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ABSTRACT

Most of South America lacks studies on rainwater composition. The present study evaluates
rainwater composition and bulk deposition inside Barcarena power station, located at the mouth
of the Tocantins River with Amazon River in Brazil. In 2012, 24-h rainwater samples were
collected inside the ELETRONORTE power plant (n=93), and pH, EC, cations and anions were
analyzed. In order of abundance, the rainwater ions were Na*>Cl™>S0;%>Ca**>K">F >
Mg*? > NHZ-N > NO3-N. pH values ranged from 4.5 to 6.9, with 17 events with pH <5.6 and 5
events with pH < 5.0. Sodium and CI™ were the dominant ions with sea salt as main contribution.
Acidity, enrichment factors and principal component analysis (PCA) indicate that F~, SOz2 and
NO3-N in the rainwater came from anthropogenic sources. Fluoride correlated strongly (>0.85)
with Ca*? and Mg*?, likely originated from same source in the aluminum production chain.
Potassium originated from a mixture of anthropogenic and natural sources, with a good
correlation (>0.70) with NO3-N and NHj-N, indicating biomass burning and fertilizer origins. In
2012, Barcarena total bulk deposition ranged from 14,070 to 17,890 mg m~2y~" with significant
contributions of SO472 (2,385 to 2,851 mgm™—y "), F~ (419 to 479 mgm2y~") and NO3-N
(128 to 280 mg m~2y™"). EC values (4 to 254 uS cm™) indicated a medium site pollution severity
(> 175 pS cm™"), which increased the risk of damage to electrical components.
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Highlights

o Chemical characterization of Barcarena, PA/Brazil rainwater in 2012 events.

» Apportionment sources of ionic rainwater content evaluated by acidity fraction, enrichment
factors and principal component analysis.

o Anthropic fluoride, sulfate and nitrate local deposition values were compared with other regional
data.

* Maintenance procedure recommendations under identified atmospheric deposition.

1. Introduction

Rainwater is the most effective scavenging factor that
cleans the air. For this reason, rainwater studies can be
used to help understand local and regional pollutant dis-
persion [1]. Many places worldwide have continuous

long-term rainwater monitoring records that allow the
identification of changing trends. However, most South
America countries have no continuous or available data
on the geochemical composition of rainwater or ion
deposition rates. Studies on deposition rates close to
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industrial parks and urban areas demand yearlong con-
tinuous sample collection.

In urban and industrial scenarios, dust particles
coming from several sources (natural and anthropo-
genic) increase the atmospheric ion content. Aerosols
generated through processes such as gas to particulate
conversion in industrial emissions, wind erosion of sedi-
ments and soils, and the production of large quantities of
organic and inorganic smoke particles from fires can mix
with natural marine aerosols and volcanic emissions [2].
Due to elevated rainwater ion contents, several urban
coastal industrial areas worldwide experience high fre-
guencies of electrical component failure. In a study per-
formed on the island of Crete, Pylarinos et al. [3] linked
the failure of open-air high voltage insulators to environ-
mental conditions, especially air pollution. Environ-
mental data from France, Germany, Poland and Algeria
reveal that high-voltage insulator failure is related to
industrial air contamination trends (dust, SO, NO,,
acidity and rainwater conductivity) [4]. Airborne particu-
late matter and ionic compounds after condensation
(rainout) and precipitation (washout) directly affect insu-
lator sets. Due to this observation, insulators are con-
sidered the typical failing components. A conductive
film commonly forms on insulators due to sources of
humidity, which, when the ion content is sufficiently
high, leads to current leakage. The formation of a
saline band favors discharges and flashover conditions.
Therefore, urban and industrial air pollutants directly
threaten electrical components.

In the North Region of Brazil, the Tucurui Dam hydro-
power station is responsible for a yearly production of
8,700 MW, which corresponds to 10% of Brazil's electrical
power demand. The Barcarena power station is con-
nected to a total of 328 km of transmission lines and
has a distribution capacity of 325 kWh [5]. In 1985,
managed by Centrais Elétricas do Norte do Brasil S.A.
(ELETRONORTE), the Tucurui Dam hydropower station
started operation. Since Tucurui was connected to the
Vila do Conde power station, several power-intensive
industries, fertilizer manufacturers and ore mineral pro-
cessing companies developed in Barcarena. In 2016, Bar-
carena was the 13 most populated and the 5™ highest
gross domestic product (GDP) city in Para state [6]. The
GDP position is related to a busy harbour and a variety
of industrial activities located in Barcarena. According
to dos Santos [7], Barcarena currently has a yearly
installed capacity of 3,452 MW that is supplied to 2.6
million inhabitants [6].

In 1995, the largest alumina refinery in the world
started operation in Barcarena 4.7 km far from the
present study collection site. After three expansions, the
alumina production reached a value of approximately 6

million metric ton (t), which is then processed in smelters
around the world [8]. In 2016, this production facility was
Brazil's second largest, with a yearly primary aluminum
production of 460,000 t [8]. Although atmospheric emis-
sions are regulated and limited, the aluminum company
declared a total worldwide fluoride emission to air of
507 tin 2012 [9]. However, no clear statement is available
about atmospheric fluoride emissions in Barcarena during
the operational years.

Following the expansion of the industrial centre, the
ELETRONORTE maintenance team observed insulator cor-
rosion, electrical component failure and vegetation
damage that could be linked to precipitation and atmos-
pheric events. No previous study has identified the source
of the frequent failure events in Barcarena. Many influen-
tial aspects in the present study have strictly local charac-
teristics due to the industrial surroundings. However, the
Barcarena rainwater chemical composition, ion deposition
rates and enrichment factors were not available until now.
These relevant parameters are required to understand
atmospheric scavenging and to improve preventive main-
tenance of electrical components.

Conducted in 2012 inside the ELETRONORTE power
station, the present study primarily seeks to identify
the major ions in Barcarena rainwater and the deposition
rates of these ions. This information will help to improve
transmission  line  maintenance and economic
performance.

2. Material and methods
2.1. Study area

Rainwater samples were collected in a single site, in the
area inside ELETRONORTE power station located at Bar-
carena (1°34'17” S and 48°44’2” W). Barcarena is
located in Ponta Grossa, in eastern Para, at the conflu-
ence of the large Tocantins and Guama Rivers [10], as
shown in Figure 1. The Atlantic Ocean is 142 km north-
east of the collection site.

Barcarena County covers an area of 1,310 km? and has
118,537 inhabitants [6]. The climate of Barcarena is typi-
cally tropical, hot, and wet with an average temperature
of 26.9+0.8°C and a total annual rainfall of 2,532 mm.
The temperature amplitude is quite narrow, and the
humidity is over 90%. The majority of the precipitation
occurs from December to June, during the rainy or
winter season, and March features the largest monthly
precipitation amount, with a historical average rainfall of
387 mm from 1961 to 1990 [11]. The often-called dry
season extends from July to November, and November
features the lowest monthly precipitation, (<80 mm).
The monthly precipitation average is 211 mm [11].
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Figure 1. Geographic location of the sampling site.

According to SATYAMURTY et al., Amazonic Basin
humidity sources are located in the South and North
Atlantic, in the so-called Intertropical Convergence
Zone (ICZ) [12]. The ICZ transports the humidity that
feeds the Amazonic Basin from east to west all year
long. The precipitation recycled by evapotranspiration
is estimated to be approximately 33% in the rainy
season, with smaller values in the dry season.

The predominant wind direction shifts from north-
west to northeast during the nighttime and from north-
east to northwest during the daytime. There are no
heavy traffic roads nearby, and the roads with the heavi-
est traffic are BR-010, located 85 km northeast of the col-
lection site, and PA-151 and its connections, located
southeast of the collection site. Regionally, Barcarena
County is located on the Amazon plain and is bounded
by Marajo and Guajara Bays to the north, Moju and Abae-
tetuba Counties to the south, Acara and Guajara Bays to
the east, and the Tocantins River and Marajo Bay to the
west [13], as presented in Figure 1.

2.2. Rainwater sampling and analysis

From January 2012 to January 2013, at the single collec-
tion site (see Figure 1), a total 93 rainwater events were
collected for this study. A minimum volume of 5mL
was required. Each event corresponded to 24 h bulk

N
1°43'30"S

T T = T
48°38'30"W 48°33'0"W 48°27'30"W

pluvial samples collected from 10am to 10am to the
next day as recommended by the World Meteorological
Organization — WMO [14]. Polypropylene bottles and
funnels were used as sample collection sets. Ultrapurified
water (18 MQ, Milli-Q, Millipore) was used to rinse and
clean all samplers prior to each collection. During every
collection, the sampler was placed 5 m above local
ground level, which is 15 m above sea level. The collec-
tion area, i.e. the funnel area, was 0.0165 m2. This value
was later used in the deposition calculation.

By this procedure, both dry and wet deposition
samples were collected together and reported as bulk
sample collection [14]. The total sample volume was
measured, and the samples were cooled and sent to
the laboratory weekly. The registered volume values
were used later to calculate the volume-weighted
mean (VWM) ion concentration. This type of calculation
is required [14,15] to correct for the individual precipi-
tation volume, which differs among all events and
affects individual ion concentrations.

At the laboratory, all samples were filtered through a
0.45 um membrane. Field and filtration blanks were
treated the same as samples. Physical and chemical
parameters, such as pH [16], conductivity (EC) [17], and
concentrations of cations (Na*, K, Ca*2, Mg*?, NHJ)
[18] and anions (F~, CI~, NO3. SOz°, POZ3) [19], were
measured.
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For the samples, pH was measured with a potenti-
ometer (QUIMIS, Q400-A) calibrated with pH 4.00 and
7.00 standard buffer solutions (VETEC). Bicarbonate and
H* were not directly measured but accounted as per
pH basis, as recommended by the Canadian government
in Alberta [20]. Conductivity was measured with a con-
ductivity cell (DIGIMED, DM-32), which was calibrated
with 1,413 uScm™' (Hanna Instruments, model HI7031).
A dual-channel ICS5000 ion chromatographer (DIONEX
Corp.) with a simultaneous electrochemical auto-regen-
erative suppression conductivity detector was used in
the anion and cation analysis. Methanesulfonic acid
(20 mm) was the cation separation eluent in the isocratic
elution, and potassium hydroxide (5-40 mm for 30 min)
was the gradient anion separation eluent. The method
quantification limits varied from 1 to 5 peq L™ among
quantified compounds and from 6 to 9peqlL™" for
non-detected species. Gradient elution for anions was
required to achieve fluoride separation from acetate,
formate and propionate, which were present in the
bulk samples.

2.3. Analysis quality control

All chromatographic analysis included a daily blank,
duplicate runs and three levels of standard quality
control verification. A deviation of no more than 2%
from the expected concentration was allowed.
Monthly, the laboratory performed a full calibration,
where variation of no more than 5% was found for all
cations and anions over 12 months. The results were con-
verted to S| units by using DIONEX standard solutions
and standard weights. The laboratory participates regu-
larly in interlaboratory exercises for pH, cation and
anion measurements with satisfactory results for all
measured parameters [21]. Data quality control followed
WMO recommendation concerning laboratory data ver-
ification, reporting, ionic balance and acceptance criteria
of £60%, +30%, +15% and +10% acceptable ion differ-
ences for samples with anion and cation sums of
<50 ueqL™", >50 to <100peql™', >100 to
<500 peq L™" and >500 peq L™, respectively [14].

2.4. Statistical data treatment

The programme PAST (Paleontological Statistics version
3.14 from the Natural History Museum of Oslo University)
was used to perform statistical treatments on all the data
in order to evaluate the origins of the major ions [22].
Multivariate data analysis was performed on a matrix
with 93 cases or events and 14 variables or parameters.
Principal component analysis (PCA) was used to identify
and to group parameters that explain the matrix

variability. However, monthly and seasonal evaluations
were adopted to present and discuss other data treat-
ments (sections 3.1-3.6). The effects of asymmetric rain-
fall distribution are minimized due to tropical conditions
(intense and frequent precipitation events of <100 mm
per month), so we adopt the monthly and seasonal dis-
cussion according to VAREJAO-SILVA [23]. Several
authors adopted similar models, such as HU, BALASU-
BRAMAIAN, WU and XIAO [24,25].

2.5. Fractional acidity, ion to ion ratios and
enrichment factor

In this work, rainwater capacity of acidity neutralization
was estimated as fractional acidity (FA) [25], presented
in equation 1.

FA = [H"]/(INO3 1 + [SO; Inss 1)

where

[H'] is the hydronium concentration calculated from
pH

[NO3] is the nitrate concentration in the rainwater

[SOZ°Inss is the non-sea salt sulfate concentration in
the rainwater

When FA is close to 1, the rainwater acidity is con-
sidered to be generated by SO;2 and NO3.

Neutralization factors (NFs) were also calculated on
the basis of equation 2.

NFx = [X]/(INO3 1+ [SOZZ]NSS 2

where [X] is the ion of interest.

The ratios of major ions to sodium and to calcium in Bar-
carena rainwater, as well as enrichment factors (EFs), were
calculated. Often, an EF is used to identify possible rain-
water ion sources, especially to determine whether anion
and cation species came from sea salt, from continental
crust or from anthropogenic origins [24,25]. Several
researchers [24-28] have used this approach to clarify the
sources that contribute rainwater ion species. In this work,
Na* was considered the reference element for seawater
and was assumed to be of purely marine origin, while
Ca?* was assumed to be a proxy for rocks and represented
the reference element for continental crust and soil.

The EFs were calculated as presented in equations 3
and 4 [24,25].

EF (seawaten) = [X]/[Na+](rainwater)/[X]/[Na+](seawater) 3)

EI:(crust) = [X]/[Caz+](rainwater)/[X]/[Capr](crust) (4)

where [x] is the chemical component of interest in pg L™’
either in rainwater or in seawater;

[Na*]ainwaten) i sodium in pg L™" present in the rain-
water in this study.



[Ca®*](rainwaten IS calcium in ug L™" present in the rain-
water in this study.

[Na*](scawaten) is the sodium reference concentration in
ug L' in seawater.

[Ca®*(crusy) is the calcium reference in ug L™ in crustal
components.

The sea salt factor (SSF), crustal factor (CF) and anthro-
pogenic factor (AF) were calculated with equations 5, 6
and 7 [24-28].

%SSF = 100-[X]/[Na+](seawater)/[X]/[Na+](rainwater) (5)
(6)

7)

%CF = 100.[x]/[Ca* " |(crusy /[X]/[Ca* L ainwaten)
%AF = 100 — (%SSF + %CF)

The amount of sodium in samples was also used as a
marine tracer that enabled us to distinguish between the
sulfate fraction from sea spray (SS) and that from non-sea
salt sources (NSS) [29,30] as per equation 8.

[SO; *Inss = [SOj *Jrotal — 0.12041 x [Na™] (8)

where [SO3%)io1al is the total sulfate concentration;
[SOZ°Inss is the non-sea salt sulfate concentration;
[Na*] is the sodium concentration in the sample;
and the ratio between the concentrations of SO;2 and
Na* (in peq L") in seawater is 0.12041.

2.6. Bulk deposition

Bulk deposition (in mg m? day™') was obtained by mul-
tiplying the compound VWM concentration in the
samples [X] in mg L' by the rainfall in L day™"', which
is calculated based on the volume of rainwater collected
over an area of 0.0165 m?. Bulk precipitation was chosen
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over wet-only and dry deposition. Wet-only deposition is
considered to approximately represent long-term trends,
as stated by LAJTHA et al,, but is prone to underestima-
tion of cation inputs in dusty areas and commonly
yields lower total inputs [4]. On the other hand, dry-
only deposition was considered not compatible with
the local rainy, high-humidity tropical climate. Therefore,
bulk precipitation was considered the most suitable for
performing the source apportionment.

The collected samples and all corresponding data
should be considered local, according to the WMO
classification, due the collection site’s short distance to
cities, roads and industrial complexes. In this work, bulk
precipitation needs to be associated with a WMO
warning that an unknown amount of dry matter due to
dry weather deposition could be involved [14]. Both
maximum and minimum bulk deposition values were
separately calculated. The maximum deposition (mg
m~2y~") was calculated considering annual precipitation
depth and precipitation weighted mean for all validated
events. The minimum deposition was calculated consid-
ering all individual daily precipitation events relative to
all validated and non-null events [14,20]. The difference
between the maximum and minimum deposition
values is derived from the data completeness that
should accompany the data for further comparison (see
section 3.8).

3. Results
3.1. Rain quantity

Figure 2 presents monthly rainfall during the sampling
period compared with Barcarena historical average

Jun

Jul  Aug Sep Oct Nov Dec Jan-
500 323 138 206 66 133 330 184
155 116 126 145 115 118 203 386

Figure 2. Monthly rainfall and monthly precipitation events from January 2012 to January 2013.
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rainfall from 1961 to 1990 and the monthly number of
precipitation events. In this work, a 24-hour collection
interval in which more than 5 mL of rain was collected
was considered one single precipitation event. The
highest number of precipitation events was observed
during March (n =15), followed by July (11) and Febru-
ary, April, and June (10). The lowest number of precipi-
tation events occurred in November (2), August (2),
October (3) and January 2012 (4). The monthly average
and yearly total rainfall during the study period were
278 mm and 3,404 mm respectively. The yearly total is
approximately 500 mm over the historical annual
average of 2,900 mm [11] in the study area. However,
this high precipitation value is compatible with the
region’s hot and wet tropical climate and to decennial
historical records. In June, July, September and Decem-
ber 2012, the measured precipitation exceeded historical
values (Figure 2). In contrast, in January, May and
October 2012 and January 2013, the precipitation was
below the historical average. The precipitation in Febru-
ary, March, April, August and November 2012 was similar
to the expected historical average. High monthly
averages were observed in 2012 from February to July.
Overall, precipitation during these months corresponded
to 68.9% of the yearly total rainfall measured in this
study. The dry season was relatively short from August
to November 2012, with the next rainy season starting
in December 2012. Short dry seasons can lead to lower
dust occurrence as well as lower ion concentrations.
Future concentration comparisons must consider seaso-
nal changes or refer directly to yearly bulk deposition
values to overcome seasonal influences.

6.40

6.20

pH

5.80
5.60

5.40

Jan-12° Feb Mar Apr May Jun
=pH 586 586 581 565 570 594
Cond (uS/cm) 24 29 36 22 23 12

Figure 3. pH and conductivity VWM in Barcarena rainwater.
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3.2. pH and conductivity

The rainwater pH values ranged from 4.52 to 6.96, and
the EC values varied from 4 to 254 pS cm™' (n=93).
Monthly pH and conductivity VWM values are presented
in Figure 3. During the year, pH showed a slight variation
(SD=0.41). Only 17 events presented values lower than
5.6, which is the usual reference pH value for rainwater
in undisturbed equilibrium with atmospheric CO,. In
rainwater samples with pH > 5.6, no significant effects
from NO,, SO, or other acidic species were observed.
Low conductivity values were observed during the wet
season, showing the atmosphere cleaning process and
dilution effect that are usually observed during this
period. The EC values were highest in August, October
and December 2012, as months correspond to the dry
season. No statistically significant difference was
observed in pH and CE values between the rainy
season (58+04 and 22+19uScm™') and the dry
season (59+0.4 and 35+20uScm™'), with annual
average values of 5.9+0.4 and 15+ 15 uScm™' for pH
and conductivity, respectively, as presented in Table 1.
Considering rainwater samples with pH<5.6,
increases of approximately 45% in SOz2, F~, NHZ and
NO3-N, and increases of 20%-37% in Na*, Mg*?, Ca™
and CI™ were observed in these samples relative to all
sample data. Low pH values (<5.0) were observed in
only 5 events. Among these low-pH events, SO;
increased significantly (over 200%) relative to the
whole sample set. In the same 5 events, the remaining
ions, such as F~, NO3-N, Na*, Mg*? and CI7, increased
by its values in a range from 79% up to 115%. These
issues are discussed further with EFs and source

80
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H 50
40
38
29 30
22
20
13 13

10

0

1

Jul Aug Set Oct Nov Dec Jan-13
573 620 565 6.16 6.43 6.08 6.11
13 38 29 52 13 76 22
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Table 1. Annual VWM of pH, EC (uS cm™"), H*, major cation and anion concentrations and totals (peq L™").

Parameter VWM sd max min Arithmetic mean sd max Min
pH 59 04 7.0 5.1 59 0.4 7.0 5.1
EC 15 15 88 2.1 29 34 254 4

H* 12 0.4 6.4 0.0 1.2 0.4 2.5 0.4
Na* 58 68 352 5 129 213 1367 <5*
NHZ 8 24 166 <3* 16 41 267 <3*
K* 12 58 50 <3* 18 42 245 <3*
MgJ'2 9 16 80 <1* 20 42 244 <1*
Ca™? 29 30 120 <2* 56 87 663 <2*
F~ 11 17 115 <1* 24 39 250 <1*
- 47 49 243 7 94 151 1062 3

NO3N 6 9 33 <3* 10 20 165 <3*
SOZ2 39 43 236 <1* 72 96 569 <1*
5072 nss 34 38 207 0 63 84 501 0

HCO3 49 59 28.6 0.1 5.0 1.9 133 2.0
Sum anion 104 13 684 7 193 233 1740 3

Sum cation 110 114 668 5 218 293 2330 1

*Quantification limit.
**Sum anions includes bicarbonate values obtained by equilibrium data [20].

apportionment. No alkaline values were observed in any
of the 93 monitored events.

3.3. Major ion contents

The annual VWM concentrations of the major anions (ueq
L™") in rainwater from January 2012 to January 2013 are
presented in Table 1. An arithmetic mean concentration
that is higher than the median indicates asymmetry in
the frequency distribution due to higher concentration
values. The VWM was smaller than the arithmetic mean,
as usually observed in rainwater samples. The adoption
of VWM values corrects any skewed values due to lower
or higher precipitation events, as described by Xiao [25].
No contents of Li*, Br, NO3-N and POzP above the
quantification limits were detected in Barcarena rainwater
6, 9, 9 and 0.5 peq L™, respectively). Among the 93
events, 10 were considered outliers according to the

300

250

y =0.6758x + 14.655
R?*=0.834

200

150

Sum anions

100

50

100 150

ionic balance criteria of the WMO and excluded from
the data set [14]. These outliers could indicate unnoticed
contamination by pollen, insects or microorganisms or
indeed rainwater disturbances caused by isolated anthro-
pogenic sources. An odd frequency of 8 of the 10 outliers
occurred on Tuesdays and Fridays from January to July.
Hence, external event interference could be to blame
and requires further elucidation (see supplementary
material).

Despite the unaccounted anions, the data presented a
good balance between anions and cations, where
> anions/ )" cations = 0.6758 , indicating that the
major ions have been well measured (see Figure 4).
The majority of events had concentrations below
150 peq L™" for cations (60%) and anions (65%). No
more than 6 events were above 300 peq L™ for both
cations and anions. These high concentration events
could contribute to degradation of insulators, metallic

200 250 300 400

Sum cations

Figure 4. Total cations against total anions, in peq. L™".
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Figure 5. Annual cation and anion VWM concentrations (peq L™') in Barcarena rainwater.

pins and ceramic surfaces [31]. Elevated EC values in rain
and fog increases insulator surface contamination and
decreases flashover voltage [32].

The one-year cation and anion sum VWM =+ sd values
were 110+ 114 peq L™" and 104+ 113 peq L™, respect-
ively, with large dispersion around the average, indicat-
ing considerable variation in the ion content. These
values were compatible with the wet-only long-term
average ion concentrations in countries like Spain,
Russia, France, Sweden and Switzerland after 1990 and
the Clean Air Act Amendments and were much lower
than values found in the Netherland, Great Britain,
Poland, Norway, Germany and Austria, [4].

In order of annual VWM abundance, the ions in Barcar-
ena rainwater in decreasing order were Na* > CI~ > SO32
>Ca™®>K"'>F > NH} >Mg*"?>NO3-N, as presented in
Figure 5. Chloride (47 peq L™") and sulfate (39 peq L™")
were the most abundant anions and were present in
100% of precipitation events. The most abundant
cations by VWM were sodium (58 peq L™') and calcium
(29 peq L™"). Both cations were present in 100% of
events (see Figure 5).

Potassium, Mg*2 and NH were less frequent, occur-
ring in 61%, 46% and 14% of events, respectively, with
VWM values of 12 ueqL™", 9peqL™" and 8peqlL™",
respectively. Among the cations, Na*, Ca*?, Mg*? and
K* (base cations) can originate from sea salt, dust,
biomass burning, industrial emissions, particulate
matter from road and off-road dust and vehicle emis-
sions [32]. Calcium is considered as a proxy for basic par-
ticles that neutralize acidity [4] and is considered to have
a crustal origin. In this study, the base cation sum, includ-
ing NH3-N, showed a negative correlation with precipi-
tation, as is common in rainwater events.

The third most abundant anion after CI~ and SO3% was
fluoride, with a VWM of 11 peq L™". The fluoride concen-
tration was over 26 peq L™' in more than 28% of events,
over 52 peq L™" in 5% of events and over 5 ueq L™ in
approximately 80% of all events. Fluoride is often
related to anthropogenic activities, such as primary
aluminum production; fertilizer production [33]; coal
combustion; and the production of bricks, tiles, cement,
ceramics and glass from materials with high fluoride con-
tents [25]. However, no fluoride was found in rainwater
from a coal-fired power plant in Brazil [34] or in two
other ecosystems in the northeastern Brazilian Amazon
(Amapa State) [35].

The fluoride concentrations found in this study were
within the same range as those reported near a fluoride-
producing chemical plant in Germany [36]. In 2010 and
2011, Poland Wielkopolski National Park [36], located
12 km from a phosphate fertilizer and a hydrofluoric
and sulfuric acid manufacturing plant had similar values
as those observed in Barcarena. WALNA et al. [33] linked
the high fluoride values found in Poland to emissions
from the chemical plants near the sampling sites.

The fluoride VWM in Barcarena (11 peq L™") was lower
than values reported in Xi'an, China (29 peq L™"). As an
area highly influenced by fossil fuel combustion and
natural soil-derived dust [25], Xi'an is expected to have
rainwater with higher fluoride values, especially
because a greater rainwater volume falls in the Barcarena
area. However, at Barcarena, the maximum fluoride value
(115 peq L™ was greater than the maximum value
observed in Xi‘an (60 peq L™"). This high value in Barcar-
ena should serve as a warning.

In Barcarena, NO3-N and NH}-N VWM values of 6 and
8 peq L™, respectively, were close to values reported in
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Figure 6. Ternary plots of major ion concentrations (ueq L™") in rainy and dry seasons.

other remote sites in tropical forests (<7 peq L™") [371.
Despite the similar VWM values of NO3-N and NHj;-N,
NH;-N reached values as high as 166 peq L™', whereas
NO3-N only reached values of 33 peq L™". In southern
Brazil, such high values were reported only near indus-
trial [38], intensive agricultural and/or urban areas (<7
to 35 peq L™"). Both species, NO3-N and NHj-N, were
below the quantification limits (2 peql™ and
3 ueqL™") in 51% and 76% of the precipitation events,
respectively. In the study site, nitrogen species could
be related to agricultural soil preparation with fertilizers
and biomass burning, which is common in this region,
in addition to the continuous sea salt contributions
throughout the whole year.

3.4. Ternary plot

Figure 6 shows ternary plots of major ion concentrations
in Barcarena rainwater in the dry and rainy seasons. The
predominant hydrochemical facies in the rainwater were
Na*+K* and CI™+5032, with chemical proprieties domi-
nated by the seawater contribution and its correspond-
ing dilution line. The ternary plot in Figure 6.b shows
the monthly averages. In June and July (dry season),
the water samples incorporated Ca*® and SOz2, with
no carbonate contribution.

3.5. Temporal trends in ion content

The temporal distribution of major ions is presented in
Figure 7. Sodium and chloride concentrations show a
high significant concentration in August and October
2012 (Figure 7(a)). From August to November 2012, for
most ions, the highest concentration was associated

with the lowest precipitation period. This behaviour indi-
cates that the ions were later incorporated into the rain
instead of having the same rainwater origin [26]. The
monthly concentrations of Ca*?, K*, Mg*? and NHZ-N
are presented in Figure 7(b). From January to July
2012, a similar trend was identified in K" and NHZ-N.
Calcium and Mg*™? also presented the same trend
throughout the whole year with the exception of
August 2012 (Figure 7(c)). Figure 7(c) presents the
behaviours of SO;%s, F~, NO3-N, HCO3 and SOz%ss.
As expected, SO;°ss correlates with CI™.

3.6. Fraction acidity, ion to ion ratios and
enrichment factors

Several authors [24,25,27] presented SO‘I2 and NO3-N
free anions as the primary acidity source. Therefore, in
this work, SOz2nss and NO3-N were compared with
H*. If all SO;%\ss and NO3-N were in free acid forms,
the VWM would have been 45 peq L', and the precipi-
tation pH would have been 4.7 instead of the measured
value of 5.8. This pH difference indicates that the pre-
cipitation experienced some neutralization and that
the components were partially converted to salt. In
Barcarena rainwater, the neutralization was mostly per-
formed by cations such as Ca*?, Mg*?, K* and NHj-N.
The average FA was 0.08 for the whole collection
period, with 90%-95% of acidic species neutralized.
Only 15 precipitation events had less than 70%
neutralization.

Considering basic species, the NF values for Ca*?,
Mg*?, NHi-N and K' were 16, 08, 04 and 0.2,
respectively. In the dry season, crustal components are
usually responsible for larger neutralization. Indeed, in
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Barcarena, the NF values for Ca*?, Mg*? and NH}-N were
greater during the dry season than during the rainy
season. The NF for K* remained constant, which suggests
a different source.

In Barcarena, the NO3-N/SO3? ratio ranged from 0.045
(dry season) to 0.185 (rainy season). These low values
indicate that most acidity comes from sulfuric acid
(82%-95%) instead of nitric acid. A similar NO3-N/SO3>
ratio was reported close to a coal fired power plant in Fil-
gueira, RS, Brazil (0.189) [26]. Urban centres, with

AGO SEP OUT NOV DEZ JAN

and monthly major ion distributions in Barcarena rainwater (peq L™").

vehicular sources, have higher ratio values, such as
those found in Juiz de Fora, MG (8.33), and in Rio de
Janeiro (0.383) [26]. In most cases, SO, and NO, have a
common anthropogenic source, and the ratios are not
expected to exhibit significant seasonal variation [37].
However, microorganisms can rapidly remove NO3
during high-luminosity periods, reducing the NO3-N/
SO3? ratio during the dry season.

The ratios of Barcarena rainwater ions to Na* and to
Ca*™ and the EFs are presented in Table 2. When an
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Table 2. Rainwater components and EFs with respect to seawater and crustal composition.

Rainwater Ratio* EFscawater*
Seawater Ratio* Whole period Dry season Rainy season Whole period Dry season Rainy season %SSF
SO4/Na 0.125 1.06 0.64 1.24 9 10 5 1"
Cl/Na 1.167 1.071 1.148 1.037 0.92 0.89 0.99 ~1
Ca/Na 0.044 0.904 1.132 0.803 21 18 26 5
Mg/Na 0.2253 0.400 0.615 0.305 1.8 14 2.7 56
K/Na 0.022 0.164 0.073 0.205 75 9.4 34 13
NOs/Na 0.00002 0.112 0.029 0.148 5,577 7,411 1,449 0
F/Na 0.00015 0.229 0.208 0.238 1,526 1,587 1,388 0
*Millero et al. [48].

Rainwater Ratio* EFcrust
Crustal Ratio* Whole period Dry season Rainy season Whole period Dry season Rainy season %CF %AF
S0,4/Ca 0.0188 2.1 14 24 11 75 126 1 88
c/Ca 0.0031 2.8 2.5 29 899 820 935 0 0
Mg/Ca 0.561 0.24 0.38 0.18 0.43 0.68 0.31 42 2
K/Ca 0.504 1.1 0.3 14 2.1 0.5 28 45 42
NO5/Ca 0.0021 0.32 0.04 0.45 154 18 215 1 99
F/Ca 0.0136 0.56 0.54 0.57 41 40 42 2 98

*Lu et al. [30].

EFcawater is close to 1, seawater is considered the most
probable source. The same evaluation was performed
with Ca*? regarding crustal contribution.

The chloride to sodium ratio in Barcarena rainwater
was close to the seawater ratio, with a slight decrease
during the rainy season. Thus, chloride had a significant
marine contribution (SSF ~100%). Fluoride, SOz and
NO3-N presented significant enrichment when com-
pared with sea salt and crustal composition. These ions
have large anthropogenic contributions. For fluoride,
50,2 and NO3-N, the AF ranged from 88 to 99%. Potass-
ium was sourced from sea salt (SSF = 13%), crustal (CF =
45%) and anthropogenic contributions (AF =42%). The
anthropogenic potassium source was linked to biomass
burning [24].

Figure 8 presents the seasonal change in the ratios of
major species to Na and Ca. No seasonal changes were
perceived in the F7/Na* and F~/Ca*? ratios, despite the
decrease in F~ during the dry season. All remaining
ions presented some degree of seasonal ratio change
(Figure 8). Because similar seasonal trends were ident-
ified in SOz2, K* and NO3-N and in Ca*?, Mg*? and CI~,
common sources were attributed to these two groups.
Both NF and EF trends indicated that K* has a source
component that differs from those of Ca*? and Mg*?,
and it is not solely crustal.

Monthly Ca*?/Na* and SO;?/Na* ratios helped to
identify changes in the sources as presented in
Figure 9. In June and July 2012 (dry season), the Ca*?%/
Na* ratios increased, indicating continental sources

Crust
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| “
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1000
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| “ il | “
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Ratio dry season

Figure 8. Ratios of major ions to Na and to Ca over the whole collection period and in the rainy and dry seasons.
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Table 3. Principal component factors.

Industrial Inputs

SOs4—

SO4/Na

Table 4. Barcarena bulk deposition of major ions in mg m™2y~".

Factor 1 Factor 2 Factor 3 lonic species Minimum deposition Maximum deposition
Collected Volume (ml) 0.9711 0.1116 0.1704 Na* 1,304 2,378
Precipitation (mm) 0.9705 0.1155 0.1724 NH;-N 270 380
Na* 0.7766 0.4986 0.3260 K* 650 1,590
NHZ 0.2105 0.1090 0.7734 Mg*? 225 367
K+ 0.4751 0.1269 0.8070 Ca*? 1,040 1,970
Mg*? 0.0128 0.9569 —0.1439 F~ 419 479
Ca*? 0.4786 0.8558 0.1641 a- 3,090 3,538
F~ 0.0112 0.8548 0.4082 NO3-N 128 280
a- 0.8142 0.4738 0.2934 5052 2,385 2,851
NO3-N —0.1443 0.0398 0.7300 Total 14,070 17,890
5032 0.8311 0.3918 0.3784
pH 0.8018 0.0574 —0.1878
H* 0.6672 —0.2537 0.2013 _ s
Bicarbonate 09108 01364 00588 common source of SO;2 and NO3-N is usually expected
Eigenvalue 7.7735 2.3875 1.7355 from fuel or biomass combustion, as presented [24].
Total Variance% 55.53 17.05 12.40 . +2 +2 —
Cumulative % 55.53 7258 8498 Factor 2 strongly linked (>0.85) to Ca™, Mg™“ and F

[39]. May and April (rainy season) presented a clear
increase in industrial sources. During the remaining
months, the marine influence was dominant in Barcarena
rainwater.

3.7. Probable sources

The sources were evaluated by multivariate statistics
with a matrix with 93 cases (rain events) and 14 vari-
ables (measured parameters). Ten events were con-
sidered outliers and excluded (see supplementary
material). Three principal components were found
that explained almost 85% of the total variance, as pre-
sented in Table 3.

Factor 1 presented good linkage (>0.70) between Na*
and CI~ and between SO;2 and H™. These relationships
could indicate a combined marine source or later incor-
poration of SO2, H* and CO, by clouds. No apparent
linkage between SO;? and NO3-N was present. A

and to a lesser extent Na* (0.50). Often Ca is associated
with anthropogenic F sources, especially in the aluminum
production chain. Cryolite (NasAlFe) is formed by the
addition of CaF; to reduce the electrolyte melting point
[40].In general, CaF, and MgF; are found in the electrolyte
at levels of 3-7 w/w% and 2-4 w/w%, respectively. Multi-
variate analysis supports this relationship but EF evalu-
ation was not able to link these elements.

Factor 3 linked NHZ-N, K" and NO3-N (>0.70), which
could be associated with biomass burning or a fertilizer
source. These linkages were not apparent in the EF evalu-
ation but seemed very clear in the PCA.

3.8. Bulk deposition

Table 4 presents the Barcarena deposition range for the
most frequent cations and anions. The maximum and
minimum deposition rates were related to data comple-
teness. In the minimum deposition calculation, concen-
trations below the quantification limit were not
included. In contrast, the maximum deposition was



calculated as a product of VWM and total precipitation in
mm. Therefore, the maximum deposition calculation dis-
regards events with concentrations below the quantifi-
cation limit, producing higher values.

In 2012, fluoride deposition in Barcarena ranged from
419 to 479 mg m~2. As a tropical site, fluoride concen-
trations in Barcarena rainwater were similar those in
Poland [36]. However, the higher precipitation in Barcar-
ena leads directly to much greater fluoride deposition. At
Wielkopolski National Park, Poland, the fluoride depo-
sition was found as 30.4 mgm™ and 459 mgm~2 in
2010 and 2011, respectively [33]. The values found in
Poland were related to anthropogenic sources 12 km
away, including the Luvena chemical plant that pro-
duced fertilizers, hydrofluoric acid and sulfuric acid and
had declared fluoride emission values of 19.5 and 2.0 t
y~'in 1988 and 2010, respectively.

In 2012, primary aluminum production worldwide and
at Barcarena were 1,985,000 t and 446,000 t respectively
[9]. The same year, the worldwide fluoride to air emission
was 507 t [9]. Due to the lack of information on Barcarena
fluoride emissions, an indirect estimation was made. Bar-
carena fluoride to air emission was considered a fraction
of the worldwide emission at the same ratio as the Bar-
carena to worldwide aluminum production. Therefore,
in this study, the fluoride to air emission budget in
2012 at Barcarena was considered to be 114
t. Considering the county area of 1,311 km? and a one-
year period, the theoretical F~ deposition rate was esti-
mated to be 87 mg m™?y~". In Barcarena, the measured
F~ deposition values were found to be greater than the
estimated value based on data on the local producer
and worldwide emissions.

As presented in Table 5, the SO deposition found in
this study was higher than the most robust range pro-
posed by VET et al. in a model for South America [37].
The Barcarena SO;? values were higher than the value
of 498 mgm™2y~' found in Amapa in the 1990s [35].
In Barcarena, the SO;° deposition values are on the
same order of magnitude as sites with high emissions
in Bolivia, Chile and Colombia (see Table 5). VET et al.
reported low sulfate emission values in coastal areas of
Argentina and Amazonia without anthropogenic effects

Table 5. Sulfate emissions in several locations worldwide and in
this study [37].

1

Location Sulfate mg m™2 yr~
Bolivia, Chile and Colombia 2,640-3,120
Low-emission areas in Argentina and Amazon 90-120
High-emission areas in South America 600-1,200

Robust range 60-1,890

Coastal zone and Northeast Brazil 300 600

Eastern China 12,000-15,600
Eastern China 6,000-12,000
Present study 2,385-2,851
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[37]. The high SO‘I2 deposition rates found in Barcarena
(2,385-2,851 mgm—2y~") were linked to coal burning
emissions. In 2012, approximately 650,000 t of coal
came through Barcarena harbour solely to heat boilers
for the local aluminum producer [41]. According to
YOU et al., the sulfur content in coal can range from
<0.60% to 3.0%, leading to an estimated sulfate depo-
sition in the Barcarena area ranging from
<8900 mgm™y™' to 44,600mgm 2y~ [42]. This
process seems to explain the large sulfate deposition
found in Barcarena. For further details on this estimation,
see the supplementary material.

Barcarena nitrogen deposition varied from 128 to
280 mgm~2y~" as NO3-N and 270 to 380 mgm ™2y~
as NHZ-N. These values seem to agree with the range of
20-200 mg m~2y~" described by VET et al. as low-level
deposition, expected in densely populated and/or inten-
sively cultivated areas. Furthermore, these values are
still far below the high-level deposition rates that are as
high as 2455mgm™2y~' commonly observed in
several cities in China [37]. The total nitrogen deposition
values in Barcarena are less than the value of
1,500 mg m~2y~! reported in Xi'an, China [25], and are
similar to the values of 400 mg m~2 y~" reported in Vene-
zuela, Colombia, Ecuador, central and southern Brazil,
Bolivia, Paraguay, Uruguay and northern Argentina [37].

In this study, NHZ-N, a proxy for Nyeguced: represented
57-67% of all N deposition, which is compatible with the
ratios expected in intensively cultivated areas. In the
1990s, based on modelling, GALLOWAY et al. found
that NH3N emissions corresponded to 25% of NO,-N
emissions, generally expressed as NO3-N [43]. In
Amapa, from 1993 to 1997 [35], the N deposition
was composed of approximately 23% NH;-N
(107mgm~—2y™"), with the remaining being NO3-N
(463 mg m~?y~"). But as VET et al. reported, the Noxydized
values in precipitation decreased for the last 5-10 years
with either no reduction or an increase of up to 60-
80% in Niequceq iN certain areas [37]. This pattern also
seems to be the case in Barcarena.

Chloride and sodium deposition ranged from 3,090 to
3,538 mgm~?y ' and from 1,304 to 2,378 mgm™2y~',
respectively. Based on the model proposed by VET
et al., sea salt wet deposition in Barcarena agrees with
the expected sea salt deposition range of 2,000-
4,000 mg m~2y~! within a distance of 500 km from the
Atlantic coast [37]. Barcarena is less than 200 km from
the ocean, and sea salt deposition is dependent on the
number and size of sea salt particles emitted by breaking
waves, which are mainly governed by wave height and
wind speed [37].

Base cations, i.e. Ca*?, Mg*?, Na* and K*, have no
gaseous precursors, exist as a relatively constant
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proportion in sea salt, can vary greatly in crustal dust, and
can also be present in many other natural and anthropo-
genic sources [37]. In a given area, these species help to
reduce any significant acidification effect. In Barcarena,
Ca™ deposition (1,040-1,970 mg m~2y~') was constant,
while K' (650-1,590mgm™y~") and Mg*"* (22-
367mgm~2y~") were frequently not detected. From
July 1993 to June 1997, in Amapa State in Brazil, a geo-
graphical area with a similar rainfall trend, presented
bulk deposition values for Ca*?, K* and Mg** of 558,
372, and 252mgm 2y, respectively [35]. These
values seem to agree with the recent Barcarena values.
Calcium deposition in Xi'an China was much higher,
with values of 4,200 mgm~2y~', because of the high
dust occurrence reported in the area [25].

3.9. Recommendations for maintenance teams

As discussed in previous sections, Barcarena rainwater
presents clear anthropogenic content due to surround-
ing industrial activities. Therefore, a change in mainten-
ance procedures to clean and wash electrical
components and transmission lines could be required.

In most cases, low-conductivity (<20 pS cm™)
groundwater and rainwater could be used to wash criti-
cal electrical components. Barcarena rainwater could be
a suitable option, as groundwater in the area is not
appropriate, with EC values over 50 yScm™' and a
high iron content [44]. This study found that in Barcar-
ena, rainwater has average EC values of 15z
15uScm™".  However, high-conductivity —events
occurred in Barcarena (up to 254 pScm™'), which
could prevent direct rainwater use without any prior
evaluation [45]. In a preliminary evaluation, such EC
values correspond to a medium level of site pollution
severity with respect to electrical components, based
on IEC - 60815-1 and 2 [46,47]. In addition, total rain-
water ion deposition values in the range of 14-17 g
m~2 y~! could disturb normal operation. The presence
of chloride, fluoride, and sulfate can affect the resistance
of material to corrosion. By considering this scenario, the
following recommendations are proposed for mainten-
ance teams:

o Adopt regular EC monitoring of rainwater events as a
fast and reliable indicator of background and
especially severe pollution events;

¢ Schedule preventive maintenance according to seaso-
nal changes;

o Perform site pollution severity evaluations, following
IEC - 60815-1 and 2 [46,47], in order to evaluate
both soluble and non-soluble contaminants depos-
ited on electrical components;

¢ Evaluate chloride, sulfate and fluoride concentrations
found in electrical components corrosion studies
(simulation under high-voltage conditions);

e Consider, according to Barcarena environmental con-
ditions and atmospheric deposition levels, new coat-
ings and protective surfaces, as well as new
materials and designs for insulators, upon required
electrical component replacement;

e Discuss air monitoring plans and future actions
with surrounding companies, customers and city
management.

4. Conclusions

In 2012, a rainwater evaluation in Barcarena, Par4, Brazil,
was carried out. Acidic compounds were present but
neutralized in the majority of precipitation events.
Only a few low-pH precipitation events were observed.
In these events, a significant amount of SO;2 and small
amounts of F~, NO3-N and CI™ were present. In order of
VWM abundance, the ions present were Na*>Cl™ >
SO;%>Ca*?>K">F >NH;-N>Mg*?>NO3-N.  This
work identified a clear marine contribution of Na* and
CI~ and anthropogenic contributions of SOz2, F~, and
NO3. The sulfate source was linked to coal burning. Flu-
oride, Ca?* and Mg?* were related to the aluminum pro-
duction chain. Nitrate, K* and NH} presented a mixed
source from coal and biomass burning usually associ-
ated with fertilizer production. These anthropogenic,
marine sea salt and crustal species increased the poten-
tial risk of electrical component damage to the power
station and transmission lines in Barcarena. Therefore,
more attention to electrical component specification,
replacement and cleaning procedures are required for
the maintenance teams. Further study of the site pol-
lution severity has begun to specifically evaluate direc-
tional soluble and non-soluble deposition s
recommended for the Barcarena power station. This
work started in September 2013 and will be presented
elsewhere.
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