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Abstract

The - surficial sediments of - Moira f.ake averaged 545 pug.g' of |

arsenic, with maximum values close to 1 ig.g' at depths of 23 to 27
cm below thg sediment water interface. The sediment pore water is
- the linking agent between 'thev sedimént solid phase“ and the
" . overlying lake wé.tej:. The depth distributions of tot;11 As in
interstitial waters at all stations are characterized by
sub—sur;rface maxima, with concentrations four to six times greater
than in the lake waters\. In all the pore .ﬁéter profiles examined
inoféanic As [As(III) + As(V)]) 'co_mp‘rised most of the As. The
Aﬁ( III) (a,r"sen;ite), percentage ranges from 66 to 83%. Methylated-As
compbund_.s represent <2% of the total As. "i‘hé strong correlation of
-As wii:h Fe and Mn together suggests ‘th,‘at‘ both Fe and Mn are
involved in the as mob‘ility.A The elevated As concentrations in
~bottom sediments represeht a continuous " intei:_nal ﬁining" of As
towards the interface all year around. The conc‘entratibn gradient
of total dissolved As indicates that an upward diffusion of | As
towards the wafer column with the estimated anﬂu’al fluxes l;‘ei;ngro.s

< 3.8 ug.cm?.y'




INTRODUCTION

Arsenic is present in so many types of precious mineral
deposits that it is use& as an indicator of  anomalous areas in
geochemical prospecting surveys for"some twenty elements of
commerc¢ial importance (Boyle and jonasson'1973). Wastes generated
by gold and base metals mining thus often ‘contain elevated
concentrations of As associated with the ore or fhe host bedrock.
Arsenic enrichments 'have been found in sediments near' mining
operations {(Allan 1979 Moore 1981; Moore et al. 1991; Mudroch and

CIair 1986; Mudroch et al. 1989; Wagemann et al. 1978). In general,

As is not fixed permanently by the,~sediments, and many

physico-chemical variables can alter the mobility of the deposited
As. Sediment contamination of As from past mining activities has
been reported inh Moira Lake, Ontario, located approximately 30 km
downstream of the mines (Azcue and Nriagu 1993) Gold and cobalt
were actively mined on the shore of the Moira River from 1830 to
1961. Even 30 years after the mine activities ceased in the area,
the concentration of As in the surficial sediments (upper 5 cm) of
Moira Lake still average 545 ug.g’, with maximum values being. up to
1 mg.g" (Azcue and Nriagu 1993). By oomparison‘the As content of
uncontaminated lakeisediments is about 1 to 5 ug.g? (Allan'and'Ball

1990; Penrose 1974).

Previous investigations of the mobility of the deposited 2As in
nine-polluted sediments have primarily focused on vertical

transport of the dissolved and particulate As (Moore et al. 1991).
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However, once the As is deposited in the surf1c1a1 sediments it can

. be recycled back to the water column or buried deeper in the

sediment column. Sedlment porewater is the medlum of As transport
bw1th1n the sedlments, and plays a key role 1n the linkage between
the lake water and the bottom sediments. Sediments can function as
either a scnrce‘offporewater As due to dissclution and deeorption
reactions or as a sink of porewater As due to precipitation and
adsorption reactions..nrsenic concentrations have been determined

in porewaters of marine sediments (Andreae 1979; Edenborn et al.

1986; Peterson and Carpenter 1986) and freshwater sediments (Aggett l

and O'Brlen 1985; ‘Belzile and.Tessier 1990, Farmer and Lovell 1986,
Oscarson et al. 1981, Peterson and Carpenter 1986) . However, few

stndies have yet linked the concentration of the different as

species in porewaters with the As levels in sediments and overlying

waters.

The speciation of As in porewater remains a controversial
topic. A wide spectrum of As(III):As(V) ratios has been reported in

" the literature, and in some areas the ratios are very divergent

"from what would be expected from inorganic thermodynamic

calculations. Several authors (Anderson and Bruland 1991; Seyler
and Martin.1989),have_detected arsenite 'in oric waters in greater
amounts thanA wouid_ be predicted from inorganic thermodynemic
Calcuiations, Also, ersenate has been identified in anoxic systems
. {Andreae and FroeliCh 1984; Emerson et el. 1979; Peterson and

Carpenter 1986). In this paper, we examine the vertical
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‘distribution of total As and As species in pore water, and the

internal fluxes of As in the sediments of Moira Lake. The possible
ihteractions of As x«iith Fé and Mn compounds are examined by

studying the distribution of Fe and Mn in the same compartments.
MATERIAL AND METHODS

lMcl;i;ra Lake is a shallbwl lake, located in eastern Ontario
(44°30’N, 77°27'W) (Figure 1). It is divided by a constriction into
two _separate zonés ; the west (215 ha) and the east (615 ha) basins.
'fhe physico-chemical characteristics of the lake and the sampling
methods for the sediments have been described previously (Azcue and
Nriagu 1993). The samples ‘discussed in l_the present study were
collected at four differént stations of Moira Lake:
twp i;n_ the west basin (WA and WB) and the other two (‘ﬁc and ED) in

the east basin (Figure 1).

Porewater samples at each. station were recovered in situ at 1
cm intervals using the membrane '(0.45 um cellulose membrane, Gelman v
Scientific, Inc.) dialysis sampler (peeper) technique (Hesslein
1976) . The peepers were kept in oxygen-free doubly distiiled“ v'later
‘(DD'W) until divers installed them vértica_lly in relatively flat
areas of the lake bottom.. S,ubsamples of the water used‘ to £ill and

store the peepers ‘prior to deployment were kept for further

‘analysis to monitor any possible contamination. To prevent possible

technical problems such as oxygen contamination in the cells or
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movements of the peepers after installation (October 2, 1990), two
'peepers were installed at each station to provide replication. The
_ peepers were left in place _for '15 days, at which time new peepers
wefe installed. Upon' retrieval, the porewaters in all compartments
were quickly sucked out, using d_ispcsable syringes, and the saﬁples

were then stored at 5°C in sealed, acid leached, polyethylene vials.

- The .pH of the poi:ewater in each compartment was measured
immediately after peeper retrieval using micrc-electrodes insez_'ted
through the membréne. Aliquots for dissolved organivc carbon (DOC)
measurements were taken from CO,-free subsamples of the acidified
samples used for .the trace metal analysis, and were injected into
a Beckmann model 915-A total carbon analyzer. For the determination
of the inorganic a;xd methylated-‘A_s species in the porewaters, thc
'techn.ique published by iverson et al. ( 1979) was adopted. However,

dlssolved As was also determined in all the eluent fractions.

The verfical diffusional As flux of 'dissolved As from the

sediments to the overly'ing water may be calculated from the

dissolved As -gradiexit (dac/az)x,y acrdss the. sediment-water

interface and Fick’s first law in one dimension:

= @ Ds (4C/d2),,

where, F is the d1ffus:n.ve flux of As (ug. cn?.y'), @ is t-he porosity

of the sed:.ments, and Ds is the diffusion coefficient in porewater
(cm’.y‘) . In order to calculate the diffusive flux the following

assumptions have to be made: '.a_). sediment water interface is knownm,

- . .
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'b) viscosity and charge coupling effects are negligible; ¢)

arsenate and arsenite anions are the only As species present and

" they have 1dentical diffusional propertles, d) there is no solid

phase consumption of dissolved As near the water-sediment

_ interface; and e) As concentration gradients are linear, so that,

(dC/dZ)&, is equivalent to aAs/aZ, or the difference in the

concentrations of dissolved As across the sedlment-water interface

(Peterson and Carpenter 1986) . The average porosity is for the

'surflcial sedlments to the depth of the dissolved As maximum. The.

diffusion coefflclent (Ds) was estimeted from the empirical
relationship Ds= @D, where_n is a constant (n=2, Lerman 1978); and
D (5.3x10° cm®. 4)‘is the‘diffusion coefficient of arsenate ion at
infinite dllutlon, corrected to the mean annual water temperature

of 7°C (Li and Gregory 1974) The accumulatlon of As in sediments

© (in mg.cm®.y') was calculated with the formula:

= R(1-9Q) aC
where R is the sedimentation rate (cm.y?'), © is the porosity, g is
the dry density of the sediment (g.cm®) and C is the As

concentration (ug.g') (Hamilton-Taylor 1979).

Arsenic concentrations in porewater samples, acidified with

nitric acid matrix, were determined at 193.7 nm by graphite furnace

‘atomic absorption on a Varian Spectra AA-400 in background

correction mode.‘A nickel nitrate solution (200 mg.L') was used as
a matrix modifier because it forms nonvolatile nickel arsenides at

higher Charring'temperatures (Ediger 1975).



To minimize contamination, all haindling" of the porewater

samples was carried out in portable clean ‘laboratory. All reagents

vere of ultra-pure  grade and . were wused without further
purification. All glassware and Teflon materials were washed

through the sequence developed by Tramontano et ai. (1987), with

some modifications (Nriagu et al. 1993). The accuracy and prec"ision'

of the analytical techniques were eva.luated by analyzing certified
SLRS-2 Riverine Water Reference Material for trace metals from the

| National Research Council with each batch of samples.

RESULTS AND DISCUSSION
Total As, Fe and Mn profiles in pore water

The pH of sediment pore water varies between 7.4 and 8.6 and
the pH profiles do not show any trend with respect to depth (Azcue
1992) . The average COn;::ent_.ration of ﬁotal l'dissolve‘d carbon ranged

from 11.3'mg.L" at station ED to 16.2 mg.L' at station WA, with

slightly higher values in the first centimetres in all the.

stations. The concentration of . diss‘_olwi’ed As in the urface v_ia._ters
f 4

of Moira Lake averaged 47 ug.L' in sunmer ‘and 22 ug.L! in winter

(Azcue 1992). The As concentrations in the top of the sediment

averaged 545 ug.g’, with increasing concentrations with depth and’ '

maxima close to 1 ‘mg.gf' located between 23 to .27 cm depth (Azcue

and Nriagu 1993).
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' Depth distributions of total As in porewater at the four
stations of Moira Lake' are shown in Figure 2. The profiles in
porewater reflect the physico~chemical conditions (pH, O,,
temperature, etc.) at the eampling time, being very sensitive to
minor-chemical changes,.All the profiles are characterized by
naxima beleW'the sediment-water interface, with concentrations-four
to six times greater than in the lake water. In the stations WA, WB
and EC the As concentration maxima are located approximately within
5 to 10 cm of the water-sediment interface, Such a profile is.
typical of many redox species in pore water of sediments where the.
surface layers are aerobic (Lerman 1978). However, it is worth

noting that the precise designation of the‘water—sediment'interface

- and the resultant depths may not be as accurate as the data

indicate, but within a margin %2 cm of the particular interval,

. because of difficulty in visually verifying the interface at the

site. The mobility of the peeper in the sediment and the

non-linearity of the water-sediment interface are the main

.difficulties.

The depth-distribution of total diSSolved As at station WA
(Figure 2), the closest‘station‘to the river input, shows that
after the initial ﬁeak at approximately 5 cm depth, As remains in
solution at very high coﬂcentrations, 24i‘ug;iﬁ. In contrast, the
As concentrations in porewaters from statiens WB and EC, droﬁ off
'rapidly beneath the redok transition. At approximately 23 cm depth

in station WB; the concentration of dissolved As reaches a second
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peak of 42 pug.L'. Because pH, total dissolved carbon and

: éoncentratiOns of Fe and Mn do not show noticeable changes at this

,Adepth, the As release to pore water in the 20 to 30 cm interval in

station WB is likely associated with peculiar feaﬁurés'of the

particular sediments.

The profile for total As at station ED has a very distinct;

shape: the increase starts at 10 ch dépth and reaches a maximum of

225 ug.L! at 35 cm dépth, before'dropping off to 48 ug.L' (Figure-

2). The,profile which cOuld'indiCate.the formation of a mixed
sediment layer iﬁ the upper cm of the sediment of station ED can be
atfributedl to the burrowing activity of benthic organisis
(biotutbation) at the station. This high degrgé of mixing in the
surficial sediments presumably results in the location of the As

maximum at approximately 30 cm depth.

The profiles of dissolved Fe and Mn in stations WA, WB and ED

of Moira Lake are shown in Figure 4. Dﬁe‘to analytical problens,

results from station EC are hot available. Iron and Mn

concentrations in porewaters are higher'éloser to the Moira River.
Under reducing conditions Mn may be mobilized before Fe and, in

oxygenated conditions, will persist in water longer than Fe

 (Fbrstner ahd»Wittmann.1981). The Fe and Mn profiles in porewaters

from Moira Lake show strong similarities. Consequently any release
of As to porewater due to Mn dissolution may be masked by

re-adsorption onto Fe oxyhydroxide phases. Similar conditions were
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'observed in Lake Was’hing’ton by Petereon and Carpenter (1986) . The

Fe and Mn distributions (Flgure 3) are similar to that of the total
dissolved As. (F:Lgure 2) .The release of solid phase As to the
porewaters may be déminated by Fe and Mn adsorption-desorption
processes. The dissolved Fe and Mn concentratlons are not depleted
at depth in station WA, With -cont-inued sedimentation the surface
they become unstable. When the hydrous Fe and Mn-oxides are reduced
As which is sorbed onto these components, | should be released
together with the reduced soluble Fe* and Mn*. Consequently, the
concentrations of As, Fe, and Mn increase together in the
porewaters. The disso;ved species then- migrate upWarde and

downwards depending upon the gradient that develops.

Arsenic speciafion in sediment pore water
The concentrations of inorganic arsenite [As(III)], arsenate

[As(V)], - monomethyl-arsenate .[MMAA, CH,~-AsO,0H) , and -

' dimethy1—ars‘.enite [DMAA, (CH,),As00°] (Table 1) provide additional

information on the 'behaviour of dissolved As in porewaters. MMAA
and DMAA concentrations were \determined at several depths in
perewa_ters- from station WB and' ED. .Due to analytical problens,
results for inorganic epeciation at station ED are o_nly available

to 16 . cm depth. Measured total dissolved As is desighated by As,

'while IAs represents the sum of the two inorganic As _species

(arsenate and arsenite), . as well as the methylat_ed species when

analyzed. The agreement between As; and IAs, taking into
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consideration that the coefficient of variation for the triplicate

analyses of the porewaters ranged approximately from 2 to 18% leads

to the conclusion that contributions by other As species are

negligible.

Methylated'As compounds at'station WB represeht <2%.of the

~ total As, and even a smaller percentaqe at station ED (Table 1).

Previous studies (Diamond 1990; Wong et al. 1975) <have-:also
reported low concentrations (<10%) of methylated As-compounds in
the porewaters of Moira Lake. Since only few samples were analyzed
for methylated As compounds, only general conclusions can be made

from these results. The low concentratlons of methylated-As

4 compounds in porewaters can be explained by the elevated Aas
'concentratlons in the sediments from Moira Lake (up to 1 mg. q),
that may be 1nhibit1ng the act1v1ty of mlcroorganlsms capable of As

vmethylatlon. This is in agreementvw1th the findings of several

authors which have documented the inhibition of bacteria-mediated
production of methyl-As (Anderson and Bruland 1991; Huysmans and

Franxerberger 1991; Mahning and Ash 1979;'Reuther.1992).

In all the porewater profiles examined, inorganic As [As(III)

'+ As(V)] accounts for most of the As. The percentage of As (III),

the most toxic form, ranges from 66% at station ED to 83% at

statlon WB. The slightly hlgher percentage of As(V), the stable

" form in oxic waters, in the first centlmetres of station ED is.

' consistent with the penetration ih tpis station of oxic overlying

| 3
3
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~ water into the sediments. The invariableé presence of significant

.amounts of arsenite in the _oxygenated upper centimetres of a11 the

porewater profiles, as well as the presence of arsenate even in the
reduced zones of the profiles further demonstrate a departure from
thermodynamic equilibrium conditions in Moira Lake. 'fhis
As(III):AS(V) ratios in Moira Lake waters can be explained by the
introduction of large qua-ntities of As( III)-charged porewaters into

the overlying water. The 'incomplete summer stratification and

 thoroughly mixing of Moira Lake waters during spring and fall

explain the further presence, in surface oxygenated waters, of .20

“to 30% of such sediment-derived arsenite. The arsenite profiles in

water column for stations WB and EC are shown in Figure 4.

Arsenic fluxes in 'p"orle water |

Arseénic porewater iprofiles (Figure 2) indicate an upward flux
of As from deeper sediment depths towards the sediment water
1nterface. Upwarad diffusmn of As from the sediment porewater to
the overlying water column is 1nd1cated by the higher hypolimnetic

concentrations in summer time when the lake is stratified, compared

. with the early fall when the lake is isothermal. The As(ITI)

concentrations, as well, were much higher in the hypolimnion
(averaging 60%), compared with the epilimnion (averaging 25%)

during the stratification (Figure 4)
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The vertical diffusional As flux of dissolved As from the
sediments to the overlying water (F in ug. cm?.y!). ahd the
accumulatlon of As in sediments (S in ng. cm’.y') of Moira Lake were
caleulated (as shown in the material and methods) and are shown in
Table 2. It is difficult to calculate the contemporary flux of As
‘being incorporated into the sediments because of the mixing of the
sediment-water interface.-For thiS'reasen,-presentfday fluxes refer

to the-tep 1,to-3 cm interval and excludes the eurfece flocculant

layer. The maximum As fluxes at 22 to 26 cm depth are calculated

using the maximum As concentrations. Two assumptions are also made:

- a) constant deposition rates during this interval,'and’b) the

effects of the cdmpactation of the top 20 cm of the sediments are

heqiigible.

The data in Tebie 2 indicate that the As accﬁmulation rates

are similar in sediments at both basins of Moira Lake. The decrease
‘.in the AS ¢oﬁcehtrations in the top sections of the sediments
'fefledté the reduced input since the final shut-down of the mining
activities in 1961. NevertheleSSf the as concentfations in these

' surficial sediments remain quite high indicating continuing input

- of As from the abandoned mine site and recycling of As from deeper

.in sediments to surficial sediments both by.diffusional gradients
and by release. to overlying water cqumn and subéequent
incorporation into sedlment.particles. The fact that the adsorption
of As by sediment fractions is reached w1th1n m1nutes while

desorptlon is slow (Korte and Fernando 1991), indicates that As
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will continue to accumulate,in Moira Lake sediments so long as"

‘sesquioxides and other adsorbents continue to accumulate.

The calculated fluxes at all the stations in Moira Lake are
shown in Table 2.'_Appefently, the UpWardly diffusing As - is
inefficiently trapped near the water-sediment interface as
evidenced bytincreased concentrations in water. Upward'diffusion

fluxes for Fe and Mn are observed in all the stations (Table 2).

-These results show that in the long term deposition of sediments,

wh:Lch ranges from 5.48 to 7. 4 ug.cm?.y?, .fLs the ;lomlnent remova;l_._
process for As in the,lage. The total As deposition in sediments of -
Moira Lake is.estimated to be about 190 kg.y!, with 79% of it
occurring in the larger east basin. However, the post—depositional

remobilization may play an importsnt role during the stratification

. period. The continuous input of dissoived As to MoifavLake and the

internal 1nput due to the hlgh accumulation of As in the sediments

‘are the main factors controlllng the geochemical cycle of As in

Moira Lake. Conseguently, m;nlmlzlng the fluvial input of As may
not be adequate to reduce .the As leﬁels in‘ the lake to an
acceptable value.'Furthermore, profiles suggest that mining of aAs
from deeper.in sediments will continue, i.e. As can not be buried‘

because diffusional gradients are up. Arsenic will continue moving

4'towards the sediment water interface and will enter the water

column along with Fe and Mn during periods of overlying water

‘anoxia.
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Figure captions

Figure 1. The Moira ‘River draihage basin of eastern Ontario and

sampling stations in the study area of Moira Lake

Figure 2. Total arsenic concentrations (sg.g?') in porewaters from

Moira Lake sediments.

Figure 3. Total iron and manganése concentrations (uwg.g!) in

porewaters from Moira Lake sediments.

Figure 4. Arsenite profile (percentage of total arsenic) in water
column of stations WB and EC of Moira Lake sampled on July-l12,

1990. [Standard deviations expressed in %].
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