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The fire at Notre-Dame de Paris led to the discovery of several series of previously unknown iron arma-
tures, which were systematically recorded. Amongst them, several iron staples from the top of the eaves
walls, lead crest reinforcements and a sample of the tie rods used in the choir in the 19th century were
analysed by metallography and tensile tests in order to determine their nature and mechanical character-
istics. These results can be put into perspective with previous studies on such monuments. The chemical
analysis with SEM-EDS of the slag inclusions contained in the matrix of these ferrous alloys makes it
possible to determine the technical processes used for their production throughout the construction and
restoration of the building, highlighting several differences depending on the typologies of the iron ar-
matures. This information is complemented by a series of radiocarbon dates currently being carried out
to better understand the periods of use of these ferrous reinforcements. When compared with those of
other materials, these dates could be used to recalibrate the phasing of the building.

© 2023 Consiglio Nazionale delle Ricerche (CNR). Published by Elsevier Masson SAS. All rights reserved.

Keywords:

Iron armatures
Gothic construction
Dating
Metallography
Tensile tests

1. Introduction

Iron armatures were commonly used in the masonry of many
medieval monuments, especially for the construction of Gothic
churches. Archaeological observations performed over the last
decades have proven that since the beginnings of the 13th century,
many great cathedrals implemented iron cramps, chains or tie-rods
in their initial designs in order to reinforce the masonry during
construction and sometimes as means of consolidations [1,2]. This
is notably the case for Chartres and Bourges cathedral, which are
considered so far as the first gothic churches with a systematic use
of iron armatures (tie-rods and chains for Bourges and series of
cramps for Chartres) [3-5]. A few decades later the cathedrals of
Beauvais, Coutances or Troyes, for example, or the abbey church of
Saint-Denis and the Sainte-Chapelle seem to have perfectly inte-
grated the use of this material in monumental stone architecture
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[6-11]. Several tons of iron are then used to reinforce masonries,
but also in the windows to maintain stained glass panels as well
as to attach numerous ornamental elements, such as pinnacles or
statues.

The same picture was not observed so far for 12th century
gothic cathedrals, such as Laon or Noyon were the use of iron
seems to be limited to a few pins. Notre-Dame de Paris belongs to
the same impulse of Gothic churches construction in the middle of
the 12th century, being the latest and greatest of these first Gothic
cathedrals. So far, the use of iron in its structure has not been doc-
umented [12], apart from Viollet-le-Duc’s comments in his Dictio-
nnary of Architecture [13]. During the 19th century restorations,
he noticed the presence of several rows of cramps surrounding the
choir of the building, which he dates from 1195 without further
comments.

« La grande corniche a damiers qui couronne le cheeur de la
cathédrale de Paris, et qui dut étre posée vers 1195, se compose de
trois assises de pierre dure formant parpaing, dont les morceaux
sont tous réunis ensemble par deux rangs de crampons, ainsi que
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Fig. 1. (a) Rows of cramps in the chequered cornice of the choir as described by Viollet-le-Duc in his Dictonnary of Architecture. (b) Reinforcement of the same part of the

building by iron chains in the 19th c. by Lassus.

I'indique la [Fig. 1.a]. Cela constituait, au sommet de I'édifice, au-
dessus des vofdites, un puissant chainage... » (tome 2, article “chail-
nage”)!

Moreover, the records of the work of the Historical Documents
Commission for the year 1846 report that Lassus adopted a new
method of chaining of this part of Notre-Dame cathedral using
large sections chains consolidating the two upper courses [14]. This
system is still visible from the outside surrounding the top of the
chevet. Despite their possible importance to the structure of the
building, these 19th century elements were so far never studied
(Fig. 1).

The destruction brought by the 2019 fire has uncovered many
other uses of metal in Notre-Dame’s structure notably discovered
in the burnt remnants of the upper parts. The temperatures of the
fire were high enough to melt lead and sometimes copper alloys
but not iron (melting at 1535 °C). Most of these armatures can
be associated with the 19th century restorations according to their
use (in the spire of for cresting for example) or shape (machined
armatures). However, many forged elements, which might belong
to earlier medieval or modern construction or restoration phases,
were also discovered as well as other metallic structures, still in
place yet invisible before the fire. The presence of these unknown
and/or unstudied armatures has to be questioned in terms of ar-
chaeology but also in the scope of the building’s restoration.

2. Research aims

The discovery of these iron armatures led to the development
of an original research program, bringing together experts in the
field of iron in the CNRS/MCC scientific project and taking into ac-
count the questions raised by the architects and the contracting
authority (EPND). This paper aims to present the different uses of
iron in Notre-Dame throughout the construction and restoration
phases of the building and the historical and heritage issues as-
sociated with this material. How, in such a context of new dis-
coveries and considering the scope of the restoration work that
has begun, can we question these ancient iron armatures from a
historical and archaeological perspective also focused on the con-
servation/restoration of this exceptional heritage? The mobilisa-
tion of the reflections and knowledge acquired over more than
twenty years of research on ancient building irons [1] will be pre-
sented with a view to better understanding the construction of the
cathedral, in the service of its restoration, together with some first
results and the development of new methodological approaches
specifically built around the case of Notre-Dame.

1 Translation : “The large chequered cornice which crowns the choir of Paris
Cathedral, and which must have been laid around 1195, is composed of three
courses of large hard stone joining both sides of the wall, the pieces of which are
all joined together by two rows of cramps, as shown in [figure 1.a]. This formed, at
the top of the building, above the vaults, a powerful chain...”
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3. Materials & methods: the use of iron in Notre-Dame de Paris

Extensive prospection was carried out in Notre-Dame follow-
ing the 2019 fire to highlight the use of iron reinforcements in
its masonry. Access to the upper parts of the building was pos-
sible thanks to harnessing and scaffolding. Some parts of the up-
per walls, located under the provisional roof in the choir and in
the transepts were however not accessible. However, no geophysi-
cal means of detection could be performed in the upper masonries
due to lack of access in the exterior of the building. Moreover, the
burnt remnants of the framework and spire were excavated accord-
ing to the protocol presented in this issue [15]. All iron artefacts
(pins, nails and different kinds of armatures), were collected and
sorted.

The result of these prospections and excavation shows that iron
armatures were used at different levels in Notre-Dame’s structure
and correspond to different construction phases from the medieval
parts of the building to the 19th century restorations and adjunc-
tions (Fig. 2).

First, the builders used a great number of cramps in Notre-
Dame’s masonry as soon as the tribunes’ level and up to the up-
per walls (Fig. 2a & b). Viollet-le-Duc describes the presence of
cramps in the chequered cornice of the choir yet other cramps
were revealed on the top of the eaves-bearing walls, right below
the burnt framework (Fig. 3). All these reinforcements (tribunes,
cornice and upper walls) are made of two rows of 40 to 50 cm
long cramps (60 to 70 including both legs), sometimes on several
courses. Smaller cramps (25 cm) are also implemented to attach
the monolithic columns blocks decorating the chapels’ walls: each
of the three 8 m high column circling each pier is made of two
to three en delit blocks of stone, whose upper part is joined to
the wall using such cramps (Fig. 2c & d). The same feature is used
for the piers situated in between the inner and outer aisles with
blocks up to 4 m high and only about 16 cm in diameter. These
series of cramps seem to have different functions: attaching frag-
ile slender en delit columns to the masonry, reinforcing the upper
walls maybe due to the framework thrusts and maybe providing
a provisional buttressing to the great arcades in the outer aisles.
A more extensive discussion on their role is presented elsewhere
[16].

As in every gothic church, the builders also use iron bars and
small rods to attach the stained glass panels and to reinforce the
windows’ structure. Today, most of the iron bars still in place
dates from the 19th or 20th century following the loss of medieval
stained glass and the great restauration campaigns. However, in
the upper bays, which are nowadays glazed with transparent glass,
the vestiges of bars are still visible at the top of the bay mullions
(Fig. 2e). They were probably cut during one of the many restaura-
tion campaigns when the stained glass were taken down.

Another use of iron is linked to masonry reinforcement. We
already mentioned that in 1846 architect Jean-Baptiste Lassus
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Fig. 2. Iron armatures in Notre-Dame de Paris. (a) Cramps discovered on the top of the upper walls (b) cramps in the tribunes (c) & (d) cramps attaching monolithic columns
blocs to the piers in the nave (e) ancient iron bars remains in the upper bays (f) iron armature of lead cresting (g) iron armature of spire lead decoration.

adopted a new reinforcement method for the two upper layers of
the choir using iron chains. These chains are made of an outer
chain embedded in the walls of the choir and of the eastern bays
of the transept at the height of the chequered cornice and an inner
chain, located alongside the walls at the same level. Transverse ar-
matures crossing the wall link both chains, and transverse tie-rods
located above the vaults join the inner chains to one another. The
fire affected the inner chains and tie-rods and some parts were
slackened or even broken.

Many iron armatures were found in the excavation of the ves-
tiges of the framework. Most are machined bolted rods that could
have been integrated in the 18th or most probably 19th centuries
works. Other pegs and nails were however hand-forged. A corpus
of forged nails and brads (headless nails used for roofing) of differ-
ent sizes (from about 1 cm long to more than 30 cm) was isolated
for study (Fig. 4). Their typology and repartition in the vaults al-
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lowed to identify bigger nails and pegs used in the framework and
smaller (10-15 cm long and 15-25 g heavy) nails used in its sus-
pended wooden pathway. Lastly, many iron pieces were integrated
in the 19th century construction and restauration works to sustain
lead ornaments. They are particularly numerous at the top of the
roof for the cresting made of cast lead elements attached on an
iron armature shaped in the form of leaves (Fig. 2f and Fig. 3). Built
by Viollet-le-Duc in the 19th centuries, it was strongly restorated
during different renovation phases in the 20th century: the choir
and southern transepts by Fonquernie in the late 1970’s and 1980’s
and the northern transept by Mouton in the end of the 2000’s.
Many decorations from the spire also use such iron armatures
(Fig. 2g).

Several questions arise regarding this use of ferrous armatures
in Notre-Dame’s structure. They deal with the historical knowledge
of the monument and its construction, but also with issues linked
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Fig. 3. Situation of some armatures in the choir of Notre-Dame (series of cramps
in yellow, cresting in green, tie-rods in red). Drawing after the scan of A. Tallon
[17]. As no scan was performed in the attic above the outer aisle, the series of
cramps that are on the attic’s floor (in yellow) seem to be above the aisle’s vaults.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

CHI11 GCL43

CH11 GCL46

VN9 GCL17

CH11 MCL04 '

CHI11 MCL01

CH11 MCL06

Fig. 4. Different types of forged nails and pegs found in the excavation of the vaults
debris.
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to the building’s conservation and restoration, regarding for ex-
ample the diagnosis of pathologies or even the question of reuse.
These different questions will be presented in the following sec-
tions as well as the associated methodologies. Several iron arma-
tures were therefore sampled, sometimes on demand of the ar-
chitects and/or the commissioner (Table 1). Each corpus will be
detailed in the appropriate section and some first results will be
briefly discussed.

4. Results & discussion: questions and methodologies for
heritage iron armatures

4.1. Ferrous alloys quality and the question of reuse

Quality is amongst the first parameters regarding any construc-
tion material. Unlike wood or stone whose quality are mainly in-
trinsic given the wood type or the geological formation, ancient
ferrous alloys are highly heterogeneous materials, whose qualities
rely on several operations in their production chains: choice of
ore, reduction process, cleansing or refining, forging.... Indeed, be-
fore the second half of the 19th century and the introduction of
Bessemer and Thomas refining processes, iron was partly of to-
tally produced at a solid state (i.e. below the melting tempera-
ture of the metal). There is therefore no homogenization of the
ferrous alloy composition (regarding carbon or phosphorus con-
tent), which mainly depends on the heterogeneous thermodynamic
and Kkinetics conditions in the shaft furnace. Moreover, several sec-
ond phase particles (slag inclusions) coming from the smelting or
refining stages remain entrapped within the metallic matrix. All
these factors are likely to affect the mechanical characteristics of
the iron armatures eventually produced. Determining the nature
and quality of these alloys gives clues about the choices of ma-
terials that the builders made during construction, restauration or
upkeep of the building. It is also of primary importance for the
present restauration work, especially knowing that the 2019 fire
might have weakened certain structures.

To answer these questions, 31 iron armatures were sampled: 12
cramps, 4 cresting, 14 nails/pegs and 1 internal tie-rod piece. De-
tails about the sampling is given in table 1. Metallographic exam-
inations were carried out on all samples using Nital etching on all
cross sections to reveal carburised zones [18], as well as Oberhof-
fer's reagent on a selection of sections to highlight the distribu-
tion of phosphorus [19]. Moreover, the architects and the commis-
sioner wished to collect data about the mechanical behaviour of
several types of armatures which are sometimes still in place to
reuse them in the building structure. Therefore 4 entire cramps, 4
cresting elements and 1 tie-rod iron sample were taken and ma-
chined into tensile tests pieces to measure their true characteris-
tics. The analytical protocol and measurement conditions of these
experiments are presented in L'Héritier et al. 2019 [20].

Metallographic examinations reveal that most structures are
highly ferritic regardless of the armature type (Fig. 5). Only a few
cramps are slightly carburized but none can be considered as steel
as they never exceed 0.3%C in average. On the other hand, two
nails are made of homogeneous steel close to the eutectoid with
about 0.5-0.7% C in average. The slag inclusion proportion in the
matrix (in average 2-3% and sometimes up to 10%) is comparable
to previous studies on pre-modern construction iron [20,21]. Phos-
phorus is also present in most samples. Nital etching reveals the
presence of ghost structures in more than half the studied samples
and Oberhoffer’s etching performed shows its heterogeneous dis-
tribution at a microscopic and macroscopic scale (Fig. 5) [22]. Let
us recall that high levels of phosphorus create iron embrittlement
[23]. Finally, many welds were observed especially in the cramps
(Fig. 5b), which seem to have been regularly forged by the assem-
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Table 1
List of studied samples and analysis performed.
Sample Type Location Metallography  Tensile tests ~ Radiocarbon Dating
NN1 cramp Upper walls (nave north) X X X
NN9 cramp Upper walls (nave north) X X
NS7 cramp Upper walls (nave south) X
NS8 cramp Upper walls (nave south) X X
NS106 cramp Upper walls (nave south) X X
VN2 cramp Upper walls (nave south) X
VN4 cramp Upper walls (nave south) X X
CH1 cramp Upper walls (nave south) X X X
TSO01 cramp Upper walls (southern transept) X
GUAO1 cramp Nave chapels X
TRIBO1 cramp Tribunes (choir) X X
TRIB02 cramp Tribunes (choir) X X
TIRO1 cramp Upper choir X X
CF VN4 cresting Nave roof X X
CF NDP 232 cresting Nave | Northern transept roof X X
CF CH4 cresting Choir roof X X
CF TS BV cresting Southern transept roof X X
CH14 MCL 01 Small nail Choir framework (pathway) X
CH14 MCL 03  Small nail Choir framework (pathway) X X
CH11 MCL 01 Small nail Choir framework (pathway) X
CH11 MCL 04  Small nail Choir framework (pathway) X
CH11 MCL 06  Small nail Choir framework (pathway) X
CH11 MCL 08  Small nail Choir framework (pathway) X
CH11 GCL 28 Big nail (peg)  Choir framework X
CH11 GCL 34 Big nail (peg)  Choir framework X
CH11 GCL 47 Big nail (peg)  Choir framework X
CH11 GCL 43 Big nail (peg)  Choir framework X
CH11 GCL 46 Big nail (peg)  Choir framework X
VN9 MCL 01 Small nail Nave framework (pathway) X
VN9 MCL 02 Small nail Nave framework (pathway) X
VN9 GCL 17 Big nail (peg)  Nave framework X X
Total 31 9 8

Fig. 5. Micrography of some of the studied iron samples. (a) Oberhoffer etching showing microscopic and macroscopic variation of phosphorus content (b) AGR VN2, Nital
etching, showing welding lines separating zones with different slag inclusion size and content in a globally ferritic matrix (c) AGR TRIB 01 Nital etching, showing a ferritic
structure with embedded slag inclusion and a carburised band (0,4 to 0,7%C).
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Fig. 6. Tensile tests on Notre-Dame samples. (a) Tensile true stress/true strain curves of reinforcements. (b) Fracture examination of AG VN4 showing different behaviour on
each side of the welding lines. (c) transgranular brittle fracture by cleavage (d) ductile fracture with slag inclusion inside the dimple.

bly of several metal pieces. The tensile tests provide the mechani-
cal characteristics of these alloys.

Tensile tests were performed on cylindrical specimens with
8 mm diameter and 64 mm gauge length according to the pro-
tocol published by L'Héritier et al. [20]. They were done on an
MTS machine with 100 kN capacity controlled by an extensome-
ter with 50 mm gauge length and a full range of 10%. All tests
were performed at room temperature (300 K) until failure with a
constant strain rate of 1.3 x 10—4 s — 1. Young’s modulus is com-
prised between 185 and 215 GPa for all samples, quite well corre-
sponding to that of iron and mild steels [24]. However, other char-
acteristics show a great heterogeneity from one sample to another
and sometimes even for two samples of the same object (Fig. 6a).
The elongation goes from 2,5% to 25% and tensile strength from
280 to 530 MPa revealing characteristics way below those of mod-
ern steels. Fractures are usually ductile with slag inclusion inside
the dimple, yet some samples present brittle transgranular fracture
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and brittle intergranular fracture, due to the presence of phospho-
rus (Fig. 6b, ¢, d). The significant presence of phosphorus, the pres-
ence of many non-metallic inclusions, sometimes millimetre-sized,
and the numerous welds, more or less well executed, explain the
very poor quality of the metal used in the cathedral of Notre-Dame
de Paris at the time of its construction and during the restoration
work carried out in the middle of the 19th century by Viollet-le-
Duc. The relatively modest mechanical properties of the iron and
steel used in these periods are not unique to Notre-Dame de Paris
and can be found in all the buildings studied earlier in medieval
and early modern France (see Fig. 7) [20] and Italy [25-27]. Only
the modern carbon cresting installed in the 20th century have me-
chanical properties, admittedly amongst the weakest in the mul-
titude of contemporary steels, but normal for this type of steel in
terms of its composition, production and shaping. Finally, no ob-
servation revealed any impact of fire on the microstructure and
mechanical properties of the various reinforcements studied. These



M. L'Héritier, A. Azéma, D. Syvilay et al.

50

T T T T T T T T T T 1 v
. 8
N i gteelsD Steel W Avignon Popes Palace
(; EEP_k rawn(; leedsg i Dungeon of the Vincennes Castle
40 ﬁ Sako-Hardened Steels @ Paris Saint-Sulpice church —
Ferritc Stainless Steels | @ Paris Saint-Gervais church
@ M @ O Paris Notre Dame
=)
: 30+ O Cresting Fonquernie -
] @ Tic-rod & other cresting
I M Cramps
o amps
g 20 Dual-Phase Steels 4
= Complex-Phase Steels
Martensite Steels
'
10} . ] -
L Martensite B-alloyed Steels
Stainless
Steels —
0 ¥ 1 1 1 1
20 400 600 800 1000 1200 1400 1600

Tensile strength (MPa)

Fig. 7. Mechanical characteristics of Notre-Dame ferrous reinforcements compared
to modern steels and other medieval and modern construction iron on the Ashby
Map [28].

armatures can therefore be reused in full knowledge of these char-
acteristics, provided that they would only work in the elastic do-
main.

4.2. Iron production and provenance

Many questions still arise regarding Notre-Dame’s construction.
How was the iron produced and transported to the building site?
Several iron production processes indeed coexisted in medieval
and modern history. In Northern Europe, the traditional bloomery
process where iron is directly produced from the reduction of iron
ore is predominant since the Iron Age until the end of the Middle
Ages. Blast furnaces producing cast iron which can be decarburised
into iron in fineries appear in the late 13th and 14th centuries and
spread in the North of the French Kingdom in the second half of
the 15th century [29]. Both iron production processes were likely
to be involved over the long time scale of Notre-Dame’s construc-
tion and restorations from the 12th to the 19th centuries. More-
over, several iron supplying regions, especially in a site as central
as the French capital, could have provided the metal through ter-
restrial or fluvial means of transportation. It is indeed a known fact
for the late Middle Ages that iron was traded all along the Seine,
downstream and upstream but local production units accessible
from Paris by road existed [30]. First, the analysis of slag inclu-
sions embedded in the matrix of ancient ferrous alloys can provide
several information on their provenance and on the technological
processes used for their production. Major element analysis of slag
inclusion using SEM-EDS is able to discriminate between iron pro-
duced in bloomery furnaces and iron coming from the refining of
cast iron produced in blast furnaces, which spread in Europe in the
end of the Middle Ages [31,32]. Trace element analysis of the same
slag inclusions are another key towards the study of iron prove-
nance and supply of the building yard. Comparing trace element
ratios as proposed by Leroy et al. Disser et al. or L'Héritier et al.
[33-35] can also indicate which iron armatures are likely to come
from the same area of production and thus allow reconstructing
the building site supply and construction phases as well as the an-
cient metal trading routes.

Slag inclusion of all previously presented samples were anal-
ysed according to the protocol proposed by Dillmann and L'Héritier
[31] and adapted by Disser et al. [32]. Several hundreds to thou-
sands of SI were analysed per sample by Energy Dispersive Spec-
trometry coupled Scanning Electron Microscope to have the best
representativeness possible of the average produced slag and to get
information on the metallurgical processes. Trace element compo-
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sition was also performed on selected slag inclusions (about 10 per
zone of interest in each artefact) by LA-ICP-MS using the IRAMAT-
CEB device according to the methodology published by L'Héritier
et al. [36] in order to question the geographical provenance of
these artefacts [16].

The first results on major element composition show a clear
distinction between the metallurgical processes used to produce
the metal according to the type of sample (Fig. 8). On the one
hand, all the iron cramps (tribunes, nave chapels and upper walls)
are made of bloomery iron, which is the only process existing in
Europe at the building time of Notre-Dame. This suggests that they
are compatible with the medieval construction phases of the build-
ing [37,38]. Although their precise dating still has to be performed,
because the bloomery process remains in use relatively later in
some parts of Europe [39,40], this primary result is an important
clue towards the use of iron in the initial design of the monument.
On the other hand, all forged nails but two are distinctively lo-
cated in the finery iron area, meaning that they were forged from
iron produced in blast furnaces, consequently later than the initial
building time, regardless of their size and typology. Therefore, we
can conclude that all iron reinforcements of the framework were
undertaken in late restorations phases after the middle of the 15th
century when this iron production. Even the nails coming from the
framework wooden pathway, which was so far presumably associ-
ated with the 13th century construction phases [41], seem to be
much later and highlight a modern construction (or restauration)
of this ensemble. Only one nail (and maybe a second one located
in the undetermined zone) can surely be associated with the more
ancient bloomery process (CH14 MCL 03 & VN9 GCL 17). Such a
feature still has to be explained. Radiocarbon dating of some of
these nails was carried out to understand if they can represent
an undocumented former restauration phase or is rather an evi-
dence of iron recycling (see §4.3). Lastly, two different groups can
be highlighted within the tie-rods and cresting implemented in the
19th century. Those (tie-rod + 2 cresting) with inclusions contain-
ing high iron oxide silica, calcium and phosphorus contents (in av-
erage FeO = 50-75%, Si02 = 5-15%, P204 = 10-15%, CaO = 10-
16%) are typical of 19th century ferrous alloys, despite the restau-
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OxCal v4.4.4 Bronk Ramsey (2021); r:5 data from Reimer et al (2020)
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Fig. 9. Radiocarbon dating of the framework nails CH14 MCLO3 (wooden pathway, choir) and VN9 GCL17 (framework, nave). “The radiocarbon result were calibrated with

the OxCal 4.4 software [48] using the IntCal20 calibration curve [49].

ration by Mouton in the 2000’s, suggesting a reuse of the former
cresting. On the other hand, the two cresting elements that Fon-
quernie had restored display very small slag inclusion with silica
and MnS particles as well as an homogeneous carbon distribution
in the metallic matrix which is typical of modern steels refined by
means of a converter from the end of the 19th century, rather indi-
cating an absence of reuse. The results are in accordance with the
conclusion of their historical and typological study [42].

4.3. Dating the iron armatures and the construction phases

Dating in archaeology of standing structures is probably the
most important problematic in order to understand the construc-
tion phases and possibly the progressive implementation of some
construction materials in the building throughout these campaigns.
Many questions arise in the case of Notre-Dame so as in many
buildings. Some crucial dates such only related to the interpreta-
tion of a single historical source [38,43]. For example, the com-
pletion of the first framework and the vaults of the choir are de-
duced from the chronicle of Robert de Torigni who claims in 1177
that the church choir is completed “With the exception of its major
cover” (cujus caput iam perfectum est excepto majori tectorio [44 II,
68]) and the consecration of the main altar in May 1182, inter-
preted as the achievement of the framework and vaults. The dating
of the vaults has for example been recently questioned thanks to
an archaeological study of the fallen nave arch [45]. Reinterpreta-
tion of dendrochronological results has also led to modifications
in the dating of the framework [41,46]. Iron armatures, which are
present on every level of the monument, can take part in this re-
flection.

When they contain some steely parts, ferrous alloys can indeed
be dated using radiocarbon dating according to the method devel-
oped by Leroy et al. 2015 [47]. Actually, the carbon is coming from
the smelting stage during which charcoal is used for the reduc-
tion. The process occurs at high temperature (about 1300 °C) and
a part of the carbon from the charcoal diffuses into the metal, cre-
ating these carburised zones. The carbon is sampled within these
carburized zone, a iron-carbon alloy (up to 0,8% C for eutectoid
steels). Several iron artefacts amongst all the armatures sampled at
Notre-Dame are sufficiently carburized and were dated: 2 cramps
from the tribunes, erected in the middle of the 12th c., 4 cramps
of the upper walls probably built in the beginning of the 13th c.
and 2 nails of the framework, one made of steel and both identi-
fied as made from bloomery process iron (see above). These dating
contribute to a better understanding of the implementation of iron
at the different stages of Notre-Dame’s construction, highlighting
the use of iron as early as the middle of the 12th c. construction
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campaigns [16]. Notre-Dame is now the earliest monument using
such iron armatures, almost 40 years before Chartres and Bourges
[3,4,47], thus considerably renewing our apprehension of medieval
construction techniques. Secondly, they also allow dating the rein-
forcement of the upper walls to link them with the dates obtained
on the framework and later on the mortars. Crossing all these data
will provide a better understanding of the monument’s chronology.
The results obtained on the two nails are presented here (Fig. 9).
The smaller iron nail of the suspended wooden pathway in the
choir was dated from the 14th century (1306-1422 CE). Let us re-
call that all other studied small nails are made of iron from finery
and likely to be associated to later works, thus suggesting evidence
of reuse. The bigger nail of the nave made of steel is dated from
the 16th century (1475-1642 CE). There is however no recollec-
tion of major works to the framework before 1681. Do both dating
rather indicate recycling practices? Alternatively, could they doc-
ument unknown consolidations phases of the framework? Other
dating on big nails and smaller finery nails should be performed
to confirm these first tendencies. The precise role of these big nails
or pegs still has to be explored through the analysis of the wooden
vestiges of the framework, now available for study.

5. Conclusion

This brief presentation of the undergoing work on Notre-Dame’s
reveals the extreme intricacy of the historical issues and the ques-
tions related to the conservation and restoration of the monu-
ment on a large range of topics linked to the use of iron in con-
struction: materials quality, reuse, dating and implementation... All
these questions can only be explored through tight and focused
interdisciplinary studies as the ones presented in this paper at-
tempt to illustrate. The impetus given by the scientific project on
all construction materials will allow an unprecedented collection
of these data, in order to understand better the construction of
the monument and its structure. We can be sure that the com-
bination of mechanical data and data on provenance and dating
obtained on stone, wood, glass, iron and lead, thanks to method-
ologies developed over several years or decades in the field of
heritage materials will be fruitful in renewing our understanding
of the building. Yet, the knowledge on iron goes beyond the sole
case of Notre-Dame. The blaze also generated new methodolog-
ical breakthroughs, which might have further exploitation in the
field of archaeology or heritage: thanks to the archaeological sur-
vey, original developments linked to the study of corrosion are also
currently being carried out to determine the temperatures reached
by the irons. Notre-Dame thrives on science, but science thrives on
Notre-Dame.
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