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Abstract: Phosphorus is a key element for identifying past human activity. Recently, phosphorus
analyses have been extended to archaeological objects, aiming at distinguishing how depositional
contexts contribute to its enrichment. In archaeological pottery, phosphorus might depend on
several manufacturing and postdepositional processes (i.e., addition of organic temper, pigments,
diagenetic incorporation). We analyzed by XRD, XRF, and mid-infrared (FTIR-ATR) spectroscopy
178 pots from eight NW Spain archaeological sites. These sites encompass different chronologies,
contexts, and local geology. The phosphorus content was highly variable (224-27,722 mg kg~!)
overall but also between archeological sites (1644 + 487 to 13,635 4 6623 mg kg~!) and within
archaeological sites (4-36, max/min ratio). No phosphate minerals were identified by XRD nor
FTIR-ATR, but correlations between phosphorus content and MIR absorbances showed maxima at
1515 and 980 cm !, suggesting the presence of two sources: one organic (i.e., phosphorylated aromatic
compounds) and another inorganic (i.e., albite and K-feldspar). Phosphorylated aromatics were most
likely formed during pottery firing and were preserved due to their high resistance to temperature
and oxidation. Meanwhile, albite and K-feldspar are among the P-bearing minerals with higher P
concentrations. Our results suggest that P content is related to intentional and non-intentional actions
taken in the pottery production process.

Keywords: phosphorus; prehistoric pottery; NW Spain; XRF; XRD; FTIR-ATR; albite; K-feldspar;
aromatics phosphorylation

1. Introduction

Phosphorus is a fundamental chemical element in archaeology that can be used to
identify past human activity in soils [1-5]. Extensive research has shown that inorganic and
organic phosphorus can be used as a proxy to distinguish among several human activities.
For example, associations have been established between different phosphorus-rich soils
and archaeological and ethnological contexts such as hearths, middens, food preparation
areas, butchering spaces and ceremonial areas with organic offerings [3,6,7] or to prove the
existence of necropolises in areas with no or poor bone preservation [8-14].

This diverse range of geochemical studies in archaeology involves using soil as a repos-
itory for traces of past human activity or vanished remains. In other words, these studies
use signals of diagenesis in soils to identify activities from the past. However, diagenesis in
the context of material culture is traditionally concerned with the preservation of artifacts

Minerals 2024, 14, 880. https://doi.org/10.3390 /min14090880

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min14090880
https://doi.org/10.3390/min14090880
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-4061-0407
https://orcid.org/0000-0002-5152-6307
https://orcid.org/0000-0003-0430-5760
https://doi.org/10.3390/min14090880
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min14090880?type=check_update&version=1

Minerals 2024, 14, 880

20f 18

and ecofacts rather than using diagenetic signals as indicators of human activity [15]. This
is particularly evident in the case of materials such as metals [16,17] or bone [18-20].

With this research background, pottery has a rich tradition of studies that focus on
its mineralogical, chemical, and structural changes resulting from production and post-
depositional processes [21-24], and some of them exclusively analyzed how diagenetic
processes can affect the original compositional signature of pottery [25-29]. Moreover,
new approaches in pottery diagenesis studies have noted that post-depositional changes
in vessels, many of which are associated with the formation of secondary phosphates,
could potentially contribute to the characterization of the pottery’s deposition context
as a collateral result [30-32]. Additionally, phosphorus in pottery has not only been
interpreted as part of a diagenetic processes but also as an indicator of its production
processes. In both archaeological and ethnoarchaeological literature, several phosphorus-
enriched materials, like bone, ash or dung, have been mentioned as temper or incrustations
in ceramic decorations [33-39]. Another possibility is the enrichment of phosphorus in
pottery vessels due to their use as cooking pots [40] or the use of pigments [41].

Our study aims to enhance the understanding of the phosphorus enrichment in ancient
pottery by exploring the three previous outlined key hypotheses. First, the enrichment
in phosphorus results from diagenetic processes, which might be linked to specific past
human activities and geochemical conditions of the soils where the pots were buried.
Second, the presence of phosphorus in ancient pottery was a consequence of intentional
and unintentional actions in the pottery production process. And third, the incorporation
of phosphorus was a result of the use of the pots (i.e., cooking food). To achieve these
objectives, we analyzed by XRD, XRF, and FTIR-ATR, 178 sherds from prehistoric pottery
recovered in eight archaeological sites that represent a large time span (mid-Neolithic to
late Bronze Age), various depositional contexts (settlements, middens, funerary areas, etc.),
and located in areas with contrasting lithologies which may have influenced the available
raw materials and geological P content.

2. Materials and Methods
2.1. Sample Assemblage

Sherds (178) from eight prehistoric sites from Galicia (NW of Spain) were selected for
this study. The sites encompass different functional areas, including funerary monuments,
flat graves, gathering areas, hearths, middens, and domestic spaces (Figure 1). Chrono-
logically, the sample includes pottery from the Middle Neolithic to the Late Bronze Age
(4600/4000-800/700 BC). The local lithology of the areas where the sites are located was
also considered, as it is known that rocks with granitic compositions (i.e., felsic) are richer
in P than basic and ultrabasic (i.e., mafic) rocks [42]. Thus, we aimed to achieve a similar
representation across chronologies, contexts, and geochemical compositions. Additionally,
other pottery manufacturing features, such as temper, and the level of mineral inclusions,
and firing atmosphere, are also provided in the supporting material. These properties were
correlated to phosphorus content (as well as C and N), and we found no significant effect
or correlation. Thus, they are not further discussed.

In terms of statistical coherence, these sherds constitute a large set with various po-
tential determining factors, as chronologies, depositional context, etc. (see Supplementary
Materials S1 and Supplementary References for further information about the archaeologi-
cal context and selection of the samples).

Samples were prepared by thoroughly cleaning the sherds with water to remove any
possible sediment remains. After cleaning, a fragment of each sherd was ground in a
Retsch MM301 (Retsch GmbH, Haan, Germany) mill to achieve a fine powder (<50 um)
before analysis.
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Figure 1. Location of the selected sites in Galicia (NW Spain). The symbols represent the functional
features of each site. Base maps: CNIG—https://centrodedescargas.cnig.es/CentroDescargas/
busquedaSerie.do?codSerie=02102-BTN25 (accessed on 17 May 2024) and Eurostat/GISCO—
https:/ /ec.europa.eu/eurostat/web/gisco/geodata/administrative-units/countries (accessed on
04/06/2024). Figure created using QGIS 3.28.12. QGIS.org, 2023. QGIS Geographic Information
System. QGIS Association. http://www.qgis.org (accessed on 24 August 2024).

2.2. Mineralogical Analysis (XRD)

All sherds were analyzed by X-ray diffraction to characterize their mineralogical
composition. A Philips PW1710 diffractometer equipped with a Bragg—Brentano 0/26
vertical goniometer and a 2.2 Kw generator with Cu anode, graphite monochromator and a
PW1711/10 proportional detector was used (Malvern Panalytical, Malvern, Worcestershire,
UK). The equipment is hosted at the XRD facility of the Infrastructure Network for the
Support of Research and Technological Development of Universidade de Santiago de Com-
postela (RIAIDT-USC). For mineral identification and quantification, DIFRACplus EVA v
5.1 (Bruker AXS) (Bruker, Billerica, MA, USA) and HighScore Plus (PANanalytical BV 2011)
(Malvern Panalytical, Malvern, Worcestershire, UK) software packages were employed.
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This facility meets the 1SO:2015 standards—https:/ /assets.usc.gal/sites/default/files/
paragraphs/more_info_service/2023-06/DNV_Certificate-English_v2023.pdf (accessed
24 August 2024) Semiquantification of mineral abundances was performed using the RIR
(reference intensity ratio) method [43] and the HighScore Plus Release v3.0d software of
Malvern Panalytical (Malvern Panalytical, Malvern, Worcestershire, UK).

Previous XRD research on smaller sets of ceramics of the studied region [44—46], as
well as comparison at a European scale [47], have already provided consistent results.

2.3. Elemental Analysis (XRF and CN Analyzer)

X-ray fluorescence spectrometry (XRF) was used to quantify the elemental composition
of pottery. Depending on the chemical element, different primary and secondary anodes
were used: a primary silver anode and a secondary pyrolytic graphite anode (for Al Si,
P, and S), a primary silver anode and a secondary iron anode (for K, Ca), and a primary
molybdenum anode (for Fe, Rb, and Sr). The equipment was calibrated using certified
reference materials (NIST 198, 278, 607, 679, 688, 694, 1400, 1413, 1486, 1646, 1944, 2586,
2690, 2691, 2702, 2703, 2780, 5365, 8704, 1646a, 1d, 2709a, 277b, 634a, 640b, 70a, 78a, 81a, 88b,
97b, 98b, 99b), and for verification, the NIST 97b standard is used. We used the following
quantification limits: Si 1000 mg kg~!, Al and K 500 mg kg~!, Ca 200 mg kg~ !, P, S and Fe
100 mg kg~ !, Sr 5 mg kg !, Rb 1 mg kg~ !. Replicates of the standard reference materials
and of selected pottery samples agreed within 10%.

Total carbon and nitrogen contents were measured with a Leco-TruSpec CHNS Ele-
mental Macro Sample Analyzer (LECO Corporation, St. Joseph, MI, USA). Precision was
25 mg kg~ ! for C (0.5% RSD) and 40 mg kg~! for N (0.5% RSD). The XRF and CHNS
equipment were also hosted at RIADIT-USC.

2.4. FTIR-ATR

Mid-infrared (4000-400 cm ') vibrational spectroscopy was conducted on the finely
milled and homogenized samples, using an Agilent Technologies Cary 630 FTIR-ATR
(EcoPast laboratory, Universidade de Santiago de Compostela). We used a resolution of
4 em~! and performed 100 scans per sample. The equipment was thoroughly cleaned, and
a background was collected before analyzing each sample. Spectra were processed with
the Spectroscopy add-on widgets of the Orange data mining software v3.37.0 [48].

2.5. Statistical Analyses

Principal components analysis (PCA) was applied to the elemental data (XRF and
CN analyzer) to extract the main geochemical signals/associations. Before statistical
analysis, the elemental concentrations were log-transformed to avoid the close data effect of
compositional data. PCA was performed on varimax rotation and on the correlation matrix,
using IBM SPSS v29.0.2. To determine the influence of the MIR bands on P and the PCA
chemical associations related to P (see below), we followed two approaches: (i) computing
the correlation spectrum (i.e., the correlation of the absorbance of each wavenumber of the
collected spectra to the target variable) with P concentrations and the PCA components;
(ii) applying the FreeViz widget of the software Orange. v3.37.0. FreeViz enables visualizing
the distribution of a target variable (as P concentration) as a color map and, at the same
time, the distribution of the potential contributors to the target as vectors—the length and
direction of the vectors indicating the weight and effect (increase or decrease in the target
variable) of the potential contributor. In our case, we used P concentrations and the PCA
component accounting for P distribution in the sherds as target variables and selected MIR
absorbances (based on the correlation spectra) as potential contributors.

We also used multilinear regression to model P sherds’ content. The weights of the
predictors (compounds/minerals) were obtained by multiplying the regression coefficient
of the predictor by the predictor’s value in each sherd. In this way, the P content is decom-
posed into contributions from each predictor and plotted as a graph of cumulative bars.
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3. Results and Discursion
3.1. Mineralogical Composition (XRD)

Eleven minerals belonging to the silicates (10) and oxides/hydroxides (1) classes were
identified by XRD in the set of sherds analyzed (Figure 2 and Table S1). Of the silicates, most
of them are primary minerals and only one is a secondary mineral (kaolinite); in order of
frequency (number of sherds in which the mineral is present) in the set of samples, quartz,
plagioclase, and K-feldspars were the most frequent (>80% of the sherds), followed by mica
(69%), amphibole (34%), and chlorite (22%); last, kaolinite (10%), talc (8%), epidote (8%),
and serpentine (4%) were occasional. Iron oxides (9%) were also occasionally detected.
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Figure 2. Mineralogy of the studied sherds (number of sherds samples of each site in which the
mineral was present). QZ: quartz; PG: plagioclase; KF: K feldspar; MC: micas; AM: amphibole; CH:
chlorite; KA: kaolinite; TA: talc; IOX: iron oxides; SP: serpentine; EP: epidote. Yellow: sites on areas of
felsic lithologies; orange: sites on areas of mafic lithologies.

Mineralogical differences between sites located in areas of felsic or mafic lithologies
are also observed, except for quartz. Plagioclase is slightly more frequent in sherds from
sites of mafic areas (96%) than in sherds from sites of felsic areas (85%); K-feldspars (93%
vs. 63%), mica (89% vs. 42%), and kaolinite (14% vs. 5%) are more frequent in the latter
than in the former. Amphibole (60% vs. 34%) and chlorite (44% vs. 22%) are more frequent
in sherds from sites of mafic areas than in those of sites of felsic areas. Talc, serpentine,
and epidote were only found in sherds from sites of mafic areas. Iron oxides were detected
in both areas but were twice as frequent in sherds from sites of mafic areas. Despite the
limitations of the RIR quantification method, the data reflect high variability in terms of
abundance of each mineral in the sherds of each archaeological site (Table S1) and thus a
quite varied mineralogical composition.

In agreement with previous investigations, no primary P mineral phases were found in
the sherds [30,40,49,50]. These phases have been rarely identified in archaeological sherds,
being dominantly of the variscite type when found [40].

3.2. Elemental Composition (XRF)

Phosphorus concentrations varied by two orders of magnitude (maximum 27,722 and
minimum 224 mg kg !), showing a large variability between sites (Figure 3; Table S2).
Guidoiro Areoso sherds showed the largest average P concentrations (13,635 4= 6623 mg kg ™1),
which were followed by Fraga do Zorro (8988 4 3661 mg kg 1), A Lagoa (3967 + 1578 mg kg 1),
Requedn (2963 £ 915 mg kg’l), and Os Escurros (2640 + 1329 mg kg’l). The lowest
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concentrations were found for As Mamelas (1829 + 971 mg kg~ !), A Devesa de Abaixo
(1752 + 1725 mg kg 1), and Devesa do Rei (1647 + 487 mg kg~ !). Moderate variability in
concentrations (coefficient of variation, CV 30-50) was shown by all sites, but A Devesa do
Rei showed large (CV 98) variability despite the overall lower concentrations.

A Devesa Fraga do Zorro  Guidoiro Areoso As Mamelas
10,000
i
o MH Il Y H H ‘Il’
A Lagoa Devesa do Rei Os Escurros Requean
10,000
1000
100

Figure 3. Phosphorus concentration (log scale) of the studied sherds (mg kg_l). Upper panel,
sites on areas dominated by felsic geological materials; lower panel, sites from areas dominated by
mafic materials.

These P contents, expressed as oxide (P,Os), varied between a minimum of 0.05%
and a maximum of 6.24%; these values are within the usual range observed in archaeolog-
ical pottery (0.02%-3.00%) [49,51-56] but well below the 8%-11% obtained by Freestone
et al. [57] in prehistoric ceramics from Britain, >10% in Neolithic pottery from Italy [58],
and the maximum (9.75%) found by Costa et al. [59] in ceramics from the Amazonian Dark
Earth (ADE) soils.

Average concentrations for the other elements determined (C, N, S, Si, Al, Fe, Ca,
K, Rb, and Sr) can be found in Table S2. We performed a PCA using all elements and
obtained three main components that accounted for 70% of the variance of the geochemical
composition of the sherds. The first component, G-Cp1, accounted for 30% of the total
variance and showed large positive loadings for Rb, K, and Al and negative loadings for Fe
and Ca (Figure 4; Table S3). This component reflects the imprint of the two background
lithologies in the analyzed samples: felsic and mafic. As shown in Figures 4 and 5, almost
all sherds from sites of areas with dominant felsic lithologies have positive scores (i.e., are
relatively enriched in Al, K, and Rb), while sherds from sites of areas with dominant mafic
lithologies have negative scores (i.e., are relatively enriched in Fe and Ca). Despite this, all
sites, except for Guidoiro Areoso, contained sherds with mafic composition in felsic areas
or with felsic composition in mafic areas (Figure 5).

The second component, G-Cp2, accounted for 22% of the total variance and showed
large positive loadings for P, Ca and Sr (Figure 4; Table S3). As expected, the scores of this
component correlated well with P concentrations (r 0.86) and thus reflect the P variation
in the set of sherds analyzed. Overall consistent, positive scores (i.e., relatively high P, Ca,
and Sr concentrations) were obtained for Guidoiro Areoso and Requean (although lower).
Consistent, negative scores were found for A Devesa de Abaixo, As Mamelas, Devesa do
Rei, and Os Escurros (Figure 5). Fraga do Zorro and A Lagoa showed sherds with positive
and negative scores.
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Figure 4. Projections of the loadings of chemical elements (left) and the scores of the samples (right).
Yellow: pots from archaeological sites on areas of felsic lithologies; orange: pots from sites on areas of

mafic lithologies.
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Figure 5. Scores of the analyzed sherds for the three extracted components. Left, sites on areas

dominated by felsic geologic materials; right, sites from areas dominated by mafic materials. Sites:
AD, A Devesa de Abaixo; FZ, Fraga do Zorro; GD: Guidoiro Areoso; AM: AS Mamelas; AL: A Lagoa;
DR: Devesa do Rei; OE: Os Escurros; RQ: Requean. Yellow: sites on areas of felsic lithologies; orange:
sites on areas of mafic lithologies.
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The third component, G-Cp3, accounted for 18% of the total variance and showed
large positive loadings for C, N, and S (Figure 4; Table S3). Thus, it is related to the
organic matter content of the sherds. The distribution of the scores is quite heterogeneous,
indicating relatively large variations in organic matter content for each site (Figure 5). The
main exceptions are Fraga do Zorro, with large negative scores (i.e., very low total organic
matter content), and As Mamelas, which showed positive scores for almost all sherds. The
other sites have both sherds with positive (predominant in A Lagoa and Requean) and
negative scores.

It is interesting to note here that the element of interest in this research (P) shows
no shared variance with the total content of organic matter nor with the felsic-mafic
component. The P-Ca-Sr association of G-Cp2 points to a Ca—phosphate phase but, as
indicated above, no P-mineral phases were identified. Some investigations suggested that
P, whether sourced from the soil solution [57] or from cooking food [40], precipitates in and
around the pores of the ceramics, sometimes as amorphous Al phosphates with a P/Al
ratio close to that of the theoretical value for variscite [40]. Phosphorus has a great affinity
to bind to Al [42], but the P/ Al ratios of the sherds analyzed by us (1.5-243.1 mmol/mol)
are highly correlated to P (r 0.98) and almost independent of Al (r —0.39), and the high
P/ Al ratios, as suggested by Rodrigues and Costa [40], can be taken as an indication that
Al phosphates are not responsible for most of the P content of the analyzed sherds.

3.3. FTIR-ATR

The spectra of the studied sherds are represented in Figure 6, which are grouped
by archaeological site and geological area. The highest absorbances occur in the region
1200-800 cm~!, with maxima at 1020-1010 cm ™! (14% of the sherds), 1005-1000 cm !
(31%), 1000-990 cm ! (37%), 990-980 cm ! (15%), and 950-960 cm ! (4%). Relatively high
absorbances were also found at 526, 462, and 423 cm~! in most samples and at 798, 775, and
667 cm~! in some samples. Low absorbances were also detected at 3300, 1700-1500, and
1387 cm 1. Some sherds also showed weak absorbances at 3694 and 3620 cm~!. Almost
all the peaks in absorbance can be attributed to vibrations of the main primary minerals
detected by XRD (quartz, K feldspar, plagioclase, amphibole, mica, epidote, talc) but also
to secondary minerals, such as kaolinite. The signal of iron oxides is difficult to assess, as
their main vibrations overlap with those of silicates (as vibrations at 655-650, 535-525, and
470 cm~1). Since kaolinite is present in some of the sherds and in the weathering products
of the geological materials (i.e., raw materials of the ceramics) of the area, it is almost
certain that metakaolinite is also present in the analyzed sherds. Kaolinite transforms
to metakaolinite when firing temperatures exceed 550 °C. Thermal transformation (i.e.,
dehydroxylation) produces a broad band between 1300 and 600 cm ! [60].

In agreement with the XRD analyses, the MIR spectra provide no clear evidence of
the presence of P-mineral phases despite the PCA on the elemental data suggesting the
presence of Ca phosphates. PO43’ ions have absorbances at 1000-1100, 1040, 1020-1120, 602
and 555, and 600-560 cm~!, while HPO42~ ions have absorbances at 880 and 875 cm ™ [61],
and non-apatitic POy also absorbs at 617 cm ! [62]. Most of these vibrations overlap with
those of silicates, complicating the identification of P-mineral phases and even, as shown
below, no significant correlation to P content in the sherds was found for any of them or,
when found, the correlation was negative (617 cm ™! r —0.42).
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Figure 6. Mid-infrared spectra of the samples analyzed in each archaeological site. Sites: AD: A
Devesa de Abaixo; FZ: Fraga do Zorro; GD: Guidoiro Areoso; AM: AS Mamelas; AL: A Lagoa; DR:
Devesa do Rei; OE: Os Escurros; RQ: Requean.

3.4. FTIR-ATR and Phosphorous Content in the Sherds

We will not further discuss the MIR spectral signal in terms of mineralogy as this is the
aim of an ongoing research project for a larger collection of sherds from NW Spain. Here,
the MIR signal is used to obtain insights into the components related to P (P concentration
and G-Cp2 scores) content in the sherds, although additional information is also provided
for the other two PCA components extracted on the elemental data (Figure S1).

Figure 7A shows the correlation spectrum for P and G-Cp2, indicating which areas of
the MIR signal significantly correlate to both variables. The spectra are almost identical
with moderate to low negative correlations in the regions 3700-2700 (peak at 2950 cm ™1,
r = —0.46), 1670-1550 (peak at 1580 em~ !, r = —0.30), 950-800 (peak at 915 em~ !, r=—051),
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Pearson’s correlation coefficient

A

Wavenumber (cm™)

617 cm™! (r = —0.41), 544 cm ™! (r = —0.37), and 468 cm~! (r = —0.36). High positive
correlations are found for regions 1530-1490 (peak at 1515 cm™!, r = 0.68), 1450-1420 (peak
at 1435 cm™1, r = 0.55), 1360-1120 (peaks at 1357, 1264, and 1146 cm !, r=0.44 to 0.46,
respectively), 1000900 cm~! (peak at 980 cm~! r = 0.60), and 760 cm~! (r = 0.38) and
721 em™! (r = 0.44).
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Figure 7. (A) Correlation spectra for P (light gray line) and G-Cp2 (black line). (B) FreeViz graphs
using as target variables P (log)concentrations and G-Cp2 scores, and selected bands of the correlation
spectra (normalized absorbances) as influencing variables. (C) Spectra of albite and microcline
(a.u., absorbance units) obtained from the RRUFF database—https://rruff.info/ (accessed on 24
August 2024).

The FreeViz plot also shows the distribution of the values of the target variables, P and
G-Cp2, and the vectors of selected MIR bands of the correlation spectra, which are the other
two principal components extracted in the PCA (G-Cp1 and G-Cp3) (Figure 7B). We also
included the Sr/Rb ratio as an indicator of the relative abundance of albite vs. K-feldspar
(the Sr/Rb ratio is significantly correlated, r = 0.60, with the albite abundance determined
by XRD—with the limitations already noted for the XRD semiquantification). Both P and
G-Cp2 show a gradient of decreasing values from top to bottom, although the transition
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is more clear for G-Cp2. Consequently, the spatial distribution of the vectors is also quite
similar. MIR bands associated with high G-Cp2 values (i.e., higher P concentrations) are
980 and 1515 cm ™! together with the Sr/Rb ratio and bands at 1435 and 1357 cm~!. A
second set, with also high influence, includes bands 1265, 1146, 760, and 721 cm~ L. At the
other end, of samples with low P concentrations, the largest vectors correspond to MIR
bands 911, 2950, 617 and 1631 cm ™!, which are followed by 3650 cm~1 and G-Cp3. A large
vector in this concentration area is also shown by 544 cm™1.

Bands related to sherds with high G-Cp2 scores seem to correspond to mineral phases.
The peaks at 980, 1146, 760, and 721 cm ! can correspond to albite and K-feldspar. In fact,
the spectra of these two minerals fit with the correlation spectrum of G-Cp2 (and P) for
wavenumbers lower than 1200 cm~! (Figure 7C). Albite and K-feldspar are known to be
major P hosts in granitic rocks [42,63] and may account for the larger P content in sherds
from archaeological sites from felsic (i.e., granitic) areas. They were surely already present
in the raw materials and could also have been added as temper to the pots [45,46,64]. Some
minerals’ vibrations also show large vectors in the region of sherds with low G-Cp2 scores:
the bands corresponding to kaolinite (3650, 911, and 544 cm_l). Some investigations have
suggested that Al phosphates can form as a result of the collapse of the kaolinite [40,65]. The
negative correlation between the peaks of kaolinite in the hydroxyl region (3700-3600 cm 1)
and P and G-Cp2, although modest, also supports this hypothesis.

Absorbances on the 1530-1250 cm ™! region show large vectors associated with high
G-Cp2 scores. These bands correspond to organic compounds and aromatic compounds in
particular. Peaks showing the largest correlation to P content (1515, 1435, and 1264 cm’l)
are typical of aromatic compounds (i.e., lignin). In a previous investigation on the molecular
composition of the organic matter (OM) of archaeological pottery from NW Spain, Kaal
et al. [66] found that the OM was dominated by aromatic, pyrogenic compounds, most
probably formed upon firing. They also found that the total OM content of the sherds was
correlated to aliphatic OM content and not to aromatic OM content. Our data agree with
the results of this investigation, as the aromatic signal is dominant in the OM of the sherds
we have analyzed, and the total OM of the sherds (i.e., G-Cp3) is positively correlated to the
aliphatic vibrations (Figure S1). In the sherds analyzed by us, G-Cp2 and P are positively
correlated to the aromatic OM (15501200 cm ') but negatively correlated to aliphatic OM
(3000-2800 cm ') and nitrogenated OM (1631 cm~1) (Figure 7A). G-Cp3, which is related
to total OM content (C, N and S), also shows a moderate vector in the region of low G-Cp2
scores (Figure 7A,B)

3.5. Regression Model for Phosphorous Content in the Sherds

A multilinear, regression model (MLR) including the Sr/Rb ratio and the absorbances
at 980 cm ! (maximum absorbance peak of albite), 1146 cm~! (most probably K-feldspar),
and 1515 cm ™! (aromatic OM), nicely fits the observed P concentrations (R = 0.92, MSE
0.16, RMSE 0.41; Figure 8).

We calculated the weights of these predictors on G-Cp2 for each sherd to determine
the contribution of these compounds (OM and minerals). The weights of OM-P bearing
compounds are positive in Guidoiro Areoso and Os Escurros; the weight of the Sr/Rb
ratio is the dominant contributor for samples of A Lagoa and Requean, while albite and
K-feldspar control P content in Fraga do Zorro. These last two contributors show general
positive contributions in the sherds from archaeological sites from areas dominated by
felsic geological materials, although it is more obvious for the K-feldspar than for the albite.
The low P contents in sherds from A Devesa, As Mamelas, and Devesa do Rei are due to
the low contents of both P-bearing minerals (albite and K-feldspar) and organic (aromatic
OM) compounds. It is also interesting to note that the variability in source contribution in
the sherds from A Lagoa, a site characterized by domestic activity in disaggregated small
spaces, is probably reflecting different small communities.
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Figure 8. Left, scatterplot of observed and expected G-Cp2 scores. Right, distribution of weights of
the four contributors (WOM: organic compounds; wAb: albite; wSrRb: Sr/Rb ratio; wKF: K-feldspar)
to the G-Cp2 modeled by multilinear regression. Sites: AD: A devesa de Abaixo; FZ: Fraga do
Zorro; GD: Guidoiro Areoso; AM: AS Mamelas; AL: A Lagoa; DR: Devesa do Rei; OE: Os Escurros;
RQ: Requean.

3.6. Archaeological Implications

The phosphorous content in the studied ceramics seems to mainly pertain two different
sources: an inorganic source related to P-bearing minerals (albite and K-feldspar) and
an organic (OM-P) source related to phosphorylated aromatic compounds. As already
indicated, albite and K-feldspar are major P hosts in granitic rocks [42,63], and we may
expect a larger contribution to P content in sherds from archaeological sites from felsic (i.e.,
granitic) areas. This is somewhat shown by the relatively higher contribution of K-feldspar
in sherds from felsic areas, as suggested by the weights of the MLR model. But this is not
fully systematical, as low contributions (i.e., negative weights) are found in sherds from A
Devesa de Abaixo and As Mamelas, sites from the felsic areas, while high contributions
(i.e., positive weights) are found in some sherds of Devesa do Rei and Requean (Figure 8),
which are sites from the mafic areas. Although a compositional effect due to the lithological
background of the sites may be expected, as indicated by the chemical association of G-Cp1,
temper minerals can result from intentional mixtures made by the ceramists, thus deviating
the mineral composition of the sherds from the local dominant sources of the raw material.

The OM-P-bearing compounds, on the other hand, may have formed during firing by
combustion of the organic matter contained in the raw material or plant remains intention-
ally added as temper, as previously suggested [66]. Lignin, a poly-aromatic biopolymer
present in almost all plants and soil organic matter, has been shown to bind P due to its
content of hydroxyl groups, forming very stable P-lignin compounds which are particularly
resistant to thermal degradation at high temperature—lowering the combustibility of lignin
when phosphorylated and making it more resistant to oxidation [67]. These properties are
responsible for the use of phosphorylated lignin coatings as flame retardants [68-70] or for
corrosion protection [71], for example. The phosphorylated aromatic OM of the sherds may
have been selectively preserved due to its resistance to temperature (i.e., survive firing and
cooking use) and to post-depositional microbial attack due to its resistance to oxidation
processes. The addition of wood ashes, as found in ADE ceramics [40], can also be a source
of phosphorylated OM, as phosphorus compounds are abundant in biochar [72]. On the
other hand, low P contents are related to the presence of higher total OM contents, with
a predominance of nitrogenated and aliphatic compounds, and kaolinite. This also lends
support to our hypothesis, since lower P concentrations are related to sherds subjected
to lower temperatures (or shorter firing time); kaolinite collapses at 550 °C, and higher
aliphatic OM and total OM content were found in the inner sections of the sherds [66],
where temperature may have been lower.

Our results also suggest that the P content in the sherds studied is related to the
manufacturing of pottery. More specifically, inorganic P could be related to the selection
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of raw materials and, therefore, the P content in the selected clays and inorganic temper.
On the other hand, OM-P could be related to the elaboration of the pottery paste and the
inclusion of plant OM as temper, which was burnt out during firing. The use of vessels
as cooking pots could be another explanation for the presence of OM-P. It is known that
enrichment in phosphorus can be a consequence of using pots for cooking [24,40]. However,
the correlation of P with aromatic compounds instead of aliphatic compounds, normally
understood as proxies of cooking activity [73,74], supports the idea that P enrichment in
the studied sherds is due to the burnt organic temper, probably plants, manure, or soil
organic matter [75-79]. Another possibility is the addition of bone fragments as temper,
but hydroxyapatite was not detected in the FTIR-ATR spectra [80].

Considering that handmade pottery is a type of domestic activity related to close
groups living together (i.e., families) that reproduce production recipes across genera-
tions [81-84], it can be hypothesized that the P content was influenced by these recipes.
Our results did not show a relation between P and possible factors of diagenetic change
(depositional context of pots) or cultural changes/differences between samples (chronology
of the pots—Figures 52 and S3). On the contrary, sherds from settlements that are potential
areas of production of handmade pottery show similarities in phosphorus content and
between the inorganic sources of phosphorus (i.e., albite or albite and K-feldspar together).
The only exception is the A Lagoa site, where the domestic activity was conducted in
disaggregated small spaces that were probably from different small communities. The
results obtained for this specific site reinforces the idea that different communities might
have different production recipes for manufacturing pottery and for selecting raw materials,
and these communities could be either all the inhabitants of a settlement or smaller or
larger groups of people.

On the other hand, ceremonial and funerary sites, as Guidoiro Areoso, with similar P
content in their samples could have been areas monopolized by one community, which was
making pots with the same or similar recipes and bringing these vessels to their ceremonial
sites. Another hypothesis is that the pottery from Guidoiro Areoso was made to be used
on the site, including a specific recipe of raw materials for making the ceramic paste. The
second hypothesis seems more likely due to the extreme regularity of P contents and P
sources in Guidoiro Areoso from the Middle Neolithic to the Late Bronze Age. Therefore,
Guidoiro Areoso might be a ritual center that had its own distinct pottery production, as
some others have highlighted in the literature [85,86].

4. Conclusions

Our results have three general implications for the study of phosphorus in ancient
pottery. First, we could not find evidence of phosphorus being significantly controlled by
diagenetic processes or cooking activities. The absence of detectable secondary mineral
phosphates and the negative correlation between P and aliphatic compounds may indicate
different P sources than those traditionally noted in the literature.

Second, the evidence points to P content being a consequence of intentional and non-
intentional actions in the pottery production process. Inorganic and organic sources of
phosphorus were detected in the sherds. Organic phosphorus might be related to binding
of the element to aromatic compounds, most likely during firing. Given the process of
pottery manufacturing, we can assume that this association of phosphorus and OM resulted
from the addition of organic temper to the pottery paste, likely as plant material, but also
soil OM may have been present in the clays. The origin of inorganic phosphorus is related
to the type of raw materials selected for molding the pots and the selection of the inorganic
temper. Specifically, the relationship of phosphorus with albite and K-feldspar supports
this idea.

And third, building on the last idea, our study shows that the combination of phospho-
rus studies and geochemical and mineralogical characterization of vessels reveals different
recipes for pottery manufacturing (selection of raw materials and preparation of the pot-
tery paste). These recipes seem to be specific to the sites where the ceramics were found,
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indicating that pottery centers of production could be related either to a single settlement
or to different communities inhabiting one specific area considered as a whole settlement
(i.e., A Lagoa). Conversely, ceremonial and funerary sites might have been monopolized
by one or several nearby communities that shared a similar recipe of making pottery at
least regarding the use of P-bearing compounds (organic and inorganic). An alternative
hypothesis could be that some ceremonial /funerary sites had an associated pottery pro-
duction center, but this idea is only consistent with vessels from Guidoiro Areoso due to
their extremely compositional homogeneity.
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