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Three mgor source sediments were characterized and classfied in terms
of minerdogicd and chemicd compostion in the west coastd aea of the
Keweenaw Peninsula Bulk chemicd andyss reveds that concentrations of Cu,
Ag, Co, and As were enriched in metd rich mine tallings SEM-EDS andyss
indicates that the Ontonagon River sediments have high P and S concentrations.
X-ray diffraction andyss of day fraction shows that the mine talings (chlorite
rich) could be diginguished from the other two sources, Ontonagon River
sediments (low chlorite and high illite) and Wisconan red day (low illite and
high expandable phase). Locd environmenta conditions, including currents,
bathymetry, weather conditions, and sediments texture, are important factors for
cross-margin and longshore transport of contaminated sediments. The Keweenaw
Current is responsble for the longshore trangport of fine fraction of talings,
whereas wave action causes the laterd transport of the coarse depodits dong the
shore.
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1. Introduction

Particulate matter is well known to be a source, sink, and a transport vehicle of nutrients
and contaminants in lake sysems (Bahnick et d., 1978, Stumm and Morgan, 1996).
Consequently particulate matter plays an important role in controlling the chemica composition
of surface waters and sediments via a complex combination of biologicd, chemicd and physica
processes (Honeyman and Santsch, 1989; Lion et a., 1982, Martin et d., 1995; Mord and
Hudson, 1985; Ribolzi et d., 2002, Sigg, 1985, Sunda and Huntsman, 1995; Whitfidd and
Turner, 1987). Different types of paticulae maiter originating from different areas and
processes ae hepful in assessing the sediment budgets of lake systems (Colman and Fodter,
1994; Klump et d., 1989). Therefore, study of the origin and novement of particles is useful to
asessing sediment loads and provenance in depositional zones, and understanding issues such as
nutrient levels, primary productivity, contaminant movement, and dlowable discharge limits in
lake systems.
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A previous study of sedimentation in Lake Superior found that the mgor sources of
sediments in depositiond zones are coasta eroson and tributary inputs (Kemp et a., 1978a).
However, this sudy found a discrepancy in the sediment budget for the lake the sparse
measurements of recent sedimentation raies were much lower than the estimates of sediment
inputs. The study dso was unable to link specific sediment sources with the sediments deposited
in each depogtiond basn. An understanding of the transport behavior of the source materias
within the lake could explain the discrepancy in the sediment budget for the lake. Sedimentation
in each depodtiond badn is drongly related to the combined effects of locdized inputs and
physical processes (eg., currents, wave action). The eastern basn sediments containing a
relatively high content of SO, are derived from Ontario soils containing more illite, whereas the
extreme western sediments derived from Manitoba, Canada contain more expandable clays
(Déell, 1973, Forman and Brydon, 1961; Nussmann, 1965; Thomas and Ddl, 1978). In the
Keweenaw Peninsula region of Lake Superior, Wisconan red clays from shoreline eroson
(Kemp et al., 1978a), sediment loads from the Ontonagon and Bad Rivers (Auer and Gatzke,
2002; Kemp et d., 1978a; Robertson, 1997), and copper mine tallings (Babcock and Spiroff,
1970) are the mgor sources of sediments. Although these sources have been identified and
quantified, the transport behavior and the fate of these materids in the lake are ill unknown
(Churchill et d., 2002).

Seveard different techniques have been applied for particle tracking to understand the
biogeochemicd cyding of nutrients the fate of pollutants associated with particles, and
sedimentation budgets in limnetic systems. In Lake Superior, hydrophobic organic contaminants
such as PCBs and PAHs have been used as tracers of the dynamics and transport of organic
paticles in large lakes (Baker and Eisenreich, 1989). The dementd and isotopic compostions of
sugpended particles and sedimentary organic matter aso have been used to study the origin and
cycing of these materids (Ostrom et a., 1998). Even rare earth elements were applied as tracers
to study sediment reworking and transport in the depostiond basn (Krezoski, 1989). In
addition, minerdogica and chemicd compostions of particles and sediments have been used to
identify sediment sources and to underdand the impact of human activities on locd
environments. X-ray diffraction and Transmisson Electron Microscopic studies of suspended
paticles and lake sediments identified minerdogicd compodtion and paticula mineras
(esbestiform amphibole fibers) that could be used as fingerprints to classfy sediment sources and
track taconite talings (Cook, 1975; Cook and Rubin, 1976; Dell, 1973). In the Keweenaw
Peninsula region of Lake Superior, eevaied concentrations of trace dements and high CuwZn
ratios in sediments have been used as tools to determine the perturbation of loca ecosystems by
the tallings discharged from copper mining activities (Kemp et a., 1978b; Kerfoot et a., 1994;
Kerfoot and Robbins, 1999; Kolak et a., 1998).

The objectives of this study were to examine transport and redidribution of coastd
sediments in the Keweenaw Peninsula Specificdly, “fingerprints’ of the different sediment
source materids were developed usng minerdogicd and chemica compostions (mgor dement
and trace metd contents) in order to digtinguish the sources from one another. Longshore and
cross-margin trangports of particles and redidribution of sediments were then investigated to
understand the fate of coastd and riverine inputs in the study area Findly, factors controlling
longshore and cross-margin trangport of particles and redidribution of sediments were identified
with respect to locd factors such as wind-driven coastd currents, waves, and bathymetry.
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2. Methodology
2.1 Stedescription

The study dte is located dong the west coast of the Keweenaw Peninsula in the southern
central basn of Lake Superior. Bathymetry in the area varies from a shalower western shoreline
to a degper northern shoreling, which has the effect of intensfying the water circulation pattern
(Van Luven et d., 1999). The mgor source of fine-grained particles in the sudy area is the red
cday from the Wisconsn shoreline (Figure 1). The second largest source is riverine inputs (Kemp
et al., 1978a; Robertson, 1997). In addition to shoreline eroson and river loads, copper mine
tallings from Freda, Ml are adso one of the mgor sources of sediments in the study area due to
the discharge of over 45 million metric tons of crushed rocks directly into the lake (Babcock and
Spiroff, 1970). The study area extends from the Ontonagon River to Copper Harbor, Michigan,
the Keweenaw Peninsula region of Lake Superior. Five sampling transects were located at
Ontonagon (ON Transect), near Freda and Redridge (FR), a the north entry of the Portage
waterway (HN), at Eagle Harbor (EH), and at Copper Harbor (CH) Figure 1). Transects run
perpendicular to shore in a northward direction (305° ~ 350°), and each has severd sampling
dations.
2.2 Sample collection and preparation

Samples of three source materids, forty-two lake sediment, one sediment core, and four
suspended sediment traps were taken over a three-year period from 1998 to 2000. The three
source sediments are (1) Wisconsin red clays from the shoreline bluffs a the mouth of the Poplar
River in northen Wisconan, (2) Ontonagon River sediments from the mouth of Ontonagon
River in Michigan, and (3) damp sands from Freda-Redridge in Michigan. Forty-two lake
sediment samples were taken along the study transects at distance intervas of 0.5 to 5 km. One
sediment core was taken near Copper Harbor (MCAZ2) using a Multicorer. The first 10 cm of the
core were diced at 0.5-cm increments and the second 20 cm were diced a 2cm increments on
the boat. Three samples were prepared for andyss surface sediment (0.5-1 cm), sediment (2.5-3
cm) from maximum Cu concentration, and background sediment (9-9.5 cm). For collection of
sttling particles, four trgp moorings were deployed at water depths of 50 and 120 m on the HN
transect. Samples were stored in polyethylene bags at 4°C until andyzed.
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Wet sediment samples were divided into three portions that required different preparatory
treetments. The firg fraction was dried and used for minerdogicad andyss using a Semens
D500 X-ray diffractometer (XRD). For mgor minerd identification, approximaidy five grams
of each sample were pulverized usng an indudrid-grade blender with iron beads. For clay
minerd analyss (<2 nmm), the clay fraction was separated by gravity sedimentation, concentrated
with a centrifuge, and evenly coated on the surface of a glass microscope dide. Side samples
were dried under a clean ar environment for 24 hours, xrayed, and exposed to ethylene glycol
vapor in a closed ethylene glycol desiccator and re xrayed. The second fraction was completely
dried a 105 °C and wes used for individud partice andyss usng a Scanning Electron
Microscope (SEM, JSM-35C, JEOL) and an Electron Microprobe Analyzer (EMPA, JXA-8600,
JEOL). For bulk chemica andlysis, the third fraction was dried a 105 °C, whereas sediment trap
samples were dried in a benchtop freeze dry system (FreeZone® 6 Liter Benchtop, Model 77520,
Labconco). The sediment core sample was processed at the Large Lakes Observatory (LLO) of
the Universty of Minnesota-Duluth. The third fraction and core samples then were digested
usng a one-sep extraction (OSE) method to measure tota concentrations of trace elements in
the samples (Jeong et a., 1999).
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2.3 Particle size, chemical, and mineralogical analyses

The gran dze didribution of sediments was obtained usng seves and an X-ray paticle
andyzer. Four U.S Standard Sieves, 12-, 20-, 40-, 70-, and 100 mesh (1680-, 840-, 420-, 210-,
and 149 mm respectivdy) were used with dry sediments to obtan coarse paticle sze
digributions. The fine fraction (less than 149 mm) was andyzed with an X-ray particle andyzer
(MICROTRACK Il Modd 7997-10, Leeds & Northrup). Each sample was andyzed twice, and
the means were accurate within 5% of the particle Sze.

For minerdogicd andyss both ar-dried and ethylene-glycol-treasted clay-dze particles
were examined over a range of 2y from 2 to 65° a a scanning rate of 1.00 Deg/min using a Cu
Ka radiaion. For individud particle andyss, the carbon-coated specimens were analyzed using
an automated computer program (FeaturescanTM, Link Andytica) on a JOEL 35C SEM and a
JOEL 8600 EMPA intefaced with an energy-dispersve spectrometer (EDS) system.
Approximately 300 paticles per sample were examined using both SEM and EMPA. Chemica
microandyses of individud particles were performed for the following dements Na, Mg, Al, S,
S, K, Ca Ti, Fe, and Cu. Using the chemica composition data for individua particles obtained
from SEM and EMPA, two multivariate datisicd andyses (linear discriminant anadyss and
logidtic regresson) were performed for the three source materias in order to identify the unique
characteristics of each source. Statistica andyses were gpplied to both the large particles (<149
mm) anadyzed with SEM and smdl patices (<2 mm) andyzed with EMPA usng morphologicd
and chemicd varigbles.

Magor elements such as Fe, Mg, Ca, Mn, Na, S, and K in extracts from OSE were
andyzed using an Inductively Coupled Plasma Emisson Spectrometer (ICP, Leeman Labs Inc.).
Trace dements (V, Co, Ni, Zn, As, S, Ag, Cd, Rb, Ba, Pb, and U) were anadyzed usng an
Inductively Coupled Plasma Mass Spectrometer (ICP-MS, Perkin-Elmer Elan-6000, in Duluth,
MN). Concentrations of tota copper were measured usnhg an  Atomic  Absorption
Spectrophotometer (Perkin-Elmer Co., Mode AAS 3100) in flame mode (3100 Automatic
Burner Control). A NIST gandard reference materid (SRM 2704: Buffado River Sediment) was
digested and andyzed; the range of recovery was between 76% (Pb) and 89% (Co) total metd.
The reproducibility of triplicate measurements for mgor and trace dements was generdly better
than 30%. For total copper analyss, OSE was applied to the NIST standard reference materia
(SRM 2704: Buffdo River Sediment) and yidded a recovery within 10% of the certified
concentration of copper. The accuracy of copper standards was checked against a NIST standard
reference materid (SRM  3172a Multidement Mix B-1); standards were within 6 % of the
certified standard. The procedurd blank generaly had a vaue lower than the detection limit.

3. Results
3.1 Sediment Grain Sze

The sediment source materids and lake surface sediments have a wide range of particle
sizes (Table 7). Comparison of the fine fraction of the three source sediments indicates that Freda
damp sands are predominantly sand and sSit, Ontonagon River sediments are modly slt, and
Wisconsn red days in shordine bluffs have sit and cday dzed paticles The predominant
particle sze of gamp sands in the Keweenaw Peninsula region is coarse sand (Kennedy, 1970).
The surfica sediments in the Nemadji River basn have more clay-sze paticles than those in
the Ontonagon River basn (Robertson, 1997). Surface sediments in nearshore aress ae
relatively coarse compared to those in offshore aress.
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Table 1. Particle size distribution of three source sediments from tributary, and surface sediments and
suspended particles from Lake Superior.

Particle Tributary L ake Superior
Sze Sources Surface Sediment S“SPe”dfd
Particles
Freda Ontonagon
Sze\Site Stamp River \gl 78| Nearshore? nghor All
Sands’ Sediments® &
% Clay (<2mm) | 00 30 25 00-16 8'(7)
S
%o St (2<X<60 | 455 892 775 00711 |86
mm) 974
% Sand (> 60 274 -100
) 535 78 00 1000 814
Mean (mm)’ 66.9 24.1 5.6 460.0 610 4.2-50
1) From Freda, M| and less then 200 mesh size particle (U.S. standard sieve).
2 From the river mouth, and less then 200 mesh size particle (U.S. standard sieve).
3 From the shoreline bluffs at the mouth of the Poplar River in northern Wisconsin.
4) Depth is shallower then 60 m.
5) Depth is deeper then 60 m.
6) M easured using Scanning Electron Microscopy.
7) Mass mean diameter

3.2 Mineralogical and chemical analyses

X-ray diffraction andyses of the source materids and Lake Superior sediments showed
quartz, illite, chlorite, and smectite to be the dominant minera components. Minor cdcite is
present in the Freda stamp sands and Wisconsin red clay, but not found in the Ontonagon River
sediments. Lake Superior sediments generally do not contain cacite due to the undersaturation of
carbonates in the lake water (Thompson, 1978). Smectite (montmorillonite), feldspar (microcline
and dbite), mica (muscovite), kaolinite, epidote, titanite, and augite, were found as minor
minerds in some of the sediments. Severad oxidized copper minerds (tenorite, maachite, ad
chacopyrite) were found in the Freda stamp sands dong with native copper.

Andyses of ethylene-glycol-trested samples of the fine materia in the source sediments
showed that expandable mixed-layered clay minerds such as smectitefillite are well separated
from the crygdline, or non-expandable, chlorite peak at low 2y angles in the Wisconsin red clay
and Ontonagon clay (Figure 2a and ). Freda stamp sands are dominated by chlorite with minor
illite and trace amounts of expandable clay, whereas Wisconsin red clays contan sgnificant
amounts of expandable cdlay, illite, and chlorite The clay fraction of the Ontonagon River
sediments mainly contained expandable clay minerds (smectite and illite) and were smilar to
the Wisconsn red clay but have lesser amounts of chlorite The day-Sze lake sediments adso
contained expandable clay minerds and crystdline chlorite. Source and lake sediments were
characterized with respect to clay minerds using the ratios of the mgor pesk intendgties after
background subtraction (Table 2). These ratios then were used in a classfication scheme for the
clay-5ze sediments retrieved from Lake Superior.
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Table 2. Ratios of the relevant peaks for the source materials and lake sediments.

Peak Ratio ’
Sediment Classification | smectite Litite | chiorite
I Smectite+ I Chlorite I Smectite+ I Ilite I Ilite + I Chlorite
Freda Stamp Sands 0.08 0.72 0.82
Source Sediment Ontonagon Clay 0.30 0.60 0.61
WI Red Clay 044 044 0.62
FR 001" 007 0.74 081
Near Freda Sediment | FR 0207 0.25 0.73 0.52
FR 070° 0.46 044 0.60
MCA -Pre* 0.20 0.75 057
252 Sacrf]gf’:r Harbor ™ ca-cue 018 072 0.64
MCA-BG 0.49 045 0.56

Freda 001: 0.1 km away from shorein Freda Transect.

Freda 020: 2 km away from shore in Freda Transect.

Freda007: 7 km away from shore in Freda Transect.

Surface sediment (0.5-1 cm) from the Multiple core station 2 (MCA in Figure 1).
Sediment (2.5-3 cm) from maximum Cu concentration in the Multiple core.
Background sediment (9-9.5 cm) in the Multiple core.

2q values for smectite, chlorite, andillite are 5.40, 6.35, and 9.00 respectively.

Nogh~wdNPE

Sediments from the shore of Lake superior contain sSmilar concentrations of the mgor
edements because, with the exception of the mine talings (Table 3), they have gamilar origins in
the regiondly distributed reddish brown or grayish postglacid surface sediments (Babcock and
Spiroff, 1970; Laberge, 1994). Among the source materids, the Wisconsn red clays are
diginctly lower in Na The Freda samp sands ae generdly smilar to the other sediment
sources, S0 that the mgor dements are not useful in tracking sediment movement in the lake. In
generd, dl lake sediments are didinctly higher in V and Ni, and dightly higher in Pb, then any
of the source materids (Table 4). This may reflect the highly refractory nature of the minerd
phases containing the immobile trace edements, which tend to concentrate in the sediments
during wesathering. All sediments are gmilar in thar Co, Zn, and As contents, including the
Ontonagon and Wisconsin red clay sources, while the Freda stamp sands have digtinctly higher
concentrations of Co, Cu, As, and Ag.

Copper concentrations in the sediment source materids and lake sediments have a clear
pattern (Table 4). High total copper concentration was found in the Freda stamp sands (5270
ny/g), and low concentrations were found in the Ontonagon River sediments (60 ny/g) and
Wisconsin red clay (70 ng/g). In the surface sediments off Freda, copper concentrations in the
nearshore sediments (430 + 180 ny/g) were higher than in offshore sediments (220 + 70 nu/g).
Relatively lower copper concentrations (170 ng/g) were found on the ON transect, and relatively
high concentrations (500 ng/g) were found in the Houghton transect sediments. The modern
sediment trgp samples obtained on the HN transect had a relatively high copper concentration
(160 ng/g) compared to the sediment source materias from non-mining areas. The deep, pre-
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mining sediments of the core (MCA-BG) collected near Copper Harbor had the lowest
concentration of copper (30 ng/g) found in the lake, but the sediments at the surface of this core
had a reatively high concentration (110 ng/g). The maximum copper concentration (180 ngy/g) in
the core was found a 2 — 2.5 cm depth sediments, which are around 100 year old; this is thought
to correspond to the maximum discharge of mine tailings in the Freda and Redridge areas during
the copper mining activity from 1860 to 1960 (Babcock and Spiroff, 1970; Kerfoot et a., 1994).
Overdl, eevated copper concentrations were found at the surface and at 2.5 cm depth in the core
as wdl as in stling particles on the HN transect, whereas the two non-mining sediment sources
had copper concentrations similar to sediments below 5 cm in the core.

Table 3. Concentrations (mg/g) of major elements in sediments (Mean and standard deviation in parentheses).

Type Sample Site Fe Mg Ca Mn Na Al Si K
Freda Stamp 458 002 025 065 | 530 | 156 | 282 112
Sand 6.7) 00 | ©0on | ©in | > 87 | 43| @
Source Ontonagon 216 001 0.19 043 64 26 | 2363 | 148
Sediment
WIRedClay! | 413 013 04 053 06 195 | 2056 | 198
Settling , | 355 009 026 053 216 | 2420 | 157
Patide | INTraS™ 19 | 105 | 076 | 010 | @9 62 |@n| @o
MCA-Surf® 28 0.09 035 037 6.3 148 | 2775 | 105
Core
Sediment | MCA-Cu® 182 0.10 036 026 50 115 | 2007 | 86
MCA-BG 167 009 036 032 55 143 | 3191 | 113
33 002 021 052 288 | 3016 | 172
HNOffshore 1 260y | 000 | 009 | 039 | 09| ws | @37 | ax
Suface | FR& RR 46.4 012 062 063 | gyq5 | 104 | 1857 | 97
Sediment | Nearshore® @2 | ©o4 | (020 | 19 | >* 20 | 456) | (34
FR& RR 454 015 052 064 | gy | 208 | 2002 | 159
Offshore @1 | ©10) | ©02) | 15 | " w4 | 25| 72

WI: Wisconsin.

HN: Houghton North.

MCA -Surf: Surface potion (0.5-1 cm) of multicore sediment.

MCA -Cu: Maximum Cu concentration portion (2.5-3 cm) of multicore sediment.
MCA-BG: Background portion (9-9.5 cm) of multicore sediment.

FR & RR: Freda and Redridge.

agbrwdpE

119



120 Jaebong Jeong and S. Douglas McDowell Vol.2, No.2

Table 4. Concentrations (ng/g) of trace dements in different sediments (Bolds represent
extremely higher values among the three source materids).

Type Sample Site vV |co|nNi|SY|zn]|as rS Ag | cd bR Ba|Pb |
g;i%i Stamp | o, 4118 50 827 - 12. 2 411.0 2.2 g. 2 8.1 (1)_
Source ggﬁﬂ:gton 19 |66 | 30 | 60 | 40 | 13 ; g-o g.l é 56 g.l 2
WI Red Clay éo 70 |30 |70 |38 |05 8 go 22 g- (1)7 21 é
i;tllg]s HN Transect 160 2_3
MCA-Surf 54 78 ;O 110 | 70 | 04 24
Seciment? | MCA-Cu 20072 |% 105403 03
MCA-BG 217 |% | |54 |04 04
HN Transect 500 g.l
Surface o RRIZ 7304w 0|03 02
Sediment?
Tl |2 a0 o 2
ON Transect 170

1) Concentrations of trace metals except Cu in sources were measured by ICPMSin Duluth.
2) Concentrations of trace metals except Cu in core and surface sediments were measured by ICPat MTU.
3) Concentrations of Cuwere measured by AAS at MTU, and those are mean values.
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3.3 Individual Particle Analysis

Didributions of the dements in the large and smdl patides from the three sediment
sources are shown in Figure 3a and Figure 3b. The box plots show tha most eement
concentrations are dmilar to one another in the large-particle source materias except for two
dements (P and S). On this bads, Ontonagon River particles could be disinguished from the
others because of ther high P concentration, low S concentration, and higher ratio of Mg/Al.
Unlike the large patices there ae no dgnificant differences in morphologica or dement
concentrations in the smal particles from the three sources. The finer particles are noticesbly
higher in Al, S, and dightly higher in S, K, and Cu, then the coarser paticles. This may reflect
in part a higher concentration of layer slicate minerdsin the finer fraction.
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Figure 3b

The two multivariate datidicd andyses (linear discriminant andyss and logistic
regresson) of the chemicd compostion data obtaned from SEM and EMPA provided smilar
results for particle cdassfication in both smdl- and large-particle portions. For identification of
and| paticles, more than haf of those in each source group are misclassfied in both datidtica
andyses. However, when gpplied to the large particle measurements, both datistical techniques
classfied the particles correctly 60 to 70% of the Freda stamp sands and the Wisconsin red clay,
and more than 99% of the Ontonagon River sediments. The relaive importance of variables was
a0 determined by the F-to-remove (F) gatidics in the discriminant andysis and the odds ratio
in the logidic regresson mode. For the datidical andyses of the large particles, the order of
group differences is S > P >> Cu >>> K > Al > Mg > Na in the discriminant analys's, whereas
the orders of dgnificance of individud parameters ae Cu> Na> S > Mg> Ca> Al =S > K for
the Freda group against Wisconsin red clay group and Na> Mg> K > Ca> S > Cu > S > Al for
the Freda group againgt Ontonagon sediment group in the logistic regresson model.

4. Discussion
4.1 Characterization of source particles

Many dudies have atempted particle tracking usng minerdogicd fingerprints (Chamley,
1989; Cook, 1975; Ddl, 1973; Gutierrez et a., 1996). Amphiboles in taconite talings have been
used as an indicator of seasond variations of water quaity (Cook, 1974). Cdcite and dolomite
have been used for identification of late- and post-glacid sediments, whereas compostions of
mixed-layer clays and quartz in the sediments were used to identify different riverine sources
(Dell, 1973). Apatite, the most abundant and insoluble phosphate minerd, was used for assessing
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the phosphorus loading in lake sediments from glacid debris or metamorphic terrains (Reid et
al., 1980). Mixing of riverine with marine sediments has been explaned by different
minerdogicd compostion of day minerds (Chamley, 1989). In a smilar fashion, minerdogicd
fingerprints of mine tailings were employed as tools to explore the dynamics and trangport of
particle and sediments associated with local environmentsin this study.

The geologic history of the southern coast of Lake Superior resulted in minerdogicdly
gmilar sources of lacudrine sediments to the lake (Heinrich, 1976; Laberge, 1994). The red
clays from northen Wisconsn bluffs and the Ontonagon River sediments are glacid lacudrine
sediment derived both from older clastic sediments within the Lake superior trough, and from the
weethering of nearby basdtic volcanics. The mine talings discharged in Freda, as a result of
copper mining eactivities, ae amygddoidd basdts (Babcock and Spiroff, 1970). X-ray
diffraction andyses for the mgor minerd phases reveds samilar minerds but different minerd
proportions among the source materids and lake sediments. The copper minerds (tenorite,
maachite, and chdcopyrite) identified by X-ray diffraction anadysis could not be used for
differentiation of talings from non-mining sediments due to trace amounts compared to magor
minerds. However, the clay minerdlogy of the fine particle fraction indicaied that the minerd
composition of each sediment source was unique and could be used to discriminate them from
one another (Figure 4). The rdative aundances of illite, smectite, and chlorite for the three
different sources and the lake sediments can be used to characterize the sources and classfy the
lake sediments. The samp sands are clearly didinguished from the others by rdativey low
gmectite and high chlorite levels, whereas different proportions of illite and smectite
distinguished the Ontonagon River sediments from the Wisconsin red clays.
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Bulk chemicd compostions (Table 3) of the three source maerids differ only dightly
for some mgor dements. However, ratios of refractory and mobile elements are a more powerful
tool for characterizing the sources. Ontonagon River sediments are more clearly discriminated
from the others with respect to ratios of refractory (Al and S) and mobile dements (K, Mn, Ca,
and Mg) due to higher duminum and lower cdcium and magnesum (Figure 53). On the other
hand, high ratios of cationsS and K:Na in Wiscondn red clay discriminated this materid from
other source materids. Mgor dements and their ratios can be used to develop strong fingerprints
for the three source maerids having different origins and undergoing different weathering
Pprocesses.

Frequently, high concentrations of trace metads in sediments are a result of mining
activity (Dassenakis et a., 1995). In this sudy, large differences in the abundance of trace metas
were found in the three source sediments (gure 5b); total concentrations of trace metals such as
Cu, Ag, and As in Freda samp sands were from 10 to 100 times higher than concentrations in
the other source materids. This was consstent with previous research that had shown that mine
tallings in the sudy area were clearly different from normd lake sediments with respect to high
levels of trace metals (Jeong et a., 1999; Kemp et a., 1978b; Kerfoot et a., 1994).

1.0E+04

O Freda Stamp Sands
O Ontonagon Clay
0 WI Red Clay

1.0E+03 -

=
=
=
— 1.0E+02 A
=
=
s
S 1.0E+01 -
(&)
| e
S
(@]
1.0E+00 -
1.0E-01 : r .
(Al+Si)/(Fe+Mn) (Al+Si+K)/(Ca+Mg) (Ca+Mg+Na)/Si K/Na

Figure 5a

1.E+04
— O Freda Stamp Sands

O Onto Sediment
O WI Red Clay

1.E+03 -

1.E+02 -

gon (1111 90 1P

1.E+00 . T T 1T T . 8 H—FI—U_II_HJ\_U

Log [Concentration] (ug/g)

1.E-01

1.E-02
Cu Co zZn Pb As A\ Ni Sr Rb Ba ) Ga Cd Ag

Figure 5b



Vol.2,No.2  Characterization and Transport of Contaminated Sedimentsin the Lake Superior 125

For individud paticde andyses, the multivariate datidicd andyses of mgor dement
concentrations in fine paticles of the source materids falled to discriminate one source from
another due to the gmilarity of the chemica compostion of the source materias. However,
andyss of large paticles (<200 mm) by SEM-EDS coupled with multivariate daigticd anayss
succeeded in identifying Ontonagon River paticles in dmost 100% of cases (Figure 6). This
result was condgtent with the bulk chemica andyss for mgor chemicd dements that showed
that the Ontonagon River sediments could be identified by a high ratio of (Al+S):(FetMn),
while the other two source materids were smilar Figure 53). The results imply that EMPA-EDS
was not an appropriate technique to obtain vauable chemica compostion data to classfy the
fine fraction of particles. Nevertheess, this technique could be used as an auxiliary tool to verify
the particle classfications obtained from bulk chemica andysis.
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Each gngle minerdogicd or chemicd andyds of the three-source sediment materids did
not provide sufficient information for classfication of the sediments. However, integration of al
information from the minerdogicd, mgor and trace dementd, and individud partice andyses
for the sediments yidded a dear fingerprint for each source materid (Table 5). The next
chdlenge was to use these fingerprints for tracking the movement of particlesin the lake.
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Table 5. Comparison of characterigtic of the three different source materiasin the sudy area.

Sour ce
Andyticd Target Informati | Freda . .
- Ontonagon Wisconsin
Method Paticle on Stamp : :
Sands River Sediments | Red Clays
U.S.
Sandard | yypge | 1O gang and | L sit  ad
Seve & sample of Sit Silt cl
MICROTRA sediment &y
CK?
Lerge MAY | cadite with
patides’ | composit cr:rc];ﬁgzrs No Cdlcite Cdcite
X-ray on
diffraction Clay More More
Smdl minerd chlorite More illite with | smectite
paticles® | composti | with  less| lesschlorite with  les
on Smectite illite
3 Large :
OSE’/AAS particles Totd Cu | High Low Low
: .| Low Na
. High Al and S| .
. High trece| . with low
OSE®/ICP & | Lage Maor dements with low — Ca |0
; and trace Mg, and low
ICP-MS particles (Pb, Co, eements
eements trace  dements
Ag, A9 (Pb, Co, Ag, AS) (Ph, Co,
o Ag, As)
\/Ev'i\:thA/EDS4 gmal | Chemicd
Satistical particles compositi | No trend No trend No trend
. on
Andyss
SI_EM-EDS5 chamicd | High S and High P, Na, and High S and
with Large composti Al with low Mg with low S Al with low
Satidica particles on oS P, Na, and ang Al P, Na, and
Andyss Mg Mg
1. U.S gtandard sieve: Four seveswith 12, 20, 40, 70, and 100 mesh
2. MICROTRACK: an X-ray particle sze andyzer
3. OSE/AAS:. One gtep extraction with Atomic Absorption Spectrophotometer
4. EMPA-EDS: Electron Microprobe Anayzer with an Energy-Dispersive Spectrometer
5. SEM-EDS: Scanning Electron Microscopy with an Energy- Dispersive Spectrometer
6. Radioisotope: U-235, U-248, and K-40 series
7. Large particle: Lessthan 200 nm size particles
8. Smdl paticle Lessthan 2 mm Size particles
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4.2. Movement of copper-rich sediments

Minerdogicd and chemicd fingerprints of three source materids were agpplied to
examine trangport of copper-rich sediments in the study area. The copper distribution map
clearly shows that high concentrations of copper exist between Freda-Redridge and the North
Entry (Figure 7a). The high copper concentrations in the nearshore area of Freda-Redridge are a
direct result of copper mine activity during the period 1895 ~ 1964 (Babcock and Spiroff, 1970;
Kerfoot et a., 1994). About 46 ~ 10° metric tons of stamp sands were dumped on the shore at
Freda-Redridge during this period. The origind depodts of stamp sands have been reworked by
waves and wind-driven coastal currents and moved northeast toward the HN transect (Wright et
a., 1975; Wright et al., 1973). Comparison of the surface sediment copper distribution pattern
observed in this study with the pattern observed 25 years ago (Kraft, 1979) showed a generd
gmilarity. However, concentrations of copper near the HN transect have increased, and the
copper has shifted toward the offshore regions. The coarse copper-rich sediments follow
bathymetric contours and reflect a genera pathway of longshore sediment transport.

The wind-driven coastd Keweenaw Current, running northesstward adong the shore,
gppears mainly to be responsible for the longshore transport of fine sediments (Budd et d., 1999;
Hughes et a., 1970; Lien, 1973). The concentration of coarse sediments (Figure 7c) between
Redridge and North Entry suggested winnowing of fine fractions and trangport much farther
adong the shore and into deep basins. Depth profiles of particle size, copper concentration, and
minerd ratio (AlbiteChlorite) in the core taken near Copper Harbor Eigure 8) clearly showed
the long-term later movement of the clay- or glt-sized particles of copper-rich sediments.
Wave action was dso a crucid factor contributing longshore transport of the coarse deposits.
Rdativey heavy, coarse, copper-rich sediments were eventudly moved northeestward and
deposited dong the shore by waves. High concentrations of copper found adong the shore
indicated longshore transport of the coarse sediments (Figure 7a.c). Bathymetry aso could play
an important role in the longshore and cross-margin transports of the resuspendable coarse
sediments. Comparison of the copper digribution with the particle sze didribution and the
bathymetry (Figure 7ab,c) suggests that coarse copper-rich sedimerts are transported adong the
shore until an abrupt change of bathymetry occurs near the HN transect. This observation
suggests that the coarse sediments resuspended by storms are moved to the deeper basin in the
North Entry area (Brassard and Morris, 1997; Hawley, 2000; Hawley et d., 1996; Rossmann and
Seibel, 1977). Fndly, large drifting pack ice as a result of spring bresk-up of coada ice dso
may contribute to the longshore transport of the copper-rich sediments (Budd et al., 1999).
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Although northeesward long-shore transport is a dominant process, cross-magin
trangport adso occurred in the study area as indicated by high copper concentrations in suspended
sediment dong the HN transect (Figure 9). Cross-margin transport of the copper-rich coarse
deposits near the HN transect was caused by the trandtion in bathymetry in conjunction with
sorms. The deposited copper-rich sediments in the coasta area are continuoudy re-suspended
by the waves in the high-energy environments and subjected to sorting with depth. As a reault,
nearshore/offshore gradients in concentrations of copper in the surface sediments were found in
the sudy aea A mixing of the localy derived copper-rich sediments with lake sediments
resulted in concentrations of copper observed in the near- and offshore sediments (Figure 9)
which are lower than the typicd vaues observed in the samp sands from the Keweenaw
Peninaula (Jeong et a., 1999), but higher than Ontonagon sdiments and Wisconsn red clay. The
copper concentrations of both of the latter are close to the typicd vaues of soils and sediments
not contaminated by mining activity (Friedland et a., 1984; Ge et a., 2000; McLaen and
Crawford, 1973; Tesser et d., 1979). Depite the potentid mobilization of copper in aguetic
sysems, gradients or concentrations of tota copper in sediments will provide an excelent tool
for invedigation of the movements of the copper-rich particles and sediments in the study area
(Kerfoot et al., 1994; Kerfoot and Nriagu, 1999; Kerfoot et al., 1999; Mckee et a., 1989).
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5. Conclusions

Metal-rich mine talings are diginguished from the sediments from various non-mining
sources udng a vaiety of techniques The dearest differentiction between the talings and
norma sediment sources, as well as differentiation among the sedimentary sources themsdves,
cane from a combinaion of bulk sample trace dement determination usng ICP or AAS
andyses, and X-ray diffraction analyss of the clay fraction. Copper, as expected, as well as Ag,
Co, and As were the most useful trace dements and were digtinctly higher in the tailings rdative
to dl sediment sources. Smple X-ray intendty raios from glycolated chlorite, illite, and
expandable illite'amectite pesks could diginguish among the mine talings (chlorite rich),
sediment from the nearby Ontonagon River (low chlorite, high illite), and sediments from distant
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Northwest Wisconsn (low chlorite, high expandable phase). Mgor dements were not very
useful in diginguishing among the various sources, dthough the Wiscondn sediments were
unusudly sodium- poor, and some differentiation could be made usng mobilefimmobile dement
ratios. Anaysis of coarser particles via SEM-EDS produced generdly smilar results for dl
samples, except sediments from the Ontonagon River had didinctively higher P and lower S
concentrations. Electron microprobe analyss of particles was not informative. However relative
to the larger paticles, the smdler paticles tended to be higher in Al and S. Multivariate
datisticd anadyss of the patice chemisry adso supported the uniqueness of the Ontonagon
River sediments,

Didribution of copper and sgnatures of minerds in nearshore sediments indicate that
meta-rich mine talings are introduced into the coasta area. They moved into deep basins and
mixed with normd sediments in the lake via longshore and cross-margin transport. Longshore
and cross-margin transport of sugpended particles and sediment in coastd aeas are srongly
related to locd environmentd factors. Findly, paticle sze andyss was very important in
trangport studies. Waves and bathymetry played mgor roles for longshore and cross-margin
transport of the coarse and heavy paticles in the FR transect and near the HN Entry area
Longshore transport of fine particles in conjunction with the Keweenaw current flowing
northeastward was predominant in the study area In addition, vertica profiles of particle Sze,
copper, C:N ratios, and clay minera ratios in the core sample taken near Copper Harbor gave
drong evidence of the long-range trangport of the fine fraction of mine talings Thus, there
would be a high potentid to contaminate the remote area of the lake by the metd-rich mine

tailings.
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