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Abstract

PM, 5 (particles with aerodynamic diameters less than 2.5 um) chemical source profiles applicable to speciated
emissions inventories and receptor model source apportionment are reported for geological material, motor vehicle
exhaust, residential coal (RCC) and wood combustion (RWC), forest fires, geothermal hot springs; and coal-fired power
generation units from northwestern Colorado during 1995. Fuels and combustion conditions are similar to those of
other communities of the inland western US. Coal-fired power station profiles differed substantially between different
units using similar coals, with the major difference being lack of selenium in emissions from the only unit that was
equipped with a dry limestone sulfur dioxide (SO,) scrubber. SO, abundances relative to fine particle mass emissions in
power plant emissions were seven to nine times higher than hydrogen sulfide (H,S) abundances from geothermal
springs, and one to two orders of magnitude higher than SO, abundances in RCC emissions, implying that the SO,
abundance is an important marker for primary particle contributions of non-aged coal-fired power station contribu-
tions. The sum of organic and elemental carbon ranged from 1% to 10% of fine particle mass in coal-fired power plant
emissions, from 5% to 10% in geological material, >50% in forest fire emissions, >60% in RWC emissions, and >95% in
RCC and vehicle exhaust emissions. Water-soluble potassium (K*) was most abundant in vegetative burning profiles.
K*/K ratios ranged from 0.1 in geological material profiles to 0.9 in vegetative burning emissions, confirming previous
observations that soluble potassium is a good marker for vegetative burning. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

Chemical source profiles are the fractional mass
abundances of measured chemical species relative to
primary PM; s mass in source emissions. These profiles
are used to create chemically speciated emissions in-

* Corresponding author. Tel.: +1-775-674-7046, fax: +1-775-
674-7009.
E-mail address: johnw@dri.edu (J.G. Watson).

ventories (Cass and McRae, 1983; Kuykendal et al.,
1990) and to apportion ambient concentrations to
sources using the chemical mass balance (CMB) receptor
model (Watson et al., 1984, 1990a, 1991). Like emissions
factors (US EPA, 1999) used to construct emissions in-
ventories, source profiles are determined by taking sev-
eral samples from representative sources. Unlike
emissions factors, the chemical abundances in source
profiles are normalized to PM;s or PM;, mass emis-
sions, constraining these abundances to values between
0% and 100%. Also unlike emissions factors, each
chemical abundance in a profile is accompanied by a
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standard deviation that intends to represent the vari-
ability of that abundance resulting from differences
among separate emitters and between samples taken at
different times from the same emitters.

Hundreds of particulate source profiles have been
compiled (Cooper et al., 1987; Core and Houck, 1987,
Shareef et al., 1988a,b; Houck et al., 1989a,b; Kuyken-
dal et al., 1990; Chow and Watson, 1994; Watson et al.,
1994a) and used in source apportionment studies
(Watson et al.,, 1989; Chow and Ono, 1992). These
profiles represent emissions for fugitive dust (e.g., paved
and unpaved road dust, soil dust, storage pile), motor
vehicle exhaust (e.g., diesel-, leaded-gasoline-, and un-
leaded-gasoline-fueled vehicles), vegetative burning (e.g.,
wood stoves, fireplaces, forest fires, and prescribed
burning), industrial emissions (e.g., smelters, cement
production, oil- and coal-fired power plants, steel mills),
and other aerosol sources. Since these profiles differ with
respect to location and time, additional profiles are al-
ways needed for contemporary inventories and source
apportionment studies.

The profiles presented here represent sources in and
near the Yampa Valley in northwestern Colorado dur-
ing 1995 for:

1. geological material from paved and unpaved roads
and open land,

2. motor vehicle exhaust from light- and heavy-duty

gasoline- and diesel-fueled vehicles in Yampa Valley

towns,

RCC and RWC chimneys,

simulated forest fires,

geothermal hot springs,

. coal-fired power generation units.

The Yampa Valley is at an elevation of ~2000 m above

mean sea level and ~300 km northwest of Denver,

Colorado. Northwestern Colorado coal is exported to

many other states and Mexico. Fuels and combustion

conditions are similar to those of other communities of

the inland western US.

Regional PM, s emissions estimates (Watson et al.,
1996) showed that motor vehicles accounted for ~46%
of primary PM,s, with summer emissions distributed
among vehicle exhaust, paved road dust, and unpaved
road dust. Another 21% of PM,s in the summer was
emitted from natural dust sources, while 11% was
emitted from agricultural tilling. During the winter
months, residential wood (RWC) and coal combustion
(RCC) were significant PM, 5 sources, constituting 11%
of the emissions.

Profiles for geothermal hot springs and a coal-fired
power station with a limestone SO, scrubber are
original to this work. The remaining profiles supple-
ment the existing profile data base and are applicable
to similar sources and fuels found elsewhere. These
profiles were used to attribute light extinction to its
sources in the Mt. Zirkel Visibility Study (Watson

o v W

et al., 1996), but they have wider applicability to other
times and places.

2. Experimental methods

Table 1 summarizes the profiles taken in this study.
Two Yampa Valley coal-fired power stations were test-
ed. The Hayden station, near Hayden, CO, consists of
Unit 1 with a 184 MW capacity and a 76 m stack of 7.6
m diameter and Unit 2 with a 262 MW capacity and a
120 m stack of 9.4 m diameter. Hot-side electrostatic
precipitators process emissions for both units. Bitumi-
nous coal with a nominal average sulfur content of
0.46% is obtained from the Seneca mine near the power
station. Ammonia (NHj3) is periodically injected after
combustion but prior to the precipitator to increase
particle conductivity in the stack effluent.

The Craig station, near Craig, CO, consists of three
units, each with a 180 m stack of 8.6 m diameter. The
428 MW Units 1 and 2 are equipped with electrostatic
precipitators and wet scrubbers that remove SO, with
~67% efficiency. The 408 MW Unit 3 is equipped with
a dry limestone SO, scrubber with ~85% efficiency
followed by a baghouse. During the study period,
Units 1 and 2 burned bituminous coal from the
Trapper Mine with <0.4% sulfur content, while Unit 3
used coal from the Colowyo Mine with <0.4% sulfur
content.

Measurements from continuous SO, and oxides of
nitrogen (NO,) emissions and load were examined to
determine test periods. The Hayden station’s daily SO,
emissions ranged from 19.6 to 56.8 tons/day and typi-
cally averaged ~46 tons/day. Load and emissions at the
Craig station were more variable than those at Hayden,
both in terms of 24 h and hourly averages; Craig emis-
sions showed a diurnal cycle that peaked during the
daytime and dropped to nearly half of maximum load at
night. Daily SO, emissions ranged from 18.3 to 37 tons/
day with an average of 26.4 tons/day.

Diluted stack samples were taken from Units 1 and 2
at the Hayden station and Units 2 and 3 at the Craig
station. Craig Units 1 and 2 are identical and there is no
reason to believe that compositions differ between these
two stacks. Emissions were drawn from the stack into a
dilution sampler (Houck et al., 1989a,b, 1990) by
maintaining a lower pressure within the sampler’s dilu-
tion chamber. Dilution ratios were adjusted to obtain an
effluent temperature within +10°C of ambient tempera-
ture, with typical dilutions of ~10:1.

Three sets of three parallel samples were taken at the
power stations. The first parallel filter pack consisted of
a 47 mm Teflon-membrane filter followed by three po-
tassium-carbonate-impregnated cellulose-fiber filters.
The second parallel filter pack contained a quartz-fiber
filter, and the third contained a citric-acid-impregnated
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Table 1
Descriptions of Yampa Valley, CO, PM,; s source profiles
Profile ID Description

Coal-fired power generation
MZCG2PPC

MZCG3PPC
MZHD2PPC

MZHDI1PP1
MZHDPPC

MZPPC

Residential wood combustion
MZRWCC

Residential coal combustion
MZRCCC

Wildfire
MZFFIREC

Geothermal hot springs
MZGSC

MZGS2C

Motor vehicle exhaust
MZMVCGIC

MZMVCG2C
MZMVCG3C

MZMVCGC
MZMVSBC

MZMVC

Geological material
MZCPVRDC

MZSPVRDC
MZPVRDC
MZUPRDC
MZSOILC

MZGEOLC

Composite of four Craig Unit 2 samples with coal from the Trapper Mine, SO, wet scrubber,
and electrostatic precipitator

Composite of three Craig Unit 3 samples with coal from the Colowyo Mine, dry lime SO,
scrubber, and fabric baghouse

Composite of two Hayden Unit 2 samples with coal from the Seneca Mine, ammonia injection,
and electrostatic precipitator

One sample collected from Hayden Unit 1

Composite of one Hayden Unit 1 and two Hayden Unit 2 samples with coal from the Seneca
Mine, ammonia injection, and electrostatic precipitator

Composite of four Craig Unit 2, three Craig Unit 3, two Hayden Unit 2, and one Hayden Unit 1
samples

Composite of three samples from: (1) a fireplace and stove burning lodgepole pine, spruce/aspen,
spruce/firewood; (2) a fireplace and stove burning lodgepole pine; and (3) a single stove burning
lodgepole pine and spruce

Composite of two samples from a stove burning coal from the Trapper Mine and two samples
from a fireplace and stove burning coal from the Seneca Mine

Composite of four sample burns of pinion and juniper near Dinosaur, CO

Composite of three samples from the Lithia, Iron, Sulfur, Black Sulfur, and Steamboat
geothermal springs when no odors were detected

Composite of two samples from the Lithia, Iron, Sulfur, Black Sulfur, and Steamboat
geothermal springs when odors were detected

Composite of three early morning (0800-0900 MST) samples collected at the intersection of
Victory Way and Ranney Avenue, Craig, CO, during July 1995

Composite of three morning (0900-1300 MST) samples collected at the intersection of Victory
Way and Ranney Avenue, Craig, CO, during July 1995

Composite of three afternoon (1400-1800 MST) samples collected at the intersection of Victory
Way and Ranney Avenue, Craig, CO, during July 1995.

Composite of all nine early morning, morning, and afternoon samples collected from Craig, CO
Composite of three morning (0800-1200 MST) samples collected at the intersection of Highway
40 and Elk River Road, Steamboat Springs, CO

Composite of all 12 motor vehicle samples (nine Craig and three Steamboat Springs samples)

Composite of three paved road dust samples collected near vehicle exhaust sampling locations in
the town of Craig, CO

Composite of three paved road dust samples collected near vehicle exhaust sampling locations in
the town of Steamboat Springs, CO

Composite of all six paved road dust samples (three from Craig and three from Steamboat
Springs, CO)

Composite of two unpaved road dust samples from the Buffalo Pass (BP) and Hayden VOR
(HV) access roads

Composite of four soil samples in the vicinity of BP, Juniper Mountain (JU), Baggs (BB), and
Hayden Waste Water (HS) receptor sites

Composite of all 12 geological samples (six paved road dust, two unpaved road dust, and four
soil samples)

cellulose-fiber filter. Sampling times of a few hours were
sufficient to obtain filter deposits in excess of 1 mg on
each substrate.

Residential coal burning samples were acquired with
the same configuration as that applied to woodburning,
with samples described in Table 1. Coal from the Seneca
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Mine, which is burned in some homes, is the same as
that burned in the Hayden power station.

Wood- and coal-burning stoves were recruited from
local homeowners and sampled from ~2100 to 2400
MST with 13-23 min sample durations during cold
winter nights, especially during the holiday season, when
radiation inversions are intense, local traffic and indus-
trial source emissions are low, and people are likely to
burn wood or coal. Samples were taken by drawing the
diluted plume through a ~4 m stainless steel pipe
equipped with a PM,;s inlet into a mixing chamber
where the filters packs were attached. The sample probe
was moved to keep it within the visible portion of the
plume after it exited the appliance chimney, and it was
held about 1 m above the top of the stack to allow the
plume to cool. Samples consisted of parallel Teflon-
membrane/potassium-carbonate-impregnated cellulose-
fiber filter and quartz-fiber filter packs.

Samples from five of the major hot springs in
downtown Steamboat Springs (Lithia, Iron, Sulfur,
Black Sulfur, and Steamboat Springs) were taken at
night for 7.5-30 min intervals when vehicular emissions
were low. One of the integrated samples was from geo-
thermal springs with no odor, and the other was from
springs with a characteristic H,S smell. The sample
configuration consisted of a Teflon-membrane/silver-ni-
trate-impregnated cellulose-fiber/potassium-carbonate-
impregnated cellulose-fiber filter pack and a quartz-fiber
filter pack in parallel.

According to the Craig Interagency Dispatch Center,
wildfires in the region consist of approximately 80%
pinion pine and juniper. To simulate these burns, short-
duration (2-8 min) samples of forest fire emissions were
taken of burning pinion pines and junipers in an area ~8
km north of Dinosaur, CO. Samples were collected onto
parallel Teflon-membrane/quartz-fiber filter and quartz-
fiber/potassium-carbonate-impregnated  cellulose-fiber
filter packs.

Motor vehicle exhaust samples were taken in source-
dominated environments next to major highway inter-
sections and diesel bus terminals to represent different
mixtures of vehicles. Samples were acquired during the
summer when residential burning emissions were low
and before the wildfire season. Samples were taken on
downwind curbs when contributions from other sources
were minimal. Sample sets consisted of parallel Teflon-
membrane/quartz-fiber filter and quartz-fiber/potassium
carbonate impregnated cellulose-fiber filter packs.
Samples of 60-120 min duration were acquired during
the morning and evening rush-hours and during mid-
day to represent different driving conditions (i.e., stop
and go vs. continuous flow) and traffic volumes. Since
the majority of motor vehicle exhaust is emitted in the
PM, 5 size fraction, a PM, s inlet was used on the sam-
pling system to minimize contamination of the sample
from suspended road dust. Road dust was also sampled,

resuspended, and analyzed. CMB was used with geo-
logical fitting species to determine the road dust con-
tribution to these samples, and this contribution was
subtracted from all chemical components prior to cal-
culating chemical abundances.

Geological material was acquired from areas identi-
fied in receptor site surveys, on streets adjacent to motor
vehicle samples, and soil conservation surveys as shown
in Table 1. Several fugitive dust samples were taken and
mixed to obtain a representative composition for road
dust and erodible soil. One-half to 1.0 kg of material in
storage piles was swept from the surface and stored in
zipped polyethylene bags. These samples were dried,
sieved, and resuspended in a laboratory chamber and
sampled through PM,;s inlets onto Teflon-membrane
and quartz-fiber filters (Chow et al., 1994).

Teflon-membrane filters were analyzed for mass by
gravimetry and elements (Na to U) by X-ray fluores-
cence (Watson et al., 1999). Half of each quartz-fiber
filter was extracted in deionized distilled water and an-
alyzed for anions by ion chromatography (chloride
[CI'], nitrate [NO; ], sulfate [SO, |) (Chow and Watson,
1999), and for cations by atomic absorption spectro-
photometry (soluble sodium [Na*], K*) and automated
colorimetry (ammonium [NH;]). The other half of each
quartz-fiber filter was used to quantify organic and ele-
mental carbon (OC and EC) by the IMPROVE thermal/
optical reflectance method (Chow et al., 1993, 2000).
Potassium carbonate backup filters were extracted in a
sodium carbonate solution and analyzed for absorbed
SO, as SO, by ion chromatography. Citric-acid-
impregnated cellulose-fiber filters were analyzed for
absorbed NH; as NH; by automated colorimetry.
Silver-nitrate-impregnated cellulose-fiber filters were
analyzed for H,S as SO, by ion chromatography.

Each substrate followed an established laboratory
sample chain-of-custody and data validation process.
Blank and replicate analyses were performed for ~10%
of all samples according to standard operating proce-
dures. Results from quality audits and laboratory in-
tercomparisons demonstrated good accuracy and
precision (Watson et al., 1996). Field blank standard
deviations were combined with the flow rate and
chemical analysis precisions to estimate the precision of
each chemical concentration (Watson et al., 2000).

3. Source profile results

Composite source profiles were created by analyzing
the individual samples for each source type and dividing
the resulting chemical concentration by the mass con-
centration. Abundances in these individual profiles were
averaged and their standard deviations calculated to
obtain representative distributions of chemical abun-
dances and their variabilities. Table 1 identifies the
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composite profile names and the samples they include.
Table 2 summarizes the composite profiles that are dis-
cussed in greater detail below.

3.1. Coal-fired boilers

The Craig Unit 2 (MZCG2PPC) and Unit 3
(MZCG3PPC) profiles differ significantly. Sulfate is the
most abundant constituent in the particle phase, at
12.7 £ 3.1% for Unit 3 and 22.7 & 6.3% for Unit 2. Total
carbon (TC = OC + EC; carbonate carbon was not
quantified) varies from 1% to 10%. EC for Unit 2
(8.14+4.3%) is much higher than for Unit 3
(1.2 £ 1.2%). Since abundances of OC are similar (~2%
to 3%), the average OC/TC ratio varies from 0.22 for
Unit 2 to 0.69 for Unit 3. For Craig Unit 2, abundances
of aluminum (Al) (4.2+£0.3%) and -calcium (Ca)
(3.5%£0.3%) are similar to those found in the MZGE-
OLC geological profile (4.5+0.7% for Al and
3.2 £ 1.0% for Ca), whereas silicon (Si) (8.0 & 0.6%) and
iron (Fe) (3.1 £0.2%) are present at 45-75% of the
corresponding levels in geological material. Na, mag-
nesium (Mg), and NHj are also present at 1-3% level
for Craig Unit 2. The abundances of these components
in Craig Unit 3 are commonly 5-10% of those found for
Craig Unit 2. Other elements such as phosphorus (P), K,
titanium (Ti), manganese (Mn), and barium (Ba) are
present in Unit 2 emissions at levels of 0.1-1.0% and in
Craig Unit 3 emissions at levels of 0.02-0.2%.

Selenium (Se) is usually in the gaseous phase in hot
stack emissions; it condenses on particles when air is
cooled in the dilution chamber. Se is in Craig Unit 2
emissions at 0.34 4 0.08%, but it is not found in PM,
samples from Craig Unit 3. Abundances of Ca
(14.7 £ 6.8%), CI (1.3 £ 0.4%), and NOj (0.79 + 0.72%)
for Craig Unit 3 are four times those measured for Craig
Unit 2. These differences may have resulted from the dry
limestone scrubber present in Unit 3.

The abundance of SO, for Craig Unit 2
(21297 + 12557% in MZCG2PPC) is three to four times
higher than the Craig Unit 3 abundance (6100 £ 3330%
in MZCG3PPC), seven to nine times higher than the
geothermal springs abundance (H,S equivalent), and
more than two orders of magnitude higher than the SO,
abundance from RCC. NHj; is detectable in Craig boiler
emissions, ranging from 7% to 10% of primary PM,;
mass.

For most elements, Hayden Unit 1 (MZHDI1PP1)
exhibits higher chemical abundances than Hayden Unit
2 (MZHD2PPC). The largest difference is found for OC,
with 0.49 4+ 0.20% in Unit 2 emissions and 34.1 + 3.6%
in Unit 1. EC differences are also large, with
0.40 4 0.22% in Unit 2 emissions and 4.3 £ 0.8% in Unit
1. The average OC/TC ratio is 0.56 for Unit 2 and 0.89
for Unit 1.

The Al abundance for Hayden Unit 1 of
10.3 £ 0.67% is approximately three times that of Unit
2. The Si abundance for Unit 1 of 16.0 & 1.0% is similar
to that found in geological profiles; it is also three times
the Al abundance in Unit 2 emissions. Ca and Fe are
present at 1-4% levels. Other elements such as P, K, Ti,
Mn, strontium (Sr), and zirconium (Zr) show 0.1-1%
abundances for Unit 1, two to three times higher than
their abundances in Unit 2 emissions.

Se constitutes 0.22 + 0.02% of PM, 5 emissions from
Hayden Unit 1 (MZHDI1PP1) and 0.38 + 0.06% from
Hayden Unit 2 (MZHD2PPC). These are similar to
those for Craig Unit 2, but not for Craig Unit 3. The
abundances of SO, (10.0 +4.9%), NH} (9.2 + 2.4%),
and ClI- (1.940.12%) from Hayden Unit 2
(MZHD2PPC) are two to six times higher than those
from Hayden Unit 1. NO; and Ba are also detectable at
~0.1% from Hayden Unit 2.

The SO, abundance for Hayden Unit 1
(5721 £ 348%) is similar to that for Craig Unit 3
(6100 £ 3330%), but it is almost three times higher than
that for Hayden Unit 2 (2075 £ 199%). These levels are
10-25% of the 21297 £ 12558% abundance for Craig
Unit 2.

NH; abundances are 491 + 384% for Hayden Unit 2
and 3365 + 265% for Hayden Unit 3, compared to 7—
10% at Craig Units 2 and 3. This is indicative of NHj
injection at Hayden. SO, abundances vary from 3% to
22% among the different units, with an average of
7.7+ 5.3% for Hayden and 15.2 £ 8.3% for Craig.

Elemental abundances in the composite coal-fired
boiler profile (MZPPC) differ from those summarized by
Sheffield and Gordon, (1986)’s 21-study averages and
from Han (1992)’s average emissions from 15 eastern
coal boilers equipped with different pollution control
devices. Abundances of Al, Si, and Fe in Hayden and
Craig emissions are 30-50% of the average Sheffield and
Gordon, (1986) abundances; they are three to four times
higher than the Han (1992) abundances. The Ca abun-
dances also differ, with averages of 6.5% in Hayden and
Craig emissions (western coal), 0.7 £ 0.7% from Shef-
field and Gordon, (1986), and 0.15 + 0.12% from Han
(1992). Sulfur (S) abundances in Table 2 range from
1.7% to 8.8%, compared to 0.15-142% from Sheffield
and Gordon, (1986) and an average of 1.8 &+ 1.0% from
Han (1992). The average Se abundance of 0.24 £ 0.18
(MZPPC) is much larger than the average from Sheffield
and Gordon, (1986) (0.0024 + 0.0017%) and Han (1992)
(0.065 £ 0.15%). Arsenic (As) was not detectable in any
of the Table 2 profiles, compared to averages of 0.004—
0.05% for Sheffield and Gordon, (1986) and
0.0037 + 0.0026% for Han (1992).

These differences demonstrate the need to obtain
profiles that represent a study area, and especially the
use of eastern or western coals. Fluctuations in chemical
abundances from coal-fired boiler emissions may be due



Table 2
Composite source

profiles (weight percent by mass)

Coal-Fired Boiler

MZCG2PPC

MZCG3PPC

MZHD1PP1

MZHD2PPC

MZHDPPC

MzPPC

Wood Combustion
MZRWCC

Coal Combustion
MZRCCC

Forest Fire
MZFFIREC

Geothermal Springs

MZGsC

MzZGSs2C

cr
NO3’

so;

0.35384 + 0.17562
0.16142 + 0.10439
2275 £6.32
0.25584 + 0.06885
2824170
224 £268
8.08 + 4.31
1.59 + 0.50749
2.05 + 0.49569
4.16 + 0.27852
7.98 £ 0.62650
0.14805 + 0.03757
8.80 + 1.46
0.00000 + 0.16467
0.79573 + 0.06174
3.47 +£0.28413
0.19558 + 0.09683
0.00528 + 0.06136
0.01100 + 0.01075
0.10358 £ 0.01697
3.07 £0.17441
0.00183 £ 0.04753
0.00740 + 0.00199
0.01147 £ 0.00367
0.03386 + 0.00961
0.00000 + 0.00994
0.00000 + 0.02224
0.34250 + 0.08122
0.01888 + 0.01038
0.00319 £ 0.00415
0.17182 £ 0.01348
0.00000 + 0.00593
0.00736 + 0.00845
0.00000 + 0.01231
0.00743 + 0.03872
0.00888 + 0.04517
0.00267 + 0.04553
0.00398 + 0.05432
0.02958 + 0.06756
0.00000 % 0.07842
1.02 + 0.13991
0.00000 + 0.36419
0.00000 + 0.01408
0.00358 +0.01123
0.00093 + 0.01174
0.02527 + 0.03589
0.00000 + 0.01066
21297.1 + 12557.9
9.75 £ 8.05

1.33 + 0.42786
0.78706 + 0.72350
12.67 +3.09
0.03969 + 0.02838
0.12016 + 0.08251
263 £2.11
1.17 £1.20
0.09273 + 0.32980
0.21933 £ 0.05950

1.80 + 0.50567
3.12 £ 0.84224
0.04447 + 0.04597
564 +£2.36
0.70189 + 0.25296
0.17875 + 0.04726
14.67 + 6.84
0.08890 + 0.07159
0.01044 + 0.03290
0.00687 + 0.00740
0.01565 + 0.00775
0.99661 + 0.32503
0.00054 + 0.01656
0.00328 + 0.00255
0.00514 + 0.00227
0.01392 + 0.00338
0.00000 #+ 0.00739
0.00000 + 0.00824
0.00000 + 0.00388
0.03292 + 0.02609
0.00120 + 0.00366
0.06034 + 0.01973
0.00069 + 0.00444
0.00242 + 0.00579
0.00000 + 0.00939
0.00584 + 0.03056
0.00245 + 0.03558
0.00000 + 0.03604
0.00035 + 0.04360
0.00561 + 0.05212
0.00000 + 0.06147
0.20259 + 0.15782
0.02141 £ 0.28118
0.00000 + 0.01069
0.00000 + 0.00845
0.00045 + 0.00831
0.00000 + 0.01222
0.00021 + 0.00807
6100.32 + 3330.54
733 +568

112 £0.37200
0.32640 + 0.36690
2.97 + 040990
0.11110 £ 0.04090
150 +0.38460
34.09 £358
4.30 £ 0.82160
0.38610  0.87420
1.15450 022140
10.31 + 066610
16.02 £ 1.00
057210  0.06350
1.71 £0.11770
0.00000 # 0.10110
0.58130 £ 0.06880
412 £ 026730
0.77030 £ 0.25920
0.06750 £ 0.14210
0.00520 £ 0.03310
002430 £ 0.01810
2.93 + 018360
0.00000 + 0.04850
0.00350  0.01460
0.06470 £ 0.01140
0.06830 £ 0.01260
0.00000 £ 0.03480
0.00000 £ 0.03790
0.22010 + 0.01980
0.01730 £ 0.01200
0.00400  0.01470
0.17910 £ 0.01720
0.00000 £ 0.02040
0.03090 £ 0.01820
0.00000 £ 0.04330
0.00000 # 012820
0.02560 # 0.15080
0.01580 # 0.15080
0.02450 # 0.18360
0.02900 + 0.22630
0.02930 £ 0.27340
0.00000 £ 0.99020
0.00000 £ 1.28
0.00000 £ 0.04910
0.00320 £ 0.03910
0.00000 £ 0.03750
0.00000 # 0.05970
0.00000 + 0.03640
572143 + 347.794
3365.60 + 264.61

1.88 + 0.12290
0.14900 + 0.12403
10.00 + 4.89
0.08815 + 0.00474
917 £2.43
0.49460 + 0.19725
0.39440 # 022062
0.00000 # 0.14054
0.10985 + 0.06442
2.99 + 167
542 +2.90
0.10700 # 0.04313

2,64  0.97354

1.97  0.02686
0.33740 + 0.13223

1.44 £ 0.50643
0.24190 * 0.08471
0.01290 # 0.02008
0.00525 # 0.00202
0.01025 + 0.00205

1.39 £ 0.38615
0.00060 + 0.02161
0.00225 + 0.00083
0.00605 + 0.00163
0.02465 + 0.00884
0.00445 + 0.00197
0.00000 # 0.01799
0.38420 + 0.06378
0.08855 + 0.02977
0.00205 # 0.00344
0.07940 + 0.02546
0.00000 # 0.00187
0.01330 # 0.00537
0.00000 # 0.00330
0.00090 # 0.01037
0.00185 + 0.01183
0.00070 + 0.01212
0.00000 # 0.01440
0.00860 + 0.01754
0.00010 + 0.02068
0.33550 + 0.09716
0.00295 + 0.09534
0.00000 # 0.00396
0.00055 + 0.00441
0.00235 + 0.00477
0.00605 + 0.03280
0.00020 # 0.00324
2074.78 + 199.369

491.12 + 384.45

1.63 + 0.44799
0.20813 + 0.21289
7.66 + 533
0.09580 + 0.02373
661 + 475
11.69 + 19.40
1.70 £2.26
0.12870 £ 0.51760
0.45807 + 0.60485
543 £4.39
896 +6.45
0.26203 + 0.27025

2.33 £ 0.87343
131 £1.14
0.41870 + 0.16903
234 £ 1.59
0.41803 + 0.31090
0.03110 + 0.08366
0.00523 + 0.01918
0.01493 £ 0.01053

1.90 + 0.92996
0.00040 + 0.03310
0.00267 + 0.00846
0.02560 + 0.03388
0.03920 + 0.02596
0.00297 + 0.02016
0.00000 + 0.02635
0.32950 + 0.10493
0.06480 + 0.04621
0.00270 + 0.00894
0.11263 + 0.06031
0.00000 + 0.01188
0.01917 £ 0.01085
0.00000 + 0.02514
0.00060 + 0.07507
0.00977 + 0.08760
0.00573 + 0.08762
0.00817 + 0.10665
0.01540 + 0.13144
0.00983 + 0.15875
0.22367 + 0.57343
0.00197 # 0.74407
0.00000 + 0.02853
0.00143 £ 0.02286
0.00157 + 0.02200
0.00403 + 0.04365
0.00013 + 0.02118
3290.33 +2110.11

1449.28 + 1681.70

1.03 + 0.66857
0.36313 + 0.45464
15.20 + 825
014298 + 0.10844
315 + 362
520 + 10.24
409 £ 4.41
0.70327 + 0.82948

1.02 £ 0.97673
3.83 £ 2.57
6.81 403
0.15117 £ 0.15717
591 +3.18
0.60445 £ 0.79650
0.49753 £ 0.28911
6.49 £ 6.57
0.23031 + 0.20447
0.01457 % 0.06270
0.00803 # 0.01315
0.05061 + 0.04694
2.10 + 1.03
0.00102 # 0.03626
0.00474 + 0.00494
0.01381 £ 0.01829
0.02948 + 0.01743
0.00089 # 0.01333
0.00000 # 0.02065
023585 + 0.17654
0.03687 + 0.03272
0.00245 + 0.00591
0.12062 # 0.05790
0.00021 # 0.00789
0.00942 + 0.00897
0.00000 + 0.01663
0.00491 % 0.05070
0.00722 + 0.05915
0.00279 # 0.05935
0.00415 £ 0.07185
0.01813 + 0.08845
0.00295 # 0.10561
0.53514 + 043718
0.00701 + 0.49281
0.00000 # 0.01892
0.00186 + 0.01512
0.00098 + 0.01487
0.01132 + 0.03169
0.00010 £ 0.01413
11336.0 + 11438.3
440.88 + 1054.86

025772 £ 0.11421
0.07352 % 0.01885
0.91387 + 0.38094
140 £1.16
0.12710 £ 0.01998
51.37 £ 11.72
12.39 £ 4.20
0.00535 + 0.03287
0.00205 # 0.01423
0.01241 £ 0.01921
0.02457 + 0.02176
0.00129 % 0.00515
0.17957 + 0.13196
0.12841 # 0.08885
093414 £ 1.13
0.03094 + 0.03247
0.00000 + 0.01347
0.00000 # 0.00816
0.00000 # 0.00264
0.00174 £ 0.00211
0.01671 % 0.02586
0.00000 + 0.00075
0.00000 + 0.00056
0.00042 # 0.00074
0.03010 # 0.01592
0.00000 # 0.00147
0.00000 # 0.00155
0.00000 # 0.00070
0.00069  0.00059
0.00063 + 0.00048
0.00019 # 0.00066
0.00000 # 0.00081
0.00000 + 0.00093
0.00000 + 0.00173
0.00034 + 0.00449
0.00067 + 0.00535
0.00058 + 0.00540
0.00000 + 0.00660
0.00132 £ 0.00841
0.00000  0.00999
0.00632 + 0.03643
0.02353 + 0.04823
0.00000 # 0.00236
0.00000 # 0.00151
0.00005 + 0.00152
0.00000  0.00221
0.00000 # 0.00146
0.00000 + 0.54262
0.00000

0.19005 + 0.08502
0.31474 £ 0.30759
3.32 £2.82
0.47416 £ 0.55147
141 +128
69.49 £ 19.19
26.08 + 15.64
0.03330 + 0.08829
0.03977 + 0.06687
0.06424 £ 0.06778
0.09710 + 0.08458
0.00274 £ 0.01720
1.50 £ 1.41
0.09048 + 0.06556
0.53279 £ 0.78662
0.21436 + 0.40479
0.00488 + 0.03438
0.00012 + 0.01416
0.00000 + 0.00328
0.00426 + 0.00766
0.06712 + 0.11390
0.00000 + 0.00241
0.00018 + 0.00148
0.00118 + 0.00151
0.01556 + 0.01592
0.00058 + 0.00373
0.00058 + 0.00488
0.00412 £ 0.00459
0.00447 + 0.00566
0.00060 * 0.00156
0.00857 +0.01524
0.00000 + 0.00210
0.00023 + 0.00249
0.00000 + 0.00444
0.00185 + 0.01273
0.00025 + 0.01523
0.00089 + 0.01531
0.00182 £ 0.01843
0.00934 + 0.02302
0.00240 + 0.02763
0.01112 £ 0.10126
0.00188 + 0.13175
0.00025 + 0.00524
0.00028 + 0.00404
0.00000 + 0.00398
0.00802 + 0.01604
0.00008 + 0.00378
161.00 + 252.84

0.00000

0.20704 + 0.12969
0.02808 + 0.02615
0.13322 + 0.06289
0.12034 + 0.09586
0.11050 + 0.09518
46.88 + 15.67
3.23 £ 1.80
0.01225 + 0.04477
0.01794 £ 0.01534
0.01545 + 0.01484
0.06198 + 0.04481
0.00729 + 0.00825
0.07922 + 0.02134
0.17361 £ 0.10029
0.14520 £ 0.12271
0.36931 + 0.57139
0.00152 + 0.02253
0.00009 + 0.00929
0.00005 + 0.00220
0.00052 + 0.00163
0.01801 £ 0.01964
0.00000 + 0.00108
0.00000 + 0.00101
0.00025 + 0.00098
0.00292 + 0.00337
0.00000 + 0.00233
0.00031 + 0.00282
0.00000 + 0.00123
0.00121 £ 0.00105
0.00007 + 0.00103
0.00131 £ 0.00194
0.00000 + 0.00143
0.00000 + 0.00166
0.00000 + 0.00304
0.00000 + 0.00828
0.00013 + 0.00978
0.00010 + 0.00988
0.00194 £ 0.01202
0.00153 £ 0.01473
0.00049 £ 0.01755
0.00108 + 0.06520
0.00000 + 0.08538
0.00000 # 0.00335
0.00000 + 0.00271
0.00000 + 0.00268
0.00067 + 0.00378
0.00000 + 0.00256
0.29500 + 0.13700
0.00000

17.56 £ 20.20
12,55 £ 16.30
2357 + 2663

169 +2.93
14.74 £ 20.02
23.22 + 290.05

2.58  20.50

431 £10.07
0723 £3.13

141 £1.74

357 £397
0271 £ 0.732

6.85 + 7.54
0.000 # 1.021

130 £ 1.35

209 +2.16
0.045 + 3.551
0.038 # 1.468
0.048 + 0.361
0.022 # 0.251

152 £ 1.61
0.007 + 0.158
0.020  0.166
0.017 £ 0.155
0,029 + 0.184
0.000 # 0.147
0.018 £ 0.177
0.006 + 0.090
0.028 + 0,091
0.006 + 0.079
0.027 + 0.094
0.000 + 0.106
0.006 + 0.124
0.043 # 0.237
0.261 £ 1.40
0.145 + 1.63
0.016 + 1.64
0.210 £ 1.98
0.105 + 2.4
0.061 +2.85

470 £ 1162

218 £ 13.76
0.044 + 0.249
0.000 + 0.198
0.004 +0.195
0.071 + 0.267
0.005 + 0.193

2262.14 £ 227314
0.000

22.73 +2423
15.72 £ 19.44
32.39 £ 3231
2.54 +3.59
20.33 £ 2425
0.000 + 344.46
0.000 +24.14
6.46 + 12,19
0.775 £ 3.74
1.93 £2.08
469 +4.80
0.219 £ 0.871
972 £9.22
0.000 £ 1.22
177 £ 1.64
282 + 262
0.067 +4.24
0.057 £ 1.75
0.073 £ 0.432
0.033 £ 0.300
2.00 + 1.94
0.011 £ 0.189
0.030 + 0.198
0.011 +£0.184
0.043 + 0.220
0.000 £ 0.175
0.027 +£0.212
0.010 £ 0.108
0.042 £ 0.109
0.010 + 0.095
0.041 +£0.112
0.000 + 0.127
0.009 + 0.148
0.065 + 0.283
0.278 + 1.67
0.128 £ 1.95
0.024 + 1.96
0.316 + 2.37
0.158 +2.91
0.000 + 3.40
6.01 + 13.90
3.27 + 16.44
0.066 + 0.299
0.000 + 0.236
0.007 + 0.232
0.106 + 0.319
0.008 £ 0.231
3065.29 + 2760.87
0.000

i
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to differences in coal composition, pollution control
devices, sampling methods, sampling periods, and ana-
lytical techniques.

3.2. Residential wood and coal combustion

Chemical abundances differ for RWC and (RCC),
although the majority of PM,s from both sources is
composed of carbonaceous material; carbon accounts
for 63-96% of PM,s mass. Average OC abundances
range from 51.4 £ 11.7% in RWC to 69.5+19.2% in
RCC, whereas EC ranges from 12.4 +4.2% in RWC to
26.1 + 15.6% in RCC. The EC abundance in RCC PM, 5
is twice that of RWC. OC/TC ratios are similar, how-
ever, ranging from 0.73 in RCC to 0.81 in RWC.

K in RWC is completely water-soluble (K*), ex-
ceeding an abundance of 1% in these emissions. The
RWC CI~ abundance is 55% higher than that of RCC.
On average, the abundances of SO, , NOj, and Si in
RCC are four times those of RWC. The NH; abun-
dance is highly variable, with an average of 1.4 + 1.3%
for RCC and 0.13 £+ 0.02% for RWC. The SO, abun-
dance for RCC (3.3 £ 2.8%) is three times that of RWC
(0.91 £ 0.38%).

SO, was not detected in any of the RWC samples,
and only 50% of the RCC samples reported non-negli-
gible SO,/PM, s ratios. These abundances are highly
variable, ranging from 112+ 3% to 532+ 27% in the
individual samples of the MZRCC composite, even
though the coal was from the same mine. Combustion
conditions in different stoves may have caused these
differences. The Se abundance is only 0.004 £ 0.004% in
the MZRCC profile, and it was detectable in only two of
the four samples in the composite.

Denver, CO, RWC profiles were generated in 1987
from a mixture of lodgepole pine, ponderosa, pine,
spruce, pinion, aspen, oak, Douglas fir, and cedar in five
different types of fireplaces and woodstoves (Watson et
al., 1988). The Denver RWC profiles are similar to the
Table 2 RWC profiles. The Denver profiles contained
54-74% OC and 9-29% EC, as compared to 40-64% OC
and 8-16% EC in this study. Among the inorganic
species, both studies reported sulfur (S), Cl, and K with
~0.1% abundances.

Las Vegas, NV, RWC profiles were taken in 1995
from fireplaces and wood stoves burning mesquite,
ponderosa pine, lumber, and DuralLogs® (Chow and
Watson, 1997). OC abundances were 5.5+ 2.4% to
57+13%, and EC abundances were 4.4+ 1.3%
to 26 & 8%, these abundances are similar in magnitude
to those found in the Denver and Yampa Valley profiles.
Cl abundances ranged from 0.39 £ 0.4% to 6.9 4+ 3.1%,
and K* abundances ranged from 0.57 +0.37% to
4.6 + 1.5%, much higher than the ~0.1% abundances
found in Denver and Yampa Valley profiles.

3.3. Forest fires

TC accounted for 50% of PM, s mass in the forest fire
profile (MZFIREC). OC abundances in the individual
samples that formed the composite profile were variable,
ranging from 30.7 £ 1.5% to 66.1 £ 3.3%, with an av-
erage OC/TC ratio of 0.94. This is the highest OC/TC
ratio observed among all measured source types in this
study. The abundance of SO, (0.30+0.14%) in
MZFFIREC is similar in magnitude to that of motor
vehicle exhaust. Other inorganic species such as SO, , S,
Cl, Cl, K*, and K are present at ~0.1% abundances,
whereas Na, Mg, Al, Si, and Fe are present at ~0.01%
abundances.

Chow and Watson (2000) measured profiles for as-
paragus field burning in California’s Imperial Valley
with OC/TC ratios of 0.93, similar to the 0.94 ratio
found in the forest fire emissions. OC was the most
abundant species in the profile, accounting for
55.6 £ 15% of PM,s mass. A similar observation was
made for charbroil cooking emissions in Mexicali,
Mexico, with 60-70% OC abundances and high (>0.95)
OC/TC ratios.

Most of the K in the MZRWCC and MZFIREC
profiles is soluble, as indicated by the high K*/K ratios
(Calloway et al., 1989). This is consistent with the
Denver, Las Vegas, Imperial Valley, and Mexicali pro-
files.

3.4. Geothermal hot springs

To maintain consistency with other profiles, the
abundance of H,S in Table 2 was converted to SO,,
assuming complete oxidation in the atmosphere after
release. Since the mass collected on the samples was low
and imprecise, chemical abundances were normalized to
the sum of species rather than to the measured mass.
The oxidized H,S (i.e., SO,) is the most abundant spe-
cies, but its abundance is variable, ranging from
655+ 506% to 3378 £ 2603%. The two composite profiles
are grouped based on the detectability of the distinctive
H,S odor during sampling. The average abundance of
SO, (oxidized H,S) is 40% higher for MZGS2C (with
odor) than for MZGSC (without odor). The largest
variation is found in the TC abundance with measure-
ment uncertainty exceeding the concentration by 10-
fold. SO,”, NOj, CI-, and NHI are present at 15-20%
abundances, while Al, Si, K, Ca, and Fe are present at
2-10% abundances. The S abundance is 30% of SO,
abundance. The remaining chemical abundances are not
detectable.

3.5. Motor vehicle exhaust

Though dominated by motor vehicle emissions,
roadside samples also contain suspended road dust and
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particles from other sources in the background air. The
geological contribution was removed from each sample
by applying the CMB model with Al, Si, K, and Ca as
fitting species for the MZGEOLC profile, then sub-
tracting the calculated geological contribution from each
chemical species and the measured mass. NH; and NO3
were also used as CMB fitting species with secondary
ammonium nitrate and sulfate as sources to remove
background concentrations of secondary aerosol from
these samples.

MZMVCGC and MZMVSBC in Table 2 represent
composite motor vehicle emissions at Craig and
Steamboat Springs, respectively, and the MZMVC
abundances are the averages and standard deviations for
12 of the individual motor vehicle profiles.

OC and EC are the most abundant species in motor
vehicle exhaust, accounting for over 95% of the total
mass. OC abundances range from 38.8+2.4%
(MZMVSBC) to 69.5 £ 17.2% (MZMVCG3C). OC/TC
ratios range from 0.40 for the Steamboat Springs profile
MZMVSBC) to 0.71 for the Craig profile
(MZMVCG3C), with an average ratio of 0.58
(MZMVC). Watson et al. (1994a) reported OC/TC ra-
tios of 0.69 for gasoline-fueled vehicle exhaust
(PHAUTO), 0.55 for diesel-fueled vehicle exhaust
(PHDIES), and 0.52 for a mixture of vehicle types in
roadside tests (PHRD) from Phoenix, AZ, in 1988.
Roadside sampling in Las Vegas, NV, during 1995 re-
sulted in similar OC and EC abundances and OC/TC
ratios of 0.48-0.67 with an average of 0.59 (Chow and
Watson, 1997).

In 1987, Federal Test Procedure (FTP) dynamometer
tests of four closed-loop and four oxidation-catalyst
vehicles in Denver, CO (Watson et al., 1990b) reported
an OC/TC ratio of 0.39 for the cold transient cycle and
0.81 for the cold stabilized cycle. Samples from an un-
derground Denver bus transfer station reported an OC/
TC ratio of 0.76 for diesel buses, while in situ samples
taken from a parking garage during cold winter time (for
comparison with the cold transient portion of the FTP
cycle) yielded an OC/TC ratio of 0.48 (Watson et al.,
1990b). These ratios are within one standard deviation
of the MZMVC profile (OC/TC = 0.58 £ 0.15) derived
from all vehicle samples.

The lead (Pb) abundance is negligible and highly
variable (0.024 4+ 0.067%) in the MZMVC and other
profiles. The abundance of bromine (Br) is also low, in
the range of 0.01-0.05%. These contrast with higher
Pb and Br abundances from earlier profiles taken
when leaded fuel was still used in the US Watson and
Chow (2000) found 0.1-0.3% lead in 1995 vehicle ex-
haust profiles near the California/Mexico border con-
sistent with leaded gasoline use in Mexico at that time.
Zinc (Zn) is present in most of these profiles, usually
at levels of 0.05% or less. The Cl- abundance is 1.4—
3.3%.

The SO, abundance is low, ranging from 0.6 £ 1.8%
in the Craig profile (MZMVCGC) to 1.8 £+ 1.0% in the
Steamboat Springs profile (MZMVSBC). The SO,
abundance ranges from 0.13 + 0.02% in the Steamboat
Springs profile (MZMVSBC) profile to 0.73 £ 0.06% in
the Craig profile (MZMVCGC), consistent with low
sulfur content in Colorado gasoline and diesel fuels.

3.6. Fugitive dust

In each of the geological profiles, Al, Si, K, Ca, and
Fe have large abundances with low variabilities. The
abundance of total potassium (K) is 15-30 times the
abundance of soluble potassium (K*). The abundances
of Al, K, Ca, and Fe are similar among the profiles, but
Si abundances range from 14.4 + 2.5% in unpaved road
dust (MZUPRDC) to 20.1 £ 2.5% in paved road dust
(MZPVRDO).

PDb is most abundant (0.018 4 0.009)% in paved road
dust, and is as low as 0.004% in the other profiles. TC
abundances range from 5% to 10%. EC abundances are
from 0.4% to 1.1% in individual profiles, and are small
(0.78 £0.84%) in the composite geological profile
(MZGEOLC). OC abundances differ among the com-
posite paved (7.4 +2.2%) and unpaved (4.6 + 2.2%)
road dust samples, with similar abundances in the
MZSOILC (6.1 +2.6%) and MZGEOLC (6.5 &+ 2.5%)
profiles. OC/TC ratios are similar with an average ratio
of 0.90. The effect of motor vehicle contributions to
paved road dust (e.g., brake and tire wear, oil drips,
deposited exhaust) is evident in larger abundances of Pb,
EC, and OC. SO, NO;5, and NHj are generally low, in
the range of 0-0.1%, consistent with the subtraction of
secondary ammonium sulfate and ammonium nitrate
contamination of the roadside sampling. Na and Cl~
abundances are also low, at <0.5% abundances. The
effect of road sanding and salting on composition is not
evident.

These profiles are similar to paved road dust profiles
from 1987 Denver, CO (Watson et al., 1988, 1990b).
Previous source apportionment studies (Chow et al.,
1992a,b; Watson et al., 1994b) show that the chemical
abundances and variabilities in Table 2 are sufficient to
separate geological contributions from other source
types, but they are insufficient to distinguish paved road,
unpaved road, and native soil compositions from each
other.

4. Conclusions

Coal-fired power station profiles differed substan-
tially between different units using similar coals. The
major difference was the lack of selenium in emissions
from Craig Unit 3 that was equipped with a dry lime-
stone SO, scrubber. It is probable selenium was in the
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vapor phase as the hot exhaust passed through the
scrubber, and that this vapor was removed by the
limestone scrubber along with the SO,.

SO, abundances in power plant emissions were seven
to nine times higher than H,S abundances from geo-
thermal springs, and one to two orders of magnitude
higher than SO, in RCC emissions. SO, abundances
were less than 2% for vehicle exhaust and vegetative
burning emissions. The ratio of sulfur dioxide to PM;s
mass is therefore an important marker for primary
particle contributions of non-aged power station con-
tributions. This is true only for near-source contribu-
tions because SO,-to-PM,s ratios will decrease with
time as particles and gases deposit and sulfur dioxide
converts to PM,s sulfate. Ammonia abundances in
power plant emissions were one to two orders of mag-
nitude higher for ammonia injection.

Organic and elemental carbon were found in all
emission profiles except for geothermal hot springs. The
sum of organic and elemental carbon ranged from 1% to
10% in coal-fired power plant PM, s emissions, from 5%
to 10% in geological material, >50% of forest fire
emissions, >60% of RWC emissions, and >95% of RCC
and vehicle exhaust emissions.

Primary particulate sulfate was a minor component
of forest fire (0.1%) and RWC (1%) emissions. Sulfate
abundances were higher in RCC (3%), coal-fired power
plant (3-23%), and geothermal springs (24-32%) PM, s
emissions. Certain elements were most abundant in
geological profiles, although detectable levels also oc-
curred in coal-fired power plant profiles. Water-soluble
potassium was most abundant in vegetative burning
profiles. K*/K ratios ranged from 0.1 in geological
material profiles to 0.9 in vegetative burning emissions,
confirming previous observations that soluble potassium
is a good marker for wood combustion.
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