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Ansrnacr

57Fe Mdssbauer spectrometry has been used to deter-
mine tlte distribution of iron among chlorite (F*+),
hydrated ferric oxides (Fd+), and pyrite in the reducing
sediments of Figure Eight Lake, Alberta. The lake was
treated on three occasions with copper sulfate algicide
between 1980 and 1984. In the north basin, over tie top
4 cm of sediment, -2ot/o of total iron is in pyrite; at 4 to
5 cm, pyrite concentrations increase rapidly, so that by 8
to 9 cm depth, 6470 of total iron is in pyrite. On the other
hand, concentrations of total copper follow an inverse pro-
file to tlose of pyrite and organic carbon, increasing from
background levels (25 pg gr Cu) at -10 cm beneath the
sedimenf-water interface to 50 pg g-l Cu at I to 3 cm.
These trends, which also occrr in the sediments of the soutl
basin, suggest tlat the formation of pyrite in tle surface
sediments has been inhibited since copp€r sulfate treafinent.
This inhibition arises from the reduced deposition oforganic
matter or copper ion toxicity to sulfate-reducing bacterira
(or both). Hence, small additions of available copper ion
can sigrificantly affect the sulfur rycle in the lake.

Keywords: pyrite, sediments, copper, algicide, sulfur cycle,
lake, Alberta, Mdssbauer spectrometry.

Souruerne

Nous avons utilis6 la spectrom6trie de Mdssbauer 57Fe
pour d€terminer la distribution du fer parmi chlorite
(Fd+), oxydes ferriques hydrat€s (Fe3+), et pyrite dans les
s6diments r6duits du lac Figure Eight, en Alberta. Le lac
a 6td traite au sulfate de cuivre, utilisd comme algicide, d
trois occasions entre 1980 et 1984. Dans la couche sup6-
rieure (4 cm) du sddiment du bassin du nord, environ 2090
du fer est sous forme de pyrite; entre 4 et 5 cm, la teneur
en pyrite augmente de fagon marqude, de softe qu'entre
8 et 9 cm de profondeur, 64Vo du fer y est sous forme de
pyrite. Par contre, la teneur en cuiwe total definit un pro-
fil i l'inverse de ceux qui reprdsentent la pyrite et le car-
bone organique, augmentant d'une valeur de fond (25 pg
g-l Cu) d environ l0 cm au-dessous de l'interface
sddiment-eau jusqu'i 50 pg g-l entre I et 3 cm. Ces varia-
tions, que nous retrouvons aussi dans le bassin du sud, r6ul-
terarent de I'inhibition de la formation de la pyrite dans
les sddiments de surface suite au traitement au sulfate de
cuiwe. Cette inhibition est due soit i une rdduction du taux
de d6position de la matibre organique, soit i la toxicitd de
l'ion de cuivre pour la bactdries r6ductric€s du soufre. Nous
proposons donc que de l6gBres additions de cuiwe dispo-

nible sous forme ionique peuvent exercer une inJluence
importante sur le cycle du soufre dans le lac.

Clraduit par la R6daction)

Mots-cl&: pyite, sddiments, cuivre, algicide, cycle du sou-
fre, liac, Alberta, spectrom6trie de Mdssbauer.

INTRODUCTION

Copper sulfate is an effective algicide in the con-
trol of aquatic weeds in lakes (Effler et al. 1980).
Drawbacks to the method include the suppression
of bacterial populations (Effler et al. 1980) and of
zooplankton biomass (Winner 1985), and frequent
depletion in orygen on decomposition of the algal
bloom (Whitaker et al. 1978). Sulfate-reducing bac-
teria play an important role in the sulfur cycle of
lakes with anoxic sediments (Berner 1984). The sul-
fide ion produced reacts with available irou to form
amoqphous FeS compounds, which then react \ryith
sulfur to form stable pyrite, FeS, @erner 1984).
The formation of pyrite effectively removes sulfate
from the overlying waters and increases tle alkalin-
ity (Cook et al. 1986). The reaction of sulfide with
ferric ions in hydrated oxides and clay minelals 1.
form pyrite has been followed in the sediments of
two Ontario lakes (Manning et al. 1979,lllanning
& Ash 1979), in one of which, Moira Lake, arsenic
may inhibit pyrite formatiotr. Some ferrous ions may
be abstracted from chlorite to form pyrite (Manning
et al. 1979).

Here, we report on the results of a Mdssbauer
spectrometric study of pyrite formation in Figure
Eight Lake, Alberta. The lake is small (37 ha) and
shallow (mean depth of 3.1 m). Stream flow into the
lake is minimal and occurs only during snow melt.
Fieure Eight Lake lies in glacial till, in the Kaskapau
Formation, 40 km northwest of Peace River, Alberta
(long. 56"18'N, lat. 117o54'W). The two main ba-
sins are separated by a neck 3.5 m deep; the north
basin has a maximum depth of 5 m, and that of the
south basin is 6 m. The lake is thermally stratified
in summer and in winter, inducing anoxia over the
1- to 2-m-thick hypolimnion.

To reduce algal production, the lake was treated
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with copper sulfate in 1980, 1983, and 1984 at typi
cal levels of I 9 to 7 | p,g L-t . The copper treatments
increased the Secchi disc depth from 0.75 to 4.5 m
in 1980, from 0.8 to 3.3 m in 1983, and from 1.6
to 4.0 m in 1984. Although the algal biomass was
greatly reduced, each year had a period of algal tur-
bidity that exceeded that found in the control lake,
Amisk Lake. Amisk Lake typically has an algal
bloom that produces a Secchi disc depth of about
1.0 m in late August, when the lake destratifies.
Moreover, Figure Eiebt Lake was not treated in 1981
or 1982, and in these years algal blooms occurred;
altlough no Secchi data were collected, fish kills oc-
curred in winter. The aim of this work was to deter-
mine the effect of copper sulfate on formation of
sedimentary pyrite.

EXPERITVTENTAL DETAILS

Sediments were retrieved from Figure Eight Lake
with a gravity corer on 30 July, 1985. Both basins
were cored at close to maximum depth (5 m). The
bottom waters were anoxic at tle time of coring, and
had been so for - 30 days, resulting in heavy release
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little effect on the oxic regime. The surficial sedi-
ments are probably strongly reducing year-round. In
October 1985, a core was retrieved from Amisk
Lake, 150 km northwest of Edmonton, Alberta, for
comparative studies of microbial assimilation. The
cores were sectioned at l-cm intervals within 0.5 h
of retrieval and then frozen immediately. The sam-
ples were freeze-dried and stored in screw-capped
vials at 4oC. The dried residuals were dark brown
to black.

Room temperature 57Fe Mdssbauer spectra were
recorded at the National Water Research Institute
(NWRI) using a microprocessor-based spectrometer
(Cryophysics Ltd. MS-103). Spectra were computed
on a Cyber 171 computer usi4g Stone's programs
(Stone 1967). Values of chi-squared and visual fits
were used as criteria of goodness of fit. Spectra were
computed on the bases of two doublets (Fd* and
'rrpa3+rr; and of three doublets (Fd*, Fe3* and
FeS2; Table | 41d \dnaning et al. 1979). The
doublets of ferric iron and of pyrite are superimpos-
able, hence the term "Fe3+" encompasse$ absorp-
tions of both forms of iron. Opaque pyrite spher-
ules were seen under an optical microscope.
Lorentzian line shapes were assumed. Areas and half-
widths within a quadrupole doublet were constrained
to be equal. In the first stages of computation of the
three-doublet fits, the positions and half-widths of
the pyrite peaks were constrained at values measured
for crystalline pyrite (these agreed with those meas-
ured for pyrite framboids in deeper sections of Lake
St. George muds; Manning et ol. 1979)t peak posi-
tions were released in the second stages of compu-
tation. The Fd+:Fe3*:FeS2 distributions were
found to be similar in both stages, but for consistenry
the distributions reported here are the results of the
first stage of computation. The estimated error in
pyrite concentrations is t 10%; much of this error
runs consistently through all computations.

Mineralogical analyses were pursued by powder
X-ray-diffraction methods using a Cu target and a
Ni filter. Semiquantitative estimations were made
using mixtures of standard materials. Minerals iden-
tified, in order of decreasing abundance, axe quartz,
illite, feldspar, chlorite and pyrite. The clay-mineral
fraction in the Kaskapau Formation is composed of
5 to 3590 kaolinite, 65 to 75Vo illite, and l01o 2.0t/o
chlorite (D. Scafe, Alberta Research Council, pri-
vate comm.) Pyrite has not been observed in the
Kaskapau Formation. Surface and deeper sections
of sediment gave very similar X-ray-diffraction pat-
terns.

The concentration of total iron was determined
by acid dissolution followed by atomic absorption
spectrometry @esjardins I 978). Copper concentra-
tions were determined by nitric-perchloric acid dige-
tion and atomic absorption spectrometry. Inorganic
and organic carbon concentrations were determined
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of iron and phosphorus from the sediments to the
hypolimnion. Mixing occurred in mid-August, but
by mid-December, under ice cover, the bottom
waters were again rendered anoxic. In earlier years,
including pre-treatment years, anoxia developed each
surnmer and in most winters. Fish kills were com-
mon in winter. Copper treatment seems to have had
with a Leco furnace, organic carbon being measured
after removal of carbonate carbon with sulfurous
acid (Kemp 1971). Total sulfur was measured with
a semiautomatic Leco system with iodometric titra-
tion. All concentrations are expressed in weight per-
cent or pg g-1 of dry sediment. All analyses are
good to a 1090.

Microbial metabolic activities of sections of cores
from the two basins of Figure Eight Lake and from
Amisk Lake were measured, within 72 h of retrieval,
with r4C-acetate @urnison et al. 1986). A concen-
tration of 0.5 mL of wet sediment was mixed with
either 15 or 75 mL of Chu-10 medium, resulting in
- l09o utilization of the acetate. Two samples from
each lake lryere incubated with four amounts of
l4C-acetate (39.5,78,7, 155.8 and ,M9.7 nM) for
Michaelis-Menten analysis, and the rest of the sedi-
ment sample was incubated with one concentration
(4y';9,7 tM). Control samples were treated with for-
malin. Incubations (0.5 h at 8oC) were terminated
by filtration through 0.2 pm Sartorius cellulose

nitrate filters. The filters were dissolved in l0 mL
of ACS-2 scintillation fluor with a sonicator and
made into a gel by the addition of 4 mL of water,
and then counted on a Seale Mark III scintillation
counter.

Rssur-Ts ar.lo DlscusstoN

Mdssbauer swctra assignmmts

The Mdssbauer spectra (Figs. l, 2) display, at fhst
sight, two quadrupole doublets. The outer doublet,
with calsulated M6ssbauer parameters /S, the isomer
shift (relative ro Fe foil), of 1.15 + 0.01 mm s-r,
gS, the quadrupole splitting, of 2.62 t 0.02 mm
s-r, and HW, the half width, of 0.41 t 0.M mm
s-1, mainly marks ferrous ions in octahedral posi-
tioirs in chlorite and other silicates (Coey et al. 1974,
Manning & Jones 1982). The presence of chlorite was
confirmed by X-ray diffraction and mineralogical
analyses. Absorptions of amorphous FeS may also
be present under this envelope (Hilton et al. 1986).
The two-doublet fits yield Mdssbauer parameteis for
the inner "ferric" doublet which decrease steadily,
for both north and south basins, with increasing
depth of burial. Thus, the surficial muds yield
parameters (/S 0.35 t 0.02 mm s-r, QS 0.68 t
0.02 mm r-t, and HW 0.51 + 0.02 -m s-l) consis-
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Fto. l. M6ssbauer spectnrm of 5- to Gcm section of north-basin core based on a two-

doublet fit. Chi-squared is 1046 for 494 degrees of freedom. The spectrometer
was calibrated against iron foil.



z
0
i=Il.
II:
0 5en

~I-
Z
W
U
II:
W
Il.

10

968 THE CANADIAN MINERALOGIST

o

-3 -2 -1 2 3

Section

TABLI!: 2. CONCINTlAtIOWS or 110". SIJU'DI. CAUOR Arm COPPEI

I"
PICUIJ: BIQfT LAD SEDIMENTS

0-1 4.49
1-2 4,11
2-3 3.12
)-4 2.92
4-5 2.96
5-6 3.12
6-7 3.12

8-' 2.36
10-11 2.28
13-14 2.64
17-18 2.92
19-20 2.80
24-25 2.48
29-30 3.31

0-1 3.36
2-3 2.88
3-4 3.31
5-6 ].71
7-8 2.84

8-'
].03

'-10 2.60
11-12 2.68
14-15 2.76

o
VELOCITY (mm 5-1)

FIG. 2. M6ssbauer spectrum of 5- to 6-cm section of north-basin core based on a
three-doublet fit. Chi-squared is 533 for 494 degrees of freedom. Note improved
fit in the -1.0 mm S-I, region compared to the two-doublet fit in Figure 1.
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1-2 19.2 58.6 22.2
5-6 14.2 39.2 46.6
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"

HCItreat.eat
5-6 16.7 34.4 48.9
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Pyrite po8ition. and h.lf-vidths constrained at value. detel'1llined for pyrite
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error in concentratlona tIO%. POI' the I to 2 ~ section of Horth Ba.tn
aedi8ent, the S_..:S(of CuS) is -400:1.

Cu
~s ,.-1

tent with ferric ions in amorphous hydrated oxides
and in clays, e.g., illite (Coey et af. 1974).The X-
ray-diffraction patterns show no evidence of crys-
talline ferric oxides. The deeper sections (-10 cm
burial) yield parameters for the inner doublet (cor-
respondingly, 0.31 mm S-I, 0.60 mm S-1 and 0.32
mm S-I; all :1:0.02) that are more consistent with
those measured for pyrite crystals (0.31 mm S-I,
0.60 mm S-1and 0.30 mm S-I; Manning et al. 1979).
The ferric iron and pyrite doublets are superimpos-
able; consequently, the measured M6ssbauer
parameters for the inner doublet suggest a Fe3+ -
FeS2 conversion on burial. Such a reaction occurs
in other lake sediments (Manning & Ash 1979, Man-
ning et al. 1979).

Four additional points argue against a simple two-
doublet Fe2+ - Fe3+ system: (i) "Fe3+ ":Fe2+ ratios
increase with increasing depth of burial (note the
decreasing Fe2+ concentrations with increasing
depth, Table 2). This is inconsistent with the reduc-
tion of ferric ions in reducing sediments (Manning
et al. 1979, Manning & Jones 1982); (ii) for several
sections, and particularly for those with similar
Fe3+ and FeS2 concentrations, the computed fit on
the high-energy limb of the main envelope is poor
(Fig. 1), whereas the visual fit for the Fe2+ - Fe3+



PYRITE FORMATION IN REDUCING SEDIMENTS

- FeS2 scheme is considerably improved (Fig. 2);
(iii) values of chi-squared are significantly lower for
many three-doublet fits, e.g., 577 versus 1046 for the
north-basin 5- to 6-cm section, 533 versus 851 for
6 to 7 cm, and 564 versus 860 for 8 to 9 cm; (iv)
opaque pyrite spherules can be seen using an opti-
cal microscope. Calculated Mossbauer parameters
and ferrous, ferric, and pyrite concentrations are
listed in Tables I and 2, respectively. The trends in
iron forms are consistent for both north- and south-
basin cores, showing the conversion of ferric and
possibly ferrous ions into pyrite (Figs. 3, 4). Con-
centrations of total S follow those of FeS2, and in
general there is more than sufficient S to account for
FeS2 (Table 2, Figs. 3,4). The S concentrations are
the highest yet recorded for the sediments of a fresh-
water lake. Sulfur added as CuS04 contributes
negligibly to the total S concentration in the sedi-
ments (Table 2).

The consistency in calculated values of IS, QS, and
HW for Fe2+ and Fe3+ ions in the three-doublet fits
is gratifying, considering the low concentrations of
these ions present in the deeper sections. The rela-
tive proportions of Fe2+ :Fe3+ :FeS2 may not be
absolutely correct because of possible differences in
recoil-free fractions for ions in oxide and sulfur
environments. However, the trends in concentrations
of iron forms with depth and the analytical and com-
putational procedures are valid.

To test for the presence of black amorphous Fe-
S compounds, two sections of north-basin core were
exposed to air for five months. The measured
Fe2+ :Fe3+ :FeS2 distributions (Table 2) are not
greatly different from those of the fresh sediment.
Furthermore, the intensity of the outer (chlorite)
doublet remained almost unchanged after reaction
with 0.1 M HCI (Tables 1, 2). The decrease in the
concentration of the outer (chlorite) doublet with
increasing depth of burial (Tables 1, 2) indicates
abstraction of ferrous ions by H2S. FeS compounds
may have Mossbauer signatures coincident with the
chlorite peaks, but they seem relatively unimportant.

Copper profiles

Copper concentrations are maximum in both cores
in the 1- to 2-cm section and, beneath this, decline
to background values at - 8 cm in the north-basin
core and at -12 cm in the south core (Figs. 3, 4,
Table 2). Increasing Cu concentrations in the sedi-
ment are reflected in decreasing FeS2 and total S
concentrations (Figs. 3, 4), suggesting the inhibition
of sulfur production and pyrite formation by cop-
per ions. Similar inhibition of pyrite, by arsenic, has
been proposed in Moira Lake (Manning & Ash
1979).

The copper ions may be retained within the refrac-
tory organic component of the sediment (Lum &

FIG. 3. Plots showing concentrations of Fe2+, Fe3+,
Fe(S2), total Cu, total S, and 1170 of total Fe in Fe2+ as
functions of sediment depth beneath the sediment-water
interface. North-basin core.

Gammon 1985). However, in view of the anoxic and
sulfidic nature of the sediment and pore-waters, the
copper ions are probably trapped in a Cu-S solid.
phase, e.g., chalcocite or covellite (CuS) (Carignan
& Nriagu 1985). The ratio of total S to total Cu is
- 300: I by weight, hence insignificant amounts of
S are bound in CuS.

The possibility of Cu migration in the sediment
column, prior to entrapment in a solid phase, renders
the Cu profile suspect for estimating rates of
sedimentation. However, the Cu profile is approxi-
mately the inverse of that of organic carbon (Figs.
3,4, Table 2), indicating a rate of sedimentation of
1 to 2 cm annually. 2IOPbdating was compromised
by scatter and paucity of points over the pertinent
time-interval. Rapid precipitation of CuS would sup-
port the" Cu profile as a time scale.
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FIG. 5. 14C-acetate assimilation by freshly collected sedi-
ments from Figure Eight and Amisk Lakes. Open
squares represent the south basin, and the filled squares,
the north basin of Figure Eight Lake.

Organic carbon profiles

The elevated concentrations of copper in Figure
Eight Lake sediments are closely and inversely linked
to relatively low concentrations of organic carbon
(Table 2). The carbon values clearly reflect the sup-
pression of algal productivity and the lower deposi-
tion of organic matter following applications of cop-
per sulfate. Concentrations of pyrite in sediments,
and particularly in marine sediments, are controlled
by the amounts of organic matter and of available
sulfate and iron compounds (Berner 1984). In Figure
Eight Lake, the marked decrease in deposition of
organic matter to the sediments contributes to the
decrease in pyrite formation.

Microbial assimilation

The microbial assimilation of I4C-acetate in the
upper few cm of Figure Eight Lake sediments is con-
siderably inhibited (Fig. 5); the plot profile for Amisk
Lake sediments is representative of most temperate
lakes (K. Burnison, pers. comm.). Microbial assimi-
lation is lower for the 1- to 2-cm and 2- to 3-cm sec-
tions of Figure Eight Lake sediments than it is for
deeper sections (Fig. 5), in good correspondence with
elevated concentrations of copper (Figs. 3, 4). It
seems reasonable to attribute the lower microbial
assimilation decrease to decreased deposition of
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organic matter or to copper ion toxicity to bacteria sumes carbon dioxide. Consequently, in hlpertrophic
(or to both factors). hard-water lakes, the presence of Cu2+ ions may

971

Most of the organic matter deposited to the sedi-
ments of Figure Eight Lake is easily metabolizable
because the input of terrigenous organic matter is
probably very low. Stream flow into the lake is
srinimal. Groundwaters are generally low in dis-
solved organic carbon (Ihurman 1984). Calculations
based on the increase in particulate and dissolved
organic carbon during an algal bloom suggest that
97t/o of the organic matter is internally generated
(i.e., from CO).

GENERAL DIscUssIoN

The toxicity of small amounts of Cu2* ions to
algae and to sediment bacteria and the lower depo-
sition of organic matter have a marked effect on sul-
fide production and pyrite fixation. Amphipods dis-
appeared from the water column after the first
copper sulfate treatment (D. Walty, pers. comm.);
consequently, the food chain in Figure Eight Lake
was disrupted. The pyrite-depth profiles (Fies. 3, 4)
do not correspond to the general understanding of
the mechanisms of pyrite formation. Under normal
conditions of sedimentation, the availabilities of sul-
fate, organic matter, and reactive iron compounds
are highest at the sediment surface. The rate of pyrite
formation, therefore, should be at a maximum at or
near the surface. In Lake St. George sediments (Man-
ning et al. 1979),5090 of total iron in the top 2 cm
is present as FeS2, the remainder of the iron being
converted to pyrite over a few centuries. Ferrous ion
is extracted from chlorite and clays in the sediments
of Figure Eight Lake and Lake St. George.

Sulfate-ion concentrations in the overlying waters
had pretreatment values of -9 pE L-1, SOa; the
values increasedto -32 FEL-I, in August 1984 and
to -23 kgUr, SOo in November 1985, an increase
of -15 $E Ut, SOa. This increase in a 3.3-m
column of water over 1 m2 is equivalent to -50 g
SOa or 17 g S. The decrease in FeS2 concentrations
in the sediment since initial CUSO4 treatment is
- l.5Vo S, whish for the top cm of mud equates to
a loss of - 15 g S. Hence, the lower concentrations
of sulfide in the sediment are matched reasonably
well by higher levels of SOa in the water. The cal-
culation ignores the decreased production of pyrite
over -6 cm, but counterbalancing this is the likeli-
hood that sediments in shallower water probably
contain less pyrite. According to the formula
2FeS2 + l5/2 o,2+ 4H2O - FEO3 + 4SO42- + 8H+,
the release of 0.5 moles of S m-2, is accompanied
by the release of I mole H+ m-2, or, over the whole
lake, 3.5 x 10-4, moles H+ L-1.

The pH of the surface wateri of Figure Eight Lake
in summer is 8 to 9, which high value reflects the
high productivity of the lake: photosyntlesis con-

drastically inhibit sulfate reduction and pyrite for-
mation, but have a minor effect on water acidity.
The effect of copper treatment on the acidity of a
eutrophic soft-water lake may be more important.
In lakes oflow productivity (ow trophic character),
sulfate reduction and pyrite formation are relatively
unimportant. Nevefiheless, copper ion toxicity to
bacteria and to amphipods is significant and
undesirable because of damage to the food chain'
leading ultimately to poorer-quality fish. The cop-
per ions contained within minerals such as chal-
copyrite and nickel sulfides, deposited to the sedi-
ments from mining activities, are mainly unavailable,
provided the sediments remain anoxic.

The use of copper sulfate as an algicide should be
carefully reconsidered. The method is inexpensive,
but the small concentrations of copper required sig-
nificantly affect the sulfur cycle. Furthermore, algal
supprasion is teurporary, lasting a few months, pos-
sibly because the precipitation of copper as a solid
sulfide phase renders the copper unavailable.
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