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A Quantitative Determination of 
Atmospheric Deposition Sources 
in the "Campo de Gibraltar" 
Region, Using Factor Analysis 
and Chemical Element Balance 
JOSE USEROt and IGNACIO GRACIA 
Department of Basic and Applied Chemistry, University of Seville, Spain 

(Received October 2, 1986; infinal form December 12, 1986) 

Factor analysis and chemical element balance were employed to identify and quantify 
the major atmospheric deposition sources at 12 sampling stations in the "Campo de 
Gibraltar" Region. The data were best represented with 5 sources: soil, marine 
aerosol, residual fuel oil, refuse and limestone. Predicted concentrations account for 
about 80% of measured total deposition. 

KEY WORDS: Dustfall, chemical element balance, factor analysis, principal compo- 
nents analysis, receptor models, source characterization. 

INTRODUCTION 

In the development of programs for the control and reduction of the 
levels of particles in the atmospheric environment, the knowledge of 
the relative contributions of particulate emission sources is becoming 
increasingly important. 

Source oriented dispersion models, based on emission inventories 
and meteorological parameters, have been the primary tools used to 

?Present address: Dpto. de Quimica Basica y Aplicada, Escuela Superior de 
lngenieros Industriales, Avda. Reina Mercedes, s/n 41012 Sevilla, Spain. 
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84 J. USER0 AND I. GRACIA 

estimate the impact of particle sources at a receptor site. However, 
there are many inve~tigatorl-~ who consider that the results ob- 
tained by applying these models are only approximate. This is due to 
the complexity and random nature of the dispersion in the at- 
mosphere, together with the inaccuracy in the inventory of the 
emission sources. 

Because of the great uncertainties of source oriented dispersion 
models, receptor models have been developed during the last years. 
They are used to determine the source contributions to ambient 
particulate matter loadings at a sampling site based on common 
properties between source and receptor. The number and variations 
of these receptor models have grown very fast over the past few 
years, Watson et al.,4-6 Core,' Gordon,' Cooper et ~ 1 . ~  and Henry et 
~ 1 . ~  offer excellent reviews of the receptor models and discuss their 
boundary conditions, strengths and weaknesses. 

Among the several types of receptor models, the most widely used 
are: chemical element balance and factor analysis. 

The chemical element balance (CEB) is based on the principles 
established by Miller et a1.I' and Friedlander." 

According to the CEB model, the composition of particles at the 
receptor is a linear combination of concentration patterns of par- 
ticles from the contributing sources; i.e., the concentration of element 
i in the particulate sample is given by 

Ci  = C mjXi j .  
.i 

Where mj is the mass of material from source j in the sample and 
X i j  is the concentration of element i in particles from source j .  If Ci 
and X i j  are known, one can solve the matrix equation for the 
source-strength vector my 

Ideally, one should use concentrations of all measured nonvolatile 
elements to obtain the source strengths. However, in testing the CEB 
method, most investigators try to use a minimum of carefully chosen 
marker elements to determine the mj  values in order to leave a 
maximum of "floating" elements whose predicted-to-observed con- 
centration ratios can serve as a measure of the quality of the fit. 

Factor analysis (FA) has proven to be of value in identifying 
sources in atmospheric particle studies.' 2-'5 
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ATMOSPHERIC DEPOSITION SOURCES 85 
In the FA model it is assumed that the variations of the n 

variables x, can be described as a sum of two independent terms 

or in matrix notation, 

X = A F + G .  

The first term is the common factor term containing m indepen- 
dent (orthogonal) factors F,, which are stochastic variables (with zero 
mean and unit variance) taking the values FPi in sample i. 

The second term G contains the residuals 1 which are not 
explained. The residuals include both analytical and sampling errors 
as well as errors due to the possible inadequacy of the model. They 
are considered as random errors. 

The so-called factor loadings azp are in fact correlation coefficients 
between variable z and factor p .  Without loss of generality, the 
system of m orthogonal factor-vectors can be rotated so as to either 
maximize or minimize the factor loadings. 

The communality h2 is defined as the sum 

and it is the fraction of the (unit) variance of variable z that is 
explained by the model. The communality if therefore a measure of 
the quality of the model. 

The variance which can be ascribed to the variations of a given 
factor is 

The identification of sources is made by associating the largest 
calculated factor loading with the marked element for each source. 

The main advantage of FA in comparison to CEB, is that it 
requires no prior knowledge of the number and composition of the 
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86 J. USER0 AND I. GRACIA 

emission sources. Nevertheless, it does not allow for the contribution 
of specific source types to be determined quantitatively and cannot 
provide source information for individual samples. 

In this paper, the factor analysis has been used as a qualitative 
technique to identify the major sources of total deposition in the 
“Campo de Gibraltar” (industrial zone where there are important 
residential areas). With regard to these sources, the CEB has been 
applied to determine the relative contribution of total deposition 
sources in the studied area. 

METHODS 

From September 1982 to September 1983, monthly samples of total 
deposition were collected by the sampling equipment designed by the 
British Standards Institution.16 A map of the “Campo de Gibraltar” 
Region, showing the location of the 12 sampling stations, arc 
represented in Figure 1.  Each sample was analyzed for Al, Cr, Fe, 
Mn, Ni, Pb, V, Zn, Ca and Mg by atomic absorption, for Na and K 
by atomic emission, for C1- by conductometry titration, for: SO;- 
by turbidimetric titration and NO; and NH; by visible spectro- 
photometry after complexing with sodium salicylate and Nessler 
reagent, respectively. 

RESULTS AND DISCUSSION 

Factor analysis 

In this study a particular type of factor analysis (principal compo- 
nents analysis) was applied to the deposition elemental data. The 
analysis was carried out using the Biomedical Computer Program 
BMDP4M described in Dixon et a1.” The initial components were 
rotated using the orthogonal varimax method to obtain the final 
factor loadings presented in Table I. The four components account 
for 78% of the variance in the data set (23% accounted for the first 
one of them). These four factors account for most of the true 
variance of each of the measured elements. 

The four components can be interpreted as different types of 
sources. The first component is strongly dependent on concen- 
trations of C1-, Na, Mg and K and it is attributed to the sea-salt 
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ATMOSPHERIC DEPOSITION SOURCES 87 

ALGECIRAS B A Y  

GIBRALTAR 

0 1000 2OOOm - 
Figure 1 Location of sampling stations. 

a e r o ~ o l . ' ~ ~  The second appears to represent soil aerosol impacts at 
the "Campo de Gibraltar", since it is highly correlated with the 
crustal elements Al, Mn and Fe.'5.'9-20 The third can be attributed 
to fuel oil and refuse combustion, since it presents high factor 
loadings of V, Ni and Zn.18 Finally, the fourth component has a 
strong dependence on NO; and NH: which suggests that it is 
related to secondary reactions in the atmosphere.2'-22 
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88 J. USER0 AND I. GRACIA 

Table I Varimax rotation of principal component 
analysis.” 

Element Factor loadings hZ 

1 2 3 4 

CI - 0.93 0 0 0 0.94 
Na 0.92 0 0 0 0.95 
Mg 0.86 0 0.42 0 0.94 
K 0.79 0.47 0 0 0.9 1 
Mn 0.41 0.85 0 0 0.94 
A1 0.44 0.76 0 0 0.80 
Pb 0 0.43 0.63 0.32 0.69 
Cr 0 0.75 0 0 0.59 
Ca 0 0.60 0 0.45 0.69 
V 0 0 0.97 0. 0.94 
Ni 0 0 0.91 0 0.92 
Fe 0 0.77 0 0 0.7 1 
Zn 0 0 0.68 0.40 0.65 
NO,- 0 0 0 0.90 0.85 
NH,’ 0 0 0 0.86 0.77 
s0,z- 0 0 0 0.60 0.57 

/z 3.75 3.27 2.91 2.51 12.86 
78% 

’Loadings of ~0.3 have been replaced by 0. 

Chemical element balances 

The results of the factorial analysis suggest that the major primary 
sources of total deposition in, the “Campo de Gibraltar” are: sea- 
salt, soil and combustion of fuel oil and refuse. Preliminary results 
from previous CEB indicated the need for a high-Ca source to 
account for that element. Following Kowalczyk et ~ 1 . ~  and Scheff et 
~ 1 . ~ ~  we added a limestone component (originated from agricultural 
liming, construction projects, or abrasion of streets and buildings). 

The method used was to determine source strengths by fitting 
concentrations of a reduced number of carefully chosen marker 
elements in order to leave a lot of “floating” elements to test the fit. 
Marker elements used were: Na, V, Zn, Ca and Al. Sodium is a good 
measure of the marine component, V of oil combustion, Zn of refuse 
incineration, Ca of limestone and A1 of soil 
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ATMOSPHERIC DEPOSITION SOURCES 89 
Table I1 Source profile matrix (percentages) 

Element Soil Sea-salt Fuel-oil Refuse Limestone 

A1 5.91 io .01 0.41 1.08 2.41 
Na 0.61 3 1.20 2.5 1 1.96 0.41 
V 0.01 <0.01 5.42 <0.01 <0.01 
Zn 0.01 <0.01 0.32 5.02 tO.O1 
Ca 2.24 1.18 1.35 1.25 35.00 
Fe 3.94 <0.01 0.61 0.49 1.22 
Pb 0.04 <0.01 0.05 0.23 <0.01 
Cr 0.05 <0.01 0.02 0.04 
Mn 0.06 (0.01 0.03 0.06 0.04 
Ni 0.02 <0.01 1.19 0.01 <0.01 
Mg 0.32 3.94 2.64 0.9 1 0.48 
CI - 0.01 55.00 3.71 3.72 0.30 
K 1.53 1.12 0.13 0.89 0.53 

- 

Table I1 lists all of the data used in the definitions of the source 
matrices. All data selected are based on the elemental composition of 
samples collected downstream of pollution control devices. The 
source sampling apparatus are described by W a t ~ o n . ~  

Table I11 summarizes results of CEB on the 144 samples. NO;, 
NHT and SOi- have not been included in this table because their 
major source is secondary aerosols. As a measure of the quality of 
the fits, we calculated the predicted/observed ratio for each element 
in CEB. As shown in Table 111, most of the elements have a ratio 
close to 1. The elements most poorly fitted are Cr, Ni and Fe, which 
seems to be due to the contribution of a metallurgical company not 
included in the CEB. 

Table IV summarizes the major sources of each element in the 
“Campo de Gibraltar”. As might be expected, a majority of the V 
and Ni are associated with the oil component, while most of the Na 
and C1- are contributed by the marine aerosol. The major sources of 
Mg are marine aerosol and the combustion of residual fuel oil (the 
Mg is used as an additive in installations of fuel oil). The soil 
component dominates the crustal element impacts (Al, Fe, Cr and 
Mn). 

Average total deposition contributions from the various sources as 
indicated by the CEB are shown in Table V. The total deposition 
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ATMOSPHERIC DEPOSITION SOURCES 91 

Table IV 
tion of the “Campo de Gibraltar” 

Major sources of elements in atmospheric deposi- 

Components Element for which 
component is major source 

Marine 
Soil 
Oil 
Refuse 
Limestone 
Soil and marine 
Soil and refuse 
Marine and oil 

Na, CI- 
Al, Fe, Mn, Cr 
V, Ni 
Zn 
Ca 
K 
P b  
Mg 

Table V Average contributions of atmospheric deposition matter from various 
sources in the “Campo de Gibraltar” 

Source 

Soil 
Marine 
Oil 
Refuse 
Limestone 

Total primary aerosol predicted 
Average value of total atmospheric deposition 
Unidentified deposition 

Predicted Percentage 
contribution 
(mg m-* d - I )  

15.9 30.7 
47.0 19.0 
16.7 6.8 
17.5 7.1 
35.6 14.4 

192.7 78.0 
247.0 
54.3 

- - 

contributions are calculated from the CEB with knowledge of the 
concentration of a prominent element in particulate material from 
each source. 

As a whole, the five sources used in the resolution account for 
about 193 mgm-2 d- ’  of total atmospheric deposition while measure 
values are about 247mgm-2 d-’  during the sampling period. Thus, 
we account for about 80 per cent of the total atmospheric deposition 
with primary aerosols. 

Soil is the dominant source of primary total deposition, yielding a 
mass concentration 1.6 times as great as the closest competitor, 
marine aerosol. 
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CONCLUSIONS 

J. USER0 AND I. GRACIA 

In this paper, the factor analysis has been used as a qualitative 
technique to identify the major sources of total deposition in the 
“Campo de Gibraltar”. With regard to these sources, CEB has been 
applied to determine the relative contribution of such sources. 

The results of the factorial analysis and the CEB suggest that the 
major primary sources of total deposition in the “Campo de 
Gibraltar” are: soil dust, marine aerosol, fuel oil and refuse combus- 
tion and limestone. As a whole, the five sources account for about 80 
per cent of measured total deposition and most elements are 
reasonably well fitted. 

Soil is the dominant source of total deposition (31%) and also of 
Al, Fe, Mn and Cr. Next is marine aerosol (19%), which is the main 
source of Na and C1-, and limestone (14%) which is the main source 
of Ca. In spite of its small contribution to the total atmospheric 
deposition, the combustion of fuel oil constitutes the major source of 
V and Ni. 

It should be noted that the contribution of natural sources (soil 
and marine aerosol) account for about 50 per cent of the total 
deposition. 
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