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EXECUTIVE SUMMARY 

Available evidence Suggests that the post-depositiona1 (diagenecic) chemical reactivity of mine tlilin;s IS 
inhibited by storage under water. and implies that such stotage may provide a preferred long-term disposai 
option for such wastes. TO assess this, we examine in this report the cheminry of interrtitial waters and 
the associated solid phases in tailings and natural sediments in Mandy Lake. near Flin Flon. Xfanitoba. 
.Lfandy Lake was used as a receiving basin for tailings in the period 1943-1944. Tailings are cireally 
widespread in the small lake and still occur in significant concentrations in surface sediments Stop 5 mm) 
despite 16 years having elapsed since discharged ceased. 

Two cores were collected in June 1990. and processed under nitrogen to extract interstitial waters. 
Solid-phase chemical measurements indicate that the tore raised from the centrai basin of the Iske 
penetrated through the’tailings-rich zone into underlying. pre-mine. organic-rich (up to 15 wt. 4 C) natural 
deposits; the other tore. collected near the former discharge outfall. consisted essentially of a mixture of 
tailinp and organic-rich natural detritus. At the central basin site, dissolved iron measurements made 
on the pore water samples indicate chat the deposits are suboxic or anoxic at very shallow depths. probably 
within several millimetres of the sediment-water interface. This reflects a high benthic oxygen demand 
at that location. An enrichment of solid-phase Mn at the top of the nearshore cote, coupled with a IOW 
Fe concentration in near-surface pore waters. indicates that the surface deposits at this location are OxiC. 

Relative to overlying bottom water. dissolved Zn. CU and Pb concentrations decrease with depth in the 
Upper decimetre at the nearshore site. These distributions are attributed CO precipitation of the metals 
as sulphide phases at depths on the order of 7 or 8 cm. Sulphate reduction with concomitant production 
of HS- is expected. given the evidence for shallow anoxia in the deposits. alchough the rate of sulphide 
production may be limited by the iow sulphate concentration in ,Mandy Lake water. At the central basin 
site. the pore water data indicate that Zn is difhsing into the sediments, as is the case at the other location. 
However, near-surface dissolved CU and Pb concentrations. although very low. are slighhtly higher than 
in the overlying bottom water, indicating that their must be a small benthic efflux of these two metals at 
this location. Diffusion calculations indicate that the efflux is SO small as to have no measurable impact 
on the dissolved metal inventory in the overlying lake water. 

. 



SOM hIAIRE 

Les données disponibles indiquent que la réactivité chimique aprés dépot (diagénétique) des résidus miniers 
est inhibée lorsque les résidus sont entreposés SOUS l’eau ec qu’un tel mode d’entreposage pourrait etre 
une meilleure solution pour l’élimination à long, terme de ces déchets. Pour vérifier cette affirmation. nous 
examinons dans le présent rappon la composition chimique des eaux interstitielles et les phases solides 
associées dans les résidus et les sédiments naturels du lac hiandy. près de Flin Flon au Manitoba. Le 
lac Mandy a été utilisé comme bassin de réception de résidus pendant la période de 1943-1944. Les 
résidus sont dispersés superficiellement dans le petit lac et leur concentration est encore tilevée dans les 
sédiments de surface (les premiers 5 mm) méme si cela fait 46 ans qu’aucun résidu n’y a Bté déversé. 

Deux carottes ont été prélevées en juin 1990. puis traitées à l’azote pour en extraire les eaux interstitieI1e.s. 
Les mesures chimiques pratiquées sur la phase solide indiquent que .la carotte prélevée dans le bassin central 
du lac traversait la zone riche en résidus pour pénétrer dans les dépots naturels sous-jacents. riches en 
matière organique (jusqu’à 15 % C en poids). clui sont antérieurs aux résidus miniers; l’autre carotte. 
prélevée près de l’ancienne décharge. consistait essentiellement en un mélange de résidus et de détritus 
naturels riches en matière organique. Dans le bassin central, le dosage de fer dissous dans les échantillons 
d’eau interstiticielle indique que les dépots sont suboxiques ou anoxiques aux très faibles profondeurs de 
l’ordre de quelques millimètres sous l’interface sédiments-eau. Cela traduit une forte demande d’oxygène 
benthique a cet endroit. Une teneur plus forte en Mn de la phase solide dans la partie supérieure de 
la carotte prélevée près du rivage. ajoutée à une faible concentration de Fe dans les eaux interstitielles 
près de la surface, indique que les dépôts de surface à cet endroit sont oxiques. 

Les concentrations de Zn. de CU et de Pb diminuent avec la profondeur dans le premier décimètre au 
point de prélèvement près du rivage contrairement à leurs concentrations dans les eaux de fond 
sus-jacentes. Ces distributions sont attribuables à la précipitation des métaux sous forme de sulfures à 
des profondeurs de 7 à 8 cm. La réduction du sulfate et la production concomittante de HS- sont à prévoir; 
à cause de l’anoxie dans Les dépôts à faible.profondeur, même si le taux de production de sulfure peut 
etre limité par la faible concentration du sulfate dans les eaux du lac Mandy. Dans le bassin central. les 
données sur les eaux interstitieIIes indiquent que le Zn diffuse dans les sédiments, comme c’est le cas à 
l’autre point de prélèvement. Cependant. les concentrations de CU et de Pb dissous prés de la surface. 
quoique très faibles, sont légèrement plus élevées que dans l’eau du fond sus-jacente. ce qui indique qu’il 
doit y avoir un écoulement benthique de ces deux métaux à cet endroit. Les calculs de dif6ision indiquent 
que l’écoulement est si faible qu’il n’a aucun effet mesurable sur le bilan des métaux dissous dans l’eau 
sus-jacente du lac. 



ACKNOWCEDGEMENTS 

Many individuals have contributed to this project. Clem Pelletier oî Rescan 
Environmental Services Ltd. (Rescan) provided project coordination snd senior review 
of the report. Dr. Tom Pedersen of the University of British Columbia (Oceanography 
Dept.) was responsible for detailed sediment and interstitiai water work, including 
sampling, analysis and reporting. Bill Duncan (Rescan) arranged the field program, and 
was responsible for water quality sampling and data compilation. Water quaiity analyses 
were performed by Analytical Services Laboratory Ltd. and by Rescan. 

UBC personnel were invaluable to the success of the project and included Bert ,Mueller 
who provided field assistance and analytical expertise in the laboratory; Jay McNee who 
carefully petformed the dissolved metals measurements; and Maureen Soon and -Mark 
Noyon, who carefuliy and expeditiously prepared samiles and made a11 XRF, CXS, 
CHN, and coulometer analyses.‘ 

We are very grateful to Wayne Fraser, Steve West and Ron McNeil at Hudson Bay 
Mining and Smelting Ltd. (Flin Ron) for hospitably providing us with laboratory 
facilities in at the Flin Flon smelter and for generously giving of their time, and allowing 
us to use some of the mine’s sampling equipment; 



1 - Infroduction 



1.0 INTRODUCTION 

The disposal of large volumes of sulphide-rich mine tail& at depth in marine and 
lacustrine basins is increasingiy being considered as an option for permanent storage of 
such deposits. Imphcit in this consideration is the perception that, given certain 
conditions, taihngs may not release metaIs to the overîying waters at Ieveis which could 
cause environmentai degradation. This perception is based both oa theoreticai 
considerations (summariz ed in Rescan 1989) and on a limited number of published 
studies of the post-depositional (i.e. diagenetic) chemical behaviour of taiIings in several 
active or abandoned deposits located mostly in western Canada (e.g. Pedersen 1983, 
Pedersen 1984, Pedersen 1985, Pedersen and Losher 1988, Pedersen et aI. 1990, and 
DrysdaIe 1990). These accmed results illustrate reasonably welt the extent to which 
taiIings react given specific depositional conditions; however, the important task remains 
of determining the degree to which the extant studies cari be used to predict diagenetic 
responses in future disposaI schemes or in deposits which have been abandoned for 
variable lengths of tirne. Thus, there is a weII-defIned need for quality information on 
the long-term diagenetic activity of mine wastes, both in marine and lacustrine waters. 
Toward this enci, in this report we present the resuhs of a detailed investigation of the 
chemical behaviour of Zn, Cu and Pb in tailings discharged more than four decades ago 
into Mandy Lake near FIin FIon, Manitoba. This follows preliminary work carried out 
earlier (Rescan 199Oa). The work reported here, carried out during the period June 
through September, 1990 complements a similar and concurrent investigation of the 
diagenetic reactivity of taiIings being discharged at present to Anderson Lake, near the 
town of Snow Lake, Manitoba (Rescan 1990b). 

1.1 Background to the Study 

Previous work on Mandy Lake includes a recent investigation of water quahty (Rescan 
1990a) and a study of the revegetation of the submerged taiiings carried out by 
Hamilton and Fraser (1978). A brief history of mining and tailings discharge activities is 
presented here, sumn&zed from Rescan (1990a). 

The mine was first operated during the years 1917 to 1920, with the ore being processed 
off-site. The ore vein was solid chalcopyrite ( > 20% copper) with associated gold, silver 
and other lower grade sulphides. The mine was opened again during 1943 to 1944. 



INTRODUCTION 

hring this time, ore was milled on site and an estimated 73,000 metric tonnes were 
deposited into Mandy Lake in a fan-shaped deposit from a single launder. Some 
spilIage occurred along the shore where it bas remained. The deposited taiiings 
gradually sloped away tiom the east shore to about 1 m depth, then dropped off quickly 
into 5 m deep water. 

Little data are avaiiable regarding the original condition of the tailings, which consisted 
primarîIy of pyrite with 15 to 17% sulphur and appreciable quantities of zinc and copper. 
Analysis of the submerged tailings in 1975 indicated minimal oxidation had occurred. 
Iran was present as iron sulphide and the percentage of iron oxide and sulphate present 
was low, with shore samples being marginally higher. Analyses of a distilIed water leach 
of the tailings indicated that oxidized shore samples had a Iower pH, higher conductiviry 
and a higher concentration of soluble metais than underwater samples. Both shore and 
undexwater tailings were net acid producers with the. shore samples having very low 
acid-consuming ability. However, the underwater tailings stiil had a substantiai amount 
of acid-consuming ability indicating minimal acid generation had occurred underwater. 

Petrograpbic analysis of sediment samples carried out by Rescan (1990a) showed that 
the silicate fraction of the tailings consisted of anguiar silt-sized quartz grains, micaceous 
mine&, and minor homblende, carbonate and miscellaneous silicates. Sulphide 
minerals present incIuded abundant pyrite, minor sphalerite, and rare traces of 
chalcopyrite and possibty arsenopyrite. Pyrrhotite could not be positiveiy identifïed. AU 
sulphide minerals appeared fresh, and showed no sign of oxidation (Rescan 1990a). 

Vegetation was establîshed on the submerged taihgs nearshore in 1975 but not on the 
tailings exposed to the atmosphere. Species found on the submerged tailings included 
sedges (Cixez spp.), riverweed (Podostemun ceratophykm) and spike rush (Eleochak 
spp.). Over 90% of the shallow sloping tailings area was covered with decaying organic 
material up to 2.5 cm thick. 
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2.0 STUDY AREA AND METHODS 

2.1 Study Atea 

Mandy Lake is located in central ‘tlanitoba (Figure 2-1) near the Saskatchewan- 
Manitoba border, some five km south of Flirt Flon. Originally a bay off the west side of 
the northwest arm of Schist Lake, the Mandy Lake was enclosed when a causeway was 
built across the inlet to the Mandy Mine site. The lake has now hosted an abandoned 
pyrite-rich tailings deposits for more than four decades. During the preliminary 
investigation of the lake in Augusr 1989 (Rescan 1990a), which was carried out following 
severai years of low precipitation in the area, there was essentially no outflow from the 
lake. This situation changed radically by June 1990, when the outflow was major 
through both culverts in the northern end of the lake and as an ovefflow across the road 
immediately north of the old open pit (Sampling Location Rl, Figure 2-2). 

2.2 Sampling Stations 

Two cores were collected from the lake in June, 1990, at sites selected to be 
representative of contrasting depositionai facies: MD-1 (Figure 2-2) was raised from the 
deepest area of the centrai basin of the lake, approximately 200 m west of the old open 
pit, and MD-2 was collected from the area near the original tailings discharge location. 

Hydrographie measurements (temperature, dissolved 02, conductivity and pH) were 
made at the central basin site (coring site MD-l), and samples were collected for water 
quality measurements at three locations (Figure 2-2): a) slightly upstream of the mouth 
of the creek issuing from nearby Phantom Lake, which flows in to the south end of 
Mandy Lake (Sample Il); b) from the outflow creek washing over the road immediately 
noith of the old open pit (Sample Rl); and c) from the south culvert outffow in the 
northeastem corner of the lake (Sample Cl). 

2-l 



MANOY LAKE 
I . 
I 
J 
I P,ROJECT 
I / /I 

“\ q / i 
n -l Y 

I 50 0 100 200. 300 
I 
I 
I kilOm@trM 
I 
I 

I 

I 
I 
I I I I Bmndon 

I 
WINNIPEG , 

I 
1 L., 
I -e.-m..-..- ..-..- 

USA”-” -* 
. e.. -.. i..\ 

-- 

/ 
/ 

/ 
/ 

PROJECT 

LOCATION MAP 

Figure Z- f 



i. , 

H-v -- 
ROCK cuTcRoP I 

/- r . 
,,.. : .1 

ASPEN. SPRUCE PIF04 
.’ 

,-’ .,I.., 

” 

I v 

LARGE, ROCU OUlCROP vy ‘Iv “- 

A 
0 5P 100 150 200 03 

8 
MElRFS 

i 

0 

SCHIST LAKE (NORTHUEST ARM) 

LEGEND 

D.O./Temperature Profiles 

Core Location 

Inflow Site (water) 

Vegetation Si13 

OuMOw Site (water) 

BATHYMETRY DATA 

Mean Breadth(6) 223 m 
Lenglh (1) 1070 m 
Maximum Depth (zm) 5.5 m 
Mean Deplh (2) 3.6 m 
Area (A) 239,ooO m2 
Volume w 653.oclo l-d 
Shorellne (L) 3.200 m 
Shorellne Dwelopmenl (Sio) 1.8 

RLSCINENVlROUYENTAL SERVICESLTI 
VANCOUVER, RC. CANADA 

FIQURE 2-p: SAMPLING LOCATIONS. 
OWG: I MANDY LAKE 



STUDY AREA AND METHODS 

2.3 Study Methods 

23.1 Gore Collection and Processing 

Cores (8.8 cm in outside diameter) were collected using butyrate tubes and the 
lightweight stainiess-steel catcher- and cutter-free gravity corer described by Pedersen et 
al. (1985). Al1 sampiing operations were carried out from an 18’ fibergiass speedboat 
equipped with an electric winch. The winch permitted smooth deployment and recovery 
of the corer. As a result, cores of very good quality were recovered. 

Cores were sealed with a full column of supematant water immediately after removal 
from the corer, logged, and transported hand-held to minimize disturbance back to a 
laboratory set up in the assay and process chemical laboratory at the HBM&S smelter in 
Flin Flan. Detailed tore logs are listed in Appendix A. 

Interstitial water samples were extracted from the cores in the temporary laboratory. 
Special techniques to avoid oxidation artifacts were employed during sampling (e.g. Bray 
et al. [ 19731); each tore was extruded directly into a nitrogen-filled giove bag by 
gradually jacking up an o-ring-sealed piston inside the barrel. The supernatant water on 
the top of the tore was carefully removed by siphoning prior to the extrusion, with the 
exception of the lower 10 cm of water which were removed with a syringe once the tore 
was secured in the nitrogen atmosphere. A sampie of this tore-top water was collected 
for each tore and was subsequently analyzed as “supematant” water. In each case, 
processing cotnmenced within two heurs of collection of the tore. Samples were 
sequentiahy sliced from the tore, placed into 250 ml Nz-fillëd centrifuge bottles, sealed, 
removed from the glove bag, and centrifuged for 20 minutes at approximately 1200 RFC 
(Relative Centrifugal Force). The bottles were then placed in another &fiIled glove 
bag, the supematant water in each was decanted into a polypropylene syringe barrel, 
and the water was expressed through Nucleporem 0.45 mm polycarbonate membrane 
filters into 30 ml sample bottles. Five to 20 mi were typically recovered, the smallest 
volumes corresponding to the thin sample intervals used near the top of each tore. 
Ultrapure Seastar concentrated HN03 was added immediately to the samples in 
proportion to their volume to bring the pH to 2. Al1 plasticware and filters were 
rigorously acid-washed in a Class 100 laminar floW bench as follows. Virgin plasticware 
(except pipette tips) was: 1) wiped outside and rinsed inside with reagent grade 
chloroform to remove grease and soluble organic residues; 2) soaked at least 1 day in 
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bot (4O.C) 20% reagent-grade HNO,; 3) rinsed twice with distilled, deionized water 
(DDW); 4) soaked at least 1 day in 0.1% Seastar ultrapure HNO,; 5) rinsed once in 
DDW, 6) soaked at least 1 day in 0.1% Seastar ultrapure HNO,; 7) rinsed once in 
DDW; and 8) dried covered in a drying oven. 

In order to obtain high resolution profiles to define diagenetic reactivity in the Upper 
few centimetres of the sediments, 5 mm sample intervals were used for the top cwo cm. 
one cm increments were used for the next several cm, and 3 cm-thick slices were 
selected at intervals below the Upper decimetre. Approximately 16 samples were 
collected from each tore. 

Al1 samples were returned to U.B.C. for analysis. The jediment samples were frozen 
and freeze-dried. An aliquot of each was ground in a tungsten carbide disc miil prior to 
preparation for X-ray fluorescence, CNS, and coulometric analysis. Al1 analytical 
methods and quality control procedures are described in Appendix B. 

23.2 Water, Miment Grab and Vegetatk Sampling and Analysis 

Hydrographie sampling was carried out usmg a PVC Van Dom bottle equipped with 
Neoprene o-rings, and a portable, submersible temperature and dissolved oxygen probe. 
Conductivity and pH were measured on the water samples immediately after recovery. 
The three water quality samples were collected in acid-washed 1 L Nalgene 
polypropylene bottles by submerging the bottle by hand into the ffow in each case, 
rinsing several times, and then filling by submergence. The samples were immediately 
stored on ice and kept cool for retum to Vancouver. 

The samples were analyzed by Analytical Services Laboratories Ltd. (XSL) of 
Vancouver, B.C. Parameters determined included pH, specifïc conductivity, turbidity 
(NTU), total dissolved solids and total suspended soiids, as weil as anions and nutrients 
including alkalinity, sulphate, chloride, reactive silica, total phosphorus, nitrate/nitrite, 
ammonia and total organic carbon. Standard analytical methods were used (APHA 
1985). 

Dissolved metals were analyzed by various atomic absorption and emission spectroscopy 
methods as follows: 
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l Inductively coupled argon plasma (ICP) emission spectroscopy for higher 
concentration elements 

l Graphite fumace atomic absorption spectroscopy for low concentration elements 

. Hydride generation atomic absorption spectroscopy for arsenic 

. Cold vapour atomic absorption spectroscopy for mercury 

In addition to the water samples, one sediment sampie was collected from under an 
organic mat in less than 0.5 m of water at Site Vl (Figure 2-2). Two pondweed samples 
(Potamogeton spp. leaves and stems) were collected from Sites VI and V2 (Figure 2-2) 
to permit an assessment of the metal content of the local lacustrine vegetation. T%e 
sediment sample was analyzed by HCI/HsO, digestion and a combination of atomic 
absorption spectrophotometry (&US) and ICP emission spectrometry, and metal levels 
in the vegetation were determined by tiS following a distilled water wash and 
subsequent digestion by HNO,/H,O,. The analyses were carried out by ASL. 

A multiple extraction leach test was performed on a sample colIected from the Upper 
several centimetres of a duplicate tore raised at Site MD-l. The sample was extracted 
from the tore in a nitrogen-filled glove.. bag and stored frozen and freeze-dried prior to 
analysis. The extraction test was performed by ASL and the method used was similar to 
those utilized in other aquatic studies (Forstner and Wittman 1983; Engler et al. 1974). 
In a multiple extraction the mildest extraction is completed first, solids are recovered by 
filtration and washed, and subsequent extractions, are conducted until the sample has 
been subjected to an entire predetermined series of extractants. The following 
extractants were used, and are identified in terms of their anticipated reaction with 
metals in the solids: 

Water Soluble Phase 

Distilled water extractant: 

Exchangeable Cations 

1 molar ammonium acetate at pH 7: 

Weak Acid Soluble Phase 

1 molar sodium acetate at pH 5; 
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Easily Reducible Phase 

0.1 molar hydroxylamine hydrochloride + 0.01 molar nitric acid at pH 2: 

.Moderately Reducible Phase 

0.2 molar ammonium oxalate + 0.2 molar oxalic acid at pH 3; 

Difficultly Reducible Phase 

0.5 molar sodium citrate + 0.1 molar sodium dithionite; 

Oxidizable Phase 

30% hydrogen peroxide + 1 molar ammonium acetate acidified to pH 2.5 with 
nitric acid; 

Total Extractable 

Nitric/perchloric/hydroffuoric acid ,digestion. 

Note that the results of the extraction tests must be evaluated with caution, as they are 
subject to severe methodologicai artifacts as noted by Nirel and Morei (1990). The 
operationally-defined phases thought to be extracted by each of the sequentially-applied 
reagents provide oniy a general indication of compositional fractions potentially present. 
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3.0 RESULTS 

3.1 Water Quality, Sediment Grab and Vegetation Sampfes 

Water cohunn profiles of temperature and dissolved oxygen are presented in Figure 3-1 
and the data are listed in Table 3-1. Oxygen concentrations were high in the upper 4 m 
of the water column at the time of sampiing, but bottom waters in the lake were severely 
depleted. A steep oxycline occurred between about 3.75 and 5 m depth (Figure 3-l), in 
the lower portion-of the rather diffuse thermocline. Given that the lake must turn over 
in the spring thaw, the oxygen depletion observed in late .June reflects the high benthic 
oxygen demand associated with the organic-rich sediments on the bottom. A similar 
oxygen profile was seen in August 1989 (see Rescan 1990a); therefore, it may be that 
oxygen depletion is a typical condition for Mandy Lake bottom waters in the summer. 

Water quaiity parameters measured on’the inflow and outflow sampies indicate that 
there is little difference in the dissolved salts or metais concentrations between the 
water entering and leaving Mandy Lake. As well, there appears to be little temporal 
variation in water quality. The chemistry of the inflow, which is derived from nearby 
Phantom Lake, was very similar in June 1990 and August 1989 (Table 3-2). The sole 
exception in this comparison is rhe Zn concentration which was lower by a factor of 
three (0.052 vs. 0.160) in June 1990 compared to.10 months eariier. 

As noted by Rescan (1990a), Mandy Lake water is moderately hard with a hardness of 
approximately 87 mg L-1 as CaCO,. The waters have a nearly neutral pH 
(approximately 7.5), and an alkalinity of approximately 70 mg L-1 as CaCO,. Sulphate 
and chloride concentrations are low (approximately 16 mg L-1 and 5 mg L-t, 
respectively). Dissolved metal concentrations in both inflow and outflow waters are 
generally low with only arsenic, copper and zinc being consistently above detection 
lirnits. Arsenic concentrations ranged from 0.006 to 0.008 mg L-1, copper concentrations 
were 0.005 mg L-t, and zinc concentrations in a11 three samples were -0.053 mg L-l. 
Because the metal concentration (particularly Zn) in the inflow at the south end of the 
lake is almost exactly the same as observed in the outffow near the north end, it appears 
that metal levels in the inflow may be contributing to lake water concentrations more 
than the release of metals from bottom sediments. This observation is justified by the 
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Table 3-3 

Sediment Gtab Sample and Vegetation Analytical Data, Mandy 
Lake, June 1990, and August 1989 

Sediment Potamogerun Potamogefon Potamogefon Pofamogeron Potamogefon 
Site VI SiteVl Site Vl Site V2 SiteV2 Site V2 
June June 1990 August 1989 June 1990 Duplicate August 1089 
1990 June 1990 

AI 
As 

ca 
~ Cd 

Cf 
CO 
CU 
Fe 
w 
Mg 
Mn 
MO 
Ni 
Pb 
v 

Zn 

27300 
1150 4.1 80.3 1.05 1.05 8.0 
5100 

i 3.8 2.7 3.8 1.9 1.8 0.45 
47.4 
86.6 

3030 35 98.6 25 25 15.3 
69500 

5.56 0.06 0.3 0.05 0.05 0.075 
11400 

516 
<5 
28.5 1.05 2.5 0.45 0.4 1.15 

580 
48.1 

12400 479 1205 226 226 129 

All rrrullr l xprosrod In pg g”, dry wt. 
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3.2 Sequentlal Extraction Results 

A singie sample consisting of the upper 4 cm of sediments from Site !v~D’-1 was subjected 
to a sequential, multiple extraction leach test as described in Section 2.3.2. Contact with 
oxygen was prevented as much as possible while the sample was in a wet state, as it was 
collected under nitrogen, immediately frozen in a nitrogen-flushed plastic bag, and 
freeze-dried under vacuum before the extractions were performed. Although we are 
aware of the diffrculties inherent in interpreting the results of such tests (e.g. Nirel and 
More1 1990), we feel that, with some qualifications, the results are useful in identifying 
the phases present in the sediments and the expected degree of reactivity of the 
submerged tailings. Al1 data are listed in Appendix E. 

Orly 11-12 tig g-1 of zinc and essentially no Coppet were extracted by a distilled warer 
leach. This is remarkable considering that the sediment sample contained on the order 
23,000 cLg g-1 Zn and 3,300 pg g-1 CU. In contrast, high proportions of both metals were 
extracted by the strongiy oxidizing H,UI/ammonium acetate/nitric acid leach. This 
behaviour is consistent with sulphide minerals being the primary host for zinc and 
Coppet in the deposits. The fact that essentially very little Zn and no Cu were released 
to distilled water reinforces the conclusion drawn from the concentrations of the metals 
in pore water sarnples (Section 3-4) that the tailings on the lake floor are essentially 
unreactive and unoxidized. Similar observations apply to other metals measured in the 
leach test. Pb, CO Hg and Cd were undetectable in the distilled water extract, despite 
the fact that all four of these metals occur in anomalously high concentrations (relative 
to expected backgrounds) in the Mandy Lake sample. A very small smount of arsenic 
was released to distilled water (-1% of the total; Table E-l), but a substantiai 
proportion of the total was extracted by the strongly oxidizing leach. This implies that 
the dominant host for As is a sulphide phase, probably arsenopyrite, which was a minor 
constituent of the Mandy Mine ore. 

Note that the results obtained for this study differ significantly from those reported 
previously (Rescan 1990a). This is because no effort .was made to collect the 1989 
samples under a nitrogen atmosphere or to store them frozen prior to analysis. 
Oxidation of the contained sulphide minerals during storage is believed to be 
responsible for the high concentrations of metals extracted by the distilled water leach in 
the previous study. This contrast between the past and fhe present work reinforces the 

3-7 



RESULTS 

necessity to prohibit or inhibit exposure of tailings to oxygen in order to foster Iow 
diagenetic reactivity. 

3.3 Solld-phase Chemfstry of Cores 

‘IIe concentrations of major (Fe, Ti, Ca, K, Si, Al, Mg, P and Na) and minor elements 
(Zn, Pb, CU, Ni, CO, Mn, Ba, Cr, V, Sr and Rb) were determined by X-ray fluorescence 
spectrometry as described in Appendix B. Results are listed in Appendix C. 

Gore MD-1 consists of two contrasting strata: nearly three decimetres of t.ailings mixed 
with organic-rich sediments overlie about 12 cm of naturai deposits; the latter contain a 
very high proportion of organic matter. These strata are compositionally well-defined by 
Zn, CU and Pb profiles (Figure 3-2) and organic carbon, nitrogen and sulphur 
distributions (Figures 3-3 and 3-4). Zinc and copper levels average 5 and 0.4 wt. $5 
respectively in the Upper 20 cm of the tore, and decrease to much lower values in the 
lower decimetre. Pb and CO are also etiched in the tailings (Figures 3-2 and 3-5) but 
Ni, Cr and Rb are depleted (Table C-2 in Appendix C). Organic carbon concentrations 
range up to nearly 15 wt. % in the lower portion of the tore, indicating an organic 
matter content on the order of 30 wt. %. The sulphur content is very high in the pyritic- 
tailings-rich Upper half of the tore, reaching levels of nearly 9 wt. % (Figure 3-4). The 
iron distribution with depth traclcs that of sulphur, clearly indicating that pyrite is the 
major host for both elements where tailings are abundant. 

Zinc, copper and lead values reach exceptionally high levels in Core :MD-2, which was 
collected near the former tailings discharge point. Zn concentrations exceed 13 WL % at 
about 33 cm depth in the tore; at the same horizon, Cu Ievels are on the order of 2 wt. 
% (Figure 3-2). The concentrations of both metals are variably lower throughout the 
remainder of the cote (Table C-2). These distributions, in conjunction with the organic 
carbon, nitrogen and sulphur profiles (Figures 3-3 and 3-4), indicate that the lower 
portion of the tore (below about 16 cm depth) consists of exceptionally metal-rich 
tailings, which are notably depieted in organic matter, while the Upper section is 
comprised of a mixture of tailings and natural sediments. A tailings-rich band 
(containing up to 6 wt. % Zn and > 14 wt. % S) occurs between 3 and 7 cm depth. 

Note that in spite of the cessation of tailings discharge more than 40 years ago, metal 
concentrations in the near-surface sediments at both sites are much higher than would 
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cores. 



RESULTS 

be expected in uncontarninated deposits. High metal concentrations were also found in 
recent previous work (Rescan 1990a) in surface sediments at other sites !n .Mandy Lake, 
The sulphur and Fe/A1 distributions reported here indicate that these enrichments are 
due to the presence of pyrite-beting tailings and not, for example, to the occurrence of 
alteration products or other non-tailings inputs. A relatively low rate of detrital 
sedimentation is to be expected in Mandy Lake, given the low fluvial input to the basin: 
however, the lake is meso-eutrophic (Rescan 1990a) and a signifîcant settling flux of 
organic matter should be present. T~US, the tailings should have been covered by now 
by a veneer of natural sediments. The occurrence of tailings in the surface sediments at 
both sites therefore probably reflects recent slumping from the tailings fan on the lake 
margin near the old open pit. As noted earlier, the tailings were originally deposited in 
shallow water from a single launder, and formed a fan-shaped deposit which slopes away 
from the east shore. A map compiled by Hamilton and Fraser (unpublished manuscript, 
1976) showed that in 1975 the tailings formed a shallow platform c 1.5 m deep which 
extended into the lake more than 50 m.from the shore adjacent to the old open pit. 
Water depths are now on the order of a few metres where the platform previously 
existed, indicating that erosion by wave and ice action as well as presumed slumping 
have dispersed the tailings away from the original discharge site. Bioturbation by 
benthic infauna bas almost certainly also played a role in maintaining high metai levels 
in surface sediments. Rescan (1990a) documented a moderately-dense profundal 
benthic invertebrate community in the lake characteristic of environrnents low in 
oxygen, dominated by oligochaetes (tuberficid worms) and dipteran- larvae (chironomids 
and Chaoborus punctipennis). These animais Will both mix and irrigate surface 
sediments, and serve to redistribute tailings upward. 

Manganese concentrations range from a minimum of -600 pg g-1 at depth in both cores, 
which is typical of the natural background, to about 1400 pg g-1 at the surface of &ID-2 
(Figure 3-6). The profiles in the latter tore, and to a lesser extent in MD-l, suggest that 
there is a slight surface enrichment of Mn, which is essentially confined to the top 5 mm. 
As discussed in Section 4.1, this appears to be due to the presence of a manganese 
oxyhydroxide phase. This suggestion is consistent with the dissolved 1ln profiles 
discussed in Section3.4 (below). 

At both locations, and in a11 samples where the nitrogen content exceeds about 0.3 h-t. 
%, the C:N wt. ratio ranges between -9.5 and 11 (Figure 3-7). There is little evidence 
of systematic variation with time at the two sites; however, the average ratio at. &ID-1 is 
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Figure 3-7 C:N ratio dfstrlbutions In the sediments of two Mandy Lake cores. 
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Figure 3-10 SUAI and lUAI dlstrlbutlons In the sedlmentt of two Mandy Cake 
cores. 



Dissoived Fe and Mn profiles are shown in Figures 3-11 and 3-12 respectively. 
Concentrations of -4 ~.rrnol L-1 Fe and -6 pmol L-1 1Mn were measured in the 
supematant water at Site MD-l, and - 1 ~.rmol L-1 for both metals at MD-2. These levels 
are considerably higher than concentrations measured in outflow and inflow waters at 
the time of coring, which were consistently ~0.01 crmol L-1 for Mn and ~0.5 Dmol L-1 for 
Fe. In Core MD-1 dissolved iron concentrations reach levels as high as 60 bémol L-l in 
the near-surface zone (2.5 cm depth) and are depleted at depth. k~ attenuated 
maximum is seen in Core MD-2, where values reach about 16 bmol L-t between 6 and 
10 cm depth (Figure 3-11). Siniilar subsurface distributions are observed for 
manganese. In MD-1 the dissolved Mn content increases reasonably steeply to a 
maximum of - 16 I.rmol L-1 at 4.5 cm and decreases with increasing depth to 
concentrations ~5 pmol L-r in the natural sediments near the base of the tore (Figure 3- 
12). The maximum in MD-2 is a centimetre shallower, and is marked by concentrations 
of -6 pmol L-t. 

Dissolved Zn contents in the supematant waters at both sites (Appendix D) are almost 
identical (- 1200 nmol L-1). These levels are similar to the concentrations measured in 
both inflow and outflow water samples (-800 mn01 L-t) coilected at. the same time as 
the cores. At both locations, dissoived Zn concentrations measured in the top 5 mm of 
the sediments are sharply lower than in the supematant samples (Figure 3-13), and in 
both cores minima are observed at depths of about 1 dm. Notabiy low concentrations 
(-30 nmol L-1 ) occur in the natural sediments at the base of Core MD-l, below a sub- 
bottom maximum (- 1000 nmol L-t) centered at a depth of 22.5 cm. 

Dissoived CII concentrations in supematant waters at both sites differ by a factor of -2 
(Appendix D); the higher value (71 mn01 L-1) is very similar to the level measured in 
both the inflow and outflow samples (-80 nmol L-1, or 0.005 mg L-1, Table 3-2). In the 
Upper decimetre of Core MD-1 dissoived Cu concentrations, although quite variable, 
exceed the content measured in the supernatant water by a factor of roughly WO. In 
contrast, the dissolved CU level decreases ‘with depth in MD-2 (Figure 3-14), reaching 
minimum vaIues of < 10 mn01 L-1 between 6 and 10 cm. & for Zn, a sub-bottom 
dissolved-Cu maximum occurs at a depth of about 20 cm in MD-l. 

Pb concentrations in supernatant waters (Figure 3-15) are reiativeiy low (-2-7 nmol 
L-1 ). The subsurface distributions are comparable to those for Cu; concentrations in 
the Upper few cm of Core MD-1 are higher than the supernatant values by a factor of up 
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RESULTS 

to eight, a very low Ievei (< 1 mn01 L-1) is observed in the natural sedirnents at the base 
of the tore, and a sub-bottom maximum occurs at a depth of about wo decimetres. 
Generaily low Pb concentrations (c 10 mn01 L-1) characterize the pore-waters in Core 
m-2, and as for copper a minimum is observed at about 9 cm depth. Note that three 
samples contained high Pb contents which are attributed to contamination (Figure 3-Z). 
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4.0 DISCUSSION 

4.1 Manganese and Iron Diagenesis 

Bacteriai oxidation of reactive organic matter in lacustrine sediments proceeds via a 
series of overlapping electron-transfer reactions in which the thermodynamically- 
unstabie reduced carbon compounds seme as electron donors and various oxidanu act 
as terminal electron acceptors as degradation proceeds (see review in Chapter 3 of 
Rescan, 1989). During oxidation, organic marter wilI donate electrons to orbitals of 
lowest available energy level as this produces the greatest free energy gain per unit of 
organic material oxidized. The reaction sequence proceeds in an order mandated by the 
net free energy yield, with aerobic oxidation (the highest-yield reaction) preceding (in 
thermodynamic order) denitrifïcation, manganese and iron oxyhydroxide reduction, 
sulphate reduction, and methanogenesis (Froelich et al. 1979). 

In sediments in mesotrophic or eutrophic lakes, the organic carbon content is usually 
sufficient to establish anoxic conditions at depths ranging from a few millimetres to one 
decimetre. The resulting chemical zonation is therefore characterized by a decreasing 
redox potentiai with depth and the release to interstitial solution of a number of reaction 
products. Two such products are dissolved manganese and iron. Because Fe 
oxyhydroxide reduction commences aimost as soon as O2 has been depleted, the depth 
at which Fe*+ first appears in pore water is a reasonably precise indicator of the sub- 
bottom oxic-anoxic boundary (Rescan 1989). Mn02 reduction and associated addition 
of Mn*+ to pore water occurs at slightly shallower depths, thus, at a slightly higher 
oxidizing potentiai. The presence of Fe and Mn oxide phases in near-surface sediments 
bas important implications for the diagenetic behaviour of heavy metals, given that both 
oxyhydroxides are effective at scavenging metals from solution (Kadko et al. 1987). 

There is no indication in the present study that iron oxides are enriched in the surface 
sediments at either of the sites sampled. However, the background level of iron is very 
high due to the concentration of pyrite in the sediments, and the presence of a small 
proportion of oxyhydroxide would be very difficult to detect using bulk sediment 
analysis. In contrast, the Mn distribution does suggest that a slight manganese excess 
exists in the surface sediments at both locations. This is illustrated in Figure 4-l; the 

highest Mn/Al ratio (which is essentially insensitive to dilution by such components as 
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organic matter) occurs at both sites in the topmost sampie (o-5 mm). Below 5 mm depth 
in Core MD-2 the Mn/Al ratio correlates weli with the sulphur content, indicating that 
the relatively coarse taiiings deposited at this site are a dominant hosf for manganese. 
No such correlation is observed in the sub-surface sediments in Core MD-l, suggesting 
either that the fine-grained tailings accumulating at this location contain relatively less 
manganese, or that the aluminosilicate fraction of these sediments contains a higher 
proportion of Al-rich clay minerals. 

The suggested presence of some manganese oxydroxides in the surface sediments and 
their apparent absence at depth is in generai consistent with the dissolved manganese 
distributions in both cores, which indicate reiease of Mn to solution at shailow sub- 
bottom depths. The profiles (Figure 3-12) indicate rhat dissolution commences within a 
depth of about 2 cm in both MD-1 and h4D-2. In contrast, the dissolved iron profiles 
show that dissolution commences at a greater depth in MD-2, where Fe leveis remain 
low in the upper 5 cm (Figure 3-11). Given that, at neutral pH, dissolved iron is much 
more susceptible to oxidation in the presence of molecular O2 than Mn, the occurrence 
of dissolved Mn and essentiel absence of iron suggest that the pore waters in the Upper 
few centimetres at Site MD-2 are slightly oxidizing or suboxic rather than anoxic. ‘T%e 
presence of “excess” solid-phase Mn in the Upper 5 mm apparently confirms that oxic 
conditions prevail very close to the surface. The spatial sim.iIarity of the dissolved iron 
and manganese profiles in the Upper decimetre at Site MD-1 indicate that the near- 
surface deposits at this location are less oxidiring than at Site MD-2. Indeed, unlike the 
case in MD-2, relatively high Fe concentrations occur in the topmost pore water sample 
(O-5 mm) at MD-l. Such an occurrence cari oniy be sustained if either the sediments are 
sub- or anoxic, or if the oxidation rate is too slow to permit quantitative oxidation in sine 
of the iron which is difftrsing upward from the concentration maximum at 4 cm depth. 
However, given that the data in Figure 4-1 suggest that manganese oxyhydroxides are 
present in the Upper 5 mm at Site MD-l, albeit at a low concentration, we conclude that 
the surface deposits at this location are mildly oxidizing. 

It is important to note that the apparent occurrence of an oxic surface layer of some 5 
mm thickness in Mandy Lake sediments contrasts with the tailings and natural deposits 
on the floor of Anderson Lake (see Rescan [1990b]) where anoxia prevailed within 
millimetres of the sediment-water interface. This difference, although not profound, is 
thought to be reflected by the distribution of dissolved Zn, Pb and CU in near-surface 
pore waters, as discussed in Section 4.2. 
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4.2 Zhc, Copper and Lead Dlagenesis 

It is clear from analysis of the water quality samples collected at the same time as the 
cores that iMandy Lake water is slightly contaminated with respect to zinc (Section 3.1). 
Zn concentrations in both inflow (from Phantom Lake) and surface outtlow samples in 
midJune 1990 were -750 nmol L-1. Copper levels at the same time were roughly 80 
mn01 L-t. Concentrations of sim.iIar order were measured in the supernatant samples in 
both cores (- 1200 mn01 L-1 Zn in both cores and 37 and 71 mn01 L-1 CU in MD-1 and 
MD-2, respectively). Lead was not detectable (~5 nmol L-t) in outflow waters in June 
1990; in the supernatant water samples from ,MD-1 and MD-2, respective Pb 
concentrations of -2 and 7 nmol L-1 were measured. Note that the concentrations of Zn 
and CU in the water coiumn were quite different in August 1989 when both were on the 
order of 110 nmol L-t. Pb leveis were at or near detection limit in August 1989 (Rescan 
1990a) and below the limit (~5 mn01 L-1) in June 1990. The available data are 
insufficient to define the reasons for the observed year-to-year variations in metal 
concentrations in the lake water, but such variations are important in that they Will 
influence the distributions of metals in near-interface pore waters, and could establish 
non-steady-state conditions with respect to both the overlying water and the interstitial 
waters and associated solid phases. 

At Site MD-2, the distributions with depth of ail three dissolved metals are similar; 
concentrations in supernatant water are relatively high, and levels decrease with depth 
in the deposits to a minimum near one decimetre, before increasing to varying degrees 
toward the base of the tore. Note, however, that such distributions are contingent both 
on the nature and extent of diagenetic reactions at shallow depths, as well as variations 
in the metal concentrations in the overlying water. The ten-fold increase in the Zn 
concentration in near-bottom water between August 1989 and June 1990, forexample, is 
probably responsible for the relatively high concentrations of dissolved Zn seen in the 
top 4 cm of the tore. It is clear that when the cores were collected in June 1990, Zn was 
diffusing into the deposits from the overlying water and being consumed at depth. 
Given a bulk diffusion coefficient (corrected for porosity and tortuosity) for Znz+ at 6 
‘C of -4.5 x 10-6 cm2 sec-1 (calculated from the data in Li and Gregory, 1974), it would 
take roughly seven months for Znl+ to diffuse downward 9 cm (from the interface to the 
minimum ar 9 cm depth). T~US, the decline in concentration between the interface and 
the concentration minimum may reflect ongoing adjustment toward the establishment of 
diffusive steady-state with the increased zinc concentration in the overlying bottom 
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water. However, if steady-state is assumed, the convex-downward form of the zinc 
profire in MD-2 indicates that the metal is being consumed from soiution at depths on 
the order of 7 or 8 cm. Presumably, precipitation of authigenic ZnS or coprecipitation 
of Zn with FeS or FeS, is responsible for the depletion, given that the sediments appear 

to be anoxic at these depths (dissoived Fe first appears in significant concentrations in 
pore water at 5.5 cm depth). The assumption of steady-state is in fact reasonable given 
that the copper and lead profiIes also show concentration minima at the same depth in 
the tore (Figures 3-14 and 3-15), and their concentrations in the overlying water did not 
change as radicafly as that of zinc between August 1989 and June 1990; thus, the 
decrease with depth in the upper decimetre of dissolved Cu and Pb ‘must also reflect 
consumption and net a non-steady-state artifact. 

Comparison of the pore water distributions at MD-2 with solid-phase chemistry 
indicates that the tailings-rich band between 3 and 6 cm depth is not releasing metals to 
solution. In addition, the Upper portion of the organic-rich stratum between 5 and 15 cm 
depth appears to be the locus of metai removal. This is not surprising given the high 
oxidant demand (thus sulphate reductioti and sulphide production) expected to be 
fostered by the organic-rich layer. 

Slightly higber dissolved metaI concentrations appear to be present in the lower wo 
decimetres of Core MD-2. The integrity of these data is somewhat questionable, given 
that two of the samples are thought to be contaminated for Zn and Pb (Figures 3-13 and 
3-15). Nevertheiess, the organic carbon concentration in the “pure tailings” in the 
bottom two decimetres in the tore is low and if the associated rate of sulphate reduction 
is miner as a consequence, then the slightly enriched metal levels might reflèct an 
equilibrium between metaI release from the tailings to pore water and limited removal 
under sulphide-deplete conditions. 

The subsurface Zn concentrations in the top decimetre in Core .MD-1 are very low 
(-200 mn01 L-i), amounting to about one-fifth of the level in the overlying supernatant 
sample. Unlike the profile in MD-2, however, there is no gradua1 dedine with depth; 
the concentration decreases abruptly between the supernatant water and the uppermost 
pore water sample. As at Site MD-2, this distribution indicates that at the time of 
sampling there was no efflux of zinc to the overlying water column, and in fact, Zn had 
to be diffusing into the sediments. It is not clear in this tore what phase(s) are 
responsible for the Zn extraction from solution. It was argued earlier that there is a 
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slight enrichment of oxides in the Upper few mm, which may be scabenging metals, but 
the presence of dissolved Fe and Mn enrichments in the O-5 mm pote water sample 
suggests that anoxic conditions exist very near the surface at this location. The 
sediments at this location are certainly highly anoxic at greater depths: rnethane bubbles 
were observed throughout the tore below the 12 cm level (Appendix A). It follows that 
dissolved sulphides could be responsible for limiting fhe Zn concentration in pore water 
in the Upper horizons of the tore (as well as at depth, but see below). In contrast to the 
Zn distribution, copper and lead concentrations are slightly enriched relative to 
supematant water in the Upper few centimetres of the tore. The enrichments are small, 
but they do indicate thai there is a slight efflux of both met& to the overlying water 
column. Dissolved copper levels are generally higher throughout the Upper 30 cm of 
Core MD-1 than in MD-2. This observation also applies to Zn and Pb, although the 
contrast is less profound for these metals. AH three metals are significantiy enriched in 
a band between 15 and 25 cm depth, where the organic carbon content increases to 
about 15 wt. %. 

The nature of the contrasts in dissolved meials distributions bath within and between 
the cores implies that complexation of CU, Pb and Zn with dissolved organic matter 
(DOM) is influencing the diagenetic behaviour of these &rrients. Organic matter 
contents are high throughout the sediment column at m-1, and dissolved sulphate 
levels ‘in the overlying lake water are low. The&fore, it is reasonable to suggest that the 
production rate of HS- in pore water is sulphate-limited. Under such conditions, DOM 
Will have a proportionately greater influence on dissolved metal distributions. T~US, it 
follows that the CU and Pb enrichtients (relative to supematant water) in ,MD-1, albeit 
very low in absolute terms, particularly in the Upper decimetre, might reflect 
competition between lirnited precipitation of authigenic sulphide minerals and 
complexation by DOM in these organic-rich deposits. This supposition is supported by 
the behaviour of Zn, which, although having a comparatively lower affinity for organic 
ligands in solution (Stumm and Morgan 1981). occurs in pore water at signitïcant levels 
throughout the Upper 25 cm, even in the methane-bearing horizons below 12 cm. If 
sulphide was present even at low concentrations at depth in the deposits, the metal 
levels would be significantly lower, as seen, for example, in pore waters extracted from 
cores collected in sulphate-replete Anderson Lake (see Rescan, 1990b). 



OISCUSS10Fd 

In order to estimate the potential impact on Mandy Lake water quatity of the benthic 
effluxes of Pb and CU from the sediments at Site MD-l, diffusive flnxes across the 
sediment-water interface are cakulated from’Fick’s first taw: 

J = -dK,/V c/ )o 

where fis the porosity (assumed here to be 1, since the water content in the orgamc-rich 
naturai sediments was very high; the flux Will be only slightly overestimated by the 
adoption of 100% porosity). Kc is the diffusion coefficient for each metal (from Li and 
Gregory, 1974) conected for estimated average in situ temperature (6 ‘C); the metals 
are presumed to occur largely as divalent ions - no allowance is made for complexation 
in the caiculations. The coefficients are thus 4 x 10-6 cm2 sec-t for Cu and 5.5 x 1W cm2 
sec1 for Pb. C/ x is the concentration gradient calculated as the concentration 
difference between the supematant water (2.5 mm above the interface) and the mean 
dissolved metal concentration in the top 5 mm of the sediments (taken to be at a depth 
of 2.5 mm; thus x is 0.5 cm). F is the formation factor (Manheim, 1970) which takes 
into account the tortuous diffusion path. of an ion in wet sediments. Given the high 
water content of the uppermost sediments at each tore site, we estimate the formation 
factor to be only slighly greater than unity; thus F is taken to be 1.1. No corrections are 
applied here for the possible electrical coupling of the divalent metal ions to the fluxes 
of major ions (see Lasaga 1979), since the latter are unknown. In eastem Canadian 
lakes, Carignan and Tessier (1985) found that conecting for the coupling effect required 
a relatively small adjustment in the calculated flux for Znz+ (about + 10% in one lake, 
and -7% in another). Since we have no major ion data, we have chosen to ignore this 
smah potential effect on our calculated fluxes. The fIux calculations are listed in 
Table 4-1. 

The potential impact of these calculated effluxes cari be vexy roughly estimated if we 
assume that they are representative of the entire lake floor (obviously this is not a 
tenable assumption, but it does illustrate the most extreme case), the area of which is 
about 240 x loi m2 (Rescan 1990a). Integrating the flux over one year yields an addition 
of roughly 2.3 kg of CU and 2 kg of Pb. Given a volume of the lake of 553,000 m3 
(Rescan 1990a), this translates into an increase of the dissolved metal content of 4 mn01 
L-1 yr-1 (0.25 ppb yr-1) for CU and 1 nmol L;l yr-1 (0.2 ppb yr-1) for Pb, assuming that the 
added metal is evenly distributed throughout the whole water column (which does turn 
over twice a year). Clearly, these are extremely crude estimates, particulariy considering 
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DISCUSSION 

Table 4-l 

Calculated Benthlc Fluxes of Dlssolved 
CU and Pb in the Central Basin of Mandy Lake 

(Based on Core MD-l) 

CU 0.13 -15 

Pb 0.2 -4 

- = Indlcatrs a flux out of tfw ssdlmont 
Concrnurtion gradiont II~ In unltr of nmd 
cm/ rnd fluxrr are unlts of nmol/cmg yrt 

that they are extrapolated from one tore, but they do serve to indicate that the impact of 
the effhrxes on the quality of the overlying water must be negligible. 

In summary, dissolved Zn, Pb and Cu concentrations in the pore waters of both Mandy 
Lake cores are low in absolute terms. nere is clearly no efflux of the three metals from 
the sediments collected near the former discharge point, despite the presence of high 
concentrations in the solid phase, and indications that the deposits at this site are oxic in 
the top five millimetres. At the more distal site (MD-l) in the central basin, surface 
sediments are oxic to suboxic, and anoxic conditions prevail below very shallow depths. 
There appears to be a vety slight efflux of CU and Pb to the overiying water column, but 
an influx of Zn to the deposits at this site. 
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5.0 CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

Despite the cessation of mining at AMandy Lake more than 40 Yeats ago, mine 
t&gs are tidely distributed (likely due to continued slumping of taihngs fan) in 
modem sediments on the lake floor, occurring not oniy near the former shallow 
discharge outfa& but ako in the central basin 200 m to the west, as demonstrated 
by the measurement of high Zn, CU, Pb, CO and sulphur concentrations in ~VO 

cores. 

Mural sediments underlying the tailings are organic-rich, with’organic carbon 
concentrations commoniy reaching neariy 15 wt. %. 

Relativeiy high dissolved iron concentrations (relative to bottom water) within 
five millimetres of the interface in the central basin indicates that the tailings- 
bearing deposits at that site are suboxic or anoxic at very shallow sub-bottom 
depths. Nearer the shore, an enrichment of manganese in surface sediments and 
Iow dissolved Fe concentrations in near-surface pore waters reflect the presence 
of oxic conditions in at least the Upper fïve &. 

The concentrations of Zn, CU and Pb in pore waters at both locations are in 
general very low. There is clearly no effiux of the three metaIs from the mixed 
tailings and natural organic-rich sediments coilected near the former discharge 
point, despite the presence of high concentrations in the soiid phase and 
indications that the deposits at this site are otic in the top five miilimetres. 
Indeed, pore water profiles at this location indicate that dissolved metals are 
diffusing into the deposits from the overlying lake water. At the more distal site 
(MD-l) in the central basin, there musc be a very slight efflux of CU and Pb to the 
overlying water column, but an infiux of Zn to the deposits. 

Rough estimates of the maximum impact of the benthic effusion at Site MD-L 
assurning it is representative of the lake floor as a whole, indicate that the release 
of CU and Pb t’o the overlying water column would respectively contribute on the 
order of 4 nmol L-1 and 1 nmol L-* annually. This contribution is negligible. It 
cari be concluded that the taiiings on the floor of IMandy Lake show very little or 
no evidence of chemical reaction 46 years after discharge. 
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APPENDIX A: DETAILED CORE DESCRIPTIONS 

CORE MD-1 

General: 44.5 cm total length, 5.5 m water depth. Good interface: slightly domed, with 
about 1 cm relief. Abundant zoopiankton (Daphnia) in supernatant (tore-top) water; 
no worms observed. 

Detailed Description: 

9 O-12 cm: olive-black siity ciay, homogeneous (5Y2/1) 

. 12-20 cm: grades at 12 cm to slightly lighter colour; same texture, constant to 20 
cm. Methane bubbles encountered at 12 cm; persistent to bottom of tore 

l 20-44.5 tm (end): gelatinous, ocganic-rich silty clay, dark yellowish brown 
(lOYR4/2), homogeneous to end of tore 

CORE MD-2 

Gene& 47 cm total length, 5.4 m water depth. Good interface (may have been siightiy 
disturbed?), slightly domed, with about 7 mm relief. Abundant zooplankton (Daphnia) 
in supernatant water. Worms present at shallow depths. 

2.5 cm of grayish brown silty clay, overlying lustrous grey fine-to-medium-siIt-sized 
taiiings. Tailings show no sign of oxidation. 

Detailed Description: 

l O-2.5 cm: slightly sandy to silty grayish brown clay, lumpy texture 

l 2.5-16 cm: tailings present, about SO:50 with natural sediments. Tailings 
occasionally have lobate appearance in this interval, are obviously lustrous 
(presumably pÿrite), and appear to be very fresh. Chironomid worm (15 mm 
long) observed at about 5.5 cm 

l 164.5 (end): Homogeneous, compact, lustrous, siIt-sized tailings throughout 
interval 
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APPENDIX B: ANALYTICAL METHODS AND 
QUALITY CONTROL DATA 

Graphite Furnace Atomic Absorption Anaiysb 

Dissolved metal concentrations in pore waters were determined by direct-injection 
graphite-furnace atomic absorption spectrophotometry using a Varian SpectrrW 300 
spectrophotometer with Zeeman background correction and a PSD 96 autosampler. CU1 
determinations were conducted using pyrolitic LVov platforrns using peak area 
measurernents a.nd operating conditions adapted from those recommended by the 
manufacturer. The autosampler wa?controlled by a Varian Quality Control program 
which ensured reproducibihty. Standards were prepared by diluting 1000 ppm standard 
solutions with 1% twice-quartz-distilled HNO, in distihed deionized water. Where pore 
water metal concentrations were outside the linear calibration range, samples were 
diluted automatically by the autosampler with the same 1% HNOs and renxr. 

Anaiytical precision estimates and the detection limit for each metal, defined in this 
study as three times the standard deviation of the mean of several blank determinations, 
are listed in Table B-l. 

X-Ray Fluorescence Analysis 

Following freeze-drying and grinding of the sediment samples to fine powders in a 
tungsten carbide disc mill, major and minor element concentrations were respectively 
measured on cast glass and pressed powder discs, using an automated Philips PW 1400. 
X-ray fluorescence spectrometer equipped with a Rh target anode. Glass discs were 
prepared using a slight modification of the method of Norrish and Hutton (1969), which 
eliminates the need to apply specific corrections for matrix absorption effects. 

For minor eIements, a method similar to that described by Harvey and Atkin (1982) was 
used. The s&ples were prepared by forming a mixture of 4 g sample and 0.5. g finely 
divided wax (Hoechst Wax C) into 32-mm diameter discs in a hydraulic press. 
Calibration for both sets of measurements was provided by a wide range of international 
geochemicai reference standards, with discs prepared in the appropriate way, and using 
the element concentrations recommended by Abbey (1980). Additional metal-rich 
standards were prepared for the minor element measurements on the tailings-bearing 
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Table B-l 

Quality Control Data for GFAAS Measurement of Dlssolved Metal 
Concentrations in Mandy Lake Pore Waters 

I Sample (Method) Mn Fe CU Zfl Pb 

M-07 (Normal) 14.1 158 344 20.4 

M-O7(Noml) 13.3 164 310 21.4 

M-07 (Std. Addition) 375 

M-27 (Normal) 15.7 7.9 39.0 0.9 

M-27 (Notil) 15.9 13 36.4 0.9 

M-27 (Std. Addition) 11 41.1 

Detection limit 4.5 48 8.3 1. .2 1.4 

CU, Zn rnd Pb moaruromonta are reportod In nmol L” , rnd Mn rnd Fo in )rmol L”. 
Normal I moosuromrnt by comprriron to Iho Ilnorr callbr~tlon curvo. Atcurrcy cm 
be rsroarod by eomprrlng tho rerultr determlned by normal callbrrtlon l nd by 
standard addltlone (whoro sample rite permfttod). Detoctlon limlt le doflnod 18 thrre 
tlmee tho etrndrrd devlrtfon of (I rulto of drionlted~w~ter blrnkr run rrndomly wllh 
tho rnrlyroe. All detectlon Ilmltr are glven In nmol L”. 
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samples, to ensure that a calibration curve could be used which was linear up to and 
beyond tire maximum Zn, Cu or Pb concentration encountered. The highest 
concentrations in the synthetic standards were 96000 kg g-t Zn, 19000 pg=g-i CU and 4300 
kg g-1 Pb. 

Analyticai precision was estimated for major elements by comparing duplicate discs 
made for reference sample G2 (Table B-2). Xccuracy was assessed by randomly 
inciuding several geochemical reference samples as unknowns in the analytical nm. The 
results of these measurements are listed in Table B-3. As cari be seen the accuracy of 
the major element measurements is excellent. 

CNS and CaCO, Analysis 

Total carbon, nitrogen and sulphur were detérmined using elemental analysis. Total C 
and N were measured using a Carlo-Erba 1106 Elemental Analyzer which combusts the 
sampie in a stream of 02, separates the combustion gases (CO2 and Nz reduced from 
NOx) chromatographically, and measures the gas concentrations (thus C and N 
contents) by thermal conductivity. Sulphur was determined using a Carlo-Erba NA-1500 
CNS Analyzer, which empfoys the same methodology. The use of the two different 
instruments was required because the high sulphur content of the tailings swamped the 
C and N channels on the CNS Analyzer with SO?. The analyzers are calibrated using 
acetanilide and the NRC marine sediment standards MESS-l and BCSS-1. Accuracy is 
excellent; agreement with therecommended values for total C and N is always within 
analyticai precision. Trie precision of the measurements (la, R.S.D.).was about l.S%, 
3% and 3% for C,N and S respectively. 

Carbonate carbon was determined on a11 samples by coulometry using a Coulometrics 
Analyzer, which electrochernically measures the CO2 evolved following addition of HC1 
to a sampie. Concentrations were very iow in the natural sediments (typically < 0.1 wt. 
%), but ranged up to 0.8 wt. % in the tailings. Precision of the measurements (10, 
R.S.D.) was better than 3% for the higher carbonate carbon concentrations. 

Organic carbon was determined by subtracting carbonate carbon from the total C 
measurements. Precision of the resulting organic C value was about -+5 % (la, R.S.D.). 
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Table B-2 

XRF Major Element Quality Control Data 

Standard FE? l-l cd K Si Al Mg P Na 

NIMS (m) 0.95 0.00 0.46 9.39 30.03 9.37 
(0 0.96 0.02 0.49 9.81 29.71 9.17 

0.26 0.052 0.20 
0.26 0.05 0.16 

JR1 (m) 0.56 0.042 0.46 2.72 35.43 6.92 0.06 0.009 1.67 

(0 0.67 0.06 0.45 2.82 35.22 6.62 0.05 0.01 1.46 

JF2 (m) 0.0 0.0 0.07 8.01 30.42 10.04 0.00 0.000 1.05 

(3 0.04 CO.01 0.06 8.37 30.44 9.75 0.003 CO.01 0.91 

JGIA (m) 1.36 0.132 1.51 2.47 34.25 7.71 0.45 0.035 1.46 

(ri 1.44 0.15 1.52 2.56 33.71 7.52 0.41 0.3 1.26 

vf2 PV 7.52 0.616 7.66 0.41 23.67 7.97 3.91 0.057 0.93 

(0 7.60 0.64 7.79 0.40 24.66 6.19 3.65 0.06 0.82 

G2 (ml 1 .a3 0.31 1.37 2.77 32.16 6.22 0.55 0.06 1.65 
G2 (Repeat) 1.63 0.30 1.37 2.79 32.32 6.09 0.49 0.06 1.51 

0 i .66 0.29 1.40 2.85 32.32 6.15 0.45 0.06 1.51 

‘Concrntratlons dotrmlnod for geochemlcrl rrferrnco rtrndrrdr In thls rtudy (m), are comprred 
wlth concenlratlons rocommondod (r) by Abboy (1990). 
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Table B-3 

XRF Minor EIement Quaiity Control Data 

Standard Zr Sr Rb Pb Zn CU Ni CO Mn V Cr Ba 
mm wm wm mm PP~ PP~ ppm ppm ppm PP~ pm wm 

SY2 (m) 269 236 166 a7 250 7 41 12 2468 43 1 n.a. 
(0 280 275 220 a0 250 5 10 ii 2480 52 12 460 

BHVO (m) 182 392 12 10 111 153 129 46 1307 354 311 rd. 
(3 160 420 10 n.a. 105 .140 120 45 1316 300 320 135 

bu 0) 99 195 23 10 85 121 76 42 1225 279 95 n.a. 
(0 100 190 21 n.a. 60 105 70 43 1300 260 92 175 

NIMO (m) 2: 3; 1 71 a9 5 2031 245 1669 27 2483 n.a. 
(r) ? 90 10 2050 210 1690 40 2900 10? 

MRGl (m) 109 270 12 9 204 148 154 94 1168 360 465 n.a. 
(0 92 178 17 n.a. 139 140 120 69 1031 326 408 10 

NIMG (m) 281 15 315 40 52 8 40 5 181 0 8 169 
(0 300 10 320 40 50 12 6? 4? 162 2? 12 12Q? 

MMS (m) 29 67 520 2 16 18 0 4 134 30 7 2501 
(rj 33 62 530 5 10 19 7 4 a0 lo 12 2400 

Zoncontrattonr dotarmtnod for goochomlcal refrronco rtrndards In thls rtudy (m), ora compared 
wlth concentrationo rocommondod (r) by Abboy (1980). Quartlon mrrks Indicate porslbly 

unrellrblo vrtuor; na. s not rvailrblo. 
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APPENDIX C: SEDIMENT CHEMISTRY DATA 

Table C-7. 
-_ 

Major Ekment Composition in Sediments From Two Mandy Lake 
Cotes 

Interval Depth Fe T Ca K Si Al Mg P ~a 
cm cm ht. % kW. Yo ht. Yo wt. % wt. % wt. % wt. 0% wt. yo wt. Y0 

CORE MD-1 

o-o.5 0.25 a.51 0.26 1.11 1.19 18.75 6.03 1.68 0.12. 0.53 
0.5-l 0.75 8.46 0.26 1.08 1.20 18.89 6.10 1.72 0.11 0.55 
l-l.5 1.25 8.48 0.25 1.09 1.21 18.84 6.05 1.69 0.12 0.61 
1.5-2 1.75 8.47 0.25 1.09 1.21 18.89 6.15 1.66 0.11 0.55 

2-3 2.5 a.54 0.26 1.09 1.23 18.81 6.16 1.74 0.11 0.57 
3-4 3.5 8.52 0.26 1.07 1.23 18.97 6.19 1.74 0.11 0.60 
4-5 4.5 8.63 0.25 1.08 1.21 18.94 6.15 1.77 0.10 0.56 
5-6 5.5 8.70 0.25 1.0s 1.21 18.92 6.23 1.?2 0.10 0.57 
6-6 7 8.83 0.27 1.09 1.25 19.21 6.25 1.77 0.10 0.56 

6-10 9 8.94 0.26 1.09 1.26 19.13 6.35 1.83 0.10 0.55 
12-14 13 9.26 0.26 1.11 1.23 18.93 6.43 1.78 0.06 0.50 
16-18 17 10.86 0.24 1.01 1.13 17.93 6.10 1.67 0.07 0.53 
20-23 21.5 5.26 0.29 1.27 1.34 19.30 5.98 1.39 0.11 0.56 
26-29 27.5 3.85 0.31 1.44 1.48 20.29 6.23 1.39 0.11 0.57 
32-35 33.5 3.86 0.34 1.44 1.57 21.01 6.72 1.52 0.10 0.60 
38-41 39.5 3.58 0.32 1.41 1.51 20.70 6.30 1.40 0.10 0.56 

CORE MD-2 

O-O.5 0.25 6.60 0.33 1.41 1.60 21.25 6.78 1.71 0.09 0.63 
0.5-l 0.75 7.55 0.32 1.44 1.50 21.20 6.69 1.73 0.09 0.69 
l-l.5 1.25 7.64 0.31 1.42 1.51 20.59 6.43 1.65 0.08 0.70 
1.5-2 1.75 6.75 0.32 1.42 1.59 21.52 6.79 1.69 0.08 0.76 

2-3 2.5 7.31 0.32 1.44 1.50 L 20.88 6.64 1.70 0.09 0.63 
3-4 3.5 14.00 0.23 1.67 0.98 18.11 5.81 2.13 0.06 0.49 
4-5 4.5 16.30 0.17 1.79 0.72 16.18 4.85 2.01 0.05 0.43 
5-6 5.5 15.97 0.16 1.80 0.73 16.25 4.89 2.04 0.04 0.45 
6-8 7.5 8.39 0.26 1.54 1.24 19.37 5.83 1.66 0.08 0.53 

a-10 9 4.80 0.32 1.37 1.45 20.99 6.38 1.50 0.09 0.63 
12-14 13 8.75 0.26 1.52 1.23 18.63 5,.62 1.53 0.07 0.59 
16-18 17 24.27 0.10 2.15 0.40 11.47 3.00 1.71 0.02 0.41 
20-23 21.5 24.71 0.09 2.15 0.33 11.39 2.86 1.75 0.02 0.30 
26-29 27.5 24.75 0.11 2.37 0.46 11.40 3.44 2.04 0.02 0.23 
32-35 33.5 19.91 0.10 1.92 0.38 14.36 3.00 1.56 0.03 0.57 
36.41 39.5 19.98 0.14 2.07 0.52 14.86 4.70 2.29 0.03 0.33 
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Table C-2 

Major Erement Weight Ratios In Sediments From Two Mandy Lake 
Cores 

Interval Desh Fe/AI TlAl WA KJAI .Si/AI MCJAI NaiAI MNAI 
a an x10-4 

CORE MD-1 

o-o.5 0.25 1.41 0.043 0.18 0.20 3.11 0.28 0.087 177 
0.5-l -0.75 A.39 0.042 0.18 0.20 3.10 0.28 0.091 149 
l-l.5 1.25 1.40 0.042 0.18 0.20 3.12 0.28 0.101 166 
1.5-2 1.75 1.38 0.041 0.18 0.20 3.07 0.27 0.089 141 

2-3. 2.5 1.39 0.042 0.18 0.20 3.05 0.28 0.093 150 
3-4 3.5 1.38 0.043 0.17 0.20 3.06 0.28 0.098 151 
4-5 4.5 ‘ 1.40 0.041 0.18 0.20 3.08 0.29 0.091 155 
5-6 5.5 1.40 0.040 0.17 0.19 3'.04 0.28 0.091 146 
6-8 7 1.41 0.043 0..17 0.20 3.07 0.28 0.090 156 

8-10 9 1.41 0.042 0.17 0.20 3.01 0.29 0.087 127 
12-14 13 1.44 0.041 0.17 0.19 2.95 0.28 0.078 121 
16-18 17 1.78 0.039 0.17 0.19 2.94 0.27 0.086 109 
20-23 21.5 0.88 0.048 0.21 0.22 3.23 0.23 0.094 127 
26-29 27.5 0.62 0.050 0.23 0.24 3.26 0.22 0.091 132 
32-35 33.5 0.57 0.051 0.21 0.23 3.12 0.23 0.090 123 
38-41 39.5 0.57 0.051 0.22 0.24 3.29 0.22 0.088 108 

CORE MD-2 

o-o.5 0.25 0.97 0.049 0.21 0.24 3.14 0.25 0.093 205 
0.5-l 0.75 1.13 0.048 0.21 0.22 3.17 0.26 0.103 146 
l-l.5 1.25 1.19 0.048 0.22 0.23 3.20 0.26 0.110 153 
1.5-2 1.75 0.99 0.048 0.21 0.23 3.17 0.25 0.111 144 

2-3 2.5 1.10 0.048 0.22 0.23 3.14 0.26 0.095 142 
3-4 3.5 2.41 0.039 0.29 0.17 3.12 0.37 -0.084 174 
4-s 4.5 3.38 0.035 0.37 0.15 3.34 0.42 0.088 209 
5-6 5.5 3.27 0.037 0.37 0.15 3.32 0.42 0.091 206 
6-6 7.5 1.44 0.045 0.26 0.21 3.32 0.29 0.090 132 

8-70 9 0.75 0.051 0.22 0.23 3.29 0.24 0.099 93 
12-14 13 1.56 0.047 0.27 0.22 3.32 0.27 0.106 109 
16-18 17 8.08 0.032 0.71 0.13 3.82 0.57 0.137 247 
20-23 21.5 8.63 0.031 0.75 0.12 3.98 0.61 0.105 264 
26-29 27.5 7.20 0.033 0.69 0.13 3.32 0.59 0.366 232 
32-35 33.5 6.64 0.032 0.64 0.13 4.79 0.52 0.190 242 
38-41 39.5 4.25 0.029 0.44 0.11 3.16 0.49 0.071 228 
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Table C-3 

Organic Carbon, Nitrogen, Sulphut and Calcium Carbonate 
Concentrations in Sediments From Two Mandy Lake Cores 

Interval 
cm 

Depth CaCG N S 
% 

%J ON 
an % % % Wt. Ratio 

CORE MD-1 

o-0.5 0.25 1.76 0.96 5.35 9.14 9.5 
0.5-l. 0.75. 1.76 0.94 5.35 9.09 9.7 
l-1.5 1.25 1.56 0.95 5.29 9.03 9.5 
1.5-2 1.75 1.52 0.94 5.29 9.05 9.6 

2-3 2.5 1.51 0.94 5.38 8.97 9.5 
3-4 3.5 1.47 0.91 5.24 8.80 9.7 
4-s 4.5 1.48 0.90 5.46 8.69 9.7 
S-6 5.5 1.46 0.88 550 8.58 9.7 
6-8 7 1.43 0.87 5.60 8.62 9.9 

8-10 9 1.37 ‘.0.84 5.78 8.32 9.9 
12-14 t3 1.53 0.75 6.30 7.67 10.2 
16-18 17 1.78 0.70 8.66 7.08 10.2 
20-23 21.5 0.15 1.36 2.76 13.7s 10.1 
26-29 27.5 0.06 1.41 1.10 14.44 10.2 
32-35 33.5 0.07 1.23 0.78 12.90 10.5 
38-41 39.5 0.03 1.32 0.60 13.76 10.4 

CORE MD-2 

o-0.5 0.25 1.03 0.78 2.39 8.31 10.6 
0.5-l 0.75 1.75 0.69 4.21 7.48 10.9 
t-t.5 1.25 1.70 0.71 4.48 7.74 10.9 
1.5-2 1.7s 1.32 0.75 3.14 8.09 10.8 

2-3 2.5 1.63 0.73 3.49 7.96 10.9 
3-4 3.5 5.98 0.50 13.92 5.72 11.5 
4-5 4.5 7.62 0.27 14.35 2.97 11.0 
S-6 5.5 7.31 0.35 13.52 3.73 10.8 
6-8 7.5 2.84 0.92 5.24 9.54 10.4 

8-10 9 0.38 1.16 1.61 12.33 10.6 
12-14 13 2.69 0.91 6.81 9.29 10.2 
16-18 17 10.98 0.03 26.10 0.31 10.3 
20-23 21.5 11.58 n.d. 26.10 0.24 - 
26-29 27.5 12.82 n.d. 24.39 0.27 - 
32-35 33.5 10.28 n.d. 22.15 0.10 - 
38-41 39.5 11.07 0.11 15.91 1.28 12.1 

c-3 
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APPENDIX 0: INTERSTITIAL WATER CHEMISTRY 

Table O-1 

Interstitial Water Chemistry of Two Mandy Lake Cores 

Oepth Mn Fe CU Pb Zn 
an jlnlol L-1 pmol L-1 nmolL'1 nmolL'l nml L'l 

CORE MD-1 

-0.25 5.88 4.23 37.2 1.9 1220 
0.25 11.88 26.28 100.8 12.9 208 
0.75 10.30 13.39 62.6 10.9 154 
1.25 11.99 35.01 45.3 8.8 298 
1.75 9.32 34.06 88.1 14.9 243 
2.5 i 4.89 61.43 88.5 15.0 291 
3.5 14.12 51.62 152.0 20.5 345 
4.5 15.93 52.95 42.9 9.5 133 
5.5 11.90 44.68 129.6' 20.5’ 281' 
7 15.65 61.22 45.9 3.1 210 
9 14.76 56.85 50.2 3.2 156 

13 i 0.83 26.81 125.6 5.1 290 
17 9.50 27.03 328.8. 20.3’ 830' 
21.5 6.79 27.03 252.1 l 11.8' 1015' 
27.5 4.97 5.02 33.9 2.0 121 
34 4.10 I .a9 55.2 2.2 91 
39.5 4.70 13.46 52.0 0.9 32 

CORE MD-2 

-0.25 0.84 
0.25 2.69 
0.75 3.73 
1.75 6.04 
2.5 5.75 
3.5 6.24' 
4.5 4.31 
5.5 2.73 
7 3.02 
9 1.95 

13 1.46 
17 2.00 
21.5 1.35 
27.5 1.95 
33.5 2.49 

1.17 
0.65 
0.71 
i .a9 
1.40 
5.05' 
1.49 
8.81 

15.64 
16.63 

7.71 
0.82 
1.76 
6.98 

71.0 
51.9 
45.0 
63.6 
36.0 

112.4' 
11.5 
20.1 

7.9 
9.4 

23.3 
13.6 
22.8 

9.4 
21 .l 

7.3 
4.6 
4.0 
7.1. 
5.5 

20.9’ 
4.5 
2.8 
0.9 
0.4 
2.7 

13.0 
46.8 

7.4 
56.3' 
10.1 

1235 
516 
525 
580 
461 
926' 
176 
100 

39 
30 
97 

456 
2198' 
1373' 

400 39.5 2.73 19.40 52.5 
‘M~wtrwnentr mrrkod wlltt rn rrurlak MO Ihought 10 rolloot contrmlnrclon, brrod on CtllOrla 

dollnod In tho tort. 
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Table E-l 

Sequential Multiple Extraction of Surface 
Sediments (top 4cm) from Mandy Lake (Station MD-~) 

Duplicate A 

Detection Water Weak Acid 
Parameler Limil Soluble Exchange Soluble Easily Moderate Difîicultly &dizable Residuat 

ht@) 
Mass TOli.lt 

Phase Cattons Phase Reducible Reducibte Reducible Phase Phase Balance Digestior 

k. 
Aluminum 4.00 17 1455 335 295 34255 36357 37926 

% 0.; 0.; 0.0 0.; .3.8 0.9 0.8 90.3 95.8 
Arsenic 0.020 20.4 5.80 85.8 56.9 49.8 7.88 1444 602 2283 1901 

% 1.1 0.3 4.5 3.0 2.6 0.4 76.0 31.7 119.6 
Cadmium 0.20 54.4 19.0 73.4 76.2 

% 0.; 0.0 0.; 0.; O,.Z 0.; 71.4 24.9 96.3 
Cobalt 0.30 1.43 3.26 0.82 5.15 1.98 49.4 63.3 125 130 

% 0.; 1.1 2.5 0.6 4.0 1.5 38.0 48.7 96.4 
Copper 0.20 0.52 0.71 2622 722 3345 3225 

% 0.0 0.; 0.; 0.0 0.0 0.0. 81.3 22.4 103.7 
Iron 0.50 42.1 ,9.66 806 1123 9691 2053 1 13566 56173 83465 85365 

% 0.0 0.0 0.9 1.3 11.2 2.4 15.9 65.8 97.5 
Lead 0.20 4.83 43.9 3.26 2.55 3.18 380 200 638 740 

% 0.; 0.6 5.9 0.4 0.3 0.4; 51.4 27.0 86.0 
Manganese 0.10 27.5 99.6 51.1 15.6 57.9 24.9 25.6 366 668 697 

% 3.9 14.3 7.3 2.2 8.3 3.6 3.7 52.5 95.8 
Mercury 0.010 5.81 5.81 6.13 

% 0.; 0.; 0.; 0.; 0.; 0.0 0.; 94.8 94.8 
Nickel 0.40 1.69 3.63 27.7 33.0 I 33.5 

% 0.0 0.0 0.; 0.0 5.0 ', 0.0 10.8 82.7 98.5 
Selenium 0.100 0.240 0.156 0.600 0.030 62.6 31.0 15.0 110 87.0 

% 0.3 0.2 0.7 0.0 0.; 72.0 35.6 17.2 136.8 
Zinc 0.10 11.1 140 578 355 3445 499 9184 7035 21248 2239 1 

% 0.0 0.6 2.6 1.6 15.4 2.2 41.0 31.4 94.8 

RO~U~I~ l ra erprerred OI mlcrogrsmo par dry gram ol sedlmont lollowod by X of total. Dupllc~ta~ A l nd fl are l pllls 01 @ha *am. bulk l amPlo. 
Nollher molybdenum nor slluer wero doloctsblo In mny fraction. Tho “s” l Ign Indlc@loo Ihml Iho measurod veluo wu b*low (ho dat-llon llmk 



Table E-l (continued...) 

Sequentlal Multiple Extraction of Surface 
Sediments (top 4cm) from Mandy Lake (Station MD-l) 

Duplicate 6 

Deleclion Water % Weak Acid 
Parameler Limil Soluble Exchange Soluble Easily 

. &Y~) Phase 
Moderale Dillicullly &idizable Re&ual &ss 

Calions 
TOM 

Phase Reducible Reducible Reducible Phase Phase BalanCe Digestbr 

Aluminum 4.00 
0.; 0.0 

15.7 
0.; 

1427 335 324 29362 31462 37926 
Oh 0.0 .3.8 0.9 0.9 77.4 83.0 

Arsenic 0.020 20.2 4.20 67.2 54.7 47.7 9.00 1943 388 2534 1950 
% 1.0 0.2 3.4 2.8 2.4 0.5 99.6 2.6 109.9 

Cadmium 0.20 
% 0.; 0.0 0.; 0.; 0.; 0.0 

53.8 17.8 71.6 73.5 
73.2 24.2 97.4 

Coball 0.30 
0.; 

1.41 2.85 0.73 '5.75 2.70 54.1 52.4 120 126 
% 1.1 2.3 0.6 4.6 2.1 42.9 41.6 98.6 

Zopper 0.20 
0.; 0.; 0.; 0.0 0.0 

1.00 2905 614 3520 3320 
% 0.0 87.5 18.5 106.0 

ron 0.50 46.4 16.0 821 883 9853 2091 15937 48654 78302 82100 
x 0.0 0.0 1.0 1.1 12.0. 2.5 19.4 59.3 95.3 

-ead 0.20 
0.; 

6.27 41.8 2.69 2.90 1.36 373 217 645 725 
% 0.9 5.8 0.4 0.4 0.2 51.4 29.9 89.0 

danganese 0.10 29.1 96.9 54 13.2 56.6 25.9 34.6 326 638 656 
% 4.4 14.8 8.2 2.0 8.9 3.9 5.3 49.7 97.2 

dercury 0.010 
% 0.; 0.; 0.0 0.; 0.; 0.; 0.; 

6.13 6.13 6.13 
100.0 100.0 

Uckel 0.40 2.26 3.53 22.4 28.2, 33.5 
OA 0.: 0.0 0.; 0.: 6.7 0.; 10.5 66.9 84.1 

Seienium 0.100 0.280 0.260 0.440 0.080 64.6 33.3 15.0 114 110 
x 0.3 0.3 0.4 0.0 0.0 58.7 30.3 13.6 103.3 

Zinc 0.10 11.9 133 464 281 3465 570 10462 5434 20879 23908 
% 0.0 0.6 2.0 1.2 14.5 2.4 43.7 22.7 87.1 

Ro~ullo NO l xpre*aod ao mlcrogramr par dry gram of l odlmont followod by X of I~I~I. Dupllcalor A l nd B are oplI 01 Iho *ame buk l ample. 
Nolthor molybdenum nor l llvor ~080 doloctsblo In any Irsctlon. Tho “<- +p Indlcaloa lha tho moaaurod valuo waa bolow lh* dal=llon IJmk 
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