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1. Introduction

In the late 16th century, Afonso
Sardinha discovered magnetitic iron ore in
Aracoiaba Hill, located one hundred kilo-
metres from Sao Paulo city. The existence

Metalurgia e materiais

Archaeometry of ferrous
artefacts from Luso-Brazilian
archaeological sites near
Ipanema River, Brazil

Arqueometria de pegas de ferro de sitios
arqueoldgicos luso-brasileiros localizados
proximos do Rio Ipanema, Brasil

Abstract

The present investigation analysed iron artefacts collected in two sites around
Aracoaiaba Hill. A known methodology was adapted to investigate several samples
collected at the Royal Iron Factory of Sdo Jodo do Ipanema and Sardinha sites. EDX
microanalysis results of non-metallic inclusions were plotted in bivariate graphs. Lin-
ear regression (with and without the zero-intercept constraint) and line intercept sig-
nificance tests were applied to interpret these results. The analysis did not allow the
identification of the provenance of the production systems of Sardinha and Ipanema
sites. The presence of Ti-rich inclusions was an unambiguous attribute of the samples
collected at the Sardinha site.

Keywords: archaeometry, inclusion, linear regression, intercept significance test.
Resumo

A presente investigacdo analisou artefatos de ferro coletados em dois sitios ar-
queoldgicos na Montanha de Aragoaiaba. Uma metodologia conbecida foi adapta-
da para investigar vdrias amostras coletadas na Real Fabrica de Ferro de Sdo Jodo
do Ipanema e no sitio de Sardinha. Resultados de microandlise EDX de inclusoes
ndo metdlicas foram inseridos em grdficos bivariantes. Regressdo linear (com e sem
a restri¢do de interseccdo pela origem) e testes de significancia do intercepto da reta
foram usados para interpretar esses resultados. Essa andlise ndao permitiu identificar
a assinatura dos sistemas produtivos de Sardinba e Ipanema. A presenca de inclusoes
ricas em Ti foi uma caracteristica tipica dos artefatos coletados no sitio de Sardinha.

Palavras-chave: arqueometria, inclusoes, regressdo linear, teste significincia
do intercepto.

of water and iron ore in this site enabled  Salazar and the layout of the stone buildings

him to establish a bloomery there (Lemes
1954; Rodrigues 1966). The ruins of this
enterprise were discovered in 1977 by

suggested that the area contained a metal
smith shop and a bloomery- a furnace for
direct reduction of iron (Salazar 1982; Ze-
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quini 2006). In the 1980s, Prof. Margarida
Andreatta excavated this site and the results
of the thermoluminescence dating of a few
European style pottery fragments found
there indicated they were 520 = 75 years old
(Zequini 2006). In 1807, when Napoleon’s
army invaded Portugal, the Portuguese
court was forced to flee to Brazil and Rio
de Janeiro became the capital of the Portu-
guese empire. In 1809, the Portuguese king,
Jodo VI, launched three large projects to
construct ironmaking facilities, two in the
State of Minas Gerais and one in the State of
Sao Paulo. The latter, located near the same
iron ore occurrence of Aragoiaba Hill, gave
rise to a public-private enterprise named
as “Royal Iron Factory of Sdo Jodo do Ip-
anema”, which built twin blast furnaces in
Brazil similar to the ones being operated at
that time in Portugal (Rogers 1962; Cam-
pos and Sol6rzano 2004; Zequini 2006;
Medeiros 2009; Landgraf et al. 1995). The
technical difficulties during the operation
of the blast furnace and finery of the Royal
Iron Factory of Ipanema created a situation
where both direct and indirect iron reduc-
tion processes coexisted in the same factory
for the production of iron artefacts (Aradjo
et al. 2010). The slag inclusions from the
ferrous artefacts produced by the direct pro-
cess featured higher P,O, and FeO contents
when compared to the slag inclusions from
artefacts produced by the direct process.
Additionally, the slag inclusions from the

2. Materials and methods

Six ferrous artefacts (one bar, three
nails, one hinge and one plate) from An-
dreatta’s collection (Zequini 2006) were
selected for characterization. Three of
the iron artefacts (identified as 182, 184
and 199) were collected at the Ipanema
site and the remaining three (identified
as S106, S107 and S111) at the Sardinha
site. Metallographic samples were pre-
pared and characterized by conventional
microscopy, scanning electron micros-
copy (SEM) and energy dispersive x-ray
spectroscopy microanalysis (Saphire
Si(Li) — SUTW EDAX EDX detector)
on at least 30 inclusions for each ferrous
artefact, using 15 kV, area mode and
acquisition time of at least 60 s. Micro-
analyses on the non-metallic inclusions
with length and width larger than 5§ pm
were performed in area mode, covering
areas larger than 25 um?, imposing as a
constraint that all the elements in the non
metallic inclusions were in the form of
stoichiometric oxide (see average results
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ferrous artefacts manufactured by the direct
process featured higher contents of Al,O,,
MgO and K,O (Dillmann and L'Heritier
2007). The analysis of microstructure and
chemical composition of slag inclusions of
iron artefacts has been used in an attempt
to identify their manufacturing process,
such as direct or indirect reduction, and
the "signature" of their production system
(Rostoker and Dvorak 1990; Gordon 1997;
Buchwald and Wivel 1998; Starley 1999;
Dillmann and L'Héritier 2007; Desaulty et
al. 2008; Blakelock et al. 2009; Maia 2014).
For instance, Dillmann and L'Héritier
(Dillmann and L'Héritier 2007) studied
the microanalysis of numerous non metallic
inclusions of ferrous artefacts. They plotted
bivariate graphs (SiO, content versus AL, O,
content; CaO content versus K,O content;
MgO content versus Al,O, content) and
applied a constrained linear regression
model (line going through zero), deleting
“abnormal data” from these bivariate
graphs in iterative steps until the coefficient
of determination (R?) became higher than
0.7. The provenance of various iron artefacts
was identified by comparing the resulting
constant ratios of these bivariate graphs. Ac-
cording to authors (Dillmann and L'Heritier
2007, Disser et al. 2014), data refining pro-
cedure was aimed to remove the abnormal
slag compositions from the bulk analysis,
which may occur due to use of additives dur-
ing forging, and the chemical compositions

in Table 1). All the artefacts presented
a predominant ferritic microstructure
with inclusions occupying area frac-
tion from 4 to 13%. The results of non
metallic inclusion microanalysis were
used to plot bivariate graphs, such as
FeO versus SiO, content, SiO, content
versus Al,O, content; CaO content ver-
sus K,O content; MgO content versus
Al O, content; and P,O, content versus
the [(ALO3 + MgO + K,0)/ FeO]) ratio,
as proposed by Dillmann and I’Heritier
(Dillmann and I’Heritier, 2007) for
the partial discrimination of direct and
indirect reduction products. Two linear
regression models (CLRM and ULRM)
were applied without any data-cleansing
(due to the larger size of inclusions used
in the present investigation) to investigate
the strength of the correlation for various
bivariate graphs. Additionally, the calcu-
lation of the surface weighing the average
composition for each object (giving more
weight to large inclusions and less to
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of small inclusions, which might be biased
by a local concentration effect. Blakelock et
al. (Blakelock et al. 2009) reproduced exper-
iments of direct reduction and refinement of
iron to explore the relationship between the
chemical composition of the slag inclusions
and the chemical compositions of iron ore,
furnace lining, fluxes and reducing agents.
They tested the proposed constrained linear
regression model (Dillmann and L'Héritier
2007) to analyse non metallic inclusions
in iron objects produced under experi-
mental conditions. Even under controlled
experimental conditions, they explained
they would have to apply the data cleaning
process to up to 50% of the non metallic
inclusions to obtain an acceptable value for
the coefficient of determination (R? > 0.7).
They pointed out that this practice could
distort their results and observed patterns.
Sophisticated multivariate statistical meth-
ods have been applied since 2009 to analyse
the microanalysis results and investigate the
production provenance of iron artefacts
(Blakelock et al. 2009, Charlton et al. 2012,
Disser et al. 2014). The present investigation
will explore a methodology based on previ-
ous investigation (Dillmann and L'Héritier
2007) to compare the constraint linear
regression model (CLRM) and unconstraint
linear regression model (ULRM) during the
investigation of the provenance of several
samples collected at the Royal Iron Factory
of S0 Jodo do Ipanema and Sardinha sites.

smaller ones) was not performed in the
present investigation, as suggested else-
where (Dillmann and L'Heritier 2007).
In the first scenario, the linear regressions
(CLRM) were forced to pass through the
origin (b=0), while in the second sce-
nario they were performed without any
constraint. Student t-test and Student's
t-cumulative distribution function were
used to evaluate the significance of the
intercept of the line equation in the cases
when b # 0. The It| value of the Student
t-test and the Student's t-cumulative
distribution function were calculated via
Origin Lab 8.5 software and analysed in
accordance with Manson et al. (Manson
et al. 2003). If Itl> 2 and p < 0.05 (95%
confidence interval) the intercept of the
linear regression was significant. Finally,
the values for the coefficient of determi-
nation (R?) for the linear regression for
both linear regression models (CLRM
and ULRM) were compared to explore
the origin of the iron artefacts.



3. Results

The microstructure of the Sardinha
site inclusions differ significantly as they
all presented a phase non present in the
Ipanema artefacts inclusions, a Ti-rich
phase. The average microanalyses results

Tablel

Average EDX microanalysis of slag inclu-
sions (% weight) of the samples collected
at the Royal Iron Factory of Sdo Jodo do
Ipanema (1) and Sardinha sites (S).

The microstructural characteriza-
tion of non metallic inclusions is shown
in Figures 1-a and 1-b. Figure 1-a shows a
typical multiphase non metallic inclusion
found in the artefacts found in the Royal
Iron Factory of Sdo Jodo do Ipanema,
showing dendrites of wustite (FeO) in a
SiO,-rich matrix. Figure 1-b shows two
types of inclusions, both richer in Ti:
dendrites of wustite (FeO) and polygonal
ilmenite (FeTiO,) in a SiO,-rich matrix
(centre); and dendrites of wustite (FeO),

Figure 1

a) Detail of a slag inclusion of an artefact
collected at Ipanema site (sample 184),
showing dendrites of wustite (FeO) in a
SiO,- rich matrix.

b) Detail slag inclusions of an artefact
collected at Sardinha site (sample S106)
showing two types of inclusions. SEM-BEI.

of the non metallic inclusions of each iron
artefact are given in Table 1 and they in-
dicated that the main difference between
the non metallic inclusions of both sites is
the TiO, content, which is much higher in
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the samples collected at the Sardinha site.
Additionally, samples 199 and S107 showed
comparatively lower average values for the
FeO content and a more detailed analysis of
these results will be shown in Figures 2 and 3.

Samples [ MgO ALO, Sio, PO, K,0 Ca0 TiO, V,0, MnO FeO
182 [09£06 (21405 | 146+47 [21+23[0.5£01 | 1.5£0.5 | 0401 (0302 | 1608 | 75.7+5.6
184 | 1.3£06 | 16405 | 101+40 [49+3.7 (0302 | 15411 | 04203 (0.5+04 | 2316 | 76.6+9.5
199 | 1.8+04 |26+08 | 287495 [32+15(25+13 | 95441 | 04402 (0.5£02 (0702 | 497472

S106 | 1102 | 1.9£0.5 [ 13846 [ 1.0£04 [ 1.1£17 | 25+09 | 5.7+16 08102 | 72172
§107 | 36416 | 2208 331414537404 | 23+12 | 129469 [ 1.6£08 | 1.6+ 1.1 [ 1.9£07 | 36.6 £ 23.1
S | 1103 [ 18406 | 118467 | 1.0+0.7 [ 0909 | 23+19 [69£3.5|1.5+0.7 [ 0.8£02 | 7164107

polygonal ilmenite (FeTiO,) and fayalite
(2FeQ.Si0,) in a SiO,-rich matrix. Bivari-
ate graphs showing the various relation-
ships between the main constituents of
the non metallic inclusions found in each
one of the ferrous artefacts are shown in
Figures 2-a to 2-d (FeO versus %SiO,;
%Si0, versus %ALO,; %Al O, versus
%MgO; and %CaO versus %K,0).
Figure 2-a illustrates the inverse relation-
ship between FeO and SiO, in the slag
inclusions, while Figures 2-b to 2-d show

gl WD
00x___BSE 10.1

Det | Mag ‘ Operator Amostra 2
BSE | 1500 x| .LabMicro - PMT - USP =20 um=—
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an apparent direct relationship between
the contents of SiO, and AL,O,, CaO and
K,O, AL,O, and MgO, respectively. A
subsequent qualitative analysis by visual
assessment of Figures 2-b to 2-d could not
separate distinct clusters representing the
Ipanema and Sardinha sites, but this same
evaluation suggested that 199 sample was
different from the other artefacts from
Ipanema site and that S107 sample was
also similarly different from the other
artefacts from Sardinha site.
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The results of the statistical tests
for the significance of the intercept are
shown in Tables 2 and 3. The statistical
test results for the artifacts collected at
the Royal Tron Factory of Sdo Jodo do
Ipanema (see Table 2) indicated that the
CLRM without data-cleansing was not
valid for 7 out of the 9 samples. The results
for the artifacts collected at the Sardinha
site (see Table 3) indicated that the CLRM
was valid for 5 out of the 9 samples. These
results indicated that CLRM without
data-cleansing was not suitable for the
present investigation. Additionally, Table
4 compares the values of the coefficients
of determination (R?) for both regression

models. The CLRM presented R? > 0.7
(indicative of an acceptable value for the
strength of the linear relationship) for
77.7% of the individual results, while
the ULRM showed suitable values of R?
for only 22% of the individual results.
This simple comparison showed that the
use of the zero intercept model (CLRM)
increased the values of the coefficients of
determination in 95% of the samples by
an average value of 260%.

Finally, Figure 3 shows a
graph of the P,O; content in the
non metallic inclusions versus the
[(ALO,+ MgO+ K,O) / FeOl]) ratio for
each one of the ferrous artefacts. This

. Cantheli i
Relation Sample [t] p ;cht%l:;ia{hr:%ﬁ;isr'gn Slope (a) | Intercept (b)
199 0 0.97 Yes 10.8 -0.1
%SiO, versus
182 1.9 0.07 Yes 7.2 11
%AI,0,
184 4.8 0 No 4.2 3.6
199 2.3 0.03 No 0.9 1
%Al 0O, versus
182 7.4 0 No 0.3 1.2
%MgO
184 9.4 0 No 0.5 1
199 4.5 0 No 0.4 1.6
%CaO versus
182 5.9 0 No -0.9 1.1
%K,0
184 6.6 0 No -1 1.8
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Figure 2

Bivariate graphs of the chemical composi-
tion of the non metallic inclusions for both
sites of Aragoiaba Hill (S: Sardinha in red
and I: Ipanema in blue):

a) Graph showing the content of FeO
versus SiO,;

b) Graph showing the content of SiO, and
ALO,;

¢) Graph showing the content of CaO and
K,O;

d) Graph showing the content of MgO
versus ALO,.

graph was proposed by Dillmann and
D’Heritier (Dillmann and I’Heritier,
2007) for partial discrimination of
direct and indirect reduction products.
This figure shows that most of the iron
artefacts found in the Sardinha site are
located in the direct reduction field (ex-
cept sample S107), but this same figure
could not identify the reduction process
for the iron artefacts found in the Royal
Iron Factory de Sdo Jodo de Ipanema,
which were mostly located within the
“undefined reduction process” field, with
the exception of sample 199, for which
most points are located in the direct
reduction field.

Table 2

Samples of the Royal Iron Factory

of Sdo Jodo do Ipanema: test of significan-
ce of the intercept for the linear regression
(y=ax+b).
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Relation Sample | |t] p Cg;gﬁr%{irg'ﬁa{hr:%ﬁ;ﬂ%n Slope (a) | Intercept (b)
S106 1.7 0.1 Yes 8.5 -2.7
%Si0, versus
S107 0.3 0.8 Yes 151 -0.8
%AL0,
S111 0.1 0.92 Yes 6.7 -0.2
S106 2.9 0.01 No 0.8 1.1
%Al,0, versus
S107 4.1 0 No 0.5 0.4
%MgO
S111 0.4 0.67 Yes 1.6 0.1
S106 12.2 0 No 0.3 2.2
%CaO versus
Table3 %K O 5107 1.8 0.08 Yes 4.4 2.7
. . (o
Samples of the Sardinha site: 2
test of significance of the intercept S111 4.5 0 No 0.9 1.5
for the linear regression (y=ax + b).

Constraint linear regression model (R?) Unconstraint linear regression model (R?)
Sample
%AL,0, x %MgO | %Ca0 x %K O | %Si0, x %ALO, | %ALO, x %MgO | %Ca0 x %K 0 | %S0, x %AL0,
199 0.94 0.92 0.74 0.32 0.62 0.74
182 0.74 0.48 0.77 0.13 0.03 0.24
184 0.88 0.33 0.88 0.41 0.06 0.32
S106 0.94 0.61 0.94 0.13 0.24 0.72
$107 0.98 0.93 0.96 0.92 0.62 0.83
Table 4 S111 0.94 0.54 0.86 0.21 0.23 0.42
Comparison of the A R
linear correlation coefficients (R?) ;fgfegaese 3.9 times 4.9 times 1.9 times - -
for the linear regression models.
o: 20
S
S 18 Mndirec
16 reduction ¥
'Y A
14
12 ) 1 Undefined
‘ AT redudtion

Figure 3
Graph showing

the content of %P,O, versus the bl o |Direct:
[(%ALO,+ %MgO+ %K, 0)/ %FeO]) ratio l¢ g - Y reduction
found in the slag inclusions of each iron 1.0 10.0
artefact of both production sites of Ara-
05106 ©S107 aS111 199 8184 4182 (%AL1,0,+ %MgO + %K,0 )/%FeO

¢oiaba Hill (S: Sardinha and I: Ipanema).
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4. Discussion

The present results (see Tables 2 and
3) indicated that the constrained linear
regression model was valid for only seven
out of eighteen bivariate relationships.
The present investigation, however, did
not use any data cleansing to improve
this result, as proposed elsewhere (Dill-
mann and L'Heritier, 2007) due to the
large size of the investigated inclusions.
Additionally, the low values for the coef-
ficient of determination (R? < 0.7) for the
unconstrained regression model (see Table
4) when compared with the constrained
linear regression model indicated that the
hypothesis of forcing the linear regression
passing through the origin, as proposed
by other authors (Coustures et al. 2003;
Dillmann and L'Heritier, 2007), should
be used with care, as this assumption
drastically changes the values of the lin-
ear correlation parameters. The results in
Tables 2 and 3 indicated that the CLRM
without data-cleansing was not valid for
78% of the bivariate relationships on the
artefacts collected at the Ipanema site and
for 45% of the bivariate relationships on

5. Conclusions

e The present investigation could
not identify by linear regression models
the signature of the productive systems of
Sardinha and Ipanema sites. The number
of investigated artefacts from Ipanema
and Sardinha sites should be increased
in order to produce stronger conclusions
about the provenance of the iron artefacts
collected at these sites.

e The constrained linear regres-
sion model (CLRM) without data-
cleansing must be used with extreme
care, as the assumption of having a line
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the artefacts collected at the Sardinha site.
As a matter of fact, the use of the zero
intercept model (CLRM) increased the
values of the coefficients of determination
in 95% of the samples by an average value
of 260%, which may lead to the “unre-
alistic” identification of the provenance
of iron artefacts. As a result, the present
investigation could not identify the signa-
ture of the productive systems of Sardinha
and Ipanema sites using any of the linear
regression models.

However, a qualitative analysis of
Figures 2-a to 2-d suggested that 199
sample was different from the other ob-
jects collected at the Ipanema site, and that
$107 sample may also be different from
the other objects collected at the Sardinha
site. This simple observation indicated
that the number of investigated artefacts
from Ipanema and Sardinha sites must
be increased to produce more meaning-
ful conclusions about the provenance of
these iron artefacts. For instance, Figure
3 showed that most of the iron artefacts
found in the Sardinha site are located in

passing through the origin of the bivari-
ate graphs increased the coefficients of
determination (R2) in 95% of the samples
by an average value of 260% when
compared to the unconstrained linear
regression model (ULRM).

* The graph of the P,O, content
versus the [(ALO,+ MgO+ K,0) / FeO])
ratio in the non metallic inclusions indi-
cates that that most of the iron artefacts
found in the Sardinha site are located in
the direct reduction field (except sample
$107). This same graph could not identify
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the direct reduction field (except sample
$107), but this figure did not show any
information for the iron artefacts found
in the Royal Iron Factory de Sdo Jodo de
Ipanema (direct and indirect reduction),
which were mostly located within the “un-
defined reduction process” field, with the
exception of sample 199, for which most
points are located in the direct reduction
field. As a matter of fact, a large number
of points of Ipanema samples fall into
the very large overlap region occupied by
objects with different technological origins
(direct or indirect reduction) in the graph
proposed by Dillmann and I’Heritier
(Dillmann and I’Heritier, 2007).

Finally, another important attribute
of the inclusions of the samples collected
at the Sardinha site when compared to the
samples collected at the Ipanema site was
its higher TiO, content associated with the
presence of polygonal ilmenite (FeTiO,)
in the microstructure. In this case, the
microstructural characterization was able
to differentiate the artefacts collected at
Sardinha and Ipanema sites.

the reduction process for the iron artefacts
found in the Royal Iron Factory de Sdo
Jodo de Ipanema.

e Another particular attribute of
the inclusions of the ferrous artefacts
from Sardinha site, when compared to
the samples of Ipanema site, was their
higher TiO, content associated with the
presence of polygonal ilmenite (FeTiO,)
in their microstructure. In this case, the
microstructural characterization was
useful to differentiate the ferrous artifacts
collected at Sardinha and Ipanema sites.
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