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Abstract: This work is part of a project of the Superintendence of Archaeology, Fine Arts, and
Landscape for the enhancement of the widespread archaeological heritage of the Po delta area.
Excavation activities, carried out in 2015, allowed the sampling of the stratigraphic elements and
artifacts of the archaeological site of the lighthouse tower of Baro Zavelea, municipality of
Comacchio (Ferrara, northeast Italy). In this work, the geochemical characterization of sediments
and building materials was conducted using granulometric analyses, X-ray fluorescence analysis,
and calcimetry on different types of samples, including sands, clays, mortars, and bricks, with the
scope to better characterize all of the different types of sediments collected. This multidisciplinary
approach allowed the diagnostic and evaluation of the state of conservation of Baro Zavalea.
Granulometric analyses highlighted the fact that depositional environments were of very different
natures: fluvial environments and paleo-alveo environments. In addition, XRF analysis allowed the
discrimination of different clay samples, some from basins poor in carbonates, while, for the
construction of the bricks of the second wall structure, clays rich in carbonate were chosen to add
lightness to the structure.

Keywords: petroarchaeometric characterization; XRF; bricks; mortars; clay; sand; Baro Zavelea;

comacchio

1. Introduction

This research work arises from the perfect combination of archaeology and science —
archaeometry and sedimentology have played a fundamental role in the acquisition of
useful data for the reconstruction of an archaeological excavation [1].

There have been many scientific types of research aimed at characterizing excavation
contexts and artifacts, such as ceramics and bricks [2,3]. The latter constitute most of the
findings in archaeological excavations, and many involved researchers who have
provided various contributions aimed at the mineralogical, chemical, and petrographic
characterization of these materials [4-6].

Discriminating and characterizing the origin of the sediments present in a specific
site is fundamental and it is, generally, one of the first research stages undertaken by
archaeologists, as clay and sand are the raw materials from which historical artifacts and
construction materials were made [7,8].
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Even the sands and clays of the river Po (north Italy) have often been studied as raw
materials for the construction of historical buildings and ancient objects found in
archaeological excavations [9]. The river Po has always played an important role in
history, both as a navigation channel [10] and also as a source of raw materials for
construction [9].

The branches of the Po delta were described by Pliny proceeding along the Adriatic
coast from south to north. These branches, in the southern sector of the delta, could be
divided into four parts [11], including the Fossa Augusta and Padusa canals. This part of
the Po delta belonged to the southernmost branch that was already fossilized in Roman
times and was partially revitalized by the construction of the Fossa Augusta. The
navigable canal detached from Padovetere in the locality of Baro Zavelea, reached the
Padusa canal and, together with it, flowed into the port of Ravenna, where the imperial
fleet was stationed and, therefore, resized in the Augustan period. This port installation
was fundamental on a military, commercial, and supply level.

The area of Baro Zavelea refers to the wreck of a coastal strip that emerged in the
Mezzano valley west of the Padovetere. During the Roman period, especially in the
Augustan age, this stretch was affected by the crossing of the Fossa Augusta. The
Augustan navigable canal branched off on the southern branch of the Po, north of the
Church of Santa Maria in Padovetere [12], perhaps near the locality of Casone Paviero—
Bocca delle Menate, and then headed toward Casone Bingotta—Via Anita [13]. Once the
area of Baro Zavelea was intercepted, the canal entered the Argine d’Agosta and then
reached Ravenna in the final part of its route. Both the Argine d’Agosta and Baro Zavelea,
during the excavation of drainage channels for reclamation works, were the subjects of
archaeological investigations that brought to light several sites of considerable interest,
including Villa di Salto del Lupo investigated in the 1960s and a lighthouse tower located
in Baro Zavelea, the object of study of this work [13].

In the Roman period, the river bumps close to the delta ramifications and the coastal
strips that proceeded along the same direction as the beach line were the main places
where the population was distributed [13]. These were the only areas suitable for
settlement due to the elevated position, because, in its terminal part, the delta landscape
was formed from swamps and marshes [14,15].

The archaeological site of the lighthouse tower of Baro Zavelea, the object of study of
this work, is located near the Municipality of Comacchio in the province of Ferrara and,
between 1965 and 1978, was the subject of numerous excavation campaigns that allowed
different settlements to be highlighted. In detail, in August 1976, the first excavation
campaign was carried out in the Baro Zavelea area because, during the plowing work by
peasants in the neighboring lands, numerous sesquipedalian bricks came to light, which
prompted the archaeologists to promptly excavate the area [13]. During the subsequent
campaign conducted in September 1976, an imposing square base of 7.42 m wide and 2 m
high was found resting on a square platform contained by a double piling of oak logs,
which formed a square of about 10 m sideways [12]. The structure consisted entirely of
sesquipedalian bricks bonded with white mortar composed of coarse-grained sand.

From the very beginning, archaeologists have advanced the hypothesis that it could
be a lighthouse tower, given the presence of many erratic bricks found in the excavation
area that confirm the considerable original height of the monument. Based on the size of
the base and taking into account the number of erratic bricks recovered in the 1970s and
the subsequent excavation campaign (2015), it is plausible to believe that, originally, it
could have reached a height of 25 feet, typical of early age imperial towers [12].

In 2015, the Superintendence of Archaeology, Fine Arts, and Landscape decided to
investigate the area again. The campaign allowed objects of considerable importance and
an equally interesting context of excavation to be found. The excavation activities allowed
the sampling of the stratigraphic elements and the artifacts of the archaeological site of
the Baro Zavelea lighthouse tower.
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This work aimed to better characterize all of the sediments collected and some
fragments of the bricks of the lighthouse tower through geochemical analyses.
Granulometric analyses, X-ray fluorescence analysis, and calcimetric analysis were
conducted on several types of samples (sands, clays, mortars, and bricks).

2. Materials and Methods
2.1. Sampling Site Description

In the Baro Zavelea area, located in the municipality of Comacchio in the province of
Ferrara (Emilia Romagna region, northeast Italy-Figure 1la), there are remains of a
lighthouse tower that have been investigated through different excavation campaigns.
The last of these was divided into different phases:

—  The first phase was completely dedicated to the excavation of the lighthouse tower
built entirely of rectangular (45 x 30) sesquipedalian bricks (Figure 1b). During the
sampling, some sesquipedalian bricks equipped with a handle were also found,
which were probably used to allow for easier hand transport. The first phase of
excavation also investigated the 8 foundation piles that emerged covered by a
considerable layer of clay and were subsequently sampled for analysis (Figure 1c);

—  Inthe subsequent phases, a large part of the area located to the east was investigated,
in which important finds were found, as well as a second wall structure consisting of
bricks characterized by considerable fragility and different colors (from yellow to
purple), probably due to different cooking temperatures (Figure 1d). The wall
structure rested on a wooden grid and had two foundation cuts on the sides with
bricks placed transversely. The wooden grid was not unusual in the Po delta area,
similar to that found during the excavations of the Etruscan Spina [16], where
structures of this type were necessary given the confirmation of the territory
characterized by a lot of marshes.

In addition to the second wall structure found, a high number of fragments of slabs
and a parallelepiped in white stone weighing two tons were found in the
collapse/dispossession layer. The layer defined as “collapse/dispossession” was littered
with bricks and stones, interspersed with a very high number of shells ascribable to both
fresh and salt water. Additionally, a few ceramic fragments were found that
chronologically date back to the 4th-5th century AD (Figure 1e,f).

At the northeast end of the excavation area, a large block of white stone was found
(Figure 1g,h), decorated in bas-relief on three sides, which, for the decorative motifs, was
placed in the Julius-Claudian age (30-50 AD). On the block, there was a hole that probably
held a statue (Figure 1g).

Adding to these samples, other white stone slabs were found (6 in all), some of which
were characterized by the presence of holes (Figure 1i).
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Figure 1. Picture of the sampling site: (a) Comacchio in the Emilia Romagna region on the Adriatic
Sea—the excavation area of Baro Zavelea is in the red circle; (b) view of the excavation area; (c)
foundation piles; (d) detail of the wooden grid; (e) example of ceramic fragments; (f) amphora; (g)
large block of white stone decorated in bas-relief; (h) detail of the large block; (i) white stone slabs.

2.2. Sampling Methodology and Analytical Techniques

The sampling was planned to better characterize the sedimentological, stratigraphic,
and constructive context that emerged during the excavation campaign conducted in
2015.

Different kinds of samples (bricks, mortars, clays, sands, and trachyte samples) were
collected and analyzed in the laboratories of the Department of Physics and Earth Sciences
of the University of Ferrara. Table 1 describes the collected provenance for each type of
sample analyzed.

Table 1. Description of the different kinds of samples collected and analyzed, and the descriptions
of the provenance of each sample.

Sample Description Provenance
1 Brick Lighthouse tower remains
2 Brick Lighthouse tower remains
3 Brick Second wall structure
4 Brick Second wall structure
5 Brick Second wall structure
6 Brick Second wall structure
7 Brick Second wall structure
8 Brick Second wall structure
9 Mortar Lighthouse tower remains
10 Mortar Lighthouse tower remains
11 Mortar Second wall structure
12 Mortar Second wall structure
13 Mortar Second wall structure
14 Mortar Second wall structure
15 Mortar Second wall structure
16 Mortar Second wall structure
17 Mortar of the collapse Second wall structure

—_
o

Clay Clay layer
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19 Clay Clay layer

20 Sand East part of the excavation area
21 Sand East part of the excavation area
22 Sand East part of the excavation area
23 Sand East part of the excavation area
24 Sand East part of the excavation area
25 Sand North part of the excavation area
26 Sand North part of the excavation area
27 Sand North part of the excavation area
28 Sand Second wall structure

29 Sand South part of the excavation area
30 Sand South part of the excavation area
31 Sand South part of the excavation area
32 Sand South part of the excavation area
33 Sand South part of the excavation area
34 Sand South part of the excavation area
35 Sand South part of the excavation area
36 Trachyte South part of the excavation area
37 Trachyte South part of the excavation area

Particle size analyses were performed on 24 samples, which were chosen based on
any anthropogenic influence or natural deposition, dividing the samples into two classes:
mortars (from sample 10 to sample 17) and sediments of natural origin (samples 20 to 35).

Samples were initially quartered to obtain a representative amount to be analyzed
and then treated with a low concentration (16 vol) of hydrogen peroxide to oxidize the
organic matter and achieve a good dispersion of clasts. Once the oxygenation phase was
considered complete, the sandy fraction was separated from the muddy one by wet
sieving using a 63 um net. The muddy fraction was collected in plastic jugs and left to
settle completely.

The sandy fraction, placed in glass beakers, was dried in an oven at a temperature of
60 °C for at least 24 h. Once dried, any bioclasts with dimensions larger than the coarser
clasts were eliminated by manual sieving using sieves of a suitable mesh size.
Subsequently, the sediment was weighed on a technical scale to the centigram to
determine its net weight.

The mud, after the elimination of the excess water contained in the jugs by siphoning,
was recovered into a pre-weighed beaker. After further sedimentation and elimination of
excess water, the mud was weighed and, through a 60 °C L.O.l. performed on a small
amount, the whole net dry weight of the fraction was calculated. This procedure was
adopted to avoid possible granulometric alterations of the muddy fraction due to its
drying and subsequent rehydration.

A representative portion of the sandy fraction (2.8-3.2 g) was analyzed using a
sedimentation tube consisting of a plate connected to a balance and immersed in a
sedimentation apparatus [17] that can measure particle dimensions by Stokes Law.

The muddy fraction was analyzed using a Micromeritics Sedigraph with a sodium
hexa-metaphosphate solution (concentration 0.5%) as a dispersant liquid. Even the
Micromeritics Sedigraph based its measurement principle on Stokes’ law [18].

The analytical data from both instruments were then merged, in proportion to the
relative abundances of the two respective fractions, using the Sedimcol software (version
1.06), obtaining the entire particle size distribution for each sample analyzed. Cumulative
curves, Wentworth [19] classification, and Folk and Ward [20] parameters were obtained.

All the samples were analyzed by X-ray fluorescence (XRF). Before analysis, all of the
samples were ground into a powder with a particle size of less than 2 um using a Power
Mortar Grinder MG100 Vibration Mill (Laarman, Maribor, Slovenia).

The sample powders were first dried in an oven at 110 °C, then placed in ceramic
crucibles and subjected to a temperature of 1000 °C for one day [10]. Part of the powder
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from all of the samples was used for L.O.1. (loss on ignition) calculation and expressed in
Table 2 as the weight oxide percentage. An amount of 0.5 g of powder for each sample
was prepared by pressing a tablet on boric acid support for XRF analysis. The chemical
analysis of the collected fragments was determined by XRF with a wavelength dispersion
spectrometer ARL Advant-XP (Thermo Fisher Scientific, Waltham, MA, USA) [21]. The
instrument consisted of an X-ray tube with a Mo target and an SSD Peltier-cooled detector
(10 mm? active area and resolution of <155 eV at 10 kcps). The system performs a
simultaneous multi-element analysis in the element range from Na (11) to U (92). A
maximum voltage and current of 50 kV and 1500 pA, respectively, were used to excite the
secondary fluorescence X-rays. A collimator with a diameter of 1 mm was used to collect
the emitted secondary X-rays from a surface area of about 0.79 mm? in the air [22]. This
technique allowed the determination of the major elements, expressed as a percentage by
oxide weight (SiOz, TiOz, Al20s, Fe20s, MnO, MgO, CaO, Na:20, K20, and P20s), and of the
following trace elements reported in ppm (parts per million): Ba, Cr, Ni, Pb, Rb, Sr, V, Zn,
Zr,Nd, and S [23]. The accuracy of the instrument, estimated based on the results obtained
for international standards of geological samples, and the precision, expressed as the
standard deviation of replicated analyses, were between 2% and 5% for the major
elements and between 5% and 10% for trace elements. The detection limit (0.01% for major
oxides) was estimated to be close to ppm for most trace elements, except for S, for which
a detection limit of 50 ppm was considered. The processing of the acquired intensities and
the correction of the matrix effect were performed according to the model proposed by
Lachance and Trail [24]. The qualitative data obtained were expressed as the single
element weight.

Table 2. XRF data of the major oxides present in the samples collected and expressed in weight
(%).

(a) Bricks Clays
1 2 3 4 5 6 7 8 18 19
SiO2 51.58 54.11 55.50 55.49 56.19 52.47 53.74 53.94 68.21 64.73
TiO:2 0.65 0.66 0.81 0.66 0.77 0.67 0.66 0.69 023 022
ALLOs 12.39 14.38 16.33 14.56 15.27 12.86 14.43 13.74 871  9.06
Fex20s 5.55 6.04 6.49 6.06 6.25 5.56 6.40 6.29 214 213
MnO 0.12 0.14 0.13 0.12 0.14 0.12 0.13 0.14 0.04 0.07
MgO 5.13 5.65 4.12 5.93 441 4.10 4.29 4.30 337 381
CaO 17.03 13.39 9.28 11.77 10.55 15.95 15.29 16.17 8.65 11.18
Naz0 241 2.03 1.26 2.06 1.72 1.92 3.27 2.77 2.01 1.76
K20 1.24 1.98 2.75 2.12 2.54 2.30 1.00 0.94 226 221
P20s 0.55 0.20 0.33 0.23 0.21 0.33 0.14 0.34 011 0.14
LOL 3.36 1.42 2.99 0.99 1.96 3.72 0.64 0.67 426  4.69
Carbonate 3 6 8 ’
Content
Tot 100 100 100 100 100 100 100 100 100 100
(b) Mortars Trachyte
9 10 11 12 13 14 15 16 17 36 37
Si0O:2 58.30 57.65 61.25 63.19 54.88 54.64 53.36 6154 66.06 57.10 62.25
TiO2 0.46 0.26 0.22 0.21 0.24 0.21 0.23 0.55 0.60 073  0.69
ALLOs 10.35 8.69 8.93 8.96 7.79 7.47 793 1146 9.35 18.82 14.23
Fe20s 3.29 2.34 2.17 2.07 2.29 1.95 230 3.92 4.03 730  5.62
MnO 0.09 0.05 0.06 0.07 0.07 0.08 0.08  0.09 0.13 0.04 0.05
MgO 4.20 3.56 3.69 3.66 2.90 2.79 3.05 5.18 4.83 542 529
CaO 12.03 14.86 12.62 11.86 18.47 18.16 19.25 8.63 7.66 1.07  4.42
Na20 1.49 1.61 1.66 2.06 1.51 1.71 178 1.68 1.88 1.79 134
K20 2.06 2.04 2.10 2.23 1.91 1.80 194 219 1.71 352 262
P20s 0.16 0.12 0.14 0.12 0.16 0.14 0.15 0.26 0.14 015 032
L.O.L 7.56 8.82 7.18 5.56 9.79 11.06 992 448 3.60 407 3.6



Appl. Sci. 2022, 12, 11692 7 of 15

Carbonate 19 16 19 21 6

Content

Tot 100 100 100 100 100 100 100 100 100 100 100
() 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Si0» 6637 62.04 58.85 5840 6072  53.62 5460 5630 58.08 60.43 59.86 59.54 65.8759.80 5590 57.77
TiOs 071 064 066 078 072 071 067 089 067 0.66 062 063 093 050 079  0.82
ALOs 1017 13.09 1442 9.62 1319 1433 1443 1637 1159 13.23 11.59 12.03 10.3713.04 1577 1533
Fe:Os 401 464 564 491 534 518 511 688 430 517 447 443 585 775 672 6.6l
MnO 010 007 007 019 007 008 008 014 010 011 008 009 0.17 003 014 0.5
MgO 434 545 516 482 560 447 475 358 542 537 517 512 489 382 463 467
CaO 724 664 657 1237 722 981 941 1025 1004 7.04 882 858 594 449 954 839
Na:0 210 156 114 162 126 076 097 096 133 156 1.60 154 1.86 135 132 128
K:0 193 243 270 164 247 278 277 28 213 250 221 225 184 279 287 291
P-Os 026 029 026 074 046 022 013 041 048 028 035 030 0.18 025 020 040
LOL 278 315 453 492 293 804 709 139 586 3.65 523 549 211 619 212  1.67
Tot 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

In order to validate the L.O.I. procedure on selected samples of mortar (from n. 9 to
n. 17) bricks (samples 2 and 6) and clays (samples 18 and 19), calcimetric analyses were
carried out (gas volumetric method) [25,26]. The carbonate content, if present, was
determined on the basis of the chemical reaction between a known quantity of sample
(0.500 g) and 10% hydrochloric acid (HCI) according to the following chemical reaction:

CaCOs+2HCI —» CO2+H20 + CaCl

The percentage of calcium carbonate in each sample analyzed was calculated by
measuring the quantity of carbon dioxide developed; for each mole of calcium carbonate,
one mole of carbon dioxide is generally formed [27]. in the L.O.L. procedure, the loss of
weight is due only to volatile elements. In the case of the presence of carbonate, the
procedure is only able to measure the loss of COz. The latter corresponds to 43.971%
(based on the molecular weight) of the calcium carbonate content. For this reason, the loss
of weight recorded by the L.O.I. results in some cases should appear to be higher than the
percentage of carbonates.

3. Results

All of the collected samples were subjected to particle size analysis and then XRF
analysis for the characterization of the major elements and trace elements present in order
to better discriminate the samples from each other.

3.1. Particle Size Analyses

According to Shepard [28], all mortar samples can be classified as sand. Figure 2a, in
fact, shows that all of the samples analyzed were grouped in the lower-left part of the
Clay-Sand-Silt triangle, representing sand samples.

The natural sediments (originally named as sand —see Table 1) showed a different
grain-size distribution, as shown in the Clay-Sand-Silt triangle in Figure 2b: seven
samples were silty sand (grouped in the yellow circle), five samples were sand (grouped
in the orange circle), two samples were loam (grouped in the green circle), one could be
classified as silty clay (green circle), and one could be classified as clayey sand (green
circle). This variability had no correlation with the location in the excavation area but
could be explained in terms of the sedimentological environment.
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Figure 2. Classification according to Shepard [28] of: (a) mortar samples and (b) natural samples.
The yellow circle represents the silty sand samples, the orange circle represents the sand samples,
the blue circle represents the loam samples, the green circle represents the silty clay sample, and the

gray circle represents the clayey sand sample.
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3.2. XRF Analyses

The chemical composition (major and trace elements) of all of the samples collected

was determined by XREF.

Table 2 and Figure 3 show the data relating to the chemical elements analyzed in the
different samples for both the major elements expressed using the oxide concentration in
the weight percentage and trace elements concentration expressed in ppm. In all of the
samples, the oxides were characterized by high values of SiOz, Al20s, and CaO, followed

by Fe20s3 and MgO.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mSi02 mTiO2 mAI203 ' Fe203 mMnO mMgO mCaO mENa20 mK20 mP205 mLOIl

Figure 3. Bar chart showing the relative abundances of the major oxides in the different types of
samples analyzed in this work. Each line represents the average value of those expressed in Table

2.

In addition to the tables, the chemical analyses of all samples were interpreted using
binary diagrams of the variation in every single chemical element with respect to silica. In
each diagram, the brick samples are colored in red, mortar samples in green, clay samples

in yellow, trachyte samples in pink, and sand samples in blue.

Brick samples (colored in red in the diagrams of Figure 4) were generally
characterized by a low value of silica with respect to the other samples, a high value of
AlOs (Figure 4a), Fe2Os (Figure 4b), MnO (Figure 4c), MgO (Figure 4d), CaO (Figure 4e),
and Na:20 (Figure 4f), and more similar values of the trace elements, such as Co (Figure

4h) and Cr (Figure 4i), as shown in Table 2.



Appl. Sci. 2022, 12, 11692

10 of 15

ALO, WH(%)

MnO wt(%)

Ca0 wt(%)

K,O wt(%)

20
18
16
14
12
10

[=J SR

50

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0,06
0.04
0.02
0.00

25

20

4.0
35
3.0
25
2.0
1.5
1.0
0.5
0.0

50

50

50

55

55

55

55

60

Si0, wt(%)

(a)

60
Si0, wi(%)

()

Si0, wt(%)

(e)

60
Si0, wt(%)

(8)

65

65

65

65

70

70

70

70

Fe,0; wt(%)

MgO wt(%)

Na, O wt(%)

Co (ppm)

S = N W AR LY 0 O

50

N W e Y

—

25

20

15

50
45
40
35
30
25
20
15
10

50

50

> °
8 o° ut ~
o oe ® ‘ ¢
o ®» ©
)
() : [ °
55 60
Si0, wt(%)
(b)
°
« ° °0,a? 0
Sl T
¢ o o LB
* o
55 60
Si0, wt(%)
(d)
°
@
°, 2 .
° . ° >
..a o. @ o
o ® o
o] ®
°
55 60
Si0, wt(%)
®
®
°
° . ™
ot .. .’ .... e
** ® [ L] o®
* o o * o
®
55 60
Si0, wi(%)
(h)

65

65

65

65

70

70

70

70



Appl. Sci. 2022, 12, 11692

11 of 15

450
400
350
300

Cr (ppm)
2 b2
o h
S o

—
h
<

100

h
o O

50

55

250
® 200 L
. .
0e%
. z 150 . * o
L ] : [
's‘ ® d & s L) [
® . = 100 ®e 6 o ®
. ® ' @ . e o [ ] “
° o °* 50 e
0
60 65 70 50 55 60 65 70
Si0, wt(%) Si0, Wt(%)
@) )
4
4
: (S
) o 3 ; q. (
k- ™ < 2.
= a E 2 %8 $
® o] ON 2
® s—=8 g X °
o 1 o0
1
0
60 65 70 0 5 10 15 20
Si0, wt(%) ALO; Wt(%)
(k) 1)
25
20
P 4 .
Q15 ° °
< o
E ‘.0 ..
o 10 % o8
z e % e
5 o
0
0 5 10 15 20
ALO; Wt(%)
(m)

Figure 4. Binary diagrams between silica (SiO2) and aluminum (Al20s) and the major and minor
elements obtained through XRF analyses and expressed in weight oxide (%) for the major elements
and in ppm for minor elements: (a) SiO2/Al20s; (b) SiO2/Fe20s; (¢) SiO2/MnO; (d) SiO2/MgO; (e)
Si02/Ca0; (f) SiO2/Na20; (g) SiO2/K20; (h) SiO2/Co; (i) SiO2/Cr; (j) SiO2/Ni; (k) SiO2/Rb; (1) Al203/K20;
and (m) Al2O3/Na20. In each diagram, red spots represent the brick samples, yellow spots represent
the clay samples, green spots represent the mortar samples, pink spots represent the trachyte
samples, and blue spots represent the sand samples.

The opposite was observed for the clay samples (colored in yellow in the diagrams
in Figure 4), with a higher value of silica but lower values of the other major oxides with
respect to the brick samples and low values of the trace elements Co (Figure 4h), Cr (Figure
4i), and Ni (Figure 4j) (Table 2). The results obtained for both major and trace elements
could have confirmed that the clay collected was not used to build the bricks.

Mortar samples (colored in green in the diagrams in Figure 4) showed low values of
AlOs (Figure 4a), Fe20s (Figure 4b), and MgO (Figure 4d), similar to the clay samples, but
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a high value of CaO (Figure 4e), as shown in Table 2, and similar to the brick samples
(Table 2a). Regarding the trace elements, mortar samples were characterized by low
values of trace elements, such as Co (Figure 4h), Cr (Figure 4i), Ni (Figure 4j), and Rb
(Figure 4k), with respect to the other samples.

Table 2 also shows the XRF data obtained from the analyses of the trachyte samples,
which were characterized by higher values of Al2Os (Figure 4a), Fe2Os (Figure 4b), MgO
(Figure 4d), and KO (Figure 4g) and lower values of MnO (Figure 4c), CaO (Figure 4e),
and Na2O (Figure 4f). In the diagram in Figure 4, the trachyte samples are colored pink
and show a high value of Rb in Figure 4k.

Finally, Table 2 shows the data obtained on the sand samples (colored in blue in the
diagrams of Figure 4) with different values of silica (between 53.62-66.37), but generally
low values of CaO and Na20.

In geochemical analysis, L.O.I. represents the H20 released by clay and gypsum
minerals, as well as the CO: released by calcite and dolomite. Mortar samples were
enriched in calcite and dolomite, and showed higher values of L.O.I. and carbonate
contents. Regarding the brick samples, they presented lower values of L.O.I. compared
with the mortars, and also lower carbonate content values, which was in accordance with
their technological condition in which the clay minerals dissociated during the firing
process; the carbonate content values can be attributed to the smear used in the mixture.
Finally, calcimetric analyses of the two clay samples showed different carbonate contents.

3.3. Calcimetry Analyses

Regarding the characterization of the mortar samples, there was a strong affinity
between these samples and the sand samples, which could indicate a local source,
probably in the Po delta area. The compositional variation that was observed was
probably linked to the addition of lime, which suggested the use of sediments similar to
the paleo-channel environments for the samples collected at the base of the second wall
structure. The characterization of the mortar samples was conducted by calcimetric
analysis. Figure 5 shows a selection of highly classified mortars, possibly from
neighboring paleo-dune areas. Samples 9, 10, 11, 15, and 16 showed the same values as
the percentages changed (1%, 2%, and 3%); consequently, the average percentage
corresponded to the same value. With respect to the other, only sample 17 showed a lower
calcimetric value, but it remained constant as the percentage changed.

25
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Figure 5. Data obtained by the calcimetry analyses of mortar samples. The blue color represents 1%,
the orange color represents 2%, the gray color represents 3%, and the yellow color represents the
average expressed in percentage.

4. Discussion

From the study of the XRF analyses of the coarser fractions of sandy sediments
obtained through sedimentological analyses, an almost absent correlation between SiO:
and AlOs (Figure 4a), MgO (Figure 4d), and KO (Figure 4g) was observed, which could
be related to different abundances of minerals, such as quartz, feldspars, and micas.

An important environmental indicator was the different trends of alkaline elements
(especially KO and Rb) compared with SiOz. In the binary diagrams, the sand samples
showed a decrease in K20 (Figure 4g) and Rb (Figure 4k) as SiO: increased. In addition, a
low value of MnO, which characterized all sand samples (Figure 4f), between 0.03 and
0.15 could indicate that sedimentation occurred at times when mature soils were not yet
developed through pedogenesis. This could mean that deforestation in the Roman
centuriation did not result in the typical enrichment of all floodplains where agricultural
activity was important. It can, therefore, be assumed that, despite the value of MgO in
these sediments, the concentration of magnesium was severely depleted compared with
the current concentrations in the Po Valley sediments [9], both for the sand samples and
also for the bricks for which this material probably represented one of the main raw
materials [11].

Regarding the brick samples, it must be considered that brick production reached
almost industrial importance in the Po Delta area between the first century B.C. and the
first century A.D., as confirmed both by literary sources [12] and by the very high number
of archaeological finds. It should not be forgotten that the Pansiana brickworks operated
in this area, and one of its products was stamped tiles. The Pansiana workshop was active
in the Delta area, chronologically placed between the end of the Republican and Flavian
periods and supported, above all, by findings in the area of San Vito and on the Argine
d’Agosta (Comacchio) [29]. The imperial heritage of the Pansiana figlina was linked to C.
Vibius Pansa Caetronianus, consul in 43 B.C. and governor of Cisalpine Gaul in 45 B.C.
[30]. The entire Adriatic coast, within Cisalpine Gaul and especially on the Adria-Rimini
line, was characterized by the presence of materials from this workshop, which later
became the property of the emperor Augustus. For this reason, one could hypothesize that
the Pansiana figlina was located near the Fossa Augusta due to the waste from the kiln
and production facilities found at Argine d’Agosta [31].

With regard to the brick samples found and considered in this work, it was assumed
that the structure was built from calcium-rich bricks (as evidenced by the S5i02/CaO graph
in Figure 4e). The presence of calcium carbonate in the mixture afforded the material
greater porosity [32] and the firing product was, therefore, lighter. During the firing
process, the dissociation of the calcium carbonate released CO2, which produced bubbles
within the mixture. In addition, COzcould act as an inhibitor in the oxidation processes of
iron, which is why the bricks produced often tended to have a lighter, almost albasious
coloring [12].

On the other hand, the bricks used to build the lighthouse tower had to be dense and
heavy, massive, and have good physical-mechanical properties; therefore, they were
produced from clay low in calcium carbonates.

5. Conclusions

This research, based on a mineralogical-petrographic and geochemical approach,
permitted the provision of preliminary data regarding the characterization of the
excavation context and the construction materials found.

Geochemical analyses showed that clay samples of the lighthouse tower in
Comacchio were obtained from basins poor in carbonates, while, for the construction of
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the bricks of the second wall structure, clays rich in carbonate were chosen to afford
lightness to the structure resting on a wooden grid.

Granulometric analyses highlighted the fact that the depositional environments were
of a very different nature: natural sediments, mainly consisting of sands and silty sands,
were suggested to be related to a fluvial environment with some intercalations of finer
deposits due to a variable fluvial dynamic; and sands were attributable to a paleo—alveo
environment.

During the 2015 campaign, trachyte samples were also found, an effusive magmatic
rock coming from the Euganean Hills in the province of Padua commonly used in the
Roman ages to pave the main communication routes. Only further analyses, hopefully,
connected to the reopening of the excavation and the consequent enlargement of the area
to be investigated will be able to provide more precise details.
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