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Abstract

Wet deposition was collected in Mexico City (MC), Metropolitan Area of Monterrey (MAM) and El
Chico National Park (ECNP), during 2009 and 2010. pH, conductivity, CI-, SO NO;, NHj, Na*, K+,

Caz+* and Mg?* were determined. In M(C, sulphate levels were greater than nitrate levels, and NH4
had mixed sources (vehicular emissions and agriculture activities). MAM had markedly alkaline
atmospheric deposition, Na* and Cl- levels were unexpectedly high, especially during hurricane
“Alex”. Low pH values were found in ECNP and nitrate concentrations were high, suggesting the in-
fluence of a local source (forest fires). Deposition fluxes (Kg-ha-1-yr-1) for N-NO3, N-NH4 and S-S0,
were 1.36, 2.74 and 4.84 for MAM; 7.27, 0.57 and 4.32 for ECNP; and 5.97, 4.96 and 6.78 for MC,
respectively. Nitrogen deposition fluxes in ECNP were high considering that this site is a natural
reserve.
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1. Introduction

Deposition constitutes the final step in the removal process of trace elements from the atmosphere. Wet deposi-
tion has been monitored on a large scale across Europe and North America over the last fifteen years and has
been recognised as a potential source of atmospheric inputs to terrestrial and aquatic ecosystems. In tropical
countries like Mexico, where eco-tourism constitutes an important source of economic resources and where
natural protected areas with great biodiversity are located near polluted cities, there is an increasing concern
about the effects of atmospheric deposition on ecosystems. Although studies in other countries have investigated
atmospheric deposition for several years, in Mexico, only a few studies of wet and throughfall deposition have
been conducted [1]-[8], and studies on dry deposition fluxes and critical loads are scarce. Long-term, systematic
and standardised data collection across the majority of tropical regions has been limited to research on the role
of atmospheric deposition in tropical biogeochemical cycles [9]. Thus, critical loads and potential ecological ef-
fects of deposition in tropical environments remain uncertain; furthermore, deposition patterns and ecosystem
responses may be different from those reported for temperate regions in the mid-latitudes [10]. Mexico does not
have a national network to provide an outline of the main chemical characteristics of atmospheric deposition,
and available data are not uniformly distributed and do not provide a solid basis for interpreting spatial varia-
tions. In response to these concerns, in 2008, the National Institute of Ecology (INE) operated the Mexican At-
mospheric Deposition Network in a preliminary phase, including two urban and industrialised sites and one site
within a natural protected area: Mexico City (MC), Metropolitan Area of Monterrey (MAM) and EI Chico Na-
tional Park (ECNP). This work studies chemical composition of wet deposition in these three sites during 2009
and 2010, discusses its sources and ecological implications.

2. Materials and Methods
2.1. Sampling Sites Description

Mexico City (MC) is considered a megacity of approximately 9 million inhabitants, Metropolitan Area of Mon-
terrey (MAM) is an important urban and industrial region located in the northeast of the country, constituted by
12 cities or municipalities. EI Chico is an important national park located in the forest region of the State of Hi-
dalgo, covering approximately 2739 ha. The specific location and main characteristics of the sampling sites are
shown in Figure 1.
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Figure 1. Location of the sampling sites.
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2.2. Sampling Methodology and Chemical Analysis

Wet deposition samples were collected by one automatic wet/dry deposition sampler (Tisch Environmental Inc.,
TE-78-100 model, USA) [11] at each site. Samples were collected on a daily basis from September 2009 to
April 2010 for MC, from August 2009 to December 2009 for ECNP, and from March 2010 to July 2010 for
MAM. Samples were stored at 4°C until analysis according to the criteria recommended by Galloway and Lik-
ens [12], assuring the stability of the samples for 6 months. Samples with a volume less than 500 ml were dis-
carded to assure a sample volume enough for all the analytical determinations. Wet deposition fluxes for all
elements were estimated considering the collection area and the sampling period. Measurements of pH, conduc-
tivity and volume were conducted immediately on rain samples, before filtration through 0.45-um Teflon mem-
brane filters. pH and conductivity measurements were obtained using a precision pH meter (TERMO ORION
290) and a conductivity meter (CL 135) according to EPA Methods 150.1 and 120.1, respectively [13]. CI,
SOi‘ and NO; were analysed by lon Chromatography (Agilent 1100) using a conductivity detector (Alltech
650) with a 200-ul sample loop according to EPA Method 300.0 modified [14]. NH; was analysed by mo-
lecular absorption spectrometry using the indophenol-blue method [15]. For cation analysis, samples were sub-
mitted to a digestion process carried out in 100 ml Teflon closed flasks (Cole-Parmer) using autoclave equip-
ment. Na*, K*, Ca?* and Mg”* were analysed by Atomic Absorption Spectroscopy (Thermoscientific ice 3000)
with the Flame Technique according to EPA Methods 7770, 7610, 7140, and 7450, respectively [16]. The detec-
tion limits were calculated as three times the standard deviation of six blank samples. Repeatability was deter-
mined by analysis of samples from at least three replicate measurements. The coefficient of variation was 5%
for all of the elements. The quality of the analytical data was checked by a cation-anion balance and by compari-
son of measured conductivity with the conductivity calculated from the concentration of all of the measured ions
and their specific conductivities.

2.3. Meteorological Analysis

Surface meteorological data were collected using portable meteorological stations (Davies Inc.,
http://www.davisnet.com.au/) operating during the entire study period. Wind roses were constructed for each
site using WRPLOT VIEW 6.5.2 [17]. Air-mass backward trajectories were calculated for all days with rain
events. These trajectories were used to trace the origin of the air masses for the studied period. Individual tra-
jectories for each day were estimated 48 h before using HYSPLIT (Hybrid Single Particle Lagrangian Integrated)
from NOAA [18]. From the calculated backward trajectories, it was observed that the prevailing winds came
from the SW and NE for MC, from the SE for MAM and from the NE for ECNP.

3. Results and Discusssion

The annual precipitation varied markedly during 2009 and 2010. During 2009, rainfall patterns at MC were
comparable to those found in ECNP. However, during 2010, the precipitation at MAM was considerably higher
than at MC. MAM had unexpected rainfall in July due to the passing of Hurricane “Alex” and during September
due to the influence of convective activity in the Gulf of Mexico associated with tropical storms.

Mean concentrations, pH and ionic abundance of the principal ions in wet deposition in MC, MAM and
ECNP are shown in Table 1. Galloway et al. [19] and Casimiro et al. [20] proposed 10 uEq-1™" and 2.8 uEq-I™
as the most representative background hemispheric values at remote sites for sulphate and nitrate, respectively.
None of the sites studied here are remote sites, so the nitrate and sulphate levels were higher than these hemis-
pheric values for all sites (Table 1). The nitrate and sulphate levels found in MC and MAM are in agreement
with those reported by other authors for these cities [1], being sulphate levels higher than nitrate. It suggests that
besides local sources, mainly industrial emissions and vehicular traffic in a lesser grade (as a result of environ-
mental policies in matter of S content reduction in fuels), regional sources contributed to the sulphate levels in
rainwater in these sites. In MC, none of the rainwater samples had pH values below 5.6 indicating that rain was
slightly alkaline. Deposition samples in the MAM were markedly alkaline, with rainwater pH values ranging
from 6.2 to 8.2. Since MC and MAM sites are located in the biggest cities in the country, a great variety of pol-
lutant sources are found near each site and it is evident that mixed sources contributed to atmospheric deposition
at both sites and resulted in pH values in the almost-alkaline range.

From Table 1, it can be observed that the pH values in ECNP were low, with a high percentage (92%) of the
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Table 1. Mean values of pH and concentration (uEq:I™%) of chemical components in wet deposition samples.

Site pH Na* K* ca* Mg?*
MC 6.73 613.19 1.041 71.10 9.26
MAM 7.13 582.52 3.54 103.34 72.59
ECNP 471 142.86 7.58 46.21 54.95
Site NH? cr SO~ NO;
MC 267.01 23.96 124.54 85.36
MAM 81.29 56.62 95.98 63.73
ECNP 72.56 140.85 204.51 266.79

MC lonic abundance: SO* > NO; > NH; >Ca®>Cl >Na'>Mg* >K"
MAM lonic abundance: SO> > NO; >Ca?*>Cl >Na"> NH! >Mg*>K"
ECNP lonic abundance: NO; > SO* >Na'>Cl > NH; >Mg®>Ca* >K"

rain samples below pH 5.6. Additionally, nitrate concentrations were greater than sulphate levels and were even
higher than those reported for polluted sites such as Mexico City. At the beginning of this study, the ECNP site
was treated as a control site; it was an interesting discovery that this site was potentially impacted by the high
deposition rate of N; this can be a significant problem for sacred fir forests (the dominant vegetation at this site).
Data obtained and forestry research carried out at this specific site provided evidence that forest fires occur fre-
quently and directly influence the natural reforestation dynamic of the sacred fir forests [21] [22]. During 2009,
Hidalgo State registered a high occurrence of forest fires (311) [23]. Satellite images were consulted for the stu-
died period from the Hazard Mapping System Fire and Smoke Products (NOAA NESDIS HMS) [24] in order to
identify days with fire occurrence. Some images were not available (for November 2009), however, from the
available information, a direct relationship was observed between days with fire occurrence and rainwater sam-
ples with high nitrate levels and low pH values, suggesting that forest fires were the local source of nitrates in
this site (Figure 2).

Although ECNP is an important natural area in the country, it cannot be considered remote because it is lo-
cated at 20, 70 and 120 km from the industrialised cities of Pachuca, Tula and Mexico, respectively. Conse-
quently, this site receives both local emissions as well as inputs of pollutants subjected to transport processes,
resulting in pH values and acid precursor gases concentrations that are different from those expected for natural
sites. Clearly, a local source was strongly influencing nitrate and pH levels. Na* and CI™ concentrations found in
wet deposition for ECNP were high. Several authors have reported that during forest fires also there is an im-
portant primarily emission of K*, Ca®*, NO;, SO?, NH;, CI" and Na* [25]-[27]. Since, ECNP is not a
coastal site, it could explain the relatively high concentrations for Na" and CI™ found.

Ammonium levels found in MC were quite high and probably had their origin in the following sources: in-
dustrial plants, livestock farming, use of fertilisers in surrounding agricultural areas and vehicular emissions.
According to the emissions inventory for Metropolitan Area of Mexico Valley (MAMV) in 2010 [28], industrial
sources, livestock farming, agriculture activities and mobile sources (mainly light duty vehicles) contributed
72.67%, 11.5%, 5.2% and 10.63% to the total NH; emissions (41,845 t-yr %), respectively. The sampling site in
MC is located in Iztapalapa District, at the southeast edge of the city, adjacent to the rural areas of Mexico State.
The prevailing wind direction in this site came from NE, where agriculture constitutes the main activity (Mu-
nicipalities of Chicoloapan and Chimalhuacan), and the use of fertilisers could explain the ammonium levels
that were found. On the other hand, regarding NH3 emissions from mobile sources, Bishop et al. [29] and Huai
et al. [30] reported that NH3 formation can be attributed primarily to reactions that occur within the catalytic
converters, age and operating conditions of the vehicle which play an important role in the formation of NH;3 in
exhaust. It has been found that newest vehicles (15 years or less) usually have higher production rates, after this
peak, the levels begin to decline with age (as the catalytic converters age, they begin to lose their reducing ca-
pacity and production rates decrease). Emissions inventory for MAMYV in 2010 [28] reports that there were 4,
787, 077 light duty vehicles registered (84% corresponded to a vehicular fleet with an age between 1 and 15

years).
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Figure 2. Relation among NOs-concentrations, pH values and forest fire occurrence for ECNP.

In MAM, calcium levels were high, suggesting a significant contribution from sources of crustal material; this
was expected because calcisols are the dominant soil type in the Monterrey area. Sodium and chloride levels in
MAM were high, Some samples were taken before, during and after the passage of Hurricane “Alex” through
Monterrey at the end of June and the beginning of July 2010. Monahan [31] found an abrupt increase of sea
spray droplets when wind speed increases as hurricanes approach the coast; this was also observed by Lindner
and Frysinger [32] and Padilla et al. [3]. This could explain the unexpectedly high levels of sodium and chloride
considering that Monterrey is not a coastal site. This behaviour can be due to this city is frequently subjected to
maritime air masses from the Gulf of Mexico during the summer season. Mean nitrate and sulphate values ob-
tained in MC were typical from a megacity. SO> and NO; levels in MAM are comparable to those obtained
in MC. This is evidence that MAM (the third largest city in Mexico) can be considered as a megacity too, be-
cause of the high fuel consumption from the urbanization and industrialization, and the rapid increase in the ve-
hicular fleet result in high emissions of SO, and NO,, forming high concentrations of acids in this region. Fi-
nally, sulphate and nitrate levels in ECNP were influenced by both, local and regional emissions, being local
contributions more significant than regional.

For MC and MAM, despite high quantities of SO~ and NO; found in rainwater samples, the contribution
of alkaline constituents was evident. This was not the case for ECNP. The mean SO concentrations in rain-
water samples in MC and MAM were higher than NOj, this suggests that there were contributions from both
local and regional sources of sulphate, whereas for NOj, the influence of local sources was evident. The SO’/
NO; ratio is a good marker to indicate the prevalence of acidifying species other than NOj [33]. In this study,
these ratios were calculated from individual data values. SOi’ INO; ratio for MC was close to unity (1.13),
suggesting that both ions contributed to the acidity. On the other hand, SOi‘ contributed to the majority of the
acidity for wet deposition samples in MAM, (SO; /NOj ratio equal to 3.54). NO; levels were higher than
SO;” inECNPand SO; /NOj ratio was very low. The NO; ions prevailed among other acidifying species,
this fact can be attributed to local emissions from forest fires occurring during the sampling period.

To verify which cation neutralised the acidic components more frequently in wet deposition, neutralisation
factors (NF) were estimated. NH, was the major ion contributing to neutralisation in wet deposition at MC,
suggesting that the influence of local mobile sources (considering that 84% of vehicular fleet corresponds to
light duty vehicles) and rural zones (mainly agricultural) of Mexico State via NE winds was significant.

Ca®* and Na* played important roles in the neutralisation process in wet deposition in MAM:; this can be ex-
plained from the crustal composition in the surroundings of this site, where calcisols are the dominant soil type.

O,
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The presence of high quantities of sodium during the passage of Hurricane “Alex” and as a result of the input of
maritime air during the summer seems to be also important in the neutralisation process, resulting in slightly al-
kaline pH values.

Finally, in ECNP, Ca®* was the most important ion in the neutralisation process in the wet deposition. This
suggests that a mixed source emitting alkaline particles contributed to this process; this is expected because
ECNP constitutes a complex mosaic of forested, agricultural and rural ecosystems with diverse land-use histo-
ries and also includes the influence of regional anthropogenic sources as a result of transport process and the in-
fluence of local emissions from the frequent forest fires occurring during the sampling period.

The origin of elements in atmospheric deposition samples can be inferred by correlations between elements,
thus allowing the identification of common sources of atmospheric species, similar removal processes or strong
acid-base relations. Pearson’s correlation analysis (p = 0.001) was applied to test the relationship among ionic
concentrations for each sampling site. The pattern of ion correlation in rainwater samples was similar for MC
and MAM, which is expected considering the similar emissions sources for both urbanized areas.

In MC, SO; and NO; were correlated, suggesting a common source. In addition, NH -SO> and NO;
- NH; were significantly correlated, providing evidence of a strong acid-base relationship between these ion
pairs and suggesting that these ions were deposited as ammonium sulphate and nitrate formed by gas-phase re-
actions of ammonia with sulphuric and nitric acids. During 2010, in MAM, the influence of Hurricane “Alex” at
the end of June and the beginning of July was quite evident from the high correlation coefficient between Na*
and CI". This behaviour was also observed at a lesser scale during the rest of the sampling period, suggesting
that MAM s influenced by marine aerosols during the summer season, when prevailing easterlies increase the
input of maritime air toward this area. However, this behaviour was not observed for other ions commonly pre-
sent in marine aerosol such as SOi’ and Mg?. Ca®* and Mg®* correlated significantly, suggesting that these
ions had the same source, such as soil particles and marine aerosol. Additionally, SOf{ and NO; were high-
ly correlated, suggesting that these ions originated from common sources, probably combustion processes. This
assumption is supported by the high levels of acidifying species and the almost alkaline pH values, as a result of
a strong acid-base relationship between nitrate and sulphate (coming from both local and regional sources) and
basic species originating from local sources. A close correlation between NO;, SO;” and NH] was also
found, suggesting the importance of ammonium in the neutralisation process. In the case of ECNP, a high corre-
lation between Ca®" and K* was observed, indicating that these ions were derived from crustal contributions.
Notably, correlation between SOf{ and NOj, was negligible, suggesting that these ions did not originate
from the same source. This supports the notion that NO; originated from a local source, probably forest fires,
whereas SOi’ probably was transported from regional sources.

From Figure 3, it can be observed that estimated wet deposition fluxes had a high variability among sites.
These differences are expected because the annual average precipitation reported for each site was very differ-
ent; whereas MC and ECNP were characterized by abundant rainfall, in MAM, prevailing anti-cyclonic systems
for most of the year resulted in scarce rains, excepting during the Alex hurricane event.

Wet deposition fluxes for MC during 2010 were not considered because the sampling period did not include
the whole rainy season. These results indicate that wet deposition in the studied sites was influenced by both,
local and regional sources. However, this study did not estimate the relative contribution of each one of these
sources. In MAM the highest fluxes were for S-SO2™ and CI-, whereas S-SO;” and N-NO; had the highest
fluxes in MC and ECNP. Background wet deposition rates for remote tropical areas reported for S and N are 1 -
3 and 0.05 kg-ha >yr?, respectively [34] [35]. Wet fluxes for S-SO,, N-NO;- and N-NH, exceeded these refer-
ence values in all the studied sites.

Fenn et al. (2002) made an historical revision of sulphate: nitrate ratios in wet and throughfall deposition in
the Mexico City Air Basin during 1980’s and 1990’s. They found sulphate: nitrate ratios of 1.8 for Desierto de
los Leones and 2.7 for Zoquiapan, located at SW and SE, respectively during 1990’s. Studies carried out during
1980’s [36] reported an average sulphate: nitrate ratio of 3.9 for urban sites in Mexico City. In this study it was
found a sulphate: nitrate deposition ratio of 1.13 for a site located at the SE of Mexico City. This fact suggests a
downward trend in atmospheric SO, concentrations in Mexico City in the last years as a result of the use of
cleaner fuels since 2005 with a reduced S content (diesel with a maximum S content of 0.05% and gasoline ul-
tra-reduced in S with a maximum S content from 30 to 80 ppm for new vehicles) [36]. For ECNP and MAM,
this ratio was of 0.59 and 3.55, respectively; however there are not available similar historical data for these

sites.
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Figure 3. Wet atmospheric deposition fluxes for MC (September-December
2009), MAM (March-July 2010) and ECNP (August-December 2009).

On the other hand, these results suggest that nitrate concentrations in precipitation have been increased due to
an increase in the vehicular fleet of 36% in the last ten years. Fenn et al. [5] reported annual fluxes in throughfall
deposition for N and S at Desierto de Los Leones of 18.5 and 20.4 kg-ha *-yr , respectively. Nitrogen and Sul-
phur fluxes in wet deposition found in this study in MC (5.97 and 6.78 kg-ha *-yr *) were close to those found
by Fenn et al. [5] in throughfall deposition in Zoquiapan (5.5 and 8.8 kg-ha *-yr %, respectively), a site located at
SE of the Mexico City.

4. Conclusions

The study of wet deposition at three different sites in Mexico provided an outline of the chemical characteristics
and removal processes of deposited pollutants. Nitrate and sulphate levels in wet deposition samples from Mex-
ico City (MC) and Metropolitan Area of Monterrey (MAM) were comparable, and SOi‘ concentrations were
higher than those for NOj3, suggesting that urban and industrial sources (regional and local) influenced the
rainwater chemistry. pH values in both MC and MAM were almost alkaline, indicating that a great variety of
mixed sources contributed to atmospheric deposition in these cities, with emissions of acid rain precursors from
industrial sources and alkaline components from different sources (crustal, agricultural activities and vehicles
with three-way catalytic converters). Nitrate and sulphate levels were strongly correlated, indicating that these
ions had a common source.

In contrast, nitrate levels in EI Chico National Park (ECNP) were high, and pH values were in the acidic range.
Furthermore, SO?{ did not correlate with  NO; suggesting that they originated from different sources. Nitrate
levels were higher than sulphate levels, indicating that local sources contributed a great proportion of the acidity,
including forest fires and controlled fires (used as a forestry management strategy in sacred fir forests) that oc-
curred during the sampling period.

Na* and CI levels in the MAM were high as a result of the passage of Hurricane “Alex”, but these relatively
high levels prevailed even after Hurricane “Alex”, suggesting that in addition, MAM was exposed to maritime
air masses from the Gulf of Mexico during the summer season. This is consistent with the prevailing winds
blowing from southeast during the entire study.

Since data were collected in a short time frame, seasonal and temporal trends were not observed in any of the
three study sites; however the behaviour of NO,, SO and NH; was similar for all sites, providing evi-
dence of a contribution from industrial and vehicular sources, as well as a strong acid-base relationship between
these components. Estimated wet deposition fluxes varied greatly among the sites.

Finally, nitrate and sulphate levels in ECNP were high compared to background hemispheric values reported
for remote sites. ECNP is a complex site due to the influenced of local and regional emissions. As discussed in
Section 3.2, forest fires influenced nitrate levels and pH values. Therefore, this site is potentially impacted by N
deposition.

Specific critical loads in Mexico are scarce and the majority of the studies have been carried out in Mexico

O,



R. M. Ceroén Breton et al.

Valley, mainly in pine forest located at Desierto de los Leones and Ajusco National Park [5] [37]. Therefore, in
order to estimate the potential effects of atmospheric deposition on sensitive ecosystems in these sites, it is nec-
essary to propose critical loads for water, soil and vegetation, and then, to determine if these critical loads values
are currently exceeded.
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