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Executive Summary 
 

Deposition of ambient particulate matter (PM) has been implicated as a major source of 
nitrogen (N), phosphorus (P) and sediment to Lake Tahoe.  Therefore, knowledge of the 
sources contributing to the observed PM is crucial if we are to develop an approach to 
reduce the impact of atmospheric deposition on water quality in the lake.   

To address the issue of atmospheric particulate matter deposition in the Lake Tahoe 
Basin, the year-long “Sampling and Analysis for the Lake Tahoe Atmospheric Deposition 
Study” (LTADS) was conducted by the California Air Resources Board (Chang et al. 
2005).  A total of 384 sequential, two-weekly ambient aerosol samples (TSP, PM10, 
PM2.5) were collected at five Lake Tahoe Atmospheric Depositional Study sites.  An 
additional 196 TSP samples collected using low volume MiniVol aerosol samplers 
located on buoys and additional locations on land, giving a total of 580 ambient samples.  
Samples were gravimetrically and chemically analyzed.  As part of the data analysis 
component of the work, size fractionated estimates of particle deposition were 
determined.   

In parallel with the LTADS study, CARB funded DRI to conduct the “Lake Tahoe 
Source Characterization Study” (Kuhns et al. 2004) to characterize the major sources in 
the basin.   A total of twelve PM2.5 residential wood combustion, five PM2.5 roadside 
motor vehicle, and two grab samples of geological dust (PM10 and PM2.5) were collected 
for re-suspension onto filters and analysis.  A set of PM10 and PM2.5 samples was also 
collected alongside Highway 28 near Sand Harbor State Park.  Chemical profiles of the 
PM emitted from these sources were developed. 

To close the gap between these two earlier studies and determine the sources contributing 
to PM levels in the basin, the Lake Tahoe Source Attribution Study (LTSAS) was 
undertaken.  This study was a logical and much needed extension of the previously 
completed ambient and source sampling projects and included data analysis and receptor 
modeling performed on the LTADS and source characterization data sets, with the 
primary goal to identify and quantify the source types contributing to ambient PM levels 
in the Lake Tahoe Basin. 
 
Research Approach 
The first step performed as part of this work was a process of initial data analysis.  Time 
series plots were used for visual inspection of analytical data, including the detection of 
outliers. Correlation coefficients showed which chemical species grouped together, 
representing specific source types, and which species may be redundant, and not 
contributing to the source identification and attribution.  Principal Components Analysis 
(PCA) was then applied to the data.  PCA is a statistical procedure applied to diminish 
the dimensionality of the data set by grouping the chemical species into principal 
components (eigenvectors).  Since PCA in this case was calculated from the covariance 
matrix, the principal components were representative of chemical species showing the 
greatest variability.   
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Following the initial data analysis, two methods were used to apportion the observed PM 
levels to various sources.  Positive Matrix Factorization (PMF) provided a source 
attribution solution using constrained weighted least squares.  A pre-existing knowledge 
of the sources and their composition was not required for this approach.  This step was 
followed by application of the CMB technique, which requires chemically speciated 
source profiles (available from the source characterization study and other DRI 
programs), along with the speciated ambient data. 
 
Findings 
For the two-week sampler (TWS) data, PMF factors were assigned to six source types.  
Time series plots confirmed that these could be explained in terms of known aerosol 
generating processes.  PMF was able to model two geological factors, one with high 
concentrations of the silicate forming elements (Fe/Ca = 1.97) and the other carbonate-
bearing with soluble calcium and magnesium (Fe/Ca = 0.23).  Other factors included 
secondary sulfate from diesel and oil combustion, a combustion factor which includes 
both vegetative burn and motor vehicle emissions, a metallurgical factor which could 
represent brake and engine wear, and a road salt factor.  Ammonium sulfate together with 
elemental carbon (EC2), V, Se, and Br are contained in one PMF factor.  This was 
interpreted as emissions from diesel and oil combustion.  The secondary nitrate may be 
from motor vehicle emissions within the Tahoe basin; although it could also be due to 
transport from outside the basin.  PMF was also applied to the MiniVol data set, but 
because of sampling inconsistencies and low concentrations, results could not be readily 
interpreted.   
 
The Chemical Mass Balance (CMB) receptor model was applied to each ambient filter 
pair (PM10 and PM2.5) collected using the two-weekly samplers (TWS) and coupled with 
a selected set of measured source profiles and major metal oxides.  PM2.5/PM10 mass 
ratios varied from as low as 0.31 for Lake Forest, followed by South Lake Tahoe with 
0.35, Sandy Way with 0.53, Big Hill with 0.56, and Thunderbird Lodge with 0.61.  The 
major modeled components of PM2.5 were vegetative burning during the fall and winter 
seasons, and gasoline vehicle emissions throughout the year, both representing source 
types abundant at the two South Lake Tahoe sites.  PM10 was composed mainly of two 
geological components, one a measured source profile and the other of variable chemical 
composition.  Both sources were abundant at the two South Lake Tahoe sites as well as at 
Lake Forest, and are therefore likely to be from re-suspended road dust.   

Based on both the PMF and CMB results, we observed the following: 

·  Re-suspended paved road dust was shown to be the major source of PM10 in the 
basin.  This was best seen at the two high traffic sampling sites in the densely 
populated area of South Lake Tahoe, the one being the South Lake Tahoe site 30 
meters to the north of Highway 50 and approximately 100 m from the lake shore, 
and the other being Sandy Way, 40 meters south of Highway 50 and 
approximately 200 meters from the other site.  The third site where road dust is 
predominant is at Lake Forest, about 3 km north-east of Tahoe City, and about 20 
meters south of Highway 28.  Thunderbird Lodge on the east shore is not in a 
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residential area and at least 650 meters west from the Highway 28, recording 
background levels of geological dust.   

·  Wood burning was an important source of PM2.5 during the winter months.  
Results showed that residential wood burning, with possible contributions from 
local wildfires, was the major source of PM2.5 during the fall and winter months.  
This was most evident at the two high population and activity south shore sites of 
Sandy Way and South Lake Tahoe.  Smaller amounts of wood burning were also 
modeled at the out of basin site of Big Hill.  Lake Forest and Thunderbird Lodge 
exhibited substantially lower concentrations of wood burning.  

·  After wood burning, mobile source emissions are major contributors to PM2.5 at 
Sandy Way and South Lake Tahoe, both sites being close to the high traffic 
Highway 50 and in the residential and commercial areas of South Lake Tahoe.   

·  There was little evidence of emissions from extensive wildfires in or outside the 
Tahoe basin during the sampling period.  

·  For the buoy data, the major source of the observed PM was secondary nitrate and 
sulfate, along with lesser contributions from wood burning, mobile source 
emissions, road salt, and geological material.  Based on this finding, it appears as 
if the majority of the coarse PM fraction (PMc) deposited prior to reaching the 
buoy locations. 

As part of the proposal for this work, a set of twelve hypotheses related to the impact of 
different sources on air quality and deposition in the basin were put forth.  Using the 
source apportionment findings, we can address the majority of the previously identified 
issues.  Briefly, these are as follows:  

1. Re-suspended paved road dust is the major source of PM10 in the basin.  The results 
supported this hypothesis.  This was best seen at the two high traffic sampling sites in the 
densely populated areas (South Lake Tahoe and Sandy Way) and the near-roadway site.  

2. Wood burning is an important source of PM2.5 during the winter months.  The results 
supported this hypothesis.  Both the PMF and CMB demonstrated that residential wood 
combustion, with possible contributions from wildfires and controlled burns are the major 
PM2.5 sources of pollution during the fall and winter months.  

3. Motor vehicle tailpipe emissions is the major source of PM2.5 in the basin.  The results 
do not support this hypothesis.  This is an important source but as a percentage of PM2.5 
mass the CMB derived value varied from 23 to 33%. 

4. Secondary pollutants from outside the basin are minor sources of PM2.5 and PM10.  
The results supported this hypothesis.  The maximum predicted contributions from 
secondary sources to PM2.5 were found to vary from 8 to 12%.  

5. Emissions from controlled burns inside the basin, and wildfires outside the basin are 
minor sources of the observed PM.  The results are inconclusive in supporting this 
hypothesis.  Due to the smoke from residential wood burning during the fall and winter, 
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the contributions from wildfires and controlled burns in or outside the basin could not be 
assessed.  

6. Emissions from restaurants can be an important source of PM at some locations.  This 
could not be determined.  In the absence of measured meat and other cooking markers in 
the ambient samples, or chemical source profiles, this source could not be identified or 
modeled.   

7. Overall, the most important sources to control are emissions from light-duty gasoline 
vehicles.  The results did not support this hypothesis.  As stated under 1, 2, and 3 above, 
the most important sources to control are road dust, followed by wood smoke and mobile 
sources.  

8. The major source of phosphorous is soils, while the contributions from wood burning 
are small.  The results supported this hypothesis.  Initial data analysis, including the 
calculation of correlation coefficients did not confirm any relationship of phosphorus 
with wood combustion.  Phosphorus was highly correlated with all soil species in PM10.   

9. Phosphorous concentrations in the coarse fraction are elevated and are therefore 
indicative of mechanically re-suspended soil.  The results supported this hypothesis.  
PCA and subsequent data analysis revealed that phosphorus occurs as individual mineral 
grains in the coarse geological fraction, as re-suspended road dust. 

10. Phosphorous from mobile source tailpipe emissions is small.  The results supported 
this hypothesis.  Phosphorus from motor vehicle emissions as measured in PM2.5 was 
very low for all cases.  If phosphorus had been in motor vehicle emissions in measureable 
concentrations, it would have occurred evenly distributed in all the South Lake Tahoe, 
Sandy Way, and Lake Forest samples, which was not the case.  

11. Nitrogen is a minor component of the coarse PM fraction.  Hence the PM 
contribution to the atmospheric deposition of N is small.  The results supported this 
hypothesis.  On average about 0.30 mg/m3 nitrate occurs in the TSP fraction, with about 
0.26 mg/m3 in PM10 and 0.15 mg/m3 in PM2.5.  Deposition in the lake from aerosol nitrate 
will therefore be small.  

12. PMcoarse composed of road dust and other geological material is the major 
contributor to atmospheric deposition in the lake.  The results supported this hypothesis.  
PMF and CMB modeling show that road dust in the PMCoarse size fraction, partly from 
de-icing procedures during winter months, is an important source to control.  Road dust 
accounted for as much as 60% of PM10 and, based on its size, has the potential to be 
deposited in Lake Tahoe.   
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1 INTRODUCTION 
This document details the results of the Lake Tahoe Source Attribution Study (LTSAS).  In the 
sections that follow, we describe the research approach, data analyzed, and apportionment results 
determined using principal components analysis (PCA), positive matrix factorization (PMF), and 
chemical mass balance (CMB) receptor modeling methods.   
 

1.1 Problem Definition and Background 

Deposition of ambient particulate matter (PM) has been implicated as a major source of nitrogen (N), 
phosphorus (P) and sediment to Lake Tahoe.  Therefore, knowledge of the sources contributing to the 
observed PM is crucial if we are to develop an approach to reduce the impact of atmospheric 
deposition on water quality in the lake.   

To address the issue of atmospheric particulate matter deposition in the Lake Tahoe Basin, the year-
long “Sampling and Analysis for the Lake Tahoe Atmospheric Deposition Study” (LTADS) was 
conducted (Chang M.-C. et al. 2005) by the California Air Reources Board (CARB).  A total of 384 
sequential, two-weekly ambient aerosol samples (TSP, PM10, PM2.5) were collected at five sites.  An 
additional 196 TSP samples were collected using low volume MiniVol aerosol samplers, giving a total 
of approximately 580 ambient samples for the study.  Samples were analyzed for mass and chemical 
constituents but were not used to determine the sources of the observed ambient aerosols. 

In parallel to the LTADS study, CARB funded DRI to conduct the “Lake Tahoe Source 
Characterization Study” (Kuhns H. et al. 2004), which was designed to characterize the chemical 
composition of the major pollutant sources in the basin.  A total of 12 individual PM2.5 residential 
wood combustion, five PM2.5 roadside motor vehicle, and two grab samples of geological dust (PM10 
and PM2.5) were collected for re-suspension onto filters and chemical analysis.  A set of PM10 and 
PM2.5 samples was also collected alongside Highway 28 near Sand Harbor State Park.   

All ambient and source sample sets from the above two projects were chemically analyzed by the 
DRI’s Environmental Analysis Facility (EAF).  

Before this Lake Tahoe Source Attribution Study (LTSAS), no follow-up research to close the gap 
between the source and ambient sampling and analyses was performed.  This is crucial if agencies in 
the basin are to develop strategies to reduce the impact of the deposition of ambient pollutants on Lake 
Tahoe’s water quality.  Thus, the overall goal of this study was to provide a logical and much needed 
extension of the previously completed ambient and source sampling projects to identify and quantify 
the source types contributing to ambient particulate matter deposited within the Lake Tahoe Basin 

1.2 Project Goals, Objectives and Hypotheses 
As part of this work, we initially proposed a series of goals and hypotheses.  These are listed in the 
sections that follow. 
1.2.1 Goals 

·  To identify and model the sources of observed PM in the Lake Tahoe Basin.  This is 
critical if basin management agencies are to develop effective strategies to reduce the 
ambient concentrations of PM, and subsequently deposition to the lake. 
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·  Analyze and graphically represent the LTADS two-weekly and MiniVol ambient data 
sets, to identify outliers, and to distinguish site and seasonal data sub-sets.  

·  Apply multivariate statistical procedures, including Principal Components Analysis 
(PCA) and Positive Matrix Factorization (PMF) to identify factors and chemical species 
of relevance within the measured data set.  

·  From the DRI Lake Tahoe Source Characterization Study and other source profile data, 
compile a set of chemical source profiles applicable to the receptor modeling of the 
LTADS ambient results. 

·  Apply the CMB receptor model to the LTADS ambient together with the above 
compiled source data, to assess the source contributions to the observed PM samples.  

1.2.2 Hypotheses  

1. Re-suspended paved road dust is the major source of PM10 in the basin. 

2. Wood burning is an important source of PM2.5 during the winter months. 

3. Motor vehicle tailpipe emissions is the major source of PM2.5 in the basin. 

4. Secondary pollutants from outside the basin are minor sources of PM2.5 and PM10. 

5. Emissions from controlled burns inside the basin, and wildfires outside the basin are minor 
sources of the observed PM. 

6. Emissions from restaurants can be an important source of PM at some locations. 

7. Overall, the most important sources to control are emissions from light-duty gasoline 
vehicles. 

8. The major source of phosphorous is soils, while the contributions from wood burning are 
small. 

9. Phosphorous concentrations in the coarse fraction are elevated and therefore indicative of 
mechanically re-suspended soil. 

10. Phosphorous from mobile source tailpipe emissions is small. 

11. Nitrogen is a minor component of the coarse PM fraction.  Hence the PM contribution to 
the atmospheric deposition of N is small.  

12. Soil is the major contributor to atmospheric sediment deposition in the lake. 

2 PREVIOUS RESULTS 

2.1 Ambient Samples 

This data analysis and receptor modeling study was on the gravimetry and chemical results 
from the two types of ambient samplers: 

·  The Two-week samplers (TWS) operated for 14 consecutive day durations, collecting 
integrated samples of total suspended particulates (TSP), PM10 and PM2.5, as well as 
nitric acid and ammonia by denuders.  They were operated at a nominal flow rate of 1.3 
liters per minute (lpm), from 11/20/02 to 01/06/04, and at five sites chosen by the 
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California Air Resources Board (CARB) (Figure 2-1).  A total of 127, 129, and 128 of 
TWS samples had been collected for TSP, PM10, and PM2.5, respectively. 

·  The MiniVol samplers equipped with TSP inlets were stationed on lake buoy/piers (four 
sites) and on land (non-buoy/piers).  Buoy samplers were operated for the duration of 
the sampler battery (typically 24 hours). The duration of the non-buoy samplers’ 
operation varied, depending on the availability of AC power (~24 hours on batteries and 
generally ~1 week with an AC power source).  The MiniVol samplers were operated at 
a nominal flow rate of 5.0 lpm, from 09/26/02 to 04/26/04.  A total of 36 buoy MiniVol 
TSP samples, and 160 non-buoy MiniVol TSP samples were collected in the course of 
the LTADS. 
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Figure 2-1 Lake Tahoe basin showing the site locations for Two-week (TWS) and MiniVol samplers 
used for the Lake Tahoe Atmospheric Deposition Study (LTADS) (from California Air Resources 
Board). 
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Approximately 384 sequential, Two-week ambient aerosol samples (TSP, PM10, PM2.5)  for 
receptor modeling purposes were collected at five Lake Tahoe Atmospheric Depositional Study sites  
To these were added the 196 MiniVol TSP samples, giving s total of 580 ambient samples. 

 

2.2 Source Samples 

Appropriate source samples, including wood combustion, motor vehicle emissions and re-
suspended road dust had been collected at Lake Tahoe, as part of the DRI Lake Tahoe Source 
Characterization Study (Kuhns H. et al. 2004).  A total of 12 individual PM2.5 residential wood 
combustion emission samples were obtained from the following sources: a non-EPA certified 
woodstove burning juniper (also known as cedar) and almond at Camp Richardson, CA; an EPA-
certified wood-burning stove for kindling and for steady wood burning at Sierra Nevada College, NV; 
and a fireplace burning oak and juniper  at Incline Village, NV.  Five PM2.5 roadside motor vehicle 
emission profiles (corrected for road dust) were collected alongside paved road intersections of 
Southwood/Mays Blvds and Lakeside/Village Blvds, during July, 2003.  At each of these two sites, 
grab samples of geological dust were collected for re-suspension (PM10 and PM2.5) onto filters, and 
analysis.  A set of PM10 and PM2.5 samples were also collected at a downwind Flux Tower alongside 
Highway 28 near Sand Harbor State Park, during 03/12/2003 to 07/29/2003.   

 

2.3 Chemical Analysis 

All ambient and source sample sets were chemically analyzed by the DRI’s Environmental 
Analysis Facility (EAF) as part of the LTADS and DRI Lake Tahoe Source Characterization Studies,.  
The Teflon filters were analyzed by XRF for Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, Ca, As, Se, Br, Rb, Sr, Y, Zr, Mo, Pd, Ag, Cd, In, Sn, Sb, Ba, La, Au, Hg, Tl, Pb and U.  
Water-soluble ions, including Na+, K+ Ca2+ and Mg2+ (by AA), Cl-, NO3

-and SO4
2- (by IC) and NH4

+ 
(by AC) were analyzed for on quartz fiber filters.  The eight carbon species, OC1, OC2, OC3, OC4, 
OP, EC1, EC2, and EC3 were analyzed for by TOR, on quartz fiber filters.   

 

3 RESEARCH APPROACH 

3.1 Initial Data Analysis 

Statistical techniques were applied to the ambient data set so as to assess species means, 
standard deviations and correlations, and also identify outliers.  Graphical representations of the most 
important species provide information on the seasonal trends over the sampling year as well as spatial 
differences amongst the five sites.  Multivariate statistical procedures such as Principal Components 
Analysis (PCA) (Le Maitre R.W. 1982) and Positive Matrix Factorization (PMF) (Paatero P. and 
Tapper 1994, Reff et al. 2007) were applied so as to better understand the structure of the ambient data 
set, and identify seasonal and other subsets.  This also provided a measure of the variability within the 
data set.  The factors generated by both PCA and PMF provided information on chemical source 
profiles and chemically similar clusters.  These techniques also provide assessments of the chemical 
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species to be considered for subsequent CMB receptor modeling.  PMF also provided source 
attribution information for the Two-week sampler data. 

3.2 Chemical Mass Balance (CMB) 

The Chemical Mass Balance (CMB) receptor model (Friedlander S.K. 1973, Watson J.G. et al. 
1997) was applied to sub-sets of the ambient results from the LTADS, together with the chemical 
source profiles from DRI Lake Tahoe Source Characterization Study and the DRI’s source profile data 
base.  Version 8.2 of the DRI/EPA CMB receptor model (Watson J.G. et al. 1997, Coulter C.T. 2004) 
was applied to apportion major sources of TSP, PM10, and PM2.5.  The receptor modeling approach 
requires accurate and precise measurements of the chemical composition of emissions from sources 
that are likely to contribute to high ambient PM concentrations (Watson J.G. et al. 1998).   

For the CMB modeling, the chemical source profiles from the DRI Lake Tahoe Source 
Characterization Study (Kuhns H. et al. 2004) were complemented by profiles from the DRI’s data 
base of chemical source profiles previously developed for past studies.  The CMB receptor modeled 
results provided a source attribution estimate for each of the sites on each sampling day, and for the 
PM10 and PM2.5 size fractions collected on the Two-week samplers (TWS).  

4 RESULTS 
The results from this study are compiled in this report, with further details given in the appendices.  All 
results are electronically available to the sponsor. 

4.1 Initial Data Analysis 
 
4.1.1 Gravimetry 
A summary of the gravimetric results is contained in Table 4-1.  High average mass numbers were 
measured at Sandy Way and South Lake Tahoe, the two sites in the area of the highest human 
population density, and traffic.  The lowest concentrations for all three size fractions were measured at 
Thunderbird Lodge, having the highest PM2.5/PM10 ratio, and TSP and PM10 being present in similar 
amounts.  The Thunderbird Lodge site can therefore be considered to be the best background site in the 
Tahoe air shed.  Although Big Hill is outside the Tahoe basin itself, it represents the air quality of a 
larger region, and because the levels are higher than at Thunderbird Lodge, is not considered to be an 
appropriate background site for the basin itself.   
 

Table 4-1  Average measured mass for each site and size fraction, as well as mass ratios for TWS. 

 Big Hill Lake 
Forest 

Sandy Way South Lake 
Tahoe 

Thunderbird 
Lodge. 

 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 
TSP 11.35 16.47 20.12 21.89 6.21 
PM10 8.81 13.98 16.76 18.82 5.96 
PM2.5 4.95 4.31 8.95 6.53 3.63 
TSP:PM10:PM2.5 1.29:1:0.56 1.18:1:0.31 1.20:1:0.53 1.16:1:0.35 1.04:1:0.61 
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4.1.2 Species Distribution 
 
A reconstructed mass for each sample was calculated from the chemical compositions.  This is a 
simple method for assessing the contribution to PM by source type.  Geological dust was calculated 
from the sum of the major elements converted to their oxides (i.e. MgO + Al2O3  + SiO2 + K2O + CaO 
+ TiO2 + MnO + Fe2O3), and the organic mass from the organic carbon (1.2*OC).  Geological dust and 
organic mass are the two major contributors to all three size fractions.  As shown in Table 4-2, and 
Figure 4-1, geological dust is the single largest contributor to PM10 at two of the four in-basin sites, 
accounting for 48% at South Lake Tahoe (SOLA), to nearly 55% at Lake Forest, of the measured 
mass.  On the other hand, the geological dust in the PM2.5 fractions varies between 5% and 10% of the 
measured mass, as could be expected for mechanically generated particles.  At the other two in-basin 
sites, organic mass has the highest concentrations, being 35% of the measured mass at Thunderbird 
Lodge and 42% at Sandy Way.  For all five sites, between 73% and 90% of organic mass occurs in 
PM2.5, compared to PM10.  This is similar for soot (EC), with between 73% and 95% thereof measured 
in PM2.5 as compared to PM10.  Potential sources of geological dust in the basin are road dust, largely 
from winter sanding operations, natural geological dust, and construction.  Sources contributing to 
organic mass include motor vehicle tailpipe emissions, wood burning, and biogenic emissions. 
 

Table 4-2  Site averaged chemical components expressed in micrograms per cubic meter, for TWS. 

 Big Hill Lake Forest Sandy Way South Lake 
Tahoe 

Thunderbird 
Lodge. 

 mmmmg/m3 mmmmg/m3 mmmmg/m3 mmmmg/m3 mmmmg/m3 
Geological      

TSP 3.95 9.55 8.42 11.06 2.41 
PM10 2.90 7.64 6.13 9.04 1.91 
PM2.5 0.27 0.42 0.52 0.51 0.20 

Organic Mass      
TSP 3.66 3.81 7.57 5.95 1.81 

PM10 3.26 3.00 7.08 6.04 2.10 
PM2.5 2.93 2.27 5.89 4.41 1.82 

Soot      
TSP 0.34 0.58 1.32 1.31 0.23 

PM10 0.30 0.46 1.28 1.39 0.28 
PM2.5 0.28 0.41 1.16 1.18 0.21 

Sulfate      
TSP 0.77 0.53 0.64 0.44 0.41 

PM10 0.70 0.50 0.67 0.56 0.44 
PM2.5 0.61 0.43 0.67 0.57 0.37 

Nitrate      
TSP 0.58 0.25 0.41 0.47 0.21 

PM10 0.40 0.20 0.36 0.39 0.18 
PM2.5 0.23 0.12 0.22 0.25 0.08 

Salt      
TSP 0.02 0.16 0.18 0.32 0.02 

PM10 0.01 0.18 0.14 0.21 0.02 
PM2.5 0.00 0.00 0.01 0.01 0.00 
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Figure 4-1  Site averaged measured chemical components for TWS. 

 
All or nearly all sulfate is less than 2.5 mm, and occurs in similar amounts in all fractions.  The nitrate 
differs from the sulfate in that only between 42% and 62%  of nitrate, occurs in PM2.5.  It appears that 
the ammonium nitrate particles are either coarser than ammonium sulfate or else attached to geological 
dust grains.  Salt (NaCl) is concentrated in the PM10 size fraction as seen at the three sites, Lake Forest, 
Sandy Way and South Lake Tahoe (SOLA).  Salt is a component of the deicing sand mixture applied 
to roads in the winter months, and correlates well with geological dust throughout the year (Figure 4-
2).   
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Figure 4-2  Relationship between average geological dust and salt (NaCl) levels in PM10, for each of the four in-basin 
sampling sites.  The intercept of the regression line is at a background geological dust level of 1.2 mg/m3.        

 
The intercept on the horizontal axis at 1.2 mg/m3 is the point at which no salt is associated with the 
geological dust.  This can be interpreted as a background concentration for geological dust in the 
Tahoe basin.  Dust above this level is ascribed to de-icing and road sweeping operations.  This is 
slightly below the average level of 1.91 mg/m3 geological dust measured at the Thunderbird Lodge 
background site.  
 
4.1.3 Time Series Plots 
Based on discrepancies between their measured mass and the sum of chemical species, two Lake 
Forest (# LFTD03B, LFTD04B) and one SOLA (sample # SLTTD05B) PM10 samples were deleted 
from the Two week sampler (TWS) data set.  In all three cases this is due to anomalous XRF 
concentrations.  Other omissions are due to samples not being collected during a specific two week 
period.  
 
Figures 4-3, 4-4, 4-5 are time series plots for each size fraction and site, with each plot showing the 
nitrate, sulfate, geological dust (sum of major element oxides), soot (elemental carbon), organics, as 
well as the total of these species.  For the sake of inter-comparison, all plots are to the same scale (0 to 
30 mg/m3).  The patterns for TSP and PM10 are similar for all sites, also showing that on average from 
4 % (Thunderbird Lodge) to 29 % (Big Hill) by mass of the particles are larger than 10 mm.  (Table 4-
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1).  Paved road dust from wintertime deicing operations, road sweeping operations and traffic 
accentuate high levels of geological dust at Lake Forest (Figure 4-4b) in January and February, 2003, 
and at South Lake Tahoe (SOLA) (Figure 4-4c) and Sandy Way (Figure 4-4d) in January of the same 
year.   
Above average levels of organic matter and soot (EC) were recorded during the winter months of 
November to February, while a level of 25.4 mg/m3 for organic matter and 4 mg/m3 for soot were 
measured at Sandy Way (Figure 4-5 c) in the two week period starting 12/40/2002.  This is ascribed to 
local residential wood combustion during that period.  There were no violations of either the Federal 
(PM10 24 hr = 150 mg/m3, PM2.5 24 hr = 35 mg/m3 mg/m3, annual = 15.0 mg/m3) or California (PM10 24 
hr = 50 mg/m3, annual = 20 mg/m3, PM2.5 annual = 12 mg/m3) air quality standards.  As seen from the 
PM2.5 plots (Figure 4-5), slightly above average levels of Organics were measured at Lake Forest, 
Sandy Way, South Lake Tahoe (SOLA) (Figure 4-5d), and Thunderbird Lodge (Figure 4-5e), during 
the period May to November.  This is ascribed to an increase in gasoline vehicle emissions during the 
warmer summer and fall months.  
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4.1.4 Correlation Coefficients 
Linear correlation coefficients were calculated from the two-week sample sets (TWS) to 
provide an assessment of chemical species which group together and could be coming 
from individual sources, assuming there are no sources emitting only one chemical 
species.  The assemblages of species associated with each other, and which may possibly 
be disregarded for the CMB analysis.  This operation was performed for each of the three 
size fractions (Appendix A). The species that have correlation coefficients greater than 
0.8 are marked in bold (Table 4-3) and green in Appendix A, while all with correlation 
coefficients greater than 0.5 are listed in Table 4-3.  In Appendix A those with 
coefficients between 0.5 and 0.8 are marked in yellow, and are considered marginally 
correlated. 
From this it can be seen that the soil forming species Na+, Cl-, Al, Si, S, K, Ca, Ti, Mn, 
Fe, Rb, Sr, Zr, and Ba amongst others are highly correlated in the coarser fractions, while 
in PM2.5 the SO4

2-, OC2, OC3, OC4, EC1, EC2, and EC3, and the trace metals Cu and Zn 
have high correlation coefficients.  The carbon species OC1, OC2, OC3, OC4 and EC1 
are also well correlated in all three size fractions. Many of the minor trace elements (table 
4-3, not in bold) are not well correlated and were omitted in the subsequent PCA, PMF, 
and CMB analysis.  

Table 4-3  Chemical species included in the correlation coefficient calculations, with those with 
coefficients > 0.8 in bold, being highly correlated.   

TSP 
Na+, K+, Ca2+, Mg2+, Cl-, NO3

-, SO4
2-, NH4

+, OC1, OC2, OC3, OC4, OP, EC1, EC2, EC3, Na, Mg, Al , Si, 
P, S, Cl, K , Ca, Ti , V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ca, As, Se, Br, Rb, Sr, Y, Zr , Mo, Pd, Ag, Cd, In, Sn, 
Sb, Ba, La, Au, Hg, Tl, Pb and U.  

PM10 
Na+, K+, Ca2+, Mg2+, Cl-, NO3

-, SO4
2-, NH4

+, OC1, OC2, OC3, OC4, OP, EC1, EC2, EC3, Na, Mg, Al, Si, 
P, S, Cl, K , Ca, Ti , V, Cr , Mn, Fe, Co, Ni, Cu, Zn, Ca, As, Se, Br, Rb, Sr, Y, Zr , Mo, Pd, Ag, Cd, In, Sn, 
Sb, Ba, La, Au, Hg, Tl, Pb and U. 

PM2.5 
Na+, K+, Ca2+, Mg2+, Cl-, NO3

-, SO4
2-, NH4

+, OC1, OC2, OC3, OC4, OP, EC1, EC2, EC3, Na, Mg, Al, Si, 
P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ca, As, Se, Br, Rb, Sr, Y, Zr, Mo, Pd, Ag, Cd, In, Sn, 
Sb, Ba, La, Au, Hg, Tl, Pb and U. 
 
4.1.5 Principal Components Analysis (PCA) 
Principal Components Analysis (PCA) was performed on the concentration data sets of 
Two-week samplers (TWS), applying SAS® version 9.1 software.  Principal components 
are linear combinations of random chemical variables, and can be applied to replace the 
original multidimensional data (34 species) with principal components (9 principal 
components).  PCA is an analysis of the variability between chemical species, and bears 
no relation to the variable mean values.  In this case principal components were 
calculated from the covariance between the variables, identifying species which vary 
most within the data set.  So as to weight each major, minor and trace species equally, the 
concentrations were normalized to their means.  Chemical species retained for PCA were 
Na+, K+, Ca2+, Mg2+, Cl-, SO4

2-, NH4
+, OC1, OC2, OC3, OC4, EC1, EC2, EC3, Al, Si, P, 

Cl, K, Ca, Ti, Mn, Fe, Co, Cu, Zn, As, Se, Br, Rb, Sr, Zr, Ba, and Pb.  PCA was 
performed on the total data set (including TSP, PM10, and PM2.5) as well as on the 
individual site data sets (Appendix B).  Table 4-4 summarizes the PCA results per site for 
the first five principal components, representing between 82 and 92% of the variability in 
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the data sets.  The eigenvalues and eigenvectors are given in Appendix B, where the 
eigenvalue is the proportion of variability explained by a particular principal component.  
The chemical species with coefficients greater than 0.3 or less than -0.3 are listed in 
Table 4-4, representing those with the greatest variance.  Complete results for all and 
individual sites are given in Appendix B.  Findings are as follows: 
 
1. Chemical species which vary significantly amongst sites, by season, or emitted from 
point sources under different meteorological conditions, were identified.  This included 
Na+, Cl- (Cl) from winter de-icing operations, OC1 and OC2 from wildfires in fall, and 
residential wood burning in winter, As and Se from distal (Asian?) (VanCuren 2002, 
Cahill 2003) coal fired power plants, Pb from countries where leaded gasoline is used, or 
together with Cu from overseas metallurgical processing plants.  EC identified at Big Hill 
could represent diesel vehicle emissions or other combustion processes from global 
sources, including cities in Asia. 
 
2. The P species dominates at Thunderbird Lodge and also at the other four sites, and is a 
major contributor to PC2 when all 387 samples are modeled by PCA.  The concentration 
data set reveals only 39 samples out of the total of 387 with concentrations above zero.  
Of these, 17 are TSP (average 0.005 mg/m3), 15 are PM10 (average 0.006 mg/m3) and only 
seven PM2.5 (0.001 mg/m3) filters.  This implies that by far the most phosphorus occurs in 
the coarse fractions (TSP, PM10), as a component of geological material.  It is further 
concluded that phosphorus occurs in individual mineral grains, probably the mineral 
apatite [Ca5(PO4)3(F, Cl, OH)] which occurs naturally in granodioritic rocks and soils of 
the Tahoe basin.  Measurable amounts of phosphorus result from sporadic apatite mineral 
grains in aerosols landing on the filters.   
 

Table 4-4  PCA results for the first five principal components (PC’s) showing the major species 
contributing to each principal component.  

 PC1 PC2 PC3 PC4 PC5 
Big Hill       
Dominant 
Species 

Cu Mg2+, Cu, Se Se P, Pb EC3, P, As 

Lake Forest      
Dominant 
Species 

Cl, Sr P Cl-, Na+ Cl As, Se, Pb 

Sandy Way      
Dominant 
Species 

OC1, OC2, 
Cl 

Cu, Pb OC1, OC2 Cl-, P Cl-, P, Cl 

SOLA      
Dominant 
Species 

Cl P Cl- Ca2+, Cl, Ba As, Se, Pb 

Thunderbird       
Dominant 
Species 

P Na+, Mg2+, Se Na+ Na+, As, Se As, Se 

All 5 Sites      
Dominant 
Species 

P, Cl P Cl-, Cu Cl-, OC1, 
OC2, As 

Cl-, Cu 
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4.1.6 Positive Matrix Factorization (PMF) 
The U.S. EPA PMF Version 1.1 receptor modeling software (Eberly 2005, Reff et al. 
2007)was applied to model the two-week samples (TWS) and the MiniVol samples.  
PMF is a non-negative factorization procedure (Paatero and Tapper 1994) that produces 
only positive factor scores and loadings, in contrast to PCA and classical Factor Analysis 
(FA).  
 
It is assumed that X is a matrix of observed data and s is the known matrix of standard 
deviations of elements of X. Both X and s are of dimensions n × m.  The method solves 
the bilinear matrix problem X = GF + E where G is the unknown left hand factor matrix 
(scores) of dimensions n × p, F is the unknown right hand factor matrix (loadings) of 
dimensions p × m, and E is the matrix of residuals. The problem is solved in the 
weighted least squares sense: G and F are determined so that the Frobenius norm of E 
divided (element-by-element) by s is minimized. Furthermore, the solution is constrained 
so that all the elements of G and F are required to be non-negative. It is shown that the 
solutions by PMF are usually different from any solutions produced by the customary 
factor analysis (FA, i.e. principal component analysis (PCA) followed by rotations). 
Usually PMF produces a better fit to the data than FA. Also, the result of PF is 
guaranteed to be non-negative, while the result of FA often cannot be rotated so that all 
negative entries would be eliminated.  The objective function Q is calculated from the 
residual matrix E and the data uncertainty matrix s, and is minimized in the calculation 
procedure.  
 

Two Week Samplers 
The total data set of 384 samples (128 PM2.5, 129 PM10, and 127 TSP), and 34 selected 
variables were modeled by PMF.  After several preliminary runs a six factor solution was 
selected.  The six factor solution could be related to known source types impacting on the 
aerosol in the Tahoe air-shed.  The model was run five times in the robust mode.  From 
these, run three was selected, providing a QRobust minimum value of 7965, converging 
after 703 steps.  This minimum is well below the QTheoretical value of 13,056 (384 samples 
by 34 variables).  
 
The six PMF modeled factors are given in Table 4-5 and Appendix C1, also showing 
assigned source types for each factor.  The coefficients in bold are the chemical species 
by which the source type was identified.  The PMF modeled output for the two week 
samplers (TWS) is also graphically represented in Appendix C1.  Time series plots for 
each of the six PMF factors are given in Figures 4-7 to 5-12, separated in size fractions 
and by sampling site.   
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Table 4-5  PMF factors with the identifying species for source types shown in bold 

Species Factor 
1 

Factor 
2 

Factor 
3 

Factor 
4 

Factor 
5 

Factor 
6 

 Mobile Geol. 1 Salt Woodsmoke Diesel & 
Oil 

comb. 

Geol. 2 

Cl- 0.0000 0.0000 0.0352 0.0038 0.0000 0.0014 
NO3

- 0.0147 0.0000 0.0244 0.0807 0.0142 0.0303 
SO4

2- 0.0124 0.0000 0.0115 0.0219 0.3315 0.0270 
NH4

+ 0.0107 0.0048 0.0152 0.0515 0.1231 0.0060 
Na+ 0.0000 0.0025 0.0624 0.0000 0.0000 0.0000 
K + 0.0005 0.0003 0.0025 0.0127 0.0064 0.0066 
Ca2+ 0.0000 0.0028 0.0087 0.0000 0.0000 0.0448 
Mg2+ 0.0000 0.0000 0.0008 0.0000 0.0016 0.0039 
OC1 0.0000 0.0000 0.0000 0.1452 0.1181 0.0000 
OC2 0.0011 0.0023 0.0343 0.2617 0.0311 0.0399 
OC3 0.0132 0.0792 0.1178 0.9937 0.0355 0.1447 
OC4 0.0000 0.0366 0.0540 0.3197 0.0491 0.0612 
EC1 0.0304 0.0000 0.0324 0.3692 0.0000 0.0776 
EC2 0.0074 0.0266 0.0113 0.1102 0.0592 0.0035 
EC3 0.0000 0.0000 0.0000 0.0160 0.0048 0.0000 
Al 0.0026 0.1852 0.0000 0.0008 0.0000 0.1355 
Si 0.0081 0.6498 0.0096 0.0066 0.0011 0.4197 
Cl 0.0005 0.0005 0.0003 0.0025 0.0000 0.0031 
K 0.0038 0.0610 0.0025 0.0131 0.0079 0.0326 
Ca 0.0014 0.0895 0.0022 0.0022 0.0043 0.0649 
Ti 0.0000 0.0143 0.0000 0.0000 0.0008 0.0000 
V 0.0000 0.0002 0.0000 0.0001 0.0003 0.0000 
Mn 0.0000 0.0036 0.0000 0.0001 0.0006 0.0001 
Fe 0.0023 0.1765 0.0084 0.0045 0.0094 0.0176 
Co 0.0000 0.0006 0.0000 0.0000 0.0002 0.0005 
Ni 0.0000 0.0001 0.0000 0.0000 0.0001 0.0000 
Cu 0.0011 0.0007 0.0000 0.0000 0.0003 0.0000 
Zn 0.0053 0.0000 0.0000 0.0000 0.0000 0.0016 
Se 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 
Br 0.0001 0.0002 0.0000 0.0002 0.0007 0.0000 
Sr 0.0001 0.0008 0.0001 0.0001 0.0000 0.0007 
Zr 0.0000 0.0004 0.0000 0.0000 0.0000 0.0002 
Ba 0.0000 0.0044 0.0003 0.0020 0.0003 0.0018 
Pb 0.0002 0.0000 0.0001 0.0000 0.0005 0.0004 
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4.1.6..1 Description of PMF factors  
 
PMF Factor 1 – Mobile Source (Cu, Zn)  
Factor 1 (Table 4-5) has large coefficients for Cu and Zn, and smaller values for NO3

-, 
SO4

2-, OC3, EC1, as well as the crustal species Al, Si, K, Ca, and Fe.  Although Factor 1 
contributes to PM2.5, it contributes substantially to PM10 and TSP.  A time series plot 
shows the highest levels at Sandy Way and South Lake Tahoe (SOLA), and to a lesser 
extent at Lake Forest.  These sites have the high road traffic as well as major road de-
icing operations during the winter months.  There is a similarity of PM10 and TSP time 
series plots of Factor 1 (Figure 4-7) and those of the geological Factors 2 (Figure 4-8) and 
6 (Figure 4-12).  The lowest abundances for Factor 1 were found at the background site at 
Thunderbird Lodge, as well as the out of basin site at Big Hill.  The conclusion that can 
be drawn from this is that Factor 1 represents a local Cu and Zn source closely related to 
road traffic, and is called a mobile source.  This mobile source factor bears the signature 
of brake, clutch and engine wear from motor vehicle road traffic.  It is suggested that this 
factor represented fine road dust contaminated with metals, re-suspended by motor 
vehicles. Spikes occurred during the winter months such as at Sandy Way on 11/19/2003 
(PM2.5), Lake Forest on 1/15/2003 (PM10), Big Hill on 9/24/2003 (TSP), Lake Forest and 
Sandy Way on 12/4/2002 (TSP).  These are partly ascribed to high wind days reported on 
those days depositing road dust on the filters. 
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Figure 4-6   PMF Factor 1 – Mobile source time series plots, by site (BH=Big Hill, LF=Lake Forest, 
SW=Sandy Way, SO=South Lake Tahoe (SOLA), TB=Thunderbird Lodge) and particulate size fraction.  
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PMF Factor 2 – Geological 1, Road Dust (Al, Si, Ti, Mn, Fe, Zr, Ba) 
This factor has the highest coefficients for the Al, Si, K, Ca, Ti, Mn, and Fe species, and 
clearly represents a geological source.  As expected of mechanically generated dust, the 
time series plot (Figure 4-8) shows a very small proportion of this source factor in PM2.5.    
Lake Forest recorded two high event days, one on 12/15/2002 and another on 12/4/2003, 
both corresponding to stormy days, with winds gusting at 30 to 38 mph.  The highest 
concentrations, more so during the winter and spring, were recorded at the three high 
traffic sites of Lake Forest, Sandy Way, and South Lake Tahoe.  Since P has a low 
correlation with the other species, and occurs in measureable amounts in only about 10% 
of the samples it was excluded from the PMF analysis.  The highest correlation 
coefficients (Appendix A1) are between P and Al (0.18), Si (0.14), Ti (0.13), and Fe 
(0.14), indicating that P is associated with this geological factor.   
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Figure 4-7   PMF Factor 2 – Geological 1 time series plots, by site (BH=Big Hill, LF=Lake Forest, 
SW=Sandy Way, SO=South Lake Tahoe (SOLA), TB=Thunderbird Lodge) and particulate size fraction. 
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PMF Factor 3.  Road Salt (Na+, Cl-) 
This factor represents road salt, which together with sand was sprayed on the paved roads as part 
of the winter de-icing events.  There is a large variability in the concentrations throughout the 
year (Figure 4-9), with the greatest abundances for the high traffic areas of South Lake Tahoe, 
followed by Sandy Way and Lake Forest.   Reasonably high concentrations were also found at 
the out of basin sight at Big Hill.  As with the other factors, the lowest concentrations of road salt 
were recorded at background sight at Thunderbird Lodge.  The highest concentrations were 
measured at South Lake Tahoe on 1/14/2003 and at Lake Forest on 12/4/2002.   
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Figure 4-8  PMF Factor 3 – Road Salt time series plots, by site (BH=Big Hill, LF=Lake Forest, SW=Sandy Way, 
SO=South Lake Tahoe (SOLA), TB=Thunderbird Lodge) and particulate size fraction. 
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PMF Factor 4.  Woodsmoke (OC1-4, EC1-3, K+, NO3

-) 
This factor contains the greatest abundances of both the organic carbon (OC) and the elemental 
carbon (EC) species (Figure 4-10).  Besides these, it contains water soluble K+, possibly from 
woodsmoke, as well as nitrate (NO3

-), a secondary product from various combustion processes.  
High concentrations of this factor occur largely during the winter at all five sites.  In addition, an 
event, possibly from residential fire places was recorded at Sandy Way on 12/4/2002.  PMF was 
not able to adequately distinguish emissions from vegetative burn and some other combustion 
processes, and may contain components from vehicle tailpipe emissions.  
 
As expected, the largest contribution of this factor is to the PM2.5 size fraction.   
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Figure 4-9  PMF Factor 4 – Woodsmoke time series plots, by site (BH=Big Hill, LF=Lake Forest, SW=Sandy Way, 
SO=South Lake Tahoe (SOLA), TB=Thunderbird Lodge) and particulate size fraction. 
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PMF Factor 5.  Diesel & Oil Combustion (NH4

+, SO4
2-, EC2, V, Se, Br) 

From its ammonium sulfate, and EC2 content as well as small amounts of V and Se, this factor is 
interpreted as representing diesel or other oil fired emissions.  This is a PM2.5. factor, with none 
or very small contribution from PM10 or TSP (Figure 4-11).  The time series plots are similar for 
all five sites, pointing to a well dispersed source for the whole region.  The distributions are 
reasonably symmetrical with modes during the summer months of May, June, and July, and very 
low values during the winter months.  Small spikes in the values do occur at the Big Hill site, 
possibly from point sources impacting at this site.   
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Figure 4-10   PMF Factor 5 – Diesel and other oil combustion emissions time series plots, by site (BH=Big Hill, 
LF=Lake Forest, SW=Sandy Way, SO=South Lake Tahoe (SOLA), TB=Thunderbird Lodge) and particulate size 
fraction. 

 



 29 

PMF Factor 6 – Geological 2, Road Dust (Ca2+, Mg2+, Al, Si, K, Ca, Fe) 
This, and Factor 2 are similar in their distribution patterns, with modeled values only in the 
coarser fractions, PM10 and TSP (Figure 4-12).  The major difference to Factor 2 is that Factor 6 
also contains the water soluble Ca2+ and Mg2+ species (Table 4-5), with smaller fractions of other 
geological species Al, Si, K, Ca, and Fe.  The Ca2+ and Mg2+ are typical components of the 
minerals dolomite (CaMg(CO3)2) and calcite (CaCO3), and are possibly components of Portland 
cement used in road construction, and building industries.  Factor 6, furthermore, differs 
substantially from Factor 2, in that it contains no Ti or Mn, and an order of magnitude less Fe.  
These three chemical species are always in very low concentrations in Portland cement.  From 
the chemical components it appears that PMF Factor 2 (Geological 1) is largely from natural 
geological sources, such as the granodiorites or andesites in the region, while Factor 6 
(Geological 2) represents largely anthropogenic sources such as road and other construction.  An 
alternative explanation is that Geological 6 dust is from winter sanding of the roads with material 
from a source containing high concentrations of the soluble Ca2+ and Mg2+ species, also being 
deficient in Ti, Mn, and Fe.  High geological dust events occur at the Lake Forest, Sandy Way, 
and South Lake Tahoe sites, in the months of November, December and January, corresponding 
to periods of road de-icing.  The average levels measured at Big Hill and Thunderbird Lodge are 
significantly lower, as is the case with Factor 2.  The two geological factors represent two end 
member compositions of dust found in the Tahoe basin, and can occur in variable ratios, 
depending on the season, road sweeping and de-icing operations.  Judging from the 
concentrations at Big Hill, there is also a small portion contribution to this source from outside 
the basin.  
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Figure 4-11   PMF Factor 6 – Geological 2 time series plots, by site (BH=Big Hill, LF=Lake Forest, SW=Sandy 
Way, SO=South Lake Tahoe (SOLA), TB=Thunderbird Lodge) and particulate size fraction. 
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4.1.6..2 Seasonal PMF source attributions 
Seasonal source attribution summaries for each sampling site and size fraction are presented in 
Figures 4-13 to 4-17.  
 
Big Hill  
The mass concentrations are low and vary with season, the lowest being in winter and the highest 
in summer, for all size fractions (Figure 4-13).  The diesel and other oil combustion factor 
(Factor 5) as a fraction of the total measured mass, is dominant in the PM2.5 fraction, more so 
during summer months of 2003.  The woodsmoke component (Factor 4) contributes largely to 
PM2.5 in the summer and fall.  This is ascribed to contributions from wildfires and also from 
other combustion sources.  The Geological 2 factor (Factor 6) occurs in reasonably similar 
amounts for all seasons, for both PM10 and TSP, with greatly variable amounts of the Geological 
1 (Factor 2), both from road dust.  The mobile source component (Factor 1) is the largest for 
PM10 during the summer months.  This is ascribed to the fact that it is associated with geological 
components and is part of road dust.  
 

Big Hill, Two-week Samplers, PMF Source Attribution

0

5

10

15

20

25

30

35

W
int

er
03

 P
M

2.
5

Spr
ing

03
 P

M
2.

5

Sum
m

er
03

 P
M

2.
5

Fall
03

 P
M

2.
5

W
int

er
04

 P
M

2.
5

W
int

er
03

 P
M

10

Spr
ing

03
 P

M
10

Sum
m

er
03

 P
M

10

Fall
03

 P
M

10

W
int

er
04

 P
M

10

W
int

er
03

 T
SP

Spr
ing

03
 T

SP

Sum
m

er
03

 T
SP

Fall
03

 T
SP

W
int

er
04

 T
SP

Season, Year, Size fraction

C
on

ce
nt

ra
tio

n,
 

mm mm
g/

m
3

F5-Diesel & Oil Combustion (Amm., Sulfate, EC2, V, Se, Br)

F4-Woodsmoke (OC1-4, EC1-3, K+, nitrate)

F3-Road Salt (Na+, Cl-)

F1-Mobile Source (Cu, Zn) 

F2-Geol. 1 (Al, Si, K, Ca, Ti, Mn, Fe)

F6-Geol. 2 (Ca2+, Mg2+)

 
Figure 4-12  Two week samplers, Big Hill site:  Summary of average seasonal PMF factor loadings calculated 
from chemical results, for PM2.5, PM10, and TSP. 
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Lake Forest   
The total PM2.5 concentrations for Lake Forest are generally very low (Figure 4-14), being on 
average less than 5 mg/m3 . Except for slightly higher concentrations of the diesel and oil 
combustion emissions (Factor 5) during the summer, there is very little variation throughout the 
year.  PM10 is very different, with major but variable contributions from both Geological 1 and 
Geological 2 factors as well as the mobile source factor (Factor 1).  Major contributions also 
come from road salt (Factor 3), more so during the winter months. 
 
 
 

Lake Forest, Two-week Samplers, PMF Source Attribut ion
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Figure 4-13  Two week samplers, Lake Forest site:  Summary of average seasonal PMF factor loadings 
calculated from chemical results, for PM2.5, PM10, and TSP. 
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Sandy Way 
Sandy Way (Figure 4-15) is characterized by large contributions to PM2.5 from woodsmoke 
(Factor 4) during the fall and winter months of both 2002 and 2003.  Elevated concentrations of 
the mobile source factor (Factor 1) are found in the PM2.5 size fraction, more so during both the 
fall and winter seasons.  In the case of PM10 and TSP, high and variable concentrations of the 
Geological 1 and 2 were modeled, with the highest concentrations during the fall and winter 
months of 2002.  Road salt (Factor 3) was a major contributor to PM10 and TSP in the winter of 
2003, but with some contributions to this size fraction during all seasons.   
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Figure 4-14  Two week samplers, Sand Way site:  Summary of average seasonal PMF factor loadings 
calculated from chemical results, for PM2.5, PM10, and TSP. 
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South Lake Tahoe (SOLA) 
Because the two sites are close together, the seasonal source attribution for South Lake Tahoe 
(SOLA) (Figure 4-16) is similar to that of Sandy Way, and to a lesser extent to that of Lake 
Forest.  In the PM2.5 fraction, the woodsmoke factor (Factor 4) has its largest contributions 
during the fall and winter seasons.  However, the contribution of woodsmoke (Factor 4) is about 
45% less than at the Sandy Way site, ascribed to the fact that it is impacted more by local wood 
stove fire emissions during the fall and winter months than the lakeside site of South Lake Tahoe 
(SOLA).  The metallurgical factor (Factor 1) is the second most important contributor to PM2.5, 
and can be considered as a regional fine dust source for the Lake Tahoe region.  The PM10 and 
TSP size fractions have major but variable amounts of Geological 1, Geological 2, and 
Metallurgical factors, with the highest contributions during the fall of 2002 and the winter of 
2003.  Also, the winter of 2003 was characterized by a major proportion of road salt, modeling 
more than 10 mg/m3.   
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Figure 4-15  Two week samplers, South Lake Tahoe site:  Summary of average seasonal PMF factor loadings 
calculated from chemical results, for PM2.5, PM10, and TSP. 
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Thunderbird Lodge 
With its very low particulate matter levels for PM2.5 (less than 5 mg/m3) and PM10 (less than 10 
mg/m3) during all seasons, Thunderbird Lodge site can be considered to be a background site for 
the Tahoe basin (Figure 4-17).  For PM2.5, slightly higher concentrations of diesel and oil 
combustion (Factor 5) were modeled in the spring and summer of 2003.  For PM10, the additional 
factors include Geological 1 and 2 (Factors 2 and 6), and the Road Salt (Factor 3), .  
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Figure 4-16 Two week samplers, Thunderbird Lodge site:  Summary of average seasonal PMF factor 
loadings calculated from chemical results, for PM2.5, PM10, and TSP.  

MiniVol Samplers 
The PMF receptor model was also applied to the chemical results from the Buoy and Non-buoy 
filters.  The MiniVol samplers were all equipped with TSP inlets and were located on lake buoys 
or on land.  Over a period of about 18 months a total of 191 samples (156 non-buoy, 35 buoy) 
were collected from eight sampling sites.  The sampling times varied from about 24 hrs for buoy 
samplers to about a week for buoy samplers.  The number of sequential seasons sampled varied 
from one (Sandy Way) or two (Bliss State Park) to as many as five (Zephyr Cove) or six (Coast 
Guard, two NASA rafts).  Because of inconsistencies in sampling periods, sampling volumes and 
low concentrations, the modeled factors could not be readily resolved as is the case for WS.  A 
summary of the PMF source attribution results for the non-buoy and buoy sample sets are given 
in Figures 4-18 and 4-19 below.  Details of the PMF modeled results from the MiniVol samplers 
are given in Appendix C2. 
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Figure 4-17  MiniVol samplers, Non-buoy sites, Bliss State Park (BSP), Coast Guard (CTG), Lake Forest (LFT), Sandy Way (SAC), South Lake Tahoe 
(SOL), Timber Cove (TBC), Wallis Pier (WLP), Wallis Tower (WLT), and Zephyr Cove (ZRC):  Summary of average seasonal PMF factor loadings 
calculated from chemical results, for total suspended particulates (TSP). 
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PMF Factor Contributions, MiniVol, TSP, Buoy Sample s 
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Figure 4-18  MiniVol samplers, Buoy sites, NASA Raft (East) (NRE), and NASA Raft West (NRW):  Summary of average seasonal PMF factor loadings 
calculated from chemical results, for total suspended particulates (TSP). 
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PMF performed on the TWS data set provided a six factor solution for the Tahoe basin., 
distinguishing four locally generated road dust factors (Geological 1,2, Mobile Source, Road 
Salt), and two combustion factors (Diesel & Oil Combustion, Woodsmoke).  The highest 
concentrations of all factors were measured at Sandy Way and South Lake Tahoe, followed by 
Lake Forest, with the Thunderbird Lodge being an in-basin background site.  
 
4.1.7 Chemical Mass Balance (CMB) 

The Chemical Mass Balance (CMB) receptor model (Friedlander S.K. 1973, Watson J.G. et al. 
1997) was applied to TWS from the LTADS, together with the chemical source profiles from 
DRI Lake Tahoe Source Characterization Study and the DRI’s source profile data base.  We will 
apply Version 8.2 of the DRI/EPA CMB receptor model (Watson J.G. et al. 1997, Coulter C.T. 
2004) to apportion major sources of PM10, and PM2.5.  The receptor modeling approach requires 
accurate and precise measurements of the chemical composition of emissions from sources that 
are likely to contribute to high ambient PM concentrations(Watson J.G. et al. 1998).  Source 
composition profiles were developed by DRI for various past studies, and comprise the most 
comprehensive and current set of profiles available for application in CMB receptor modeling.  
Source profiles also to be included in the model are those taken as part of the DRI Lake Tahoe 
Source Characterization Study (Kuhns H. et al. 2004).   

The DRI’s version of the U.S. EPA Chemical Mass Balance Receptor Model CMB8 was applied 
to the PM2.5 and PMCoarse concentration and uncertainty TWS data set.  From these results the 
PM10 was calculated by addition.  
 

Chemical Source Profiles 
A sub-set of chemical source profiles was selected from a larger set of 236 profiles, including 
those from the DRI Lake Tahoe Source Characterization Study (Kuhns et al. 2004), and profiles 
from the DRI’s data base of chemical source profiles, developed for past studies.  The sub-set 
was selected by applying goodness of fit statistics c2, R2, % mass explained, and other statistics 
(Appendix D2).  The profiles showing the best fit when modeled with the Lake Tahoe ambient 
data set are shown in Appendix D1.  These include one roadside motor vehicle emissions profile 
from the DRI Lake Tahoe Source Characterization Study (Kuhns et al. 2004), one heavy duty 
diesel and one spark emission vehicle emission profiles from the Gasoline-Diesel split study in 
California (Fujita 2007), two residential wood (oak and juniper) stove combustion profiles from 
Lake Tahoe (Kuhns et al. 2004), one hardwood wood stove combustion profile (Northern Front 
Range Air Quality Study) from DRI’s in-house data base, and two re-suspended soil samples 
from the DRI Lake Tahoe Source Characterization Study (Kuhns et al. 2004).  By using the 
measured source profiles for soils, the CMB model did not consistently account for all major 
chemical species in the ambient samples, often underestimating the soil forming components.  
To account for these deficiencies, individual oxides (SiO2, Al2O3, Fe2O3, MgO, and CaO) were 
included as single species “profiles”, to be combined in variable proportions into the “Geological 
2” profile (Table 4-6).  To account for the salt used in de-icing operations, a marine and a halite 
(NaCl) profile were included.  Ammonium sulfate and ammonium nitrate were added as 
secondary components.  
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A summary of the measured source profile (RS686, PM10) forming the Geological 1 profile and 
the assembled “Geological 2” profiles of variable compositions are given in Table 4-6.  Oxides 
assembled as Geological 2 were individually modeled, largely at the four in-basin sites, and 
similar to Geological 1, points to local sources for nearly all dust in the Tahoe air-shed.   

Table 4-6  The CMB modeled oxide percentages contained in the assembled Geological 2 profiles, averaged 
for each site.  

Number of
Ambient Conc SD Conc SD Conc SD Conc SD Conc SD
Samples % % % % % % % % % %

Geological 2

Big Hill 1 60.71 ± 25.00 30.36 ± 14.29 1.79 ± 1.79 0.00 ± 16.07 7.14 ± 1.79
Lake Forest 13 69.34 ± 33.59 18.13 ± 8.91 6.17 ± 1.15 1.11 ± 4.32 6.33 ± 1.71

South Lake Tahoe 11 72.85 ± 31.02 15.86 ± 6.86 6.65 ± 0.85 0.00 ± 1.34 5.77 ± 1.38

Sandy Way 7 71.72 ± 31.08 17.34 ± 7.49 5.61 ± 1.10 0.13 ± 2.45 5.29 ± 1.57

Thunderbird Lodge 10 69.11 ± 34.39 18.93 ± 11.11 5.98 ± 1.32 0.40 ± 1.89 7.02 ± 2.57

Mean 42 70.40 ± 32.49 17.88 ± 8.79 6.05 ± 1.12 0.46 ± 2.93 6.19 ± 1.81

CaO  SiO2 Al 2O3 Fe2O3 MgO  

 

CMB Source Attribution for Two Week Samples 
Appendix D3 presents the CMB results for the PM2.5, PMCoarse, PM10 calculated by addition of 
these two results, and also the PM10 modeled results.  Because of analytical uncertainties, and 
modeling discrepancies, the last mentioned results are not further considered in this report.  
Seasonal averaged CMB modeled results for PM2.5 and PMCoarse are presented in Tables 4-7 to 4-
11 and Figures 4-20 to 4-24.  Also given are the PM10 results, calculated by addition of the 
modeled source attribution results from these two size fractions.  The major modeled 
contributing sources in PM2.5 are vegetative burn and gasoline vehicle emissions, with minor 
contributions of diesel vehicle emissions.  The average mass ratio of diesel to gasoline vehicle 
emissions on average for the five sites is about 0.07 to 1, but varies amongst the sites.  As is 
common, diesel vehicle emissions could not be adequately resolved from gasoline vehicle 
emissions, or vegetative burn, by the four OC and three EC species alone.   
 
Big Hill  
The PM2.5 concentrations (Table 4-7, Figure 4-20) are generally low, with little geological dust 
and increased concentrations of vegetative burn in the summer and fall of 2003, in all likelihood 
from regional wildfires and controlled burns in California during these two seasons.  In the 
PMCoarse size fraction, Geological 1 is the dominant source, with the largest concentrations in 
summer and fall of 2003.  In total the geological dust is the largest contributing source at Big 
Hill, followed by vegetative burn.   
 
Lake Forest 
Similar to Big Hill, low concentrations of PM2.5 were measured at Lake Forest (Table 4-8, Figure 
4-21), also with slightly elevated vegetative burn modeled in the summer and fall of 2003.  One 
difference from Big Hill is the small contributions of both diesel and gasoline tailpipe emissions 
during all seasons, but with the latter being more abundant during the winter and spring of 2003.  
While the geological dust has a small contribution to PM2.5, it is the dominant source type in the 
coarse fraction, accounting for between 60 and 80 percent of modeled PM10.  The highest total 
contributions for the two geological profiles (Geological 1 and 2) are in the fall of 2002, 
followed by the winter of 2003.   
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Sandy Way 
The Sandy Way and South Lake Tahoe sites are similar to each other and differ from the other 
three sites, in that both have major contributions of vegetative burn in the fall of 2002 and the 
winter of 2003.  In the case of Sandy Way (Table 4-9, Figure 4-22) vegetative burn accounts for 
89 percent of PM2.5 and 67 percent of PM10 in the fall of 2002.  The contribution of vegetative 
burn decreased the following winter to reach a minimum in spring of 2003.  Vegetative burn 
increased systematically in the following fall and winter.  Gasoline vehicle emissions are the 
second most abundant source in PM2.5, being approximately 32 percent of the particulate matter, 
for the winter 2003 through winter 2004.  As before, geological dust is the source type of 
importance in the coarse fraction. 
 
South Lake Tahoe (SOLA) 
The seasonal pattern of gasoline vehicle emissions in PM2.5 (Table 4-10, Figure 4-23) over the 
measurement year is similar to that of Sandy Way, but with 30 percent lower concentrations.  As 
with Sandy Way, the second highest source in PM2.5 is gasoline vehicle emissions.  Geological 
dust is the only source of importance in PM10, with slightly higher concentrations than at Sandy 
Way. 
The high concentrations of geological dust at these two sites is ascribed to the de-icing 
operations during the winter, followed by the re-suspension during sweeping operations and the 
constant road traffic of the South Lake Tahoe area.   
 
Thunderbird Lodge 
Of all five sites, Thunderbird Lodge (Table 4-11, Figure 4-24) has the lowest particulate levels, 
and can be considered a background site for the Lake Tahoe air-shed.  The highest 
concentrations in PM2.5 comes from vegetative burn during the summer and fall seasons, with 
lesser amounts of gasoline vehicle emissions.  The geological dust in PM10 is only 17 percent of 
that at Sandy Way and 23 percent of that at South Lake Tahoe (SOLA).   
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Table 4-7  Two week samplers, Big Hill site:  Percentages of seasonal average CMB modeled source 
contributions for measured PM2.5, PMCoarse, and calculated PM10. 

Geol 1 Geol 2 Roadsalt Gasoline Diesel Veg Burn Amm Sulf Amm Nit Unknown
Winter03PM2.5 5.000 0.000 0.000 15.000 4.000 45.333 20.000 10.667 0.000
Spring03PM2.5 9.985 0.000 0.000 7.799 0.149 29.409 16.692 6.210 29.757
Summer03PM2.5 7.276 0.000 0.000 0.705 0.000 55.186 18.857 2.165 15.811
Fall03PM2.5 8.362 0.000 0.000 2.512 0.954 64.769 11.987 5.310 6.105
Winter04PM2.5 1.476 0.000 0.000 8.118 15.867 54.244 4.428 4.059 11.808

Winter03PMCrs 62.946 0.000 0.000 0.000 0.000 0.000 0.000 10.268 26.786
Spring03PMCrs 66.273 0.000 0.000 9.538 0.000 2.557 5.310 4.818 11.504
Summer03PMCrs 84.060 0.000 5.173 0.000 0.000 0.422 0.197 1.631 8.518
Fall03PMCrs 66.020 1.905 0.000 0.000 0.000 0.000 0.952 4.626 26.497
Winter04PMCrs 35.556 0.000 0.000 0.000 0.000 0.000 13.333 6.667 44.444

Winter03PM10Clc 32.365 0.000 0.000 9.336 2.490 28.216 12.448 11.411 3.734
Spring03PM10Clc 30.573 0.000 0.000 8.875 0.105 21.593 13.627 6.080 19.147
Summer03PM10Clc 44.168 0.000 2.478 0.377 0.000 29.728 10.183 1.940 11.126
Fall03PM10Clc 37.331 0.949 0.000 1.338 0.508 34.502 6.860 5.132 13.381
Winter04PM10Clc 9.972 0.000 0.000 6.094 11.911 40.720 6.648 4.709 19.945  
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Figure 4-19   Two week samplers, Big Hill site:  Summary of seasonal average CMB modeled source 
contributions for measured PM2.5, PMCoarse, and calculated PM10. 
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Table 4-8  Two week samplers, Lake Forest site:  Percentages of seasonal average CMB modeled source 
contributions for measured PM2.5, PMCoarse, and calculated PM10. 

Geol 1 Geol 2 Roadsalt Gasoline Diesel Veg Burn Amm Sulf Amm Nit Unknown
Fall02PM2.5 13.978 0.000 0.000 17.742 21.237 22.312 6.989 2.419 15.323
Winter03PM2.5 20.414 0.000 0.000 39.356 5.977 6.805 4.230 4.046 19.172
Spring03PM2.5 12.500 0.000 0.000 34.619 3.014 13.475 13.963 1.463 20.966
Summer03PM2.5 14.728 0.000 0.000 13.584 0.786 40.276 14.252 1.001 15.372
Fall03PM2.5 15.995 0.000 0.000 20.793 2.766 43.952 8.864 4.432 3.199
Winter04PM2.5 14.040 0.000 0.000 38.109 0.000 31.805 3.152 6.590 6.304

Fall02PMCrs 73.799 7.282 0.000 0.450 0.000 0.000 0.000 0.751 17.718
Winter03PMCrs 25.935 41.749 2.385 5.082 0.000 0.301 0.000 0.107 24.441
Spring03PMCrs 43.260 36.358 1.237 2.974 0.000 0.000 0.282 1.150 14.738
Summer03PMCrs 58.121 18.133 0.000 0.000 0.000 0.000 0.039 0.540 23.167
Fall03PMCrs 43.145 36.943 2.173 0.000 0.000 0.000 0.000 0.459 17.279
Winter04PMCrs 14.310 68.534 2.759 0.000 0.000 0.000 0.000 0.000 14.397

Fall02PM10Clc 60.739 5.692 0.000 4.225 4.636 4.871 1.526 1.115 17.195
Winter03PM10Clc 25.373 34.499 1.971 11.799 1.154 1.563 0.817 0.870 21.955
Spring03PM10Clc 33.251 24.481 0.833 13.417 0.994 4.443 4.794 1.257 16.530
Summer03PM10Clc 38.710 10.021 0.000 6.077 0.352 18.017 6.397 0.746 19.680
Fall03PM10Clc 34.506 24.693 1.453 7.369 0.980 15.576 3.141 1.878 10.404
Winter04PM10Clc 14.248 52.684 2.121 8.814 0.000 7.356 0.729 1.524 12.525  
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Figure 4-20  Two week samplers, Lake Forest site:  Summary of seasonal average CMB modeled source 
contributions for measured PM2.5, PMCoarse, and calculated PM10.  
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Table 4-9  Two week samplers, Sandy Way site:  Percentages of seasonal average CMB modeled source 
contributions for measured PM2.5, PMCoarse, and calculated PM10. 

Geol 1 Geol 2 Roadsalt Gasoline Diesel Veg Burn Amm Sulf Amm Nit Unknown
Fall02PM2.5 3.366 0.000 0.000 1.269 0.000 89.018 2.097 4.249 0.000
Winter03PM2.5 2.883 0.000 0.000 21.567 3.431 65.267 0.077 3.123 3.652
Spring03PM2.5 10.444 0.000 0.000 31.604 1.424 31.027 11.970 1.628 11.902
Summer03PM2.5 10.560 0.000 0.000 35.381 1.343 31.251 11.617 0.610 9.237
Fall03PM2.5 7.183 0.000 0.000 23.645 0.509 54.140 4.656 2.956 6.912
Winter04PM2.5 1.820 0.000 0.000 36.141 0.000 58.502 0.000 3.536 0.000

Fall02PMCrs 3.622 59.385 1.976 0.000 0.000 0.000 0.000 0.000 35.016
Winter03PMCrs 18.824 36.070 4.556 0.000 0.000 0.105 0.000 0.256 40.189
Spring03PMCrs 73.310 2.563 0.000 0.000 0.000 0.000 0.044 2.386 21.697
Summer03PMCrs 74.909 0.020 0.000 0.000 0.000 0.000 0.424 1.493 23.154
Fall03PMCrs 83.529 0.437 0.000 0.000 0.000 0.000 0.034 1.545 14.456
Winter04PMCrs 7.190 62.500 4.093 0.000 0.000 0.000 0.664 0.000 25.553

Fall02PM10Clc 3.603 20.736 0.690 0.882 0.000 61.824 1.456 2.951 7.857
Winter03PM10Clc 9.390 14.514 1.833 13.576 2.160 41.128 0.048 2.069 15.282
Spring03PM10Clc 48.547 1.553 0.000 12.478 0.562 12.251 4.753 2.089 17.767
Summer03PM10Clc 43.411 0.010 0.000 17.834 0.677 15.752 6.071 1.067 15.178
Fall03PM10Clc 44.385 0.213 0.000 12.170 0.262 27.865 2.413 2.274 10.420
Winter04PM10Clc 3.730 21.074 1.380 25.923 0.000 41.962 0.224 2.536 3.170  
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Figure 4-21  Two week samplers, Sandy Way site:  Summary of seasonal average CMB modeled source 
contributions for measured PM2.5, PMCoarse, and calculated PM10. 
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Table 4-10  Two week samplers, South Lake Tahoe site:  Percentages of seasonal average CMB modeled 
source contributions for measured PM2.5, PMCoarse, and calculated PM10. 

Geol 1 Geol 2 Roadsalt Gasoline Diesel Veg Burn Amm Sulf Amm Nit Unknown
Fall02PM2.5 2.200 0.000 0.000 19.796 0.000 68.892 1.178 4.321 3.614
Winter03PM2.5 5.885 0.000 0.000 41.831 0.000 39.044 2.652 4.394 6.194
Spring03PM2.5 12.038 0.000 0.000 48.344 0.000 11.656 11.529 3.949 12.484
Summer03PM2.5 11.308 0.000 0.000 21.035 1.294 46.143 10.757 1.150 8.313
Fall03PM2.5 10.841 0.000 0.000 22.402 0.000 50.967 5.780 3.959 6.050
Winter04PM2.5 8.711 0.000 0.000 17.067 0.000 46.311 0.000 6.578 21.333

Fall02PMCrs 64.462 2.604 2.252 0.000 0.000 5.911 0.000 0.915 23.856
Winter03PMCrs 3.206 39.731 3.124 0.000 0.000 0.000 0.000 0.000 53.938
Spring03PMCrs 3.648 67.458 2.490 0.000 0.000 0.000 0.000 0.000 26.404
Summer03PMCrs 72.061 7.001 0.000 0.000 0.000 0.000 0.213 1.033 19.692
Fall03PMCrs 74.353 0.000 0.000 0.000 0.000 0.000 0.000 1.731 23.916
Winter04PMCrs 5.402 63.218 8.391 0.000 0.000 0.000 0.000 0.000 22.989

Fall02PM10Clc 35.041 1.373 1.188 9.354 0.000 35.672 0.557 2.524 14.291
Winter03PM10Clc 4.029 28.186 2.217 12.474 0.000 11.643 0.791 1.310 39.350
Spring03PM10Clc 6.301 46.609 1.720 15.183 0.000 3.661 3.621 1.240 21.664
Summer03PM10Clc 49.326 4.328 0.000 8.898 0.547 19.520 4.682 1.125 11.574
Fall03PM10Clc 52.085 0.000 0.000 9.568 0.000 21.768 2.469 2.795 11.316
Winter04PM10Clc 7.268 27.569 3.659 9.624 0.000 26.115 0.000 3.709 22.055  
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Figure 4-22  Two week samplers, South Lake Tahoe site:  Summary of seasonal average CMB modeled 
source contributions for measured PM2.5, PMCoarse, and calculated PM10.  
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Table 4-11  Two week samplers, Thunderbird Lodge site:  Percentages of seasonal average CMB modeled 
source contributions for measured PM2.5, PMCoarse, and calculated PM10. 

Geol 1 Geol 2 Roadsalt Gasoline Diesel Veg Burn Amm Sulf Amm Nit Unknown
Fall02PM2.5 15.652 0.000 0.000 24.058 0.000 50.145 6.377 3.768 0.000
Winter03PM2.5 2.363 0.000 0.000 49.517 1.289 13.802 7.841 4.995 20.193
Spring03PM2.5 14.471 0.000 0.000 13.037 0.416 17.198 14.979 0.832 39.066
Summer03PM2.5 9.368 0.000 0.000 15.794 0.000 50.405 12.959 1.242 10.232
Fall03PM2.5 8.269 0.000 0.000 27.931 0.000 34.987 9.335 1.985 17.494
Winter04PM2.5 7.627 0.000 0.000 7.910 0.000 44.068 1.412 1.412 37.571

Fall02PMCrs 0.000 0.000 0.000 0.000 0.000 0.000 38.462 61.538 0.000
Winter03PMCrs 43.462 16.087 0.941 0.000 0.000 0.847 0.564 2.164 35.936
Spring03PMCrs 61.344 9.448 0.200 0.000 0.000 0.000 5.256 3.726 20.027
Summer03PMCrs 25.347 36.898 0.000 0.000 0.000 1.061 0.571 0.367 35.755
Fall03PMCrs 59.763 24.484 0.000 0.000 0.000 0.000 0.483 2.545 12.725
Winter04PMCrs 6.452 93.548 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fall02PM10Clc 15.084 0.000 0.000 23.184 0.000 48.324 7.542 5.866 0.000
Winter03PM10Clc 17.370 5.870 0.343 31.651 0.824 9.131 5.218 3.982 25.609
Spring03PM10Clc 34.488 3.965 0.084 7.875 0.251 10.388 11.254 2.066 29.629
Summer03PM10Clc20.690 13.162 0.320 8.518 0.204 31.407 8.722 0.801 16.176
Fall03PM10Clc 31.855 11.200 0.000 15.255 0.000 19.109 5.319 2.248 15.014
Winter04PM10Clc 8.223 15.385 0.000 7.427 0.000 41.379 1.326 1.326 24.934  
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Figure 4-23  Two week samplers, Thunderbird Lodge site:  Summary of seasonal average CMB modeled 
source contributions for measured PM2.5, PMCoarse, and calculated PM10. 
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MiniVol Samplers 
No CMB was applied to the MiniVol samples, because these were of the Total Suspended 
Particulate (TSP) size fraction for which chemical source profiles are not available.  Also, the 
particulate concentrations at both the buoy and non-buoy sites are low and inconsistent, and 
subsequently difficult to model accurately.  
 
4.1.8 PMF and CMB Comparison 
Because of the different ways in which they are generated, individual PMF factors and CMB 
measured profiles cannot be directly compared. 

Road Dust & Mobile Source 
 
Road dust and mobile sources dominate the PM10 size fraction, as seen from the PMF factors. 
A six factor PMF model was applied to resolve three interrelated road dust factors, one 
(Geological 2) containing the limestone components (Ca2+, Mg2+), the second (Geological 1) 
containing the silicate and oxide components (Al, Si, K, Ca, Ti, Mn, Fe), and the third a mobile 
source containing the tire, brake and clutch wear components including Cu and Zn.  There are 
overlaps amongst the three factors, but in general the three provided an assessment for areas with 
high road traffic, i.e. Lake Forest, Sand Way and South Lake Tahoe.  
 
The CMB was constrained by a set of two pre-selected measured geological road dust samples, 
and another single oxide profiles.  The source attribution results included two kinds of geological 
dust, the one from the measured profile (Geological 1), and the other of variable composition 
(Geological 2) assembled from single oxide “profiles”.  The average composition of the 
assembled Geological 2 profile is similar in composition to the measured profile, but varying in 
composition with site and season.  A large proportion of “Unknown” in the coarse fraction is 
attributed to unexplained sources of organic carbon. 

Combustion Sources 
Four combustion sources contributing to the Tahoe air quality are vegetative burn (woodsmoke), 
with smaller amounts of oil combustion, as well as diesel and gasoline tailpipe emissions.  
Combustion processes are largely contained in PM2.5, with a minor contribution from geological 
dust.  Similar large components of PM2.5 were attributed to vegetative burn (woodsmoke), by 
both PMF and CMB, more so in fall and spring, with highest concentrations at Sandy Way and 
South Lake Tahoe.   
 
PMF modeled two factors that can be interpreted as representing woodsmoke and diesel and 
other oil combustion sources, but not gasoline vehicle tailpipe emissions.  In the case of CMB, 
three measured chemical profiles, for each of vegetative burn, diesel vehicle, and gasoline 
vehicle tailpipe emissions were applied.    
 
Overall when one considers the relative distributions of contributing sources, both the CMB and 
PMF approaches led to similar findings. 
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5 SUMMARY AND CONCLUSIONS 
 
Previous studies in the Lake Tahoe Basin had collected ambient PM2.5, PM10, and TSP samples 
and developed source profiles from various emissions sources in the basin.  As part of the 
LTADS, a total of 384 sequential, two-weekly ambient aerosol samples (TSP, PM10, PM2.5) were 
collected at five sites and an additional 196 TSP samples were collected using low volume 
samplers at remote locations and on buoys, giving a total of approximately 580 ambient samples.  
In parallel to the LTADS study, wood combustion, motor vehicle, and geological source samples 
were collected an analyzed by DRI as part of the “Lake Tahoe Source Characterization Study”.  
These earlier studies provided the basis for performing a source attribution analysis to determine 
the pollutant sources contributing to observed PM levels in the Lake Tahoe Basin. 
 
The approach undertaken as part of this study included a process of initial data analysis.  Time 
series plots allowed for visual inspection of analytical data, including the detection of outliers.  
Correlation coefficients were used to show which chemical species group together, representing 
specific source types, and which may be redundant, not being emitted by any known source 
types.  This was followed by Principal Components Analysis (PCA) to identify point sources, 
and others of variable composition.  Positive Matrix Factorization (PMF) provided a source 
attribution solution, using constrained weighted least squares.  In this study the PMF factors were 
assigned to six source types.  PMF was able to model two geological factors, one with high 
concentrations of the silicate forming elements (Fe/Ca = 1.97) and the other limestone with 
soluble calcium and magnesium (Fe/Ca = 0.23).  Other factors include secondary sulfate from 
diesel and oil combustion, a combustion factor which includes both vegetative burning and 
motor vehicle emissions, a metallurgical factor which could represent brake and engine wear, 
and a road salt factor.   
 
CMB was performed on each ambient filter pair collected on the Two-weekly samplers (TWS), 
using a selected set of measured source profiles, and major metal oxides.  The major modeled 
components of PM2.5 were vegetative burn during the fall and winter seasons and gasoline 
vehicle emissions throughout the year, both being more abundant at the two South Lake Tahoe 
sites.  PM10 was composed mainly of two geological components, one measured profile (RS686) 
and another of similar but variable composition.  Both geological profiles were more abundant at 
the two South Lake Tahoe sites as well as at Lake Forest, and are therefore considered to be re-
suspended road dust.   
 
Initially, we proposed a set of twelve hypotheses related to the impact of different sources on air 
quality and deposition in the basin.  Based on the source apportionment findings, a summary of 
the insights gained related to each of the hypotheses can be summarized as follows:  

1. Re-suspended paved road dust is the major source of PM10 in the basin.  The results supported 
this hypothesis.  This is best seen at the two high traffic sampling sites in the densely populated 
area of South Lake Tahoe, the one being the South Lake Tahoe site (45% of PM10), 30 meters to 
the north of Highway 50 and approximately 100 m from the lake shore, and Sandy Way (36% of 
PM10), 40 meters south of Highway 50 and approximately 200 meters from the IMPROVE site.  
The third site where road dust is predominant is at Lake Forest (61% of PM10), about 3 km north-
east of Tahoe City, and about 20 meters south of Highway 28.  The Thunderbird Lodge sight on 
the east shore is not in a residential area and at least 650 meters west from the Highway 28, with 
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only background levels of road (geological) dust.  PMF was able to distinguish two types of 
fugitive dust, the one Low in Ca with a Fe/Ca ratio of approximately 2 and a second with high 
Ca and Mg values and a Fe/Ca value of approximately 0.23.  

2. Wood burning is an important source of PM2.5 during the winter months.  The results 
supported this hypothesis.  Both the PMF and CMB demonstrated that residential wood 
combustion, with possible contributions from wildfires and controlled burns are the major PM2.5 
sources of pollution during the fall and winter months.  For example, CMB results indicated the 
two south shore sites of Sandy Way (67% of PM2.5) and South Lake Tahoe (51% of PM2.5) were 
dominated by emissions from this source.  Smaller amounts of wood burning were also modeled 
at the out of basin site at Big Hill.  Lake Forest and Thunderbird Lodge modeled lower 
concentrations of wood burning.  

3. Motor vehicle tailpipe emissions is the major source of PM2.5 in the basin.  The results did not 
support this hypothesis.  For example, the CMB showed gasoline and to a lesser extent diesel 
vehicle emissions as major contributors to PM2.5 at Sandy Way and South Lake Tahoe, both sites 
being close to the high traffic Highway 50 and in the residential and commercial areas of South 
Lake Tahoe.  As a percentage of PM2.5 mass the value varies little, amongst Lake Forest (33%), 
Sandy Way (26%), South Lake Tahoe (29%) and Thunderbird Lodge (23%). 

4. Secondary pollutants from outside the basin are minor sources of PM2.5 and PM10.  The results 
supported this hypothesis.  Ammonium sulfate together with elemental carbon (EC2), V, Se, and 
Br are contained in one PMF factor.  Secondary nitrate may be from motor vehicle emissions 
inside the Tahoe basin.  From the CMB it was concluded that secondary pollutants are minor 
sources of PM2.5, varying little amongst Lake Forest (ammonium sulfate 9%, ammonium nitrate 
3%), Sand Way (ammonium sulfate 5%, ammonium nitrate 3%), South Lake Tahoe (ammonium 
sulfate 5%, ammonium nitrate 4%),and Thunderbird Lodge (ammonium sulfate 9%, ammonium 
nitrate 2%).  

5. Emissions from controlled burns inside the basin, and wildfires outside the basin are minor 
sources of the observed PM.  The results were inconclusive in supporting this hypothesis.  Due to 
the smoke from residential wood burning during the fall and winter, the contributions from 
wildfires and controlled burns in or outside the basin could not be assessed.  

6. Emissions from restaurants can be an important source of PM at some locations.  This could 
not be determined.  In the absence of measured meat and other cooking markers in the ambient 
samples, or chemical source profiles, this source could not be identified or modeled.   

7. Overall, the most important sources to control are emissions from light-duty gasoline vehicles.  
The results did not support this hypothesis.  As stated under 1, 2, and 3 above, the most 
important sources to control are road dust, followed by wood smoke and mobile sources.  

8. The major source of phosphorous is soils, while the contributions from wood burning are 
small.  The results supported this hypothesis.  Initial data analysis, including the calculation of 
correlation coefficients and PCA could not confirm any relationship of phosphorus with wood 
combustion.  In the case of PCA (PC1), Phosphorus was highly correlated with Al, Si, K, Ca, Ti, 
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Zr, and Ba - all soil forming species in PM10.  Chemical source profiles of wood burning contain 
below detection limit amounts of P, and the contribution from wood burning can therefore be 
disregarded. 

9. Phosphorous concentrations in the coarse fraction are elevated and are therefore indicative of 
mechanically re-suspended soil.  The results supported this hypothesis.  PCA and subsequent 
data analysis revealed that phosphorus occurs as individual mineral grains (probably the mineral 
apatite) in the coarse geological fraction, as re-suspended road dust.  The concentration data set 
reveals only 39 samples out of the total of 387 with concentrations above zero.  Of these, 17 are 
TSP (average 0.005 mg/m3), 15 are PM10 (average 0.006 mg/m3) and only seven PM2.5 (0.001 
mg/m3) filters.  The phosphate mineral apatite occurs naturally in granodioritic rocks and soils of 
the Tahoe basin. 

10. Phosphorous from mobile source tailpipe emissions is small.  The results supported this 
hypothesis.  Phosphorus from motor vehicle emissions as measured in PM2.5 is very low.  As in 
the above case, the phosphorus occurs in only seven out of the 129 PM2.5 samples, pointing to 
the sporadic distribution of individual apatite grains in coarse re-suspended road dust.  If 
phosphorus had been in motor vehicle emissions in measureable concentrations, it would have 
occurred evenly distributed in all the South Lake Tahoe, Sandy Way, and Lake Forest samples.  

11. Nitrogen is a minor component of the coarse PM fraction.  Hence the PM contribution to the 
atmospheric deposition of N is small.  The results supported this hypothesis.  On average about 
0.30 mg/m3 nitrate occurs in the TSP fraction, with about 0.26 mg/m3 in PM10 and 0.15 mg/m3 in 
PM2.5.  Deposition in the lake from aerosol nitrate will therefore be small.  

12. PMcoarse , composed of road dust and other geological material is the major contributor to 
atmospheric deposition in the lake.  The results supported this hypothesis.  PMF and CMB 
modeling show that road dust in the PMCoarse size fraction, partly from de-icing procedures 
during winter months, is an important source to control.  Road dust generated by traffic along the 
major highways such as Highways 50 and 28 can account for as much as 60% of PM10, and has 
the potential of being deposited in Lake Tahoe.   
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7 GLOSSARY OF TERMS 
µg microgram (10-6 g) 
CARB  California Air Resources Board 
DRI  Desert Research Institute 
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IMPROVE Interagency Monitoring of Protected Visual Environments 
m3 cubic meter 
PM Suspended Particulate Matter 
PM2.5 Suspended Particulate Matter with aerodynamic diameters less than 2.5 

micrometers (µm)  
PM10 Suspended Particulate Matter with aerodynamic diameters less than 10 

micrometers (µm) 
TSP Total Suspended Particulate Matter 
UNLV University of Nevada Las Vegas 
UNR University of Nevada Reno 
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