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ABSTRACT

Direct measurements of airborne particle mass concentrations or mass loads are often used to
estimate health effects from the inhalation of resuspended contaminated soil. Airborne particle
mass concentrations were measured using a personal sampler under a variety of
surface-disturbing activities within different depositional environments at both volcanic and
nonvolcanic sites near the Sunset Crater volcano in northern Arizona. The level of
surface-disturbing activity was found to be the most influential factor affecting the measured
airborne particle concentrations, which increased over three orders of magnitude relative to
ambient conditions. In addition, as the surface-disturbing activity level increased, the particle
size distribution and the majority of airborne particle mass shifted from particles with
aerodynamic diameters less than 10 um [0.00039 in] to particles with aerodynamic diameters
greater than 10 um [0.00039 in]. Above average wind speeds tended to increase airborne
particle concentrations under ambient conditions and decrease airborne particle concentrations
in the breathing zone above the ground surface during light and heavy

surface-disturbing conditions. Overall, the ground surface material type, depositional
environment, and percentage of near-surface mass that is resuspendible were not as influential
as other factors. A slight increase in the average airborne particle concentration during ambient
conditions was found above older nonvolcanic deposits, which tended to be finer grained than
the Sunset Crater tephra deposits. An increased airborne particle concentration was realized
when walking on an extremely fine-grained deposit, but the sensitivity of airborne particle
concentrations to the resuspendible fraction of near-surface grain mass was not conclusive in
the field setting when human activities disturb the bulk of near-surface material. Although the

limited sample size precluded detailed statistical analysis, the differences in airborne particle



concentration over 900-year weathered volcanic and nonvolcanic deposits appeared to be
potentially significant only under heavy surface disturbances.
Key Words: resuspension, airborne particle concentration, redistribution, volcanic

ash, mass load



INTRODUCTION

Direct measurements of airborne particle mass concentrations or mass loads are often used to
estimate health effects from the inhalation of resuspended contaminated soil (Till and Meyer
1983; Anspaugh et al. 2002). In addition, significant efforts by the scientific community have
focused on the respiratory health effects from volcanic ash. Horwell and Baxter (2006) provide
a comprehensive review of published clinical, epidemiological, and toxicological studies. As
pointed out by Blong (1996), ashfall covers a wide area and, thus, can affect a large number of
people relative to other volcanic hazards (e.g., lava flows). Although airborne particle
concentrations can reach maximums during heavy ashfall events, eruptions are often short
lived. Ashfall deposits, on the other hand, can remain in the local environment for extended
periods of time, where they can be resuspended and remobilized, by natural processes or
human activities, and contribute to long-term exposure.

The work described in this paper was performed to improve the understanding of natural
and human-induced processes at Yucca Mountain, Nevada. Because few data relevant to
tephra dispersal, deposition, and subsequent redistribution and resuspension processes are
obtainable from existing volcanoes in the Yucca Mountain area, focused field investigations and
literature reviews have been conducted for analog sites to evaluate resuspended airborne
particle concentrations and mass loads that are representative of basaltic tephra-fall deposits.
This field work was conducted to support development of an independent performance
assessment review capability and abstracted model that uses an airborne mass load modeling
approach (Mohanty et al. 2002; Chapter 6 of Mohanty et al. 2005; Benke et al. 2006). Whereas
the previous health-related studies have focused on cristobalite (crystalline form of SiO,) in
airborne particle concentrations from silicic eruptions due to a potential for carcinogenic or

fibrotic respiratory health effects, tephra from basaltic volcanism in the Yucca Mountain region



lacks a crystalline silica phase. In addition to potentially different respiratory health implications,
silicic (e.g., Mount St. Helens, Washington) and basaltic tephra deposits can exhibit dissimilar
average grain sizes, particle shapes, and environmental aging effects. This work, therefore,
was focused on basaltic eruptions, including airborne particle measurements over basaltic
tephra deposits.

Field measurements have been reported previously for Cerro Negro tephra-fall deposits
in Nicaragua, another basaltic volcano considered to be a potential analog for an eruption in the
vicinity of Yucca Mountain (Hill et al. 2000). Measurements were taken four years after the
1995 eruption above the tephra deposits located about 5 km [3.1 mi] from the vent. Digging and
driving over deposits resulted in airborne mass loads on the order of ~10 mg m 3. Walking over
deposits resulted in airborne mass loads on the order of ~1 mg m3. Airborne mass loads over
undisturbed deposits were on the order of ~0.1 mgm=2in4 +2ms™ [9 + 4 mi h"] winds.

Similar ranges of airborne particle concentrations were measured by Searl et al. (2002), who
evaluated potential risks to the respiratory tract of exposed populations arising from inhalation of
silicic volcanic ash ejected from the Soufriére Hills Volcano on the island of Montserrat. Horwell
and Baxter (2006) provide a review of respiratory health studies for volcanic ash. These reports
primarily describe measured airborne particle concentrations or mass loads from relatively
recent silicic volcanic eruptions.

Located in a semiarid climate of northern Arizona in the Desert Southwest, Sunset
Crater is a suitable analog for potential volcanic processes and posteruption surface processes
at Yucca Mountain, Nevada, because of comparable styles of volcanism, type of eruptive
products, and climate. Sunset Crater is a 900-year-old basaltic scoria cone volcano with a
surrounding deposit of tephra ejected from a violent Strombolian-type eruption (Amos 1986).
Eruptive activity at Sunset Crater began in 1064 or 1065 A.D. (Smiley 1958) and continued,

probably intermittently, for about 150 years (Holm and Moore 1987; Tanaka et al. 1990). The
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plateau on which the San Francisco Volcanic Field is situated has an average elevation of about
2,150 m [7,000 ft]. The mean annual precipitation at this elevation is approximately 500 mm [20
in], and temperatures are characteristic of high-altitude climates (Sellers and Hill 1974). From
early July until early September, afternoon thunderstorms develop almost daily over the higher
terrains. These short-lived convective storms provide approximately half the annual
precipitation for the region and are triggered by moisture from the Gulf of Mexico. Additional
precipitation is provided by winter storms that enter the state from the west with moisture from
the Pacific Ocean. About 75 percent of this precipitation falls as snow (Sellers and Hill 1974).
Elevations at the specific measurement sites, which included measurements on the plateau and
lower terrains, ranged from 1,420 m [4,660 ft] to 1,950 m [6,400 ft]. The vegetative cover is
comparable to the Yucca Mountain region, with an annual precipitation of approximately 150
mm [6 in], at the nonvolcanic sites in the northeast, but vegetative cover is more widespread at
the higher elevation volcanic sites near Sunset Crater. Because vegetation affects the shear
velocity profile near the ground surface and restricts the airborne particle flux (Wiggs 1997),
airborne particle concentrations from resuspension are generally expected to be lower in areas
with greater vegetative cover.

Field measurements were performed over a range of surface-disturbing conditions so
that measurement results could be easily related to modeling of human activities that are
representative of the characteristics of the receptor. Because particle size is an important factor
for determining deposition within the respiratory tract and estimating health effects, the field
measurements also obtained information on the airborne particle size distribution in addition to
the total mass concentration of airborne particulates. In addition to providing airborne
resuspension information for various ground surface material types, depositional environments,

and levels of surface-disturbing activities, field investigations on the 900-year-old tephra deposit



from Sunset Crater provide insights on the long-term behavior and persistence of airborne
particle concentrations following a volcanic eruption.
MATERIALS AND METHODS

Airborne particle measurements were acquired over both volcanic (Sunset Crater
tephra) and nonvolcanic ground surface material. To more directly apply insights gained from
field work to system-level models, field sites were selected to be representative of two general
material types (volcanic versus nonvolcanic) and three depositional environments (primarily
non-reworked deposits, redistributed fluvial deposits, and redistributed eolian deposits).
Simplified, nontraditional types and depositional environments of ground surface material are
used in this paper. Much of the surface material in the Sunset Crater region is of volcanic
origin. However, the volcanic sites in this study specifically refer to regions covered by
900-year-old basaltic tephra from the Sunset Crater eruption. In addition, “primarily
non-reworked” does not imply age or degree of weathering but rather that deposits are not in an
active region of fluvial or eolian erosion and redistribution. At each site, separate airborne

particle measurements were performed for three different levels of surface-disturbing activity:

. Ambient measurements without human surface-disturbing activity
. Light disturbance measurements associated with walking or setting up equipment
. Heavy disturbance measurements associated with digging, hoeing, or collecting

surface samples
Based on combinations of ground surface material type, depositional environment, and
surface-disturbing conditions, there are 18 classes of airborne particle concentration
measurements (Table 1). Each airborne particle measurement corresponds to one of the 18
measurement classes. Fig. 1 displays a map of the region and identifies the location of the

measurement sites.



Airborne particle measurements were acquired during the daytime. Ambient
measurements used a tripod to position the sampler inlet at a height of 1.5 m [4.9 ft] above the
ground surface. For the light and heavy disturbance measurements, the sampler was worn on
an upper chest harness or on the waist by the individual performing the surface-disturbing
activity. As time permitted, multiple measurements at the same site were performed on different
days to provide information about variability in the field. In addition to airborne particle
measurements, surface samples were collected at each site to a depth of about 1 cm [0.4 in]
using an inscribed template and flat trowel. Fig. 2 shows the radial sampling grid, which was
centered at the location of the ambient airborne particle measurement. Surface sampling was
not performed during the ambient airborne particle measurement. The sampling depth of 1 cm
[0.4 in] was selected to be both practical (surface roughness effects precluded straightforward
sampling of thinner, millimeter-thick layers) and representative of the material available for
resuspension with and without human-induced surface-disturbing activities. Surface samples
were sieved in the laboratory to yield grain size distributions for comparison to the total and
particle-size-dependent airborne particle concentrations.

Two sites were selected for primarily non-reworked, nonvolcanic material (N-Ps and
N-Pa). Site N-Pa was unique in that its ground surface consisted of alluvium, exposed from
previous excavation activities that removed overlying layers of tephra. The detail window of Fig.
1 for Site N-Pa shows that the underlying nonvolcanic alluvium is exposed only in a small area,
surrounded by tephra-covered areas. Although measurements at Site N-Pa may infer what
airborne particle concentrations would have been prior to the Sunset Crater volcanic eruption,
the influence of the surrounding tephra and previous human excavation activities have not been
quantified by this work. In contrast, Site N-Ps consisted of an area of weathered, but primarily
non-reworked, sandstone. Airborne particle measurements were taken at both sites for

comparison purposes. None of the measurement sites were characterized as having a desert

8



pavement. Desert pavement is characteristic of the inactive alluvial surface of the Yucca
Mountain region, where fine particles infiltrate below the upper surface layers of coarser
particles to create a surface with a decreased susceptibility to airborne resuspension. Thus, the
nonvolcanic sites investigated with primarily non-reworked depositional environments may be
associated with higher airborne particle concentrations, compared to undisturbed desert soils
with pavements, and may not be good analogs for inactive surfaces of the Yucca

Mountain region.

Wind speed measurements were not acquired at the field sites. The wind speed data
from the Flagstaff Pulliam Airport are presented in Tables 2, 3, and 4 to provide a general
indication of average winds in the region on the day that airborne particle measurements
were taken.

Each airborne particle measurement was performed with a personal airborne particle
sampler and portable air pump. A single type of particle sampler (REsPICON™ Particle Sampler,
Model 8522, TSI Incorporated, Shoreview, MN 55126-3996) was used with one of two types of
pumps (Model Air Pro 6000D Listed 87Y4, Bios International Corporation, Butler, NJ 07405;
Model Libra Plus LP-7, A.P. Buck Inc., Orlando, FL 32809, only used for long sampling times for
some of the ambient measurements). In addition to measuring the total suspended particle
concentration, information on airborne particle size also was obtained. The RESPICON™ particle
sampler (hereafter referred to as RespiCon) is a multistage virtual impactor, where sampled
particles are separated by size with diverted air flows within the device and preferentially
collected on one of three filters according to their aerodynamic diameter. The sampling
efficiency is complex and described by particle-size-dependent curves (TSI Incorporated 2006).
Partitioning of air flow and deposition within the device stages was designed to mimic deposition
in different regions of the human respiratory tract, and 50-percent cut sizes are used to

characterize the sampled particle size ranges associated with each filter. In general terms,
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each sampler measurement resulted in separate measurements for particles with aerodynamic
diameters less than 4 um [0.00016 in], between 4 and 10 uym [between 0.00016 and 0.00039
in], and greater than 10 um [0.00039 in]. The total airborne particle concentration was
determined by summing the particle mass collected on all three filters. The presented
concentrations are equivalent to airborne mass loads of resuspendible particles or airborne
particle mass concentrations. The shortened term “particle concentration” is used for simplicity
in this paper and does not imply particle counting (i.e., number per unit volume of air).

A summary of the literature on the RespiCon sampler is provided in this paper.

RespiCon samplers have been used to measure airborne particle concentrations of
naturally occurring radioactive material from pipe scale rattling and cleaning in the petroleum
industry (Hamilton et al. 2004). RespiCon samplers have also been used to measure airborne
particle concentrations in an indoor workplace (e.g., Tatum et al. 2002; Rando et al. 2005) and
laboratory environments (Li et al. 2000; Feather and Chen 2003). In contrast to other
instruments that were highly affected by wind direction and reported measured concentrations
that could vary by factors of 2 to 10 (Li et al. 2000), the RespiCon sampler was not sensitive to
wind direction, due to its 360-degree inlet, and is therefore appropriate for outdoor
measurements. When the RespiCon was compared to reference samplers, Rando et al. (2005)
indicated that there was no significant difference between sampling in the free-field versus
simulated on-body setups. This result indicates that the RespiCon is also well suited for
ambient measurements, where a tripod was used to position the sample at breathing zone
height of 1.5 m [4.9 ft], and allows meaningful comparisons with the light and heavy disturbance
measurements, where the sampler was worn by the field investigator disturbing the
ground surface.

Performance of the RespiCon sampler and the need for applying a correction factor to

the RespiCon measurements have been discussed in the literature. Tatum et al. (2002) found
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the RespiCon results closely corresponded to results from other instruments and reported that
microscope analysis of RespiCon filters was consistent with expected performance
characteristics. Following the Li et al. (2000) work, the RespiCon manufacturer recommended
that users discontinue application of the previous multiplicative correction factor of 1.5 to the
mass of the third stage sample for matching the German standard for total dust

(TSI Incorporated 2001). Indoor measurements by Rando et al. (2005) without the correction
factor of 1.5 indicated that the RespiCon undersampled inhalable dust by an average of

25 percent and overestimated thoracic dust by 48 percent. In calm air, settling chamber
measurements, Feather and Chen (2003) reported undersampling of particles with aerodynamic
diameters greater than 10 um [0.00039 in]. Considering the wind tunnel measurements of

Li et al. (2000), Feather and Chen suggested that a correction factor may be needed for the
RespiCon in calm air environments, but that the sampler may perform reasonably well without a
correction factor in moving air environments. Li et al. (2000) performed RespiCon sampler
measurements, without the correction factor of 1.5, in a wind tunnel at 0.55 m s [1.2 mi h“] and
1.1 ms™ [2.5 mi h™"] to be representative of moderate to high workplace wind speeds. At the
lower wind speed, the measured efficiencies of the RespiCon sampler matched the respirable,
thoraric, and inhalable conventions by American Conference of Governmental Industrial
Hygienists (1995) to within 10 percent for various particle sizes. At the higher wind speed {1.1
m s [2.5 mi h™"]}, the largest particles {68 um [0.0027 in] aerodynamic diameter} were
oversampled by 25 percent, which resulted in a noted deviation from the inhalable convention.
The measurements presented in this paper were performed outdoors in winds with average
daily speeds that ranged from 1.7 to 7.6 m s™" [3.8 to 17 mi h™"], which could imply an increased
potential for oversampling large airborne particles {aerodynamic diameters greater than 10 ym
[0.00039 in]}. Based on both manufacturer recommendations (TSI Incorporated 2001) and

review of the literature, regarding potential oversampling of large particles in higher outdoor
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winds, no correction factors were used in this work. Overall, the reported differences in studies
reported in the literature ranged up to tens of percent and are not expected to be the dominant
source of uncertainty, considering the much larger amount of expected variability in the outdoor
measurements from resuspension activities during continuously changing

atmospheric conditions.

Premeasurement flow rates were checked using a calibrated flowmeter (Bios
International Corp., DryCal DC-Lite Model DCL-M Rev. 1.11). Measurements of the
atmospheric pressure (Digiquartz Portable Standard, Model 740-45A, Paroscientific Inc.,
Redmond, WA 98052) and temperature (Humidity and Temperature Meter Model HM34C,
Vaisala, Helsinki, Finland) were used to convert flow rates measured in the field to flow rates at
standard temperature and pressure for comparison to the manufacturer-recommended ranges
of operation.

Filters were processed before and after sampling according to the following procedure.
The filters were dried in an oven (Stabil-Therm, Model OV-510A-3, BlueM, New Columbia, PA
17856-9396) for 2 hours at approximately 50 °C [120 °F] and allowed to cool to room
temperature for 2 hours while covered. After drying, filters were weighed on a calibrated
microbalance (Model XP205DR, Mettler-Toledo Inc., Columbus, OH 43240). Prior to weighing
filters on the microbalance, each filter was placed on a Polonium source (Model 2U500, NRD
LLC, Grand Island, NY 14072-0310) for 30 seconds to remove static charges. Each filter was
weighed twice, and the two weights were compared. For those filters with weight differences of
less than 0.05 mg (i.e., two standard deviations from a repeatability study for the microbalance),
an average weight was calculated from the two separate weighings. For those filters with
weight differences of at least 0.05 mg, a third weighing was performed. The third weight was
paired with the closest one of the first two weights to determine the average filter weight. In a

couple of instances, the third filter weight was equally close to each of prior two weights.
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In those cases, the third measurement also equaled the average of the first two measurements,
which was assigned as the average filter weight.

Pre- and postsampling filter weights, air pump flow rates, and sampling times were used
to calculate the airborne particle mass concentration. The calculation of measurement
uncertainty for airborne particle concentrations required additional information on uncertainties
of measured filter weights and flow rates. Uncertainties were propagated into the calculations
of the total and size-dependent airborne particle concentrations. Detailed equations for airborne
particle concentration and its measurement uncertainty are presented in the Appendix. The
calculated measurement uncertainties are not intended to quantify the variability of field and
human surface-disturbing conditions, which is addressed in the Discussion section.

RESULTS

Results of the airborne particle measurements are presented for increasing levels of
surface-disturbing activity. In addition to the airborne particle measurements, grain size
information and images from the surface samples are displayed.

For ambient conditions (i.e., no surface-disturbing human activity), total airborne particle
concentrations are presented in Table 2 and Fig. 3(a). Fig. 3(b) displays the particle size
distribution as fractions of the measured total particle concentration. Ambient measurements
were acquired for sampling durations of 7 to 10 hours, except for the two measurements with
large uncertainty bars in Fig. 3(a) that resulted from a shorter sampling duration of 2 hours.

For light disturbance conditions, total airborne particle concentrations are presented in
Table 3 and Fig. 4(a). Fig. 4(b) displays the particle size distribution as fractions of the
measured total particle concentration during light disturbance activities. Measurements during
continuous light surface-disturbing activities were acquired for sampling durations of 43 to 90
minutes. In addition, an airborne particle measurement while walking was collected at the extra

fluvial site where the unpaved forest route road crossed Deadman Wash, northwest of Sunset
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Crater (Site Extra-F in Fig. 1). Results for Site Extra-F are not grouped with the results from the
other sites and are presented separately (refer to Discussion section). The total airborne
particle concentration while walking for 45 minutes on the fine-grained fluvial deposit at Site
Extra-F was 11.1 £ 0.4 mg m* during average daily winds of 4.65 m s [10.4 mi h™]. For Site
Extra-F, airborne particles with aerodynamic diameters less than 4 um [0.00016 in], between 4
and 10 ym [between 0.00016 and 0.00039 in], and greater than 10 um [0.00039 in] accounted
for about 4 + 2, 33 £ 2, and 64 £ 2 percent of the total airborne particle concentration.

For heavy disturbance conditions, total airborne particle concentrations are presented in
Table 4 and Fig. 5(a). Fig. 5(b) displays the particle size distribution as fractions of the
measured total particle concentration during heavy disturbance activities. Measurements during
continuous heavy surface-disturbing activities were acquired for sampling durations of 30 to 50
minutes. Note that target sampling durations were selected prior to performing the
measurements and analyzing the results so that enough particulate matter would be deposited
on the filters to result in acceptable measurement uncertainties for the airborne particle
concentrations. The sampling durations used for the presented measurements, therefore,
provide no indication of a fraction of time individuals would spend outdoors engaged in activities
that generate significant amounts of dust. For example, anticipated time spent by individuals in
each surface-disturbance category during the course of a year is beyond the scope of
this paper.

Figs. 6 and 7 present images taken in the laboratory of the surface samples from the
volcanic and nonvolcanic sites. An image of the fine-grained deposit at Site Extra-F is
displayed in Fig. 8. Grain-size distributions from the volcanic and nonvolcanic sites are plotted
in Figs. 9 and 10 from sieved surface samples. Geological composition descriptions and the

fraction of resuspendible particles are provided for context in Table 5.
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DISCUSSION

A discussion is provided on the airborne particle measurements for increasing levels of
surface-disturbing activity. The discussion also addresses the grain size evaluation of the
surface samples, the influence of depositional environment, and comparison to other work.

Although the term “significant” is used freely throughout this paper, statistical tests on
the measurement data were not performed due to the limited sample size. Use of significance
terminology does not imply statistical significance. Herein, significance relates to the influence
some aspect appeared to have on the measured results in light of uncertainty and variability in
the field measurements. Targets for sampling durations were selected prior to performing the
measurements and were based on estimates of measurement uncertainties with the intent that
actual standard durations, relative to the measured concentration, would be no more than a few
tens of percent. The sampling durations do not represent the fraction of time individuals might
spend generating dust outdoors. In a few cases, pump battery lifetimes resulted in shorter
sampling durations.
Ambient Conditions

Overalll, the total airborne particle concentration ranged from 0.1 to 0.4 mg m™2.
On different measurement days at the same site, the total airborne particle concentration varied
by about a factor of 2. For ambient conditions, airborne particle concentration over 900-year
weathered volcanic and nonvolcanic deposits appear comparable within the limits of the
measurement uncertainty and variability. Higher wind speeds during measurements on different
days at the same site tended to result in greater total airborne particle concentrations. From
Fig. 3(b), most of the airborne mass was associated with particles with aerodynamic diameters
less than 10 ym [0.00039 in]. Airborne particles with aerodynamic diameters less than 4 ym
[0.00016 in], between 4 and 10 uym [between 0.00016 and 0.00039 in], and greater than 10 ym

[0.00039 in] accounted for about 45, 40, and 15 percent of the total airborne particle
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concentration on average with respective ranges of approximately 25-55, 20-50, and less than
40 percent.

Some of the airborne particle sampling measurements were performed coincident with
forest fires in the region, which had the potential to increase ambient airborne particle
concentrations. The most significant fire occurred during the later part of the field campaign in
the Oak Creek Canyon area located approximately 48 km [30 mi] southwest to west-southwest
of the Sunset Crater measurement sites. During several of the sampling days, the predominant
wind direction was from the west to southwest, which blew smoke plumes generally toward the
measurement locations. During the airborne measurements, however, the smell of smoke was
not present. Nevertheless, the potential for the forest fires to elevate the measured total
airborne particle concentration was investigated for ambient conditions because these
measurements were expected to be the most affected, if at all, as the light and heavy
measurements were influenced by the local surface-disturbing activities. Separate
measurements of the total airborne particle concentration were compared for the same site
under ambient conditions, where one measurement taken before the fire was compared to
another measurement taken during the forest fire. In all three cases, the ambient
concentrations measured during the forest fire were lower (by more than 1 or 2 standard
deviations) than ambient measurements acquired before the forest fire. For two of the three
cases, winds during the fire directed the smoke toward the measurement location. Based on
the comparisons, it appears that the distant forest fire did not elevate the measured total
airborne particle concentrations. During ambient measurements coincident with the forest fire,
an increase in airborne particle concentrations associated with small particles also was not
evident in either a relative or absolute sense.

Light Disturbance

Light disturbance measurements primarily involved continuous walking on the deposits
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and were characterized by leaving footprints at times and intermittently generating small
amounts of visible airborne dust near the ground surface to about ankle height. Total airborne
particle concentrations during light surface-disturbing activities are presented in Table 3 and
Fig. 4(a). Except for fluvial deposits, the total airborne particle concentration ranged from about
0.5 (about 0.2 if the lowest result is included) to 2 mg m 3. For fluvial deposits, the range
appeared to be expanded at the higher end, with total airborne particle concentrations ranging
from up to 5 mg m2. The lowest result of 0.15 mg m* from the second measurement in Table 3
may not be appropriate to define the lower end of the overall range, because a slight loss of
mass, within one standard deviation of the measurement uncertainty, was recorded for two of
the three filters and biased the measured total and particle-size-dependent airborne particle
concentrations. The presented low concentration corresponds to the mass gained on the single
filter for the smallest particle sizes and the total sampled volume of air from all three stages with
no contributions from the other two filters for the larger particle sizes. Allowing negative mass
contributions from the filter weight measurements, which indicated a loss of mass for two of the
three filters, would have resulted in nonphysical negative particle-size-dependent
concentrations. The indicated loss of mass is believed to be caused by measurement
uncertainty in filter weighing (see Appendix). Based on the other measurement results for
particle-size-dependent concentrations, none were dominated solely by the smallest particles
{aerodynamic diameters less than 4 um [0.00016 in]}. For these reasons, particle size
information was not presented for this measurement in Fig. 4(b).

On different measurement days at the same site for similar disturbance levels, the total
airborne particle concentration during light disturbance activity varied by factors between less
than 2 to about 5. The additional resuspension variability associated with the human-induced
light surface disturbance activity is the likely cause for the increase in overall variability for light

disturbance measurements relative to ambient conditions. For light disturbance conditions, the
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differences in airborne particle concentration over 900-year weathered volcanic and nonvolcanic
deposits do not appear to be significant given the variability in measurement activities and
resuspension. When wind speeds were significantly higher during measurements on different
days at the same site, increased winds tended to blow airborne particulates away more quickly
from the field investigator, who was generating the dust and wearing the airborne particle
sampler, and decreased the measured total airborne particle concentration.

Fig. 4(b) displays the particle size distribution as fractions of the measured total particle
concentration. Overall, about half of the airborne mass was associated with particles with
aerodynamic diameters greater than 10 um [0.00039 in].

Walking on the fine-grained deposit at the extra fluvial site (Extra-F), however, produced
much larger, visible dust clouds that sometimes extended into the breathing zone. The results
of this site measurement were not grouped with the results for the other sites. The extra
fluvial site (Extra-F) was selected specifically because it consisted of the finest-grained surface
material encountered during the field campaign (refer to Table 5 for further description). In
contrast to the other sites, measurement of this localized fluvial deposit is not intended to be
representative of the larger fluvial system and was acquired to investigate how a substantial
shift in the grain-size distribution affected the measured airborne particle concentration.

Heavy Disturbance

Total airborne particle concentrations during heavy surface-disturbing activities are
presented in Table 4 and Fig. 5(a). For volcanic deposits, the total airborne particle
concentration ranged from about 2 to 100 mg m ™2 during continuous heavy surface-disturbing
activity. For nonvolcanic deposits, the total airborne particle concentration ranged from about
2 to 10 mg m® during continuous heavy surface-disturbing activity. Based on the
measurements performed, heavy surface-disturbing activity over 900-year weathered volcanic

deposits was found in two instances to produce higher total airborne particle concentrations
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than over nonvolcanic deposits, thereby expanding the overall range of concentrations for
volcanic deposits at its upper end. The upper end of these ranges represents vigorous activity
to bound the short-term airborne particle concentration. The sustained, vigorous digging
activities, which resulted in total airborne particle concentrations of about 10 to 100 mg m3,
were performed on days with below-average to average wind speeds for that month (Table 4)
and were characterized by observers as generating visible clouds of dust that extended into the
breathing zone. Although the personal sampler was worn in an upper chest harness or on the
waist, some portion of digging and surface sampling activities included kneeling, which places
the sampler and breathing zone closer to the ground surface where airborne particle
concentrations are expected to be greater than for more upright activities such as hoeing.

On different measurement days at the same site for similar disturbance levels, the total
airborne particle concentration during heavy disturbance activity varied by factors between 5 to
50. Relative to light disturbance and ambient measurements, the greatest amount of overall
variability was associated with the heavy disturbance measurements. As the surface-disturbing
activities increased to heavy levels, the type of activity performed (i.e., hoeing, surface
sampling, and digging) and effect from different field investigators resulted in a larger range of
airborne particle concentrations, compared to the range obtained from the light disturbance
measurements. When wind speeds were higher during measurements on different days at the
same site, increased winds tended to blow airborne particulates away more quickly from the
field investigator, who was generating the dust and wearing the airborne particle sampler, and
decreased the measured total airborne particle concentration. For the smallest increase in wind
speed (of 30 percent) during measurements on different days at the same site for similar heavy
disturbance levels, the airborne particle concentration was not reduced and, in fact, was
significantly higher (10.4 mg m 2 versus 2.2 mg m®), which implies that actions of each field

investigator and specifics of each measurement are especially significant under heavy
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disturbance conditions. In this case, different investigators performed digging and hoeing at the
same site on different days. Probable causes for the different results include differences in the
amount of energy expended by each field investigator and transferred to the ground surface,
and differences in the location of the disturbing activity on the ground surface relative to the
local wind direction (e.g., sampler downwind, crosswind, or upwind of the point

of resuspension).

Fig. 5(b) displays the particle size distribution as fractions of the measured total particle
concentration. For volcanic deposits, a majority of the airborne mass was associated with
particles with aerodynamic diameters greater than 10 um [0.00039 in]. For volcanic deposits,
airborne particles with aerodynamic diameters less than 4 ym [0.00016 in], between 4 and
10 uym [between 0.00016 and 0.00039 in], and greater than 10 um [0.00039 in] accounted for
about 10, 30, and 60 percent of the total airborne particle concentration on average with
respective ranges of approximately 3—15, 20—40, and 5070 percent. For nonvolcanic deposits,
Fig. 5(b) shows that a greater percentage of the airborne mass was associated with fine
particles. For nonvolcanic deposits, airborne particles with aerodynamic diameters less than 4
pm [0.00016 in], between 4 and 10 uym [between 0.00016 and 0.00039 in], and greater than 10
pm [0.00039 in] accounted for between 20-35 percent, between 20-35 percent (10 percent for
the fluvial nonvolcanic deposit), and about 45 percent (65 percent for the fluvial nonvolcanic
deposit) of the total airborne particle concentration. For the heavy disturbance results, higher
total airborne particle concentrations were generally correlated with increased concentrations of
larger particles {aerodynamic diameters greater than 10 um [0.00039 in]}, which accounted for
approximately 50—70 percent of the total airborne particle concentration.

Grain-Size Evaluation
Grain-size distributions from sieving samples in the laboratory are displayed in Figs. 9

and 10 for the volcanic and nonvolcanic sites. The grain-size information was distilled into a
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single metric for each sample in Table 5, namely the percent of surface sample mass with
physical grain diameters less than 106 um [0.00417 in]. This grain size agrees well with the
size of suspended particles having diameters less than 100 um [0.00394 in] (Anspaugh et al.
1975). The 106-um [0.00417-in] size was chosen to represent the largest particle size likely to
contribute to the airborne particle concentration at the breathing zone following resuspension
from the ground surface. The 106-um [0.00417-in] physical diameter is also close to the
100-um [0.00394-in] aerodynamic diameter that defines the upper range of particle sizes for
inhalability by the American Conference of Governmental Industrial Hygienists (1995) and the
largest particles modeled for deposition in the human respiratory tract by the International
Commission on Radiological Protection (1994).

Surface samples from Site V-P provide some indication of the initial grain size of the
Sunset Crater tephra deposit, which is fairly coarse. In volcanological terms, the deposit is
composed of coarse ash, lapilli, and small volcanic blocks and bombs. Compared to Site V-P,
the fluvial and eolian deposits of Sunset Crater tephra at Sites V-F and V-E were generally finer
grained, because redistribution tends to sort the material by selectively transporting grains of a
certain size range. The eolian deposits are the most sorted (i.e., having a narrow grain-size
distribution) with the finest grains winnowed out and removed from the eolian deposit; coarser
grains were left behind as a lag deposit (Table 5).

Samples from the nonvolcanic sites are older and have undergone chemical and
mechanical degradation and weathering with a median grain size that is finer compared to the
Sunset Crater tephra samples (except for the sandstone at Site N-Ps, which provided a very thin
layer of loose surface material for sampling). These older materials also contain more dust or
an accumulated eolian component, which is typical of semi-arid to arid regions. Overall, greater
fractions of near-surface sample mass are available for airborne resuspension at the

nonvolcanic sites (Table 5). Even though regional wind speeds were generally lower during the
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ambient measurements at the nonvolcanic sites (Table 2), an average airborne particle
concentration of 0.28 + 0.03 mg m~ was obtained at the nonvolcanic sites, which exceeded the
average airborne particle concentration of 0.19 + 0.03 mg m? at the volcanic sites. Increased
amounts of resuspendible material is a likely reason for the general increase in airborne particle
concentration at the nonvolcanic sites during ambient conditions. During light and heavy
surface disturbances, an overall increase in airborne particle concentration above the
nonvolcanic deposits was not found. Although a slight increase in airborne particle
concentration can be attributed to grain size effects for the ambient measurements, the grain
size of the surface layer was not found to be a significant factor in determining the airborne
particle concentration during human-induced surface disturbances. Other factors were more
important, such as surface-disturbing activity level. The extremely fine-grained deposit at the
extra fluvial site, however, proved to be one notable exception. This material contained a large
fraction of resuspendible and inhalable material (62 percent of grain mass less than 106 ym
[0.00417 in] compared to the range of 0.6—27 percent for the other sites in Table 5). The total
airborne particle concentration was approximately a factor of 6 higher than the average value for
light disturbance at the other sites. Particles with diameters greater than 0.3 mm [0.01 in]
represent about 10 percent of the near-surface mass of the Extra-F deposit (Fig. 10). The
combination of a very large fraction of resuspendable particles and the lack of contiguous
coarse grain structure to stabilize the deposit during its disturbance is believed to result in the
increased susceptibility of the Extra-F deposit to airborne resuspension. This comparison
during light disturbances indicates that grain size can be a significant factor in determining the

airborne particle concentration, but appreciable differences in grain size are needed to surpass
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other factors, such as human-induced resuspension variability, for the effect to be realized in a
field setting when human activities disturb the bulk of near-surface material.
Influence of Depositional Environment

In addition to comparisons between volcanic and nonvolcanic material, the influence of
depositional environment (i.e., primarily non-reworked, reworked fluvial, and reworked eolian)
was also assessed. Influences due to the depositional environment cannot be differentiated
from grain size effects with the present set of measurements. Grain-size information for each
depositional environment was compared for the same material (volcanic or nonvolcanic) in this
subsection. In general, fluvial deposits were finer grained but not substantially finer grained
than the other deposits. For volcanic sites, the highest percentages for grain mass with
diameters less than 106 um [0.00417 in] were 3 percent for fluvial channel deposits and 2
percent for eolian deposits. For nonvolcanic sites, the highest percentage was 27 percent for
fluvial deposits, followed by 20 percent for the primarily non-reworked deposit of alluvium. Other
factors such as differences in geochemistry, surface layer structure, surface roughness, surface
deposit density, particle density, particle shape, and surrounding vegetative cover were not
investigated. It can be surmised that grain size may be partly responsible for the implied
increase in susceptibility of fluvial deposits to airborne resuspension. Additional investigations
are needed to draw more definitive conclusions.

As pointed out for the light disturbance measurements, a couple of measurements over
fluvial deposits expanded the observed range to higher airborne concentrations. Although this
specific trend was not apparent under ambient and heavy disturbance conditions,
measurements over fluvial deposits recorded the highest and third highest concentrations in
both cases. Because subtle differences are masked by variability in the resuspension
measurements, the implied increase in susceptibility of fluvial deposits to airborne resuspension

is far from conclusive.
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Comparison to Other Work

Total airborne particle concentrations measured at Sunset Crater under ambient
conditions (0.1-0.4 mg m®) were slightly higher than ambient concentrations (~0.1 mg m™2)
measured with the same instruments at Cerro Negro, Nicaragua, over a relatively fresh,
4-year-old basaltic tephra deposit in directly measured surface winds of 4 + 2ms™[9 + 4 mi h”']
(Hill et al. 2000). Wind speeds during ambient measurements were comparable for the two field
campaigns. In general, ambient airborne particle concentrations might be expected to be higher
over a younger tephra deposit. The annual rainfall for the Cerro Negro region is approximately
1 m[40in]. In addition, the region received roughly 2 m [80 in] of rainfall from Hurricane Mitch
about six months prior to the Cerro Negro measurements in Hill et al. (2000). The relatively
lower concentrations at Cerro Negro may be due to the down washing of fine particles into the
deposit during periods of high rainfall rates.

Moore et al. (2002) reported airborne PM,, concentrations, with aerodynamic diameters
less than 10 um [0.00039 in], from the Soufriére Hills volcano on the island of Montserrat, where
the type of tephra (andesite and dacite) tends to be finer grained than the basaltic tephra at
Sunset Crater. Twenty-four-hour-average PM,, concentrations from resuspension (i.e., not
during ashfall events) ranged from less than 0.1 to 0.3 mg m2 for ambient conditions at static
monitoring sites. Higher concentrations from resuspension were recorded for a single site near
a main road with significant human activity. Compared to daily PM,, concentrations during
ashfall events, daily resuspension PM,, concentrations could reach ashfall levels but were
generally lower over longer time periods. PM,, concentrations would have to be scaled up to
allow comparisons to our measurements of total airborne particle concentration. Alternatively,
the fraction of the total concentration for particles with an aerodynamic diameter less than 10
pm [0.00039 in] can be used to convert the short-term Sunset Crater measurements to

equivalent short-term PM,, concentrations. Since the airborne mass during ambient conditions
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at Sunset Crater mainly consisted (about 85 percent on average) of particles with an
aerodynamic diameter less than 10 um [0.00039 in], equivalent PM,, concentrations at Sunset
Crater would be less than 0.1 to 0.3 mg m 3, which agree well with the daily PM,, concentration
ranges observed at Montserrat for fresh ash deposits.

Searl et al. (2002) measured personal exposure to silicic ash from the Soufriére Hills
volcano and reported airborne PM,, concentrations, averaged over 4- to 8-hour shifts, that
ranged from 0.4 to more than 20 mg m 3 for outdoor activities during June 1997. PM,,
concentrations were approximately 10-20 mg m 2 for mowing grass outside and sweeping
inside. Reduced personal exposure concentrations (mean PM,, concentrations of about 0.1 mg
m* for outdoor occupations) were measured in 2000 following rainstorms during the autumn of
1999 that removed much of the remaining loose ash from occupied areas. Other personal
exposure measurements during outdoor activities on silicic ash deposits have been performed
for the Soufriére Hills volcano (Horwell et al. 2003) and Mount St. Helens {e.g., Buist et al.
(1983) measured daytime total suspended particulate concentrations between 0.8 and 2.3 mg
m 2 in the breathing zone for children at a summer camp where about 1.2 cm [0.5 in] of ash was
deposited from the June 12, 1980, eruption of Mount St. Helens}, but are not discussed further
in this paper because of the differences in silicic and basaltic tephra deposits.

As part of its established monitoring program, the Arizona Department of Environmental
Quality performed airborne particulate monitoring of PM,, concentrations at 10 sites around
Phoenix, Arizona (http://www.azdeq.gov/function/forms/archives.html accessed on February 23,
2007). Continuous daily measurements of airborne particulates are not collected in northern
Arizona, but some infrequent 24-hour measurements (e.g., every sixth day) are gathered for
annual summary purposes. Even though the airborne particle concentrations are expected to
be greater in the Phoenix area, those comprehensive data were investigated for insights.

During the month in which this field campaign was conducted, daily 24-hour-averaged PM,,
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concentrations were often less than 0.1 mg m (reported concentrations at all 10 monitoring
sites were less than 0.1 mg m 2 on 17 out of 30 days). On 7 out of 30 days, 24-hour-averaged
PM,, concentrations for at least one monitoring site exceeded 0.15 mg m 3, which is the value of
the National Ambient Air Quality Standard for 24-hour PM,, concentration set by the

U.S. Environmental Protection Agency. The two highest daily 24-hour-averaged PM,,
concentrations of 0.47 mg m 2 and 0.43 mg m* were recorded on consecutive days at different
monitoring sites later in the month. While winds gusted up to 14 ms™' (32 mi h™") and up to

18 ms ' (40 mi h™") on two days earlier in the month, hourly PM,, concentrations of 0.53 mg m™®
and 0.66 mg m* were reported at two different monitoring sites. At each of those two sites on
the same day as the high hourly concentration, the 24-hour-averaged PM,, concentration was
0.16 mg m 3, which was lower than the high hourly value by a factor of about 3 or 4.
Unfortunately, these measurements do not allow for direct numerical comparisons to the
presented ambient measurements at the Sunset Crater field sites due to several differences,
such as particle-size-selective sampling (PM,, versus total particle concentrations), sampling
duration (24-hour averages versus a few hours), and site characteristics (urban versus rural
settings). Qualitative and semiquantitative information gained from these measurements,
however, can be useful. Specifically, the noted influence on measurement duration for the PM,,
data could have a similar qualitative implications for RespiCon measurements (i.e., increases in
the sampling duration for the RespiCon measurements during ambient conditions may yield
lower average particle concentrations). Because nocturnal wind speeds can be notably lower
than daytime values in desert terrains, the ambient resuspension potential might have been
higher for the shorter duration, daytime RespiCon measurements of airborne particle
concentration during ambient conditions relative to a 24-hour-averaged concentration.
Depending on the day of the month, the 24-hour-averaged PM,, concentration at the same

monitoring site varied by roughly factor of 4 to more than 10. This large amount of variability for
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the relatively long 24-hour sampling duration may be explained at the lower end by the
continuation of PM,, measurements during precipitation events and at the higher end by periods
of increased dust generation from surrounding human activities. In contrast, ambient RespiCon
measurements at Sunset Crater were not collected during or immediately after precipitation
events and were set up in remote locations, absent of nearby human-induced dust generation.
Coupled with the fact that the ambient Sunset Crater measurements represent a sparser data
set, these points may explain why total airborne particle concentrations of more than 0.1 mg m
were measured at the Sunset Crater sites during ambient conditions. Given other factors
contribute to significant variation in resuspension and measured airborne particle concentrations
and preclude high levels of precision for comparisons, the RespiCon measurement results are

in reasonable agreement with the results of other work.

CONCLUSION

Field measurements of airborne particle mass concentration were performed using a
personal sampler under various levels of surface-disturbing conditions over different
depositional environments at both volcanic and nonvolcanic sites near the Sunset Crater
Volcano in northern Arizona. Under ambient conditions without human disturbance, the total
airborne particle concentration ranged from 0.1 to 0.4 mg m 2 with most of the airborne mass
attributed to particles with aerodynamic diameters less than 10 ym [0.00039 in]. Under light
surface-disturbance activities, the total airborne particle concentration generally ranged from
about 0.5 (or about 0.2 if the lowest result is included) to 2 mg m 3, where concentrations up to
5 mg m 3 were only observed over fluvial deposits. For light disturbance conditions, about half
of the airborne mass was associated with particles with aerodynamic diameters of 10—100 ym
[0.00039-0.0039 in], although the higher recorded concentrations tended to correlate with a

greater percentage of airborne mass from aerodynamic particle diameters greater than 10 um
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[0.00039 in]. During continuous heavy surface-disturbance activities, the total airborne particle
concentration ranged from about 2 to 100 mg m 3 at volcanic sites and from about 2 to 10 mg
m 2 at nonvolcanic sites. At the volcanic sites, a majority of the airborne mass resuspended
from heavy disturbance was associated with particles with aerodynamic diameters of

10—-100 um [0.00039-0.0039 in]. At the nonvolcanic sites, about half of the airborne mass was
attributed to particles with aerodynamic diameters of 10—100 um [0.00039-0.0039 in]. As the
surface-disturbing activity level increased, measurement uncertainties due to mass
accumulation on the filters decreased, while variability in resuspension activities and ultimately
in the measurement results increased. Thus, the measured airborne particle concentrations
appeared more sensitive to the actions of the individual field investigator and specifics of the
surface disturbing activity as the disturbance level increased. Higher wind speeds tended to
increase airborne particle concentrations under ambient conditions. In contrast, higher wind
speeds reduced the residence time of resuspended particles in the breathing zone for
surface-disturbing activities and generally resulted in lower airborne particle concentrations
measured by the individual performing the activity.

The surface-disturbing activity level was found to be the most influential factor affecting
the measured airborne particle concentrations over basaltic tephra and other coarse-grained
clastic deposits, which is consistent with the similar conclusion reached from other samples for
silicic tephra deposits. Based on the measurements performed, the differences in airborne
particle concentration over 900-year weathered volcanic basalt and nonvolcanic deposits
appeared to be potentially significant only under heavy surface disturbances. Overall, the
depositional environment (primarily non-reworked, reworked fluvial, reworked eolian) and
percentage of near-surface mass that is resuspendible and inhalable were not as influential as
other factors. A slight increase in the average airborne concentrations during ambient

conditions was found above older nonvolcanic deposits, which tended to be finer-grained than
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the Sunset Crater tephra deposits. An additional site with an extremely fine-grained deposit in a
fluvial drainage system, however, exhibited increased susceptibility to airborne resuspension.
Its ground surface material was not prevalent in the region, but its limited investigation
determined that the effect of a substantial shift in the grain size distribution resulted in both
noticeable and measurable increases in the airborne particle concentration in a field setting
during surface-disturbing activities.
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FIGURE CAPTIONS

Airborne particle sampling sites. In general, the region consists of bare tephra or
lava (black), forests (green), semi-arid to arid terrain with grasses and thin soil
cover (light blue), oxidized basalt with high iron content (red to pink), and bare
limestone and sandstone with eolian sand or disturbed and exposed land (yellow
to white).

Location of surface samples centered around ambient airborne particle
measurement location. Inner ring is 2 m [6.6 ft] from center. Outer ring is 4 m
[13 ft] from center.

(a) Total airborne particle concentrations, as shown in Table 2, and (b) airborne
particle size distributions for ambient conditions. ldentical labels for surface
materal type imply separate measurements on different days at the same site,
except for the nonvolcanic, primarily nonreworked type (refer to Materials and
Methods section). Total flow checks were performed for all measurements.
Particle size information is not presented for the three measurements without
premeasurement verification of stage flows. Error bars represent uncertainty
estimates for 1 standard deviation.

(a) Total airborne particle concentrations, as shown in Table 3, and (b) airborne
particle size distributions for light disturbance conditions. Identical labels for
surface materal type imply separate measurements on different days at the same
site, except for the nonvolcanic, primarily nonreworked type (refer to Materials
and Methods section). Refer to the Discussion section for an explanation on why
particle size information is not presented for one measurement. Error bars
represent uncertainty estimates for 1 standard deviation.

(a) Total airborne particle concentrations, as shown in Table 4, and (b) airborne
particle size distributions for heavy disturbance conditions. ldentical labels for
surface materal type imply separate measurements on different days at the same
site, except for the nonvolcanic, primarily nonreworked type (refer to Materials
and Methods section). Error bars represent uncertainty estimates for 1 standard
deviation.

Images of surface samples for volcanic sites: (a) V-P, (b) V-F channel, (c) V-F
banks, and (d) V-E. Surface samples were collected to a depth of approximately
1cm[0.4in].

Images of surface samples for nonvolcanic sites: (a) N-Pa, (b) N-Ps, (c) N-F, and
(d) N-E. Except for Site N-Ps, the surface samples were collected to a depth of
approximately 1 cm [0.4 in]. At Site N-Ps, the depth of loose surface material
was much less than 1 cm [0.4 in], and the surface sample consisted of the loose
material present within an area of 4 m? [11 ft?].

Surface-sample image for the very fine-grained deposit at Site Extra-F. The
surface sample was collected to a depth of approximately 1 cm [0.4 in].
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Fig. 9

Fig. 10

Grain-size distributions for surface samples at the volcanic sites (refer to Fig. 6
for images). Sample mass collected in the pan is plotted with a grain size of 4.75
phi. Grain diameter in millimeters equals 2 (2" size inphi)

Grain-size distributions for surface samples at the nonvolcanic sites (refer to

Figs. 7 and 8 for images). Sample mass collected in the pan is plotted with a
grain size of 4.75 phi. Grain diameter in millimeters equals 2 (9ran sizein phi)
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Table 1. Measurement classes for airborne particle concentrations.

Ground Surface Material Type & Depositional Environment

Surface Volcanic Nonvolcanic
Disturbance
Level Primarily Fluvial Eolian Primarily Fluvial Eolian
Non-reworked Redistributed Redistributed Non-reworked Redistributed Redistributed
Ambient 1 4 7 10 13 16
Light 2 5 8 11 14 17
Heavy 3 6 9 12 15 18




Table 2. Total airborne particle measurement results for ambient conditions (Fig. 3). In some

cases, separate measurements were performed at the same site on different days.

Airborne Average
Particle 10 Wind

Concentration  Uncertainty Speed?®

Site Site Description (mg m®) (mg m®) (mih")
V-P Volcanic, Primarily Non-reworked 0.19 0.04 6.5
V-P Volcanic, Primarily Non-reworked 0.1 0.03 53
V-F Volcanic, Fluvial 0.32 0.12 11.6
V-F Volcanic, Fluvial 0.18 0.03 4.6
V-E Volcanic, Eolian 0.16 0.04 4.7
N-Pa  Nonvolcanic, Primarily Non-reworked 0.14 0.04 3.7
N-Ps  Nonvolcanic, Primarily Non-reworked 0.36 0.04 5.8
N-F Nonvolcanic, Fluvial 0.42 0.10 4.6
N-F Nonvolcanic, Fluvial 0.20 0.04 4.6
N-E Nonvolcanic, Eolian 0.28 0.03 6.0

“Daily average values reported for Flagstaff, AZ (Flagstaff Pulliam Airport) by the

U.S. Department of Commerce, National Oceanic and Atmospheric Administration, National
Climatic Data Center (1 mih ' =0.447 ms")
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Table 3. Total airborne particle concentration measurement results for light disturbance
conditions (Fig. 4). In some cases, separate measurements were performed at the same site
on different days.

Airborne Average
Particle 10 Wind
Concentration  Uncertainty Speed?®
Site Site Description (mg m®) (mg m®) (mih")
V-P Volcanic, Primarily Non-reworked 0.92 0.21 7.4
V-P Volcanic, Primarily Non-reworked 0.15 0.12 9.9
V-P Volcanic, Primarily Non-reworked 1.2 0.2 5.3
V-F Volcanic, Fluvial 1.3 0.3 11.6
V-F Volcanic, Fluvial 54 0.2 4.6
V-E Volcanic, Eolian 2.1 0.2 4.7
N-Pa  Nonvolcanic, Primarily Non-reworked 0.5 0.2 10.4
N-Pa  Nonvolcanic, Primary Non-reworked 1.8 0.2 3.7
N-Ps  Nonvolcanic, Primarily Non-reworked 21 0.3 6.0
N-Ps  Nonvolclanic, Primarily Non-reworked 1.7 0.2 58
N-F Nonvolcanic, Fluvial 0.6 0.2 4.6
N-F Nonvolcanic, Fluvial 2.9 0.2 4.6
N-E Nonvolcanic, Eolian 0.7 0.2 6.0

@Daily average values reported for Flagstaff, AZ (Flagstaff Pulliam Airport) by the
U.S. Department of Commerce, National Oceanic and Atmospheric Administration, National
Climatic Data Center (1 mih ' =0.447 ms™)

48



Table 4. Total airborne particle concentration measurement results for heavy disturbance
conditions (Fig. 5). In some cases, separate measurements were performed at the same site
on different days.

Airborne Average
Particle +/-10 Wind

Concentration  Uncertainty Speed?®

Site Site Description (mg m®) (mg m®) (mih")
V-P Volcanic, Primarily Non-reworked 1.9 0.4 7.4
V-P Volcanic, Primarily Non-reworked 101.7 2.1 53
V-F Volcanic, Fluvial 1.0 0.4 16.9
V-F Volcanic, Fluvial 123.4 25 4.6
V-E Volcanic, Eolian 10.1 0.4 4.7
N-Pa  Nonvolcanic, Primarily Non-reworked 2.5 0.3 3.7
N-Ps  Nonvolcanic, Primarily Non-reworked 10.4 0.4 6.0
N-F Nonvolcanic, Fluvial 2.2 0.3 4.6
N-F Nonvolcanic, Fluvial 13.4 0.5 4.6
N-E Nonvolcanic, Eolian 1.8 0.3 6.0

“Daily average values reported for Flagstaff, AZ (Flagstaff Pulliam Airport) by the
U.S. Department of Commerce, National Oceanic and Atmospheric Administration, National
Climatic Data Center (1 mih'=0.447 ms™)
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Table 5. Site description and percent of grain mass in surface sample with diameters less than 106 pm [0.00417 in]. Figs. 9 and 10
display the grain-size distributions.

Site Ground Surface Percent of Grain Mass Less
Identifier Material Type Description Than 106 um [0.00417 in]
V-p? Volcanic, Primarily Primarily non-reworked implies an in situ deposit or 0.6
Non-reworked tephra that has not been transported by erosional

processes from the place of original deposition.
Non-reworked or pristine tephra is glassy and vesicular
representing volcanic fragments that have fallen to the
ground in a solid condition.

Volcanic, Fluvial Samples collected from the channel and banks of a 3
Channel® small wash (ephemeral stream). Friction and impact

during transport by running water may abrade and

mechanically break tephra particles. Tephra may be

mixed with other materials. The channel deposit was

V-F? not well sorted.
Volcanic, Fluvial 1
Banks®

V-E? Volcanic, Eolian Coppice dune environment where wind or eolian 2

processes produce fine-size, well-sorted, and
well-rounded tephra grains. Clay content (illite, mica,
and kaolinite) of about 4 percent by weight is greater
than the negligible clay content in pristine, non-
reworked tephra.
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Table 5. (continued) Site description and percent of grain mass in surface sample with diameters less than 106 um
[0.00417 in]. Figs. 9 and 10 display the grain-size distributions.

Site Ground Surface
Identifier Material Type

Description

Percent of Grain Mass Less
Than 106 um [0.00417 in]

N-Pa Nonvolcanic, Primarily
Non-reworked

(alluvium)®

Unconsolidated and unsorted sediment of exposed
alluvial pebbles, sand, and silt derived from basaltic
volcanism that predates the Sunset Crater eruption.
Alluvium in the Sunset Crater area can be composed of
nonvolcanic material from the Moenkopi and Kaibab
Formations, volcanic material of a nonbasaltic
composition including San Francisco Mountain and
andesitic to rhyolitic lava domes, and basalt. The
amount of ferromagnesian components (plagioclase,
augite, and olivine) of about 70 percent by weight in the
alluvium is similar to the total amount in pristine Sunset
Crater tephra. The alluvium, however, had a higher
quartz and calcite content (together about 10 percent by
weight), compared to negligible amounts in pristine
Sunset Crater tephra. Lower amounts of amorphous
glass (about 15 percent by weight) were also found in
the alluvium.

20

N-Ps Nonvolcanic, Primarily
Non-reworked

(sandstone)

Calcareous sandstone of the Moenkopi Formation
primarily composed of quartz and calcite (over 80
percent by weight) with lesser amounts of clay
(predominantly kaolinite with smaller amounts of illite
and mica), potassium feldspar, dolomite, and hematite.
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Table 5. (continued) Site description and percent of grain mass in surface sample with diameters less than 106 um

[0.00417 in]. Figs. 9 and 10 display the grain-size distributions.

Site Ground Surface Percent of Grain Mass Less
Identifier Material Type Description Than 106 um [0.00417 in]
N-F Nonvolcanic, Fluvial Fluvially redistributed deposit of pebbles, sand, and silt 27

from San Francisco Wash, an ephemeral stream that
drains a larger area including limestone and dolostone
from the Kaibab Formation exposed to the southwest. In
addition to fragments of the Kaibab Formation, the
sample also consists of detrital quartz and feldspar,
fragments of the Moenkopi Formation, and some
basaltic lava fragments that predate the Sunset Crater
eruption. Sunset Crater tephra is a minor component.

N-E

Nonvolcanic, Eolian

Sand and silt redistributed from eolian processes. Dune 8
samples were mainly composed of quartz with lesser

amounts of potassium feldspar and plagioclase. Tephra

from either the Merriam Crater or Sunset Crater eruption

is @ minor component.

Extra-F

Extra nonvolcanic
fluvial deposit

Fluvially redistributed material composed of fine-grained 62
sand, silt, and clay dropped from suspension after
stream flow events. Although time limitations restricted
scouting of areas around this extra measurement site,
the mainly silt-sized deposit seemed localized to where
an unpaved forest route road crossed Deadman Wash,
northwest of Sunset Crater. The fluvial deposit
originates from the San Francisco Mountain drainage
system, located west of Sunset Crater and U.S.
Interstate 40. Compared to the basaltic tephra of Sunset
Crater, the San Francisco Mountain area consists
mainly of andesite of a much older igneous origin. Other
material (e.g., glacial deposits) may also be present in
the drainage system and available for fluvial transport.
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Table 5. (continued) Site description and percent of grain mass in surface sample with diameters less than 106 um
[0.00417 in]. Figs. 9 and 10 display the grain-size distributions.

aSunset Crater tephra is basaltic and dark-colored due to a ferromagnesian mineral composition. X-ray diffraction analysis in
the laboratory has identified calcium-rich plagioclase, amorphous (glass), augite, and olivine components at approximately 39,
28, 17, and 13 percent by weight, respectively.

®Surface samples of channel and bank deposits at the fluvial volcanic site were collected and processed separately. The fluvial
channel was approximately 3-m [10-ff] wide with banks about 2-m [7-ft] high.

“The term “primarily non-reworked” is used to indicate that the deposit is not in an active region of fluvial or eolian erosion and
redistribution.




APPENDIX



Airborne Particle Concentration Calculations and Measurement Uncertainty Analysis
Measurement uncertainty of the microbalance was quantified by performing a
repeatability study using a 10-mg traceable weight standard (10 mg Check Weight Class 1,
Mettler-Toledo, Inc., Columbus, OH 43240). The standard deviation for measurement of filter
mass was determined to be 0.024 mg. The relative measurement uncertainty of the flow rate
meter was assigned the maximum allowable error of 2 percent, which was used as an
acceptance criterion during its calibration. Uncertainties in sampling time were negligible and
were not included in the error propagation calculations. Symbols, descriptions, and units for the
calculational inputs are displayed in Table A—1. Table A-2 shows the symbols and descriptions
for the calculational outputs. Each equation for airborne particle concentration is paired with the

equation for its corresponding uncertainty in Table A-3.



Table A-1. Description of symbols for calculational inputs.

Symbol Description Units

my Initial mass of Stage 1 (upper) filter g

my,; Initial mass of Stage 2 (middle) filter g

ms; Initial mass of Stage 3 (lower) filter g

my¢ Final postsampling mass of Stage 1 (upper) filter g

mys Final postsampling mass of Stage 2 (middle) filter g

m; s Final postsampling mass of Stage 3 (lower) filter g

f1 nominal Nominal air flow rate through Stage 1 at standard temperature L min™
and pressure (defined to be 2.667 L min™")

f2.nominal Nominal air flow rate through Stage 2 at standard temperature L min™
and pressure (defined to be 0.333 L min™")

f3.nominal Nominal air flow rate through Stage 3 at standard temperature L min™
and pressure (defined to be 0.111 L min™")

fiotal,nominal Nominal total air flow rate at standard temperature and pressure L min”*

fiotal,sampling Sampling total air flow rate at field temperature and pressure L min™

fsampling Sampling time of airborne particle measurement min

Om Standard deviation for measurement of filter mass g

o Standard deviation of measured air flow rate relative to the unitless

f measured flow rate




Table A-2. Description of symbols for calculational outputs.

Symbol Description (1 um = 0.000039 in) Units

C<100 Airborne concentration of particles with aerodynamic diameters mg m
less than 100 um

C-10 Airborne concentration of particles with aerodynamic diameters mg m™
less than 10 ym

Cu Airborne concentration of particles with aerodynamic diameters mg m™
less than 4 ym

Ca-10 Airborne concentration of particles with aerodynamic diameters mg m™
between 4 and 10 ym

C1o-100 Standard deviation of airborne concentration for particles with mg m*
aerodynamic diameters between 10 and 100 um

Oc¢,<100 Standard deviation of airborne concentration for particles with mg m?
aerodynamic diameters less than 100 ym

Oc<10 Standard deviation of airborne concentration for particles with mg m
aerodynamic diameters less than 10 um

OCc <4 Standard deviation of airborne concentration for particles with mg m
aerodynamic diameters less than 4 um

O¢4-10 Standard deviation of airborne concentration for particles with mg m>
aerodynamic diameters between 4 and 10 ym

0¢,10-100 Standard deviation of airborne concentration for particles with mg m*

aerodynamic diameters between 10 and 100 um




Table A-3. Equations for airborne particle concentration and its uncertainty.

(ml,f _ml,i)+(m2,f _mZ,i)+ (m3,f _mS,i) XIOOO mgx 1000 L

C =
" f‘l nominal + fZ,nominal + f; nominal g m3
f X ’ Xt
total,sampling f sampling
total,nominal
2 2
GVH 0/‘
O-C,<100 = C<100 X 6 +
ml,f_ml,i+m2,f_m2,i+m3,f_m31 f
c . lm,—m)+n, —m,)  1000mg 1000L
<10 3
X f‘l,nominal + f‘Z,nominal t g m
f;otal,samplillg f X sampling
total,nominal
2 2
O-m O-f
O-c,<1o - C<10 X, |4 +
m,,—m, + m,,—m,, f
o (m,, —m,,) 1000mg 1000L
<4 f g m3
f; " . X 1,nominal X A
otal,sampling f sampling
total,nominal
2 2
o) E
Ocu = C’<4 X4[2 - T
’ m . —m f
1Lf 1,i



Table A-3. Equations for airborne particle concentration and its uncertainty (continued).

4-10

(m2,f —m,, )

(ml,_f’ —m, )

(ml,f' —m, )

1000 ™ x 1000

f‘l ,nominal

+ f 2,nominal

_|_
f‘l ,nominal

+ f 2,nominal

ﬁ ,nominal

ﬁotal,sampling X tsampling

-ﬁotal,nominal

2 2 2
m, —m, . o
2L 2 x| 2 m +| L] |+
mg L ﬁ,nominal + fz,nominal mZ,f - mZ,i
1000 ™% 1000
O-c,4710 - C4710 f Xt X
total,sampling sampling 2 2 2
m .—m . m. _.—m . O
ftota],nomina] LS Li - L Li >< 2 _ + 7[’
ﬁ,nominal + f;,nominal ﬁ,nominal ml,f - ml,i f
L
(ms,f —m,, )+ (mz,f -m,, )+ (ml,f -m,, )
-f;,nominal + f2,nominal + j;,nominal 1000 % X 1000 %
C,. = : "
10-100
(m2,f - mZ,i )+ (ml,f - ml,i ) f;otal,sampling X tsampling
ﬁ,nominal + j;,nominal = ﬂotal,nominal -
— . O .
> 2 X2 —=—| + (’j +
fl‘,nominal + ﬂ,nomina] + -f;,nomina] m3./‘ - m},i f
N 2 [ 2 2
10001000 = m,, —m,, m,, —m,, o o,
O oo = CIO—IOO f Xt X Y Y - Y Y x| 2 8 Ll +
total, sampling sampling ﬁ,n(\miﬂ:\l + .fzmmnina] + ff‘annina] ﬁ,n(\minz\l + ~}F2‘n0mina] mz,_/ - mz,i f
-f;ola],nomina] -

I’I’lw. -

m

1,i

ml,_/' -m,,

[fl‘,nominal + ﬂ,nomina] + -f;,nomina]

fl‘. nominal + ﬂ, nominal

fx
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