University of Alberta

Redox Control on Arsenic and Molybdenum in an Acid Sulfate Soil from West Central
Alberta.

by

Brooke Corrina Bennett

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment

of the requirements for the degree of Master of Science

in

Soil Science

Department of Renewable Resources

Edmonton, Alberta

Fall 2002



il

National Library
of Canada

Acquisitions and
Bibliographic Services

385 Wellington Street
Ottawa ON K1A ON4
Canada

Bibliothéque nationale
du Canada

Acquisitions et )
setvices bibliographiques
395, rue Wellington

Ottawa ON K1A ON4

Canada
Your file Voire rélérence

Our file Notre réldrence

The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant 3 la

National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canadi

0-612-81363-0



University of Alberta

Library Release Form
Name of Author: Brooke Corrina Bennett
Title of Thesis: Redox Control on Arsenic and Molybdenum in an Acid

Sulfate Soil from West Central Alberta.
Degree: Master of Science

Year this Degree Granted: 2002

Permission is hereby granted to the University of Alberta Library to reproduce single
copies of this thesis and to lend or sell such copies for private, scholarly or scientific

research purposes only.

The author reserves all other publication and other rights in association with the copyright
in the thesis, and except as herein before provided, neither the thesis not any substantial
portion thereof may be printed or otherwise reproduced in any material form whatever

without the author’s prior written permission.

'.#-:: o

tudent's ‘s1 §

s

Permanent address:
9148-80 Avenue
Edmonton, Alberta, Canada
T6C 0TS

Date: ﬁm; ilf, 2002



University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommended to the Faculty of
Graduate Studies and Research for acceptance, a thesis entitled Redox Control on
Sorption of Arsenic and Molybdenum in an Acid Sulfate Soil from West Central Alberta
submitted by Brooke Corrina Bennett in partial fulfillment of the requirements for the

degree of Master of Science in Soil Science.

L) Dyt

MJ. /ﬁufa’s (Supervisor)

!\§ aflab ¢ VW

N. Juma

Y. Feﬁ’g

{Ziﬁ-ﬁ (\//%Vé

K Devito

%7&@@&

Date



ABSTRACT

Acid sulfate soils in Alberta have developed from weathered marine shales and
are naturally enriched in arsenic. Adjacent soils have also developed from marine shales,
mixed with calcareous till. The solubility of arsenic increases in anaerobic conditions,
however little is known about the solubility of arsenic in acid sulfate soils. Reduction
and oxidation experiments were designed to investigate the influence of redox potential
on the sorption and dissolution of iron, arsenic, and molybdenum in an acid sulfate soil
and in a mixture of acid soil and calcareous till. Elevated arsenic concentrations were
consistently detected in reduced solutions of the soil/till mixture indicating arsenic levels
in adjacent soils may be problematic. Aqueous arsenic and molybdenum was
immobilized in oxidized solutions due to sorption onto newly precipitated iron oxides.
Molybdenum may potentially be used as an indicator to distinguish between geogenic

and anthropogenic sources of arsenic in reduced waters with high pH.
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CHAPTERI
INTRODUCTION

Arsenic in soils and sediments will desorb from colloids when conditions become
anaerobic, and enter groundwater systems and domestic drinking water sources. Arsenic
in drinking water seriously impacts human health and is considered one of the prominent
environmental causes of cancer mortality in the world (Welch et al., 2000). In many
cases the arsenic is present naturally, the source originating from geological formations
of marine shales, which contain pyrite (FeS,). Pyrite is the principle carrier of arsenic in
rocks and many types of mineral deposits (Boyle and Jonasson, 1973). When pyrite is
exposed to the atmosphere it undergoes biogeochemical oxidation, leading to the
formation of iron oxyhyroxides and sulfuric acid (Nordstrom, 1982). Pyrite oxidation
also releases arsenic contained within the mineral structure. Released arsenic is
subsequently immobilized by sorption principally to iron and also to aluminum oxides.

Acid sulfate soil conditions develop in soils where extensive pyrite oxidation
occurs. These acid soils are enriched in arsenic and iron oxides, and also contain
molybdenum sorbed to the iron oxides at near background concentrations (Dudas, 1984).
In Alberta, acid sulfate soils have developed in outcrop areas underlain by marine shales,
such as the Kaskapau formation in the Peace River region in west central Alberta. In
outlying areas the shales may form outcrops through surficial glacial debris (Pawluk and
Dudas, 1978). In low lying and slightly depressional areas on the landscape in this region
soils have formed from poorly drained lacustrine materials combined with these fine
textured shales (Pawluk, 1971). This thesis examines the trends in desorption/sorption
behavior of arsenic and molybdenum from iron oxides in an inland acid sulfate soil and
when the soil is admixed with calcareous glacial till under reduced and oxidized
conditions.

Arsenic in solution readily forms oxyanions of arsenate [As(V)] and arsenite
[As(II)] under oxidized and reduced conditions respectively (Sadiq, 1997). The arsenite
species are the more mobile and toxic species. Molybdenum is also commonly found in
solution as the oxyanion molybdate (MoQ4>), exhibiting similar behavior to arsenate.
Iron oxides in soils play a very important role in sorption of trace elements due to high
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reactive surfaces and high adsorptive capacities. Fe-oxides are differentiated based on

structure, ranging in crystallinity from amorphous to highly crystalline. Trace element

oxyanions, such as arsenic and molybdenum, are free to diffuse throughout the loose
structure of amorphous Fe-oxides and sorption is not restricted to external surface sites

such as the case with more crystalline Fe-oxides (Pierce and Moore, 1982).

Iron oxide-arsenic biogeochemistry has been well documented in the literature.
Dissolution, solubilization, and mobilization of both iron oxides and arsenic are primarily
influenced by redox potential (Eh) and pH, with Fe-oxides undergoing dissolution at
reduced conditions (less than +100 mV). Iron oxide dissolution releases sorbed arsenic
and molybdenum into solution. A report issued by Alberta Health and Wellness (Health
Surveillance, 2000) discovered a strong relationship between arsenic, molybdenum, and
iron concentrations in ground waters.

Interactions between iron and arsenic have been studied in heavily contaminated
soils and sediments, soils spiked with arsenic salts, sewage sludges, and arsenic sorption
to various iron oxides under controlled conditions. However, specific examination of
arsenic chemistry and arsenic biogeochemical cycling in acid sulfate soils is not reported,
and it is for this purpose that the present study was undertaken. In addition, no studies to
date have examined the co-solubilization of molybdenum and arsenic from iron oxides.

The objectives of this study are:

1. To elucidate variations in solution concentrations of naturally occurring arsenic under
reduced and oxidized conditions in the subsurface (B) horizon from an acid sulfate
soil enriched with Fe-oxides and native arsenic.

2. To examine the relationship between arsenic and molybdenum released into solution
from dissolution of Fe-oxides under reduced conditions, and sorption to Fe-oxides
under oxidized conditions in the soil.

3. To elucidate changes in solution concentrations of iron, arsenic, and molybdenum
under reduced and oxidized conditions when the subsurface (B) horizon from an acid

sulfate soil enriched with Fe-oxides is admixed with calcareous glacial till.



CHAPTERII
LITERATURE REVIEW

2.1. Redox potential

The redox potential (Eh) of an aqueous chemical system is a measure of the
electron availability or potential, measured as a voltage (V) (Patrick et al., 1996). A great
number of geochemical reactions such as the degradation of organic matter or the
weathering of minerals (e.g. pyrite oxidation) are electron transfer reactions (Schiiring et
al., 2000). Redox reactions involve the transfer of electrons between an oxidized
(electron donor) to a reduced (electron acceptor) species or compound. For example, the

oxidation of realgar, a common arsenic sulfide, is described as (Sadiq, 1997):

AsS,, +8H,0 - HAsO,” +2S0,” +30H" +22¢” (2-1)

Redox potentials can be expressed in terms of pe, defined as the negative log of
electron activity [-log(e)] in unites of mole L™, just as pH expresses the negative log of
the proton activity [-log(H")]. pe is an intensity factor, measuring oxidizing intensity
(Stumm and Morgan, 1970). The sum of pe + pH provides a convenient single-term
expression for defining the redox status of aqueous systems. This redox parameter
represents the sums of all redox equilibrium constants in an equilibrium system (pe + pH
= Jog K) (Lindsay, 1979; Lindsay and Sadiq, 1983; Bartlett, 1986).

The Nernst equation expresses the relationship between the redox potential and
the activities of the oxidized (Ox) and reduced (Red) species (Bohn, 1971):

Eh=Eh? - 230RT, (Red)

o (On))

Thus, a theoretical value for the redox potential of a system can be calculated from redox

(2-2)

couples.
Where:

B = 22250 og) (3)



Eh = calculated redox value (V)

Eh® = redox potential at standard state (V)

R = universal gas constant (8.31451 JK™' mol™)
T = absolute temperature in K

n = number of exchanged electrons

F = Faraday constant (96 485 C mol™)

H' = protons transferred

K = activity equilibrium constant for the reaction
2.303RT/F = 0.059 V at 25°C

The Nernst equation can be simplified to:

Eh(mV) =59.2* pe (2-4)
allowing redox relationships to be expressed in terms of either pe or pH (Lindsay, 1979;
Schiiring et al., 2000).

Ranges of characteristic redox conditions for soils are listed in Table 1 at pH 7
(Bohn, 1971; Patrick et al., 1996). Soil is the unconsolidated material on the immediate
surface of the earth that serves as a medium for plant growth. In natural aqueous
environments redox conditions are imposed by the dissociation of water into Hy(g) or
Oy). The most oxidized equilibrium conditions correspond to pe + pH = 20.78 when
Oy at 1 atmosphere (atm). The most reduced equilibrium conditions are represented by

pe + pH = 0, when Hy is at 1 atm (Lindsay, 1979).

Table 1. Suggested redox conditions for seils.

Soil condition Redox potential (mV)
aerated" +400 to +700
moderately aerated +100 to +400
reduced -100 to +100
highly reduced -100 to -300

! due to poor poise and low sensitivity, Eh or pe is not a satisfactory measure of soil acration
(Ponnamperuma, 1972; Patrick et al., 1996)

4



Baas Becking et al. (1960) reported numerous redox measurements made in
natural environments. Most soils were found to have a pH range between3.5to 9and a

pe range of —6 to +12. The pe + pH range for most soils lies between 2 and 18.

2.2, Acid sulfate soils

Acid sulfate soils form where extensive biogeochemcial oxidation of accumulated
pyrite occurs (Doner and Lynn, 1989). Pyrite (cubic FeS;) accumulates in marine
sediments in coastal depositional environments (Pons et al., 1982). Pyrite weathering
occurs once pyritic sediment and soil parent materials are exposed to an oxidizing
environment through changes in sea level or drainage (Nordstrom, 1982; Bhumbla and
Keefer, 1994), and is described by:

FeSaaq) + 15/4 Oyaq) + 7/2 H20g—> Fe(OH)s(s) + 2 HaSO4(aq) 2-5)

Pyrite oxidation leads to the formation of iron oxides and the release of sulfuric acid into
the soil system (Pawluk, 1971; Mermut et al., 1985). Acid sulfate soils in Western
Canada are common where soft pyritic shales outcrop through surficial glacial debris
(Pawluk and Dudas, 1978; Dudas et al., 1988).

Pyrite is the principle carrier of arsenic in rocks and many types of mineral
deposits. This mineral may contain up to 6 000 mg As kg™ or more. Arsenic in
arsenopyrite is apparently present in lattice sites due to substitution for sulfur and can
accumulate in the mineral as a trace or minor constituent. As pyrite oxidation proceeds
arsenic trapped in the lattice structure is released and subsequently binds to and
concentrates onto the newly formed iron oxides (Welch et al. 2000). Due to the
association of arsenic with pyrite, acid sulfate soils derived from the oxidation of pyritic
material are considerably enriched in natural forms of arsenic (Boyle and Jonasson, 1973;
Dudas, 1984; Gustafsson and Tin, 1994). The acid sulfate soil examined in this study is
from in the Peace River region in Alberta, and has been shown to be considerably
enriched in total arsenic with concentrations several orders of magnitude higher than
other soils of the province (Dudas, 1987; Dudas et al., 1988).

Arsenic chemistry in acid sulfate soils from the Peace River region (Boundary
soil series) has been previously examined, however, only preliminary analysis of arsenic

partitioning in various soil particle fractions (sand, silt, and clay) and the association of
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