
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 70 (2006) 1097–1112
Mobility and fractionation of rare earth elements during supergene
weathering and gossan formation and chemical

modification of massive sulfide gossan

Matthew I. Leybourne a,*, Jan M. Peter b, Daniel Layton-Matthews c,
John Volesky d, Dan R. Boyle b,�

a Department of Geosciences, University of Texas at Dallas, Richardson, TX 75083-0688, USA
b Geological Survey of Canada, 601 Booth Street, Ottawa, Ont., Canada K1A 0E8
c Department of Geology, University of Toronto, Toronto, Ont., Canada M5S 3B1

d Department of Geosciences, University of Texas at Dallas, Richardson, TX 75083-0688, USA

Received 19 January 2005; accepted in revised form 1 November 2005
Abstract

Primary massive sulfide gossans (MSG) in the Bathurst Mining Camp (BMC), New Brunswick, Canada, are characterized by relative
enrichment of Au, Sb, and As, formation of jarosite group minerals (jarosite, plumbojarosite, and argentojarosite) and little or no frac-
tionation in the rare earth elements (REE), including preservation of large positive Eu anomalies (average [Eu/Eu*]NASC = 4.14 in MSG;
6.61 in massive sulfide mineralization; 0.60 in host rocks). The chemical and mineralogical characteristics of MSG (e.g., Halfmile Lake
deposit) imply low pH (<3) and relatively oxidizing conditions during gossan formation; oxidation of a volcanogenic massive sulfide
body (comprising pyrite, pyrrhotite, sphalerite, galena, and chalcopyrite) with a falling water table. The lack of light REE or heavy
REE fractionation and preservation of positive Eu anomalies characteristic of the original (465 Ma) hydrothermal fluid is consistent with
relatively large water–rock ratios during massive sulfide mineralization oxidation, and removal of the REE predominantly as sulfate
complexes (LnSO4

+, Ln(SO4)2
�). Low pH groundwaters recovered from past producing mines in the BMC display REE patterns reflect-

ing those inferred to have occurred during gossan formation. Gossan at the Restigouche deposit, in contrast to the Halfmile Lake depos-
it, displays mineralogical and chemical evidence for having been chemically reworked since primary gossan formation. Evidence for
chemical reworking includes loss of primary massive sulfide mineralization textures, replacement of plumbojarosite with anglesite, almost
complete removal of jarosite minerals, loss of Au, Sb, and As and apparent preferential removal of Eu, resulting in loss of positive Eu
anomalies for most samples (average [Eu/Eu*]NASC = 1.21 in the gossan, with many displaying strong negative anomalies; 3.65 in mas-
sive sulfide mineralization; 0.54 in host rocks). Based on geochemical modeling, conditions inferred for the chemical reworking of the
Restigouche deposit include near neutral conditions and either relatively oxidizing conditions with Eu2+ hosted in a preferentially weath-
ered mineral host (possibly through substitution for Pb in plumbojarosite and beudantite) or cycling between reduced and oxidized con-
ditions during gossan reworking.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

The rare earth elements (REE) have been studied
extensively in igneous rocks, as aids to understanding
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rock petrogenesis because the REE, although they behave
similarly across the series, show systematic fractionation
as a function of crystal fractionation, degree of partial
melting and source characteristics (e.g., Ayres and Harris,
1997; Kepezhinskas et al., 1997; Hansen and Nielsen,
1999; e.g., Klingenberg and Kushiro, 1996; Leybourne
et al., 1997; Kerrich et al., 1999). The REE have also been
the focus of research in hydrothermal and ore deposit
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systems, to help constrain conditions of ore formation
and footwall hydrothermal alteration (e.g., Michard and
Albarède, 1986; Klinkhammer et al., 1994; Mills and
Elderfield, 1995; Langmuir et al., 1997; Bau and Dulski,
1999; Peter et al., 2003a). The REE are increasingly being
studied in low temperature aqueous systems to better
understand fractionation of the REE (especially Eu and
Ce, which have variable redox states), as proxies for acti-
nide migration and for understanding weathering process-
es, especially in acidic environments (Walter et al., 1995;
Johannesson et al., 1996a,b; Nesbitt and Markovics,
1997; Gimeno Serrano et al., 2000; Leybourne et al.,
2000b; Andersson et al., 2001; Aubert et al., 2001; Worr-
all and Pearson, 2001; Verplanck et al., 2004; Gammons
et al., 2005a,b; Leybourne and Cousens, 2005). However,
there have been few studies that have investigated the fate
and fractionation of the REE during weathering of mas-
sive sulfide mineralization to form gossans (Fe-oxide-rich
caps). Massive sulfide mineral oxidation and the resulting
transport of metals away from primary mineralization is
important in base-line environmental studies (i.e., what
constitutes a geochemical background; Maest, 1996) and
mineral exploration. Sulfide oxidation has been extensive-
ly studied in the laboratory with pure mineral phases
(e.g., McKibben and Barnes, 1986; Moses and Herman,
1991; Nicholson and Scharer, 1994; Williamson and
Rimstidt, 1994) and mine tailings (e.g., Al et al., 1994;
Blowes and Ptacek, 1994; Pratt et al., 1996; Nesbitt and
Jambor, 1998; Al et al., 2000; Dill et al., 2002; Jamieson
et al., 2005). Despite these previous studies of sulfide oxi-
dation and the resultant acidic conditions, there is still a
paucity of understanding of REE behavior under these
conditions (Gammons et al., 2003, 2005b; Verplanck
et al., 2004).

The presence of well-formed gossan deposits capping
many of the massive sulfide deposits in the Bathurst Min-
ing Camp (BMC) is evidence for natural sulfide oxidation
in the past (Late Tertiary; Symons et al., 1996). In this pa-
per, we focus on REE patterns of gossans and coexisting
massive sulfides to better understand REE fractionation
under the conditions of gossan formation/supergene
weathering. Both the Halfmile Lake and Restigouche
deposits have well-developed gossans overlying massive
sulfide mineralization, however, there is strong evidence
that the gossan at the Restigouche deposit has been re-
worked since its formation in the Late Tertiary (Boyle,
2003). Although the REE generally behave similarly under
surface conditions, we show here that this gossan rework-
ing may have profound effects on relative REE mobility,
in particular Eu.

2. Geological setting

The Halfmile Lake and Restigouche Zn–Pb massive sul-
fide deposits are located in the BMC, which comprises part
of the Miramichi terrane of northern New Brunswick, Can-
ada. Middle Ordovician (465–471 Ma) Tetagouche Group
and California Lake Group rocks host the massive sulfide
deposits, and are interpreted to have formed within an
ensialic rift basin (van Staal et al., 2003). Details of the
regional geology and mineralization in the BMC are de-
scribed in Goodfellow et al. (2003) and the detailed geology
of the Halfmile Lake and Restigouche deposits has also
been described elsewhere (Barrie, 1982; Adair, 1992; Gow-
er, 1996; McCutcheon, 1997).

The Halfmile Lake deposit contains approximately
26 Mt of massive sulfide mineralization, is overturned,
and dips steeply to the north and northwest. Massive sul-
fide mineralization is hosted in felsic quartz–porphyry
units, felsic pyroclastic rocks and minor felsic flows, and
fine-grained volcaniclastic sedimentary rocks of the Nepis-
iguit Falls Formation. Massive sulfide mineralization local-
ly crops out with a well-developed gossan at the Upper AB
zone (Fig. 1A). The stockwork zone ranges from 3 to 150 m
in thickness (Adair, 1992). Mineralization occurs as both
breccia matrix sulfides and laminated massive sulfides (Ta-
ble 1) (Adair, 1992).

The Restigouche deposit is hosted by felsic volcanic
and associated sedimentary rocks of the Mount Brittain
Formation (McCutcheon, 1997). This formation grada-
tionally overlies clastic rocks of the Patrick Brook Forma-
tion and is conformably overlain by mafic volcanic and
sedimentary rocks (Boucher Brook Formation)
(Fig. 1B). Quartz and carbonate veins are common in
both footwall and hanging wall units; feldspar veins are
developed locally in the footwall. Massive sulfide mineral-
ization crops out on the south side of Charlotte Brook as
a small gossan (Fig. 1B).

Hydrologically, the Halfmile Lake deposit is charac-
terized by steep-sided hills with typical relief of 100–
150 m. The area is primarily forested with thin till and
soil cover. Groundwater flow is dominantly fracture-con-
trolled, structures are steeply dipping and groundwater
chemistry suggests rapid recharge to depth (Leybourne
et al., 1998). The Restigouche deposit area is topograph-
ically similar to the Halfmile Lake deposit, although re-
lief varies from 200 to 400 m. Soils are thinly developed
and till cover is thin, generally less than one meter in
thickness. Although groundwater flow is also fracture-
dominated at the Restigouche deposit, shallow dipping
structures produce a different groundwater hydrogeo-
chemical regime compared to the Halfmile Lake deposit.
The gossan at the Halfmile Lake deposit is on a topo-
graphic high, whereas, at the Restigouche deposit, the
gossan crops out proximal to Charlotte Brook, a west-
to-east flowing stream.

3. Methods

Typically, large samples (1–1.5 kg) of gossan were col-
lected owing to the mineralogical and chemical heterogene-
ity observed. Samples were coarse ground and ball milled
for geochemical analysis. In addition, several groundwater
samples were collected from two active mines (Heath Steele
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Fig. 1. (A) N-S geological cross-section of the Halfmile Lake deposit, after (Adair, 1992). (B) NW-SE geological cross-section of the Restigouche deposit,
after (Barrie, 1982). Note that the Halfmile Lake deposit is overturned, so that the stringer sulfide zone overlies the massive sulfide. Inset shows the
location of the study area in northern New Brunswick.
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and Brunswick No. 12 deposits), a past producer (Wedge
deposit) and two other relatively undisturbed deposits
(Willett and Stratmat Main Zone deposits) to compare
current aqueous–sulfide interaction with inferred gossan-
forming solutions. Details of groundwater sampling and
chemistry (including the REE) have been presented else-
where (Leybourne et al., 2000b, 2002; Leybourne and
Goodfellow, 2003).



Table 1
Summary of gossan and massive sulfide mineralogy for the Halfmile Lake and Restigouche deposits

Rock type Major minerals Minor minerals

Halfmile Lake deposit
Massive sulfides Breccia = pyrrhotite > chalcopyrite, pyrite, sphalerite, and

galena
Laminated = pyrite, pyrrhotite, sphalerite, and galena

Stockwork sulfides Pyrrhotite, chalcopyrite, and quartz
Primary massive sulfide gossan Goethite, silica, jarosite group minerals, and beudantite Scorodite, barite, bindheimite, cinnabar, native

metals (Au, Ag, and Bi), cassiterite, and clay
minerals

Gangue Chlorite, quartz, and carbonate

Restigouche deposit
Massive sulfides Pyrite, sphalerite, and galena Chalcopyrite, arsenopyrite, and tetrahedrite
Secondary massive sulfide gossan Anglesite, hematite Scorodite, barite, bindheimite, cinnabar, native

metals (Au, Ag, and Bi), and cassiterite
Gangue Chlorite, quartz, carbonate, and sericite
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Gossan samples were analyzed for the major oxides by
X-ray fluorescence (XRF) on pressed-powder pellets and
inductively coupled plasma optical emission spectrometry
(ICP-OES). Trace elements and the REE were determined
by ICP-mass spectrometry. For ICP-OES and ICP-MS
analyses, rocks were taken into solution by multi-acid
digestion (HCl–HF–HNO3–HClO4), with any residue
undergoing lithium metaborate fusion and further acid dis-
solution. Au was determined by neutron activation (for de-
tailed description of gossan analytical methods, see Boyle,
2003). Representative analyses for the base metals, sulfur,
and the REE are presented in electronic annex EA-1 for
massive sulfides, gossans and host lithologies. Groundwa-
ters were analyzed by a combination of ICP-OES, ICP-
MS with the REE determined by ICP-MS following pre-
concentration using the method of Hall et al. (1995).
REE data for groundwaters at the Halfmile Lake and Res-
tigouche deposit are given in Leybourne et al. (2000b).

4. Results

4.1. Mineralogy and composition of BMC gossan

BMCFe-oxide rocks have been classified by Boyle (2003)
and include, (1) massive sulfide gossans (MSG), formed
in situ by weathering of massive sulfide mineralization, (2)
mineralized wall-rock gossans, proximal to MSG, (3) ferri-
crete, or transported gossan, including glacial and stream
sediment cemented by Fe-oxides, and (4) ironstones, or
weathered and oxidized Fe-rich rocks, such as mafic volca-
nic rocks and pyritic shales. Massive sulfide gossans in the
BMC generally overlie supergene sulfide zones, which over-
lie primary massive sulfide mineralization. BMC supergene
sulfide zones are composed of pyrite–quartz sand layers
overlying supergene-enriched copper zones, which have
gradational contacts with unweathered massive sulfide min-
eralization (Boyle, 2003). The pyrite–quartz lenses are inter-
preted to have formed by post-glacial oxidation of the
altered massive sulfide zone; present-day water tables coin-
cide with these lenses (Boyle, 2003). Secondary or reworked
gossans are present at the Restigouche and Brunswick #6
deposits and are interpreted to represent in situ primary
massive sulfide gossan that have been reworked by later
groundwaters (Boyle, 2003).

Detailed descriptions of the mineralogical and bulk
geochemical compositions of gossans and primary mas-
sive sulfide samples have been presented elsewhere (Boy-
le, 1994, 1995, 2003; de Roo and van Staal, 2003;
Goodfellow and McCutcheon, 2003) and are summarized
in Table 1.

Boyle (2003) concluded, based on textural analysis and
the strain equation of Brimhall and Dietrich (1987), that
BMC gossans are essentially undeformed and are isovolu-
metric with precursor massive sulfide mineralization. Boyle
(1995) showed that for the Murray Brook massive sulfide
gossan, there was no difference in mass-balance calcula-
tions of element loss or gain based on detailed porosity
and density determinations compared to those based on
Sn as the most conservative element during gossanization.
Sn is primarily present in massive sulfide mineralization
and gossans as cassiterite, and as such is very stable even
during the conditions of gossan formation. Thus, Boyle
(2003) calculated percent mass loss/gain factors for all
the gossan deposits in the BMC using conservative Sn,
using the following equation:

%gain=loss ¼
CEmG � CSnmMS

CSnm G

� �
� CEmMS

h i

CEmMS

� 100;

where, Snm and Em are the mean concentrations in gossan
(G) and massive sulfide (MS) of Sn and the element (E) of
interest. Mass-balance adjustment factors range from 0.18
to 0.57 for all the gossans in the BMC, with the Halfmile
Lake deposit gossan at 0.36 and the Restigouche deposit
gossan at 0.18 (Boyle, 2003).

Compared to massive sulfide mineralization from the
same deposit, Halfmile Lake deposit gossans have similar
Pb and Cu contents, but significantly lower Zn contents
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Fig. 2. Plots of (A) Cu versus Pb, (B) Zn versus Pb, (C) Fe2O3
T versus total S, and (D) Sn versus total S, for Halfmile Lake (HMLK) and Restigouche

(RSTG) deposit massive sulfides, gossans, and host lithologies. Note that gossan values have not been adjusted for loss/gain.
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(not adjusted for loss/gain; Fig. 2). Sulfur is almost entirely
removed from the system during gossan formation, other
than S resident in jarosite minerals (Halfmile Lake depos-
it), anglesite (Restigouche deposit) and trace cinnabar,
whereas Fe contents remain high with respect to primary
massive sulfide samples (Fig. 2). The Restigouche deposit
differs from the Halfmile Lake deposit in that Cu is gener-
ally lower in the former relative to the coexisting sulfides
(Fig. 2).

4.2. REE in massive sulfides

Massive sulfide mineralization at the Halfmile Lake
deposit has generally flat North American Shale Compos-
ite (NASC)-normalized REE patterns, with all REE less
than NASC values (Fig. 3). Cerium anomalies are lacking
([Ce/Ce*]NASC = 0.80 to 1.04, average = 0.92), although
most massive sulfide samples in this study possess large po-
sitive Eu anomalies ([Eu/Eu*]NASC = 0.93 to 27.6, aver-
age = 6.61, n = 50) (Figs. 3 and 4).

Massive sulfide mineralization at the Restigouche
deposit shows broadly similar REE patterns, although
REE contents are generally lower than at the Halfmile
Lake deposit (Figs. 3–5). Most massive sulfide analyses
possess positive Eu anomalies; [Eu/Eu*]NASC ranges from
0.53 to 11.34, average = 3.65, n = 16 (Fig. 6). Massive sul-
fide mineralization at the Restigouche deposit has slightly
more negative Ce anomalies than the Halfmile Lake depos-
it with [Ce/Ce*]NASC ranging from 0.73 to 0.97, aver-
age = 0.89 (Figs. 4 and 5).

4.3. REE in primary gossan at the Halfmile Lake deposit

Gossan samples at the Halfmile Lake deposit general-
ly have flat NASC-normalized REE patterns with posi-
tive Eu anomalies, and are remarkably similar to



Fig. 3. REE plots of massive sulfides (A and B), gossans (C) and host volcanic lithologies (D) from the Halfmile Lake deposit, normalized to North
American Shale Composite (NASC; Gromet et al., 1984). Note that gossan values have not been adjusted for loss/gain.
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underlying massive sulfide mineralization (Fig. 3). Half-
mile Lake deposit gossans have REE patterns that are
generally little fractionated compared to underlying mas-
sive sulfide mineralization (Fig. 6), with most MSG over-
lapping massive sulfide mineralization in light REE
(LREE) and heavy REE (HREE) enrichment or deple-
tion (i.e., similar [La/Sm]NASC and [Gd/Yb]NASC;
Fig. 4D).

Using the method of Boyle (2003) to calculate the per-
cent loss or gain of species during supergene oxidation of
massive sulfide mineralization to form gossan, we calcu-
late relative loss and gain for the REE in Halfmile Lake
deposit and Restigouche deposit gossans. For the Half-
mile Lake deposit, element loss percentages are uniform
across the REE (Fig. 7), ranging from �40.6% to
�54.7%. Compared to average massive sulfide mineraliza-
tion at the Halfmile Lake deposit, gossans have flat to
slightly HREE-enriched and HREE-depleted profiles.
Both small positive and small negative Eu anomalies are
present (Fig. 7).

4.4. REE in secondary (reworked) gossan at the Restigouche
deposit

Gossans at the Restigouche deposit generally have flat
NASC-normalized REE patterns, similar to those at the
Halfmile Lake deposit, although Restigouche gossans typ-
ically have minor to large negative Eu anomalies compared
to underlying massive sulfide mineralization (Figs. 4 and
5). Although Restigouche deposit gossans have REE pat-
terns that are generally less fractionated compared to
underlying massive sulfide mineralization (Fig. 6), they
trend to more heavily fractionated HREE compared to
underlying sulfides and Halfmile Lake deposit gossans
(i.e., higher [Gd/Yb]NASC; Fig. 4D). Compared to average
massive sulfide at the Restigouche deposit, gossans there
have flat to very HREE-depleted profiles, and many pro-
files display a subtle convex-up shape (Fig. 6). Unlike the
Halfmile Lake deposit gossan samples, no gossan samples
from the Restigouche deposit show positive Eu anomalies
compared to average massive sulfide. Restigouche deposit
gossans have generally lower [Eu/Eu*]NASC for given Au,
Sn (Fig. 4), Sb, and As (not shown) contents compared
to underlying massive sulfide mineralization, and lower
[Eu/Eu*]NASC ratios than Halfmile Lake deposit primary
gossan.

Using the method of Boyle (2003) we calculated the rel-
ative loss and gain of the REE in Restigouche deposit gos-
san during supergene oxidation of massive sulfide
mineralization to form gossan. In contrast to the primary
gossans at the Halfmile Lake deposit, Restigouche deposit
gossan samples show a wider range in relative REE loss,
from �40% to �91.6%. Maximum REE loss in Restigou-
che deposit gossan is Eu (�91.6%) and the HREE show
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Fig. 5. REE plots of massive sulfides (A), gossans (B and C), and host volcanic lithologies (D) from the Restigouche deposit, normalized to North
American Shale Composite (NASC; Gromet et al., 1984). Note that gossan values have not been adjusted for loss/gain.
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greater loss (Gd = �79.8%, Lu �90.1%) than the LREE
(La = �40%, Sm = �76.8%; Fig. 7). Note the very differ-
ent calculated percent loss for La compared to the rest of
the REE.

4.5. REE in groundwaters

The REE in groundwaters from the Halfmile Lake
and Restigouche deposits have been discussed in detail
elsewhere (Leybourne et al., 2000b; Leybourne and Cou-
sens, 2005). However, for comparison with massive sul-
fide mineralization, primary and reworked gossans,
REE patterns for three groundwaters from current and
past producing mines in the BMC are presented
(Fig. 8). Groundwaters from the Heath Steele and
Wedge deposits are characterized by elevated REE con-
tents, up to 690,000 ng/L. Mine waters are variable, with
[La/Sm]NASC varying from 0.23 to 2.05 with an average
of 0.67. The [Gd/Yb]NASC varies from 0.61 to 3.97 with
an average of 1.51. Several waters adjacent to the main
ore zone at the Heath Steele mine have strong positive
Eu anomalies, similar to anomalies for BMC massive sul-
fide mineralization (Figs. 3, 5, and 8). REE-speciation
calculations were performed on the mine waters (Ley-
bourne et al., 2000b). Pertinent features of the speciation
calculations include; (1) low pH waters from the Wedge
and Heath Steele deposits (field pH values <3) are al-
most entirely complexed by sulfate (LnSO4

+; where Ln
is any REE; Fig. 8), (2) at higher pH, carbonate, Ln3+
and, in some cases, phosphate, complexes dominate
(Fig. 8).

5. Discussion

5.1. Formation of primary massive sulfide gossan in the

BMC

Based on paleomagnetic studies, Symons et al. (1996)
suggested that the BMC gossans began forming between
1.05 and 2.3 Ma. This relatively young age for the BMC
gossans is supported by the abundance of jarosite group
minerals in these deposits (Table 1), which are unstable un-
der current pH conditions, as well as relatively minor dehy-
dration of goethite to hematite (Boyle, 2003).

Boyle (2003) has characterized the sequence of forma-
tion of primary gossan by oxidation of the VMS deposits
in the BMC in the following manner. Oxygenated ground-
water infiltrates the upper portions of massive sulfide min-
eralization underlying the gossan zone, resulting in the
oxidation of sulfide minerals, dissolution of vein and gan-
gue carbonate minerals (primarily siderite, ferroan dolo-
mite, and calcite), and downward movement of Cu- and
SO4-rich solutions into lower parts of the profile. Lower
in the profile, conditions are reducing, and Cu is removed
from solution as secondary Cu-sulfides, which replace pri-
mary sulfides, principally chalcopyrite, sphalerite and
galena, with covellite, digenite, and chalcocite. During this
process Zn and sulfate are largely removed in solution



Fig. 6. REE plots of Halfmile Lake (A) and Restigouche (B and C)
deposit gossans relative to average massive sulfide from each deposit. Note
the difference in Eu anomaly for the two deposits.
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(e.g., Fig. 2), whereas Pb commonly forms secondary sul-
fate minerals such as anglesite and plumbojarosite.
Although Pb/Zn ratios increase in the gossans over pri-
mary massive sulfide mineralization, Pb is generally lost
from the system (Boyle, 2003). For example, at the Mur-
ray Brook deposit, Boyle (2003) calculated that about
99% of the Zn, 90% of the Cu, and 36% of the Pb, on
average, was lost during the formation of the massive sul-
fide gossan. In contrast, Au is enriched (+295%), as is As
(+65%) and Sb (+50%) (relative to Sn). At the Halfmile
Lake deposit, Boyle (2003) calculated losses of 99%,
47%, and 75% for Zn, Cu, and Pb, respectively, and gains
of 141%, 612%, and 54% for Au, As, and Sb, respectively.
However, in the reworked gossan at the Restigouche
deposit, losses of 99%, 97%, and 97% for Zn, Cu, and
Pb, and losses of 98%, 91%, and 90% for Au, As, and
Sb, were calculated (Boyle, 2003).

As weathering proceeds, secondary Cu-sulfide minerals
are progressively dissolved, leading to increased porosity
(Sato and Mooney, 1960). As a result of this increased
porosity, oxygenated groundwater/rock ratios increase, in
turn driving greater oxidation of galena and sphalerite, fol-
lowed by arsenopyrite and pyrite. Oxidation of the Fe (and
As) sulfides lowers the pH and produces higher concentra-
tions of the strong oxidizer ferric sulfate, promoting disso-
lution of remaining sulfides (except cinnabar and
cassiterite). Sulfide minerals possess an electrochemical po-
tential values that accentuates these chemical changes
(Blain and Brotherton, 1975). Grain contacts with large
potential differences promote dissolution of the mineral
with the lower potential e.g., pyrite (� + 0.18 V) in contact
with sphalerite (� �0.2 to �0.4 V) enhances the oxidation
of sphalerite. Most sulfide minerals undergo preferential
weathering in the presence of significant amounts of pyr-
rhotite (Goodfellow and McCutcheon, 2003; Peter et al.,
2003b).

5.2. REE fractionation and mobility during primary gossan

formation

In the primary massive sulfide mineralization the REE
likely occur primarily in the gangue minerals, consistent
with the inverse correlation between REE abundance and
sulfur content for Halfmile Lake deposit and Restigouche
deposit massive sulfide samples. Studies of modern hydro-
thermal fluids have shown that high temperature black-
smoker fluids, inferred to be analogs for fluids that formed



Fig. 8. Speciation of REE for selected groundwaters from the Heath Steele and Wedge deposits. (A) Low pH groundwater from the Heath Steele mine,
(B) low pH groundwater from the Wedge deposit, (C) neutral pH groundwater from the Heath Steele mine. Speciation details and data from (Leybourne
et al., 2000b). Speciation calculations were based on calculated contents of the major inorganic free (uncomplexed) ligands (OH�, F�, Cl�, HCO3

�,
CO3

2�, H2PO4
�, HPO4

2�, PO4
3�, SO4

2�), as determined by PHREEQC, using the WATEQ4F thermodynamic database (Ball and Nordstrom, 1991;
Parkhurst, 1995). Stability constants for the REE species were taken from Millero (1992) except those for carbonate species, which were taken from Lee
and Byrne (1993) and phosphate, which were taken from Byrne and Liu (1996). (D) NASC-normalized REE plots for the groundwaters shown above.
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the massive sulfide mineralization in the BMC, are charac-
terized by generally flat REE patterns and strong positive
Eu anomalies compared to NASC (Klinkhammer et al.,
1983; German et al., 1990; Klinkhammer et al., 1994 Bau
and Dulski, 1999).

Previous work has shown that the BMC gossans formed
during the Late Tertiary under conditions of a falling water
table (Boyle, 1995; Symons et al., 1996). As described
above, oxidation of massive sulfide minerals (especially
Fe-sulfides) resulted in low pH conditions, as shown by
the occurrence of jarosite group minerals in the gossans
(jarosite, plumbojarosite, and argentojarosite). By analogy
with low pH waters we have collected interacting with the
Heath Steele and Wedge deposits (Fig. 8), we expect (and
model) that under these oxidizing low pH conditions the
REE would be primarily speciated as sulfate complexes
(Fig. 8). Under these conditions, there would be little frac-
tionation of the REE from La to Lu, consistent with the
generally similar shapes of REE profiles for massive sulfide
mineralization and concurrent massive sulfide gossans.

Limited LREE or HREE fractionation suggests that the
REE were complexed mainly by sulfate during gossan for-
mation, consistent with low pH waters in contact with
in situ (Heath Steele) and tailings (Wedge) sulfides in the
BMC (Fig. 8). Stability constants for LnSO4

+ and
Ln(SO4)2

� are relatively uniform from La to Lu, so that lit-
tle or no fractionation of the REE would be expected
where they are dominantly complexed by sulfate (Wood,
1990). The lack of negative Ce anomalies is also consistent
with low pH conditions during gossan formation as Ce4+ is
unstable below �pH 4 and 5 (Brookins, 1989). In contrast,
lateritic profiles commonly display negative Ce anomalies
in the upper most-weathered portions and positive Ce
anomalies reflecting Ce4+ accumulation in the upper sapro-
lite beneath the ferruginous horizons (Braun et al., 1998).
Comparison of the low pH waters collected from the Heath
Steele and Wedge deposits is consistent with the interpreta-
tion that oxidizing, low pH fluids result in little fraction-
ation of the REE owing to strong sulfate complexation.
Waters at neutral pH commonly display middle REE
enrichment (Johannesson et al., 1996b), and alkaline
waters commonly display strong HREE fractionation with
strong LREE depletion as a result of complexation of the
HREE by CO3

2� (Johannesson and Lyons, 1994). Some
studies have shown preferential enrichment of the middle
REE (MREE) in acidic waters owing to acid leaching of
Fe- and Mn-oxides and oxyhydroxides that are MREE-en-
riched (Johannesson and Lyons, 1995; Johannesson and
Zhou, 1999). Weathering of massive sulfide mineralization
at low pH would not produce MREE-enrichment, as there
is no mechanism to preferentially enrich the MREE in the
host rock. In addition, REE in other acidic environments
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have been modeled as being speciated by both sulfate and
as free Ln3+, whereas modeling of the low pH waters
in the BMC (Wedge and Heath Steele deposits) suggest
complexation almost exclusively by sulfate (Fig. 8). Thus,
although MREE enrichment may occur owing to preferen-
tial adsorption onto Fe-oxides during gossanization, the
activity of free sulfate was sufficiently high such that the
REE were essentially 100% in solution as sulfate complex-
es, so that no preferential adsorption took place.

Gammons et al. (2003) studied the REE contents of an
acidic mine pit lake in Butte, Montana (pH = 2.3–2.6).
Here, REE contents are elevated and although pit waters
show LREE depletion, suggesting MREE-enrichment,
there is no corresponding HREE depletion. Gammons
et al. (2003) suggested that if sufficiently low water–rock
ratios are inferred, the preferential loss of the LREE
can be modeled as a function of adsorption/coprecipita-
tion with ferric precipitates. Thus, the lack of significant
(or consistent) fractionation of the REE during primary
gossan formation in the BMC suggests combined integrat-
ed high water–rock ratios and elevated free sulfate activ-
ity, consistent with the formation scheme described by
Boyle (2003).

5.3. Chemical reworking of massive sulfide gossan

Boyle (2003) briefly discussed the physical and chemical
evidence for chemical reworking of the gossan at the Res-
tigouche deposit. Physical evidence includes: (1) lack of
jarosite group minerals in the reworked gossans, whereas
jarosite minerals are common constituents of all other mas-
sive sulfide gossans in the BMC, (2) occurrence of massive
aggregates of crystalline anglesite on fracture surfaces and
infilling pore spaces in gossan at the Restigouche deposit,
(3) lack of preservation of primary sulfide structures and
textures, unlike other massive sulfide gossans in the
BMC, (4) presence of late-stage botryoidal goethite, and
(5) greater porosity compared to the other MSG’s in the
BMC. Chemical evidence for reworking includes overall
loss of species such as Au, As, and Sb at the Restigouche
deposit, whereas, in the other massive sulfide gossans these
elements typically show a mass enrichment as a result of
primary massive sulfide gossan formation (Boyle, 2003).
The Restigouche gossans are unlikely to be groundwater-
transported Fe-oxide deposits (hydromorphic gossan in
the parlance of Boyle, 2003) because of the generally elevat-
ed Pb contents; hydromorphic gossans do not have high Pb
owing to its relative immobility, even during the low pH
conditions of gossan formation. In addition, the founda-
tional work of Dan Boyle on the gossans in the BMC indi-
cates that the most immobile element during gossan
formation was Sn, hence the basis of using this element
to determine chemical losses and gains during supergene
weathering. Because it is so immobile, Sn is also not pres-
ent in abundance in hydromorphic gossans in the BMC. At
the Restigouche deposit, Sn varies from 94 to 1200 ppm,
with a mean of 599 ppm and a geometric mean of
481 ppm (Boyle, 2003). These numbers compare well to
the Halfmile Lake deposit, with values of 118–2010,
mean = 665 ppm, and geometric = 468 ppm, especially giv-
en that average Sn contents of the massive sulfides in the
BMC appear to increase with increasing tonnage of the
Zn–Pb portions of these deposits (Boyle, unpublished
data).

Differences in behavior of Au during gossan formation
and chemical reworking may also be explained by appeal-
ing to Eh–pH conditions. Widler and Seward (2002)
showed experimentally that Au is strongly adsorbed (essen-
tially 100%) to Fe-sulfide surfaces at low pH (generally
65.5 at 25 �C for pyrite and 64 for pyrrhotite and macki-
nawite [(Fe,Ni)S0.9]), whereas as pH increases above 5, Au
sorption decreases. Thus, the preferential enrichment of Au
during primary gossan formation may relate, at least in
part, to adsorption of Au onto secondary sulfides formed
during supergene weathering. However, if pH conditions
were closer to neutral during chemical reworking, Au
might more readily be removed from the system as a result
of being less strongly adsorbed. In addition, given the pres-
ence of primary sulfide mineralization below the reworked
gossan, Au mobility at near neutral conditions and further
sulfide oxidation would also be enhanced by complexation
with thiosulfate (Benedetti and Boulègue, 1991). The Half-
mile Lake deposit gossan has a preferential increase in Au
relative to Pb. In contrast, the Restigouche deposit gossan
has similar to lower Au values than massive sulfide miner-
alization, relative to Pb abundances. Loss of Au during
chemical reworking is most likely to have occurred via
Au-thiosulfate complexing, implying neutral to alkaline,
oxidizing conditions. Although Cl� may have been present
given the presence of saline waters below the Restigouche
deposit (Leybourne and Goodfellow, 2003), the presence
of sulfide minerals in close proximity to the gossan suggests
that thiosulfate is a more probable complexing agent for
Au (and Sb) during chemical reworking.

5.4. Origin of Eu depletion in Restigouche deposit gossan

There are two possible explanations for the presence of
positive Eu anomalies in the Halfmile Lake deposit gossans
and its absence from those at the Restigouche deposit: (1)
the gossans analyzed were formed from massive sulfide
mineralization that did not possess positive Eu anomalies,
and (2) Eu has been preferentially removed compared to
the rest of the REE during chemical reworking of the Res-
tigouche deposit gossan.

The first explanation is consistent with the fact that the
Brunswick #6 deposit also possesses a reworked gossan,
although the gossan retain a positive Eu anomaly (Boyle,
unpublished data). However, consideration of the Au,
As, and Sb data (tabulated in Boyle, 2003) suggests that
gossan at the Brunswick #6 deposit was not as extensively
reworked as gossan at the Restigouche deposit. Thus,
although the first explanation is possible, and the apparent
loss of Eu in the Restigouche deposit gossan is a sampling
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artifact, as discussed below, the geochemical data are more
consistent with a model in which Eu was preferentially re-
moved from the Restigouche deposit gossan during chem-
ical reworking.

The second explanation is attractive given that at the
Halfmile Lake deposit, gossans retain the positive Eu
anomaly of massive sulfide mineralization, whereas, Resti-
gouche deposit gossans generally do not (Figs. 3 and 5). At
the Restigouche deposit, loss of jarosite minerals and Au
(and related species) suggests near neutral conditions exist-
ed during chemical reworking/modification, compared to
pH values <3.0 for the Halfmile Lake deposit gossan.
The presence of crystalline anglesite in association with
botryoidal goethite after reworking is explained by pH val-
ues greater than 3.0, following breakdown of plumbojaro-
site via the reaction (Boyle, 2003):

PbFe6ðSO4Þ4OH12 ) 6FeOOHþ Pb2þ þ 4SO4
2� þ 6Hþ

If conditions during this chemical reworking were reduc-
ing, Eu2+ could be preferentially mobilized, whereas the
other REE, including Ce, in the 3+ state were preferentially
retained in the gossan.

Additional geochemical evidence in support of preferen-
tial loss of Eu during chemical reworking is the relationship
between the Eu anomaly and key gossan-related elements.
Boyle (2003) suggested that during gossan formation in the
BMC, Au, Sb, and As are generally moderately to strongly
enriched in the gossans relative to Sn. This preferential Au
enrichment has made the gossans attractive for explora-
tion, including mining of the Murray Brook deposit for
Au by cyanide vat-leach from 1989 to 1992 (Rennick and
Burton, 1992; Boyle, 1995; Leybourne et al., 2000a). For
the Restigouche deposit gossans, there are statistically sig-
nificant correlations between the magnitude of the Eu
anomaly and As, Sb (not shown), and Au values (Fig. 6),
suggesting that loss of Au, As, and Sb occurred concurrent-
ly with preferential loss of Eu.

Aubert et al. (2001) presented REE data for soil waters,
stream waters, and suspended sediments derived from
weathered granite. Granite-normalized REE patterns for
these media show small positive Eu anomalies (Eu/Eu*
up to 1.8), consistent with preferential mobility of Eu com-
pared to the other REE. In contrast, low pH (2.8–4.0)
acid–sulfate springs from Yellowstone show essentially flat
host-rock normalized REE patterns, although Eu is also
preferentially enriched, suggesting dissolution of feldspar
(Lewis et al., 1997).

Based on the work of Sverjensky (1984), at typical sur-
face conditions, Eu2+ is only stable at very low redox con-
ditions and alkaline pH. At elevated temperature (>250 �C)
essentially all of the europium present would be in the re-
duced state (Sverjensky, 1984; Douville et al., 1999). At
100 �C, Eu2+ could be stable in the presence of sulfate
and Fe3+ for a narrow range of Eh and pH conditions
(Sverjensky, 1984). Assuming that primary gossan initially
formed at the Restigouche deposit displayed similar REE
changes as at other gossans in the BMC (essentially uni-
form mass loss of all the REE, with little or no fraction-
ation), but that Eu was preferentially lost during
chemical reworking of the Restigouche deposit gossan,
we can place some constraints on the Eh–pH conditions
of reworking. pH conditions were presumably sufficiently
acidic that there was no formation of secondary carbon-
ates. In addition, during gossan reworking Fe appears to
have been oxidized (botryoidal goethite), sulfur present at
least in part as sulfate (formation of anglesite), yet Eu ap-
pears to have been in the 2+ state. There does not appear
to be any equilibrium conditions at 25 �C in which Eu2+,
Fe3+ and SO4

2� are all stable. Conditions during rework-
ing were also not oxidizing enough to result in oxidation
of Ce3+ to Ce4+, as shown by the lack of development of
negative Ce anomalies in the reworked gossan. It is possi-
ble that fluctuations in water table levels or cycling of ele-
ments across a redox boundary may explain all of the
geochemical characteristics of the reworked Restigouche
deposit gossans.

There is a second possible explanation to account for the
preferential loss of Eu during chemical reworking of the
gossan at the Halfmile Lake deposit. Europium may reside
in a different mineral phase than the other REE. Thus, dur-
ing primary gossan formation Eu is only partially oxidized
to Eu3+, so that much of the Eu budget is still in the re-
duced form similar to the original hydrothermal fluid.
For example, Peter et al. (2003a) suggested that for hydro-
thermal sediments in the BMC (iron formations), Eu
showed a different elemental association compared to the
other REE, with Eu much more closely associated with a
hydrothermal source. These workers performed multidi-
mensional scaling analysis (MDS) and showed that all
the REE (except Eu) are closely associated with SiO2,
K2O, Ga, Sc, Nb, Al2O3, and TiO2 (‘‘detrital’’ compo-
nents), whereas, Eu is chemically associated with Pb, Sb,
In, As, Ag, S, Cu, and Zn (‘‘hydrothermal’’ components).
Peter et al. (2003a) suggest that Eu2+ was scavenged by,
or coprecipitated with, hydrothermal oxides and sulfides
during hydrothermal venting at the BMC paleoseafloor.
Thus, it is possible that during reworking of the Restigou-
che deposit, Eu was preferentially lost from the gossan rel-
ative to the rest of the REE because it was hosted in a
readily reworked (weathered) phase owing to being in a
largely reduced state. One possible host mineral for Eu
would be the jarosite mineral group, which are typical in
primary BMC gossan, but which are absent to rare in the
reworked gossan at the Restigouche and Brunswick #6
deposits (Boyle, 2003). Unfortunately, there has been insuf-
ficient work done on substitution of the REE in jarosite
group minerals. However, Eu2+ has a similar ionic radius
to Pb2+ (131 versus 133 pm, respectively) compared to
Sm3+, Eu3+, and Gd3+ (109.8, 108.7, and 107.8 pm, respec-
tively), raising the possibility that Eu2+ substitutes for Pb
in plumbojarosite and beudantite.

The presence of subtle REE fractionation in the Res-
tigouche deposit gossan compared to the Halfmile Lake
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deposit gossan can also be used to elucidate conditions
during gossan reworking. The former appears to have
a slight MREE enrichment in many sulfide-normalized
samples (Fig. 6). Near neutral, oxidizing conditions
would limit the formation of sulfate complexes
(Fig. 8C), allowing development of MREE-enrichment
through preferential loss from Fe-oxides. Although in
some acidic waters MREE enrichment is commonly ob-
served (Johannesson and Lyons, 1995; Johannesson and
Zhou, 1999), in many low pH waters there is no frac-
tionation across the REE (Gimeno Serrano et al., 2000;
Gammons et al., 2003; Verplanck et al., 2004; Gammons
et al., 2005b). Verplanck et al. (2004) studied the parti-
tioning of REE between ferric oxides and acid waters
from pH 1.6 to 6.1 and found that significant HREE
fractionation only occurred above pH 5.1. These experi-
mental results and recent field results in anthropogenic
and natural acid-impacted streams (Gammons et al.,
2005a,b) are consistent with our contention that the
REE in gossan at the Halfmile Lake deposit are unfrac-
tionated from massive sulfide mineralization owing to the
low pH conditions present during gossan formation. In
contrast, more neutral conditions inferred to have been
present during reworking of the Restigouche gossan per-
mitted minor REE fractionation. In particular, note that
the %loss for the REE in the Restigouche gossan is low-
est for La, consistent with the observations of Bau
(1999), who showed increasing fractionation of La from
the other LREE in the presence of Fe-oxyhydroxide with
increasing pH from 3.63 to 6.21.

6. Conclusions

Using the mineralogical and geochemical compositions
of primary and secondary gossans, we can infer the redox
and pH conditions of formation of primary and reworked
gossans. Primary massive sulfide gossans in the Bathurst
Mining Camp (BMC), New Brunswick, Canada, are char-
acterized by relative enrichments of Au, Sb, and As, forma-
tion of jarosite group minerals (jarosite, plumbojarosite,
and argentojarosite) and little or no fractionation in the
rare earth elements (REE), including preservation of large
positive primary Eu anomalies. The chemical and mineral-
ogical characteristics of these primary gossans (as exempli-
fied by gossan at the Halfmile Lake deposit) imply low pH
(<3) and relatively oxidizing conditions during gossan for-
mation, such as would be experienced during oxidation of a
volcanogenic massive sulfide body (with dominant sulfide
minerals of pyrite, pyrrhotite, sphalerite, galena and chal-
copyrite) with a falling water table. The lack of light
REE or heavy REE fractionation and preservation of po-
sitive Eu anomalies characteristic of the original (465 Ma)
hydrothermal fluid is consistent with relatively high inte-
grated water–rock ratios during massive sulfide oxidation,
and removal of the REE predominantly as sulfate complex-
es (LnSO4

+, Ln(SO4)2
�). Low pH groundwaters recovered

from past producing mines in the BMC display REE pat-
terns consistent with those inferred to have occurred during
gossan formation.

In contrast to the Halfmile Lake deposit, gossans at the
Restigouche deposit display mineralogical and chemical
evidence for having been chemically reworked since pri-
mary gossan formation. Evidence for chemical reworking
includes loss of primary massive sulfide textures, replace-
ment of plumbojarosite with anglesite, almost wholesale
removal of jarosite minerals, loss of Au, Sb, and As and
apparent preferential removal of Eu, resulting in loss of po-
sitive Eu anomalies for most samples. Based on geochemi-
cal modeling, conditions inferred for the chemical
reworking of the Restigouche deposit (secondary-MSG) in-
clude near neutral conditions and either relatively oxidizing
or cycling between reduced and oxidized, depending on the
inferred model for preferential removal of Eu relative to
the other REE.
Acknowledgments

The fieldwork was funded by the Geological Survey of
Canada, as part of the EXTECH-II (EXploration TECH-
nology) program. We thank Wayne Goodfellow (GSC) in
particular for providing the funding for this project and
for numerous discussions related to the geology and mas-
sive sulfide mineralization of the BMC. Peter Belanger is
thanked for overseeing the geochemical analyses on rocks
and waters and Gwendy Hall and Judy Vaive for the che-
lation ICP-MS analyses of REE in waters. Comments from
two anonymous journal reviewers and Associate Editor
E.M. Ripley greatly helped to improve the manuscript.
This is Geosciences Department at the University of Texas
at Dallas contribution #1041 and Geological Survey of
Canada No. 2004288.

Associate editor: Edward M. Ripley

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.gca.2005.11.003
References

Adair, R.N., 1992. Stratigraphy, structure, and geochemistry of the
Halfmile Lake massive-sulfide deposit, New Brunswick. Explor. Min.

Geol. 1, 151–166.
Al, T.A., Blowes, D.W., Jambor, J.L., 1994. A geochemical study of the

main tailings impoundment at the Falconbridge Limited, Kidd Creek
Division metallurgical site, Timmins, Ontario. In: Jambor, J.L.,
Blowes, D.W. (Eds.), Short Course Handbook on Environmental

Geochemistry of Sulfide Mine-Wastes, vol. 22. Mineralogical Associ-
ation of Canada, pp. 333–364.

Al, T.A., Martin, C.J., Blowes, D.W., 2000. Carbonate-mineral/water
interactions in sulfide-rich mine tailings. Geochim. Cosmochim. Acta

64, 3933–3948.
Andersson, P.S., Dahlqvist, R., Ingri, J., Gustafsson, O., 2001. The

isotopic composition of Nd in a boreal river: a reflection of selective

http://dx.doi.org/10.1016/j.gca.2005.11.003
http://dx.doi.org/10.1016/j.gca.2005.11.003


1110 M.I. Leybourne et al. 70 (2006) 1097–1112
weathering and colloidal transport. Geochim. Cosmochim. Acta 65,
521–527.

Aubert, D., Stille, P., Probst, A., 2001. REE fractionation during granite
weathering and removal by waters and suspended loads: Sr and Nd
isotopic evidence. Geochim. Cosmochim. Acta 65, 387–406.

Ayres, M., Harris, N., 1997. REE fractionation and Nd-isotope disequi-
librium during crustal anatexis: constraints from Himalayan leucog-
ranites. Chem. Geol. 139, 249–269.

Ball, J.W., Nordstrom, D.K., 1991. Users manual for WATEQ4F with
revised thermodynamic database and test cases for calculating speci-
ation of major, trace, and redox elements in natural waters. USGS

Open-File Report, 91–183.
Barrie, C.Q., 1982. Summary report Restigouche property N.T.S. 21O/7E

and 10E, Billiton Canada Limited. New Brunswick Department of
Natural Resources and Energy Mineral and Energy Division Assess-
ment File 472885.

Bau, M., 1999. Scavenging of dissolved yttrium and rare earths by
precipitating iron oxyhydroxide: experimental evidence for Ce oxida-
tion, Y–Ho fractionation, and the lanthanide tetrad effect. Geochim.

Cosmochim. Acta 63, 67–77.
Bau, M., Dulski, P., 1999. Comparing yttrium and rare earths in

hydrothermal fluids from the Mid-Atlantic Ridge: implications for Y
and REE behaviour during near-vent mixing and for the Y/Ho ratio of
Proterozoic seawater. Chem. Geol. 155, 77–90.
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