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INTRODUCTION

Arsenic is a ubiquitous toxic element found in atmospheric
particulates, surface and ground waters, soils, sediments, and
organisms (Cullen and Reimer 1989). The regulatory limits for
As concentration in drinking water recommended by the World
Health Organization is 10 mg/L (Korte 1991) and the United
States Environmental Protection Agency recently lowered its
regulatory limit from 50 mg/L to 10 mg/L (= ppb). Although
there are many anthropogenic sources of As, e.g., pesticides
(Peryea 1991), acid mine drainage (Langmuir et al. 1999), and
industrial sources (Aurillo et al. 1994), there are also impor-
tant natural sources of As. The solution chemistry of As has
been extensively studied (Smedley and Kinniburgh 2002). The
most widespread case of As poisoning in the world today is in
Bangladesh where the groundwater over a wide region con-
tains highly elevated As concentrations up to ~640 ppb (Harvey
et al. 2002).

Eh and pH have important effects on As speciation (Cullen
and Reimer 1989). Speciation is known to influence toxicity
(in order of generally decreasing toxicity): arsines (trivalent
inorganic or organic) > arsenite (As3+) (inorganic) > arsenoxides
(trivalent with two bonds joined to O atoms) >arsenate (As5+)
(inorganic) > tetravalent arsenicals such as RnAsO(OH)3–n (R =
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ABSTRACT

Bedrock samples were examined from a region in south-central New Hampshire in order to un-
derstand the factors responsible for elevated As-concentrations (up to 180 ppb) in the groundwater.
Although the As is predominantly from natural sources, the precise mineralogy of the As-bearing
phases was unknown. As-bearing samples were examined in detail using advanced electron micros-
copy techniques, including high-angle annular dark field scanning electron microscopy (HAADF-
STEM), STEM elemental mapping, and high resolution TEM. Numerous As-bearing minerals were
observed, predominantly arsenopyrite (FeAsS) with some westerveldite (FeAs). The arsenopyrite
was partially altered to nanocrystalline (~20 nm) magnetite and westerveldite, most likely during
hydrothermal circulation of fluids following the emplacement of a nearby granitoid pluton. A reac-
tion rim surrounds the pristine cores of arsenopyrite, with compositionally variable amorphous zones
(containing Fe, As, K, and O), a Cu-sulfide, and a uranium-bearing phase, suggesting at least three
distinct fluid compositions during alteration. Because the K-Fe-As-oxide is amorphous and the
nanocrystalline FeAs has a high surface area per unit mass, the dissolution rate of As-bearing phases
during recent low-temperature weathering is increased. The rapid dissolution of the reduced As
phase (FeAs), which is unstable under oxidizing conditions, may be an important factor in the el-
evated As-concentrations in the groundwaters of this region.

H, Cl, organic, etc.; n = 1, 2) > R4As+ > metallic As0 (Penrose
1974). According to previous results from batch experiments,
the oxidation from As3+ to As5+ is slow, although the presence
of organic matter may enhance the reaction rate (Wilkie and
Hering 1998). Much less well studied is the solid-state specia-
tion of As in source rocks (Nicolli et al. 1989; Baker et al.
1998). The nanoscale occurrence of As minerals has not been
previously described, and these phases may be a significant
source of the As that is found in groundwaters.

The solid-state behavior of As is further complicated by
surface reactions with Fe3+-hydroxides or Fe3+-oxides that have
a strong affinity for dissolved As (Korte 1991; Moncure et al.
1992; Bowell 1994). However, under reducing conditions, iron
oxides become less stable, and adsorbed As may be released
into solution (Korte 1991; Rochette et al. 1998). Increased acid-
ity decreases the stability of amorphous Fe(OH)3 and eventu-
ally affects the binding efficiency with As species (Cullen and
Reimer 1989). The adsorption mechanism of As5+ on ferrihydrite
surfaces has been examined in detail by Waychunas et al. (1993)
and Fuller et al. (1993). Roddick-Lanzilotta et al. (2002) sug-
gested that hydrated iron oxides with adsorbed As may be pre-
cursors to the formation of scorodite. The importance of such
observations has recently been emphasized by the work of
Nickson et al. (1998) in Bangladesh where they have suggested
that the As release was not the result of the dissolution of
arsenian pyrite, but rather due to the reduction of As-rich iron
oxyhydroxides. This type of information has a profound effect
on the remediation strategy, and there has yet to be consensus


