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EXECUTIVE SUMMARY

This report describes the study design and results of trace element analyses of selected
soils from Vashon-Maury Island and King County Mainland areas in the Tacoma Smelter Plume
Site. Additional trace element analyses are currently being performed for selected soil samples
from Pierce County. Those additional analyses will be completed during 2003.

Analyses for multiple trace elements in 234 soil samples collected from King County
areas surrounding ASARCO's former Tacoma Smelter, plus 8 unrelated soil samples from
former orchard properties in eastern Washington, demonstrate that trace element chemistry in
soils can be used effectively for source identification. The Tacoma Smelter is identified as the
major source for the observed regional distribution of arsenic in shallow soils in central Puget
Sound.

The ASARCO Tacoma Copper Smelter located in Ruston, Washington operated for
approximately 100 years. It specialized in the toll smelting of complex (e.g., high arsenic
content) ores and concentrates. Smelter operations ceased in 1986. The Tacoma Smelter was
the dominant regional source of arsenic emissions. The smelter also emitted a significant
quantity of lead, and lesser amounts of other metals associated with copper smelting.

Since 1999, the Washington State Department of Ecology, in cooperation with local
health departments, has been investigating the regional extent of soil contamination from smelter
emissions. The areas included are called the Tacoma Smelter Plume Site under Washington's
Model Toxics Control Act (MTCA). Soil sampling and analysis for arsenic and lead, the two
smelter contaminants of primary concern for human health, is being performed in two phases:

1) sampling in relatively undisturbed forested locations, and ii) sampling in child-use areas (e.qg.,
schools, parks, camps, and daycare centers) in identified regions of higher soil contamination.
These two phases are referred to as Footprint and Child-Use Areas studies.

This two-phased approach has been applied to three geographic areas downwind of the
smelter: Vashon-Maury Island (approximately 50 square miles); King County mainland areas
from West Seattle to the Pierce County line, extending inland about 10 miles (approximately 200
square miles); and Pierce County areas north and west of I-5 (approximately 200 square miles).
As a result, the Tacoma Smelter Plume Site investigations include six studies so far.

The results from the Footprint studies demonstrate elevated soil arsenic and lead
concentrations, with a gradient of decreasing concentrations with increasing distance from the
smelter and an association with annual wind patterns. Ecology reviewed a number of additional
types of studies that could help confirm the source(s) for soil arsenic and lead contamination, and
in particular the role of Tacoma Smelter emissions. Analysis of additional trace elements in soil
samples was selected as the first source identification approach. Volatile trace elements are
known to occur in smelter emissions and have been studied in various environmental media at a
number of other smelter sites.



The initial trace element studies included 234 samples from 60 locations within the King
County portion of the Tacoma Smelter Plume Site. Archived samples from the VVashon-Maury
Island Child-Use Areas study and the King County Mainland Footprint Study were used; a few
additional samples from undisturbed areas on Vashon-Maury Island were also collected. This
study therefore includes soil samples from both undisturbed and disturbed (developed) locations.

Eight unrelated samples from former orchard properties in eastern Washington, where lead
arsenate was used, were also collected and analyzed to determine how well trace element
analyses can discriminate between potential sources for arsenic and lead in soils.

Budget constraints limited the number of analyses that could be included in this study. A
small initial group of samples from each of the two King County studies, as well as the orchard
samples, were analyzed for an extended list of 35 or 36 elements. The results were evaluated in
order to select a small number of "best trace elements” to be analyzed in the majority of soil
samples. Antimony, bismuth, and indium were chosen as the main targeted trace elements and
were analyzed in all samples. Smaller groups of samples were also analyzed for silver and
mercury in an exploratory evaluation of how those additional trace elements performed.

The major findings of this study include the following:

0 Ten or more elements appear to be enriched in soils near the smelter and to be
associated with arsenic concentrations.

0 In addition to arsenic, the primary tracer of smelter impacts, three elements
selected for detailed investigation in this study - antimony, bismuth, and indium -
are effective tracers of smelter impacts on a regional scale (e.g., to distances of
more than 20 miles).

0 All pairwise correlations for seven elements - arsenic, lead, antimony, bismuth,
indium, silver, and mercury - are statistically highly significant. Those
correlations are particularly strong for trace elements antimony, bismuth, and
indium. The strong correlation pattern indicates similar spatial distributions for
multiple elements and argues for a common source.

0 The characteristic trace element-to-arsenic ratios are shown to be much higher (by
approximately an order of magnitude) in soils impacted by smelter emissions than
in orchard soils affected by applications of lead arsenate. Orchard soils also show
a different pattern of pairwise correlations among trace elements. Trace element
analyses can therefore be used to discriminate between smelter versus orchard
sources.

0 Trace elements demonstrate different mobilities (downward) in the soil column.
This mobility is greatest for arsenic and least for lead, with the other targeted
trace elements intermediate between these two end members of the mobility
sequence.



The trace elements selected for detailed investigation show similar patterns in
both undisturbed and disturbed soils. Like arsenic, trace elements show an
overall gradient with distance from the smelter, plus considerable local variability
(especially for properties with disturbed soils). Evaluations of trace element-to-
arsenic ratios versus distance show different patterns for different elements.
Bismuth demonstrates the most stable results among targeted trace elements.

The most frequent anomalous results are a moderate number of high lead values.
Some of those borings are also high in antimony; a non-smelter source for
antimonial lead may be implicated at those locations. Only a very small number
of results for other trace elements are identified as anomalous. Trace element
concentrations generally vary consistently with arsenic values at sampling
locations with spatially anomalous arsenic results.

Trace elements appear useful on a local as well as a regional spatial scale. Trace
element results generally mirror the varying patterns for arsenic in multiple
borings on one property (albeit with moderate variations in trace element-to-
arsenic ratios), with only a few significantly divergent values.



1.0 INTRODUCTION

1.1  TACOMA SMELTER PLUME INVESTIGATIONS: OVERVIEW

The ASARCO Tacoma Copper Smelter located in Ruston, Washington operated for
approximately 100 years. It specialized in the toll smelting of complex (e.qg., high arsenic
content) ores and concentrates. Smelter operations ceased in 1986. The Tacoma Smelter was
the dominant regional source of arsenic emissions; for many years, it was the sole domestic
supplier of arsenic for the United States. The smelter also emitted a significant quantity of lead,
and lesser amounts of other metals associated with copper smelting.

The smelter property and the largely residential areas in Ruston and North Tacoma to a
distance of about one mile are being cleaned up under the Superfund program, overseen by the
U.S. Environmental Protection Agency, Region 10. Those cleanup activities are not expected to
be completed for several years.

Since 1999, the Washington State Department of Ecology, in cooperation with local
health departments, has been investigating the regional extent of soil contamination from smelter
emissions. These studies are being conducted under the state's Model Toxics Control Act
(MTCA); the areas included are called the Tacoma Smelter Plume Site under MTCA. Soil
sampling and analysis for arsenic and lead, the two smelter contaminants of primary concern for
human health, is being performed in two phases. First, samples from relatively undisturbed
wooded locations are collected to establish upper bounds for the likely magnitude and extent of
soil contamination from smelter emissions. Second, samples are collected from child-use areas
(e.g., schools, parks, camps, and daycare centers) in identified regions of higher soil
contamination to determine potential exposures to young children, a population of special
concern, and the need for early actions to reduce exposures to contaminated soils. These two
phases are referred to as Footprint and Child-Use Areas studies.

This two-phased approach has been applied to three geographic areas downwind of the
smelter: Vashon-Maury Island (approximately 50 square miles); King County mainland areas
from West Seattle to the Pierce County line, extending inland about 10 miles (approximately 200
square miles); and Pierce County areas north and west of I-5 (approximately 200 square miles).
As a result, the Tacoma Smelter Plume Site investigations include six studies so far.

The results from the Footprint studies demonstrate elevated soil arsenic and lead
concentrations, with a gradient of decreasing concentrations with increasing distance from the
smelter and an association with annual wind patterns. The spatial patterns for lead indicate
contributions from one or more non-smelter sources at some locations, especially in the heavily
urbanized areas of the Tacoma Smelter Plume Site. In discussions with multi-party study design
Work Groups, Ecology reviewed a number of additional types of studies that could help confirm
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the source(s) for soil arsenic and lead contamination, and in particular the role of Tacoma
Smelter emissions. Analysis of additional trace elements in soil samples was selected as the first
additional source identification approach. Volatile trace elements are known to occur in smelter
emissions and have been studied in various environmental media at a number of other smelter
sites. Previous investigations of the Tacoma Smelter provide some limited information
regarding the occurrence of trace elements at the smelter and in environmental samples.

This report describes the study design and results of trace element analyses of selected
soils from Vashon-Maury Island and the King County Mainland. Additional trace element
analyses are currently being performed for selected soil samples from the Pierce County
Footprint Study. Those additional analyses will be completed during 2003. The Pierce County
results will be provided and evaluated in a supplement to this report.

Report organization. Sections 1.2 through 1.5 provide background information on trace
elements in copper smelting and Tacoma Smelter operations. The selection of samples and trace
elements for analysis are described in Section 2.0. Laboratory analysis methods, data validation
results, and analytical results are summarized in Sections 3.0 and 4.0 (see Attachments for
complete data listings). Section 5.0 presents a series of data evaluations organized around a set
of primary issues of interest. The overall study conclusions are summarized in Section 6.0, and
cited references are listed in Section 7.0.

1.2 TRACE ELEMENTS IN COPPER SMELTING

The basic fact that copper smelter emissions can be enriched in various trace elements
has been known for a very long time. An early text by Peters (1907), for example, comments as
follows: "The substances contained in the gases that issue from the chimneys of a smelting plant
must, of course, depend largely on the composition of the ores and fluxes which are treated in its
furnaces. Any volatile constituent of the ore is likely to be present in the gases..." and "...the
gases that escape from the central stack of a copper plant...consist mainly of heated atmospheric
air, of the nitrogen which has lost its accompanying oxygen in passing through the furnaces, of
the ordinary products from the combustion of carbonaceous fuel, of steam, of (ordinarily) minute
proportions of volatile sulphides and oxides such as of arsenic and antimony, and of sulphur
dioxide, often with minute proportions of sulphur trioxide". In discussing possible effects of
smelter emissions, Peters (1907) also comments: "Volatile Sulphides, etc. - These substances are
volatilized during roasting or smelting, and are carried out by the draft before the temperature
has fallen sufficiently to cause their condensation to the solid form again. They are not gases in
the sense in which this word is ordinarily employed. They are metallic, or semi-metallic, vapors,
in which the particles of the original material are present, although in a state of extreme division.
Among the commonest of these volatile substances are lead and zinc sulphides, arsenic and
antimony trioxides, arsenides and antimonides of metals, sulphates and oxides of lead, oxide of
zinc, etc.".

Tacoma Smelter Plume Site
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Fulton (1915) provides an extended discussion of "Metallurgical Smoke™ including
characterization of the gaseous, flue dust, and fume components of smelter smoke. The results
of chemical analyses for fume samples from multiple smelters are presented, demonstrating an
increased knowledge of the composition of such materials. Elemental constituents of the
compounds identified in Fulton (1915) include silver, gold, zinc, antimony, lead, bismuth,
copper, arsenic, tellurium, selenium, cadmium, and thallium. Complaints about "smelter smoke"
in the early 1900s led to several lawsuits against smelter companies (summarized in Fulton
1915), including claims of damages from trace element emissions. Holmes et al. (1915) provide
one of the most detailed early evaluations of the emissions of trace elements, particularly lead
and arsenic, from the period of the early smelter lawsuits.

Other early reports address issues of the removal and marketing of various trace elements
associated with copper smelting, confirming a detailed understanding of the co-occurrence of
these elements. Addicks (1917) identifies the following list of elements commonly associated
with copper and their status as by-products in copper refining: gold, silver, platinum, palladium,
lead, nickel, antimony, bismuth, arsenic, cobalt, selenium, and tellurium. Komakine (1917)
discusses the smoke problems at major Japanese copper smelters and methods of controlling
fume containing copper, tin, lead, arsenic, and antimony. Trace element contents in refined
copper have remained an industry concern; in its 1993 annual report, ASARCO (1993) notes the
installation of a new facility at one of its copper refineries to improve the removal of impurities,
principally antimony and bismuth, from electrolytic copper. Navarro and Alguacil (2002) also
identify removal of arsenic, antimony, and bismuth impurities from copper electrolytes as a
primary objective of copper refining.

Recovery of trace elements at non-ferrous smelters is a primary method for the
commercial production of a number of elements (see, for example, U.S. Bureau of Mines 1965).
The sixteenth annual report from ASARCO (1914) notes that the company gave "great attention
during the past few years to the production and sale of many other metals™; a list of metals being
refined and sold included gold, silver, copper, lead, zinc, nickel, platinum, arsenic, bismuth,
cadmium, tellurium, selenium, and palladium. Marketing announcements from many present-
day smelting companies list various trace elements recovered from ores and concentrates and
available for sale. Ayres et al. (undated) identify a number of metals that are largely obtained as
by-products from nonferrous smelters, including copper smelters. They list metals of economic
importance (gold and silver), highly toxic metals (arsenic, cadmium, and thallium), metals with
small but significant market niches (antimony, bismuth, selenium), and metals that may become
important in specialized electronic applications (bismuth, germanium, indium, rhenium,
tellurium, thallium).

Geochemically, arsenic is often accompanied by other trace elements. Boyle and
Jonasson (1973) review arsenic geochemistry and identify the following list of elements with
which arsenic is often found: copper, silver, gold, zinc, cadmium, mercury, uranium, tin, lead,
phosphorus, antimony, bismuth, sulfur, selenium, tellurium, molybdenum, tungsten, iron, nickel,
cobalt, and the platinum group metals. Davies (1980) lists common trace metal constituents of
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chalcopyrite, an important copper mineral, including silver, cobalt, germanium, indium,
manganese, nickel, selenium, and tin. Nelson (1977) provides a list of volatile elements
contained in copper, lead, and zinc concentrates, including antimony, arsenic, bismuth,
cadmium, copper, indium, lead, selenium, tellurium, thallium, and zinc. Wolfe (1981) describes
the metal content in a typical copper smelter flue dust as including various concentrations of
copper, zinc, lead, arsenic, iron, bismuth, tin, cadmium, germanium, silver, and gold. A USGS
report (du Bray 1995) classifies and describes various types of ore deposits, noting that soils
downwind from smelters processing such ores can contain elevated abundances of a number of
metals.

Nriagu and Pacyna (1988; see also Nriagu 1992) provide summaries of trace element
emission factors for various anthropogenic source categories. For the source category copper-
nickel production, quantitative emission factors are given for the following elements: arsenic,
cadmium, copper, indium, manganese, nickel, lead, antimony, selenium, tin, vanadium, and
zinc. Dudka and Adriano (1997) review and summarize information on soil contamination from
smelter emissions. They identify smelters as the main sources of atmospheric emissions of
arsenic, copper, cadmium, antimony and zinc on a global scale, with substantial contributions of
chromium, lead, selenium, and nickel. Davies (1980) also summarizes studies of trace element
soil contamination near smelters, coal-fired powerplants, and other point sources.

Black & Veatch (1988b) provides a listing of 20 elements in addition to arsenic that are
identified as potential airborne contaminants from copper smelting. Those elements are
identified based on documented smelter products, detection in various smelter materials or
collected dusts, or detection in environmental samples.!

Newhook et al. (2003) summarize ambient air monitoring data for copper smelters and
refineries and zinc plants in Canada. Emissions from those facilities are identified as resulting in
potential exposures to a number of elements. This report focuses on arsenic, cadmium,
chromium, nickel, and lead releases. Copper smelting is noted to result in particularly high
ambient concentrations among the facilities studied.

Mehta (1981) provides assay data for a number of copper smelter flue dusts, as part of an

'The potential airborne contaminants are classified, based on estimated mass loading, as
follows: primary constituents - copper, arsenic; secondary constituents - lead, antimony, nickel,
mercury, bismuth; tertiary constituents - selenium, tellurium, gold, silver, platinum, palladium,
iridium, osmium, rhodium; and potential airborne - cadmium, indium, gallium, molybdenum,
chromium.

Tacoma Smelter Plume Site
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EPA-spnsored study of methods to treat arsenic-containing wastes. Elements reported to occur
in these flue dusts include arsenic, bismuth, cadmium, copper, lead, antimony, tin, tellurium,
zinc, molybdenum, silver, and gold.

Schwitzgebel et al. (1978) performed sampling at multiple locations at a primary copper
smelter in the U.S. (not the Tacoma Smelter), with primary analyses by atomic absorption
spectrophotometry plus extensive trace element analyses (using semiquantitative spark source
mass spectrometry, which is cited as having detection limits of 0.1 to 1.0 ppm for solids).
Samples were collected of reverberatory furnace concentrate feedstocks, matte, and slag, as well
as inlet and outlet gas streams for the reverberatory furnace electrostatic precipitator (ESP). The
concentrates showed arsenic, copper, iron, titanium, calcium, potassium, sulfur, silicon,
aluminum, magnesium, and sodium to be present at >1,000 ppm, bismuth, lead, barium,
antimony, molybdenum, selenium, zinc, nickel, and fluorine at 50 to 1,000 ppm, and various
additional elements (e.g., cadmium, silver, gold, tungsten, chromium, rare earth metals) in the
low ppm range. Additional analyses for trace elements in reverberatory furnace matte and slag
supported evaluations of trace element partitioning and supported preliminary mass balance
calculations. (Measurements of additional materials streams to complete a rigorous mass
balance calculation were lacking). Multi-element analyses were also performed for ESP inlet
and outlet gas streams, as well as collected ESP dusts. The authors conclude that appreciable
material composed of toxic trace elements passes through the ESP in the vapor state at the ESP
operating temperature and condenses to form particulates upon cooling.

Parker (1978) confirms that copper smelting also provides a means of recovery of
important quantities of gold, silver, selenium, tellurium, arsenic, and platinum-group metals
(platinum and palladium included in this study, but also including iridium, osmium, rhodium,
and ruthenium, all known to occur in copper ores). This Bureau of Mines study determined the
occurrence of these byproduct trace elements in various copper ores and evaluated their
distribution during copper smelting operations. Some of the sources providing concentrates to
the Tacoma Smelter are identified as having among the highest levels of trace elements. Volatile
elements such as arsenic, selenium, and tellurium (among those studied) are noted as potentially
being lost through gaseous or other emissions during copper smelting. The occurrence of
recoverable quantities of bismuth in "leady residues™ such as some ESP dusts, which are shipped
from copper smelters to lead smelters for further processing, is also noted.

Tayler (1976) characterizes the particulates from the offgases of the reverberatory
furnace and converter processes at the Kennecott copper smelter in Utah. Chemical differences
between the coarse and fine fractions of flue dusts were demonstrated; Tayler notes that some of
the fine fraction particulates are not captured by the ESP and are eventually emitted to the
atmosphere. Volatile elements are found to concentrate in the fine as opposed to the coarse
fraction. Sampling (cascade impactor) includes gas streams beyond the ESP, representative of
smelter emissions. Chemical analysis of the emissions sample from the reverberatory furnace
showed quantifiable concentrations (all >0.1 percent by weight, or 1,000 ppm) of arsenic,
bismuth, copper, iron, molybdenum, lead, antimony, selenium, tin, tellurium, and zinc. The
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concentrations of volatile elements arsenic, bismuth, and lead were much higher in the emissions
sample (beyond the ESP) from the converter process. Agglomeration processes for the fine
particulates as the gas streams reach and transit the ESPs are demonstrated.

Lastra-Quintero et al. (1987) performed chemical and mineralogical analyses on ESP
dusts (after water soluble components had been removed) from the Kidd Creek copper smelter in
Canada. Elements identified in the dusts included lead, zinc, copper, iron, arsenic, cadmium, tin,
bismuth, cobalt, and indium.

Henderson et al. (1998), in a study of soil contamination surrounding the copper-zinc
smelting complex at Flin Flon, Manitoba, Canada, cite a compliance testing report by the
facility's operator (Hudson Bay Mining and Smelting Company). That report identifies smelter
stack dust as containing high concentrations of zinc, iron, copper, lead, cadmium, and arsenic,
with low to trace amounts of mercury, chromium, cobalt, nickel, and manganese. Henderson et
al. (1998) also note that the smelting complex at Flin Flon produces zinc, copper, cadmium, lead
concentrates, and silver, gold, selenium, and tellurium by-products refined offsite. McMartin et
al. (1999) state that emissions from this smelter have varied depending on ore composition over
time and improvements to smelting and control processes, but historically were dominated by
zinc, iron, and lead, with lesser quantities of arsenic, copper, cadmium, and mercury, and trace
amounts of silver, aluminum, magnesium, manganese, selenium, antimony, nickel, chromium,
and cobalt.

Based on air sampling in workers' areas in a copper smelter, and single particle analyses
by SEM, Michaud et al. (1996) similarly demonstrated differences in composition between
coarse and fine fractions of collected particulates. Volatile elements were found to be enriched
in the fine fraction, including lead, bromine, sulfur, zinc, tin, indium, arsenic, selenium as well as
copper and cadmium. Samples from near the reactor (furnace) versus the converters showed
some differences in composition, identifying certain elements as being primarily associated with
one or another of the steps in copper smelting. Volatile elements were also often found to be
enriched on the surface of fine particulates, consistent with adsorption of those volatile elements
onto particles.

Germani et al. (1981) report the results of a study of trace elements at five primary
copper smelters in Arizona and provide an excellent general theory (in combination with Small
et al. 1981) of the occurrence of some trace elements at enriched concentrations in smelter
emissions. They also note that the trace element composition of particulate emissions shows
large variability from one smelter to another. Samples of feedstock concentrates were obtained
and analyzed for approximately 35 elements (using neutron activation analysis and atomic
absorption spectrometry). The authors note that special emphasis was placed on analyses for
volatile elements usually associated with sulfide ores (including arsenic, selenium, antimony,
cadmium, indium, zinc, and lead). Additional samples from ores, precipitator dusts, and in-
plume (airborne) sampling of stack emissions (see Small et al. 1981) allowed comparisons to be
made of trace element concentrations through the smelting process. Enrichment factors for
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concentrates (i.e., elemental ratios in concentrates versus crustal materials) were calculated
normalized to aluminum; trace elements associated with sulfides, including iron, cobalt, copper,
zinc, sulfur, arsenic, selenium, silver, cadmium, indium, antimony, tungsten, gold, and lead,
showed enrichment factors >10 in the concentrates. Germani et al. (1981) provide a
classification of elements according to their fractionation in the smelting process. They conclude
that there are three main factors contributing to the large enrichment of trace elements in copper
smelter plumes: 1) the enrichment of sulfide-related elements in the concentrates compared to
original ores; 2) high smelting temperatures leading to volatilization of many elements; and 3)
inefficiencies of typical pollution control devices such as electrostatic precipitators for capturing
elements that may be in the vapor phase or present on small particulates. The differing
compositions of trace elements in smelter plumes are attributed to differences in feedstock
concentrates (derived from copper ore differences), varying operating conditions among
smelters, and differences in the pollution control devices installed at each smelter.

Small et al. (1981) collected and analyzed samples from within the plumes of 5 copper
smelters in Arizona, using a light twin-engine airplane for sampling. All 5 smelters are located
in rural areas where the smelter emissions are the dominant pollution source. While the plumes
could be tracked to distances of more than 100 km downwind from the smelters, particulate
samples were collected within the first 8 km distances to ensure sufficient filter loadings for
analysis. Most elements were analyzed using neutron activation analysis; lead was analyzed
using atomic absorption spectroscopy. Variability in composition of trace elements in the
plumes was studied at two smelters by collecting repeated samples over a period of
approximately one week. Ambient (background) concentrations of many elements were found to
be much lower than concentrations observed in the plumes. Enrichment factors (compared to
crustal, normalized to aluminum) were used to evaluate patterns in trace element occurrence.
The time series samples over one week at two smelters showed a marked consistency in
enrichment factors for multiple elements, with somewhat larger variability for more volatile
elements; that finding supports the representativeness of comparisons in results among the 5
smelters. Most chalcophilic elements (including sulfur, copper, zinc, arsenic, selenium, silver,
cadmium, indium, antimony, tungsten, and gold) were demonstrated to be strongly enriched in
the smelter plumes. Large differences were found in the patterns of trace elements from one
smelter to another. The authors suggest that these differences make smelter plumes sufficiently
distinctive that they can be identified from trace element chemistry. Other sources such as coal-
fired powerplants and municipal incinerators (high temperature processes whose feedstocks
include materials with above de minimis trace element concentrations) also have enriched
chalcophilic element concentrations, but the authors show that elements such as copper, arsenic,
antimony, selenium, indium, and cadmium are particularly enriched in smelter emissions
compared to these other sources. Small et al. (1981) conclude that smelter emissions may
contribute substantially to the atmospheric cycles of several elements on a local or, possibly,
even regional scale.

Chaubal and Nagamori (1983) and Chaubal (1989) report on computer modeling of the
elimination of arsenic, antimony, and bismuth during copper converting operations. The authors
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describe these impurities as being "detested in copper smelting"”. These three trace metals are
cited as being primarily eliminated by volatilization in the initial slag-making phase of
converting operations (and therefore may be emitted as fugitive emissions during converter
rollouts).

The U.S. Environmental Protection Agency (1998), in its proposed rule for National
Emission Standards for Hazardous Air Pollutants (NESHAPS) for the source category of primary
copper smelters, notes that emissions of listed hazardous air pollutant metals from copper
smelters are sufficiently large to qualify those facilities as major sources under the Clean Air
Act. Trace elements originally occur in copper ore deposits; the specific list of trace elements
emitted at a copper smelter, and their quantities, depend on the ores being processed. The
USEPA proposed rule identifies arsenic, antimony, bismuth, cadmium, lead, selenium,
magnesium, aluminum, cobalt, tin, nickel, tellurium, silver, gold, and palladium, as well as
beryllium and chromium, as among the possible metals associated with copper smelting. (See
also USEPA 2001).

The information from toxics release inventory reports (see the www.epa.gov/tri website)
for operating smelters in the U.S. provides current information on estimated releases for a
number of trace elements. Emission controls are much improved at modern U.S. smelters
compared to those in earlier years; consequently, recent emissions estimates do not indicate the
magnitude of historic emissions resulting in residual soil contamination near smelters.

1.3  APPLICATIONS OF TRACE ELEMENT STUDIES

The number of studies of trace element contamination in the environment near smelters,
or other major point sources, is large and growing. This is an area of active current research, as
illustrated by the Kola geochemistry project (see Reimann 2002) and Canada's multi-year Metals
in the Environment - Research Network (see MITE-RN 1998 to present) project. Selected
studies are described in this section to illustrate the application of trace element chemistry for
environmental impact and source identification.?

In a study of soils around the largest point source of metals emissions in Sweden, the
Ronnskar copper smelter, Nordgren et al. (1986) collected two replicate composite (10:1) soil
samples from 21 locations ranging from 2.4 km up to 55 km from the smelter. Sampling
locations were in relatively undisturbed coniferous forest areas that surrounded the smelter. A
total of 17 elements was analyzed. Nordgren et al. (1986) present a summary (log-log scaled)
plot showing the results for nine elements that all showed decreasing concentrations with

*The list of elements analyzed in each study differs. The absence on an element from a
discussion of results here may reflect only the fact that it was not analyzed in that study.
Therefore, the identification of elements associated with studied emission sources may not be
complete because of the study design.
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increasing distance from the smelter: arsenic, chromium, copper, iron, lead, nickel, selenium,
vanadium, and zinc. All nine elements demonstrated high R-squared values for regression of
concentration versus distance. Elements known to occur in smelter emissions (e.g., copper, zinc,
arsenic, and lead) were among those analyzed; other elements in smelter emissions (e.g.,
mercury and cadmium) were not included as analytes in this soil study. The nine smelter-related
elements were all grouped together in the first factor in a multivariate statistical analysis by the
authors.

Beckman (1978) notes that elevated levels of heavy metals including lead, mercury,
arsenic, and cadmium have been reported in various environmental media sampled near the
Ronnskar smelter. Beckman cites mean annual air emissions estimates for the period 1967-1978
for arsenic, lead, cadmium, and mercury of 115, 485, 12, and 2 tons per year. Johnson et al.
(1992) sampled sediments from 12 lakes at distances up to 80 km from the Ronnskar smelter.
They demonstrated that sediment concentrations for mercury, lead, cadmium, copper, and
arsenic showed a significant pattern of decreasing concentrations with increasing distance from
the smelter.

Gabriel and Patten (1994) investigated the use of honey mesquite, a widely occurring
plant species in the Sonoron Desert ecosystem surrounding the large primary copper smelter in
San Manuel, Arizona, as a bioindicator for the magnitude and extent of contamination from
smelter emissions. Leaf and bark samples from honey mesquite, as well as soil samples (surface
and 25 cm depth), were collected from distances up to 25 km from the smelter, as well as at a
control location. All samples were analyzed for 27 elements using neutron activation analysis.
For each matrix sampled, patterns of uniformly high pairwise correlations among subsets of the
27 elements analyzed were evaluated. Trends in concentrations versus distance from the smelter
were evaluated. Elemental enrichment factors were also calculated (compared to crustal values,
normalized to aluminum). While the resulting element subsets for each individual data
evaluation differed somewhat, the authors conclude that their results demonstrate a general
grouping of "smelter-related” elements characterized by high volatility and enrichment in sulfide
phases of copper concentrates (compare Germani et al. 1981). That group of "smelter-related"
elements includes, among others, copper, arsenic, antimony, indium, and chromium. Some of
the specific data evaluation results for these elements are discussed in terms of possible
differences in transport distances and fates in soils once deposited from smelter emissions.

In a similar follow-up study, Gabriel and Patten (1995) collected and analyzed honey
mesquite leaves during a year of smelter operations and a year of smelter shutdown (for
conversion to a new smelting technology, during which trial smelting runs resulted in some
short-term emissions). The trace element patterns for operating and non-operating periods were
compared to evaluate the sensitivity of the honey mesquite plant as a pollution bioindicator. The
results showed large reductions (up to 95 percent) in leaf concentrations of “smelter-related"
trace elements including copper, arsenic, indium, antimony, zinc, and tungsten.

Ragaini et al. (1977) sampled ambient air particulate filters (high volume samplers), soils

Tacoma Smelter Plume Site
Trace Element Study 9



(0-2, 10-12, and 20-22 cm depth intervals), and grasses (analyzed unwashed) from areas within
several miles of the Bunker Hill lead smelter and associated facilities in Kellogg, Idaho. A total
of 36 elements was analyzed in the collected samples, using a combination of neutron activation
and X-ray fluorescence methods. (See Roberts 1973 for the complete results of ambient air
particulates analyses). Evaluation of enrichment factors (compared to crustal values, normalized
to scandium), soil depth profiles, synchronous variation with lead in ambient air particulate
samples, and comparative results for soils versus ambient air particulates were used to identify
smelter-related elements, which included cadmium, arsenic, lead, indium, selenium, antimony,
zinc, mercury, silver, gold, nickel, and possibly copper.

Lynch et al. (1980) collected 100 soil samples (0-2.5 cm depth interval) from the
community near the Trail, British Columbia, Canada lead smelter and from a reference
community (Nelson, B.C.) and analyzed them for 30 elements. The smelter area soils were
found to be enriched in lead, zinc, copper, cadmium, arsenic, and antimony. Ambient particulate
samples collected at one location in each community over a one-year period showed enrichment
by the same elements (copper data excluded because of contamination from the motors in
ambient high volume samplers).

Pagenkopf and Maughan (1984) investigated atmospheric deposition of metals near the
East Helena, Montana lead smelter, following reports of cattle losses from lead poisoning. Snow
cores were collected and analyzed over a region of more than 80 square miles surrounding the
smelter, with data from the 91 day sampling period extrapolated to estimate annual deposition
amounts. Substantial deposition of lead, zinc, arsenic, and cadmium was demonstrated, with a
spatial pattern indicating the smelter was the source. Soil sampling along three transects to
distances of 8 miles from the smelter also revealed elevated concentrations for these four
elements, and nonlinear decreases with distance from the smelter.

Galbraith et al. (1995) studied the relationship of soil metals contamination and
vegetation in areas within about 10 miles of the Anaconda copper smelter in Montana. The
Anaconda smelter operated from 1884 and 1980. Soil samples from 0-5 cm were collected from
40 locations; at half of those locations, additional samples at 0-15 cm were also collected.
Significantly elevated concentrations of arsenic, cadmium, copper, lead, and zinc were reported,
with the upper 5 cm depth interval showing higher levels than the deeper soil cores. All five
elements were documented to occur in smelter emissions in substantial amounts.

Henderson et al. (1998) discuss the results from a series of studies around the Flin Flon
copper/zinc smelting complex in Manitoba, Canada. Interpretations of the concentrations of
metals in soils around the smelter are aided by two factors: 1) the lack of other significant
anthropogenic sources for metals in the remote Flin Flon location, and 2) the availability of an
extensive regional geochemical database for soils resulting from a surficial geological mapping
and geochemical prospecting project. The geochemical database provides a context in which to
assess the effects of prolonged smelter emissions, in an area where the natural geological
variation in trace element concentrations is well known. Henderson et al. (1998) cite arsenic,
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cadmium, copper, mercury, lead, and zinc as elements demonstrating concentrations decreasing
with distance from the smelter and exceeding regional background levels to distances of as much
as 100 km or more. McMartin et al. (1999) provide additional information on the patterns of soil
contamination revealed by this study, including estimates of the maximum anthropogenic
contribution (percent) by trace metal and zone (distance range). This recent study confirms the
results reported in several earlier investigations of the Flin Flon smelter (see Franzin et al. 1979
[bulk precipitation and snow sampling]; Zoltai 1988 [peat sampling]; Pip 1991 [soils and garden
produce]). All of these studies confirm the Flin Flon smelter as a dominant regional source of
trace element contamination of the surrounding region.

Soil samples were collected along two transects at distances up to 27.5 km and 42.5 km
from the Horne copper-zinc smelter at Rouyn-Noranda, Quebec, Canada (Dumontet et al. 1992).
Elevated concentrations of cadmium, lead, copper, and zinc were reported, with greater
contamination in the more frequent downwind direction. These trace elements in 0-15 cm soil
samples showed statistically significant exponential decay with distance from the smelter and a
high degree of correlation. Concentrations were found to decrease rapidly with depth, based on
comparisons of results from 0-15 cm and 15-30 cm.

McMartin et al. (2002) compare soil sampling results from regions around three
Canadian smelters: Flin Flon, Manitoba; Trail, British Columbia; and the Horne Smelter at
Rouyn-Noranda, Quebec. These comparisons are based on recent studies with sampling at
distances up to 200 km, 50 km, and 69 km for the three smelters, respectively. The humus, B-
horizon, and C-horizon of soil profiles were sampled and analyzed separately to examine
contaminant depth profiles and mobility. Copper, lead, and mercury are shown to exhibit similar
patterns of elevated concentrations in humus samples at all three sites, with exponentially
decreasing concentrations versus distance that reasonably reflect estimated emissions. Locations
closest to the smelters occasionally have elevated metals concentrations in B-horizon samples,
indicating some downward leaching in the region of highest concentrations. Anthropogenic soil
contamination is evaluated based on the humus-to-C-horizon ratios for trace elements. C-
horizon values represent uncontaminated mineral soils; allowance is made for the natural
enrichment of trace elements in organic-rich humus layers.

Trace elements were analyzed in samples from ploughed horizons of agricultural soils
near two large and long-operating smelters in the north of France: a lead-zinc smelter founded in
1894 and a zinc smelter operating since 1869 (Sterckeman et al. 2002). Soils near the lead-zinc
smelter were found to be contaminated by silver, arsenic, bismuth, cadmium, copper, mercury,
indium, nickel, lead, antimony, selenium, tin, thallium, and zinc. The same elements, but in
different proportions, were also found to be elevated in soils near the zinc smelter, where
chromium contamination was also documented. Control soil samples from similar agricultural
plots described as distant from potential sources (although at distances less than those shown to
be affected by smelter emissions in other studies) were collected and analyzed to determine
background concentrations for trace elements in soils. All soil samples were 20-to-1 composites
from the top 20 cm; selected locations were sampled to about 2 m to evaluate vertical mobility.
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Several trace elements, such as silver and indium, reported at low (absolute) concentrations were
nevertheless shown to be present near the smelters at large multiples of background levels (i.e.,
they demonstrated large enrichment factors). In contrast to the major contaminants of concern -
cadmium, lead, and zinc - from these smelters, which showed elevated levels to depths of up to 2
m, the minor trace elements were elevated only within the top 30 cm of soils. The areas sampled
were spatially limited, with maximum distances of 4 km and 2.1 km from the two smelters. The
inter-element correlations and patterns of concentrations versus distance were different for the
two facilities studied. The data from the lead-zinc smelter showed concentration gradients with
distance and identified the smelter as the source for trace element contamination. The data from
the zinc smelter, with a more limited sampling area, did not show a clear distance relationship
even though they were elevated above background levels; the authors discuss possible
confounding factors affecting this spatial pattern.

The region surrounding a mining and smelting complex in the Kola Peninsula of far
northwestern Russia, near Russia's borders with Finland and Norway, has been the subject of a
large number of studies over the past decade (see Reimann 2002). That group of studies includes
geochemical characterization of trace element concentrations in diverse environmental media.
(See http://www.ngu.no/Kola/publist.ntml for an extensive list of project publications). A pilot
project (Niskavaara et al. 1996) collected samples from 10 different environmental media and
analyzed them for up to 40 elements. Sampling of soils (Ao-horizon, humus), terrestrial moss,
snow, and stream water was recommended to most clearly define pollutant-related elements
including arsenic, cadmium, cobalt, chromium, copper, molybdenum, nickel, sulfur, antimony,
and vanadium.

Gregurek et al. (1998) report the results of analyses for up to 44 elements in spring
snowpack samples collected near the Kola Peninsula metals processing facilities. Enrichment
factors were calculated for snow filter residues compared to pristine northwestern Finland
samples; they showed elevated concentrations for many elements near the processing facilities.
Samples collected at Monchegorsk, site of a nickel-copper-cobalt smelter complex, included the
highest enrichment factors among all snowpack samples for arsenic, cadmium, molybdenum,
lead, antimony, and vanadium. Multiple elements at each of the three regions sampled show a
similar pattern of decreasing concentrations with increasing distance from the plant.
Concentrations of rhodium, palladium, platinum, gold, and tellurium were higher near
Monchegorsk than the other two sampling regions, attributed by the authors to differences in the
composition of ores processed at the various facilities. This is supported by differences in ratios
among the elements near the various sources (Gregurek et al. 1999). Those five trace elements
were highly correlated at all three sites.

Reimann et al. (1997) collected and analyzed multiple topsoil (0-5 cm) samples from
each of eight catchments (watersheds) in the Kola Peninsula region; two of the catchments were
at the locations of smelter or ore roasting facilities. Samples near those facilities were shown to
be enriched in a number of elements, including silver, arsenic, bismuth, cadmium, cobalt,
chromium, copper, iron, nickel, lead, antimony, selenium, tellurium, and vanadium.

Tacoma Smelter Plume Site
Trace Element Study 12



Reimann et al. (2000) describe a regional geochemistry survey covering a 188,000 square
kilometer area surrounding the Kola industrial facilities. They note that volatile elements such
as lead, cadmium, silver, arsenic, and selenium whose ore contents and stack emissions are much
lower than primary elements such as nickel and copper, nevertheless show similar "halos" of
enrichment around the major emissions sources. The spatial extent of these halos is from tens of
km to 150 km. Reimann et al. (2000) also note that the enriched soils within these halo areas
appear to account for most of the mass of trace elements emitted over time, and are thus a long-
term reservoir.

Haugland et al. (2002) collected samples of soil and vegetation from four locations, at
distances of 7 to 28 km, near the Severonickel copper-nickel smelter on the Kola Peninsula (at
Monchegorsk), as well as from a background location at over 150 km. Those samples were
analyzed for ten selected elements. The trace elements silver, arsenic, cobalt, iridium, nickel,
and antimony showed enrichment in soils and spatial patterns identifying the smelting complex
as the source. Soil depth profiles for trace elements were also determined. Contamination by
some elements in deeper horizons was noted. Many statistically significant positive correlations
for pairs of elements were also observed. The authors note that the region is one of the most
contaminated regions in the northern boreal forest zone, with visible effects of air pollution on
vegetation recorded at distances up to 80 km and traces of pollutants detectable at up to 200 km;
the total area affected by air pollution is cited at over 10,000 square km.

Nieminen et al. (2002) compared concentrations of selected metals in peat bog cores
from a location near a copper-nickel smelter (southwest Finland, 2.4 km from the smelter
complex) and an unimpacted reference location (eastern Finland). Annual emissions of copper,
nickel, zinc, lead, and arsenic for 1985-1999 from the Harjavalta smelter complex are provided.
The five selected trace elements were shown to be enriched in the peat bog core located near the
smelter complex. Precipitation samples (rain and snow) collected near the smelter complex were
similarly found to be enriched (arsenic not analyzed) in the selected trace elements.

The Sudbury, Ontario (Canada) region has a long history of copper and nickel mining
and smelting. Three smelters operated within a distance of approximately 20 km. Dudka et al.
(1995) collected and analyzed 73 soil samples from the 0-20 cm depth interval in a
reconnaissance survey of regional soil trace element impacts. Copper and nickel, the two
primary metals in smelter emissions, were highly elevated and showed a spatial pattern
associated with the smelter operations. Other trace elements that were enriched in soils included
cadmium, cobalt, chromium, iron, manganese, and zinc. (Note: poor results for analyses of lead
in lab QA/QC reference materials led to the exclusion of all lead results). Of these, cadmium
had a different spatial pattern than the other elements which could not be explained. In a
followup study of the chemical form and mobility of trace elements in soils, Adamo et al. (2002)
collected 20 soil samples and analyzed them by sequential extraction as well as total analysis
methods. Copper, nickel, and cadmium were the trace elements with the greatest soil impacts;
other trace elements were modestly elevated in only some of the samples. The Ontario Ministry
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of the Environment (2001) recently released a compendium of results for trace metal analyses in
soil and vegetation samples in the Sudbury region. The data reported are from sampling
programs between 1971 and 2000. Among other findings, elevated soil concentrations for
copper, nickel, arsenic, cobalt, and less frequently selenium are documented.

Kluge et al. (1991) collected soils over a study area of about 580 square km centered on
the Freiberg/Saxony region of Germany, where smelting of lead-zinc-silver ores occurred. The
soil samples were analyzed for 15 trace elements. Using factor analysis, the authors concluded
that soil impacts from smelter emissions and native mineralization were characterized by the
elements lead, silver, copper, tin, and zinc. Smelter impacts accounted for the largest fraction of
total variance in the data set.

Karczewska et al. (1998) report on soil contamination near the copper industry region of
Legnica and Glogow, Poland. A summary of earlier studies notes that copper, lead, zinc,
cadmium, and arsenic were reported in smelter emissions and soil and snow samples in the
vicinity of the smelters.

A national-scale survey of concentrations of 14 metals in forest floor humus layers was
conducted for the Czech Republic (Suchara and Sucharova 2002). Samples were collected on a
20-km grid scale with a total of 192 locations sampled. Several regions of elevated
concentrations were identified in this survey, one of which was a mining and smelting area near
the town of Pribram. Elements noted as being enriched in that mining/smelting region included
arsenic, cadmium, copper, mercury, lead, and zinc. The authors conclude that forest soils,
including the organic-rich humus layer, are a long-term repository for atmospherically-deposited
contaminants and provide a suitable sampling medium for identifying regional-scale impacts.

Chatterjee and Banerjee (1999) collected soil and other environmental samples near a
lead smelter in Calcutta, India and analyzed the samples for 20 elements. Soils were found to be
contaminated by lead, cadmium, silver, copper, zinc, arsenic, molybdenum, tin, and mercury.
These elements showed significant positive correlations and similar patterns of decreasing
concentrations with distance from the facility, indicating a common emission source from the
smelter stack.

Asami et al. (1992) collected 24 samples near the Kunitomi smelter in Hokkaido, Japan.
That smelter operated from 1890 to 1976, producing mainly copper, lead, and bismuth.
Substantially elevated levels of copper, lead, bismuth, and antimony were found in smelter soils
compared to background surface soils throughout Japan.

In a study of the distribution of arsenic in soils near the Garfield, Utah smelter, Ball et al.
(1983) found the usual pattern of exponentially decreasing arsenic concentrations with
increasing distance, as well as an association with wind frequencies. The authors note that
antimony is a trace constituent of smelter stack emissions. A strong linear relationship between
arsenic and antimony concentrations in soils over the study area (extending to 22 km from the
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stack) was demonstrated.

Trace element analyses have also been applied to ambient air and precipitation studies.
Source apportionment studies to identify the primary emissions sources affecting ambient
particulates can combine chemical analysis and air trajectory analysis approaches. For example,
Gullu et al. (1995) studied the concentrations of 38 elements in ambient particulate samples from
upstate New York. A high arsenic-to-selenium ratio was used to identify smelter contributions;
days with high arsenic-to-selenium ratios were shown through back-trajectories to be associated
with air masses arriving from Canadian copper smelter regions (e.g., Rouyn-Noranda).
Multivariate factor analyses of the elemental chemistry data identified a separate factor
representing copper smelters, with high factor loadings for the elements arsenic, indium,
cadmium, and antimony. Blanchard and Stromberg (1987) collected and analyzed rain samples
from two sites in southeastern Arizona near a number of smelters, over a period of 13 months.
Multivariate factor analysis identified a factor associated with smelters based on arsenic,
antimony, cadmium, copper, lead, and zinc concentrations. The mean values for each trace
element-to-copper ratio for precipitation samples were similar to the average ratios calculated for
in-plume samples at five Arizona smelters by Small et al. (1981), supporting the association of
that factor with smelter emissions.

Extensive sampling and analysis of shallow sediments in Lake Coeur d'Alene, Idaho,
downstream from the historically important Silver Valley mining district and the mining and
smelting operations of the South Fork of the Coeur d'Alene River, showed enrichment by
multiple trace elements (Horowitz et al. 1995). Marked enrichment was noted for silver, arsenic,
cadmium, mercury, lead, antimony, and zinc. Sediment core dating and chemical profiling of
sediment samples resulted in estimated dates for the onset of sediment contamination that are
consistent with the 1880-1890 timeframe for the start of mining and ore-processing in the Silver
Valley district.

1.4  TACOMA SMELTER OPERATIONS

The basic operations of the ASARCO Tacoma Smelter are described in PSAPCA (1981)
and USEPA (1983). Selected studies providing relevant information on trace elements
associated with smelter operations are discussed below.

NEA, Inc. (1984) performed a receptor modeling study to investigate sources
contributing to high ambient air arsenic measurements in areas surrounding the Tacoma Smelter.
Multi-element analyses of potential source materials were completed as part of that study. For
example, samples were analyzed for up to 30 elements from the following materials: Herreshoff
roaster charges and calcines; slag; various electrostatic precipitator and baghouse flue dusts;
arsenic product; dustfall from various locations at the smelter; copper ore concentrates (one
type); smelter process emissions (several locations); and ambient air particulates. The XRF
analytical method used had limited sensitivity to detect low concentrations (detection limits

Tacoma Smelter Plume Site
Trace Element Study 15



generally several hundred parts per million). Nevertheless, the results reported by NEA confirm
the presence of trace elements such as nickel, zinc, arsenic, selenium, silver, cadmium,
antimony, lead, and bismuth in smelter feedstock materials. Various flue dust and process
emission samples are shown to include the following trace elements, among others: chromium,
manganese, iron, nickel, copper, zinc, arsenic, selenium, molybdenum, silver, cadmium, indium,
tin, antimony, tellurium, mercury, lead, and bismuth. Multi-element analyses of Tacoma Smelter
slag are also reported by Keystone/NEA (1991).

PSAPCA (1974) provides some information on smelter emissions from stack tests or
ASARCO reports. For example, PSAPCA cites mercury content of ores and stack particulate
emissions at 25 ppm (average value, range of 1 ppm to 94 ppm) and 825 ppm, respectively.
Estimates for annual stack emissions in tons/year are given for arsenic, lead, mercury, and
cadmium for 1971-1973. An increased frequency in meteorological controls and physical
control system improvements resulted in substantial reductions in particulate emissions over that
period. In 1973, estimated tall stack emissions (in tons) were: arsenic, 133; lead, 48; cadmium,
1.2; and mercury, 0.28. For that same year, Labbe (1973) provides estimates of anticipated
discharges to air (in tons) as follows: arsenic, 133; cadmium, 1.2; copper, 5.8; lead, 82; nickel,
0.1; selenium, 0.2; silver, 0.1; and zinc, 14.

Varner (1983) provides data on annual stack emissions of arsenic, lead, and mercury at
the Tacoma Smelter. Data for arsenic and lead cover 1960 and 1970 through 1983; data for
mercury cover 1973 through 1983. A historical report on arsenic emissions for 1953 is also
cited. Annual arsenic emissions were reported at up to 500 tons per year, or more, in the 1960s
and earlier, declining by about 90 percent in the last years of smelter operation. Stack emissions
of lead declined over the same period from more than 200 tons per year to about 10 to 20 tons
per year. Stack emissions of mercury decreased from over 900 pounds in 1974 to a little over
100 pounds by 1983. If the proportion of mercury to arsenic in stack emissions was roughly
constant, the arsenic emissions data for pre-1973 years suggests that mercury emissions could
have been as much as several tons per year for the 1960s and earlier.

Nelson and Roberts (1975) report partial chemical analyses for Tacoma Smelter roaster
charge on several days. Measurable concentrations, showing little variability over time for the
short periods represented by the data, are given for 9 elements: lead, copper, arsenic, antimony,
nickel, sulfur, cadmium, mercury, and selenium. Nelson and Roberts (1975), in the course of
testing the performance on an existing electrostatic precipitator (ESP) and a pilot baghouse for
controlling emissions from the roaster gas streams at the smelter, compiled data on downstream
emissions of metals from these control systems. The existing ESP system was shown to be much
less efficient at capturing fine particulates, where volatile elements such as arsenic, lead,
cadmium, and antimony were particularly enriched. Measurements of total (filter plus impinger)
loadings downstream of the ESP resulted in approximate element ratios as follows: arsenic
(nominal value of 1,000): lead (331): antimony (76): copper (51): nickel (22): cadmium (8):
selenium (4).

Tacoma Smelter Plume Site
Trace Element Study 16



The USEPA conducted tests to determine mass emission rates and particle size
distributions for six selected elements from the roaster/reverberatory furnace and converter gas
streams at the Tacoma Smelter (Statnick 1974). The total emission rates (in pounds per hour)
were: arsenic, 58.05; lead, 24.65; zinc, 15.7; copper, 4.825; cadmium, 1.32; and chromium,
0.065. For these elements, the measured emissions in relation to arsenic showed ratios of 0.42
(lead), 0.27 (zinc), 0.08 (copper), 0.02 (cadmium), and 0.001 (chromium). The composition of
particulate emissions was found to be reasonably stable across particle sizes.

ASARCO reported to PSAPCA on monitoring conducted on the roof of the converter
building during October 1974, to characterize fugitive emissions released to the ambient air from
converter operations (Labbe 1975). Data for multiple sampling runs (each collected for
approximately 18-20 hours) are provided for arsenic, lead, zinc, cadmium, and mercury; some or
all of the results for cadmium and mercury were apparently below detection limits. Since total
particulate loadings (in mg/m3) are also given, the concentrations for elements can be derived;
arsenic concentrations, for example, ranged from about 14,000 ppm to 82,000 ppm. The
lead:arsenic ratios for 15 sampling runs ranged from 0.43 to 1.9, with an average value of 1.01.

Control of fugitive emissions released during converter operations, especially when the
converters were in "rollout mode", was the focus of a testing program for the efficiency of an air
curtain hooding system at the Tacoma Smelter (PEDCo 1984). As part of that testing program,
analyses were performed for arsenic, lead, selenium, cadmium, antimony, and bismuth during
various stages of converter operations and for various particle size fractions of the fugitive
particulate emissions. The majority of the total measured releases of these elements occurred in
the finest size fraction (< 3.4 um). Comparisons of total converter cycle measurements and
specific "rollout mode™ measurements support the finding that most of the total fugitive
converter emissions occurred during converter rollouts. The elemental fractions in total
particulate emissions, while variable from run to run and across converter operating modes,
generally showed arsenic and lead to be greatest (at times each exceeding 10 percent of total
particulate mass), followed by antimony (around 1 percent), with bismuth, cadmium, and
selenium lower (at tenths of a percent).

In July 1984 a fire in the main stack of the Tacoma Smelter resulted in deposition of
particulates in surrounding neighborhoods. Austin (1984) reports the results of PSAPCA's
analyses of 11 collected samples for arsenic, copper, lead, zinc, and antimony; an analysis
submitted to PSAPCA by ASARCO is also included. The average elemental ratios for
PSAPCA's analyses for arsenic: lead: copper: zinc: antimony were 1.00: 1.10: 0.40: 0.20:
0.0011. ASARCO's results for these ratios were 1.00: 0.83: 0.22: 0.13: 0.06.

Unfortunately, the extensive files of the Puget Sound Clean Air Agency (formerly the
Puget Sound Air Pollution Control Agency) for the Tacoma Smelter, including various source
test results, have been discarded (Nehen 2002) and are therefore not available for review.

The Tacoma Smelter operated three NPDES monitored outfalls (PSAPCA 1981). Those
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three outfalls discharged only noncontact cooling water and surface water that was collected
from throughout the smelter property. Monitoring data showed large mass discharges for
arsenic, zinc, copper, antimony, lead, and cadmium. The presence of these trace elements in
high quantities in the outfalls was attributed primarily to the incorporation of particulates and
dusts in surface water runoff from smelter property.

1.5 PREVIOUS TACOMA SMELTER STUDIES

Numerous studies have been performed addressing various environmental media in the
region surrounding the Tacoma Smelter. A large proportion of these studies have focused on
arsenic, lead, and less frequently cadmium as the primary smelter-related contaminants of
potential concern. Some investigations have included analyses of a larger number of trace
elements. A chronology of many of the studies completed by 1991 is provided in Bechtel
Environmental, Inc. (1992). In this section, selected investigations that provide relevant trace
element information are identified and briefly discussed.

Crecelius et al. (1974) note that Tacoma Smelter stack dust was characterized by the
Puget Sound Air Pollution Control Agency as containing 30 to 40 percent arsenic, 20 to 30
percent lead, 2 percent antimony, and smaller amounts of zinc, copper, mercury, and other
metals. Their early report of soil sampling conducted by several entities included results for
analyses of 15 surface soil samples (0-3 cm) for antimony, showing significantly elevated values
for areas up to several miles from the smelter. Arsenic and lead analytical results were also
reported. Crecelius et al. (1975) also showed elevated antimony occurred in sediment cores near
the Tacoma Smelter. Core dating established the onset of increased antimony concentrations in
sediments to be consistent with the start of Tacoma Smelter operations. In some locations the
elevated antimony in sediments was concluded to result from windborne transport of smelter air
emissions rather than from tidal currents of materials released to water (e.qg., slag disposal or
direct water discharges from smelter outfalls). (See also Crecelius 1974 and 1975).

Ratsch (1974) collected soil (0-2 inches) samples, primarily from gardens, along two
transects heading south and southwest from the Tacoma Smelter. Cadmium, lead, and mercury,
as well as arsenic, showed elevated concentrations in soils, decreasing with increasing distance
from the smelter. Copper was also noted to be highly elevated near the smelter.

Heilman and Ekuan (1977) performed what is probably the most extensive trace element
analysis study of soils near the Tacoma Smelter. They sampled soils from 70 residential gardens
(five located in Puyallup as controls), covering parts of Vashon-Maury Island and areas in
Ruston and North Tacoma (primarily south and southeast of the smelter, with few sites in the
primary downwind direction, southwest). Analyses were performed by two laboratories for up to
37 elements. Data for each element were plotted versus distance from the smelter. The authors
conclude that the following elements had elevated soil concentrations near the smelter: arsenic,
cadmium, lead, copper, mercury, zinc, tin, platinum, molybdenum, antimony, sulfur, thallium,
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gold, and chlorine, and to a lesser degree palladium, tellurium, tantalum, tungsten, and bismuth.
The general form of the concentration versus distance relationship for the most clearly smelter-
related elements was an exponential decay curve.

PSAPCA (1974) provides a summary of various studies near the Tacoma Smelter,
focusing on arsenic, lead, cadmium, and mercury results. In addition to these four elements,
maximum antimony, copper, and zinc concentrations are reported for horse pasture grass based
on 5 samples. Elevated concentrations of these elements are documented. PSAPCA also
analyzed the fallout of eight elements - arsenic, lead, cadmium, copper, nickel, antimony,
selenium, and mercury - in three containers set out for a period of 120 days (March 1 to June 27,
1975) at three school locations near the Tacoma Smelter (see Roberts 1975). Measurable
quantities of all eight elements were reported for all three locations, with implied deposition
rates from tens of pounds per square mile per year for trace elements such as cadmium and
mercury up to thousands of pounds per square mile per year for the more abundant elements
(copper, arsenic, and lead). The ratios for mass collected for trace elements versus arsenic at the
three locations were as follows: copper - 4.2 to 4.3 plus a high outlier® of 22.1; lead - 0.64 to
2.72; selenium - 0.06 to 0.12; antimony - 0.04 to 0.10; nickel - 0.02 to 0.06; cadmium - 0.006 to
0.007; and mercury - 0.005 to 0.008. The deposition ratios for these seven trace elements at
three school locations close to the Tacoma Smelter are thus seen to be reasonably stable, except
for the single high copper outlier.

GCA (1974) operated three high-volume air sampling stations near the Tacoma Smelter
for three months. Daily samples were collected for total particulates measurement. A total of 35
of those daily filters were subsequently analyzed for 13 elements (not all analyzed in all filters):
arsenic, bismuth, cadmium, copper, iron, mercury, indium, manganese, nickel, lead, antimony,
samarium, and zinc. Samarium was not detected in any analysis; all other elements were
quantified in at least one filter. A pattern of significant correlations among elements was
demonstrated. Measured concentrations for multiple elements - arsenic, cadmium, copper, iron,
lead, and mercury - were characterized as greatly in excess of normal urban values.

McClannan (1974) performed an air monitoring study during periods of smelter operation
and strike periods when the smelter was shut down. Analyses of total suspended particulate
matter collected by Hi-Vol stations near the Tacoma Smelter included cadmium, mercury,
manganese, lead, antimony, selenium, and zinc, in addition to arsenic. Measured concentrations
for all elements but manganese showed marked increases during periods of smelter operations
compared to during the strike. Concentrations also decreased with greater distance from the
smelter, and the monitored elements all showed synchronous variations over time. Most
concentrations were elevated compared to values collected at the University of Washington
campus in Seattle. McClannan concluded that these results demonstrated impacts in Ruston and

*Throughout this report, the term "outlier" is used only to identify apparently anomalous
results. Statistical outlier tests were not performed. The use of the term outlier is thus intended
to convey a discussion point rather than a statistically rigorous finding.
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North Tacoma from low-level (fugitive) emissions sources at the Tacoma Smelter.

Lowry (1983) sampled soils (0-6 inches) in gardens in areas surrounding the Tacoma
Smelter to distances of more than 5 miles, and in Puyallup (a control area). Arsenic and
cadmium were analyzed in all samples. The areas near the smelter showed statistically
significantly higher concentrations than Puyallup, with values decreasing as distance from the
smelter increased.

As part of a large-scale soil sampling program for Ruston and North Tacoma, Black &
Veatch (1988a) analyzed 31 soil samples for a list of elements in addition to arsenic. Analytes
included antimony, beryllium, cadmium, chromium, copper, lead, mercury, nickel, selenium,
silver, thallium, and zinc. Soil samples were 4:1 composite samples, 27 for surface soils at 0-1"
and 4 for depth profiles at two locations and two additional depths, 4-6" and 10-12". Based on
elevated concentrations and a pattern of significant pairwise correlations, elements in addition to
arsenic found to be associated with smelter releases included selenium, lead, mercury, silver,
cadmium, antimony, and copper.

Bechtel Environmental, Inc. (1992) collected and analyzed additional soil samples to
extend the data set from Black & Veatch (1988a) investigations. In addition to arsenic, analyses
for antimony, cadmium, copper, lead, mercury, and silver were performed for 26 soil samples.
The 26 samples included 14 surface samples (4:1 composites, 0-1" depth interval) and 12 depth
profile samples (6-10" and 12-16" depth intervals collected from a single core at each of 6
locations). Elevated concentrations for these metals were reported.

Researchers from the University of Washington in Seattle conducted a number of
precipitation chemistry studies in areas downwind from the Tacoma Smelter. Several of those
studies included analyses for selected trace elements, in addition to arsenic and sulfur (the major
elements known to characterize smelter emissions). Larson et al. (1975) report the results of
regional sampling (at 43 collection sites) of precipitation from a single storm, including analyses
of 11 samples for arsenic, antimony, cadmium, copper, bismuth, and zinc. Rain chemistry
impacts associated with the smelter were detected to a distance of about 40 km, and arsenic and
antimony were found to be good elemental tracers of the plume to about 25 km. The other
metals showed spatial patterns not characteristic of a single source (for example, two of the most
distant collection sites had among the highest values for bismuth, copper, and cadmium);
locations near the smelter (Fox Island, Maury Island) did, however, have elevated
concentrations.

Knudson et al. (1977) statistically analyzed data from a similar single-storm study using
factor analysis methods. Analyzed elements included arsenic, antimony, cadmium, lead, copper,
zinc, and manganese. The authors note that single-element isopleth maps of the spatial
distributions of metals associate arsenic, antimony, copper, and cadmium with the Tacoma
Smelter. These same four elements are highly intercorrelated and identified as a prominent
grouping in the factor analysis. Thus, smelter emissions are identified as an important factor

Tacoma Smelter Plume Site
Trace Element Study 20



affecting rain chemistry in the region; other important factors are interpreted as sea-salt
background and urban sources.

Vong and others continued studies of rainfall chemistry in western Washington,
particularly as it related to acid precipitation and smelter emission effects. For example, Vong et
al. (1987) report that single storm precipitation sampling data for 38 collection sites show spatial
patterns for arsenic, lead, copper, indium, and antimony that can be associated with the Tacoma
Smelter as an important source. Vong et al. (1987) cite data from aircraft sampling in the
smelter plume in 1986 showing an arsenic to antimony ratio similar to the 8:1 value in the single
storm rainfall data set. Multivariate statistical evaluations of data from two storm monitoring
events identified a factor including arsenic, lead, antimony, and copper (as well as sulfate),
interpreted as representing the effects of Tacoma Smelter emissions (see also VVong et al. 1988).
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2.0 OBJECTIVES AND STUDY DESIGN

2.1 PURPOSE OF TRACE ELEMENT STUDY

Historic studies, as well as the recent series of studies conducted by Ecology and local
health departments, have demonstrated a widespread occurrence of elevated soil arsenic and lead
concentrations in areas surrounding the Tacoma Smelter. The spatial pattern of these elevated
soil concentrations has shown a gradient with distance from the smelter (see, for example,
Washington State Department of Ecology 2002) and a relationship to annual wind frequencies.

Ecology and other members of the study design work groups for recent investigations of
the extent of soil contamination considered various approaches to providing additional evidence
regarding the source(s) for documented elevated soil arsenic and lead levels. For example, lead
isotope analyses in soils, trace element analyses in soils, chronologic sediment core analyses (in
freshwater lakes or Puget Sound marine sediments), analyses of peat bog samples, and emissions
transport and deposition modeling studies were all identified as possible approaches.* Trace
element analyses of soil samples was selected as the first approach for collecting additional
information for source identification.

The fact that smelter emissions contain various elements, present in smelter feedstocks,
that are volatilized during high-temperature smelting processes is well established. Where
release, transport, and deposition of these elements results in a sufficiently large increase in
otherwise occurring soil concentrations (or in other media), these volatilized elements should be
useful in evaluating the smelter as a principal source for contaminants of primary concern for
health threats, such as arsenic or lead. Soils should be a relatively long-term environmental sink
for deposited contaminants; the rates of mobilization and loss of deposited elements from smelter
emissions are slow. Soils therefore represent an accumulation of smelter contaminants over the
nearly 100-year period of smelter operations. This accumulation in soils over time improves the
detectability of elements that are emitted by the smelter in comparatively smaller amounts.

Trace element studies have been performed at a number of smelters (see Section 1.3), as
well as at other high-volume, high-temperature sources (e.g., coal-fired powerplants and large
municipal incinerators). The usefulness of trace element analyses for source identification has
been demonstrated in those studies. Many of the reviewed trace element studies at smelters

“Since the Tacoma Smelter is no longer operating, other approaches involving
measurements of current emissions (air particulates analyses, deposition collection and analysis,
air trajectory analyses) are not applicable.
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involved facilities located in rural areas where other potential sources are all but absent. The
purpose of the trace element analyses of soils near the Tacoma Smelter was to investigate their
usefulness in identifying the Tacoma Smelter as a principal source for elevated soil arsenic and
lead in the highly developed and urbanized central Puget Sound region. The Tacoma Smelter is
believed to be the dominant regional source of arsenic emissions, although several other minor
and localized sources can be identified. In contrast, other substantial regional-scale sources for
lead besides the Tacoma Smelter are known, especially emissions from the use of leaded
gasoline and from weathering or removal of leaded paints. Little is known about the
comparative magnitude of releases from the smelter and from other possible sources for
additional trace elements in smelter emissions. The ideal trace elements for smelter source
identification are those that have significant smelter emissions, insignificant losses from fate and
mobility processes during transport and once deposited to soils, no other significant sources
(individually or cumulatively), naturally occurring concentrations that are low and relatively
unvarying, and available analytical methods that can quantify to low levels (e.g., at or below
typical background concentrations). How well smelter trace elements work for source
identification in the presence of "urban plume" emissions from a multitude of sources was a
question to be addressed in this study.

In community meetings, local citizens have asked on several occasions what smelter-
emitted contaminants besides arsenic and lead occur in their soils. The trace element analyses in
this study provide some additional information on the presence of additional contaminants. The
main focus of the study, however, is to address source identification questions and not to perform
human health or ecological risk assessments for an expanded list of soil contaminants related to
smelter operations.

2.2  TRACE ELEMENT STUDY PHASES

Samples for trace element analyses were selected during the course of two studies on the
magnitude and extent of soil arsenic and lead contamination: the VVashon-Maury Island Child-
Use Areas study (see PHSKC and Glass 2001) and the King County Mainland study (see
Washington State Department of Ecology 2002). In each case, the trace element samples
represent a subset of all samples collected and initially analyzed for arsenic and lead, the two
smelter contaminants of primary concern for human health. Samples for trace element analyses
were selected only after review of the arsenic and lead results (see Section 2.3). The field
sampling activities for these two studies occurred sequentially: from August 28 to November 8,
2000 for the VVashon-Maury Island study, and from February 21 to June 26, 2001 for the King
County Mainland study.

Two groups of soil samples were selected and sent for trace element analyses within each
of the two major studies; thus, there are a total of four sample groups for the King County trace
element study. The two sample groups within each study are distinguished by their size and the
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number of trace elements analyzed. A small initial group of samples® was analyzed for an
extended list of up to 36 elements. The larger, main group of samples was then analyzed for a
targeted, small list of trace elements selected based on evaluations of the results from the first
sample group (see Section 2.4). This approach was adopted so that a group of "best trace
elements” for the Tacoma Smelter and specific study region could be selected based on site-
specific information. Budget constraints limited the number of elements that could be analyzed
for the main sample groups.

To manage sample archiving requirements and provide for timely completion of the trace
element study, the small initial sample group was chosen based on a limited number of the
earliest results for arsenic and lead analyses. The sequencing for sample collection was therefore
arranged to include some locations likely to have among the highest soil contamination levels
early in the study. The larger, main group of samples for trace element analyses was selected in
increments as the arsenic and lead results for additional samples became available.

Information on Tacoma Smelter operations and from previous environmental studies in
areas surrounding the smelter suggested a partial list of elements that were likely to be associated
with smelter emissions. This information was not comprehensive in identifying all potentially
useful trace elements, nor did it support a ranking of potential trace elements according to their
utility for source identification. A review of the literature indicated that the best trace elements
for source identification were very likely to be source-specific; therefore, the results from studies
at other smelters were of indirect rather than direct application. Compared to most other
smelters that processed ores from one or a few local mines (with less variable composition), the
Tacoma Smelter - operating as a toll smelter - processed materials from a large number of
diverse sources. This introduced additional complexity and uncertainty into the task of
identifying best trace elements. Ecology and the study design work groups therefore adopted the
approach of analyzing a small initial group of samples for many elements so that the best trace
elements could be identified with site-specific information. The two-phase approach added
modestly to the costs for trace element analyses. The uncertainty in selecting best trace elements
from the limited available information on the Tacoma Smelter without collecting additional site-
specific data was of much greater concern.

The two-phase approach was repeated in the second study (King County Mainland) for
two reasons: 1) depending on the magnitude of their emissions and fate and mobility processes,
certain trace elements could lose effectiveness at greater distances from the smelter source, and
2) emissions of some trace elements within the much more heavily developed mainland study
area could mask the effects of smelter emissions of those trace elements. Some geologic
variability in naturally-occurring concentrations of elements by region was also deemed possible.

>The initial sample groups were referred to as "first ten" samples in the study designs,
since the intent was to select ten samples for extended trace element analyses. However, since
the two initial sample groups actually had 11 and 18 samples, that terminology is not used here
to avoid confusion.

Tacoma Smelter Plume Site
Trace Element Study 24



The analysis of a small initial group of region-specific samples was therefore repeated to
provide data to confirm the Vashon-Maury Island selection of best trace elements, or to identify
alternatives.

2.3  SELECTION OF SOIL SAMPLES FOR TRACE ELEMENT ANALYSES

A subset of the samples from the VVashon-Maury Island Child-Use Areas study and the
King County Mainland study was chosen for trace element analyses. The design goal was to
analyze approximately 10 to 15 percent of all samples from these two studies. A set of selection
principles was used to guide sample selection. The small initial sample groups for extended
trace element analyses had slightly more restrictive selection criteria. The general principles for
sample selection are described first, followed by a description of the limitations for selecting the
small initial sample groups in each study.

To meet the source identification objectives of the study, the following principles were
used in selecting trace element samples:

1. Samples with a broad range of arsenic and lead concentrations should be
included, with samples well-distributed across those ranges. The range of
concentrations should extend down to near background levels. Low
concentrations are required to confirm low trace element values in the absence of
elevated arsenic and lead concentrations. A broad range of concentrations will
support analyses of correlations (i.e., proportional response) among elements.

2. Samples should be selected from widespread locations to provide good spatial
coverage of the Tacoma Smelter Plume area. This will support evaluations of the
spatial range over which trace elements are effective for source identification,
including the possible effects from non-smelter sources.

3. Multiple samples should be selected from adjacent depth intervals within a boring
location. Differences in mobility of arsenic versus other trace elements would
result in the separation of different elements within the soil column, affecting
evaluations of their degree of association. Selecting samples from adjacent depth
intervals will allow for an assessment of differential mobility. Arsenic is believed
to be more mobile in soils than most other smelter-related trace elements.
Therefore sample selection should focus on depth intervals above the maximum
arsenic interval where applicable (i.e., where other than the top two depth
intervals are selected).

4, Samples selected for the trace element analyses should include some "anomalous™
results to check on trace element levels. Anomalous results could include
samples with highly atypical lead-to-arsenic ratios (e.g., high-arsenic, low-lead
results or low-arsenic, high-lead results) or samples with reasonably typical ratios
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occurring in atypical and unexpected locations. Analysis of these samples will
help determine if trace elements are discriminating among possible sources.

5. Samples should represent both relatively undisturbed (forested) and disturbed
properties. The Vashon-Maury Island Child-Use Areas study included both
undisturbed and disturbed sampling locations (such as camps, parks, school
playgrounds, and residence-based child care centers); the King County Mainland
study included only undisturbed locations. While undisturbed locations provide
the clearest evidence related to soil impacts from smelter emissions, developed
and disturbed properties are of greatest concern for human exposures and
remedial actions. The trace element data set should provide an opportunity to
evaluate how well trace elements work in both settings. Selected samples should
also include both "normal” (decreasing concentrations with depth) and "inverted"
(increasing concentrations with depth) depth profiles for arsenic and lead.
Inverted profiles are more common at developed properties, as a result of soil
disturbance during property development activities.

6. Where opportunities arise, some samples should be selected from multiple
borings at a single property or decision unit (DU). This will be especially
appropriate if different borings have markedly different arsenic and lead levels.
Including samples from multiple borings in this manner will support evaluations
of how well trace elements work on a local scale. This approach is essentially a
"property as its own control™ design.

The two small initial sample groups were selected and analyzed to determine a set of
"best trace elements”. That is, they focused on the question of how well various trace elements
worked to identify the smelter as a source in the absence of confounding factors. Samples
selected for these two sample groups therefore represented primarily undisturbed locations with
normal depth profiles, and excluded anomalous results. They were still chosen to reflect a broad
range of arsenic and lead concentrations. They also included multiple depth intervals at each
selected boring, but only a single boring per sampled location. Given the small number of
samples included, their spatial coverage was necessarily somewhat limited, but each sample
group still represented a range of locations.

Ecology recognized an opportunity within this first Tacoma Smelter trace element study
to compare the behavior of trace elements in smelter-impacted soils versus other soils with
elevated arsenic and lead concentrations. The historic use of lead arsenate at orchards to control
the coddling moth and other pests has been well documented. Numerous sites in Washington, a
primary producing area for apples and other tree fruit, are known to be affected and to have
residual soil contamination with arsenic and lead, at concentrations similar to those in smelter-
impacted areas of Puget Sound. Ecology decided to add samples from two former orchard
properties in Eastern Washington (i.e., from soils known to be affected by a non-smelter source
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for arsenic and lead) to the small initial sample group from the King County Mainland study for
extended trace element analyses. The main objective for these additional samples was to
investigate how well trace element analyses discriminated between these two different sources
for soil arsenic and lead.

A map showing all locations on Vashon-Maury Island and the King County Mainland
where samples were analyzed for trace elements, after the initial analyses for arsenic and lead, is
provided as Figure 1.° A summary of the characteristics of selected samples is provided in Table
1. Some details of sample selection in the two studies are described below.

Vashon-Maury Island Child-Use Areas Study. Collection of undisturbed samples was
planned at only four properties (the "forest fringe" samples; see PHSKC and Glass 2001) within
the child-use areas study. It was difficult to assure early sampling at these few undisturbed
areas; moreover, given their locations it was not certain that they would provide highly elevated
soil arsenic and lead concentrations. To provide undisturbed soil samples with a large range of
arsenic and lead concentrations at an early enough date for extended trace element analyses of
the small initial sample group for this study, Ecology and PHSKC decided to resample four
locations where high levels of soil contamination had been found in the first Vashon-Maury
Island study of undisturbed properties (see PHSKC and Glass 2001, Attachment C). At each of
the four properties, nine samples were collected (three depth intervals in each of three borings).
The 36 resulting resamples were analyzed only for arsenic, which was deemed sufficient for
sample selection for the trace element study. (A strong association between arsenic and lead
concentrations had already been established in the initial Vashon-Maury Island study).

Nine of the 36 resamples, representing all four locations, were selected for extended trace
element analyses. The maximum arsenic concentrations from the four locations ranged from 120
to 230 ppm’, with specific depth-interval concentrations down to 33 ppm. Two additional
samples from Point Robinson (location 42) were included in the first sample group, with arsenic
concentrations of only 10 and 16 ppm, to extend the lower end of the range for arsenic levels.
The extended trace element analysis sample group therefore included 11 samples, with distances
from the Tacoma Smelter tall stack of 3.0 to 8.8 miles and directions (bearings, clockwise from
due north) of -7 to 41 degrees (see Figure 1). The five locations extend in an approximately
NNE to SSW alignment along the southern edge of the Vashon-Maury Island landmass.

®Note: some of the location code numbers are repeated in the two studies. Therefore an
unambiguous identification requires the study designation as well as the location number.

"ppm = parts per million. All analysis results in this report are expressed on a dry weight
basis for the size fraction <2mm.
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The larger, main sample group for targeted trace element analyses included an additional
155 samples, for a total from the VVashon-Maury Island Child-Use Areas study of 166 samples.
Approximately one-quarter of these samples (n=41) represent undisturbed sampling locations
(either resamples from the first study or forest fringe samples), and three-quarters (n=125)
samples from one of the types of child-use areas reflecting some degree of property development
and soil disturbance (see Table 1). Selected samples are from 27 locations in all (see Figure 1);
one location (number 42) was included in both the small initial sample group and the larger main
sample group, and three locations (numbers 6, 39, and 42) contributed both undisturbed (forest
fringe) and disturbed (child-use area) samples. The sample locations provide broad spatial
coverage across the general south-to-north gradient (high-to-low concentrations) for soil
contamination.

The 166 samples selected for trace element analyses represent a little more than 10
percent of the 1,619 samples in the Vashon-Maury Island Child-Use Areas study (1,503 for
child-use areas, 80 for forest fringe areas, and 36 resamples from the initial study).

Several characteristics of the selected samples are identified on Table 1. All but three of
the 59 borings from which trace element analysis samples were selected include the first two
depth intervals. The majority of borings (37 of 59) have samples selected from three or more
adjacent depth intervals. At 15 of the 27 locations, two or more borings from the same DU have
samples selected for trace element analyses, allowing comparisons of trace element performance
on a local scale.

King County Mainland Study. All King County mainland samples were collected from
relatively undisturbed locations. A small initial sample group for extended trace element
analyses was selected from five locations along the western (nearshore) margin of the mainland
study area (see Figure 1), with 2 samples from adjacent depth intervals in a single boring
selected at each location (n=10 samples total). The five locations extend in an approximately N
to S alignment, with distances from 8.9 to 19.8 miles from the smelter stack and bearing
directions from about 16 degrees to 86 degrees (i.e., West Seattle to Federal Way). The
maximum arsenic concentrations by location ranged from 17 ppm to 140 ppm, with individual
depth interval samples extending down to 9.1 ppm arsenic.

An additional 8 samples collected from former orchard properties in the Yakima,
Washington area (see Peck 2001) were included in the small initial sample group for extended
trace element analyses. These 8 samples were from two adjacent surficial depth intervals (0-2
inches and 2-6 inches, matching the Tacoma Smelter Plume sampling protocols) in each of two
borings at each of two properties. Previous sampling at both locations had confirmed the
presence of elevated arsenic and lead levels.

The larger, main sample group from the King County mainland consisted of 58 samples
from an additional 28 locations. Thus, the total set of mainland samples included 68 samples
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from 33 locations (see Figure 1). These selected trace element sample locations provided broad
spatial coverage over the mainland study area of approximately 200 square miles. The most
distant location was almost 25 miles from the smelter stack.

The 68 selected trace element samples represent almost 12 percent of the total of 576 soil
samples collected in the King County Mainland study. As shown in Table 1, 31 of 33 borings
include the first two depth intervals, and only 2 of 33 borings include samples from more than
two depth intervals. In all cases, selected samples from a location came from only a single
boring; no "within-location" comparisons are available for the mainland. The set of trace
element samples from the King County Mainland study therefore represents a simpler, more
homogeneous design than those from the VVashon-Maury Island Child-Use Areas study.

Summary. The total data set for trace element analyses thus consists of 234 soil samples
from 60 locations within the Tacoma Smelter Plume site in King County, Washington plus 8
unrelated samples from former orchard properties in Eastern Washington. The selection of
samples satisfied the identified principles for selection, including (as will be seen) performing
trace element analyses for some anomalous samples based on initial arsenic and lead results.

2.4  SELECTION OF TRACE ELEMENTS FOR ANALYSIS
2.4.1 Extended Trace Element Analyses

Various reports on Tacoma Smelter operations and environmental investigations in areas
surrounding the Tacoma Smelter were reviewed to compile a preliminary list of potential trace
elements for analysis. This review was expanded to include reports from the literature on other
smelters and smelting processes (see Section 1). A previous Ecology-sponsored study (see
Black & Veatch 1988b, Table 3-1) had summarized similar information on trace elements likely
to be associated with copper smelter emissions, and provided a point of departure for the current
effort.

Preliminary recommendations were also discussed with the analytical lab performing the
trace element analyses (Battelle Marine Sciences Laboratories: E. Crecelius), with respect to
both analytical capabilities and knowledge of potential smelter trace elements. The result was a
final set of 36 elements to be analyzed as an extended trace element study for the two small
initial sample groups (including samples from former orchard properties in Eastern Washington).
A listing of these 36 elements (ordered by atomic number) is provided in Attachment A. This
list reflects a compilation of elements with some rationale for being associated with smelter
emissions as well as additional "exploratory" elements.

2.4.2 Targeted Trace Element Analyses

The results of analyses for the extended trace element list are provided in Attachment D.
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The evaluation of these results to select "best trace elements” was based on the preliminary
results as reported by Battelle; data validation reviews were not performed until after all of the
trace element sample analyses were completed, and then only for 7 of the 36 elements (see
Section 3.0).

Two basic evaluation approaches were used to assess the results of the extended trace
element analyses. These two approaches correspond to evaluations of the strength and the
specificity of association of a trace element with smelter emissions. The strength of association
was determined by the enrichment factor for a trace element. The specificity of association was
determined by the correlation structure of a trace element with arsenic, the primary smelter
contaminant of concern, and with other trace elements showing large enrichment factors.

Enrichment factors as used here are a measure of the degree to which the soil
concentration of an element exceeds a typical or reference concentration, such as a background
concentration. A normalization of enrichment factors, using a conservative element believed to
be relatively unaffected by anthropogenic sources, has often been used; that approach has also
recently been critiqued (see Reimann and Caritat 2000). The extended trace element list
includes likely conservative trace elements, but the analyses of the larger sample groups are
limited to selected "best trace elements” and do not include conservative elements.
Normalization of the larger sets of results are therefore in any event not possible from the
reported data. A simpler version of enrichment factors was used for this study, in which the
sample concentrations for any trace element are normalized to the value reported for that element
for the sample in the initial sample group with the lowest arsenic concentration.®> A number of
analyzed elements show enrichment factors of more than tenfold using this approach, while
others - cerium, for example - show essentially no enrichment over the full range of arsenic
concentrations (more than tenfold to more than twentyfold in the two initial sample groups).

®As discussed in Section 2.3, the lowest arsenic concentrations in the two initial sample
groups were about 10 ppm in the original OnSite analyses, and reflect locations known to be
downwind from the Tacoma Smelter. The samples may still include minor impacts from smelter
emissions, even though they approach expected regional background values, and the calculated
enrichment factors may be biased low to some degree. This does not affect the selection of "best
trace elements” for the study.
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The specificity of association with smelter emissions was measured by the pairwise
correlation results among trace elements, including arsenic.’ Higher correlations between
elements with substantial enrichment factors reflect a closer, more proportional association over
the full range of observed soil concentrations.’® Higher correlations are interpreted as showing
more dominant smelter impacts, versus impacts from other possible sources (including
anthropogenic releases and geochemical variability). (Possible effects on correlations from
different mobilities of elements in soil were judged qualitatively; reducing the data set to
maximum values in only five borings produces limitations in measures of statistical significance
for correlations).

Based on these strength and specificity evaluations of the extended trace element
analyses, multiple elements appear to be good candidates for tracers of smelter emissions. At
least ten elements appear to be effective tracers: antimony, arsenic, bismuth, cadmium, copper,
indium, lead, mercury, silver, and tin. Some additional elements demonstrate possible (but less
certain) associations with smelter emissions, with enrichment factors and correlations that are
lower than those of the major group of ten elements listed above.

Three "best trace elements” were selected for primary analyses of the larger sample
groups, considering both enrichment factor and correlation results. These three "best trace
elements" are antimony, bismuth, and indium.** The expected background soil concentrations
for these three elements are low (well below 1 ppm; see Encyclopedia Britannica 1980,
Ermolenko 1966, Kabata-Pendias and Pendias 1992, and Meador et al. 1994). For the initial
sample group from Vashon-Maury Island, where the maximum enrichment factor for arsenic
based on Battelle results was about 17, the maximum enrichment factors for antimony, bismuth,
and indium were about 50, 68, and 27, respectively. The pairwise correlation coefficients for
these three elements versus the list of ten good candidate trace elements were also notably high
and statistically significant. The evaluations of results for the mainland samples confirmed
selection of antimony, bismuth, and indium as the three primary elements for analysis in the
larger group of mainland samples. These three trace elements were thus analyzed in all 234
samples from King County selected for the trace element study.

*Trace element samples for the small initial sample groups were selected to provide an
approximately uniform distribution of values over the selected range. Pairwise correlations were
therefore calculated based on the reported results rather than log values.

191t is possible for two elements to both show large enrichment factors within a group of
samples, but with a pattern that produces a low correlation between them. It is also possible for
elements with more modest enrichment factors to show the highest correlations, for example if
the smelter is the only significant source but the mass emissions over time are comparatively
small. The enrichment factors and correlations therefore conceptually measure different aspects
of the trace element results.

1t is noteworthy that antimony and bismuth are both Group V elements occurring in the
same column of the periodic table as arsenic.
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A review of general literature sources describing uses of antimony, bismuth, and indium
did not identify any likely large sources of air emissions other than the smelter. (Sources
reviewed included the Encyclopedia Britannica; the Encyclopedia of Chemical Processing and
Design; the Kirk-Othmer Encyclopedia of Chemical Technology; Ullmann's Encyclopedia of
Industrial Chemistry; the US Geological Survey Minerals Yearbooks and Mineral Commodity
Summaries; and Chow 1995). The former secondary lead smelter on Harbor Island was
identified as a likely localized source for antimony emissions whose spatial range of impacts was
very small compared to the Tacoma Smelter (see Kimbrough and Suffet 1995; Eckel et al. 2002).

A decision was also made to investigate the performance of a fourth trace element in
analyses of each of the larger sample groups. For the Vashon-Maury Island sample group, the
fourth trace element was mercury; for the King County mainland sample group, the fourth trace
element was silver. A subset of the Vashon-Maury Island sample group (26 of 155 samples) was
analyzed for mercury. All of the mainland sample group (58 samples) was analyzed for silver.
These two additional trace elements were selected based on evaluations of the initial extended
analyses. Mercury, for example, had a maximum enrichment factor of about 41 for the first
group of 11 samples from Vashon-Maury Island, as well as a strong pattern of high pairwise
correlation coefficients. Different fourth elements were selected for the two larger sample
groups to expand the information collected on smelter trace element performance.

Finally, arsenic was analyzed for the same samples analyzed for the fourth selected trace
elements in the two larger sample groups. This provided data to compare results between the
two labs (OnSite and Battelle) for arsenic, involving two different analytical methods, separate
sample aliquots from the sample jars, and a separation in time of analysis since sample
collection. Consistent and highly comparable results for these arsenic reanalyses would support
evaluations of the reported Battelle trace element results together with the original OnSite
arsenic and lead results, as one data set. Lead was not included as a Battelle analyte for the
larger sample groups, and arsenic was not analyzed by Battelle for all samples (due to budget
constraints).
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3.0 LABORATORY ANALYSES AND DATA VALIDATION

The evaluations of trace element analyses include the results of initial analyses by OnSite
Environmental, Inc. for arsenic and lead (see Sections 4.0 and 5.0). The OnSite laboratory
analyses and data validation reviews for the Vashon-Maury Island samples are described in
PHSKC and Glass (2001); similar methods were used for the analysis and validation of King
County Mainland samples (see Washington State Department of Ecology 2002 and the Ecology
website for a summary of mainland results). OnSite performed all analyses on sieved samples
(<2mm) and reported all results on a dry weight basis. A microwave digestion procedure was
used. Arsenic analyses were performed by graphite furnace atomic absorption (GFAA) methods,
and lead analyses by ICP methods.

The Battelle Marine Sciences Laboratories, located in Sequim, Washington performed
the additional trace element analyses. OnSite stored all samples after completion of initial
analyses, pending the selection of samples for trace element analyses. The selected samples
were then sent to Battelle under chain of custody. The four groups of samples selected for trace
element analyses (see Section 2.2) were received at Battelle Sequim on 12/06/00, 2/23/01,
6/1/01, and 10/04/01 to 11/19/01. After trace element analyses were completed, Battelle stored
the samples until after data validation reviews were completed. Ecology approved disposal of
the samples once data validation results were available, in November 2002,

Consistent with earlier Tacoma Smelter Plume site investigations, and the requirements
of Washington's Model Toxics Control Act (MTCA), all Battelle analyses were performed on the
<2mm size fraction of samples and reported on a dry weight basis. Rather than analyzing
samples for percent moisture, Battelle dried a portion of each sample before analysis. Battelle
also used a different digestion procedure than OnSite. The hot plate digestion protocol used by
Battelle is longer than the microwave digestion protocol and is generally considered somewhat
more rigorous.

Most elements were analyzed by Battelle using ICP-MS methods. Exceptions were
silver, which was analyzed by GFAA to avoid possible interferences, and mercury, which was
analyzed by cold vapor atomic absorption (CVAA) methods. These methods were selected
based on the anticipated concentration ranges for trace elements (down to background levels) to
provide suitably low detection limits, minimizing not detected results.

Not all samples were analyzed for all trace elements. Of the planned analyses, Battelle
provided results for all but one: a sample from Vashon-Maury Island (sample 1-1100-1-1-3) was
not analyzed for silver. Battelle included a number of quality assurance/quality control (QA/QC)
provisions supporting evaluation of the quality of the reported results. Analyses of blank
samples, multiple standard reference materials (as lab control samples), matrix spike/matrix
spike duplicate samples, and lab duplicate samples were performed. No field duplicate samples
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were submitted for analyses.'? The trace element analyses for a large number of elements
resulted in some limitations for the QA/QC program (see EcoChem 2002). For example, method
detection limit studies were not available for some elements, some elements lacking calibration
curves were reported as relative magnitudes (instrument responses), and standard reference
materials did not have certified values for some trace elements. All such limitations were
considered during data validation reviews.

For each of the four sample groups, Battelle reported all results, including QA/QC
results, in a spreadsheet format (submittals on 2/12/01, 5/04/01, 7/18/01, and 12/06/01). Data
reports were initially sent to Ecology and PHSKC. Ecology subsequently decided to submit the
results for independent data validation reviews, which were performed by EcoChem, Inc.,
located in Seattle, Washington. Battelle then provided data deliverables to EcoChem for data
validation. The reviews of the two small sample groups with extended trace element analyses
were limited in scope (no transcription checks or recalculations performed), and based on
Ecology request were limited to only 7 of the trace elements analyzed. The two large sample
groups analyzed at Battelle for three primary tracers and associated analyses received full data
validation (Level 4).

EcoChem conducted data validation reviews using quality control criteria documented in
the analytical methods and in EPA's National Functional Guidelines for Inorganic Data Review.
In cases where Battelle reported results from more than one analysis for a sample, EcoChem
determined which results should be used. EcoChem documented the conclusions of data
validation reviews in a series of reports matching the sample groups (see EcoChem 2002) and
provided electronic deliverables to Ecology for use with Ecology's EIM database system.
Additional data quality flags were assigned as a result of data validation reviews. A number of
results were flagged as estimated values (J flag) based on evaluations of accuracy and precision
QA/QC results or hold times. Results were flagged as not detected (U/UJ flag) in cases where an
element was detected in a blank sample and also in a soil sample at less than 5 times the blank
hit (i.e., where no method detection limit had been established by the lab). The frequency of not
detected flags varied by trace element. None of the Battelle results, or the earlier OnSite results
for selected tracer samples, were rejected based on data validation reviews. Data completeness
was therefore nearly 100 percent, with only a single silver value missing from the planned trace
element analyses.

2Samples from relatively closely spaced borings (tens of feet separation) in decision
units at several Vashon-Maury Island child-use areas were analyzed as part of the trace element
study. The results from these multiple locations within decision units help characterize local
variability, but are not true duplicate samples.
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4.0 ANALYTICAL RESULTS

For data evaluations, the results of Battelle trace element analyses were combined with
the results of initial analyses for arsenic and lead by OnSite Environmental, Inc. and information
on sampling locations. Ecology provided a complete data spreadsheet listing these results using
information from its EIM data management system and sampling location information provided
by PHSKC. That data listing included the following: sample ID information (study, location
number, DU, boring, and depth); distance (miles) and direction (bearing angle from due north,
clockwise, in degrees) of sampling locations from the former Tacoma Smelter tall stack in
Ruston, Washington; arsenic and lead results from OnSite; and arsenic, lead, antimony, bismuth,
indium, mercury, and silver results from Battelle. Data validation flags associated with the
results for each element analyzed were also included.

The data spreadsheet provided by Ecology was given an extensive QA check before data
evaluations were performed. A few sample ID transcription errors that had been noted as
occurring with sample shipment from OnSite to Battelle and in Battelle data reporting were
checked and confirmed to have been corrected.

The data set used for all evaluations is provided in two formats as Attachments to this
report. Attachment B lists the results by individual sample, with the four sample groups
submitted for trace element analyses kept as separate blocks within the spreadsheet. Each row
represents one sample submitted for analysis; Attachment B lists results for 234 smelter site
sampling locations and 8 former orchard locations. The ordering of samples within each block is
by sample location, then DU within location, then boring within DU, then depth within boring.
Analytical results and associated data quality flags are presented across spreadsheet columns.

Attachment C provides a listing of analytical results for the 92 borings for which smelter
site samples were submitted (former orchard results omitted). The maximum concentrations for
each trace element in each boring (regardless of depth) are listed, with borings in rows and
analytical results and flags in columns. Using maximum concentrations within borings to
summarize the results reduces the effects of differential mobilities on the degree of association
between trace elements.

A summary of the analytical results for all 242 samples, by trace element and by
sampling area, is provided in Table 2. Grouping the data by Vashon-Maury Island, the King
County Mainland, and former orchard properties (in Eastern Washington) highlights some
simple comparisons among the results. Both OnSite and Battelle results are included. For each
trace element and sampling area, information listed includes: the number of samples analyzed;
the number of not-detected results, based on data validation flags (U/UJ); the range of
concentrations for not-detected results; the minimum and maximum concentrations for detected
and quantified results; and the ratio of maximum-to-minimum quantified results. Based on these
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data summaries, several characteristics of the analytical results are notable.

The smelter samples selected for trace element analyses represent a range of more than
two orders of magnitude for arsenic and lead concentrations, using the initial OnSite results. The
maximum values of 230 ppm and 900 ppm for arsenic and lead, respectively, occur on Vashon-
Maury Island; maximum values of 180 ppm and 619 ppm for the King County Mainland are only
modestly lower. The maximum arsenic concentration among trace element samples, 230 ppm, is
about one-half the maximum concentration reported in the Phase | Vashon-Maury Island study
(of relatively undisturbed forested properties).

The ratios of maximum-to-minimum quantified values for arsenic (135) and for lead
(130) on Vashon-Maury Island are comparable, but on the mainland the ratio for lead (92) is
substantially higher than for arsenic (24). The targeted trace elements also have substantial
enrichment as shown by the ratios of maximum-to-minimum concentrations, which indicate
ranges in results from one to more than two orders of magnitude. In all cases, the ratios for King
County Mainland samples are less than for Vashon-Maury Island samples. Among the targeted
trace elements, bismuth and antimony have the highest ratios (i.e., enrichment factors).

Most of the not-detected concentration ranges represent values that are quite low within
the range of quantified results. The major exception is antimony, where the highest not-detected
values are significantly elevated within the range of quantified results (as a result of some
relatively high blank hits; see EcoChem 2002). Silver also shows this pattern but to a lesser
degree than antimony. Table 2 also illustrates how the number and frequency of not-detected
results vary, not only among trace elements but also between sampling areas. The differences
between sampling areas reflect the fact that sample groups for different areas were submitted and
analyzed separately (and therefore had separate QA/QC analyses associated with them).

The maximum trace element concentrations, other than lead, for orchard samples are seen
to be relatively low compared to smelter samples, even accounting for the lower maximum
arsenic concentration (77.8 ppm) for orchard samples.

Table 2 also lists the number of analyses for each element. OnSite analyzed all 234
smelter samples for arsenic, but only 225 for lead. The 9 missing lead analyses reflect resampled
Phase | Vashon-Maury Island locations for which only arsenic analyses were performed (see
Section 2.3); the arsenic results alone were considered a sufficient basis for sample selection for
the trace element study. Since those 9 samples were part of the initial sample group submitted
for trace element analyses, lead results for them are available from the Battelle analyses. None
of the former orchard samples were analyzed by OnSite.

Somewhat less than half of the smelter samples (but all of the mainland samples) were
analyzed for arsenic at Battelle. The only Battelle lead analyses were performed on the small
initial sample groups, representing less than ten percent of all smelter samples.
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The three primary targeted trace elements - antimony, bismuth, and indium - were
analyzed by Battelle for all 234 smelter samples. Mercury and silver were analyzed in fewer
samples. As shown on Table 2, most of the mercury results are from Vashon-Maury Island and
most of the silver results are from the mainland (where, in fact, all samples were analyzed for
silver). Both the sample counts and spatial coverage for mercury and silver are therefore noted
to be different than for antimony, bismuth, and indium. The ranges of OnSite arsenic results for
the subsets of samples analyzed for mercury and silver were checked; in both cases, the more
limited data sets still cover the full range of arsenic results.

All of the former orchard samples were analyzed for all seven trace elements listed on
Table 2.

The data validation reviews of Battelle results covered only seven primary targeted
analytes; all of those results were listed on the data spreadsheet provided by Ecology (see
Attachments B and C). The results for the extended trace element analyses of the initial sample
groups from Vashon-Maury Island (35 elements) and the King County Mainland (36 elements)
are provided as Attachment D. The data as reported by Battelle include all QA/QC results as
well as study sample results (see Battelle Marine Sciences Laboratories 2001); Attachment D
lists only the study sample results.*® The main evaluation of the extended trace element analyses
was for selection of a small set of targeted trace elements (see Section 2.4.2) for which the larger
sample groups would be analyzed.

3The results for arsenic, lead, antimony, bismuth, indium, mercury, and silver for the
small initial sample groups are included in Attachments B and C as well as Attachment D.
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5.0 DATA EVALUATIONS

5.1 INTER-LAB ARSENIC COMPARISONS

All of the selected trace element samples from the Tacoma Smelter Plume site have
original arsenic results from OnSite; only a subset have arsenic results from Battelle. Most
evaluations of the trace element results were intended to be performed in comparison to the
complete set of OnSite arsenic results. Before those evaluations were performed, the paired
arsenic results from the two labs were compared to confirm that such cross-lab results would be
meaningful.

An X-Y scatterplot (see Figure 2) was used to visually compare the paired results for the
105 selected trace element samples with arsenic values from both labs (no orchard samples
included).** The inter-lab results are highly collinear, with only two notable outlying points.
For Mainland sample 65-1-1-2"°, OnSite reported 57 ppm and Battelle only 22.8 ppm (60
percent lower). For Vashon-Maury Island sample 22-1-1-4, OnSite reported 52 ppm and

¥Unless otherwise noted, data evaluations use the detection limit for not-detected results.

Where a specific sample is referenced in this report, it will be identified by study and
referenced by the coding "location-DU-boring-depth”. Thus Mainland 65-1-1-2 refers to a
sample from the King County Mainland study at location 65, DU number 1 (default value for the
mainland, where only one undisturbed DU per location was sampled), boring number 1, depth
number 2 (i.e., 2-6 inches). When a location for a maximum concentration in a boring is
referenced, the last component of the sample code (depth) is dropped. For the example given
above, the location for maximum concentrations is therefore referenced by Mainland 65-1-1.
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Battelle only 4.23 ppm (almost 92 percent lower).!® The range of OnSite arsenic results for the
105 samples with matching Battelle arsenic results is 1.6 to 230 ppm, matching the full range for
all 234 selected trace element samples.

A regression analysis was performed to statistically evaluate the inter-lab results. Linear
regression produced a best-fit equation of

Arsenic-Battelle = 1.031 Arsenic-OnSite + 3.77 ppm

1%This sample was not one of the five samples for which multiple reanalyses were
performed from the VVashon-Maury Island study (see PHSKC and Glass 2001). For 3 of the 5
samples, the original "anomalous" values for arsenic or lead were not confirmed by multiple
reanalyses. The OnSite lead result for sample 22-1-1-4 was only 5.6 ppm, which would give a
very low lead:arsenic ratio for smelter-impacted soils. The original reported value of 52 ppm
arsenic may be suspect.
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with an R-squared value of 94.8 percent (n=105 samples; no outlier values excluded).!” The
regression equation, as well as the X-Y scatterplot, show that Battelle values were slightly higher
than OnSite results. For arsenic in the range of 50 to 200 ppm, the regression equation results in
Battelle arsenic values being higher by about 10.6 to 5 percent. There were only 12 samples
analyzed at both labs for lead, but the inter-lab results for lead show very similar results. Linear
regression results in an R-squared value of 98 percent for lead (range of OnSite lead results: 13
to 580 ppm) and a slight high bias for Battelle compared to OnSite results. The high bias for
Battelle results for both arsenic and lead points to a somewhat stronger digestion procedure as
the likely cause for higher values.

The highly consistent inter-lab results support use of the OnSite arsenic and lead results
in evaluating trace element values reported by Battelle. The small degree of positive bias for
Battelle results does not affect pairwise correlation analyses among elements; trace element-to-
arsenic or -lead ratios may be biased slightly high for the study as a whole, with similar degrees
of bias from sample to sample.

The set of original OnSite lead results is missing values for the 9 samples selected for
trace element analyses from Vashon-Maury Island resampling of Phase | (undisturbed) locations
(see Section 2.3 discussion). The Battelle lead results for those 9 samples were added (without
bias correction) to the OnSite results, as surrogates for the missing values, to produce a complete
set of lead concentrations for evaluation. The missing lead values correspond to some of the
highest OnSite arsenic results for the selected trace element sample set. Those 9 Battelle results
are likely to include a small degree of positive bias compared to the remaining OnSite lead
results. This should not markedly affect the results of data evaluations; the use of simple
(uncorrected) surrogate values was deemed beneficial compared to accepting missing values for
samples with among the highest arsenic results.

5.2 PAIRWISE RELATIONSHIPS AMONG TRACE ELEMENTS

The degree of association (or proportionality in concentrations) among the various
candidate smelter trace elements is the evaluation of greatest interest for this study. Pairwise
correlation/regression analyses were performed to investigate the associations among the target
trace elements analyzed for the larger sample groups. In this section, the results for samples

"The distributions of arsenic results from both labs are right-skewed. However, a linear
regression model showed better fit than regression based on LOG values (R-squared of 94.8
percent versus 82.1 percent). The linear R-squared value was only marginally better if the two
noted outlier values were omitted.

Tacoma Smelter Plume Site
Trace Element Study 40



from the Tacoma Smelter Plume site are discussed. Comparable results for samples from former
orchard properties are discussed in Section 5.5 below.

A matrix of pairwise correlation coefficients based on individual sample results was first
calculated for the list of target elements: arsenic, lead, antimony, bismuth, indium, silver, and
mercury. All pairwise correlation coefficients for the first five listed elements are based on 234
samples; coefficients involving silver (except for mercury) are based on 78 samples, and those
involving mercury (except for silver) are based on 47 samples. The silver-mercury pairing is
based on only 20 samples.

The distributions for all trace elements are right-skewed; LOG transformations produce
approximately normal distributions. Therefore, parametric correlation coefficients were
calculated using LOG concentration values. All 21 pairwise results are statistically highly
significant (p<0.00005), with correlation coefficients ranging from 0.646 to 0.917. Thus, all of
the selected target trace elements show a very strong degree of association. The range of arsenic
concentrations (OnSite lab analyses) is 1.6 to 230 ppm.

An examination of the correlation matrix shows some interesting differences among
elements, even though all results are statistically highly significant. Arsenic has the worst
pattern of correlations with other elements, including 3 of the 4 lowest coefficients overall
(arsenic versus lead, mercury, and silver). Bismuth shows the best pattern overall, with all 6
coefficients greater than 0.8. Mercury has a similarly strong pattern versus all elements other
than arsenic. The subset of antimony, bismuth, indium, and mercury has uniformly high
pairwise coefficients (all greater than 0.8). Mercury-antimony, mercury-silver, and bismuth-
indium pairings show the strongest association, with coefficients greater than 0.9.

Evaluating the pairwise correlations among trace elements based on individual sample
results does not account for different mobilities among elements in the soil column. One
possible explanation for arsenic having the worst pattern of correlations could be a greater
mobility post-deposition for arsenic than for the other trace elements. Therefore, a second
correlation matrix was calculated using the maximum concentrations, from the selected trace
element samples, for each trace element in each boring (n=92). Mercury was dropped for this
second analysis (small sample size). For the correlations based on maximum concentrations,
pairings involving silver are based on 38 values and all others are based on 92 values.

Examples of the strong associations between trace elements (maximum concentrations,
LOG scales) are provided in two-element scatterplots as Figure 3 (maximum arsenic versus
maximum antimony) and Figure 4 (maximum bismuth versus maximum indium).

The correlation matrix based on maximum concentrations in borings was also calculated
using LOG concentrations to achieve more-nearly normal distributions. The results are provided
in Table 3. The range of maximum arsenic concentrations (OnSite lab analyses) was 4.4 to 230
ppm, nearly identical to the range for individual samples. All 15 pairwise correlation
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coefficients are again statistically highly significant (p<0.00005),"® with values ranging from
0.604 to 0.945. Arsenic no longer has a pattern of notably lower correlations, although the
arsenic-lead pairing has the lowest overall coefficient of 0.604. Lead has the lowest coefficients
of any element paired with arsenic, bismuth, indium, and silver, and the second lowest for
antimony. (This may reflect some lead contributions from sources other than the smelter, to a
degree greater than for other trace elements, although it should be borne in mind that all of the
lead correlations are still statistically highly significant). The triplet of antimony, bismuth, and
indium retains the pattern of uniformly high pairwise correlations, and in fact has the three
highest correlations. The bismuth-indium pairing shows the highest overall correlation of 0.945.

Correlations were also calculated separately for VVashon-Maury Island and King County
Mainland results and for undisturbed and disturbed locations on VVashon-Maury Island, using
maximum concentrations by boring. (Silver was analyzed only in samples from five borings on
Vashon-Maury Island, and is omitted in the following discussion because of this small sample
size). For all of these data subsets, the pairwise correlations remained statistically significant.*®
Thus, the strong associations among trace elements are preserved across study areas and types of
sampling locations. Some distinctions were noted among the correlations for data subsets.
Except for the arsenic-lead pairing, arsenic correlations with other trace elements were stronger
on Vashon-Maury Island than on the mainland, and stronger for disturbed than undisturbed
locations on Vashon-Maury Island. On Vashon-Maury Island, lead had notably lower
correlations in samples from disturbed locations (almost three-fourths of the borings) versus
undisturbed locations; all of the mainland samples were from undisturbed locations. The
antimony-bismuth-indium triplet retained the pattern of very strong pairwise correlations in both
undisturbed and disturbed locations on Vashon-Maury Island. On the mainland, antimony
correlations were generally weaker (except with lead) than on VVashon-Maury Island. These
distinctions reflect relatively minor differences, since all of the results were statistically
significant.

Regression analyses were also performed for each of the other trace elements against

®*Nonparametric correlations show similarly significant results.

YMost significance values were at p<0.00005. The only result with p>0.01 was for
arsenic-lead at undisturbed Vashon-Maury Island locations, with p=0.0265. One boring
(location 6, DU 4, boring 4) in that subset of samples has an anomalous maximum lead of 250
ppm with maximum arsenic of 23 ppm, and an atypical depth profile for undisturbed soils. If it
is omitted, the remaining 14 borings would have a correlation with p=0.003.
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arsenic, again using LOG concentrations to achieve more nearly normal data distributions. The
resulting regression equations are of the form

trace element concentration = constant x (arsenic concentration) &®°""

which results in a best-fit curve (not a straight line, unless the exponent is equal to 1) for the X-Y
scatterplot of trace element versus arsenic data in original concentration units (not LOG units).
The ratio of a trace element to arsenic depends on the arsenic concentration with this curvilinear
best-fit equation.

The best-fit regression equations for maximum concentrations by boring (n=92 for lead,
antimony, bismuth, and indium; n=38 for silver) are as follows:

lead = 8.547 arsenic *?

antimony = 0.138 arsenic ¢

bismuth = 0.0214 arsenic ****

indium = 0.0075 arsenic %4

silver = 0.0227 arsenic %"®

The trace element-to-arsenic ratios for arsenic values of 20, 50, 100, and 200 ppm,
representative of the range of arsenic data in the selected trace element samples, were calculated
using these regression equations. The results are summarized in Table 4 (top third), which also
lists the regression R-squared values. These results identify characteristic ratios versus arsenic
for the various trace elements. If smelter emissions and deposition to soils for two elements
were in the identical ratio as the concentrations of those elements in background soils, then there
would be enrichment of soil concentrations but no change in the characteristic trace element-to-
arsenic ratio. The differences in ratios as arsenic concentrations change, as shown in Table 4,
can be understood as a mixing model between background ratios and smelter
emission/deposition ratios (ignoring differential fate and mobility for the moment). The limiting
ratio as arsenic concentration increases should be the smelter emission/deposition ratio.
Considering this mixing model, different sources with different emission/deposition ratios for
any pair of elements would be less distinguishable at concentrations approaching background
levels and increasingly distinguishable as soil concentrations increase above background levels.
Comparisons of these ratios for smelter-impacted soils versus orchard-impacted soils are
discussed in Section 5.5.

Another simple measure of a typical trace element-to-arsenic ratio for impacted soils is
the median ratio among all data (i.e., among all borings with lab analyses and maximum
concentrations for both elements). The median values for the Tacoma Smelter Plume borings are
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consistent with the ratios given in Table 4, but not as illuminating with respect to a mixing model
interpretation. The median ratios for trace elements versus arsenic are: lead, 2.68; antimony,
0.123; bismuth, 0.038; indium, 0.0040; and silver, 0.0074.

The high correlations between arsenic and other trace elements mean that low arsenic
concentrations are paired with low concentrations for the other trace elements. These low
concentrations provide an estimate for background levels in regional soils. Measured by either
the median of all results for samples in which arsenic concentrations were below 10 ppm, or by
the range of concentrations for the 10 lowest reported trace element results, these approximations
for background levels are very consistent with values reported in the literature for these trace
elements (see Encyclopedia Britannica 1980; Ermolenko 1966; Kabata-Pendias and Pendias
1992; Meador et al. 1994; and Sterckeman et al. 2002). The best-fit regression equations versus
arsenic also can be used to estimate background trace element-to-arsenic ratios. For arsenic at 5
ppm, these calculated background ratios are: lead, 5.44; antimony, 0.135; bismuth, 0.027;
indium, 0.0058; and silver, 0.015. All of these background ratios except bismuth are higher than
the typical ratios for impacted soils around the Tacoma Smelter (see above). In the mixing
model of smelter impacts, this suggests that the dominant arsenic emissions from the smelter will
reduce the background values for most other trace element-to-arsenic ratios (see Table 4), even
as both arsenic and other trace elements show enrichment compared to background levels. The
bismuth results indicate that the smelter emissions may be even more enriched for bismuth than
for arsenic.

5.3 COMPARATIVE DEPTH PROFILES

A comparison of the depth profiles for different trace elements supports an analysis of the
comparative mobility of those trace elements in soils. Differences in contaminant mobility will
result in a separation of air-deposited elements in the soil column. As noted above, this can
affect evaluations of correlations and ratios among the trace elements.

Samples for trace element analyses were selected from 92 borings. Of those 92 borings,
87 included samples from both of the first two sampled depths, 0-2 inches and 2-6 inches (see
Table 1). Interpretations of contaminant mobility in soils are more difficult at disturbed
locations, since both natural mobility and physical disturbance of soils can affect the resulting
concentrations by depth intervals. The relative importance of those two factors can vary from
one location to another. The trace element study includes 46 borings at undisturbed locations -
15 on Vashon-Maury Island and 31 on the King County Mainland (see Table 1) - at which both
the 0-2 inch and 2-6 inch samples were analyzed. The 46 undisturbed borings with trace element
analyses, and their spatial coverage, are deemed sufficient for the comparative evaluations of
contaminant mobility among trace elements to be based on only the results for undisturbed
samples.

Analytical results for arsenic, lead, antimony, bismuth, and indium are available for all
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46 borings. (The arsenic data are from OnSite analyses; most of the lead results are from OnSite
analyses, supplemented by a few Battelle results for resampled locations on VVashon-Maury
Island [see Section 5.1]; all other trace element data are from Battelle analyses). Data are also
available for silver at 35 of the 46 borings, omitting only the borings from forest fringe DUs on
Vashon-Maury Island. Only a small number of borings provide depth profile information for
mercury, which is therefore not considered further. Comparative depth profile evaluations were
thus carried out for six elements: arsenic, lead, antimony, bismuth, indium, and silver.

All not-detected results were included in the evaluations, using the reported detection
limit concentrations. The not-detected results appear to be consistent with the overall depth
profile patterns.

A graphical approach was first used to investigate the comparative depth profiles among
different trace elements. The concentrations for the two depth intervals at all borings for single
trace elements were plotted on X-Y scatterplots. The proportion of results plotting on either side
of the x=y line provides a simple visualization of which depth interval most frequently has
higher concentrations. The distances from the x=y line indicate how far the ratios of
concentrations deviate from 1.00 (i.e., how unequal the concentrations are at the two sampled
depth intervals). The set of these scatterplots suggests that arsenic (see Figure 5) shows the
greatest comparative mobility downward in the soil column, and lead (see Figure 6) the least,
among the six trace elements evaluated.

A second graphical analysis approach provides a better visualization of the comparisons
between trace elements. The first scatterplots (e.g., Figures 5 and 6) illustrate the ratios between
concentrations at two depths for single elements. The second approach also uses scatterplots, but
this time each axis is the ratio of concentrations for the first depth (0-2 inches) versus the second
depth (2-6 inches) for a given trace element. That is, it illustrates the "ratio-of-two ratios"”, with
each plotted point representing paired results of two elements for two samples from the same
boring. As an example: assume in a given boring the lead concentrations at 0-2 and 2-6 inches
are 420 and 300 ppm, respectively, and the arsenic concentrations are 150 and 214 ppm,
respectively (i.e., arsenic shows comparatively greater downward mobility than lead). Then the
two ratios for lead and arsenic are 420/300 = 1.4 and 150/214 = 0.7, respectively. The plotted
point reflecting the four initial measurements would plot on the lead-ratio side of the x=y line
and show for that boring that lead had comparatively less mobility than arsenic. (The higher the
ratio for 0-2 inch versus 2-6 inch results, the lower the downward mobility). The "ratio-of-two
ratios" for lead versus arsenic in the example would be 1.4/0.7 = 2, indicating less mobility for
lead than for arsenic.

Each individual trace element had a broad range of ratios for concentrations in the top
two depth intervals; in some borings, the 0-2 inch concentration was greater, while in others, the
2-6 inch concentration was greater. Location-specific factors apparently result in this range of
depth profile patterns. The "ratio-of-two ratios" scatterplots provide a direct visual comparison
for paired results for two trace elements, across all borings, regardless of which depth interval
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has the higher concentration for either trace element. That is, they plot comparative mobilities.
Thus, in a manner similar to interpreting the first, simpler set of scatterplots for a single element,
the proportion of plotted data on each side of the x=y line and the distances of the plotted points
from the x=y line show which of two trace elements has comparatively greater mobility and how
great the differences between the two elements are.

Figure 7 provides an example of the two-element scatterplots for comparative depth
profiles, based on arsenic and bismuth results for the 46 undisturbed borings with data for the 0-
2 inch and 2-6 inch depth intervals.

The results of these graphical approaches to evaluating depth profiles for the various
trace elements show the greatest mobility for arsenic and the least for lead, with the other
elements intermediate between arsenic and lead. To further characterize the comparative
mobilities among the six trace elements evaluated, a median value for the ratio of each trace
element depth-ratio to that for each of the two end-members in the mobility sequence (arsenic
and lead) was calculated. That is, for arsenic the median result for all borings was calculated for
the concentrations

(trace element i, 0-2") / (trace element i, 2-6")

(arsenic, 0-2") / (arsenic, 2-6")

and similarly for lead. (Note: on the "ratio-of-two ratios™ scatterplots this is equivalent to
finding the constant-ratio line that divides the set of plotted points into two subgroups of equal
size, one on either side of the line). The resulting comparative mobility sequence and calculated
median values, from greatest to least mobility, are as follows:

arsenic > indium > antimony > silver > bismuth > lead
(based on arsenic)  (1.00) (1.13) (1.21) (1.25) (1.58) (1.64)
(based on lead) (0.61) (0.72) (0.78) (0.89) (0.90) (1.00)

This comparative mobility sequence shows a strong degree of correlation with atomic
weights for the six elements. Small differences among the calculated median values may not
reflect stable differences of adjacent members of this mobility sequence. Nevertheless, the
results confirm that the six trace elements exhibit a range of degrees of mobility in soils. Using a
derived database of maximum concentrations in borings, to lessen the effects of differential
mobilities on data evaluations, is supported by these results.

5.4  SPATIAL PATTERNS

Samples were selected to provide broad spatial coverage of the areas included in the
Vashon-Maury Island Child-Use Areas Study and the King County Mainland Study (see Figure
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1). The trace element study selected some samples on the basis of their anomalous lead-to-
arsenic ratios, and/or their apparent divergence from the overall spatial pattern of arsenic or lead
concentrations. This introduced a measure of bias into the selection process (i.e., some sample
locations were targeted for inclusion based on anomalous results). The results for trace element
analyses in anomalous samples are discussed in Section 5.6.

The general spatial pattern for each trace element was examined graphically, using the
maximum concentrations by boring. Scatterplots were prepared for the maximum concentrations
versus distance and direction from the Tacoma Smelter tall stack in Ruston, Washington. The
overall spatial patterns for both arsenic and lead (using OnSite analytical results) were very
similar to the spatial patterns shown by all sampling results from undisturbed locations on
Vashon-Maury Island (from the initial study, not the Child-Use Areas study) and the King
County Mainland (see the concentration by distance figures in Washington State Department of
Ecology 2002).° The trace element sample set is therefore reasonably representative of the
complete data set used previously to assess the spatial distribution of arsenic and lead in the
region surrounding the smelter, despite the targeted inclusion of some anomalous samples. A
number of anomalously high lead values, in particular, are notable at distances greater than 10
miles on the lead versus distance plot.

Figures 8 and 9 provide scatterplots of the maximum arsenic and maximum lead
concentrations, respectively, versus distance from the smelter stack.

Similar scatterplots of maximum concentrations versus distance were prepared for
antimony, bismuth, indium, and silver. As expected, given the high pairwise correlations of all
six trace elements (see Section 5.2), their spatial patterns were very similar to the arsenic pattern
and to each other. As an example, the scatterplot for maximum bismuth versus distance is
provided in Figure 10.

Antimony, bismuth, indium, and silver all have bounding curves - straight lines, on log
concentration versus linear distance plots, on or below which all plotted data points occur - that
reflect exponential decay in maximum concentrations with increasing distance from the smelter
stack. Such exponential decay has been found to be characteristic of the spatial pattern around
major air emissions point sources, including the spatial pattern of soil arsenic around the Tacoma
Smelter. Like arsenic and lead, the four additional trace elements show considerable variability
in maximum concentrations at any given distance, especially shorter distances. This variability
is a result of several factors: the influence of varying wind frequencies by direction; the effects
of different degrees of soil disturbance at sampling locations (recall that both undisturbed and

?The trace element study did not include samples representative of the highest results
found on Vashon-Maury Island, with arsenic in the general range of 250 to 500 ppm. Thus, the
concentration by distance scatterplot is somewhat truncated at the top compared to the summary
scatterplot for all undisturbed sampling locations. Nevertheless, the overall spatial patterns of
the two data sets are very similar.
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disturbed locations are included in the trace element sample set); and the inherent localized
variability in contaminant deposition and retention in soils, for example as influenced by
elevation, slope aspect, slope magnitude, and vegetation. The concentration versus distance
results when only undisturbed samples were evaluated showed the exponential decay pattern
much more clearly.

The characteristic ratios of trace element-to-arsenic maximum concentrations were
discussed in Section 5.2, based on regression analyses of concentrations (see also Table 4). The
stability or trend in such characteristic ratios is a matter of considerable interest for the question
of how well trace elements perform for source identification in different parts of the Tacoma
Smelter Plume site. A number of factors could affect trace element-to-arsenic ratios spatially.
First, in-plume processes that resulted in different airborne particle size distributions for different
trace elements, or that affected fate processes differently, could result in different patterns of
deposition with distance. Detailed information of this type for the Tacoma Smelter plume is
lacking; in-plume processes are a matter of current research interest for other smelters (see, for
example, the description of projects at MITE-RN 1998 to present). Second, different trace
elements in smelter emissions are at different magnitudes compared to soil background
concentrations. The mixing model discussed in Section 5.2 noted how characteristic ratios
would change as smelter soil arsenic impacts change, and soil arsenic concentrations from
smelter emissions are a function of distance from the smelter. Thus, different trace elements
may have different "effective distances™ of use because of the magnitude of smelter emissions
compared to background levels in soils. Third, ratios could show a trend or become more
variable (i.e., "noisy") because of influences apart from smelter emissions, including changes in
geologic materials and impacts on soils from other sources. Under those conditions, some trace
elements may become ineffective for source identification. Note that these impacts may be
selective; that is, some trace elements may be affected while others are not.

To assess the spatial patterns, if any, in characteristic trace element-to-arsenic ratios,
regression analyses were performed of those ratios versus distance from the smelter tall stack for
lead, antimony, bismuth, indium, and silver. The total data set includes maximum
concentrations for 92 borings for the first four elements, but only 38 borings for silver (mostly
on the mainland). The scatterplots of trace element-to-arsenic ratio versus distance identify a
small number of high-outlier ratios. The results for such anomalous cases are discussed further
in Section 5.6. Regression analyses were first performed using all results, and then by
selectively omitting a small number of high-outlier cases to assess the general spatial patterns.

The results for bismuth, indium, and silver all showed no statistically significant trends in
the trace element-to-arsenic ratios versus distance. A representative scatterplot for the maximum
bismuth-to-arsenic ratios versus distance is provided in Figure 11. The regression line for
bismuth, excluding a single high outlier ratio, was nearly flat (n=91; p=0.65; ratio = -0.00022 x
Distance + 0.046). Indium had five high outlier ratios, three of which had very low arsenic
concentrations (less than 10 ppm) with indium values near the detection limit. Excluding those
five outliers, indium showed a small, statistically non-significant downward trend with distance
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(n=87; p=0.14; ratio = -0.000049 x Distance + 0.0048). There was a small trend of increasing
ratios for silver when 2 high outliers were omitted (n=36; p=0.21; ratio = 0.00014 x Distance +
0.0063). Although not statistically significant, this trend toward higher ratios may suggest some
additional sources for silver on the mainland. The smaller number of analyses for silver affects
its p-value in comparison to those for the other trace elements.

In contrast to bismuth, indium, and silver, the regression results for antimony (see the
data scatterplot in Figure 12) and lead were statistically significant, with opposite trends versus
distance. Antimony had three high outlier ratios, two on Vashon-Maury Island and one on the
mainland. Excluding those three results, the antimony-to-arsenic ratio showed a statistically
significant downward trend with distance (n=89; p=0.001; ratio = -0.0053 x Distance + 0.200).
The data for Vashon-Maury Island and the mainland were also examined separately, still
excluding the three high outlier values. Both regression lines showed a notable, but statistically
non-significant, downward trend with distance (p-values of p=0.08 and p=0.14 for VVashon-
Maury Island and King County Mainland, respectively). Lead ratios had a different spatial
pattern. Nine of the 92 lead ratios were high outliers (ratios greater than 10). Excluding those
nine results, the lead-to-arsenic ratio showed a statistically significant and comparatively steep
increase with distance (n=83; p=0.0003; ratio = 0.110 x Distance + 1.63). The lead results for
Vashon-Maury Island only, excluding ratios greater than 10, showed essentially no relationship
with distance (n=52; p=0.89), while the mainland results showed a small, statistically non-
significant increasing trend with distance (n=31; p=0.31).

The ratios for various trace elements included in this study to arsenic, the primary smelter
contaminant of concern, thus show different spatial patterns. The statistically significant
increase of the lead ratio with distance is likely a result of other sources of lead in the heavily
urbanized parts of the mainland sampling region (e.g., from much higher traffic volumes and
emissions from the use of leaded gasoline). The small, statistically non-significant trend of
increasing ratios for silver is suggestive of other small-magnitude sources for silver in the
urbanized area. Bismuth appears to be the most conservative of the trace elements, in the sense
that it shows the least trend overall with distance. Indium has a small, statistically non-
significant decrease with distance. Antimony has the strongest trend of decreasing ratios with
distance; the consistency of that declining trend for both VVashon-Maury Island and King County
Mainland data sets is suggestive of differences between antimony and arsenic for in-plume
processes and deposition to soils. The (linear) regression equation for antimony-to-arsenic ratios
shows approximately a 50 percent reduction in the antimony-to-arsenic ratio over a distance of
20 miles.

1Three additional results can be considered low outliers with lead-to-arsenic ratios less
than 1 (see Section 5.6). Excluding those 3 results in addition to the 9 high outliers gives nearly
identical results. The overall regression versus distance is still highly statistically significant
(n=80; p=0.0007; ratio = 0.103 x Distance + 1.77). The Vashon-Maury Island slope is
essentially zero (n=49; p=0.95), and the King County Mainland trend is increasing ratios with
distance (n=31; p=0.31).
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The variable results for trace element ratios to arsenic are not consistent with some
possible interpretations of soil arsenic spatial patterns. For example, if arsenic concentrations on
Vashon-Maury Island, but not the mainland, were substantially affected by agricultural uses of
arsenic (e.g., lead arsenate applications), then the ratios of most or all trace elements to arsenic
would be lower on VVashon-Maury Island than on the mainland. This, however, is not the case.

It is interesting to note that a USGS national survey of streambed sediment
concentrations of trace elements (Rice 1999) found that concentrations of cadmium, chromium,
copper, lead, mercury, nickel, and zinc, but not arsenic or selenium, were higher in areas with
urban versus non-urban land use.

The evaluations of trace element-to-arsenic ratios as a function of distance from the
smelter show that different elements have different patterns. Those differences should be
considered when using trace element ratios for source identification. Lead and antimony, from
the group of five elements included in this study, show the largest trends across the study area.
Those trends are opposite in direction and appear to be caused by different factors.

5.5  SOURCE DISCRIMINATION: ORCHARD RESULTS

Trace element analyses of 8 soil samples collected from former orchard properties (see
Peck 2001) were included in this study. This limited set of samples was collected to support a
pilot investigation of the ability of trace element analyses to discriminate among potential
sources of soil arsenic and lead contamination.

The range of arsenic concentrations for the 8 orchard samples was 15.2 to 77.8 ppm. The
arsenic enrichment factor (maximum/minimum concentration ratio) for the orchard samples is
much lower than for smelter soils (see Table 2), where both lower and higher concentrations
were reported, but the set of orchard soils includes a moderate degree of arsenic contamination
above background levels. Lead concentrations are generally elevated in all of the orchard
samples (range: 110 to 364 ppm lead). The other trace elements show modest degrees of
enrichment from lowest to highest reported concentrations (see Table 2), compared to smelter
samples.

Pairwise correlations among the target trace elements® and regression equations versus
arsenic were evaluated for the orchard samples. These evaluations used LOG concentrations, the
same as the procedure used for smelter samples. Since there are only 8 orchard samples, the

*>The orchard samples were analyzed for the extended trace element list (see Attachment
A). Several elements not on the smaller target trace element list are associated with smelter
emissions, and may provide additional power to discriminate between smelter and orchard
sources for soil arsenic and lead.
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evaluations were performed for individual samples rather than maximum concentrations within
borings.

All pairwise correlations were positive, with coefficients ranging from 0.489 to 0.965.
Of the 21 pairings, 12 were not significant at p=0.01 and 6 were not significant at p=0.05. Seven
pairings had correlations of 0.9 or better. The significance values are affected by the small
number of orchard samples, and may be affected by different fates and mobilities in orchard soils
among the trace elements. The arsenic-lead pairing showed the highest correlation, consistent
with the known occurrence of both elements (at fairly stable ratios) in the lead arsenate
pesticides historically used at orchards. Indium-bismuth had the lowest correlation among all
pairings. Antimony had the strongest overall pattern of correlations. The triplet of arsenic-lead-
bismuth had uniformly strong pairwise correlations. Thus, the pattern of associations as shown
by the correlation matrix differs in some respects between orchard soils and smelter soils.

The regression analyses produced the following best-fit equations:

lead = 15.3 arsenic %%

antimony = 0.192 arsenic 3%

bismuth = 0.138 arsenic %%

indium = 0.031 arsenic %

silver = 0.0245 arsenic %2

In the same manner as with smelter samples, the orchard regression equations were used
to calculate trace element-to-arsenic ratios for arsenic values of 20, 50, 100, and 200 ppm. The
results are summarized in Table 4 (middle section). Each ratios column of Table 4 has a fixed
concentration for soil arsenic. The results for smelter and orchard soils can therefore be
compared by dividing the smelter result by the orchard result, entry by entry. The resulting
values are comparative enrichment factors for trace elements in smelter soils versus orchard soils
at various arsenic concentration levels. Lead is shown to be comparatively enriched in orchard
soils; all other trace elements are enriched in smelter soils. Moreover, the degree of enrichment
for trace elements other than lead increases with increasing arsenic concentrations, consistent
with the mixtures model and greater trace element contents in the smelter emissions (see Section
5.3). Once arsenic concentrations reach 200 ppm, antimony, bismuth, indium, and silver have
trace element-to-arsenic ratios that are approximately an order of magnitude or more greater in
smelter-impacted soils than in orchard soils. Thus, the pilot study data indicate that trace
elements likely can be used to discriminate between these two sources for soil arsenic and lead
as long as arsenic concentrations are at least modestly enriched above background levels.?®

*The use of multiple trace elements, possibly including some only analyzed in this study

Tacoma Smelter Plume Site
Trace Element Study 51



The Battelle results for antimony versus arsenic concentrations, for both smelter and
orchard samples, are provided as a scatterplot in Figure 13. The results for individual samples
are plotted, using LOG scales (compare to Figure 3, which uses maximum values for borings
rather than individual sample results). The smelter and orchard samples are seen to have
divergent trend lines.

The calculation of trace element-to-arsenic ratios for orchard soils using the regression
equations, as summarized in Table 4, extends to arsenic concentrations of 200 ppm. This is well
above the maximum arsenic value of 77.8 ppm for the 8 orchard samples. As a result, a measure
of caution needs to be applied to the interpretations of the smelter versus orchard data. However,
an independent evaluation of antimony versus arsenic concentrations in Washington orchard
soils lends support to the results summarized in Table 4. Wagner (1993) performed neutron
activation analyses for arsenic and antimony in 8 soil samples collected from the 0-20 cm depth
interval at 8 orchard locations in Washington. Four of the eight samples had essentially
background concentrations of arsenic; the other four had elevated levels. The range of arsenic
concentrations was 2.8 to 168 ppm. The raw data show that total (uncorrected for background)
antimony-to-arsenic ratios decrease as arsenic concentrations increase; the ratios for the
background samples (arsenic less than 10 ppm) approach or exceed 0.1, while the ratios for three
samples with arsenic greater than 100 ppm are 0.0071, 0.0079, and 0.0087. Ratios calculated in
the manner of Table 4 from a best-fit regression equation for Wagner's data are very similar to
those listed in Table 4 derived from the analyses of orchard soils in this study. Wagner gives the
antimony-to-arsenic ratios for three commercial lead arsenate products, all with a nominal 20
percent arsenic content, as ranging from 0.0034 to 0.016. These source ratios are much smaller
than the comparable smelter antimony-to-arsenic ratio (see Crecelius et al. 1974), which is about
0.1 (consistent with the values for affected soils shown in Table 4). Wagner calculates soil ratios
for antimony-to-arsenic in the most affected soil samples in her study, first subtracting an
estimated background level from the reported total antimony concentrations, and demonstrates
that the results are consistent with the ratios known to occur in lead arsenate products.

56 ANOMALOUS RESULTS

The total set of trace element results shows a very strong degree of association of the

for the extended trace element list, will provide the most powerful discrimination approach.
Additional information on variances in the ratios, through analyses of a larger number of
samples, would help quantify a discriminant function.

Tacoma Smelter Plume Site
Trace Element Study 52



selected trace elements with arsenic and with each other. The samples selected for trace element
analyses included some that were "anomalous" by virtue of their original arsenic and lead results
(see Section 2.3). Those anomalous samples included both unusual lead-to-arsenic ratios and
arsenic or lead concentrations that were atypical with respect to the overall spatial pattern for soil
contamination. The additional trace element analyses also provide a small number of results that
can be considered anomalous by virtue of their trace element-to-arsenic ratios or their spatial
occurrence, as noted in discussions in previous sections. The results of trace element analyses
on such anomalous samples provide useful information on how well they perform for source
identification. Additional evaluations were therefore performed for anomalous results.

Different trace element mobilities downward in the soil column will independently
contribute to apparent anomalies in the data (e.g., atypical trace element-to-arsenic ratios for
single depth intervals; see Section 5.3). All evaluations of anomalous results were therefore
based on maximum concentrations by boring (see Attachment C; n=92 borings total).** The
patterns at disturbed sampling locations on VVashon-Maury Island may be substantially affected
by soil disturbance, affecting the identification and limiting the interpretation of apparently
anomalous results.

The general pattern of trace element results for samples easily identified as anomalous
(by ratios or concentrations and spatial location) is the primary focus for these evaluations, rather
than specific conclusions regarding sources for individual sampling locations. More detailed,
location-specific information would be required to draw conclusions about sources contributing
to specific samples. For example, information on the historic uses of a property and the
proximity of other possible sources (e.g., firing ranges, large painted structures, traffic counts for
nearby roadways, incinerators or other high-temperature processes, manufacture or use of metal
alloys, or use of herbicides/pesticides at forest lands, agricultural lands, or along railroads or
roadsides, among many others) would have to be compiled and carefully reviewed for a full
assessment. Such detailed information is not available for the limited evaluations of anomalous

?*The maximum concentration for selected trace element samples in a boring is a simple
surrogate variable used to reduce the effects of different mobilities for various elements. An
alternative approach is to sum contributions above background levels over all depths (weighted
by depth intervals) with elevated concentrations, thus estimating total deposition to soils. The
second approach may reduce the number of apparent anomalous results and support better
comparisons among elements. However, since only selected samples were analyzed for trace
elements, total sums over all elevated depths cannot be calculated for this study.
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results discussed here.

Anomalous results were identified by several graphical and numerical data evaluation
approaches. The scatterplots of concentrations of other trace elements versus arsenic (e.g., see
Figure 3), as well as the scatterplots of trace-element-to-arsenic ratios versus distance (e.g., see
Figure 12), were used to visually identify atypical results, whose sample codes were then
determined from the data listings. Another graphical technique normalized the maximum
concentration data by dividing each result by the maximum value for that element (i.e., rescaling
values between 0 and 1). This was done separately for the Vashon-Maury Island and King
County Mainland sample sets. The normalized values for all trace elements (arsenic, lead,
antimony, bismuth, indium, and silver) in all samples were then plotted together on a single line
plot. Figure 14 illustrates this approach for multi-element plotting of normalized data, showing
the result for some of the King County Mainland borings included in the trace element study.?
Most values rose and fell synchronously on the normalized plots, consistent with the high
correlation coefficients among the trace elements; anomalous results were those which deviated
significantly from this synchronous behavior. The concentration data for each boring were also
compared to spatial maps of regional arsenic and lead results (see Washington State Department
of Ecology 2002) to identify results that were spatially atypical (high or low).

Numerical approaches for identifying anomalous results included developing rank-
ordered listings of trace element concentrations and trace element-to-arsenic ratios, and
examining the extreme values on those listings. Borings with patterns of consistently high or
low trace element-to-arsenic ratios across elements were also identified using a spreadsheet
listing of such ratios, with all results in the upper and lower percentiles of the distribution for
each ratio highlighted.

Several categories of anomalous data, with a general description of their evaluation
results, are discussed below. The locations for maximum concentration results discussed below
are identified by study and location-DU-boring (refer to Attachment C for data and to Figure 1
for sampling locations).

0 Anomalous lead-to-arsenic ratios. Ratios greater than 10 and less than 1 were
used to identify anomalously high and low results, respectively. Nine results had
high ratios: on the King County Mainland, 503-1-3 and 504-1-1; on Vashon-
Maury Island, 6-3-2, 6-4-4, 7-2-2, 27-2-1, 30-1-3, 35-2-1, and 35-2-6. Three
results had low ratios: on Vashon-Maury Island, 13-1-5, 33-2-3, and 39-1-3.

Many of the trace element results are generally consistent with reported maximum
arsenic concentrations. At King County Mainland location 503-1-3, antimony but
no other trace element is significantly elevated, suggesting a contribution from a

The sequence numbers on the X-axis reflect the ordering of Mainland borings as given
in the Attachment B data tables.
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source with antimonial lead. Several borings at the Vashon-Maury Island schools
complex (locations 6 and 7) had notably high lead values; location 7-2-2 also has
a comparatively elevated indium versus arsenic concentration. Vashon-Maury
Island location 30-1-3 is a good demonstration of how trace elements contribute
to an understanding of likely sources; the lead concentration of 900 ppm is the
highest for any trace element samples, but the antimony, bismuth, and indium
results are consistent with the low arsenic concentration of 17 ppm, thus
indicating a non-smelter source for this high lead result.

Vashon-Maury Island location 13-1-5 (disturbed soil at a child-use area), with a
low lead-to-arsenic ratio, has elevated antimony, bismuth, and indium
concentrations but comparatively low ratios versus arsenic for those additional
trace elements. The maximum arsenic concentration of 110 ppm occurs in the
deepest depth interval sampled, indicating an inverted depth profile at this boring.
The data for this boring may therefore be limited by not extending deep enough
to fully characterize the inverted profile. Alternatively, since the other elements
have a consistent pattern with each other, the results may also indicate a second
source for arsenic in addition to the smelter.

0 Low arsenic spatial anomalies. Soil concentrations of arsenic and lead show
substantial local variability. A number of borings were selected for trace element
analyses where maximum arsenic concentrations were low compared to the
regional spatial pattern. Examples include the following: on the King County
Mainland, borings 21-1-1, 31-1-2, 58-1-2, 89-1-1, and 507-1-1; on Vashon-Maury
Island, borings 4-1-4, 6-3-2, 7-2-2, 11-1-5, 13-1-4, 27-1-7, 27-7-1, 37-1-8, 39-1-1,
42-2-2, and 45-1-1. These low, spatially anomalous results reflect both soil
disturbance at developed properties and topographic influences (e.g., elevations
and slope aspects unfavorable for deposition). Other than high lead
concentrations at Vashon-Maury Island locations 6 and 7 (the schools complex),
all of the trace element results are consistent with these low arsenic results.

0 High arsenic spatial anomalies. Only a few results were considered as possible
high arsenic anomalies in comparison to the overall spatial pattern. On the King
County Mainland, boring 84-1-3 (maximum arsenic of 180 ppm) is the farthest
inland and the farthest south of the mainland results over 100 ppm. Trace element
concentrations are elevated, with ratios versus arsenic that are typical for lead,
moderately reduced for bismuth, indium, and silver, and markedly lower for
antimony (which nevertheless has a maximum concentration about 6 to 10 times
background). These results indicate a substantial smelter influence, with perhaps
a secondary effect on arsenic (or arsenic and lead) from another source.

Another King County Mainland result, for boring 37-1-2 (West Seattle), has a
maximum arsenic concentration of 86 ppm and is modestly high for its distance
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from the smelter (almost 20 miles). All of the trace element concentrations are
elevated, similar to location 84. The lead and antimony ratios versus arsenic are
moderately high; those for bismuth, indium, and silver are slightly elevated.
These results also indicate a substantial smelter influence, with perhaps a
secondary contribution from a source or sources for antimony and lead.

0 Low lead spatial anomalies. The identified low lead anomalies include locations
also identified as low arsenic anomalies (for example, King County Mainland
507-1-1 and Vashon-Maury lIsland 13-1-4, 27-1-7, 37-1-8, 42-2-2, and 45-1-1).
The trace element results for these borings are consistent with the low arsenic and
lead results.

0 High lead spatial anomalies. High lead values were the most frequently observed
anomaly, including the nine locations noted above as high lead-to-arsenic ratios
and additional spatial anomalies. The following are among the prominent high
lead anomalous locations: on the King County Mainland, 2-1-2, 37-1-2, 79-1-1,
84-1-3, and 503-1-3; on Vashon-Maury Island, 6-4-1, 6-4-4, 7-2-2, 27-2-1, 30-1-
3, and 35-2-1. Many of the trace element results are consistent with the reported
maximum arsenic results for these high lead borings. The mainland borings 503-
1-3 and 79-1-1, as well as Vashon-Maury Island boring 27-2-1, have elevated
antimony-to-arsenic ratios, which suggests another source of antimonial lead.
King County boring 84-1-3, already discussed above, also has a high maximum
arsenic concentration (i.e., several ratios for trace elements-to-arsenic are
comparatively low).

The cases where trace element results indicate a non-smelter source for spatially
anomalous high lead, or high lead and antimony, are in contrast to the results for
King County Mainland boring 60-1-2. That nearshore location (Normandy Park)
has maximum concentrations for all of the trace elements at or near their highest
value for any mainland boring.

The results for Vashon-Maury Island location 6-4-1 are interesting. The
concentrations for all trace elements are among the highest for the trace element
study and the ratios versus arsenic are uniformly high. The maximum arsenic
concentration of 61 ppm is well above background, but low when compared with
all other trace elements. This pattern occurs only rarely in the data set. It is
unlikely that a non-smelter source contributes lead, antimony, bismuth, and
indium in proportions so similar to smelter emissions. The results for 6-4-1 are
suggestive of "missing™ arsenic from this boring, possibly a result of soil
disturbance or of unusual arsenic mobility in soil at this location.

0 Anomalous trace element-to-arsenic ratios. Examination of the trace element-to-
arsenic results resulted in identification of only a small number of apparent outlier
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values: 12 for lead (9 high ratios, 3 low ratios; see list above); 3 for antimony
(King County 503-1-3; Vashon-Maury Island 6-4-1, 35-2-1); 1 for bismuth
(Vashon-Maury Island 6-4-1); 5 for indium (King County Mainland 504-1-1;
Vashon-Maury Island 6-4-1, 7-2-2, 27-1-7, and 35-2-1); and 2 for silver (King
County Mainland 58-1-2 and 504-1-1). Many of these cases have already been
discussed above. A few additional comments are warranted. At King County
boring 58-1-2, the silver result of 1.51 ppm - the highest mainland value -
combined with a maximum arsenic value of only 36 ppm produces a silver-to-
arsenic ratio almost an order of magnitude higher than typical ratios; results for
other elements at that boring are unremarkable. A local source for silver is
indicated. Three of the five borings with high indium-to-arsenic ratios have very
low arsenic concentrations and indium values near the detection limit; only the
results for King County Mainland 504-1-1 and Vashon-Maury Island 6-4-1
appear to reflect any appreciable elevation in ratios for indium.

Low trace element-to-arsenic ratios were much less prominent than high ratios.

The evaluations of anomalous results generally support the usefulness of the selected
trace elements for source identification. Most of the trace element results are consistent with the
reported maximum arsenic concentrations in borings, as well as consistent (i.e., proportional)
with each other. The most frequent type of anomaly is high lead concentrations, at times
accompanied by elevated antimony concentrations. The selected trace elements appear to be
significantly influenced by other sources only rarely in this data set.

5.7  WITHIN-LOCATION RESULTS

For a number of locations, the set of trace element samples includes samples from
multiple borings in a DU or multiple DUs at a single property. These within-location results
were reviewed to determine how strongly the selected trace elements are associated with arsenic
on a local scale. A strong pattern of association for trace elements with arsenic and with each
other has been demonstrated on a regional scale. On the other hand, different mobilities for
various elements result in some separation of trace elements versus arsenic in the soil column
(i.e., within a single boring).

All of the locations with trace element samples from multiple borings are on Vashon-
Maury Island. At 11 properties, samples were analyzed for trace elements in 2 to 4 borings from
a single DU; 4 of those 11 properties also had samples from multiple borings for a second DU.
Thus, there are 15 sets of within-DU borings to be evaluated (see Attachment C). All four of the
undisturbed "forest fringe" DUs from the VVashon-Maury Island Child-Use Areas Study are
included among those 15 DUs. The remaining eleven DUs have disturbed soils. (Each of the 15
DU data sets has samples of only one type, undisturbed or disturbed). The borings included in
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these evaluations of within-DU results have a broad range of maximum arsenic concentrations
(4.4 to 150 ppm), with locations from the southern half of VVashon-Maury Island.

Five properties include samples from multiple DUs at a single location (see Attachment
C). These five properties include 3 of the 4 locations with "forest fringe" samples; comparisons
across DUs at those 3 properties therefore involve both undisturbed and disturbed sampling
locations. The borings included in these evaluations of across-DU results have the same broad
range of maximum arsenic concentrations (4.4 to 150 ppm) and also represent locations on the
southern half of VVashon-Maury Island. The five data sets evaluated for across-DU results
included between 2 and 4 DUs and between 4 and 7 borings.

The maximum concentrations of trace elements in borings were used for within-location
evaluations. The results for each of the 15 within-DU and 5 across-DU data sets were graphed
separately, using multi-element line plots of normalized concentrations (with each result
normalized to the maximum value for that element in that data set) versus boring. All values
were thus rescaled to between 0 and 1, and the lines for different elements traced rising and
falling patterns that showed how consistently the elements varied from one boring to another
(i.e., the graphs were similar in appearance to Figure 14 but focused on local areas). Tabled
values of the trace element-to-arsenic ratios were also reviewed. Thus, both graphical and
numerical approaches were used. In cases where maximum concentration data showed
deviations from consistent patterns, the depth profile results for individual samples were
reviewed.

Both within-DU and across-DU comparisons showed that the selected trace elements
mirrored the local-scale variability in arsenic concentrations quite well. Their behavior is not
perfectly proportional; the trace element-to-arsenic ratios for an element, across borings, are
often variable even when the overall pattern of rising and falling concentrations is consistent
with arsenic. Only a small number of cases were noted where a result deviated strongly from the
overall pattern. The majority of such cases involved lead (e.g., at borings 6-4-4 and 28-2-5).

For several of the data sets, multiple trace elements showed a very consistent pattern
across borings with arsenic results deviating somewhat from that pattern. Atypical or varying
depth profiles for arsenic occurred at some of these locations (e.g., borings 27-1-2, 28-1-3, 39-1-
3, and 39-1-4). The greater mobility of arsenic compared to the other trace elements means that
arsenic tends to become more spread out over depths. Using the maximum concentration at any
of the sampled depth intervals may be too simple an approach to always address these
differences in mobility among the elements. (Calculation of the mass above background over the
whole soil column, using depth-weighted calculations from reported concentration data, may be
an alternate approach worth examining). It may also be the case that at locations with disturbed
soils the depth intervals selected for trace element analyses were too few to fully characterize the
relationship among elements.
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6.0 CONCLUSIONS

Analyses for multiple trace elements in 234 soil samples collected from areas
surrounding ASARCO's former Tacoma Smelter, plus 8 unrelated soil samples from former
orchard properties in eastern Washington, demonstrate that trace element chemistry in soils can
be used effectively for source identification. The Tacoma Smelter is identified as the major
source for the observed regional distribution of arsenic in shallow soils.

The major findings of this study include the following:

0 At least ten elements, and possibly more, show soil contamination patterns and
associations identifying the smelter as a primary source.

0 In addition to arsenic, the primary tracer of smelter impacts, three elements
selected for detailed investigation in this study - antimony, bismuth, and indium -
are effective tracers of smelter impacts on a regional scale (e.g., to distances of
more than 20 miles).

0 All pairwise correlations for seven elements - arsenic, lead, antimony, bismuth,
indium, silver, and mercury - are statistically highly significant. Those
correlations are particularly strong for trace elements antimony, bismuth, and
indium. The strong correlation pattern indicates similar spatial distributions for
multiple elements and argues for a common source.

0 The characteristic trace element-to-arsenic ratios are shown to be much higher (by
approximately an order of magnitude) in soils affected by smelter emissions than
in orchard soils affected by applications of lead arsenate. Orchard soils also show
a different pattern of pairwise correlations among trace elements. Trace element
analyses can therefore be used to discriminate between smelter versus orchard
sources.

0 The high correlations between arsenic and other trace elements mean that low
arsenic concentrations are accompanied by low concentrations for the other
elements. The reported concentrations for other trace elements in this study for
samples with low arsenic concentrations are consistent with literature values for
their background levels (e.g., based on estimated crustal abundance).

0 The (downward) mobility of trace elements in the soil column is observed to vary,
resulting in some separation by depth for different elements. This mobility is
greatest for arsenic and least for lead, with the other targeted trace elements
intermediate between these two end members of the mobility sequence.
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0 The trace elements selected for detailed investigation show similar patterns in
both undisturbed and disturbed soils. Like arsenic, trace elements show an
overall gradient with distance from the smelter, plus considerable local variability
(especially for properties with disturbed soils). Evaluations of trace element-to-
arsenic ratios versus distance show different patterns for different elements. Lead
ratios are higher in the more heavily urbanized King County Mainland, indicating
additional non-smelter lead sources (e.g., leaded gasoline emissions). Antimony
ratios show a trend of decreasing values with distance, both on VVashon-Maury
Island and on the King County Mainland. This may reflect in-plume processes
and changes in relative deposition from smelter emissions as a function of
distance. Bismuth demonstrates the most stable ratio among targeted trace
elements.

0 The most frequent anomalous results are a moderate number of high lead values.
Some of those borings are also high in antimony; a non-smelter source for
antimonial lead may be implicated at those locations. Only a very small number
of results for other trace elements are identified as anomalous. Trace element
concentrations generally vary consistently with arsenic values at sampling
locations with spatially anomalous arsenic results.

0 Trace element results generally mirror the varying patterns for arsenic in multiple
borings on one property (albeit with moderate variations in trace element-to-
arsenic ratios), with only a few significantly divergent values. Trace elements
therefore appear useful on a local as well as a regional spatial scale.

Additional trace element analyses are being performed for approximately 150 soil
samples from the Pierce County Footprint Study, covering the portion of Pierce County north
and west of I1-5. That region includes areas southwest of the Tacoma Smelter in the second
prominent downwind direction. Those additional analyses will be completed during 2003. The
results will be provided and evaluated in a supplement to this report.

Tacoma Smelter Plume Site
Trace Element Study 60



7.0 REFERENCES

Adamo, Paola, S. Dudka, M.J. Wilson, and W.J. McHardy, 2002. Distribution of Trace
Elements in Soils fron the Sudbury Smelting Area (Ontario, Canada). Water, Air, and Soil
Pollution 137, 95-116.

Addicks, Lawrence, 1917. By-Products in Electrolytic Copper Refining. Metallurgical and
Chemical Engineering 17, 169-176. August 15.

Asami, Teruo, Masatsugu Kubota, and Sayuri Saito, 1992. Simultaneous Determination of
Antimony and Bismuth in Soils by Continuous Hydride Generation - Atomic Absorption
Spectrometry. Water, Air, and Soil Pollution 62, 349-355.

ASARCO, Inc., 1914. Sixteenth Annual Report of the American Smelting and Refining
Company, for the Calendar Year Ended December 31st, 1914.

ASARCO, Inc., 1993. Annual Report.

Austin, Fred L., 1984. PSAPCA Memorandum to Chief - Engineering: Analysis of ASARCO
Stack Fire Fallout. October 2.

Ayres, Robert U., Leslie W. Ayres, and Ingrid Rade, (undated). The Life Cycle of Copper, Its
Co-Products and By-Products. Report for the Mining, Minerals and Sustainable Development
project of the International Institute for Environment and Development. [See
www.iied.org/mmsd/activities/life_cycle_analysis.html]

Ball, Ann L., William N. Rom, and Bard Glenne, 1983. Arsenic Distribution in Soils
Surrounding the Utah Copper Smelter. American Industrial Hygiene Association Journal 44,
341-348.

Battelle Marine Sciences Laboratories, 2001. Data spreadsheets with results of extended trace
element analyses for initial sample groups from Vashon-Maury Island and King County
Mainland. February 12 and July 18.

Bechtel Environmental, Inc., 1992. Remedial Investigation Report for Ruston/North Tacoma,
Washington. Submitted to U.S. Environmental Protection Agency, Region X, Superfund
Branch, Seattle, Washington. January.

Beckman, Lars, 1978. The Ronnskar Smelter - Occupational and Environmental Effects in and
Around a Polluting Industry in Northern Sweden. Ambio 7, 226-231.

Tacoma Smelter Plume Site
Trace Element Study 61



Black & Veatch, 1988a. Final Field Investigation Report, Ruston/Vashon Island Area. Prepared
for State of Washington Department of Ecology. September.

Black & Veatch, 1988b. Final Endangerment Assessment, Ruston/Vashonlsland Area. Prepared
for State of Washington, Department of Ecology. September.

Blanchard, Charles L. and Mark R. Stromberg, 1987. Acidic Precipitation in Southeastern
Arizona: Sulfate, Nitrate and Trace-Metal Deposition. Atmospheric Environment 21, 2375-
2381.

Boyle, R.W. and I.R. Jonasson, 1973. The Geochemistry of Arsenic and Its Use as an Indicator
Element in Geochemical Prospecting. Journal of Geochemical Exploration 2, 251-296.

Chatterjee, Amit and R.N. Banerjee, 1999. Determination of lead and other metals in a
residential area of greater Calcutta. The Science of the Total Environment 227, 175-185.

Chaubal, P.C., 1989. Technical Notes: Effect of oxygen enrichment on elimination of As, Sb,
and Bi during copper converting. Transactions of the Institution of Mining and Metallurgy
(Section C: Mineral Processing and Extractive Metallurgy) 98, C83-C84.

Chaubal. Pinakin C. and Meguru Nagamori, 1983. Volatilization of Arsenic and Antimony in
Copper Matte Converting. Metallurgical Transactions B 14B, 303-306.

Chow, Judith C., 1995. Measurement Methods to Determine Compliance with Ambient Air
Quality Standards for Suspended Particles. Journal of the Air & Waste Management Association
45, 320-367.

Crecelius, Eric A., 1974. The Geochemistry of Arsenic and Antimony in Puget Sound and Lake
Washington, Washington. Dissertation, Doctor of Philosophy, Department of Oceanography,
University of Washington, Seattle, Washington.

Crecelius, Eric A., 1975. The geochemical cycle of arsenic in Lake Washington and its relation
to other elements. Limnology and Oceanography 20, 441-451.

Crecelius, Eric A., Carl J. Johnson, and George C. Hofer, 1974. Contamination of Soils Near a
Copper Smelter by Arsenic, Antimony and Lead. Water, Air, and Soil Pollution 3, 337-342.

Crecelius, Eric A., Michael H. Bothner, and Roy Carpenter, 1975. Geochemistries of Arsenic,
Antimony, Mercury, and Related Elements in Sediments of Puget Sound. Environmental
Science & Technology 9, 325-333.

Davies, Brian E., 1980. Trace Element Pollution. Chapter 9 in: Applied Soil Trace Elements,

Tacoma Smelter Plume Site
Trace Element Study 62



Brian E. Davies (editor), John Wiley & Sons Ltd..

du Bray, Edward A., 1995. Editor, Preliminary Compilation of Descriptive Geoenvironmental
Mineral Deposit Models. U.S. Geological Survey Open-File Report 95-0831. (Version 1.0: see
www.pubs.usgs.gov/of/1995/0fr-95-0831).

Dudka, S., R. Ponce-Hernandez, and T.C. Hutchinson, 1995. Current level of toal element
concentrations in the surface layer of Sudbury's soils. The Science of the Total Environment
162, 161-171.

Dudka, Stanislow and Domy C. Adriano, 1997. Environmental Impacts of Metal Ore Mining
and Processing: A Review. Journal of Environmental Quality 26, 590-602.

Dumontet, Stefano, H. Dinel, and P.E.N. Levesque, 1992. The distribution of pollutant heavy
metals and their effect on soil respiration and acid phosphatase activity in mineral soils of the
Rouyn-Noranda region, Quebec. The Science of the Total Environment 121, 231-245.

Eckel, William P., Michael B. Rabinowitz, and Gregory D. Foster, 2002. Investigation of
unrecognized former secondary lead smelting sites: confirmation by historical sources and
elemental ratios in soil. Environmental Pollution 117, 273-279.

EcoChem, Inc., 2002. Data validation reports for King County tracers analyses. (Includes 5
reports: Compliance Review, Vashon/Maury Islands Child-Use Area Tracer Study, Total
Metals, SDG No. 1600, November 11; Compliance Review, Mainland Tracer Study, Total
Metals, SDG No. 1664, November 11; Full Data Review, Vashon/Maury Islands Child-Use Area
Tracer Study, Total Metals, Method 200.8, SDG No. 1600, August 8; Full Data Review,
Vashon/Maury Islands Child-Use Area Tracer Study, Mercury, Method 245.5, SDG No. 1600,
August 8; Full Data Review, King County Mainland Tracer Study, Total Metals, Method 200.8,
SDG No. 1664, August 8).

Encyclopedia Britannica, 1980. 15th Edition. Geochemical Distribution of Elements. Article
by Brian H. Mason, Department of Mineral Sciences, Smithsonian Institution, Washington, DC.

Ermolenko, N.F., 1966. Trace Eelements and Colloids in Soils. Second Edition. Academy of
Sciences of the Belorussian SSR. Translated from Russian, Israel Program for Scientific
Translations, Jerusalem 1972.

Franzin, William G., Gordon A. McFarlane, and Andrew Lutz, 1979. Atmospheric Fallout in the
Vicinity of a Base Metal Smelter at Flin Flon, Manitoba, Canada. Environmental Science &
Technology 13, 1513-1522.

Fulton, Charles H., 1915. Metallurgical Smoke. U.S. Department of the Interior, Bureau of
Mines. Bulletin 84. Government Printing Office, Washington DC.

Tacoma Smelter Plume Site
Trace Element Study 63



Gabriel, Irene E. and T. Patten, 1994. Distribution of Copper Smelter Emissions in Southeastern
Arizona - Using Honey Mesquite as a Bioindicator. Water, Air, and Soil Pollution 72, 67-87.

Gabriel, Irene E. and Duncan T. Patten, 1995. Changes in the Inorganic Element Concentration
Spectrum of Mesquite Foliage During Operational and Non-Operational Periods of a Copper
Smelter. Water, Air, and Soil Pollution 81, 207-217.

Galbraith, Hector, Katherine LeJeune, and Joshua Lipton, 1995. Metal and arsenic impacts to
soils, vegetation communities and wildlife habitat in southwestern Montana uplands
contaminated by smelter emissions: 1. Field Evaluation. Environmental Toxicology and
Chemistry 14, 1895-1903.

GCA, 1974. Particulate Sampling Analysis at ASARCO, Tacoma, Washington: Final Report.
Technology Division, Bedford, Massachusetts. Report Number GCA-TR-74-30-G. Prepared for
Environmental Protection Agency, Region X, Seattle, Washington. October.

Germani, Mark S., Mark Small, and William H. Zoller, 1981. Fractionation of Elements during
Copper Smelting. Environmental Scvience & Technology 15, 299-305.

Gregurek, D., C. Reimann, and E.F. Stumpfl, 1998. Trace elements and precious metals in snow
samples from the immediate vicinity of nickel processing plants, Kola Peninsula, northwest
Russia. Environmental Pollution 102, 221-232.

Gregurek, Dean, Frank Melcher, Heikki Niskavaara, Vladimir A. Pavlov, Clemens Reimann, and
Eugene F. Stumpfl, 1999. Platinum-group elements (Rh, Pt, Pd) and Au distribution in snow
samples from the Kola Peninsula, NW Russia. Atmospheric Environment 33, 3281-3290.

Gullu, Gulen H., Jack Beal, Richard D. Fink, Francis X. Pink, and llhan Olmez, 1995. Emission
patterns and source composition profiles of Canadian copper smelters as observed in the
northeastern United States. Abstract to 35th IUPAC Congress, Istanbul 14-19 August 1995.
(See www.faculty.fairfield.edu/jwbeal/Publications.html)

Haugland, Toril, Eiliv Steinnes, and Marina V. Frontasyeva, 2002. Trace Metals in Soil and
Plants Subjected to Strong Chemical Pollution. Water, Air, and Soil Pollution 137, 343-353.

Heilman, Paul E. and Gordon T. Ekuan, 1977. Western Washington Research and Extension
Center, Washington State University, Puyallup, Washington. Heavy Metals in Gardens Near the
Asarco Smelter, Tacoma, Washington. Prepared for USEPA, Region X. EPA-68-01-2989

Henderson, P.J., I. McMartin, G.E. Hall, J.B. Percival, and D.A. Walker, 1998. The chemical
and physical characteristics of heavy metals in humus and till in the vicinity of the base metal
smelter at Flin Flon, Manitoba, Canada. Environmental Geology 34, 39-58.

Tacoma Smelter Plume Site
Trace Element Study 64



Holmes, J.A., Edward C. Franklin, and Ralph A. Gould, 1915. U.S. Department of the Interior,
Bureau of Mines. Report of the Selby Smelter Commission. Bulletin 98. Government Printing
Office, Washington DC.

Horowitz, Arthur J., Kent A. Elrick, John A. Robbins, and Robert B. Cook, 1995. A summary of
the effects of mining and related activities on the sediment-trace element geochemistry of Lake
Coeur d'Alene, Idaho, USA. Journal of Geochemical Exploration 52, 135-144.

Johnson, Richard K., Lars Eriksson, and Torgny Wiederholm, 1992. Ordination of Profundal
Zoobenthos Along a Trace Metal Pollution Gradient in Northern Sweden. Water, Air, and Soil
Pollution 65, 339-351.

Kabata-Pendias, Alina and Henryk Pendias, 1992. Trace Elements in Soils and Plants, second
edition. CRC Press, Inc., Boca Raton, Florida.

Karczewska, A., L. Szerszen, L., and C. Kabala, 1998. Forms of Selected Heavy Metals and
Their Transformation in Soils Polluted by the Emissions from Copper Smelters. Advances in
GeoEcology 31, 705-712.

Kimbrough, David Eugene and I.H. Suffet, 1995. Off-Site Forensic Determination of Airborne
Elemental Emissions by Multi-Media Analysis: A Case Study at Two Secondary Lead Smelters.
Environmental Science & Technology 29, 2217-2221. See also: Amter, Steven and William P.
Eckel, 1996. Comment on " Off-Site Forensic Determination of Airborne Elemental Emissions
by Multi-Media Analysis: A Case Study at Two Secondary Lead Smelters", Environmental
Science & Technology 30, 2417-2418; Kimbrough, David Eugene and I.H. Suffet, 1996.
Response to Comment on "Off-Site Forensic Determination of Airborne Elemental Emissions by
Multi-Media Analysis: A Case Study at Two Secondary Lead Smelters”, Environmental Science
& Technology 30, 2419.

Kluge, Andreas, Bernd VVoland, and Uwe Schlenker, 1991. The distinction of anthropogenic
(man-made) and geogenic (natural) compartments in complex pedogeochemical anomalies.
Institute of Mineralogy, Freiberg University of Mining and Technology, Freiberg/Saxony,
Germany. (See www.mineral.tu-freiberg.de/geochemie/anodiff)

Knudson, Eric J., David L. Duewer, Gary D. Christian, and Timothy V. Larson, 1977.
Application of Factor Analysis to the Study of Rain Chemistry in the Puget Sound Region.
Chemometrics: Theory and Applications, American Chemical Society Symposium Series 52,
80-116.

Komakine, Tetsurow, 1917. The Treatment of Metallurgical Smoke in Japan. Metallurgical and
Chemical Engineering 17, 484-486. October 15.

Tacoma Smelter Plume Site
Trace Element Study 65



Labbe, A.L., 1973. Report on discharges to air and water from Tacoma Smelter. January 31.
Labbe, A.L., 1975. Letter to A.R. Dammkoehler, PSAPCA: Source Test of Fugitive Emissions
From the Converter Building. January 14.

Larson, Timothy V., Robert J. Charlson, Eric J. Knudson, Gary D. Christian, and Halstead
Harrison, 1975. The Influence of a Sulfur Dioxide Point Source on the Rain Chemistry of a
Single Storm in the Puget Sound Region. Water, Air, and Soil Pollution 4, 319-328.

Lastra-Quintero, R., N. Rowlands, S.R. Rao, and J.A. Finch, 1987. Characterization and
Separation of a Copper Smelter Dust Residue. Canadian Metallurgical Quarterly 26, 85-90.

Lowry, Kimberly, 1983. Arsenic and Cadmium Levels Found in Garden Soils in Tacoma,
Washington. Prepared for Tacoma-Pierce County Health Department and Seattle-King County
Health Department. April.

Lynch, Andrew J., Neil R. McQuaker, and David F. Brown, 1980. ICP/AES Analysis and the
Composition of Airborne and Soil Materials in the Vicinity of a Lead/Zinc Smelter Complex.
Journal of the Air Pollution Control Association 30, 257-260.

McClannan, Herbert, 1974. A Study of Metallic Air Pollution in the Vicinity of a Copper
Smelter. Thesis, Master of Science in Civil Engineering, University of Washington, Seattle,
Washington.

McMartin, 1., P.J. Henderson, and E. Nielsen, 1999. Impact of a base metal smelter on the
geochemistry of soils of the Flin Flon Region, Manitoba and Saskatchewan. Canadian Journal of
Earth Sciences 36, 141-160. (See also web page for the Geological Survey of Canada, Terrain
Sciences Division: http://sts.gsc.nrcan.gc.ca, with extensive discussion of results).

McMartin, 1., 2000. Quaternary geology and environmental geochemistry of the Flin Flon
Region, Manitoba and Saskatchewan. PhD thesis, Carleton University, Ottawa, Canada.

McMartin, Isabelle, Penny J. Hendersen, Alain Plouffe, and Ross D. Knight, 2002. Comparison
of Cu-Hg-Ni-Pb concentrations in soils adjacent to anthropogenic point sources: examples from
four Canadian sites. Geochemistry: Exploration, Environment, Analysis 2, 57-74.

Meador, James P., Robert C. Clark, Jr., Paul A. Robisch, Donald W. Ernest, John T. Landahl,
Usha Varanasi, Sin-Lam Chan, and Bruce McCain, 1994. National Benthic Surveillance Project:
Pacific Coast. Analysis of Elements in Sediment and Tissue, Cycles | to V (1984-1988).

NOAA Technical Memorandum NMFS-NWFSC-16. August.

Mehta, Anil K., 1981. Project Summary: Investigation of New Techniques for Control of
Smelter Arsenic Bearing Wastes. U.S. Environmental Protection Agency, Industrial
Environmental Research Laboratory, Cincinnati, Ohio. EPA-600/S2-81-049. September.

Tacoma Smelter Plume Site
Trace Element Study 66



Metals in the Environment Research Network (MITE-RN), 1998 (to present). See
http://www.mite-rn.org. Canadian research network funded by government and private sources,
established in 1998 and headquartered at the University of Guelph (contact: dwarner @
tox.uoguelph.ca). Research on sources of metals in the environment, processes by which metals
move and transform within the environment, and impacts of metals on ecosystems.

Michaud, Daniel, Marcel Baril, Chantal Dion, and Guy Perrault, 1996. Characterization of
Airborne Dust from Two Nonferrous Foundries by Physico-chemical Methods and Multivariate
Statistical Analysis. Journal of the Air and Waste Management Association 46, 450-457.

Navarro, P. and F.J. Alguacil, 2002. Adsorption of antimony and arsenic from a copper
electrorefining solution onto activated carbon. Hydrometallurgy 66, 101-105.

Nehen, Stella, 2002. Records Administrator, Puget Sound Clean Air Agency, Seattle,
Washington. Personal communication with Gregory L. Glass. May 13.

Nelson, K.W., 1977. Industrial Contributions of Arsenic to the Environment. Environmental
Health Perspectives 19, 31-34.

Nelson, Philip A. and John W. Roberts, 1975. A Comparison of the Efficiency of the No. 1 ESP
and the Pilot Baghouse in Controlling Particulate Emissions at the ASARCO Tacoma Smelter.
Paper presented at the annual meeting of the Pacific Northwest International Section of the Air
Pollution Control Association, November 19-21, 1975, Vancouver, British Columbia, Canada.

Newhook, R., H. Hirtle, K. Byrne, and M.E. Meek, 2003. Releases from copper smelters and
refineries and zinc plants in Canada: human health exposure and risk characterization. The
Science of the Total Environment 301, 23-41.

Nieminen, T.M., L. Ukonmaanaho, and W. Shotyk, 2002. Enrichment of Cu, Ni, Zn, Pb, and As
in an ombrotrophic peat bog near a Cu-Ni smelter in Southwest Finland. The Science of the
Total Environment 292, 81-89.

Niskavaara, Heikki, Clemens Reimann, and Viktor Chekushin, 1996. Distribution and pathways
of heavy metals and sulphur in the vicinity of the copper-nickel smelters in Nikel and
Zapoljarnij, Kola Peninsula, Russia, as revealed by different sample media. Applied
Geochemistry 11, 25-34.

Nordgren, Anders, Tiiu Kauri, Erland Baath, and Bengt Soderstrom, 1986. Soil Microbial
Activity, Mycelial Lengths and Physiological Groups of Bacteria in a Heavy Metal Polluted
Area. Environmental Pollution (Series A) 41, 89-100.

Nriagu, Jerome O. and Jozef M. Pacyna, 1988. Quantitative assessment of worldwide

Tacoma Smelter Plume Site
Trace Element Study 67



contamination of air, water and soils by trace metals. Nature 333, 134-139. May 12.

Nriagu, Jerome O., 1991. Worldwide Contamination of the Atmosphere with Toxic Metals. In:
The Deposition and Fate of Trace Metals in our Environment, Elon S. Verry and Stephen J.
Vermette (editors), organized by the National Atmospheric Deposition Program National Trends
Network, publiches by USDA - Forest Service, North Central Forest Experiment Station. Held
in Philadelphia, Pennsylvania, October 8.

Ontario Ministry of the Environment, 2001. Metals in Soil and Vegetation in the Sudbury Area
(Survey 2000 and Additional Historic Data). September.

Pagenkopf, Gordon K. and A. David Maughan, 1984. Point source impact of a lead smelter,
west central Montana. Chapter 2 in: Environmental Impact of Smelters, Jerome O. Nriagu
(editor), John Wiley & Sons, New York.

Parker, John G., 1978. Occurrence and Recovery of Certain Minor Metals in the Smelting-
Refining of Copper. United States Department of the Interior, Bureau of Mines. Information
Circular 8778.

Peck, Norm, 2001. Draft Field Notes: Tracer Study Orchard Lands Pilot Samples. April 9.

Peters, Edward Dyer, 1907. The Principles of Copper Smelting. Hill Publishing Company, New
York, New York.

PEDCo Environmental, Inc., 1984. Evaluation of an Air Curtail Hooding System for a Primary
Copper Converter. Prepared for U.S. Environmental Protection Agency, Industrial
Environmental Research Laboratory, Office of Research and Development, Cincinnati, OH.
EPA-600/2-84-042a.

Pip, Eva, 1991. Cadmium, Copper, and Lead in Soils and Garden Produce near a Metal Smelter
at Flin Flon, Manitoba. Bulletin of Environmental Contamination and Toxicology 46, 790-796.

Public Health - Seattle & King County (PHSKC) and Gregory L. Glass, 2001. Final Report,
Vashon/Maury Island Child-Use Areas Study, 2000-2001. Prepared for Washington State
Department of Ecology. November.

Puget Sound Air Pollution Control Agency (PSAPCA), 1974. [Now Puget Sound Clean Air
Agency]. The Concentration of Lead, Arsenic, Mercury, Cadmium, SO2 and Suspended
Sulfates Downwind from the Tacoma Smelter, The Impact and Control Status, and Benefits from
Reduction. PSAPCA Llbrary File No. 714. Seattle, Washington. April 22.

Puget Sound Air Pollution Control Agency (PSAPCA), 1981. [Now Puget Sound Clean Air
Agency]. Environmental Impact Statement for ASARCO, Incorporated Variance from PSAPCA

Tacoma Smelter Plume Site
Trace Element Study 68



Regulation I, Sections 9.03(b), 9.07(b), and 9.07(c). Draft: March. Final: September.

Ragaini, R.C., H.R. Ralston, and N. Roberts, 1977. Environmental Trace Metal Contamination
in Kellogg, Idaho, near a Lead Smelting Complex. Environmental Science & Technology 11,
773-781.

Ratsch, Hilman C., 1974. Heavy-Metal Accumulation in Soil and Vegetation from Smelter
Emissions. U.S. Environmental Protection Agency, Office of Research and Development,
National Environmental Research Center, Corvallis, Oregon. EPA-660/3-74-012. August.

Reimann, Clemens, Rognvald Boyd, Patrice de Caritat, Jo H. Halleraker, Galina Kashulina,
Heikki Niskavaara, and Igor Bogatyrev, 1997. Topsoil (0-5 cm) Composition in Eight Arctic
Catchments in Northern Europe (Finland, Norway, and Russia). Environmental Pollution 95,
45-56.

Reimann, Clemens, David Banks, and Patrice de Caritat, 2000. Impacts of Airborne
Contamination on Regional Soil and Water Quality: The Kola Peninsula, Russia.
Environmental Science & Technology 34, 2727-2732.

Reimann, Clemens and Patricia de Caritat, 2000. Intrinsic Flaws of Element Enrichment Factors
(EFs) in Environmental Geochemistry. Environmental Science & Technology 34, 5084-5091.

Reimann, Clemens, 2002. The "Kola Ecogeochemistry Project™”: some lessons for the mineral
exploration and processing industry from environmental geochemical mapping of the central
Barents Region. Geological Survey of Norway, Trondheim, Norway. (www.min.tu-
clausthal.de/www/sga/news5/art1.htm)

Rice, Karen C., 1999. Trace-Element Concentrations in Streambed Sediment Across the
Conterminous United States. Environmental Science & Technology 33, 2499-2504.

Roberts, John W., 1975. Source Test Engineer, Puget Sound Air Pollution Control Agency,
Seattle, Washington. Letter to Dr. James Everets, USEPA Region 10, Seattle, Washington:
Analysis of fall-out jar contents collected near the Tacoma Smelter. (Handwritten lab results
attached). December 8.

Roberts, Nicholas J., 1973. Aerosol Trace Element Analysis Using Neutron Activation and X-
Ray Fluorescence. Thesis, Master of Science in Physics, California State University, Hayward,
California. December.

Schwitzgebel, Klaus, Richard T. Coleman, Robert V. Collins, Robert M. Mann, and Carol M.
Thompson, 1978. Radian Corporation, Austin, Texas. Trace Element Study at a Primary
Copper Smelter. Two Volumes. Prepared for U.S. Environmental Protection Agency, Office of
Research and Development, Industrial Environmental Research Laboratory, Cincinnati, Ohio.

Tacoma Smelter Plume Site
Trace Element Study 69



EPA-600/2-78-065a and -065b. March.

Small, Mark, Mark S. Germani, Ann M. Small, and William H. Zoller, 1981. Airborne Plume
Study of Emissions from the Processing of Copper Ores in Southeastern Arizona.
Environmental Science & Technology 15, 293-299.

Statnick, R.M., 1974. Measurement of sulfur dioxide, particulate, and trace elements in copper
smelter converter and roaster/reverberatory gas streams. U.S. Environmental Protection Agency,
National Environmental Research Center, Research Triangle Park, NC. EPA-650/2-74-111.

Sterckeman, T., F. Douay, N. Proix, H. Fourrier, and E. Perdrix, 2002. Assessment of the
Contamination of Cultivated Soils by Eighteen Trace Elements Around Smelters in the North of
France. Water, Air, and Soil Pollution 135, 173-194.

Suchara, 1. and J. Sucharova, 2002. Distribution of Sulphur and Heavy Metals in Forest Floor
Humus of the Czeck Republic. Water, Air, and Soil Pollution 136, 289-316.

Tayler, Paul L., 1976. Process Control and Environmental Section, Utah Copper Division,
Kennecott Copper Corporation, Salt Lake City, Utah. Characterization of Copper Smelter Flue
Dust. Paper presented at the 69th annual meeting, Air Pollution Control Association, Portland,
Oregon. June 27-July 1.

U.S. Bureau of Mines, 1965. Mineral Facts and Problems. Bulletin 630.

U.S. Environmental Protection Agency, 1983. Office of Air Quality, Planning and Standards,
Research Traingle Park, NC. Draft EIS: Inorganic Arsenic Emissions from High-Arsenic
Primary Copper Smelters - Background Information for Proposed Standards. EPA-450/3-83-
009a. April.

U.S. Environmental Protection Agency, 1998. Proposed Rule and Notice of Public Hearing,
National Emission Standards for Hazardous Air Pollutants for Source Categories: National
Emission Standards for Primary Copper Smelters. Signed 4/9/98.

[See http://envinfo.com/caain/698/copprop.htmi]

U.S. Environmental Protection Agency, 2001. Office of Air Quality Planning and Standards,
Metals Group, Research Triangle Park, NC. National Emission Standards for Hazardous Air
Pollutants (NESHAP) for Primary Copper Smelters - Background Information for Promulgated
Standards. EPA-453/R-02-003. December.

Varner, M.O., 1983. Director, Department of Environmental Sciences, ASARCO, Salt Lake
City, Utah. Letter to Dr. Samuel Milham, Jr., Washington State Department of Social and
Health Services, Olympia, Washington. Includes stack emissions data. December 12.

Tacoma Smelter Plume Site
Trace Element Study 70



Tacoma Smelter Plume Site
Trace Element Study

71



Vong, Richard J., Timothy V. Larson, William H. Zoller, David S. Covert, Robert J. Charlson,
lan Sweet, Richard Peterson, Theresa Miller, John F. O'Loughlin, and Margaret N. Stevenson,
1987. Rainwater Chemistry near an Isolated SO2 Emission Source. Chapter 17 in: The
Chemistry of Acid Rain: Sources and Atmospheric Processes. ACS Symposium Series 349,
American Chemical Society, Washington DC.

Vong, Richard J., Timothy V. Larson, and William H. Zoller, 1988. A Multivariate Chemical
Classification of Rainwater Samples. Chemometrics and Intelligent Laboratory Systems 3, 99-
109.

Wagner, Sandra Elaine, 1993. Neutron Activation Analysis of Arsenic and Antimony in
Orchard Soils. Washington State University, Environmental Science and Regional Planning
Program. Master of Science special project. August.

Washington State Department of Ecology, 2002. Tacoma Smelter Plume: Mainland King
County, Preliminary Study. Publication No. 02-09-031 (Fact Sheet).

Wolfe, James R., 1981. The Hydrometallurgical Recovery of Arsenic from Smelter Flue Dusts.
Chapter 2 in: Arsenic : Industrial, Biomedical, Environmental Persepctives, William H. Lederer
and Robert J. Fensterheim (editors), Van Nostrand Reinhold Company, New York.

Zoltai, S.C., 1988. Distribution of Base Metals in Peat near a Smelter at Flin Flon, Manitoba.
Water, Air, and Soil Pollution 37, 217-228.



Table 1

Table 1

Tacoma Smelter Plume Site

Summary of Samples Selected

for Trace Element Analyses

UNDISTURBED SAMPLE LOCATIONS

| Number of DUs with
Depth Profiles: Multiple Borings per DU
Number of: Two Three Four Five Two Three Four
Samples Borings |Locations 1/2 2/3 3/4 4/5 1/2/3 3/4/5 1/2/3/4 1/2/3/415
Vashon-Maury Island 41 15 8 6 8 1 1 3
King County Mainland 68 33 33 29 1 1 2
DISTURBED SAMPLE LOCATIONS
Number of DUs with
Depth Profiles: Multiple Borings per DU
Number of: Two Three Four Five Two Three Four
Samples Borings |Locations 1/2 2/3 3/4 4/5 1/2/3 3/4/5 1/2/3/4 1/2/3/415
Vashon-Maury Island 125 44 22 14 1 21 3 7 3
FORMER ORCHARD SAMPLE LOCATIONS
Number of DUs with
Depth Profiles: Multiple Borings per DU
Number of: Two Three Four Five Two Three Four
Samples Borings |Locations 1/2 2/3 3/4 4/5 1/2/3 3/4/5 1/2/3/4 1/2/3/415
Yakima Area 8 4 2 4 2
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Table 2

Table 2
Tacoma S‘melter Plu‘me Site
Trace Element Analyses
Summary of Results
OnSite Analyses Battelle Analyses
Sample Locations arsenic lead arsenic lead antimony bismuth indium mercury silver
|
Vashon-Maury Island
(n=)
number of analyses 166 157 37 11 166 166 166 37 10
number of NDs 3 9 2 0 48 18 24 7 0
ND range \ 16-1.7 5.2-6.4 516-13.7 n/a, 0.725-16.8 0.1-0.683 0.05 0.0393-0.169 n/a
minimum quantified 1.7 6.9 4.23 16 0.591 0.1 0.0504 0.063 0.0891
maximum quantified 230 900 238 681 68.1 18.7 15 2.57 1.69
ratio: Max‘/Min 135 130 56 43 115 187 30 41 19
King County Mainland
(n=)
number of analyses 68 68 68 10 68 68 68 10 68
number of NDs 1 1 0 0 0 1 14 0 15
ND range | 5 6.8 n/a n/a n/a 0.1 0.05 n/a 0.049 - 0.345
minimum quantified 7.5 6.7 9 27.5 0.57 0.205 0.0363 0.13 0.0879
maximum quantified 180 619 217 705 27.7 9.05 0.916 1.56 151
ratio: Max/Min 24 92 24 26 49 44 25 12 17
Former Orchards
(n=8)
number of analyses 0 0 8 8 8 8 8 8 8
number of NDs n/a n/a 0 0 0 0 0 2 0
ND range n/a n/a n/a n/a n/a n/a n/aj 0.0106 - 0.0115 n/a
minimum quantified n/a n/a 15.2 110 0.526 0.241 0.0456 0.0158 0.0528
maximum quantified n/a n/a 77.8 364 1.19 0.347 0.0693 0.0483 0.099
ratio: Max/Min n/a n/a 5.1 3.3 2.3 14 15 3.1 1.9
NOTES:

1. All concentrations in ppm, dry weight, on <2mm size fraction.

2. Where all samples are not analyzed, the ranges shown may not include analyses of samples over the full range of arsenic results.
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Table 3

Tacoma Smelter Plume Site

Trace Element Correlations

Based on Maximum Concentrations by Boring

Inter-Element Correlations

Arsenic  Lead Antimony Bismuth | Indium

Lead 0.6037

(92)

0.0000

Antimony 0.8030 0.7210

(92) (92)

0.0000 0.0000

Bismuth 0.8682 0.7465 0.8849
(92) (92) (92)
0.0000 0.0000 0.0000
Indium 0.8407 0.6969 0.8878 0.9447
(92) (92) (92) (92)
0.0000 0.0000 0.0000 0.0000
Silver 0.7664 0.6734 0.6890 0.8260 0.8295
(38) (38) (38) (38) (38)

0.0000 0.0000 0.0000 0.0000 0.0000

NOTES:

1. Entry formats are: 0.6037 correlation coefficient

(92) number of samples

0.0000 significance level

(0.0000 means < 0.00005)

2. All data distributions are right-skewed; therefore correlations

(parametric) are calculated using LOG concentrations.

3. Arsenic and lead results are from OnSite lab analyses; other

results are from Battelle lab analyses. |

4. For 9 samples without OnSite lead results, Battelle results

are used instead as surrogate values. | |

5. Correlations are based on results from all Tacoma Smelter

Plume locations (Vashon-Maury Island and King County

Mainland; undisturbed and disturbed soils) with trace

element analyses. \ \ ‘ ‘




Table 4

Table 4

Tacoma Smelter Plume Site

Trace Element-to-Arsenic Ratios

From Regression Equations

Regression Element-to-Arsenic Ratio at
R-Squared Arsenic concentration (ppm) of:
(percent) 20 50 100 200
Tacoma Smelter Plume Samples
(n=92 borings)
Pb 36.4 3.69 2.86 2.35 1.94
Sb 64.5 0.132 0.131 0.129 0.128
Bi 75.4 0.034 0.039 0.043 0.048
In 70.7 0.0047/ 0.0041  0.0037| 0.0033
Ag 58.7 0.0103| 0.0081  0.0067| 0.0056
Orchard Samples
(n=8 samples)
Pb 93.2 6.67 5.18 4.27 3.53
Sb 59.7 0.032 0.018 0.012 0.008
Bi 76.1 0.0129/ 0.0063  0.0036| 0.0021
In 47.9 0.0025/ 0.0012  0.0007| 0.0004
Ag 57.0 0.0030/ 0.0016  0.0010, 0.0006
Comparative Enrichment, Smelter vs Orchard Soils
Pb 0.55 0.55 0.55 0.55
Sb 4.1 7.3 10.8 16.0
Bi 2.6 6.2 11.9 22.9
In 1.9 3.4 5.3 8.3
Ag 3.4 5.1 6.7 9.3
NOTES:

Comparative enrichment calculated as element-to-arsenic ratio for smelter soils

divided by orchard soils.

All linear regression equations calculated using LOG concentrations.

Detection limit concentrations used for not-detected results. \
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Depth Profile, Arsenic (0-2 vs 2-6 inches), Undisturbed Locations
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Depth Profile, Lead (0-2 vs 2-6 inches), Undisturbed Locations
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Comparative Depth Profiles, Arsenic vs Bismuth (Undisturbed)
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Antimony vs Arsenic Results by Sample Type
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Attachment A

List of Elements Analyzed
for
Extended Trace Elements Samples

element atomic number element atomic
number

vanadium 23 antimony ® 51
chromium 24 tellurium 52
cobalt 27 iodine 53
nickel 28 cesium 55
copper 29 lanthanum 57
zinc 30 cerium 58
gallium 31 samarium 62
germanium 32 ytterbium 70
arsenic ® 33 tungsten 74
selenium 34 platinum 78
bromine 35 gold 79
yttrium @ 39 mercury ® 80
molybdenum 42 thallium 81
ruthenium 44 lead 82
rhodium 45 bismuth ) 83
palladium 46 polonium 84
silver ® 47

cadmium 48

indium ® 49

tin 50

® Yttrium reported for King County Mainland samples, but not VVashon-Maury
Island samples.

®) Elements shown in bold analyzed as targeted analytes in some or all samples in
larger sample groups. Antimony, indium, and bismuth selected as three primary
targeted trace elements and analyzed in all samples; mercury and silver analyzed
for a subset of samples in a preliminary investigation of their performance as
smelter trace elements. Arsenic analyzed for a subset of samples to provide data
for between-lab comparisons.



A B C D E F H [
1 |Attachment B
2 |
3 |Tacoma Smelter Plume Site
4 |
5 |Targeted Trace Elements
6 |Analytical Results by Sample
7
8
9
10
11 Study Sample Code Direction | Distance Location DU
12 (degrees) (miles)
13 King County
14 Mainland
15
16 Main sample 1-2-1-2-1 39.25 21.62 2 1
17 group 1-2-1-2-2 39.25 21.62 2 1
18 1-3-1-1-1 38.45 22.01 3 1
19 1-3-1-1-2 38.45 22.01 3 1
20 1-11-1-3-1 36.19 24.99 11 1
21 1-11-1-3-2 36.19 24.99 11 1
22 1-21-1-1-1 60.82 15.92 21 1
23 1-21-1-1-2 60.82 15.92 21 1
24 1-30-1-3-1 59.17 18.85 30 1
25 1-30-1-3-2 59.17 18.85 30 1
26 1-31-1-2-1 51.04 19.24 31 1
27 1-31-1-2-2 51.04 19.24 31 1
28 1-34-1-2-2 57.99 19.20 34 1
29 1-34-1-2-3 57.99 19.20 34 1
30 1-36-1-1-1 19.56 16.87 36 1
31 1-36-1-1-2 19.56 16.87 36 1
32 1-38-1-1-1 20.98 19.10 38 1
33 1-38-1-1-2 20.98 19.10 38 1
34 1-55-1-1-1 30.49 14.74 55 1
35 1-55-1-1-2 30.49 14.74 55 1
36 1-57-1-3-1 38.69 16.50 57 1
37 1-57-1-3-2 38.69 16.50 57 1
38 1-58-1-2-3 37.09 12.92 58 1
39 1-58-1-2-4 37.09 12.92 58 1
40 1-62-1-3-1 49.93 12.59 62 1
41 1-62-1-3-2 49.93 12.59 62 1
42 1-65-1-1-1 56.54 11.07 65 1
43 1-65-1-1-2 56.54 11.07 65 1
44 1-70-1-1-1 91.41 7.73 70 1
45 1-70-1-1-2 91.41 7.73 70 1
46 1-77-1-3-1 82.08 11.64 77 1
47 1-77-1-3-2 82.08 11.64 77 1
48 1-84-1-3-1 67.50 11.15 84 1
49 1-84-1-3-2 67.50 11.15 84 1
50 1-85-1-3-1 65.79 11.67 85 1
51 1-85-1-3-2 65.79 11.67 85 1

Page 1




B C D E F
52 1-85-1-3-3 65.79 11.67 85 1
53 1-89-1-1-1 37.14 13.62 89 1
54 1-89-1-1-2-1 37.14 13.62 89 1
55 1-97-1-3-1 31.82 14.31 97 1
56 1-97-1-3-2 31.82 14.31 97 1
57 1-101-1-2-1 63.91 9.89 101 1
58 1-101-1-2-2 63.91 9.89 101 1
59 1-229-1-2-1 67.61 19.19 229 1
60 1-229-1-2-2 67.61 19.19 229 1
61 1-408-1-1-1 44,12 22.61 408 1
62 1-408-1-1-2 44,12 22.61 408 1
63 1-503-1-3-1 70.52 16.78 503 1
64 1-503-1-3-2 70.52 16.78 503 1
65 1-503-1-3-3 70.52 16.78 503 1
66 1-504-1-1-1 90.37 7.28 504 1
67 1-504-1-1-2 90.37 7.28 504 1
68 1-505-1-3-1 49.48 23.28 505 1
69 1-505-1-3-2-1 49.48 23.28 505 1
70 1-507-1-1-1 23.07 17.53 507 1
71 1-507-1-1-2 23.07 17.53 507 1
72 1-512-1-3-1 47.77 21.79 512 1
73 1-512-1-3-2 47.77 21.79 512 1
74
75 Initial Sample |1-37-1-2-1 16.16 19.79 37 1
76 Group 1-37-1-2-2 16.16 19.79 37 1
77 1-46-1-2-1 22.15 16.43 46 1
78 1-46-1-2-2 22.15 16.43 46 1
79 1-60-1-2-1 42.48 12.47 60 1
80 1-60-1-2-2 42.48 12.47 60 1
81 1-74-1-1-1 86.28 8.85 74 1
82 1-74-1-1-2 86.28 8.85 74 1
83 1-79-1-1-1 76.52 11.05 79 1
84 1-79-1-1-2 76.52 11.05 79 1
85
86 E. Washington |ORCHARD-1A
87 Orchards ORCHARD-1B
88 ORCHARD-2A
89 ORCHARD-2B
90 ORCHARD-3A
91 ORCHARD-3B
92 ORCHARD-4A
93 ORCHARD-4B
94
95
96 Vashon-Maury
97 Island
98
99 Main Sample | 1-2-1-7-1 6.64 72.12 2 1
100 Group 1-2-1-7-2 6.64 72.12 2 1
101 1-2-1-7-3 6.64 72.12 2 1
102 1-2-1-7-4 6.64 72.12 2 1
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103 1-2-1-7-5 6.64 72.12 2 1
104 2-4-1-4-1 8.89 68.69 4 1
105 2-4-1-4-2 8.89 68.69 4 1
106 2-5-1-2-1 9.28 76.36 5 1
107 2-5-1-2-2 9.28 76.36 5 1
108 2-6-2-6-1 9.38 73.3 6 2
109 2-6-2-6-2 9.38 73.3 6 2
110 2-6-2-6-3 9.38 73.3 6 2
111 2-6-3-2-1 9.38 73.3 6 3
112 2-6-3-2-2 9.38 73.3 6 3
113 2-6-4-1-1 9.38 73.3 6 4
114 2-6-4-1-2 9.38 73.3 6 4
115 2-6-4-3-1 9.38 73.3 6 4
116 2-6-4-3-2 9.38 73.3 6 4
117 2-6-4-3-3 9.38 73.3 6 4
118 2-6-4-4-1 9.38 73.3 6 4
119 2-6-4-4-2 9.38 73.3 6 4
120 2-6-4-4-3 9.38 73.3 6 4
121 2-6-4-4-4 9.38 73.3 6 4
122 2-6-4-4-5 9.38 73.3 6 4
123 2-6-5-1-1 9.38 73.3 6 5
124 2-6-5-1-2 9.38 73.3 6 5
125 2-6-5-1-3 9.38 73.3 6 5
126 2-6-5-3-1 9.38 73.3 6 5
127 2-6-5-3-2 9.38 73.3 6 5
128 2-6-5-3-3 9.38 73.3 6 5
129 2-7-2-2-4 9.31 73.07 7 2
130 2-7-2-2-5 9.31 73.07 7 2
131 1-11-1-5-1-1 7.29 74.28 11 1
132 1-11-1-5-2-1 7.29 74.28 11 1
133 1-11-1-6-1 7.29 74.28 11 1
134 1-11-1-6-2 7.29 74.28 11 1
135 1-11-1-6-3 7.29 74.28 11 1
136 1-13-1-4-1 6.45 54.05 13 1
137 1-13-1-4-2 6.45 54.05 13 1
138 1-13-1-5-3 6.45 54.05 13 1
139 1-13-1-5-4 6.45 54.05 13 1
140 1-13-1-5-5 6.45 54.05 13 1
141 3-19-1-3-1 11.07 77.02 19 1
142 3-19-1-3-2 11.07 77.02 19 1
143 2-20-1-4-1 7.72 80.51 20 1
144 2-20-1-4-2 7.72 80.51 20 1
145 2-20-1-4-3 7.72 80.51 20 1
146 2-20-1-4-4 7.72 80.51 20 1
147 2-21-1-1-1 9.37 67.73 21 1
148 2-21-1-1-2 9.37 67.73 21 1
149 2-21-1-1-3 9.37 67.73 21 1
150 2-21-1-2-1 9.37 67.73 21 1
151 2-21-1-2-2 9.37 67.73 21 1
152 2-21-1-2-3 9.37 67.73 21 1
153 2-21-1-2-4 9.37 67.73 21 1
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C D E F
154 2-21-1-5-1 9.37 67.73 21 1
155 2-21-1-5-2 9.37 67.73 21 1
156 2-21-1-8-1 9.37 67.73 21 1
157 2-21-1-8-2 9.37 67.73 21 1
158 2-21-1-8-3 9.37 67.73 21 1
159 2-22-1-1-1-1 8.55 68.72 22 1
160 2-22-1-1-2-1 8.55 68.72 22 1
161 2-22-1-1-3-1 8.55 68.72 22 1
162 2-22-1-1-4-1 8.55 68.72 22 1
163 3-26-2-3-1 11.55 76.85 26 2
164 3-26-2-3-2 11.55 76.85 26 2
165 1-27-1-1-1 4.67 87.08 27 1
166 1-27-1-1-2 4.67 87.08 27 1
167 1-27-1-2-1 4.67 87.08 27 1
168 1-27-1-2-2 4.67 87.08 27 1
169 1-27-1-2-3 4.67 87.08 27 1
170 1-27-1-7-1 4.67 87.08 27 1
171 1-27-1-7-2 4.67 87.08 27 1
172 1-27-2-1-1 4.67 87.08 27 2
173 1-27-2-1-2 4.67 87.08 27 2
174 1-27-2-1-3 4.67 87.08 27 2
175 1-27-3-2-1 4.67 87.08 27 3
176 1-27-3-2-2 4.67 87.08 27 3
177 1-27-7-1-3 4.67 87.08 27 7
178 1-27-7-1-4 4.67 87.08 27 7
179 1-28-1-1-1 6.55 65.48 28 1
180 1-28-1-1-2 6.55 65.48 28 1
181 1-28-1-1-3 6.55 65.48 28 1
182 1-28-1-3-1 6.55 65.48 28 1
183 1-28-1-3-2 6.55 65.48 28 1
184 1-28-1-3-3 6.55 65.48 28 1
185 1-28-1-3-4 6.55 65.48 28 1
186 1-28-1-3-5 6.55 65.48 28 1
187 1-28-1-6-1 6.55 65.48 28 1
188 1-28-1-6-2 6.55 65.48 28 1
189 1-28-1-6-3 6.55 65.48 28 1
190 1-28-2-5-1 6.55 65.48 28 2
191 1-28-2-5-2 6.55 65.48 28 2
192 1-28-2-5-3 6.55 65.48 28 2
193 1-28-2-6-1 6.55 65.48 28 2
194 1-28-2-6-2 6.55 65.48 28 2
195 1-28-2-6-3 6.55 65.48 28 2
196 3-30-1-3-1 11.55 76.85 30 1
197 3-30-1-3-2 11.55 76.85 30 1
198 3-30-1-3-3 11.55 76.85 30 1
199 3-33-2-3-1 10.47 87.11 33 2
200 3-33-2-3-2 10.47 87.11 33 2
201 3-33-2-3-3 10.47 87.11 33 2
202 2-35-2-1-1 7.51 86.47 35 2
203 2-35-2-1-2 7.51 86.47 35 2
204 2-35-2-1-3 7.51 86.47 35 2
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B C D E F

205 2-35-2-6-1 7.51 86.47 35 2
206 2-35-2-6-2 7.51 86.47 35 2
207 2-35-2-6-3 7.51 86.47 35 2
208 1-37-1-8-1 7.37 74.47 37 1
209 1-37-1-8-2 7.37 74.47 37 1
210 1-37-1-8-3 7.37 74.47 37 1
211 1-38-3-1-1 6.95 66.22 38 3
212 1-38-3-1-2 6.95 66.22 38 3
213 1-38-3-2-1 6.95 66.22 38 3
214 1-38-3-2-2 6.95 66.22 38 3
215 1-38-3-2-3 6.95 66.22 38 3
216 1-38-3-3-1 6.95 66.22 38 3
217 1-38-3-3-2 6.95 66.22 38 3
218 1-38-3-3-3 6.95 66.22 38 3
219 1-39-1-1-1 3.03 82.96 39 1
220 1-39-1-1-2 3.03 82.96 39 1
221 1-39-1-1-3 3.03 82.96 39 1
222 1-39-1-3-1 3.03 82.96 39 1
223 1-39-1-3-2 3.03 82.96 39 1
224 1-39-1-3-3 3.03 82.96 39 1
225 1-39-1-4-1 3.03 82.96 39 1
226 1-39-1-4-2 3.03 82.96 39 1
227 1-39-1-4-3 3.03 82.96 39 1
228 1-39-1-4-4 3.03 82.96 39 1
229 1-39-1-4-5 3.03 82.96 39 1
230 1-39-6-2-1 3.03 82.96 39 6
231 1-39-6-2-2 3.03 82.96 39 6
232 1-39-6-2-3 3.03 82.96 39 6
233 1-39-6-3-1 3.03 82.96 39 6
234 1-39-6-3-2 3.03 82.96 39 6
235 1-39-6-3-3 3.03 82.96 39 6
236 1-39-6-4-1 3.03 82.96 39 6
237 1-39-6-4-2 3.03 82.96 39 6
238 1-42-2-5-1 8.78 44.61 42 2
239 1-42-2-5-2 8.78 44.61 42 2
240 1-42-2-5-3 8.78 44.61 42 2
241 1-42-3-1-1 8.78 44.61 42 3
242 1-42-3-1-2 8.78 44.61 42 3
243 1-42-3-1-3 8.78 44.61 42 3
244 1-42-3-2-1 8.78 44.61 42 3
245 1-42-3-2-2 8.78 44.61 42 3
246 1-42-3-2-3 8.78 44.61 42 3
247 2-43-1-2-1 9.53 82.38 43 1
248 2-43-1-2-2 9.53 82.38 43 1
249 1-45-1-1-1 8.26 46.39 45 1
250 1-45-1-1-2 8.26 46.39 45 1
251 1-45-1-6-1 8.26 46.39 45 1
252 1-45-1-6-2 8.26 46.39 45 1
253 1-45-1-6-3 8.26 46.39 45 1
254

255 Initial Sample  |1-42-2-2-1 8.78 44.61 42 2
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C D E F H
256 Group 1-42-2-2-2 8.78 44.61 42 2
257 1-84-1-1-1 7.56 48.64 84 1
258 1-84-1-1-2 7.56 48.64 84 1
259 1-101-1-2-1 3.03 82.96 101 1
260 1-101-1-2-2 3.03 82.96 101 1
261 1-1065-1-1-1 5.69 59.01 1065 1
262 1-1065-1-1-2 5.69 59.01 1065 1
263 1-1100-1-1-1 5.63 61.38 1100 1
264 1-1100-1-1-2 5.63 61.38 1100 1
265 1-1100-1-1-3 5.63 61.38 1100 1
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J K M N (6] P R S
1
2
3
4
5
6
7
8
9 Concentrations (in ppm, dry weight):
10 OnSite Lab: Battelle Lab:
11| Boring Depth Arsenic Flag Lead Flag Antimony Flag
12
13
14
15
16 2 1 33 210 1.63J
17 2 2 49 300 591 J
18 1 1 23 110 1.52
19 1 2 35 170 2.49
20 3 1 25 94 1.08
21 3 2 23 41 0.823
22 1 1 9.9 57 1217
23 1 2 11 55 1197
24 3 1 25 200 1.46
25 3 2 51 140 2.69
26 2 1 8.4 10 0.633 J
27 2 2 9.6 32 0.724 J
28 2 2 16 48 1927
29 2 3 47 81 3.27 J
30 1 1 63 210 9.92J
31 1 2 79 220 11.7 J
32 1 1 30J 130 3.11J
33 1 2 30J 97 243 J
34 1 1 34 110 1.23
35 1 2 81 280 4.5
36 3 1 30 200 7.19J
37 3 2 25 6.8 2110
38 2 3 25 41 2.65J
39 2 4 36 64 2917
40 3 1 34 69 3.31J
41 3 2 48 100 5.09 J
42 1 1 69 100 6.12 J
43 1 2 57 79 1437
44 1 1 29 110 2.26
45 1 2 10 6.7 1.06
46 3 1 41 130 2.88
47 3 2 19 17 1.08
48 3 1 58 400 5.83|J
49 3 2 180 360 6.03 J
50 3 1 21 120 3.35J
51 3 2 63 160 5.45J
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M O R

52 3 3 55 170 6.1J
53 1 1 23 110 271
54 1 2 29 170 6.72\J
55 3 1 53 270 4.241J
56 3 2 71 110 3.84\J
57 2 1 43 58 221
58 2 2 50 67 2.55\]
59 2 1 7.5 84 0.736 J
60 2 2 20 85 2.35]
61 1 1 31 56 0.703 J
62 1 2 18 33 1.27J
63 3 1 5 95 0.57J
64 3 2 30 350 1.49/J
65 3 3 22 619 21.9J
66 1 1 7.9 69 0.645
67 1 2 21 220 2.96
68 3 1 44 190 221
69 3 2 21 42 1.75 7
70 1 1 17 37 1.6
71 1 2 8.8 10 0.613
72 3 1 a7 84 1.27
73 3 2 17 20 0.953
74

75 2 1 18 190 6.84
76 2 2 86 530 20.7
77 2 1 43 180 16.8
78 2 2 60 130 6.19
79 2 1 140 580 27.7
80 2 2 27 13 3.14
81 1 1 9.1 49 2.64
82 1 2 17 43 4.1
83 1 1 41 320 11.5
84 1 2 62 410 21.2
85

86 0.528
87 0.588
88 0.526
89 0.713
90 1.19
91 1.16
92 0.85
93 0.91
94

95

96

97

98

99 7 1 20 38 1.61
100 7 2 22 32 2.12
101 7 3 20 28 2.23
102 I 4 23 49 2.14
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M O R
103 7 5 17 61 1.92
104 4 1 13 45 23 U
105 4 2 7.5 12 1.45/U
106 2 1 197 24 1.34'U
107 2 2 231J 49 2.23\U
108 6 1 21 36 246U
109 6 2 64 86 6.9
110 6 3 21 17 32U
111 2 1 11 150 1.7U
112 2 2 7.2 15 1.7/U
113 1 1 61 430 43.3
114 1 2 19 32 2.2
115 3 1 38 100 6.42
116 3 2 30J 48 3.88/U
117 3 3 3.31J 59 0.725'U
118 4 1 157 26 1.77 /U
119 4 2 2113 220 4.02/U
120 4 3 16 J 250 5.75/U
121 4 4 173 88 3.46 U
122 4 5 23] 53 2.06/U
123 1 1 701 240 13.4
124 1 2 40 J 63 4.51
125 1 3 7.9 7.2 1.42
126 3 1 45 230 11
127 3 2 50 98 4.06
128 3 3 20 8.2 1.76
129 2 4 16U 5.5 0.765
130 2 5 8.7 290 2.83
131 5 1 19 36 2.23
132 5 2 13 17 1.7
133 6 1 39 66 4.01
134 6 2 56 57 3.84
135 6 3 24 17 2.44
136 4 1 19 30 2.36
137 4 2 13 21 2.12
138 5 3 24 29 2917
139 5 4 28 56 3.98
140 5 5 110 69 7.98
141 3 1 33 54 291
142 3 2 24 30 271
143 4 1 10 16 1.18
144 4 2 17 20 1.59
145 4 3 27 50 2.96
146 4 4 26 54 3.93
147 1 1 130J 440 29.7
148 1 2 457 58 473 U
149 1 3 6.7/ 54 0.862 U
150 2 1 207 91 6
151 2 2 4213 110 9.73
152 2 3 120 J 320 17.4
153 2 4 49/J 58 5.66
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O R
154 5 1 20 22 24U
155 5 2 9.4 8.2 1.74/U
156 8 1 55 130 10.5
157 8 2 66 J 270 17.3
158 8 3 137 7.2 0.884 U
159 1 1 110 J 240 14.4
160 1 2 391 30 3.45U
161 1 3 117 7.4 1.87 U
162 1 4 5213 5.6 0.763
163 3 1 27 65 447 U
164 3 2 173 29 2.04\J
165 1 1 69 J 300 25.3
166 1 2 26J 75 5.03
167 2 1 42 150 7.66
168 2 2 331J 80 6.7
169 2 3 67 J 20 2.32
170 7 1 4.4 8 0.976
171 7 2 3.1 7 1
172 1 1 371 380 9.07
173 1 2 247 200 6.76
174 1 3 173 110 2.53
175 2 1 74 300 16.5
176 2 2 10 10 1.43
177 1 3 6.2 5.6 0.629
178 1 4 11 14 1.29/J
179 1 1 70 130 10.1
180 1 2 37 61 7.88
181 1 3 14 9.1 1.75
182 3 1 40 49 4.53
183 3 2 37 49 4.57
184 3 3 26 33 2.81
185 3 4 9.8 8.3 1.24
186 3 5 62 120 0.591
187 6 1 71 62 6.29
188 6 2 66 79 8.08
189 6 3 34 35 4.36
190 5 1 130 580 155
191 5 2 93 300 11.6
192 5 3 12 26 2.59
193 6 1 100 170 14.8
194 6 2 62 190 125
195 6 3 21 18 3.79
196 3 1 16\J 110 1.42
197 3 2 17 J 900 1457
198 3 3 10J 95 0.848
199 3 1 5 11 0.99
200 3 2 16 10 1.05
201 3 3 26 6.4 0.891
202 1 1 1.6 UJ 29 0.601J
203 1 2 1.7 230 0.895 U
204 1 3 4.5 310 2.29/J
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O R

205 6 1 1.7V 9.8 0.761 U
206 6 2 9.5 48 1.04 /U
207 6 3 4.4 120 1.57/U
208 8 1 18 28 1.83J
209 8 2 7.7 9.7 1.29/J
210 8 3 2.9 5.2 0.618 J
211 1 1 130 360 279\
212 1 2 27 23 3.08 J
213 2 1 140 390 43.7J
214 2 2 100 210 11.9
215 2 3 11 11 1.67|J
216 3 1 76 220 146 J
217 3 2 130 49 6.9
218 3 3 7 59 1.09J
219 1 1 9 18 1.17J
220 1 2 8.4 8.8 1.23J
221 1 3 13 22 2.19J
222 3 1 19 32 201U
223 3 2 44 46 3.03 /U
224 3 3 58 40 5.93/U
225 4 1 86 360 16.8/U
226 4 2 62 260 15.3
227 4 3 64 61 3.74 /U
228 4 4 50 79 5.56 U
229 4 5 8.2 13 131U
230 2 1 100 J 220 16.2
231 2 2 150J 200 11.2
232 2 3 13J 16 1.87 U
233 3 1 100J 240 16.4
234 3 2 897 150 9.38 J
235 3 3 16\J 6.9 2.78/U
236 4 1 94 100 6.91
237 4 2 311J 25 3.32/U
238 5 1 157 23 257U
239 5 2 16\J 25 2.88/U
240 5 3 36 J 61 551U
241 1 1 591 84 6.59
242 1 2 58 J 79 7.2
243 1 3 12\ 9.9 191U
244 2 1 597 99 7.41
245 2 2 31 a7 4.63
246 2 3 4.3 6 1.2/U
247 2 1 6.1 62 5.08 U
248 2 2 37 73 411U
249 1 1 1417 19 1.89/U
250 1 2 117 7.1 14U
251 6 1 110J 200 16.1
252 6 2 97 J 130 13U
253 6 3 10J 8.3 2.04/U
254

255 2 1 16 15 1.36
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J K L M N ®) P Q R
256 2 2 10 16 1.48
257 1 1 210 68.1
258 1 2 230 18.8
259 2 1 69 14.9
260 2 2 160 17.9
261 1 1 97 50.5
262 1 2 120 10.1
263 1 1 180 27
264 1 2 46 5.98
265 1 3 33 4.81

Page 12




T U V W X Y Z AA AB
1
2
3
4
5
6
7
8
9
10
11| Arsenic Flag Bismuth Flag Indium Flag Lead Flag Mercury
12
13
14
15
16 31.5J 1.47J 0.0706
17 58.8|J 3.48\J 0.255
18 26.8 1.12 0.0842
19 41.3 1.81 0.136
20 26.7 0.749 0.0576
21 25 0.356 0.05 U
22 13.2 0.312 0.05 U
23 14.9 0.357 0.05 U
24 29.1 1.31 0.0719
25 44.7 1.47 0.107
26 12.2J 0.357 J 0.05 U
27 13.2\J 042 0.05 U
28 226 J 0.567 J 0.0506
29 53 1.08/J 0.0953
30 80.1J 2957 0.234
31 105|J 3.52\J 0.29
32 3257 0.632 J 0.0643
33 276 0.498|J 0.0566
34 31.4 1.15 0.05 U
35 91.5 4.96 0.441
36 46.9 J 2.36J 0.208
37 37.5 0.81J 0.0775
38 36.5J 0.806 J 0.0949
39 40.31J 0.93J 0.105
40 46.5 J 1.35J 0.111
41 69.1J 1.65/J 0.161
42 87.1J 195J 0.268
43 228 0.535/J 0.0784
44 35 1.18 0.141
45 9.55 0.205 0.05/U
46 48.7 1.46 0.135
47 26.2 0.251 0.05 U
48 76.4 4.96 0.411
49 217 5.3 0.468
50 26.5 0.82 0.0533
51 67.3 2.13 0.185
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T V X AA AB
52 70.8 2.47 0.263
53 28.6 1.19 0.0863
54 40.9 2.47 0.165
55 58.5 3.38 0.246
56 77.2 1.52 0.122
57 54 1.08 0.0974
58 57.3 111 0.104
59 12.1 0.517 0.05 U
60 34.6 0.886 0.0783
61 26.9J 0.473 J 0.05U
62 22.1J 0.375J 0.0588
63 12.2 0.337 0.05 U
64 32 1.87 0.106
65 26.2 2.14 0.0813
66 131 0.503 0.0553
67 27.8 2.23 0.312
68 48.2 3.27 0.211
69 26.4 0.659 0.074
70 19.9 0.331 0.05/U
71 9 0.1U 0.05U
72 44.4 1.22 0.109
73 20.2 0.233 0.05 U
74
75 24.4 1.27 0.105 200 0.628
76 86.6 4.66 0.585 533 1.56
77 70.6 3.86 0.321 265 1.23
78 67.2 1.95 0.163 135 0.361
79 146 9.05 0.916 705 1.04
80 26.8 0.433 0.0771 27.5 0.13
81 10.8 0.362 0.0363 61.9 0.227
82 28.6 0.813 0.121 81.4 0.223
83 40.8 2.06 0.151 355 1.26
84 61.7 3.55 0.382 482 1.47
85
86 16.7 0.242 0.0469 110 0.0115
87 21.3 0.241 0.05 112 0.0106
88 15.2 0.248 0.0456 129 0.0158
89 26.9 0.318 0.048 193 0.0165
90 a7 0.33 0.0631 241 0.0483
91 40.2 0.279 0.0693 206 0.04
92 76.2 0.347 0.0559 364 0.0396
93 77.8 0.33 0.0574 361 0.0238
94
95
96
97
98
99 19.7 0.463 U 0.0637 0.123
100 0.595 0.0714
101 0.499 0.0867
102 0.593 0.0986
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T V X AA AB

103 0.571 0.0841

104 0.623 0.0951

105 0.276 0.0571

106 0.286 0.0755

107 0.494 0.0805

108 0.701 0.0769

109 77.2 1.82 0.178 0.291
110 0.4 0.0706

111 0.446 0.0691

112 0.361 0.0649

113 13.4 0.924

114 0.464 0.0713

115 2.33 0.209

116 0.97 0.141

117 0.1 0.0651

118 0.369 0.0658

119 0.595 0.091

120 0.679 0.0869

121 0.687 0.0729

122 0.218 0.0548

123 76.1 3.9 0.274 0.489
124 1.03 0.119

125 0.153 0.05/U

126 3.62 0.327

127 1.39 0.121

128 0.173 0.05 U

129 0.112 0.05/U

130 19 0.683 0.0839 0.167
131 0.525 0.082

132 0.425 0.0638

133 1.35 0.151

134 59.8 1.3 0.123 0.194
135 0.414 0.0566

136 0.627 0.0763

137 0.343 0.0581

138 22 0.646 0.0813 0.0964
139 23.1 1.41 0.159 0.169
140 123 1.64 0.17 0.243
141 0.81 0.0699

142 0.571 0.0784

143 0.285 0.05/U

144 0.438 0.057

145 1.07 0.102

146 1.28 0.126

147 104 7.61 0.709 1.47
148 1.16 0.108

149 0.1 0.05/U

150 0.951 0.0907

151 1.88 0.148

152 6.11 0.488

153 0.885 0.0866
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T V X AA AB

154 0.3 0.0541

155 0.1 0.05/U

156 2.2 0.156

157 4.34 0.326

158 0.1 0.05U

159 96.2 541 0.432 0.716
160 0.477 0.0734

161 0.1 0.05U

162 4.23 0.1 0.05 U 0.0931
163 0.912 0.105

164 16.5 0.429 0.0776 0.194
165 67.6 7.81 0.518 0.924
166 1.57 0.18

167 2.44 0.209

168 1.67 0.171

169 0.403 0.0662

170 0.159 0.0504

171 0.175 0.0962

172 0.366 0.101

173 0.504 0.114

174 0.3 0.08

175 81.3 5.65 0.519 0.57
176 0.25 0.0699

177 0.1 0.05/U

178 0.372 0.0603

179 3.25 0.32

180 1.78 0.215

181 0.199 0.0687

182 1.3 0.135

183 1.34 0.146

184 0.863 0.105

185 0.231 0.0664

186 0.114 0.0618

187 1.37 0.169

188 1.89 0.206

189 0.719 0.12

190 149 5.19 0.357 0.714
191 94.3 1.52 0.136 0.356
192 0.507 0.1

193 4.65 0.416

194 3.96 0.35

195 0.668 0.0972

196 0.293 0.0697

197 13.7 0.257 0.053 0.14
198 0.2 0.0506

199 0.238 0.056

200 9.11 0.228 0.05/U 0.118
201 0.173 0.122

202 5.16 0.1 0.05/U 0.0393
203 0.1 0.05U

204 19.1 0.436 0.0516 0.449
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T V X AA AB
205 0.1U 0.05U
206 0.1U 0.05U
207 0.1U 0.05/U
208 0.547 0.0752
209 0.21 0.0523
210 0.1U 0.05U
211 8.09 0.816
212 0.524 0.0841
213 10.7 0.694
214 110 3.86 0.321 0.529
215 0.234 0.0556
216 3.62 0.235
217 1.54 0.157
218 0.103 0.05 U
219 0.157 0.05/U
220 0.141 0.05 U
221 0.394 0.0671
222 0.648 0.0637
223 0.897 0.12
224 1.07 0.127
225 6.09 0.61
226 66 5.57 0.538 1.2
227 1.08 0.148
228 1.34 0.158
229 0.21 0.0668
230 4.62 0.335
231 3.53 0.337
232 0.115 0.05 U
233 4.79 0.391
234 98.8 3.06 0.311 0.355
235 0.1U 0.05/U
236 1.77 0.182
237 0.362 0.0619
238 0.452 0.0643
239 0.462 0.0654
240 0.834 0.106
241 65.3 1.76 0.181 0.388
242 1.47 0.153
243 0.1U 0.05/U
244 1.92 0.173
245 44.9 1.24 0.142 0.298
246 0.124 0.0588
247 0.731 0.0792
248 0.915 0.105
249 0.176 0.0617
250 0.1U 0.05U
251 122 4.64 0.409 0.576
252 3.01 0.29
253 0.156 0.0639
254
255 14.3 0.276 0.0562 16 0.063
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V X Z AA AB
256 16.5 0.294 0.0574 20.3 0.066
257 198 18.7 15 681 2.57
258 238 3.61 0.427 201 0.636
259 71.9 3.85 0.272 164 0.767
260 187 5.78 0.58 297 0.867
261 99 14.2 1.07 462 1.81
262 148 2.63 0.32 142 0.422
263 187 11.3 1.05 652 0.917
264 60.3 1.04 0.134 43 0.17
265 40.7 0.623 0.0954 27.1 0.105
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AC AD AE
1
2
3
4
5
6
7
8
9
10
11 Flag Silver Flag
12
13
14
15
16 0.321/UJ
17 0.413J
18 0.265 J
19 0.465J
20 0.217 J
21 0.147J
22 0.184
23 0.169
24 0.339J
25 0.147J
26 0.102|UJ
27 0.159 UJ
28 0.171/UJ
29 0.231/UJ
30 0.379J
31 0.448J
32 0.138/UJ
33 0.13/UJ
34 0.55J
35 0.849J
36 0.432 ]
37 0.205 UJ
38 151
39 0.233 UJ
40 0.258|UJ
41 0.31/UJ
42 0.468 J
43 0.345/UJ
44 0.182 J
45 0.166 J
46 0.242 J
47 0.127 J
48 0.713
49 0.469
50 0.254
51 0.469
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AC AD AE
52 0.307
53 0.248
54 0.381
55 0.346
56 0.195
57 0.386
58 0.409
59 0.126
60 0.103
61 0.15/UJ
62 0.226 UJ
63 0.162
64 0.193
65 0.162
66 0.209J
67 0.43J
68 0.226
69 0.716
70 0.0879J
71 0.049/UJ
72 0.162\J
73 0.118 J
74
75 |J 0.31
76 |J 0.651
771 0.844
78 |J 0.337
79 |J 1.21
80 |J 0.186
81 (J 0.164
82 |J 0.211
83 [J 0.306
84 |J 0.542
85
86 |UJ 0.0528
87 |UJ 0.0635
88 |J 0.0554
89 [J 0.0533
90 |J 0.099
91 (J 0.093
92 |J 0.082
93 [J 0.077
94
95
96
97
98
99 [UJ
100
101
102
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AC

AD

AE

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

(ON)

131

132

133

134

135

136

137

138

(ON)

139

(ON)

140

141

142

143

144

145

146

147

148

149

150

151

152

153

Page 21



AC

AD

AE

154

155

156

157

158

159

160

161

162

(ON)

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

(ON)

201

202

(ON)

203

204
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AC

AD

AE

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

0.0891J
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AC AD AE

256|J 0.117 J
257|J 1.69|J
258|J 0.551 J
259|J 0.452\J
260[J 0.785J
261|J 1.07|J
262|J 0.462 J
263|J 0.753J
264|J 0.165 J
265|J
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A B C D E G H | K L M N O P
1 |Attachment C
2
3 [Tacoma Smelt‘er Plume Site
4
5 |Trace Element Analyses:
6 [Maximum Concentrations by Boring
7
8
9
10 Location: Sample Code: Maximum concentration (in ppm, dry weight):
11 |Study Type Direction Distance Location DU Boring Arsenic |Lead Antimony|Bismuth |Indium  Silver
12 (degrees) (miles)
13
14 |King County undisturbed 39.25 21.62 2 1 2 49 300 5.91 3.48 0.255 0.413
15 |Mainland undisturbed 38.45 22.01 3 1 1 35 170 2.49 1.81 0.136 0.465
16 undisturbed 36.19 24.99 11 1 3 25 94 1.08 0.749 0.0576 0.217
17 undisturbed 60.82 15.92 21 1 1 11 57 1.21 0.357 0.05 0.184
18 undisturbed 59.17 18.85 30 1 3 51 200 2.69 1.47 0.107 0.339
19 undisturbed 51.04 19.24 31 1 2 9.6 32 0.724 0.42 0.05 0.159
20 undisturbed 57.99 19.20 34 1 2 47 81 3.27 1.08 0.0953 0.231
21 undisturbed 19.56 16.87 36 1 1 79 220 11.7 3.52 0.29 0.448
22 undisturbed 16.16 19.79 37 1 2 86 530 20.7 4.66 0.585 0.651
23 undisturbed 20.98 19.10 38 1 1 30 130 3.11 0.632 0.0643 0.138
24 undisturbed 22.15 16.43 46 1 2 60 180 16.8 3.86 0.321 0.844
25 undisturbed 30.49 14.74 55 1 1 81 280 4.5 4.96 0.441 0.849
26 undisturbed 38.69 16.50 57 1 3 30 200 7.19 2.36 0.208 0.432
27 undisturbed 37.09 12.92 58 1 2 36 64 2.9 0.93 0.105 151
28 undisturbed 42.48 12.47 60 1 2 140 580 27.7 9.05 0.916 1.21
29 undisturbed 49.93 12.59 62 1 3 48 100 5.09 1.65 0.161 0.31
30 undisturbed 56.54 11.07 65 1 1 69 100 6.12 1.95 0.268 0.468
31 undisturbed 91.41 7.73 70 1 1 29 110 2.26 1.18 0.141 0.182
32 undisturbed 86.28 8.85 74 1 1 17 49 4.1 0.813 0.121 0.211
33 undisturbed 82.08 11.64 77 1 3 41 130 2.88 1.46 0.135 0.242
34 undisturbed 76.52 11.05 79 1 1 62 410 21.2 3.55 0.382 0.542
35 undisturbed 67.50 11.15 84 1 3 180 400 6.03 5.3 0.468 0.713
36 undisturbed 65.79 11.67 85 1 3 63 170 6.1 2.47 0.263 0.469
37 undisturbed 37.14 13.62 89 1 1 29 170 6.72 2.47 0.165 0.381
38 undisturbed 31.82 14.31 97 1 3 71 270 4.24 3.38 0.246 0.346
39 undisturbed 63.91 9.89 101 1 2 50 67 2.55 1.11 0.104 0.409
40 undisturbed 67.61 19.19 229 1 2 20 85 2.35 0.886 0.0783 0.126
41 undisturbed 44.12 22.61 408 1 1 31 56 1.27 0.473 0.0588 0.226
42 undisturbed 70.52 16.78 503 1 3 30 619 21.9 2.14 0.106 0.193
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A B D E H M N O P

43 undisturbed 90.37 7.28 504 1 1 21 220 2.96 2.23 0.312 0.43
44 undisturbed 49.48 23.28 505 1 3 44 190 2.21 3.27 0.211 0.716
45 undisturbed 23.07 17.53 507 1 1 17 37 1.6 0.331 0.05 0.0879
46 undisturbed 47.77 21.79 512 1 3 47 84 1.27 1.22 0.109 0.162
47

48

49 |Vashon-Maury disturbed 17.88 6.64 2 1 7 23 61 2.23 0.595 0.0986

50 [Island disturbed 21.31 8.89 4 1 4 13 45 2.3 0.623 0.0951

51 disturbed 13.64 9.28 5 1 2 23 49 2.23 0.494 0.0805

52 disturbed 16.7 9.38 6 2 6 64 86 6.9 1.82 0.178

53 disturbed 16.7 9.38 6 3 2 11 150 1.7 0.446 0.0691

54 undisturbed 16.7 9.38 6 4 1 61 430 43.3 134 0.924

55 undisturbed 16.7 9.38 6 4 3 38 100 6.42 2.33 0.209

56 undisturbed 16.7 9.38 6 4 4 23 250 5.75 0.687 0.091

57 disturbed 16.7 9.38 6 5 1 70 240 13.4 3.9 0.274

58 disturbed 16.7 9.38 6 5 3 50 230 11 3.62 0.327

59 disturbed 16.93 9.31 7 2 2 8.7 290 2.83 0.683 0.0839

60 disturbed 15.72 7.29 11 1 5 19 36 2.23 0.525 0.082

61 disturbed 15.72 7.29 11 1 6 56 66 4.01 1.35 0.151

62 disturbed 35.95 6.45 13 1 4 19 30 2.36 0.627 0.0763

63 disturbed 35.95 6.45 13 1 5 110 69 7.98 1.64 0.17

64 disturbed 12.98 11.07 19 1 3 33 54 2.91 0.81 0.0784

65 disturbed 9.49 7.72 20 1 4 27 54 3.93 1.28 0.126

66 disturbed 22.27 9.37 21 1 1 130 440 29.7 7.61 0.709

67 disturbed 22.27 9.37 21 1 2 120 320 17.4 6.11 0.488

68 disturbed 22.27 9.37 21 1 5 20 22 2.4 0.3 0.0541

69 disturbed 22.27 9.37 21 1 8 66 270 17.3 4.34 0.326

70 disturbed 21.28 8.55 22 1 1 110 240 14.4 541 0.432

71 disturbed 13.15 11.55 26 2 3 27 65 4.47 0.912 0.105

72 disturbed -2.92 4.67 27 1 1 69 300 25.3 7.81 0.518

73 disturbed -2.92 4.67 27 1 2 67 150 7.66 2.44 0.209

74 disturbed -2.92 4.67 27 1 7 4.4 8 1 0.175 0.0962

75 disturbed -2.92 4.67 27 2 1 37 380 9.07 0.504 0.114

76 disturbed -2.92 4.67 27 3 2 74 300 16.5 5.65 0.519

77 disturbed -2.92 4.67 27 7 1 11 14 1.29 0.372 0.0603

78 disturbed 24.52 6.55 28 1 1 70 130 10.1 3.25 0.32

79 disturbed 24.52 6.55 28 1 3 62 120 4.57 1.34 0.146

80 disturbed 24.52 6.55 28 1 6 71 79 8.08 1.89 0.206

81 disturbed 24.52 6.55 28 2 5 130 580 15.5 5.19 0.357

82 disturbed 24.52 6.55 28 2 6 100 190 14.8 4.65 0.416

83 disturbed 10.04 13.96 30 1 3 17 900 1.45 0.293 0.0697

84 disturbed 2.89 10.47 33 2 3 26 11 1.05 0.238 0.122
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B D E G H M N O P
85 disturbed -3.53 7.51 35 2 1 4.5 310 2.29 0.436 0.0516
86 disturbed -3.53 7.51 35 2 6 9.5 120 1.57 0.1 0.05
87 disturbed 15.53 7.37 37 1 8 18 28 1.83 0.547 0.0752
88 undisturbed 23.78 6.95 38 3 1 130 360 27.9 8.09 0.816
89 undisturbed 23.78 6.95 38 3 2 140 390 43.7 10.7 0.694
90 undisturbed 23.78 6.95 38 3 3 130 220 14.6 3.62 0.235
91 disturbed 28.62 5.63 39 1 1 13 22 2.19 0.394, 0.0671
92 disturbed 28.62 5.63 39 1 3 58 46 5.93 1.07 0.127
93 disturbed 28.62 5.63 39 1 4 86 360 16.8 6.09 0.61
94 undisturbed 28.62 5.63 39 6 2 150 220 16.2 4.62 0.337
95 undisturbed 28.62 5.63 39 6 3 100 240 16.4 4.79 0.391
96 undisturbed 28.62 5.63 39 6 4 94 100 6.91 1.77 0.182
97 disturbed 45.39 8.78 42 2 2 16 16 1.48 0.294, 0.0574 0.117
98 disturbed 45.39 8.78 42 2 5 36 61 5.51 0.834 0.106
99 undisturbed 45.39 8.78 42 3 1 59 84 7.2 1.76 0.181
100 undisturbed 45.39 8.78 42 3 2 59 99 7.41 1.92 0.173
101 disturbed 7.62 9.53 43 1 2 37 73 5.08 0.915 0.105
102 disturbed 43.61 8.26 45 1 1 14 19 1.89 0.176 0.0617
103 disturbed 43.61 8.26 45 1 6 110 200 16.1 4.64 0.409
104 undisturbed 41.36 7.56 84 1 1 230 681 68.1 18.7 1.5 1.69
105 undisturbed 28.62 5.63 101 1 2 160 297 17.9 5.78 0.58 0.785
106 undisturbed -7.04 3.03 1065 1 1 120 462 50.5 14.2 1.07 1.07
107 undisturbed 30.99 5.69 1100 1 1 180 652 27 11.3 1.05 0.753
108
109
110 NOTES:
111 Directions are in degrees (clockwise) measured from smelter tall stack.
112 Distances are in miles measured from smelter tall stack.
113 All not detected values assigned their detection limits.
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A | B | C | D | E F | 6 [ H | T K L
1 |Attachment D1
2
3 |Tacoma Smelter Plume Site
4
5 |Analytical Results, Extended Trace Eelements List
6 |Initial Sample Group, Vashon-Maury Island
=
8
9 [BATTELLE MARINE SCIENCES LABORATORIES
10 {1529 West Sequim Bay Road
11 |Sequim, Washington
12 |(360) 681-3604
13
14 Concentrations in pg/g dry wt - not blank corrected
15 SPONSOR ID Hg Ag V Cr Co Ni
16 |MSL Percent CVAA GFAA ICP-MS ICP-MS ICP-MS ICP-MS
17 [Code Dash Sample ID Comments Sample Date|] Dry Wt | Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap
18
19 |1600-1 21 1-42-2-2-1 Lt Brown Sandy 8/28/2000 93.9 0.063 0.0891 98.3 113 11.8 48.6
20 |1600-6 6 1-42-2-2-2 Lt Brown Sandy 8/28/2000 91.2 0.066 0.117 113 101 20.7 57.6
21
22 11600-2 1 1-1065-1-1-1 Dark Brown Lo: 11/8/2000 43.3 1.81 1.07 52.8 64.0 22.8 37.8
23 11600-3 2 1-1065-1-1-2 Med Brown Loe 11/8/2000 77.0 0.422 0.462 99.4 88.6 14.8 42.5
24
25(1600-11 10 1-1100-1-1-1 Dark Brown Lig 11/8/2000 58.5 0.917 0.753 68.4 50.1 10 29.9
26 1600-4 r1 11 1-1100-1-1-2 11/8/2000 92.2 0.170 0.165 94.5 130 11.9 57.4
27 11600-4 r2 11 1-1100-1-1-2 11/8/2000 92.2 0.233 0.199 88.6 86.2 11.3 58.9
28 11600-5 12 1-1100-1-1-3 11/8/2000 91.8 0.105 NA 90.9 83.5 11.5 58.2
29
30 [1600-7 4 1-101-1-2-1  Med Brown Or¢ 10/11/2000 57.7 0.767 0.452 18.1 52.5 2.19 18.1
31 [1600-8 5 1-101-1-2-2  Med Brown Or¢ 10/11/2000 78.3 0.867 0.785 68.4 64.9 8.05 38.4
32
33 [1600-9 10 1-84-1-1-1 Med Brown Or¢ 10/9/2000 68.6 2.57 1.69 63.6 55.4 14.7 36.2
34 [1600-10 11 1-84-1-1-2 Lt Brown Sandy 10/9/2000 86.1 0.636 0.551 80.9 102 13.0 40.7
35
36

Page 1




A | B | ¢ | m»m | N ] o[ P | o | rR [ s [ T [ U [ Vv

1 |Attachment D1

2

3 |Tacoma Smelter Plume Site

4

5 |Analytical Results, Extended Tract

6 |Initial Sample Group, Vashon-Mau

Z

8

9 |BATTELLE MARINE SCIENCES LA

10 [1529 West Sequim Bay Road

11 |Sequim, Washington

12 |(360) 681-3604

13

14 Concentrations in pg/g dry wt - not blank corrected 'Wet Wt Concent
15 Cu Zn Ga Ge As Se Br Br Mo Ru
16 [MSL ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17 [Code Dash  Sample ID Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap Boric Acid Boric Acid Sed Evap Sed Evap
18

19 [1600-1 21 1-42-2-2-1 30.7 70.3 14.0 1.39 14.3 0.0871 6770 7210 1.45 0.0165
20 [1600-6 6 1-42-2-2-2 31.7 82.7 15.7 1.55 16.5 0.841 6430 7050 0.748 0.0153
21

22 [1600-2 1 1-1065-1-1-1 767 294 7.17 0.948 99.0 2.96 7380 17044 1.61 0.0446
23 [1600-3 2 1-1065-1-1-2 179 134 14.4 1.63 148 0.549 11500 14935 0.507 0.0185
24

25 [1600-11 10 1-1100-1-1-1 355 135 11.5 1.34 187 1.20 NA 0.982 0.0244
26 [1600-4 r1 11 1-1100-1-1-2 51.2 85.5 15.5 1.56 60.3 0 6070 6584 0.522 0.00895
27 |1600-4 r2 11 1-1100-1-1-2 62.2 111 14.9 1.67 66.6 0.299 7460 8091 0.500 0.0209
28 [1600-5 12 1-1100-1-1-3 37.1 75.9 14.8 1.59 40.7 0 3500 3813 0.549 0.022
29

30 |1600-7 4 1-101-1-2-1 154 78.3 2.89 0.406 71.9 1.50 6250 10832 0.652 0.0185
31 |1600-8 5 1-101-1-2-2 240 107 11.3 1.44 187 1.52 8760 11188 0.547 0.0201
32

33 |1600-9 10 1-84-1-1-1 487 174 10.0 1.25 198 2.98 6200 9038 2.21 0.0200
34 11600-10 11 1-84-1-1-2 163 133 14.4 1.55 238 0.979 2610 3031 0.587 0.0240
35

36
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A ]l B | ¢ [ w | x [ Yy | z | aAA AB AC AD AE AF
1 |Attachment D1
2
3 |Tacoma Smelter Plume Site
4
5 |Analytical Results, Extended Tract
6 |Initial Sample Group, Vashon-Mau
=
8
9 [BATTELLE MARINE SCIENCES LA
10 [1529 West Sequim Bay Road
11 |Sequim, Washington
12 |(360) 681-3604
13
14 rations in pg/g dry wt - not blank corrected Wet Wt Wet Wt
15 Rh Pd Cd In Sn Sh Te I | Cs
16 |MSL ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17 [Code Dash  Sample ID Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap Boric Acid Boric Acid Boric Acid
18
19 |1600-1 21 1-42-2-2-1 0.00640 0.382 0.304  0.0562 141 1.36 0.00697 61.9 65.9 1.57
20 |1600-6 6 1-42-2-2-2 0.0121 0.258 0.344  0.0574 1.35 1.48 0.0378 25.2 27.6 1.48
21
22 11600-2 1 1-1065-1-1-1 0.0459 0.904 8.38 1.07 9.92 50.5 1.44 272 628 0.317
23 11600-3 2 1-1065-1-1-2 0.0144 0.421 2.83 0.320 4.17 10.1 0.470 141 183 1.10
24
25(1600-11 10 1-1100-1-1-1 0.0321 0.287 3.12 1.05 15.5 27.0 1.09 NA NA NA
26 [1600-4 r1 11 1-1100-1-1-2  0.00967 0.476 1.69 0.134 1.87 5.98 0.236 60.1 65.2 1.55
27 11600-4 r2 11 1-1100-1-1-2 0.0127 0.116 2.22 0.143 1.97 6.15 0.322 59 64.0 1.60
28 11600-5 12 1-1100-1-1-3 0.0134 0.174 0.684  0.0954 1.49 4.81 0.254 15.7 17.1 1.45
29
30 [1600-7 4 1-101-1-2-1 0.0157 0.147 0.795 0.272 4.15 14.9 0.209 243 421 0.155
31 [1600-8 5 1-101-1-2-2 0.0196 0.404 1.67 0.580 7.15 17.9 0.685 88.1 113 0.980
32
33 [1600-9 10 1-84-1-1-1 0.0295 0.381 5.80 1.50 16.2 68.1 0.958 165 241 0.911
34 [1600-10 11 1-84-1-1-2 0.0120 0.210 3.63 0.427 5.30 18.8 0.668 48.3 56.1 1.72
35
36
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A | B | C [ AG | AH | A | Al AK AL AM AN AO AP
1 |Attachment D1
2
3 |Tacoma Smelter Plume Site
4
5 |Analytical Results, Extended Tract
6 |Initial Sample Group, Vashon-Mau
=
8
9 |BATTELLE MARINE SCIENCES LA
10 [1529 West Sequim Bay Road
11 |Sequim, Washington
12 |(360) 681-3604
13
14 g/g dry wt - Wet Wt Wet Wt Concentrations in pg/g dry wt -
15 Cs La La Ce Ce Sm Yb W Pt Au
16 |MSL ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17 [Code Dash  Sample ID Boric Acid Boric Acid Boric Acid Boric Acid Boric Acid Sed Evap Sed Evap Sed Evap Sed Evap Sed Evap
18
19 |1600-1 21 1-42-2-2-1 1.67 12.3 13.1 26.1 27.8 10.8 1.00 0.691 0.0309 0.0442
20 |1600-6 6 1-42-2-2-2 1.62 10.7 11.7 23.6 25.9 10.1 0.996 0.772 0.0263 0.0792
21
22 11600-2 1 1-1065-1-1-1 0.732 2.45 5.66 4.64 10.7 6.99 0.711 0.453 0 0.113
23 11600-3 2 1-1065-1-1-2 1.43 7.81 10.1 15.7 20.4 8.95 1.12 0.537 0.0324 0.0600
24
25(1600-11 10 1-1100-1-1-1 NA NA NA NA NA 11.1 0.937 1.53 0.0223 0.0811
26 [1600-4 r1 11 1-1100-1-1-2 1.68 9.74 10.6 19.3 20.9 9.56 0.97 0.552 0.0142 0.0494
27 11600-4 r2 11 1-1100-1-1-2 1.74 9.35 10.1 19.5 21.1 6.38 0.677 0.614 0.0409 0.0448
28 11600-5 12 1-1100-1-1-3 1.58 10.3 11.2 23.1 25.2 8.36 0.813 0.645 0.0311 0.101
29
30 [1600-7 4 1-101-1-2-1 0.269 1.37 2.37 2.55 4.42 3.55 0.373 0.200 0.0184 0.148
31 [1600-8 5 1-101-1-2-2 1.25 7.62 9.73 15.7 20.1 10.3 0.972 0.463 0.0265 0.112
32
33 [1600-9 10 1-84-1-1-1 1.33 8.23 12.0 15.0 21.9 10.6 0.929 0.665 0.0239 0.116
34 [1600-10 11 1-84-1-1-2 2.00 16.9 19.6 29.2 33.9 10.1 0.936 0.611 0.0255 0.0814
35
36
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A | B [ C |

AQ

AR

AS | AT

1 [Attachment D1

2

3 [Tacoma Smelter Plume Site

4

5 |Analytical Results, Extended Tract

6 |Initial Sample Group, Vashon-Mau

Z

8

9 |BATTELLE MARINE SCIENCES LA

10 [1529 West Sequim Bay Road

11 |Sequim, Washington

12 |(360) 681-3604

13

14 not blank corrected

15 Tl Pb Bi Po
16 [MSL ICP-MS ICP-MS ICP-MS ICP-MS
17 [Code Dash  Sample ID Sed Evap Sed Evap Sed Evap Sed Evap
18

19 |1600-1 21 1-42-2-2-1 0.259 16.0 0.276 0
20 [1600-6 6 1-42-2-2-2 0.250 20.3 0.294 0
21

22 |[1600-2 1 1-1065-1-1-1 0.489 462 14.2 0
23 [1600-3 2 1-1065-1-1-2 0.297 142 2.63 0
24

25(1600-11 10 1-1100-1-1-1 0.53 652 11.3 0
26 [1600-4 r1 11 1-1100-1-1-2 0.239 43.0 1.04 13.1
27 [1600-4 r2 11 1-1100-1-1-2 0.253 475 0.990 0
28 [1600-5 12 1-1100-1-1-3 0.199 27.1 0.623 0
29

30 [1600-7 4 1-101-1-2-1 0.0814 164 3.85 7.14
31 (1600-8 5 1-101-1-2-2 0.270 297 5.78 0
32

33 (1600-9 10 1-84-1-1-1 0.420 681 18.7 0
34 (1600-10 11 1-84-1-1-2 0.359 201 3.61 12.1
35

36
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A | B C D E G [ K L M
1 |Attachment D2
2 |
3 |Tacoma S‘melter Plu‘me Site
4
5 |Analytical Results, Extended Trace Elements List
6 |Initial Sample Group, King County Mainland
7
8
9 |BATTELLE MARINE SCIENCE LABORATORIES
10 [1529 West Sequim Bay Road KING COUNTY - ONSITE EN
11 [Sequim, Washington 98382-9099 METALS IN SOILS SCRE
12 |360/681-3604 (Samples Received
13 |
14 Percent (concentrations in pg
15 [MSL Code Sponsor IC  Dry Wt. Ag Hg \% Cr Co
16 GFAA CVAA ICP-MS ICP-MS ICP-MS
17
18 [1664-1 ORCHARD: 74.1 0.0528 0.0115 124 394 17.5
19 |1664-2 ORCHARD- 80.9 0.0635 0.0106 128 41.3 18.2
20 [1664-3 ORCHARD: 825 0.0554 0.0158 117 41.5 17.5
21 [1664-4 ORCHARD- 83.6 0.0533 0.0165 118 47.0 18.4
22 (1664-5 ORCHARD: 87.6 0.0990 0.0483 135 57.5 18.9
23 [1664-6 ORCHARD- 87.2 0.0930 0.0400 150 55.0 20.0
24 11664-7 ORCHARD: 81.9 0.0820 0.0396 130 53.8 18.3
25 [1664-8 ORCHARD- 84.7 0.0770 0.0238 127 49.3 18.0
26
27 |1664-9 1-60-1-2-1 59.7 1.21 1.04 61.7 62.9 8.76
28 [1664-10 1-60-1-2-2 87.7 0.186 0.130 94.4 75.3 10.7
29 [1664-11 1-79-1-1-1 49.6 0.306 1.26 20.4 171 2.06
30 [1664-12 1-79-1-1-2 56.3 0.542 1.47 26.6 19.8 2.85
31 [1664-13 1-74-1-1-1 61.8 0.164 0.227 37.4 26.6 3.75
32 |1664-14 1-74-1-1-2 73.0 0.211 0.223 67.6 40.7 8.37
33 |1664-15 1-37-1-2-1 48.2 0.310 0.628 21.9 19.3 1.77
34 |1664-16 1-37-1-2-2 78.4 0.651 1.56 47.6 36.1 3.14
35 [1664-17 1-46-1-2-1 45.4 0.844 1.23 311 29.5 2.77
36 [1664-18 1-46-1-2-2 71.5 0.337 0.361 73.5 72.1 5.99
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N (e} Q S T U W Y
1
2
3
4
5
6
7
8
9
10 [VIRONMENTAL
11 ENING STUDY
12 |6/1/01)
13
14 g dry wt)
15 Ni Cu Zn Ga Ge As
16 ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17
18 22.3 27.2 106 19.7 1.36 16.7
19 23.8 26.7 101 20.7 1.48 21.3
20 224 255 112 20.3 1.33 15.2
21 235 27.8 114 21.3 1.56 26.9
22 31.7 334 134 20.6 1.74 47.0
23 29.6 325 122 19.8 1.77 40.2
24 27.3 30.5 97.9 20.4 1.68 76.2
25 26.2 29.6 91.8 19.4 1.70 77.8
26
27 30.3 205 152 9.04 1.06 146
28 48.5 32.8 86.6 14.9 1.39 26.8
29 17.8 70.9 99.3 2.75 0.267 40.8
30 22.1 103 113 3.38 0.385 61.7
31 19.5 33.1 56.6 6.21 0.585 10.8
32 234 33.3 60.4 11.5 1.18 28.6
33 14.3 66.6 74.5 2.67 0.320 24.4
34 325 165 146 4.92 1.12 86.6
35 22.2 93.4 101 4.34 0.606 70.6
36 28.3 44.8 47.3 11.0 1.29 67.2
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AA AB AC AD AE AF AG AH Al AJ AK AL AM

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15 Se Br Y Mo Ru Rh Pd
16 ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17

18 0.261 2320 2400 0.712 0.00 0.0124 0.396
19 0.665 2760 2430 0.638 0.00699 0.0172 0.463
20 0.723 3440 2400 0.743 0.00156 0.0127 0.385
21 0.581 4370 3750 0.765 0.00 0.0179 0.528
22 0.487 4120 4890 0.817 0.00555 0.0151 0.500
23 1.07 3720 4040 0.806 0.00 0.0130 0.357
24 0.707 4820 4990 0.857 0.00 0.0176 0.436
25 0.694 4930 3800 0.802 0.00671 0.0166 0.444
26
27 1.79 12000 1780 1.86 0.00 0.0239 0.218
28 0.895 11300 2670 0.574 0.00351 0.00711 0.194
29 0.549 14800 968 1.92 0.00 0.0107 0.0
30 1.06 19700 874 1.76 0.00 0.0153 0.142
31 0 6390 1320 0.857 0.00 0.00736 0.129
32 0.705 11900 2280 0.612 0.000166 0.00813 0.182
33 0.589 9070 803 1.37 0.00 0.00747 0.0794
34 1.96 14500 1440 1.07 0.00 0.0184 0.0873
35 1.26 9290 1440 1.38 0.00 0.00925 0.213
36 0.964 8330 2170 0.498 0.00 0.00949 0.214
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AN AO AP AQ AR AS AT AU AV AW AX AY AZ
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15 Cd In Sn Sh I Te
16 ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17
18 0.379 0.0469 1.50 0.528 0.00 1.93
19 0.225 0.0500 1.57 0.588 0.00 1.57
20 0.341 0.0456 1.45 0.526 0.00 2.55
21 0.226 0.0480 1.61 0.713 6.44 0.821
22 0.313 0.0631 2.37 1.19 0.00 2.59
23 0.296 0.0693 2.03 1.16 0.00 3.57
24 0.251 0.0559 1.76 0.850 0.00 4.97
25 0.204 0.0574 1.72 0.910 0.00 4.14
26
27 3.48 0.916 15.4 27.7 0.00 51.3
28 0.606 0.0771 1.61 3.14 0.00 14.9
29 0.875 0.151 3.59 11.5 0.00 13.1
30 1.43 0.382 6.82 21.2 0.00 24.6
31 0.221 0.036 1.94 2.64 0.00 3.97
32 1.17 0.121 2.60 4.10 27.8 8.99
33 0.395 0.105 8.74 6.84 0.00 8.15
34 0.616 0.585 14.2 20.7 0.00 40.8
35 0.715 0.321 7.71 16.8 0.00 42.2
36 0.579 0.163 2.95 6.19 89.2 18.0

Page 4




BA BB BC BD BE BF BG BH BI BJ BK BL BM

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15 Cs La Ce Sm Yb w Pt
16 ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17

18 0.572 11.8 26.0 49700 0.912 1.88 0.0472
19 0.582 13.0 30.9 48500 0.894 2.00 0.0456
20 0.587 10.3 24.7 44300 0.796 1.88 0.0620
21 1.14 15.9 35.9 61900 1.31 2.42 0.0521
22 2.23 19.3 45.4 78800 1.88 4.03 0.0519
23 1.57 16.1 37.0 66300 1.57 3.10 0.0478
24 1.88 17.1 40.6 72500 1.57 3.48 0.0651
25 1.39 15.3 35.8 63500 1.41 3.56 0.0543
26

27 0.747 7.06 13.1 20300 0.551 2.05 0.0233
28 1.29 9.72 22.8 31500 0.802 1.65 0.0399
29 0.254 2.46 4.22 7730 0.198 1.98 0.00951
30 0.300 3.06 5.57 9950 0.268 1.67 0.00878
31 0.529 4.31 8.85 14100 0.432 1.19 0.0156
32 0.965 8.37 18.3 28000 0.765 1.46 0.0181
33 0.255 2.38 4.10 6600 0.241 1.31 0.00869
34 0.412 3.09 7.58 12400 0.398 1.30 0.0122
35 0.425 5.25 9.15 15000 0.330 1.31 0.0128
36 0.646 9.54 20.5 31500 0.746 1.10 0.0193
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BN BO BP BQ BR BS BT BU BV BW

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15 Au Tl Pb Po 210.98 Bi
16 ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
17

18 1.41 0.352 110 16.7 0.242
19 1.22 0.341 112 3.31 0.241
20 1.65 0.355 129 4.29 0.248
21 1.38 0.445 193 0.0 0.318
22 1.79 0.543 241 1.64 0.330
23 1.95 0.442 206 16.6 0.279
24 1.45 0.576 364 0.0 0.347
25 1.45 0.573 361 0.0 0.330
26

27 2.75 0.680 705 0.0 9.05
28 0.998 0.226 275 0.0 0.433
29 0.531 0.268 355 0.0 2.06
30 0.608 0.359 482 0.0 3.55
31 0.729 0.124 61.9 0.0 0.362
32 0.697 0.259 81.4 10.3 0.813
33 0.642 0.155 200 8.25 1.27
34 1.88 0.369 533 0.00 4.66
35 1.67 0.232 265 0.00 3.86
36 1.05 0.230 135 5.63 1.95
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