
Vol.: (0123456789)
1 3

Water Air Soil Pollut (2024) 235:443 
https://doi.org/10.1007/s11270-024-07250-x

Temporal Variation and Chemical Composition of Wet 
Atmospheric Deposition From Two Coastal Sites in the Gulf 
of Mexico

Javier Reyes‑Trujeque   · Alberto A. Espinosa   · Rodolfo Sosa‑Echeverría   · 
Ana Luisa Alarcón‑Jiménez   · Pablo Sánchez‑Álvarez   · Jonathan D. W. Kahl 

Received: 15 November 2023 / Accepted: 3 June 2024 / Published online: 19 June 2024 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2024

Abstract  Wet atmospheric deposition (WAD) 
measurements during the cyclic warm and dry peri-
ods in San Francisco de Campeche City (CAM) and 
“La Mancha” (LM), Veracruz-Mexico are presented 
and compared. The behavior of the ionic species in 
WAD periods from 2006 and 2012 are described. 
Data on ion concentrations in WAD samples for 
the study period were analyzed to assess the effects 
of acid precipitation and to determine sources ori-
gin in these heritage cities. During the study the pH 
values averaged were 6.4 and 4.7 for CAM and LM, 

indicating active neutralization of the acidic species 
caused by the alkaline particles due to the high min-
eral content in the region, La Mancha site tends to be 
acidic, due to emissions related to fuels from oil plat-
forms. The evaluation of SO4

2−/NO3
− suggests emis-

sion sources with greater contribution of sulfur over 
nitrogen species and the formation of secondary com-
pounds in both sites. Cluster Analysis (CA), showed 
for the Campeche site a strong correlation between 
Ca2+, K+, from soil origin; and SO4

2−, NO3
−, sug-

gesting vehicular emissions, and NH4
+ associated 

with the burning of crop fields. The CA for “La Man-
cha” site showed that SO4

2−, Ca2+, Mg2+ is related to 
geological material, and a second group consisting of 
NH4

+, NO3
− related to fuel emissions.

Keywords  Gulf of Mexico · Ions Concentrations · 
Neutralization factor · Wet Atmospheric Deposition · 
Air Quality

1  Introduction

Atmospheric pollution is a worldwide problem, in 
particular atmospheric deposition which has gen-
erated considerable interest in various parts of the 
world due to its repercussions on the environment 
and on materials of cultural heritage. Emissions from 
combustion processes impacting air quality and his-
toric monuments include gases such as carbon mon-
oxide (CO), carbon dioxide (CO2), nitrogen oxides 
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(NOx), and sulfur dioxide (SO2), the latter a precur-
sor of black crusts and pathologies in heritage materi-
als, which is often used in studies to explain degrada-
tion mechanisms (Kampa and Castanas, 2008). These 
emissions also have a negative impact on human 
health (Krupińska et al., 2013).

On the other hand, the formation of acid rain is 
caused by the reaction of sulfur and nitrogen oxides 
with atmospheric humidity. Causing pH values lower 
than 5.6, these gases react with water vapor and other 
atmospheric compounds forming strong acids such as 
sulfuric and nitric (Başak and Alagha, 2004). Acid 
rain adversely affects natural ecosystems where it 
causes a decrease in productivity, acidification of 
soils and water bodies as well as the deterioration of 
materials (Singh and Mondal, 2007). These effects 
are perceptible not only in the areas where their pre-
cursors are originated, but can also be observed at 
great distances from emission sources  (Possanzini 
et al., 1988).

Currently, the phenomenon of acid rain represents 
a potential problem that has a direct impact on all 
ecosystems and on the deterioration of materials of 
historical and artistic interest. Emissions of relevant 
pollutants such as SO2, NOX, and NH3 are mostly 
of anthropogenic origin, with industrial activities, 
vehicle emissions and biomass burning as the main 
sources of these components (Gallego et  al., 2012). 
Ions such as NH4

+, NO3
−, and SO4

2− are associ-
ated with negative environmental impacts and health 
problems.

In southeastern Mexico there is little information 
on atmospheric deposition. On the other hand, in San 
Francisco de Campeche (CAM), atmospheric deposi-
tion has been monitored since 2002 to evaluate acid-
ity trends in rainfall samples. CAM is located on the 
west coast of the Yucatan Peninsula, along the Gulf 
of Mexico. It is in the middle of a small valley, lim-
ited to the north and east by small hills with heights 
no greater than 150 m a.s.l. To the west, the Bay of 
Campeche delimits its coastal area. Some of those 
hills are subjected to continuous erosion and con-
struction of residential developments, or are used to 
extract materials for construction. These very aggres-
sive activities disturb the land, causing dust storms, 
especially during the dry season, during which local 
levels of atmospheric aerosols are elevated. During 
the spring, the city is regularly affected by the tradi-
tional burning of local farmland in the region in order 

to prepare crops. Also, numerous natural forest fires 
normally occur during dry periods, something that 
potentially could increase the content of pollutants in 
the atmosphere (Jaina, 2008).

In the nearby Gulf of Mexico, various commer-
cial activities are carried out. These include the 
extraction, processing and distribution of hydro-
carbons, port and maritime industrial facilities, 
fisheries, and tourism (Botello et al., 2014). These 
activities are a potential source of secondary com-
pound precursors that can give rise to the phenom-
enon of acid rain. Due to the economic importance 
of the region, wet atmospheric deposition has been 
studied continuously since 2002 at the station “La 
Mancha”, a reference site located in the state of 
Veracruz along the west coast of the Gulf of Mex-
ico (Sosa et al., 2015, 2018).

Cities with tropical climates, such as CAM, show 
an increasing development over the years, with grow-
ing urbanization, industrialization and development 
of agricultural activities, leading to an increase in 
emissions of gases and aerosol particles. The condi-
tions prevailing in tropical climate zones, such as 
high ultraviolet radiation, temperature and water 
vapor content in the atmosphere, lead to intense pho-
tochemical activity throughout the year, accelerating 
the formation of acidic species in the atmosphere 
(Lacaux et al., 2003).

Apart from the anthropogenic species sulfur 
dioxide (SO2), nitrogen oxides (NOX) and ammo-
nia (NH3), inorganic species generally comprise 
between 25 to 50% of the total mass of particulate 
matter, the most abundant being sulfate, ammo-
nium and nitrate (Gray et  al., 1986). Sulfates 
(SO4

2−) and nitrates (NO3
−) are generated mainly 

by the oxidation of sulfur dioxide (SO2) and nitro-
gen oxides (NOx), respectively, which are associ-
ated with industrial emissions and the burning of 
fossil fuels (Cope, 2004).

Ions such as NH4
+, NO3

− and SO4
2− are present in 

both rainfall and suspended particles, however. It is 
thus necessary to make total measurements, in order 
to evaluate the inputs and outputs of these compo-
nents in different ecosystems, to identify the origin 
of these ions that contribute to atmospheric pollution, 
and to relate emission patterns in different areas (John 
et al., 1990).

This work presents and evaluates results of wet 
atmospheric deposition monitoring from 2006 to 
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2012 at the Campeche and La Mancha sampling 
sites. Sources of pollutants and ionic species are 
investigated and identified. This information is 
expected to enhance studies on air quality in order 
to evaluate natural trends of wet atmospheric 
deposition in this important region of the Gulf of 
Mexico.

2 � Methodology

Sampling was carried out with automatic equipment 
(Model 301, Aerochem Metrics, Inc.) for the col-
lection of wet deposition, using procedures based 
on techniques developed by the Environmental Pro-
tection Agency (USEPA) and the National Atmos-
pheric Deposition Program of the United States of 
America (NADP) (NADP, 2004; US EPA, 2004). The 

equipment was located on the rooftop of the Instituto 
Nacional de Antropología e Historia (INAH) build-
ing (19.84295N, -90.53678W) in the city of San 
Francisco de Campeche (CAM site) Mexico, an area 
characterized by intense economic activity and high 
vehicular traffic. The LM site was located in Veracruz 
in the location “Centro de Investigaciones Costeras 
La Mancha” at the sea´s shore (Fig.  1) (Sosa-Ech-
everría et al., 2018).

The sampling and analysis program implemented 
by the University of Mexico (UNAM) laboratory 
includes quality assurance and quality control plans 
that yield reliable data complying with recommenda-
tions from the US-EPA (US-EPA, 1994), the National 
Atmospheric Deposition Program (NADP, 2014 and 
2017), and the Global Atmosphere Watch Precipita-
tion Chemistry Program of the World Meteorologi-
cal Organization (WMO, 2004). The sampling and 

Fig. 1   Location of CAM 
(Campeche) and LM (“La 
Mancha”) sites in Campe-
che and Veracruz, Mexico



	 Water Air Soil Pollut (2024) 235:443

1 3

443  Page 4 of 19

Vol:. (1234567890)

analysis program were adopted based on experience 
(Sosa-Echeverría et al., 2018; Sosa et al., 2020) and 
recommendations from institutions and recognized 
researchers (Krupa, 2002; Hautman Daniel and 
Munch David, 1997).

Wet deposition samples were collected using 
automatic wet/dry deposition collectors (Aerochem 
Metrics). Each sample was collected in a standard 
high-density polyethylene bucket, transferred to a 
polyethylene bottle (Nalgene©), and refrigerated at 
4  °C for preservation (Hautman Daniel and Munch 
David, 1997). Samples were sent to the UNAM labo-
ratory for chemical analysis. Samples greater than 
1.0  mm in precipitation depth were analyzed. Rain 
samples were filtered through a 0.22  µm Millipore 
membrane (Whatman©) in order to remove particles, 
and all material was washed with deionized water 
before chemical analysis. The pH was measured within 
24 h of the arrival using several pH meters (Corning 
315, Methrom 827, and Orion 960). Sulfate (SO4

2−), 
nitrate (NO3

−), chloride (Cl−), calcium (Ca2+), mag-
nesium (Mg2+), potassium (K+), ammonium (NH4

+), 
and sodium (Na+) were analyzed by Ionic Chroma-
tography (IC). Anions were analyzed with a Perkin 
Elmer equipped with an isocratic LC pump 250 and 
conductivity detector and a Hamilton PRPX-100 ana-
lytical anion column. Cations were analyzed with a 
Waters liquid chromatograph equipped with an iso-
cratic Waters 510 pump and a conductivity detector 
(Waters 432) using a Waters analytical cationic col-
umn. High-purity ion standards were used for calibra-
tion. This identification and quantification of ions was 
based on US.EPA Method 300.1 (Stumm & Morgan, 
1970). Detection limits for all ions in wet atmospheric 
deposition analysis are presented in Table 1. Alkalin-
ity (HCO3

−) was determined using the Gran titration 
method with pH meters (US-EPA, 1991). Electric 
Conductivity (EC) was determined with YSI 32 and 
HORIBA D-424 conductivity instruments.

The quality of analysis of each sample was rou-
tinely validated with ion balance and specific con-
ductance calculations on sampling days. Addition-
ally, regular field blanks were analyzed to guarantee 

the cleanliness of the sampling material, and repli-
cates were analyzed routinely to assure appropriate 
precision and accuracy.

2.1 � Cluster Analysis (CA)

Cluster analysis was used as an exploratory tool 
to determine associations between elements and to 
assist in the identification, by means of a multi-
variate model, of possible sources of origin of the 
measured ions in wet deposition (Karson, 1982). 
A total of 8 variables and 311 samples were used. 
The analysis considered data from 2006 to 2012 
for soluble ions in SFC. For the LM site, 435 sam-
ples with 8 variables were used for the same study 
period. To obtain the dendrograms, the Pearson 
correlation coefficient r and Ward’s method were 
applied, using R software (Maechler et al., 2012).

2.2 � Importance of Atmospheric Transport at the Gulf 
of Mexico Region

Back trajectories to the region of the “La Mancha” 
(LM) sampling site in Veracruz, Mexico, show pre-
dominant transport from the east (open water) dur-
ing the rainy season (Kahl et al., 2007). The region 
to the east of LM shows offshore petroleum opera-
tions as sources of acid rain precursors (Sosa et al., 
2020). The trajectories carried out basically showed 
two patterns related to the season of the year in 
which the rain events occur: northerly winds during 
the dry season and easterly winds during the rainy 
season. The trajectories coming from the north occur 
in winter due to the presence of cold fronts, while 
in summer the east winds predominate, mainly due 
to the influence of the trade winds on the study area 
(Saranova, 2018). Back trajectories from the east 
during the rainy season comes from the Caribbean 
Sea crossing the Yucatan Peninsula and the Gulf of 
Mexico, and onward to the coast of Veracruz. Domi-
nant winds at Campeche and “La Mancha” are from 
the land and the ocean, respectively.

Table 1   Detection Limits 
for wet atmospheric 
deposition analysis

Ion SO4
2− NO3

− Cl− Ca2+ Mg2+ K+ NH4
+ Na+

Detection Limits (µEq·L−1) 2.29 1.77 2.26 2.50 3.29 1.79 2.22 1.74
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3 � Results

3.1 � Precipitation During 2006–2012

A total of 311 rainfall samples were collected from 
2006 to 2012 in the CAM site. It was observed that 
2006 was the year with the highest rainfall which 
annual average 111.5  mm and accumulated rain-
fall of 1339 mm, followed by 2010 and 2012 with 
average value of 107.3 mm and 95.6 mm, and accu-
mulated rainfall of 1291nmm and 1151 mm respec-
tively, 2009 was the year with the lowest rainfall 
with a value of 58.1 mm and accumulated rainfall 
of 698 mm.

A total of 453 rainfall samples were collected 
for the period from 2006 to 2012 in the LM 
site. The site had in 2012 an annual average of 
122.2  mm and accumulated rainfall of 1466  mm, 
the other hand the years with the highest average 
annual rainfall were in 2008 and 2010 with values 
of 106.8  mm y 117.4  mm and accumulated rain-
fall volume were with values of 1282.5  mm and 
1409.1 mm, respectively. 2011 was the year with 
the lowest rainfall with a value of 68.7 mm accu-
mulated rainfall of 824.5 mm. The comparison is 
valid because the devices used, the protocols for 
sample collection are based on the NADP and 
WMO (NADP., 2004; WMO, 2004). The data used 
for comparison correspond to the same period at 
both sites.

3.2 � Variation of pH

The rainfall pH characteristics were analyzed to 
determine the acidity in wet atmospheric deposition 
samples. The pH values were compared between the 
CAM and LM sites. During the study period it can 
be observed that the pH behavior in CAM tends to 
be not acid, with average values of 6.3 (Fig. 2). Rain-
fall (wet deposition) is considered acidic if the pH 
is less than the reference value of 5.6 (Charlson and 
Rodhe, 1982). The observed alkalinity in wet depo-
sition at CAM is probably due to the neutralization 
exerted by alkaline particles on the samples, presum-
ably due to the presence of carbonates and silicates 
that are endemic minerals in the region. The pH value 
recorded during rainfall events ranged from 4.5 to 8.4 
for the study period, and a trend towards alkaline lev-
els was observed during all years for Campeche site 
(Fig. 2). The mean pH value was 6.58 which is above 
the widely accepted background rainfall value of 5.6 
(Charlson and Rodhe, 1982).

As mentioned earlier, the CAM site is influenced 
by winds typically blowing from land toward the sea, 
supporting the hypothesis that the alkaline character 
in the CAM samples is due to dust contributions from 
soil at the sampling site. For example, Reyes et  al. 
(2011), reported that Ca2+ from the alkaline soils of 
the Yucatan Peninsula is transported by wind and 
incorporated into rain drops, contributing to the neu-
tralization of acidic compounds. Topcu et  al. (2002) 
similarly reported alkaline pH values due to high cal-
cium (CaCO3) loading from alkaline.

Fig. 2   pH values during wet deposition events at CAM (Campeche) and LM (“La Mancha”) site from 2006 to 2012. The red line 
indicates the widely accepted background rainfall value of 5.6
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On the other hand, the pH values for the LM site 
show an acidic character during the same study period 
(Fig. 2). The site is influenced by winds coming from 
the sea containing contaminants from the oil plat-
forms of the “Sonda de Campeche”. Back trajectories 
showed transport to LM sampling site from the East 
during rainy season (June–October) with 80% of pre-
cipitation events showing this same pattern. During 
the dry season (November–May), containing 20% of 
the precipitations events, back trajectories come from 
the North-East, as described by Sosa et  al., 2020. 
Other studies conducted on the coast of Campeche 
and in the Caribbean region of the Yucatan Peninsula 
have also reported acidic values of precipitation pH. 
In San Antonio Cárdenas [Cerón et al., 2006] pH val-
ues of 4.6 were observed, with the acidity in the site 
due to the activity of a nearby gas plant. Other sites in 
the Caribbean region such as Puerto Morelos (Bravo 
et al., 2000) and Isla del Carmen [Cerón et al., 2006] 
reported pH values of 5.3 y 5.8, respectively; due to 
commercial and tourist activities that predominate in 
these sites.

3.3 � Chemical Composition of Rainwater

Table  2 describes the ionic concentrations of rain-
water at the CAM site. The most abundant ions were 
found in the following order: Cl− >​ Na+  ​> Ca2+ ​ ​> ​
SO​4​

2− > M​g​2+​ >​ ​​NO​3​
−​ > NH​4+  > K+ > H+. The high 

levels of Cl− and Na+ are most li​kel​y d​ue to the con-
tribution of sea salt because CAM site is located on 
the coast of the Gulf of Mexico. The proximity of the 
coast to the sampling site (700 m) favors high levels 
of Cl− and Na+ ions due to the presence of marine 
aerosols. In this sense, the concentration of NaCl in 
the region’s atmosphere depends not only on the dis-
tance to the coast, but also on the occurrence of sea-
sonal meteorological phenomena such as winter cold 
fronts and tropical storms in the fall season, which 
contribute to the entrainment of moisture and marine 
aerosols from coastal areas (Corvo et al., 2010).

The presence of Ca2+ is related to the type of soil 
that predominates in the southeast of Mexico, due to 
the high content of minerals such as carbonates and 
silicates that are endemically found in the Yucatan 
Peninsula. Mg2+ and K+ ions during the study period 
are observed to have similar concentrations, which 
suggests that they have a common source and a likely 
geological origin or marine aerosol. Ta
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On the other hand, the contribution of SO4
2− and 

NO3
− must be related to some anthropogenic activ-

ity. The climatic conditions of the region favor the 
formation of secondary compounds due to high lev-
els of solar radiation and temperature. Combined with 
a large vehicle fleet in Campeche city, the presence 
of these ionic species at the site suggests emissions 
related to vehicular traffic.

Table  3 shows the levels of ionic species at the 
LM site. The most abundant ions were: Cl− >​ Na+  ​
>​ S​O4​​

2​− ​> ​N​O​3​
−​ >​ NH4

+​  > Ca2+​​ ​ > Mg2+  > K > H
+: the high levels of chlorine and sodium are due to 
the fact that LM is located on the shores of the Gulf 
of Mexico and are influenced by sea salts. The pres-
ence of SO4

2−, NO3
− ions suggests contributions due 

to activities carried out in the Campeche sounding by 
the oil platforms, and by the wind currents that carry 
oil industry emissions from sea to land in the region 
[Sosa et al., 2020]. For the LM site, the presence of 
ionic species as Ca2+, Mg2+, and K+ must be associ-
ated with soil-related sources.

3.4 � Ion Concentration Trends

The variation in the ionic composition of wet atmos-
pheric deposition samples between CAM and LM 
sites helps to explain the significant differences in the 
pH values and the high values species ions as Ca2+, 
NH4

+, SO4
2− and NO3

− determined for these two 
sites.

Ca2+ ion concentrations (Fig. 3) are higher at the 
CAM site compared to the LM site. The average Ca2+ 
concentration was 40.41 μeq·L−1, with maximum and 
minimum values of 133.5 μeq·L−1 and 10.23 μeq·L−1, 
respectively. The high Ca2+ levels at CAM site indi-
cate a contribution of dust coming from the soil, due 
to minerals with high carbonate content, which is 
endemic to the region. An analysis of wind trajecto-
ries in Campeche revealed that during the rainy sea-
son winds arrive mainly from the southeast (Kahl 
and Saunders, 2012), suggesting that winds cross the 
Yucatan peninsula carrying dust with high mineral 
content and impacting the CAM site.

For the LM site, an average concentration of 8.25 
μeq·L−1 was determined, with maximum and mini-
mum values of 35.53 μeq·L−1 and 2.78 μeq·L−1, 
respectively. The statistical test indicates significant 
differences between Ca2+ levels at the two sites, with Ta
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higher levels in Campeche influencing the atmos-
pheric deposition of the site.

The average NH4
+ concentration at the CAM site 

(Fig. 4) was 7.27 μeq·L−1, with maximum and mini-
mum values of 34.33 μeq·L−1 and 1.12 μeq·L−1, 
respectively. At the LM site, the average concentra-
tion was 8.68 μeq·L−1 with maximum and minimum 
values of 37.73 μeq·L−1 and 2.22 μeq·L−1, respec-
tively. Major sources of ammonia are known to be 
natural or fertilized soils, excrements of human and 
animals, and wood burning. Ammonium (NH4

+) 
thus originates mainly from agricultural sources, 
including animal manure and fertilized soil, inten-
sive agriculture and livestock (Galloway & Cowl-
ing, 2002; Walker, et  al., 2019). Intensive agri-
cultural activities predominate in both sites in the 

region, along with a contribution from forest fires 
during the dry season (Jaina, 2008) and marine aer-
osol (Walker, et al., 2019).

The average SO4
2− concentration (Fig.  5) at the 

CAM site was 13.92 μeq·L−1. The maximum and 
minimum values at CAM were: 46.13 μeq·L−1 and 
2.12 μeq·L−1. The highest values at the CAM site 
were in 2006, 2007, 2009; with average concen-
trations of 15.78 μeq·L−1, 16.38 μeq·L−1 and 18.8. 
μeq·L−1, respectively. The concentration of SO4

2− at 
LM site was 14.54 μeq·L−1 with maxima and min-
ima of 54.59 μeq·L−1 and 5.83 μeq·L−1, respec-
tively. The years where the highest values were pre-
sented were: 2007, 2008 and 2009, with values of 
15.54 μeq·L−1, 15.81 μeq·L−1and 16.38 μeq·L−1.

Fig. 3   Mean concentrations of Ca2+ ionic species for CAM and LM sites

Fig. 4   Mean concentrations of NH4
+ ionic species for CAM and LM sites
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The SO4
2− values at the CAM and LM sites are 

similar, however the CAM site is influenced by 
dust contributions and activities related to the burn-
ing of agricultural fields and activities related to 
vehicular traffic, the latter should directly influence 
SO4

2− levels. In recent years CAM has experienced 
urban growth and in the last decade the city increased 
its population. In addition, there has been a signifi-
cant increase in the number of motor vehicles that cir-
culate on a daily, with a vehicles number of 353 for 
1000 habitats (SEMARNAT, 2018). With respect to 
the LM site, it is influenced by oil platforms in the 
Sonda de Campeche.

On the other hand, if we compare SO4
2− emis-

sions in this study with data reported by the NADP 
(National Atmospheric Deposition Program), sulfate 

emissions are higher, for example stations in Florida 
report on average concentrations of 18 μeq·L−1 (Sosa 
et al., 2020; Villaseñor et al., 2003), being these lower 
compared to sites in Mexico, it is likely that the dif-
ferences are due to the fact that in Mexico the sulfur 
content in fuels is 4% by weight (CFE, 2016), the 
excessive vehicle fleet, the activities related to the 
burning of biomass and forest fires at the site, may be 
influencing the high sulfur content in the atmospheric 
deposition.

The average NO3
− concentration (Fig.  6) at the 

CAM site was 8.87 μeq·L−1, with maximum and min-
imum values of 28.71 μeq·L−1 and 2.11 μeq·L−1. The 
years with the highest NO3

− levels were 2007, 2009 
and 2011 with values of 9.98 μeq·L−1, 9.65 μeq·L−1 
and 10.47 μeq·L−1, respectively. It can be observed 

Fig. 5   Mean concentrations of SO4
2− ionic species for CAM and LM sites

Fig. 6   Mean concentrations of NO3
− ionic species for CAM and LM sites
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that the concentrations for NO3
− ion are very similar 

during the study period, suggesting that they come 
from a common source. The average NO3

− concen-
tration at the LM site was 10.59 μeq·L−1 with maxi-
mum values of 46.15 μeq·L−1 and minimum values 
of 5.83 μeq·L−1. The years with the highest concen-
trations were 2006, 2007 and 2008; with values of 
11.26 μeq·L−1, 12.51 μeq·L−1 and 15.99 μeq·L−1, 
respectively. The origin of this environmental prob-
lem derives from the increase in emissions of reactive 
N (Nr), both in its oxidized form (N oxides, NOx), 
mainly associated with increased consumption of fos-
sil fuels and increased agriculture and livestock (Gal-
loway et al., 2004), also combustion processes at high 
temperatures and in the generation of electric power, 
its importance lies in the participation as a precursor 
of photochemical smog (SEDEMA, 2016).

3.5 � SO4
2− /NO3

− Ratio

The SO4
2− /NO3

− ratio is an indicator used to evalu-
ate whether there is a reduction in SO2 and NOx 
emissions, since these primary atmospheric pollut-
ants directly influence SO4

2− and NO3
− ion concen-

trations in the atmosphere. Ratios greater than 1 indi-
cate a major importance of the sulfur compounds as 
acid rain precursors and emissions come from anthro-
pogenic sources and are related to activities involving 
the use of fuels. In the United States, this ratio has 
been applied to assess the effects of emission regu-
lations on SO4

2− and NO3
− in acidic wet deposition 

(Lehmann et al., 2015).

In Fig. 7, the results of the SO4
2−/NO3

− ratios for 
each of the years in this study are shown. The results 
show that the average value of this ratio at CAM was 
1.36, behaving similarly during the study period, sug-
gesting that the presence of these ions is related to 
anthropogenic activities, and is probably due to emis-
sions from motor vehicles. The years with the high-
est SO4

2− /NO3
− levels in CAM site were 2009, 2010 

and 2011 with values of 1.92, 1.62 and 1.29, respec-
tively. The sulfate ion in Campeche has a decreasing 
trend during the last 3 years of this study. Finally, the 
results of the SO4

2−/NO3
− ratio indicate that there is 

an important source of sulfur compound emissions in 
Campeche.

The SO4
2−/NO3

− ratio at the LM site was 1.74 
on average for the study period and is major com-
pared to the CAM site. The years with the highest 
SO4

2−/NO3
− levels in LM site were 2009, 2011 and 

2012 with values of 2.03, 2.25 and 1.87, respectively. 
The SO4

2−/NO3
− ratio at the LM site indicates the 

importance of the sources of sulfur compound emis-
sions in Mexico in the southeastern part of the coun-
try, which is influenced by the marine winds coming 
from the “Sonda de Campeche” where the PEMEX 
oil platforms are located and which are carried 
towards the coast by the prevailing easterly winds. On 
the other hand, in Mexico, 60% of NOx emissions are 
anthropogenic, with transportation, electricity genera-
tion power and other industrial processes being the 
main contributors. (CFE, 2016).

Among the most important results are the high val-
ues of the SO4

2− /NO3
− ratio associated with the LM 

Fig. 7   SO4
2− /NO3

− ratio (as equivalents) for CAM and LM sites during period of studied
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site located in the State of Veracruz, which suggests 
a strong influence of emissions derived from sulfur 
compounds due to anthropogenic activities in the wet 
atmospheric deposition in southeastern Mexico.

3.6 � NH4
+/NO3

− Ratio

The ratio of NH4
+ to NO3

− in wet atmospheric depo-
sition is an essential indicator of atmospheric chem-
istry, reflecting the partitioning of emission sources 
(Du et  al., 2014), and is also important regarding 
the environmental impacts of nitrogen deposition. 
There is evidence for differential effects of reduced 
and oxidized nitrogen deposition on vegetation inde-
pendent of nitrogen load (Van den Berg et al., 2016). 
NH4

+ deposition appears to be more effective than 
NO3

− deposition in decreasing biodiversity and is 
more harmful to vegetation (Erisman et al., 2007).

In Fig.  8, the results of the NH4
+/NO3

− ratio for 
the study sites are presented. The average value at the 
CAM site was 0.82, with maximum and minimum 
values of 1.42 and 0.52, respectively. The years with 
the highest values were 2006 with 0.85, 2010 with 
1.42 and 201 with 0.93; for the remaining years it 
behaved similarly. It is likely that high values of this 
quotient are due to emissions related to fertilizers or 
livestock waste due to the burning of crop fields dur-
ing the dry season to prepare for planting and animal 
grazing (Jaina, 2008). NH4

+ emissions are likely due 
to livestock activities and fertilizer use (CFE, 2016). 
The LM site recorded average values of 0.75, with 
maximum and minimum values of 1.06 and 0.7, 

respectively. The years with the highest values were 
2007, 2008 and 2011, with average values of 1.01, 
0.90 and 1.1, respectively.

3.7 � Acidity Neutralization on Rainwater

3.7.1 � Fractional Acidity
Another way to evaluate the relationship between 
acidic and neutralizing species in rainwater is the use 
of Fractional Acidity (FA):

According to Kaya and Tuncel (1997) and Balasu-
bramanian et  al. (2001), if the rainwater’s acidity is 
caused by strong acids like H2SO4 and HNO3 and it 
is not alkalinized at all, the FA should exhibit values 
close to one, while if the values are far from unity, it 
can be said that the inorganic acidity is neutralized.

Table  4 and 5 shows the variation of the frac-
tional acidity obtained from in the precipitation 
samples from each of the sampling sites. The FA 
at the CAM site (Table  4) shows an average value 
of 0.13, ranging from 0.032 to 0.391, indicating 
that the 60% to 96% of the inorganic acidity of the 
precipitation is neutralized. Several studies have 
shown that the acidity of rainfall is directly related 
to H2SO4 and HNO3, while acid neutralization 
occurs in the presence of NH3 and CaCO3 (Top-
çuet al., 2002, Ramírez et  al. 2010). This suggests 
that in southeastern Mexico species such as H2SO4 

(1)FA =
H

+

[

SO
2−
4

]

+
[

NO
−
3

]

Fig. 8   NH4
+/NO3

− ratio for CAM and LM site, during the period of studied
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and HNO3 can be neutralized by the abundance of 
CaCO3 in the soils of the region and/or by the pres-
ence of atmospheric particles with Ca2+ and Mg2+ 
content (Balasubramanian et  al., 2001). At LM 
site, the FA (Table  5) averages 0.72, with a range 
of 0.431 to 0.809, suggesting that the 19% to 57% 
of the inorganic rainfall acidity has been neutralized 
in Veracruz. This indicates that the main acid ions 
controlling the acidity of precipitation are sulfate 
and nitrate (Huang et  al., 2008) and that they are 
related to the emissions from “Sonda de Campeche” 
as explained in previous sections. This behavior is 
mainly due to the high concentration of H+ ions at 
the LM site, which is 10 times higher than at the 
CAM site, as shown in Tables 2 and 3, suggesting 
that the Veracruz coastal zone favors the formation 
of compounds such as H2SO4 and HNO3 due to the 
relative abundance of H+ ions at the LM site.

3.7.2 � Neutralization Factor

In order to assess the neutralizing capacity of alkaline 
species such as NH3 and CaCO3, the neutralization 
factor (NF) was determined for each cation and were 
calculated for all major cations (Eq. 2) to assess the 

neutralization capacity of precipitation (Chang et al., 
2017; Zhang et al., 2007).

where [Xi] is the concentration of the alkaline com-
ponent (Ca2+, NH4

+, Mg2+, Na+, K+). The NF, which 
involves the concentrations of acids and bases that 
are present for wet and dry atmospheric deposition, 
(Balasubramanian et  al., 2001; Rodhe et  al., 2002; 
Moreda-Piñeiro et al., 2014; Sosa et al., 2015).

The NF results are shown in Tables  4 and 5 for 
CAM and LM sites, respectively. Values greater 
than unity are the indicators of higher neutralization 
capacity (Chang et al., 2017).

The NF results indicate that NH4
+, Ca2+ and Na+ 

have the highest neutralizing potential, with an aver-
age NF value of 0.46, 0.30 and 0.29, respectively. The 
Na+ ion is the species that participates the most in 
the neutralization with an average value of 4.7 with 
a range of 2.15 to 5.64 for the years of study. On the 
other hand, the calcium ion must also be contributing 
to the neutralization of rainwater since it presented an 
average of 3.03 with a range of 1.35 to 4.10 during 
the same period. Note that this species participates 
significantly in the behavior of wet deposition at the 

(2)NF
xi
=

[X
i
]

[

SO
2−
4

]

+
[

NO
−
3

]

Table 4   Neutralization 
factor (NF) and Fractional 
Acidity (FA) for the study 
period at CAM site

year NF Na
+ NF NH4

+ NF K+ NF Mg
2+ NF Ca

2+ FA H
+

(SO2−
4
+NO−

3
+Cl−)

2006 4.80 1.06 0.95 0.79 2.84 0.39 0.031
2007 2.81 0.21 0.21 0.22 1.35 0.06 0.017
2008 2.76 0.29 0.31 0.32 2.03 0.16 0.041
2009 4.73 0.04 0.20 0.44 2.41 0.03 0.005
2010 5.35 0.19 0.54 1.01 2.58 0.04 0.004
2011 5.64 0.20 0.62 0.43 2.87 0.04 0.010
2012 2.15 0.41 0.30 0.19 4.10 0.07 0.031

Table 5   Neutralization 
factor (NF) and Fractional 
Acidity (FA) for the study 
period at LM site

year NF Na
+ NF NH4

+ NF K+ NF Mg
2+ NF Ca

2+ FA H
+

(SO2−
4
+NO−

3
+Cl−)

2006 2.25 0.38 0.26 0.42 0.37 0.49 0.152
2007 3.59 0.48 0.31 0.19 0.54 0.77 0.220
2008 1.61 0.46 1.28 0.34 0.46 0.50 0.193
2009 3.10 0.31 0.17 0.42 0.26 0.81 0.303
2010 2.90 0.44 0.23 0.46 0.41 0.66 0.241
2011 3.44 0.44 0.24 0.38 0.31 0.43 0.159
2012 2.81 2.24 0.37 0.55 0.23 0.67 0.198
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CAM site, influencing the pH behavior and generat-
ing a non-acid character to the atmospheric deposition 
samples. It is likely that this neutralization (by Ca2+) 
occurs at cloud level, while below cloud level neutral-
ization occurs due to ammonia and SO2 adsorption 
with suspended particles containing Ca2+ and Mg2+ 
(Balasubramanian et  al., 2001). Also the concentra-
tion of H+ ion reflects the acidity of raindrops after 
the neutralization process by Ca2+ and NH4

+ (Chate 
and Devara, 2009).

These values can be explained by the geographi-
cal characteristics of the sampling sites, since the ele-
vated concentrations of NH4

+ indicate air of marine 
origin transported from the Southeast Gulf of Mex-
ico, while the significant calcium concentrations may 
be due to the dissolution of calcareous rocks from 
the neighboring mountainous regions. The contri-
bution of Mg2+ and K+ to the neutralization process 
was minimal. In general, the results showed that 
alkaline species have a remarkable effect on acidic 
compounds.

Table  5 shows the NF values for the LM site, 
where the ionic species that mostly participate in the 
neutralization in the atmospheric reservoir are Na+, 
with an average value of 3.28 and a range of 1.61 to 
3.59, and Ca2+ with an average of 3.03 and a range 
of 1.35 to 4.10. These ions participate strongly in 

the neutralization of rainwater, being marine aero-
sols and particles containing principally calcium ions 
(geological material). The difference in this behavior 
is mainly due to the fact that in the area of the LM, 
emissions from the oil platforms in the Campeche 
Sound are causing an acidic character in the wet 
atmospheric deposition samples, mainly due to sul-
fur-related compounds and nitrogen oxides.

3.8 � The Neutralizing and Acidic Potential (NP/AP) 
in Rainwater

Another useful indicator to estimate the chemical 
nature of the rainwater is the ratio of Acidic Poten-
tial (AP) to Neutralization Potential (NP) (Roy et al., 
2016). The AP is represented by the sum of the non-
sea salt SO4

2− and NO3
− (nssSO4

2−  + NO3
−), while 

the NP is the value of non-sea salt Ca2+ and NH 
4
+(nssCa2+  + NH4

+). The ratio AP/NP is defined in 
Eq. 3:

Tables  6 and 7 show the average annual values 
of the AP/NP ratio for the study period at both sites 
in order to evaluate differences in neutralization 

(3)
AP

NP
=

nssSO
2−
4

+ NO
−
3

nssCa
2+ + NH

+
4

Table 6   Neutralization 
potential and percentage 
contribution of non-marine 
salts at CAM site

year %nssK+ %nssMg2+ %nssCa2+ %nssCl− %nssSO4
2− AP/NP

2006 15.00 -0.07 31.48 5.36 10.95 0.31
2007 11.48 1.85 47.30 -0.97 26.32 0.54
2008 4.47 0.29 34.56 9.91 8.14 0.44
2009 2.31 -10.60 67.35 -6.71 13.26 1.26
2010 6.19 13.31 53.48 105.83 4.62 0.24
2011 10.22 -8.21 67.30 -101.30 9.98 0.51
2012 5.43 -0.68 58.77 6.70 8.60 0.41

Table 7   Neutralization 
potential and percentage 
contribution of non-marine 
salts at LM site

year %nssK+ %nssMg2+ %nssCa2+ %nssCl− %nssSO4
2− AP/NP

2006 73.50 33.55 67.89 0.74 70.19 2.20
2007 -14.39 -45.34 85.48 1.75 55.60 1.15
2008 84.61 28.25 89.11 -108.11 31.91 0.74
2009 47.70 -21.02 65.64 -491.43 25.54 1.51
2010 18.26 -92.02 66.44 -252.44 44.21 2.74
2011 60.21 -15.33 66.41 -38.08 60.80 2.01
2012 65.38 -29.30 61.79 -7.62 73.95 2.17
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capacity. Furthermore, the AP can be used as an 
indicator to identify pollution sources due to human 
activities, while the NP can be used as an index to 
demonstrate the effect of air masses of continental 
origin, as suggested by Fujita et  al. (2000) and Wu 
et al., (2016).

The AP/NP at the CAM site showed an average 
value of 0.61, with maximum value of 1.3 in 2009 and 
minimum values of 0.24 in 2010. The AP/NP ratio at 
the CAM site indicates that the acidity was neutral-
ized and only in 2009 was a high acidity present with 
a value of 1.26. The neutralization at the CAM site 
is influenced by the high concentrations of carbon-
ates that predominate in the Yucatan Peninsula, as 
previously discussed. At the LM site the AP/NP ratio 
averaged 2.07, with a maximum of 2.74 in 2010 and a 
minimum of 0.74 in 2008. This indicates a high acidi-
fying potential at the LM site., providing additional 
evidence for the influence of emissions from petro-
leum activities in the “Sonda de Campeche”.

3.8.1 � Marine Contribution

In order to categorize chemical constituents of rain-
water into natural and anthropogenic sources, we cal-
culated sea and non-sea salt contributions of the spe-
cies like SO4

2−, Mg2+, Ca2+, and K+ by the following 
equation assuming Na+ as the reference element for 
sea water (Keresztesi, et al., 2020):

Here ss-X and nss-X are the sea-salt and non-sea 
salt fractions of the desired component X, Na+ sea is 

(4)%ss − X = 100

(5)nss − X = X
tot

− (ss − X)

the standard ratio of the component X to Na+ in sea 
water and X tot is the total concentration of X in rain-
water. The contribution of non-sea salt (NSS) ions 
was calculated for both sites of the ions SO4

2−, Mg2+, 
Ca2+, and K+, according to the procedure established 
by Kumar et  al. (2006). The results (Table  6) show 
that the average contribution of NSS in SO4

2− and K+ 
was 13.4% and 9.1% respectively, suggesting that the 
presence of these ions is due to crustal origin. The 
result of the NSS for Ca2+ was 54.7%, suggesting that 
hat the contribution of this ion is from sea salt and 
soil; and in the case of Mg2+ and Cl−, the NSS value 
suggesting that the contribution of this ion is from sea 
salt.

The results of non-sea salt contributions for the 
LM site (Table  7) show an average contribution of 
NSS SO4

2− of 60.3%, suggesting that the presence of 
this ion is due to anthropogenic activities related to 
“Sonda de Campeche” emissions. The NSS for Ca2+ 
was 83.91% suggesting a crustal origin, and the NSS 
for K+ was 55.8%, suggesting that the contribution of 
this ion is from sea salt and soil. The NSS values for 
the ions Mg2+ and Cl− suggest a contribution from 
sea salt.

3.9 � Cluster Analysis (CA)

The CA for the CAM site (Fig.  9a) shows the pres-
ence of 3 well-defined groups. The first group is com-
posed of ions SO4

2−, Ca2+, and NO3
− which may be 

related to geological material but mainly unpaved and 
asphalt roads. The presence of SO4

2− in this compo-
nent must be related to fuel burning and vehicular 
traffic due to the presence of S. The second group 
is made up of Cl−, Na+, and Mg2+ ions, suggesting 
a contribution due to marine aerosols (sea salt). The 

Fig. 9   Dendrogram 
obtained by applying the 
Cluster Analysis to of CAM 
site (a) and LM site (b)
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third group shows an association between the ions K+ 
and NH4

+, indicating ammonium emissions related 
to livestock activities and the use of fertilizers (CFE, 
2016). The K+ in this group must be related to the 
burning of crop fields in livestock activities (Espinosa 
et  al., 2019; Galloway & Cowling, 2002; Galloway 
et al., 2008).

The CA for the LM site (Fig. 9b) shows the pres-
ence of 3 groups with correlations between the 
groups. It can be observed that one group is com-
posed of the ions SO4

2−, Ca2+, and Mg2+, presumably 
related to resuspended dust mainly due to unpaved 
and asphalt roads. The second group consists of the 
ions Cl− and Na+ and is due to the contribution of 
marine aerosols (sea salt). The third group shows an 
association between the ions K+, NH4

+ and NO3
−. 

The latter two ions originate mainly from intensive 
agriculture and livestock and the burning of fossil 
fuels, respectively (Galloway & Cowling, 2002; Gal-
loway et al., 2008). The K+ ion must be related to the 
burning of crop fields because K is used as a smoke 
tracer (Espinosa et al., 2019; Miranda et al., 2004).

4 � Conclusions

The results of this study show that the acid rain phe-
nomenon is not observed in Campeche during the 
period from 2006 to 2012. The pH values indicate 
alkaline levels during the six years of data studied. 
The presence of soil particles and high content of 
minerals such as carbonates in the region is influenc-
ing the non-acid character of the atmospheric depo-
sition at the site. On the other hand, the “La Man-
cha” site shows pH values lower than 5.3 indicating 
a tendency of acid character during the period. This 
behavior is influenced by various industrial and com-
mercial activities, in the region, mainly by emissions 
related to oil activities in the “Sonda de Campeche” 
that are transported to the coast of Veracruz, Mexico.

The alkaline character of the Campeche (CAM) 
site is influenced by wind trajectories coming from 
the Caribbean, which cross the Yucatan Peninsula to 
Gulf of Mexico, suggesting that carbonate-contain-
ing dust that is endemic to southeastern Mexico has 
a strong influence on the precipitation chemistry. On 
the other hand, the wind trajectories that crossing the 
Gulf of Mexico and carry the emissions from the oil 
platforms of Sonda Campeche, which are transported 

to the coasts of Veracruz by the effect of the sea 
breeze.

An analysis of wind trajectories in Campeche 
revealed that during the rainy season winds arrive 
mainly from the southeast (Kahl and Saunders, 2012), 
suggesting that winds cross the Yucatan peninsula 
carrying dust with high mineral content and impact-
ing the CAM site.

At the CAM site, high levels of Cl−, Ca2+ and 
SO4

2− ions were observed, suggesting that the site is 
influenced by marine aerosols and geological material 
endemic to the Yucatan Peninsula. The Ca2+ content 
in Campeche is higher than the values recorded in at 
the “La Mancha” site, suggesting that resuspended 
geological material contributes significantly to the 
non-acidic behavior in the wet atmospheric deposi-
tion at CAM and is neutralizing the acidic species. 
Also, high levels of SO4

2− were observed at this site, 
related to fuel burning, commercial activities and gar-
bage burning on the street. At La Mancha high levels 
of SO4

2− and NO3
− were detected. The presence of 

these ions is related to commercial activities in the 
region, as well as emissions from the oil platforms 
in the Sonda de Campeche. This provides a strong 
motivation to continue monitoring ionic species at La 
Mancha and CAM site to evaluate wet atmospheric 
deposition trends in the region.

The SO4
2− /NO3

− ratio for the CAM site showed 
an average value of 1.36, behaving similarly during 
the study period, further suggesting that these ions 
are of anthropogenic origin, probably associated 
with motor vehicles and commercial activities. The 
SO4

2− /NO3
− ratio at the LM site was 2.52, two times 

higher that at the CAM site, indicating the importance 
of the sulfur emissions sources in southeastern of 
Mexico, particularly those coming from the “Sonda 
de Campeche” and related activities associated with 
the petroleum industry along the coast of the Gulf of 
Mexico.

The FA revealed the contribution of acidic sub-
stances in the LM site, and neutralizing compounds 
reducing the acidity of precipitation at the CAM site. 
At LM, precipitation acidity is produced by the ionic 
species SO4

2− and NO3
−, with sulfur-derived com-

pounds having a greater impact on precipitation acid-
ity than nitric acid. Emissions originating from oil 
activities in the “Sonda de Campeche “ were deter-
mined to be the main factors in the formation of acid 
rain in the LM region. Acidifying agents at the CAM 
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site originate mainly from agricultural activities, 
including vehicular emissions, which are neutralized 
by suspended particles containing high mineral con-
tent such as carbonates.

The cluster analysis showed an important correla-
tion in both sites between Cl− and Na+, indicating the 
importance of marine aerosols. However, high levels 
of SO4

−2 and NO3
− were also found. At CAM these 

were due to the circulation of automotive vehicle and 
motorcycle taxis emissions. At LM the high levels of 
SO4

2− and NO3
− are due to emissions from oil plat-

forms. On the other hand, a significant presence of 
elements was observed, such as Mg2+, K+, Ca2+, that 
are associated with a geological origin.

4.1 � Recommendations

Expanding the sampling sites along the coasts of 
Mexico will allow us to generate relevant information 
on the behavior of the wet atmospheric deposition 
in the Gulf of Mexico and its effects on ecosystems. 
Evaluate sulfate and nitrate emissions in the Gulf of 
Mexico and those generated by the use of fuels on the 
coasts of Campeche and Veracruz to determine criti-
cal loads for air and soil quality studies. Work with 
government authorities to use the results generated 
from wet atmospheric deposition studies to update the 
Gulf of Mexico emissions inventory and collaborate 
with NADP researchers to compare data to identify 
possible effects of acid rain.
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