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ABSTRACT. Around the turn-of-the century, mining activities greatly increased sediment accumulation
and metal fluxes in nearshore regions of Lake Superior. In the low-energy environment of Portage Lake,
within the Keweenaw Waterway estuary, sediment accumulation increased 33X, whereas elemental Cu
flux increased 312X. One difficulty in establishing the dispersion of mining discharges is that stamp
sands were derived from local ore deposits, hence few elements are “unique” to the source materials.
One approach is to search for multi-elemental “signatures” in concentration and flux profiles. For exam-
ple, several rare earth elements of the lanthanide series are characteristic of source materials and have
the potential to identify stamp sand material across Lake Superior. Although conditions of variable mass
loading from multiple sources can produce complicating dilution effects in concentration profiles, multi-
variate techniques are capable of deciphering original source signals. Here non-destructive neutron acti-
vation analysis was utilized to construct elemental flux and concentration profiles, then multivariate tech-
niques (Factor Analysis, End-member Analysis) were used to illustrate how partial mass flux signatures
can be assigned to two different types of ore lodes (conglomerate, amygdaloid) and to background (ero-
sional) sedimentation. Temporal patterns were verified through archived company discharge records.
Also exploited were the varve-like deposition of slime clays to independently check 2!°Pb determinations
under conditions of variable sediment mass flux and to demonstrate constant excess *'°Pb delivery to sed-
iments in the presence of massive slime clay loading. The results suggest assumptions of 219Pb dating

may apply under conditions where sediment accumulation is highly variable.
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INTRODUCTION

Of all the Laurentian Great Lakes, Lake Superior
contains the strongest development of a separate
coastal regime, chemically and biologically distinct
from cooler offshore waters. Erosion of metal-rich
ore bodies around Lake Superior, either through
high-energy shoreline scour or through stream dis-
charge, results in sediments naturally enriched in
Cu, Zn, and other elements relative to concentra-
tions characteristic of the lower Great Lakes
(Mudroch er al. 1988). In addition, turn-of-the-cen-
tury anthropogenic inputs, largely along the shore-
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line, greatly accelerated metal transport and cycling
in the basin (Nussman 1965, Kemp et al. 1978,
Kerfoot er al. 1994). Earlier work on sediment
cores from the Keweenaw Waterway region of Lake
Superior revealed extensive varve-like slime clay
layers associated with mining discharges. Realizing
the potential for a high-resolution long-term record
of mining impacts, a combination of laminae counts
and radioisotope dating techniques was employed
to contrast Cu concentration and flux profiles in
Portage Lake (Kerfoot ef al. 1994). Evidence was
presented that copper-rich sediments extend east-
ward from the peninsula, along the track of the Ke-
weenaw Current, suggesting the strong current
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FIG. 1. Relationship between copper production

Jfrom native copper mining and population size in
Keweenaw and Houghton Counties, Michigan
(population estimates compiled from Houghton
and Keweenaw County records; copper production
Jrom Wilband 1978).

dispersed fine particles or dissolved fractions.
Chemical characterization of “slime clays” could
provide a means of tracing the dispersal of fine par-
ticles and the importance of long-shore currents.

One of the first great North American metal min-
ing rushes, native copper mining on the Keweenaw
Peninsula (Fig. 1), began in the late 1840s, reached
maximum production between 1890 to 1930, and
ended in 1968. During that span, 4.8 billion kg (4.8
million metric tons) of copper were produced, with
peak output at over 122 million kg (122 thousand
metric tons) per year. Between 1850 and 1929, the
Keweenaw district was the second largest producer
of copper in the world. Although mines stretched
for 106 km along the Portage Volcanic Series, over
95% of the total native copper production in the
district came from deposits that extended 23 km
north and 15 km south of Portage Lake in
Houghton County (Babcock and Spiroff 1970).

As the initial copper lodes played out, industry
shifted to extracting native copper from poorer ore
deposits by crushing the parent rock with mechani-
cal gravity stamps, followed by water-borne gravity
separation techniques (Benedict 1955). Use of
steam-driven stamp mills allowed the processing of
vast volumes of lower grade ore, principally from
amygdaloid basalt and conglomerate lodes (Bene-
dict 1952). The concentration of copper in the par-
ent rock processed at stamp mills ranged between
0.5 and 6.1% of total mass, producing vast amounts
of discarded stamp sands as a byproduct. Whereas

the crushed rock closely resembled the chemical
composition of naturally outcropping bedrock for-
mations, it also contained locally heavy concentra-
tions of metals, particularly copper, and associated
characteristic minerals.

Stamp sands were sluiced as water-laden slurries
onto stamp sand piles along lake shorelines and into
coastal waters. The coarse sand fraction ended up
as long-shore bars or beach deposits, subject to fur-
ther reworking by waves and currents. Clay-sized
particles created during the milling process, the so-
called “slime” fraction (Lankton and Hyde 1982),
dispersed much farther than the sands. The amount
of stamp sands delivered to lake sediments largely
depended on 1) the proximity and production of
mills, and 2) the energy of the depositional environ-
ment. In low-energy environments such as the Ke-
weenaw Waterway (Fig. 2), surficial copper
concentrations are highest near mill sites, and slime
clays from these discharges created artificially lam-
inated lake sediments that preserved a detailed
record of heavy metal discharges (Kerfoot et al.
1994).

Of the 0.5 Gt of stamp sands deposited around
the Keweenaw Peninsula, over 179 million metric
tons were discharged into Torch Lake (area = 11
km?). These discharges produced 12 m of bottom
clays, as sands and slime clays filled an estimated
20% of the lake volume. In Portage Lake, the de-
posits were much thinner (0.5 to 1.0 m), primarily
because the volume of stamp sands discharged was
much less (34 million tons) and the lake was larger
(42 km?). Along the higher energy coastline sites,
over 80 million metric tons were discharged into
Lake Superior directly (5 large mills at Freda-
Redridge, 45.5 million; two large mills at Gay, 22.6
million; lesser amounts from two smaller mills
north of Baraga).

One approach for identifying sedimentation of
mining-derived “slime” clay particles is to deter-
mine the rate of delivery of “slime clay” con-
stituents to sediments, i.e., a flux that equals the
product of the mass sedimentation rate and the con-
stituent elemental concentrations. The calculations
produce elemental flux profiles that emphasize
episodes of closely correlated deposition of sus-
pected constitutents. The chief difficulty is that
stamp sands were derived from local ore deposits,
hence few elements are “unique” to the source ma-
terials. Another approach is to search for multi-ele-
mental “signatures” in concentration profiles.
Although conditions of variable mass loading from
multiple sources can produce complicating dilution
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FIG. 2. The distribution of native copper mines along the Portage Volcanic Series and
the location of large-volume stamp mill operations along the Keweenaw Waterway and
Keweenaw Peninsula. Locations of Torch Lake, Portage Lake, and Point Mills are indi-
cated on the map. Core sites are marked as black squares in Portage Lake (PL #3) and
in Keweenaw Bay (L’anse Bay LB; Off Gay, KB); the Whitefish Bay site is offmap 220

km to the east.

effects in concentration profiles, multivariate tech-
niques are capable of deciphering original source
signals.

First the varve-like deposition of slime clays was
examined to independently check 2!°Pb determina-
tions under conditions of variable sediment mass
flux and to demonstrate constant excess 2!OPb de-
livery to sediments in the presence of massive slime
clay loading. Neutron Activation (INAA) tech-
niques, with a few Atomic Absorption Spectropho-
tometry (AAS) checks, determine individual
elemental concentrations. Then distinctive multi-el-
emental signatures of the slime clays were identi-
fied and two separate techniques were utilized for
reconstructing sources. Factor Analysis (Principal
Components Analysis, with Varimax rotation) was
used to characterize multi-elemental flux and con-
centration profile patterns, clustering elements that
coincide with mining discharges from ones that are
influenced by other processes, such as diagenesis.

Finally, a multivariate end-member analysis, based
on multi-elemental source “signatures” from back-
ground sediments and stamp sand samples (con-
glomerate or amygdaloid ore lodes), was used to
reconstruct historical inputs from the two primary
ore lodes and erosion. For verification, ore lode
loading predictions are compared with documented
stamp sand discharge records.

The eventual goal is to characterize the mass and
elemental loadings from mining into the coastal
zone of Lake Superior and to clarify the time course
of processes that influence particle dispersal, disso-
lution, and eventual deep burial of elemental con-
stituents in basins of net accumulation. Hopefully,
the multivariate techniques can be applied to addi-
tional core sites across the eastern basin of Lake
Superior, to quantify the degree that Cu-rich strata
are directly tied to slime clay dispersal from the
shoreline sources or are modified by pelagic disso-
lution and benthic diagenetic processes.
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FIG. 3.

Varve-like clay bands in sediment cores from Portage Lake. The

Portage Lake cores show three primary regions: a lower purple set of bands
derived from about nine early small-volume stamp mills (1855 to 1900), a mid-
dle set of 20 thick pink bands derived from three large-volume mills (#2
Franklin, Centennial, Isle Royale; 1900 to 1920), and a final set of thinner light
grey bands, interrupted by the Great Depression closings, that trace the final

discharges of the Isle Royale Mill.

METHODS AND MATERIALS

Stratigraphic and Radiometric Determination
of Mass Fluxes

In the fall of 1991, several 60 to 70 cm sediment
cores were taken in Portage Lake from water depths
of 10 to 14 m, using a meter-long 2” Phleger-type
KB gravity corer. A Lowrance Model X-16 sonar
unit with tape printout helped position the coring
device 3 to 4 meters above sediments prior to re-
lease. Additional cores were taken during the winter
of 1994-5 from Keweenaw Bay, through ice cover,
using the same apparatus. Cores were plugged,
capped, and transported to Portage View Hospital.
At the hospital, they were x-rayed using large and
small cassette formats. The large format featured a
screened scoliosis cassette (60 kVP peak; 6.4 mAS;
DuPont Cronex Quanta III-EG cassette; 14 in. X 36
in. DuPont Cronex 7 film), whereas the small for-
mat featured a screened extremity cassette and a
non-cassette, unscreened format (extremity cas-
sette: 60 kVP; 20 mAS; DuPont Cronex 7 Quanta
Detail-HF cassette; 10 in. X 12 in. DuPont Cronex 7

film; non-cassette: 74 kVP; 1250 mAS; 10 in. x 12
in. Kodak X-Omat TL film). The x-rays disclosed
finely varved laminae (Fig. 3).

Sampling and Lead-210 Analysis

Following counting of varve laminae on X-radi-
ographs, cores were sectioned into 1-cm slices, sub-
sampled for microfossil studies and dried at 90°C
for radiometric and elemental analysis. Portions of
dried, ground sediments were placed in plastic vials
of standardized geometry (Robbins and Edgington
1975) and analyzed for gamma-emitting radionu-
clides (13’Cs and #°K) using a high resolution, pla-
nar GE(Li) gamma detector/multichannel analyzer
system. Detector efficiency was checked using sedi-
ments doped with precisely known (1%) amounts of
an NBS-traceable mixed-radionuclide standard so-
Iution (Amersham QCY46.1) and counted in the
same standard geometry vials. !37Cs was deter-
mined, from its 661.6 KeV gamma emission, with a
precision generally better than 5% for counting
times of ~1 d.

One core (PL3 of the original 21-core series) was
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selected for detailed 2!°Pb and heavy metal analyses
because 1) the sampling site was closest to the origi-
nal deep, central basin of Portage Lake, 2) the core
had the highest deposition rate and well developed
varves, and 3) the '37Cs peak was well-defined
(Kerfoot ef al. 1994) and occurred at the time of its
maximum atmospheric fallout based on the analysis
of the excess 2!9Pb profile in post-mining sediments
above 12 cm depth. Below this level in the previous
paper, varve counting was used exclusively.

The regular varving of sediments in Portage Lake
permitted the conventional assumption of the con-
stancy of the excess 21OPb flux to be tested directly
(Robbins and Harche 1993). In this heavily im-
pacted system, there are numerous processes which
could affect the rate of delivery of excess 2!°Pb to
sediments, including variable contributions from
watersheds altered by mining activities, enhanced
scavenging of the radionuclide by particles in water
flowing through the Keweenaw Waterway into the
lake and from mine tailings themselves.

Use of the radiolead dating method depends on
the presence of a significant signal of excess 2'°Pb
above background, where the latter results from in
situ decay of parent 2?Ra. Usually background
210pp is low and can be assumed constant. How-
ever, under conditions of low signal to noise ratios,
highly variable accumulation rates and possible
variations in background 2'9Pb from mine tailing
sources, both 21%Pb and 22°Ra must be measured.
For each sample, 4.00 + 0.01 g of dry sediment
were packed into small counting vials of cylindrical
cross section to a constant height (4.00 = 0.05 cm).
Fixing both the geometry and mean bulk density of
sediments removed the major sources of variability
in efficiency of gamma counting, as small composi-
tional differences have negligible effect. Samples
were sealed with radium-free epoxy cement and
gamma-emitting progeny allowed to equilibrate
with radium for at least 20 days (five half-lives of
222Rn) prior to counting using an intrinsic well de-
tector/multichannel analyzer system. Three photo-
peaks associated with 214Pb and 2!Bi were used
(295, 352 and 609 KeV) to determine a single,
weighted least-squares average value of 226Ra.
210pp activity was assessed simultaneously using
the 46.5 KeV photopeak. The efficiency of detec-
tion was checked using samples of the same sedi-
ment spiked with a well-determined amount of
NIST standard solution of 22°Ra. Uncertainties in
determination of 2?Ra were 5% or less. The effi-
ciency for detection of 2!9Pb was checked from the

same 22%Ra spike which had a known amount of
210ph activity arising from in-growth. The amount
of 219Pb in the standard solution was determined
from an NIST-calibrated 2!Pb solution provided by
the US EPA. The limit of detection of 219Pb activity
is about 0.9 dpm/g. Near the top of the core, uncer-
tainties were about 3% but increased to about 20%
in the region of background below about 20 cm
depth. It should be noted that the gamma counting
method yielded total activities of both isotopes.

When isotopic and mass post-depositional redis-
tribution can be neglected, the activity of total
210pb at the present time is given by

Ar=[Fr () e M+ F () (1-eM]/R() (1)

where F is the total flux of 210pb (in dpm/cm?/yr)
to sediments at time t in the past, Fy is the flux of
226Ra, R is the total mass flux (g/cm?/yr) and A =
0.6932/22.26 yr. The exponential terms account for
decay of initial 2!9Pb and its in-growth from ra-
dium. While Eq. 1 is rigorously correct, little mean-
ing can be extracted from the data without
introducing the testable approximation that 1) some
of the 2!9Pb arrived in fixed association with 22°Ra
and 2) that the remainder (excess 2!°Pb) was deliv-
ered at a constant rate. Thus,

F, () = F, + BFg (0. )

A value of B = 1 means that the variable part of the
total 219Pb flux was in secular equilibrium with
226Ra at the time of deposition. Substituting Eq. 2
into Eq. 1 yields

Ap=[Fe M+ F (0 (1-(B-De™MI/RO. (3)

Finally defining “excess” 2!°Pb as Ap—Ag =Ap -
[Fg () / R(D)], yields

Ap = [F/R() — Ag(B— D] e ™, 4)

Because the mass flux is independently measured, t
can be calculated leaving only two undetermined
variables in Eq. 4, F_ and . A least squares fit to
Equation 4 was used to estimate values for F_ and .

Neutron Activation Techniques

Total concentrations of about 28 elements in
dried sediment samples were determined by Instru-
mental Neutron Activation Analysis (INAA; Dams
and Robbins 1970). Small amounts of sample were
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irradiated with neutrons using the Ford Nuclear Re-
actor, University of Michigan, Ann Arbor, at fluxes
up to 10!3 neutrons/cm?/sec for as much as 20
hours. Standards for calibration, co-irradiated with
samples, included U.S. Geological Survey rock
(Andesite, AGV-1 and Granite, G-2) and National
Institute of Standards and Technology (NIST) fly
ash (SRM 1633A). The USGS Rock Standards were
used to derive instrument measurement errors for
27 elements, both to measure precision and to esti-
mate accuracy. These determinations augmented
normal Phoenix Laboratory standards. An extensive
table of calibrations is available from the authors on
request.

Precision in the determination of elements was
less than 5% for many elements (Al, Co, Eu, Fe,
Hf, Mn, Na, Sc, Th, Va) and between 5 and 10% for
some (Ca, La, Sm, Tb, Ti, Zn). A few were deter-
mined with a precision of 10 to 15% (Ba, Lu, Nd,
Rb, Ta, Zn) or 15 to 20% (Dy and K). Copper was
detected in mining-influenced sediments with a pre-
cision of 20% or greater, but not detected in pre-
mining samples. INAA generally is not the method
of choice for analyzing ppm concentrations of Cu
as low concentrations are difficult to determine
without high errors. However, the enriched values
of Cu in Portage Lake sediments permitted detec-
tion, except in pre-mining strata. For this reason,
AAS-determined values were used in Portage Lake
pre-mining strata and in Keweenaw Bay cores, ad-
justed by a INAA/AAS least squares regression
from the overlapped portion in the Portage Lake
core (Y = 156.6 + 0.557X, R? = 0.686). In the
Portage Lake core, INAA values were used directly
for all other calculations that involve post-1845
strata.

Accuracy in analyses were checked by compar-
ing these analytical results with accepted USGS
Rock Standards. Inaccuracies were generally under
5% with the exception of Dy (23% low), Lu (23%
low) and Zn (10% high). However these latter bi-
ases were within experimental errors in each case.

Factor Analysis

Factor Analysis (Principle Component Analysis;
PCA) was used to 1) summarize redundant patterns
in elemental profiles for both flux and concentra-
tion, and to 2) cluster similar patterns. The PCA
technique involves a rigid cosine rotation for multi-
variate data and can operate on either the correla-
tion or covariance matrix (Sokal and Rohlf 1982).
SYSTAT version 5.0 (Wilkinson 1989) was used on

the correlation matrix for 28 elements (both flux
and concentration profiles) over 56 cm slices in
core PL3 (year interval 1845-1991). It was rea-
soned that if the stamp rock material remained simi-
lar in general composition, then the delivery rate of
constituent elements to the sediments would show
great autocorrelation. The mining perturbation
could then be distinguished by inputs from various
sources and separated from diagenetic anomalies.

After PCA on the 24 X 56 correlation matrix, a
Varimax Rotation with the four principal compo-
nents was performed. Scores for each of the four
components were graphed over the 56 sediment
depths, and the three closest score profiles plotted
along with the three end-member mass fluxes in
Figure 11.

Multiple Source (End-member) Analysis:
Conglomerate and Amygdaloid Lode
Elemental Signatures

Although the long-term goals are to distinguish
mill sources, it was tested if it is possible to distin-
guish between conglomerate and amygdaloid ore
sources within the core clay layers, since certain
mills specialized on conglomerate ores, whereas
others processed only amygdaloid ores. The first
step was to sample existing coastal stamp sand piles
for INAA analysis. Samples were taken from the
original discharge cones by digging 0.5 to 1 m into
exposed faces along beachfront margins. The sam-
ples considered here include the Mohawk and
Wolverine Mill pile off Gay along the shoreline of
Keweenaw Bay (which operated from 1902 to
1923, served the Mohawk and Wolverine mines,
and mined Kearsarge amygdaloid ore; 2 samples),
the Isle Royale pile (1901 to 1947, Isle Royale mill,
Isle Royale amygdaloid; 2 samples) and the
Franklin #2 mill at Point Mills, both along the
shoreline of Portage Lake (1899 to 1918, primarily
Franklin Junior Mine, Boston Location, piles of
processed Allouez conglomerate and Pewabic
amygdaloid; 3 samples; Kerfoot et al. 1994 re-
ported stamp pile
locations).

The pile samples were used both to indicate the
elemental composition of discharges from stamp
mill sites and to indicate elemental enrichments in
the small particle fraction (slime fraction) most
likely to be carried the furthest across the lake and
deposited onto bottom sediments. Wet sediments
were sieved through 177 um mesh Nitex. Portions
(ca. 2 g) of the < 177 um fraction were resuspended
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with 250 mL of distilled water in 30-cm-tall gradu-
ated cylinders. Particles were allowed to settle for 4
days, sufficient time to allow most particles with
mean diameters of 1 mm or greater, and with as-
sumed densities of 2.6 g/cm3, to settle out accord-
ing to Stoke’s Law. Each supernatant was then
centrifuged for 1 hr at ca. 103 G. The residue was
collected from a sufficient number of tubes (4) to
prepare replicate samples (100 mg dry wt. each) for
INAA analysis. The results from the < 1 um size
fraction were compared to the < 177 um size frac-
tion by calculating a simple enrichment ratio (con-
centration < 1 pm /concentration < 177 pum).
Copper and zinc were highly enriched in the slime
fraction, followed to lesser degrees by cobalt, ar-
senic, and manganese. Chromium was slightly en-
riched, whereas silver was highly enriched in the
Point Mills sample, but not in others.

Three principal sources of sediment to the coring
site were considered: natural pre-mining material
(background lake sediment) and fines from Point
Mills and Isle Royale stamp sands. The pile sam-
ples came from the two primary rock types, which
were also distinguished by color: conglomerate
(purple) and amygdaloid (dark grey) lodes. Each
source is assumed to contribute a time-varying flux
to sediments designated by F (t,k) (with k =1, 2, 3)
where t is the time before present and k indexes the
sources. If C_ (k,m) is the concentration of the mth
element in the fine fraction at the kth source, then
the total flux of element m to the coring site is

F,(t,1)C,(1,m) + F(t,2)C,(2,m) + F(1,3)C,(3,m). (5)

Note it is assumed that C(k,m) is not time-depen-
dent. If there are no other sources then this sum
must be equal to the product of the mass flux, F(l),
to the site and the measured concentration of the el-
ement C (I,m) in the Ith depth interval which is,

3
F()C(L,m) = Y F,(1,k)C,(k, m). (6)

k=1

In Eq. 6 the “t” in term F (t,k) was replaced with F
(LLk), because every level (sediment core section)
corresponds to a time t when the flux from the
source is given by F_ (t,k). Since F(I) is measured in
the present study as well as C(I,m), values of F
(ILk) were sought which minimize the weighted
square of the difference between the left hand and
right hand sides of Eq. 6 summed over all elements.
That is, values of F (1,k) are found which minimize
for each level 1,

2
24

3
vay= 3 [FOCH.m) - ; F,(1.k)C, (k, m) 7

m=1 (;(1’1’1)

where o(m) is the characteristic uncertainty in the
determination of values of C (I,m) derived from
counting errors. This multiple source analysis
method is thus a modified chi-squared minimization
with an analytic solution. Uncertainties in estimated
source fluxes were calculated by Monte Carlo
methods. To do this, 100 sets of trial values of the
sets of C(l,m) and C (k,m) were generated with m =
1, 24, assuming that such values were normally dis-
tributed around each original value with a standard
deviation given by the counting errors. A mean
value was then calculated for 100 sets of the three
optimized source loadings, F (k,1), k = 1,3, and the
associated standard deviation was reported as the
uncertainty for each value.

Determination of
Historical Stamp Sand Discharges

The Copper Country Archives section of the J. R.
Van Pelt Library, Michigan Technological Univer-
sity, retained copies of historical processing records
for many copper mining companies. The archived
records include yearly and occasionally monthly re-
ports of total Cu produced, total amount of rock
mined from various lodes, and total amount of rock
shipped to stamp mill operations. These records al-
lowed reconstruction of the total amount of stamp
rock processed and determination of the fraction
from conglomerate and amygdaloid lodes. Yearly
total stamp sand production for several mills is
given in Kerfoot et al. (1994).

RESULTS

Lead-210 Analysis

The total activity of 2!Pb (Fig. 4a) declines from
a maximum of about 30 dpm/g at the surface to lev-
els supported through decay of radium (0.5 to 4.0
dpm/g) at about 20 cm depth. Below 20 cm, 2!9Pb
and 22°Ra are essentially in secular equilibrium as
evidenced by the equality of specific activities. As
expected, the activity of 22°Ra is not constant over
the length of the core but varies in response to im-
pacts of mining activities and the multiplicity of
source materials. Over most of the core length, ra-
dium tracks extremely well with potassium (Fig.
4b), as measured by its long-lived radioactive iso-
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FIG. 4. Depth relationships of radionuclide
activity in PL #3: a) specific activity of *1°Pb (solid
dots) and 22Ra (open circles) plotted with mass
accumulation rate (MAR), b) 22Ra (solid dots)
and YK (open circles) activity, showing dilution
effects between 12 to 16 and 18 to 40 cm depth.

tope, 4K (t,, = 10? years). Radium diverges from
potassium in the lower 15 cm of the core, in pre-
mining (background) sediments. Since the activities
of 226Ra and *°K vary inversely with total mass flux
(compare Figs. 4a and 4b), it is evident that tailing
slimes are depleted in radium and potassium rela-
tive to background materials and that the slime
clays dilute the activity of these isotopes.

A least squares fit of Eq. 4 to the measured val-
ues of Ap yields F = 2.62 +/- 0.05 dpm/cm?/yr and
B = 1.0 £ 0.04. The analysis shows that the variable
part of the 21%Pb flux is in secular equilibrium with
radium (B = 1.0). The resulting excess 2!°Pb profile
is in excellent accord with observation (Fig. 5a).
Through the region of variable sedimentation below
3.0 g/cm? (ca. 20 cm) the model calculation tracks
well with observations.

Given that B = 1, values of F_ may be calculated
from Eq. 4 as

F,= AR () et M (8)
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FIG. 5. Excess ?1°Pb activity: a) expected (—)
versus observed () specific activity of excess
210pp plotted against depth, and b) excess >1°Pb
flux plotted against date for the interval 1920 to
1990, showing time-independence within experi-
mental error.

The result is that between 1920 and 1990, the flux
of excess 21OPb to the coring site was time-indepen-
dent within experimental error, despite a several-
fold change in mass flux during the period
(Fig. 5Db).

Mass Sedimentation

Sediment mass flux (g/cm?/yr) was estimated
down to a depth of 55 cm. Values down to 1850 are
shown in Figure 4a. The presettlement (back-
ground) mass flux at the center of the lake was rela-
tively low, averaging around 0.03 g/cm?/yr.
Sedimentation more than tripled to 0.11 g/cm?/yr
during the early copper mining years (1850 to
1890). Background sediment load increased from
deforestation associated with early mining activities
(see end-member analysis), as period photographs
document barren hillsides around the waterway
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(Lankton and Hyde 1982, Lankton 1991). However,
purple clay banding suggests that a substantial bulk
of the increased mass flux came from early stamp
mill operations, especially contributions from
milling the conglomerate lode (contributions of
Franklin #1 Mill). In the early days, mills were lo-
cated near the cities of Houghton and Hancock,
more distant from the center of the lake than later
operations, and processed much less material than
later mills (Kerfoot et al. 1994).

With the opening of large-volume stamping mills
that discharged directly into the northern and cen-
tral basin of the lake, there was another several-fold
increase in sediment accumulation, principally
coming from discharged mill slime clays. Three
large mills discharged directly into Portage Lake,
mixing slime clays from amygdaloid and conglom-
erate sources to produce a characteristic set of
twenty pink bands. The two large-volume Point
Mills (one processing amygdaloid lode stamp rock,
the other a mixture of amygdaloid and conglomer-
ate lode rock) and the Isle Royale (amygdaloid
only) stamp mills operated simultaneously (Kerfoot
et al. 1994). Mass flux peaked between 1909 and
1917 at 0.99 g/cm?/yr. Sedimentation decreased
dramatically after the Point Mills operations closed
in 1919 and after the last mill, the Isle Royale Mill,
reduced operations in 1920 and finished discharg-
ing in 1947. At present, mass flux has declined to
0.05 g/cm?/yr, slightly above pre-mining values
(0.02 to 0.04 g/cm?/yr, Table 1).

Elemental Flux and Concentration Profiles

The precise dating allowed assignment of time
horizons to depth strata, and the calculation of de-
tailed flux and concentration profiles for individual
elements (Table 1). The variable mass flux condi-
tions and the temporal variations in source materi-
als make the flux and concentration profiles of trace
elements differ from one another (Figs. 6 and 7).

High 1900 to 1920 loading is indicated for cal-
cium and sodium, two major mineral constituents of
basalt, rare earth and related elements (europium,
halfnium, and tantalum), and barium (Fig. 6). In the
right panel, copper also follows the basic historic
loading pattern, but cesium and arsenic are conspic-
uously different. The latter two elements have later,
broader peaks. Note that the concentration of ce-
sium refers to the stable element and is essentially
unrelated to '37Cs that originated from nuclear
weapons testing.

Concentration profiles are illustrated in Figure 7.

Concentration peaks of calcium and sodium are
broader than flux profiles, rare earths show different
timing patterns, and copper remains high up to the
present. Cesium declines in concentration during the
1900 to 1920s sediment pulse, as does arsenic, sug-
gesting strong to moderate dilution effects.

Most flux profiles showed very high correlations.
Many elemental flux profiles are highly correlated
with known bulk loading from stamp sand dis-
charges, simply because stamp sand production and
total mass flux were highly correlated. Pairwise
correlations emphasize the similarities. Within the
1853 to 1989 interval (N = 55 values), ten elements
show correlations above 0.9 (Co, Sc, Fe, Cr, Na,
Mn, Ca, Al, Na, Zn, Lu), ten between 0.8 and 0.9
(Eu, Yb, Ba, Se, Tb, Dy, Hf, Sm, Ce, La), five be-
tween 0.7 and 0.8 (Nd, Ta, Cu, Th, Rb), and one be-
tween 0.6 and 0.7 (K). Many of the highest
correlations are for elements found in basalt, rare
earths, or metals enriched in the lode deposits. A
few exceptions stand out. Correlations for Cs
(0.354) and As (0.326) are noticeably lower.

Enrichment values can be calculated for individ-
ual elemental fluxes, using background values from
the earliest, basal varves (Fig. 8; Table 2). Of all the
elements, copper flux stands out as noticeably ele-
vated, increasing to a maximum 312X above back-
ground values during maximum historic stamp sand
discharges (1900 to 1919) and remaining 18 to 25X
above background in the top five centimeters depth.
Other highly enriched fluxes during stamp sand dis-
charge maxima include Ca (175X), Co (139X), and
Zn (67X). Summary statistics are listed in Table 2.
Division of maximum values by minimum values
emphasizes the fluctuations of Cu (37X), with As
(18X) and Cs (15X) also high. Coefficients of vari-
ation (CV = SD/mean) are high for As (100), Cu
(70) and Ca (59). Because copper is so enriched rel-
ative to zinc, these results suggest that the ratio of
Cu/Zn may provide a valuable index of mining dis-
turbances in sedimentary strata.

Factor Analysis: Patterns for Flux and
Concentration Profiles

Factor analysis was used to objectively summa-
rize multi-element flux patterns. Unfortunately, flux
profiles were so dominated by the yearly slime clay
discharges, which caused a 33-fold variation in
mass sediment flux downcore, that multivariate
techniques merely underscored the redundancy be-
tween flux profiles. PCA analysis of elemental flux
profiles showed a strong clustering of 26 of the 28
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