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Abstract

Gaseous oxidized mercury (GOM) dry deposition measurements using surrogate surface passive
samplers were collected at six sites in the Four Corners area, U.S.A., for the two-year period
August, 2017-August, 2019, after the implementation of large power plant mercury emission
reductions across the U.S.A. Two-year baseline GOM dry deposition measurements at the same
six sites in the Four Corners area, taken before the implementation of U.S.A. power plant mercury
control regulations, were conducted earlier from August, 2009-August, 2011. The GOM dry
deposition rate estimate decreased at the Four Corners area high elevation remote mountain site of
Molas Pass, Colorado (3249 m asl) from 0.4 ng/m?h for August, 2009-August, 2011 to 0.3 ng/m2h
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for August, 2017-August, 2019. In contrast, GOM dry deposition rate estimates for the remaining
five sites increased for August, 2017-August, 2019, ranging from 0.8-1.3 ng/m2h, up from the
August, 2009-August, 2011 range of 0.6-1.0 ng/m2h. Comparisons of median GOM dry deposition
values showed a statistically significant decrease of 17 ng/m? at the Molas Pass site between
August, 2009-August, 2011 and August, 2017-August, 2019, and a statistically significant increase
of 66 ng/m? and 64 ng/m?, respectively, at the Mesa Verde National Park and Farmington
Substation sites between August, 2009-August, 2011 and August, 2017-August, 2019. For the four
years of GOM dry deposition data collected in the Four Corners area annual GOM dry deposition
levels ranged from 2237 ng/m2yr (at the Molas Pass high elevation remote mountain site) to 11542
ng/m2yr (at the Mesa Verde National Park site), and the estimates were generally higher in
magnitude in the spring and summer compared to the fall and winter. In light of the unexpected
increases in GOM dry deposition rates at the non-remote sites, it is suggested that large regional
wildfires and local anthropogenic mercury emission sources from cities and oil/gas production
areas are possible notable contributors to the GOM dry deposition measurements collected in the
Four Corners area.
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1. Introduction

Atmospheric mercury affects the globe (Lindberg et al., 2007; Slemr et al., 2003) and is a
neurotoxicant that can negatively affect human health and aquatic regimes (Lyman et al.,
2019; Bernhoft, 2012). Deposition of atmospheric mercury occurs through both wet and dry
processes. Extended length mercury wet deposition measurements are ongoing in North
America (National Atmospheric Deposition Program, 2019; Weiss-Penzias et al., 2016;
Prestbo and Gay, 2009), but there is a current scarcity of extended length mercury dry
deposition measurement studies.

Atmospheric mercury consists of gaseous elemental mercury (GEM), gaseous oxidized
mercury (GOM), and particle bound mercury (PBM). GEM is largely insoluble and inert
with long atmospheric lifetimes and can be transported globally, while GOM has a shorter
atmospheric lifetime and is associated with local/regional mercury emission sources (Skov
et al., 2007; Schroeder and Munthe, 1998). GOM can also form through higher temperature
and photochemical activity (e.g. ozone) induced oxidation of GEM (Lin et al., 2012). GOM
comprises a notable amount of total mercury dry deposition (Lyman et al., 2019; Lin et al.,
2012) and, similar to PBM, deposits more readily to water, soil, and plants than GEM
(Zhang et al., 2009). Surrogate surface measurement of GOM dry deposition using cation
exchange membranes has been previously evaluated (Gustin et al., 2015; Huang et al., 2011,
Lai et al., 2011; Lyman et al., 2009) and is useful in tracking seasonal and spatial variations
of GOM dry deposition (Wright et al., 2014; Sather et al., 2014; Sather et al., 2013; Huang
etal., 2012). These cation exchange membranes have been produced to specifically collect
GOM as opposed to GEM or PBM (Wright et al., 2016). There is a need for additional
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reliable measurements of GOM and PBM, and surrogate surface passive sampling could
help meet this need in a more cost effective and simple to use and deploy manner (Pirrone et
al., 2013).

The Four Corners area of the southwestern U.S.A. comprises the land where the states of
New Mexico, Colorado, Utah, and Arizona meet (Figure 1). This area contains oil/gas
production basins in northwestern New Mexico and southwestern Colorado (collectively
known as the San Juan Basin) and in southeastern Utah (Paradox Basin), along with two of
the largest coal-fired power plants in the U.S.A. (the Four Corners and San Juan power
plants, pictured in the lower panel of Figure 1 along with the smaller regional power plants
Nucla and Escalante). Coal-fired power plants comprise the highest anthropogenic mercury
emission source in the U.S.A. at an estimated 50% mercury emissions contribution (U.S.
EPA, 2012). Due to implementation of the Mercury and Air Toxics Standards (MATS) rule
(U.S. EPA, 2012), mercury emissions were generally reduced 90% from large power plants
across the U.S.A. (U.S. EPA, 2012) during the time period 2012-2016. According to
estimates from the EPA’s Toxic Release Inventory (TRI), annual emissions of mercury
compounds to the air at the Four Corners power plant decreased by 97% from 488 Ibs (221
kg) in 2009 to 14 Ibs (6 kg) in 2018 (U.S. EPA, 2020a). Most of this decrease occurred after
the closure of three units at the Four Corners power plant by December 31, 2013, resulting
in a 78% decrease from 394 Ibs (179 kg) of mercury released to the air in 2013 to 88 Ibs (40
kg) of mercury in 2014. The San Juan power plant had previously reduced its mercury
emissions from 2007-2009, going from 430 Ibs (195 kg) of mercury in 2007 to 193 Ibs (88
kg) of mercury in 2008 to 49 Ibs (22 kg) of mercury in 2009. For 2018 the San Juan power
plant reported an even lower release of 2 Ibs (1 kg) of mercury.

Given the large mercury emission reductions from regional power plants in the U.S.A. due
to implementation of the national MATS rule, this study investigated whether or not GOM
dry deposition in the Four Corners area exhibited statistically significant decreased levels
during the August, 2017-August, 2019 time period as compared to the earlier sampling
period from August, 2009-August, 2011 which preceded many of the mercury reductions
(Sather et al., 2013). The hypothesis that change had occurred between the two periods was
tested against the alternative that no change had occurred (i.e., a two-sided hypothesis test).
The authors believe that this is the first paper comparing pre-MATS rule and post-MATS
rule measurement results from extended length GOM dry deposition studies using surrogate
surface passive samplers. A comparison study using the continuous Tekran instrument
showed evidence of reduced ambient mercury concentrations after implementation of the
MATS rule in Maryland, U.S.A. (Castro and Sherwell, 2015).

2. Materials and Methods

2.1 Sampling sites

As seen in Figure 1, GOM dry deposition was sampled from August, 2017-August, 2019 at
the same six locations which gathered GOM dry deposition measurements earlier from
August, 2009-August, 2011 (Sather et al., 2013). Budgetary constraints forced the closure of
the Farmington Airport site after one year. Each site is identified by its name and National
Acid Deposition Program (NADP) code. The Molas Pass site (CO96) is a high elevation and
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complex terrain remote mountain site which is only impacted by regional and global
anthropogenic mercury emissions. Local anthropogenic mercury sources negligibly affect
site CO96 but do impact the five remaining sites: Mesa Verde National Park — CO99, Valles
Caldera National Preserve — NM97, Navajo Lake — NM98, Farmington Airport — NM99, and
Farmington Substation — NM95. Monitoring site details, including elevation, latitude/
longitude, and meteorological data are found in Table 1.

2.2 Field data collection

Smooth-edge surrogate surface passive sampling was again used to sample GOM dry
deposition during contiguous two-week integrated time periods from August 1, 2017-August
1, 2019. Some samples were longer than two weeks (i.e., three, four or six weeks) due to the
U.S. government shutdown at the end of 2018 and beginning of 2019, and because bad
weather made some sites inaccessible at times. The use of surrogate surface passive
sampling, including use of the smooth-edge surrogate surface passive sampler, has been a
common and previously tested sampling method for measuring GOM dry deposition (Huang
and Gustin, 2015; Castro et al., 2012; Gustin et al., 2012; Peterson et al., 2012; Peterson and
Gustin, 2008; Lyman et al., 2009; Lyman et al., 2007). Passive sampling allows for GOM
dry deposition measurements to be more easily collected in complex terrain remote high
altitude locations, such as the Molas Pass site (CO96). This allows for the comparison of
GOM dry deposition data from only regional and global anthropogenic mercury sources to
data from other sites.

The Frontier Atmospheric Dry Deposition (FADD) device (Eurofins Frontier Global
Sciences, Tacoma, Washington), developed earlier by scientists at the University of Nevada
(Lyman et al., 2009; Peterson and Gustin, 2008), and shown to correlate with the Tekran
continuous instrument in the earlier 2009-2011 Four Corners study (Sather et al., 2013), was
again used to collect measurements of GOM dry deposition. ICE 450 negatively charged
polysulfone impregnated cation exchange filter membranes from Pall Corporation mounted
inverted into a polyurethane aerodynamic filter holder at about 3 meters above ground level
were used in the previous study (Sather et al., 2013), but a switch to the Mustang S
polyethersulfone membranes, also made by Pall Corporation, was necessary because the ICE
450 membranes are no longer manufactured. The University of Nevada, Reno has
successfully used the Mustang S membranes in surrogate surface passive sampling of GOM
dry deposition (Huang and Gustin, 2015), and this study conducted a collocated comparison
between ICE 450 and Mustang S membranes at site NM95 before deploying Mustang S
membranes to all of the study sites. At site NM95 the Mustang S membrane agreed well
with the ICE 450 membrane with similar measured GOM dry deposition estimates and a
Pearson correlation coefficient of 0.9 (Figure S1).

Hourly meteorological data were measured at four of the six sites (Figure 1). The
meteorological data were gathered by the National Park Service for the Mesa Verde National
Park (C099) and Valles Caldera National Preserve (NM97) sites, and by the New Mexico
Environment Department for the Farmington Substation (NM95) and Navajo Lake (NM98)
sites. One-week integrated wet mercury deposition measurements were gathered at two of
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the six sites (Figure 1) as part of the ongoing national NADP Mercury Deposition Network
(MDN).

Although hourly meteorological data were not collected at the Molas Pass site (CO96),
NADP rain gage data were available from the Molas Pass site as part of the data collected
from the ongoing NADP MDN.

2.3 Laboratory procedures

All samples were prepared and shipped to the field sites in the same fashion as in the earlier
2009-2011 Four Corners study (Sather et al., 2013). All samples were then chemically
analyzed at Eurofins Frontier Global Sciences in the same fashion as in the earlier
2009-2011 Four Corners study (Sather et al., 2013) using cold vapor atomic fluorescence
spectroscopy (CVAFS) following Eurofins Frontier Global Sciences Standard Operating
Procedure (SOP) FGS-069, U.S. EPA Method 1631 revision E (U.S. EPA, 2002) and
additional quality assurance procedures for mercury analysis (Brown et al., 2011; Pandey et
al., 2011). The detection limit for the surrogate surface FADD device was calculated as three
times the standard deviation of the field blanks.

2.4 Statistical analyses

As done for the earlier 2009-2011 study (Sather et al., 2013), the precision for the study was
obtained through evaluation of the relative percent difference (RPD) values for all valid
FADD filter membrane field sample duplicates. GOM dry deposition estimates were
compared both within sites between the August, 2009-August, 2011 and August, 2017-
August, 2019 time frames and between sites within each time period. In addition,
comparison was made between the first and second halves of ten year wet deposition records
at two sites. Many of the distributions were skewed toward the upper end and due to the
outlying values and non-normality, comparisons of median values were made with the
nonparametric Wilcoxon rank sum test and the magnitudes of the differences calculated by
Hodges-Lehmann estimates (See Hollander et al. (2013) for discussion of these procedures
and Table S1 for summary data used in the Wilcoxon and Hodges-Lehmann analyses.).

Differences in variances can affect the significance levels resulting from the Wilcoxon
testing. In addition, dispersion of the observations within sites between the two time periods
was of interest itself. The equality of variances between the time periods was assessed using
Miller’s jackknife procedure (Miller, 1968; Hollander et al., 2013). In comparisons of
variances using smaller sample sizes and with distributions nearer to normality, the folded F
statistic was used (SAS, 2012). The effect of different variances on the Wilcoxon test was
investigated by van der Vaart (1961) and extended by Pratt (1964) to develop adjustment
factors for the resulting p-values and these were used here, when needed. Spearman
correlation coefficients were calculated between wet and dry deposition at two sites. All
statistical procedures were implemented in SAS (2012).

2.5 Wind back trajectory analyses

To obtain suggested mercury emission source impacts on the Four Corners area monitoring
sites, wind back trajectory analyses were again conducted for the highest three and lowest
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three GOM dry deposition two-week sampling periods at Mesa Verde National Park (CO99)
for the two-year period August, 2017-August, 2019; CO99 recorded the highest GOM dry
deposition rate. This same analysis was conducted for site CO99 for the two-year period
August, 2009-August, 2011 (Sather et al., 2013). As before, the National Oceanic and
Atmospheric Administration (NOAA) HYSPLIT model was used in the analyses (NOAA,
2019).

3. Results and Discussion

3.1 Detection limit and precision of surrogate surface passive sampling

The detection limit and precision quality assurance results for the 2017-2019 study were
similar to those from the earlier 2009-2011 study (Table 2). The median RPD over the 3-
week, 4-week, and 6-week field sample duplicates was also 10%.

3.2 Analyses of GOM dry deposition measurement data

3.2.1 Site-to-site comparisons within the 2017-2019 and 2009-2011 GOM dry
deposition data.—Table S2 presents the results of comparing the measured samples from
each site to all the other sites within both the 2009-2011 and 2017-2019 data sets. The table
reports the results of the Wilcoxon rank sum test (as adjusted by the Pratt method, if needed)
with Hodges-Lehmann estimates (ng/m?2) indicating the magnitude of the differences of
median values as A — B, where A — B is the site pair at the left column of the table. One
observes that the results were very similar between the time periods with respect to site-to-
site comparisons; that is, site pairs which were significantly different from each other in
2009-2011 were also (almost always) different in 2017-2019. (Recall, however, that all
results for NM99 (Farmington Airport) are qualified by the fact that the site was
discontinued in October, 2018.) Another salient feature from Table S2 is that CO96 (Molas
Pass) received significantly lower GOM dry deposition than any other site during both
sampling periods, providing support for site CO96 as only being affected by regional and
global mercury emission sources with no, or negligible, local mercury emission impact.
Note that the differences in median values between site CO96 and all the other sites
increased in the 2017-2019 dataset and all differences were statistically significant at the 1%
confidence level. Conversely, CO99 (Mesa Verde National Park) received significantly
higher GOM dry deposition during both periods than any other site, excepting NM95
(Farmington Substation) in 2017-2019. Also, the table indicates that during both time frames
NMB95 (Farmington Substation) saw higher GOM dry deposition than did NM98 (Navajo
Lake) to its east.

3.2.2 Within site comparisons of 2017-2019 data with 2009-2011 data.—
Analysis of the four years of GOM dry deposition data (excluding NM99) collected in the
Four Corners area suggests a decrease in GOM dry deposition estimates at the high elevation
remote mountain site (Molas Pass - CO96) from 2009-2011 to 2017-2019, and an increase in
GOM dry deposition estimates at the remaining four study sites from 2009-2011 to
2017-2019 (Figure 2, Table 3, Table S1). Table 3 reports the mean and standard deviation of
the GOM dry deposition rate estimates and the GOM dry deposition totals for each site for
both two-year sampling periods. From Table 3, a 25% decrease in the mean GOM dry
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deposition rate estimate between August, 2009-August, 2011 and August, 2017-August,
2019 was measured for the Molas Pass site (CO96), while increases in mean GOM dry
deposition rate estimates ranging from 14% to 33% between August, 2009-August, 2011
and August, 2017-August, 2019 were measured at the four other sites.

As seen in the 2009-2011 data there continued to be a strong regional signature in the GOM
dry deposition data set for 2017-2019, with the highest GOM dry deposition estimates again
recorded during the spring and summer across the Four Corners area at the five non-remote
sites (Figure S2). Note in Figure S2, though, that the high elevation remote mountain site
C096 (Molas Pass) did not record a large increase in measured GOM dry deposition during
the spring and summer months of 2018, unlike the increases at the other five measurement
sites. Also, site CO96 actually recorded lower GOM dry deposition estimates during the
spring and summer months of 2019 when the other sites were again recording large GOM
dry deposition estimate increases. These observations reinforce the idea that site CO96 is
negligibly affected by local anthropogenic mercury emission sources compared to the other
five measurement sites. Table S3 reports comparisons of the spring-summer (April-
September) median values versus the fall-winter (October-March) median values. As seen
there, the warmer season was statistically significantly higher at CO99 (Mesa Verde
National Park), NM95 (Farmington Substation), and NM98 (Navajo Lake). The difference
between spring-summer and fall-winter median values at site CO96 was only 13 ng/m? (not
statistically significantly different).

As noted above, the measurements at the Molas Pass high elevation remote mountain site
(C096) with its complex terrain suggest that it is dominated by regional, national and global
anthropogenic mercury sources with no significant local mercury emission source
contribution. However, the five remaining study sites are likely also affected by local
anthropogenic mercury emission sources from nearby cities and oil/gas production areas. It
is suggested that the U.S.A. regional/national MATS power plant mercury emission
decreases (90% control on large power plants) are largely driving the GOM dry deposition
decrease seen at the Molas Pass site because: (1) recent publications indicate that overall
global emissions of mercury have increased (Streets et al., 2019; UN Environment, 2019),
and (2) despite the impact of nearby large regional wildfires in year 3 of the study in the
Four Corners area (i.e., the Durango 416 and Burro wildfires in June-July, 2018), GOM dry
deposition did not increase at the Molas Pass site in 2017-2019 versus 2009-2011, but
indeed decreased (Table 3, Table 4). Figure 3 displays the time series for each of the four
years of GOM dry deposition sampling at the Molas Pass site (CO96). The highest 2-week
GOM dry deposition values occurred in year 3 during the large regional Durango 416 and
Burro wildfires in June and July of 2018 which were near the Molas Pass site. The lowest 2-
week GOM dry deposition values occurred in year 4 during the spring and summer of 2019.
(Table S4 also reports a statistically significantly lower median GOM dry deposition level at
CO96 in year 4.) Focusing on the data for the three months from the first part of April to the
first part of July for all four sampling years (the time series data within the oval in Figure 3),
it was noted that the total amount of precipitation collected in the NADP rain gage at site
C096 was 3.25 inches (8.26 cm) in year 1, 8.76 inches (22.3 cm) in year 2, 2.94 inches
(7.47 cm) in year 3, and 8.15 inches (20.7 cm) in year 4. Higher precipitation amounts in
year 4 (20.7 cm) likely contributed to the lower GOM dry deposition measured at Molas
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Pass (i.e., 406 ng/m2 from April 9, 2019 to July 2, 2019), but the U.S.A. regional MATS
mercury emission reductions probably also contributed to the lower GOM dry deposition
measured at Molas Pass in year 4 of the study because the similar high precipitation amount
recorded in year 2 (22.3 cm) before full implementation of MATS coincided with much
higher GOM dry deposition measured at the Molas Pass site (i.e., 1001 ng/m? from April 12,
2011 to July 5, 2011).

At the remaining five sites, Figure 2 is suggestive of an increase in GOM dry deposition
estimates measured in years 3 and 4 compared to years 1 and 2. Figure 2 also displays how
different site CO96 is from the other five sites. Note from Figure 2 how site CO96 did not
show an increase in annual GOM dry deposition means in either year 2 or year 3, and year 3
contained the large regional wildfires close to site CO96. It is suggested that site CO96 did
not show an increase in GOM dry deposition in year 3 despite the impact of the nearby large
regional wildfires because of the large regional power plant mercury emission reductions
which effectively mitigated the GOM dry deposition increase from the wildfires, and
because site CO96 is also not affected (or negligibly affected) by local anthropogenic
mercury emissions.

Hotter temperatures (Table 1), higher ozone concentrations measured at nearby city
monitoring sites (U.S. EPA Air Quality System (AQS) database), and the nearby large
regional wildfires, all likely contributed to elevating GOM dry deposition levels at the five
non-remote sites in year 3. Hotter temperatures and higher o0zone concentrations measured at
nearby city monitoring sites also contributed to the elevated GOM dry deposition levels at
the five non-remote sites in year 2. However, despite the much lower ambient temperatures
recorded in year 4 (Table 1), Figure 2 implies the GOM dry deposition recorded at four of
those five sites (NM99 did not operate in year 4) was still higher than year 1 and similar to
year 2 (similar to year 1 for site NM97). These temperature and photochemical observations
suggest that local anthropogenic mercury emissions are notably contributing to the total
GOM dry deposition being collected at these five non-remote sites, and also suggest that
local anthropogenic mercury emissions have increased in the August, 2017-August, 2019
time period compared to the August, 2009-August, 2011 time period. Fugitive (non-stack)
emissions of mercury, which presumably would be primarily released from local
anthropogenic mercury sources, have increased in the U.S.A. since 2013 based on the
national EPA TRI database (U.S. EPA, 2020b).

Indeed, at the highest GOM dry deposition study site, Mesa Verde National Park (CO99),
Table 1 finds annual mean humidity, annual mean temperature, and annual total precipitation
numbers were similar in study year 1 (8/09-8/10) and study year 4 (8/18-8/19), yet the mean
2-week GOM dry deposition estimate for study year 4 was 403 ng/m2 compared to the mean
2-week GOM dry deposition estimate of 241 ng/m? for study year 1. At the Valles Caldera
National Preserve site (NM97), the mean 2-week GOM dry deposition estimate for study
year 4 was 192 ng/m?, similar to the 170 ng/m? mean 2-week GOM dry deposition estimate
for study year 1 under similar meteorological regimes between those two study years (Table
1).
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Table 4 presents the results of comparing the GOM dry deposition median values between
2009-2011 and 2017-2019 at each site. As with the site-to-site comparisons, the Wilcoxon
rank sum test was used (with the Pratt adjustment, if needed) and differences in ng/m?
indicated by Hodges-Lehmann estimates, expressed as the difference 2017-2019 minus
2009-2011. Table 4 also reports for each site the results of Miller’s jackknife comparison of
the variances of the observations between each time period; the size of the dispersion
differentials is reported as the 2017-2019 to 2009-2011 ratio of the standard deviations. The
table reveals that the GOM dry deposition median value was lower in 2017-2019 than in
2009-2011 at CO96 (Molas Pass) by 17 ng/m? (Hodges-Lehmann estimate), but was higher
at both CO99 (Mesa Verde National Park) and NM95 (Farmington Substation) by 66 ng/m?2
and 64 ng/m?, respectively. Though increased levels were suggested, no statistically
significant difference was detected at the other three sites: NM97 (Valles Caldera National
Preserve), NM98 (Navajo Lake), or NM99 (Farmington Airport). Results at NM99 are
qualified by the shortened sampling. The variance comparisons showed that the dispersion
increased at each site except CO96 (Molas Pass) where no significant change was found.
The increases in standard deviations at the five sites outside of Molas Pass ranged from just
over 60% to almost double.

At Molas Pass (C096), the results of the formal testing are consistent with the anticipated
decrease in GOM dry deposition levels due to the reduced power plant mercury emissions.
However, the statistically significant increases at Mesa Verde National Park (CO99) and
Farmington Substation (NM95) are counterintuitive. These results suggest the influence of
other factors at these sites (and possibly the other three where increases were estimated, but
not outside the realm of random variability). The statistically significant increases in
variability and their magnitudes found at every site except Molas Pass again strongly
reinforces the idea that other factors (quite possibly multiple ones) are at play in the Four
Corners area outside of Molas Pass.

Thus, after consideration of all of the results and detailed discussion presented above, it is
suggested that local mercury emissions from nearby cities (i.e., from the Farmington and
Durango MSAs near sites CO99, NM95, NM99 and NM98, and the Santa Fe/Los Alamos
and Albuquerque MSAs near site NM97, all depicted by population density in Figure 1) are
likely contributing GOM dry deposition at the five non-remote Four Corners area sites
outside of Molas Pass. In addition, it is suggested that mercury emissions from any oil/gas
combustion source in the San Juan Basin and Paradox Basin are contributing GOM dry
deposition at sites CO99, NM95, NM99 and NM98 (Site NM97 is not located in either
basin). Local anthropogenic mercury emission sources can include medical incineration,
cremation, refineries, cement manufacturing, vehicular emissions, caustic soda production,
metals manufacturing, and re-emission from soil disturbance (McLagan et al., 2018; Gworek
etal., 2017; Cheng et al., 2017). Combustion occuring at an oil/gas production source also
releases mercury emissions to the air (UN Environment, 2019; Gworek et al., 2017).

3.2.3 Comparison of wind back trajectory analyses at Mesa Verde National
Park site.—As done in Sather et al. (2013) on the 2009-2011 baseline study, wind back
trajectories were constructed for the three highest and three lowest GOM dry deposition
two-week sampling periods at the Mesa Verde National Park site (CO99) from August,
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2017-August, 2019, the site which again consistently produced the highest GOM dry
deposition estimates for the Four Corners area. From August, 2017-August, 2019 the highest
two-week GOM dry deposition estimate of 1316 ng/m? at the Mesa Verde National Park site
(C0O99) was measured from June 20 — July 3, 2018 (Figure 4). The National Oceanic and
Atmospheric Administration (NOAA) HYSPLIT model (NOAA, 2019) was used to
construct six 48-hour wind back trajectories and one 24-hour wind back trajectory for the
June 20-July 3, 2018 time period. In contrast to the highest GOM dry deposition estimate
two-week period from the 2009-2011 baseline study (March 29-April 12, 2011), none of the
June 20-July 3, 2018 wind back trajectories passed over the two largest Four Corners area
power plants. Instead, the wind back trajectories passed over a nearby city (Durango,
Colorado) and the Durango 416, Burro wildfire area (for the 7/3 trajectory), or nearby
oil/gas production areas in southwestern Colorado and southeastern Utah (for the 7/3 and
6/27 trajectories). This provides support that regional wildfire and local mercury emission
sources were contributing to the highest GOM dry deposition estimates measured at the
Mesa Verde National Park site. The wind back trajectory maps for the second and third
highest GOM dry deposition two-week sampling periods at site CO99 for the 2017-2019
study similarly show arriving air masses passing over nearby city areas or oil/gas production
areas in southwestern Colorado, northwestern New Mexico and southeastern Utah, instead
of over the Four Corners and San Juan power plants (Figures S3 and S4). In Figures S3 and
S4 the trajectories also trace back to the large Phoenix, Arizona metropolitan area. No
precipitation was recorded at the Mesa Verde National Park site on any of the three highest
two-week sampling periods.

As in the previous 2009-2011 baseline study, wind back trajectories were also produced for
the three lowest GOM dry deposition two-week sampling periods at the Mesa Verde
National Park site (CO99). Similar to the back trajectories produced in the 2009-2011
baseline study, the lowest three two-week sampling periods for 2017-2019 had back
trajectories passing through mercury emission sources such as power plants, cities and
oil/gas production areas, but significant precipitation was recorded during all three two-week
sampling periods (Figures S5-S7).

3.2.4 Collocated Dry and Wet Deposition Mercury Data results at sites CO96
and C0O99.—Two study sites, CO96 and CO99, also collected weekly collocated wet
deposition mercury measurements as part of the U.S.A. NADP program for all four years of
this study. The NADP data were matched to the two-week dry deposition sampling periods
to obtain total mercury deposition estimates. For the wet deposition data, NADP assigns
quality ratings to the samples, and only “A” and “B” codes are designated as valid; this
criterion was also applied here. No significant Spearman correlation coefficients were
observed between the wet and dry deposition. Analysis of all two-week periods during the
four years which contained valid and collocated GOM dry deposition and total mercury wet
deposition data revealed the following study year by study year GOM dry deposition
percentages of the total mercury deposition estimates: For CO96 (Molas Pass): 27% for
study year 1, 20% for study year 2, 21% for study year 3, and 14% for study year 4. For
CO099 (Mesa Verde National Park): 30% for study year 1, 48% for study year 2, 65% for
study year 3, and 62% for study year 4. Over the two-year time frames, the GOM dry
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deposition fractions were: 23% for 2009-2011 and 17% for 2017-2019 at Molas Pass; 37%
for 2009-2011 and 63% for 2017-2019 at Mesa Verde. Table S4 presents the comparison of
dry, wet, and total deposition between years 3 and 4. The only statistically significant
differences were that GOM dry deposition (median values) were lower in year 4 at CO96
(Molas Pass) and at NM97 (Valles Caldera National Preserve).

The NADP mercury wet deposition data were aggregated on a twelve-month basis beginning
with 20009, the first year of collection at CO96, with scaling of each total wet deposition
value by the corresponding precipitation amount (Figures S8 and S9). The resulting ten year
time series for 2009-2019 for both CO96 and CO99 were analyzed via the exact Wilcoxon
rank sum test comparing the first five years to the latter five. The end of the first five years
extended just past the final implementation of the mercury controls at the Four Corners
Power Plant. This analysis showed a significant (at the 10% level) decrease in the measured
mercury wet deposition at both sites. The Hodges-Lehmann estimates of the declines
between the five-year periods were 52 ng/m? per inch of precipitation at Molas Pass and 232
ng/m?2 per inch of precipitation at Mesa Verde National Park. Scaling the wet deposition
values by the precipitation amounts removes the effect of differing amounts of precipitation,
and these results provide a robust comparison of the wet deposition data collected before and
after the major mercury emission reductions from the Four Corners power plant and also
before and after the final national MATS rule compliance date of April, 2016. Total mercury
wet deposition contains both wet deposition of GOM and PBM. It is suggested that total wet
mercury deposition has declined at the Mesa Verde National Park site because ambient fine
particle concentrations have also declined at the site. Though fine particle data are not
collected at the Molas Pass site, fine particle ambient concentrations as reported in the
EPA’s AQS database at the Mesa Verde National Park site (CO99) decreased 27% for PM; g
from a 2009-2011 average of 3 ug/m3 to a 2017-2018 average of 2.2 ug/m?3, and decreased
35% for PM10 from a 2009-2011 average of 7.4 ug/m?3 to a 2017-2018 average of 4.8 ug/m3.

4. Conclusions

This study in the Four Corners area provides the first comparison in the U.S.A. of pre-MATS
rule and post-MATS rule measurement results from extended length GOM dry deposition
monitoring campaigns using surrogate surface passive samplers. On an annual basis, dry
mercury deposition (represented in this study by GOM dry deposition measurements) ranges
from 30%-65% of total mercury deposition at the Mesa Verde National Park site and ranges
from 14%-27% at the high elevation remote Molas Pass mountain site based upon four years
of collocated GOM dry deposition and total mercury wet deposition measurements. A priori,
one might suppose that the significant mercury emission reductions from the large local and
regional power plants in the U.S.A. due to implementation of the national MATS rule would
result in decreases in measured GOM dry deposition at all sites in the Four Corners area
during the August, 2017-August, 2019 time period. However, the two-sided hypothesis
testing done here found a statistically significant decrease at just one site and statistically
significant increases at two others.

A statistically significant measured decrease in GOM dry deposition was documented at
Molas Pass (CO96), a complex terrain high elevation mountain site only affected by regional
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and global anthropogenic mercury emissions. Since recent publications indicate overall
global anthropogenic mercury emissions inventory estimates have increased and since local
anthropogenic mercury emissions at Molas Pass would be considered negligible, it is
suggested that regional mercury emission reductions from large power plants across the
U.S.A,, especially from the Four Corners and San Juan power plants, accounted for the
statistically significant decrease in GOM dry deposition measured at the Molas Pass high
elevation remote mountain site.

At the remaining five sites, two (CO99 — Mesa Verde National Park and NM95 —
Farmington Substation) exhibited statistically significant increases in GOM dry deposition
while the other three sites (NM98 — Navajo Lake, NM97 — Valles Caldera National Preserve,
and NM99 - Farmington Airport) recorded statistically nonsignificant GOM dry deposition
increases. Unlike Molas Pass, these sites are not as remote, and it is suggested that local
mercury emissions from nearby cities and oil/gas production areas in southeast Utah,
southwest Colorado and northwest New Mexico, are contributing to GOM dry deposition at
these five sites. Additionally, higher GOM dry deposition estimates occurred at all of the
Four Corners area sites during the large regional wildfires in June and July, 2018 close to
Durango, Colorado (i.e., the Durango 416 and Burro wildfire complex); this suggests the
importance of occasional large wildfires to GOM dry deposition loading in affected
ecosystems.

This study produced data helpful to assessing the effectiveness of the U.S.A. national MATS
rule in reducing large concentrated mercury emission plumes from large coal-fired power
plants across the U.S.A. GOM dry deposition data collected with surrogate surface passive
samplers can be used as a credible indicator of anthropogenic mercury emissions from both
large concentrated regional sources, such as large coal-fired power plants, as well as nearby
local anthropogenic mercury emissions from city and oil/gas production area sources. It is
recommended that additional GOM dry deposition data be taken in the future in the Four
Corners area to assess the effectiveness of further reducing mercury emissions from the
remaining large power plant units in the area, and to gather additional data to further study
the contribution of local mercury emission sources which appear to notably influence GOM
dry deposition in the Four Corners area.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Monitoring sites for the August, 2017-August, 2019 Four Corners Area GOM Dry
Deposition Monitoring Study.
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GOM dry deposition data time series for all four study years at the Molas Pass site (CO96).
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Back trajectory analysis for the Mesa Verde National Park site (CO99) for June 20 — July 3,
2018. Seven contiguous 48-hour back trajectories ending at 1000 LST on July 3, 2018
(except for June 20-21 which is a 24-hour back trajectory). End date of each 48-hour back
trajectory plotted for each trajectory trace (e.g. 7/3 represents 48-hour back trajectory for 7/1
— 713); Four Corners area coal-fired power plant locations are located at the center of the

open circles.

Atmos Pollut Res. Author manuscript; available in PMC 2021 March 18.



1duosnuep Joyiny vd3 1duosnuey Joyiny vd3

1duosnuey Joyiny vd3

Sather et al.

Table 1.

Page 20

Four Corners area GOM dry deposition monitoring sites location and meteorological characteristics: Year 1 =
August 4, 2009 — August 3, 2010; Year 2 = August 3, 2010 — August 2, 2011; Year 3 = August 1, 2017 — July
31, 2018; Year 4 = July 31, 2018 — August 1, 2019; asl = above sea level; dec. = decimal; deg. = degrees; F =

fahrenheit.
Site Elevation | Latitude Longitude Annual Humidity means Annual Temperature means Annual Precipitation totals
(%) (deg. F) (inches)
meters Dec. deg. Dec. deg. Year | Year | Year | Year | Year | Year | Year | Year | Year | Year | Year | Year
asl 1 2 3 4 1 2 3 4 1 2 3 4

Mesa 2172 37.1981 -108.4903 44 43 35 48 488 | 505 | 53.3 | 49 1438 | 1449 | 8.13 17.9
Verde 9.3 (103 | (11.8 | (9.4 (365 (368 (207 (455
National deg. deg. deg. deg. mm) mm) mm) mm)
Park C) C) C) C)
(C099)
Farmington | 1678 36.797625 | -108.480153 | na na na na 52.4 54.3 57.9 54 na na na na
Substation (113 | (124 | (144 | (12.2
(NM95) deg. deg. deg. deg.

C) C) C) C)
Farmington | 1674 36.737467 | -108.23369 na na na na na na na na na na na na
Airport
(NM99)
Valles 2657 35.8584 -106.5214 61 53 47 59 385 | 421 | 447 | 409 | 21.96 | 16.13 | 19.07 | 24.6
Caldera (3.6 (5.6 (71 4.9 (558 (410 (484 (625
National deg. deg. deg. deg. mm) mm) mm) mm)
Preserve C) C) C) C)
(NM97)
Navajo 1972 36.8097 -107.6515 na na na na 48.4 50 52.3 49.9 na na na na
Lake 9.1 (10 (113 | (9.9
(NM98) deg. deg. deg. deg.

C) C) C) C)
Molas Pass | 3249 37.7514 —-107.6853 na na na na na na na na na na na na
(C096)
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Detection limit and precision quality assurance results for 2009-2011 and 2017-2019 Four Corners GOM dry

deposition studies.

Study Time Period

Detection Limit (ng/filter)

Average field blank (ng/
filter)

Median RPD

Percent field duplicates <= 20%
RPD

2009-2011

0.42

0.3

10%

78%

2017-2019

0.33

0.14

10%

71%
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Two year GOM dry deposition (dep.) estimates for Four Corners area sites; August 4, 2009-August 2, 2011
study and August 1, 2017-August 1, 2019 study; h=hour.

Site Mean surrogate surface Mean surrogate surface GOM dry dep. GOM dry dep.
dep. rate estimate (ng/m?h) | dep. rate estimate (ng/m?h) | estimate cumulative | estimate cumulative
+ standard deviation + standard deviation total (ng/m?) total (ng/m?)
2009-2011 study 2017-2019 study 2009-2011 study 2017-2019 study

Mesa Verde National 1.0+£0.6 13+10 17155 22016

Park (CO99)

Farmington Substation 0.8+0.5 1.0+0.8 13738 17653

(NM95)

Valles Caldera National 0704 0.8+0.6 10653 13694

Preserve (NM97)

Navajo Lake (NM98) 0.6+04 0.8+0.6 10609 13489

Molas Pass (CO96) 04+0.1 0.3+0.1 6007 5258
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Within site comparisons of the median values and variances between the August, 2009-August, 2011 and

August, 2017-August, 2019 sampling periods.a Units for differences are ng/m? Ratios of standard deviations

are (2017-2019)/(2009-2011).”.

Site | (2017-2019)-(2009-2011) | Std. dev. ratio
CO9 17 1.27
C099 66 1.70™
NM95 64" 1.92°%
NM97 21 1677
NM98 42 163"
NM99°© 45 197"

a . - . . . . .
: Comparisons used Wilcoxon’s rank sum test with Pratt’s adjustment, when needed. Magnitude of differences are Hodges-Lehmann estimates.

: Variance comparisons done with Miller’s jackknife testing.

c . . . ]
- NM99 (Farmington Airport) terminated after first year.

Aok

: significant at the 1% level.

*ok

: significant at 5% level.

*

: significant at 10% level.
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