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ABSTRACT

The present paper deals with the computer-aidedlation of the erosion processes on a flat maibiedtone surface
with ancient rock engravings. The main goal is émndnstrate that the engravings are still visiblerad long time
exposure to natural erosion. The mathematical igokrused is the so-called Montecarlo method whansists of the
study of the macroscopic properties of a granulemtesn starting from the continuous repetition ofcroscopic

stochastic events whose probability laws is supgphésde known. These laws were related to the spekthe various
erosion mechanisms for limestone. By using the abdescribed procedure, it was possible to obsdrgetitne

evolution of the cross-section of the engravings itime range spanning about 2000 years and taa&eathe trend
behaviours of both depth and width of the small mBeom the analysis of these trends, a methodleplute dating of
the engravings was obtained. In the last part ®fpitesent paper, the results of the first experiatepplication of the
present method on the so-called “Billhook Step” (MbGabberi, Camaiore , Lucca) are exposed andisisd.

SOMMARIO

Il presente articolo tratta della simulazione anpaiter dei processi di erosione di una superfidiezontale di marmo
carbonatico su cui sono presenti delle incisiom.dcopo € quello di dimostrare che i segni incallanroccia sono
osservabili anche dopo un lungo tempo di erosibaetecnica matematica usata € il cosiddetto metddotecarlo.
Esso consiste nella ripetizione di un gran numéreventi completamente casuali, di cui si suppooia ta legge di
probabilita in funzione delle velocita dei vari pessi erosivi, corrispondenti al distacco di piecquiantita elementari
di materia ed in relazione al numero dei legantatinessione con il substrato roccioso. Questo diownto consente
di osservare nel tempo I'evoluzione della sezioingotthi incisi effettuati fino a 2000 anni fa erdisurare i parametri
matematici che regolano I'evoluzione della larglzeezella profondita del solco. Dai rapporti chgaleo tali parametri
e dalla conoscenza dei valori odierni delle dueedisioni, & stato possibile ottenere una formulacptolare il tempo
intercorso dall’'esecuzione dell'incisione e quingia datazione assoluta. Infine vengono riportafiseussi i primi
risultati di misure sperimentali effettuate sul gansul sito denominato Ripiano dei Pennati sulastes occidentale del
Monte Gabberi (Camaiore, Lucca).
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INTRODUTION

In a previous work [Bagnoli, P.E., Panicucci, Nie§, M., 2005], presented at the ConfereAcde et Post Lunarh
focused on the archaeology of the Apuane Alps agdrized by the Apuanian National Park, the mairatteristics
of the figurative rock art within the mountains wezxposed and discussed. These rock art sites stwfigures of
billhooks (Italian ‘bennaté or “roncold’), the curved hand-blades of the wood cuttershasmost occurring subject,
mainly localized on horizontal flat marble surfaegigh and overlooking positions.

In the same work it was clearly exposed how thembiogy of these figures, which are realized intoanline only, in
real scale and showing an extreme degree of congumyps extremely difficult because of the lack afmparisons
with other sites elsewhere in Italy, except for thitthooks representations in the southern parreihtino ( Riva del
Garda and Arco).

In the local literature different and opposite hiyygses can be found concerning the interpretatiointiae chronology
of these figures: from the Celtic-Etruscan age,Rbenan period, related to tislvanusgod cult [Citton, G., Pastorelli,
I., 1995], [Citton, G., Pastorelli, I., 2001], [S4dB., 2006], to the generic relationship with aéspers” culture [Guidi
0., 1992], until the assigning to the modern ageesisome people retain that ancient figures calpaqreserved for a
long time on limestone.

The present research started just from the abowmotogical problem: from the analysis of the stenesion processes
on the limestone of the Apuane Alps and of the @iah in time of the cross-section of an engravigd,st tries to add
further objective data to the discussion aboutitigin and the meaning of these artefacts.

The time evolution of an engraved small moat waslistl with the help of computer simulations usihg so-called
Montecarlo method. This mathematical simulationhteque allows obtaining information on the macrgsco
characteristics of a granular system (i.e. compdwsed very large number of microscopic elementsitisig from the
continuous repetition of stochastic events at nsicopic scale, as for instance the removal of smalble particles,
whose probability laws are supposed to be known.

Using the above described method, which needspag thata the average erosion speeds due to theahphysical-
chemical erosion processes of the marble (in paatiche freeze-thaw cycles and the chemical dis®wl of calcium-
carbonate into soluble calcium-bicarbonate) andallvef the average annual rain fall, it was pokestb obtain the time
evolution of an engraved small moat profile in taege 0 — 2000 years and therefore to accuratelyacterize the
trend mathematical behaviours with which the twomtimensions of the moat, width and depth, chandene.

As it will be shown later, from the knowledge o&ttrend laws and using accurate experimental measunts of the
modern values of the sign dimensions, it was ptessthbbuilt an algorithm able to yield the time gdad from the sign
execution and therefore an absolute dating fordbk art. In the followings the simulation proceelis explained in all
the details and the results of a first applicatiérthe present method on one of the most imporgntanian rock art
site, the “Billhook step” (Il “Ripiano dei Pennatitnount Gabberi, Camaiore, western side of the Apualps), is

extensively exposed and discussed.

THE SIMULATION PROCEDURE

The marble block, to which the simulation procedur@s applied and whose structure is depicted inrEidL, is
composed by a regular net of elementary cubic cefisesenting the smallest material clusters stdget erosion.
Since the lateral dimensionis,(L,=15 cm) of the block can be arbitrarily chosen, the sncgll size depends upon the

number of cellsrf, n, n,) along thex, y and z directions. The horizontal top surface @f thock is exposed to the



upper environment, while the bottom one must besidemed as unlimited. On the lateral sides alorgxttand y
directions cylindrical-like boundary conditions stxilt means that, being, y; andz the coordinates of the centres, the
cells placed on the lateral faces havigwl or x=n, may be considered in contact with those on theosipgp face and
having thex coordinates;=n, or x=1 respectively. On the top surface of the block bpalic-shaped linear small moat
was engraved along the y direction in the centrehefx side. This particular geometry chosen, togetheh \the
cylindrical boundary conditions in thedirection and since the erosion mechanisms magtaemed as uniform along
allow us to decrease as much as possible the nuphisetls in they direction in order to minimize the calculation &m

needed for the simulation procedung=000;n,=5).

FIG. 1: View of the solid used for the simulati@mal its coordinate system.

In a regular cubic network each cells is directlyubd to 26 surrounding cells, including those ie ttiagonal
directions. If a cell has all the 26 surroundingihdaries occupied, it means that this cell is kedatithin the bulk of
the material. If some of the boundary cells latknplies that the given cell is located closehe top surface.

The above defined solid may be described, fromntlathematical point of view, by a couple of thremensional
matrices in which the three indicks iy andi, of the elements indicate the position of the dellthe three-dimensional
space. In the first binary matrix, namad (alive), the elements assume the values trubgitbrresponding cell is still
connected to the solid, or false if it has beervipresly eroded away. The second integer matrix, ethRFB (free
boundaries) contains the number of unbounded boiasdfar each cell.

The simulation of the marble erosion process asirgtion of time was carried out under the assumptb the
following hypotheses. A) The original top surfacetlee rock is perfectly horizontal. B) Only the tvedove cited
erosion mechanisms were taken into account. Thiglieés that any other source of rock deformationghsas
mechanical abrasions due to ice motion, is exclu@@drhe intensity of the erosion mechanisms igoum along the
whole top surface of the sample block.

The simulation procedure is divided into 2000 tisteps: the duration of one step was conventiorsatyto one year.
Furthermore within a single time step the two erngirocesses, simultaneously occurring in thetyealiere applied in
sequence: the first one is due to the freeze-thgales while the second one is due to the chemiissotution of
calcium carbonate. The sequential application &f tvo processes instead of simultaneous can beagomable
approximation and implies a great simplificatiorttod simulation procedure.

The simulation of the surface erosion was implemeénising the following method. Two probability distitions
Pa(FB)andPb(FB)were defined as a function of the number of the freundaries of the cells and for the two erosion
processes respectively. Both the functiBasandPb, which are increasing with theB values, must be chosen with the

following properties:



P(FB) =0 for  FB=0
0<P(FB)<1 for O0<FB<26 (1)
P(FB) =1 for  FB=26

In a single time step, for each ‘alive’ cell clasethe top surface, i.e. having the correspondihgx,iy,iz) value true
and theFB(ix,iy,iz) value greater than zero, the computer generatasdmm numbes in the range 0-1 using a uniform

stochastic distribution. The removal or not of dedf is ruled by the following conditions:

st P FB(ixiyid] ® Al ixiyi)= 0 @)

S> P[ FB(ix iy i) ® AL ix iy id=1
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FIG. 2: a) Plots of the Pa probability functions ¥se number of free boundaries FB and for sevarahlues. b)
Freeze-thaw erosion speed vs. thexponent. c) Plots of the Pb probability functiessthe number of free boundaries
FB and for several FBo values. d) Chemical erosipeed curves vs. FBo parameter.

After that the erosion in the single time stepasnpleted, both the matricdd. andFB are updated. The probability

functionPa for the freeze-thaw erosion process was definddlimsvs:
— a. .
Pa(FB) =(FB/26)7; O<a<¥; ®)

where the exponerst decides the concavity of the curve: upwara it1 and downward i<l1. Figure 2a shows the
probability distribution Pa as a function of themther of free boundaridsB and for several values of the exponant

Note that this parameter is directly related todlierage erosion ratéa’ (measured in cell/step), so that the amount of



the eroded material in a single time step can belyfimodulated by changing the parameterin the probability
function. The dependence of the erosion speed ®®xponent is shown in the Figure 2b. This curve ealculated
from many simulation tests performed on a sma# $iat marble block using only thHea function with several values
of its exponent. The shape of the second prolaliiinction Pb for the calcium-carbonate dissolution process was
defined starting from the inverse of the well-knowermi-Dirac function, ruling the energy electrorolpability
occupation in a semiconductor crystBb can be calculated from the following function natired atFB=0 and

FB=26 in order to exactly satisfy the rules definec@guation (1):

1
b (FB- FBo)
26

f(FB) =1- (4)

1+exp

The above function has two different parametérandFBo. The first one §) rules the shape of the curve from a sharp
vertical step (forb ® ¥ ) to a line (for & ® 0). The second parametEBo can be defined as the number of free

boundaries for whicli(FB0)=0.5. The so-built Pb function is shown in Figurea&ca function of the free boundaries
FB, for b = 12 and for several values of the param&®o. Also in this case, the average erosion speedialtiee
calcium-carbonate dissolution proc&4s (measured in cells/step) is directly related ®thape of thEb curve and in
particular to thé=Bo value, as can be seen from the plots of FigurdH2de the parameté&iBo is plotted as a function
of the erosion speed,’ (cells/step) for several values of the paraméte®imilarly these curves were calculated by
performing several simulation tests on a small is#zemarble block and using only tiRb distribution.

The parameters characterizing the two probabilistrithution functions,a for Pa and FBo for Pb, were chosen
accordingly to the values of the average erosiaedgVa and Vb (measured in mm/year) found in literature for
environmental conditions similar to those in whitle rock under study is located. The correspongelgcitiesVa’

andVb’ measured in cells/step can be simply obtained franfollowing relationships:
Va'=Va{n/L); Vb'=Vb{n/L) )

where the ratid.,/nyis the lateral size of the cubic cells. The paranmsebf the two distribution functions were chosen

from the plots of the Figures 2b and 2d respegtiuskd as look-up tables.

EROSION SPEED CORRECTION FACTORS

In the above description of the simulation procegline hypothesis C of the uniform intensity ofthtite erosion
mechanisms implies that the speeds, and hencerttalplity distributions, should be always the safoeall the
exposed cells. This assumption may be quite ustealn the small scale dimensions since local molggical factors
may concur to change the erosion conditions. Theedh each time step théa andVb speeds — and consequently the
parameters of the probability functions - must banged using suitable correction functions depandmthe depth of
the cells within the engraved moat and on the lawaiphology of the exposed top surface.

In particular the erosion process due to freezertbgcles may be considered as slightly more inteatsthe top

surface of the engraved moat than at the bottonttemiahcrease percentage must be referred to thimardepth of the
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FIG. 3: a) Horizontal and vertical correction funehs Cxa and Cza for the freeze-thaw erosion medsharb)
Absolute and c) normalized chemical dissolutioresipas functions of the annual rain fall for severalues of the
surface angle with respect to the horizontal plane.

moat. This process may be described by a correfitinction Cza(i,) which depends only on thespatial variable of
the cells. Furthermore it must be emphasized tiatborders of the moat are subjected to more iatfeeze-thaw
erosion that a flat surface. This second modiftcattan be implemented by introducing a further extion function
Cxa(i) which depend only on the spatial variable. However this implies that thegyam needs to recognize, after
each simulation time step, the localization oflibeders of the moat using a suitable numericalrdtgo. Therefore for
each cell the velocity¥a, and consequently théa’ speed and the parametef the probability functiorPa, must be

corrected using the following relationship.

Va(is, iv,iz) =VaoxCxa i) €zd i), ©)

whereVao s the standard value of the erosion speed. Asxample, Figure 3a shows the cross section ofutHace
under simulation taken at a given time and the Zomtial and vertical plots of th€xa(i) and Cza(i) functions
respectively. The maximum values for the two fumtsi are open parameters of the simulation testdraady case
they do not exceed 20% of the standard value.

For the calcium-carbonate dissolution process, maoyks can be found in literature concerning théoa¢ and
experimental studies of the erosion on limestoick surfaces. In particular, the recently publiskedly reported in the
reference [Szunyogh 2005] deals with an accuratihengatical model for carbonate-based rocks dissoluivhich
takes into account many environmental parametsrtheaannual rainfall and the slope of the rockasar with respect
to the horizontal plane. According with the abovedel and assuming a vertical rainfall, the surfaeeering W speed

can be written in a compact form as follows:



W =(gxQ)/[ u+Q eos( ) (7)

Q. is the annual precipitatiow, is the angle of the local slope of the surface wéspect to the horizontal plane and the

parameterg andu are defined by the following relationships:

g:(kaeq//'rock) X S N Man (8)

u=kxs 1 M 9)

wherek is the velocity constant of the chemical dissolutat 10 °C and in open-air carbon dioxide cont€gjs the
equilibrium concentration of calcium carbonatgis the density of stondy is hours/day rainfall time an§, (3600
sec/hour)N, (365 days/year) and,,,, (L000 mm/m) are suitable constants applied to edrtlie parameter dimensions
into those used in everyday practice.

From equation (7) it can be clearly seen that #ecity W is a function of the local slope of the rock saefaFigure 3b
shows the plots of the/ speed versus the annual precipitation (assurginglO hours/day) for several values of the
angle g, while in the Figure 3c the same plots are drawmmadized with respect to the curve with=0°. On the basis
of the above model it can be stated that the disisol velocity on the sample under simulation, &cle time step is a
function of the local slope of the exposed surfadeerefore, notwithstanding that most of the ordjisurface is nearly
flat, the walls of the engraved moat undergo ineedaerosion with respect to the standard situatiimce that a
suitable value for the annual precipitation hasnbeet, at the end of each simulation time steddbal slope can be
calculated from the absolute value of the surfacodilp first derivative along th& axis. Of course, in order to eliminate
the effects of the surface roughness on the déresédinction, the surface profile is previously sttted using a mobile
averaging filtering procedure. These data, intexigol within the plots of the Figures 3b and 3@mwalus to calculate
the horizontal correction functid@xb(i,) for the velocityvb.

The corresponding vertical correction functi©mnb(i) for the dissolution process may be built in a Emivay than that
for the freeze-thaw cycles but in this case, duthéoaccumulation of water, the standard valuedated at the upper
surface while at the bottom of the engraving trasien velocity is higher. Therefore the local dlaion velocity Vb,

can be similarly expressed by the following relasioip:
V(ix, iy,iz) =VboxCxh( &) zlf §). (10)

whereVbois the standard value calculated §ox0°.

SIMULATION RESULTS

The values of the rock dissolutions rates for the ¢rosion processes were deduced from the datal fioditerature. In
particular reference [Buhmann D. & Dreybrodt W. 3P8ported the average erosion thickness duestoghe freeze-
thaw cycle for several types of rock material. Earbonate limestone the value is about 5.5%mén. Using this value

and considering as a first approximation one cpeleday during four month per year, we obtain arage value of
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FIG. 4: Annual rain fall data from the measuremsfations of the Apuane Alps as a function of thieudke.

0.010038 mm/year for the erosion spééal corresponding to &a’ value equal to 0.0669 cells/year in the present
simulation modell(,=150 mm;n,=1000).

As far as the chemical dissolution rate is cona#yrmee used the data reported in reference [Szung@@5] for the
involved physical parameters to calculate the egnat(8) and (9). However, as shown in the equat®nthe most
important input parameter needed by the simulagtimeedure is the average annual rain@llIn the lack of accurate
scientific data concerning the local evolution bfst parameter back to 2000 years and coming froologial
analyses, the annual rain fall was provisionallgwt®d from the historical data of up to eleven metegical
measurement stations located around the centraifwdshe Apuane Alps and at various differenitattes. The time
range spanned by the data was about 80 years.

In the Figure 4 th€), values for the various stations are plotted asatfon of the altitude; the dashed line represents
the linear regression of the data set. The valeel as the most probable one for the rock art sitkeuinvestigation
was interpolated along the regression line and 2Hs0 mm/year. Consequently the mean chemical dissol
velocity Vb for the horizontal conditiong(=0°) was calculated from equation (7) as 0.0459 year/ corresponding to
Vb'=0.3066 cells/year.

Using the above input parameters, several simulatios were performed on various models in whi&hitiitial depth
(ho) and width {v,) of the engraved parabolic moat varied in theofsihg rangesh,=3 — 10 mm anav,=5 - 22.5 mm.
The Figure 5 shows in isometric scales the rockasar cross-sections along tkelirection of two sample models
drawn every 100 years. The small dots indicatebtirelers of the trace as detected by the intergalri#thm. As can be
seen from this figure, the engraved signs are alilervable after long time erosion notwithstandimg progressive
widening of the width, the smoothing of the bordamns the lowering of the top surface.

From the results of the performed simulations aegantrend in the evolution of the engraved tracefile may be

achieved as shown by the plots of Figure 6a andn6trxder to smooth the statistically induced rauegs of the
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FIG. 5: Two simulations of the evolution of engrayprofiles plotted in isometric scales and eved9 years.

surface, in these figures each curve was obtairyedvieraging the plots of ten different simulatiomgh the same
parameters.

As can be clearly seen, the depth tends to slovdsease in time with a linear behaviour and theeiasing speed<()
was found to be independent on the original déptlon the contrary the width evolves linearly witle tsquare root of
time, except in the initial range, and the slokg @nd the intercept(’) are increasing functions of the original depth

h,. This behaviours can be practically described fametion of timet by means of the following set of equations:
h=h+Kix ; w=w'+Kax/t (11a)

Ke=a+bxv ; w'=c+dxh (11b)

where the parametess b, candd are constants which can be calculated from this pibequations (11b) as a function

=t*2and

of the initial depthh, and shown in the Figure 6c. By replacing the sguapt of time with the variable
knowing the today values of the engraving widtland deptth, the elapsed time from the engraving executionlbzan

obtained from the positive real root of the follogithird order equation:

0. 12)

x3+9x2- a+b><hx+ w-c- akh
b bxKz b X

As a first application test of the above describ&gbrithm, a self-dating procedure was appliech® tivo simulation
curves shown in the Figure 5. For every time sy@ai) the obtained values for the heigtand the widthw were used
as input data in the equation (12), while the treadameters, b, candd were calculated from the averaging of
several simulation tests performed using the say@andw, parameters and the same average annual raiQfallhe
output value of the elapsed time was compared thvéhnitial available value.

The Figure 7 shows the results of this procedusreHhe relative error percentage between thediapsed time and
the back calculated one using the dating algorithas plotted as a function of time. As can be séem,dating

algorithm is able to estimate the antiquity of #mgraving with a relative error in the range of2lB4, at least under
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10

the above described conditions and overall usimgjingle couple of data foh and w. This first result is quite

encouraging for the rupestrian archaeology whichstipouses cultural and typological considerations fthe

chronological analyses.

However it must be pointed out that the curvesheffigure 7 are affected by a random error onlyjrigazero mean
value and caused by the granular nature of thegrhenon and which is responsible of the differermfethe real
deformation curves from the corresponding averagedt behaviours. In order to increase the accuicyhe

evaluation, at least from the random error pointiefv, we must apply the algorithm to several eikpental
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FIG. 8: Map of the engravings on the Billhooks Sipunt Gabberi, Camaiore). The figure used fordhtng
experiment are drawn in black and labelled.

measurement on the same sample (i.e. several coofiieandw taken on the same engraved figure) and averabéng t
output values. The second source of error, whiolisdwt affect the plots of the Figure 7, is thesteynatic” one
induced by an inaccurate evaluation of the maiaupeters ruling the erosion speed (as for instameavterage annual

rain fall) and causing always the same error othalloutput data.

EXPERIMENT

The above described method was applied to theaddite called the “Billhooks Step” (ItaliafRipiano dei Pennal)
on the western side of the Mount Gabberi (Camaioneca). This flat rock, located at an altitude96D meter above
the sea level, on the top of a sharp cliff overlagkthe sea coast, is one of the sites describettienreference
[Bagnoli, P.E., Panicucci, N., Viegi, M., 2005] lmayg such properties for which a high chronology rb&yassigned,
following the criteria exposed in the same refeesnc

The complete map of the engraved rock is showhenFigure 8. Here there are several figures ofidilks engraved
around a small tub and three crosses, two havidgeak shape (four arms with the same length) aedbetonging to
the Latin type. Thén situ experimental activity, which consisted of the meaments of several engraved profiles on
some figures, were carried out by the author withgrecious help of some volunteers belongingdoitthaeological
and Speleological Group of Pietrasanta (GASP) anth¢ UOEI association of Pietrasanta who also igeal the
security equipments.

The dating method was applied to a set of engréigedes composed by five billhooks (P1-P5) andttiree crosses
(C1-C3); in the Figure 8 the chosen artefactsraeet in black lines and marked with the correspuanthbel.

The cross-sections of the engraved figures weréupagh using a mechanical profiler made of paradtekl needles
with a diameter of 1 millimetre and photographethgisa high resolution digital camera with a gridopaon the

background (see Figure 9). The digital image was thploaded within a vectorial graphical prograuthsas
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FIG. 9 : High resolution digital photograph used tbe experimental measurement of the depth anthwidan
engraved figure.

AutoCad, in order to easily measure both the he#gid the width with an estimated resolution of ldssn 100
microns.

For each figure under test, up to ten differenfij@® were taken just for averaging the data.

The obtained results are shown in the Table | imernical form and also in the Figure 10 in the greghone for an
easier reading.

In the Table I the first columns indicate the etapsme from the engraving execution obtained asntiean value of
the ten different measurements; the second colwongin the standard deviations of the data wirilehe third
columns the corresponding absolute date calculaidrespect to the year of the measurement exat(®006).

In order to clearly demonstrate the sensitivitytted output results on the annual rain fall, in bibth Table | and the
Figure 10 the output data obtained for two othdfedint Q, values (1750 mm/year and 2450 mm/yea also
reported for comparison with those calculated usiiregmost probable value (2150 mm/year)Qgr

From a careful analysis of the obtained resultsesonportant details must be particularly notedfisst and as it was
expected, the dates are progressively more redémtive increasing of the average annual rainviallle just because
the higher speed of the chemical dissolution whathleast at the altitude considered, is largegdpminant with
respect of the effects of the freeze-thaw cyclesharism. The second property that must be notélikisubstantial
uniformity of dates within the two separate groopsigns. The chronologies were collected arourd1i®00 a.C. for
the billhooks and about three centuries later lierdrosses, at least for the annual rain fall &02hm/year, therefore

clearly indicating the medieval origin of the agefs.
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FIG. 10 : Plot of the chronologies of the eightuiigs for three different values of the average ahmnain fall. The
standard deviation for each date is also indicatgdhe vertical segments.

However the dates concentration for the two gradpss not necessarily imply that the signs were auagt in the

same time because of the uncertainty of the sidgte values (shown by the vertical segment in gmght of the

Figure 10) and corresponding to about a centurys @pproximation is practically the amount of tldom error

caused by the joined effect of the granular staghasosive phenomena and of the differences irstizgpe of the moat
in the various cross-sections of the engraving.

Finally it must be well noted the strong differerafedates between the group of the billhooks arddtosses, also
neglecting the data related to 1750 mm/year amairalfall in which it is very high. This differencbeing well higher

than the uncertainty due to the random error, sdenb& due just to an historical or cultural reasather than to a

numerical one.

CONCLUSIONS

In the present work, a method for absolute datihgook art based on mathematical simulations ardfahin situ

experimental measurement has been proposed arehfrdsBeside the uncertainty of the input dataired by the
mathematical analysis, we believe that the exposetthod is very promising for obtaining reliable alloge dates for
rock art, at least and at present under the abegeritbed conditions which are limestone rocks, zomtal flat

surfaces, open air exposure and figures tracedritoar.
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Table | : Numerical data for the chronologies of thight figures for three different
values of the average annual rain fall.

Note that, at least to our knowledge, the presmygsal is the first example of rock art absolwéndy using a specific
technique for these artefacts. Other attempts tegdn literature [Bednarick, R. G. 1979] [Dewdné&, 1970] are
generally based on reliable and well tested methaedsradiocarbon dating for the pigments of thentpags,
radioactive isotopes or rock surface natural cga@malysis, which were specially designed for othgres of
archaeological situations and whose results, inctte® of rock art, may be easily polluted by matercoming from
the rock substrate and hence may be largely ubtelia

The reported first experimental application of theting method yielded results which are completelagreement
with our previous attempt of cultural interpretatiof the rock art site [Bagnoli, P.E., Panicucci, Miegi, M., 2005],
both from the chronological point of view betweée tEarly Middle Age and the beginning of Middle Agied also
from the point of view of the later dating of theosses with respect to the billhooks, which strgrgjiggest the
“Christianizing" procedure of pagan rocks used,refained to be used, by pagan people for theimlstuThis
procedure typically occurred just in the first agrgs of the Middle Age.

Beside we have well in mind that the data obtafioedhe Billhook Step may be still affected by astgmatic error due
to the uncertainties concerning some input paramete the average annual rain fall, however weetelthat the
obtained chronological analysis of the engravirggsubstantially consistent and useful to demorestied validity of
the proposed dating method. This implies that thosepretations of the billhooks locating them ame hand in the
modern age (XIX century) and in the Etruscan or Romperiod on the other one, including the rituairerction with
the Silvanusgod, can be discarded as completely wrong.

Further research developments concerning the predatng method proposal may involve suitable \aliwh
activities, i.e. the application on other rock sitts whose chronology may be obtained with cestdig an alternative
method. Other future improvement of the method malude a refinement of the annual rain fall dagdrtvestigating
the results of geological researches in the Apudps, a modification of the simulation procedureoirtler to include
in any way also the long-time fluctuations of timaal rain fall and the possible use of more sdjgiaited techniques

for measuring the engraved profile such as lagerfarometry.
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