloidal 
solution (Ramdohr 1969).

(iii) The X-ray diffractogram obtained on ochre 
sample Oca shows quartz as detrital grains, goethite, 
schwertmannite and jarosite. The X-ray diffractogram 
obtained on sample Ocb (not shown) clearly indicates 

the presence of poorly crystalline material (broad bands 
between 2.8 Å and 2.5 Å, and near 1.7 Å) along with 
the presence again of detrital grains such as quartz 
and feldspars associated with goethite (which is the 
main mineral) and jarosite, but no schwertmannite 
(Table 3).

At the UA site, only rhyolite–sulfide ore body 
complex (weathered or not) and ironpan (IP) materials 
are present. The state of weathering of the sulfides was 
determined according to their shape and abundance. 
Mineralogical compositions of the unweathered and 
weathered rhyolite–sulfide orebody complex (S and 
WS) are presented in Table 3. The most superficial 
expression of weathering of the sulfide orebody is 
represented by the sample WS2, which comprises a very 
thin layer of ochreous material. This layer represents the 
outer part of the WS1 sample, and is mainly composed 
of schwertmannite (Table 3). The ironpan was found to 
be composed of either hematite and goethite or goethite 
only as observed by XRD analyses (Table 3).

In contrast to XRD, Raman investigations allow one 
to identify noncrystalline phases such as Mn phases 
observed only at the UA site. The most significant 
source of Mn at the UA site is the basalt lens cross-
cutting the rhyolite. The Mn phases are highly hydrated 
and are probably noncrystalline. The mRaman spectrum 
only displays a weak broad band around 630 cm–1 that 
is typical of Mn oxides and hydroxides (Bernard et al. 
1993, Israel et al. 1997) (Fig. 2). A similar shape for this 
spectrum was observed for Mn3+ oxides by Smith et al. 
(1999), but according to Buciuman et al. (1999), this 
band could also be due to the transformation of MnO2 
into Mn3O4 under the laser during acquisition of the 
spectral data. Electron-microprobe results confirm that 
those Mn phases identified in our samples correspond 
to hydroxides or hydrated oxides.

At both sites, mRaman results suggest the pres-
ence of amorphous iron (oxy-)hydroxides and goethite 
of varying crystallinity. Raman spectra on various 
goethite-rich areas are shown in Figures 2a to 2d. 
The spectra show broad bands at 298 and 395 cm–1 
suggesting poorly or microcrystalline goethite, and 
sharp peaks, indicative of more crystalline goethite, 
at 240, 298, 395, 478, 549, 687, 1001, 1116 and 1302 
cm–1 (Nauer et al. 1985, Dünnwald & Otto 1989). The 
width and the slight shift of some of the Raman peaks 
may also be attributed to sulfur. In Figure 2b, the band 
at 1001 cm–1, which is shifted to 987 cm–1, and the 
shoulder at 436 cm–1, are ascribed to the n1 and n2 
vibrational frequencies of the SO4

2– ion, respectively 
(Nakamoto 1986), or to other trace elements associated 
with goethite, as confirmed by EPMA data. Hematite 
is characterized by sharp peaks at 221, 290, 404 cm–1 
and broader bands at 490, 665, 1072 and 1306 cm–1 (De 
Faria et al. 1997, Pérez- León et al. 2004).

At both sites, Raman spectroscopic results indicate 
that jarosite or hydroniumjarosite are present (Figs. 2e 
to f). The typical SO4

2– n3 vibration is detected at 1105 
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cm–1 (Nakamoto 1986). Hydroniumjarosite is identi-
fied by peaks at 138, 224, 301, 353, 433 cm–1 with 
shoulders at 453, 566, 624, 828, 935, 1010, 1105 and 
1152 cm–1, in accordance with the data obtained by 
Frost et al. (2006) on natural samples. The two broad 

bands at 828 and 935 cm–1 may be due to the presence 
of Pb and PO4

3–, respectively, in the jarosite (Frost et 
al. 2006). The Raman spectrum of jarosite shows that 
some of the peaks are slightly shifted when compared 
to hydroniumjarosite at 137, 224, 299, 384, 438, 451, 



563, 662, 1008, 1104 and 1153 cm–1 (Sasaki et al. 1998, 
Frost et al. 2006).

MInerAlOGICAl reACTIOn PAThwAY

The alteration of sulfides

According to our findings on mineralogy and 
chemical composition, sulfides are, not surprisingly, 

identified as the primary metal and metalloid sources at 
both locations. The oxidation of sulfide minerals can be 
promoted either by microbial activity (e.g., Acidithioba-
cillus ferrooxidans: Bang et al. (1995), Joeckel et al. 
(2005) or oxidation by O2 and ferric ions (Moses et al. 
1987, Antovijenic & Bogdanovic 2004). The weathering 
process can generate acidity resulting in the release of 
metals or metalloids into the environment, as pointed 
out in several recent studies with environmental condi-
tions similar to our study (Edwards et al. 2000, Dold & 
Fontboté 2002, Hammarstrom et al. 2005, Monterroso 
& Macias 2005).

Petrographic observations of the few remnant 
sulfides that have not been mined in the MA site show 
alteration-induced features. These sulfides have been 
detected in the rhyolite, hardpan and ochreous deposits, 
and are pyrite, Cu-rich pyrite and chalcopyrite. In the 
rhyolite and hardpan formations, the alteration products 
are only observed where the porosity allows the fluids 
to circulate in the different materials, with the alteration 
products filling the pore space (Fig. 3). Cu-rich pyrite 
is the most abundant sulfide in these formations. Where 
located in the microfractures, it shows jarosite and a 
rim of other Fe (hydroxy-)sulfate alteration products 
or is completely replaced. Significant P enrichment 
was measured in jarosite and in Fe (hydroxy-)sulfates 
by EPMA, with P2O5 ranging from 6.8 ± 2.3 wt.% in 
P-rich jarosite to 1.5 ± 0.4% in the jarosite and 2.4 
± 0.5% in the Fe (hydroxy-) sulfates. The electron-
microprobe data highlight the association of jarosite 
with a sulfate–phosphate phase, which shows an 
extensive substitution of phosphate for sulfate. On the 
basis of the general formula of jarosite-group phases, 
AB3(XO4)2(OH)6 (Stoffregen et al. 2000), the A-site 
occupancy is very low and attributed to H3O (which 
could not be measured by EPMA). The calculated 
formulas are (H3O0.7K0.3)(Fe2.8Al0.2)S3[(SO4)1.7(PO4)0.3]
S2(OH)6 for the low-P jarosite, with S replaced by P 
at the (XO4) sites, and (H3O0.89K0.06Ca0.05)(Fe2.1Al0.9)
S3[(SO4)0.8(PO4)1.2]S2(OH, H2O)S6 for the sulfate–
phosphate phase. The Ca content of this (S,P)O4 phase 
may originate from the alteration of apatite or Ca-rich 
feldspar. This chemical data indicate the presence of a 
phase belonging to the alunite supergroup of minerals, 
most likely to the crandallite group, with Fe > Al, 
according to the nomenclature established by Jambor 
(1999). Furthermore, the sulfate–phosphate phase, like 
the jarosite-group minerals, exhibit local enrichments in 
contaminants, with higher amounts detected in jarosite 
than in the (S,P)O4 phase or Fe (hydroxy-)sulfates, 
especially for Cu and Pb (Table 4).

Chalcopyrite is the most common sulfide in the 
ochreous deposits and exhibits features of physical 
alteration such as cracks and shapes that are more 
rounded than euhedral. No products of direct alteration 
or features such as an alteration rim have been identified. 
This could be explained by the fact that chalcopyrite in 
these precipitates is invariably embedded in a silicate 

FIG. 2. Micro-Raman spectra (a), (b) and (c) of hematite and 
various samples of goethite in a specimen taken from the 
pile of waste rock, (d) poorly crystalline goethite in an 
ironpan sample from the UA site, (e) hydroniumjarosite 
in products filling the pore spaces of altered pyrite, (f) 
spectrum of jarosite in a hardpan sample collected on the 
MA site, (g) Mn (hydr-)oxides in an ironpan sample from 
the UA site.
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matrix, which protects the sulfides from weathering 
processes, as previously reported by Jambor (1994).

At the UA site, unweathered or slightly weathered 
sulfides have been identified as large grains of pyrite 
commonly containing (micro-)inclusions of chalco-
pyrite and sphalerite between 5 and 40 mm in size. 
A micro-SXRF elemental map shows that pyrite also 
exhibits zoning in As (Fig. 4a), suggesting that As is 
incorporated in pyrite with an atomic concentration 
ratio As:S ranging from 0.01 to 0.03 (Table 4). Arsenic 
is incorporated within pyrite as shown by the mXANES 
spectrum with a peak at 11865 eV, which is consistent 
with As1– species, as determined by Simon et al. (1999) 
and Kwong et al. (2007) (Fig. 4c). The alteration of 
pyrite appears to be limited, as no direct secondary 
products have been observed, as in the MA site. 

No primary sulfide of Pb or secondary Pb-bearing 
mineral such as anglesite or plumbojarosite that could 
be sources of Pb was observed, in contrast to previous 

studies (e.g., Jeong & Lee 2003). In addition, galena 
was not described in the primary paragenesis as a major 
sulfide (Clark 1917). However, our observations agree 
with the sequence of increasing resistance to weathering 
observed by Jambor (1994) in similar environment to 
ours and in which galena and sphalerite are less resistant 
than pyrite, arsenopyrite and chalcopyrite.

Distribution of As, Cu, Pb and Zn during the 
weathering of the sulfide orebody

As discussed above, various carriers of the PTTE 
have been identified. Among them, three PTTE-bearing 
phases prevail: (1) Fe (oxy-)hydroxides, (2) sulfates, 
and (3) Mn (hydr-)oxides.

(1) Metals and metalloids have been found in hema-
tite, goethite and poorly crystalline to noncrystalline 
Fe (oxy-)hydroxides (HFO). Goethite was identified 
at both sites and contains higher amounts of metals or 

FIG. 3. Schematic representation of the alteration of pyrite and Cu-rich pyrite as observed in the mine-affected site (MA). Only 
the pyrite located near the pore space is altered. Two areas mapped with an SEM are shown to highlight differences in the 
weathering between different grains of Cu-rich pyrite: either jarosite associated with the sulfate–phosphate phase, or poorly 
crystalline to noncrystalline Fe hydroxysulfate precipitate, depending on the degree of alteration.



metalloids (especially As, up to 0.57 wt.%) in the UA 
site compared to the MA site (Table 4). Other partially, 
poorly crystalline or noncrystalline HFO with lower 
trace-element concentrations have been observed only 
at the MA site (Table 4). The relationship between As 
and Fe (oxy-)hydroxides is outlined by the mmSXRF-
derived distribution of elements (Fig. 4b), which also 
shows that the amount of As associated with Fe (oxy-)
hydroxides can vary. Regardless of the Fe phase, As is 
invariably detected as an As5+ species according to the 
As K-edge mXANES spectra, compared to As5+-rich 
goethite or HFO (Fig. 4c). Micromineralogical maps 
obtained by SXRD are shown in Figure 4d and reveal 
some variations in the distribution of goethite (shown 
at 4.8 Å) and of HFO (shown at 1.48 Å to avoid over-
lapping with other goethite peaks). This was already 
suspected according to slight differences observed on 
As K-edge mXANES spectra.

Micro-SXRF results show that Cu is also associ-
ated with a mixture of goethite and HFO (Fig. 5a). The 
broad XRD peak between 2.8 and 2.55 Å is charac-
teristic of a poorly crystalline HFO-like material (Fig. 
5c). The X-ray-diffraction pattern obtained at different 

locations of the analyzed Fe (oxy-)hydroxides (white 
square, Fig. 5a) shows variation in the distribution of 
goethite or HFO. Copper is detected as Cu2+, as shown 
by the mXANES measurements displayed in Figure 
5b. The mXANES spectra differ according to whether 
Cu occurs in the Fe (oxy-)hydroxides or as individual 
grains, as indicated by mSXRF mapping (Fig. 5a). These 
individual grains were assumed to be Cu hydroxides, as 
suggested by EPMA data.

As shown previously, goethite and other poorly 
crystalline phases are thus very commonly intimately 
intermixed, regardless of the contaminants with which 
they may be associated. The mixing between goethite 
and HFO-like material has only rarely been highlighted, 
and this has only been possible using mSXRD analysis. 
It is thus very difficult to quantify precisely the amount 
of metals or metalloids trapped by each of these Fe 
phases.

(2) The main sulfates identified are jarosite and 
hydroniumjarosite, in some instances intimately asso-
ciated with phosphate, and found in the same kind of 
formation as the iron compounds in the MA site, i.e. 
in the hardpan and in the ochreous precipitate Ocb, 
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FIG. 4. Micro-focus SXRF elemental map of (a) arsenian pyrite showing zoning in As. The black square represents the area 
where the As mXAneS analysis was performed and (b) As associated with a goethite - HFO mixture. The white rectangle 
symbolizes the zone analyzed by mXAS and mSXRD. (c) Micro-focused As K-edge XANES spectra of the arsenian pyrite 
sample shown in (a) and different As-rich spectra from sample (b) from the UA site. Micro-XANES spectra of Fe (oxy-)
hydroxides (goethite and HFO) synthetic reference material containing coprecipitated As are also displayed; (d) m-XRF 
Fe map and m-SXRD mineralogical map of As-rich goethite – HFO showing the distribution of goethite as detected at its 
main-intensity diffraction peak (4.18 Å) and of HFO at 1.48 Å. The white rectangle on the fluorescence maps indicates the 
analyzed area in (b). Brighter areas correspond to higher concentrations of the analyzed minerals.



FIG. 5. Micro-focused SXRF elemental map of (a) Cu associated or not to Fe phases. The white rectangle represents the area 
analyzed by mSXRD, and the two arrows indicate the area where the mXANES analyses have been performed. (b) Copper 
K-edge mXANES spectra obtained on the different Cu-bearing phases and on the Cu foil reference. (c) m-XRF Fe map (left) 
and m-SXRD mineralogical map shown for goethite at 4.18 Å. Distributions of goethite and poorly crystalline HFO-like 
products are shown at (1) and (2) with XRD patterns (location of the analyses on the fluorescence map) and Debye rings 
illustrating the spatial variation in the crystallinity of the analyzed compound.
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whereas they are less common in the ironpan of the 
UA site. The jarosite-group minerals may exhibit some 
enrichment in contaminants such as As, Cu, Pb or Zn 
(Table 4). In the runoff channels at the mining site, 
other temporary sulfates have precipitated as needles 
(fibrous) and flakes, respectively corresponding to 
epsomite (MgSO4•7H2O) and to a mixture of epsomite 
and hexahydrite (MgSO4•.6H2O), as documented by 
XRD. These sulfates have likely formed from Fe2+-poor 
waters after the oxidation of Fe2+ and its precipitation as 
Fe3+ oxide or hydroxide minerals and are more soluble 
than jarosite (Alpers et al. 1994, Buckby et al. 2003) or 
schwertmannite. Bulk chemical analysis of the epsomite 
indicates some enrichment of Cu (11.7 mg/kg), Ni (9.7 
mg/kg), Pb (1.3 mg/kg) and Zn (80 mg/kg), whereas the 
concentrations of the same elements in the epsomite – 
hexahydrite mixed material are usually lower (6.9 mg/
kg Ni, 22.7 mg/kg Zn). As these sulfates may dissolve 
after the first rain, they may release these PTTE to 
receiving bodies of water.

At the UA site, the surfaces of some of the massive 
sulfide orebody also exhibit schwertmannite-bearing 
ochreous precipitates, with high metal contents (e.g., up 
to 939 mg/kg Cu). Upstream from the MA site in the 
creek bed (location #3, Fig. 1), the ochreous deposit Oca 
is partially composed of schwertmannite. Bulk chemical 
analyses performed on Oca and Ocb indicate that they 
contain As, Cu, Pb and Zn, with the highest detected 
amounts for Cu (650 mg/kg). The transformation of 
metastable schwertmannite (Oca) into goethite (Ocb) 
could lead to release of some of these PTTE, according 

to the qualitative scale of retention proposed by Schroth 
& Parnell (2005), Pb > Zn, Mn > As, Al, and Cu. Acero 
et al. (2006) also showed that most of the Al, Cu (80%), 
As and Pb (99%) remain in the schwertmannite, and 
Courtin-Nomade et al. (2005) also demonstrated that 
As is not remobilized during the transformation of 
schwertmannite to goethite.

Webster et al. (1998) showed that a greater degree 
of adsorption of Cu and Zn occurred on SO4-rich 
goethite than on schwertmannite. Sample Ocb from 
the MA site contains higher concentrations of PTTE 
than Oca, sampled from the subsurface water outlet. 
Sample Ocb is composed mainly of goethite and has 
higher amounts of Stot than Oca; it is possible that the 
goethite is SO4-bearing and has a greater capacity for 
the PTTE.

At both sites, iron (oxy-)hydroxides and sulfates are 
the main intermediate products of weathering. In the 
MA site, they mainly participate in hardpan formation 
and the ochreous precipitates (Oc samples), and fill the 
cracks in the rhyolite. In the UA site, they are observed 
on the surface, in the ironpan and in the pore spaces of 
the sulfide orebody complex.

(3) One set of alteration products observed only 
at the UA site is the Mn (hydr-)oxides. Although they 
are sparsely distributed in the ironpan, they are very 
interesting in terms of the amounts of trace elements 
that they can contain. Micro Mn K-edge XANES results 
indicate that the Mn (hydr-)oxides are mainly composed 
of Mn3+ with some Mn4+ (Fig. 6a) which confirms 
and strengthens the mRaman data. Scanning electron 

FIG. 6. (a) Manganese K-edge mXANES (top insert) and first derivative spectra on the area indicated by the white arrows 
on (b). (b) Micro-focused SXRF element-distribution map showing the distribution of Fe and the spatial correlation between 
Mn and Pb.



microscopy observations and mSXRF show that these 
Mn phases are invariably distributed in the pore spaces 
of the samples, coating the iron (oxy-)hydroxides, as 
illustrated in Figure 6b. Our EPMA data reveal that 
the Mn (hydr-)oxides contain As, Cu, Pb and Zn, with 
Pb exhibiting the highest concentrations (up to 1.85 
wt.% PbO, Table 4). This is confirmed by micro-SXRF 
elemental mapping, which shows that Pb and Mn are 
co-associated (Fig. 6b). Pb L3-edge mXANES spectra 
obtained on those phases (not shown here) indicates that 
Pb is present as Pb2+.

SUMMArY And COnClUSIOnS

The total amount of contaminants discharged to 
the environment as a result of the weathering of a 
partially mined sulfide ore body is high. The UA site 
is a particularly large reservoir as sulfides (the most 
important source of trace elements) appear to be 
more abundant here than at the MA site. This is due 
to physical parameters, including the larger specific 
surface-area of components of the pile of waste rock 
and the lower porosity at the UA site. Furthermore, at 
the MA site, the sulfides were mined out, leading to the 
current situation, with less sulfides remaining compared 
to the non-mined site.

The sulfides identified are pyrite, As- or Cu-rich 
pyrite, chalcopyrite and sphalerite. Arsenic and Cu 
may be released after the oxidation of the pyrite and 
weathering of host-rock basalt, which is summarized 
chronologically for these sites as follows:

FeS(2–x)(As,Cu)x ! (1) Fe hydroxysulfates ±  
As, (Cu), Pb, Zn 
 
! (2) (K,H3O,Pb)
(Fe,Al,Cu)3(SO4,PO4,AsO4)2(OH)6 
 
! (3) (Cu) or AsO4 * (a-)FeOOH and HFO 
 
Basalt weathering + PbS ! (4) MnxO(OH)y ±  
As, (Cu), Pb, Zn

The authigenic sulfates, crystalline to non-crystalline Fe 
(oxy-)hydroxides and Mn3+–Mn4+ (hydr-)oxides are the 
principal PTTE carriers during weathering processes. 
Arsenic has a high affinity for goethite and HFO, and Pb 
is preferentially associated with the Mn (hydr-)oxides. 
Zinc is homogeneously distributed within the metal-
bearing phases, whereas Cu seems to be present only as 
individual Cu-rich grains (probably Cu hydroxides) and 
not incorporated within any other authigenic phases.

Despite the physical and chemical differences 
between the two sites, iron (oxy-)hydroxides, sulfates 
and oxyhydroxysulfates are common to both. Manga-
nese (hydr-)oxides have only been observed at the UA 
site. The sites exhibit a similar mineralogy, but PTTE 

contents are higher at the UA site, and the sulfides are 
less weathered here. These features, together with the 
steep unstable slopes, suggest that UA represents a large 
reservoir of potential PTTE release.

The distribution and identification of the various 
metal-bearing phases have only been possible by 
combining microbeam tools, especially micro-Raman, 
mXAS, mSXRD and mSXRF mapping techniques.
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