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AsstracT: The garum fish sauce was a popular ingredient in Roman gastronomy; however, its production
process is still unknown, and few remains have been found in the whole ancient world. The aim of this study
was to implement a technical approach to determine the ancient garum preparation methods, ingredients and
additives by comparing the chemical compositions of archaeological fish remains found in six vessels —do/ia— at
the ‘Garum Shop’ of Pompeii (Italy) and garum obtained from the Gargilio Martial’s classical recipe. Some
organic and inorganic parameters and compounds specific for fish sauces with great physicochemical stability
were determined either in the do/ia but also in the experimental reconstruction. The total N, fat, ash content,
fatty acid, and mineral composition were determined. Differences found in the N and fat contents of do/ia could
indicate that different garum batches were being manufactured at the moment of the Vesuvian eruption in the
‘Garum Shop’. Fatty acid results showed a similar profile for the remnants and reference garum. The mineral
profile, Ca/P ratio and Fe contents reported could be explained by the use of lime in the garum preparation or
sanitizing stage, and food coloring respectively.

Key words: dolia; fatty acids; minerals; Experimental Archaeology; Roman fish sauces.

ResuMEN: La salsa garum fue un ingrediente popular en la gastronomia romana, sin embargo, su proceso
de produccién sigue siendo desconocido y se han conservado pocos restos del producto en el mundo antiguo.
El objetivo del estudio fue realizar una comparativa de la composicién quimica de los restos de seis dolia pro-
cedentes de la “Tienda del Garum’ de Pompeya (Italia) y del garum obtenido a partir de la receta cldsica de
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Gargilio Marcial, para determinar técnicas de elaboracién, ingredientes y aditivos. Se determinaron algunos

indicadores orgdnicos e inorgdnicos especificos para las salsas de pescado con gran estabilidad fisicoquimica. Se

han determinado los contenidos en nitrégeno total, grasas, cenizas, dcidos grasos y perfil mineral tanto en las

muestras arqueoldgicas como en las muestras obtenidas por arqueologia experimental. Las diferencias observadas

en los contenidos en nitrégeno y grasas entre los dolia podrian indicar que en la “Tienda del Garum’se estaban
elaborando diferentes lotes de salsa de pescado. Los resultados observados en el perfil de dcidos grasos muestran
similitudes entre los restos arqueoldgicos y el garum reproducido. El perfil mineral, la relacién Ca/P y los niveles
de hierro observados podrian explicarse por el uso de yeso, como aditivo, como agente desinfectante o como

colorante.

Palabras clave: dolia; dcidos grasos; minerales; Arqueologia Experimental; salsas de pescado romanas.

1. Introduction!

Garum was a liquid produced by the hydrolysis
of small whole fish in the presence of salt, aromatic
herbs and spices, through natural fermentation over
several months (Curtis, 1991; Curtis, 2009). Gar-
um sauce was the most popular condiment in Ro-
man gastronomy, but there is not much informa-
tion about garum production methods except that
two fractions were obtained: a liquid called garum
or liguamen —terms closely related and used by the
Romans as synonymous— and a solid fraction con-
taining non-solubilized remains, called a//ec, result-
ing from the filtration of the garum (Curtis, 1991,
2009; Desse-Berset and Desse, 2000; Garcia ez al.,
2014). The importance of these fish sauces in daily
Roman life, as well as its high impact in Antiquity
have been treated in detail by many authors, from
the social to the economical point of view (Etienne
and Mayet, 2002); and from the Strait of Gibraltar
(Bernal, 2011) or Sicily (Botte, 2009) to the Black
Sea (Bekker-Nielsen, 2005).

Literary sources provide few details about the
preparation of the sauce, although it is known that
it was produced at an artisanal scale using large stor-
age jars —dolia— or other ceramic containers with
different capacities and at an industrial scale in
fish-salting factories all around the Mediterranean
Sea and the Atlantic Ocean (Ponsich and Tarra-
dell, 1965; Desse-Berset and Desse, 2000; Etienne
and Mayet, 2002; Reese, 2002). It is also known

! This work is based on research projects supported

by the Spanish Ministry of Economy and Competitive-
ness/FEDER EC (refs. no. HAR 2013-43599p and HAR2016-
78691-p).

© Universidad de Salamanca

that different specialty types of garum were devel-
oped that were highly prized in the Roman world,
such as the garum haimation or the ‘blood garum’
(Van Neer and Parker, 2008). This product was
very common in Roman fish-salting factories lo-
cated around the migration route of Bluefin tuna
—Thunnus thynnus—, where in addition to small fish,
the blood, innards or gills of tuna were used, all of
which were by-products generated during the ron-
queo or cutting process (Garcia and Bernal, 2009;
Curtis, 2009)2.

The hypothetical garum production process
could be similar to modern fish sauce production
processes carried out in Asia (Palacios ez al., 2016)
and Italy (Carannante, 2010). Currently, Asian
sauces such as nouc-mam —Vietnam— or nam-pla
—Thailand— are made with similar ingredients, and
some authors have remarked that modern Asian fish
sauces and ancient Roman preparations likely used
the same technological resources for manufacture
(Curtis, 2009; Grimal and Monod, 1952; Ruddle
and Naomichi, 2010; Grainger, 2011; Smriga et al.,
2010), and it is possible to use the extensive studies
on Asian fish sauces to reconstruct the process of
garum sauce production providing contemporary
reference materials for comparative analyses. Some
authors have used modern products and contem-
porary preparations as a reference in their studies
on archaeological remains. Dallongeville ez 4/,
(2011) have characterized ceramics imbued with

> Rodriguez, A.; Rolddn, A.; Bernal, D.; Garcia Var-
gas, E. and Palacios, V.: “Analysis of the productive capacity
of the ‘Garum Shop’ (Pompeii 1.12.8) using experimental
archacology methods”. In Conference Proceedings of the Con-
gress Fesciti Cretaria (2016). Pompeii (Italy), in press.
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fresh anchovies as a ref-
erence for archaeological
samples and to optimize
the methods of protein
extraction from remains.
Pecci et al. (2013b) used
Gc/Ms to identify organ-
ic acids in residues of
wine using fresh wine in
ceramic vessels as a ref-
erence. Another study,
performed by Garnier ez
al. (2003) on the archae-
ological remains of food,
studied the reproduction
of ancient techniques and
the simulation of the ef-
fects of time on contem-
porary samples. These
authors used thermal-as-
sisted  hydrolysis and
methylation on modern
products to provide ref-
erence analytical data for
the comparative study of
archacological materials.
Many new techniques
and methods, such as bi-
ochemical, pNa, zoologi-
cal or botanical analyses,
are actually applied in ar-
chaeology and contribute
with valuable informa-
tion about the chemical
and physical character-
istics of archeological
remnants (Brown and
Brown, 1992, 2011). Ar-
chaeological sources pro-
vide very valuable materi-
als that deal with the use
of raw materials in an-
cient times and can make
a crucial contribution to
the determination of the

© Universidad de Salamanca

Fic. 1. 4) Photograph of the 5 dolia (D1-D5 from left to right) analysed at the central part
of the Garum Shop (Pompeii, Italy) (photo by Univ. of Cidiz). Dolium D6 was in
the central part of the garden of Ambiente 9': B) detail of the fish vertebrae inside the
ceramic vessels (photo by C. G. Rodriguez-Santana and J. Morales).
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ingredients and additives used during production.
A practical example of this are the archacological re-
search on the six dolia found in the ‘Garum Shop’ of
Pompeii (Curtis, 1979; Curtis, 1983) conducted by
a Spanish-Italian group (Bernal and Cottica, 2010;
Bernal et al., 2013), which has allowed new inter-
disciplinary studies on experimental archaeology of
small-scale garum preparations (Garcia ez al., 2014).

For the archacological remains of fish or fish
sauces in ceramic vessels, studies have focused on
organic compounds as fatty acids, sterols and acylg-
lycerol, due to the great physicochemical stability of
these compounds (Brown and Heron, 2004; Gar-
nier et al., 2009; Evershed, 1993; Dallongeville ez
al., 2011; Garnier et al., 2003; Passi et al., 2015;
Pecci et al., 2013a; Regert, 2011), that could serve
as biomarkers for the identification of ingredients
that cannot be detected by bone or pollen analysis
(Evershed, 2008). Fatty acids detection by cc-Mms
techniques was a common method to determine the
molecular composition and the isotopic characteris-
tics in archaeological remnants (Regert, 2011).

Despite the real fact of considering some fatty
acids as biomarkers for animal fats or other organic
residues, determining the nature and origin was a
great challenge (Regert, 2011). The application of
new techniques as proteomic or Gc-mMs combined
with carbon isotopic analysis opened new possibil-
ities for the identification of protein species in an-
cient adherences (Dallongeville ez a/., 2011).

Fish sauces are a notable source of nitrogen and
other nitrogen based compounds as proteins and free
amino acids, especially glutamic acid, which are de-
tected in the modern fish sauces of Italy and Asia
(Ikeda, 2002; Beddows, 1998; Smriga et al., 2010).
These compounds have been detected at very low
levels in the remains of garum contained in two
vessels of the ‘Garum Shop’ at Pompeii (Smriga ez
al., 2010). Thus, a pattern of free amino acids, and
especially glutamate, could be used as a reference to
identify fish sauce remains in archeological samples
(Smriga ez al., 2010). Therefore Nitrogen measure-
ments could be used to calculate the organic matter
present in samples and as indicative of degradation
level due to time; however the Kjeldahl method

© Universidad de Salamanca

only allows to know the total soluble nitrogen from
all the sources, organic —aminoacids, nucleics acids—
and inorganic —-ammonia compounds and others—.
Mineral profiles are important components in fish
sauces as well, and they have also been the object of
many studies and analyses (Mika ez al., 2016; Mi-
zutani et al., 1992). However, there are few studies
linking the mineral profile with the identification
of ingredients in archaeological remains. Calcium
and phosphorus can be reference characteristic el-
ements of the composition of the bone remains of
fish (Toppe et al., 2007), and the presence of so-
dium could identify its use both in salted fish and
fish sauces. However, the sodium levels in garum re-
ported by Smriga ez al. (2010) were approximately
20 million times lower than those in contemporary
fish sauces (Crisa and Sands, 1975), possibly due to
the post-excavation period and occasional rain that
partly washed out its contents (Smriga ez 4/., 2010).

The objective of this study was to implement a
technological approach to the production methods
and possible ingredients or additives used in ancient
garum production based on analysis of the proxi-
mal composition, fatty acids and minerals of the
remains of solid garum found in six dolia of the Bor-
tega del Garum (Pompeii, Italy) and the by-prod-
ucts obtained in the garum reconstruction process,
which was elaborated starting from the recipe, the
primary components identified in these dolia, and
the Asian sauce production process.

2. Materials and methods

2.1. Samples of the archaeological remains

Samples of the archaeological remains of garum
—allec— were extracted from a depth of 10 cm from
six dolia —p1-D6— preserved in the so called ‘Ambi-
ente 9’ in the ‘Garum Shop’ of Pompeii —1.12.8—
(Fig. 1a). Samples were found in an extraordi-
nary state of preservation (Fig. 1B), the six vessel
appeared without lapilli or volcanic ashes (Curtis,
1979; Bernal ez al., 2013). Previous zoological anal-
ysis of remnants of these dolia showed anchovy
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(Engraulis encrasicolus; Fig. 1B) and pollen from
culinary spices (Curtis, 1979; Bernal ez /., 2013).
These remnants were characterized as the last garum
productions before the Vesuvian eruption (Bernal
et al., 2013; Carannante, 2010; Garcia et al., 2014;
Curtis, 1979) and were found in the solid form,
corresponding to allec.

2.2. Allec reference samples

Contemporary samples of reference allec were
obtained from modern garum elaborations follow-
ing the reconstruction process based on Gargilio
Martial’s classical recipe ‘Confetio Gari’ (Garcia er
al., 2014). Different garum batches were prepared
using anchovy —80%-, salt —15%-— and Mediterra-
nean spices —5%-—, placed in layers —spices-fish-salt—
inside a 5 L thermostated glass vessel. The temper-
ature was fixed at 50 + 5 °C to maximize the fish
protease activity, and the vessels were sealed for a
week and maintained in the dark to simulate an am-
phorae exposed to the sun. Starting on day 8, the
mixture was stirred for 5 min/day for 7 more days
(Garcia et al., 2014). At these times, fractions of /ig-
uamen and allec were separated by filtering through
linen, and the allec fraction —allec reference— was
collected —5 kg— and kept deep-frozen until analy-
sis. Prior to analysis, all the samples were lyophilized
and homogenized using a mill and an agate mortar.

2.3. Fresh anchovy samples

The anchovy samples were acquired at a local
market in Cadiz. Five kg of fresh fish were deep-fro-
zen in one piece without beheading or eviscerating,
and the rest of fish was used for garum elaboration.
All samples were stored under deep-freeze (-80 °C)
until the time of analysis. Prior to analysis, all the
samples were lyophilized and homogenized using a
mill and an agate mortar.

2.4. Analytical determinations
2.4.1. Moisture

Water lost in each sample was gravimetrically
determined using a RADWAG Ps 360/c/1 scale —RAD-

© Universidad de Salamanca

WG, Poland— by measuring the decrease in total
mass of the fresh matter and the final weight after
kiln-drying in a drying oven P-Selecta Digitron-
ic-TFT —Selecta Group, Spain— at 95 °C +/- 5 °C.
Final values were accepted after three weighings
without significant changes —+ 0.001 g—.

2.4.2. Total N contents

The total N contents were determined using
the Kjeldahl method (aoac, 2000). Samples —1 g—
were digested in an automated digester, model px6
—Velp Scientific, Italy—, and distilled by steam distil-
lation equipment, model upk127 —Velp Scientific,
Italy—. Nitrogen measurements were used to calcu-
late the organic matter present in samples and as in-
dicative of degradation level due to time. However
the Kjeldahl method only allows to know the total
soluble nitrogen from all the sources —aminoacids,
nucleics acids, ammonia compounds and others—.

2.4.3. Fatand fatty acid content

Fat content was determined by the Soxhlet
method (a0ac, 2000) using an automated Solvent
Extractor ser148 —Velp Scientifica, Italy— and
n-hexane as the extraction solvent. Total fat con-
tent was calculated as the difference between the
dry sample weight —1g— before and after the fat ex-
traction. The hexane-fat mix was evaporated using
a rotary evaporator Hei-vap Value 1 —Heidolph,
Germany- at 60 °C until total hexane evaporation.
The fat collected was stored at 4 °C for methylation
and later fatty acid determination.

Fatty acids were determined by gas chromatog-
raphy after derivatization to methyl esters (FAMEs)
according to the 1urac standard method. Analy-
sis of the ramEs (Dieffenbacher and Pocklington,
1992) was performed on an Agilent 7890-a series
gas chromatography system —Agilent Technologies,
Germany- coupled to a triple-quadrupole cut-off
high-resolution mass spectrometer, model Synapt
G2-s —Waters, Usa—, equipped with a DB-5 capillary
column (30 m x 0.25 pm x DFID 0.25 mm). The col-
umn temperature was programmed from 190 °C to
250 °C at 2 °C/min. Methyl cis-10-heptadecenoate

Zephyrus, LXXXII, julio-diciembre 2018, 149-163



154

—Sigma-Aldrich, usa— (c17:0) was used as inter-
nal standard. Reference fatty acid methyl esters
—FAMEs— of marine source were used to identify and
quantify rames —Sigma-Aldrich, usa—, and pura
no. 1 —Marine Source, Sigma-Aldrich, usa— was
used as a standard reference.

2.4.4. Ash and mineral content

Ash content was determined by the incinera-
tion of 1 g of dried sample in a muffle oven at 500
°C for 2 h. Ashes, containing the inorganic frac-
tion, were dissolved in nitric acid (AFNOR, 1996)
for mineral extraction: Phosphorous (p), Calcium
(Ca), Sodium (Na), Magnesium (Mg), Potassium
(x), Iron (Fe), Copper (Cu) and Zinc (Zn). All the
minerals were determined by inductively coupled
plasma atomic emission spectroscopy —Iris Intrepid
1cP-AES, Thermo Scientific, usa—.

2.5. Color analysis

Color measurements in the CIELAB space were
obtained with a portable cm-2600d Spectropho-
tometer —Konica Minolta Optics, Inc., Japan—. The
CIELAB space —CIE, 1978— is represented by light-
ness —L*—, redness —a*— and yellowness —b*—, which
represent the balance between black —L*= 0— and
white —L*= 100—, red —a*> 0— and green —a*< 0-,
and yellow —b*> 0— and blue —b*< 0, respectively.
The instrument was calibrated with a white ceramic
tile before each series of measurements. All samples
were measured three times at three different points
using illuminant D65 and 10° observer settings.

A Rodriguez-Alcdntara, A. M. Rolddn-Gémez, D. Bernal-Casasola, E. Garcia-Vargas and V. M. Palacios-Macias

2.6. Statistical analysis

All results are expressed as the mean values +
standard deviation —sD—. The data were subjected
to one-way analysis of variance —aNova—. Differ-
ences were accepted as statistically significant at a
probability of p < 0.05.

Principal components analysis (pca) with or-
thogonal rotation —‘varimax’— as the factor extrac-
tion method was applied to analytical data of dolia
remains to find patterns in the samples. Correla-
tions were accepted as statistically significant at a
probability of p < 0.05. Statistical evaluations and
pca analysis were carried out with the 1BM spss Sta-
tistics 22 software —1BM Corporation, USA—.

3. Results and Discussion
3.1. Chemical composition

Figs. 2 and 3 shows the results corresponding
to the chemical composition of the archaeological
remains —garum— with the reference of allec and
fresh anchovy samples. The garum remains showed
a high degree of dehydration, with a moisture va-
lue < 0.3%. The ash levels fluctuated between 92-
98%, resulting in a calculated content of organic
matter between 2 and 8%. These results suggest a
good state of sample conservation considering that
they are 2.000 years old. Some authors (Luongo ez
al., 2003; Gurioli ez al., 2005) reported that during
the 79 Ap Mt. Vesuvius eruption, the dolia were
covered and buried under 1-3 meters of volcanic
ash. This circumstance, and the dolia placement

DI D2 D3 D4 D§ D6 allec reference  fresh anchovy
Moisture (%) 0.2+0.1* 0.3+£0.1* 0.2 +£0.1* 0.1+0.1* 0.2+0.1* 0.3 +£0.1* 56.2+1.3 723 +4.1
Ash (% pw) 92.1+1.3" 93.3 + 1.2* 96.9 + 1.5* 98.6 + 2.3* 98.2 + 1.2* 97.7 £ 0.9* 50.7+1.8 322+2.0
Fats (% pw) 2.33+£0.11%  2.09+0.08* 1.14+0.12* 0.50 + 0.04* 0.79 +0.07*  0.99 + 0.06* 104+1.3 7.62+1.12
Total N (% pw)  0.61+0.06*  0.45+0.07* 0.26 +0.03* 0.08+0.01* 0.17+0.02* 0.19+0.03* 3.36+0.53 7.84+1.22
Fill level (cm) 20.0 + 1.3* 20.0 + 1.1* 20.0 £ 1.1* 35.0 + 1.7* 5.0 +0.7* 20.0 £ 1.2* - -

Results are the means + sp (n = 3); nd = not detectable.

* Significantly different from the values detected in allec reference (p < 0.05) using ANOVA

F1c. 2. Chemical composition of dolia, allec reference and fresh anchovy samples.
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between the garum shop walls, could have preserved
these samples from the pyroclastic current. There-
fore, the temperature inside the dolia could have
been maintained under 100 °C, limiting the com-
bustion of organic matter.

As shown in Fig. 2, significant percentages of fat
were observed, ranging between 0.5 and 2.33% of
the dry weight. These results corroborate the good
state of conservation for the archaeological samples
and the great physico-chemical and microbiologi-
cal stability of this group of substances (Evershed,
1993, 2008). pl and D2 showed the highest fat
levels —2%-—, corresponding to approximately 23%
of the fat in the allec reference samples —10.4%-—,
while p4 and D5 showed the lowest percentages
—0.50 and 0.79%, respectively—. Assuming that a
faithful garum preparation process was used for the

155

reconstruction, these results make it possible to es-
timate that the degradation level for fats is in the
range of approximately 77-95% over 2000 years
since preparation.

As expected, the nitrogen percentages in the
samples were relatively low -0.08-0.61% dry
weight— and showed a linear correlation with the fat
contents —t* = 0.94—. The linear correlations of total
N and fat with ash are r*= -0.94 and -0.95, respec-
tively. So, these results showed that nitrogen present
in the archaeological remains was organic nitrogen,
and its degradation level was very similar to that of
fat —90%-. p1 and b2 showed higher total n levels
—0.61 and 0.45%-—, and the lowest level correspond-
ed to p4 —0.08%—, p5 —0.17%— and D6 —0.19%-—.
It is probable that the organic nitrogen in the sam-
ples belongs to amino-acids and other nitrogen

100+
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12.50
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2,50 5.00 7.50
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Time

17.50 20.00 25.00 27.50 30.00

Fic. 3. Representative chromatogram showing principal fatty acids identified in the archaeological samples (1E = internal stan-
dard; EPA = eicosapentaenoic acid; DHA = docosabexaenoic acid).
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D1 D2 D3 D4 D5 D6 Allec reference | Fresh anchovy
C13:0 0.20£0.02 0.04£0.01 0.020.01 n/d 0.01+0.00 0.01+0.00 0.01£0.00 0.01£0.00
Cl4:0 3.0120.13* 2.0310.23* 0.57+0.08* 0.11£0.02* 0.15£0.03* 0.20£0.02* 5.18+1.10 1,2310.04
C15:0 0.25+0.01* 0.14£0.01* 0.10£0.01* 0.02+0.00* 0.10£0.01* 0.05£0.01* 0.66+0.02 0.43£0.01
Cl16:0 5.9810.21* 7.26£0.36* 4.3910.45 0.07+0.02* 0.06£0.01* 2.1710.10* 20.20£1.22 9.30+0.82*
Cl18:0 n/d n/d 2.00£0.07* n/d n/d 0.72+0.04* 4.1710.29 1.78+0.06*
C20:0 n/d n/d n/d n/d n/d n/d 0.16£0.01 0.10£0.01
C22:0 0.42+0.03 n/d 0.35£0.02 0.02+0.00* 0.04:0.01* 0.09+0.01* 0.35£0.03 0.20£0.01
2.SFAs 9.85:0.40* 9.47+0.61* 7.43+0.64* 0.22+0.04* 0.37+0.06 3.2410.18* 30.74£2.67 13.06£0.95
Cl6:1 0.640.12* n/d 0.38+0.04* 0.09+0.01* 0.11£0.02* 0.27£0.05* 2.06:0.23 1.08+0.18*
Cl18:1n-9 0.02+0.00* n/d 0.29+0.05* n/d 0.08+0.01* 0.210.02* 5.04£0.32 1.66£0.17*
C20:1 n-9 2.1540.21 3.00+0.19 n/d n/d 0.02+0.00* 0.05£0.01* 1.620.09 0.49:0.08*
C24:1n-9 1.32+0.05* 1.36:0.08* 0.01+0.00* n/d 0.01+0.00* n/d 0.640.03 0.440.08*
YMUFAs 4.12+0.38* 4.36£0.27* 0.68+0.09* 0.09£0.01* 0.22+0.03 0.54£0.08 9.370.67 3.6710.51
Cl18:2n-9 n/d n/d 0.01:0.00* n/d 0.09+0.01* 0.09+0.02* 0.75£0.16 1.07+0.09
C18:3n-3 n/d n/d 0.0210.01* n/d 0.09+0.02* 0.09+0.01* 0.7520.18 0.99£0.03
C20:4 n-6 0.430.05 0.13+0.02 0.02£0.01* 0.010.00* 0.01£0.00* 0.0210.01* 0.34£0.05* 0.9210.07*
C20:5 n3 2.2110.13 2.93:0.10 0.960.07* 0.06+0.02* 0.07£0.01* 0.83+0.06* 2.730.09 4.73+0.15%
C22:5 0.38+0.05 0.410.03 0.03£0.01* 0.01x0.00* 0.010.00* 0.02+0.00* 0.51£0.08 0.26+0.06*
(C22:6 n-3 3.540.12* 5.59+0.21 1.59+0.07* 0.08+0.02* 0.11£0.02* 0.9810.05* 6.9810.28 12.3140.83*
YPUFAs 0.50+0.35* 9.05:0.36* 2.6310.17* 0.16+0.04* 0.38+0.06 2.01£0.15* 12.05+0.84 20.10+1.23
(X.SFAs+Y MUFAs)/Y PUFAs 212 1.52 3.08 1.93 1.55 1.88 3.32 0.83
Ymg/100 g DW 20.531.13 | 22.89¢1.24 10.74£0.90 0.48+0.09 0.96:0.15 5.79:0.41 52.16+4.18 36.83+2.69

SFAS = saturated fatty acids; MUFAS = monounsaturated fatty acids; PUEAS = polyunsaturated fatty acids.
Results are the means + sp (n = 3); nd: not detectable.
* Significantly different from the values detected in allec reference (p < 0.05) using ANOVA.

pl D2 D3 D4 5] D6 allec reference | fresh anchovy
c13:0 0.95 0.18 0.14 0.81 1.04 0.09 0.03 0.04
cl4:0 14.65 8.86 5.30 23.30 15.28 3.40 9.94 3.35
c15:0 1.19 0.61 0.92 4.34 10.69 0.79 1.26 1.17
c16:0 29.11 31.73 40.89 13.67 6.70 37.56 38.73 25.25
c18:0 - - 18.64 - - 12.51 7.99 4.83
¢20:0 - - - - - - 0.31 0.27
c22:0 2.06 - 3.29 4.48 4.39 1.57 0.68 0.54
YSEAS 47.97 4137 69.18 46.61 38.11 55.93 58.94 35.45
clé:l 3.12 - 3.57 19.75 11.28 4.73 3.95 2.94
cl18:1n-9 0.08 - 2.69 - 8.51 3.30 9.67 4.50
c20:1 n-9 10.46 13.12 - - 1.85 0.86 3.11 1.32
c24:1 n-9 6.41 5.95 0.08 - 1.13 - 1.23 1.20
Y MUFAs 20.08 19.07 6.34 19.76 22.77 9.30 17.96 9.96
c18:2 n-6 - - 0.11 - 9.28 1.47 1.44 291
cl8:3 n-3 - - 0.18 - 9.28 1.47 1.44 2.68
c20:4 n-6 2.11 0.57 0.16 1.94 0.94 0.33 0.65 251
¢20:5 n-3 10.75 12.79 8.98 12.42 7.18 14.27 5.23 12.86
c22:5 1.86 1.79 0.27 1.99 0.88 0.31 0.97 0.70
c22:6 n-3 17.22 24.41 14.78 17.28 11.55 16.92 13.37 32.93
Y PUFAs 31.95 39.55 24.48 33.64 39.12 34.77 23.10 54.59

Fic. 4. 4) Fatty acid content (mg/100 g of W sample) of dolia, allec reference and fresh anchovy samples; B) farty acid profile
(%) of dolia, allec reference and fresh anchovy samples.
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compounds from the fish sauce composition. In
fact, Smriga ez al. (2010) have reported amino acid
in the remains of D6.

Therefore, garum based on the chemical com-
position results obtained, it is possible to determine
different clusters of dolia in the ‘Garum shop’: the
first one formed by p1 and D2 that is relatively high
in fat and total N and low in ash; the second formed
by p3 and D6 with medium percentages; and a
third group —p4 and p5— with very low total N and
fat levels and high ash levels.

According to the different stages of the garum
production process, these results could indicate that
different garum batches were being manufactured
in the ‘Garum Shop’ at the moment of the Vesuvian
eruption, and/or these batches could be in different
stages of the production process. At the final stages
of garum production —modern and ancient—, two
products are obtained, a liquid phase —named /-
quamen or garum— and a solid phase —allec—, which
must be separated by filtering in linen (Curtis,
1991; Bernal and Sdez, 2006). As shown in Fig. 2,
a decrease in the total nitrogen of the a/lec reference
with respect to the fresh anchovy occurred. This can
be explained because when the allec and garum are
separated, part of the total nitrogen passes to the
liquid phase —garum—, decreasing its content in the
allec. Therefore, the low total nitrogen content in
D4 and D5 with respect to other dolia could indicate
that these remains corresponded with the a/lec after
the filtering process. These results could indicate
that p4 and D5 belong to the same batch, although
D5 comes from a vessel with low levels of remains
—approximately 5 cm— (Fig. 2), which could indi-
cate that it was in the stage of removing allec or
another phase of post-manufacturing.

On the other hand, the compositions found in
D3 and D6 suggest that garum was being manufac-
tured at the time of the eruption and that in these
dolia, both garum and allec were present. The liquid
phase inside these dolia suffered progressive eva-
poration through the vessel wall over the years and
as a result of the eruption. The pl and D2 dolia
(Fig. 2) were in the same process stage; however, the
differences observed between these two groups

© Universidad de Salamanca

could be attributable to the use of different ingredi-
ents in their preparation.

3.2. Farty acid profile

Figure 4a shows the fatty acid content in the
garum archaeological remnants, allec reference and
fresh anchovy. First, an increase in total fatty acid
content —41%-— in the allec reference can be ob-
served with respect to fresh anchovy. The produc-
tion process of garum involves the addition of herbs
and spices to the high fatty acid content. However,
these ingredients do not contribute qualitatively to
the new fatty acids in the fresh anchovy. Therefore,
the content of these compounds in allec is high, al-
though part of them pass to the liquid phase after
garum separation. All of the remnants have signif-
icant levels of fatty acids, and clusters of dolia are
also observed. In this way, p1 and p2 show high
similar total fatty acid levels of approximately 20-
23 mg/100 g dry weight (Fig. 4a). These results
for the archaeological samples are 50% of the total
fatty acids of the allec reference —52.16 mg/100 g
dry weight—. p3 and D6 show lower total fatty ac-
ids levels than D1 and D2 but are similar to each
other, at 10.74 and 5.79 mg/100 g dry weight, re-
spectively. Finally, the fatty acid contents detected
in p4 and D5 are the lowest —0.48-0.96 mg/100 g
dry weight—, representing only 1-2% of the total
fatty acids present in the allec reference (Fig. 4a).
These results corroborate the clusters observed in
the chemical analysis.

On the other hand, the fatty acid profile —%-— (Fig.
4b) shows increases in Saturated Fatty Acid —ska,
23%-— and Monounsaturated Fatty Acid —MUEa,
8%-— and a decrease in Polyunsaturated Fatty Acid
—PUFA, 31%-— in the allec reference with respect to
fresh anchovy. This could be due to the fatty acid
hydrolytic process, which is characteristic of ancho-
vy sauces, as shown in previous studies by Cha ez
al. (1985). However, the pura content reduction
—8.05 mg/100 g— is not the same as the increase
in sra and MUFA content —23.38 mg/100 g— (Fig.
4a), probably due to the minimum contribution of
spices to the sFA. The sra, MUFA and PUFA remains
ratio of garum is similar to that of the a/lec reference
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(Fig. 4b). The ska are the main fatty acids, with per-
centages between 38% and 69%, followed by puFas
—24-39%-— and MUEA, with percentages between 6
and 22%. However, fresh anchovy shows higher
content of PUFA —54%-—, followed by sra —35%—
and finally Mmura —10%-—. Similar results have been
reported by Zlatanos ez al. (2007) in Mediterranean
Sea anchovies captured at July. Therefore, the ratio
of (3sFAs + Y MUFAs)/Y PUFAs in the remains and
allec reference are similar with values higher than 1.

Significant differences are observed in the fatty
acid profile between the a/lec reference and archae-
ological remains. With respect to sra, the c14:0,
c16:0 and c18:0 are the majority in the allec ref-
erence (Fig. 4a), while in the remains, c18:0 is not
detected except for in D3 and D6. Moreover, the
MUEAs c16:1, ¢18:1 n-9, c20:1 n-9 and c24:1 n-9
are principally present in the allec reference, while
some are not detected in the remains, with the
exception of ¢18:1 n-6 in D3 and D6, and c20:1
and c24:1 in bl and D2. In these latest dolia, the
€20:1 and c24:1 content is higher than in the a/lec
reference, which is remarkable given the age of the
samples. This result could indicate that the garum
—liguamen— and allec was not separated and that
additional fresh matter that is rich in these fatty ac-
ids was used in the ancient garum preparation in
these dolia. According to sources, these fatty acids
are characteristics of fish liver from cod, tuna and
other fish (Loftsson, 2016). Regarding the pura
content (Fig. 4b), the main fatty acids that were
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found were pHA —C22:6 n-3— and Era —20:5 n-3—,
and the highest levels were found in p1 and D2 ata
similar content to that of the a/lec reference, which
could also corroborate the use of any additional
source rich in these fatty acids in this do/ia as liver.

3.3. Mineral composition

Figure 5 shows the mineral composition in the
archaeological remnants, allec reference and fresh
anchovy. As can be observed, ca and r were the main
minerals and represented 64 and 31%, respectively,
of the total mineral profile in all the archaeological
samples, with the exception of D5. The same result
is observed in the fresh anchovy; however, the allec
reference shows ca and P contents that are lower
due to the predominance of sodium, one of the in-
gredients of garum preparation. The Na content in
all the remains should be high, but the results show
otherwise. Smriga ez a/l. (2010) reported similar low
Na content in D6 and explained this observation by
the effect of rain on the exposed dolia during the
post-excavation phase.

Some authors (Toppe et al., 2007; Martinez-
Valverde et al., 2000) determined the fish bone
composition as an extracellular organic matrix cov-
ered in hydroxyapatite [ca (ro,),0n,] based on a
specific ca/p ratio. The ca/p ratio for all the sam-
ples, with the exception of D5, is very similar (me-
dium value = 2), which indicates that the ca and
P contents come basically from the bone. The b5

Dl D2 D3 D4 D5 D6 allec reference | fresh anchovy
P 107.24 £12.32% | 155.40£9.28* | 161.10 £ 7.45* | 152.16 +4.31* | 5.26+2.32* | 142.13+10.92* | 14.28+1.76 53.6413.24
Ca | 232.59+25.13* | 312.67 +21.43* | 313.46 + 20.70* | 288.41 + 22.64* | 238.35 + 19.87* | 291.52+ 21.12* | 28.77 + 1.89 96.86 £3.95'
Na 6.41 £ 0.87 536+ 1.16* 3.91+0.48* 4.60 + 0.34* 1.66 +0.17* 322+0.11% 144,67 £ 11.77 | 543+ 141
Mg 0.65 +2.09* 7.73 +1.88* 1.87 +0.23 3.18 + 0.89* 2.17+0.73 4.16 £ 1.10* 2.16+0.68 2.08 +0.33
K 3.26+1.12* 0.95 +0.08* 0.99 +0.02* 1.1410.07* 5.67 +1.02 0.72 £ 0.04* 6.44+1.17 13.64 + 2.09
Fe 455+ 1.72% 4.23 1 1.69* 3.88+1.77* 4.89 + 1.38* 7.42+1.92 3.83+1.07 0.09 +0.01 0.11+0.07
Cu 0.06 0.01 0.06 £ 0.02 0.05 £ 0.01 0.07 0.02 0.05 +0.01 0.04 £ 0.01 0.60 £ 0.12 0.02 £ 0.01
Zn 0.48 £ 0.09 1.07 £0.19 0.95+0.07 0.80 + 0.05 0.06 +0.01 0.79 £ 0.07 0.14 £ 0.03 0.14 £ 0.06
Ca/P 217 2,01 1.95 1.90 45.33 2.05 2.02 1.81

Results are the means + sp (n = 3).
* Significantly different from the values detected in allec reference (p < 0.05) using ANOVA.

F1c. 5. Minerals content (mglg of ash) of dolia, allec reference and fresh anchovy samples.
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DI D2 D3 D4 DS D6 allec reference
L* 46.8 + 0.2* 49.1 + 0.8* 54.6 + 0.1* 424 +1.7 37.2 + 0.4* 49.75 + 1.3* 41.7£0.2
a* 12.2 + 0.2* 10.6 + 0.2* 13.1 +0.2* 13.8 + 0.8 9.7 + 0.9* 125+ 1.1 6.4+0.7
b* 34.5 + 3.3* 29.7 +£0.8 36.4 + 0.5* 35.8 + 2.8* 183+ 1.7 34.1 + 0.6* 299+1.3

Results are the means + sp (n = 3).

* Significantly different from the values detected in allec reference (p < 0.05) using ANOVA.

Fig. 6. cieLaB colour parameters of dolia and allec reference samples.

sample, with a ca/p ratio of 45, indicate that the
ca present in this dolia is not only the result of fish
bone, and it was added by either the Romans or by
volcanic ash contamination. Some authors report-
ed that volcanic ash from Vesuvius had a mineral
composition of ca (7-21%), re,0, (4-9%), Na,0
(1-4%), x,0 (3-9%) (Belkin et al., 1993; Horwell
et al., 2010). Therefore, attending to the relatively
high content of ca, k and Fe in D5, it is probable
that this dolia was contaminated by volcanic ash.
Nevertheless, this contamination could not explain
the high Ca content in D5. In Roman times, lime
(cao) was used as an acidity neutralizing agent in
garum —liquamen— and as an antiseptic agent used
for the cleaning and sanitizing of amphora. This
would explain the presence of an amphora full of
lime found near the production site in the Garum
Shop (Bernal ez al., 2014).

All the remains show Fe content —3.8-7.42 mg/
g— higher than the fresh anchovy and a/lec reference
—0.11 and 0.09 mg/g, respectively—, although pre-
vious researchers did not detect this mineral in D6
(Smriga et al., 2010). As previously observed, the
iron deposition could proceed from volcanic ashes
that could have contaminated the dolia during the
post-excavation phase. However, this is not probable
due to the ratio of ca/p and low k content found
in the remains that were different to mineral com-
position of volcanic ashes, with the exception of D5
and pl. Therefore, the human addition of Fe from
different sources during the garum preparation seems
a plausible hypothesis. The use of ferric ore had been
reported by Athanassopoulos (1925) that referred
to the use of dust rich in ferric minerals (re,0,) as
food coloring for salt-cured sardines. Other authors
reported the use of Fe,0, to dye the fish sauces as
treatment for imitating the famous garum haimation
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or blood-garum (Van Neer and Parker, 2008; Bernal
and Dominguez, 2011). Therefore the use of addi-
tives in Roman food could be a way to improve the
appearance, imitate other foods or revalue the prod-
uct. However, the Fe could also proceed from other
organic sources like fish blood or viscera.

The hypothesis of Fe addition is supported by
the color differences found between the archaeolog-
ical remains and the allec reference (Fig. 6). CIELAB
parameters indicate that all the remains, except b5,
exhibit higher a* and b* values than the a/lec refer-
ence. They show a reddish-orange color, while the
allec reference has a grayish color. Likewise, all dolia
show higher luminosity —L*~ than the allec refer-
ence, with the exception of D5.

4. Principal components Analysis (pca)

pca was applied to the composition variables
—moisture, fat, nitrogen, ash, YsFa content, Y MUFA
content, Y.PUFAs content, Ca, P, K, Na, Fe, Mg, Cu
and zn- of archaeological remains to determine the
statistical significance of differences between the
factors. Three factors were extracted that accounted
for 87.8% of the total variance within the data
(Fig. 7). The percentage of variance explained is rel-
atively high.

Factor 1 —34.3% of the total variance— was
highly correlated with variables associated with the
mineral contents —ca, P, X, Fe and zn—. It had a
positive correlation with ca, p and zn, related to the
mineral material from fish bone and had a negative
correlation with k and Fe, related to other sources
used in the elaboration process. Thus, the greater
the ca and pr content of the remains, the smaller the
Fe and K content, indicating more fish remains and
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Facrtor 1 Facror 2 Facror 3

Ash -0.040645 -0.972392* -0.066963

Total N -0.082512 0.973717* -0.036730

Fat 0.010823 0.968381* 0.006038
SFA 0.326717 -0.118386 -0.906975*
MUFA -0.327644 0.127310 0.897392*
PUFA -0.271094 0.056833 0.790983*

P 0.920810* 0.159353 -0.279191

Ca 0.830024* -0.210367 -0.242931

Na 0.469919 0.776410* 0.105601

Mg 0.249436 0.825557* 0.359693

K -0.917116* -0.014078 0.280126

Fe -0.747021* -0.347290 0.481430

Cu 0.656947 0.124060 0.479724

Zn 0.926984* 0.138997 -0.211592

Exp. Var 4.806058 4.374409 3.122087

Prp total 0.343290 0.312458 0.223006

F1c. 7. Resulss of factor loadings (varimax raw) Principal
Components (marked loadings are > 0.700000).

FacTor 1 FacTor 2 Factor 3
Dl -0.65 1.63 -0.09
D2 0.89 0.85 -0.15
D3 0.41 -0.31 -1.59
D4 0.92 -0.96 0.94
D5 -1.71 -0.81 0.59
D6 0.14 -0.39 -0.98

F1G. 8. Factor scores (varimax raw) Principal Components

(marked loadings are > 0.700000).

less contribution from other ingredients in the do-
lia. F1 is, therefore, a mineral factor that establishes
the degree of deviation with respect to the mineral
composition of the fish bone due to use of other
ingredients. As seen in Fig. 8, only in D1 and espe-
cially in D5 with F1 negative, shows more deviation
from the mineral composition of fish bone due to
high presence of Fe in the dolia.

Factor 2 —31.2% of the total variance— was pos-
itively correlated with total N, fat, Na and Mg and
negatively correlated with ash (Fig. 7). This factor
indicates mainly the amount of organic matter
present in the dolia, and it could establish some
differences by batch in the raw materials used in
garum production (Fig. 8). Therefore, this factor is
referred to as the bath factor.

Factor 3 —22.3 % of the total variance— was
positively correlated with unsaturated fatty acids
—MUFA and PUFA— and negatively correlated with
saturated fatty acids; hereinafter it is referred to as
the fatty acid factor. This factor is also indicative
of batch production. As seen in Fig. 8, p3 and D6
show high negative 2 values due mainly to the ma-
jority proportion of SFas.

Representing the factorial loads of Factor 2
—F2— vs. Factor 3 —¥3— of dolia (Fig. 9), it can be
observed that these tend to be grouped according to
the batch determined by the raw materials, ingre-

dients and production stage, showing

again three clusters that are significant-
ly differentiated by the 2 and F3 axis

values. Therefore, in the first cluster
—r2 and F3 > 0— were included in the D1

and D2 dolia and were characterized by

the preparation stage they were found

£ in with the rest of garum and allec and

ingredients that were distinct from

those of the rest of the dolia. b3 and
D6 were grouped into a second clus-

ter —F2 and F3 < 0— characterized by
a low content in organic matter, MUFA

15
D4 ® 4
o
0 D2
*
-1,5 -1 -0,5 - 0,5 D1 1
D6,
Batch Factor L
Ds".l.,_)
li‘atty acids Factor

and pUFA, which means that garum was
being prepared in these dolia but that it

F1c. 9. Distribution of dolia according to their factorial loads (P2 vs. F3) for

batch and fatty acid factors.
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was a different batch. Finally, p4 and
D5 —F2 < 0 and F3 > 0— were grouped
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by their very low content in organic matter and in
s¥A, which is likely the result of the separation of
garum —liquamen— and allec.

5. Conclusions

This study has served to implement a technologi-
cal approach to determining the preparation methods
and possible ingredients or additives used in ancient
garum production. The chemical analysis performed
on fish archaeological remains found in six vessels
—dolia— at the ‘Garum Shop’ of Pompeii (Italy), allec
samples obtained following the reconstruction pro-
cess, and fresh anchovy show that different garum
batches were being manufactured at the moment of
the Vesuvian eruption and that some of them could
have been in different stages of the preparation pro-
cess. D1, D2, D3 and D6 were containers being used
for garum production; while p4 and D5 were being
used to store the finished product: they had liquid
(liguamen) and allec or both already separated.

The ratio of (2 SFAs + Y MUFAs)/Y PUFAs shows
similarities between allec reference and archacolog-
ical remains. The high c20:1, c24:1, pHA and EPA
contents found in b1 and b2 could indicate the use
of an additional fatty acids source other than that
assumed by fish during the ancient garum manufac-
turing process in this batch.

The mineral analysis is useful to determine the
possible use of ca and Fe sources in the garum pro-
cess as additives or their use for cleaning the surfac-
es and vessels.

pca analysis contributed to the study through
three factors: mineral —r1—, batch —F2— and fatty
acids —F3—. Mineral factors established the degree of
deviation with respect to the mineral composition
of the fish bone due to presence of other ingredients
or additives. Batch and fatty acid factors verified the
dolia clusters according to the raw materials, ingre-
dients and production stage.
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