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Abstract: Aggregate and limestone mining in San Antonio’s Bexar and Comal counties in Texas, USA,
has caused considerable health concerns as of late. Aggregate mining actions can result in localized
air quality issues in any neighborhood. Furthermore, heavy truck traffic, hauling, and transportation
of the mined material contribute to pollution. In this research, PM species were sampled at four
locations north of the San Antonio city limits. The data were collected using a TSI Air Quality
Sampler that sampled PM;, PM; 5, PMy, PMjg, wind speed, wind direction, temperature, and relative
humidity. Continuous data with 1 min averages were recorded during the study period from August
to September 2019. The instrument was stationed at every location for a period of 7 days each. The
four locations were a ranch, an open field, a residential compound, and an elementary school. PM;
and PM, 5 concentration levels were lower compared to PMj( concentrations at all four studied sites.
Our results suggest that PM concentrations are primarily impacted by mining activities. PM species
were highest at the residential compound due to its proximity to an active mining area, resulting in
deleterious health effects for neighbors living in the vicinity of the sampled site.
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1. Introduction

Aggregate and limestone mining, albeit beneficial to society, comes at a high envi-
ronmental cost. Mining locations are typically chosen by taking into consideration the
economic costs, thereby impacting the health and well-being of the population living in the
immediate vicinity. Excavation procedures, crushing and grinding, heavy truck movement,
associated truck and noise increments, and generation of dust are some of the detrimental
impacts of this industry [1-4]. After the excavation and other associated processes, mine
tailings can be a blemish in the community, in addition to the fugitive emissions from these
tailings due to wind erosion [5].

One of the most rapidly expanding metropolitan areas in the United States is the
San Antonio region of Texas (SAR), specifically counties such as Bexar, Comal, Hays,
and Travis [6]. Mining operations such as sand, gravel, and crushed stone have taken a
foothold in this region in the last few decades. Between San Antonio and Austin, accessible
limestone aggregate resources are abundant. Major open-pit mines for limestone aggregate,
or “quarries”, have expanded North and West of Highway Interstate -35 (IH-35), also
identified as the “quarry row”. Heavy truck traffic transporting the material for aggregate
mining also results in vehicular air pollution [7,8].

Air quality concerns in the SAR region relate to an increase in aggregated mining in
recent years. Mining is summarized as rock fragmentation during which particulate matter
(PM) is emitted. Particles found in the air—dust, smoke, dirt, and soot—are labeled as PM.
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Inhalation and mobility depend on the size of the particles [9]. Particles less than 2.5pm
(PM; 5) travel further into the respiratory system beyond the bronchi where gas exchange
occurs [10]. PMj 5 mining contaminants are associated with arsenic (As), mercury (Hg),
lead (Pb), and considerable amounts of crystalline silicon dioxide [1,11,12]. Long- and
short-term exposure to PM; 5 risks the development of scarred lung tissue (namely silicosis),
cardiovascular effects, and other harmful respiratory symptoms [13-15]. Additionally, PM
smaller than 10pm (PMj) has adverse effects on the respiratory system. PM;g components
can contain silica and coal dust, causing silicosis or pneumoconiosis [4,16,17]. Therefore,
exposure to such PM species poses serious health concerns and warrants attention.

Hence, to address the pressing issues above, this air pollution study aimed at character-
izing particulate matter pollution was conducted in the late summer of 2019 in the Northern
San Antonio region. Assessing the differences in particulate matter concentrations between
the studied sites and central ambient monitoring sites was another aim of this research
endeavor. Additionally, the spatial and temporal variation in PM pollution was studied in
this research.

2. Materials and Methods
2.1. Site Selection

PM species were sampled at four locations north of San Antonio (S1, 52, S3, and 54).
These locations were a ranch, an open field, a residential compound, and an elementary
school in order to assess the pollutant concentration gradient in different environments.
S1 was located on a ranch surrounded by a forest. 52 was located in an open field and
about 43 m from a residential house. S3 was in a residential compound. A mining site
was located east of site S3. Site 54 was situated at an elementary school adjacent to a
major road: FM 3009. Quarrying and mining activities occurred adjacent to site 54 during
the sampling period. Coordinates of each studied air site and Texas Commission on
Environmental Quality (TCEQ) continuous air monitoring sites (CAMS) are detailed in
Table 1 and illustrated in Figure 1. The following locations are located across San Antonio
counties along IH-35, thereby a quintessential area to perform an in-depth air quality
analysis characterizing ambient PM species.

Table 1. Descriptive coordinates (DMS) for the studied air sites and TCEQ CAMS.

Site Coordinates (DMS)

S1 29°45'00" N, 98°20'28" W

S2 29°38/48" N, 98°13/20"” W

S3 29°40'06" N, 98°15'04" W

S4 29°38/29"" N, 98°18'03"” W
C1069 29°31'45.96"" N, 98°23/29.05"" W
C504 29°42/15.00"” N, 98°01/44.00" W
C505 29°38/21.00"” N, 98°17/55.00" W

2.2. Topography and Meteorology

Northwest of the Edwards Plateau and southeast of the Gulf Coastal Plains, San
Antonio is located in south-central Texas. Bexar County experiences a warm semitropical
climate with muggy air [18]. Weather patterns exhibit hot summers with a couple of
winter days experiencing below-freezing temperatures. The city is approximately 214 m
above sea level and situated 225 km from the Gulf of Mexico. The proximity to an ocean
basin introduces tropical storms to the area. Rainfall is most common during May and
September, coupled with southeast winds [18]. Wind patterns prevailing during the study
are demonstrated for the duration of each studied air site and CAMS 1069, with greatest
wind speed frequency measured between 0.5 and 2.1 m/s (Figure 2).
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Figure 1. Map of the studied air sites and continuous air monitoring sites.
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Figure 2. Wind roses for studied air sites and TCEQ CAMS 1069 during the study period.

2.3. Sampling Methods

Real-time air monitoring was administered with TSI DustTrak Environmental Moni-
tor [19]. The instrument set-up is shown in Figure 3 during data collection in S1 (the ranch).
Continuous data of 1 min averages were collected throughout the entire study period from
August to September 2019. The instrument was stationed at every location: the ranch, an
open field, a residential compound, and an elementary school for a period of 7 days each.
The instrument also simultaneously measured concentrations of PM;, PM; 5, PMy, PMyg,
wind speed, wind direction, temperature, and relative humidity.

Figure 3. TSI DustTrak Environmental Monitor at site S1.

Outdoor measurements at each air site were compared to TCEQ CAMS sites in the
San Antonio region. Primarily, this study used logged data concentrations from CAMS site
C1069 in Bexar County due to its position off the major highway IH-35. CAMS site C504
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was positioned in an open field in Comal County, and C505 was posted directly across S4
in Guadalupe County. All CAMS site parameters are described in Table 2. Specifically, the
parameters at C1069 involved the monitoring of PM; 5 and resultant wind speed (RWS).
Therefore, C1069 was used to compare against the logged PM and wind speed information
from the TSI air monitor at all four sites. The study duration at S1 started at 2:45 pm on
3 August and ended at 2:40 pm on 10 August. The study at air site S2 started at 2:45 pm
on 17 August until 2:45 pm on 24 August. S3 ensued from 3:15 pm on 24 August till 1:20
pm on 30 August. Lastly, 54 began at 2:15 pm on 30 August and concluded at 12 pm on 11
September (Table 3).

Table 2. San Antonio TCEQ CAMS site monitored parameters.

San Antonio C1069 C504 C505

CcO

NO

NO,

NOy

O3 X X
Relative Wind Speed

Relative Wind Direction
Outdoor Temperature

Relative Humidity
PM; 5

X X X X

X X X X X

Table 3. General description of the study duration.

Site Location Date Start Time Start Date End Time End
Sitel (S1) 3 August 2019 20:40 10 August 2019 14:40
Site2 (S2) 17 August 2019 14:45 24 August 2019 14:45
Site3 (S3) 24 August 2019 15:15 30 August 2019 13:20
Site4 (S4) 30 August 2019 14:15 11 September 2019 12:00

2.4. Statistical Data Analysis

The resulting descriptive statistics were processed in SPSS 25.0 for Windows (SPPS,
Inc., Chicago, IL, USA), Microsoft Excel, and R programming software. WRPLOT ViewTM
software was configured to produce wind roses. Boxplots were plotted to assess the spatial
pattern of the PM species across the various sites and CAMS 1069. Time series were plotted
to characterize PM concentrations from TSI DustTrak Environmental Monitor. Statistical
significance was indicated as p < 0.05. Spearman’s Rho correlations were computed to
signify site-specific temporal relationships with PM pollutant correlations at every air site.
The Coefficient of Divergence (COD) was calculated to understand the spatial variation
in PM levels between CAMS 1069 and the four sampled sites. COD specifies uniformity
between two simultaneously sampled sites and is outlined as

1 14
CODjx = 4| = ),
Pi3

Xij — Xik
Xjj + Xk

)

where x;; is the ith concentration measured at site j over the sampling period; j and k are
two simultaneously samples sites; and p is the number of observations [20-22]. A low
COD value of < 0.20 denotes similar pollutant concentrations between two sites, whereas a
value approaching unity indicates a significant difference in the absolute concentrations
and subsequent spatial non-uniformity between the two sites.
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3. Results

3.1. 1-h and 24-h PM Concentration Analyses

Temporal variations and descriptive statistics of ambient PM species PM1, PM; 5, PMy,
PM;, and total mass concentration at the four air sites in San Antonio are presented as
hourly concentrations in Table 4 and Figure 4. Additional statistics that involve correlations
or comparisons to the CAMS sites are shown in Figure 5, and Tables 5 and 6.

Table 4. Hourly basic statistics for various PM species (1g/m?) at the four air sites.

PM; PM, 5 PM, PMyo
Site 1
N 163 163 163 163
Mean 7.33 8.05 8.61 10.07
StDev 4.14 4.29 4.44 4.73
Min 0.73 1.02 1.38 1.92
Max 21.23 22.28 23.08 24.87
Site 2
N 170 170 170 170
Mean 11.93 13.15 14.15 16.01
StDev 6.06 6.90 7.72 8.97
Min 1.23 1.43 1.67 3.48
Max 36.77 39.17 41.27 44.92
Site 3
N 145 145 145 145
Mean 18.67 19.70 20.52 23.06
StDev 8.90 9.20 9.38 9.77
Min 3.57 4.15 4.98 8.50
Max 48.38 49.82 50.78 52.58
Site 4
N 192 192 192 192
Mean 11.68 12.11 12.70 15.42
StDev 5.94 6.11 6.54 9.85
Min 1.20 1.40 1.78 3.13
Max 41.27 44.42 50.95 89.37
Table 5. COD values for TCEQ C1069 in the different air sites.
PM;5 C1069
S1 0.35
S2 0.32
S3 0.37
S4 0.38

Collectively, PM; and PMj; 5 levels were low at all four sites in contrast to the PMy
and PMy levels. Therefore, PM concentrations in Bexar and Comal Counties are primarily
impacted by mining activities. For instance, the seven-day average for PM; 5 was about
8.6 ug/ m?3 at the ranch, and PM; values were around 15.8 ng/ m3. PM species were highest
at the residential compound (S3), with mean values of PM; 18.67 nug/ m3, PM; 5 19.70 ng/ m3,
PMy 20.52 pg/m?, and PMyg 23.06 pg/m?>. This could be attributed to the close proximity
that S1 had to an active mining area. The lowest PM variant concentrations was at the
ranch surrounded by a medium-growth forest.
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and S4 (d).
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Table 6. Spearman’s correlation coefficients between the PM species at sites S1-S4 and other pollutants at various CAMS sites.

, s1 C1069 C504 C505
Pollutant Site
oT PM; PM, 5 PM, PMio TC co NO NO, NO, PMss oT 05 0;

oT 1

PM, 0.496 ** 1
PM, 5 0.464* 0995 1

PM, S 0.448*  0988* 0998 ** 1
PM, 0.503*  0.970%  0979*  0.985* 1

TC 0568 *  0.942%  0947%  0952%  0.988* 1

Co L0205%  —0256% —0259% —0254% —0.242% —0226% 1

NO _0.637%  —0294* —0276* —0258* —0281** —0313* 0319* 1

NO, Clogy U439 0336% —0336% —0320% 0325  —0326% 0486  0714% 1

NO _0478%  —0335* —0331% —0315% —0322% —0326™ 0426%  0804* 0979 * 1
PM, 5 0031 0168*  0218*  0247* 0240  0202*  0.083 0.132 0.020 0.081 1

oT —0166*  0215% 0230  0223%  0.158% 0085  —0509* —0.154 —0459% —0344*  0.031 1

0O; C504 0055 0136 0.136 0.120 0.066 0017  —0456* —0379* —0557* —0505* —0.162*  0.867* 1

05 C505 0016  0167*  0167*  0.149 0.098 0051  —0.448* —0404* —0566™ —0.524* 0153  0.848*  0.980* 1

Pollutant  Site S2 C1069 C504 C504
oT PM:  PMys  PMy PMio TC co NO, PMaos oT 0; 0;

oT 1

PM, ~0.108 1
PM, 5 0103 0.994* 1

PM, 52 0103 0983*  0.996* 1

PM; 0094  0957*  0980%  0.992% 1

TC 0075 0.942*  0967*  0981* 0996 * 1

Co ~0298* 0113  —0117  —0126 0142  —0.53 1

NO, Clogy 0BT 0088 0048 0036  —0.008 0010 0575 1
PM, 5 0097  0503*  0.529*  0547*  0554%  0549*  0.167* 0.110 1

oT 0286 0294%  0277%  0272%  0252%  0229%  —0517% —0.450 0.012 1

05 C504  —0218*  0.138 0.125 0.129 0.127 0123  —0577% —0.548 % 0127 0.874% 1

0, C505  —0211%  0.097 0.079 0.082 0.076 0072 —0.563* —0.566 * 0150 0.842% 0954 1
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Table 6. Cont.

. S3 C1069 C504 C505
Pollutant Site
oT PM; PMyg 5 PM, PM;g TC coO NO NO, NOx PMyg 5 oT O3 O3
oT S3 1
PM; —0.285 ** 1
PM; 5 —0.309 *  0.997 ** 1
PMy —0.325*  0.992 ** 0.998 ** 1
PMyy —0.299 **  (0.942 ** 0.954 ** 0.967 ** 1
TC —0.236**  0.897 ** 0.909 ** 0.926 ** 0.986 ** 1
CcO C1069 —0.011 0.154 0.136 0.122 0.066 0.026 1
NO —0.726**  0.281 ** 0.303 ** 0.313 ** 0.271 ** 0.218 * 0.286 ** 1
NO, —0.210 0.231 0.214 0.208 0.169 0.145 0.377 ** 0.542 ** 1
NOy —0.383 ** 0.243 * 0.234 * 0.232 * 0.192 0.145 0.395 ** 0.785 ** 0.893 ** 1
PMy 5 —0.004 0.218 ** 0.207 * 0.196 * 0.151 0.127 0.200 * —0.079 —-0.114 —0.227 * 1
oT —0.069 0.280 ** 0.299 ** 0.312 ** 0.331 ** 0.333 ** —0.371 ** —0.081 —0.038 —0.038 —0.013 1
O3 C504 —0.115 0.259 ** 0.279 ** 0.293 ** 0.312 ** 0.309 ** —0.356 ** —0.052 0.000 —0.001 0.034 0.948 ** 1
O3 C505 —0.046 0.249 ** 0.265 ** 0.275 ** 0.288 ** 0.288 ** —0.360 ** —0.143 —0.086 —0.120 0.066 0.951 ** 0.973 ** 1
. S4 C1069 C504 C505
Pollutant Site
oT PM; PMyg 5 PM, PMjg TC co NO, PMyg 5 oT O3 O3
oT 1
PM; 0.026 1
PM, 5 0.024 0.999 ** 1
PMy 54 0.029 0.995 ** 0.998 ** 1
PMyg 0.095 0.943 ** 0.951 ** 0.966 ** 1
TC 0.151 * 0.890 ** 0.899 ** 0.918 ** 0.983 ** 1
CO —0.154 % 0.339 ** 0.328 ** 0.315 ** 0.269 ** 0.263 ** 1
NO, —0.591 ** 0.113 0.109 0.097 0.010 —0.037 0.670 ** 1
PM, 5 —-0.117 0.547 ** 0.541 ** 0.536 ** 0.498 ** 0.474 ** 0.487 ** 0.310 ** 1
oT 0.196 ** —0.006 —0.002 —0.001 0.017 0.020 —0.409 ** —0.404 ** 0.045 1
O3 C504 0.227 ** 0.212 ** 0.216 ** 0.224 ** 0.262 ** 0.274 ** —0.409 ** —0.469 ** 0.042 0.844 ** 1
O3 C505 0.254 ** 0.372 ** 0.374 ** 0.379 ** 0.405 ** 0.408 ** —0.270 ** —0.441 ** 0.169 ** 0.802 ** 0.943 ** 1

* Correlation is significant at 0.05 level (2 tailed test). ** Correlation is significant at 0.01 level (2 tailed test). OT = Outdoor temperature. O3z = Ozone. NO; = Nitrogen Dioxide.
NO = Nitric Oxide. NOx = Nitrogen Oxides. CO = Carbon Monoxide. TC = Total PM concentration.



Sustainability 2022, 14, 4288

12 of 15

The time series in Figure 4 conveys the patterns for hourly PM species and total mass
concentration fractions (ug/m?) for each sampled site. The dates are labeled appropriately
on each time series to directly portray the temporal variations. The resulting time series
aid in understanding the temporal pattern during the sampled period. Ambient data
were collected by TSI DustTrak Environmental Monitor to express similar results as the
basic hourly statistics listed in Table 4. The time series at S3 had the highest PM; values,
second only to the total mass concentration. During the data collection for 54, the DustTrak
Environmental Monitor collected only two hours of data for the date 6 September 2019 but
was still included in the study.

Boxplot variations of 24 h and hourly average concentrations of PM, 5 (1g/m?) are
devised from the TCEQ C1069 and each of the four studied air sites in Figure 5. Hourly
boxplots were plotted for a more precise representation of every hour during the 7-day
study period. The hourly data were converted into 24 h PM, 5 concentrations and further
compared to the 24 h C1069 data during the duration of each site. The boxplots were
created by R programming software and display the mean, median, maximum, minimum,
interquartile range, and any outliers.

3.2. Coefficient of Divergence Analysis

Ambient exposure to PM; 5 between CAMS site C1069 and each studied air site was
calculated into COD values as shown in Table 5. COD values < 0.20 are identified to have
similar concentrations between the two sites. COD values > 0.20 determine significant
differences in spatial heterogeneity and concentrations between sites. Therefore, according
to Table 5, there are significant differences portrayed between C1069 and S1, S2, S3, and
54 since all the values are > 0.30. The highest COD value is between C1069 and S4
(0.38), the elementary school, indicating a higher level of spatial heterogeneity in pollutant
concentration. The lowest COD value is 0.32 between S2 and C1069. These COD values
suggest that the PM; 5 concentrations typically obtained from central ambient monitoring
sites, such as C1069, may not be an accurate representation of actual exposure at the
neighborhood level.

3.3. Spearman’s Correlation Coefficient Analysis

Spearman’s correlation coefficients were also computed to study the temporal rela-
tionships between the PM species at each of the sites (S1, S2, S3, and 54) and the nearest
respective CAMS sites (C1069, C504, and C505). These correlation coefficients are presented
in Table 6 with * indicating correlations as statistically significant at 0.05 level (two-tailed
test) and ** representing correlation coefficients significant at 0.01 level (two-tailed test).
PM species at S1 and S3 were correlated with CAMS sites parameters: CO, NO, NO,, NOy,
PM; 5, OT, and O3; PM species at S2 and S4 were correlated with the available CAMS sites
parameters of CO, NO,, PM; 5, OT, and Os.

Across the four samples sites, the various PM species were very strongly correlated
with each other with r > 0.942, p < 0.01. This suggests that mining activity is a major
contributor to these PM species concentrations. Additionally, the correlation coefficient
between NO; and the PM species at sites S1 and S2 is negative, thereby suggesting that
there are no common sources for these two pollutant groups. However, for site S3, NO was
weakly correlated at the p < 0.01 level with PM; (r =0.281), PM; 5 (r = 0.303), PMy4 (r = 0.313),
and PM; (r = 0.271), suggesting the role of possible NO emissions from construction and
other mining equipment. Site3 was a residential site with moderate vegetation and located
near a quarry; therefore, it may be posited that some natural biogenic sources along with
combustion fuel emissions from mining machinery near this site could be attributed to NO.

4. Discussion and Conclusions

As per our knowledge, this study is the first of its type to characterize ambient PM
species in the SAR impacted by aggregate and limestone mining. The results confirm
that PM concentrations in the San Antonio counties, i.e., Bexar and Comal, are impacted
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by open-surface mining activities. Primarily, PM; and PM; 5 concentrations are lower in
contrast to PMjg levels. Exposure to high amounts of PM;g components results in short-
and long-term health effects [23,24]. The maximum amount of PM species was found in the
residential compound sampling area in this study. This could be attributed to its proximity
to the open-surface mine.

Spearman’s rho correlation was used to analyze the strong relationships between
PM species in each site. Similarly, COD analysis confirmed the PM spatial heterogeneity
and concentrations measured were different from the TCEQ monitored CAMS site C1069.
Our findings, therefore, accentuate the fact that central ambient monitoring sites at the
intra-urban level are not a true representation of exposure patterns due to PM pollution
generated by anthropogenic activities, such as mining operations.

Many studies characterizing the environmental impact of mining and quarrying activ-
ities have been undertaken throughout the world. A study conducted in Southeast Spain
showed that high ambient levels of PM could be attributed to activities such as mining and
quarrying [25]. Another study by Khademi et al. from Murcia, Spain, suggested the high
environmental and health risk of windblown dust from mining ponds etc. and suggested
remedial measures such as plant vegetation to minimize the mining impacts [5]. A North
Jordanian study documented high levels of PMj, (120-140 ng/ m?3) in urban areas surround-
ing the limestone quarries during the late summer months of July and August [26]. A study
from Taiwan analyzing fugitive dust emissions from gravel processing sites showed that
PM; concentrations ranged from 135 to 550 ug/m3 and PM, 5 concentrations ranged from
105 to 470 ug/ m3 [27]. Findings from these studies and the present research work demon-
strate the importance of taking all the precautions necessary to offset the environmental
and health effects of mining activities.

It is also important to mention some of the limitations of our study. Every site was
sampled for only one week each during late summer. Future studies in this region should
also consider PM sampling during other seasons in addition to extending the sampling
time of the study. Furthermore, our study did not measure any elemental composition of
the various PM species due to pecuniary challenges. Nevertheless, we believe that studies
such as ours are instrumental in addressing the topic of particulate matter air pollution in
semi-urban residential environments.

Finally, based on the results from this research work, we posit that all necessary
precautions should be undertaken to minimize the effects of fugitive dust emissions from
such mining operations in the San Antonio area of Texas, USA. We suggest that the various
stakeholders such as the local county officials, mining personnel, and the affected residents
should conduct a health impact assessment study due to mining activities and formulate
policies that would incorporate the basic principles of sustainable development, thereby
mitigating the deleterious health effects and ameliorating the overall concerns of the
community at large.
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