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Cremation burials in central and southwestern Europe:
Quantifying an adoption of innovation
in the 2nd millennium BC

Giacomo CAPUZZO & Juan Antonio BARCELO

Abstract

The Late Bronze Age in Europe represents a perfect case study to test different and competing hypotheses of
social dynamics and cultural changes in small-scale societies. Among the most relevant changes which took place in the 2nd
millennium BC, the introduction and the development of the cremation rite deserves a particular attention for its relevance.
Traditionally, the origin of the so-called Urnfield culture has been placed in the Charpato-Danubian area. From this region
cremation burials would have expanded across space and along time toward western and southern territories. It follows that
the presence of the cremation rite in the north-east of Iberian Peninsula has been explained as a consequence of such east to
west people movements. Recently, scholars started to assume the inner complexity, which characterizes the introduction and
the development of the cremation practice, as shown by the variability in grave types, the magnitude of the dispersal area and
the social and ideological deep transformations following the adoption of such innovation.

In this paper we want to adopt an innovative approach. Through the chrono- and geostatistical analysis of a
comprehensive dataset of radiocarbon-dated cremation burials we aim to model the spread of the cremation practice in the
time span 1800-800 BC in central and southwestern Europe. The basic assumption is the detection of a spatio-temporal gradient
which is an outcome of an expansive phenomenon, i.e. a dynamic system in which every location, at some well-specified
underlying space, has a distinctive behavior through time. When a system expands through time, we can foresee a certain
degree of dependence between locations, and this dependence is exactly what gives unity to the process.

Obtained results show the existence of a consistent East to West space-time gradient, which could be explained as a
result of spreading movements from the northwestern Alpine region and the Swiss Plateau to western and southern territories.

Keywords: Radiocarbon dating, cremation, Bronze Age, central-western Europe, diffusion.

Résumé

L’age du Bronze final en Europe est un cas d’étude parfait pour tester différentes hypotheéses concurrentes relatives
aux dynamiques sociales et aux changements culturels dans les sociétés de petite dimension. Parmi les transformations les plus
remarquables ayant eu lieu au Ile millénaire avant J.-C. comptent l'introduction et le développement de la crémation, lesquelles
méritent une attention toute particuliére. Traditionnellement, I'origine de la culture dite des champs d’urnes est placée dans la
région carpato-danubienne. A partir de cette région, cette culture se serait diffusée vers l'ouest et du sud de I'Europe. L'arrivée
de cette culture dans le nord-est de la péninsule ibérique est généralement expliquée comme une conséquence de mouvements
de population d’est en ouest. Depuis peu, les chercheurs commencent a appréhender la complexité interne qui caractérise
l'introduction et le développement de ce nouveau rite funéraire, comme le montre la variabilité des types de tombes, I'ampleur
de I'aire de dispersion et les profondes transformations sociales et idéologiques consécutives a I'adoption d’une telle innovation.

Dans cet article nous souhaitons adopter une approche innovante, a travers l'analyse chrono- et géostatistique d’un
ensemble de données complet de sépultures a crémation datées au radiocarbone. Nous visons en particulier a modéliser la
propagation de la pratique de la crémation entre 1800 et 800 avant J.-C. en Europe centrale et du sud-ouest. L’hypothése de
base est la détection d’un gradient spatio-temporel résultant d’'un phénoméne expansif, c’est-a-dire un systtme dynamique dans
lequel chaque emplacement, dans un espace sous-jacent bien défini, a un comportement distinctif dans le temps. Lorsqu’un
systéeme s’étend dans le temps, il est possible de prévoir un certain degré de dépendance entre les lieux, et cette dépendance est
précisément ce qui donne l'unité au processus. Les résultats obtenus montrent I’existence d’un gradient spatio-temporel cohérent
d’est en ouest, qui pourrait s’expliquer par un résultat de mouvements de propagation du nord-ouest de la région alpine et du
plateau suisse vers les territoires de I'ouest et du sud.

Mots-clés : Datation au radiocarbone, crémation, dge du bronze, Europe centrale et occidentale, diffusion.
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1. EXPANSION, GROWTH AND DIFFUSION,
A THEORETICAL FRAMEWORK FOR
ADOPTION OF INNOVATIONS

The main goal of archaeological research
is to reconstruct social actions in the past from
a more or less coherent sub-sample of material
remains from that past context having survived
in the present. Our purpose is to understand
why someone made something somewhere
and somewhen.

In this study our aim is to investigate
the causes of space-time distributions of
archaeological observables, such as cremation
burials in the 2nd millennium BC. We take for
granted that the cause of an observed spatial
distribution is not ‘space’, but the nature of social
action that generated the precise location and
accumulation of material evidence at specific
places and specific moments, and the local
circumstances at the moment of the action.
If an action A took place at some location L,
and at some time T, it should be related with
the occurrence of observed material evidence
around L that can be determined were generated
at time T, but also with observed material
evidence located elsewhere, and at T-1 and T+1,
to explain why A took place where it took place
and not in another location and at another place
(BARCELO, 2005; MAXIMIANO, 2007).

A key concept in this paper is the idea
of expansion, which allows us to explain the
implicit relationship between time and space,
as expressed in Tobler’s first law of geography
(TOBLER, 1970), in dynamic (‘historical’) terms.
We refer to expansive phenomena as dynamical
systems such that every location at some well
specified underlying space has a distinctive
behavior through time (BARCELO et al., 2014).
Our definition comes from the mathematical
concept of expansivity, which formalizes the idea
of points moving away from one-another under
the action of an iterated function (BARCELO
et al.,, 2015).

The concept of expansion has been
extensively treated in a large variety of
fields, such as in physics, in business, and in
mathematics, among others. More related with

our research goal is the notion of expansion in
geography, usually correlated with the notion of
directivity. In this domain, expansion refers to a
system in which a gradient of a scalar field can
be detected. Three types of gradients can be
detected: a spatial gradient, a temporal gradient,
and a spatio-temporal one (CAPUZZO etal,
2019). They are closely connected; we cannot
consider the spatial gradient without the time
dimension but within it. The variation in space
or in time of any quantity can be represented
graphically by a slope. The gradient represents
the steepness and direction of that slope and it
can be represented by a vector field that points
in the direction of the greatest rate of increase of
the scalar field, and whose magnitude is that rate
of increase. In dynamical terms, we may explain
the presence of some degree of directivity in
spatio-temporal data in terms of movement, and
hence of expansion, in the mathematical and
physical senses of the word. Formal conditions
for an expansive phenomenon are the existence
of a spatial gradient and directivity, which implies
a similarity in neighbor regions, as explained in
the Tobler’s law (TOBLER, 1970).

Expansive phenomena in historical
research have been traditionally related with the
movement of people through space: invasions,
migrations, colonizations, and conquests, what
gives the appearance of an expanding population
of men and women moving across space (and
time). In recent times, however, expansive
phenomena in historical research are not limited
to the assumption of population movement but
can also imply the movements of goods and/or
ideas. Therefore, ‘historical expansions’ are not
always a consequence of movement of people
(a demic diffusion) but can be caused also by
phenomena of cultural diffusion (acculturation)
dealing with the ‘migration” of ideas (PRIEN,
2005), knowledge or goods. As soon as time
passes, farther places begin to use previously
unknown goods or ideas, increasing the distance
between the place where the good or idea
appeared for the first time, and the place where
it is used anew.

A spatio-temporal gradient can be the
result of people movements across space and
time but also of other social mechanisms, like
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exchange, imitation, or cultural transmission
(CREANZA et al, 2017; GARVEY, 2018; WALSH
etal, 2019). In early-complex protohistoric
societies, besides classic demic diffusion models
we should also consider other social mechanisms
that may fit better the archaeological data we
investigate. Among them, trade, acculturation,
imitation, transmission, political domination, or
others may be used to explain the space-time
differences or similarities in the adoption of
certain cultural features, like a particular kind of
toll, a specific pottery type, a new funerary ritual,
a new economic practice, a new language, or a
new religion.

The term diffusion has been defined
as the process in which something new is
communicated through certain channels over
time among the members of a social system
(HAGERSTRAND, 1952; BROWN, 1981; ROGERS,
2003). Diffusion is as well the action as the
result of phenomena of expansion of ideas,
practices or objects, which are usually referred
as ‘innovations’ when they are perceived as
new or different by an individual or other unit
of adoption. According to Schumpeter (1934),
to innovate is to introduce something ‘new’ or
different by propagating it in an environment and
generating irreversibilities in the evolution of this
environment. The more complex the innovation,
the more influence its diffusion process will
have on transformation of its propagation
environment, as effects induced by its adoption
will be all the more increased.

Nevertheless, innovations are not
necessarily improvements, nor they should be
labeled positively. One of the shortcomings
of diffusion research is its pro-innovation bias
(ROGERS, 2003), implying that any innovation
should be always diffused and adopted by
all members of a social system because
it is necessarily ‘better’. Such a bias leads
us to ignore the study of ignorance about
social, economic, cultural, and technological
change, to underemphasize the rejection or
discontinuance of change. We should not refer
to ‘innovativeness’ as a positive characteristic
of early adopters, because the adoption or
rejection is the consequence of social decision,
and hence a rational decision weighted by the

social and economic situation in which it is
taken. In fact, innovation is a complex process
involving numerous and often unidentified
factors (DURRWACHTER, 2009).

An innovation should be studied as
something that did not exist before, be it better
or worse than what existed before. We use the
words ‘innovation” and ‘change’ as synonyms.
‘New’ means here ‘different than what existed
before, or what was previously unseen’ by an
individual or another social agent. The adoption
of something ‘different’ is then evidence for
‘change’. Changes in ideas, practices or objects
are also tightly linked with change in time and in
space. Without change in time it is impossible to
imagine qualitative changes, itis an independent
variable of the said interaction. There is space
only, when the observer does not consider
time, that is ‘dynamic’. We can refer to time as
a generalization of changes and modifications
in place (BARCELO, 2005). A pattern existing
at one moment of time is the result of the
set of processes that have differential spatial
impacts. The key aspect is here the ‘location
of cultural, social, economic or technological
changes’. Location should be understood in its
spatiotemporal signification. We understand
by it, a characteristic of a concrete event that
defines how the characteristics of the event
have changed from state 0, to state 0, at two
different places E, and E,, and at two different
moments of time T, and T,. When we discover
some regularity across space and time, we
may say that there is a certain degree of
dependence between changes and the adoption
of innovations, and this dependence, is exactly
what gives its appearance of unity to the process
of adopting the innovation. What we are looking
for are the causes of this location, and we are
trying to explain them in terms of the ‘influence’
that another event located in the space-time
has on the events located in the proximity. The
assumption is that space is a system of concrete
relations between physical objects and time is
some function of modifications which are going
on in these objects.

But how can we detect expansive
processes and adoption of innovations in
archaeology?
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Through the analysis of the remains of
social actions carried out in the past and buried
in the archaeological record, archaeologists aim
to reconstruct a wide series of phenomena,
like exchange networks, people movements,
and episodes of colonization, among others.
Theoretically related to the topic of this paper is
the methodological framework used to describe
the diffusion of agriculture and the process
of Neolithization in Europe. Ammerman and
Cavalli-Sforza (1971), after the analysis of a wide
dataset of georeferenced radiocarbon dates
associated to the early occurrence of agriculture
in Europe, suggested a demic diffusion that
would have brought the agriculture from the
Middle East to Eastern and the North-Eastern
territories through several waves of advance.
The assumption for explaining the origin of this
demic movement was related to an episode of
demographic growth that would have led to
an excessive stress on the available resources.
Therefore, this increase in the demographic
pressure would have produced a sort of
migration toward territories with a lower degree
of exploitation. This approach has been then
refined, including the possibility of acculturation
phenomena (AMMERMAN & CAVALLI-SFORZA,
1984; GKIASTA etal, 2003; RUSSELL, 2004;
PINHASI et al., 2005; DOLUKHANOV et al., 2005;
BOCQUET-APPEL et al., 2009; ISERN et al., 2012;
MAZZUCCO etal., 2018, 2020). Recently, the
possibility of demographicincrease has also been
also addressed for the Bronze Age in central and
western Europe (CAPUZZO et al., 2018).

The theory behind the wave of advance
model to describe people movement assumes
the existence of a logistic population growth and
a random migratory movement.

The logistic growth model describes a
process that is exponential with an initial growth
rate a, when the population density p (x, y, t)
has low values, and it is self-limiting for large
densities, with a maximum possible density p_ .
The logistic rate of change of the population size
can be described in the following equation:

F(p)=ap( —i)

in which F(p) is the variation of the population
density over time experienced due to population
growth, a is the initial growth rate and p__ is the
carrying capacity.

The migratory process is described by
the formula:
m={A%)IT
Where A is the displacement of an
individual during a time-span T and the symbols
indicate average.

The two assumptions were included
in the Fisher model (FISHER, 1937), which was
first created for describing the diffusion of
some advantageous genes. The result was the
developing of the reaction-diffusion equation:

2 2
dr_pld 129+d_13 rap(1-—2-
dt dx dy Prmax

d
in which d_lt) is the variation of the population
density over time,

d’p d’p| . e p
—>+—> | is the diffusion and ap{1-
dx® dy

D

max

is the reaction (logistic growth).

In recent times, the wave of advance
model has also been employed for the study of
a wide range of space-time dispersal processes
including notonly demicdiffusion, butalso cultural
transmissions, and adoption of innovations.

One of the most robust findings from
over 3,000 studies in the diffusion of innovation
literature is the S-shaped cumulative adoption
curve, which is the plotted result of a cumulative
adoption time path or temporal pattern of a
diffusion process (BASS, 1969; CASETTI, 1969;
Fig.1 and Fig.2). This vast literature contains
data for the spread of an enormous variety of
practices, technologies, and ideas in communities
and countries throughout the world. These
cases include the adoption of ‘innovations’
such as hybrid corn among lowa farmers, new
governance practices among Fortune 500
companies, chemical fertilizers among small-scale
farmers and the practice of not smoking among
Americans. Typically, the cumulative adoption
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curve for the spread of these practices has an
S-shape.

The  S-shaped  (sigmoid)  adopter
distribution rises slowly at first, when there are
only few adopters in each time period. The curve
then accelerates to a maximum until half of the
individuals in the system have adopted. Then it
increases at a gradually slower rate as fewer and
fewer remaining individuals adopt the innovation.
It is meaningful to highlight that although the
diffusion pattern of most innovations can be
described in terms of a general S-shaped curve,
the exact form of each curve, including the
slope and the asymptote, can differ (MAHAJAN

Primary Expansion Condensation  Saturation
step H step \ step H step

—

Diffusion rate

-

Time

Fig. 1 - The S-Shaped diffusion curve with the four
main stages in the adoption of innovation.

New adopters

J

Imitators

Innovator

Number of new adopters

Fig. 2 - The model for forecasting the diffusion of
new consumer products proposed by Frank Bass
(Source: BASS, 1969).

& PETERSON, 1985). In fact, the slope can be
more flat or steep according to a rapid or a slow
diffusion.

The time element of any diffusion
process allows us to draw diffusion curves and
to understand the dynamics of the innovation-
decision process. Because time is required for
innovations to be adopted by the members of
a population and, depending on both internal
and external factors, some innovations diffuse
faster than others; one can reasonably define
the concept of diffusion speed as a measure
of how fast a particular innovation is adopted
(SHINOARA, 2012). As Nieto et al. (1998) argued,
the underlying hypothesis in diffusion models
that are based on the logistical function is simple:
the speed to which the total number of agents
that adopt a new technology depends on the
number of agents that have already assimilated
it and the potential number of those that have
not yet incorporated it. In other words, as fewer
agents are left to adopt a new technology, the
rate at which adoption occurs decreases. This
produces the convex segment at the top of the
S-curve that marks the inflection point from a
rapid to a more gradual increase. The S-curve is
produced in a setting where the population of
agents is finite.

In terms of development, the S-curve
describes a path of an initially slow performance
increase followed by a rapid rise in performance
that levels off as some physical limit of potential
is approached (ALTSHULLER, 1984; ERIKSSON,
1997; NIETO etal, 1998, WEDGWOOD et al.,
2003; BOWDEN, 2004). The S-shape of a typical
development curve can be viewed as the
result of the process of exhausting a ‘solution
space’ of potential improvements: as the pool
is explored and exploited there are fewer and
fewer improvements remaining to be discovered,
slowing the pace of improvement if the number
of trials stays the same. Again, the S-curve is
produced in a setting where there is a finite
potential for improvement.

According to standard accounts, the
adoption of an innovation usually follows a
normal, bell-shaped curve when plotted over
time on a frequency basis. Such a process follows
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a number of rules, which allow us to distinguish
four main stages (Fig. 1).

The first one is the primary step, which
corresponds to the beginning of the diffusion. At
thistemporallocation, only afew individuals adopt
the innovation in each time period, therefore
diffusion introduces a new differentiation inside
geographical space. This is the time span in
which the role of the innovators is crucial for the
further stages. A contrast is appearing between
places where the event took place and other
places. Soon the diffusion curve begins to climb,
as more and more individuals adopt it in each
succeeding time period. This is the second stage,
which is called expansion step. In this phase the
occurrence of the event takes place generating
a gradual softening of the strongest contrasts
between places. During the following step, that is
called condensation step, the rate of penetration
into the different places tends to become more
homogeneous, while speeds of diffusion in the
various places grow closer. In this stage the
trajectory of the rate of adoption begins to level
off, as fewer and fewer individuals remain who
have not yet adopted the innovation. Finally, in
the ultimate step, that is called saturation step, the
penetration rate increases toward a maximum
following an asymptotic curve. S-shaped curve
reaches its asymptote, and the diffusion process
is finished. This point can be interpreted as the
maximum carrying capacity of the system. No
more adopters can be included in the process.

The S-shaped curve is constructed and
plotted in two dimensions, representing the
cumulative number of adopters occurring over
time. The adoption process can also be drawn
in a not cumulative way by a Gaussian (Fig. 3);
these are just two different ways to display the
same data.

In both the cumulated frequency distri-
bution and the normal distribution, the points 1
and 3 correspond to the early and the late
phases of the adoption process. In such phases,
which are relatively stable regions, it is difficult to
change the system (ROGERS et al., 2005). On the
contrary, the highest reactivity across all adopter
groups is found at the critical mass inflection
point, point 2 on the S-shaped diffusion curve.

g
g -
5]
k=1
©
“
=]
F
2
1 | 3
.InnovatorS-EarIy Early Late -Laggards Time
2.5% Adopters Majority Majority 16 %

135% 34% 34 %

Fig. 3 - The diffusion of innovation according to
Rogers (2003). The normal distribution is in black,
and the cumulative frequency distribution is in grey.

This is where cascades of change occur. ‘Critical
mass is reached at the point where there are
enough adopters that further diffusion becomes
self-sustaining (ROGERS, 2003). At the height of
the adoption curve, the fittest members of the
social network have self-organized (adapted) to
the higher plateau of fitness and adopted the
innovation. Bifurcation, or decision, points have
been passed on the way at step-like critical-mass
thresholds. Unfit adopters, those without suffi-
cient capability or inclination to adopt, have been
precluded from participating in the adoption of
the innovation” (ROGERS et al., 2005). In such a
process Rogers (2003) managed to quantify the
amount and the role of agents which take place in
the time span, from the innovators to the laggards.

An important point in the S-shaped curve
is the so-called point of inflection (point 2). Itis the
point where the curve changes from increasing
faster to increasing slower. It also marks some
symmetry for the curve, both for the population
and for time. In fact, half of the people are
accounted for below the point of inflection, and
half are accounted for above that point. Moreover,
half of time is accounted for the left of the point
of inflection, and half of the time is accounted
for the right of that point. This is a key point of
interest because it is about where critical mass
occurs, i.e. the point after which further diffusion
becomes self-sustaining (ROGERS, 2003; ROGERS
et al., 2005). A continuing increase in the number
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of adopters, or synapses, or processing elements,
increases the energy being processed in the local
system at the inflection point. Until that point of
critical mass is reached on the S-curve, the rate
of increase in the number of adopters per time
unit is nearly linear (ROGERS et al., 2005).

The essential meaning of this function is
‘the rate of growth is proportional to both the
amount of growth already accomplished and the
amount of growth remaining to be accomplished’.
Understanding of that concept helps to catch
part of the answer to the question: ‘Why does the
S-curve approach possess forecasting powers?’
(KUCHARAVY & DE GUIO, 2011).

Casetti (1969) suggested this model
based on the following postulates:

1. that the adoption of technological innovations
by potential users results primarily from
‘messages’ emitted by adopters;

2. that potential users have different degrees of
‘resistance’ to change;

3. that within any region there are potential users
with different degrees of ‘resistance’;

4. that resistance is overcome by a sufficiently
large repetition of messages. It can be shown
that the dynamicinteraction of these postulates
causes the proportion of adopters to increase
slowly at first, then rapidly, then slowly again
until saturation is reached.

Moreover, according to Kucharavy and
De Guio (2011) the forecasting power of the
S-curve is due to the basic concept of limiting
resources that lies at the basis of any growth
process. In diverse areas, limiting resources are
named in different ways: scarcest resources (geo-
chemistry), restricted resources (economy), limi-
tation of resources, resource constraint (theory
of constraints), etc. In most cases, applying an
S-curve for forecasting induces the correct mea-
surement of the growth process that in turn can
be applied to identify the law of natural growth
quantitatively and to reveal the value of the
ceiling (upper limits of growth) and steepness of
the growth (slope of curve). Obviously, the more
precise the data and the bigger the section of
the S-curve they cover leads to a lower level of
uncertainties. In other words, one can identify a
more accurate ceiling and steepness with a larger

data set. This effect causes some difficulties in
applying an S-curve forecast for emerging tech-
nologies, which have not yet passed the ‘infant
mortality’ threshold (when the ratio of new to old
technology has not reached 0.1).

The slopes and inflection points of
any given development or diffusion curve are
potentially affected by several other factors.
Conceptually, accordingly to Mahajan and
Peterson (1985)itis possible to consider the effect
of the communication channels, i.e., the mediums
by which information is transmitted to or within
a social system, which can be of the following
type: vertical, centralized, structured, or formal.
According to Young (2009), innovation is diffused
through two channels: from the internal source to
the group and/or from the external source to the
group. The intensity of these sources determines
the shape of the curve. The diffusion patterns of
these models can be characterized in function of
two mathematical properties: the symmetry of
the adoption rate curve and the inflection point
location relatively to the adopters” accumulation
(SAMPAIO et al., 2013).

Eventually, it is meaningful to highlight
that the S-curve is innovation-specific and system-
specific, describing the diffusion of a particular
new idea among the member units of a specific
system. The S-shaped curve describes only cases
of successful innovation, in which an innovation
spreads to almost all the potential adopters in a
social system. Many changes are not ‘successful’.

2. THE CLASSICAL LOGISTIC MODEL OF
TEMPORAL GROWTH

The regularity of systems’ evolution,
characterized by an initial slow change, followed
by a rapid change and then ending in a slow
change again are observed since statistical
observation was established in the mid-18%
century. Various scientists and researchers
discovered, reinvented, and adapted the curves
of nonlinear growth many times for different
domains of knowledge. Therefore, S-shaped
curves possess a lot of different names: Logistic
curve, Verhulst-Pearl equation, Pearl curve,
Richard’s curve (Generalized Logistic), Growth
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curve, Gompertz curve, S-curve, S-shaped
pattern, Saturation curve, Sigmoid(al) curve,
Foster’s curve, Bass model, and many others.

To model the diffusion of innovation
and thus determine the rate of growth in the
number of users of an innovation and predicting
their numbers in the future, one can use the
mathematical theory of the spread of infections
during an epidemic or the theory of information
transfer (KIJEK & KIJEK, 2010). Using the theory
of epidemiology, a fundamental model of
innovation diffusion can be expressed by the
differential equation:

dN (t)
= -N
o =9ltl[m=Nlt]]
where:
-tis time,
-N(t) is the cumulative numbers of adopters at
time t,

-m is the ultimate ceiling of potential adopters,
-g(t) is the coefficient (rate) of diffusion.

This equation points out that the
diffusion rate is a function of the number of the
potential adopters who have not yet adopted the
technology and the rate of diffusion. The rate of
diffusion, g(t), reflects the likelihood that potential
adopters will adopt the innovation in some small
interval of time around time t. The value of g(t)
depends on such characteristics of the diffusion
process as the type of innovation, communication
channels, time, and the traits of the social system.
Depending on the formula for the coefficient of
diffusion, g(t), there are three specific models of
innovation diffusion (KIJEK & KIJEK, 2010):

1. the externalinfluence model, where the
coefficient of diffusion g(t) is a constant p,

2. the internal-influence model, where the
coefficient of diffusion g(t) is gN(t),

3.the mixed-influence model, where the
coefficient of diffusion g(t) is p + gN(t).

The constant p in the external influence
model is defined as the coefficient of innovation
or external influence, emanating from the outside
of a social system. Under such a premise, it
can be assumed that p depends directly on
communication regarding innovation, formulated

by market agents, government agencies, etc.,
and aimed at potential users of innovation. This
model is applicable to modeling the diffusion of
innovation, where agents of the social system
are relatively isolated, when formalized and
hierarchical communications dominate the
sphere of communication. This is the case of the
classical Pearl-Venhurst model. Its equation is:

1
flx)=——
1+e”
Where e is Euler’s number (e = 2.71828...)

The constant g in the internal-influence
model, defined as the coefficient of imitation,
reflects the interactions of prior adopters with
potential adopters. Therefore, the decision by
potential users to adopt an innovation depends
directly on the information formulated by existing
users. The internal-influence model is appropriate
to characterize the diffusion of innovation when a
social system is relatively small and homogenous
and there is a need for legitimizing information
prior to adoption. The specific form of this model
is the well-known Gompertz law of mortality,
which states the rate of mortality (decay) falls
exponentially with current size.

—pe

y(t)=ae

Where: i

-ais the upper asymptote, since ae” =ae’=a

- b, c are positive numbers,

-b sets the displacement along the x axis
(translates the graph to the left or right),

- ¢ sets the growth rate (y scaling),

-e is Euler's Number (e = 2.71828...).

Examples of uses for Gompertz curves
include mobile phone uptake, where costs were
initially high (so uptake was slow), followed by a
period of rapid growth, followed by a slowing of
uptake as saturation was reached, and population
in a confined space, as birth rates first increase
and then slow as resource limits are reached.

A final hypothesis is the mixed-influence
model, developed by Bass (1969), which
subsumes both previous models. For the mixed-
influence model, the diffusion coefficient g(t) is
equal to p + g N(t). In view of its great degree
of generality, due to the accommodation of both
internal and external influences, mixed-influence
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models are the most frequently employed in
analyses. The mixed-influence model can be
expressed using the following equation:

dNlt) (. g
= pe e i)
where:

-N(t) is the cumulative number of adopters at
time t,

-m is the ceiling,

-p is the coefficient of innovation,

- q is the coefficient of imitation.

Assuming F(t) = N(t)/m, where F(t) is the
fraction of potential adopters who have adopted
the technology by time t, the Bass model can be
restated as:

L) (prqp ()L~ Fl)
t

The Richards” model (RICHARDS, 1959) is
an empirical model developed for fitting growth
data. By using a shape parameter that enables the
curve to stretch or shrink, the Richards’” model
encompasses the Gompertz, Fisher-Pry and
every other imaginable sigmoidal model (BANKS,
1994; MARINAKIS, 2012).

The Richards’ function, or also known as
generalized logistic function, is an extension of
the logistic function, allowing for more flexible
S-shaped curves.

Its formula is:

ylt)=A+—B=A /
(1+Qe Bl
Where:
- Yis weight, height, size, etc,,
-tis time,

- A is the lower asymptote,

- K is the upper asymptote. If A=0 then Kis called
the carrying capacity. K-A=C,

- B is the growth rate,

-T > 0 affects near which asymptote maximum
growth occurs,

- Q depends on the value Y(0),

- M is the time of maximum growth if Q=T.

When T=0, the model approximates an
exponential growth function. When T=0.67, the
model behaves like the von Bertalanffy. When
v approaches 1, the model behaves like the

Gompertz. When T=2, the model behaves like

the Logistic model. In this later case, we may

assume (BANKS, 1994; SHARIF & RAMANATHAN,

1981):

1. the population of potential adopters is limited
(N) and remains constant with time;

2. all members of the population eventually
adopt;

4. all adopters are imitators and adopt only after
seeing another using the innovation;

5.the adoption rate is dependent only on
the number who have adopted but also on
the proportion of the maximum number of
adopters that is still unrealized;

6. the probability of one pair of individuals
meeting is the same that of any other pair
meeting.

3. BRONZE AGE CREMATION BURIALS AND
THE URNFIELD PHENOMENON

The adoption of the process of body
cremation in Europe during the 2nd millennium
BC is a complex phenomenon; archaeological
evidence has shown the existence of variations
in the grave types, in the chronology, and more
recently also in the cremation settings between
different regions (CAPUZZO & BARCELO,
2015; BRUNNER et al., 2020; SCHMID, 2020;
STAMATAKI et al., 2021). While in some regions,
e.g. in the territory corresponding to modern-day
Belgium cremation is attested with continuity
since the Early Bronze Age (CAPUZZO etal.,
2020), in other areas, like northeastern Spain,
the cremation practice took place only from the
Late Bronze Age.

Due to its spatial magnitude the spread
of the traditionally called Urnfield culture, or
Urnenfelderkultur in the German terminology,
certainly covers a main role. With this term we
mean the diffusion of a ‘new’ grave type and
a funerary ritual with the cremation of bodies
and placing of their ashes in urns as the main
characteristic. The long-term deposition of urns
for more than a single generation led to the
formation of extended cemeteries with a high
concentration of burials (MULLER-KARPE, 1959;
SPERBER, 1987). The accepted chronology of this
‘new’ burial practice comprises a large period
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between the Bz D and Ha B3 conventional
phases (KOSSACK, 1954; 1995; MULLER-KARPE,

1959; HOLSTE, 1962; TERZAN, 1999; CARDARELLI
et al.,, 2020).

The first scholar writing about ‘urn fields
of the Bronze Age’ was probably Otto Tischler
in 1886 (PROBST, 1996: 258). It was around
the end of the 19th century and the beginning
of the 20th century, with the ever-increasing
discovery of cemeteries formed by cremated
remains in urns, when cremation started to
be considered as the dominant burial practice
during Late Bronze Age. The discussion was led
by personalities like the Swedish archaeologist
Oscar Montelius (1885, 1903) and the Danish
paleontologist Sophus Miiller (1897). According
to the historical traditions at that time, in a
socio-political background that tended to look
for the origins and roots of modern population
in a remote and often ‘sacralized’ past, urnfields
were interpreted as the material evidence of a
supposed Urnfield society, whose main feature
was the adoption of a new funerary ritual.
Despite the association between one ethnos (a
coherent social and cultural entity) and material
evidence recorded in the archaeological record
was a quite usual at the end of 19th century,
some archaeologists, like Ingvald Undset (1882:
132) strongly asserted the lack of relationship
between this cultural practice and a distinct
historical period or an individualized ‘population’
(STIG SORENSEN & REBAY-SALISBURY, 2008).

At the end of the first half of the 20th
century, researchers like Wolfgang Kimmig
started to approach the phenomenon in a
global European scale. He was probably
the author of the first studies of urnfields in
Baden (southwestern Germany) and in France
(KIMMIG, 1940, 1951). As a result of those early
investigations, the oldest urnfields should be
placed in the Carpatho-Danubian-Balkan region
(SCHAUER, 1975). From there, the burial practice
would have ‘expanded’ in waves to the western,
northern, southern, and southwestern regions
during the Hallstatt period, which traditionally
was characterized by an intense demographic
growth, as evidenced by the increase in the
number and size of settlements and necropolis
(Fig. 4). ‘It was assumed that similar forms of

material culture in different geographical areas
must have had a common source, hence cultural
change is seen as a result of diffusion rather
than evolution (Sklenat, 1983: 146)" (quoted by
STIG SORENSEN & REBAY-SALISBURY, 2008: 62).

The result of such waves of expansion
would have led to the spread of both cremations
burials and certain types of metallic and ceramic
objects, such as ornaments, weapons, and
pottery decorations. Wolfang Kimmig in his
article Seevolkerbewegung und Urnenfelderkultur
started to propose this hypothesis, connecting
the expansion of Urnfield culture peoples with the
attack committed by the so-called Sea Peoples
in the Eastern basin of the Mediterranean in the
12th century BC (KIMMIG, 1964). Following this
line of reasoning, the Urnfield culture of central
Europe and in particular in the regions located
north of the Alps developed as a result of the
arrival of human groups from eastern Europe and
their interaction with local population (KIMMIG,
1952; DE MULDER et al.,, 2009). According to
this perspective, the archaeological record
located in the Middle Danubian Valley was
interpreted as the result of a migration of people
that could be identified with the Lusatian culture,
as initially proposed by Gordon Childe (CHILDE,
1929). Childe, who strongly defended the
importance of movements of people and cultural
influences, assumed afterwards a triple origin
for the Hungarian and North Alpine Urnfield
people: 1) as descendants of an autochthonous
population, 2) due to invasions, or 3) a
combination of the two hypotheses (CHILDE,
1939). Eventually, he theorized that cremation
burials were introduced from Greece not by a
mass migration but by missionaries, chieftains, or
a conquering aristocracy (CHILDE, 1950).

In the same vyears, a fervent debate
about the origin and the spread of Urnfields
was animated by the Catalan archaeologist Pere
Bosch Gimpera. He introduced the term campos
de urnas to characterize the archaeological
record of the first [ron Age in northeastern Iberian
Peninsula (Catalonia), referring to a ‘Culture of
the urns’” in analogy with the Urnenfelderkultur
from southern Germany (BOSCH GIMPERA,
1919; RUIZ ZAPATERO, 1985). Evidence for the
existence of urnfield burials in the North-East
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Fig. 4 - The region of formation of the first Urnfield culture and its expansion during the Ha AT phase
(Source: FALKENSTEIN, 1997).

of Iberian Peninsula were the necropoles of Les
Obagues de Montsant and El Calvari del Molar,
both in the southern part of Catalonia, around
the Ebro Valley, studied by Salvador Vilaseca i
Anguera at the end of the first half of the 20t
century (VILASECA, 1943, 1947). The theory of an
invasion from central Europe to the southwestern
part of Europe gained agreement among Spanish
historians and archaeologists. The arrival of
a new population, whose ethnic origin was
often described as Celtic, would explain the
first apparition of a ritual practice unknown in
the area until this period, and would be useful
to understand the chronological assignment
of specific pottery and metallic typologies.
In particular, pottery decorated with grooved
motifs (acanalados) was traditionally linked with
the diffusion of Urnfields (VILASECA, 1954; RUIZ
ZAPATERO, 2014). This kind of decoration, formed
by large flat grooves decorating the exterior and
the interior part of vessels, especially funerary

urns (VILASECA, 1954; ALMAGRO GORBEA,
1977), was considered as a proof for the arrival
of the new people.

The main debate in northeastern Spain,
till the '60s of last century was focused on the
number of possible invasions from central Europe.
The positions were mainly two: the first one, by
Bosch Gimpera and other archaeologists (‘the
Catalan school’), who maintained the idea of a
series of invasions, like waves of expansion, and
the one defended by the Spanish archaeologist
Martin  Almagro Basch, who identified the
existence of only one invasion for explaining
the phenomenon (ALMAGRO, 1935, 1952; RUIZ
ZAPATERO, 1985). In the '70s, this ‘invasionist’
hypothesis lost part of its acceptance. An invasion
could explain the first appearance of some
archaeological features, but not the posterior
development, which would be explained better
according to an autochthonous evolution. This
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new hypothesis was the consequence of a far
greater number of archaeological excavations
on a wider scale, which revealed the existence
of differentiation at a regional scale (ALMAGRO
GORBEA, 1997).

In the ’80s, thanks to the work of
Patrice Brun (BRUN, 1984; BRUN & MORDANT,
1988), the term ‘Rhin-Suisse-France orientale’
(RSFO) group was introduced to account for
central European cultural influences in Late
Bronze Age sites from eastern France. Such
‘archaeological group’” was considered as part

of the Urnfield culture (BOURGEOIS, 1989; DE
MULDER et al, 2007). Far from the invasionist
hypothesis, Patrice Brun shifted emphasis from
migrations to a socio-economic interpretation
of cultural changes observed in Late Bronze
Age archaeological records (DE MULDER et al.,
2008). The geographic location of the RSFO
group includes a wide territory which covers
part of southern Germany, Switzerland, and
northeast France. From these regions, the
RSFO group would have expanded through
movements of population in a northern-west
and south direction (Fig. 5).
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Fig. 5 - The expansion of the Rhin-Suisse-France orientale (RSFO) group during phase 2 of LBA.
The areas A and B represent the core areas from which the group RSFO spread over northwestern Europe
(Source: BRUN & MORDANT, 1988).
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In this latter case, the communication axis
was located along the valley of the river Rhone
(LACHENAL, 2011). The main archaeological
features of such a group are the occupation of
open-air sites, the bronze deposits, and the use
of cremation burials (BRUN & MORDANT, 1988).
The period of its development corresponds to the
traditional phases Bronze Final IIb and Illa in the
Hatt’s chronological scheme, which correspond
to Hallstatt A2 and B1 in the Miller Karpe’s
chronological framework (LACHENAL, 2011).

Traditionally, the introduction of urnfield
burials in the Iberian Peninsula took place from
southern France, following a terrestrial way,
through the Eastern Pyrenees. Autochthonous
population living in the southwestern part of
France certainly played a relevant role in the
diffusion/transmission of new cultural elements
from North of the Alps areas towards the other
side of the Pyrenees. Relationships between the
Iberian Urnfield groups and those linked with
the RSFO are attested by the presence of similar
decoration and pottery typologies, like urn with
cylindrical neck (NEUMAIER, 2006), traditionally
used as a time marker (GUILAINE, 1972; PONS,
1984).

In the ’90s, Jordi Rovira i Port (1991),
after determining that the oldest Urnfields
were located in Catalonia along the middle and
southern coast, proposed a maritime arrival for
the Catalan cremation burials, which would be
dated around 1300/1200 BC. The phenomenon
was interpreted in terms of the arrival of small
groups that would have later expanded towards
the interior of Iberian Peninsula.

A particular care needs the analysis of
funerary remains and related archaeological
contexts of the lItalian Peninsula during the
Bronze Age. Cremation burials in urns are
largely attested from the end of the Middle
Bronze Age in Northern Italy and they become a
common phenomenon during Late Bronze Age
(VANNACCI LUNAZZI, 1971; SALZANI, 1985,
1994, 2004; VENTURINO GAMBARI & VILLA,
1993; CARDARELLI, 1997, 2014; TIRABASSI,
1997; GAMBARI & VENTURINO GAMBARI,
1998, 2012; CARDARELLI etal., 2003, 2020;
SIMONE ZOPFI, 2005a, 2005b). The origin and

the developments of the Italian first urnfields was
traditionally linked to the arrival of new people,
following the Pigorini’s theory major episodes of
people movements took place from the north-
alpine areas (Swiss lake-dwellings), founding the
lake-dwellings Polada villages and at a second
stage from the Hungarian plain in relation with
the establishment of the terramare settlements,
whose funerary practice was mainly cremation
(HELBIG, 1879; PIGORINI, 1909; CARDARELLI
etal., 2020).

As a consequence of Bosch Gimpera’s
studies, the influence of the Urnfields in northern
Italy was recognized in 1963 by F. Rittatore
Vonwiller (1963), who proposed an invasion of
Urnfielders along the axis of the Ticino, after the
analysis of the Canegrate cremation cemetery,
which gives the name to the homonymous
archaeological culture that spread also in
Lombardy, Piedmont, and Canton of Ticino.

De Marinis (1988) placed in the Middle
Bronze Age, specifically in the phase BM 2 (ca.
1500/1450 BC), the introduction in Italy of the
cremation burial practice, following Urnfield
characteristics. A phase in which cremation
rite would have coexisted with the inhumation
practice in northern Italy, especially in the
Adige and Mincio area (DE MARINIS, 2003).
The oldest cremation burials in northwestern
Italy (perhaps originally under tumuli), like those
discovered at the necropolis of Alba (Cuneo)
had an inner organization different from the
usual disposition in transalpine Urnfields and in
cemeteries of the Canegrate culture (GAMBARI
& VENTURINO GAMBARI, 1998). Such difference
has been explained in terms of a ‘progressional
development’ of new elements, instead of a
sudden arrival (‘invasive’) of Urnfield elements
in northern Italy as a consequence of migration
(GAMBARI & VENTURINO GAMBARI, 1998: 245).

Nowadays, the focus on the Urnfields
has slightly moved towards other aspects
(DE MULDER etal, 2007, 2008; CAPUZZO &
BARCELO, 2015; CAPUZZO & LOPEZ CACHERO,
2017; CAVAZZUTI et al., 2019; CARDARELLI et al.,

2020; GAVRANOVI¢ & LOZNJAK-DIZDAR, 2020;
SABAUX et al, 2021). The identification of the
original Urnfielders has been a widely debated
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topic; various hypotheses have been addressed
(llyrians, Celts, Dorians and Thracians). In recent
times, the possibility that Urnfielders could have
originated from different tribes with various
ethnicities has been also taken into account
(KRISTIANSEN, 1998; KRISTINSSON, 2010). In
general, a greater attention into distinguishing
the different components of the phenomenon
can be recognized in recent studies. Instead
of considering the Urnfield culture as a
homogenous package, it has been decomposed
in single features analyzed individually. For
instance, several differences in the typology of
the cremation burials have been recognized: 1)
urn graves, 2) urn less graves, where cremated
bones are covered by charcoals from the pyre, 3)
urn less graves with only cremated bones, etc. An
example is the typological seriation created by
De Mulder (2011) to describe cremation burials
in the Scheldt valley in northern Belgium.

In few cases, a small mound could also
cover the graves, as demonstrated in some
cremations dated to a transition phase between
the ‘Tumulus culture’ (Higelgraberkultur)
characteristic of Middle Bronze Age in central
Europe and the Urnfield culture of the Late
Bronze Age. At this regard, in the Bz C and the
Bz D phases in Styria (Austria) cremated bones
appeared in flat graves, and cremations burials
under tumuli are documented in only three
cases (TIEFENGRABER, 2007; LOZNJAK-DIZDAR,
2011). The result of such archaeological
variability is the need to argue for the
development of innumerable regional and
local expressions and specific forms (TERZAN,
1999; PRZYBItA, 2009).

The diffusion of fluted pottery (ceramica
acanalada), which was traditionally linked
with the expansion of cremation burials to the
extreme that this archaeological type was seen as
a synonymous of the oldest Urnfields (ALMAGRO
GORBEA, 1977), is currently considered as the
consequence of autonomous processes (RUIZ
ZAPATERO, 1997; NEUMAIER, 2006; LOPEZ
CACHERO, 2007, 2008, 2014; ROVIRA HORTALA
etal, 2012; CAPUZZO & BARCELO, 2014; LOPEZ
CACHERO & ROVIRA HORTALA, 2017). Notably,
in Catalonia, previous forms of settlement and
burial practice, and older traditions of pottery

decoration and metallurgical types (the local
substratum) did not disappear simultaneously
with the first presences of Urnfield items. On
the contrary, in Central Europe, older traditions
of pottery making and metallurgy seem to
disappear at the end of the conventional phase
Bz D (NEUMAIER, 1995).

In the last decades, thanks to scientific
advances in human biology and bioarchaeology,
new relevant tools have been developed to
analyze the genetic differences among human
populations in the past, interpreting them as an
evidence of people movements and episodes of
substitution of population in a specific place and
during a certain time. A recent archaeogenetic
study carried out in the Iberian Peninsula, have
identified a consistent trend of increased ancestry
related to northern and central European
populations for the Iron Age, with respect to the
preceding Bronze Age. Such trend ‘documents
gene flow into Iberia during the Late Bronze Age
or Early Iron Age, possibly associated with the
introduction of the Urnfield tradition” (OLALDE
etal, 2019).

4. QUANTIFYING THE ADOPTION OF
CREMATION FUNERARY PRACTICE

This paper focuses on the adoption of
different funerary rites, namely cremation and
inhumation, in central and southwestern Europe
during the time span 1800-800 BC using the
chronological information from radiocarbon-
dated archaeological contexts. The use of C
dates as data has shown large potentialities to
reconstruct variations in past burial practices
(CAPUZZO, 2014; MCLAUGHLIN etal., 2016;
MORELL, 2019; BRUNNER et al., 2020; CAPUZZO
et al., 2020; SCHMID, 2020).

To understand the temporal distribution of
inhumation and cremation burials, two Summed
Calibrated Probability Distributions (SCPDs)
(WILLIAMS, 2012) and Kernel Density Estimates
(KDEs) have been produced using radiocarbon
dates from funerary contexts between the Ebro
and the Danube Rivers included in the EUBAR
database (CAPUZZO et al.,, 2014), updated with
recent findings (Annex 1, Fig. 6).
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The advantage of summing a group of
calibrated radiocarbon estimates is to produce
a new unique probability density function for a
period hypothetically defined, which is the result
of the sum of the individual confidence intervals.
The obtained result should not be interpreted
as an interval of time, but as the probabilistic
distribution of the ‘best” estimate. To avoid the
noise artefacts characteristic of SCPDs, this
study uses also kernel density plots (FEESER et al.,
2019; LOFTUS et al., 2019; MCLAUGHLIN, 2019;
MAZZUCCO et al.,, 2020; CAPUZZO et al., 2020)
to describe variations in the use of different
funerary rites in the area under study. The OxCal
4.3 tool KDE_Plot that provides a kernel density
distribution for the dates removes the high

frequency noise of the SCPDs, retaining only the
lower frequency signal and thus eliminating data
dispersion (BRONK RAMSEY, 2017). The result
is a smoother curve, without sharp spikes and
edges typical of the SCPDs, which are still visible
in the background of the KDE plots. Peaks in the
SCPDs in the KDE plots correspond to episodes
of maximum development of the studied
phenomenon, whilst troughs are interpreted as
moments of contraction. Collected data (Annex 1)
have been filtered excluding from the analysis all
the '#C dates with a standard deviation greater
than 100 years, allowing a reduction in global
uncertainty while at the same time maintaining
a reasonable sample size. Dates on charcoal that
were clearly affected by an old-wood effect, as
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Fig. 6 - '*C-dated funerary sites in central and western Europe included in the study,
black dots correspond to inhumation burials, white dots to cremation burials,
and black and white dots are sites where the two rites are present.
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the date Ua-17897 from Chables/Les Biolleyres,
were rejected. Multiple dates from the same
dated individual have been combined using the
tool R_Combine in OxCal 4.4 (BRONK RAMSEY,
2009). Multiple dates coming from the same
site have not been combined since collected
dates originating from different burials do not
correspond to a single depositional event but to
a series of archaeological events with different
calendar ages (BOGDANOVIC et al., 2014). These
events are essential to understand the temporal
occurrence of specific funerary rites along more
than one generation in the same site.

The aim is to visualize over a macro-scale
the possible temporal differences between the
two phenomena: the use of inhumation burials
and the adoption of the cremation rite both at
a macro- and a regional scale. The area under
study embraces a large territory in central and
southwestern Europe, from the Ebro to the
Danube rivers, encompassing northeastern
Iberian Peninsula, southern France, northern
Italy, Switzerland, Austria, and southern Germany
(CAPUZZO et al., 2018).

Two hundred eighty-four 'C dates

originating from 117 archaeological sites
characterized by the presence of radiocarbon-

OxCal vd.4.4 Bronk Ramsey (2021}, 1.5,

dated inhumations and 106 dates from 46
sites with cremations have been retained for
the SCPDs and KDE plots (Fig. 7). The result
of the modeling shows a negative trend in
the number of inhumation burials for the time
span 1800-800 BC. In particular, the decrease
in the number of contexts seems to be more
pronounced from the end of the 15th century
BC, whilstfrom ca. 1300 to 800 BC the presence
of inhumations shows an overall stability
without significant fluctuations. Consequently,
observed peaks and valleys in the SCPD-KDE
reconstructions may be taken as a probabilistic
signal of start and end events. The steepness of
the slope may be indicative of the rapidity of
this process of contraction. Such result, which
points the decrease in the probability of finding
inhumations for the time span 1800-800 BC,
can be used as a proxy for a reduction of the
number of people practicing the inhumation rite.

An opposite trend characterizes the
number of cremation burials in the Bronze
Age and lron Age transition at macro scale. A
clear positive trend has been identified by KDE
modeling '*C-dated contexts, which is more
pronounced in the last part of the time span,
corresponding to the Late Bronze Age and the
[ron Age transition (Fig. 7). The SCPDs and the
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Fig. 7 - SCPDs and KDE plots showing the temporal distribution of inhumation and cremation burials in central
and southwestern Europe.
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KDE plots have to be interpreted as a graphical
visualization of the probability of recovering
cremation burials in the analyzed time span and
can be used to infer variations in the number of
inhumation/cremation practice adopters.

Theinterpretation of these results suggests
that the lesser people were inhumated, the more
people were cremated. It implies that the smaller
the number of people practicing the inhumation
rite, the higher the number of adopters of the
cremation rite between 1800 and 800 BC in
central and southwestern Europe.

In order to analyze at a smaller scale the
temporal frequency of cremation burials four
main regions have been selected: the North of
the Alps area (Switzerland, Austria, and southern
Germany), northern ltaly, southern France, and
northeastern Spain (Fig. 8). The very low number

OxCal v4.4.4 Bronk Ramsey (2021): .5

of available dates in some regions, as in northern
Italy and in southern France implies a lower
reliability of the shape of the KDE plots for these
two areas. For the South of France, the curve
does not completely reflect the archaeological
data, with less than fifty cremation burials for the
sequence from the 13th to the 10th century BC,
whereas nearly a thousand of cremated bone
deposits have been typologically dated to the 9th
century BC. The same lack of dates is detected in
the KDE plot of northern ltaly, where the absence
of #C data for the end of the sequence does
not correspond to the archaeological data, since
cremation cemeteries are widely attested in this
period. Regional KDE plots can therefore reflect
also different research practices and traditions, in
particular in those regions in which the practice of
radiocarbon dating Late Bronze Age cremations
is not particularly widespread and scientific
dating methods are used for the earliest graves
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Fig. 8 - SCPDs and KDE plots showing the temporal distribution of cremation burials in, from top to bottom, the
area North of the Alps, northern Italy, southern France, and northeastern Spain.
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that do not fit into the known typo chronological
framework.

The need of increasing in the next future
the number of available radiocarbon dates from
Bronze Age cremated deposits in these two
regions is highly needed.

Despite this research bias, it has been
possible to distinguish regional differences from
the SCPDs and KDE plots in the chronology for
the first adoption of cremation practice in the
various territories. The cremation rite during the
2nd millennium BC seems to be placed earlier
in the North of the Alps territories, where the
phenomenon shows a positive trend as we move
to the 800 BC. In northern Italy, the cremation
practice appears defined by a more recent
chronology with the phenomenon starting from
the middle phases of the Bronze Age, from
ca. 1500 BC. Similar chronology characterizes
southern France, where the probability of the
adoption of cremation starts at the end of the
15th century BC and increases in the analyzed
time span. A positive trend but with a later
chronology can be recognized in northeastern
Spain, where the cremation rite reaches its
maximum development at ca. 800 BC.

Since the effects of the calibration curve
on radiocarbon estimates can alter the shape
of the SCPDs and partially of the KDE plots, a
simulated SCPD plot composed of uniformly
distributed radiocarbon dates (one date per year
with 10 years as common standard deviation),
under the assumption that the amount of dated
funerary sites was the same for each year, was
produced in CAPUZZO et al.,, 2018. This was
done to test a null hypothesis of no relationship
between the observed SCPDs and KDEs and the
effects of particular sections of the calibration
curve, such as plateaus and calendar age steps
in the time span 1800-800 BC (WILLIAMS,
2012). A prominent peak in the simulated
SCPD is visible at ca. 800 BC, corresponding
to a steep calendar-age step between 860 and
700 BC in the calibration curve. A second peak
of considerably lesser magnitude, is visible at ca.
1420 BC, matching the calendar-age step in the
intervals 1500-1380 BC. Beside the area around
800 BC, the simulated SCPD curve maintains a

reasonably neutral trend, suggesting an overall
limited influence of the calibration curve on our
study time window.

5. FITTING THE EXPLANATORY MODEL TO
ARCHAEOLOGICAL DATA

Predicting the number of archaeological
artifacts at a specific moment of time is a
fundamental concern in the study of the
adoption of new tools, technologies, and
behaviors in ancient times. According to what
we have considered in previous sections, one
model often used to make such predictions is
a geometric growth model which assumes that
a population of artifacts grows by the same
percentage every year. This is the classical
frequency model by Ford (1962) and Bordes
(1967). This is unrealistic in the long run because
geometric growth models ighore issues such
as function and production costs that limit the
number of artifacts at each moment.

We prefer to work with probabilities
instead of frequencies. We are not considering the
growth in the quantity of objects, but the growth
of the probability that those objects were in used,
assuming that the more objects were in used, the
higher the probability. Because no population
grows without bounds, we have defined a
maximum not in reference to a carrying capacity,
but on the basis of the proportion of adopters.
If everyone is using/producing the artifact or
practicing the ritual, then the probability is 1.

Using summed probabilities for a specific
calendar year, we are modeling the possible
growth of different populations of tools, sites or
burials considering the sequence Nt, where Nt
is a period of validity (BARCELO, 2008), defined
statistically as the period of time that fulfills the
condition that there is a calculable nonzero
probability, and at any time interval included
therein it contains at least one of the true dates.
For the calculation of Nt, we must bear in mind
that OxCal has summed different probability
distributions: the more archaeologically dated
samples have the same chronological interval,
the higher the probability (N,) of that particular
calendar vyear. In this way, ours appears to
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Fig. 9 - Generalized logistic distribution fitted to KDE data of cremation burials at Fig. 7
(Software: CurveExpert Pro 2.0).

be a binomial model including, in addition to
the adopters and non-adopters, uncommitted
members and members with varying degrees
of receptivity to the innovation (SHARIF &
RAMANATHAN, 1981).

In our case, we cannot assume that the
potential adopter population is fixed and does
not change with time. On the other hand, we
assume that this population was exposed to some
changes and innovations continuously over time
and that the members of the population made
binary decisions either to adopt or not to adopt
the innovations.

In the light of such assumption, we have
decided to analyze mathematically the adoption
of cremation burials in the 2nd and beginning of
the 1st millennium BC, for which the increase in
the number of adopters has been detected both
at a macro and regional scale.

To tackle this issue, the KDE-modeled
data from cremations have been curve fitted
using a generalized logistic curve (Richards’ curve)
(Fig. 9). The produced coefficients and parameter
statistics have then been analyzed to ensure the
reliability of the process and to infer its causes.

Among the obtained values we have
focused on the R-squared, also called coefficient
of determination, which indicates how well data
points fit the statistical model, in our case the
generalized logistic curve. The possible values
range from O to 1. We have obtained high values,

above 0.97 for cremation burials; it means that
the adoption of the new funerary rite can be well
explained by the generalized logistic curve.

A slow rate of adoption can be detected
in the early phases when the role of innovators
is predominant. Then the phenomenon is
characterized by a more marked growth at least
till 800 BC. It follows that the innovation spread
fast in the time span 1500-1400 BC and from
1100 BC. Historically, the increase in the rate
of adoption can be an effect of the decrease in
the number of inhumation burials from the 15t
century BC, as we observed in the related KDE
plot (Fig. 7).

The obtained results underline the main
problem in the application of S-curves to the
study of growing processes, which relates to its
smooth and regular profile. In fact, compared
to fieldwork data, logistic law rather appears as
a mathematically ideality; it does not take into
account the variability which can characterize
phenomena of growth, diffusion and adoption of
innovation. These phenomena never exhibit a so
smooth and regular profile; on the contrary they
are frequently defined by angled curves which
are directly correlated to the number of adopters.
The lower number of susceptible adopters, the
more angled the curve (RAYNAUD, 2010). As
Raynaud (2010) argued the gap between the
model and the real world lies in the assumption
that societies are ‘well-mixed populations,
assimilating the adoption of innovation to a
random draw.
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6. MODELING THE FIRST OCCURRENCE OF
CREMATION BURIALS BETWEEN
1800 AND 800 BC IN CENTRAL AND
SOUTHWESTERN EUROPE

The purpose of this last section is to
model the spatial trend linking differences in
time for the adoption of the new burial practice
of cremation during the Bronze Age. If such
a function can be calculated, then by using
observations of archaeological chronologies
made at some locations, we will estimate the
chronology of archaeological evidence at
neighbor locations and the probabilities that the
new burial practice was adopted at some place
at a specific time.

For a better comprehension of the
phenomenon analyzed original data have been
expanded including also '“C-dated cremation
burials from neighboring territories of central
Spain, central Italy, and Czech Republic. To
be able to create an interpolated map of
chronological estimates taking into account
the non-stationarity and irregularity of the
phenomenon under study we have calculated
the first occurrence of the phenomenon at
regional scale, medians of radiocarbon dates
calibrated with the IntCal20 calibration curve
(REIMER et al., 2020) have been used (Tab. 1).
Although we are aware that no single value
can adequately describe the complex shape
of a calibrated radiocarbon probability density
function, since a single estimate must be used
for the analysis, the medians of the calibrated
intervals have been chosen as robust point
estimates of the calendar dates for each
cremation deposit (TELFORD et al., 2004).

Then, wusing an Empirical Bayesian
Kriging (EBK) algorithm we have interpolated the
chronology at unknown spatial locations based
on what we know from some locations; the list of
georeferenced 46 radiocarbon estimates (Tab. T,
Fig. 10). Kriging is based on the idea that the
value at an unknown point should be the average
of the known values at its neighbors; empirically
weighted by a function of the neighbors’ distance
to the unknown point (CRESSIE, 1993; STEIN,
1999; DE SMITH et al., 2009; MITCHELL, 2009).
We have chosen a Power semivariogram model,

which gave the best visual fit and it assumes that
the similarity between data slowly diminishes over
distance. Empirical Bayesian Kriging algorithm has
allowed to identify a variation in space, defined
by geographic coordinates x, y (Geographic
Coordinate System: WGS 1984), and in time,
measured by medians of calibrated 'C dates
for the introduction of cremation practice. The
advantage offered by EBK is that it automatically
calculates the parameters of the kriging model
and yields more accurate outcomes, in particular
about small datasets.

The degree of relationship between the
46 georeferenced '*C dated cremation burials
and the Earth’s terrestrial surface is expressed
by the semivariance. The obtained Power
semivariogram for adoption of Bronze Age
cremations is shown in Figure 11; the x-axis
displays distances among observed points, the
y-axis, in turn, indicates their semivariance. The
visible nugget effect is a consequence of the
variance at the origin and it is influenced by
many factors, including imprecision in sampling
techniques and underlying variability of the
measured attribute. In our graph, the small value
obtained for the nugget effect could suggest a
local homogeneity (BRAMI & ZANOTTI, 2015;
MAZZUCCO etal., 2018). The sill refers to
the maximum observed variability in the data
and it should correspond to the variance of
the data as usually estimated in statistics. The
distance where the model first flattens out is
known as range. Sample locations separated
by distances closer than the range are spatially
autocorrelated, whereas locations farther apart
than the range are not.

The cross-validation graph (Fig. 12)
compares the measured and predicted values
for all points. Each point of the cross-validation
graph represents a location in the C data, for
which an actual and estimated value is available.
The Root-Mean-Square Standardized Error is
a measure of the goodness of fit; the obtained
value of 0.97 is very close to 1, then it follows
that the predicted standard errors are valid.

Our geostatistical results show that
the expansive nature of the adoption of the
cremation during the Bronze Age in western
Europe has a distinctive spatial gradient, which
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Fig. 10 - Visualizing spatial and temporal variations in the first occurrence of Bronze Age cremation burials;
medians of the calibrated '*C dates (Software: ArcGIS Pro). The numbers correspond to the IDs of the dataset at
Table 1. Values on the contours correspond to years cal BC.

is characteristic both of demic diffusion and
cultural transmission hypotheses.

The results suggest an expansion to
explain the adoption of cremation burial
practices during the 2nd and the beginning of
the 1st millennium BC. Radiocarbon estimates
interpolation shows that oldest cremation
burials should be located in the Swiss Plateau
and the western Alpine regions in Switzerland
(Fig. 10). In such an area the phenomenon took
place in the first half of the 16" century BC
(CAPUZZO & BARCELO, 2015). However, these
old contexts do not belong to the traditional
urnfield horizon; these burials are urnless with
the cremated remains deposited or scattered

in pits, in cases under burial mounds as at
Birmensdorf-Rameren and Murten-Léwenberg.

The area of the Swiss Plateau is defined
by a demographic expansion during the 16t and
15t centuries BC (CAPUZZO etal,, 2018), that
could have potentially promoted the diffusion of
people to neighboring territories.

From this region the phenomenon would
have expanded to North, East, South and South-
West. Western France, northeastern Iberian
Peninsula and central Italy appear to be areas
where the transformation took place nearly
500/600 vyears later, also including the possible
adoption of cremations without urn.
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Fig. 11- Spectrum of the distribution of semivariograms produced by the Empirical Bayesian Kriging for the
Bronze Age cremation burials. The empirical semivariances are represented by blue crosses, the median of
the distribution is marked by a solid red line, and the 25t and 75 percentiles are marked by red dashed lines
(Software: ArcGIS Pro).

Regarding the adoption of the cremation
practice in the North-East of Iberian Peninsula we
can detect two different patterns. The first one
along the Mediterranean facade, where oldest
cremation burials are placed close to the coast,
hence, it could indicate a possible maritime
penetration as already argued by Rovira i Port
(1991). From this area the innovation would
have expanded to the inner territories along
the Ebro Valley. The second pattern is located
in the Atlantic facade, where the adoption of
cremation took place slightly later in time. These
differences are in agreement with archaeological
data which refer of an Atlantic Bronze Age
culture, where cremation burials were mainly
attested under cromlech structures and a
Catalan Mediterranean facade where cremation
burials were mainly in urns and characterized
by strong influences from the Trans-Pyrenean
region of Languedoc-Roussillon.

The model shows a general East to West
spatio-temporal gradient with two origins for the
adoption of cremation, the first one is placed in
the Swiss Plateau and northwestern Alpine region,
whilst the second one is detected at the western
boundary of studied area, which corresponds
to the Vienna basin and the neighboring Czech
territory, close to the Danube-Carpathian regions.
In the future, new data from radiocarbon-dated
cremation burials will certainly improve the
obtained model by filling existing spatial gaps,
in particular for southern France and northern
Italy. Moreover, adding data from northern and
eastern Europe would help in getting a better
picture of how cremation diffused in Europe.
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Fig. 12 - Cross-validation graph for the Empirical
Bayesian Kriging. The numbers correspond to the
IDs of the dataset at Table 1 (Software: ArcGIS Pro).

To sum up, to the question ‘Was the
first occurrence of cremation the result of an
expansive process?” we should stress that our
results seem to suggest a positive answer. Was
this ‘expansion’ the consequence of demic
expansion (people movements)? Our results
give for the moment no conclusive answer.
We postulate a statistically significant trend for
early cremation burials to become younger with
distance from the oldest ones somewhere in the
Swiss Plateau. The presence of a clear spatial
gradient in initial dates of the first adoption of
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cremation burials in the southern part of our
study area indicates that the phenomenon can be
tentatively explained as an expansion. It was, by
implication, fast. It is also an implication that the
wave speed was determined more by unusually
high exploratory mobility than by exceptionally
rapid reproductive increase (BARCELO et al.,
2014). If we could assume that movement (of
people, ideas and/or goods) was equally likely
in all directions and served to achieve uniform
densities, regardless of local variation, we
would conclude an average expansion speed of
0.6-1 km/year (values calculated using a standard
Fisher-KPP model, BARCELO et al., 2014).
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