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1 INTRODUCTION
1.1 Retention and Assignment

I have been retained by the Confederated Tribes of the Colville Reservation to render
opinions in regard to the release of hazardous substances from the Teck Metals Ltd. (Teck)
smelter located in Trail, British Columbia, Canada, into the United States. Specifically, I was
asked to opine on impacts in northeastern Washington from smelter metals emissions. Lake
sediments have been widely studied as environmental archives; therefore, my evaluations
focused on atmospheric transport, deposition, and subsequent re-release of metals to lakes in

this region.

The opinions presented here are based on review of pertinent reports, data, publications, and
other documents, as well as results of field and laboratory investigations conducted in

support of my evaluations.

1.2 Qualifications

I am a Principal Scientist with Anchor QEA, LLC, a privately owned environmental science
and engineering consulting firm with corporate headquarters in Seattle, Washington. I am
based in the firm’s office in Portland, Oregon. In this capacity, I conduct scientific
investigations for various clients and provide expert consultant services. Prior to joining
Anchor QEA in 2010, I was an Associate with S.S. Papadopulos and Associates, Inc., where I
had been employed since 1992.

My education and experience encompasses the fields of geochemistry, geology, and
hydrology. 1 hold a Ph.D. in Environmental Sciences with a specialty in geochemistry from
the University of Virginia, a M.S. in Geochemistry from the California Institute of
Technology, a M.Sc. in Geological Sciences from McGill University, and a B.Sc. in Geology
(with Honors) from Concordia University in Montreal, Canada. Additional details of my
credentials, professional experience, publication record, and previous depositions and

testimony can be found in my resume, which is provided as Appendix A.
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Introduction

1.3  Analysis

As part of my assignment, I reviewed various reports, publications, and other documents, and
analyzed data published by the Washington State Department of Ecology (Ecology) to
establish the footprint of atmospheric metals deposition from the Trail smelter as recorded in

recent lake sediments across northeastern Washington.

In addition, I also designed and participated in a sampling and analysis program to collect

sediment cores from selected lakes across the region to:

e Determine the source and chronology of smelter-emitted metals deposition and
enrichment of lake sediments

e (Characterize hazardous metals concentrations in porewater of lake sediments
impacted by smelter-derived atmospheric metals deposition

o Assess the potential for ongoing releases of smelter-emitted metals from sediment to

porewater and the overlying lake water column

1.4 Compensation

Anchor QEA is being compensated at my current billing rate of $337.50 per hour for my

work as a testifying expert.
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2 SUMMARY OF OPINIONS
2.1 Opinion1

Hazardous metals present in Trail smelter air emissions, including antimony, arsenic,
cadmium, lead, mercury and zinc, have been transported and deposited across northeast
Washington. Smelter-emitted metals are detected in bottom sediments of lakes more than 60

miles from Trail.

2.2 Opinion 2

Smelter-emitted metals that have accumulated in northeast Washington lake sediments are

released to porewater and are therefore mobile and bioavailable.

2.3 Opinion3

Smelter-emitted metals in older as well as more recently deposited sediments continue to be
released to porewater. The release of smelter-emitted metals to sediment porewaters and the

overlying lake water column is an ongoing process.
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3 BASIS OF OPINIONS
3.1 Opinion1

Hazardous metals present in Trail smelter air emissions, including antimony, arsenic,
cadmium, lead, mercury and zinc, have been transported and deposited across
northeast Washington. Smelter-emitted metals are detected in bottom sediments of

lakes more than 60 miles from Trail

3.1.1 Trail Smelter Emissions

The Teck smelter has been in operation at Trail since 1896. While lead and zinc production
have been the primary operations at Trail, several other materials and metals have also been
produced throughout the years. Queneau (2010) provides a summary of the operations
history. Copper production occurred from 1896 to the late 1930s. By 1902, lead was being
produced using the Betts electrolytic process. Electrolytic zinc refining came online by 1916.
Cadmium recovery began in 1927, and antimony recovery began in 1939. Lead, zinc, and
cadmium production at the facility continue to the present time. Over time, technological
improvements were made to convert wastes into materials that could be reprocessed or sold
(e.g., cadmium and sulfuric acid). During the 1930s to 1960s, equipment was installed
throughout the facility to recover potentially useful materials, including metals. For
example, by 1931 electrostatic precipitators were in service for the sintering machines, zinc
roasters, an acid plant, and a silver refinery. Baghouses were installed following slag fuming
in 1930, lead blast furnace smelting in 1951, and zinc roasting in 1962. By the 1970s, the
equipment at the facility was aging and numerous process upgrades were installed between
the 1970s and 1990s. In 1997, the sinter plant, blast furnaces, and slag fuming furnaces were
replaced by a Kivcet smelter, which resulted in significant reductions in particulate and

metals air emissions (Queneau 2010).

Numerous studies and reports have documented and discussed the emissions of metals from
the Trail smelter, their atmospheric transport, and deposition (Ecology 1998; Goodarzi et al.
2001, 2002a, 2002b, and 2003; ICF 2011; Landis 2014; Queneau 2010, 2011, and 2014; Sanei
et al. 2007; Teck Cominco 2001).
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Basis of Opinions

Smelter smoke from Trail containing sulfur dioxide caused adverse impacts on livestock,
crops, and forests in the Upper Columbia River Valley and was the basis of litigation between
farmers in northern Washington and the Consolidated Mining & Smelting Co., Teck’s
predecessor, during the late 1920s and 1930s. The matter eventually became an international
dispute and was decided by arbitration, which resulted in economic compensation for the
local farmers of Steven's County and establishing laws for transboundary air pollution issues,
which required the Consolidated Mining & Smelting Co. to monitor and control its

emissions.

Goodarzi et al (2001, 2002a, 2002b and 2003, 2006) documented atmospheric transport and
deposition of arsenic, cadmium, copper, mercury, lead, and zinc in the vicinity of Trail
comparing results from moss-monitoring stations with surficial soil data, and found that
deposition is highest along the Columbia River valley, which correlates with the prevailing

wind directions.

Queneau (2010, 2011, and 2014) presented a summary of air emissions for several metals
from the smelter between 1923 and 2002. The emissions were based on actual facility data
collected between 1980 and 2002 and extrapolated for previous years based on mass balance
analysis of the operations. Queneau (2014) updated his earlier emissions estimates by
incorporating additional data that were available for some parts of the facility before 1980.
As such, these estimates are considered to be minimum estimates for years prior to 1980,
with uncertainties due to incomplete records and potential variation in plant operations.
Queneau’s (2014) emissions estimates for arsenic, cadmium, lead, mercury and zinc are

shown in Figures 1 through 5, respectively.
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Figure 1. Estimated arsenic emissions from the Trail Facility, 1923 to 2002.
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Figure 2. Estimated cadmium emissions from the Trail Facility, 1923 to 2002.
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Figure 4. Estimated mercury emissions from the Trail Facility, 1923 to 2002.
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The transport of smelter emissions from Trail downwind into the state of Washington is
supported by ample physical and historical evidence. The local weather in Trail is
influenced by continental air masses dropping down from northern Canada as well as
systems moving eastward across southern Canada from the northern Pacific Ocean. Local
winds in the Trail area are strongly influenced by the terrain of the Columbia River Valley.
Daytime winds reflect up-valley (southerly) flow at the surface while nighttime winds reflect
down-valley (northerly) flow induced by radiative cooling and sinking of air on the steep
slopes of the river valley resulting in “drainage” of air down the valley until flow reversal

commences sometime after sunrise the following morning (ICF 2011).

Smelter smoke containing sulfur dioxide caused adverse impacts on livestock, crops, and
forests in the Upper Columbia River Valley and was the basis of litigation between farmers in
northern Washington and the Consolidated Mining & Smelting Co., Teck’s predecessor,
during the late 1920s and 1930s. The matter eventually became an international dispute and
was decided by arbitration, which resulted in economic compensation for the local farmers
of Steven's County and establishing laws for transboundary air pollution issues, which

required the Consolidated Mining & Smelting Co. to monitor and control its emissions.
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Maps of forest injury produced from surveys conducted by the U.S. Department of
Agriculture during this period provide snapshots of the path of Trail smelter fumes and the
extent of their visible impacts (Figure 6). The “footprint” of the sulfur dioxide plume on the
vegetation also provides an indication of the primary path for atmospheric transport and
deposition of smelter-emitted metals, although metals may be transported to a different
extent than sulfur before being deposited due to differences in physical and chemical
properties. As pointed out by Landis (2014), deposition of atmospherically transported metals
emitted from the Trail smelter complex impacted a larger area in northeastern Washington

than the area defined by visible injury to vegetation.
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Figure 6. Extent of forest injury from Trail smelter smoke in 1930 (ICF 2011).
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3.1.2 Lake Sediment Sampling and Analysis

Bottom sediments from selected lakes and wetlands across northeast Washington were
sampled and analyzed to identify impacts from atmospheric deposition of smelter metals.
The samples available included archived grab and core samples collected by Ecology, as well
as sediment cores from selected lakes collected as part of the present investigation. The

locations of the sampled waterbodies are shown in Figure 7.

The Ecology studies included bottom sediment grab samples from 19 lakes and 2 wetlands
ranging in distance from approximately 10 to 65 miles from Trail. The Ecology studies also
included 50 centimeter (cm) long cores from three lakes (Phillips Lake, Silver Crown Lake,
and Phalon Lake) on a transect along the Upper Columbia River Valley. Metals

concentrations and other information related to the Ecology samples are reported in Johnson
et al. (2011, 2013).

In February 2014, I collected sediment cores from three lakes for detailed analysis, in
collaboration with Professor Joel Blum and with field support from Environment
International Ltd. The lakes included Cedar Lake in Stevens County, Ellen Lake in

Ferry County, and Bonaparte Lake in Okanogan County. Cedar Lake and Ellen Lake were
selected because they are located, respectively, within and just beyond the southernmost
extent of the historic smelter smoke injury zone (Figure 6). Bonaparte Lake, located in
Okanogan County about 65 miles west-by-southwest of Trail, was initially selected as a
reference lake because it is separated from the Upper Columbia River Valley by several
mountain ranges including the Kettle River Range. These three lakes were selected for study
because they are relatively remote and undeveloped, have a small surface area (50-150 acres),
and a small catchment area (less than 10 times the lake surface area), so that the metals influx
to the lake is predominantly from atmospheric deposition rather than weathering and runoff.
Cores were obtained using a gravity corer with 7.6 cm diameter by 60 cm long core tubes.
Four undisturbed cores, including the sediment-water interface, were obtained from each
lake. The cores were transported on dry ice to Anchor QEA’s Environmental Geochemistry

Laboratory (EGL) in Portland, Oregon, for processing.
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At the EGL, one of the cores from each lake was sectioned and processed for chemical and
isotopic analyses. The upper 20 cm of each core was sectioned at 1-cm intervals, and at 2-cm
intervals below that. Moisture content of each core interval was determined by drying at 60°
G, and aliquots of the dried samples were sent to: 1) Professor Mark Baskaran at

Wayne State University for age dating by 2°Pb and '¥’Cs; 2) Apex Laboratory for total metals
and loss on ignition; 3) Professor Joel Blum at the University of Michigan for mercury and
mercury isotope analyses; and 4) Professor Bruce Nelson at the University of Washington for
stable lead isotope analysis. Archived split samples from the Ecology studies were also
submitted to Professor Bruce Nelson for lead isotope analysis. Analytical results, except for

mercury data, are provided in Appendix B. Mercury concentration and isotope data are
given in Blum (2014).

3.1.3 Stable Lead Isotope Analysis
3.1.3.1 Lead Isotope Ratios as Source Indicators

Individual atoms of the same element can have different masses depending on the number of
neutrons. These different versions of an element with different masses are called isotopes.
Isotopes can be stable or unstable (radioactive). Naturally occurring lead has four stable
isotopes: 24Pb, 20Pb, 207Pb, and 2Pb. The latter three are called radiogenic because they are
produced by the radioactive decay of uranium (**®*U and #**U) and thorium (#?Th),
respectively. 24Pb is not radiogenic and is considered to be a stable reference isotope. The
three radioactive parent elements, 28U, 25U and 2?Th, decay at different rates, with half lives
of 4.468 billion years, 704 million years, and 14.01 billion years, respectively (Dickin 1995;
Faure and Mensing 2005).

The isotopic composition of lead in geological materials is commonly expressed in terms of
isotope ratios (e.g., normalized to 2*Pb) and is widely used in geological and environmental
investigations for various purposes, including geochronology (age determination of rocks),
mineral exploration, and contaminant source fingerprinting. The isotope ratios of lead ores
are unaltered by smelting and other manufacturing processes (Flegal and Smith 1995;

Shiel et al. 2010); therefore, they retain the original lead isotope ratios of the ore from which

the lead was derived.
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The isotopic composition of lead in an ore deposit depends on a number of factors, but in
simplest terms it can be understood in terms of the geologic age of the ore deposit. The
isotope ratios of 206Pb/?%4Pb, 207Pb/?“Pb, and 28Pb/2**Pb in the Earth have been steadily
increasing throughout the Earth’s history due to radioactive decay of uranium and thorium.
Because of the chemical differences between these elements, lead is effectively separated
from uranium and thorium during the formation of a lead ore mineral such as galena (lead
sulfide), and the isotopic ratios of lead in the galena are frozen in at the time of its formation.
Geologically older lead ores tend to have lower lead isotope ratios (less radiogenic lead) than
more recently formed ores. Therefore, different lead deposits can have distinctive lead
isotopic compositions, and lead isotope signatures can be used as tracers to identify the
different natural and industrial contributions of lead in the environment

(Sangster et al. 2000).

3.1.3.2 Lead Sources in Northeast Washington Lake Sediments

Lead isotope data for the main ores historically processed at the Trail smelter (Sullivan,
Red Dog, and Pine Point mines), as well as from various mining districts in northeast
Washington and south-central British Columbia, were compiled from published literature
sources (Ayuso et al. 2004; Beaudoin 1997; Church 2010; Cumming et al. 1990;

Godwin and Sinclair 1982; Godwin et al. 1982, 1988; Shiel et al. 2010; Small 1973).

Figure 8 is a scatter plot of 2°Pb/?“Pb versus 27Pb/?*Pb ratios for lead from the Trail smelter,
the Leroi smelter in Northport, Washington (based on analyses of slag; Nelson 2011), and
local geologic sources (based on data for mineral deposits in northeastern Washington). As
can be seen on this plot, the smelter lead signatures are readily distinguishable from local

geologic sources and each other.
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Figure 8. Lead isotope ratio plot showing signatures of regional geogenic and smelter-derived
lead sources.

Queneau (2010) provides information on the major ore concentrates historically processed at
the Trail smelter. Between 1921 and 1992, 85% of the lead concentrates came from the
Sullivan Mine. From 1993 to 2001, close to 50% came from the Sullivan Mine and almost
40% came from the Red Dog Mine. Sullivan supplied almost 90% of the zinc concentrates
until 1962. After 1963, about half of the zinc feeds came from Pine Point Mine, until it was
shut down in 1989, with about 35% coming from the Sullivan Mine. Between 1990 and
2001, Red Dog Mine accounted for 55% of zinc feed and the Sullivan Mine for 40%. Since
2001, Red Dog Mine has been the main source of lead and zinc concentrates. These ores

were imported from other regions (the Sullivan Mine is located in southeastern
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British Columbia, the Red Dog Mine is located in Alaska, and Pine Point is located in the
Northwest Territories), and the lead from these deposits is generally isotopically distinct
from local geogenic lead sources in northeast Washington. The Sullivan Mine ores, for
example, which were formed approximately 1.5 billion years ago, are much older than any of
the rocks exposed within the study area, and their exotic lead isotope signature is easily

distinguished from local sources.

The field labelled “Trail smelter lead” in Figure 8 represents the range of possible
compositions of mixtures of concentrates from the Sullivan, Red Dog, and Pine Point mines
used as ore feed for the Trail smelter. Air emissions generated during the processing of these
feeds would have the same isotopic composition. In the earlier years, emissions from
processing feeds with a higher proportion of Sullivan ore would have been less radiogenic
(i.e., lower isotope ratios) than later periods when a higher percentage of Red Dog or

Pine Point ore was processed. While changes in the proportions of different ore sources used
in the smelter feed would produce variations in isotope ratios of lead emissions over time,
these would all fall within the range 