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A B S T R A C T   

Although sometimes controversial, the use of Pb isotope data in geological research of ore deposits and metal 
provenance studies in archaeology has proved a useful tool for investigation of the relations between ore sources 
and raw materials used by humans. Users of this kind of information have often asked for complete datasets that 
would include not only numerical values of isotope ratios but also mineralogical and geological information 
about the samples analysed so as to allow for conscientious data comparison. The IBERLID database here pre
sented has been designed to include available information for nearly 3000 samples from the Iberian Peninsula 
and Balearic Islands in a unique, complete to the extent possible, upgradable dataset using standardized vari
ables. This allows to compare data and establish groups based upon isotopic ratios, mineralogy and other 
geological characteristics of the samples. The database is available through an online interactive public tool 
(www.ehu.eus/ibercron/iberlid) that provides for data search, comparison and graphics design, and may be 
furthermore exported for enhanced statistical treatment. By direct use of the proposed standardized variables, 
the compiled results allow to discern among 3 main mineralization events within the Iberian realm, while 
interpolation of Pb isotope data allow to draw the first maps of model age, mu and kappa parameters. The 
problem of radiogenic lead in some compiled data requires additional analyses of elemental concentrations, 
which so far has been generally neglected.   

1. Introduction 

Since the pioneering lead isotope analyses by Nier (1938), the 
application of lead isotope data in mineral exploration and assessment of 
age and source of ore deposits has been amply documented by many 
authors. Russell and Farquhar (1961) and Cannon and Pierce (1969), 
summarized and discussed available results for lead isotope data in 
relation to the problems of ore genesis and associated issues, and called 
for greater involvement of geologists in lead isotope investigations, until 
then greatly done by physicists and chemists. Continuing research on the 
subject involved progressively more Earth Sciences scholars and resul
ted in a wealth of studies, covered in due time by the synthesis book of 
Gulson (1986). Improvement in analytical techniques, in particular the 
introduction of multicollector plasma spectrometry (MC-ICP-MS) in the 
decade of 1990, gave rise to a dramatic increase of contributions and 
corroborated the relevance of lead isotope data as an essential tool in 
geochemical exploration methods (e.g., Bell and Franklin, 1993; Holk 
et al., 2003; Quirt and Benedicto, 2020). This also permitted the 

publication of a number of national-scale lead isotope maps for use in 
tectonic and metallogenic studies (e.g., Huston et al., 2019; Zhu, 1995). 

The application of lead isotope data in provenance studies of 
archaeological metal artefacts may be dated back to the study of 
archaeological lead objects by Brill and Wampler (1967), which fol
lowed previous studies of Pb isotope composition in ore deposits like the 
aforementioned by Russell and Farquhar (1961) or Moorbath (1962) 
and other precursors. Pb isotope data have been regarded since then as a 
useful tool for the purpose because their different values: (i) are related 
to specific geological contexts, (ii) are not affected by weathering, and 
(iii) due to the limited range of atomic mass, they are essentially immune 
to modifications by metallurgical processes. During more than 50 years, 
many studies have thus been published that included Pb isotope ratios of 
ore deposits and of archaeological samples aiming to compare and assess 
the geological materials exploited in the antiquity for metal objects 
production. The way in which Pb isotope data have been employed in 
archaeological research has consisted in most cases in a straightforward 
comparison of a set of isotope ratios available from a database with 

* Corresponding author. 
E-mail address: sonia.gdm@ehu.eus (S. García de Madinabeitia).  

Contents lists available at ScienceDirect 

Ore Geology Reviews 

journal homepage: www.elsevier.com/locate/oregeorev 

https://doi.org/10.1016/j.oregeorev.2021.104279 
Received 24 November 2020; Received in revised form 26 May 2021; Accepted 3 June 2021   

http://www.ehu.eus/ibercron/iberlid
mailto:sonia.gdm@ehu.eus
www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2021.104279
https://doi.org/10.1016/j.oregeorev.2021.104279
https://doi.org/10.1016/j.oregeorev.2021.104279
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2021.104279&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ore Geology Reviews 137 (2021) 104279

2

either those from a given artefact or collection of artefacts/ores, or, also, 
among individual artefacts/ores. The use of such databases of reference 
in archaeological studies of metal provenance is now widespread, 
different databases having been proposed since the 1990s, e.g., among 
others: (i) the Oxford Archaeological Lead Isotope Database (OXALID), 
which includes lead isotope data for ore deposits and archaeological 
artefacts, mostly from European sites, analysed at the Isotrace Labora
tory of the University of Oxford in the years 1978–2001 (Stos-Gale and 
Gale, 2009); (ii) the Ore-Dataset v1 and v2 (Thompson and Skaggs, 
2013) that includes Pb isotope data from ore deposits in the Peri- 
Mediterranean region; or, (iii) the compilation available from the Har
vard Dataverse (Hsu et al., 2019) that incorporates currently available 
Pb isotope data for galenas and K-feldspars from China. 

Although the usefulness of Pb isotope analyses in archaeological 
studies has been controversial (e.g., Pernicka, 1995; Pollard, 2009), its 
suitability in metal provenance studies is widely accepted nowadays 
provided a proper application that would take into account comple
mentary archaeological and/or geological data (Artioli et al., 2020; 
Killick et al., 2020; Radivojević et al., 2019). In fact, the indiscriminate 
comparison of Pb isotope ratios from different sources and databases, 
sometimes without consideration of all possible sources and/or infor
mation on facts like data quality, sample origin and type of sample 
analysed can entail errors in source assignation (Radivojević et al., 
2019). It is thus generally agreed that the interpretation of lead isotope 
values must be geologically sound and done in the context of all possible 
complementary material evidence to prevent untenable conclusions 
(Artioli et al., 2020). At the same time, improvements in analytical 
techniques have allowed to analyse not only Pb-rich minerals, but also 
whole rock and minerals with minor contents of Pb and sometimes 
significant amounts of U. This has resulted in a larger variety of lead 
isotopic data whose geological significance is now different since com
mon Pb and radiogenic Pb may be included (Berger et al., 2019; Killick 
et al., 2020). Thus, and although the possibility of lead isotope analysis 
of a larger range of mineralizations represents an important advance in 
analytical achievements, it brings a necessary reflection on the way how 
all these data are to be used in the frame of geological and archaeo
logical investigations. 

Archaeology research groups working across Europe and the Medi
terranean have researched in historical mining, metal metallurgy and 
commercial use of metals by the evaluation of lead isotope data lists for 
metal artefacts and exploited ore deposit. These data have been applied 
considering individual objects, hoards, regional assemblages and, even 
more broadly, the circulation of metals across time and space (Radi
vojević et al., 2019). By its geostrategic position and wealth of metal 
resources, the Iberian Peninsula has been a site of intense metal 
extraction through different historical periods (cf. Montero Ruiz, 2018). 

The purpose of our study and of the proposed new database, IBERLID 
(Iberian Lead Isotope Database), is twofold. First, the compilation and 
assessment of the published Pb isotope data for minerals, rocks and 
archaeological objects from the Iberian Peninsula and Balearic Islands 
(Iberia or Iberian realm hereafter). This should allow for a better valu
ation of the data themselves and of the relation between geology, 
archaeology and lead isotope composition. On the other hand, the 
implementation of the new database for the Iberian realm is proposed as 
an exhaustive lead isotope compilation with geological perspective 
through the use of a public interactive tool: www.ehu.eus/ibercron/ibe 
rlid. In this way, analytical data for samples compiled in the database 
may be updated and processed in different manners by the users. This 
should provide an advanced alternative tool for studies of metal prov
enance incorporating at the same time geological and mineralogical 
information. 

In IBERLID we have collected Pb isotope data from a great number of 
studies that have been published in a variety of monographs, reports and 
journals, the latter mainly mineralogical or archaeological, with mani
fest different criteria of publication. As it happens, the dispersion in the 
type of presentation and the scarcity of multidisciplinary research teams 

often hinders the proper exploitation of the analytical results. The use of 
a new database with standardized variables and geological perspective 
is thus proposed as a solution to this problem pointed out in recent 
publications (Montero Ruiz, 2018; Schibille et al., 2020). Furthermore, 
the present compilation should help in interpreting measured Pb iso
topic compositions in terms of geological evolution of different areas 
within the Iberian Peninsula. 

2. Geological and metallogenic characteristics of the Iberian 
Peninsula and related areas 

The complex geology of the Iberian Peninsula includes from rocks 
generated in superficial sedimentary conditions to continental and 
oceanic remnants obducted from subduction zones, together with a 
great amount and variety of igneous intrusives, mostly granites s.l., 
fragments of lithospheric upper mantle and various types of young 
Neogene to Quaternary volcanic areas. Exposed rocks broadly cover the 
last 600 Ma of Earth’s history. This complexity is also reflected in the 
ample typology of ore mineral deposits. Types and volume of mineral 
deposits are widely variable. There are magmatic- (plutonic, volcanic 
and hydrothermal), shear-zone-, sedimentary- and stratabound-related 
ore deposits that range from scattered and artisan exploitations to 
giant ore deposits. Also, different metallic ores have been exploited 
during the long history of mining activity since, at least, the 3rd Mil
lennium BC (Lunar et al., 2002). These have been classical ore sources 
for metal objects found in many archaeological sites both within and 
outside Iberia (cf. Jézégou et al., 2011; Wagner, 2000; Westner et al., 
2020; Wood and Montero-Ruiz, 2019; etc). 

Attending to the principal tectonic events recorded, the geology of 
Iberia can be categorized into 3 main domains (Fig. 1): (1) the Variscan 
and pre-Variscan areas, best represented within the so-called Iberian 
Massif, a part of the European Hercynian foldbelt, where rock units 
mainly result of the Variscan and Cadomian orogenies; (2) the Alpine 
areas, which refers to sections affected by the Afro-Iberian-European 
plate collision as part of the large Alpine-Himalayan collisional belt; 
and (3) undeformed or nearly undeformed sedimentary areas of Ceno
zoic to Quaternary age that developed in relation to the great rivers of 
the Peninsula and partially overlie the two older areas (Fig. 1). Neogene 
to Quaternary volcanic areas do not form a single region but account for 
a great number of scattered exposures around the Cabo de Gata, Cala
trava and Olot regions. For extended accounts on the geology of Iberia 
we refer the reader to the synthesis volumes by Gibbons et al. (2002), 
Vera (2004) and the book series by Quesada et al. (2019). In the 
following, a brief summary is presented for the purpose of the present 
study. 

The so-called Iberian Massif is the largest expanse of Pre-Permian 
rocks within the Iberian Peninsula and has been classically divided 
into 5 main tectonic zones (Dallmeyer et al., 1990; Julivert et al., 1972). 
Taking into account their main geological features, we have adopted a 
simplified classification into just 3 areas with distinctive features 
(Fig. 1): the northern branch of the Iberian Massif (NIM), the Ossa- 
Morena Zone (OMZ) and the South Portuguese Zone (SPZ). The NIM 
comprises 3 of the 5 classical tectonic zones of the Massif sharing a 
number of tectonostratigraphic features (Julivert et al., 1972): the 
Cantabrian Zone, the West Asturian-Leonese Zone and the Central Ibe
rian Zone. Variably metamorphosed subautochthonous Precambrian to 
Permian marine sedimentary rocks, and allochthonous high-pressure 
metamorphic units, together with abundant igneous intrusives form 
this northern branch, all of them attesting to Variscan s.l. tectono- 
thermal events. Towards the south of it, the Ossa-Morena Zone 
(Fig. 1) has been considered as a separated area because of the abun
dance of rock units formed on the margin of Gondwana during the late 
Neoproterozoic-Lower Paleozoic Cadomian orogeny. These were 
intensely reworked subsequently during the Variscan orogeny and ar
ranged in bands with NW-SE trends. The southernmost area of the Ibe
rian Massif, the South Portuguese zone (Fig. 1), is regarded as a piece of 
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a different continent separated from the OMZ by a band of meta
morphosed mafic rocks known as the Beja-Acebuches ophiolitic complex 
(Simancas et al., 2004 and refs. included). The SPZ consists essentially of 
marine sediments formed since Devonian to Permian with numerous 
intercalations of volcanic rocks. It is in this Zone where is located a very 
distinctive mineral deposit: the Iberian Pyrite Belt (IPB) made of su
pergiant massive sulphide deposits including among the world’s largest 
mines (Rio Tinto and others). 

Rock units essentially affected by the Alpine orogeny are much less 
abundant and appear in two different areas: (i) the Betic System or Betic 
Cordilleras (BC) in the southeast and their extension into the Balearic 
Islands in the Mediterranean Sea, and (ii) the Cantabro-Pyrenean 
Cordillera in the north and northeast including the so-called Basque- 
Cantabrian Basin and the Catalonian Coastal Ranges on its west and east 
sectors, respectively (Fig. 1). Both the Betics and the Cantabro-Pyrenean 
realms comprise Mesozoic to Cenozoic materials, some Precambrian and 
Paleozoic cores (e.g., Pyrenees Axial Zone, Betic Internal Zones) and 
conspicuous ultramafic rocks (e.g., the 300 km2 Ronda peridotite massif 
or the type locality of lherzolites at Lherz, among others). These two 
main areas are considered the westernmost extent of the Alpine- 
Carpathian-Himalayan orogenic system. Pre-Mesozoic basement cores 
there were affected by the Variscan and possibly the Cadomian orogeny, 
while surrounding Mesozoic or Cenozoic units were deformed by the 
Alpine orogeny. A distinctive unit among the Alpine terranes is the 
Basque-Cantabrian Basin (BCB) located between the Pyrenees s.s. and 
the Cantabrian Zone of the northern branch of the Iberian Massif (NIM). 
Pre-Mesozoic units in this sector are absent, while there exists a thick 
pile of sediments (>10 km) including siliciclastic and evaporitic de
posits, reef-limestones and volcanic and pyroclastic rocks deposited 

since Mesozoic to Cenozoic. As it will be shown below, this sector of the 
Pyrenean realm presents distinctive Pb isotope characteristics that 
justify its consideration as a separate entity of the Alpine system. 

Besides the above mentioned areas that record deformation, meta
morphic and magmatic events related to the Cadomian, Variscan and 
Alpine orogenies, near a half of the surface of the Iberian Peninsula is 
covered by Cenozoic to Quaternary deposits related to the great river 
basins of the Ebro, Douro, Tagus and Guadalquivir rivers. In these areas 
there are no important ore deposits, just some isolated ones related to 
underlying materials. 

Neogene to Quaternary volcanic areas are found in the southeast, 
south-central and northeast Iberia. Neogene volcanism of the southeast 
is related to the Alpine cycle and forms extensive outcrops of calc- 
alkaline rocks around Cabo de Gata. It is associated to the formation 
of important mineralizations (e.g., Rodalquilar), while high-K and 
shoshonitic rocks, lamproites and alkali basalts form smaller outcrops 
along more than 200 km towards the NE of the area. Numerous outcrops 
of volcanic rocks in the Calatrava volcanic field (south-central Iberia), 
onshore and offshore of Valencia and in the sector of Olot and nearby 
areas (northeast Iberia) are of a different style. They are made of alkaline 
rocks related to the rift system in Central and Western Europe that 
evolved in the Alpine foreland during late Eocene to recent times and do 
not associate significant ore deposits. 

3. The database 

The use of lead isotope analyses in geology and archaeology is based 
on the physical and chemical properties of this element. There are four 
isotopes of Pb, three of them are radiogenic products of radioactive 

Fig. 1. Iberian Peninsula and Balearic Islands simplified geological map with geological zones included. Modified from Julivert et al. (1972) and Muñoz (2019).  
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decay: 208Pb is produced by the decay of 232Th, 207Pb by that of 235U, 
and 206Pb by that of 238U. The isotope 204Pb is not the product of any 
radioactive decay for which reason its amount does not change during 
the geological history. Because radioactive decay is irreversible, the Pb 
isotope ratio in every system containing U and Th will change with time. 
Thus, the 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios will increase 
consistently with time. This important characteristic of the Pb isotopic 
system is a useful asset in geological sciences and has been extensively 
used for studies of age and geological evolution by means of isotope 
analyses of rocks and minerals. When an ore mineral, rock or system is 
formed, its U/Pb ratio is established and it is therefore specific for each 
particular case. Some minerals may incorporate U and/or Th relatively 
easily in their structure but not Pb, zircon is a typical example. Other 
minerals barely incorporate U and/or Th but contain significant 
amounts of Pb, the usual process in galena and other Pb ores. The 
different evolution of Pb isotopic ratios in each case is clear: the Pb 
isotopic ratios of a zircon will be due to the radioactive disintegration of 
U during the time elapsed since the formation of the mineral; instead, 
the lead isotopic composition of the galena will keep unchanged through 
time. The Pb isotopic ratio of a given sample will be therefore different 
from another one depending on the amount of Pb, U and Th incorpo
rated in its structure. These variations in U/Pb and Th/Pb in different 
sample types are the ground for the use of the uranium-lead isotopic 
system in geological and archaeological studies. While some minerals 
like zircons are thus very appropriate to establish the age of geological 
events, others, like galena, are good indicators of the properties of the 
system during mineral formation (Allègre, 2008; Dickin, 2018). 

In sulphide ores, like those exploited as ore deposits since ancient 
times, U was generally not incorporated into the mineral structure. In 
this way, the Pb isotopic composition was frozen at the time of the ore- 
forming event ensuring that it would retain a constant Pb isotopic 
composition and provide an individual Pb isotope fingerprint. Besides 
that, the isotopic composition of a heavy element like lead does not 
change by natural processes or during the handling of Pb-bearing ores or 
metals. Whether they are affected by roasting or smelting, cupellation, 
melting, alloying, dissolution or corrosion, the isotopic composition of 
the lead component remains constant. Therefore, the isotopic compo
sition of the Pb-bearing ore mineral and the archaeological metal arte
fact manufactured from it will show the same Pb isotopic ratio. This will 
be a constant ratio related to the geological properties of the lead source. 
The isotopic composition of this Pb in minerals devoid of U and or Th is 
the so-called common Pb. It is employed to calculate model ages and 
other parameters whose value depends on an assumed model and hence 
not accurate enough for dating purposes in geology. However, the 
common Pb composition and the calculated model age are good in
dicators about the type of geological ore forming event and may 
constitute an efficient way to discriminate metal sources (Desaulty et al., 
2011). Despite this ability of model ages and other isotopic parameters 
like µ (238U/204Pb) and κ (232Th/238U), which are common tools as ore 
provinces discriminators in geological studies, they have been rarely 
used in archaeometry. In this respect, and while some authors see the 
use of graphs employing these parameters in archaeometric studies as 
sources of inaccuracy (Villa, 2016), their implementation and utility are 
becoming increasingly significant (Albarède et al., 2012; Killick et al., 
2020). 

Whatever the case, the use of just lead isotope ratios implies a basic 
assumption not always fulfilled, which is that every analysed sample 
must carry very low or negligible amounts of U and Th contents to 
guarantee that U/Pb and Th/Pb ratios are near to zero. In cases where U 
and Th contents in a given sample are not that insignificant, the 
measured ratios will be the result of a combination of common Pb 
composition inherited from the source, and the Pb generated by radio
active disintegration of U and Th since the formation of the mineral. In 
such a case, the lead isotopic ratios in a given ore deposit will not keep 
constant for different minerals and, while galenas and other Pb minerals 
will show the same ratios, other minerals with higher U/Pb or Th/Pb 

values will carry more radiogenic Pb and thus, present higher values in 
those ratios including 204Pb as denominator. 

These physicochemical properties of Pb isotopes have extended the 
use of this tool in geological research of ore deposit genesis and in 
archaeological studies of metal provenance. Yet, the extensive use of 
lead isotope analysis (LIA), with thousands of analyses of great variety of 
samples and hundreds of provenance studies based on those data, has 
also revealed the problems derived of the use of Pb isotopic data done 
only on account of numerical comparisons as is often the case. A correct 
use of Pb isotopic ratios would require of complete isotopic databases 
with geological and mineralogical information (Artioli et al., 2020, 
2016). This would allow to solve the biggest pitfall detected in prove
nance studies: incomplete database support and partial or biased 
contextual information, which are among the facts at the origin of fierce 
discussions on the validity of LIA in archaeology during the last decades 
(e.g., Artioli et al., 2020; Gale, 2009; Pernicka, 1995; Pollard, 2018, 
2009). In addition, the lack of standardized rules for the publication of 
data (Artioli et al., 2020) and the use of the techniques like magic bul
lets, without proper consideration of the limitations imposed by the 
geology (Killick et al., 2020), makes difficult to compare with one 
another the large amount of published data. 

In this work we present a new public database, IBERLID, standard
ized, rationalized, accessible and complete to the extent possible. The 
IBERLID database is intended to allow for a less problematic use of lead 
isotope results and make easier their comparison. The compilation and 
evaluation of data from nearly three thousand lead isotope analyses is 
expected to contribute and expand the knowledge on the geology and 
isotopic composition of ore deposits of the Iberian Peninsula and 
Balearic Islands. At the same time, this should allow for an improved use 
and a better interpretation of Pb isotopic data in studies of metal 
provenance in archaeology. The IBERLID database is not just an exten
sive table of lead isotope ratios. As described in the following para
graphs, it also includes interactive tools linking isotopic ratios, 
geographical, geological, mineralogical and archaeological information, 
thus providing new ways for sample data selection, pooling and 
comparison. 

3.1. IBERLID 

The IBERLID database has been designed to make the comparison 
and appraisal of available Pb isotopic data for samples of the Iberian 
Peninsula and Balearic Islands easier and in a more conscious way by 
including complementary information of various types. The criteria used 
to create the database are listed herein: (i) the database incorporates all 
the essential data reported in the original publications, specially those 
on the type of samples analysed and additional sample information; (ii) 
it allows for a statistical treatment of the data and their intercomparison; 
(iii) all the data, and specially those related to ore deposits are geo
localised using conventional coordinates; (iv) it includes the possibility 
of updating and increase the number of samples compiled; and (v) it is 
an open access database. Based on these criteria, we have developed the 
database as an open data source and made it accessible to the users in 
two ways: (1) through an interactive public web site (www.ehu.eus/ibe 
rcron/iberlid), where all the data are represented or may be represented 
by the user in a number of exportable selected diagrams, maps and ta
bles, and (2) through a detailed spread sheet (cf. Supplementary mate
rial) that includes all the compiled data and allows further handling by 
the users through specific statistical software of their choice. The web 
site holding the database and also all the graphs, tables, sample groups 
and calculations have been implemented using RStudio, an integrated 
development environment for R in open source edition that runs on the 
desktop in Windows, Mac or Linux operating systems. The correspond
ing scripts for data pooling, graphs and calculations are included in 
Supplementary material. 

The interactive public web site (www.ehu.eus/ibercron/iberlid) in
cludes, in different tabs, directly compiled data for geological and 
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archaeological samples and a tab for filtered data, where the criteria 
used in this work for data filtering and grouping are applied. The 
interactivity allows sample selection based on different filters, including 
a map for direct choice of area, selection of type of sample analysed, as 
well as other specific criteria assigned to each tab, like geological zone 
or manufacturing period. After a selection of the samples of interest, 
some graphs are automatically obtained including, among others, 
graphs of Pb isotopic ratios grouped by geological zones, box plots of 
isotopic ratios classified by the reference where the data where pub
lished and 3D graphs, where 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb 
ratios are used as graph axis. All of these plots are interactive; allow to 
adjust some image parameters, as axis dimensions; show pop-up mes
sages with data information and it is possible to exclude represented 
samples. Besides the diagrams, selected data can be obtained in a 
detailed table, where analyses can be sorted, checked and exported. 

3.2. The variables of the database 

The IBERLID database constitutes a compilation of lead isotope an
alyses of geological and archaeological samples obtained from different 
sources. To increase the usefulness of this compilation, the database 
includes all available information considered of interest in the original 
papers. Hence, different variables have been taken into account going 
from sample type, geographic names and so on, to published isotopic 
ratios and element concentrations when available, and also new vari
ables computed for the purpose from the published data (see below). 
Table 1 shows all the variables considered in the database. Some details 
on the main variables are given in the following lines. 

All the samples are geolocalised by means of WGS 84 Web Mercator 
coordinates to facilitate the integration of studies carried out by re
searchers of different scientific disciplines, in particular geology and 
archaeology. Such information was obtained either from the published 
geographical sample data or, in most cases, has been established by 
using the more or less precise information provided in the original 
publications and geographical maps available online from national and 
regional institutions. All latitude and longitude data are in decimal 
format and have been used to obtain sample map locations (Fig. 2). The 
accuracy of the coordinates provided reflects obviously the quality of the 
geospatial information available in the publications for each ore/sam
ple. This implies that the specific location listed in the database could be 
in cases up to a few 10–100 s meters of the actual mining site or 
collection point mentioned in any given publication. Some archaeolog
ical samples, usually coins or ingots, although have been related by the 
authors to specific Iberian ore deposits, have no information about the 
precise sampling location (i.e. Albarède et al., 2016; Birch et al., 2020; 
Brill et al., 1987; Sinner et al., 2020; Stannard et al., 2019). Those 
samples have been placed in fictitious locations of the Mediterranean 
Sea (Fig. 2). 

Information for each sample is provided through a number of vari
ables included in the database. For a start, two main standardized cat
egories of samples may be considered: (1) geological samples, which are 
those samples with a direct relationship between isotopic data and 
sample location, and (2) archaeological samples, when the relation be
tween sample and geological/geographical information is not immedi
ate due to the possibility of some type of material transport or treatment. 
However, to enable a first handling of the compiled data through the 
selection of specific types of samples, this may be done more precisely 
and to this purpose we have included a variable called sample.type. The 
values proposed for this variable allow for a rapid classification and 
differentiate between: (i) mineral samples, which are those minerals 
collected directly at the ore deposit or related materials; (ii) rock samples, 
these are typical geological samples that involve whole rock dissolution 
and analysis; (iii) archaeological artefacts, here defined as any metallic 

object produced or given shape by humans, be it a tool, a weapon, a 
work of art, etc., implying transformation of metals or minerals by 
metallurgical processes; and (iv) archaeological site MBP (abbreviated for 
archaeological site minerals and by-products), this variable includes: (a) 
natural ore minerals found in archaeological sites, that is, minerals that 
are not in situ but are assumed to have been transported from the 
original ore deposit, thus bearing no relation to the geology of the 
sampling site; (b) waste minerals (like jarosite) or secondary minerals 
(litharge) produced in relation to the site metallurgical, stocking, etc. 
activity, and (c) by-products of this activity like slags or clinkers. 
Although the two types of archaeological samples are sometimes found 
close to mineralizations, we have considered for simplicity that they do 
not provide direct information about their geological source due to the 
eventual transportation from the mine to the archaeological site. 

Detail maps for sample situation are provided in the database site 
www.ehu.eus/ibercron/iberlid and may be handled at different scales 
through the zoom tool. The location of any sample is basic information 
to place it in a geological context. For the geological samples group the 
sample location is directly related to the geological zones established in 
the introduction, namely in alphabetic order: (i) Betic Cordilleras (BC), 
including samples from the Balearic Islands, (ii) Basque-Cantabrian 
Basin (BCB), (iii) Catalonian Coastal Ranges (CCR), (iv) Northern 
branch of the Iberian Massif (NIM), (v) Ossa-Morena Zone (OMZ), (vi) 
Pyrenees (Py) and (vii) South Portuguese Zone (SPZ) (Fig. 2). A first 
geological information is thus introduced in the database under a new 
variable called geological.zone. This standardization improves the sample 
grouping and may be further used for data description and discussion. 
Also, additional information when available for this group is included in 
the database under the following five variables: sample.details, geol.age, 
host.rock, deposit.morphology and realm (Table 1). 

In the case of the group of archaeological samples, their location is 
circumstantial information, whereby a variable of the type geological. 
zone proposed for the geological samples is impossible. In this case the 
variable selected, based on the narrative of the artefact according to the 
original study, is period. This is an intrinsic characteristic of the sample 
that allows establishing different data groups. We have defined 8 stan
dardized values within the period variable (see Table 1C), including one 
called unknown for those cases where the pertinent information is not 
provided in the original publication. Additional information in each case 
is specified under a variable termed chronology following the format 
used in the corresponding source. 

Standardized lead isotope sample information allows to classify and 
compare the compiled data of selected samples. Isotopic ratios stan
dardization requires the use of the same parameters, not only in ratios 
but also in errors. Thus, the information for the values of five Pb isotopic 
ratios is provided: 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 207Pb/206Pb 
and 208Pb/206Pb, either taken from the original publications or 
computed from the published data when they were not provided. The 
analytical error or uncertainty of the isotope ratios is reported when this 
was stated in the original publication and always listed as 2σ in absolute 
values. Besides the isotopic ratios, additional variables have been added 
in the database. These variables are parameters rarely given in publi
cations dealing with lead isotope data in archaeology, although are 
common in geological publications; in those cases, the original values 
are compiled in the database as model.age, mu and kappa. However, and 
in view of their potential interest for studies of metal provenance, we 
have calculated or recalculated these parameters for all the samples and 
added them to the variables of the database. These variables are named 
as follows: tmod (model age) in Ma, mu12 (µ) = 238U/204Pb and kappa12 
(κ) = 232Th/238U. All of them have been computed using the MATLAB 
solver of Albarède et al. (2012), updating the 238U/235U value to 137.79 
(Andersen et al., 2017) and using the Stacey & Kramers model (Stacey 
and Kramers, 1975). 
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Table 1 
Variables included in the database and standardized values used in variables (more detailed description included in text).  
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3.3. Summary of data, tables and graphics generated by the tool 

As previously stated, all the data in IBERLID may be handled by the 
user and either exported directly in the form of selected diagrams, maps 
and tables, or downloaded for further handling through specific soft
ware. In the following, we summarize the information provided in the 
database and show typical examples of the graphs and other details. 

The current compilation includes 2977 analyses performed in 45 
different laboratories and published in 140 studies. 1467 determinations 
were done by Thermal Ionization Mass Spectrometry (TIMS) methods, 
1413 by Multi Collection Inductively Coupled Mass Spectrometry (MC- 
ICP-MS) methods and 97 by Quadrupole Inductively Coupled Mass 
Spectrometry (Q-ICP-MS). Most analyses listed in the database (997 
samples) have been performed at the SGIker facility of the University of 
the Basque Country (Spain) for different archaeological and geological 
research groups. Other laboratories that have greatly contributed to the 
compilation were the Isotrace Laboratory at the University of Oxford 
(353 samples), the Goethe University from Frankfurt (276 samples) and 
the French Geological Survey (BRGM, 173 samples). The rest of the 
laboratories, up to 45 from different institutions, have contributed with 
1178 data (Table A1). 

The distribution of data among the four sample types defined above 
is as follows (Fig. 3A, Table A2): (i) mineral samples, 50.62%; (ii) rock 
samples (WR), 2.18%; (iii) archaeological artefacts, 43.47%; (iv) 
archaeological-site MBP, 3.73%. Thus, the two large groups of samples 
in the database are geological samples with 52.80% of the total and 
archaeological ones with 47.20% of the data (Fig. 3B, Table A3). 

The geological information available for the mineral samples and 
rock samples groups is heterogeneous and highly depending on the aim 
of the original work. Some data are collected from geological studies 
with detailed information about ore deposit characteristics, while others 
were obtained from publications with a historical vision of the mining 
activities and almost devoid of just containing basic geological infor
mation. As a consequence, the use of detailed geological information for 
statistical purposes has been discarded. However, all the data include, at 
least, a useful variable in this regard (geological.zone) that allows to 
group the samples according to their geological location (Fig. 2). Out of 
the 787 values of sample types recorded under the variable sample.de
tails, a standardized analysed.material variable allows for a significant 
reduction to 22 main values. According to the analysed.material variable, 
most data correspond to analyses of galena (42.68% of the samples) with 
also an important proportion of Cu minerals (23.73%) and of what we 
have termed ore mix (13.04%) for those cases when the analysed sample 
includes more than one type of ore mineral (Fig. 3B, Table A4). 

In the archaeological samples group, samples are mainly alloys and 
sometimes pure metals. These samples have been classified by the most 
abundant element, resulting the next groups and abundances: the so- 
called Cu metal (37.37%) group formed by materials with high Cu 
contents; Pb metal (25.62%), where Pb rich samples are included; and 
silver (16.37%) for those samples where Ag is the main constituent; 
while other materials like slag (7.83%), galena (3.56%), Sn metallic 
samples (2.14%) or gold (1.49%), among others (Fig. 3B, Table A5), 
account for less than 10% each of this group. 

Although the isotopic information for the archaeological samples is 
not necessary related with the sampling site due to the eventual trans
port of raw materials, a crude vision of the spatial relation between ore 
mineral sites and archaeological sites may be observed (Fig. 2). Since the 
geological characteristics of each region can be continued across geog
raphy, similar possible relations between ore deposits and archaeolog
ical sites could be expected or searched for. As previously mentioned, 
the variable geological.zone was not given any value in the archaeolog
ical samples group. However, in this case the additional variable period, 
based on the archaeological age established for each site, has been 

established for data pooling. Thus, according to the simplified scheme 
shown in Table 1C, 52.41% of the samples are from the Bronze Age, 
36.64% correspond to Roman era samples and the rest of periods show 
frequencies much lower, like 6.93% of samples from Copper Age or 
3.46% of samples are from the Iron Age. There are 77 samples compiled 
in the database, that is, 5.48% of the total (Table A5), that do not carry 
information about the archaeological period. 

The limited information about analytical methods provided in many 
publications is revealed by the fact that error data are available for less 
than 42% of the samples included in the database. Both the analytical 
errors and the decimal figures in the isotopic ratios listed have been a 
matter of concern during the compilation of data. This is a consequence 
of the great dispersion in the editorial rules for data display. As a result, 
the compulsory relation from an analytical point of view between dec
imal positions and analytical errors is not always fulfilled. To avoid any 
bias, the significant figures used in the compilation have been the same 
used in the source of each data. 

The isotopic ratios for all the samples compiled in the database and 
the frequency of each ratio are shown in the Fig. 4 and Table A7. The 
whole set of data shows a great dispersion of values ranging from 17.44 
to 87.76 in 206Pb/204Pb, from 14.98 to 19.74 in 207Pb/204Pb and be
tween 36.74 and 49.43 in 208Pb/204Pb ratio. The different dispersion of 
the ratios is evident in the diagrams on the marginal graph where also 
the archaeological and the geological samples show a frequency peak 
around the mean ratios of 18.77 for 206Pb/204Pb, 15.68 for 207Pb/204Pb 
(Fig. 4) and a less representative peak around 38.59 with higher 
dispersion of the values for the isotopic ratio 208Pb/204Pb (Fig. 4). The 
results obtained for the seven groups of geological samples and the 
group of archaeological samples are commented more in detail below. 

The distribution of geological samples in different geological zones 
reflects the historic importance of mining in different areas. Thus, near 
34.03% of the samples are located in the northern branch of the Iberian 
Massif, 20.61% of the samples are from the Betic Cordilleras, 17.75% of 
the data corresponds to the South Portuguese Zone and 13.17% are from 
the Ossa-Morena Zone. The other 3 areas, Basque Cantabrian Basin, 
Catalonian Coastal Ranges and Pyrenees are much less represented 
(Fig. 2 and Table 2). The statistics for isotopic ratios and related pa
rameters for each geological zone is summarized in the Table 2 and 
Fig. 5, where all the parameters have been calculated for 2 different 
groups of samples: (1) on one hand, all the geological samples classified 
by their corresponding geological zone (Fig. 5A), and (2) only the 
samples of galena, also grouped by geological zone (Fig. 5B). If we take 
into account the whole set of geological samples (Table 2A and Fig. 5A), 
it may be observed that while some of the geological zones, like BC or 
BCB, show fairly homogeneous isotopic ratios with deviations of values 
<0.3 for all the isotopic ratios considered, in other zones the isotopic 
ratios are much more variable, like the extreme case of the NIM making 
the graphs obtained (Fig. 5A) totally conditioned by such a large 
dispersion. Geological zones defined by Julivert et al. (1972) are based 
on the main tectonic characteristics of each area although this does not 
mean that within each geological zone all the materials are homoge
neous. Although source of the dispersion in isotopic ratios could thus be 
related to geological heterogeneities within each geological zone, there 
is an evident relation with the type of mineral analysed. This that can be 
easily observed by comparing the isotopic ratios of the whole set of 
geological samples (Table 2A and Fig. 5A) with the values for the ga
lenas (Table 2B and Fig. 5B): the dispersion in the isotopic ratios de
creases drastically, e.g., in the NIM the SD value for 206Pb/204Pb ratio 
changes from 6.04 to 0.21 (Table 2B and Fig. 5B). 

In the case of the archaeological samples (Table 3) the dispersion is 
considerably smaller than in the geological samples, with a maximum 
SD of 1.26 in the 206Pb/204Pb ratio. Though geographical or geological 
groups are not considered in the case of archaeological samples, the 
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Fig. 2. Distribution map of all of the samples in IBERLID. Open squares are archaeological samples; geological samples are represented by coloured circles. The 
colour legend included in this graph is also employed in other graphs in this work. 
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relation between dispersion of isotopic ratios and type of analysed ma
terial is also evident and, while Pb metals and silver samples show 
reduced dispersions, Cu metals data drastically increase the dispersion 
(Fig. 6 and Table 3). 

Although model age, µ and κ parameters are calculated for all the 
samples, the computation is strictly valid only for those samples with µ ≈
0, that is, samples that have very low U contents (Albarède et al., 2012). 
Model ages obtained range from − 223237 to 1095 Ma, µ values from 
0 to 86.54 and κ values from 0 to 5.25 (Fig. 7, Table A6). The complete 
set of results shows that an important number of samples would have 
future ages (negative values), reflecting the problem of model age cal
culations in ore samples when radiogenic lead has been analysed. 
However, when only Pb samples are considered the negative values are 
scarce and almost all samples present µ values between 8 and 10 and κ 
values between 3.5 and 4.5 (insert graphs in Fig. 7). 

4. Discussion 

Since the mid 1970′s many archaeological studies of metal prove
nance using lead isotope data were done on the basis of parallel analyses 
of geological and archaeological-metallurgical samples. This generated 
an important number of analytical data in different publications, some 
of them not always easy to find. Such a great amount of isotope data 
published in a variety of studies has been the subject of compilations 
subsequently used for metal provenance research. Nonetheless, and as 
signalled by different authors (e.g., Artioli et al., 2020; Cattin et al., 
2009; Montero Ruiz, 2018; Radivojević et al., 2019), standardization of 
the data compiled is greatly needed in order to make such compilations a 
useful tool, in particular in archaeological studies but also in 
geochemical exploration for ore deposits. The utilization of an adequate 
programming language for statistical computing and generation of 
maps/graphics from the compiled data may further improve the result. 

In this work a compilation of data from 140 different sources has 
been accomplished and different variables have been designed in order 
to allow for standardization and statistical treatment. A unique data file 
containing all the data and variables has been treated with the RStudio 
program for the calculations, plots and data pooling presented in this 
study. The combination of those two tools, database and statistical 
program, has enabled to create an interactive, user friendly website 
(www.ehu.eus/ibercron/iberlid) for data inspection, selection, genera
tion of tables and representation on different graphs. 

However, although the standardization of data is a basic requirement 
for a proper use of Pb isotope information with different purposes, such a 
large data compilation requires a critical study of the data themselves. In 
fact, statistics and graphs obtained by using IBERLID, like those pre
sented in previous figures, show hardly explainable dispersion of values. 
This may be evidence of anomalous values and justifies a more detailed 
treatment of the values and data filtering to exclude outliers or spurious 
samples if needed. Thus, the dataset is discussed below on the basis of 
the variables established, including a proposal for data filtering and 
identification of outliers. 

4.1. Pb isotope data of geological samples 

The geological characteristics of the Iberian Peninsula have been 
used classically to define a number of main geological units or zones (e. 
g., Julivert et al., 1972). In the present case, sample location was the 
main variable used to establish groups of geological samples. Thus, 
following previous studies (e.g., Arribas, 1993; Lunar et al., 2002) and 
taking into account accepted zonal divisions for the geology of Iberia, we 
have established the 7 groups of geological samples previously 
mentioned (Fig. 2). These 7 groups show some common geological 

characteristics that are reflected in the isotopic ratios and parameters of 
the samples and are useful to search for and exclude anomalous values. 

The anomalous dispersion observed for isotopic ratios of the samples 
from the northern branch of the Iberian Massif in comparison with those 
of all other geological areas considered (Fig. 5 and Table 2) appears to be 
directly related with a localized sampling area and the laboratory where 
the data were obtained (Álvarez Penales, 2016; Huelga-Suarez et al., 
2014b, 2014a, 2012). All the isotope data of this group of geological 
samples show evidence of radiogenic Pb-bearing isotopic ratios, which 
points to high and variable U contents in the samples analysed, even 
within the same ore deposit. Apart from filtering the data of these 
samples, only few other samples have been discarded. This was effected 
because of: (i) the lack of 207Pb/204Pb ratio in the original work: sample 
code GDM.2042 from OXALID (Stos-Gale and Gale, 2009); and (ii) the 
anomalous relation between 206Pb/204Pb and 207Pb/204Pb ratios: sample 
codes GDM.0015 (Graeser and Friedrich, 1970), GDM.0020 (Doe, 
1976), GDM.0031 (Dayton and Dayton, 1986), GDM.0057 (Brill et al., 
1987) and GDM.2710 (Subías et al., 2015). The anomalous data for 
samples coded GDM.0069 to GDM.0080 are taken from Lillo (1992) 
quoting an internal report of ENADIMSA (1971). These data seem un
reliable and the spread of values has been related to analytical problems 
(Canals and Cardellach, 1997) for which reason have been as well dis
carded from the database. The data for samples coded GDM.0213 to 
GDM.0227 also show a large dispersion, interpreted by the authors 
(Arias et al., 1996) as due to local radiogenic source in the basement. 
They have been also discarded as its inclusion would hinder the statis
tical use of the database. 

Through this data filtering, the number of geological samples ana
lysed is reduced from 1572 to 1458. As a result, there is a significant 
decrease in the dispersion of the isotopic ratios and in the anomalously 
low values of model ages obtained (Table A8). 

In general, all the geological samples show as a common character
istic the existence of a relationship between the type of analysed ma
terial and the isotopic ratio obtained. Thus, when only model ages and μ 
values of galena samples are projected in 2D density diagrams grouped 
by geological zone, the relation between the geological zones defined 
and the isotopic ratios is patent (Fig. 8). Instead, the spread of isotopic 
ratios and related parameters drastically increases when Cu minerals are 
considered (Table A9). In detail, galena samples from the Betic Cordil
leras show a bimodal distribution of model ages with a maximum at 90 
Ma and other less representative peak around 360 Ma, which is 
consistent with the characteristics of the major geological units in the 
area. As for the µ values, they are nearly constant for all the samples of 
BC. In the post-Paleozoic Basque-Cantabrian Basin ore deposits, the 
samples show µ values of ca. 9.75 and model ages younger than 200 Ma, 
with a maximum at 140 Ma and a less representative peak around 50 
Ma, in agreement with the geological characteristics of the basin, 
although the influence of 2 different sources of lead in the basement can 
not be discarded (Velasco et al., 1996). In the Catalonian Coastal Ranges 
region, the area defined by frequency of model age and µ values shows a 
unique maximum near 370 Ma, although with evident tendency to 
younger model ages as previously noted by (Canals and Cardellach, 
1997) and attributed to local Pb source inhomogeneity. The cluster 
defined for the northern branch of the Iberian Massif (Fig. 8) shows a 
poorer definition and higher variation of µ values. An important 
maximum for this sector is defined around 320 Ma and a second one 
around 600 Ma. This, and the dispersion of µ values between 9.5 and 
10.0 could indicate the influence of different Pb sources (Variscan and 
pre-Variscan), which would be consistent with the findings of late Pre
cambrian to Ordovician magmatism there (Rubio-Ordóñez et al., 2015) 
but would require a more detailed study. The Ossa-Morena Zone shows 
the lowest values of µ pointing to an enhanced mantle contribution, not 
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detected in any other area in the Iberian Peninsula. On the other hand, 
model ages for the OMZ samples show a maximum at 350 Ma and two 
much less representative peaks around 420 and 610 Ma, all of it 
evidencing older mineralization events in the area and in good agree
ment with the geological characteristics of the Zone (see above). The 2D 
density distribution of analysed galena samples from the Pyrenees does 
not show clear peaks, with model ages spreading between 100 and 700 
Ma, and µ values ranging from 9.63 to 10.20 (Fig. 8). The presence of 
this old Pb in the Alpine mountain range of the Pyrenees would be 
consistent with the occurrence there of a pre-Mesozoic basement, up to 
Ediacaran in age, affected by the Variscan and Alpine orogenies (Car
dellach et al., 1996; García-Sansegundo et al., 2014). Finally, the peak 
defined in 2D density diagrams for the South Portuguese Zone shows a 
well defined maximum at 400 Ma and µ of 9.75, with poorly defined 
peaks towards lower µ values (<9.6) and older model ages (>600 Ma). 
These model ages are somewhat older than the mainly Devonian to 
lower Carboniferous metallogenic events described for the geology of 
the area (e.g., Barrie et al., 2002), and support the possible existence of a 
metallogenic event during the Cadomian orogeny (Marcoux et al., 
2002). 

While the relationship between isotopic characteristics of the Pb in 
galenas and the geological context appears to be clear, this correlation is 
impossible when all the ore samples compiled in IBERLID are consid
ered. In fact, the inclusion of analyses of different minerals increases 
drastically the dispersion of isotope data and points to the incorporation 
of radiogenic lead (Table A9). A clear example is reflected for instance 
by the samples from the Ossa-Morena Zone. Galena samples from the 

OMZ define a very narrow cluster (Fig. 9, Table 4), but when all the ore 
samples are considered the dispersion increases significantly showing a 
continuous trend defined by the data of samples with different amounts 
of radiogenic Pb. The use of a variety of minerals bearing different U/Pb 
and Th/Pb ratios implies therefore that, even when the samples of a 
given restricted area are considered, the dispersion of isotopic ratios and 
related parameters prevents a proper definition of the lead isotopic 
characteristics of the area (Fig. 9, Table 4). Although radiogenic lead 
content is a classical tool for the absolute dating of geological materials 
and it has been recently applied in archaeological studies (Berger et al., 
2019; Molofsky et al., 2014), the application of the lead isotopic analysis 
to radiogenic Pb-bearing archaeological samples implies that the com
mon lead hypothesis is not valid and requires different methods for 
successful interpretations (Artioli et al., 2020; Killick et al., 2020). 

4.2. Pb isotope data from archaeological samples 

As mentioned above, a number of geological samples have been 
excluded from the compilation on the basis of their anomalous isotopic 
values, inconsistent with the geological characteristics of the Iberian 
Peninsula. While the same reasoning is not directly applicable to 
archaeological objects, a careful examination of the data for archaeo
logical objects shows again a group of analyses with highly dispersed 
isotopic ratios, even when samples from a single location are considered 
(Álvarez Penales, 2016; Huelga-Suarez et al., 2014b; Reguera-Galan 
et al., 2019). For this reason, archaeological samples coded GDM.1327 
(Huelga-Suarez et al., 2014b), GDM.2896 to GDM.2904 (Álvarez 
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Penales, 2016) and GDM 2663-GDM.2688 (Reguera-Galan et al., 2019) 
have been filtered in IBERLID. Besides these, 7 more archaeological 
samples have been excluded due to their anomalous relation between 
206Pb/204Pb and 207Pb/204Pb, these are samples coded GDM.0477 (Stos- 
Gale, 2001), GDM.0023 (Craddock and Dauphas, 2011), GDM.2292 
(Stos-Gale and Gale, 2009) and GDM.2438 to GDM.2441 (Mederos 
Martín et al., 2017). 

As previously mentioned, in the case of archaeological samples the 
connection between geographical information and isotopic character
istics is not straightforward since there might be local or imported raw 
materials. The study of the type of object analysed and the lead isotope 

ratios and related parameters in archaeological samples is again a crit
ical issue. In the present case, a distinct increase is observed for the so- 
called Cu metal samples, where 206Pb/204Pb ratios varies from 17.46 to 
31.23; 207Pb/204Pb from 15.51 to 16.33 and 208Pb/204Pb from 37.51 to 
40.97, as compared with the Pb metal samples (206Pb/204Pb, 
18.07–18.84; 207Pb/204Pb, 15.53–15.78; 208Pb/204Pb, 38.02–39.34; 
Table A10). The wide Pb isotopic variations of archaeological Cu metals, 
mainly bronze samples, have been previously noted and sometimes 
attributed to the mix of materials with different isotopic composition 
employed in the metallurgy. However, as evidenced for the geological 
samples, when radiogenic lead is present the common lead hypothesis is 

Table 2 
Statistical values obtained for: (A) all the geological samples included in IBERLID grouped by geological zone, and (B) only for galena samples.  

1 Statistics presented: mean (SD), <minimum, >maximum. 
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no longer valid. In those cases, isotopic ratios show much larger dis
persions than when only common Pb is considered. In this situation, the 
application of alternative methods for data treatment has been proposed 
in archaeological studies (Artioli et al., 2020; Berger et al., 2019; Killick 
et al., 2020; Molofsky et al., 2014). The approach is similar to that in 
geochronological studies although the problem of common lead there is 
usually just the opposite since the presence of common Pb precludes the 
obtention of reliable ages. A typical strategy applied in geochronology 
for Pb correction can be useful to know the common Pb in radiogenic Pb- 
bearing samples. There are several methods for Pb correction (i.e. 
Andersen, 2002; Ludwig, 1999), although all of them involve the 
knowledge of U, Th and Pb contents in the analysed samples. If radio
genic lead contribution were corrected, at least for natural samples not 
subjected to metallurgical treatment that could change U/Pb and Th/Pb 
ratios, the real common Pb information could be obtained and the 
comparison with that of ore deposits could be more reliable. Unfortu
nately, the contents of those elements usually are not reported in pub
lications dealing with lead isotopic ratios in archaeology. In our 
compilation <3% of the samples have U contents reported and in 
consequence this hypothesis cannot be adequately tested. 

For a correct interpretation of the isotope results in archaeological 
samples, Pernicka (2014) and other authors have recommended to use 
the trace element concentrations besides the lead isotopic data. The use 
of the trace element analyses could be useful in two different ways: (i) as 

a combination of geochemical tracers, and (ii) through the correction as 
indicated of lead isotopic ratios on the basis of the U, Th and Pb con
centrations in the samples. In fact, classical and recent studies include 
also lead isotopic ratios and elemental analyses of archaeological sam
ples (e.g. Nocete et al., 2018; Stos-Gale et al., 1999) and this is becoming 
more common in the last years. Unfortunately, the lack of standardiza
tion for trace elements is even worse than in the case of the lead isotopic 
analyses. The disparities in elemental analyses are related to the 
different analytical techniques employed, accurate and precision of 
data, and quantified analytes that may be highly variable even for the 
same type of samples (e.g., 21 analytes in Nocete et al., 2018, deter
mined by laser ablation techniques, vs. 7 elements by X-Ray fluores
cence in Stos-Gale et al., 1999), all of which greatly complicates at 
present the comparison among samples. The inclusion of elemental 
concentrations in a database as IBERLID would greatly increase the 
possibilities of the tool but, although the design of both database and 
statistical software would allow such update, it would require an 
intensive project including many thousands of elemental data an 
exhaustive work of data compilation and standardization. 

4.3. On the source of Pb in geological samples 

The use of comprehensive datasets, together with suitable variables, 
data grouping, filtering and finally selected values allows fot statistical 
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Table 3 
Statistical values obtained for all the archaeological samples included in IBERLID grouped by the type of analysed material.  

Characteristic Cu metal, N 
= 5251 

Cu 
mineral, N 
= 161 

Fe metal, 
N = 141 

Galena, N 
= 501 

Gold, N =
211 

Hg 
mineral, N 
= 61 

Litharge, 
N = 271 

Ore mix, 
N = 21 

Pb, N = 41 Pb metal, 
N = 3601 

Pb 
mineral, N 
= 51 

Silver, N 
= 2301 

Slag, N =
1101 

Sn metal, 
N = 301 

unk, N =
51 

206Pb/204Pb 18.88 (2.02), 
<17.46, 
>36.57 

18.83 
(0.61), 
<18.28, 
>20.13 

18.56 
(0.14), 
<18.38, 
>18.78 

18.39 
(0.16), 
<18.28, 
>18.78 

18.32 
(0.16), 
<17.99, 
>18.62 

18.52 
(0.14), 
<18.36, 
>18.71 

18.47 
(0.29), 
<18.08, 
>18.74 

18.40 
(0.06), 
<18.36, 
>18.45 

18.30 
(0.01), 
<18.29, 
>18.30 

18.41 
(0.21), 
<18.07, 
>18.84 

19.28 
(0.64), 
<18.42, 
>20.04 

18.45 
(0.23), 
<18.12, 
>18.86 

18.27 
(0.08), 
<18.16, 
>18.43 

18.65 
(0.31), 
<18.23, 
>19.71 

18.07 
(0.26), 
<17.85, 
>18.38 

207Pb/204Pb 15.68 (0.11), 
<15.30, 
>16.60 

15.67 
(0.04), 
<15.62, 
>15.77 

15.67 
(0.01), 
<15.66, 
>15.69 

15.68 
(0.03), 
<15.60, 
>15.80 

15.64 
(0.03), 
<15.58, 
>15.68 

15.68 
(0.03), 
<15.65, 
>15.72 

15.65 
(0.06), 
<15.49, 
>15.70 

15.66 
(0.04), 
<15.63, 
>15.69 

15.68 
(0.00), 
<15.67, 
>15.68 

15.65 
(0.05), 
<15.53, 
>16.12 

15.70 
(0.06), 
<15.64, 
>15.79 

15.65 
(0.03), 
<15.58, 
>15.83 

15.64 
(0.02), 
<15.59, 
>15.75 

15.58 
(0.10), 
<15.24, 
>15.66 

15.61 
(0.02), 
<15.59, 
>15.64 

208Pb/204Pb 38.58 (0.28), 
<37.51, 
>40.97 

38.60 
(0.19), 
<38.34, 
>38.92 

38.65 
(0.09), 
<38.48, 
>38.82 

38.59 
(0.21), 
<38.28, 
>39.15 

38.41 
(0.22), 
<38.00, 
>38.88 

38.68 
(0.25), 
<38.38, 
>39.09 

38.62 
(0.48), 
<37.77, 
>39.10 

38.55 
(0.04), 
<38.52, 
>38.58 

38.53 
(0.02), 
<38.50, 
>38.54 

38.58 
(0.28), 
<38.02, 
>39.34 

38.70 
(0.22), 
<38.40, 
>38.93 

38.61 
(0.27), 
<37.98, 
>39.54 

38.38 
(0.14), 
<38.15, 
>38.80 

38.58 
(0.32), 
<37.52, 
>38.99 

38.16 
(0.32), 
<37.90, 
>38.62 

Model age 
(Ma) 

− 1695 
(19260), 
<-222911, 
>706 

− 26 
(385), 
<-821, 
>371 

178 (89), 
<26, 
>295 

323 (93), 
<91, 
>527 

303 (85), 
<164, 
>500 

223 (97), 
<90, 
>356 

213 (136), 
<69, >436 

278 
(121), 
<193, 
>364 

389 (6), 
<381, 
>392 

259 
(136), 
<-17, 
>812 

− 316 
(518), 
<-788, 
>495 

234 
(125), 
<-13, 
>460 

346 (43), 
<247, 
>446 

− 94 
(481), 
<-2044, 
>247 

436 
(152), 
<235, 
>568 

µ 9.82 (0.40), 
<8.41, 
>14.14 

9.72 
(0.10), 
<9.59, 
>9.93 

9.77 
(0.03), 
<9.71, 
>9.82 

9.84 
(0.11), 
<9.56, 
>10.33 

9.70 
(0.08), 
<9.51, 
>9.82 

9.80 
(0.11), 
<9.71, 
>9.94 

9.72 
(0.17), 
<9.19, 
>9.89 

9.77 
(0.18), 
<9.65, 
>9.89 

9.86 
(0.02), 
<9.83, 
>9.87 

9.74 
(0.19), 
<9.30, 
>11.57 

9.78 
(0.29), 
<9.59, 
>10.27 

9.74 
(0.10), 
<9.45, 
>10.33 

9.73 
(0.08), 
<9.55, 
>10.13 

9.42 
(0.40), 
<8.11, 
>9.72 

9.66 
(0.04), 
<9.64, 
>9.73 

κ 3.83 (0.54), 
<0.44, 
>4.23 

3.77 
(0.29), 
<3.15, 
>4.02 

3.94 
(0.07), 
<3.81, 
>4.01 

4.02 
(0.04), 
<3.91, 
>4.23 

3.96 
(0.05), 
<3.87, 
>4.05 

3.98 
(0.10), 
<3.85, 
>4.11 

3.97 
(0.09), 
<3.73, 
>4.06 

3.99 
(0.08), 
<3.93, 
>4.04 

4.05 
(0.01), 
<4.04, 
>4.06 

3.99 
(0.07), 
<3.83, 
>4.29 

3.56 
(0.38), 
<3.27, 
>4.20 

3.98 
(0.06), 
<3.79, 
>4.25 

3.98 
(0.04), 
<3.91, 
>4.15 

3.82 
(0.29), 
<2.64, 
>4.01 

3.99 
(0.07), 
<3.89, 
>4.08 

1Statistics presented: mean (SD), <minimum, >maximum. 
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treatment and data interpolation. The maps of Fig. 10 reflect the isotopic 
characteristics of Pb in the Iberian Peninsula and Balearic Islands ob
tained by interpolation of geolocalised Pb isotope ratios and parameters. 
To this effect, after discarding spurious results, the data compiled in 
IBERLID for galena samples, were interpolated by ordinary kriging of 
block mean values using inverse distance weighted interpolation 
(Cressie, 1993). The interpolation of data defines a distinctive lead 
isotopic area in the Ossa-Morena Zone with higher model ages, older 
than 500 Ma (Fig. 10A), that point to the existence of a Cadomian 
metallogenic event (Marcoux et al., 2002), and low values of µ, below 
9.6 (Fig. 10B), whereby some kind of mantellic participation can be 
suspected. On the other hand, the interpolation shows the presence of 2 
different isotopic compositions in the Betic System (Fig. 10A), with 
model ages between 200 and 400 Ma in the west of Cabo de Gata and 
mainly between 0 and 100 Ma to the east of this site. However, µ values 
for all the samples in this area show high values, always > 9.7 (Fig. 10B). 
The relationship between κ values and the geological setting is not 
evident and the interpolation obtained using κ values of galena samples 
displays an unclear distribution (Fig. 10C) This suggests changes in the 
Th/U ratios through geological time even in the mantle, presumably 
because of the differences in U and Th solubility and oxidation states 
(Elliott et al., 1999). 

5. Geological implications of the database and tool 

Lead isotope geochemistry has played a vital role in tracing the fluid 
pathways and sources of metal in ore deposits, allowing for 

chronological information of ore body formation and evaluation of the 
economic potential in ore exploration (e.g., Arribas and Tosdal, 1994; 
Hsu et al., 2019). In this sense, the use of the compiled Pb isotopic ratios 
from ore deposits and of their spatial location, combined with the sta
tistical treatment enabled by the IBERLID or ad hoc tools allow to 
establish informed and extended interpretations on Iberian metallogenic 
provinces, their ages and formation events. The interpolated maps of Pb 
isotope related parameters of the Iberian Peninsula and Balearic Islands 
(Fig. 10) reflect a direct relation between major geological units in the 
area and their isotopic characteristics. 

The statistical application of Pb isotopic data compiled in the data
base allows to establish a plumbotectonic model for the Iberian realm. 
Thus, all the ore deposits comprised in the IBERLID compilation show 
model ages younger than ca. 600 Ma (Figs. 5, 8 and 10) and define 3 
main events of ore formation: (1) a Neoproterozoic to Cambrian event 
around 600 Ma mainly situated within terranes of the Ossa-Morena 
Zone; it is characterized by µ values lower than 9.4 and would be 
compatible with the development of arc units during the Cadomian 
orogeny, with local influence of mantle-related mineralizations as 
described in previous studies (e.g., Tornos and Chiaradia, 2004); (2) an 
Upper Paleozoic second event around 300 Ma is present through all the 
Iberian realm being specially well represented in the Central Iberian and 
Ossa-Morena Zones, and also within the axial zone of the Pyrenean 
Cordillera; these Variscan s.l. mineralizations display distinctive crustal 
µ values mainly between 9.6 and 9.8 that could originate as a result of 
direct leaching of pre-Variscan sediments probably extracted at various 
times (Arribas, 1993; Palero-Fernández et al., 2015); finally (3) a 
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younger event, geographically limited to the Betic System and Basque 
Cantabrian Basin, corresponds to ore deposits with crustal µ values 
around 9.7 and would be related to events of the late Mesozoic to the 
Neogene Alpine Orogeny and volcanic activity (Arribas and Tosdal, 
1994). 

6. Conclusions 

The IBERLID database presented includes Pb isotope ratios for a high 
number of geological and archaeological samples, and additional 
geographical and geological information on the samples. This allows the 
intercomparison of Pb isotope ratios and a conscious use of the compiled 
data to link a lead isotopic signature to a specific mining district. 

Major difficulties in the compilation result of: (i) proper data 
assessment due to the lack of errors and analytical information in pub
lished values, (ii) accuracy of sample location due to insufficient infor
mation, and (iii) standardization of variables to configure a usable 
database. Upon solving these problems as best as possible trough 
exhaustive bibliographic revision and prudent simplification of the 
variables considered, the use of RStudio programming language for 
statistical computing and graphics enabled the design of a tool to obtain 
reproducible graphs with multiple data pooling options. Different types 
of graphs and tables shown as examples in Figs. 2 to 10, Tables 2 to 4 and 
Supplementary Tables A1 to A10 demonstrate the capability of the tool. 
IBERLID is an open database accessible through a web site (www.ehu. 
eus/ibercron/iberlid) designed with the same software, which will 
permit the scientific community to get basic graphs and select data in a 

friendly way. 
Lead isotopic analysis (LIA) has been an increasingly used tool in 

geological studies of ore deposits and in archaeological studies of metal 
provenance during the last 6 decades. This permitted the compilation of 
data for nearly 3000 samples from the Iberian Peninsula and Balearic 
Islands contained in 140 publications referenced in the supplementary 
material. The IBERLID database includes these results reducing diffi
culties associated to the comparison of isotopic data from less complete 
datasets. 

Lead isotope ratios of geological samples from the Iberian realm 
show a clear relationship to 3 main processes of ore genesis. The pro
cesses were related to main orogenic events during three different mo
ments of the geological history: (1) Cadomian events in the Ossa-Morena 
Zone, (2) Variscan mineralizations through all the area excepting the 
Basque-Cantabrian Basin, and (3) Alpine deposits, located in the Pyr
enees and Betic Cordilleras. Each of these events is characterized by 
distinctive lead isotope ratios consistent with the geological attributes of 
the ore deposits. Yet, the incorporation sometimes of radiogenic lead 
hinders the interpretation of some data. The geological, geographical 
and mineralogical standardized information compiled in IBERLID allows 
to discern isotope differences even within the same ore deposit. 

Model ages, µ and κ parameters are included in the database. These 
are useful tools to discern among samples with similar isotope ratios and 
easily allow to detect radiogenic-Pb bearing samples. Lead isotope maps 
for the Iberian realm are presented for the first time. They evidence the 
relationship between Pb isotope attributes and the geology of this 
domain, and support the validity of IBERLID in metallogenic research. 
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Table 4 
Statistical values obtained for geological samples from Ossa-Morena Zone (OMZ) grouped by the type of analysed material.  

Characteristic Cu 
mineral, N 
= 471 

Fe mineral, 
N = 61 

Galena, N 
= 511 

Gold, N =
11 

Hg 
mineral, N 
= 51 

Ore mix, N 
= 751 

Pb 
mineral, N 
= 81 

Sb 
mineral, N 
= 21 

W mineral, 
N = 41 

Whole 
rock, N =
41 

Zn 
mineral, N 
= 41 

206Pb/204Pb 18.71 
(0.96), 
<17.46, 
>22.88 

18.33 
(0.26), 
<17.93, 
>18.70 

18.14 
(0.16), 
<17.57, 
>18.51 

18.52 
(NA), 
<18.52, 
>18.52 

17.69 
(0.17), 
<17.57, 
>17.98 

19.56 
(1.66), 
<17.44, 
>24.90 

18.01 
(0.15), 
<17.81, 
>18.23 

18.20 
(0.02), 
<18.19, 
>18.22 

18.30 
(0.02), 
<18.28, 
>18.32 

18.24 
(0.15), 
<18.05, 
>18.37 

17.83 
(0.05), 
<17.77, 
>17.87 

207Pb/204Pb 15.63 
(0.07), 
<15.50, 
>15.92 

15.64 
(0.05), 
<15.55, 
>15.69 

15.60 
(0.05), 
<15.51, 
>15.86 

15.65 
(NA), 
<15.65, 
>15.65 

15.54 
(0.03), 
<15.53, 
>15.58 

15.69 
(0.10), 
<15.50, 
>16.05 

15.58 
(0.02), 
<15.56, 
>15.62 

15.57 
(0.02), 
<15.56, 
>15.59 

15.59 
(0.01), 
<15.59, 
>15.60 

15.56 
(0.03), 
<15.53, 
>15.59 

15.64 
(0.02), 
<15.62, 
>15.67 

208Pb/204Pb 38.71 
(1.43), 
<37.53, 
>47.48 

38.47 
(0.29), 
<38.03, 
>38.93 

38.30 
(0.24), 
<37.45, 
>39.13 

38.50 
(NA), 
<38.50, 
>38.50 

37.77 
(0.17), 
<37.65, 
>38.06 

39.26 
(1.22), 
<37.54, 
>43.73 

38.03 
(0.40), 
<37.37, 
>38.39 

38.18 
(0.08), 
<38.12, 
>38.24 

38.40 
(0.05), 
<38.33, 
>38.46 

38.01 
(0.11), 
<37.87, 
>38.12 

37.95 
(0.38), 
<37.61, 
>38.31 

Model age 
(Ma) 

− 8 (624), 
<-2760, 
>688 

286 (110), 
<117, 
>433 

355 (94), 
<189, 
>628 

173 (NA), 
<173, 
>173 

587 (82), 
<451, 
>657 

− 572 
(1178), 
<-4909, 
>703 

423 (112), 
<295, 
>578 

264 (58), 
<223, 
>305 

226 (18), 
<206, 
>248 

213 (58), 
<159, 
>290 

670 (62), 
<613, 
>727 

µ 9.63 
(0.17), 
<9.32, 
>10.32 

9.68 
(0.14), 
<9.46, 
>9.83 

9.57 
(0.17), 
<9.33, 
>10.54 

9.70 (NA), 
<9.70, 
>9.70 

9.47 
(0.06), 
<9.43, 
>9.57 

9.76 
(0.24), 
<9.37, 
>10.75 

9.55 
(0.09), 
<9.44, 
>9.65 

9.48 
(0.09), 
<9.41, 
>9.54 

9.52 
(0.02), 
<9.51, 
>9.54 

9.42 
(0.08), 
<9.33, 
>9.48 

9.85 
(0.09), 
<9.76, 
>9.96 

κ 3.86 
(0.29), 
<2.90, 
>4.76 

3.98 
(0.06), 
<3.91, 
>4.10 

4.01 
(0.08), 
<3.78, 
>4.29 

3.88 (NA), 
<3.88, 
>3.88 

4.01 
(0.02), 
<3.99, 
>4.03 

3.68 
(0.40), 
<2.27, 
>4.49 

3.94 
(0.15), 
<3.70, 
>4.12 

3.89 
(0.07), 
<3.84, 
>3.94 

3.95 
(0.02), 
<3.93, 
>3.97 

3.77 
(0.03), 
<3.75, 
>3.81 

4.06 
(0.26), 
<3.82, 
>4.29  

1 Statistics presented: mean (SD), <minimum, >maximum. 
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By using the same standardization scheme to maintain the ability for 
sample grouping and comparison, the database allows the addition of 
results from new samples or even new variables, e.g. elemental analyses, 
that might increase the productivity of the tool. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

Financial support was provided by the Spanish Ministry of Economy, 
Industry and Competitiveness, and the European Regional Development 
Fund (MINECO/ERDF CGL2015- 63530-P), and by the UPV/EHU 
(GIU15/05). The authors are grateful to Sabine Klein and two anony
mous reviewers for constructive comments which improved this 
manuscript, and to Huayong Chen for suggestions and editorial 
handling. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.oregeorev.2021.104279. 

References 
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