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1. Abstract

Atmospheric mercury (Hg), an airborne heavy metal, can be deposited into aquatic and
terrestrial systems, posing a risk to ecosystems and human health. It is therefore
important to understand the sources, chemical cycling, and fate of atmospheric mercury.
This study looks at total gaseous Hg (TGM) and total Hg (THg) concentrations collected
at an urban near-road site in Colorado Springs, CO from June - August, 2016 and at a
rural location in Rocky Flats National Wildlife Refuge, Louisville, CO, from June -
August, 2018. Mercury concentrations at the two sites were significantly different from
one another. The urban data set reveals a significant diurnal pattern, with hourly average
TGM concentrations reaching a maximum at 3:00 MST (1.9 + 0.3 ng/m?) and minimum
at 13:00 MST (1.6 + 0.2 ng/m?). In contrast, at the rural site we find that hourly-average
concentrations peak at 13:00 MST (1.5 + 0.1 ng/m?) and are lowest at 6:00 MST (1.4 =
0.1 ng/m?). These diurnal Hg patterns are comparable to those found in other studies
looking at urban/rural differences. Sources of Hg at both sites were also investigated. At
the urban site, the data points to high TGM concentrations originating from local sources.
Additionally, strong correlation between TGM and COz suggests soil evasion as a
potential Hg source. The rural site, on the other hand, does not appear to be influenced by

nearby Hg point sources and reflects a typical background site.



2. Introduction

Atmospheric mercury (Hg) is an inorganic heavy metal that, at trace atmospheric
levels, is considered non-toxic to inhale. Once deposited into aquatic and terrestrial
ecosystems, Hg can undergo methylation and become the organic neurotoxin
methylmercury (CH3Hg). Methylmercury poses a health risk to both humans and
animals. The neurotoxin bioaccumulates within food chains, meaning organisms absorb it
faster than they can eliminate it. Within organisms that consume other organisms tainted
by this form of mercury, the compound can quickly build to dangerous levels. In humans,
Hg negatively affects the nervous and immune systems, and complications with
reproduction and hormone imbalance have been found in animals exposed to significant

quantities of Hg [1,2,3].

While direct exposure to high concentrations of Hg can result in problems with
visual, auditory, and sensory systems, as well as affect motor function, the consequences
of Hg exposure are most dangerous to fetuses exposed while in utero [4]. Mercury
exposure in pregnant women has been linked to increased levels of neurological and
developmental abnormalities in their offspring. One study estimates that children whose
mothers are exposed to Hg while pregnant lose an average of 0.18 1Q points for every
part per million (ppm) increase of Hg found the mother's hair [5]. This is a particular
problem for coastal communities where fish is a main source of food, as fish efficiently
absorb methylmercury into their tissues where it can bioaccumulate [6,7,8]. These health
effects demonstrate the importance of understanding the sources, chemical cycling, and

fate of atmospheric Hg.



Most atmospheric Hg comes from the combustion of Hg-containing substances.
Natural sources include volcanoes and wildfires [1]. In the United States (US), the
dominant source of anthropogenic Hg is power plants (mainly coal-fired). Coal-fired
power plants release approximately 474 Mg/yr of Hg into the atmosphere, accounting for
21% of total global Hg emissions and 60% of emissions in the US. On a global scale, the
largest anthropogenic source is small-scale and artisanal gold mining, emitting 838 Mg/yr
[9]. Biomass burning as well as non-ferrous metal and cement production are other

significant anthropogenic sources of atmospheric Hg.

All of the above sources are considered primary Hg emitters, inserting Hg directly
into the environment from a lithospheric source [1]. Re-emission of Hg from aquatic and
terrestrial surface reservoirs is a secondary source of atmospheric Hg and plays an
important role in the global cycling of the toxin. This re-emission can occur through
temperature increases affecting mercury vapor pressure, release of Hg through
transpiration of vegetation stomata, surface moisture evaporation, and photochemical

releases [10].

Once emitted, atmospheric Hg exists in three main forms. The first is gaseous
elemental mercury (GEM), which has an atmospheric lifetime of ’2-1 year [1]. Gaseous
oxidized mercury (GOM) and particulate bound Hg (PBM), the two other forms
predominant in the mercury cycle (Figure 1), are both assumed to be compounds of Hg?*
with short lifetimes of approximately one week. This brief lifetime, combined with the
high water solubility of Hg?*, makes Hg>" much more likely than GEM to be deposited

into terrestrial and marine environments, where it then may undergo methylation [1,4].
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Figure 1: Basic mercury cycle [11].

Atmospheric Hg emissions have been steadily decreasing since the 1990s, largely
due to sulfur (SO2) emission controls initiated in the 1980s which also captured Hg [4].
Regulation passed in the 1990s addressing Hg in municipal and medical waste has also
led to a decrease in atmospheric Hg emissions [12]. In 2011, the Mercury and Air Toxics
Standards (MATS) rule was passed, which targeted coal- and oil-fired power plants by
requiring Hg emission controls in place and effective within four years of the ruling [13].
Health benefits of decreasing atmospheric Hg levels identified in the initial MATS
assessment included decreases in heart attacks, asthma, and premature death. These
health benefits were initially estimated to be worth $36 to $90 billion; corresponding
compliance costs to industry totaled $9.6 billion [14]. In December of 2018, the EPA
released a new estimate of the costs and benefits of MATS, re-finding the quantifiable
benefits to be worth only $4 to $6 million dollars [15]. As of now, MATS is still in place,
but some advocates are concerned by what this reassessment could mean for the future of

the rule itself as well as for environmental regulation in general [16,17].



In addition to the health effects and MATS ruling re-evaluation, the differences at
urban and rural study sites make their own case for studying Hg. The increased
complexity of emission sources, differences in surface characteristics, and the way in
which urban factors can impact local meteorology make urban sites interesting to explore
— especially when evaluated in context with rural sites absent of these [18]. Through
urban/rural comparison, we can begin to understand how Hg and its cycling may be
expected to differ at urban vs. rural sites. While other studies have looked at this urban-
rural divide, Hg has not been studied as extensively in the western U.S. as it has in the
more densely populated and industrialized eastern U.S. [19,20,21]. Sources of Hg in the
western U.S. may differ from eastern sources due to differences in local industry and to
lower population density. Colorado’s mining history, significantly coal- and oil-
combustion-fueled public energy sources, and the meteorological impact of the Rocky
Mountains all make understanding Hg on the Front Range consequential. In this study,
we examine atmospheric Hg at two contrasting urban/rural sites on the Colorado Front
Range in order to better understand spatial and temporal patterns in atmospheric Hg

concentrations in the region.

3. Methods

3.1. Site Descriptions

The urban site located in Colorado Springs is a Colorado Department of Public
Health and Environment (CDPHE) air-monitoring site situated at the intersection of two
major thoroughfares, Interstate 25 (north-south) and Highway 24 (east-west) (Figure 2,

Urban site inset). Colorado Springs, population 464,474 (2,140.6/square mile) [22], rests



at the base of Pikes Peak and the Front Range of the Rocky Mountains. Two coal-fired
power plants operate within 25 km of the urban study site. Martin Drake, with a 185-
megawatt (MW) capacity [23], sits 800 meters southeast of the study site. Mercury
scrubbers were installed there the year before measurement began, and SO» scrubbers
were installed on the two units at the plant in February and September of 2016 [24]. Ray
Nixon Power Plant (208 MW capacity), is located approximately 25 km southeast of the
urban site [25]. Other inventoried Hg point sources within 30 km of the urban site include
the Cripple Creek gold mine in Victor, CO and various small sources that emit less than
0.2 kg/yr (i.e. Colorado Springs Police Department, Colorado College, and Peterson Air
Force base) [26]. Measurements at the urban site were taken from 6/15/16 to 10/20/16.
This analysis focuses on data collected from 6/22/16 to 8/31/16 only in order to more
directly compare with the rural/suburban site data from 2018. One 5-minute event was
removed from the data analysis (8/31/16 12:35 — 40 MST) because it was determined to
be an extreme outlier with total Hg concentrations approximately three times higher than
the average concentration.

The rural site in this study was situated at the CDPHE air monitoring site in
Rocky Flats National Wildlife Refuge (RFN), approximately 25 kilometers northwest of
Denver and 14.5 km southeast of Boulder near the towns of Louisville and Superior
(Figure 2, Rural site inset). RFN is a completed superfund site near a former nuclear
weapons plant. It became a superfund site in 1989 and the plant shut down in 1994 [27].

At this rural site, data collection occurred from 6/20/18— 8/17/18.
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Figure 2: Study site locations and Hg point sources on the Colorado Front Range
(point source indicators are not scaled to the size of emissions).

3.2. Mercury Measurements

3.2.A. Urban Site
At the urban site, we measured total gaseous Hg (TGM = GEM + GOM).

Mercury was measured using the Tekran 2537A mercury vapor analyzer, which measures
GEM. Ambient air was pulled into a 0.1-micron 47 mm PTFE particulate filter in a

Teflon filter pack. At the urban site, air was filtered in order to reduce the risk of sample
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line contamination by coarse particles stirred up by road maintenance occurring in the
vicinity. The choice to utilize a filter here most likely has resulted in lower measured
concentrations of THg due to both the removal of PBM and the suspected removal of
some or all GOM that has been observed with filter usage in other studies [28,29].
Therefore, while we refer to this dataset as TGM, we acknowledge that our
measurements may better reflect GEM. Air was pulled by a sample pump into the inlet
and through a '4” line heated to 100°C at 7 L/min. We then pulled air off this main
sample line at 1 L/min to a pyrolyzer, comprised of a glass tube containing quartz chips
and quartz wool within a Lindberg Blue tube furnace which was continuously heated to
500°C, the temperature at which GOM is desorbed and converted entirely to GEM
[30,31]. Downstream of the pyrolyzer, 5-minute integrated measurements of GEM were

detected by atomic fluorescence spectrophotometry (CV-AFS) with the Tekran 2537A.

3.2.B. Rural Site

The rural site measured total atmospheric Hg (THg = GEM + GOM + PBM) and
had a slightly different inlet setup: instead of a filtered inlet, this sample line was fitted
with a glass elutriator that excluded particulate matter above 2.5 microns. Air then was
pulled through a heated main sample line (100°C) and the sample pulled off the main line
at 1 L/min to the pyrolyzer which was heated to 650°C. Studies have shown that between
500 and 1000°C there is no statistically significant difference in desorption amounts [32],
and thus we assume that at both the urban and rural sites our method converted all
oxidized Hg to GEM despite the different pyrolyzer temperatures. After the pyrolyzer

phase, the same steps were followed as at the urban site.
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We acknowledge here that there were slight differences in the Hg sampling
methods between the two sites analyzed. First, the data sets were taken approximately
two years apart. Second, they tracked slightly different forms of atmospheric mercury;
the 2016 urban site observed the total gaseous Hg (TGM) concentrations, while the 2018
rural site tracked total atmospheric Hg (THg) which is TGM plus particulate-bound Hg
(PBM). At the rural site, we also measured speciated Hg, and found the mean Hg*"
concentration to be 0.036 £ 0.073 ng/m>, or 2% of the THg measurement, meaning we
were mostly measuring Hg’. While not a perfect pairing, we can still learn about patterns
and sources of Hg from comparing the two data sets. Similar ancillary data between the
sets allows for an even better comparison and exploration into the mechanisms driving

observed patterns.

3.3. Ancillary Data

CDPHE provided continuous 1-minute measurements of temperature, wind
direction/speed, and relative humidity at each site. At the urban site, carbon monoxide
(CO) and SO were measured using Thermo Scientific 481 and Teledyne API 100E
analyzers, respectively. CDPHE also provided ozone (O3) measurements at the rural site,
measured with the Teledyne API T400 analyzer. To match our Hg data, all ancillary data
was averaged to 5-minute intervals. We also measured carbon dioxide (CO») at both sites
using a LiCor LI-840A continuous CO2/H20O analyzer. At the urban site, we made 1-
minute measurements; at the rural site, we made 2.5-minute measurements. We then

computed 5-minute averages for equivalent comparison.
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3.4. Data Analysis

Data analysis was done predominantly using IBM SPSS 24.0 and Microsoft
Excel, with wind roses created using Matlab vR2014b. Pearson correlation coefficients
were found for all data at both sites, and p-values were calculated. Independent samples t-
tests were used to compare all means. For all analyses, a p-value equal to or less then

0.01 was considered statistically significant.

4. Results/Discussion

4.1. Colorado Springs Highway 24 Site: Urban

The study average concentration of TGM at the urban location (1.7 + 0.3 ng/m?)
is above the range of expected background concentrations for the Northern Hemisphere
(1.3 - 1.6 ng/m?) [33]. The data shows a range of TGM concentrations spanning from 1.0
ng/m?’ to 3.5 ng/m>, however 90% of the data fell between 1.4 and 2.2 ng/m® (Figure 3a).

We also see elevated levels of the other chemical data taken at the urban site.
Sulfur dioxide levels are high (4.0 + 1.4 ppb), consistent with the collection site’s
proximity to a coal-fired power plant and two major roadways, as SO is emitted through
the combustion process [34]. Carbon dioxide (422 £+ 21 ppm) is well above the 2017
global average of 405 ppm [35]. Considering this site’s location near a coal-fired power
plant and two major roadways, with CO; emitted during both coal and automobile fuel
combustion, elevated concentrations are again not surprising [36]. Yet another product of
combustion, CO, has an average concentration (0.29 + 0.16 ppm) more than double the

Northern Hemisphere background levels found in other studies [37,38].
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Figure 3: Time series of (a) TGM, (b) COz, (c) SO2, and (d) CO concentrations at the
Colorado Springs urban site.

TGM SO, co CO,

(ng/m’) (PPb) (ppm) (ppm)
Mean 1.7 4.0 0.29 422
Median 1.6 1.4 0.24 419

Std. Deviation 0.30 8.4 0.16 21

Minimum 1.0 0.02 0.01 384
Maximum 3.5 135 2.0 548
25th percentile 1.5 1.1 0.17 406
75th percentile 1.8 2.5 0.35 435

N 19842 18701 18606 17373

Table 1: Summary statistics for TGM, SO, CO, and CO; at the urban site in Colorado
Springs.

Night and day at both sites were defined with 7:00-19:00 MST considered day,
and the remaining 12 hours defined as night. The average daytime TGM concentration
(1.6 + 0.2 ng/m?) is significantly lower than the night average (1.8 + 0.3 ng/m?) (Table 2).
A distinct diurnal pattern can be seen in the average hourly data, with an average hourly

TGM maximum of 1.9 + 0.4 ng/m> observed at 4:00 MST (night) and minimum of 1.6 +
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0.1 ng/m? at around 13:00 MST (day) (Figure 4a). This diurnal TGM pattern has been
observed in other studies at urban sites in North America and is generally attributed to
high surface concentrations of Hg which are diluted when the boundary layer is higher
making some vertical mixing possible [20,39]. This is most likely what is happening at
the urban site we surveyed, as a mixing height analysis done on the data showed a pattern

in which the boundary layer was twice as high in the evening as in early morning [40].

TGM SO, CcO CO,
(ng/m’) (ppb) (PPM) (ppm)
Day Mean 1.6 6.0 0.31 417
Day
Std. Deviation
Night Mean 1.8 1.8 0.26 428
Night
Std. Deviation

0.16 11 0.16 19

0.30 3.7 0.16 22

Table 2: Night/Day averages and standard deviations of chemical data at the urban site.
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Figure 4: (a) Hourly averages of TGM and CO; and (b) hourly averages of SO, and CO
at the urban site.
Sulfur dioxide concentrations see a peak at 10:00 MST and reach a minimum
around 3:00 MST, a fairly dissimilar diurnal pattern to that of TGM (Figure 4b). This

relationship between SOz and TGM was important in ruling out Martin Drake and Ray

CO (ppm)
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Nixon power plants as a source of Hg. There is little correlation between SO, and TGM
(r=-0.08) which we would expect to see if the source of TGM were the power plants
(Table 3). In addition to correlation with SO> we would expect to see high TGM
concentrations coming from the SE where the power plants are located relative to the site.
A wind analysis showed that, during the period of study, wind came from the northwest
(292.5°-337.5°) 27% of the time, and from the southeast (112.5°-157.5°) 19% of the time.
The NW direction also sees the highest mean TGM concentration (1.8 + 0.3 ng/m?),
while the SE winds brought a TGM average statistically significantly lower (1.6 = 0.2
ng/m?>) with the second-lowest concentration of the eight directions analyzed (Figure 5).
Though it was initially suspected that Hg in the urban area would be coming from the
nearby power plants, the data makes clear that they are not a significant source of Hg for
this measurement site. A local source of TGM is not ruled out, however, as the highest
TGM concentrations are associated with low wind speeds (< 4 mps), indicating that

another nearby source(s) is emitting TGM (Figure 5).

TGM SO, CcO CO, Temp RH WS
TGM 1 -0.08 0.18 0.53 -0.40 0.43 -0.38
SO, -- 1 0.05 0.23 0.18 -0.10 0.23
CO -- -- 1 0.43 0.07 -0.05 -0.09
CO, -- -- - 1 -0.18 0.18 -0.27
Temp -- -- -- -- 1 -0.87 0.40
RH -- -- - - -- 1 -0.32
WS -- -- -- -- -- -- 1

Table 3: Pearson correlation coefficients for chemical and meteorological data at the
urban Colorado Springs site. All values are statistically significant to p<0.01.
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Figure 5: Polar plot of (a) TGM, (b) SO2, (c) CO2, and (d) CO at the urban site.

A strong correlation exists between TGM and CO; (r = 0.528) and the diurnal
patterns follow each other closely, with COz peaking at 5:00 MST and reaching an
average minimum at 18:00 MST (though it is consistently low from 9:00 MST on)
(Figure 4a). Assuming a normal daytime photosynthesis/nighttime respiration cycle and
considering the location’s proximity to major sources of combustion, this diurnal pattern
is expected. Other studies have explored strong relationships between CO2, and TGM
through the lens of soil evasion which may play a role in the TGM seen at the urban site
[41]. First, road construction was being conducted nearby throughout the duration of the

sampling period, and the soil tilling involved in road work has been shown to be



17

associated with higher TGM concentrations [42]. Secondly, Gold Hill Mesa is located
approximately 290° NW of the sampling site. When wind was blowing from this
direction, we observed the highest average TGM concentrations and the highest CO»
concentrations (Figure 5). This brings up the possibility of soil evasion of TGM from the
Cripple Creek Mine tailings at that site, which may contain gold particles that have
collected Hg and are re-evading it back into the atmosphere [43]. Cripple Creek Mine
was also known to use Hg in the mining process [44].

Carbon monoxide concentrations trace a diurnal pattern which correlates with
nearby emissions from vehicles and heavily corresponds with expected traffic patterns
(Figure 4b). A 6:00 MST morning peak and 16:00 MST afternoon peak, in addition to
generally elevated concentrations much of the late afternoon/evening, support the theory
that observed CO comes predominantly from vehicle emissions, but we see little
correlation between CO and TGM (r = 0.18) (Table 3).

July 24™ is a 24-hour period that gives an example of the patterns found above.
This day was chosen to illustrate that the patterns discussed above occur regularly
throughout the study. The selected day is a typical summer day in Colorado Springs, CO,
sunny with an afternoon thunderstorm. The average TGM concentration on 7/24/16 was
1.6 £ 0.2 ng/m>. The patterns of each of the four chemical compounds show more
variability during daytime hours, but generally follow the same diurnal patterns as are
seen in the larger data set (Figure 6). TGM concentrations are significantly higher during
the night, and peak during the early morning prior to sunrise. Carbon dioxide once again
follows a pattern very similar to TGM, peaking in the early morning and falling off after

that, with an average of 417 + 12 ppm. The diurnal pattern of SO appears the most
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different from the average pattern of the full data set, showing, instead of only one
midday peak, two peaks on either side of midday, with one major increase occurring at
18:05 MST while wind is coming from 140°, indicating the source may be the power
plants. The average SO, concentration is extremely close to that of the full data set, at 3.8
+ 6.2 ppb. The correlations between these elements also mirror that of the full summer.
Sulfur dioxide and CO see very weak correlations with TGM (r =-0.1 and r = 0.05
respectively), while CO> shows a strong correlation (r = 0.66). Wind direction analysis
shows that the most common wind direction is the northwest (31% of the time), which
also has the highest average TGM and CO: concentrations, the same pattern seen in the

broader data set.
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Figure 6: Time series graphs of (a) TGM and CO; and (b) CO and SO; data for 7/24/16 at
the urban site.
4.2. Rocky Flats National Wildlife Refuge Site: Rural
Average THg concentrations (1.5 £ 0.1 ng/m?) at the rural location are within the
expected range for the northern hemisphere background (Figure 7a) [33]. At the rural
site, we see a very weak diurnal pattern (Figure 8). The slight pattern that does exist

shows an increase in THg during the day with a peak of 1.5 + 0.1 ng/m* around 13:00
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MST, with concentrations falling slightly during the night and early morning reaching a

low of 1.4 £ 0.1 ng/m> at 6:00 MST before again beginning to rise.
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Figure 8: Hourly averages of (a) O3 and THg at the rural site and (b) CO2 and THg at the
rural site.
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THg 0, Cco,
(ng/m’) (ppb)  (ppm)

Mean 1.5 55 425

Median 1.5 54 424
Std. Deviation | 0.1 14 8

Minimum 1.1 18 408

Maximum 24 98 483
25th percentile| 1.4 46 420
75th percentile| 1.5 65 430

N 12410 15837 15168

Table 4: Summary statistics for THg, O3, and CO: at the rural site, Rocky Flats National
Wildlife Refuge.

The variation between daily average highs and lows is far subtler at the rural site.
It follows a not-uncommon pattern found at rural/remote sites where Hg peaks during
midday, and minimum concentrations are seen during the early morning/night time
[10,18,45,46]. This diurnal pattern has been attributed to the increase in photochemical
release during the day along with increased evaporation from sources that may contain
Hg, and an increase in ground surface flux of THg [20,45]. The rural study site was
predominantly covered in native grasses and studies have shown that grass as a surface
sees a small amount of diurnal Hg flux; this aligns with our findings [18].

The mean CO; concentration is 425 £+ 8 ppm, and the average diurnal pattern is
again as expected, with a maximum of 432 + 8 ppm at 5:00 MST right around/before
sunrise and a daily low near 419 + 4 ppm at 16:00 MST (Figure 8b). Carbon dioxide and
THg also seem to follow an opposite diurnal pattern. The two chemicals are not
significantly correlated which aligns with their distinct diurnal patterns and suggests they

do not share a common source (r = 0.01, p =0.81).



21

THg O, CO, Temp RH WS B;:z:;‘s?:c
THg 1 0.21 0.01 0.16 0.14 -0.07 0.25
0; - 1 -0.48 0.78 -0.7 0.03 -0.11
CO, - - 1 -0.32 0.31 -0.14 0.06
Temp -- - - 1 -0.83 0.06 -0.27
RH - - - - 1 -0.05 0.43
WS -- - - -- - 1 -0.12
Barometric
- - - - - - 1
Pressure

Table 5: Pearson correlation coefficients for chemical and meteorological data at the rural
site. Bolded values are statistically significant to p<0.01.

The mean O3 concentration at this site, 55 & 14 ppb, is above the normal range for
background levels (30-50 ppb) [47]. Ozone is slightly positively correlated with THg (r =
0.21) and they share a similar diurnal pattern (Figure 8a). The lowest concentrations
generally occur at 6:00 MST and peak during the early afternoon, around 13:00 MST.
This is logical considering the photochemical activity essential to O3 creation and the
assumed influx of O3 precursors like NOx and CO produced by sources expected to be
more abundant during the daytime hours (e.g. vehicles). High concentrations of Os are
predominantly present when the wind comes from the northeast (Figure 9c¢). This could
be due to the prevalence of oil and natural gas production happening along the [-25

corridor north of Denver, which produces the necessary O3 precursors [48].
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Figure 9: Wind roses for (a) THg, (b) CO», and (c) Os at the rural site.

The results of a wind direction analysis showed that the highest mean

concentrations of THg are coming from the east-southeast (1.50 £+ 0.09 ng/m> and 1.49 +

0.12 ng/m’, respectively). These averages are significantly higher than concentrations

measured in the presence of wind prevailing from any other direction, though the

absolute difference between the highest and lowest concentration is only 0.06 ng/m’

demonstrating minimal differences in concentration as a function of wind direction.

While the highest average concentrations are associated with winds coming from the

east-southeast, the direction of Denver where there is a greater density of Hg point
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sources (Figure 2), the predominant wind direction during this summer study period is
north-northwest (33% of the time compared to only 19% for easterly and southeasterly
winds) (Figure 9). This implies that Denver area sources have a small impact on the site,
but they do not play a significant role because of the prevailing wind directions.
Barometric pressure has the strongest correlation with THg (r = 0.25), but this too
is technically weak, and indicates that only ~6% of the variation in pressure explains THg
variation. Regions of high atmospheric pressure move air toward the ground, and what
we could be seeing is evidence of influence from the upper-tropospheric pool of Hg**
wherein, as a high-pressure system moves into the region, we see air rich in Hg being
moved down to the surface. Judging by the r-value, however, this may not be a frequent
occurrence, at least during this study’s summertime sampling period [1,4,49]. The
general diurnal trend of barometric pressure shows a diurnal pattern with a decrease
during the daylight hours, opposite of the increase in THg seen during that period (Figure
10). Past studies have attributed the relationship between these two trends to the decrease
in barometric pressure allowing off gassing of THg from the soil surface during the
daytime, though the relationship with CO; described above doesn’t suggest a major

surface source [50].



24

q 618

N
1

——THg Barometric Pressure

=
Yo}
T

=
(o]
T

1 617

=
~
T

THg (ng/md)
h
>

1 616

Barometric Pressure (mmHg)

f

615

=
w

Hour

Figure 10: Hourly averages of THg and Barometric Pressure at the rural site.

4.3. Comparison between Urban and Rural Locations

The urban and rural sites” Hg concentrations are significantly different from one
another. While studies have shown that total atmospheric Hg concentrations are
decreasing worldwide (~1-2% per year), this amount is not enough to allow attribution of
the Hg decrease between this study’s 2016 and 2018 observation periods to globally seen
decreases [12]. This means that the urban site is in fact experiencing Hg levels above
background. The urban site also has significantly higher night and day average Hg
concentrations than the rural site. The magnitude of diurnal change is also much greater
at the urban area, with a total change from day to night of 0.2 ng/m? (Table 2). This
change is negligible at the rural site with a total difference of only 0.04 ng/m? (Table 6).
This difference between sites is due to the influx of Hg from local point sources that the

urban site experiences and which are not seen at the rural site.
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THg 0, Co,
(ng/m’) (ppb)  (ppm)

Day Mean 1.5 60 424
Day 0.1 14 8
Std. Deviation
Night Mean 1.5 48 428
Night

Std. Deviation 0.1 1 8

Table 6: Variance and Night/Day averages of chemical data at the rural site.

The atmospheric soundings which we used to help explain the diurnal pattern at
the urban site are from Stapleton, CO. This location is actually closer in proximity to the
rural than to the urban site, implying that the same diurnal differences in mixing height
we determined for the urban site would likely also be applicable to the rural one had we
generated them for the 2018 study. If diurnal changes in mixing height were the only
factor driving Hg concentrations, one might expect to see similar timing of nighttime and
daytime peaks at the two sites. Supposing both locations underwent the same changes in
boundary layer height at those times, it is possible that, because of the fewer point
sources at the rural site, the movement of the boundary layer does not significantly affect
ambient concentrations in the manner observed at the urban site. At the urban site, the
increased daytime boundary layer height dilutes the Hg concentrations; when it
compresses at night we see an increase in concentrations because of reduced vertical
mixing. At the rural site, we can explain the diurnal pattern by higher nighttime
deposition in the stable nocturnal boundary layer; surface emissions during the day
increase concentrations again. Other studies have noted these patterns and included these

explanations for the above diurnal patterns [20,39,51].
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Mean CO> concentrations are also significantly different between sites. Despite
the urban site having more potential local CO> emission sources, the rural site has a
higher concentration. These average increases may be attributed to increases on a global
scale that occurred during the two years between collection, as this increase does not
appear to be related to THg concentrations (Tables 1 & 4) [52].

In comparing the two sites, it is clear that they have different sources of Hg. At
the rural site, we do not see exceptionally elevated THg concentrations. There are no high
correlations between THg and other data, both chemical and meteorological. And the
magnitude of the diurnal pattern is small, though night and day are significantly different.
Combined, these findings indicate that the rural site is not, on average, influenced by
nearby point sources in the greater Denver and Boulder area, and what we are seeing are
background patterns and expected regional THg concentrations.

It is surprising that we do not see more influence from the many point sources in
the greater Denver area. The wind direction analysis discussed in section 4.2 indicated
that the prevailing winds at the rural site are from the north-northwest, limiting the
impact of point sources from the Denver metropolitan area southwest of the measurement
site. It may also be attributable to the fact that the urban site is in very close proximity to
multiple Hg sources, and the rural site is located at a great enough distance from point
sources that the influence isn’t detectable. Observations and analyses at the urban site
point to an extremely local influence, which we do not see at the rural site.

The urban site shows Hg above average background levels. A few significant
correlations with other data could indicate possible sources. Carbon dioxide and TGM

have the highest correlation, suggesting they may have a similar source. In the wind
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direction analysis, CO2 and TGM also see their two highest average concentrations
coming from the same directions: west and northwest. This is both the direction of U.S.
Route 24 and Gold Hill Mesa. In the absence of additional data, it is difficult to conclude
with any certainty that there is a specific source contributing to the high TGM
concentrations seen at the urban site, but it is clear that there are discernable differences

in the magnitude and temporal patterns between the urban and rural measurement sites.

5. Conclusion

This study validated the expectation of diurnal Hg concentration patterns at each
site, considering their urban and rural natures, but its results also gave insight into
potential origins for the excess Hg at the urban site. At that site, diurnal changes in the
boundary layer height likely played a particularly important role in the ambient Hg
patterns observed there. Mercury’s positive correlation with CO2 and inverse correlation
with wind speeds further indicate that there is potentially a local soil source of Hg
impacting the urban location concentrations. Also at the urban site, two nearby power
plants were determined not to be a significant source of TGM. This finding is consistent
with the reported installation of emission controls at both facilities prior to the study. On
average, the rural site does not appear to be strongly impacted by nearby point sources in
the greater Denver and Boulder areas which may be the result of prevailing wind
patterns. Contrasting the results of the data at the rural and urban sites helped establish
and quantify a typical background site on the Colorado Front Range, providing future
studies a regional baseline. This study adds to the understanding of how Hg

concentrations are potentially impacted at urban versus rural sites in a region not
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previously extensively studied. Finally, it points to the value of continued investigation of

the cycling of Hg on the Colorado Front Range.
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