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Abstract-The evolutionary processes of the South American portion of the Paraná-Etendeka Province, 
composed of the Serra Geral Formation (Brazil, Argentina and Paraguay) and Arapey Group (Uruguay) 
had been developed in 1.2 Ma with a climax located of 134.7 Ma, giving rise to extrusive rocks (flows) 
and intrusive rocks (dykes and sills) of composition ranging from basalts to rhyolites. In the last four 
decades, many authors have produced geochemical data sets on these rocks, which were published or 
remain unpublished. The compilation of these data sets and its standardization from the geochemical 
and geographic viewpoints, gave rise to a database containing analysis of SiO , TiO , Al O , FeO , MnO, 2 2 2 3 total

CaO, Na O, K O, P O , Ba, Ce, Cr, La, Ni, Rb, Sr, Zr, and Y from 4,257 outcrop and subsurface (core) samples. 2 2 2 5

In this article we present the techniques used for the construction and standardization of the database 
and the statistical analysis of the geochemical data. The application of statistical techniques, especially 
the modeling of probability plots, showed that most variables are polymodal, which, from the statistical 
point of view, means the existence of different populations and, from the geological and geochemical 
points of view, suggest a complex combination of processes of generation, mixing, contamination and 
differentiation. These data gave rise to statistical reference levels for the set of basic , intermediate and 
acid rocks of Paraná LIP. The results indicate thus the need for geochemical studies considering a prior 
stratification of data by referencing the thresholds of populations for each variable. The authors also 
suggested some simple rules for publishing geochemical data in order to facilitate its aggregation to the 
database.
Keywords: Paraná LIP, Serra Geral Formation, Arapey Group, geochemistry, statistical modeling, prob-
ability plots.

Resumo -
Os processos 

evolutivos da porção sulamericana da Província Paraná-Etendeka, composta pela Formação Serra 
Geral (Brasil, Argentina e Paraguay) e Grupo Arapey (Uruguay) se desenvolveram em 1,2 Ma com clí-
max localizado em 134,7 Ma, dando origem a rochas extrusivas (derrames) e intrusivas (diques e solei-
ras) de composição que varia desde basaltos até riolitos. Nas últimas quatro décadas, muitos autores 
produziram conjuntos de dados geoquímicos sobre essas rochas, que foram publicados ou permanece-
ram inéditos. A compilação desses conjuntos de dados e sua padronização sob os pontos de vista geo-
químico e geográfico deu origem a uma base de dados que contém análises de SiO , TiO , Al O , FeO , 2 2 2 3 total

MnO, CaO, Na O, K O, P O , Ba, Ce, Cr, La, Ni, Rb, Sr, Zr, e Y realizadas em 4.257 amostras de rocha proveni-2 2 2 5

entes de afloramentos e testemunhos de sondagem. No presente artigo são apresentadas as técnicas de 
construção e padronização dessa base de dados, assim como o tratamento estatístico das variáveis 
analíticas. A aplicação de técnicas estatísticas, especialmente a modelagem dos gráficos de probabilida-
de, evidenciou que a maioria das variáveis analisadas é polimodal o que, sob o ponto de vista estatístico, 
significa a existência de diversas sub-populações e, sob os pontos de vista geológico e geoquímico, suge-
re uma combinação complexa de processos de geração, mistura, contaminação e diferenciação. Esse 
tratamento estatístico deu origem a níveis de referência particulares para o conjunto de rochas básicas, 
intermediárias e ácidas da LIP Paraná. Os resultados obtidos indicam assim, a necessidade de que estu-
dos geoquímicos considerem uma estratificação prévia dos dados, usando como referência os limiares 
das populações de cada variável. São também sugeridas algumas regras simples para que dados geoquí-
micos futuramente produzidos possam ser agregados a essa base de dados.
Palavras chave: Paraná LIP, Formação Serra Geral, Grupo Arapey, geoquímica, modelagem estatística, 
gráficos de probabilidade.

 COMPORTAMENTO ESTATÍSTICO DOS ELEMENTOS MAIORES E MENORES EM ROCHAS BÁSICAS, INTERMEDIÁRIAS E 
ÁCIDAS DA FORMAÇÃO SERRA GERAL E GRUPO ARAPEY, PARANÁ LARGE IGNEOUS PROVINCE, AMÉRICA DO SUL. 
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1.Introduction necessary to count on a reliable database. The 
Paraná Large Igneous Provice (Paraná LIP) covers 

The geological mapping of large igneous part of four South American countries: Brazil, 
provinces, mainly those of continental basalts, Argentina, Paraguay and Uruguay and extends for 

2involves the processing of geochemical data in approximately 1,000,000 Km  (Fig. 1). The deepest 
order to reconstitute the processes responsible for flow, and probably the first, is located at 1,666 m 
the magma generation and differentiation during below sea level (Piccirillo & Melfi, 1988) and the 
evolution of each province or region. In order to highest one at 1,832 m above sea level (Mincato, 
provide robustness to the statistical processing, to 2000). The deepest sill occurs at 4,083 m below sea 
the data modeling and especially to the spatial dis- level (Regelous, 1993).
tribution and the geochemical stratigraphy, it is 

Figure 1. Boundaries of the Paraná LIP (Peate et al., 1992) over the digital elevation model from SRTM and ASTER 
radar data.

This huge magmatic system, that includes Geochemical data from local to regional 
intrusive (dykes and sills) and extrusive (flows) coverage have been presented in many articles, 
rocks, was active in Cretaceous times from approxi- dissertations, thesis and books on the geochemis-
mately 1.2 Ma, with its climax around 134.7 Ma try of the igneous rocks that constitute the Paraná 
(Thiede & Vasconcelos, 2008, 2010). The igneous LIP. A compilation was presented by Rüegg (1975) 
rocks of Paraná LIP receive different denomina- to which a new data set was aggregated, based on 
tions: Serra Geral Formation in Brazil, Argentina the chemical analysis of oxides and minor elements 
and Paraguay, and Arapey Group in Uruguay. from 135 rock samples. The spatial distribution of 
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geochemical values was obtained from trend sur- tion). In tabular and subhorizontal intrusive bodies 
face analysis. Rüegg (1975) also conducted a (sills) it is possible that have happened cumulatic 
multivariate characterization of the spatial distri- processes that may cause the concentration of 
bution of geochemical values through factor analy- some elements in its basal portion such as MgO, 
sis, the same approach taken by Macedo & Rüegg FeO , CaO, Cr and Ni. The complexity of the igne-total

(1974). A database of complete analysis of major ous processes and the interaction of the magma 
(oxides) and minor elements was produced by the with crustal rocks and geofluids during its rising to 
research team coordinated by Piccirillo & Melfi surface produces also a complex statistical behav-
(1988) from 1,477 drill core and outcrop rock sam- ior of the major and minor elements. This con-
ples encompassing the entire Serra Geral Forma- fronts the concept of bimodality for the Paraná LIP. 
tion (Arapey Group). Large amounts of regional to The authors of the present article believe that such 
local data on the Paraná LIP have been published bimodality is artificial and it was induced by the 
by different authors. The present article describes small number of samples used in former statistical 
the recompilation of such datasets into a single analyses.
database that was standardized to the best possi- The presence of multiple sub-populations 
ble use of the scattered geochemical information (polymodality) in a geochemical data set reflects 
and sample location available. The work involved the complexity of the geological and geochemical 
several review steps in order to identify and cor- processes involved. Therefore, geochemical data 
rect data discrepancies, eliminate redundancy, and sets, especially those representing large and com-
ensure consistency. As a result, a consolidated data- plex areas like the Paraná LIP, have many sub-
base of reliable analytical results for SiO , TiO , populations mixed in the values of each element. 2 2

Al O FeO , MnO, MgO, CaO, Na O, K O, P O , Ba, Ce, Sinclair (1974, 1976) showed that curved patterns 2 3, total 2 2 2 5

in a probability plot characterize the presence of Cr, La, Ni, Rb, Sr, Zr, and Y, from as many as 4,257 
two or more mixed populations. The proportion of scattered surface and subsurface samples of basic, 
each population in the mixture is given by particu-intermediate and acidic intrusive and extrusive 
lar inflection points on the cumulative frequency rocks was built covering of the entire Paraná LIP.
curve. These proportions are used to isolate each The purposes of this paper are: (a) to pres-
population from the mixture. The procedure of ent the statistical estimators of major and minor 
breaking down a complex cumulative frequency elements, (b) to establish reliable reference values 
curve into its component sub-populations and for the major and minor elements in the Paraná LIP, 
obtaining statistical estimates from it is named (c) to identify new population thresholds for all 
partitioning of probability graphs. Mixed sub-major elements considered in petrological model-
populations must be examined in detail because of ing, (d) to present the methodology and proce-
the likelihood that each statistical sub-population dures followed for data compilation and review 
represents a distinct geochemical environment, a that allowed a robust and consistent geochemical 
possibility that is commonly ignored in practice database to be built for the Paraná LIP. Thus, the 
(Sinclair & Blackwell, 2006). Thus, when dealing present paper does not address petrogenetic inter-
with geochemical data sets, it is important to iden-pretation of the major and minor elements distri-
tify and circumscribe homogeneous environments bution, but only the description of their statistical 
represented by sub-populations (sub-sets) which patterns as a consistent framework for further 
can be observed, isolated and characterized by studies.
means of probability modeling graphs following 
the procedure explained by Sinclair (1974, 1976) The significance of the major and minor elements 
and Sinclair & Blackwell (2006).polymodality

Some terms like sample and population 
have different meanings in geochemistry and sta-The differentiation of basaltic magmas 
tistics. So, for a better understanding and clarity, in generated by partial melting of the upper mantle or 
this article they should be understood as follows:the base of the crust produces intermediate and 

silica rich magmas under the effect of combined Population – the set of all values, inclu-
processes: crystal fractionation, magma mixing, ding those actually observed and also those 
crustal contamination and partial melting of the potentially observable. In the present case, the 
crust induced by the presence of primary magma term population refers to the Paraná LIP as a 
(Bryan et al., 2002). Hildreth & Moorbath (1988) whole;
characterize this set of processes such as MASH Statistical sample – a representative data 
(mixing, assimilation, storage and homogeniza- set collected from the population. In the present 
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case the term refers to the compiled geochemical collected as composite geochemical samples that 
database; represent intervals as long as e.g. 10 meters of drill 

Sub-population – a sub-set of the statistical cores. The other 313 geochemical samples were 
sample. In the present case it refers to each data collected from more than 22 vertical drill holes – 
sub-set achieved by probability plot modeling; some identified, others not – that were distributed 

Geochemical sample – a representative por- from the state of São Paulo through of Uruguay and 
tion of rock collected from an outcrop or a drill spaced by tenths or thousands meters down the 
hole. holes, or even as a single sample from a deep drill 

The findings presented here can be the hole (Fig. 3).
basis for further research on the relationships 
between major and minor elements or their spe-
cific ratios and functions in order to contribute and 
improve the stratigraphic and petrogenetic inter-
pretations of the Paraná LIP.

2. Materials and methods

2.1. Geographical distribution of the database 

The data sets were obtained from 4,257 
geochemical samples which are distributed by the 
whole Paraná LIP, with a lower data density in the 
NW and SW portions of the province. Most of them 
(3,678 geochemical samples or 86.40%) were col-
lected from outcrops (Fig. 2). 

2.2. Methods

Two aspects were considered fundamental 
in the process of review, consistency check and 
integration of the geochemical data base: the 
degree of standardization of the analytical results 
and the homogeneity of their spatial positioning. 
Additionally, valuable information like the source 
of the geochemical sample (outcrop or drill core), 
the kind of emplacement (intrusive or extrusive) 
and the type of occurrence (dyke, sill or flow) was 
added to the database. It should be stressed that 
the original data sources were constructed in 
accordance with many different concepts and ref-
erences, such as geographic and projected coordi-
nates and vertical datum. Also, such data were pre-

The number and distribution of geochemi- sented either in the original format or recalculated 
cal data in 579 geochemical samples (13.60% of to 100% on an anhydrous base. Recalculations of 
the database) is remarkable, since they were col- Fe O  and FeO from the original FeO  as received 2 3 total

lected from either continuous cores of petroleum from the laboratory were also presented. All these 
exploration drill holes or chip samples from under- variables were considered in the process of stan-
ground water production wells. From this total, dardization.
266 came from only eight drill holes in Brazil (from The data sets were compiled from the fol-
the states of São Paulo, Paraná and Santa Catarina), lowing sources, presented in chronological order: 

Figure 2. Location map of the outcrop geochemical sam-
ples stored in the database.

Licht & Arioli

Figure 3. Location map of the vertical drill holes 
containing at least one geochemical sample stored in the 
database.
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De La Roche et al. (1974, apud Bossi & Schilipov, 0.1 standard deviations, which give a specific num-
2007), Rüegg (1975), Bellieni et al. (1983), ber of class intervals for each element. The x axis, 
Marimon et al. (1983), Bellieni et al. (1984a), Fodor showing the major and minor elements contents, 
et al. (1985), Mantovani et al. (1985), Petrini et al. remains constant for the histograms of each vari-
(1987), Bertrand (1988, apud Bossi & Schilipov, able. The y axis of the histograms shows their rela-
2007), Bossi & Navarro (1988), Peate et al. (1988), tive (percentage) frequency. This allows compari-
Picirillo & Melfi (1988), Piccirillo et al. (1988), sons between the whole dataset and some specific 
Piccirillo et al. (1989), Roisenberg (1989), Peate strata of the variable. The statistical analysis, esti-
(1989), Campanha (1991), Chies (1991), mates, and histograms were performed using the 
Whittingham (1991), Viero (1992), Regelous Statistica software package (StatSoft, 2008). 
(1993), Garland et al. (1995), Nardy (1996), Peate 
& Hawkesworth (1996), Renne et al. (1996), Rifas 2.2.2. Isolating populations by probability plot mod-
Gómez & Maquelín (1996, apud Bossi & Schilipov, eling 
2007), Turner et al. (1996), Maniesi & Oliveira 
(1997), Licht & Arioli (1998), Feraud et al. (1999, In order to test the 20 geochemical vari-
apud Bossi & Schilipov, 2007), Peate et al. (1988), ables – major and minor elements – regarding 
Peate et al. (1999), Turner et al. (1999), Kirstein et polymodality and to isolate and characterize sub-
al. (2000), Mincato (2000), Romanini & Albuquer- populations, the cumulative frequency curves and 
que (2000), Vanzela et al. (2004), JICA (2005), probability graphs were analyzed with the P-REZ 
Machado (2005), Petersohn (2006), Wildner et al. software package (Bentzen & Sinclair 2002) fol-
(2006), Lopes (2008), Nardy et al. (2008), Torres et lowing the technique presented by Sinclair (1974, 
al. (2008) and Machado (2009). Few unpublished 1976). But since P-REZ modeling is limited to eight 
data produced by the authors or other researchers sub-populations, a two-step modeling procedure 
cited in the references were also used in the data- had to be adopted for all variables. For those show-
base compilation. ing a clear histogram gap, e.g. SiO , the midpoint of 2

Data sources indicate that the main analyti- the lower frequency class interval was adopted as a 
cal technique used for the determination of  major cut-off, separating low from high values. For those 
elements (SiO , TiO , Al O , FeO , MnO, MgO, CaO, 2 2 2 3 total variables not showing a histogram gap, e.g. Al O , 2 3

Na O, K O and P O ) was the X-ray fluorescence and 2 2 2 5 the following procedure was adopted. Firstly, using 
for the minor elements (Ba, Ce, Cr, La, Ni, Rb, Sr, Zr all data, the extreme sub-populations were isolated 
and Y), were used X-ray fluorescence, atomic and characterized, the sub-population with the 
absorption spectrometry, ICP-OES, ICP-MS and higher proportion in the data set being identified. 
neutron activation. Secondly, the modeling was performed by using 

All data treatment and modeling was per- only data from the sub-population identified in the 
formed using the oxides values recalculated to first step so as to try and isolate underlying sub-
100% on an anhydrous base. The variation in  LOI populations. The results of both steps were con-
(loss on ignition) values may reflect the combina- densed into a single table.
tion of processes such as: (a) contact between the To avoid the superposition of the ends of 
magma and crustal fluids during its ascension, (b) neighboring sub-populations, P-REZ cuts each one 
hydrotermalism due to late migration of crustal by using the thresholds placed in mean - 2 standard 
and/or juvenile fluids (c) samples collected from deviation for the higher sub-population and mean  
base, core and top of the A'a and pahoehoe flows, + 2 standard deviations for the lower sub-
(d) contemporary and/or late weathering. The population. In this manner, the fields of existence of 
data sources do not contain any information that each sub-population became restricted between 
allows an appreciation of this subject. 2% and 98% of the probability scale. 

The step-by-step of the methodology adop- Because of their extremely asymmetric 
ted to standardize, criticize and give consistency to distributions, some variables had their probability 
the database can be found in Appendix 1. plots expressed in log scales so that they could be 

modeled. In such cases, the final threshold or sub-
2.2.1. Statistical data analysis population estimates are expressed in the original 

units (% or ppm), exception being made for the 
The statistical diagnosis and modeling of standard deviation. The final results for each vari-

the major and minor elements were performed able, i.e. their absolute and relative frequencies, 
considering the whole database. The histograms statistical estimates and thresholds for each sub-
and probability plots were built in class intervals of population are summarized in appendix 3 to 6. 
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It must be stressed that the relative fre- tical distribution of major and minor elements, 
quency figures do not imply a volume estimate for exception made for the oxides traditionally used in 
each group or strata in the Paraná LIP. They refer modeling petrogenetic processes.
only to the whole number of geochemical samples 
for each strata or group. 3.1. SiO  2

3. Results and discussion on statistical charac- The values for SiO  range from 43.95 to 2

terization of the elements 82.17%, encompassing many rock types, from 
cumulates in basic sills to rhyolite and probably 

It is important to emphasize that the hyper-siliceous inter-trapp sandstone or peperite 
results achieved with the statistical analysis of SiO , 2 in one case. The histogram (Fig. 4) reveals the pres-
TiO  and MgO based on the probability plots are ence of two main groups of values, separated by a 2

quite different from those that have been used and region of low frequencies. Bellieni et al. (1986) 
adopted for the Paraná LIP. These new values were identified this region as situated between 54% and 
based on a robust database, whilst the former val- 63% SiO by giving it the name of silica gap. Accord-2 

ues are based on a small amount of samples or ing to those authors, the importance of this gap is 
imported from other large igneous provinces. the role it plays as a threshold separating the basic 

Even considering the representativeness of rocks from the acidic ones, thus characterizing a 
the database, the values (Appendix 2) and thresh- bimodal igneous activity in the Paraná LIP. Peate 
olds must be considered as exclusive for the Serra (1989) stated that regarding the SiO  values, the 2

Geral Formation – Arapey Group, and should not be products of the magmatic events of the Paraná LIP 
applied directly to other LIPs. These particular and show a marked bimodal distribution and that they 
exclusive limits and thresholds constitute the could be generally thought as “basaltic” (< 60 wt% 
grounds for a new geochemical subdivision of the SiO ) or “acidic” (> 60 wt%  SiO ).2 2

Paraná LIP that will be proposed in the future, that From figure 4, it is noteworthy that the low 
will characterize not only the magma types, but frequency values are located in the central region, 
also the differentiation and crustal contamination but it is also clear that the apparent bimodality 
processes that the magmas underwent during the does not resist closer examination of the statistical 
evolution of the Serra Geral Formation and the distribution of values as there are at least four 
Arapey Group. modes at approximately 45 %, 53 %, 67 %, and 72 

The descriptions that follow are concise, %, which suggests polymodal behavior for the SiO2 

both for brevity and the self-explanatory nature of data.
the diagrams, and to briefly characterize the statis-

Licht & Arioli

Figure 4. Histogram and part of the SiO  frequency table in the Paraná LIP emphasizing (in bold italic) the class inter-2

val containing the silica gap. 
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The silica gap actually occurs in the class In the high SiO  group, eight sub-2

interval delimited by 61.67 to 62.36 % SiO , so the populations were isolated for which sub-2

mid-point of this interval (62.02 % SiO ) was population 1 has outliers higher than 75.5 % SiO . 2 2

adopted as cut-off. The group of contents lower Sub-populations 3 and 4 together correspond to 
than the cut-off value was named low SiO  and the 13.95 % of the total values: (a) Sub-population 3, 2

ranging from 69.75 to 72.50 % SiO  corresponds to higher high SiO  (Fig. 5). 2,2

6.20 % of the total data and (b) Sub-population 4, 
from 66.35 to 69.75 % SiO , corresponds to 7.75 % 2  

of the data (Appendix 3). These findings, summa-
rized in figure 8, emphasize that the concept of 
bimodality for the Paraná LIP was induced by the 
small number of values formerly considered. 

The contrast between some statistical esti-
mates of the two SiO groups of values character-2 

izes the discrepancy between them, since the dif-
ference between averages is 16.20 % SiO  and the 2

difference between medians is 16.33 % SiO . More-2

over, the standard deviation of the low SiO  group is 2

slightly smaller than that of the high SiO , due to the 2

presence of some outliers in the second group.
From figures 6 and 7 one can observe that 

six sub-populations were isolated in the low SiO  2

group. Two comprise the higher frequencies: (a) 
Sub-population 13, from 52.60 to 54.50 %, corre-
sponding to 20.49 % of the data, and (b) Sub-
population 14 from 48.95 to 52.60 % correspond-
ing to 47.36 % of the total values (Appendix 3).

3.2. MgO

The values for this oxide range from 0.086 
to 22.746 %, and are distributed among 15 sub-
populations separated by a gap situated at interval 
11 from 2.196 to 2.418 %; its midpoint at 2.307 %, 
was selected as the cut-off (Fig. 9). The range of 

Pesquisas em Geociências, 39 (3): 247-267, set./dez. 2012

Figure 5. Histogram for SiO  showing the silica gap.2

Figure 6. Probability plot for the SiO  data set below the 2

silica gap.

Figure 7. Log-probability plot for the SiO  data set above 2

the silica gap.

Figure 8. Histogram for SiO  showing the sub-2

populations isolated by probability graph modeling.
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greatest concentration of values includes the sub- followed by several authors researching the Paraná 
populations 4 to 6 (3.330 – 6.750 %), where are LIP. In the database investigated in this paper, the 
69.05 % of the values (Fig. 10, Appendix 3). Sub- values range from 0.252 to 5.647 %, and are dis-
populations 12 and 13 (0.394 – 1.650 %) contain tributed among 14 sub-populations with a signifi-
17.33% of the data, setting two modes in the low cant gap at 2.8499 %, the middle point of the class 
content group, corresponding to the acidic rocks of interval from 2.799 to 2.899 % which contains 55 
the Serra Geral Formation. values or 1.29 % of the data (Fig. 4c). Sub-

populations from 10 to 12 (0.740 – 2.195%) con-
centrate 54.36% of the values, while the remaining 
data are distributed without significant concentra-
tions between the remaining sub-populations (Fig. 
12, Appendix 3).

3.3. TiO2

Titanium is an important element in char-
3.4. Al O  acterizing the evolution of igneous rocks because 2 3

the progression of differentiation is generally char-
acterized by a relative impoverishment in this ele- This is a major element of which an analysis 
ment. For this reason, Bellieni et al. (1984b) estab- limited to the histogram can lead to the misinter-
lished the limit of 2% TiO  for the division of the pretation of a single population with a slightly 2

skewed distribution (Fig. 13). Actually, this data set Paraná LIP igneous rocks in LTi (Low Titanium) 
contains several mixed sub-populations. Thus, and HTi (High Titanium). Subsequently, other 
Al O  was taken as an example of geochemical vari-authors such as Peate et al. (1988) established two 2 3

categories, one for intermediate-basic rocks (com- able without any significant gap. With amplitude 
prising three groups) and one for acidic terms (two from 7.396 to 19.030 %, the values of this oxide are 
groups) (Fig. 11). This categorization has been distributed among 14 sub-populations, the sub-set 

Licht & Arioli

Figure 9. Histogram for MgO showing the magnesia gap.

Figure 10. Histogram for MgO showing the sub-
populations isolated by probability graph modeling (the 
y axis is in log-scale).

Figure 11. Histogram for TiO  showing the titanium gap.2

Figure 12. Histogram for TiO  showing the sub-2

populations isolated by probability graph modeling.
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ranging from 12.75 to 14.40 % concentrate 60.29 
% of the values .The probability graph of this data 
sub-set was modeled again aiming at isolating the 
mixed sub-populations (Figs. 14 and 15). Above 
and below this group, the statistic frequencies 
decay regularly to the extremes of the data set (Fig. 
16, Appendix 3).

3.5. FeO  total

Ranging from 1.645% to 19.94%, the pat-
tern of the statistical distribution of this oxide 
could be compared to the SiO  and MgO curves, 2

with twelve sub-populations separated by a gap 
located in class interval 21 between 8.135 to 8.467 
%, and a cut-off at 8.301 %, which contains only six 
values, or 0.169 2% of the total amount of data. The 
sub-populations 3 to 5 (11.2 - 16.65 %) contain 
73.90 % of the values, and sub-populations 9 to 11 
(5.05 – 8.01%) contain 17.4 % of the data set (Ap-
pendix 3).

3.6. MnO 

The probability plot for this oxide com-
prises fifteen sub-populations. The amplitude var-
ies from 0.00995 % to 2.0 %, with a gap situated in 
class interval 22 from 0.1229 to 0.1284 % MnO 
(cut-off selected at 0.12565 %), which corresponds 
to 33 values or 0.7768 % of the total database. Eight 
sub-populations fall below the gap, ranging from 
0.00995 to 0.1229 %, and seven lie above it, from 
0.1284 to 2.0 %. This oxide presents values with 
amplitude from 0.010 to 2.000 % distributed 
among 15 sub-populations, of which sub-
populations 5 and 6 (0.131-0.263 % MnO) concen-
trate 83.27 % of the data (Appendix 3).

3.7. CaO

The values for this oxide range from 0.175 
to 12.722 %, with four sub-populations isolated in 
the probability plot and a clear gap in the histo-
gram, located in class interval 16, from 4.2100 to 
4.4883 % (cut-off at 4.34915 %), which corre-
sponds to six values, or 0.1409 % of the total. Thus, 
two sub-populations fall below and two lie above 

Figure 13. Histogram for Al O showing the inexistence 2 3 

of a gap.

Figure 14. Probability plot for the Al O  whole data set.2 3

Figure 15. Probability plot for alumina data between 
11.5 and 14.9 Al O %.2 3

Figure 16. Histogram for Al O  showing the sub-2 3

populations isolated by probability graph modeling.
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the gap, corresponding to the intervals from 0.175 shows a gap in the class interval 18, from 0.4012 to 
to 4.01 % CaO, and 4.01 to 12.697 %, respectively. 0.4243 %, which corresponds to 86 values, or 
The amplitude of this oxide ranges from 0.175 to 2.1446 % of the total. Seven sub-populations fall 
12.697 % distributed among fourteen sub- below the gap, with values between 0.02019 and 
populations, of which sub-populations from 3 to 6 0.4012 %, and seven sub-populations lie above the 
concentrate 78.74 % of the data. Below the gap, gap, with values between 0.4243 and 2.722 %. The 
sub-populations 10 to 12 contain 15.32 % of the values of this oxide scale from 0.020 to 2.722 % 
data set (Appendix 4). P O , distributed among 14 sub-populations of 2 5

which, sub-populations 9 to 12, from 0,136 to 
3.8. Na O 0,369 %(cut-off at 0.41275 %), concentrate 61.95 2

% of the data. Above the gap, sub-populations 5 to 7 
The distribution of values for this essential contain 27.84 % of the data set (Appendix 4).

component in petrological analyses does not dis-
play any statistical gap. Ranging between 1.055 3.11. Ba 
and 8.394%, the values for this oxide are distrib-
uted among 13 sub-populations, of which sub- With values ranging between 5.0 and 
populations 5 to 8 (2.325 to 3.290 % Na O) concen- 3273.4 ppm, this element shows a gap at class 2

interval 33 (848.89 to 875.68 ppm), which con-trate 78.54 % of the data (Appendix 4).
tains only 19 values or 0.4898 % of the data set, and 
the cut-off was selected on its mid-point at 862.285 3.9. K O2

ppm. The values are distributed among 16 sub-
populations. In sub-populations 11 to 14 (231 to This oxide presents values between 0.107 
722 ppm) there is a concentration of 77.6 % of the to 8.253 %, distributed among 14 sub-populations, 
data (Appendix 4).of which sub-populations 10 to 13 (0.453 to 2.425 

%) concentrate 76.76 % of the values. The six sub-
3.12. Ce populations revealed in the probability plot 

between 0.1066 and 8.253 %, are separated by a 
Values for this element range from 4.34 to gap represented by the class interval 23, from 

275 ppm distributed among 14 sub-populations, of 2.8867 to 3.0160 %(cut-off at 2.95135 %), which 
which sub-populations 9 to 12 (26.55 to 120.5 corresponds to 12 or 0.2818 % of total data (Fig. 
ppm) concentrate 86.97% of the data. The class 17). Seven sub-populations are below the gap, with 
interval 37, which extends from 141.6 to 145.46 values from 0.1066 % to 2.8867 %, and seven oth-
ppm(a cut-off at 143.53 ppm), contains only ers are spread above it, with values of 3.0160 % to 
0.1808% of the values indicating the cerium gap. 8.253 %(Appendix 4).
Six sub-populations lie above and eight fall below 
the cerium gap (Fig. 18, Appendix 4).

3.10. P O2 5

With values ranging between 0.02019 and 
2.722 %, and fourteen sub-populations, this oxide 

Figure 17. Histogram for K O showing the sub-2

populations isolated by probability graph modeling.

Figure 18. Histogram for Ce showing the sub-
populations isolated by probability graph modeling.
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3.13. Cr 1278 ppm distributed among 13 sub-populations, 
with a concentration of 90.54 % of the samples in 

Values of this element range from 0.500 to sub-populations 10 to 12 (73.8 to 360 ppm) and a 
2,000 ppm, distributed among 14 sub-populations gap at class interval 40 (515.52 to 528.78 ppm), 
without a significant concentration of values, with only one value or 0.0256 % of the data, and a 
exception made to sub-populations 4 (77.30 – cut-off at 522.15 ppm. Six sub-populations lie 
158.00 ppm) and 12 (6.14 to 23.55 ppm), which above and seven fall below the gap (Fig. 19, Appen-
contain respectively 23.45 % and 23.91 % of the dix 5).
data (Appendix 5), with no gap. The histogram 
shows a strong positive asymmetry, so it was nec-
essary to use a logarithmic transformation for the 
data in the probability graph modeling.

3.14. La

Values for this element range between 2 
and 388 ppm, distributed among 15 sub-
populations, with 73.03 % of the data concentrated 
among sub-populations 10 to 13 (16.05-50.95 
ppm), and a gap at class interval 31 (68.98 to 71.25 
ppm) and a cut-off at 70.115 ppm. Seven sub-
populations are situated above and eight below 
this gap (Appendix 5).

3.15. Ni

Ranging from 1 to 870 ppm, the values of 3.19. Y
this metal are distributed among 14 sub-
populations of which, sub-populations 6 to 9 This element shows values that range 
(22.15 to 90.15 ppm) concentrate 67.79 % of the between 7 ppm and 1001.112, distributed among 
samples (Appendix 5). There is not any gap charac- 13 sub-populations, of which sub-populations 5 to 
terized in the histogram. 9 (25.75 to 77.65 ppm) concentrate 89.29 % of the 

data (Appendix 6), without any detectable gap in 
the distribution of values.

3.16. Rb
4. Conclusions 

This element shows values ranging from 2 
to 394 ppm, distributed among 15 sub- It is necessary to emphasize that the results 
populations, of which sub-populations 12 and 13 presented in this article are based on a consistent 
(15.3 to 60.1 ppm) concentrate 62.65 % of the data and robust statistical sample, which summarizes 
(Appendix 5). A gap is noticeable at class interval the persevering and meticulous work of dozens of 
21 (117.81 to 123.75 ppm), with only 14 values or researchers that over the past 40 years have dealt 
0.363 % of the data set, and a cut-off at 125.88 ppm. and worked with the Serra Geral Formation in 

Brazil, Argentina and Paraguay, and the Arapey 
3.17. Sr Group in Uruguay. 

All 19 variables - major and minor ele-
Values for this element range from 73.1 to ments - show from twelve to sixteen sub-

1125 ppm, distributed among 15 sub-populations, populations making up the whole database. The 
of which sub-populations 10 to 14 (121 to 545.5 modeling of cumulative frequency curves on prob-
ppm Sr) concentrate 84.26 % of the values (Appen- ability graphs seems to be a tool able to identify and 
dix 5), without any significant gap. isolate each sub-population and to characterize it 

with reliable statistical estimates. It is important to 
3.18. Zr emphasize that as new data will be incorporated to 

the database, and the statistical sample grows, it is 
Values for this element range from 5 to expected that small variations will occur in the 

Figure 19. Histogram for Zr showing the sub-
populations isolated by probability graph modeling.
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values and limits that are presented in this article. received from the laboratory, but if the author pre-
The polymodality of the Paraná LIP geo- fers to present the recalculation to an anhydrous 

chemical data is systemic, occurring in the data sets base, it is mandatory (a) to include a column with 
of the compatible and incompatible elements, and LOI and (b) the recalculation of the values should 
also with those intrinsic to the primary magmatic be mentioned at the bottom of the data table; 
activity or those that became enriched by crustal (ii) iron content should be published as 
contamination. received from laboratory (FeO ). Publication of total

Thus, the different sub-populations identi- recalculated contents of FeO and Fe O  must be 2 3

fied in the data set of each variable suggest: (a) avoided since the proportions between the two 
great diversity in processes and perhaps a great forms of iron are arbitrary, depending on the rock 
number of magma sources, (b) complex evolution- type and change the original values. But if that is 
ary sequence, (c) heterogeneous crustal contami- preferred, the ratio used to recalculate the iron for 
nation. This combination of processes contributed each rock type must be mentioned at the bottom of 
to the great complexity of the Paraná LIP. Because the data table;
of this highly statistical complexity, the attempts of (iii) the adoption of geographic coordi-
identifying and characterizing environments and nates is advisable even for restricted areas, as the 
magma types based on complex criteria supported Paraná LIP extends over one million sq km and is 
on associations of major and minor elements can hundreds of meters thick;
provide results that are not satisfactorily applica- (iv) if the samples are referred in projected 
ble to the entire Paraná LIP. UTM coordinates, the central meridian and the 

The results of the statistical treatment of projection system must be informed;
virtually every major and minor element indicates (v) even in road sections of small extent, 
the need for a prior stratification of the database each sample must have its coordinate triplet 
taking into account the form of occurrence, intru- (easting, northing, altitude) recorded as accurately 
sive and extrusive, so that the limits of the various as possible, thus avoiding the assignment of the 
populations of SiO , MgO and TiO , and also other 2 2 same coordinates at all points that compose the 
geochemical variables, characterize these specific section, and,
situations in the rocks of Paraná LIP.  It is important (vi) the vertical datum adopted for the alti-
to deepen research in order to establish numerical tude must be cited at the bottom of the respective 
and objective criteria to safely discriminate dykes data table.
from sills. These suggestions are intended to facilitate 

The thresholds obtained from probability the aggregation of the new data to the database 
plot modeling are non-arbitrary and generic, but compiled and standardized for this research serv-
real and exclusive to the Paraná LIP. Since these ing as a homogenous knowledge base of the Paraná 
limits were obtained from statistical / numerical LIP. 
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Appendix 1. Step-by-step procedures adopted for the constitution, standardization, review and consistency check of 
the lithogeochemical database for the Paraná LIP:

Geochemical data 
1. Selection of  books, thesis, dissertations, monographs, articles, and databases published,  provided by researchers 
or available on the Internet with lithogeochemical data from different research projects on the Paraná LIP,
2. Design of a spreadsheet whose structure is adjusted as the work progresses,
3. Oxide content data entry and check for immediate correction of transcription or digitization errors by using an 
extra column with the sum of the oxide values typed in for comparison to published data,
4. Suppression of defective samples, either for lacking content of oxides or other elements essential to the analysis, 
or for being of historical interest only as reliable analytical methods were unavailable until the 1960s, 
5. Querying of the data sources for other relevant data such as rock type, coordinates, location, sample type and form 
of occurrence, 
6. Identification of samples with oxide content published on a hydrated (as received from laboratory) or on an anhy-
drous basis (recalculated to 100%, disregarding the loss on ignition) – only Peate & Hawkesworth (1996), Piccirillo 
& Melfi (1988) and Piccirillo et al. (1989b) specify at the bottom of the data tables that the values were recalculated 
and published on an anhydrous basis, the sums of oxides in Romanini & Albuquerque (2000) were considered as 
published on a hydrated basis because their values were very different from 100%, despite stated to have been recal-
culated on an anhydrous basis, 
7. Creation of two new blocks of columns to store standardized oxide contents as hydrated, anhydrous, and recalcu-
lated to 100%, 
8. Sorting of the database by using a combination of three elements SiO , Al O  and TiO  for make it easy to identify 2 2 3 2

samples that were repeated in two or more sources even with different identification code, 
9. Visual observation and selection of pairs or triplets of identical samples (same contents of oxides and minor ele-
ments), 
10. Consolidation of the data and information considering only one of the duplicate or triplicate samples,
11. Suppression of unnecessary duplicate or triplicate samples, 
12. Identification of extrusive and intrusive rocks samples, as indicated by the authors. For samples collected in drill 
holes, a comparison was made with the geological profile of the well to the portrayal of the type of occurrence. In the 
absence of other indications, the sample was arbitrarily considered as extrusive,
13. When the total content of FeO  was stated along those of Fe O and FeO, the first one was prioritized for being the total 2 3 

value reported by the laboratory. Nevertheless, the three forms of iron content were kept in the database for future 
calculations. That is really a problem because in many data sources the FeO and Fe O values were recalculated from 2 3 

FeO  values by using unpublished correction factors specific for each rock type, which makes it is impossible to total

know the original values,

Data positioning 
14. When coordinates were not included in the published data source, the location maps were digitized, and 
georeferenced. The original points of the georeferenced maps had their geographic or UTM coordinates recorded in 
an ArcView environment,
15. All UTM projected coordinates were converted to geographic decimal degrees with five decimal places using 
WGS84 as the reference system, 
16. For samples with either unexpressed coordinates or no location on map, but with a description of their collection 
sites, outcrop or well, the geographic coordinates in decimal degrees were obtained with the Google Earth applica-
tion (2010), 
17. Altitudes of outcrop samples were standardized in a SRTM digital elevation model through the GPSVisualizer 
website (GPSvisualizer, 2010), from coordinates in WGS84 geographic decimal degrees,
18. Samples collected from wells had their published altitudes maintained since the discrepancies between pub-
lished and SRTM-DEM altitudes were irrelevant,
19. When the altitude of the sample was not published, but its code name is linked to the depth from the well collar, 
the altitude of the sample was calculated from the altitude of the well collar obtained directly on the website of the 
National Petroleum Agency, Database Exploration and Production - BDEP, 
20. Geographic decimal degrees latitude and longitude were also converted into projected coordinates (Polyconic 
Brazil system – SAD69 Datum),
21. Compilation of the final database with 4,257 geochemical samples.
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Appendix 2.  Statistical estimates for major and minor elements in the Paraná LIP. 

Observation: the number of class intervals was used to draw histograms and probability plots. 

Oxide / element N Minimum 
1st quartile 

(25%) 
Median Average 

3rd quartile 

(75%) 
Maximum 

Standard 

deviation 

Number  

of class 

intervals 

SiO2 (%) 4257 43.95 50.86 52.60 55.26 55.75 82.18 6.76 56 

MgO (%) 4256 0.086 3.057 4.27 4.09 5.15 22.75 2.19 55 

TiO2 (%) 4257 0.25 1.29 1.77 2.06 2.87 5.65 0.98 102 

Al2O3 (%) 4257 7.39 13.02 13.59 13.76 14.41 19.03 1.14 56 

FeOtotal (%) 3545 1.64 11.06 12.97 12.19 14.53 19.95 3.29 362 

MnO (%) 4248 0.009 0.16 0.19 0.18 0.21 2.00 0.05 103 

CaO (%) 4257 0.17 6.84 8.39 7.60 9.44 12.69 2.72 46 

Na2O (%) 4257 1.06 2.51 2.74 2.79 3.03 8.39 0.47 154 

K2O (%) 4257 0.11 1.04 1.45 1.91 2.19 8.25 1.28 64 

P2O5 (%) 4010 0.02 0.22 0.30 0.37 0.47 2.72 0.23 118 

Ba (ppm) 3879 5.00 330.00 453.00 511.85 640.00 3273.40 265.26 123 

Ce (ppm) 2212 4.34 53.00 71.00 80.04 98.00 275.00 38.00 71 

Cr (ppm) 3687 0.50 20.00 45.00 77.48 96.00 2000.00 116.30 172 

La (ppm) 2316 2.00 22.00 31.00 36.91 46.20 388.00 22.54 171 

Ni (ppm) 3846 1.00 16.00 37.00 42.99 56.00 870.00 52.40 166 

Rb (ppm) 3856 2.00 26.00 39.73 64.56 81.00 394.00 58.44 67 

Sr (ppm) 3988 2.00 186.00 268.50 310.64 406.00 1125.00 174.95 64 

Zr (ppm) 3898 5.00 151.00 203.00 237.61 283.00 1278.00 131.07 329 

Y (ppm) 3750 7.00 31.00 37.00 41.88 45.00 1001.11 30.23 97 
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Appendix 3. Summary of SiO2, MgO, TiO2, Al2O3, FeOtotal and MnO sub-populations and its statistical estimates, isolated by probability graphs modeling. The 
underscored values indicate that the probability graph, or part of it, was modeled with log transformed values. 

SiO2 %  MgO %  TiO2 % 
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd 

1 0.05 2 75.350 82.175 82.100 0.0154  1 0.61 26 16.650 22.746 19.800 0.0340  1 0.10 4 4.735 5.647 5.26 0.0274 
2 0.12 5 72.500 75.350 73.400 0.0024  2 0.34 15 9.050 16.650 12.100 0.0663  2 0.28 12 4.305 4.735 4.55 0.0129 
3 6.20 264 69.750 72.500 71.200 0.0037  3 2.28 97 6.750 9.050 7.780 0.0366  3 1.63 69 3.995 4.305 4.14 0.00938 
4 7.75 330 66.350 69.750 68.000 0.0049  4 13.32 567 5.545 6.750 6.140 0.0264  4 3.02 129 3.790 3.995 3.90 0.00741 
5 2.02 86 65.700 66.350 66.000 0.0009  5 35.58 1514 4.230 5.545 4.810 0.0351  5 9.61 409 3.415 3.790 3.59 0.0134 
6 1.48 63 64.800 65.700 65.200 0.0013  6 20.15 858 3.330 4.230 3.790 0.0308  6 6.51 277 3.110 3.415 3.27 0.0118 
7 0.94 40 64.150 64.800 64.500 0.0008  7 5.41 230 2.725 3.330 3.030 0.0233  7 4.14 176 2.850 3.110 2.98 0.0103 
8 0.21 9 62.020 64.150 63.000 0.0035  8 1.92 82 2.307 2.725 2.510 0.0183  8 4.58 195 2.535 2.850 2.69 0.0846 
9 0.15 6 60.900 62.020 61.200 0.2330  9 0.22 10 2.245 2.307 2.290 0.0192  9 8.27 352 2.195 2.535 3.36 0.0924 

10 0.45 19 59.600 60.900 60.300 0.3430  10 0.76 32 2.015 2.245 2.120 0.0621  10 16.21 690 1.625 2.195 1.90 0.1540 
11 3.48 148 56.450 59.600 57.900 0.8460  11 1.31 56 1.650 2.015 1.840 0.1010  11 21.68 923 1.265 1.625 1.45 0.1040 
12 7.03 299 54.500 56.450 55.500 0.5900  12 13.25 564 0.828 1.650 1.230 0.2160  12 16.47 701 0.740 1.265 1.09 0.0996 
13 20.49 872 52.600 54.500 53.500 0.5800  13 4.08 174 0.394 0.828 0.666 0.0933  13 7.37 314 0.273 0.740 0.729 0.0917 
14 47.36 2016 48.950 52.600 50.900 0.9680  14 0.56 24 0.157 0.394 0.390 0.0382  14 0.15 6 0.252 0.273 0.412 0.0876 
15 1.54 65 46.700 48.950 47.800 0.5100  15 0.21 9 0.086 0.157 0.179 0.0643         
16 0.75 32 43.951 46.700 45.300 0.6230                 

 
Al2O3 %  FeO total %  MnO % 

Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd 

1 0.09 4 18.300 19.030 18.800 0.2370  1 0.12 4 19.1 19.949 19.7 0.312  1 0.04 2 1.022 2.000 1.970 0.0709 
2 0.76 32 17.050 18.300 17.600 0.3500  2 1.45 51 16.650 19.100 17.8 0.633  2 0.09 4 0.395 1.022 0.513 0.0421 
3 1.50 64 16.250 17.050 16.700 0.2390  3 11.55 410 15.300 16.650 15.9 0.407  3 0.27 12 0.304 0.395 0.332 0.0214 
4 3.87 165 15.550 16.250 15.900 0.2050  4 34.45 1221 13.150 15.300 14.2 0.645  4 0.37 16 0.263 0.304 0.289 0.0121 
5 8.78 374 14.900 15.550 15.200 0.1830  5 27.90 989 11.200 13.150 12.2 0.581  5 77.82 3306 0.152 0.263 0.197 0.0538 
6 9.50 404 14.400 14.990 14.600 0.1350  6 6.57 233 9.260 11.200 10.3 0.494  6 5.45 231 0.131 0.152 0.140 0.0157 
7 12.75 543 13.950 14.400 14.200 0.1310  7 0.14 5 8.325 9.260 8.77 0.228  7 0.65 28 0.126 0.131 0.129 0.0523 
8 27.64 1177 13.250 13.950 13.600 0.2100  8 0.11 4 8.010 8.325 8.16 0.0888  8 2.20 94 0.119 0.126 0.122 0.0015 
9 19.90 847 12.750 13.250 13.000 0.1420  9 2.32 82 7.165 8.010 7.59 0.225  9 3.94 168 0.105 0.119 0.112 0.0035 

10 8.99 383 12.450 12.750 12.600 0.1050  10 8.00 284 5.830 7.165 6.47 0.362  10 2.41 103 0.096 0.105 0.101 0.0022 
11 4.50 192 12.000 12.450 12.200 0.1220  11 6.98 247 5.050 5.830 5.27 0.323  11 2.36 100 0.085 0.096 0.091 0.0026 
12 1.01 43 11.450 12.000 11.700 0.1170  12 0.41 15 1.646 5.050 4.1 0.691  12 1.62 69 0.075 0.085 0.080 0.0026 
13 0.68 29 8.845 11.450 9.960 0.4810          13 0.84 35 0.068 0.075 0.071 0.0018 
14 0.03 1 7.396 8.845 7.730 0.4830          14 1.73 73 0.040 0.068 0.053 0.0076 

                15 0.20 8 0.010 0.040 0.028 0.0070 
 

Licht & Arioli



265

Appendix 4. Summary of CaO, Na2O, K2O, P2O5, Ba and Ce sub-populations and its statistical estimates, isolated by probability graph modeling. The underscored 
values indicate that the probability graph, or part of it, was modeled with log transformed values. 
 

CaO %  Na2O %  K2O % 
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd 

1 0.11 4 12.350 12.697 12.6 0.1260  1 0.09 3 6.070 8.394 8.37 0.0715  1 0.05 2 7.590 8.253 8.14 0.00855 
2 0.58 25 11.400 12.350 11.8 0.2430  2 0.77 29 3.500 6.070 4.88 0.0488  2 0.12 5 6.095 7.590 6.66 0.02120 
3 8.73 372 10.300 11.400 10.8 0.3190  3 5.24 196 3.460 3.500 3.71 0.0163  3 0.18 8 5.590 6.095 5.87 0.01020 
4 33.32 1418 8.650 10.300 9.43 0.4740  4 5.38 201 3.290 3.460 3.38 0.00642  4 0.84 36 5.075 5.590 5.32 0.01050 
5 27.92 1189 7.505 8.650 8.11 0.3540  5 12.21 458 3.025 3.290 3.15 0.0103  5 8.16 347 4.295 5.075 4.62 0.02070 
6 8.77 373 5.980 7.505 6.76 0.4240  6 19.41 727 2.800 3.025 2.91 0.0102  6 8.77 373 3.485 4.295 3.92 0.02450 
7 1.74 74 4.315 5.980 5.2 0.4220  7 32.11 1203 2.520 2.800 2.66 0.0136  7 1.36 58 2.965 3.485 3.19 0.01800 
8 0.62 26 3.760 4.315 4.01 0.1270  8 14.81 555 2.325 2.520 2.42 0.0105  8 0.27 12 2.840 2.965 2.91 0.0420 
9 1.28 54 3.395 3.760 3.56 0.0989  9 6.74 252 2.095 2.325 2.22 0.0119  9 1.91 81 2.425 2.840 2.63 0.1130 

10 9.62 410 2.495 3.395 2.96 0.2370  10 1.65 62 1.855 2.095 1.94 0.0118  10 7.42 316 1.945 2.425 2.18 0.1330 
11 3.23 137 1.905 2.495 2.17 0.1650  11 0.77 29 1.715 1.855 1.79 0.0104  11 20.19 859 1.445 1.945 1.69 0.1420 
12 2.47 105 1.515 1.905 1.72 0.1240  12 0.54 20 1.595 1.715 1.63 0.0113  12 34.38 1463 0.917 1.445 1.17 0.1590 
13 1.23 52 1.030 1.515 1.29 0.1360  13 0.29 11 1.055 1.595 1.36 0.0398  13 14.77 629 0.453 0.917 0.712 0.1340 
14 0.40 17 0.175 1.030 0.635 0.2030          14 1.59 68 0.107 0.453 0.306 0.0778 

 
P2O5 %  Ba ppm  Ce ppm 

Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd 

1 0.25 10 2.375 2.722 2.56 0.0161  1 0.05 2 2155.0 3273.4 3240.0 0.0717  1 0.18 4 254.5 2.0 268.0 0.01240 
2 0.44 18 1.180 2.375 1.67 0.0770  2 0.11 4 1615.0 2155.0 1760.0 0.0257  2 0.22 5 216.0 254.5 233.0 0.02040 
3 0.82 33 0.926 1.180 1.04 0.0285  3 0.27 10 1485.0 1615.0 1570.0 0.0128  3 0.40 9 193.0 216.0 206.0 0.01390 
4 2.77 111 0.737 0.926 0.822 0.0285  4 0.64 25 1360.0 1485.0 1420.0 0.0103  4 1.98 44 176.5 193.0 184.0 0.00981 
5 5.85 235 0.620 0.737 0.678 0.0225  5 0.77 30 1250.0 1360.0 1310.0 0.0106  5 4.38 97 152.5 176.5 165.0 0.01650 
6 8.26 331 0.524 0.620 0.569 0.0215  6 1.77 69 1100.0 1250.0 1170.0 0.0142  6 0.75 17 143.53 152.5 148.0 0.00587 
7 13.73 551 0.415 0.524 0.468 0.0276  7 3.94 153 968.5 1100.0 1040.0 0.0153  7 0.53 12 139.0 143.53 141.0 1.0700 
8 4.30 172 0.369 0.415 0.392 0.0124  8 1.87 72 862.3 968.5 908.0 0.0142  8 3.34 74 120.5 139.0 130.0 4.6400 
9 8.56 343 0.318 0.369 0.341 0.0150  9 1.23 48 811.0 862.3 831.0 13.3  9 12.35 273 98.25 120.5 108.0 6.3200 

10 16.16 648 0.257 0.318 0.289 0.0181  10 4.14 161 722.0 811.0 766.0 25.9  10 21.36 472 75.5 98.25 87.9 6.4900 
11 28.30 1135 0.183 0.257 0.218 0.0215  11 11.39 442 635.0 722.0 676.0 26.3  11 41.59 920 44.8 75.5 58.9 8.6000 
12 8.93 358 0.136 0.183 0.161 0.0142  12 16.75 650 504.5 635.0 573.0 36.5  12 11.67 258 26.55 44.8 37.1 5.3900 
13 1.43 57 0.093 0.136 0.115 0.0116  13 26.36 1023 357.0 504.5 424.0 41.9  13 1.12 25 11.63 26.55 20.3 3.2600 
14 0.21 8 0.020 0.093 0.05 0.0226  14 23.10 896 231.0 357.0 298.0 38.3  14 0.13 3 4.34 11.63 6.49 1.5300 

        15 5.68 220 124.0 231.0 180.0 30.2         
        16 1.94 75 5.0 124.0 59.5 34.3         
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Appendix 5. Summary of Cr, La, Ni, Rb, Sr and Zr sub-populations and its statistical estimates, isolated by probability graphs modeling. The underscored values 
indicate that the probability graph, or part of it, was modeled with log transformed values. 
 

Cr ppm  La ppm  Ni ppm 
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd 

1 0.85 31 665.500 2000.000 994 0.0813  1 0.08 3 234.000 388.000 383.00 0.0837  1 0.93 36 281.50 870.00 472 0.1180 
2 1.49 55 303.500 665.500 431 0.0885  2 0.09 4 150.000 234.000 178.00 0.0338  2 0.28 11 180.00 281.50 212 0.0672 
3 7.23 267 158.000 303.500 214 0.0870  3 0.31 12 113.500 150.000 130.00 0.0285  3 0.15 6 160.00 180.00 170 0.0162 
4 23.45 864 77.300 158.000 110 0.0974  4 0.58 22 100.500 113.500 107.00 0.0133  4 0.34 13 120.50 160.00 139 0.0345 
5 5.12 189 60.000 77.300 71.5 0.0208  5 2.95 114 88.450 100.500 93.70 0.0157  5 2.70 104 90.15 120.50 104 0.0337 
6 7.24 267 48.100 60.000 59.2 0.0280  6 3.17 122 75.050 88.450 81.80 0.0203  6 10.03 386 66.20 90.15 76.3 0.0387 
7 6.64 245 43.650 48.100 48.7 0.0261  7 1.07 41 70.115 75.050 72.80 0.0084  7 27.73 1066 43.00 66.20 53.5 0.0540 
8 6.21 229 34.450 43.650 38.9 0.0272  8 2.29 88 60.450 70.115 64.700 2.3500  8 18.05 694 30.65 43.00 36.5 0.0419 
9 5.10 188 30.900 34.450 32.7 0.0121  9 7.20 278 50.950 60.450 55.500 2.6800  9 11.98 461 22.15 30.65 26.3 0.0372 

10 4.86 179 26.350 30.900 28.6 0.0167  10 13.26 511 42.750 50.950 47.000 2.4200  10 2.22 85 18.55 22.15 20.1 0.0203 
11 3.34 123 23.550 26.350 24.8 0.0125  11 12.93 499 34.700 42.750 38.900 2.2400  11 4.58 176 10.13 18.55 13.3 0.0649 
12 23.91 882 6.140 23.550 12.9 0.1550  12 18.63 718 26.000 34.700 30.000 2.5200  12 19.80 761 3.23 10.13 5.84 0.1260 
13 2.65 98 2.755 6.140 4.11 0.0819  13 28.21 1088 16.050 26.000 21.100 2.9600  13 0.98 38 1.50 3.23 2.25 0.0755 
14 1.92 71 0.500 2.755 1.28 0.1600  14 8.46 326 7.945 16.050 12.500 2.2200  14 0.23 9 1.00 1.50 1.01 0.0720 

        15 0.77 30 2.000 7.945 5.260 1.2900         
 

Rb ppm  Sr ppm  Zr ppm 
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd  
Sub-
pop 

% N from to mean sd 

1 0.09 3 279 394 340.0 0.0516  1 0.21 8 1040 1125 1080.0 0.0084  1 0.05 2 946 1278 1270 0.04130 
2 0.57 22 244 279.5 265.0 0.0203  2 0.18 7 947 1040 990.0 0.0111  2 0.15 6 773.5 946 814 0.00667 
3 0.62 24 229 244 238.0 0.0087  3 0.29 11 894 947 921.0 0.0073  3 0.25 10 697 773.5 728 0.00939 
4 4.71 181 195 229 212.0 0.0180  4 0.72 28 852 894 872.0 0.0063  4 3.25 127 610 697 653 0.01410 
5 2.43 94 172.5 195 183.0 0.0141  5 1.80 69 768.5 852 810.0 0.0123  5 2.44 95 560 610 584 0.00858 
6 3.92 151 156 172.5 164.0 0.0127  6 0.82 32 718.5 768.5 742.0 0.0085  6 0.32 13 522 560 541 0.00706 
7 1.97 76 139 156 147.0 0.0144  7 1.61 62 652.5 718.5 685.0 0.0115  7 0.15 6 508 522 513 3.640 
8 1.88 72 120.78 139 131.0 0.0152  8 0.95 36 608.06 652.5 630.0 0.0087  8 0.48 19 461 508 485 12.300 
9 2.36 91 106.5 120.78 112.0 3.470  9 0.82 32 545.5 608.06 584.00 14.500  9 1.54 60 360 461 409 26.100 

10 5.89 227 85.5 106.5 97.2 5.470  10 17.73 684 401 545.5 464.00 35.900  10 11.30 440 303 360 330 16.400 
11 6.17 238 60.1 85.5 71.7 6.510  11 16.59 640 319 401 362.00 23.900  11 27.13 1058 215 303 260 24.500 
12 12.49 482 44.8 60.1 52.7 4.400  12 15.28 589 235 319 275.00 24.600  12 52.11 2031 73.8 215 152 33.000 
13 50.07 1931 15.3 44.8 29.9 7.880  13 23.12 892 166 235 203.00 20.500  13 0.82 32 5 73.8 36.1 12.700 
14 6.63 256 6.595 15.3 11.7 2.350  14 11.54 445 121 166 145.00 12.700         
15 0.21 8 2 6.595 3.05 1.570  15 7.52 290 73.1 121 97.30 12.800         
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Appendix 6. Summary of Y sub-populations and its statistical estimates isolated by probability graphs 
modeling. The underscored values indicate that the probability graph was modeled with log transformed 
values.

Y ppm 
Sub-
pop 

% N from to mean sd 

1 0.08 3 337.000 1001.112 773 0.1840 
2 0.24 9 183.000 337.000 250 0.0683 
3 0.58 22 120.500 183.000 146 0.0498 
4 2.32 87 77.650 120.500 98.7 0.0519 
5 10.02 376 55.300 77.650 64.7 0.0394 
6 6.81 255 47.300 55.300 51.4 0.0174 
7 27.77 1041 37.750 47.300 41.8 0.0266 
8 31.04 1164 30.150 37.750 33.7 0.0290 
9 13.65 512 25.750 30.150 27.8 0.0222 
10 5.73 215 21.050 25.750 23.5 0.0252 
11 1.08 40 18.500 21.050 19.8 0.0138 
12 0.55 21 9.740 18.500 11.9 0.0546 
13 0.13 5 7.000 9.740 8.3 0.0437 
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