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«Lo que sabemos es una gota de agua, lo que ignoramos es el océano»

Isaac Newton

En la Ciencia la tnica verdad sagrada, es que no hay verdades sagradas

Carl Sagan
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Abstract

Fold nappes and thrust nappes are found either in the internal and external parts of orogenic belts
worldwide and are geometrically and kinematically well constrained after more than a century of
studies. However, the mechanics favouring ones vs. the others are still incompletely understood due

to the uncertainty and variability of pre-contractional configurations.

The Eaux-Chaudes massif is a recently described Alpine south-verging fold-and-thrust structure
located in the western Axial Zone (French Pyrenees) affecting the Paleozoic rocks and Upper
Cretaceous carbonates. It consists of a basement-cored recumbent fold nappe with a large recumbent
limb in the Upper Cretaceous carbonates which are ductily deformed, passing to the east of the massif
to an imbricate thrust fan also showing strong ductile deformation. Based on the field natural example
of the Eaux-Chaudes fold nappe, this thesis presents a systematic numerical modelling study of the
variability in the initial mechanical, geometrical and temperature conditions on the development of

recumbent fold nappes and their transition to thrust nappes.

The occurrence of this singular structure and the observed deformation style makes necessary to put
an age constraint on the ductile event within the history of the massif and its successive evolution until
the present day, to further advance in the knowledge of the Pyrenees. During the structural
development of the massif, foliation with a strong stretching lineation, asymmetric intra-foliation folds,
and S-C structures strongly evidence south-directed tectonic transport in this part of the northern Axial
Zone. Also studied are calcite veins parallel to the foliation developed in the Upper Cretaceous
carbonates (registering the main deformational event) as well as orthogonal to it (post-dating it). The
cross-cutting relationships between them allowed to stablish relative chronologies that were then
dated by U-Pb geochronology to constraint a minimum and maximum age for the main deformation in
the massif. Finally, to complete the history of the Eaux-Chaudes massif, a systematic low-temperature
thermochronologic and thermal-modelling study has been performed (zircon (U-Th)/He) within the
different structural units of the Eaux-Chaudes massif and its surroundings, giving additional

information on the tectonic and exhumation history of the area.



Resum

Els mantells d’encavalcament i els mantells de plegament son estructures presents tant a les parts
internes com externes dels ordogens arreu del mon, i després de més d’un centenar d’anys d’estudi
es pot considerar que estan ben caracteritzats a nivell cinematic i geométric. A nivell mecanic, pero,
les condicions que afavoreixen els uns vs. els altres romanen no del tot enteses degut a les incerteses

lligades gran variabilitat de configuracions pre-contraccionals.

El massis d’Eaux-Chaudes és un sistema de plecs i encavalcaments d’edat Alpina situat a la part oest
de la Zona Axial (Pirineus Francesos) que afecta les roques Paleozoiques i els carbonats del Cretaci
Superior. L'estructura consisteix en un plec recumbent de nucli Paleozoic (basament) amb un flanc
invers que presenta deformacio ductil als carbonats del Cretaci Superior, i que cap a I'est del massis
fa una transicio lateral cap a un mantell d’encavalcaments imbricats, també deformat ductilment.
Prenent com a base I'exemple de camp del plec d’Eaux-Chaudes, aquesta tesi presenta un estudi
sistematic mitjangcant modelitzacié numeérica de la variabilitat en les condicions inicials a nivell de
mecanica, geometria i temperatura en el desenvolupament de mantells de plegament i la seva

transicié cap a mantells d’encavalcament.

La preséncia d’aquesta singular estructura i la deformacié ductil associada fa necessaria la seva
datacio i I'estudi de la seva evolucio fins l'actualitat per a seguir avangant en el coneixement de la
serralada dels Pirineus. Durant la constitucio del massis, la deformacié registrada per les roques del
Cretaci Superior (foliacié amb lineacié d’estirament, plecs asimeétrics intra-foliacio i foliacions S-C)
indiquen una forta vergencia cap al sud. He estudiat també venes de calcita paral-leles (enregistrant
el principal esdeveniment de deformacio) i ortogonals (postdatant la deformacio) a la foliacio. Les
relacions de tall entre aquestes han permés establir cronologies relatives que han estat datades
mitjangant geocronologia d’U-Pb. Finalment, per conéixer I'evolucio recent del massis s’ha realitzat
un estudi sistematic de termocronologia de baixa temperatura (U-Th/He en zircons) combinat amb
modelitzacié térmica en les diferents unitats estructurals del massis d’Eaux-Chaudes i els seus

voltants, i que aporta més informacio sobre la historia tectonica i d’exhumacio de la zona.



Glossary of terms

- ECM: Eaux-Chaudes massif

- ECFN: Eaux-Chaudes fold nappe

- E-C nappe: Eaux-Chaudes nappe

- ECRFN: Eaux-Chaudes recumbent fold nappe
- UC layer: Upper Cretaceous layer

- ECP: Eaux-Chaudes pluton

- UCD level/panel/layers: Upper Cretaceous — Devonian level/panel/layers
- PFV: Veins parallel to the foliation

- OFV: Veins orthogonal to the foliation

- AHe: Apatite Helium system

- ZHe: Zircon Helium system

- AFT: Apatite fission track system

- APRZ: Apatite partial retention zone

- ZPRZ: Zircon partial retention zone

- APAZ: Apatite partial annealing zone (AFT system).



Chapter 1: Introduction

Chapter 1: Introduction

The evolution of fold and thrust belts resulting from inversion tectonics in collisional orogens
is strongly controlled by the pre-orogenic mechanical and geometrical architecture of the
collided margins, which in turn strongly depends on the previous geodynamic evolution within
the Wilson cycle (e.g., Manatschal et al., 2021). Depending on the previous history (i.e.
ancient collisions, rifting processes, thermal subsidence, basin evolution, margin geometry
and distribution, etc.) the resulting configuration will be determined by the existence of
mechanical heterogeneities due to the diverse rheology of the rocks involved, or to inherited
faults that can nucleate further deformation (e.g., Welbon, 1988; Butler et al., 2006; Bellahsen

et al., 2012; Zerlauth et al., 2014; Butler et al., 2018; Fig. 1.1).
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Figure 1.1: A) Simplified sketch (modified from Manatschal et al., 2021) of the main stages within the Wilson
cycle showing the main geometric and mechanic features that could exercise control and determine the final

geometry of the tectonic structures formed.
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High-strength heterogeneities can play an important role during rift inversion processes by
localizing strain (e.g., Wissing and Pfiffner, 2003; Bauville and Schmalholz, 2017; Kiss et al.,
2020; Spitz et al., 2020). On the other hand, weak layers such as shales or evaporites are of
great relevance due to their ability to act as detachment horizons for the contractional
structures, facilitating the strong layers (e.g., limestones, sandstones) to travel relatively long
distances over autochthonous terrains (e.g., Pfiffner, 1993). They can also determine the
preferential occurrence of thrust- or fold-nappes accommodating the orogenic shortening

(e.g., Pfiffner, 1993; Epard and Escher, 1996; Erickson, 1996; Costa and Vendeville, 2002).

Examples of these two end-members (thrust and fold nappes) have been long recognized in
orogenic belts worldwide (e.g., Fig 1.2). On one hand, thrust nappes are usually found in the
external parts of orogens, where there are relatively shallower burial conditions and the rocks
involved show a dominance of the brittle/frictional behaviour (e.g., Hatcher, 1981; Belhassen
et al., 2014; Martinez-Catalan et al., 2020). Conversely, nappe stacks found in the internal or
transitional zones are usually associated with tectonic burial and temperature increases,
allowing the activation of the ductile/viscous behaviour which favours the development of fold
nappe structures (e.g., Hatcher, 1981; Ramsay, 1981; Dietrich and Casey 1989; Fernandez
et al 2007; Belhassen et al., 2012, 2014; Boutoux et al., 2014; Martinez-Catalan et al., 2020;

Fig. 1.2).
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Figure 1.2: Examples of the change in structural style between the internal and external parts of characteristic
orogens. Brittle/frictional behaviour (i.e., thrusting) is common in the external parts while viscous/ductile
behaviour is favoured closer to the internal areas, where recumbent folding is more common. A) Cross-section
of the Western Alps from Belhassen et al. (2014). B) Cross-section of the Appalachians (Hatcher, 1981). C)
Cross-section of the Iberian massif (Martinez-Catalan et al., 2020).
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1.1. Folding vs. thrusting

Thrust nappes (or thrust sheets) and fold nappes could be considered as the two end-member
forms of tectonic superposition driven by compression. According to Dennis et al. (1981),
thrust nappes are allochthonous sheets over a localized, thin basal thrust surface showing a
short or absent reverse limb (Fig. 1.3A and 1.4), and commonly associated with shallow and
brittle/frictional conditions. On the other hand, fold nappes are defined as allochthonous units
showing large-scale overturned or recumbent limbs (km-scale), often developed deeper in
the crust (e.g., Ramsay, 1980; Epard and Escher, 1996; Bastida et al., 2014; Figs. 1.3B and
1.4). Fold nappes are associated with more distributed deformation, dominated by ductile-
viscous behaviour, and exhibit sub-horizontal axial planes and usually long and stretched
recumbent limbs that may be sheared out into basal thrusts or shear zones. As pointed out
by Bastida et al. (2014), there is still controversy regarding the length of the overturned limb
to be considered as a fold nappe since some authors (e.g., Dennis et al., 1981; France, 1987;
Ramsay and Huber, 1987) consider a minimum length of 5 to 10 km for the overturned limb
to qualify as such. In agreement with Bastida et al. (2014), this study considers a fold nappe
any recumbent fold with a km-scale overturned limb, without the restriction of a minimum

length of 5km.

A) B)
Thrust nappe Fold nappe

% Stiff sediments h/\m

A\
Butress T Weak sediments Butress \ Weak sediments

Figure 1.3: Simplified sketch of the geometrical features of idealized thrust nappe (A) and recumbent fold nappe

(B) end-members resulting from tectonic shortening.
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1.2. Folding mechanisms: rigid rotation vs. limb stretching

Recumbent folds are usually interpreted as developed in wide zones of simple shear in
compressional settings (Bastida et al., 2014). A determinant parameter to their development
is the original orientation of strong marker layers with respect to the shear zone margins (e.g.,
Ramsay et al.,1983; Dietrich and Casey, 1989; Carreras et al., 2005; Llorens et al., 2013). If
the layer orientation is parallel to the shear zone (that is, an orientation without shortening
parallel to the layer in simple shear) and is surrounded by weaker rocks (i.e. such as a stiff
single-layer in a weak matrix), an initial buckling instability is required in order to develop
folds. Once nucleated, folds start with an axial plane at high angle to the layer and the shear
direction, and can evolve into recumbent folds as the shearing advances with time (e.g., Ez,
2000; Fig. 1.4). This case requires a large amount of deformation before attaining a large fold
amplification, and the strain could be reduced if the initial angle between the strong layer and
the shear zone is oblique (Bastida et al., 2014). Subsequent kinematic evolution within the
simple shear zone can determine the stretching of the reverse limb of the fold structure
(Bastida et al., 2014). However, in this situation, the fold hinges are fixed in the material (or
non-mobile hinges) after the buckling process, and the length increase of fold limbs could
only be done by stretching during the late phases (e.g., Mancktelow, 1999; Frehner, 2011),
which can evolve to the shearing out of the recumbent limb (e.g., Fig. 1.4). A good example
of this situation is the Morcles fold nappe in the Alps, which displays a clearly stretched

recumbent limb (e.g., Figs. 1.4 and 1.5B).

Alternatively, Perrin et al. (2013) proposed from analogue models that relatively large,
overturned limbs of fold nappes could form by progressive migration of fold hinges (i.e.,
material particles are travelling with time between structural positions within the fold nappe).
In their analogue models, the growth of an overturned fold limb was controlled by progressive

shift and unfolding of the syncline formed during the early stages of a paired fold system (an
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anticline-syncline pair with a reverse limb in between). This situation leads to rigid rotation of
the strong layer and preserve their original thickness (e.g., Fig. 1.3B and 1.4). The setup of
Perrin et al. (2013) models was aimed to model the thrust and fold propagation in front of a

backstop in foreland basins with erosion and little burial with a backstop.
Strong layer — ¥
— "

Fixed area (forestop)

-
N

Fixed area (forestop)

Thrust nappe Fold nappe
Thrusted overturned limb Stretched recumbent limb “Rigid rotation” recumbent limb

(preserved thickness)
— ¥ — —
ﬁ E E? 2
2
—_— —_— —_—
Fixed hinge in the hanging wall Reduced mobility hinge Mobile hinge
anticline

Figure 1.4: Sketch of the principal mechanisms under which a thrust nappe or a fold nappe end-members can
evolve from an initial flat layer. A sedimentary panel with a fixed area (blue dots) is subjected to layer-parallel
compression and shear is developed. The fixed area acts as a buttress, nucleating a buckling anticline and the
structure is then translated to foreland. Progressive deformation can derive to an idealized thrust nappe (blocked
hinge) or to an idealized recumbent fold nappe, in which the thickness of the recumbent limb is preserved (mobile
hinge). Mobility of the hinge is defined by the material particles transport (red dots) through the different structural
elements of the different developed structures. Between both end-members, a potential type is defined by

stretching of the recumbent limb and the possibility of hinge migration.

However, in settings with moderate burial conditions and effective detachment levels, the
migration of anticline hinges seems to be favoured if a forestop condition is present, because
the syncline is fixed by the strain shadow created by the stiff forestop; otherwise, buckle folds

will be produced by the progressive migration of the syncline hinge (e.g., Epard and
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Groshong, 1995; Homza and Wallace, 1995, 1997; Poblet and McClay, 1996; Perrin et al.,
2013; Poblet, 2020). However, with the increase of burial (and temperature) the ductile and
viscous behaviour of rocks becomes enhanced, and the formation of long overturned limbs
maintaining a constant thickness (i.e., low stretching) is unlikely. Recently, Caldera et al.
(2023) described the case of the Eaux-Chaudes recumbent fold nappe in the Axial Zone of
the western-central Pyrenees, a km-scale fold nappe in which the thickness of the recumbent

limb is preserved (e.g., Fig. 1.5A) and represents the motivation of this thesis.

A)S N

Lakora thrust

— L Hev N - B

I:l Campanian - Maastrichtian - Keuper and ophites - Carboniferous - Silurian
- Coniacian - Santonian - Buntsandstein - Upper Devonian +—o— Welded contact
- Cenomanian - Turonian - Eaux-Chaudes granite - Lower Devonian

B)

External Units

[ Autochthonous - Parautochthonous
cover

NW

] Permian or Stephano-Permian
[ External Crystalline Massifs

Helvetic Nappes Complex
Lower Helvetic Nappes

] Morcles nappes

[] North Helvetic nappes (Ardon)
Upper Helvefic Nappes

[ Diablerets nappe
[ wildhom nappe
[ uitra-Helvetic

5 km

o ont: ' _ Thermal data
Aiguilles Rouges N o RSCM data (Boutoux et al., 2016)

7AT1°E  46.326°N 7.234°E [ 46.256°N © RSCM data (this study)
1500m 1500m

- Basement shear zone

5km

S— Tectonic contact

10



Chapter 1: Introduction

Figure 1.5: A) Geological cross-section from the western Eaux-Chaudes massif from Caldera et al. (2021). B)
Geological cross-section of the Helvetic nappe complex from Escher et al. (1993) after Girault et al. (2020). Both
cross sections show similar features such as the presence of sub-horizontal recumbent limbs and fold axial
planes, the overthrusting of allochthonous units, or the presence of stiff crystalline massifs in the footwall of the

structures.

1.3. Geological setting of the western-central Pyrenees

The Pyrenean massif is an asymmetric doubly-verging orogenic wedge (e.g., Choukroune et
al., 1989; Mufoz, 1992; Teixell, 1998) developed during the late Cretaceous-early Miocene
Alpine orogeny (Fig. 1.6) from the inversion of a hyperextended rift system, involving the
collision of the Iberian and Eurasian rifted margins (Clerc and Lagabrielle, 2014; Jammes et
al., 2009; Teixell et al., 2016). It consists of a large thick-skinned thrust system developed in
the Iberian basement that links to the north and the south to thin-skinned imbricate thrusts
affecting the Mesozoic-Cenozoic sedimentary cover. After the Variscan orogeny (late
Paleozoic), rifting occurred in the Pyrenean domain in two main episodes during the Permian-
Triassic and the early Cretaceous, culminating in mantle exhumation during the Albian-
Cenomanian (Jammes et al., 2009; Lagabrielle et al., 2010), subjecting to high temperatures
and fluid circulation the Mesozoic sedimentary rocks of the rift basin (e.g., Clerc, 2012; Clerc
et al., 2015, 2016; Chelalou et al., 2016; Menant et al., 2016; Villard, 2016; Corre, 2017;
Ducoux, 2017; Espurt et al., 2019; Izquierdo-Llavall et al., 2020; Saspiturry et al., 2020;
Ducoux et al.,, 2019, 2021). The Late Cretaceous encompassed a short post-rift stage,

followed by initial orogenic inversion starting in the mid Santonian times (ca. 84 Ma).

As for the orogenic evolution, Teixell et al. (2016) and Labaume and Teixell (2020), proposed
a model for the west-central Pyrenees in which during the first stages of the Pyrenean

orogeny the deformation in the west-central Pyrenees was mostly accommodated by thin-
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Figure 1.6: A) Geologic sketch of the Pyrenees showing the location of the Eaux-Chaudes massif, mapped in
Fig. 1.7. B) Crustal cross-section of the west-central Pyrenees (simplified from Teixell et al., 2016) indicating the
structural setting of the Eaux-Chaudes structure (red square), here projected in the subsurface; CBB: Chainons
Béarnais Belt; NPFT: North-Pyrenean Frontal Thrust; SPFT: South-Pyrenean Frontal Thrust.

skinned thrusting detached from the continental and upper mantle basement, favoured by
weak layers (mainly Triassic evaporites and shales) (e.g., Lakora thrust and Chainons
Béarnais Belt). Later convergent deformation progressively involved the basement, as the

exhumed mantle domain was shortened and closed and the continental margins collided
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(e.g., Teixell et al., 2016). An alternative model, based on the existence of a strong positive
anomaly in the western French Pyrenees, considers that the upper mantle remained at a
shallow position from the rifting to the Pyrenean orogeny and acted as a rigid backstop guiding
the deformation of the Iberian margin (Wang et al., 2016; Garcia-Senz et al., 2019; Saspiturry

et al., 2020).

The Eaux-Chaudes massif (ECM) is an Upper Cretaceous inlier surrounded by Paleozoic
basement rocks in the northwestern Axial Zone in the west-central Pyrenees (Ternet, 1965;
Fig. 1.6A). In the western part of the massif, in the Ossau Valley, the Eaux-Chaudes structure
consists of a km-scale south-verging, basement-cored recumbent fold outlined by Upper
Cretaceous carbonates (Caldera et al., 2021; Fig. 1.8A). To the east, the structure changes
abruptly through a transfer zone (the Gourzy transfer zone, GTZ in Fig. 1.7) to a simple thrust
structure, and much of the deformation is transferred to the autochthonous footwall (Caldera
et al., 2023; Fig. 1.8B). Due to the shallow-water carbonate nature of the pre-orogenic Upper
Cretaceous rocks, the Eaux-Chaudes massif is thought to have been located in the upper
Iberian margin (the Iberian shelf) before the Pyrenean collision. Compressional deformation
of the Eaux-Chaudes massif and related shear zones east of the massif is inferred to have
happened before the emplacement of the underlying Gavarnie thrust, during the early and
mid-Eocene (Wayne and McCaig, 1998; Jolivet et al., 2007; Labaume et al., 2016b) (Fig.

1.5B).

The stratigraphic succession of the Eaux-Chaudes massif consists of Upper Cretaceous
platform limestones resting directly on top of Paleozoic low-grade metasedimentary rocks or
granodiorites (Fig. 1.9). The Paleozoic metasedimentary sequence (Fig. 1.9) starts with the
Silurian weak unit mainly composed of black slates (Mirouse, 1962), which is considered a
regional decoupling level within the Axial Zone of the Pyrenees (e.g., Garcia-Sansegundo et

al., 2011, and references therein). The Silurian is followed by ~400 m of pelites, limestones,
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Figure 1.7: Geological map of the Eaux-Chaudes massif and surrounding areas modified from Caldera et al.
(2023) (location in Fig. 1.6A). Cross sections S2 and S5 are shown in Fig. 1.7 and are representative of the
change in the structural style between the western and the eastern sectors of the ECM. PnM: Péne Médaa ridge;

PnS: Péne Sarriere ridge; GTZ: Gourzy transfer zone.

sandstones, and quartzites Devonian of age (Ternet et al., 2004), culminating with turbidites
and limestones of the Carboniferous Culm facies (Delvolvé, 1987). These rocks were folded

during the Variscan orogeny and are intruded by a late Carboniferous granodiorite (301+£9
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Ma; Guerrot, 2001) known as the Eaux-Chaudes pluton (ECP), which together with the Upper
Cretaceous autochthonous succession immediately above, shows little deformation during
the Alpine orogeny (Fig. 1.8A; Caldera et al., 2021). Along the unconformity between the
Paleozoic basement and the Upper Cretaceous, occasionally Lower Triassic Buntsandstein
sandstone to conglomerate pods are preserved (Ternet, 1965), allowing to constraint the

polarity of the Paleozoic-Mesozoic succession wherever deformed (Fig. 1.9).

The middle-upper Triassic Keuper in the Eaux-Chaudes massif and vicinity is composed of a
melange of claystone and cargneule, enclosing Muschelkalk limestones, and ophites.
Although Keuper evaporites are not observed at the surface, these are commonly described
in adjacent Pyrenean pre-orogenic basins, essentially in the subsurface (e.g., Biteau et al.,
2006; Orti et al., 2017; Soto et al., 2017). In the Eaux-Chaudes massif ss., Caldera (2022)
and Caldera et al. (2023) interpreted the Keuper exposures to belong to an allochthonous

sheet carried by the Lakora thrust.

The Upper Cretaceous carbonates, of Cenomanian to Santonian age, represent a shelf in the
proximal margin of the Iberian plate during the Pyrenean post-rift stage (Casteras, 1956;
Casteras and Souquet, 1964; Ternet, 1965; Alhamawi, 1992). The Cenomanian consists of a
quartz-rich microconglomerate to coarse sandstone at the bottom that pass vertically to
packstones and mudstones (Conard and Riuolt, 1977; Caldera, 2022). The thickness of the
Cenomanian is ~25m and it lies on top of any Paleozoic unit (Figs. 1.7-1.9). A Turonian
limestone is highly variable in thickness (maximum of 80m) and is shown partly dolomitized
at the base. The transition to the Coniacian is usually recognized by a ~40m pack of

dolomitized grainstones and packstones (Alhamawi, 1992; Ternet et al., 2004).

The Santonian limestone is the most visible and recognizable unit along the massif (Fig. 1.7-

1.9). It consists of a widespread, white-coloured massive limestone with a thickness of 250m
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Figure 1.8: A) Representative cross-section of the western sector of the ECM from Caldera et al. (2023) in the
Ossau valley displaying the main geometrical features of the Eaux-Chaudes recumbent fold nappe (S2 in Fig.
1.7). Yellow asterisk indicates the location of a pinched allochthon Keuper in the welded syncline of the
recumbent fold. The Paleozoic autochthon is represented by the Eaux-Chaudes pluton, little deformed during
the Alpine compression. B) Representative cross-section of the eastern sector of the Eaux-Chaudes massif from
Caldera et al. (2023) (S6 in Fig. 1.7). The recumbent fold nappe is no longer observed, and the Eaux-Chaudes
nappe is interpreted to be replaced by a simple fold-thrust structure, eastward of the Gourzy transfer zone,
transferring much of the deformation to the Upper Cretaceous autochthon, which is characterized by ductile
features. In contrast with the western section, the Paleozoic autochthon is represented by Devonian
metasedimentary rocks. Mblz Cngl, Mendibelza Conglomerates; LqF, Licq Fault; CBB, Chainons Béarnais Belt;
MIN, Montagnon d'Iseye nappe; 5MN, Cinqg Monts nappe; MVN, Montagne Verte nappe; BU, Bedous Unit
(carried by the Lakora thrust); EBT, Eaux-Bonnes Thrust.
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(Ternet, 1965) that forms the highest reliefs. This unit ends with ~6-30m of limestone with
silex nodules, commonly developed in the cover of the western Axial Zone (Souquet, 1967;

Teixell, 1992).

The Santonian limestones are followed by sandstone-shale flysch deposits of Campanian-
Maastrichtian age (Ternet, 1965), recording the first stages of the flexural subsidence related
to the Pyrenean orogeny (Teixell, 1992). This unit could reach several hundreds of meters in

thickness in the Eaux-Chaudes massif (Ternet et al., 2004), but its top is not exposed.

The structure of the Eaux-Chaudes massif along the Ossau valley consists of ~9 km long
recumbent fold nappe detached on the Silurian shales, with a large overturned limb showing
ductile deformation in the Upper Cretaceous carbonates (Caldera et al., 2021). Raman
Spectroscopy of Carbonaceous Material (RSCM) paleothermometry in these carbonates
indicates maximum temperatures of ~350°C for the overturned limb of the Eaux-Chaudes
structure (equivalent to greenschist facies conditions), consistent with observed mylonitic
foliation and lineations in the Upper Cretaceous carbonates (Caldera et al., 2023). In the
normal limb, which is comparatively little deformed, temperatures of ~310°C were reached,
which led Caldera (2022) to deduce a relatively moderate geothermal gradient of ~30-
45°C/km based on the Upper Cretaceous rocks. The recumbent fold is in tectonic contact
over an autochthonous Upper Cretaceous cover with similar stratigraphy, attached to the
Eaux-Chaudes pluton underneath (Fig. 1.8A). Small Buntsandstein remnants are pinched in
the tectonic contact between the overturned limb and the autochthonous succession (yellow
asterisk in Fig. 1.8A). The fold structure shows a marked strain increase towards the

recumbent limb, and from the south to the north (Caldera, 2022; Fig. 1.10A).

17



Chapter 1: Introduction

Keuper allochthon (Bedous unit Eaux-Chaudes Upper Cretaceous
L 1
Campanian -
Maastrichtian
300
% -~
e IR
| — R
= S
= Triassic
2
=X
>
250
Paleozoic metasedimentary basement
(2]
g Santonian
8
Eifelian-Givetian/ g
Eifelian-
Lower Framennian 8
3
=
§ o
Frasnian 5
: 2
2 =)
2
Late Givetian- 150
|Lower Frasnian
Eifelian
Emsian-
Eifelian- 100
Givetian
=
-g Coniacian
&
g
50
Lochlcn_vian—
Pragian Turonian
Cenomanian
=
2 N
% | JLower Triassic|
Basement

Figure 1.9: Synthetic stratigraphic columns modified from Caldera (2022) of the different lithostratigraphic units

outcropping in the Eaux-Chaudes massif and surrounding units.
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To the east, the structural style changes abruptly through the Gourzy transfer zone to a fold-
thrust fan in the Upper Cretaceous carbonates (including the Eaux-Bonnes thrust, Fig. 1.8B,
equivalent to the basal thrust of the fold nappe described in the west). The upper Cretaceous
in this area also registered elevated temperatures (~350°C), consistent with the observed
ductility of the limestones (Caldera et al., 2023; Fig. 1.11). In this area, the strain increase
from north to south (Fig. 1.10B), and the autochthonous succession is attached to the
metasedimentary Devonian limestones and slates just below (e.g., Fig. 1.8B). The latter are
intensely deformed and reworked in the Alpine times, and so is the unconformity between

them.

A)
Western sector

B)
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EBT
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Figure 1.10: Sketch from Caldera (2022) highlighting the domains of strain using the fabric intensity as a proxy
in the A) western sector or Eaux-Chaudes recumbent fold nappe domain and B) eastern sector or deformed
autochthon domain. ECFN: Eaux-Chaudes Fold Nappe; EBT: Eaux-Bonnes thrust; PGFTF: Pic de Ger fold-
thrust fan; ECN: Eaux-Chaudes Nappe.
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Figure 1.11: Examples from the ductility displayed by the Upper Cretaceous carbonates of the Eaux-Chaudes

massif.

Both the recumbent fold nappe and the folds of the eastern deformed autochthon display a
moderate plunge to the west. On the western hillsides of the Ossau valley the fold nappe
disappears cartographically under the Lakora thrust sheets, a series of allochthonous units
that carry Palaeozoic metasediments and Triassic (Buntsandstein, and Keuper facies of the
Bedous unit, Fig. 1.8A), as well as Albian conglomerates (Mendibelza unit) (Figs. 1.7 and
1.8). To the north, these units are in turn overridden by the Chainons Bearnais belt (CBB), a
fold-thrust system involving Jurassic to Aptian carbonates and Upper Cretaceous flysch
detached on the Keuper, affected by widespread diapirism (Teixell et al., 2016; Labaume and
Teixell, 2020). The estimated burial for the Eaux-Chaudes massif from field observations by
Labaume et al. (2016b) and Caldera et al. (2023) encompass from 8 to 12 km, although there

is a large uncertainty in this estimation.

The whole system was uplifted in the hanging wall of the Gavarnie and Guarga thrusts during
mid-late Eocene to Oligocene times, during fast exhumation and the tilting of the Axial Zone
arch (Bosch et al., 2016; Labaume et al., 2016b). This produced a gentle northward tilt of the
ECM, and small, north-verging back-thrusts, backfolds, and a steep foliation in the southern

part of the massif (Caldera et al., 2023).
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1.4. Motivation and objectives of the study

As aforementioned, the mechanical properties of rocks and the mechanical variations are key
factors in the deformation style acquired in a particular region (e.g., Figs. 1.1 and 1.8). In the
case of the Pyrenees, inherited extensional structures from the hyperextension (e.g., Chevrot
et al., 2018), crustal-scale transfer zones (e.g., Saspiturry et al., 2022) or tear faults delimiting
areas with marked different structural style (e.g., Caldera et al., 2023) highlighted the non-

cylindricity of the northern Pyrenees.

The Eaux-Chaudes massif constitutes a unique starting-point natural laboratory to investigate
the variables favouring the occurrence of thrust nappes or fold nappes, and to gain insight
into the meaning of structural variations in terms of rheology and mechanical stratigraphy
(e.g., Fig. 1.12). Moreover, the preservation of the Upper Cretaceous in this part of the Axial
Zone is a key factor because it is a marker of the ductile deformation suffered during the
Alpine orogeny, not easy to characterize in other areas of the Pyrenean Axial Zone. The
presence of a stiff plutonic body, the alternance of weak and stiff layers and their initial
geometrical configuration are among the key variables during the Alpine deformation of the

Pyrenees which will be investigated (e.g., Fig. 1.12).

The main objective of this thesis is to reveal how to reconcile the high-temperature and ductile
conditions observed in the Eaux-Chaudes massif reported in the regional study of the
structure carried out by Caldera (2022) and determine the sequential timing of events that
produced the Eaux-Chaudes fold nappe, including the age of the deformation and the

exhumation of the structure.
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Figure 1.12: Sketch of an alternance of stiff and weak layers within a thick shear zone and the variables that
could determine the dominant frictional-plastic/brittle or viscous/ductile behaviour, therefore, the structural style

developed.

The specific objectives of this study are summarised as follows:

e To model under which geometric and mechanic conditions in terms of mechanical
stratigraphy (plasticity vs. viscosity) a thrust- or a fold nappe with a long recumbent
limb are favoured, based on the Eaux-Chaudes fold nappe natural example and
applicable to other orogens worldwide.

e Related to the latter point and to the paleotemperature record provided by Caldera
(2022), to model under which range of thermo-mechanical and rheological conditions
one of the two types of nappes is favoured.

e To constrain the sequence of events and the age of folding in the Eaux-Chaudes
massif, to better understand the timing of the inversion process in the upper Iberian
margin in the west-central Pyrenees.

e To provide information on the timing of exhumation of the Upper Cretaceous of the
Eaux-Chaudes recumbent fold nappe and the autochthonous of the eastern sector (the
low-temperature thermochronology performed by Bosch et al. (2016) was exclusively
focused in the Eaux-Chaudes pluton), as well as of the overlying upper nappes (i.e.,

Montagnon d’Iseye, Cing-Monts and Chainons Béarnais units).
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To model the thermal history of the Eaux-Chaudes massif from the exhumation data

to better understand the thermicity observed in the area and its timing.

1.5. Thesis structure

This thesis is divided into 9 chapters. It constitutes the work | have done at the Department

of Geology of the Universitat Autonoma de Barcelona (UAB) to obtain the degree of PhD, with

collaboration with the Johannes Gutenberg University Mainz and the University of Texas at

Austin. The chapters of this thesis are organised as follows:

Chapter 2 describes the methodology used to achieve the main objectives proposed.
Chapter 3 contains an analysis by means numerical modelling simulations (LaMEM
numerical code) of the role of the inherited geometry and the mechanical stratigraphy
on the development of thrust and fold nappes under linear viscosities, non-dependent
on temperature.

Chapter 4 extends the modelling study by including the influence of the temperature
and non-linear rheologies on the numerical simulation of thrust and fold nappes, by
means of thermo-mechanical modelling.

Chapter 5 presents the results of a study of calcite veins in the Eaux-Chaudes massif
as kinematic indicators of the deformation, and shows the geochronological results
obtained in vein calcite and their implications.

Chapter 6 presents the thermochronology (ZHe) results to constraint the exhumation
and late thermal evolution of the Eaux-Chaudes massif by the obtention of central ages
of cooling and by inverse thermal modelling results (QTQt software).

Chapter 7 contains a general discussion of the results presented in chapters 3, 4, 5,

and 6.
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Chapter 8 presents the main conclusions of this work.

Chapter 9 contains the references cited.

Annex A.3 shows complementary mechanical simulations in addition to those shown
in Chapter 3

Annex A.4 contains the complementary thermo-mechanical simulations in addition to
those of Chapter 4

Annex A.5 contains the geochronology data repository from Chapter 5 and also the
complete series of Tera-Wasserburg age plots of all the analysed samples.

Annex A.6 includes the complete series of QTQt model runs performed in this work.
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Chapter 2: Methodology

Chapter 2 describes the workflow used to achieve the proposed objectives. This thesis is
based on a multi-method approach combining classical field work, numerical simulations to
generate prediction models, novel and recently developed instrumental techniques (in-situ
LA-ICP-MS U-Pb dating in calcite), and classical instrumental methods (low temperature (U-

Th)/He thermochronology).
2.1. Fieldwork

This thesis is based on 66 days of fieldwork in the Eaux-Chaudes Massif and the surrounding
structural units from October 2018 to October 2022. Due to high mountain weather conditions,
the Eaux-Chaudes massif is covered by snow from November to June, and field campaigns
(each from 5 to 12 days) had to be scheduled in the summer. The characteristic high relief of
the Eaux-Chaudes massif makes it difficult to access the study area by car outside the main
roads (where the Upper Cretaceous outcrops are scarce), and access to elevated areas via
the few off-roads was only possible prior to municipal permit demand. Hence, most of the
effort and time was inverted in hiking to access remote areas for sampling, recognizing, and

describing the geology or taking panoramic photos of the outcrops.

Field structural data acquisition (bedding and foliation dips, calcite vein orientation, stretching
lineation, and fold axes) was performed using a tablet (IPAD model Air A1566) and FieldMove
application for structural data. These data were later processed in the office with the MOVE
software using an academic license provided by Petroleum Experts and plotted using the

Stereonet© software (Cardozo and Allmendinger, 2013).

Since the mapping and recognition of the structure at the macro- and microscale was

performed by Caldera (2022), the main objective of the fieldwork focused on the search for
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kinematic indicators registered by the Upper Cretaceous rocks (i.e., calcite veins). These are
very useful for constraining relative chronologies at the outcrop scale, which could then be
extrapolated to a larger scale and susceptible to be dated by LA-ICP-MS U-Pb in calcite,
allowing us to put a precise age on the deformational event. Another objective of the fieldwork
was the sampling of the Upper Cretaceous rocks at different structural positions of the Eaux-
Chaudes Fold Nappe (ECRFN) and also the Paleozoic structural units (i.e., Montagnon
d’Iseye nappe, Cing-Monts nappe and Bois de la Traillere nappe) to obtain suitable apatite

and zircon grains to analyse by low temperature (U-Th)/He thermochronology.

During fieldwork, a total number of 220 samples were collected from the Eaux-Chaudes
massif, including calcite veins (125 samples) and bedrock samples for facies identification
and petrographic recognition of the metamorphic and tectonic processes recorded by the
rocks (60 samples). In addition, 510 kg were collected for each sample intended for the low-
temperature thermochronologic study because of the calcareous nature of the massif (35

samples).

2.2. Laboratory work

Petrographic and geochemical analyses were performed on samples collected in the field.
The methods used included classical petrography and cathodoluminescence from thin
sections, major element analysis (ICP-MS), zircon separation, (U-Th)/He thermochronology,
and in-situ LA-ICP-MS U-Pb geochronology in calcite. These methods are described in detail

below.

2.2.1 Petrography from thin sections

A total number of 144 thin sections were made from the 220 samples collected in the ECM
area and surrounding units (i.e., Montagnon d’lseye nappe, Cing-Monts nappe and Bois de

la Traillere nappe). Most of the thin sections belong to calcite veins of the Upper Cretaceous
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carbonate rocks, but they also include Triassic (Buntsandstein) sandstone and Paleozoic

metasedimentary rocks.

The samples were oriented in the field, and thin sections were made normal to the foliation
and parallel to the stretching lineation (where identified) to observe the fabrics and symmetry.
Some samples were cut multiple times in the regions of interest (i.e., porphyroclasts, rods,
etc.). Petrographic observations of the thin sections were made using a Nikon Eclipse E400

Polarizing Light microscope connected to a Nikon DS-F/3 12V camera.

2.2.2. Cathodoluminiscence

Cathodoluminescence (CL) is a non-destructive imaging technique that can be used to
distinguish crystal growth zonation and mineral generation from different fluids. If applied to
fracture-filling carbonates (calcite and dolomite), it can provide clues to different fracture
opening events, which is especially useful because it allows us to date different tectonic
processes using the in-situ LA-ICP-MS U-Pb technique (if there is enough [U] and low
common [Pb]). The intensity of the CL is a function of the trace elements present in the calcite
and dolomite structures (Roberts et al., 2020), where Mn?* is the main brightness activator
and Fe?* is the principal suppressor (e.g., Machel, 1985, 2000; Savard et al., 1995; Hiatt and
Pufahl, 2014; Roberts et al., 2020). Although U is a trace element in carbonate minerals, the
luminescence is not specifically related to it (Roberts et al., 2020), and in some cases, it can

also be activated by rare earth elements (REEs) and Pb?* (Richter et al., 2003).

To identify the possible different fracture-filling calcite and dolomite cements that potentially
register different fluid events related to recumbent folding or thrusting in the ECM,
petrographic observations of 25 selected and polished thin sections were made under a
cathodoluminescence microscope. A Technosyn Cold Cathode Luminescence model 8200

MkIl at Universitat de Barcelona (Spain), with operating conditions of 15-18 kV and gun
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current of 300-350 uA was used to distinguish different types of cements susceptible to dating

using the LA-ICP-MS technique.

2.2.3. Element analysis (ICP-MS)

Prior to the geochronological analyses of calcite veins by in-situ LA-ICP-MS U-Pb in calcite,
major element analyses (Ca, Mg, Mn, Fe, Sr, Na, U, and Pb) by mass spectrometer inductively
coupled plasma (ICP-MS) were performed to provide information about the availability of U
to address the dating of the veins. Samples were analyzed using the Thermo Scientific mode
Element XR in the Geochemical Laboratory labGEOTOP of the GEO3BCN-CSIC. A second
batch of samples was analyzed using Agilent ICP-MS, model 7900, at the chemical analytics

service facility (SAQ) of the Universitat Autbnoma de Barcelona.

Representative calcite veins from different domains of the ECM were sampled from trims
using a 400/500 um-diameter dental drill at the petrographic laboratory of the Universitat de
Barcelona. Up to 100 mg of each powdered sample was dried at 40°C for 24h and acid
digested in closed vessels with a combination of HNOs, HF, and HCIO4 (2.5 mL: 5mL: 2.5
mL v/v). These were then evaporated and 1 mL HNO3s was added for double evaporation.
Finally, the samples were re-digested and diluted with MilliQ water (18.2 MQcm™) and 1 mL

of HNO3 in a 100 mL volume flask.

2.2.4. In situ LA-ICP-MS U-Pb geochronology in calcite

The applied method was similar to that described in Palacios-Garcia et al. (2023). The U-Pb
analyses were carried out at the UTChron Laboratory of the University of Texas at Austin in
four fully automated sessions in a period between 24-09-2021 and 29-11-2021. Samples were
ablated with a Teledyne Analyte G2 193 nm Excimer laser, with a Helex dual volume sample
cell. The ablated material was transported by helium carrier gas to a Thermo-Element 2, High-

Resolution Single Collector Magnet Sector (HR-ICP-MS). Laser conditions included an
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energy of 6 mJ, a repetition rate of 10 Hz and a fluence between 2.79 J/cm2 and 4.04 J/cm2

depending on the session (Table 2.1).

Session

Date

Sample

Spot 2

Fluence (J/cm?)

24/09/2021

19MG21

19MG74A

19MG74B

19MG79

110 ym

2.79

08/10/2021

19MG21

19MG46

19MG74A

19MG79

85 um

3.80

05/11/2021

19MG20

19MG21

19MG43

85 um

19MG46

135 um

3.59

29/11/2021

19MG20

19MG32

19MG67

85 um

19MG43

65 um

4.04

Table 5.2: Detailed laser conditions during each performed session at the UTChron Lab

Different spot sizes were used depending on the thickness of particular veins. Some samples

were revisited in successive sessions to focus on the zones with the highest [U]. The laser

conditions were optimized to maximize the signal strength and stability, while ensuring that

no melting occurred at the ablation site. The samples were analysed with in-situ LA-ICP-MS

in polished billets (0.5 cm thick). The individual spot analysis consisted of 10 pre-ablation

shots for surface cleaning followed by 25 seconds of baseline data collection, and then 300

ablation shots were fired finally followed by 27 seconds of washout. Between 15 and 75 spots

were ablated in each cement, counting a total of 100-150 spots per sample and approximately

1606 spots in total (including WC-1 and NIST-614 standards). The repository of the obtained

data grouped per session is presented in Appendix A.5 (Tables A5.1, A5.2, A5.3, and A5.4).
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The age calculations were performed with the lolite v3.5 software (Paton et al., 2011) and
VisualAge_UcomPbine program of Chew et al. (2014). Elemental and isotopic fractionation
were corrected by interspersed analysis of the primary calcite reference material WC-1
(Roberts et al., 2017). Analyses were performed in a repeated series of two standards
followed by ten unknowns, with NIST-614 measured periodically to monitor the Pb isotopic
fractionation (Hollocher and Ruiz, 1995). As explained in Palacios-Garcia et al. (2023), the
primary reference material, WC-1, was corrected for common Pb by using the 2°’Pb isotope
(?°7Pb/2%Pp = 0.85; Roberts et al., 2017). Time-integrated data were exported from the lolite
as entire 30-s ablation windows when isotopically homogenous or broken up into several
shorter ablation windows when exhibiting isotopic variation to maximize spread in common
Pb composition. When calcite precipitate in the veins it incorporates 23U and 23°U to the
crystal lattice, which decays to 2°°Pb and 2°’Pb respectively. However, it also can incorporate
initial or “common Pb”, which refers to any non-radiogenic source of Pb (usually calculated
as the 238U/2%4Pb). In an ideal U-Pb geochronometer, the amount of common Pb is zero, and
all daughter Pb is product of the parent U decay if it remains in a closed system. However, if
the system becomes open, variable amount of common Pb can be incorporated into the
calcite or part of the U can be lost, restarting the geochronometer or adding imprecision to

the age (e.g., Roberts et al., 2020).

The 207Pb/2%Pb and 238U/2%PDb isotopic ratios, together with the associated absolute 20
errors, were plotted on Tera-Wasserburg diagrams (Tera and Wasserburg, 1972), and lower
intercept ages were calculated using IsoplotR (Vermeesch, 2018). Data showing large error
ellipsoids (>25% error) off the regression line and/or spots hitting two types of cement or the
host rock were excluded from age determination according to the recommendations of

Roberts et al. (2020).
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2.2.5 Zircon (U-Th)/He Thermochronology

The laboratory work consisted of obtaining suitable zircons and apatites of the study area
samples for low-temperature (U-Th)/He thermochronology. From the 220 total samples of this
thesis project, 35 were collected in the different structural units recognized, conforming

vertical profiles where possible.

The heavy mineral fraction of the samples was obtained following standard separation
methods based on the methodologies proposed by Mange and Maurer (1992) and Ando
(2020) at the Thin Section Laboratory and Petrographic and Geochemical Laboratory of the
Department of Geology of the Universitat Autbnoma de Barcelona. Samples were crushed
with a Retsch Disc Mill DM 200 and submitted to Struers Metason 200 for 5 minutes to
disaggregate the well-cemented sand and clay coatings, and then sent to a digital
electromagnetic sieve shaker BA-200 (dry sieving) to obtain the <500um fraction. Then, the
recovery of the heavy fraction was performed first using a Holman-Wilfley laboratory shaker
table and then by the centrifuging method (using nontoxic dense liquid Na-polytungstate; 3.00
— 3.05 g/cm3) and partial freezing with liquid nitrogen (Ando, 2020). Zircon and apatite were
obtained using a Slope Frantz isodynamic magnetic separator at the Universitat de Barcelona

and the UTChron laboratory of the University of Texas at Austin.

The (U-Th)/He analyses were performed at the UTChron Laboratory at the University of Texas
at Austin. Mineral grains from the selected samples (11) belonging to the different structural
units were handpicked and screened for inclusions using a Nikon SMZ-U/100
stereomicroscope with a rotating stage at the University of Texas at Austin. Zircons with fluid
inclusions and fractures were excluded to be picked. All the grains were digitally
photographed and archived using a Nikon camera. The grains were morphometrically

measured using LabVIEW-based custom codes and imported to LabView routine to calculate
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alpha-ejection correction. These values were uploaded and archived to the UTChron
database. After morphometric characterization, the mineral grains were packed in Pt tubes
and step-heated and degassed for He under ultrahigh vacuum. The total He concentration
was measured using a quadrupole mass spectrometer (e.g., Brennan et al., 2020). After
degassing, the zircons were unpacked from Pt tubes and dissolved with a combination of HF
and HNOs, which was analyzed using a Thermo Scientific Element2 ICP-MS for the absolute
concentrations of U, Th, and Sm (Wolfe and Stockli, 2010). Incompletely dissolved grains
were discarded from analysis. Fish Canyon zircons were used as reference material for
monitoring data quality (Reiners, 2005), and an 8% standard error was applied to all zircon

data measurements.

2.3. Office work

2.3.1. Numerical modelling

Mechanical and thermomechanical simulations were performed to study the constraints for
thrust/fold nappe development and reproduce field observations of the Eaux-Chaudes
recumbent fold nappe and gain understanding on the rheological, mechanical, geometrical
and temperature conditions under which a determinate structural style (i.e., thrust nappe vs.
recumbent fold nappe) is favoured over the others, so that the results could be extrapolated

to similar setups or situations found in other orogens.

The 3-D thermomechanical staggered finite differences code LaMEM (Kaus et al., 2016) was
used to perform 2D parametric simulations to investigate the controlling factors and changes
in the deformation style between thrust nappes (plastic/brittle-localization) and recumbent fold
nappes (viscous/ductile-distributed). The LaMEM code is based on the concept of continuum
mechanics (e.g., Mase and Mase, 1970; Turcotte and Schubert, 2014) to solve partial

differential equations describing the deformation of rocks.
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We applied the conservation of mass, linear momentum, and energy using the following

equations:
i 2.1
axi o ( ' )
JdP aTl'j
__Xi _|_ ax] = pgi, (22)
CaT—a<AaT>+H + H 2.3
Pop ot = o \"axy) TR T TS (23)

where Xx; is the Cartesian coordinate system (1 is for x-direction, 2 for y-direction and 3 for z-
direction), v;is the component of the velocity vector, P is the pressure, 1; = 0;; + P represents
the components of the deviatoric Cauchy stress tensor (& is the Kronecker delta), p is density,
g, is the gravity vector with a value of [0 0 9.8], C, is the specific heat, A is the thermal

conductivity, Hr is the radiogenic heat production and Hs the shear heating.

The simulations were performed using visco-elasto-plastic rheology with linear viscosities in

the case of the purely mechanical simulations:

!

T’ Tii
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gj=¢&j te&; te; =
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2G 277eff T

where &;; is the deviatoric strain rate tensor; &, 7, s‘fjl are the elastic, viscous and plastic

. . . ati; .
components of the deviatoric strain rate tensor; v';; = —% + Twy; — Wi Ty; is the Jaumann
at

. . 1 (0v; av;i\ . . . .
objective stress rate; w;; = > (% — a_x]) is the spin tensor; G is the elastic shear modulus; nes
] L

is the effective viscosity; and t;; is the square root of the second invariant of the stress tensor;
1 1/2 . . .

Ty = (ETU’ Tl-j) . In the case of the thermo-mechanical simulations, the temperature-

dependent viscosity is governed by the equation:
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_En+Pynl/m (4 1
neff = 2 [Bn e RT ] é” n ) (25)

where nerris the viscosity; By is the creep constant, Ej, is the activation energy, R the universal

gas constant, n is the stress exponent and &;; is the square root of the second invariant of

. 1 1/2
the strain rate tensor (¢j; = (E éijéij) )-

The magnitude of the plastic strain rate (e’ﬁl) is determined by applying the Druker-Prager

criterion for plasticity:
T < Ty = sin(¢) P + cos(¢) c, (2.6)
where tyis the yield stress; ¢ is the friction angle, P is the pressure and c the cohesion.

The systems equation is solved with LaMEM using a discretization of the continuum based
on a staggered-grid finite-difference approach. Material properties were advected using the

marker-in-cell method, and a free surface was implemented using the sticky air approach.

In the initial setup, a free-slip boundary condition was applied to the left and right sides of the
models to allow free vertical displacements and a constant strain rate of 10-'° s from both

sides of the model.
2.3.2. Thermal modelling

Thermochronometric data obtained in this study (see sections 2.2.5 and 6.2) was modelled
using the QtQt software (Gallagher, 2012), which performs inverse thermal histories using the
Bayesian transdimensional Markov Chain Monte Carlo (MCMC) (Gallagher et al., 2009).
During the inversion, the QTQt software first defines random time-temperature paths to
approximate a thermal history, allowing the modeling of the observed data, which is limited

by user-defined constraints. Subsequently, the thermal history is altered to produce a
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proposed model that is compared to the data. If the data fit the model well, it is accepted and
statistically contributed to the overall collection of models; otherwise, it is rejected. Following
the recommendations of Abbey et al. (2023), this process was repeated 300.000 times each
model run. The acceptance of the proposed model is done as a function of the data fit
(likelihood functions). The output released by the QTQt software is a probabilistic ensemble
of all accepted thermal history models, where the maximum likelihood model is the one which
most fits the data, although it could be complex because it can include features that may not
be justified by the data. Nevertheless, the software also releases the weighted mean model
(expected model), which contains the most relevant features of the posterior (i.e., accepted)
models, averaging out less certain features. The ZHe and AHe ages were modelled using
spherical diffusion, where a-ejection and diffusion during the thermal history were also

simulated.

The software includes the radiation models of Flowers et al. (2009) and Gautheron et al.
(2009) for apatite, and Guenthner et al. (2013) for zircons. The software can use resampled
ages instead of the observed ages by using a normal distribution based on the observed age
with a standard deviation equal to the input error, which allows for the uncertainty in the ages.
The same process can be done with the error (resampling error), which consists of introducing
a scaling factor in the observed error to treat the data as more precise (low scaling) or less
precise (high scaling). This approach assumes that there is no major disruption between
samples; therefore, they have experienced similar thermal histories. Modelled thermal
histories for the uppermost and lowermost samples are simulated together with the
temperature offset in every iteration, and the thermal histories of the samples in between both

are linearly interpolated (Gallagher et al., 2009; Gallagher, 2012, 2021).
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2.4, Glossary of terms and definitions used in this manuscript

To facilitate the comprehension and the easy-reading of this thesis memoir, a short glossary

of terms and abbreviations which are used is presented in this section.

Linear behaviour: This term is used in the numerical modelling to describe a linear
relationship between the deviatoric strain-rate and stress tensors (i.e., € < o ). It implies
that the stress exponent n is equal to 1. For this condition the viscosity is constant.
Non-linear behaviour: This term is employed to describe non-linear relationship
between deviatoric strain-rate and stress tensors ¢ « ¢, where n>1. It implies that
viscosity is strain-rate dependent.

Mechanical models: The mechanical models are those simulations in which the
employed rheologies (linear or non-linear behaviour) are non-temperature-dependent.
Thermo-mechanical models: Refers to those simulations made using LaMEM software
in which the rheologies (linear or non-linear elasto-viscoplastic) are temperature-
dependent.

Media (chapter 4): This term is restricted to chapters 4 and 7 and is utilized to englobe
the Silurian, the Eaux-Chaudes granite and the Keuper layers in the thermomechanical
simulations.

Plastic vs. ductile strain: Following the common usage in modelling studies, plastic
strain is used to describe deformation under dominantly brittle conditions (after yield
defined by frictional criteria). On the other hand, ductile strain is employed to describe
deformation under dominantly viscous behaviour (i.e., with no plasticity developed).

Bulk natural strain: The natural logarithm of the ratio between final and original length.
Second invariant of the strain-rate (&;;): it is a physical quantity of the strain-rate tensor

independent of the reference coordinate system and provides a quantification of the
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intensity of the deformation. The ¢,;; is one of the real roots of the characteristic equation
of the strain rate tensor and is expressed as €% = %(e‘ii €jj — €j éﬁ) = €xx€yy t €y €, +
€xx€r — (€3, + €5, + €5,), Where é;; are the components of the strain rate tensor in the
system of reference (x,y,z).

(strain) localization levels: this term refers to zones in the numerical simulations with

high values of the second invariant of the strain rate tensor.
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Chapter 3: Fold vs. thrust nappes: insights from numerical

modelling using linear elastoviscoplastic rheology

3.1. Introduction

Fold and thrust belts resulting from basin inversion in orogenic belts are mainly controlled by
pre-existing geometrical factors (e.g., basin geometry, orientation of inherited structures and
sedimentary layers, variations in cover/basement relationships, etc) and by the mechanical
behaviour of the rocks involved in the deformation (i.e., brittle frictional sliding vs. ductile

viscous creep) (e.g., Pfiffner, 1993; Bellahsen et al., 2014; Lacombe and Bellahssen, 2016).

Thrust nappes (or thrust sheets) and fold nappes could be considered as the two end-
members of the so-called tectonic nappes, which are recognized in orogenic fold-and-thrust
belts worldwide (e.g., Price and McClay, 1981). Although the geometry and kinematics of fold
nappe structures are well documented after more than a century of studies (e.g., Lugeon,
1902; Heim, 1906, 1919-1922, Termier, 1906; Argand, 1916; Ramsay, 1980; Escher et al.,
1993; Epard and Escher, 1996, Fernandez et al., 2007; Bastida et al., 2014, Pfiffner, 2014),
their mechanical controls are still being under discussion (e.g., Bauville and Schmalholz,

2017; Spitz et al., 2020; Kiss et al., 2020).

As pointed out by previous studies based on field observations, geometrical factors such as
the alternation of weak and strong sedimentary layers and their relative thickness play a
mechanical key role in the thrust or fold nappe development. Thus, the overall folding of strong
layers is promoted over thrusting when the weak levels are relatively thick in comparison to
the strong layers (e.g., Pfiffner, 1993; Epard and Escher, 1996, Erickson, 1996, Costa and

Vendeville, 2002).
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Tectonic inheritance is a key feature that must be considered in orogenic belts, not only due
to the precursor geometry but also because of its influence on the mechanic behaviour of the
system (e.g., Butler et al., 2006; Bellahsen et al., 2012; Zerlauth et al., 2014; Butler et al.,
2018). The presence of stiff plutonic bodies or faults that can potentially act as buttresses can
also exercise a control on the structural style developed in a region, by focusing the
deformation (e.g., Wissing and Pfiffner, 2003; Bauville and Schmalholz, 2017; Kiss et al.,

2020, Spitz et al., 2020).

In recent years, numerical modelling has become a powerful tool to unravel the influence of
mechanical properties and initial geometry on the final configuration of fold-and-thrust
nappes. Studies have been carried out particularly with application to the Helvetic nappes of
the Alps, endorsing field observations and highlighting the relevance of the mechanical
stratigraphy (e.g., Beaumont et al., 2000; Wissing and Pfiffner, 2003; Jaquet et al., 2014;
Bauville and Schmalholz, 2015; Lafosse et al., 2016; von Tsharner et al., 2016; Bauville and

Schmalholz, 2017; Spitz et al., 2020; Kiss et al., 2020).

In this sense, the infra-Helvetic nappes of the Alps (i.e., Morcles, Diablerets, Wildhorn) are
interpreted as result of ductile closure of former extensional basins along thick basement
shear zones, and the accompanying extrusion of the weak sedimentary cover infilling these
basins (Belhassen et al., 2012; Spitz et al., 2020). In the Axial Zone of the Pyrenees, Caldera
et al. (2021) recently described a basement-involved fold nappe structure affecting the strong
Upper Mesozoic sedimentary lid in the Eaux-Chaudes area (western Axial Zone, France; Fig.
1.6 and 3.1). For this case, the ductile closure and extrusion of deep rifting Mesozoic basins
cannot be invoked given that the fold structure was formed after a tabular carbonate platform
deposited during the post-rifting stage. In general, Alpine deformation in the Pyrenean
hinterland is interpreted as produced by thick-skinned thrust stacking of the basement rocks

(i.e., Axial Zone) (e.g., Choukroune et al., 1989; Mufoz, 1992; Teixell, 1998; Beaumont et al.,
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2000; Mouthereau et al., 2014; Teixell et al.,2018). The observation of a fold nappe structure
affecting the Upper Cretaceous sedimentary cover in the hinterland of the Pyrenean orogen
offers insights that can be compared to other orogens where similar ductile structures in

sedimentary cover rocks are observed (e.g., the Helvetic Alps).

The objective of this chapter is to study the influence of the tectonic inheritance (i.e., initial
configuration), mechanical stratigraphy (i.e., material properties and their constrasts), and
rheology (e.qg., brittle/frictional vs. viscous) on thrust or fold nappe development, based on the
Eaux-Chaudes example. Additionally, | also try to explain and quantify the mechanisms under
which a km-scale overturned recumbent limb can be developed (i.e., fixed hinge and

stretching of the overturned limb vs. hinge migration and rigid limb rotation).
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3.2. The mechanical modelling method

3.2.1. Model configuration

The structure of the Eaux-Chaudes fold nappe proposed by Caldera et al., 2021 is shown in
Fig. 3.1. Restoration of the cross-section was done assuming plane strain, transport parallel
to the cross-section and line-length balancing. Being aware of the uncertainty of the implicit
assumption of the latter, the uncertainties in the amount of ductile deformation experienced
by the recumbent limb (e.g., Caldera et al., 2023), two end-member options were used for the
restoration to constrain the minimum/maximum length of the Upper Cretaceous cover. One
option assumed no stretching of the recumbent limb (Fig. 3.1C and E), which gave an Upper
Cretaceous panel 21.3 km long and 12.8 km of shortening (60%). The second extreme option
was to assume that all the recumbent limb was formed by ductile/brittle simple shear (Fig.
3.1D and F), implying a discrete shear zone and offset between layer cut-offs, giving a

restored Upper Cretaceous of 16.3 km long and 7.8 km of shortening (48%).

The geometrical features of the reference model to start the simulations is shown in Fig. 3.2.
Based on the Eaux-Chaudes nappe restoration, it consists of 85 x 11 km model box with a
numerical resolution of 256 x 136 (X x Z) elements, and a refinement of the mesh in the Z
direction in the bottom part of the model (128 elements between -8 km < Z < -0.5 km). The
model is divided in two main domains separated by the Lakora thrust detachment level of the
allochthonous nappes. The hanging wall represents the allochthonous nappes of the Lakora
and the North Pyrenean nappes (i.e., allochthonous Paleozoic-bearing upper thrust sheets
and Mesozoic rocks of the CBB) while the footwall includes two subdomains representing the
future Eaux-Chaudes nappe and its autochthonous footwall (Fig. 3.2B). The Lakora
detachment was prescribed as a weak mechanical layer with a flat-ramp-flat geometry (Fig.

3.1 and 3.2). For the reference model, the angle of this ramp was defined to be =10°. The
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Figure 3.1: A) Geological map of the western Eaux-Chaudes massif in the Ossau valley (Caldera et al., 2021).
B) Cross section of the Eaux-Chaudes recumbent fold nappe in the western side of the Ossau valley (see Figs.
1.6 and 1.7 for location) (Caldera et al., 2021). C) Restored section of the Eaux-Chaudes fold nappe assuming
no ductile stretching of the reverse limb (i.e., migrating fold hinge). D) Alternative restored version considering
the entire reverse limb as a product of ductile stretching (i.e., blocked or reduced-mobility hinge). E) Sketch of
the non-ductile reverse limb end-member case shown in C, assuming that there is no ductile stretching in the
recumbent limb. F) Sketch of the entire-ductile recumbent limb end-member case shown in D, assuming that

the whole reverse limb (blue path) is product of the ductile stretching.

upper and lower allochthonous nappes (AN) were defined as moderate mechanical units
between 8 and 6.6 km of maximum and minimum thicknesses (Fig. 3.2) to simulate the North
Pyrenean Nappes. Both are mechanically similar (Table 3.1) and the sole purpose of having
two units is to have a reference point for the advance of the upper allochthonous. The

Paleozoic rocks of the Eaux-Chaudes nappe were defined as a pile of layers with inherited
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Figure 3.2: A) Initial setup of the reference simulation. Numerical resolution is 256x136 (X x Z) grid points and
a mesh refinement of 128 grid points between Z=-0.5km and Z=-8km and 8 grid points for Z>-0.5km. A free slip
boundary conditions has been applied in the left and the right sides and a free surface at the top of the initial
setup. B) Structural units of the Eaux-Chaudes massif represented in the reference model. C) Viscosity vertical
profiles showing the vertical and horizontal mechanical contrasts for the domains on the left and the right sides

in the simulations.

gentle arching (i.e., simplified to a north-dipping kink, Fig. 3.2A and B; Caldera et al., 2023)
composed of a basal weak material of 0.5 km thick to represent the Silurian black slates (grey
colour Fig. 3.2B), and a layer of 0.4 km thickness to represent the Devonian-Carboniferous
metasedimentary rocks (dark brown). The autochthonous footwall was defined as a stiff unit
of 0.9 km thickness mimicking the Eaux-Chaudes granitic pluton. The boundary between both
basement subdomains is assumed to be steeply dipping (a = 60°). Finally, on top of both
subdomains a layer of 0.3 km thickness is defined to represent the unconformably overlying
Upper Cretaceous limestones (green). On top of this initial setup, there is a 3 km thick low
viscosity air layer with a free surface condition. A total of seven distinct mechanical units are
thus used (eight considering the low viscosity air unit). The different units are defined as
internally mechanically homogenous, and their mechanical properties are summarized in
detail in Table 3.1.
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Unit p (kg/m?) G (GPa) n (Pa-s) c(MPa) | ¢(°)
Granite 2800 10 1024 50 30
Silurian shale 2500 10 10%° 1 5
Devonian sandstone and limestone 2700 10 1022 1 30
Keuper 2500 10 1018 1 5
Upper Cretaceous 2700 10 5x1021 10 30
Upper North Pyrenean nappe 2700 10 5x1021 1 30
Lower North Pyrenean nappe 2700 10 5x1021 1 30

Table 3.1: List of the mechanical properties used for each unit represented in the simulations, based on the

geology of the Eaux-Chaudes massif. p: density; G: shear modulus; n: Viscosity; c: cohesion; ¢: friction angle.

Variable Reference
H (km) 6.6 (3-10)

T (m) 200 (0-400)

L (km) 14 (10-22)
B(°) 10 (20-90)

S (m) 500 (300-700)
Nuc (Pa-s) | 5 x 102" (1-1022)
puc (°) 30 (5-30)
nan (Pa-s) | 5-102" (1-1022)
cuc (MPa) 10 (1-100)

Table 3.2: List of geometrical and mechanical variables and values used in
each simulation. A sketch of the geometrical variables listed can be found in
Fig. 3.2B. Geometrical variables: H: thickness of the overburden; T: thickness
of the upper weak layer; L: length of the Upper Cretaceous panel; B: angle of
the Lakora footwall ramp; a: angle of the authochthonous E-C granite; S:
thickness of the lower Silurian weak layer. Mechanical variables: nuc:
Viscosity of the Upper Cretaceous panel; ¢uc: Friction angle of the Upper
Cretaceous panel; cyc: Cohesion of the Upper Cretaceous panel; nan:

Viscosity of the allochthonous nappes.

In order to investigate the conditions favouring the development of fold nappes or thrust

nappes, several mechanical and geometrical variables have been tested from the reference

model (namely “Rs”; Fig. 3.2). The geometrical setup of the reference model is shown in Table

3.2, together with the range of studied values for the different parameters indicated between

parentheses.

With respect to the reference simulation, the viscosity (nuc), cohesion (Co) and friction angle

(¢) of the Upper Cretaceous unit, and the viscosity (nan) of the upper allochthonous thrust

sheets were varied. In addition, the influence of the tectonic inheritance has also been tested

by varying the thickness (T) of the Lakora weak detachment layer (Keuper), the stiffness of

44



Chapter 3: Fold vs. thrust nappes: insights from numerical modelling

the autochthonous basement unit (i.e., the Eaux-Chaudes granite), the thickness of the
overburden (H) by allocthonous nappes, the thickness of the Silurian weak layer (S), the angle
of the Lakora foot-wall ramp (8), the angle of the contact between Paleozoic subdomains (a)
and the length (L) of the Upper Cretaceous cover overlying the Eaux-Chaudes nappe (Fig.
3.2B). Detailed values for the geometrical and mechanical parameters of each simulation are

listed in Tables 3.1 and 3.2, in which the subscript indicates the value of the modified property.

3.2.2. Evaluation of the grade of localization

In order to better constraint the geometrical differences between thrust and fold nappes, the
deformation of the Upper Cretaceous layer has additionally been assessed by tracking the
position of a passive tracer grid defined by 400 x 3 markers (Figs. 3.2A and 3.3A). For the
simulations with variable L, the total number of passive tracers was modified to maintain

constant the initial distance between consecutive tracers for all models.

The degree of strain localisation in the Upper Cretaceous layer was carried out using a

localisation index (/Loc) defined as follows:

s= — (3.1)

Ys-Ys\ 1
Iioc = 1—[< T2 >Nl, (3.2)

where /is the length between two consecutive passive tracers, /v is the initial length (fixed in
0.13 km for all simulations), s is the stretching and N the number of tracers. In order to define
the same structural interval for calculations, the number of tracers considered was defined
between two reference points defined by 1) the cut-off of the E-C nappe and autochthonous

zone (orange point in Fig. 3.3B) and the Lakora thrust cut-off (NL in Fig. 3.3B). The /Loc was
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systematically evaluated every 10 timesteps, between a range of bulk shortening from 21.5%

(7.6 Ma of simulation time) to 46.2% (19.6 Ma of simulation time).

On the other hand, the variation of fold limb length and position of hinges were also tracked
during simulations in order to test potential migration of fold hinges, as proposed by Perrin et

al. (2013) (see results section).

Thrust nappe case Stretched overturned limb case Fold nappe case
e ., .\/‘__‘m_” ..... . '_-' "'-._.
p— :.' I o< : I <<
S -, ! o ",

Figure 3.3: Passive tracers extracted from the thrust nappe and fold nappe end members and from an
intermediate between both (stretched reverse limb). The longitude [ between tracers is increasing from the fold

nappe to the thrust nappe as is the I oc parameter, which can be used as a tracker for quantifying the localization.

3.3. Modelling Results

Firstly, the results of the reference simulation based on the initial configuration described
above are exposed (Fig. 3.4). After that, a systematic description of the results obtained by
varying the mechanical and geometrical parameters (Table 3.1 and 3.2) is presented (Fig.
3.5, 3.6 and 3.7). The focus is centred on the differences between variables enhancing thrust-

or those favouring fold nappes.

The results are evaluated in order to reproduce the first-order features of fold nappes, with
application to the case of the Eaux-Chaudes nappe, which are: (1) a flat-lying, kilometric scale
overturned limb with its thickness approximately preserved, (2) a normal limb with second-
order structures (i.e., folds with a vertical axial plane), (3) a sub-horizontal axial plane and (4)

a tight syncline between the overturned limb and the autochthonous succession.
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A total number of 67 simulations were carried out varying mechanical and/or geometrical
variables. During the first stages, all the simulations share certain common features during
their development. With the onset of the shortening, a thickening of the upper units (i.e.,
allochthonous nappes in Fig. 3.4) occurs and the units below are increasingly buried as the
simulation progresses (Fig. 3.6A and B). Alow-angle high strain-rate zone is observed through
the upper weak layer (i.e., the allochthonous Keuper) due to the displacement of the upper
nappes over the E-C nappe towards the foreland (i.e., left side of the simulation) (Fig. 3.6E).
The E-C granite unit exerts a strong mechanical heterogeneity in the shortening direction and
triggers a concentration of the stress within the modelled Devonian and Upper Cretaceous
layers near the contact (Fig. 3.6C). During the initial stages of shortening, this heterogeneity
results in the nucleation and growth of a gentle, foreland-verging asymmetric fold. The initial
vertical amplification of its frontal part results in the squeezing of the upper weak layer (Fig.
3.6A). The thinning of this layer reduces the efficiency of the decoupling in this upper
localization level at the base of the upper thrust sheets, indicated by a one-to-two orders of
magnitude drop in the second invariant of the strain rate (i.e from 10-'2-10-"3 s-' to 10-'4-10-1°
s1) until the end of the simulations. At the same time, a low-angle strain localization zone

becomes active within the lower weak unit until the end of the simulation (Fig. 3.6E and F).

3.3.1. Reference model

The results of the reference simulation are presented in Fig. 3.4 in two steps, after a 22.7%
of bulk shortening (Fig. 3.4A) and 41.6% of bulk shortening (late stage; Fig. 3.4B). Posterior
simulations (Figs. 3.5, 3.6, and 3.7) were performed by varying one variable or a combination

of two variables (see Table 3.2).

As described above, the displacement of the allochthonous nappes over the E-C nappe

enables an upper localisation level in the early stage of the simulation (Fig. 3.4E), and the
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Reference Simulation (Rs)
B)

-8

A)

12 3 4 5 6 7 & 9 1011 12 13 14 15 16 17 km 1 2 3 45 6 7 8 9 10 11 12 13 14 15 km

[ Eaux-Chaudes Granite I Devonian Sandstones and Limestones [ Upper Cretaceous limestones
[ Silurian shale [ Triassic evaporites (Keuper facies) [ JAllochthonous nappes
12 deviatoric stress
C) D)

150 MPa

-8
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-12
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-10

-12

Figure 3.4: A, B) Geometrical configuration after 22% bulk shortening (early stage) and 41.6% shortening (late
stage). (C, E, G) Variation of the deviatoric stress, the total second invariant of the strain-rate tensor (&;; in log
scale) and the accumulated plastic strain for 22% of bulk shortening. For this early stage, the maximum
deviatoric stresses are observed in the footwall of the structure, and the maximum &;; and plastic strain along
the upper weak level. D, F, H) Plots of the deviatoric stress, the second invariant strain-rate and accumulated
plastic strain for 41.6% bulk shortening. The maximum stresses are located in the overturned limb, the maximum
strain rates are in the lower weak level and the top of the autochthonous footwall while the strain localization in
the upper weak level is partially deactivated, causing the coupling between the allochthonous and the lower E-
C nappes. The accumulated plastic strain is observed mainly in the reverse limb and in front of the structure,
with values relatively low to moderate compared to the bulk natural strain (i.e., the natural logarithm of the ratio

between final and original length of the model) of approx. e=0.89.
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within the lower weak unit (i.e., Silurian shale; Fig. 3.4F). As the simulation progresses, the
rotation of the reverse limb of the structure is increased until it becomes sub-horizontal and
completely overturned. The larger stresses are now concentrated in the stiff basement units
(dark brown; “Devonian sandstones and limestones” unit) localised in the reverse limb (Fig.

3.4D) which causes its thinning and stretching (Fig. 3.4B) after its rotation and overturning.

The resulting structure at the late stage of the reference simulation (Fig. 3.4B) resembles a
fold nappe structure with a sub-horizontal and thinned overturned limb and underlain by a
tight synform, where the upper weak layer has been nearly squeezed out and there is a
“‘welding” between synform limbs. Although the geometry of the overturned limb appears
continuous, strong thinning is observed and a high strain-rate zone is visible within it (Fig.
3.4F). This is pointing to a change from dominantly viscous behaviour in the overturned limb
in the early to mid-stages of the simulation (Fig. 3.4G) to a greater plasticity component during

the late stages (Fig. 3.4H).

3.3.2. Intrinsic mechanical controls on nappe development

To explore the influence of mechanical parameters on fold/thrust nappes, further simulations
has been run (i) increasing the viscosity of the Upper Cretaceous layer (model nuc; Fig. 3.5A,
D and G), (ii) reducing the friction angle to 15° of the Upper Cretaceous unit (model ¢uc; Fig.
5B, E and H) and (iii) increasing the viscosity of the allochthonous nappes to 1022 Pa-s (model

naw; Fig. 5C, F and ).

A common feature observed in all the intrinsic mechanical models (i.e., varying nuc, na~ and
¢uc variables) is that the upper weak layer (i.e., Keuper allochthon) was almost squeezed out
along the footwall ramp of the Lakora (Fig. 3.5A, B and C). The reduction of the thickness of
the upper weak layer enhances the coupling between the E-C nappe and the upper

allochthonous nappes, reducing the transport of the latter over the E-C nappe and facilitating
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the decoupling in the lower weak layer (i.e., Silurian unit). This is documented by drops of the
second invariant of the strain rate tensor within the upper weak layer with shortening, which
point to the solidary translation of both units (Fig. 3.5D-F). Note that this situation leads to a

subtractive contact between the hanging wall and footwall series.

The results of the simulations increasing nuc and decreasing ¢uc are very similar, and there
is a positive enhancing of the fragile/plastic behaviour over the viscous/ductile behaviour of
the Upper Cretaceous unit, especially for ¢uc =15° (Fig. 3.5E and H). Compared to the
reference simulation, the Upper Cretaceous unit loses its continuity in both cases over a thin
and localized level marked by high strain rate values (10-'3-10-'2 s-') which is cross-cutting
the reverse limb of the structure (Fig. 3.5D and E). The E-C nappe is transported over this
level without changing the length of neither the reverse nor the normal limb, and qualitatively
pointing to the absence of migration of the anticline hinge after yielding. The resulting
structure shows relatively short overturned limb and gently-to-moderately dipping axial plane,

being akin to a cut-off hanging wall anticline as in natural thrust tectonics (Fig. 3.5A and B).

The increase of the viscosity of the allochthonous nappes with respect to the reference model
(Rs) also results to an increase of the (frictional) plasticity affecting the E-C nappe, but in a
minor scale compared to the previous nuc or ¢uc variables (Fig. 3.5G-I). Shearing of the Upper
Cretaceous is also observed, and the E-C nappe is then transported over a thin and strong
localized level, also cross-cutting the reverse limb (Fig. 3.5F and I). The structure developed
is thicker and possesses a larger overturned limb than those for variables nuc and ¢uc,
probably induced by the extrusion and migration of the Silurian-analogue weak material

towards the core of the anticline.
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3.3.3 Geometrical controls on nappe development

A series of model runs were performed modifying the initial configuration of the mechanical
units (dimensions, burial, angles, etc.). The geometrical variables tested are listed in Table
3.2, and the results are presented in Figs. 3.6 and 3.7. Briefly, the tested variables were 1)
the thickness of the upper weak layer (T; series of models To.400), 2) the angle of the Lakora
ramp (B; series of models B20-90), 3) thickness and ramp angle combined (T+G; series of
models T250-400+B20-40), 4) the depth of burial (H; series of models Hs.10), 5) the length of the
Upper Cretaceous panel (L; series of models Lg.7.21.7), 6) the angle of the strong granite
forestop (a; series of models a10-90) and 7) the thickness of the lower weak detachment layer
(S; series of models S3z00-700). Additionally, the potential effect caused by the absence of a
strong mechanical unit such as the natural case of the E-C granite was also tested (Ng; model

No Granite).

Increasing of the thickness of the upper weak layer (models To.400; Fig. 3.6A-C) promotes a
major displacement of the allochthonous units over the E-C nappe due to a better decoupling.
In this progression, there is a reduction of the shear transmission downwards, although
without preventing it entirely, as can be deduced by the limited advance of the E-C nappe
towards the foreland margin of the simulation (Fig. 3.6A-C). Additionally, this difficults the
activation of the lower weak level, which also prevents an efficient detachment and the
amplification of the frontal part of the nappe. In summary, the allochthonous thrust sheets and
the E-C nappe are not coupled, and the displacement of the later structure is inhibited,
resulting in a geometry consisting of a fold with a short reverse limb and moderately dipping
axial plane. Finally, the nappe shows additional large-scale secondary upright folds. For the
case of a model without an upper weak layer (model To; Fig. 3.6A), neither a thrust nor a fold
nappe develop, and instead a long-wavelength anticline with marked thickening layers. The
lower weak layer is then extruded towards the fold core.
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For initial settings with the Lakora footwall ramp angle larger than the reference model (i.e.,
B > 10°, but keeping T invariant) (model Rs; Fig. 3.4), large deformations are concentrated
along the footwall ramp, promoting 1) stretching, thinning and segmentation of the Devonian
layer along the normal limb, 2) shear localisation in the reverse limb, affecting Upper
Cretaceous and Devonian units, and enhanced plastic deformation (Fig. 3.6D-F), and 3)
thinning-out of the upper weak layer. Geometrically, the latter results in the welding of the

thrust contacts of the E-C and upper nappes.

Increasing the B values (Fig. 3.6D-F) enhances the stress transmission normal to the Lakora
footwall ramp which hinders the displacement of the upper nappes over the E-C nappe
towards the foreland and promotes the early coupling of both structural units due to the
aforementioned squeezing of the upper weak layer over the footwall ramp area. It also causes
the early activation of the lower shear zone through the lower weak unit. The Upper
Cretaceous and the Devonian layers are lifted vertically near the Lakora footwall ramp and
also in the strong granite area, and a tall, km-scale upright fold is then developed. The E-C
nappe layers are then sheared off due to the early coupling, resulting in greater displacement
of the E-C nappe over a thin and localized surface on top of the autochthonous units (Fig.

3.6E and F).

However, for model with =20° (model B20; Fig.3.6D), longer overturned limbs are promoted
compared to the reference model. The overturned limb of the structure is very gently-dipping
oriented, at a low angle to the autochthonous footwall. However, the limb dip increases
towards the frontal part of the anticline where is moderately dipping towards the hinterland,

similarly than the axial plane and the normal limb.

Simulations combining increased thickness and ramp angle (i.e., variables (T+8) combined;
models T2s0-400+B20-60; Figs. 3.6G-1 and A.3.2) produce final geometries with large and sub-

horizontal overturned limbs and axial planes, favouring fold nappe development. In general,

54



Chapter 3: Fold vs. thrust nappes: insights from numerical modelling

the increase the angle 8 improves the efficiency of the transmission of the stresses and the
displacement of the allochthonous units towards the E-C nappe (Fig. 3.6G-l and A.3.2). This
is a remarkable difference from the observations in the series of models T250-400 and =10,
where large, sub horizontal overturned limbs and axial planes were not reproduced (Fig. 3.6A-
C). In such cases of increase B to 20°, the activation of the lower shear zone within the lower
weak Silurian layer is promoted, without the shearing off the E-C nappe forelimb as happens
when T is <250m (Fig. 3.6D), and this results on the large and sub-horizontal reverse limbs

that resemble the Eaux-Chaudes natural example (Figs. 3.1 and 3.6G-l).

As happens in the series of models B20-90, in the performed simulations with 8 >20° (shown in
appendix), both the Upper Cretaceous and Devonian layers show thinning and boudinage in
the overturned limb and in the Devonian of the normal limb, and the structure is resolved in a
thin localized level (also affecting the Devonian of the normal limb) which controls the

structural transport (Fig. A3.2)

In this combined T+@ simulations, the existence of a thicker weak Keuper layer (T >250 m;
Fig. 3.6G-H) favours the decoupling between the upper and lower units, resulting in horizontal
axial planes and overturned limb of the fold nappe due to the high flow capacity to of this low
viscous layer, which can be extruded from the footwall syncline (Fig. 3.6H). For these
simulations (i.e., 8 = 20° and T > 250 m), the overturned limbs fairly maintain the thickness of
the Upper Cretaceous layer, although a bit of thinning is observed near to the footwall
syncline, especially for simulations when the upper weak layer is thinner than the reference
model (Fig. 3.6G). Secondary gentle folds are developed in the normal limb when T =350 m

(maintaining B = 20°) (Fig. 3.6H and I).

For this succession of models varying variables T and (, the thickness of the overturned limb
does not change substantially, which qualitatively points to potential mechanism of hinge

migration and rigid rotation of the overturned limb, instead of stretching and shearing. In any
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Figure 3.7: Final geometry for models varying: A-C) the burial thickness (H), D-L) the initial length of UC basin
(L), G-I) the angle of the of the E-C foot-wall (a), J-K) the thickness of the Silurian weak layer and L) the non-
presence of a strong fore-stop (or granite with similar properties than basement layers). Sub-indexes indicate

the value of the parameters. (see additionally Table 3.1 for more information).

case, all these geometries for models with T + 8 appear to indicate dominantly viscous rather

than plastic behaviour.

Varying the depth of burial (series of models Hs.10; Fig. 3.7A-C) leads to significant variation
of the structural patterns. The simulation with an initial H<5 km (shallower conditions; Fig.
3.7A) results in a cut-off of the Upper Cretaceous short reverse limbs, producing a thrust ramp
anticline. The E-C nappe appears as a thrust nappe displaced over a localized detachment
in the Silurian weak level, like previously observed in nuc and ¢uc simulations (Fig. 3.5A and
B). The original thickness of the UC layers is rather conserved (Fig. 3.7A) (despite there is a
small thinning in the reverse limb of the structure), which points to a dominantly

plastic/frictional behaviour.

Conversely, for H> 5 km the resulting structures always have a continuous overturned limb.
Higher burial values favour the conservation of the thickness of the UC layer and larger
overturned limbs, pointing to a dominantly viscous behaviour of the Upper Cretaceous layer

(Fig. 3.7B and C).

For series of models varying the initial length of the UC layer (L), shorter layer lengths (L)
produce structures resembling thrust nappe structures (models Lg7.21.7; Fig. 3.7D). On the
other hand, larger original layers (Fig. 3.7E and F) increase the dip of the structural elements
(i.e., reverse and normal limbs and fold axial plane) towards the hinterland. In addition, for
such cases the reverse limb of the structure is also relatively short, and the Silurian weak
level was thickened in the core of the fold (Fig. 3.7E). Furthermore, for L>17.7 km, secondary
folds can be observed in the hinge and normal limb and result in an increases structural relief

of the E-C nappe.
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The angle of the boundary of the granite or stiff autochthonous E-C footwall (model a1o-90; Fig.
3.7G-1) also allows to differentiate between different structures. For a < 60° (model Rs; Fig.
3.4 and 3.7G and H), the simulated nappes show a thinned and stretched reverse limb. On
the other hand, for a = 90° (Fig. 3.71) there is a promotion of the early coupling of the upper
allochthonous nappes and the E-C nappe due to the amplification of an upright fold in the
contact between stiff granite and lower detachment layer level due to the high angle of the
mechanical contact between both, which causes the weaker level to extrude. The E-C nappe
is sandwiched in between the pushing of the upper nappes and the granite, which triggers
the shearing off of the Devonian and Upper Cretaceous layers in the forelimb (Fig. 3.71). The
results for models varying the initial thickness of the lower weak layer, simulating the Silurian
in the natural case, are shown in Fig. 3.7J and K (simulations Sz00 and S7o0). For S300 model,
with thickness lower than the reference model, the E-C nappe panel shows a less advance
towards the foreland than the reference model. The Silurian detachment was not activated
until late steps of the simulation because of there is no nappe coupling until then, which results
on a fold exhibiting a short reverse limb, with thickness constant due to the limb rotation (Fig.
3.7J). On the contrary, an increase of the lower weak thickness (model S7o0; Fig. 3.7K) results
on longer what and shearing off the the Upper Cretaceous and Devonian layers. Furthermore,

the weak layer is thickened in the fold core, which produces an increase of the structural relief.

Finally, the absence of the strong footwall body, which in this simulation was replaced by a
deformable basement with mechanical properties similar to the Devonian (model Ng; Fig.
3.7L), produces the development of large-scale upright buckle folds and prevented the
development of thrust/fold nappes. This highlights the importance of the autochthonous

granite in the development of the natural Eaux-Chaudes structure.
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3.4 Discussion

In order to perform a more quantitative analysis of the structural transition between fold and
thrust nappes, the mechanical simulations presented in this chapter were analysed and

categorized using several geometrical and mechanical variables.

3.4.1 Quantification of the strain localisation factor (Iroc)

The UC layer was used to constrain the evolution of the degree of strain localisation (/Loc).
The term loc (see section 3.3.2 for its definition) allows to distinguish quantitatively the
distribution of deformation between cases in which deformation is highly localised in thin
levels (/Loc near 1) from cases in which deformation is distributed or poorly localised (/Loc tends
to 0). In the current simulations, the region expected to achieve the higher strain localisation
is the reverse/overturned limb, and hence, the /Loc factor permits to quantitatively discriminate
between cases with uniform thickness (low /Loc values) to cases with strongly heterogeneous
thinning of the reverse/overturned limb (/.oc near 1). In order to keep a similarity in the
procedure of calculation of the /Loc between simulations with different geometrical setting, the
ILoc Was calculated between the reference points defined by the footwall cut-off of the Lakora
thrust (pin point “NL” in Fig. 3.9) and the hinge of the syncline formed in the footwall of the E-

C structure (pin-point “IS” in Fig. 3.9).

The results of the analysis are shown in Fig. 3.8, for all simulations and a series of selected
models. The general trend of the /¢ is to increase with time. Three main types of evolution

are observed:

1) Simulations that evolve with a fast increase of ILoc up to stabilise at high values (ILoc >
0.7). This type of trend is observed in models with a tendency towards thrusting, with
high plastic strain accumulated, and strong shearing and thinning of the reverse fold

limb. Examples of this type are the simulations with low initial burial (e.g., Hs; Fig. 3.7A),
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2)

3)

high viscosity of the allochthonous nappes (e.g., nan; Fig. 3.5C), low frictional angles
(e.g., ¢uc; Fig. 3.5B) or moderate to short dimension of the UC panel (e.g., Lo.7; Fig.
3.7D). This type corresponds to the category labelled as “thrust nappes”.

Simulations with a flat distribution in time and low values of Ioc (<0.15). This type
corresponds to models displaying fold nappe geometries, with the UC level displaying
a homogenous thickness without significant stretching, and overall dominated by
viscous flow. Examples of simulations displaying this trend are usually those linked to
the presence of a thick upper weak layer (e.g., model T30 + B20; Fig. 3.6H and 3.8A).
There are few simulations displaying this trend (Fig. 3.8B). This type corresponds to
the category labelled as “fold nappes”.

Simulations with an initial flat trend but displaying moderate increase of the Ioc after
some deformation. This type corresponds to simulations resulting in geometries hybrid
between fold and thrust nappes, showing gradual stretching and thinning of the
overturned limb, without losing its continuity, and low plastic deformation. Most of the
models correspond to this type, such as the reference simulation (e.g., Rs model; Figs.
3.4 and 3.8A). This type corresponds to the category labelled as “fold nappes with

stretched recumbent limbs”.

An attempt to define the boundaries between these three main categories was calibrated
using as a reference the last step of the simulations, in which the amount of shortening is
maximum. The first category labelled as “fold nappe” was defined when /oc < 0.15 and
corresponds to idealized fold nappes in which the thickness of overturned limb is constant,
the stretching of the overturned limb is very low, and the deformation was accommodated in
a dominant viscous behaviour; a second type labeled such as “fold nappes with stretched
reverse limbs alludes to fold nappes with /L.oc between 0.15 and 0.6, where the overturned

limb is continuous but shows moderately to strong thinning and stretching; and finally, a third
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Figure 3.8: A) Evolution of the I.oc with respect to the simulation time for the reference simulation and for
selected parameters varied from it as shown in Tables 3.1 and 3.2. This illustrates recumbent fold nappe (8 =
20° + T = 300) and thrust nappe (H = 3 km) end members. Thrust nappes exhibit a fast rise of the index of
localisation and fold nappes show low and stable behavior of the index of localization through time. The fold
nappes with stretched reverse limbs possess features from fold nappes (initial stable slope) and thrust nappes
(moderate rise), attesting for the stretching of the recumbent limb. B) Evolution of the I .. with respect to time
plotted for all simulations undistinguished. The most observable trends correspond to “thrust nappe” and “fold
nappe with stretched limb”, and only in three cases we can observe homogenous thickness and little localisation

corresponding to a “fold nappe” case.

type represents /Loc > 0.6 and makes reference to thrust nappes, where the reverse limb is
not continuous and the dominant behaviour is plastic (Fig. 3.8). Because there is a general
tendency to increase ILoc with time, these boundaries cannot be defined as a strictly straight

line in the diagram and were defined using a positive slope.

3.4.2 Quantification of the fold hinge migration

The assessment of potential migration of the fold hinges during deformation was measured
using passive tracers in selected units. By hinge migration we understand the travelling of
material particles between different structural elements in a fold (i.e., fold limbs). The simplest
case is a migration of the hinge along the normal limb, producing the increase of the length
of the reverse limb. This mechanism could help explaining the observation of long recumbent
limbs with preserved thicknesses, a feature that is in general difficult to explain by a fixed-

hinge mechanism and limb stretching.

To constrain the hinge migration, a method based on the relative distance between the
inflexion position of the fold and a series of key reference points was used. Using the last step
of each simulation, the inflexion point of the curvilinear recumbent anticline was defined as
the point with maximum dip angle (IA; green dot in Fig. 3.9), taken to mark the transition from
the normal to the reverse limb. The material position of the final point IA was tracked during

all the deformation steps (Fig. 3.9B).
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For each increment of deformation, the current inflexion point (IAc; red dot in Fig. 3.9B) was
identified and three distances were measured: 1) the horizontal distance between the IAc and
the Lakora footwall cut-off (NL; blue dot in the Fig. 3.9), representing the length of the normal
limb, 2) the horizontal distance from the |Ac to the syncline hinge in the footwall of the E-C
nappe (IS; yellow dot in Fig. 3.9), representing the length of the reverse limb, and finally, 3)
the horizontal distance between the IAc and IA. Note that during progressive fold growth, the
IA represents a material point located in the normal limb that in the last step of the simulations
is the inflection point of the anticline fold. To graphically represent the evolution of these
distances, the location of the |Ac for each time step was defined as the coordinate origin (Fig.

3.10).

In order to quantify the effect of plastic deformation in the reverse limb, the degree of strain
localisation was used to divide the reverse limb into two segments (labelled by RL and P, and
IS = P+ RL; Fig. 3.9) according to the segments with /Loc higher or lower than 0.15. Segment
RL was defined as the distance between the IAc and the first marker which implies a bulk /Loc
higher than 0.15 (always using as the first marker the NL point and increasing the number of
markers up to overcome the threshold). The segment P was defined as the distance between

the tracer with ILoc > 0.15 and the syncline inflexion tracer.

A) T, (last timestep) B) LIV
. IA at given timestep (IAc)
' Nlorn;al A ' -"""""""--.._,,__,,N,.:-u-. — 1 Normal —|A—
im I oAl \ | et i
Reverse \.:IL“< 015 1 5015 / TRﬂ :.‘ILDS 01 -...-...lA at last timestep
o e ol K3 R e T )
— RL——— P —— Y RLP=0 NL—

Figure 3.9: Quantification of the hinge migration for a fold nappe end member from passive tracers. Tracers in
the normal limb are traveling towards the inflection while the passive tracers in the reverse limb are moving away
of it. The sign of tracers is changed as a function of its position in the reverse or the normal limb taking as a

reference the tracer located in the hinge inflection of the fold (tracer IA).
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Fig. 3.10 illustrates several examples of hinge migration evolution in the framework of the

three main categories distinguished by the localization index (section 3.5.1; Fig. 3.8A).

For the case of the “thrust nappe” category (e.g., model Hs; Fig.3.7A) the evolution is
characterized by a trajectory of the IA tracer (green curve) that migrates during the early fold
growth stages but quickly it becomes fixed with respect to material particles (approx. 11.0
Ma), up to the end of the simulation. This indicates that for this category the hinge of the fold
is blocked and cannot migrate. On one hand, the normal limb NL always shows a positive
tendency with time, with a reduction of its distance respect to the IA and thus indicating that
part of deformation was accommodated by progressive shortening of the normal limb. On the
other hand, the IS during the early stages was located relatively near the IA, but relatively
soon (approx. 9.2 Ma), the relative distance between both markers starts to increase. An
analysis using the lLoc >0.15 condition shows that the major increase in distance is due to
plastic deformation (P) and the length of the “little deformed” reverse limb was relatively short

and constant during all time.

For the case of the “fold nappe” category (e.g., model Tz + B20; Fig. 3.6H), the trajectory of
the IA tracer describes a continuous positive tendency, with displacement of the material
particle from the normal limb towards the inflection (reached in the last step by the definition
of the IA). The NL and IS curves show also similar trend, with a tendency to increase their
relative distances respect to the IA. Analysis of strain localisation indicates that the /ioc
threshold was never exceeded (i.e., l.oc > 0.15), and hence, the deformation was mainly
accommodated by distributed viscous flow and very low plastic behaviour. For the example

shown in the Fig. 3.10C, there was a migration of the hinge equivalent to 4 km.
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Figure 3.10: Plot of the variation of the position of the three passive tracers with respect to the fold inflection.
A) Thrust nappe end member, where the hinge migration is locked from 13 Ma onwards and the plasticity (P) is
increasing (I.oc > 0.15) from the early simulation time, causing the extreme stretching and thrusting of the reverse
limb at the end of the simulation. B) Fold nappe end member. Hinge migration is active until the end of the
simulation and there is no plasticity in the reverse limb (P=0 and I.oc < 0.15). C) Stretched reverse limb (0.15 <
lLoc < 0.6) showing mixed features between the fold nappe and thrust nappe end members, where the migration

of the hinge is active until 13Myr and then it is not as intense, which results in the stretching of the reverse limb.

Finally, for the case of “fold nappe with stretched reverse limb” category (e.g., Rs model; Fig.
3.6), the IA, NL and IS trajectories show trends between the previous two cases. The IA
displays a large time interval with hinge migration until approx. 17.7 Ma of simulation time,
when it became fixed and remained blocked until the end of the simulation (Fig. 3.10B). Pre-

stage before blocking of the fold hinge causes the /Loc to rise over 0.15 (approx. 13.7 Ma),
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resulting in the stretching of the reverse limb by viscous and plastic flow until the end of the

simulation.

3.4.3 On the influence of geometrical and mechanical variables in the nappe geometry

The effect of varying the different variables tested using the numerical modelling (Fig. 3.2;
Table 3.1 and 3.2) is summarized in Fig. 3.11. The same three main categories (thrust nappes,

fold nappes with stretched reverse limb and fold nappes) are used.

On one hand, from Fig 3.11, thrust nappe geometries are sighted when there is an increase
of mechanical variables such as the viscosity of the upper allochthonous nappes (nan) or the
viscosity of the Upper Cretaceous (nuc), or when there is a decrease of the frictional angle of
the Upper Cretaceous layer (¢uc). The geometrical variables that promote thrust nappes are
short L and H, thin detachment levels (T) and, in general, moderate/large angles of the Lakora
ramp (B) or the forestop (a). On the other hand, the variables promoting fold nappe geometries
preserving layer thickness of the recumbent fold are very restricted. From the systematic
series of models, there is a positive enhancement of fold nappe occurrence only for moderate
values of the viscosity of the upper allochthonous nappes (nan) or when there is an increase
of the thickness of the upper detachment level (7). In general, the most likely situation in the
series of performed models is the development of fold nappes with stretched limbs and very

heterogenous distribution of strain.

From a kinematic and mechanical perspective, the development of thrust vs. fold nappes is
relevant for the spatial distribution of stress and strain rate (Fig. 3.12). In summary, a common
feature of all the simulations showing a thrust-nappe geometry is a highly deformation band
cross-cutting through the Upper Cretaceous layer (e.g., Fig. 3.12A or 3.5D-F) and elevated
plastic strain in the reverse limb (e.g., Fig. 3.5G-I and 3.12G) indicating predominant plastic-

brittle conditions. From a geometrical point of view, this causes the development of short or
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very short reverse limbs, hanging-wall anticlines, and overall a small structural relief. Using
the localization index /Loc, the process is observable by a “fast” increase of the /Loc, passing
from conditions of distributed strain (low /Loc) to moderate/high values >0.4-0.6. Additionally,
this is also coincident with the blocking of the fold hinge migration, which enhances the early
plastic yield of the material and the extreme stretching of the overturned limb (Fig. 3.8A and

3.10). The spatial transition from low deformed to highly deformed is rapid (e.g., Fig. 3.5B and

Fig. 3.10A).
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On the other hand, the fold nappe end member (Fig. 3.12B) can be summarized by the
continuity of the reverse limb and moderate structural relief. In contrast to thrust nappes,
plastic strain is very low, stresses and strain rates are moderate/low high strain zones cross-
cutting the overturned limb are not formed (Fig. 3.10C and 3.12F and H). The fold nappes

exhibit km-scale overturned limbs without significant heterogeneous stretching and strain
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localisation and dominated by viscous flow (/Loc <0.15; Fig. 3.8A and 3.10C). However, this
end member must be considered as an idealized or very restrictive structure, and probably

the more usual cases in nature are with /Loc > 0.15 with stretched overturned limbs (Fig. 3.8B).

More realistic recumbent folds are those presented in Fig. 3.6G and 3.6l or in Fig. 3.7B, where
the reverse limbs are stretched, but without attaining the yielding of the materials during
early/intermediate stages of deformation. Accordingly, the /Loc, never overcomes the thrusting
boundary (Fig.3.8A). Overturned limbs show continuous thinning, and during last stages the
plastic condition can be achieved, producing the progressive localisation of deformation. Such
localisation may represent the basal thrust observed in some natural fold nappes. The
resulting structures in the modelling show many of the first-order features observed in natural
examples (i.e., a flat-lying reverse limb of kilometric scale, a normal limb with second-order
structures, a sub-horizontal axial plane and a tight syncline between the recumbent limb and
an autochthonous succession), as in the Helvetic nappes of the Alps (e.g., Ramsay et al.,

1983, Pfiffner, 1993;).

3.4.4 Application to the Eaux-Chaudes fold nappe and comparison with other cases

The numerical results of this thesis highlight the importance of the role of the mechanical and
geometrical controls of the stratigraphic succession and the tectonic inheritance during the
Alpine deformation of the Pyrenean hinterland. For the specific case of study, two main factors
arise to first-order control the development of structures such as the E-C fold nappe: (1) the
presence of a stiff forestop in the shortening direction to produce a buttress condition (in the
natural case constituted by the Eaux-Chaudes granite ), and (2) the existence of two weak
layers (i.e., Keuper and Silurian at Eaux-Chaudes) that favoured the structural decoupling

and localisation of the deformation.
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In accordance with previous numerical models of the Helvetic Alps by Kiss et al. (2020) and
Spitz et al. (2020), a viscosity contrast of about three orders of magnitude between the strong
key levels (Upper Cretaceous, Devonian) and the upper and lower weak detachment levels
(Keuper, Silurian) are required to develop nappe structures with large-scale stratigraphic
inversion or/and displacement, and in coherence with the fold nappe definition by Dennis et
al. (1981) (cf. section 1.2). In situations with lower viscosity contrast or without an upper weak

level, fold nappe structures with large displacement did not form.

The presented results show that tectonic inheritance in the form of a basement forestop is
controlling the nappe initiation by concentrating stress in the contact between the strong
layers, immersed between weak layers, and the forestop (Fig. 3.4C). Similar results have
been obtained by Bauville and Schmalholz (2017), Kiss et al. (2020), and Spitz et al. (2020)
with application to the Helvetic nappes, which points to the same mechanism of nappe
initiation. If the mechanical heterogeneity of the viscous contrast between the granitic and
metasedimentary basement was absent (Fig. 3.7L), neither a fold nor a thrust nappe was
produced, but large scale upright buckle folds are formed instead. The push and shear stress
provided by the Lakora thrust and the upper allochthonous nappes (e.g., the Ultrahelvetc
nappes in the case of the Alps) focus stress concentration in the contact between the E-C
pluton and the Upper Cretaceous limestone interface as suggested by the reference
simulation (Fig. 3.4C), producing the activation of the Silurian lower detachment of the E-C
nappe and the growth of the structure. Hence, the Eaux-Chaudes pluton (with apparently no
signs of significant ductile deformation during the Alpine compression) played an essential
role for recumbent folding. This example highlights the role of mechanical heterogeneities
arising from pre-alpine rocks during the Pyrenean orogeny, such as also documented for the
Alps (e.g., Wissing and Pfiffner, 2003; Kiss et al., 2020). However, in contrast to the infra-

Helvetic nappes of the Alps, in the case of the Eaux-Chaudes massif | cannot only invoke the

69



Chapter 3: Fold vs. thrust nappes: insights from numerical modelling

Thrust and fold nappe end-members at 41.6 of bulk shortening (17.6 Ma)
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Figure 3.12: Final geometry (A and B), second invariant of the differential stress (C and D), second invariant of
the strain rate tensor (E and F) and plastic natural strain (G and H) after 41.6% of shortening for a typical

example of a thrust nappe (left; model Hs) and recumbent fold nappe (right; model T3pot B20).

ductile closure of precursor extensional basins and the extrusion of their sedimentary infill.
Indeed, according to the results a minimum initial burial condition of ~5 km in depth is needed
to mechanically develop a fold nappe (Fig. 3.7A-C), which is in accordance with the
emplacement conditions proposed by Caldera et al. (2021) ranging 8-10 km. Our results also

emphasize the role of the upper Keuper allochthonous weak layer, enabling the decoupling
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between structures but also allowing the growth of the recumbent fold given its capacity to

flow and migrate.

The multilayered character of the models with weak rocks such as slates, shales or evaporites
between stiffer layers triggered the development of upper and lower shear zones (Fig. 3.4E
and F), which are necessary for the development of the fold nappe structure. In addition,
recumbent fold structures are favoured for settings with thicker upper detachment level (T
~250-350m) because such settings allow the decoupling from the allochthonous nappes since
the early steps of the convergence (e.g., Fig. 3.4E). However, the thickness of the upper weak
layer must allow the shear stress transmission downwards (becoming more effective as the
upper weak layer is reduced in thickness) to permit the activation of the Silurian basal
detachment, which is hindered for T > 350m (Fig.3.6C). On the other hand, an excessive
thinning of the upper weak layer reduces the efficiency of decoupling between this weak layer
and the E-C nappe (e.g., Fig. 3.4F) positively enhancing the shear transmission downwards,
and the low angle shear zone within the lower weak level become the only active level until
the end of the simulation (Fig. 3.4E-F). Similar observations were pointed out by Pfiffner
(1993), where high ratios between the thickness of the weak to the stiff layers favoured the
development of fold nappes. From a qualitative interpretation based on the final geometry,
the simulations with /Loc displaying moderate to low values ( <<0.6 Fig. 3.6G-I, 3.8A and

3.10C) are the cases that most closely resemble to the E-C natural example.

Furthermore, the cases where the upper allochthonous sheets and the E-C nappe are
relatively coupled and the lower shear zone is active, are optimum for the mechanism of fold
hinge migration and limb rotation as ways to overturn the forelimb during the early deformation
steps. Even though both fixed hinge-limb stretching and hinge migration coexist in all our
simulations, geometries approaching recumbent fold nappes similar to the E-C field example

are those formed by a dominant mobile hinge mechanism (Fig. 1.4, 3.6G-I and 3.10B-C).
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However, a direct comparison of the E-C or other natural examples with the model kinematics
is challenged because of the scarcity of markers confirming mobile hinges, as previously

pointed out by Mercier et al. (2007).

Therefore, the interpretation proposed here is that the Eaux-Chaudes fold nappe results from
an asymmetric detachment fold developed by limb rotation, with limb overturning during the
early deformational steps and later amplified by progressive hinge migration with only
moderate stretching of the overturned limb. Similar scenarios were also invoked by Epard
and Groshong (1995), Homza and Wallace (1997), Poblet and MClay (1996), Perrin et al
(2013) and Poblet (2020), to describe the migration of fold hinges, but focused on the
migration of the forelimb synclines. In the study case, the presence of the strong footwall
granitic forestop blocked the migration of syncline hinge, and forced the migration of the

anticline hinge.

3.5. Conclusions

The presented mechanical simulations are reproducing the first order features, structural
elements and the scale of the Eaux-Chaudes and other natural fold nappes. Modelling results
emphasize the need of weak layers above and below the Eaux-Chaudes fold nappe, as well
as the need of stiff footwall forestop to localize the deformation, represented by the Eaux-

Chaudes pluton.

The E-C recumbent fold nappe was developed under a double weak layer geometry within a
low angle shear zone regime. The thickness of both layers are very relevant to allow the
detachment of the structure (Silurian) but also to permit the fold growth (Keuper) due to the
migration of the hinge and the shear transmission from the Lakora and overlying nappes. The
upper weak level must also allow enough coupling of the structures to develop a fold nappe

with a large reverse limb. An increase of the upper weak layer thickness is favouring the
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viscous/ductile behaviour of the stiffer layers (Upper Cretaceous and Devonian) making
longer, stretched and horizontal reverse limbs and axial planes (with welded synform limbs).
On the other hand, the ECP in the footwall is acting as a forestop localizing the deformation,
without which distributed deformation along the Upper Cretaceous and Devonian layers
would have been favoured over fold or thrust nappe localisation, resulting instead in large-

scale upright buckle folds.

The migration of the hinge (1) and the rotation of the forelimb followed by the translation of
the E-C nappe (2) are the end-member mechanisms under which the modelled structures are
developed. (1) is characterized by the continuity of the key layers (Upper Cretaceous and
Devonian) and moderate to low values of loc (<0.6), while (2) can be identified by an
interrupted key layer (cross-cutted by a low angle shear zone) and high values of /Loc (>0.6),
which is a reflex of an extreme stretching process. It is also evidenced that the intrinsic
mechanical properties (¢, nuc) of the Upper Cretaceous layer can determine thrusting over
folding. In addition, the mechanical properties of the surrounding upper nappes (nan) can also
be determinant in the same way, so that the presence of stiffer basement nappes just above
the Eaux-Chaudes fold nappe (without significant weak layer) would have resulted in a thrust

nappe structure.

The model variability suggests that nappe development does not depend on only one factor,

but on the concurrence of different variables.

The main features regarding the initial geometrical configuration and also the mechanical
properties of the rocks involved in the deformational process are suggesting that both the
mechanical and geometrical inheritance are key factors that must not be ignored to gain

understanding on the development of thrust nappes and fold nappes.
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The concepts here discussed may be applicable to other natural examples of recumbent fold
nappes well described in the literature (e.g., Helvetic Alps: stiff granite footwall, weak supra-

nappe cover, etc.).
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Chapter 4: Thermo-mechanical simulations of fold/thrust

nappes

Chapter 3 focused on a systematic study of the geometrical and mechanical factors that
facilitate the development of recumbent folds. The rheology used in those simulations was
based on simple linear viscous materials, without a dependency on the temperature or the
strain rate. In this chapter, the favorable conditions under which a recumbent fold could be
formed are explored using a non-linear viscous approach dependent on the temperature and

strain rate, and therefore, using rheologies closer to the expected for rocks.

For low strain rate tectonic processes, rocks can be considered as viscous and the behavior
could be defined by a non-linear relationship between the deviatoric stress (o) and the strain-
rate (¢) (e.g., Gerya, 2019). The mechanical response of rocks to applied stress has been
investigated for several decades in laboratory conditions. From these studies, a general
viscous power law was proposed in which the temperature dependence is mainly introduced
using an Arrhenius term (i.e., an exponential term controlled by an activation constant and

inverse to the temperature):

(c.f. section 2.3.1).

_En+P Vn] 1/n _(1_%)

Nerf = 2 [Bn e RT & ,

where ner is the effective viscosity (Pa-s); Bn is the pre-exponential rheological factor (Pa™/s);
E» and V), are the activation energy per mol (J/mol) and the activation volume (J/Pa/mol),
which are experimentally determined; R is the gas constant (m3:-Pa-K-'-mol"); T is the
temperature (K); Pis the pressure (Pa); n is the stress exponent and ¢}, is the second invariant
of the strain rate tensor (s') (e.g., Schmid et al., 1977; Schmid et al., 1980; Wawersik and
Zeuch, 1986; Shea and Kronenberg, 1989, 1992, 1993; Kronenberg et al., 1990; Walker et

al., 1990; Mares and Kronenberg, 1993; Wang et al., 1996; Arndt et al., 1997; Renner et al.,
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2002; Niemeijer and Spiers, 2005). The parameters obtained from laboratory experiments for
minerals and rock aggregates are then used as input parameters in geodynamic numerical
modelling addressed to small and large-scale tectonic processes (e.g., Bauville and
Schmalholz, 2015; Kiss et al., 2020; Spitz et al. 2020), thereby providing a powerful

geodynamical tool to complement field/experimental observations.

This chapter aims to explore the effects of 1) the grade of non-linearity of the system and 2)
the temperature dependence on the development of the transition between thrust and fold
nappes, focusing specifically on the conditions favorable for large-scale recumbent folding.
As previously introduced, the reference case study is the Eaux-Chaudes (E-C) recumbent
fold nappe and the paleotemperature conditions deduced by Caldera et al. (2021) and
Caldera (2022), mainly between 310-350°C, which will be used to constraint the numerical

simulations.

A handicap is the lack of rheological data on the rocks exposed in the E-C area. For this
reason, published experimental data will be used as a reference for material properties. This
approach is similar to that in recent numerical simulations studying the development of
thrust/fold nappes in the external western Alps (i.e., Helvetic and infra-Helvetic units) (Bauville

and Schmalholz, 2015; Kiss et al., 2020; Spitz et al., 2020).

A priori, the geometrical and rheological set-up of the simulations of the Eaux-Chaudes and
the infra-Helvetics (i.e., Morcles nappe) could be very similar, with predominant influence of
factors such as the mechanical contrast between units, the overthrust burial due to the
tectonic emplacement of the upper Helvetic nappes (e.g., Pfiffner, 1993) or the temperatures
recorded during the deformation (e.g., Girault et al., 2020). However, several differences are
expected, such as the absolute scale difference between the Morcles nappe and the Eaux-

Chaudes fold nappe or the role of the highly anisotropic behaviour of the detachment level in
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the Silurian slates in the Eaux-Chaudes case, that will need to be addressed in a simplified

way.
4.1. Initial set-up and model configuration

The initial set-up for the thermo-mechanical simulations is shown in Fig. 4.1. The set-up is
similar than the simulation labelled “T=300m and B=20°" in chapter 3, a configuration that

resulted in the development of recumbent fold nappes (see Fig. 3.6H).

3
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Fig. 4.1: A) Initial set-up used for the thermomechanical simulations from model 3=20° and T=300m (c.f. Chapter
3). Numerical resolution is similar to that of the mechanical simulations in Chapter 3, including the mesh
refinement and boundary conditions. B) Initial temperature profiles of 30.4, 34.1 and 36.5°C/km applied to the
initial set-up in the case of variable temperature (Table 4.1), together with the temperature profile at 37.3% of

bulk shortening, which coincides with that of the figures shown in this chapter.

The simulations are defined using the same numerical grid resolution and boundary
conditions as those used in Chapter 3 (Fig. 4.1A). The model was divided in three large
mechanical entities: 1) Upper Cretaceous (UC) and Devonian, 2) an entity labeled as “media”
formed by the Silurian, Keuper and E-C granite units and 3) the allochthonous upper nappes

(Fig. 4.1A). In all the simulations, the UC/Devonian entity was modelled using linear or power-
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law temperature-dependent rheology (see Table 4.1), while for the allochthonous nappes a

linear viscous non-temperature dependent rheology was used in order to simplify the

simulations, optimize the simulation time and focus on the key layers (i.e., Keuper and below).

The media was simulated using linear/power-law rheologies, and attending the set-up of the

temperature profile, the simulations can be divided into two main groups (Table 4.1):

1)

2)

Linear/power-law viscous media with constant temperature: in order to explore the
effects of the temperature in the effective viscosity for linear/power-law materials, a
series of models were run using constant temperature in the entire profile (i.e.,
geothermal gradient gr = 0°C/km), spanning between 250°C and 300°C.

Linear/power-law viscous media with temperature gradient: to test the influence of
temperature gradients, different initial geothermal gradients of 30.4, 34.1, and
36.5°C/km were applied. These gradients are equivalent to initial temperatures of 270,
300, and 320°C at the bottom of the model, respectively. To simulate the heating effect
due to the progressive increase of the tectonic burial, the temperature at the bottom of
the model was increased by 6.1, 4.4, and 3.3°C respectively each 0.75 Ma until a
maximum of 380°C at 14.25 Ma of the simulation time (Fig 4.1B). From this point
onwards, the temperature remained fixed at the bottom of the model until the end of the
simulation (25 Ma). In this manner, the effect of inherited abnormally high temperatures
from the preorogenic hyperextension stage could be also tested. After deformation, the

final geothermal gradient was 25.80 °C/km for all simulations.

As previously explained, a linear/power-law viscous elastoplastic rheology was used to

simulate the mechanical behaviour of materials. For power-law materials, temperature-

dependent dislocation creep flow laws derived from laboratory experiments were preferently

used. The viscosity and temperature-dependent properties were recalculated for viscous

linear materials using flow laws from laboratory experiments.
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UC/Devonian Media Allochthonous Temperature
Linear
Constant 250 to 300°C
Power-Law

Ti=270; T=380°C

Linear/power-law,

Tdependent, Linear Llnear’ Variable 7—I = 300, Tf:3800C
non-dependent T T, = 320; T=380°C

n=1,2,3and 4.7
Ti=270; T=380°C
Power-Law Variable Ti=300; T=380°C

Ti=320; T=380°C

Table 4.1: List of model variables tested for different temperature scenarios. The values of the experimental
parameters and their range of variability can be found in Table 4.2. In the case of constant profile temperature,
a model run was performed each 10°C from 250 to 300°C. The allochthonous nappes are viscous-linear and
non-temperature dependent in all simulation cases. T;: Initial temperature at the bottom of the model. T:: final
temperature at the bottom of the model, reached at 14.25 Ma of simulation time and preserved from then until

the end of the simulation.

The brittle frictional behaviour was modeled using the Drucker—Prager yield criterion and
defined by the cohesion and friction angle parameters. The list of material properties is

presented in Table 4.2.

To test the influence of the stress exponent n and the temperature dependence in the
deformation of the Upper Cretaceous and Devonian units, the material parameters (pre-
exponential constant B, and activation energy E,) for different stress exponents were
recalculated from the original calcite power-law of Schmid et al. (1977) with n = 4.7. Taking
into account the reference strain rate of 10" s of the simulations and assuming a
temperature of T=300°C, the pre-exponential constant was calculated maintaining the
assumption of similar effective viscosity of 102" Pa-s as the original flow law. The activation
energy constant was modified to show the same viscosity variation with a temperature
gradient, independent of stress exponent. This was done to keep the same range of viscous

variation similar for all non-linear behaviors (Table 4.1, 4.2, and Fig. 4.2).
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The Silurian flow law

From a mechanical point of view, a problematic level is the Silurian slates. In chapter 3, the
Silurian slate unit was shown to be a key element for the development of the Eaux-Chaudes

recumbent fold nappe acting as the lower, ductile detachment level.

Model unit (kg‘/)m” n(Pa-s) Rheology f (Pa"/s) Bn (Pa™/s) N En (J/mol) A (Wm'K") ] C (MPa
Granite 2800 10% Granite' 1 2.6x10% 2.9 2.19x 10° 3 30° 50
Silurian 2500 10" Mica? 108 2.04 x 1073 18 5.1x10* 25 5° 1

-24 5
Devonian 2700 ; Calcite® 1 1'263 :)(1 (1)0-1§0 1t04.7 21 g;f 1t0°§, 25 30° 1
Keuper 2500 108 Salt* 1 7.26 x 10°% 5 5.39 x 10* 25 5° 1
Upper L3 1.69x 10 to 1x10°%to o
Crotamer s 2700 - Calcite 1 poaxion | 10047 | 5ot 2.5 30 10

Upper )

allochthonous 2700 5x10%1 Viscous 1 - - - - 30° 1
nappe linear
Lower Viscous

allochthonous 2700 5x10?1 i 1 30° 1
nappe inear

Table 4.2: List of the simulated units and their material properties, where p is the density, n is the linear viscosity,
B, is the pre-exponential factor, f is a custom pre-factor applied to the B, n is the stress exponent, E, is the
activation energy, A is the thermal conductivity, @ is the friction angle, and C is the cohesion. For all simulations,
the heat capacity (Cp) is set constant at 1050 J/K. The creep flow laws are from (1) Arndt et al. (1997), (2)
Kronenberg et al. (1990), (3) Schmid et al. (1977) and (4) Wawersick and Zeuch (1986).

In the area of study, the Silurian slates are majorly composed of phyllosilicates (biotite, white
mica, and chlorite) in approximately 70-80% (from thin-section observations; Fig. 4.3A and
B), but also contain small amounts of siliciclastic grains (mainly quartz), graphite and opaque
minerals. Few flow laws for mica-single minerals have been published. In this study, we use
the flow law proposed by Kronenberg et al. (1990) and obtained from laboratory experiments
using a single biotite crystal. To generalize to a polycrystalline aggregate, several mixing laws
and approaches have been reported in the literature (e.g., Tullis et al., 1991; Huet et al., 2014;

Wallis et al., 2015), and these are here considered for the Silurian slates.

80



Chapter 4: Thermo-mechanical simulations of fold/thrust nappes
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Figure 4.2: Variation of effective viscosity with A) strain rate and B) temperature for UC/Devonian and Silurian
units. The subindexes “cal” and “mica” indicate the original creep laws of Schmidt et al. (1977) and Kronenberg
et al. (1990) for calcite and mica, respectively. For the simulations comparing the influence of non-linearity
(subindexes “cal-n”), the effective viscosity of the power-law materials was normalized to 10%'-% Pa-s, for a
reference strain-rate of 10-7° s (vertical red line in A) and a temperature of 300°C (vertical red line in B).
Additionally, the activation energy was selected to show similar values of effective viscosity with temperature,
independent of the stress exponent. For the Silurian unit, a pre-factor was applied to the original mica law and
indicated by “mica-p”.

Recently, Rast and Ruh (2021) combining experimental flow laws and numerical simulations
of quartz-mica aggregates proposed a graphical way to estimate the effective stress exponent

(n) and By for a polycrystalline aggregate using relative proportion between biotite and quartz.

Considering the 70- 80% mica content of field samples and the Rast and Ruh (2021)’s
diagram, the range of n and B, for the polycrystalline aggregate are indicated in orange in
Fig. 4.3C-D, and within the range of the flow law proposed by Kronenberg et al. (1990). The
viscosity contrast between the power-laws of calcite (Schmidt et al., 1977) and mica of
Kronenberg et al. (1990) is approximately one order of magnitude (Fig. 4.2A). To maintain the
same order of magnitude in viscosity contrast (which is key to avoid homogeneous
deformation; cf. chapter 3), applying the normalized calcite power-laws with different stress

exponents, a custom pre-factor f = 10"® Pa™/s multiplying the B, of the Silurian was used.
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Figure 4.3: A) and B) PPL photomicrographs of the Silurian slates which are mainly composed by phyllosilicates

with small amounts of quartz grains, graphite and opaque minerals. C) and D) Relationship between the % of

biotite content in a polymineralic aggregate and the bulk values of n and A (equivalent to Bn) of the viscous

power-law of the aggregate (from Rast and Ruh, 2021).
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4.2. Results: on the influence of the stress exponent

As previously mentioned, to test the influence of the stress exponent (i.e., the linearity or non-
linearity of the rheological behavior) in the evolving structures and the transition between fold
and thrust nappes, a series of models with constant-temperature profiles were performed
(Table 4.1). The range of geometrical variability in function of the stress exponent and
temperature is shown in Fig. 4.4 for a series of representative simulations. The strain-rate

field and plastic strain distribution for these simulations are shown in Figs. 4.5 and 4.6.

Two distinct geometries can be identified from this series of models. (1) On the one hand,
models that show a long and continuous Upper Cretaceous-Devonian panel (UCD onwards),
with low values of plastic strain and therefore without brittle/frictional localization (e.g., Figs.
4.4C and 4.5C). The UCD level shows an overturned and flat limb in all cases (i.e., models in
Fig. 4.4C, n=1 and T=280°C; Fig. 4.4H, n=4.7 and T=260°C; Fig. A4.1C, n=1 and T=280°C;
and Fig. A4.1E, n=2 and T= 260°C), so does the axial plane of the fold. However, the
overturned limbs usually display signs of stretching in the syncline hinge zone (e.g., Fig.
4.4C), where the UCD panel can be extremely thinned (e.g., Fig. 4.4H). Moreover, the normal
limb of the structure is typically flat with second-order large wavelength gentle folds (e.g., Fig.
4.4C). The plasticity recorded in these structures is usually very low, which points to a
dominant viscous/ductile behavior (e.g., Fig. 4.4H and 4.6H). This can be observed at
temperatures above 260°C, especially for n < 2 (e.g., Figs. 4.4C, 4.6C), despite viscous-
dominated recumbent folding can also be identified at lower temperatures (e.g., 260°) and n
> 3 (e.g., Figs. 4.4H and 4.8). With linear media, recumbent folding is more restricted to stress
exponents below 3, sharing the same temperature range than those simulated using non-

linear media (Figs. 4.9 and A4.1, A4.2 and 4.3).
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(2) On the other hand, the geometry most commonly obtained in the simulations consists of
non-continuous UCD panel, which occurs in a wider range of situations. These are
characterized by moderate-to-short and truncated overturned limbs, usually flat or dipping
towards the hinterland (i.e., the right side of the models) (e.g., Fig. 4.4D-F). The final structure
shows preferent strain localization in the lower weak level (i.e., the Silurian), allowing
detachment along a thin and flat level with large transport of the units over the autochthonous
(e.g., Fig. 4.5D). These localization levels can be identified by high strain rates of ~10-"3 s,
and in most cases, cross-cutting the overturned limb (e.g., Figs. 4.5G and 4.6G). The normal
limb displays upright folds with shorter wavelengths than those observed in the simulations
where there was no localization in the recumbent limb (e.g., Fig. 4.4D), andforn=4.7and T
= 260°C the Devonian phase is extremely stretched in the normal limb (e.g., Fig. 4.4H and I).
In contrast to the continuous fold structures described in (1), frictional plasticity is well
developed at low temperatures and moderate-to-low stress exponents (e.g., Figs. 4.4A and
4.6A). However, similar geometries without plasticity are also observed at higher stress
exponents and temperatures (e.g., Fig. 4.41 and 4.61). This indicates a duality in the strain
localization according to the dominant behavior regime (brittle vs. ductile) under which
qualitatively similar geometries could be developed on a large scale (e.g., Figs. 4.4Aand 4.6A
vs. Figs. 4.4] and 4.61), which has implications in the expected rocks to be found at the field-

scale (brittle — cataclasite vs. ductile — mylonite).

In fact, the enhancement of frictional plasticity is not only linked with the decrease of
temperature (as intuitively expected), but also with the decrease of the stress exponent (Fig.
4.6). High stress exponents promoted stress weakening between the UCD level and the
surrounding media, producing a more heterogeneous distribution of the effective viscosity

within the UCD panel in the areas with higher strain-rate values (i.e., the overturned limb).
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Figure 4.7: Example of the effect of an increase of the stress exponent on the viscosity of the UCD panel,

increasing the internal viscosity heterogeneities and reducing the effective viscosity in the high strain areas.

This results on a reduction of the effective viscosity of the panel, thus hindering the frictional

plasticity in favor of a dominant viscous/ductile behavior (e.g., Fig. 4.7).

In general, the viscous/ductile structures (1) described in this chapter are geometrically
characterized by slightly taller structural heights (i.e., the distance between the top of the
autochthonous Upper Cretaceous layer and the highest marker at the top of the Upper
Cretaceous of the normal limb) than the frictional-plastic ones (2) (averages of ~2.4 km vs.

2.2 km respectively).

Finally, it is necessary to mention that for all the thermomechanical simulations, the
allochthonous upper nappes and the UCD panel are mechanically coupled, independently of
the structure developed (Fig. 4.5; c.f. chapter 3). In general, the displacement of the upper
nappes over the UCD panel is slightly larger in the cases of where there is strain localization
in the recumbent limb (e.g., Fig. 4.4A and 4.5A vs. 4.4C and 4.5C). The coupling of the
allochthonous nappes and the UCD panel is in all cases (also in the simulations presented in
chapter 3) coinciding with the pass of the allochthonous nappes (i.e., the contact between the
two allochthonous nappes units) over the basement stiff block (simulating the Eaux-Chaudes
pluton), because is where the nappe is initiated (as an upright fold; e.g., Fig. 3.6A) due to the

stiffness of the granite. Deformation is transmitted from the upper weak level (Keuper) to the
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lower weak level (Silurian), producing a migration of the intensity of the strain localization from
the upper weak level to the basal weak level during initial steps, and finally shifting to focus
deformation in the recumbent limb, provoking its lengthening, stretching and yielding

depending on the case (Figs. 4.4 and 4.5).

Qualitative summary diagrams of the conditions under which the resulting end-member
structures (i.e., thrust nappes and fold nappes) are observed and the dominant conditions

under which they were developed are displayed in Figs. 4.8 and 4.9.
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Figure 4.8: Qualitative summary diagram of the resulting structures obtained in thermomechanical modelling
under nonlinear media for different stress exponents and constant temperature profiles and the dominant regime
under which they were developed. RFN: Recumbent fold nappe.
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Figure 4.9: Qualitative diagram of the resulting structures obtained in thermomechanical modelling under linear

media for different stress exponents and temperatures and the dominant regime under which they were

developed. RFN: Recumbent fold nappe.

4.3. The effect of the temperature gradient

As mentioned above, different temperature gradients (24.5, 27.2, and 29.1°C/km) were tested

to investigate the influence of the initial temperature. The results for stress exponents of 1, 2,

and 4.7 of the UCD level and temperature- and strain-rate-dependent media are shown in

Figs. 4.10, 4.11, and 4.12, respectively. The results for the same simulations under linear and

non-temperature-dependent media can be found in the annexes (Figs. A4.4, A4.5, and A4.6),

which display the same general features as those of the simulations for nonlinear media

shown in Figs. 4.10-4.12. A qualitative diagram of the conditions under which the resulting

structures (i.e., thrust/fold nappes) are observed and the dominant conditions where they
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were developed (brittle/ductile) are displayed in Fig. 4.13, including nonlinear and linear

media simulations.

End-member geometries like those described in section 4.2 (i.e., thrust nappes and fold
nappes) are obtained using the temperature gradients. However, when the temperature
profile is applied, the occurrence of recumbent folds is restricted to conditions where the

stress exponent is 1 (Fig. 4.10).
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Figure 4.10: Thermo-mechanical simulation results for n = 1 (UCD panel) at different applied temperature
profiles and non-linear media (dependent on temperature and strain rate), including the phase (A, B and C),
second invariant of the strain rate tensor (D, E, and F), natural plastic strain (G, H and 1) and effective viscosity
(J, K and L) plots. Ti : initial temperature at the bottom of the model; Tf : final temperature at the bottom of the
model.
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For a final temperature of T=~350°C in the autochthonous Upper Cretaceous layer, the
overturned limb of the UCD panel shown a flat and continuous trend, despite being extremely
stretched in all cases (Fig. 4.10A-C) and exhibiting no signs of plastic strain (Fig. 4.10G-I).
Although high strain rates are observed in the stretching area of the syncline hinge, the
development of a discrete, continuous localization level is not observed (Fig. 4.10D-F). The
autochthonous reached temperatures about 350°C too. For simulations with an initial T =
300°C, the normal limb of the structures displayed second-order gentle folds, similar to those
observed in the models using constant temperature profiles (Fig. 4.10B-C). Below 300°C,

open upright folds were produced in the normal limb, just as happened in the simulations
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Figure 4.11: Results from thermo-mechanical simulations with n = 2 (UCD panel) for different applied
temperature profiles and non-linear media (i.e., dependent of temperature and strain rate). Final geometry of
phases (A, B and C), second invariant of the strain rate tensor (D, E, and F), natural plastic strain (G, H and I)
and effective viscosity (J, K and L) plots. Ti, Tf: initial and final temperature at the bottom of the model,

respectively.
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Figure 4.12: Thermo-mechanical simulation results for n = 4.7 (UCD panel) at different applied temperature
profiles and non-linear media (dependent on temperature and strain rate), including plots of the phase (A, B and
C), second invariant of the strain rate tensor (D, E, and F), natural plastic strain (G, H and I) and effective
viscosity (J, K and L). Ti : initial temperature at the bottom of the model; Tf : final temperature at the bottom of

the model.

using constant temperature profiles where the structures resembled geometrically thrust

nappes (e.g., Fig. 4.4 and 4.10).

In any case, the temperatures reached by this structural domain (i.e., normal limb) are around

~300°C, although in the hinge of the anticline they are usually lower (e.g., Fig. 4.10A-C).

Regardless of the initial temperature gradient, the final distribution of the effective viscosity is
approximately homogeneous at a given depth within the UCD panel, and is observed a
vertical gradient due to the increase in temperature with depth. In addition, the viscosity

contrast between the UCD panel and the surrounding weak levels is approximately 2 orders
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of magnitude, slightly less at ~12 km depth due to the higher temperatures (Figs. 4.2 and

4.10J-L).

For non-linear stress exponents (n > 1) of the UCD panel, no recumbent folding was observed
under the applied temperature profiles, even in simulations using linear and non-temperature-
dependent media (e.g., Fig. 4.11, 4.12, A4.4 and A4.6). The resulting structures displayed
short and truncated overturned limbs that reached 350°C with no signs of plasticity
(decreasing with n), and geometrically resembling thrust nappes (cf. chapter 3; Figs. 4.11 and
4.12). Moreover, the autochthon was thinned and tectonically eroded, especially at n > 2 and
elevated temperatures (e.g., Fig. 4.11C and 4.12C). At n = 4.7, the modelled Upper
Cretaceous displayed secondary tight folds in the frontal part of the anticline (Fig. 4.12B and
C) or small thrust slices of Upper Cretaceous (Fig. 4.12C). Moreover, the normal limb is
progressively stretched with the increase of n (especially) and T (in lesser proportion) (e.g.,

Figs. 4.11 and 4.12).

Thin and flat high-strain-rate levels are developed through the overturned limb, over which
the UCD panel is translated (e.g., Figs. 4.11D-F and 4.12D-F). These levels even affect the
normal limb, which is increasingly stretched with the increase of the stress exponent, close to
being beheaded (e.g., Figs. 4.11C, F and 4.12C and F). The range of temperature for the
normal limb is approximately 300°C for the n, with colder areas in the anticline hinge (Figs.

4.11 and 4.12).

In contrast to simulations with n = 1, the effective viscosity within the UCD level for non-linear
conditions is heterogeneous, not only because of the effect of the temperature but also
because of the strain-rate weakening inherent to power-law flow. These heterogeneities are
more pronounced with increased stress exponent, and lower effective viscosities are

observed in the high-strain-rate areas (e.g., Figs. 4.12J-L vs. 4.13J-L). Moreover, as a
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contraposition to the n =1 (UCD panel) results, the viscosity contrast between the UCD panel
and the surrounding weak levels is being progressively reduced with the increase of the n
from ~2 orders of magnitude (n = 1) to near the same order of magnitude (~10"° Pa- s),

especially in those areas with elevated strain rates (e.g., Figs. 4.12J-L and 4.13J-L).
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4.4. Summary and discussion of parameters and results

Thermomechanical simulations confirmed that the viscosity contrast between units is a key
factor in the development of recumbent folds (c.f. Chapter 3). An increase of T and n makes
the viscosity contrast between the UCD panel and the surrounding weak levels drop to near
the same order of magnitude, which results on viscous flow dominated strain localization

surfaces because of the absence of frictional plasticity (e.g., Figs. 4.11 and 4.12). Despite
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these modelled structures are geometrically resembling thrust nappes, ductile features should
be expected to be found in the field (such as shear zones and mylonites), which Caldera et

al. (2023) reported in the ECM area.

The experimental power-law by Kronenberg et al. (1990) fits within the mixing power-laws for
quartz-biotite aggregates from Rast and Ruh (2021), in agreement with the mineral content
observed in the Silurian of the Eaux-Chaudes massif (Fig. 4.3A and B). However, the
parameters of Kronenberg et al. (1990) were obtained from single-crystal, oriented biotite
experiments. Although the preferent basal slip due to the crystallographic anisotropy of micas
was taken into account, the law does not address the anisotropic mechanical behavior of a
polycrystalline aggregate. Silurian slates show a well-developed and penetrative foliation
which was probably developed in Variscan times before the onset of the Alpine orogeny (e.g.,
Garcia-Sansegundo et al., 2011, and references therein), defining a strong mechanical
anisotropy in the rock. Therefore, we propose the use of a prefactor (f) in a manner similar
that Spitz et al. (2020) used it to facilitate the brittle-ductile transition at depth, but in our case
additionally to calibrate the viscous behavior of the Silurian phase to be in the same range of
values as in the purely mechanical simulations (c.f. Chapter 3). A moderate viscosity contrast
between units is required to activate detachment horizons within rocks involved in deformation
(e.g., Pfiffner, 1993; Bauville and Schmalholz, 2015; Kiss et al., 2020; Spitz et al., 2020) and
without a prefactor, the Silurian no longer acts as a detachment level because the viscosity

contrast with surrounding units is insufficient (e.g., Fig. 4.14).

Temperature (T) and stress exponent (n) produce variation of the effective contrast between
units and affect the deformation style causing the development of heterogeneities within the

UCD panel that favors strain localization within it (e.g., Figs. 4.4-4.7 and 4.10-4.12).
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Figure 4.14: A and B) ner plots from equivalent simulation examples with no prefactor (left) and adding a 1078
prefactor (right) from the early steps of a simulation (9.2% of bulk shortening or 3.6 Ma of simulation time). C
and D) Equivalent plots of the second invariant of the strain rate tensor, showing the development of localization
surfaces when a prefactor is used. Without a prefactor, the viscosity contrast between the U. Cretaceous and

Devonian panel and the Silurian slates is insufficient such that the latter no longer acts as a detachment level.

For model runs using a linear viscous law for the UCD panel (n = 1), the simulations reproduce
part of the first-order geometrical features of the Eaux-Chaudes recumbent fold nappe
observed in the field. These simulations tend to preserve the thickness of the recumbent limb
(e.g., Fig. 4.4C), a feature that is also observed when the media (i.e., the Silurian, E-C granite,
and Keuper units) is also linear and purely viscous (i.e., independent of T) (e.g., Figs. 4.4C

vs. A4.1E and F).

For n > 2, the effective viscosity heterogeneities within the panel are more pronounced at a
given temperature because the UCD level is more sensitive to the partitioning of the strain
rate and a dominant viscous/ductile behavior of the panel is observable at lower temperatures
(e.g., Figs. 4.6 and 4.7), which favors the development of localization levels (e.g., Figs. 4.4G
and 4.5G). This effect (i.e., the appearance of effective viscosity heterogeneities) was
accentuated when temperature gradients were applied to the initial set-up of models. Indeed,

no recumbent fold with constant limb thickness was observed for models with n > 1, although
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deformation was dominantly accommodated by viscous/ductile flow, but the strong ductile
strain deformation produced recumbent limbs with extremely stretched limbs (Figs. 4.10 and
4.12). Moreover, the viscosity contrast is progressively reduced with the increase of n (i.e.,
stress weakening) which contributes to the prevalence of the viscous/ductile behaviour of the

UCD panel and increases its internal heterogeneous behaviour .

In all cases, the isotherms crosscut the structure, showing a relationship that could induce an
interpretation of the heating as post-tectonic, but in the case of the simulations was
synchronous with deformation. This result is basically related with the thermal properties used
for the different units and the low rate of amplification of the structure that it was unable to

produce heat advection (i.e., the heat diffusion is faster than mechanical structural growth).

In general, the range of initial temperatures used in the simulations where a temperature
gradient was applied does not significantly affect the development of a recumbent fold nappe,
although only for n = 1 a structure conserving the continuity of the recumbent limb was
observed. For models with initial low temperatures (T < 300°C), upright gentle folds are
amplified in the normal limb of the modeled structures (Fig. 4.10). At T > 300°C, the normal
limb of the structure is shown with large wavelength upright folds, which resemble the Eaux-
Chaudes recumbent fold nappe described by Caldera et al. (2023), which may point to slightly

hot conditions to initiate recumbent folding.

4.5. Main conclusions on thermomechanical modelling

The viscosity contrast between units is a key factor in the development of recumbent folds,
without which the deformation tends to be accommodated more homogeneously between
units with similar viscosities. A handicap in LAMEM and the experimental and mixing power
laws is that they do not consider the effect of internal mechanical anisotropies of the rocks in

the range of effective viscosities. Because anisotropy is common in natural systems,
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especially in those involved in multiple orogenic processes, the effective viscosity under
applied strain rates could be over- or underestimated depending on the case (i.e., in general
underestimating the effective viscosity in a direction normal to the anisotropy, while it tends

to be overestimated in directions parallel to anisotropy).

Recumbent folding in layered successions such as the natural case of the Eaux-Chaudes
massif is particularly favored when strong sedimentary rock (here represented by the Upper
Cretaceous-Devonian panel) tends to behave rheologically linearly (i.e., n = 1). The combined
effect of temperature (T) and stress exponent (n) induces stress weakening between units
causing variation of the effective viscosity contrast and development of heterogeneities.
These heterogeneities could trigger the development of localized levels in the brittle/plastic
regime at low n and T or in the viscous/ductile regime at high n and T. In such cases
recumbent folding will be hampered, favoring the localization under dominantly viscous flow

(i.e., ductile shear zones) or under dominantly plastic/brittle flow (i.e., thrusting).
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Chapter 5: Sequential timing of the Eaux-Chaudes massif from

the structure and U-Pb geochronology of calcite veins

During the construction of fold and thrust belts, secondary porosity develops within rocks
involved in the deformation generating pathways for fluid circulation and precipitation (e.g.,
Travé et al., 1997; Nemcok et al., 2005; Cosgrove, 2015; Crognier et al., 2018; Cruset, 2019).
At the outcrop scale, the most visible and common evidence of this interaction are the network
of veins, which can provide valuable information to depict the history of the fluid flow evolution
in terms of composition and origin (e.g., Roure et al., 2005; Cruset et al., 2023), but also can
serve as potential tracers of the paleostress field evolution acting as relative chronology
markers (e.g., Bons et al., 2012; Ring and Gerdes, 2016; Cruset, 2019). Two of the most
common minerals precipitated from fluids within veins are calcite and dolomite, which are
susceptible to dating by U-Pb geochronology, which is utilized in a wide range of applications
(e.g., Hopley et al., 2019; Nicholson et al., 2020; Holdsworth et al., 2019, 2020; Kreissl et al.,
2018; Drake et al., 2017; Incerpi et al., 2020; Methner et al., 2016; Coogan et al., 2016;
Lawson et al., 2018; Drost et al., 2018). Whether the veins can be linked to deformational
episodes, absolute ages could in principle be given, providing a high value to the study of the
structures and/or the events linked to vein precipitation (e.g., Roberts and Walker, 2016; Ring
and Gerdes, 2016; Goodfellow et al., 2017; Hansman et al., 2018; Parrish et al., 2018;

Beaudoin et al., 2018; Nuriel et al., 2017, 2019; Smeraglia et al., 2019).

The Eaux-Chaudes Massif experienced a complex deformation history, first documented by
Ternet (1965) and more recently revisited and reinterpreted by Caldera (2022) and Caldera
et al. (2023), who applied concepts arisen from the tectonic exploration of rifted margins and
novel instrumental techniques (e.g., Raman Spectroscopy in Carbonaceous Material and

Electron Backscatter Diffraction). His work unraveled a km-scale, recumbent folding, and
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ductile deformation at maximum temperatures of ~350 + 25°C within the Upper Cretaceous
platform carbonates of the massif. The onset of the inversion of the hyperextended rift basin
in the area was documented by Teixell et al. (2016) and Labaume and Teixell (2020) in the
Mid-Santonian times (ca. 84Myr), recorded by the deepening of the platform (late Cretaceous
flysch sedimentation) and the southward displacement of the salt-detached Chainons

Béarnais fold-and-thrust belt (CBB) on the Lakora thrust.

With the onset of the inversion, layer-parallel shortening and nappe stacking occurred,
deforming the Upper Cretaceous sediments within a thick shear zone between the weak
detachment layers of the Silurian and the allochthonous Keuper (cf. Chapter 3 and 4; Fig.
5.1). The age of the eastern termination of the Eaux-Chaudes basement thrust was first
documented in the Néouvielle basement massif by Wayne and McCaig (1998) using Rb-Sr
method on mylonite veins and later by Jolivet et al. (2007) using “°Ar/*%Ar in K-feldspar in the
same area. Both studies obtained an age of thrusting in the Early Eocene (48 + 2 Ma and 50
Ma, respectively). In mid Eocene-Oligocene times, the entire system was uplifted and partially

exhumed on top of the active Gavarnie basement thrust (cf. Chapter 6; Bosch et al., 2016).

Associated with the inversion of the Iberian rifted margin and the posterior exhumation,
pre/sin- and post-deformational polymineral calcite-dolomite-quartz veins precipitated in the
ECM within secondary porosity. The aim of this chapter is to decipher the nature and time
sequence of the fracture network and vein precipitation in the ECM and its relationship with
the deformation of the Upper Cretaceous carbonates from the macro- (map scale) to micro-

scale (thin section scale).
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Figure 5.1: Sequential evolution of the ECM taken from Caldera et al. (2023) comprising from the late post-rift
times to the post-orogenic stage. The blue line corresponds to the branch of the Lakora thrust that carries the
allochthonous Keuper sheet (horse) on the ECFN. The dashed lines show the locations of the future faults in
the following steps: ECFN: Eaux-Chaudes Fold Nappe; MIN: Montagnon d’Iseye Nappe; 5MN: 5 Monts Nappe;
MVN: Montagne Verte Nappe; CBB: Chainons Béarnais Belt; Mblz. Cngl: Mendibelza Conglomerates.
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5.1 Strain domains of the Eaux-Chaudes massif from EBSD analysis

The Upper Cretaceous carbonates of the ECM are heterogeneously deformed depending on

their position within the regional structure and on the rheological properties of the rocks.

Caldera (2022) defined four main domains of deformation (Fig. 5.2) based on microstructural

EBSD analysis:
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Figure 5.2: Strain domains proposed by Caldera (2022) for the ECM, which do not coincide exactly with the

macroscale structure boundaries.

Summarizing from Caldera (2022), strong deformation was observed in the eastern
autochthon and overturned limb domains (DA and OL; 1 and 2). These are characterized by

strong ductile deformation and dynamic recrystallization, erasing any sedimentary or fossil
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feature within the Upper Cretaceous carbonates. Well-developed schistosity (often qualified
as mylonitic foliation) parallel to stratification (So-1), S-C fabrics, mineral orientation (stretching
lineation), and asymmetric porphyroclasts in sedimentary quartz and dolomite-rich
aggregates are observable structures in these domains, showing evidence of top-to-the-south
shear (Fig. 5.3A and B). On the other hand, both the weakly deformed autochthon and the
normal limb domains (WDA and NL; 3 and 4) are observed unstrained or low deformed in a
brittle-ductile regime (small-scale faults and pressure-solution features), and most of the fossil

remains and sedimentary structures are well preserved (Fig. 5.3C and D).

A)

Figure 5.3: Examples of heterogeneous strain regimes from each strain domain. A) 6-shaped calcite vein from
the deformed autochthon domain showing a top-to-the-south sense of shear. B) Asymmetrical folded dolomite
from the overturned limb in the Cambeihl area indicating top-to-the-south sense of shear. C) Undeformed fossils
(rudists) from the weakly deformed autochthon domain near Goust village. D) Late brittle fractures developed in
the normal limb domain.
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In addition, the boundary between the western weakly deformed autochthon domain and the
eastern deformed domain (overturned limb) is accommodated by the so-called Gourzy
transfer zone, which at the same time marks the transition between the recumbent fold nappe
and the Eaux-Bonnes thrust, and coincides with the sharp end of the EC granite in the

autochthon domain (Fig. 5.2; Caldera, 2022).

5.2. Vein network of the Eaux-Chaudes massif

Multiple veins are observed within the different lithostratigraphic units of the Upper
Cretaceous carbonates, which constitute the host rocks. The individual veins have
thicknesses in the 0.1-20 cm range and lateral extents up to a few meters. Geometrically,
three main vein families can be identified for which a relative timing can be established: 1)
veins parallel to the So-1 foliation (namely PFV veins), and two cross-cutting conjugate sets of
steeped veins, oriented 2) NW-SE to WNW-ESE and 3) NE-SW to NNE-SSW, orthogonal to
So-1 (namely OFV veins). To track their occurrence at the scale of the massif, a total number
of 671 veins were measured at 19 sites (see location in Fig. 5.4) within the strain domains

above defined.

5.2.1. Field data

The orientation of the poles to the bedding and foliation is displayed in Fig. 5.5, together with

stretching lineation and fold-axis data, grouped according to the four domains.

The average dip of the bedding planes is to the north, with moderate to gentle dip angles for
the DA, OL, and WDA domains (Fig. 5.5). However, deviations are common, particularly in
the OL and WDA domains, where vertical or WSW dips are observed. On the other hand, the

normal limb shows a clear dip trend to the W with moderate dips (Fig. 5.5). The foliation and
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Figure 5.4: Geological map of the ECM showing a representative selection of foliation and stretching lineation
data and the location of the calcite veins measurements and sampling sites. PG M: Pic de Ger Massif; Pn M:
Péne Médaa; Pn S: Péne Sarriere. The structural data displayed in this map corresponds to the published
dataset by Caldera (2023).

So-1 show a similar pattern to the bedding, except for the NL domain, which has no foliation
developed because of its low deformation (e.g., Caldera, 2022). The foliation and So-1 in the

overturned limb show a concentrated northward dip (mean 352/30) (Fig. 5.5).

Stretching lineation was only observed in the high-strain deformed domains. In the DA domain
it strongly points to the north, with very gentle-to-moderate plunges (mean 010/37). However,
anomalous values showing vertical plunges and/or some northwest trends were observed in
this area (Fig. 5.5). On the other hand, the stretching lineation in the OL is less dispersed and

north-oriented (mean 354/23) (Fig. 5.5).

Finally, small scale isoclinal fold hinges and boudin necks affecting the PFV veins (e.g., Figs.

5.7B and C) or the host rock were identified and measured in the DA domain (Fig. 5.5),
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Figure 5.5: Results of structural data measured in the ECM (Schmidt lower hemisphere, equal area stereoplots).
Contoured density diagrams are calculated at 1% of area on lines (stretching and fold axis/boudin necks) or
poles (bedding and foliation + Sy.1) with N = 25. The mean data plane is calculated from the pole of the mean

Fisher vector of the data at 95% level of confidence. Data contours represents the percent of data per 1% area.

showing a clear west-east orientation of these structural elements (mean 269/43), which is
compatible with the foliation and stretching lineation observed in the domain (Fig. 5.5), and

their asymmetry indicates top-to-the-south shear (e.g., Fig. 5.7C).

5.2.2. Calcite vein orientation data.

The orientation of the calcite veins in the ECM is shown in Fig. 5.6 according to the four
deformation domains. The two main types of calcite veins described above can be clearly
distinguished from structural data. The early set of veins parallel or at low angle (<30°) to the

foliation are common in the high strain domains (i.e., OL and DA) but also present in the

107



Chapter 5: Sequential timing of the Eaux-Chaudes massif

weakly deformed autochthon (foliation-parallel veins in Figs. 5.6 and 5.7). On the other hand,
the conjugate sets of calcite veins striking NE-SW to NNE-SSW and NW-SE to WNW-ESE,
which cut at a high angle the main foliation (>30°) exist in all strain domains (foliation-

orthogonal veins in Figs. 5.6 and 5.7).
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Figure 5.6: Results of the calcite vein orientation data measured in the ECM (Schmidt lower hemisphere, equal
area stereoplots) displaying the poles to each vein set. The foliation parallel veins encompass those veins
parallel or at low angle to the foliation of the outcrop (<30°), whether the orthogonal veins are those that cross-
cuts at high angle (>30°) the foliation of the outcrop where it was measured. The data is also grouped in each
EBSD strain domain proposed by Caldera (2022). Contoured density diagrams are calculated at 1% of area on
data poles (vein bedding and foliation + Sy.1) with N = 25. The mean data plane is calculated from the pole of
the mean Fisher vector of the data at 95% level of confidence. Data contours represents the percent of data per
1% area.
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Figure 5.7: Examples of calcite veins parallel and orthogonal to the foliation. A) and B) Boudinaged calcite veins
(PFV) belonging to the overturned limb, parallel to the N dipping foliation (S¢.1), cross-cut and displaced by
straight fractures filled with calcite (blue). A belongs to the locality OLS and B to OL1 C) Intramylonitic folds
affecting the foliation (So.1) and the calcite veins showing top-to-the-south sense of shear in the deformed
autochthon domain (locality DA5). D) Dense stack of Sy.1-parallel calcite veins cross-cut by thin shear fractures
filled with calcite in the deformed autochthon domain (locality DA1). E) Boudinaged calcite veins parallel to the
foliation in the Gourette area (deformed autochthon domain) with asymmetry indicating top-to-the-south shear
(locality DA6). F) En-échelon calcite veins from the weakly deformed autochthon indicating vertical displacement
(i.e., normal-sense) in the unconformity between the metasedimentary Paleozoic and the Upper Cretaceous
(locality WDAS). G) and H) OFV calcite veins cross-cutting relationships with respect to the PFV but also
between the WNW-ESE to NW-SE and the NE-SW sets (dark and light blue in inset, Figure H; locality WDA1).

Most of the calcite veins present in the DA domain are parallel to the main foliation (Fig.5.6).
A slight obliquity between the mean foliation (352/30) and mean calcite vein planes (340/52)
is observed. The orthogonal conjugate veins are clearly defined, and a scarce subvertical

vein set trending near to E-W (mean dip 011/78) is also observed.

Similar features were observed in the OL domain. A set of veins parallel to the main foliation
is common in this domain, less dispersed than in any other domain of the ECM (Fig. 5.6). In
contrast to the DA the mean plane of the foliation (352/30) and calcite veins (343/23) are

nearly parallel (Fig. 5.6).

The OL also has two conjugate sets of veins at a high angle to the main foliation. The first
identified set is striking NW-SE (mean 210/71) and compatible in orientation to the set NW-
SE set of the DA domain. A second high-angle set with a NE-SW strike (mean 317/84) was

also observed and measured in the OL (Fig. 5.6).

Veins parallel to the foliation are also present in the WDA domain with a comparable mean
dip (335/21) to the DA and OL domains. In this domain, in contrast to the other ones, two sets
of conjugate veins at high angle to the foliation (Fig. 5.6) are identified. The first set has a
common WNW-ESE to NW-SE strike and steep dips of the two subsets. It could be correlated

with the NW-SE veins observed in the DA and OL domains. On the other hand, a second set
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of conjugate veins with NE-SW strike and high dip angles (mean 313/68 and 115/73,

respectively) can be identified in this domain (Fig. 5.6).

Finally, the NL domain only a set of vertical calcite veins with a W-E strike (mean 359/79) was

observed, and comparable to a similar set observed in the DA (Fig. 5.6). The scarce data

prevents us from doing a quantitative analysis in this domain. It is worth noting that this

Silex Limestones

< 9.
—_—

&
: SN
N
S o,
%, N
i
D) f we
t
S N PFV veins 35 e
\ Chainons Limestone
- E F

\

—— PFV calcite veins
—— OFYV calcite veins (NW-SE system)
—— OFV calcite veins (NE-SW system)

Figure 5.8: Interpretative three-dimensional sketch using vein data from the WDA1 site (Fig. 5.4), where cross-
cutting relationships between the bedding, foliation, So.1 and calcite veins allow us to unravel the relative
chronology of the fracture/vein network events. A) PFV calcite veins near a bedding-parallel detachment at the
top of the Santonian carbonates parallel or at a low angle (folded) to the So.1. B) Top view of the NW-SE to
WNW-ESE dipping OFV vein set (blue) within the Santonian silex limestone, cutting the silex nodules. C) Top
view of the NW-SE to WNW-ESE dipping OFV vein sets showing that the NE-SW vein set system formed first.
D) Dense network of the NE-SW OFV vein sets (blue) cross cutting the PFV (red) in the bedding-parallel
detachment at the top of the Santonian carbonates. E) PFV veins displaced by the OFV NE-SW vein sets. F)

NE-SW OFYV veins cross-cutting and displacing (normal sense) the top Santonian PFV calcite vein set.
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orientation is parallel to a set of map scale W-E normal faults that are characteristic of the

normal limb of the Eaux-Chaudes fold nappe (e.g., Caldera, 2022).

5.2.3. Relative chronology of veins from field observations

The studied outcrops in the ECM domains allowed us to constrain the relative chronology of
the vein sets described above. The summarized relationships between the vein sets observed
at the WDA1 site (see location in Fig. 5.4) are shown in Fig. 5.8. In fact, the calcite veins
parallel to the bedding, foliation, or So-1 (where developed) (PFV) are always cut by either set
that has a high angle relationship between these elements and the calcite vein (OFV),
regardless of the strain domain (Fig. 5.7A, D, G and H). Across the study area, the PFV veins
are occasionally affected by small displacements along the OFV veins, but these are not
always consistent, despite most of them displays normal component (e.g., Fig. 5.7A, D, G,

and H).

A particular feature of WDA1 site is that it constitutes the only outcrop where a relative
chronology between the different OFV sets can be deduced. In this site, both the NW-SE and
NE-SW vein sets can be observed (Figs. 5.6 and 5.8). The sequence of events can be inferred
from the outcrop in Fig. 5.8C, where the calcite vein belonging to the NW-SE system (outlined

in light blue) postdates the NE-SW system (outlined in dark blue).

Therefore, the NW-SE to WNW-ESE calcite vein system is superimposed on the NE-SW
veins, all cutting the PFV vein network, thus establishing the relative chronology of fracture
network events. Out of outcrop WDAA1, all the cross-cutting relationship examples concerned

only one of the OFV sets (either NW-SE or NE-SW) and the PFV vein set.

Other sites where the OFV are observed to post-date PFV are the DA1 and DAS (see Fig.
5.4 for location). In the DA1 (Figs. 5.7D and 5.9A) obligue NW-SE veins cut a dense pack of

PFV veins that | interpret as defining a shear zone (see discussion below). In both DA1 and
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Figure 5.9: A) High strain sheared rock from the DA1 site, characterized by a progressive shear increase and
multiple PFV calcite veins. Oblique calcite veins post-dates those PFV veins. B) PFV and OFV veins from the
DAS5 site showing the WNW-ESE system post-dating the PFV and the So.«. C) and D) Straight calcite veins
(orange dashed line) oblique to the foliation and parallel to the axial planes of the folds developed in the PFV
calcite vein (red dashed line) in the WDAZ2 site near the Gourzy transfer zone. The folded PFV vein is compatible
with senestral sense of shear and cross-cuts and is cross-cut at the same time by the straight veins, indicating

the syn-tectonic nature of all of them.

DA5 (Fig. 5.9D), the NW-SE vein system is represented by thin and straight calcite veins

which may show a slight offset (Fig. 5.7D and 5.9B).

In the OL, the superimposition of the OFV on the PFV can also be appreciated (e.g., Fig.
5.7A). In this case, the north-dipping PFV veins of the OL1 site (location in Fig. 5.4) were
interrupted by thin and straight reverse fractures filled with calcite from the vertical NW-SE

set (Fig. 5.7A).
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The rapid transition between the western large-scale ductile recumbent fold to eastern ductile
fold-and-thrust fan led Caldera (2022) to propose that this transition was accommodated
through the N-S Gourzy transfer fault. The WDAZ2 site is located eastward of the Gourzy
transfer zone (see location in Fig. 5.4), and was also affected by fracturing and calcite vein
filling (Fig. 5.9C). Two types of calcite veins can be found here, dipping to the west at low-to-
high angles with respect to the main foliation (Fig. 5.9C). The first veins (orange dashed in
Fig. 5.9C and D) are nearly parallel to So-1 and are boudined, which is a common feature of
veins observed at other sites (e.g. WDA1; DA1; Figs. 5.7, 5.8 and 5.9A). The second veins
(red dashed line in Fig. 5.9C) are shown folded at high angle with respect to the main foliation
of the outcrop, which is nearly parallel to the axial planes of the vein folds. Although it may
reasonably appear that the parallel veins (orange dashed in Fig. 5.9C) occurred after the
folded veins, the cross-cutting relationship between both sets is more complex, by which the
veins parallel to the So-1 are cut and at the same time cross-cut the veins at high angle to the
So-1 (Fig. 5.9D). This, together with the orientation and the observed deformation features,
suggests that these veins belong to the progressive evolution of the Gourzy transfer zone in

a sinistral sense of shear.

5.2.4. Structure, microstructure, and petrology of the calcite veins

Samples of calcite veins belonging to deformed and non-deformed limestone domain were
analyzed using optical (110 samples) and cathodoluminescence (28 samples) petrography
(Fig. 5.10). In addition, samples 18NC16, 18NC20, and 19NC37 of the normal limb domain,
and 19NC13 and 19NC14 of the WDA domain from Caldera (2022) were included in this

study.

Apart from the veins parallel to So-1 (PFV) and the orthogonal steeped veins (OFV), calcite

veins associated with pressure shadows of rigid clasts, with boudinage necking and en-
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Figure 5.10: Location of the vein samples analyzed by cathodoluminiscence.

échelon vein arrays were also observed (e.g., Fig. 5.7, 5.8, 5.9, and 5.11). Most veins are
composed by blocky or stretched-blocky calcite crystals (e.g., Fig.5.11 A-C), although fibrous
calcite could also be observed usually associated with extensional fractures in competent
layers related to boudinage necking (e.g. 5.11C) or OFV veins (e.g., Fig. 5.11D). Additionally,
veins are also observed in pressure shadows of rigid clasts related to sedimentary quartz
grains or coarse pyrite from the host rock (e.g., Fig. 5.11E and F), or in the vein walls of thick
veins mainly composed by blocky or stretched-blocky calcite (e.g., Fig. 5.14C). Dolomite and
quartz (both sometimes euhedral) are associated minerals that are always present,

regardless of whether they are PFV or OFV (e.g., Fig. 5.11G and H).
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Figure 5.11: Petrographic microscope images from representative examples of the different calcite veins
outcropping in the deformed autochthon domain. A) Crossed polarized light image (XPL) of blocky and stretched
blocky calcite grains and anhedral brittle quartz from a PFV boudinaged calcite vein of sample 19MG20 (DA5
site). The calcite crystals are twinned and sometimes with brittle fractures, and the grain boundaries are sutured.
The tilted fibrous calcite from the lower vein wall (FCc) indicates top-to-the-south shear sense. B) XPL image of
from the DAS3 site showing the NW-SE to WNW-ESE trend OFV system post-dating the PFV and the So.1. The
PFV vein is shown recrystallized and almost vein walls are erased at thin section scale. The OFV vein is
composed of coarse blocky calcite grains in the center of the vein and smaller grains of slightly elongated-blocky
calcite and euhedral quartz near the vein wall. C) XPL image of PFV calcite vein associated with boudinage
necking (orange) from sample 19MG20 (DAS). Fibrous calcite parallel to the So.1 indicates the sense of opening
of the vein. The thick PFV vein (shown in A) also has fibrous calcite and dolomite in the vein wall, perpendicular
to it. D) XPL image of an antitaxial OFV vein composed by fibrous calcite and quartz parallel to So.1 from a
Campanian flysch sample (sample 19MG32; WDAT1 site). E) XPL image of strain fringes in pyrite crystals from
the basal Cenomanian limestone outcropping in the base of the Péne Sarriere (sample 19MG21; DAG6 site)
indicating top-to-the-south sense of shear. F) XPL image of quartz rigid clast of the Cenomanian sheared
carbonate from Cambeilh (OL1 site) with fibrous calcite in the strain shadows that indicates top-to-the-south
sense of shear (sample 19MG68). G) Plain polarized light image (PPL) of blocky calcite, dolomite and anhedral
quartz from a vein in sample 19MG35 from the OL1 site. H) PPL image of an OFV calcite vein composed of
blocky calcite, dolomite, and quartz in a dolomite-rich host rock from the WDA1 site. BCc: blocky calcite; SBCc:
stretched blocky calcite; EBCc: elongated-blocky; FCc: fibrous calcite; Dol: dolomite; FDol: fibrous dolomite;
Qtz: quartz; Py: Pyrite.

Deformed autochthon

At outcrop scale, most of the PFV veins are organized in discontinuous lenticular to tabular
and continuous bodies that are in the thickness range of 0.1-20 cm (e.g., Fig. 5.7C and E;
5.9B; 5.12A; 5.14A). These veins are ductile (i.e., folded or boudined) or brittle-ductile
deformed, sometimes showing geometries resembling pull-apart veins. Occasionally they
contain top-to-the-south sense-of-shear indicators (e.g., Fig. 5.7C and E, 5.12A and 5.14A).
Pyrite grains with associated strain shadows where calcite precipitated are also characteristic
of this DA domain and indicate the same southward sense of shear (Fig. 5.11E and 5.16A).
In addition, we can recognize PFV veins organized in a densely packed stack of So-1-parallel

calcite veins related to intense shear in the Upper Cretaceous carbonates (e.g., Fig. 5.9A).
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Figure 5.12: A) Folded and brittle imbricated thick calcite vein from the DA4 site. B) PFV calcite vein slightly
displaced by an OFV vein in the DAS3 site in the Pic de Ger massif. A thin section of this cross-cutting relationship

is presented in Fig. 5.11B.

On the other hand, OFV veins are also present in the domain, which are straight and thin,
mostly on the mm-scale, but can also be found at the cm-scale (e.g., Fig. 5.7D; 5.9B and

5.12B).

A densely packed calcite vein level 1-5 m thick is located in the base of the Upper Cretaceous
(Cenomanian), a few meters above the Upper Cretaceous-Paleozoic unconformity, just to the
west of the Pene Médaa (DA1 site; see Fig. 5.4 for location). Internally it is composed of a ~
1-5 mm thick host rock-calcite vein sequence. Under transmitted light the PFV veins that form
it are almost indistinguishable from the micritic host rock and are mainly composed of fine-
grained calcite and small quartz grains in a minor proportion (Fig. 5.13E and F); relicts of
coarse twinned calcite grains can sometimes be observed (e.g., Fig. 5.13E and F). Under the
CL, the host-rock and PFV veins are shown with a fairly homogenized dull-yellow color (Fig.

5.13B and D).

The OFV veins (NW-SE) in this sector are mainly composed of coarse blocky calcite grains

with multiple twins and sutured grain boundaries (Fig. 5.13E and F).
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Figure 5.13: A-D) Transmitted (left) and cathodoluminiscence (right) light images from the densely packed PFV
calcite veins associated with shear zones and from the OFV veins from the DA1 site (sample 19MG43). The

dolomite from the host rock and the PFV and OFV veins has a second cement with bright yellow rims. It is
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probably composed of calcite because it has its typical CL color and sometimes it is fully replacing the dolomite.
The quartz from the vein and the matrix is euhedral, precipitated in the host rock and vein porosity. E and F)
PPL (left) and XPL images of the PFV and OFV calcite veins. Relicts of blocky calcite are observed in the PFV
vein. The calcite from the OFV vein has undulose extinction, twins, and sutured grain boundaries. BCc: blocky

calcite; FCc: fibrous calcite; Dol: dolomite; Qtz: quartz.

Under CL, the calcite grains from these veins exhibited dark yellow/brownish colors (Fig. 13B
and D). Dolomite is an accessory mineral of the veins with a dark brown to non-luminescent
color signal under the CL. Most of the dolomite crystals have a bright yellow rim, which could
be replacing calcite (which can occasionally fully replace the dolomite) (Fig. 5.13B and D).
Finally, the disperse euhedral to anhedral quartz is also observed as an accessory mineral in

the OFV veins with a dark blue CL signal (Fig. 5.13D).

Boudinaged PFV calcite veins are observed at the base of the Péne Médaa (DAS site; Fig
5.4 for location), structurally just above the densely packed calcite vein level, which could
represent the Cenomanian detachment level reported regionally by Caldera (2022). Most of
these boudinaged veins are between 0.1 and 5 cm thick, although thicker ones can also be
observed (e.g., Fig. 5.14A). They are typically folded following the top-to-the-south
intrafoliation folds developed within the host rock (e.g., Fig.5.7C and 5.3A). Indeed, in some
cases the veins acted as rigid bodies during the ductile deformation, displaying asymmetrical
features serving as sense-of-shear indicators (e.g., Fig. 5.3A and 5.7C). Nevertheless, low-

angle obliquities between the boudinaged vein and So-1 can be locally observed (Fig. 5.14A).

The veins from this DA domain are principally composed by coarse blocky and stretched
blocky calcite grains, although fibrous calcite is observed perpendicular to the walls of the
thicker veins (e.g., Fig. 5.11A and C). The latter is shown at high angles to the vein wall in the
boudins and at a lower angle in the boudin necks, indicating top-to-the-south shear (e.g.,
sinistral in the thin section in Fig. 5.11A). The blocky and stretched blocky calcite grains show

undulose extinction, sutured grain boundaries, sings of dynamic recrystallization (GBM), and
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Host-rock

Figure 5.14: A) Field image of the boudinaged calcite veins in the DAS site indicating top-to-the-south sense of
shear (red arrows). The veins are usually folded following the intrafolial folds of the host rock (e.q., Fig. 5.7C).

Most veins acted as rigid bodies developing complex sigma/delta porhyroclast structures. Yellow arrows indicate
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the obliquity between the So.1 and the calcite veins. B) XPL image of PFV thick calcite vein showing the twinning
and undulose extinction of the blocky and stretched-blocky grains, as well as the sutured grain boundaries
between them and with the quartz grains. The quartz and the calcite usually have dissolution seams (sample
19MG20). C) and D) PPL (left) and cathodoluminiscence (right) images of the PFV calcite vein from sample
19MG20 (DAS site). Dolomite and quartz are always associated, which in some cases shows sub-euhedral to
euhedral texture. E) and F) PPL (left) and cathodoluminiscence (right) images of the fibrous calcite from the
extensional necking veins showing brighter color than the thick boudinaged veins shown in D). The dolomite
from the host rock has a bright magenta core and a dark brown rim in CL. The latter CL response coincides with
that of the dolomite from the veins (sample 19MG20). BCc: blocky calcite; SBCc: stretched blocky calcite; FCc:

fibrous calcite; Dol: dolomite; FDol: fibrous dolomite; Qtz: quartz.

most of them show type llI-IV twins in the sense of Burkhard (1993) and Ferrill et al. (2004)
indicating elevated temperatures during the deformation (e.g., Fig. 5.11A, C, and Fig. 5.14B).
In both cases, the calcite grains gave homogenized dull to dark yellow colors under CL

(Fig.5.14C and D).

Coarse dolomite and quartz showing brittle features are present in the veins in a larger
proportion than in other samples of the ECM (e.g., Fig. 5.14C and D). Dolomite sometimes
shows straight crystalline grain boundaries in the center of the vein (sometimes with euhedral
shapes) and a fibrous texture perpendicular to the vein wall. As observed with calcite, fibrous
dolomite crystals are present in the walls of thicker veins (e.g., Fig. 5.14D). Regardless of the
texture or the position of the crystal, the dolomite of the veins always yields dark brown colors
under the CL (Fig. 5.14D and F). An interesting point to mention is that the dolomite crystals
from the host rock have a rim that gives the same CL color as the dolomite from the vein.
However, the cores of these dolomites from the host rock have bright magenta colors under

the CL, evidencing multiphase growth, as also reported by Caldera (2022).

Fibrous calcite infilling small extensional boudin necking fractures is also observed in the thin
sections from this domain but not at the outcrop scale (e.g., Fig. 5.11C and 5.14E). Calicite
fibres are parallel to So-1, indicating that the fractures opened parallel to it (e.g., Fig. 5.11C).

Calcite belonging to these veins has bright to slightly yellow CL colors (Fig. 5.14F). Dolomite
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Figure 5.15: A) PPL image of the PFV veins from sample 19MG46 (DAG6 site). The veins and the host rock

share similar grainsize, making them almost undistinguishable. B) Very coarse calcite grain (>0.5 cm) from

sample 19MG81, with undulose extinction, twins and brittle fractures. Note the fine grains of calcite recrystallized
between the fractures that compartmented calcite grain. White dashed line indicates the coarse grain boundary,
located within a calcite vein. C) and D) PPL (left) and cathodoluminiscence (right) images of sample 19MG46
from the DAG site. Dolomite (magenta in CL) and opaque minerals precipitated in the vein wall. VCc: calcite from

the vein; HRCc: calcite from the host-rock; BCc: blocky calcite; Dol: Dolomite; Opq: opaque minerals.

and quartz are present in these veins in a minor proportion compared to the former, giving
dark brown and dark blue CL colors, respectively (Fig. 5.11C and 5.14F). Also, dolomite and
quartz are present in these veins in a minor proportion than the former, giving dark brown and

dark blue CL colors, respectively (Fig. 5.11C and 5.14F).
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At the outcrop scale, the PFV veins from the DAG site (Fig. 5.4) are not different from those
from the DAS5 site, showing also top-to-the-south sense of shear (e.g., Fig 5.7E and
Fig.5.12A). However, at the thin section scale and under the CL, they are completely different
(e.g., Fig. 5.15). Veins from DA6 are composed by dynamically recrystallized calcite with a
grain size similar to that of calcite host rock in most of the samples (e.g., Fig. 5.15A). The
contact between the vein and host rock is not always evident, and sometimes it can be
identified by the presence of opaque minerals or by dolomite with a dull to dark magenta CL
response (e.g., Fig. 5.15A and D). However, we can observe relicts of coarse calcite crystals
(>0.5 cm) which show type llI-IV calcite twins, undulose extinction and also signs of
recrystallization (GBM) and brittle deformation (e.g., Fig. 5.15B and C). Under CL, the calcite
from the samples from this area is shown to be non-luminescent or have bright blue

luminescence (e.g., Fig. 5.15C and D).

Finally, asymmetric and displacement-controlled strain fringes beside pyrite crystals from the
base of the Péne Sarriere (sample 19MG21 at the DAG site; Fig. 5.4) are excellent kinematic
indicators, evidencing again the top-to-the-south sense of simple shear as well as a
component of pure shear (Fig. 5.16A). In the external domain of the fringes, the calcite is
folded and appears to draw an Sz crenulation (Fig. 5.16A). Small shear bands with antithetic
shear-sense (equivalent to P’ fractures) are also developed in the external part of the fringe,
also detected with EBSD by Caldera (2022) (Fig. 5.16A and B). The foliation affecting the host
rock is shown folded close to the strain fringe, and is cut by the pyrite and the calcite fibers
from the fringes (Fig. 5.16A and D). Several authors have proposed methods to constrain
incremental strain from the shape and orientation variation of crystal fibers (e.g., Ramsay and
Huber, 1983 ; Mller et al., 2000; Koehn et al., 2001; Aerden and Sayab, 2017). However,

these methods assume low strain and rigid rotation of fringes, a condition that is
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Figure 5.16: A) XPL scanned thin section image and line drawing of a ductile deformed strain fringe in a pyrite
grain of sample 19MG21 from the DAG6 site, showing top-to-the-south sense of shear. Assuming an idealized
circular pyrite, a minimum of 400% of stretching and minimum of 5656% of shortening has been inferred. B) and
C) PPL (left) and cathodoluminiscence (right) images of the strain fringes from sample 19MG21. Euhedral quartz
and related dolomite precipitated within the strain fringes. D) and E) PPL (left) and cathodoluminiscence (right)
of the host rock and the strain fringes from sample 19MG21. Dolomite from the host rock is shown reddish under
CL with dark brown CL color in the rim. Fibrous dolomite is also present in the fringes. FCc: fibrous calcite; Dol:

dolomite; Qtz: quartz; Py: pyrite.

not possible to assume in the field examples where large ductile deformation of calcite fibers

is observed (e.g., width of calcite fringe is smallest than the inclusion size).

Due to these complexities and uncertainties, it was not possible to calculate the strain
increments from the fringes in a way than previous studies However, assuming a circular
shape for the rigid pyrite and considering the limits of the fringes, the observed shape
indicates a minimum stretch of ca. 400% in the extensional direction and a minimum
shortening of ca. 55% perpendicular to it (Fig. 5.16A). Stiff dolomite crystals are present in

the host rock also acting as rigid bodies (Fig. 5.16A).

The calcite from the fringes gives bright yellow colors under the CL, which are similar to the
calcite CL colors from the host rock (Fig. 5.16C and E). We can also identify fibrous dolomite
crystals in the fringes, which gives a brown CL color (Fig. 5.16E). Dolomite grains in the matrix
has the same CL color (brown) in the rim of the grains as those of the fringes (Fig. 5.16E).
Intergrowing with dolomite crystals, there are sometimes euhedral quartz crystals with dark

blue to non-luminescent CL color (Fig. 5.16C).

Overturned limb

The Upper Cretaceous of the OL domain is mainly characterized by PFV calcite veins ranging

from 0.1 to 4-5 cm in thickness, which are often boudinaged (Figs. 5.7A and B). Also, pressure
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shadows associated with stiff quartz or dolomite grains belonging to the Cenomanian

siliciclastic facies are observed, showing a top-to-the-south sense of shear (e.g., Fig. 5.11F).

The fibrous calcite crystals associated with rigid grains are rarely twinned under optical
microscope and have a dull-yellow color response under cathodoluminescence (CL), which
is similar to the CL signal of the calcite in the host rock (e.g., Fig. 5.17). CL response of the
dolomite grains is variable in colors and intensities, generally characterized by heterogeneous
overgrowths (e.g., Fig. 5.17D). A second bright yellow CL phase is observed precipitating in

the external rims of the dolomites, which is probably calcite substituting the dolomite (e.g.,

Dark blue rim
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Figure 5.17: PPL (left) and cathodoluminiscence (right) images of sample 19MG67 from the Cambeilh area
(OL1 site). A) and B) Fibrous calcite precipitated in the strain shadows of sedimentary quartz grains, which
sometimes develops dark blue rims under CL. Small dolomite is totally replaced by calcite that gives bright
yellow colors under CL. C) and D) Calcite fibers precipitated in the strain shadows of dolomite and quartz grains.
The dolomite gives a heterogeneous response under CL and presents bright yellow calcite(?) in the crystal rims,
which could respond for a calcite replacement in a dedolomitization process as inferred by Caldera (2022). FCc:

fibrous calcite; Dol: dolomite; Qtz: quartz

Fig. 5.17D). Further information on the paragenetic processes (i.e., dedolomitization) suffered

by the host rock can be found in Caldera (2022).

The quartz crystals of the host rock are rounded to angular in shape and commonly have
opaque mineral rims (e.g., Fig. 5.17A and 5.18A). When the host rock is grain-supported, the
quartz grain boundaries are sutured by pressure-solution, and opaque minerals are common
near them (e.g., Fig. 5.18A). Under CL, most crystals show a light blue signal in the core and

a dark blue signal in the rim of the grain (e.g., Fig. 5.17B, D and 5.18A).

The PFV veins have irregular contacts with the host rock, most likely due to the boudinage
(e.g., Fig. 5.7A). In thin sections, the veins are composed of dominant coarse blocky and
stretched-blocky crystals parallel to the vein wall, giving similar dull-yellow colors under the
CL (e.g., Fig. 5.18B and D). Both textures developed type llI-IV calcite twins and present
sutured grain boundaries, undulose extinction and signs of dynamic recrystallization (e.qg.,
Fig. 5.18C and D). Fibrous calcite perpendicular to the vein wall is sometimes observed,
indicating the sense of opening and giving similar dull-yellow color as the coarser calcite

crystals (e.g., Fig.5.19B).

Associated anhedral and stretched dolomite (parallel to the vein walls) and anhedral to
euhedral quartz crystals are observed in these veins (e.g., Fig. 5.19A-C). Fibrous dolomite is
also present perpendicular to the vein walls (e.g., Fig. 5.19B). Dolomite within the vein gives

a dull magenta to dark magenta color under the CL. Bright yellow colors can sometimes be
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Figure 5.18: A) and B) PPL (leff) and cathodoluminiscence (right) images of PFV calcite veins from sample

19MG68 in the OL1 site. The CL color from the rims of the sedimentary quartz differs from those of the core and
are similar than those of the anhedral quartz from the vein. The quartz from the vein has an irregular contact
with the quartz from the host rock, attesting to the deformation of the vein-host rock boundary. C) and D) PPL
(left) and XPL (right) images of sample 19MGG68 where the blocky and elongated-blocky calcite grains show the
same dull-yellow CL response. HRQtz: host rock quartz; Opq: opaque minerals; VQtz: quartz from the vein;

BCc: blocky calcite; SBCc: stretched-blocky calcite; Dol: dolomite.

observed in mineral grains resembling dolomite in PPL, but they are probably related to OFV
calcite veins that provoked partial or total dedolomitization in the host rock and within the vein

(e.g., Fig. 5.19E and F; Caldera, 2022). Euhedral dolomite is also present in the host rock,
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showing a heterogeneous CL response of magenta to dull magenta, with overgrowth rims and

dedolomitization processes, as described by Caldera (2022) (e.g., Fig. 5.17D and 5.19D).

The quartz from the veins, associated with dolomite (e.g., Fig.5.19C, E, and F), is shown dark
blue under CL, similar to the rims of the siliciclastic grains in the matrix (e.g., 5.17B and

5.18B).

On the other hand, thin (0.1-0.2 cm thick) and straight OFV (NE-SW) veins can also be
observed, although they are scarce in this domain (e.g., Fig. 5.5 and 5.7A). These veins are
composed of calcite (bright yellow under the CL) and dolomite (dark magenta under the CL)

(Fig. 5.19D).

Weakly deformed autochthon

The Upper Cretaceous host rocks from the WDA domain are little deformed, with preserved
sedimentary textures and fossil shapes (e.g., Fig. 5.3; Caldera, 2022). However, 0.1 to 2 cm
thick bedding- and Sot-parallel calcite veins are also observed, similar than OFV veins (Fig.
5.6 and 5.8). At the outcrop scale, PFV veins are mostly straight with regular contact with the
host rock, although it is not rare to identify folded PFV veins (Fig. 5.8A). In addition, a relatively
dense pack of calcite vein arrays is also observed in the WDA1 at the level of the top of the
Santonian (e.g., Fig. 5.8A), but not that dense as in the DA1 site (which was at the
Cenomanian detachment level, Caldera et al. 2023). The OFV veins are thin (0.1-2 cm

thickness) and appear straight in the contact with the host rock (e.g., Fig. 5.8C and D).

Under the microscope, the PFV veins from the WDA1 site (Fig. 5.4 for location) are developed
at the top of the Santonian limestone and are almost undistinguishable from the host rock at
the thin section scale (e.g., Fig.5.20A and B). These belong to the top Santonian densely
packed array (Fig. 5.8A, E and F) and are composed of very fine-grained calcite, although

relicts of highly deformed coarse and twinned calcite grains can sometimes be identified. In
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Figure 5.19: A) and B) Cathodoluminiscence images of PFV veins from sample 19MG68 in the OL1 site. A)
shows stretched dolomite and B) calcite and dolomite fibers orthogonal to the vein wall. Bright yellow calcite is
also present just in the vein wall, and in the rims of the euhedral dolomite of the host rock. C)
Cathodoluminiscence image of euhedral quartz and originally dolomite grains totally replaced by calcite with
bright yellow CL color (sample 19MG35 from site OL1). The exhibited texture points to a fluid sub-saturated in
Si. D) OFV calcite (bright yellow)-dolomite (dark magenta) vein cross cutting PFV vein from sample 19MG68.
Note the good development of dedolomitization in the host rock by the presence of originally dolomite replaced
by calcite which gives slight yellow CL response. E) and F) PPL (left) and cathodoluminiscence (right) of dolomite
and quartz from the center of the PFV vein of sample 19MG67. The dolomite preserves its PPL texture, but
seems totally replaced by calcite under CL, which gives bright yellow color. The quartz is also corroded by
calcite. Cc: calcite; FCc: fibrous calcite; Dol: dolomite; FDol: fibrous dolomite; SDol: Stretched dolomite; DDol:

dedolomite (dolomite replaced or partially replaced by calcite); Qtz: quartz.

addition, solution seams marked by of opaque minerals are visible oriented (012/26), usually
surrounding the relicts of coarser calcite or the vein wall. Little deformed quartz is also present

in the PFV veins from this domain (e.g., Fig. 5.20A and B).

The PFV veins from site WDA2 (Fig.5.4 for location) are essentially composed of coarse
blocky calcite grains, which have type llI-IV twins and sutured grain boundaries. Smaller
crystals formed by recrystallization are also observed, which are rarely twinned (e.g., Fig.
5.20C and D). Coarser grains have undulose extinction and sometimes evidence of brittle
fracturing (e.g., Fig. 5.20D). Under the CL, the calcite from the vein gives dark yellow colors
(Fig.5.20F). In addition, calcite with a bright yellow CL color is also observed following the

host rock-vein contact (Fig. 5.20F).
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Figure 5.20: A) and B) PPL (left) and XPL (right) images of PFV calcite veins from site WDA1. C) and D) PPL
(left) and XPL (right) images of PFV calcite vein from sample 19MG12 from site WDAZ2. E) and F) PPL (left) and
cathodoluminiscence (right) images from sample 19MG12 shown in C) and D). Cc: calcite; BCc: blocky calcite;
RCec: relict calcite; Qtz: Quartz; Dol: Dolomite.
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Figure 5.21: A) and B) PPL (left) and XPL (right) images from PFV vein with relicts of coarser calcite grains
cross-cut by an OFV vein (blue dashed lines) composed by coarse twinned calcite grains. C) and D) PPL (left)
and cathodoluminiscence of OFV calcite vein in sample 19NC13 from Caldera (2022). The host-rock is
composed by dolomite grains with violet to dark-dull luminescence in the core and brighter violet borders or
dissolved nuclei. Calcite with bright yellow CL color precipitated in the porosity of the host-rock. Cc: Calcite; Dol:

Dolomite; FCc: fibrous calcite; FDol: fibrous dolomite; Qtz: quartz.

As in the other domains, dolomite and quartz are associated minerals within the veins.
Dolomite, coarse in grain size, shows brittle fracturing and undulose extinction (e.g., Fig.
5.20D-F). Under CL, it gives dark brown colors similar to those of dolomite of the host rock
(e.g., Fig.5.20F). On the other hand, the quartz in the veins, with smaller grain sizes than the
other phases, has sometimes sutured contacts with the other grains and solution seams, but
this is less evident than in other domains with higher strain (Fig. 5.20B and C). It gives dark

blue color in CL (Fig. 5.20E and F).
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In contrast, the OFV veins of this domain are characterized by coarse blocky calcite grains,
most of which are twinned (e.g., Fig. 5.21A and B). Fibrous calcite can appear in the vein
walls (e.g., Fig. 5.21A and B). The grain boundaries are generally sutured, despite the
identification of some straight crystalline boundaries (e.g., Fig. 5.21A and B). Under CL,

calcite from the veins gives bright to slightly yellow colors (e.g., Fig. 5.21C and D).

As observed in the other domains, dolomite and quartz are always accompanied by calcite

within the vein (e.g., Fig.5.21A and B).

Normal limb

Finally, in the normal limb domain, only calcite veins at high angle to the bedding were
observed, which at the outcrop scale ranged from 0.1 to 2 cm thick and has straight contact

with the U. Cretaceous host rock (e.g., Fig. 5.22A).

In thin section, these veins are composed of coarse blocky calcite, which is sometimes
twinned and brittle fractured (e.g., Fig. 5.22B). The grain boundaries are mostly straight,
although some boundaries are sutured, with a rim attesting for pressure-solution (e.g.,
Fig.5.22B). Smaller calcite crystals are observed in the vein walls (Fig. 5.22B). In this domain,

the only accessory phase is dolomite (Fig. 5.22B).

Under CL, calcite from veins and the host rock matrix displays a broad homogeneous dull-
yellow color, although bright yellow is also detected principally in the host rock matrix (e.g.,
Fig. 5.22C and D). No dolomite was observed within the vein under the CL (Fig. 5.22C and

D).
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Figure 5.22: A) Field image of the OFV en-échelon vein array from site NL1 in the Normal Limb domain cross-

cutting the bedding which is oriented 260/42 (out-of-plane). Occasionally, calcite from the same network
precipitated parallel to the bedding planes. B) XPL image from blocky calcite cement of a OFV vein from site
NL1. Note the undeformed fossil from the host rock attesting for low strain in this domain. C) and D) PPL (left)
and cathodoluminiscence images of a OFV vein from sample 18NC37 of site NL1 from Caldera (2022) showing

homogenous dull-yellow CL color.
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5.3. Vein timing from U-Pb in calcite cements

5.3.1. Composition of the calcite veins of the ECM

Prior to the in-situ LA-ICP-MS U-Pb geochronological analysis in calcite, 16 vein samples
from the different strain domains were analyzed by inductively coupled plasma mass

spectrometry (ICP-MS) to obtain information about the amount of U and Pb as a strategy to

address the dating. The results of these analyses are shown in Table 5.1.

Sample Lat(°) Long(°) | Domain Ca Mg Mn Fe Sr Pb U
19MG11 | 42.950016° | -0.331300° DA 396000 | 6800 | 41 405 224 1.9 0.15
19MG12 | 42.934762° | -0.382872° [ WDA | 330000 | 6000 | 240 | 21000 | 500 41 |0.075
19MG20 | 42.933456° | -0.333141° DA 330000 | 6600 | 290 | 38000 | 300 5.4 0.19
12MG21 | 42.940222° | -0.325987° DA 350000 | 5600 | 380 [ 3900 | 350 1.5 0.17
19MG32 | 42.921712° | -0.386888° [ WDA | 310000 | 2800 | 490 | 11000 | 780 1.9 0.10
12MG35 | 42.933333° [ -0.419167° oL 360000 | 3100 | 210 | 7800 | 210 1.6 |0.017
19MG43 | 42.932952° [ -0.341588° DA 380000 | 3900 | 190 [ 9600 | 340 1.3 0.10
19MG45 | 42.927628° | -0.343861° DA 370000 | 3400 | 72 310 | 410 | 0.90 | 0.070
19MG46 | 42.958108° [ -0.339688° DA 370000 | 3500 | 14 100 240 | <0.25] 0.10
19MG56 | 42.925669° [ -0.417581° oL 370000 | 3600 | 260 [ 6300 | 230 2,5 ]0.021
19MG66 | 42.933154° [ -0.418932° oL 360000 | 3200 | 200 | 15000 | 220 1.9 |0.018
19MG68 | 42.934982° [ -0.422567° oL 380000 | 4800 | 88 [ 2000 | 170 2.1 ]0.045
19MG74 | 42.953336° | -0.321682° DA 360000 | 4000 | 88 | 1600 | 360 1.1 0.18
19MG78 | 42.950321° | -0.317892° | DA (Pz) | 390000 | 2500 | 170 | 1200 | 2100 | 2.6 | 0.014
19MG79 | 42.955487° [ -0.327027° DA 410000 | 3900 | 78 330 300 | 0.72 | 0.18
20MG126 | 42.953479° | -0.360887° DA 320000 | 48000 | 170 | 6100 | 140 4.8 |0.020

Table 5.1: Major element ICP-MS results in ppm (ug/g) for the calcite veins from the DA, WDA and OL strain
domains of the ECM. Na was also analyzed giving quantities below detection limit (0.5 ppm). The type to which

each vein belongs can be found in Table 5.2.

The calcite veins analyzed from the different strain domains are principally composed of Ca,
Fe, and Mg, with accessory concentrations of Srand Mn (Table 5.1). Regarding the elements
important for dating (i.e., U and Pb), the major concentrations are very low (Table 5.1). Pb

concentration is always one or two orders of magnitude higher than that of U, which is most

137



Chapter 5: Sequential timing of the Eaux-Chaudes massif

likely in the ppb range. Hence, the U/Pb ratios are below 0.1, despite that samples 19MG74,

19MG79, and 19MG46 have ratios over 0.1 (Table 5.2).

It should be mentioned that the U/Pb ratio from sample 19MG46 has been calculated
assuming a [Pb] = 0.25 ppm, but the actual value may be much lower than that (Table 5.1

and 5.2).

5.3.2. Age results from in-situ LA-ICP-MS U-Pb in calcite

A total number of 9 calcite vein samples (principally PFV but also some OFV; Table 5.3) from
the different ECM strain domains were analyzed for U-Pb ultimately to constraint the age on
the main folding and thrusting events on the basis of the vein-macrostructure relationships.
The locations of the samples are shown in Fig. 5.10. These were chosen as a function of the
U/Pb ratio principally and then on the concentration of U, regardless of the Pb concentration.
Before programming the automated sequence, a few testing shots measuring the 238U/?%6Pb
and 2°7Pb/?%Pb ratios were fired to find U-rich areas. In places where high U was found, a
laser shot was programmed to measure the U and Pb isotopic compositions within a fully
automated sequence overnight. The analyses were performed in four different sessions at
the University of Texas at Austin; further information on the procedure can be found in Chapter

2.

From the total of 45 calcite cement crystals analyzed within the different vein samples, only 4
yielded possible ages to the deformation of the ECM (Table 5.4). The Tera-Wasserburg age
plots with the main results of dated samples 19MG20 and 19MG43 are shown in Figs. 5.23
and 5.24, and the rest of the analyzed samples can be found in the annexes together with the
data repository of the LA-ICP-MS isotopic composition (Tables A5.1—-A5.4 and Figs. A5.1 —

A5.6). The summarized age results for each vein analyzed are displayed in Table 5.4.
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Sample Domain Vein U/Pb
19MG11 DA PFV 0.075
19MG12 WDA PFV 0.018
19MG20 DA PFV (boudin necking) 0.035
12MG21 DA PFV 0.113
19MG32 WDA OFV 0.053
12MG35 oL PFV 0.0M1

19MG43 DA OFV 0.077
19MG45 DA PFV 0.078
19MG46 DA PFV 0.400*
19MG56 oL PFV 0.008
19MG66 oL PFV 0.009
19MG68 oL PFV 0.021

19MG74 DA PFV 0.164
19MG78 DA (Pz) OFV 0.005
19MG79 DA PFV 0.250
20MG126 DA OFV 0.004

Table 5.2: Major element U/Pb ratios from the ICP-MS analyses showing generalized elevated [Pb] with respect
to the [U]. *U/Pb ratio from sample 19MG46 has been calculated assuming the detection limit displayed for Pb

in Table 5.1 (i.e., 0.25) but it is much probably lower than the expected.

Sample Lat (°) Long (°) Domain Type
19MG20 42.933456° -0.333141° DA PFV and OFV
19MG21 42.940222° -0.325987° DA PFV
19MG32 42.921712° -0.386888° WDA OFV
19MG43 42.932952° -0.341588° DA OFV
19MG46 42.958108° -0.339688° DA PFV
19MG67 42.933069° -0.418863° OL PFV

19MG74A 0 0

19MG74B 42.953336 -0.321682 DA PFV
19MG79 42.955487° -0.327027° DA PFV

Table 5.3: Location, domain and type of calcite vein samples attempted to be dated by in situ LA-ICP-MS in

calcite.

The samples from the ECM exhibit a high non-radiogenic isotope composition, with
207Pp/298Pp following planar trends mainly in the common Pb side of the diagrams (e.g., Fig.
5.23D and F; 5.24A and B and Annex 5). Most of the ages suffer from large uncertainties,
which are related to the very low concentrations of U (<1ppm in most cases) and radiogenic

Pb, and the generally limited spread in 238U/2%Pb ratios. However, up to four exceptions to
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Sample Analyzed ID Vein Cement Age error (¥20) MSWD
SH1 PFV (Strain shadow) Fibrous 0.000021 0.064 29
SH2 PFV (Strain shadow) Fibrous 54.0 13.0 2.2
19MG20 T1 OFV Ffbrous 73.8 36.7 1.6
T2 OFV Fibrous 48.87 5.66 14
T3 OFV Fibrous 93.0 16.0 4.0
V1 PFV Fibrous (vein wall) 36.0 424 1.6
1 PFV (Strain fringe) Fibrous 115 103 1.3
1B PFV (Strain fringe) Fibrous 104.5 26.8 1.2
1C PFV (Strain fringe) Fibrous 31.9 18 1.7
2 PFV (Strain fringe) Fibrous 37.8 330.6 14
19MG21 3 PFV (Strain fringe) Fibrous 3.4 90.35 1
4 PFV (Strain fringe) Fibrous 121 21.8 0.82
4B PFV (Strain fringe) Fibrous 37.2 18.2 0.99
5 PFV (Strain fringe) Fibrous 81.8 242 0.75
6 PFV (Strain fringe) Fibrous 12.8 145.2 1.1
1 OFV Fibrous 0.00012 0.41672 1.3
19MG32 2 OFV Fibrous 0.00011 1.42622 1.6
3 OFV Fibrous 62.4 100.1 1.3
1 OFV Fibrous 245 23.7 1.5
2 OFV Blocky 3.08 15.86 4.2
19MG43 3 OFV Blocky 56.99 9.35 23
3B OFV Blocky 39.5 15.4 1.1
4 PFV Micritic cement 38.14 5.99 14
1 PFV Blocky 0.00011 0.11027 22
2 PFV Blocky 0.00011 0.12654 25
3 PFV Blocky 0.00012 0.1004 27
4 PFV Blocky 0.00013 0.08691 1.9
19MG46 4B PFV Blocky 6.91 14.14 22
5 PFV Blocky 0.00011 0.03474 29
5B PFV Blocky 15 19.6 3.5
6 PFV Blocky 1.89 18.81 3.3
6B PFV Blocky 0.00013 0.05095 2.8
1 PFV (Strain shadow) Fibrous 0.000018 0.14966 21
19MG67 2 PFV Blocky 0.00012 0.04247 25
3 PFV Blocky 14.7 52.5 1.4
1 PFV Blocky 358 466 1.1
2 PFV Blocky 101 193 1.2
3 PFV Blocky 24 17.27 1.4
4 PFV Blocky 0.00012 0.09556 1.7
19MG74A 4B PFV Blocky 10.5 34.3 1.2
5 PFV Blocky 0.00012 0.08729 1
5B PFV Blocky 0.00012 0.109 1.3
6 PFV Blocky 0.00012 0.11162 1.1
6B PFV Blocky 0.00012 0.05604 1.9
19MG74B - PFV Blocky 4.65 13.58 1.4
1 PFV Blocky 0.00012 0.06312 21
19MG79
1B PFV Blocky 0.00012 0.0441 1.7
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Table 5.4: Summarized age results obtained by LA-ICP-MS U-Pb in calcite cements of the ECM. Reported ages
that do not belong to the samples 19MG20 or 19MG43 have not been purged for large ellipse error (section

2.2.3) due to the large amount of common Pb.

this general trend can be observed in samples 19MG20 and 19MG43, which show a higher
spread in the 207Pb/2%Pb and 238U/2%Pb ratios (Figs. 5.23B, E and 5.24C and D). From these
four ages, those belonging to the necking vein T2 (Fig. 5.23B), and the vein 4 (Fig. 5.24D),

are shown statistically and internally consistent.

The results obtained from the T2 fibrous calcite of the OFV vein from sample 19MG20 yield
an age of 48.87 + 5.66 Ma (MSWD = 1.4) and exhibits larger 207Pb/?%Pb spread than the
general trend of the whole ECM massif (Fig. 5.23B). A second slightly similar age of 54.0
13.0 Ma (MSWD=2.2) has been obtained from the fibrous calcite precipitated in the strain
shadow SH2, showing small dispersion in both 207Pb/2%Pb and 238U/2%Pb isotopic

compositions (Fig. 5.23E).

The PFV calcite vein 4 from sample 19MG43 yielded an age of 38.14 + 5.99 Ma (MSWD =
1.4) showing most of the data in the common Pb side of the Tera-Wasserburg diagram,
although a trend to the radiogenic composition can be observed (Fig. 5.24D and G). On the
other hand, an age of 39.5 £ 15.4 (MSWD = 1.1) has been obtained from the thin OFV vein
3B, which is similar to that of the vein 4, which suggest that the isotopic system may have

been re-equilibrated (Fig. 5.24C and F).
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Figure 5.23: A-F) Tera-Wasserburg plots from the analyzed calcite cements from sample 19MG20 (Age+20).
Lower intercept ages were calculated using IsoplotR (Vermeesch, 2018). T1, T2 and T3 corresponds to OFV
tensional fractures filled with fibrous calcite shown in Fig. 5.11C and 5.14E and F. V1 are the fibrous calcite
cement from the PFV vein wall shown in Fig. 5.11A and 5.14C and D. SH1 and SH2 are the calcite precipitated
in strain shadows developed in stiffer host-rock areas. G) Billet which contains the analyzed veins and detailed
image from regular microscope of the T2 vein. Blue spots correspond to the excluded LA-ICP-MS laser shots

from age calculation because they totally or partially impacted in the host rock.
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Figure 5.24: A-D) Tera-Wasserburg plots of the analyzed calcite cements from sample 19MG43 (age+20).
Lower intercept ages were calculated using IsoplotR (Vermeesch, 2018). The numbers correspond to the
different analyzed areas of the sample. 1: fibrous calcite of the OFV vein wall shown in Fig. 5.13C and D. 2:
blocky calcite crystals of the OFV thick vein also shown in Fig. 5.13C and D. 3B: calcite precipitated in thin
calcite OFV vein. 4: analyzed PFV calcite vein similar to that shown in Fig. 5.13A and B. E) Billet from sample
19MG43 which contains the analyzed veins. F and G) Detailed image from reqular microscope of the OFV thin
vein and the PFV vein, which gave an Eocene age. Green arrows points to old spots corresponding to @ 85 um
spot laser that exceeded the thickness of the vein and impacted the host rock. The red arrows points to the

thinner spots (o 65 um ) used for the age calculation.
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5.4. Discussion: timing and significance of veins and implications for the tectonic

evolution of the Eaux-Chaudes massif

5.4.1. The calcite veins as kinematic indicators

Calcite veins found in the ECM constitute an excellent kinematic indicator of the different
tectonic processes that occurred in this area during the early constitution of the Pyrenean
orogenic belt. Veins precipitated parallel or at low angles to the foliation or to So-1 (PFV) are
present in the DA, OL, and WDA domains (Fig. 5.2 and 5.6) and register the deformation
suffered by the Upper Cretaceous carbonates during the main thrusting and folding event
(e.g., Fig. 5.7, 5.11, and 5.12). The consistency in orientation with the foliation and their
progressive deformation (e.g., folding, stretching and boudinage, sense-of-shear record, etc.)

suggests that they are genetically related. (Fig. 5.5 and 5.6).

The complex cross cutting relationships observed in the veins from the Gourzy transfer zone
(WDAZ2 site, Fig. 5.4) indicates that they are syn-tectonic because veins with similar
orientations (i.e., orange labelled in Fig. 5.9C and D) cross cuts and are either cut by veins at
high angle to they (i.e., red labelled in Fig. 5.9C and D) and at the same time the whole set is
shown deformed (folded and boudined), indicating multi event of vein precipitation and
evolution of vein orientation during the progressive deformation in this site. The observed
orientation features of both type of veins indicates sinistral sense of shear for the Gourzy
transfer zone, which is consistent with the folds (and axial plane foliation) developed in the
red dashed veins and the extensional (boudinage) features displayed by the orange-labelled
veins, which are in the extensional field with respect to the shear zone. Moreover, the offset
and the folding displayed by the orange labelled veins (Fig. 5.9C and D) is compatible with
the kinematics of R’ fractures in the sense of Cloos (1928) and Riedel (1929), also supporting

the sinistral sense of shear. Therefore, the Eaux-Chaudes fold nappe was translated over the
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autochthonous succession far south than the eastern thrust-fan attending the veins from the
WDAZ2 site, confirming the solution proposed by Caldera (2022) and Caldera et al. (2023) to

accommodate the different structural styles developed in the Eaux-Chaudes massif.

The vein cements probably precipitated in mode-I or mode-Il fractures (e.g., Pollard and
Segall, 1987; Scholz, 2002; Bons et al. 2012), where fibrous and blocky calcite crystals grew,
as indicated by the fibers observed in the vein walls (e.g., Fig.5.11C and 5.19B). However,
owing to the observable combination of simple and pure shear registered by the veins and
the host rocks, it is sometimes difficult to decipher the original orientation and geometry of the

crystals (e.g., Fig. 5.7 and 5.16A).

In general, PFV veins displays ductile deformation at the outcrop scale, similar to that
observed and described by Caldera (2022) in the Upper Cretaceous host carbonates. As
introduced just above, most of these veins are asymmetrically boudinaged and folded
following the top-to-the-south intrafolial folds of the host rock or acted as rigid &-shape
porphyroclats especially in of the eastern DA sector (e.g., Figs. 5.3A; 5.7C and 5.14A). The
most common cases are boudinaged veins that simply follow the foliation or So-1, usually
found in both the DA and OL domains (e.g., Figs. 5.7A, B, E and 5.23G). Linked to the
boudinage, tensional necks were observed where fibrous calcite precipitated (e.g., Figs.
5.14E, F, and 5.23G), which should be considered as syn-tectonic veins. Moreover, similar
fibrous calcite is observed in the SH1 and SH2 near to the tensional T1, T2 and T3 veins,

indicating the sense of shear (Fig. 5.23G).

Despite the observed ductility, the PFV veins also register evidence of late brittle fracturing
during the main deformation event, since the folded veins are sometimes brittle-thrusted (e.g.,
Fig. 5.12A); therefore, they probably formed during a protracted period including late brittle-

ductile conditions.
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In singular outcrops such as DA2 (Fig. 5.4 for location), the PFV veins form nearly 100% of
the rock and define the foliation within outcrop-scale shear zones (e.g., Fig. 5.9A), much
similar to the bedding-parallel Larra detachment level outcropping further west and
interpreted as a product of brittle-ductile multi-event enhanced by fluid pressure (Teixell et al.,
2000). At the thin section scale, the calcite from the veins from this area presents similar
features (twins, dynamic recrystallization, etc.) than those described by the same authors in
the Larra massif. This 5-10m level could represent the Cenomanian detachment level from
the eastern DA sector described by Caldera (2022), although it is sometimes misoriented with
respect to the general trend, probably affected by late retro thrusting and folding, which is

common in this sector (e.g., Caldera et al., 2023; Figs. 5.4 and 5.7D).

Ductile features in the calcite veins are also observable at the thin-section scale. Mechanical
twinning, dynamic recrystallization, and pressure-solution are combined with the fracturing
that opened the cracks where coarse blocky calcite precipitated. Stretched calcite crystals at
boudin necks are also indicative of crystalline plasticity after vein formation. Most of the
observed twins in the PFV veins are type-lll and IV in the sense of Burkhard (1993) and Ferril
et al. (2004) (e.g., Figs. 5.11A, 5.14B, 5.20D, and 5.21B), suggesting relatively high-
temperature during the deformation, as also corroborated by the paleotemperature record
registered by the Upper Cretaceous host rocks of the ECM (~350°C, Caldera, 2022). Grain-
size refinement by dynamic recrystallization of calcite (e.g., Fig. 5.15A-C), occasionally
blurred the veins completely in thin sections (Figs. 5.11B and 5.12B at the outcrop scale).
Relicts of coarse deformed blocky crystals attest for the grain-size reduction (e.g., 5.13A, E,

and F; 5.20A ad B), even in the WDA domain (Fig. 5.21A and B).

Brittle cracks are sometimes developed in the coarser blocky crystals from the veins (e.g.,
5.11Aand 5.15B). These brittle features are especially developed in quartz and dolomite (e.g.,

Figs. 5.11A, 5.14C and 5.20E) and in the rigid grains of the host rock (Fig. 5.17C). Coexisting
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brittle and ductile deformation features were also observed in the host rocks by

microstructural EBSD analysis (Caldera, 2022).

Two main OFV conjugate vein sets have been identified in the ECM post-dating those PFV:
NE-SW to NNE-SSW and NW-SE to WNW-ESE (e.g., Figs. 5.6, 5.7A, D, G, H; Fig. 5.11B;
Fig. 5.19D; Fig. 5.21A and B). At the macroscopic scale, the ECM and Cauterets granite (just
south of the ECM, in the footwall of the Eaux-Chaudes allochtons) are affected by a fracture
network displaying similar orientations (e.g., Fig. 5.25). In addition, in the Larra massif
(westward of the ECM), the NE-SW and WNW-ESE sets can be identified (e.g., Lépez-
Martinez, 1987; Teixell, 1992). Although a relative chronology can be established between
these sets in a particular outcrop (e.g., Fig. 5.8C), it is not safe to attribute this sequence of
events to the history of the massif without a systematic and statistical study. Therefore, for
convenience, both sets are considered to belong broadly to the same process. From the Late
Eocene, the emplacement of the Gavarnie thrust induced a change in the deformation style
through the accretion of a footwall sequence of thick-skinned thrusts, resulting in the Axial
Zone antiformal structure (Teixell, 1996; Jolivet et al., 2007; Labaume et al., 2016; Teixell et
al., 2016), producing also minor north-verging back-thrust/fold systems. This vertical thrust
accretion could have produced extension in the hanging wall, being responsible of the
observed normal offsets therefore producing a change in the stress regime by which OFV
veins precipitated at high angles producing normal offsets in the PFV veins (e.g., Fig. 5.7F, G
and H). Normal faulting and veining in the Larra area were also attributed to the broad
Gavarnie deformation by arching and tangential longitudinal strain over the thrust (Teixell et

al., 2000).
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Cauterets granite macroscopic fractures Eaux-Chaudes macroscopic fractures

Figure 5.25: Macroscale fracture network from selected areas belonging to the Cauterets granite (left) and the
Eaux-Chaudes massif (right, southwards to the DA3 site in Fig. 5.4) showing similar fracture orientation.
Coordinates of the Cauterets measurement area are 42°52'58.83"N, 0°18'13.50"W and for the Eaux-Chaudes

area 42°55'53.60"N, 0°21'44.47"W. Data has been grouped in intervals of 20°.

Therefore, the OFV veins are probably related to the onset of the exhumation of the ECM

during the emplacement of the Gavarnie thrust (cf. Chapter 6) and | consider them to be post-
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tectonic concerning the main shortening event that produced the ECRFN (western sector)

and the imbricate thrust fan (deformed eastern sector) to which the PFV veins are related.

Moreover, the calcite veins from the OFV are also shown deformed, affected by pressure-
solution, and many of them have twins that can often be attributed to type Il (occasionally
type Ill) of Burkhard (1993) and Ferrill et al. (2004) classification (e.g., Figs. 5.11B; 5.13C, E,
and F; Fig 5.21A and B), especially those from the WDA, DA, and OL domains (Caldera et
al., 2021). Since these are considered to post-date the PFV veins (which have type Illl and IV
twins), this indicates a decrease in temperature with respect to the metamorphic peak. In
addition, coarse and little deformed blocky and elongated blocky crystals are always
preserved in the OFV veins (also indicating a decrease in the tectonic activity) as a
contraposition to the recrystallized and blurred calcite from most of the PFV veins (e.g., Figs.

5.11B, 5.13E and F, 5.15 and 5.21A and B).

5.4.2. Fluid evolution in the ECM

In addition to calcite, the polymineralic nature of the PFV and OFV veins indicates that Si-
and Mg-rich fluids circulated along the fractures in the ECM. These fluids produced dolomite
and quartz precipitates within the veins, probably simultaneously because they are usually
associated (e.g., Figs. 5.19C, E and F). Considering the quartz texture from the veins, the
fluid was probably subsaturated in Si (e.g., Fig. 5.18). Although deformed, these mineral
phases preserved euhedral textures in most cases, even in the high-strain domains (e.g.,
Figs. 5.13D, 5.14D and 5.19C) because they are mechanically more resistant. Therefore,
these should be interpreted post-dating the main calcite phase precipitation. In addition, the
magenta dolomite from recrystallized and non-luminescent PFV calcite veins also indicates

the late precipitation of this phase (e.g., Fig. 5.15D).
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The general dark and dull CL intensities of the phases present in calcite veins are related to
the Mn?* and Fe?* concentrations in the calcite, which constitute the main activators (Mn?*)
and quenchers (Fe?*) of luminescence (e.g., Fig., 5.26; Machel, 1985, 2000; Savard et al.,
1995). Concentrations above 17 ppm can cause luminescence (Mason and Mariano, 1990),
and other elements are not required to activate luminescence in calcite (ten Have and
Heijnen, 1985; Habermann et al., 1998). On the other side, Fe?* constitutes the main
quencher element (e.g., Long and Agrell, 1965; Sippel and Glover, 1965), which requires
concentrations >200 ppm to be effective. Mn concentrations in the ECM samples (Table. 5.1)
are in the range of 14-490 ppm, which is sufficient to activate luminescence in the veins from
the ECM, which would give bright yellow and orange to red colors (Mason and Mariano,
1990). However, the elevated quantities of Fe, ranging from 100 to 38000 ppm (Table 5.1),
are high enough to mask the luminescence caused by Mn?*, turning it into very dark red, red-

brown, or non-activated (Budd et al., 2000).

Fig. 5.26: Eh / pH diagram for the aqueous
species of Mn and Fe and the expected
color signal of calcite under
cathodoluminiscence (from Hiatt and
Pufahl, 2014).
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The broadly homogeneous dark to dull yellow CL color of the calcite of the PFV veins tells
that there is no evidence of multiple Ca-rich fluid events that precipitated multiple calcite
cements in the original veins (e.g., Figs. 5.13 — 5.22; Cruset, 2019; Mufoz-Lopez et al., 2023).
Another possibility is that the calcite from the veins and the host rocks suffered an extended
compositional homogenization due to recrystallization and dedolomitization (e.g., Fig. 5.19D),
which is more likely attending the intense recrystallization suffered by the rocks, the fluid
circulation observed by Caldera (2022) and the observed deformation in the veins. In addition,
dedolomitization was extensive in the massif (Caldera, 2022), as was also observed in sample

19MG68 (Fig. 5.19D), probably also affecting the calcite veins.

A late fluid must have circulated through the OFV veins and parallel to the vein walls of the
PFV calcite veins (e.g., Figs. 5.19A and D; 5.20F), giving a bright yellow color under the CL

which is characteristic and extensive along all strain domains. The petrography (calcite vs.

Figure 5.27: A) Quartz vein from the Devonian basement slightly penetrating the Upper Cretaceous
(Cenomanian) sedimentary cover. B) Quartz vein from the Devonian basement parallel to the Paleozoic-Upper

Cretaceous unconformity (yellow dashed line).

dolomite) of the precipitated phases associated to this fluid is unknown due to the small
grainsize, but attending the bright yellow CL color it may be most probably calcite rich, which

in most cases replaces the dolomite from the veins (e.g., Fig. 5.19E and F).
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Finally, both quartz and dolomite from the veins are related to those of the host rock: the same
fluid that precipitated the dolomite in the veins also precipitated a dark brown rim in the bright
red dolomites of the host rock (e.g., Fig. 5.14 D and F), and similarly, the quartz crystals from
the host rock have a dark blue rim with the same color as the quartz from the veins (e.g., Fig.
5.17B and 5.18B). The lack of stable isotope data makes it difficult to decipher the origin of
these fluids (e.g., Cruset, 2019; Cruset et al., 2023; Herlambang and John, 2023; Mufoz-
Lopez et al.,, 2023). Usually, burial fluids provide darker colors or dull intensities, while
meteoric fluids produce brighter responses (e.g., Stoppa et al., 2021). One option is that the
fluids that precipitated the calcite and quartz came from the basement (hydrothermal) owing
to the presence of quartz, but there is no evidence of penetrative and extensive fluid transfer
between the basement and sedimentary lid; rather, quartz veins existing in the basement only
penetrate in the cover for a short distance or become parallel to the unconformity (e.g., Fig.
5.27; Caldera, 2022). The abundant pressure-solution evidence in the Upper Cretaceous
carbonates could be a more likely mechanism for fluid release to precipitate in both the rims
of host-rock quartz and dolomite rims, but also in the porosity of the calcite veins. In addition,

the brighter CL response of late fluids from the OFV veins points to late meteoric origin.

5.4.3. The age of the deformation in the ECM

The vast majority of U-Pb ages obtained from the vein samples of the ECM (41 of 45) are on
the non-radiogenic Pb side of the Tera-Wasserburg diagrams (Tera and Wasserburg, 1972),
and show no mixing between common and radiogenic Pb (e.g., Fig. 5.23D, 5.24A and annex
5). Hence, the U-Pb analyses from the ECM calcite samples are mainly dominated by the
common Pb (Roberts et al., 2020), and hence have little geochronological significance.
However, up to four ages from samples 19MG20 and 19MG43 (Fig. 5.10 for location) could
be acceptable to be interpreted as maximum and minimum ages of deformation for the ECM,

two of them showing statistically and internally consistent (Figs. 5.23B, E and 5.24C and D)
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(e.g., Ring and Gerdes, 2016). The T2 necking vein from sample 19MG20 gave an age of
48.87+5.66 Ma showing pretty good correlation between the data, attested by a MSWD=1.4
(Fig. 5.23B), and it is the vein with the most elevated radiogenic Pb. A second and less robust
age of 54.0+13.0 Ma (MSWD=2.2) arises from the strain shadow SH2, which has higher
uncertainty (Fig. 5.23E). These cements are composed by fibrous calcite that precipitated in
the boudinage neck areas, and should be considered syntectonic, hence recording the age
of the main folding event in the ECM. Under CL, the fibrous calcite from T2 vein appears with
slightly higher yellow brightness than the thick PFV vein from the same 19MG20 (Fig. 5.14D

and F), maybe indicative of its slightly different composition.

Wayne and McCaig (1998) dated in 48 + 2 Ma a series of syntectonic polymineralic veins and
its altered wall rock in shear zones of the eastern termination of the Eaux-Chaudes thrust by
Rb-Sr, and Jolivet et al. (2007) used “°Ar/3°Ar in K-feldspar to date it in about 50 Ma, which
are similar to those obtained for the syntectonic calcite veins in this study, placing the main

deformation in the lower Eocene.

Younger ages were obtained from veins 3B and 4 from sample 19MG43. The clearly OFV
thin 3B vein gave a not very precise but good data correlation age of 39.5 + 15.4 Ma
(MSWD=1.1) while the PFV vein (labelled as 4) arises a more precise age of 38.14 + 5.99
(MSWD=1.4) (Fig. 5.24C and D), even though we cannot discard certain remobilization of the
U homogenizing and partially re-equilibrating of the isotopic U-Pb system. Labaume et al.,
(2016b) discussed using tectono-sedimentary arguments that the Eaux-Chaudes thrust
activity ended at ca. ~38 Ma, by which the age obtained, taking into account the error margin,

is certainly close.

The mobility of Pb is considered inexistent for temperatures <300°C but could be higher if the
rocks are subjected to temperatures over 400°C for long periods (>20Ma). On the other hand,

the mobility of U is mainly assisted by fluids due to its solubility, enhanced at high
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temperatures (Roberts et. al., 2020). The rocks from the ECM were heated at temperatures
of about 300-360°C (Caldera et al., 2021; Caldera, 2022), but it is unlikely to have persisted
for more than 20Myr in the Upper Cretaceous of the massif, and maybe the main reason of
the high content of common Pb in all samples. The recrystallization process at moderately
high temperatures that affected the Upper Cretaceous carbonates from the ECM (e.g., Fig.
5.15; Caldera, 2022) probably re-distributed the U and isotopically re-equilibrated it, a process
that could be assisted by fluids hence behaving as an open system (e.g., Figs. 5.12, 5.13 and
5.24). However, in some areas where fluid was not pervasively circulating, the U-Pb system
could have behaved locally as a closed system, registering the age of deformation of the ECM
(e.g., Fig. 5.23B). In areas with evidence of fluid circulation (such as in DA1 site), it may
deplete the PFV veins re-distributing the U (e.g., Fig. 5.24C and D). Maybe our analyzing
strategy was unlucky to find U-rich areas to date because the U is known to be
heterogeneously distributed across veins, vein phases and individual crystals (e.g., Drost et
al., 2018; Roberts et al., 2020). Perhaps a of previous acquisition of compositional maps (e.g.,
Drost et al., 2018; Chew et al., 2021; Hoareau et al., 2021), it was possible to locate areas
with higher U content and increase the effectivity of dating, but the large quantity of spots
done in a same sample indicates that common Pb and U content is very high and very low,
respectively, in our samples, and probably below the threshold sensibility of the U-Pb calcite
geochronology method. Undoubtedly compositional maps could help us to know more about

the U and Pb mobility in the carbonates of the ECM.

5.5. Main conclusions on the evolution of the deformation in the ECM

The calcite veins from the ECM registered the main thrusting and folding deformation event
in the massif during the alpine orogeny under brittle-ductile conditions between the late
Ypresian (48.87+5.66 Ma) and the early Bartonian (38.14 + 5.99 Ma), constrained by the LA-

ICP-MS U-Pb calcite geochronology.
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As a kinematic indicator, the PFV calcite veins show a strong top-to-the-south sense of shear
at the outcrop scale and microscale, especially in those veins where calcite precipitated in

pressure shadows from the rigid grains of the host rock.

The Gourzy transfer zone accommodated the deformation between the western (recumbent
fold) and the eastern (thrusting) sectors of the Eaux-Chaudes massif through a sinistral shear
zone by which the recumbent fold domain was translated far south over the autochthonous

than the structures developed in the eastern domain.

Veins in the Eaux-Chaudes massif are composed principally of blocky calcite (usually ductile
deformed), although secondary quartz and dolomite that come from local fluids generated by
the pressure-solution-assisted deformation of the Upper Cretaceous rocks of the massif also
precipitated in the porosity of the veins. In addition, calcite is generally homogeneous under
CL (dark-dull yellow), probably because of homogenization due to recrystallization. This
homogenization could also be the cause of the abundance of common Pb observed in most

of the geochronological analyses.

High-temperature twinning, dynamic recrystallization, and pressure solution are the main
deformation mechanisms recorded by the veins in the Eaux-Chaudes massif, which are
consistent with the macro- to micro-scale deformation recorded by the Upper Cretaceous that
form the bulk of the massif (Caldera et al., 2021; 2023). Brittle cracking is less common to

observe in calcite veins, but is better developed in the quartz- and dolomite-rich phase rocks.

| interpret that most of the veins orthogonal to the foliation (OFV) registered the onset of
exhumation in the ECM on top of the Gavarnie thrust because they postdate the foliation-
parallel veins (PFV) veins and mark a change in the main stress regime. Moreover, the
mineral phases of these OFV veins were deformed under colder conditions than those parallel

to foliation/So-1, and the evidence of brittle deformation is more common. The
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cathodoluminiscence brighter yellow colors displayed by the calcite phase replacing dolomite
and present in the vein walls and thin OFV veins, qualitatively point to the meteoric origin of

the fluid, although a stable isotope study is necessary to confirm this hypothesis.
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Chapter 6: Exhumation of the Eaux-Chaudes massif

Prior to Caldera et al. (2021), the Eaux-Chaudes massif (ECM) was classically interpreted as
a duplex with a roof thrust carrying Paleozoic rocks over the Upper Cretaceous (Ternet, 1965;
Déramond et al., 1985; Dumont et al., 2015; Cochelin et al., 2017). The previous low-
temperature thermochronologic studies in the area were focused on the exhumation of the
rocks outcropping in the Axial Zone culmination and its Upper Cretaceous cover, addressing
the basement thrusting sequence that raised them (Bosch et al., 2016; Jolivet et al 2007;
Morris et al., 1998; Labaume et al., 2016b). However, none of these studies considered the
Upper Cretaceous of the ECM due to the calcareous nature of the massif that makes it difficult
to obtain apatites and zircons to analyze for thermochronology. Based on apatite fission tracks
and (U-Th)/He in apatites (AHe) and zircons (ZHe), Bosch et al. (2016) reported a pulse of
exhumation from ~36-30 Ma (Eocene to Early Oligocene) related to the emplacement of the
hanging wall of the Gavarnie basement thrust. Another pulse of exhumation from ~30-20 Ma

was also defined by Bosch et al. (2016) in relation to the Guarga basement thrust.

The hot paleo-temperature record of the Iberian margin (e.g., Clerc, 2012; Cloix, 2017; Corre,
2017; 1zquierdo-Llavall et al., 2020) and in particular the data obtained in the ECM by Caldera
et al. (2021) suggest a complete reset of the ZHe and AHe systems. Therefore, the
exhumation history could be possible to obtain from the analysis of detrital levels such as the
Upper Cretaceous (mainly the Cenomanian) and Paleozoic (the Culm flysch outcropping in

the Pic du Gourzy) and motivated the thermochronologic study presented in this chapter.

Furthermore, the basement-involved nappe stack and late normal faulting observed over the
Eaux-Chaudes nappe (i.e., Montagnon d’lseye (MIN), Cing-Monts, Bois de la Traillére;
Caldera, 2022) also needed the unraveling of the chronology and the temporal constraint of

the nappe stack sequence. Hence, deciphering the exhumation history of the Eaux-Chaudes
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massif and overlying nappe stack can provide clues to understand the collisional evolution of

the West-Central Pyrenees and also of this particular structure.

6.1 Sampling methods

A total number of 35 samples were collected in the different structural units of the Eaux-
Chaudes massif (s.l. autochthon, overturned fold limb, recumbent fold nappe core, normal
limb, and upper sheets -MIN, Cing-Monts and Chainons-Béarnais Belt (CBB) units-)
conforming vertical profiles where possible. From these, 11 were analyzed for low-
temperature thermochronology. The location of each analyzed sample is shown in Fig. 6.1
(map view) and Fig. 6.2, Fig. 6.3 and Fig. 6.4 (section view), the results of ZHe ages are
summarized in Table 6.1. Additionally, samples GPY09, GPY11 and GPY 12 studied by Bosch

et al. (2016) have been incorporated into this study (Table 6.2).

Four to six zircons per sample were analyzed for (U-Th)/He, which were obtained following
the separation methodology described in Chapter 2. Only sample 22MG179 has 3 analyzed
zircons, due to the loss of the fourth zircon during the unpacking process. After separation,
we obtained no apatites suitable to perform AHe analysis, which we also intended originally.
Only one apatite was found and analyzed for sample 22MG183 from the Bois de la Traillere

unit.
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Figure 6.1. Geological map of the Eaux-Chaudes massif between the western Axial Zone (south) and the
Chainons Bearnais Belt (north), showing the location of the samples and the low-temperature
thermochronological results. Zircon (U-Th)/He (ZHe) ages range are shown in red; Apatite fission track results
from Bosch et al. (2016) in green; and apatite (U-Th)/He (AHe) from Bosch et al. (2016) in blue. Samples GPY09,
GPY11 and GPY12 (used for QTQt modelling) were provided by Bosch et al. (2016).
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6.2 (U-Th)/He ages of the Eaux-Chaudes massif

6.2.1 Autochthon

Two samples of the autochthon were collected in the coarse-grained sandstones belonging
to the lowermost Cenomanian, just above the Paleozoic unconformity at 1991 m (20MG108)
and 2409 m (21MG151) of altitude (Table 6.1). These samples are located in the
southernmost part of the ECM, which is affected by late N-S tilting and back-thrusting,
probably related to the emplacement of the Gavarnie basement thrust (Dumont et al. 2015;

Caldera et al. 2021) (Figs. 6.1-6.4).

Six zircon grains of sample 20MG108 were analyzed, yielding a range of uncorrected ages
between 21.5 and 28.1 Ma, which correspond to a Ft corrected age (Farley et al. 1996)
dispersion of 29.3 to 39.5 Ma and a mean age of 33.3 £ 2.7 Ma (Table 6.1). These observed
single-grain ages could be grouped in a young population (29.3, 29.6, and 30.0 Ma) with
essentially flat age-eU correlation and an older population (34.9, 36.8, and 39.5 Ma) that
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seems to draw a sharp negative age-eU correlation. However, two single-grain ages (located
around [eU] = 100 ppm; Fig. 6.5) each belonging to one of these populations could be
considered to be part of the same population if we take into account the 10 error bars (8%)

(Fig. 6.5A).

On the other hand, four zircons of sample 21MG151 were analyzed giving a range of
uncorrected ages of 21.4 to 26.4 Ma and a Ft corrected age dispersion of 27.0 to 34.4 Ma
and a mean age of 31.3 + 2.5 Ma (Table 6.1). Despite a slightly negative date-eU correlation
is observed, the ages seem to be independent of the eU content, drawing a flat trend within

the 10 error (8%) of individual single-grain ages (Fig. 6.5A).

6.2.2 Recumbent limb

Samples 19MG66 and 21MG155 belong to the recumbent limb of the ECFN (Table 6.1).
Sample 19MG66 was collected in the ductile deformed Cenomanian sandstones of the
Cambeilh area, just a few meters topographically below of the Paleozoic unconformity of the
fold nappe core, at 1624 m of altitude (Figs. 6.1, 6.2 and 6.4). Four zircons were analyzed,
yielding an uncorrected age range of 19.7 to 25.6 Ma, an Ft corrected age dispersion of 24.1
to 29.7 Ma, and a mean age of 26.3 £+ 2.1 Ma. Sample 21MG155 was collected in the
conglomeratic to sandy Buntsandstein facies that delineates the contact between the
recumbent limb of the structure and the Paleozoic core of the ECFN, outcropping south of
Laruns at 742 m. The uncorrected ages of the six analyzed zircons range from 18.1 to 23.4
Ma, which corresponds to an Ft corrected age dispersion of 24.8 to 28.7 Ma and a mean age
of 26.5 £ 2.1 Ma (Table 6.1). Neither positive nor negative correlation between single-grain

ages and [eU] is observed, but flat trends for both samples are within the 10 error (Fig. 6.5B).
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It should be noted that there is an altitude difference of 880 m between the last two samples,

despite of this the age range is within the same time span, evidencing a N-S tilting (Figs. 6.1,

6.2 and 6.4).
Sample Mineral Altitude Ft (T\::;’ :t::l]ce’ Co&zc):tzc:il ;ge I(\n“::)nia?g
0.82 2004+10 | 243219
GPY09 Zircon 1066 0.83 203210 | 244%19 258+2.0
0.82 235212 | 286%23
0.80 17.00:0.9 | 22618
GPY11 Zircon 1208 0.80 168608 | 21217 231+18
0.79 1006+1.0 | 254%20
0.83 176709 | 21417
GPY12 Zircon 677 0.84 100809 | 21517 219406
0.83 18.95:00 | 22718
. 0.630 744+041 | 11.81£0.15
i Apatite 1066 0.685 7334011 | 10692015 | 102%61
0.603 574+008 | 952%0A11
. 0.522 551£009 | 9882013
S Apatite 1208 0.539 776+0.11 | 14392018 | 104%30
0.472 478+009 | 1011£0.16
0.735 486+005 | 661%006
. 0.673 417007 | 619%0.08
GPY12 Apatite 677 250 el RS 6.560.78
0.538 422:012 | 784014

Table 6.2: Zircon and apatite (U-Th)/He results by Bosch et al. (2016) from the Eaux-Chaudes pluton and

implemented in the inverse thermal simulations (see text for explanation — section 6.2).

6.2.3 Recumbent fold nappe core

The only sample of the core of the ECFN that provided zircons was 19MG40, collected in the
Upper Devonian quarzitic sandstones of the Pic du Gourzy area at 1941 m (Fig. 6.1, 6.2 and
Table 6.1). Six zircons were analyzed giving an uncorrected age span between 19.2 and 28.1
Ma and the highest Ft corrected age dispersion of 24.5 to 35.5 Ma corresponding to a mean
age of 30.5 + 2.4 Ma (Table 6.1). As it has been observed in the autochthonous samples (see
section 6.2.1), an older age population (30.8, 31.2, 32.9, and 35.5 Ma) can be distinguished
from a younger one (24.5 and 27.8 Ma), which seems to show an evident positive age-eU

correlation (Fig. 6.5C).
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6.2.4 Normal Limb

The normal limb of the Eaux-Chaudes fold nappe is represented by sample 21MG148, which
was collected in the sandy limestones of Coniacian—Santonian age at an altitude of 2072 m
in the Pic du Montagnon d’Iseye area (Fig. 6.1, 6.2 and 6.4). Five zircons of this sample were
analyzed obtaining uncorrected ages ranging from 22.6 Ma to 24.9 Ma, which gives the less
dispersed Ft corrected ages, ranging from 29.6 to 31.8 Ma corresponding to a mean age of
30.5 + 2.4 Ma. The single-grain ages are strongly independent on the [eU] since there is no

correlation between these variables, showing a flat trend (Fig. 6.5D).

6.2.5 Allochthonous upper sheets

Four allochthonous units above or in the surroundings of the ECFN were sampled with the
intention to decipher their thrusting sequence (Montagnon d’lseye nappe, Cing-Monts, Bois
de la Traillere and CBB units). They are all outcropping in the western sector of the ECM (Fig.

6.1,6.2and 6.4)

Just above the normal limb of the ECFN, Buntsandstein rocks of the recumbent limb of the
MIN nappe (Caldera et al., 2021) were sampled at an altitude of 2118 m (21MG146). A total
number of five zircons were analyzed giving an uncorrected age range of 19.3 — 27.8 Ma and
an Ft-corrected age dispersion of 26.8 to 35.7 Ma, which corresponds to a mean age of 30.5
+ 2.4 Ma (Table 6.1). As observed in sample 19MG40 from the ECFN core, the single-grain
ages seem to draw a positive date-eU correlation, although for the MIN sample is not that
clear as for the ECFN since most of the single-grain ages could be considered as similar as

they are within the 10 error bars (Fig. 6.5E).
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Figure 6.5: Single-grain age vs. [eU] relationship grouped for each structural unit of the ECM. The samples
belonging to the Lakora (Buntsandstein) and the recumbent fold nappe core (U. Devonian sandstones) are
drawing positive age-[eU] trend, while sample 20MG 108 from the authochthonous seems to encompass an age

population showing a negative age-[eU] trend.

Interpreted to be above the MIN nappe by Caldera (2022), the Cing-Monts unit was also
sampled (21MG138) in the Buntsandstein facies of the overturned limb at 1493 m (Figs. 6.1,
6.2 and 6.4). Six zircons were analyzed to obtain an uncorrected age span between 24.7 and
34.5, Ma that corresponds to a Ft-corrected age dispersion of 30.8 — 39.7 Ma, with no
observed age-eU correlation, and a mean age of 36.0 £ 2.9 Ma (Fig. 6.5F). In addition, two
well-differentiated (i.e., exceeding single-grain age error bars) age clusters are also observed,
ranging from 30.8 to 34.0 Ma and a little dispersed one between 39.0 and 39.7 Ma (Table
6.1). An interesting fact to point out is that despite it is topographically below the Lakora nappe

in the present day, this sample has given the oldest age (Fig. 6.2).

Westwards to the Lakora and Cing-Monts units, two more samples were collected in the
Buntsandstein facies to decipher if the Bois de la Traillere Paleozoic massif belongs to MIN
unit or should be considered as independent, since this unit appears to be isolated from the
Lakora by a N-S structure delineated by allochthonous Keuper rocks belonging to the CBB
(Fig. 6.1). On one hand, sample 22MG183 was collected just below the CBB unit, at an
altitude of 1520 m. Four zircons were analyzed yielding uncorrected ages from 19.3 to 24.0
Ma which corresponds to a Ft corrected age dispersion of 26.1 to 34.7 Ma and a mean age
of 30.5 + 2.4 Ma (Table 6.1; Fig.6.1). As it was observed in samples 20MG108 or 19MGA40,
an older population (33.8 and 34.7 Ma) could be isolated from a younger one (26.4 and 27.2
Ma). However, there is no clear positive nor negative relationship between the age and the
[eU] content, since the 10 error bars are overlapped between single-grain ages (Fig. 6.5G).
Additionally, the only apatite of this work was found in this sample, which yielded an

uncorrected age of 4.9 Ma and a Ft corrected age of 10.2 Ma. Being the only apatite in the
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entire set of samples of this study, it makes a comparison difficult, but this age lies within the
same range as the Bosch et al. (2016) apatite samples from the Eaux-Chaudes pluton

(GPY09 and GPY11).

On the other hand, sample 22MG218 was collected in the Buntsandstein outcropping to the
north to the former, at an altitude of 677 m. Four zircons were analyzed giving uncorrected
ages from 19.8 to 27.2 Ma, which corresponds to a range of Ft-corrected age dispersion of
28.7 to 36.8 Ma and a mean age of 33.2 + 2.7 Ma. The same old (32.0, 35.1, and 36.8 Ma)
and young (28.7 Ma) populations are observed, but there is no clear relationship between
age and [eU] since the 10 error (8%) is overlapped, although the single-grain ages seem to

draw a slight negative trend (Fig.6.5G).

Finally, the Chainons Béarnais Belt unit (CBB) was sampled in the Jurassic carbonates
materials in a small sandy level at an altitude of 1577 m (22MG179). In principle, there were
little expectations to obtain zircons of this level due to the predominantly calcareous nature of
the sediment. However, three zircons of this sample could be analyzed, to obtain a range of
uncorrected ages between 16.2 and 19.2 Ma which gives an Ft corrected age dispersion of
26.8 and 35.4 Ma and a mean age of 30.5 + 2.4Ma. This age is quite similar to the samples
from Bois de la Traillere unit (22MG218), the MIN unit (21MG146), and the normal limb of the
ECFN (21MG148) (Figs. 6.1, 6.2, and 6.4). In addition, an older population (35.4 Ma) is also
distinguishable from a younger one (26.8 and 29.4 Ma) which together draws a positive age-

eU trend (Fig. 6.5H), as also observed in the ECFN Paleozoic core and the MIN.

It is key to point out that sample 22MG218 is topographically below samples 22MG183 and
22MG179, which is recording a similar situation to that observed between the sample

21MG138 (Cing-Monts unit) and the samples 21MG146 and 21MG148 (MIN and Normal Limb
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structural units), where the topographically bottom samples are giving older ages than those

located at higher altitudes.

In general, the range of ages obtained for the samples in this study shows a dispersion
between 8-10 Ma, except for samples 19MG66 (5.6 Ma, recumbent limb), 21MG155 (3.9 Ma,

recumbent limb) and 21MG148 (2.2 Ma, normal limb) (Table 6.1).

Finally, single-grain ages from all samples are independent of the grainsize, since there are

no observed trends for any of them (Fig. 6.6).

6.3 Inverse thermal modelling

The collected samples from the different structural units in the ECM can be grouped in vertical
profiles that provide clues to decipher the exhumation and the paleotemperature evolution of
the ECM with time. In addition, the combined apatite and zircon He (AHe; ZHe) and fission
track (AFT) age data from the Eaux-Chaudes pluton samples GPY09, GPY11, and GPY12

from Bosch et al. (2016) have been included in the simulations.

Because the ECM has been affected by late back-thrusting and normal faulting that disrupted
the original structural position of some units, three main vertical profiles have been
constructed, discarding those samples affected by this late activity. Hence, each vertical
profile is considered to represent a coherent structural unit in terms of exhumation, with
neither major disruptions nor internal relative displacement. In this way, the three main vertical

profiles constructed in the ECM area are (some of them share samples):

- East profile (EPT): Samples 19MG40, 19MG66, GPY09 and GPY11.
- West profile (WPT): Samples 21MG146, 21MG148, 21MG155 and GPY12.
- E-W profile (GPT): Samples 19MG40, 19MG66, 21MG146, 21MG148, 21MG151,

21MG155, GPY11 and GPY12.
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Figure 6.6: Single-grain age vs. grainsize (based on crystal’s equivalent spherical radius) relationships grouped

for each structural unit in the ECM area with. Neither positive nor negative correlations are observed.

Although sample GPY09 may be affected by the back-thrusting, it has been initially included
in the East profile because of its use in Bosch et al (2016) and also due to the availability of

apatite (U-Th)/He and fission track data. It will be further discussed in section 6.3.3.

Inverse thermal modelling was performed using QTQt software (Gallagher, 2012; Gallagher
et al., 2009). The (U-Th)/He ages obtained and those provided by Bosch et al. (2016) were
modelled considering the diffusion of He as a spherical domain (based on the crystal’s
equivalent spherical radius) and eU-dependent radiation damage diffusivity for He diffusion
following the models of Flowers et al. (2009) for apatite (AHe) and Guenther et al. (2013) for
zircon (ZHe). In addition, the AFT data from sample GPY11 (the only with confined track
lengths) was modelled following the Ketcham et al. (2007)’s multikinetic annealing model,
with the Dpar parameter as a kinetic constraint (Bosch et al. 2016). Each single model was run
for 300.000 iterations and rejecting proposed models that doesn’t improve the data fit option,

following recommendations from Abbey et al. (2023).

The modelling results presented here are those that well represent the exhumation history of
the Eaux-Chaudes massif after systematic runs presented in Figs. 6.7-6.12 and annexes,
where the LA-ICP-MS U-Pb calcite age constraint of 485 Ma (tentatively assumed as the
thermal peak; named —NCC) and the geothermal gradient between the top and bottom
samples (high-low, fixed-variable) were tested. Regarding the latter, the thermal gradient in
simulations was defined to a range between 15 and 35 °C/km (low geothermal gradient) or
between 25 and 45°C/Km (high geothermal gradient), which can be fixed or variable with time
depending on the simulation. In addition, because of the possible presence of two age

populations observed in some samples (Table 6.1 and Fig.6.5), | also tested the resampling
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of each single-grain age by a normal distribution based on the observed age with a standard

deviation equal to the input error.

Due to the observable field geology (unconformity between the E-C pluton and the
Cenomanian carbonates), all simulations were forced to be at surface in Cenomanian times

and also in the present day.

6.3.1 East Vertical Profile (EPT)

Representative simulations of the forward models corresponding to the east vertical profile
(EPT; samples 19MG40, 19MG66, GPY09 and GPY11, location in Figs. 6.1 and 6.2C) with
the calcite age constraint (48 £ 5 Ma) are shown in Fig. 6.7. This figure uses the observed
uncorrected ages for low and high variable geothermal gradients (Fig. 6.7A-D), and also the
resampling of the uncorrected ages for low and high variable geothermal gradients (Fig.6.7E-
H). For visualization purposes, the altitude of single-grain ages belonging to each sample is
a little distorted by the QTQt software (Fig. 6.7B, D, F, and H). Simulations with fixed high and

low geothermal gradients can be found in the annexes.

The QTQt software predicts the thermochronological ages of the samples coupling the (U-
Th)/He data and the sample elevation within a profile. The AHe and ZHe ages are in general
well predicted compared to the observed ages, with no significant differences between model
runs (Fig.6.7B, D, F, and H). However, the older single-grain ages of the top sample (19MG40)
are those with the worst prediction, which occurs in all simulations no matter the variable
tested (Fig. 6.7 and annexes). This could be an indication that the presence of two age
clusters (and also a positive age-eU correlation) could belong to different events. In addition,

the AFT age from GPY09 sample is also not well predicted, as in Bosch et al. (2016).

The resampling of the ages (Fig. 6.7D and F) is not affecting significantly the age prediction,

but it slightly improves the prediction of the old single-grain ages of sample 19MG40. The
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modelled AHe and ZHe age-elevation profiles possess a slightly negative but essentially
vertical trend, especially in the samples below 1.8 km elevation, and the single-grain ages
from 1.8 km upwards are always showing a clear negative path. This observation is also

observed in both low and high fixed geothermal gradient simulations (see annexes).

The time-temperature (T-t) profiles in the east of the ECM are always showing constant and
precise (i.e., small 95% credible interval area) heating of ~6°C/Ma (independent on the
geothermal gradient), as it is attested by the 95% credible interval. The samples overtake the
apatite partial retention zone (APRZ), the apatite partial annealing zone (APAZ), and the
zircon partial retention zone (ZPRZ) progressively, reaching the maximum temperatures of
300°C-340°C at ~50Ma (Lower Eocene) according to the U-Pb constraint (Fig. 6.7A, C, E and
G). From this point onwards two general cooling T-t paths can be observed, also for fixed

geothermal gradient (see annexes).

On one hand, simulations which trace a continuous and precise cooling path at ~8°C/Ma until
~20 Ma (Early Miocene), where the cooling is relaxed to ~2°C/Ma until the present day (e.qg.,
model EPT_16; Fig. 6.7G), and on the other, simulations showing a more or less steady and
imprecise cooling path at ~1.5-6.5°C/Ma, followed by a sudden and fast cooling path (~16-
39°C/Ma) at ~30Ma (e.g., model EPT_04; Fig 6.7A). A slight variant of the latter can be
identified, showing a constant and little precise cooling (~16°C/Ma) followed by a small period
of faster cooling at ~30Ma (e.g., model EPT_12; Fig. 6.7E). In any case, the general trend of
the latter models is considered to be the same. From this point to the present day the cooling

is modelled as precise and constant at ~2-4°C/km.
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Figure 6.7: Representative thermal simulations for the East vertical profile. A-D) modelled T-t path, geothermal
gradient, and age-elevation profiles of the observed ages (uncorrected) for low (A and B) and high (C and D)
geothermal gradients. E-H) modelled T-t path, geothermal gradient, and age-elevation profiles of the resampled
ages (uncorrected) for low (E and F) and high geothermal gradients (G and H). MTL: Mean track lengths; Red
and blue curves correspond to the bottom (warm) and top (cold) samples together with their 95% credible
interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing zone; ZPRZ: Zircon partial

retention zone.

Removing the calcite age constraint (Fig. 6.8) does not significantly change the prediction of
the ages, especially in what regards to the AHe ages, which show essentially the same
prediction as those observed using the age constraint (Fig. 6.7). Both ZHe and AHe ages are
in general well predicted, except for the top single-grain ages of the top sample (19MG40)

and the AFT age of sample GPYQ09, as aforementioned.

In contrast, the absence of the calcite age constraint does clearly change the thermal
histories, especially during the modelled burial which turns into poor unprecise paths until
approx. 30Ma (Fig. 6.8A, C, E and G). The deepening (or increase of temperature) of the
samples is constant in all simulations under ~3-4°C/Ma rate until ~35-40Ma, where predicted
maximum temperatures of ~270-290°C are reached (above the range of the ZPRZ) no matter

the geothermal gradient or the resampling of the ages.

However, maximum temperatures of 380°C could be attained due to the poor precision of the
paths. In the same way, colder conditions could also be possible even until 40Ma followed by
a moderate to fast burial (Fig. 6.8), which prevents the top samples from going above the
ZPRZ. Once the maximum temperature (i.e., burial) has been reached, there is a quick
cooling (8-12°C/Ma) between ~40Ma and ~20Ma, after which it slows down (2-3°C/Ma) until

the present day (Fig. 6.8).
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Figure 6.8: Representative thermal simulations for the East vertical profile without the calcite age constraint. A-
D) modelled T-t path, geothermal gradient, and age-elevation profiles of the observed ages (uncorrected) for
low (A and B) and high (C and D) geothermal gradient. E-H) modelled T-t path, geothermal gradient, and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves correspond to the bottom (hot) and top (cold) samples
together with their 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing

zone; ZPRZ: Zircon patrtial retention zone.

Finally, in all simulation cases presented here, the variable geothermal gradient is drawing
the same general path, increasing until reaching its maximum value at ~40-30Ma and then

decreasing until the present day (Figs.6.7 and 6.8).

6.3.2 West Vertical Profile (WPT)

The forward modeling simulations from the West vertical profile (samples 21MG146,
21MG148, 21MG155 and GPY12, location in Figs. 6.1 and 6.2B) including the calcite age
constraint (48 + 5 Ma) are shown in Fig. 6.9. This figure uses the uncorrected ages for low
and high variable geothermal gradients (Fig. 6.9A-D), and the resampling of the uncorrected
ages for low and high variable geothermal gradients (Fig.6.9E-H). Simulations with high and

low fixed geothermal gradients can be found in the annexes.

As observed in the East profile, the single-grain ages are in general well predicted no matter
whether the geothermal gradient or the resampling method were used. Indeed, these
predictions seem to be better than those of the East since the predicted ages are always
within the error bars of the observed age (Fig. 6.9B, D, F, and H). Despite a slightly positive
correlation that could be reasonably deduced (especially between the bottom and the top
samples), these modelled AHe and ZHe profiles are essentially vertical, as the observed in

the eastern profile, which could be indicative of a fast cooling of the massif (Fig. 6.9).
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Figure 6.9: Representative thermal simulations for the West vertical profile. A-D) modelled T-t path, geothermal
gradient, and age-elevation profiles of the observed ages (uncorrected) for low (A and B) and high (C and D)
geothermal gradient. E-H) modelled T-t path, geothermal gradient, and age-elevation profiles of the resampled
ages (uncorrected) for low (E and F) and high geothermal gradient (G and H). MTL: Mean track lengths; Red
and blue curves correspond to the bottom (hot) and top (cold) samples together with their 95% credible interval;

APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing zone; ZPRZ: Zircon partial retention zone.

The heating of the samples is similar to the east profile (~6°C/Ma), no matter the geothermal
gradient or the resampling, and shown as continuous and precise until maximum
temperatures of 300-360°C (above the ZPRZ) depending on the sample (Fig. 6.9). What
changes with respect to the east are the cooling paths, as in the western case they are
continuous at ~8°C/Ma and much more precise until ~20Ma, regardless the geothermal
gradient. From this point onwards the cooling rates are shown more relaxed (~3°C/Ma), but
slightly less than in the east (Fig.6.8). The geothermal gradients follow the same trend than

in the east, increasing until 40-30Ma and then decreasing until the present day.

Both the age-elevation profiles and thermal histories modelled without calcite age constraints
are showing the same features than those of the east. The modelled age-elevation profiles
do not vary significantly removing the calcite age constraint, and also draws vertical trends
between samples which are well predicted in comparison with the observed (Fig.6.9B, D, F

and H).

On the other hand, the thermal histories show continuous and little precise heating or burial
histories at ~3-4°C/Ma, until maximum temperatures of ~260°C and ~220°C are reached by
the lowermost sample (red curves in Fig. 6.10) ~by the uppermost sample (blue curves in Fig.
6.10),respectively, and always above the ZPRZ. However, maximum temperatures of 340-
350°C could be possible, due to the amplitude of the 95% of credible value range (e.g., model
WPT _16; Fig.6.10G). Such a thermal peak would occur at ~40-45 Ma, slightly later than the

calcite age
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Figure 6.10: Representative thermal simulation results for the West vertical profile without calcite age constraint.
A-D) modelled T-t path, geothermal gradient, and age-elevation profiles of the observed ages (uncorrected) for
low (A and B) and high (C and D) geothermal gradients. E-H) modelled T-t path, geothermal gradient, and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves correspond to the bottom (hot) and top (cold) samples
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample, and AFT to

apatite fission track.

constraint.

The predicted cooling histories are shown just as precise and constant as those without
calcite constraint, despite some modelled paths showing a relaxation in the cooling history at

20Ma (e.g., models WPT_04_NCC and WPT_16_NCC in Fig. 6.10)

6.3.3 E-W vertical Profile (GPT)

The last set of forward modelling simulations (including age constraint) belong to the E-W
vertical profile (samples 21MG146, 21MG148, 21MG155, GPY12, 19MG66, GPY 11, 19MG40
and 21MG151; location in Figs. 6.1 and 6.4), and are presented in Fig. 6.11, using the
uncorrected ages (A-D) and the resampling of the uncorrected ages (E-H) for a low and high

variable geothermal gradient.

As observed in the east and west profiles, the single-grain AHe and ZHe ages are well
predicted regardless of the geothermal gradient or the resampling of the age. Also, the top
ZHe single-grain ages of sample 19MG40 and the bottom ZHe single-grain ages of sample
GPY11 are those with the worst prediction with respect to the observed ages, although a
significant enhancement in age predictions is observed for sample 19MG40. The key
difference with respect to the east and west vertical profiles is the trend drawn by the ZHe
and the AFT age-elevation path. While in the two former profiles, the trend is shown

essentially vertical, in the E-W profile shown in Figure 6.11 it takes on a positive trend.
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The modelled thermal histories share the same features in the east and west profiles in
regards to the heating histories, being continuous and precise at a heating rate of 4.5-6°C/Ma
until the achievement of the maximum temperatures of 340-370°C in Early Eocene times.
Then, the cooling starts with less precision up to ~30-35, Ma where it improves until the end.
The whole cooling remains more or less homogeneous at a mean rate of 9°C/Ma until ~20
Ma, despite some simulations (such as for example GPT-08 or GPT-12) show a slight cooling
sharpening at 30-35 Ma (Fig. 6.11). In addition, the geothermal gradients increase also until
~20Ma, where they drop until the present day. From that point onwards all thermal histories

show a flat trend at cooling rates of ~1°C/Ma.

The prediction of the AHe and ZHe ages with no calcite age constraint is similar to where it
was used, except for the top single-grain ages of the sample 19MG40 which it is slightly better
(Fig. 6.12). Also, the ZHe age-elevation profiles show positive trends regardless of the
geothermal gradient or the resampling of the ages, and the AHe age-elevation profiles are

also vertical (Fig. 6.12).

The modelled thermal histories are not different from those of the west and east profiles in
what concerns the heating of the samples, showing continuous and poor path heating at

~3°C/Ma up to ~40Ma, where maximum temperatures of ~270-290°C are reached.

However, the cooling histories (with better precision) are shown staggered in all simulations,
which is a feature not observed in the former profiles (Figs. 6.7-6.11). This period
encompassing from ~40Ma to ~20Ma is characterized by two fast cooling episodes at 11-
30°C/Ma with relaxed cooling episodes in between at lower rates of 2-6 °C/Ma or 2-9°C/Ma if
the simulation GPT-16-NCC is considered to belong to this group. From ~20Ma onwards the

cooling is flat at a rate of ~0.5-2°C/Ma (Fig. 6.12).
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Figure 6.11: Representative thermal simulations for the E-W vertical profile with the calcite age constraint. A-D)
modelled T-t path, geothermal gradient, and age-elevation profiles of the observed ages (uncorrected) for low
(A and B) and high (C and D) geothermal gradient. E-H) modelled T-t path, geothermal gradient, and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves correspond to the bottom (hot) and top (cold) samples,
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample, and AFT to

apatite fission track.
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Figure 6.12: Representative thermal simulations for the E-W vertical profile without the calcite age constraint.
A-D) modelled T-t path, geothermal gradient and age-elevation profiles of the observed ages (uncorrected) for
low (A and B) and high (D and E) geothermal gradient. E-H) modelled T-t path, geothermal gradient and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves correspond to the bottom (hot) and top (cold) samples,
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample and AFT to

apatite fission track.

6.4 Tectono-thermal evolution of the Eaux-Chaudes massif

6.4.1 Paleotemperatures and the reset of the AHe-AFT-ZHe system

The paleotemperature record of the Mesozoic of the ECM was analyzed by Caldera (2022)
using the Raman Spectroscopy of Carbonaceous Matter technique (RSCM) and the calcite-
dolomite geothermometer due to the observable ductile deformation of the Upper Cretaceous
sedimentary rocks (Fig. 6.13). Maximum temperatures recorded by the U. Cretaceous present
in the ECM area were around ~350°C for the autochthonous (deformed and non-deformed)
and overturned limb units, and about ~310°C for the normal limb of the structure, which

correspond to the lower green schist metamorphic facies.

Closure temperatures for AHe system range between ~40-80°C, which defines the apatite
partial retention zone (Wolf et al., 1998; Farley, 2000; Stockli, 2005; Gautheron et al. 2013),
between ~60-120°C for the AFT, defining the partial annealing zone (Ketcham et al., 1999),
and between ~130-190°C for the ZHe system, defining the zircon partial retention zone
(Reiners et al. 2002, 2004; Wolfe and Stokli, 2010). Hence, in the ECM they are far exceeded,
even for the top samples of the normal limb. It is hard to constrain the Meso-Cenozoic
maximum paleotemperature recorded by the Paleozoic rocks of the recumbent fold nappe

core using RSCM, since the maximum temperatures of these could have been acquired
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during Variscan times or during the tectonic and sedimentary burial inherent to the orogenic
process, which could be assisted by abnormal gradients because of the hyperextension of
the margin that brings the upper mantle to surface conditions by Mid Cretaceous times (e.g.,
Clerc and Lagabrielle, 2014; Lagabrielle et al., 2010; Jammes et al., 2009; Teixell et al., 2016).
However, they must be at least in the same order of magnitude than those recorded by the
Upper Cretaceous rocks since both are in stratigraphic contact (Cenomanian unconformity;
Fig. 6.1). Hence, either ZHe, AHe and AFT systems must have been totally reset also for the
Paleozoic rocks of the ECM and vicinities -especially those present in the fold nappe core of
the structure- (Figs. 6.1-6.4), which was also concluded by Bosch et al. (2016) and predicted
by the inverse thermal models (Fig. 6.7-6.12). In addition, the ZHe single-grain cooling ages

obtained here are in a time span ranging from
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Figure 6.13: Examples of the ductile deformation observable in the Upper Cretaceous rocks that indicates the
high temperature conditions experienced, which is compatible with total reset of the AHe, AFT and ZHe

thermochronologic systems.

39.7Ma to 24.1 Ma (Table 6.1), which is much younger than any depositional age which is

also indicating of a complete reset of the apatite and zircon systems.

The reset of the low-temperature thermochronological systems is in fact a common feature of
the zircons and apatites collected in the hanging-wall of the Gavarnie thrust in the west-
Pyrenees, as observed further east by Jolivet et al. (2007), Labaume et al. (2016; 2016b) and

Morris et al. (1998), and near the ECM and further the west by Bosch et al. (2016).

Most of the samples studied here show ZHe ages independent of the eU concentration and
the grainsize (Figs. 6.5 and 6.6), also supporting complete reset. However, the samples from
the upper MIN nappe (21MG146) and from the core of the ECFN (19MG40) show a positive
age-eU correlation, which could be indicative of the different radiation damage accumulation
between zircons, being the [eU] the proxy to measure it (e.g., Reiners et al., 2004; Reiners,
2005; Guenthner et al., 2013). In this sense, the single-grain ages with low [eU] (e.g., Fig.
6.5C) could reflect a zircon with low radiation damage and high He diffusivity, which leads to
younger ages. The He diffusivity in zircons increases if the zircon has large amounts of
radiation damage zones that become interconnected (Reiners et al., 2004; Reiners, 2005;
Guenthner et al., 2013), but this does not seem to be the case because in the analyzed
aliquots with higher radiation damage have observed the oldest ages (Fig. 6.5C and E).
Precisely, the negative path observed in three single-grain ages from sample 20MG108
belonging to the autochthon could reflect this effect, where the single-grain ages with lower

[eU] (i.e., radiation damage) are the oldest of the sample (Fig. 6.5A).

Taking a general view of the ZHe single-grain ages it is striking that the samples above 1520m

of height (from sample 22MG183) are mostly showing two age populations above and below
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~30 Ma -except for the samples 21MG138 from the Cing-Monts unit with two age clusters
older than 30 Ma, and 21MG148 from the normal limb of the ECFN with a little low-dispersed
age around 30 Ma (Table 6.1; Fig. 6.1-6.4)-. However, most of the single-grain ages of the
samples with positive/negative correlations which potentially possess two age clusters are
within the error bars (e.g., Fig. 6.5A, E), despite the presence of these age clusters could be

indicative of partial reset of the samples.

6.4.2 — Burial history of the ECM

The unconformity between the basement rocks (the E-C granite and the Paleozoic
metasediments) and the Cenomanian sedimentary cover of the ECM marks the maximum
age to be near-surface conditions for both before the onset of the sedimentary and tectonic
burial (Fig. 6.1), which coincides with the transition from the rifting stage to the post-rifting
stage (e.g., Debroas, 1987, 1990; Berastegui et al., 1990). On the other hand, both basement
and Cenomanian rocks were not far from the surface until Campanian times (the youngest
exposed unit) due to the relatively little thickness of the U. Cretaceous sedimentary pile

(~300m; e.g., Caldera et al., 2022; Fig. 6.1).

ZHe thermochronology indicates that all samples must have been buried under the ZPRZ
boundary (190-200°C) during the Pyrenean orogeny (Table 6.1). These temperatures were
far exceeded to at least 310-350°C as attested by the paleotemperature record (Caldera et
al., 2021; Caldera, 2022) and confirmed by the observed complete reset of the AHe, AFT, and
ZHe systems (as discussed above). The inverse thermal modelling also predicts the complete
reset in all cases since all the modelled profiles arrive at temperatures above the ZPRZ (Fig.

6.7-6.12 and annexes).

It is hard to interpret these temperatures in terms of burial deep due to the lack of

geobarometers that constrain unequivocally the burial due to the tectonic and sedimentary
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loading. A condition of more than 15 km stacking and burial was inferred for the Helvetic
nappes of the Alps (Dietrich and Casey, 1989; Pfiffner et al., 1997; Herwegh and Pfiffner,
2005; Nibourel et al., 2018), where similar paleotemperatures than those of the ECM were
recorded during the deformation (e.g., Girault et al., 2020 and references therein). However,
this burial depth conditions are hard to conceive for the case of the Eaux-Chaudes massif
because the nappe stack in this area of the Pyrenees is much thinner than in the Helvetic

nappes of the Swiss Alps (e.g., Teixell, 1998; Bellahsen et al., 2019).

The hot nature of the Iberian paleomargin in the post-rift stage when the mantle was already
exhumed could have induced anomalous high geothermal gradients before the onset and in
the early stages of the orogeny (e.g., Clerc, 2012; Clerc and Lagabrielle, 2014; Cloix, 2017;
Corre, 2017; Bellahsen et al., 2019; Caldera et al., 2021; Izquierdo-Llavall et al., 2020).
However, Caldera (2022) attributed this elevated thermicity to combined tectonic burial and
sedimentary burial by the syntectonic deposits associated with the orogenic flexure (e.g.,
Labaume et al., 2016b), and inferring a geothermal gradient in the order of ~30-45°C, which
leads to burial depths of 8 to 12 km for the ECFN. A paleodepth of ~6-8 km was inferred by
Jolivet et al. (2007) in the Néouvielle massif, which is in the same structural position (hanging
wall of the Gavarnie thrust) further to the east of the ECM. Moreover, the range of predicted
paleodepths by the thermal modelling at the thermal peak spans between 6.9 km and 13.1
km deep (Fig. 6.14B), which is fairly within this range of paleodepths although uncertainty.
The geothermal gradient range from Caldera (2022) is consistent with most of the gradients
predicted by the thermal modelling during the burial history, no matter if it was initially
programmed to be low (25£10°C/km) or high (35+10°C/km) and also by those gradients
modelled at the thermal peak, despite this range has implications on the estimated burial at

the moment of maximum temperature (Fig. 6.14B). Indeed, no values lower than
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Figure 6.14: A) Average of the forward modelling predicted geothermal gradient during burial for each profile
with and without calcite constraint from the east (EPT), west (WPT) and east-west (GPT) models presented in
Figs. 6.7-6.12 and annexes. The average has been calculated up to the time interval observed in the T-t path
where the maximum temperature was reached. B) Forward modelling predicted paleodepths at the thermal peak
for each profile with and without calcite constraint from the east (EPT), west (WPT) and east-west (GPT) models
presented in Figs. 6.7-6.12 and annexes. Above the bars, the thermal peak (in °C) and the geothermal gradient

at the thermal peak (in °C/km, between parentheses) are indicated.

24.8°C/km (model EPT-12-NCC; Figs. 6.8E) were never observed for any model during the
burial history (Fig.6.14A). The common cases where the burial gradients are below 30°C/km
are those of initially programmed to be low and variable, no matter whether the ages were

resampled or not (all models -04 and -12 in Fig. 6.14A).

Assuming the geothermal gradient of ~30°C/km inferred by Caldera et al. (2021) from
samples at different elevations inside the Eaux-Chaudes recumbent fold nappe (i.e., between
the normal and overturned limbs), the modelling results predicts burials between ~8.5-13 km
for the ECM, which is more associated with the inverse thermal models using 2510 °C/km
of initial temperature gradient. However, this interpretation arisen from the modelled
geothermal gradient should be taken with caution because the geothermal calculations from
QTQt generates uncertainty as, for example, the increase of the geothermal gradient with

time in an orogenic context, a feature observed in all the QTQt modelling results.

Despite that the predicted burial histories are shown continuous in all cases, two clear paths
can be distinguished from the inverse thermal modelling depending on the application of the
LA-ICP-MS age constraint. With the constraint, the time-temperature trend is precise and
constant at heating rates of ~5-6°C/Ma (Fig. 6.15A, C, E and G). On the other hand, with no
age constraint the burial path is shown imprecise, at heating rates of 3-4°C/km (Fig. 6.15B,
D, F, and H). However, it is impossible know exactly the burial history due to the lack of more

field constraints than the pre-Cenomanian exposure and the moderate burial by the relatively
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thin Upper Cretaceous carbonate succession. Geobarometers based on chlorite systems

could help to constraint maximum burial but it is outside of the goals of this study.

6.4.3 — Exhumation history of the ECM and the surrounding nappes

The Eaux-Chaudes massif and overlying units (i.e., MIN, Cing-Monts and Bois de la Traillére)
were exhumed from under the ZPRZ between 36 and 26 Ma (Late Eocene to Early Oligocene;
Table 6.1), as indicated the mean ZHe ages implying totally reset of zircons (section 6.3.1).
However, single-grain ages indicate that these units could be under exhumation from ~40 to
24Ma (e.g., samples 20MG108 and 19MG66; Table 6.1). These ages are consistent and
correlative with ZHe ages obtained by Bosch et al. (2016) in the Eaux-Chaudes pluton

(samples GPY09, GPY11, and GPY12), just below the ECFN.

The similar cooling ages of samples 21MG146 and 21MG148 strongly evidence that the MIN
unit was emplaced and welded over the normal limb of the ECFN (Table 6.1). Furthermore,
the juxtaposition of the hanging wall and the footwall of the Lakora thrust and their later joint
exhumation is also consistent with the observations by Bosch et al. (2016) further west and
confirms that the exhumation of both the MIN (carried by Lakora thrust) and the ECFN should

be attributed to thick-skinned thrusting under the massif.

The similar mean ages shown by samples 21MG146, 21MG148, and 19MG40 belonging to
different structural positions but at similar altitude and latitude suggests that the plunge of the
ECFN towards the west was yet developed before 30.5 Ma. However, the samples from the
overturned limb point to the opposite, because both 19MG66 and 21MG155 have the same
mean age of 26.3 and 26.5 Ma, and are separated by a difference in elevation of 882m (Table
6.1 and Fig. 6.2). A similar situation can be derived from samples GPY11 and GPY12 from
Bosch et al. (2016), which show a similar ZHe age with a difference of 531m. However, these

samples are not at the same latitude, and the observed thrusting structures in the
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autochthonous Upper Cretaceous and back-thrusting structures of the Axial Zone could have
altered the elevation of the samples from the overturned limb (e.g., Fig. 6.2). Therefore, the

ECFN was yet E-W tilted before 30.5 Ma.

The possible relevance of the two age clusters (Fig. 6.5), may also indicate thrusting
sequences in the Axial Zone of the Pyrenees. In this way, the cooling age cluster of 30-39 Ma
observed in samples over 1941m of altitude (from sample 19MG40) could be reflecting the
activity of the Gavarnie thrust, a major south-directed basement thrust that caused a pulse of
exhumation and structural relief reflected by the sedimentation of conglomerates in the Jaca
basin (e.g., Puigdefabregas, 1975; Roigé et al., 2016). On the other hand, the young age
cluster of 24-30 Ma could also be indicative of younger basement thrusts, which further raised
the Axial Zone between the Oligocene and Miocene (Teixell, 1996; Jolivet et al., 2007;
Labaume et al., 2016b). Bosch et al. (2016) also detected these pulses in both the hanging
wall and the footwall of the Lakora thrust outcropping westwards. In addition, the similar AFT
and ZHe ages of samples GPY09, GPY11, and GPY12 from Bosch et al. (2016) in the Eaux-
Chaudes area puts a strong constraint on the fast exhumation of the massif between 30 and
20 Ma, which could also be a possible interpretation of the observed sole age cluster in
samples from below 1941m. However, due to the low sampling resolution in the vertical

profiles, caution is required in this interpretation.

The inverse thermal modelling -where the zircon radiation damage model from Guenther et
al. (2013) is taken into account- also detects these thermal pulses (Fig. 6.5-6.12). A thermal
cooling pulse at 7-15°C/Ma starting around 35-40 Ma until 20Ma was common in most of the
simulations where there was not a calcite age constraint, no matter the vertical profile nor the
resampling or the initially setting of the geothermal gradient (i.e., fixed or variable) (Figs. 6.8,
6.10, 6.12 and annexes). Indeed, the E-W profiles with no calcite age constraint, which are

those with more sample resolution and better age prediction, are indicating two cooling pulses
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Chapter 6: Exhumation of the Eaux-Chaudes massif

Figure 6.15: Examples of the probability maps for the different vertical profiles obtained in the inverse thermal
modelling. A-C-E-G) Probability maps from the different profiles using the calcite age constraint, using high and
low variable geothermal gradients. All these models illustrate rather accurate burial histories and moderate to
highly precise exhumation histories (except simulation EPT-04). B-D-F-H) Equivalent probability maps but
without using the calcite age constraint, showing imprecise burial histories and moderate to highly precise

exhumation histories.

between 40 and 30 Ma (12-30°C/Ma) and between 25 and 20 Ma (11-13°C/Ma) (e.g., model
GPT_08-NCC in Fig. 6.12C), which coincides with thrusting ages of Gavarnie and Guarga
basement thrusts (Teixell, 1996; Jolivet et al. 2007; Labaume et al. 2016). In addition, the
ending of the first cooling pulse is just predicted to happen when the samples are crossing or
in the upper boundary of the ZPRZ, which could explain the presence of two age clusters in

the top samples due to the partial reset of the samples (Fig. 6.12).

Nevertheless, when the condition of the calcite age is used as a constraint, several
differences are observed. The cooling histories tend to show a continuous trend at 7-11°C/Ma
from 50-45 Ma until 20 Ma. However, exceptions to this general tendency can be found in the
East profile, where the simulations EPT_04 and EPT_08 (simulations with no resampling
ages) draw a cooling pulse of 38°C/Ma and 21°C/Ma respectively between 30 and 20 Ma
(Fig. 6.7A and C). Even though the no-resampling-age simulations from the E-W profile also
show a sharpening in the cooling history between 30 and 20 Ma (models GPT_04 and 08;
Fig.6.11A and C), the general trend is continuous at similar cooling rates than the east and

west profiles.

Taking into account these two broad end-member simulations, the thermochronologic
knowledge of the west-central Pyrenees favors the model of cooling pulses (e.g., Bosch et
al., 2016; Jolivet et al., 2007; Labaume et al., 2016b), consistent also with the tectonic-
sedimentation relationships observed in the Jaca basin. However, the probability maps from

the stochastic modelling of the T-t trajectories shown in Fig. 6.15 seem to indicate just the
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Figure 6.16: Examples of the QTQX vertical profiles for simulations using an unconstrained age of the thermal
peak of 350°C. The simulations are equivalent to EPT_04, WPT_08, GPT_12, and GPT_16.

opposite, being more probable a continuous exhumation model, at least for the cooling
history. Indeed, the low-probability cluster of the cooling pulse model is located in the burial
history, just where there are few information constraints. A big disadvantage is that, in any
case, the modelling predicts the RAMAN paleotemperature of the Upper Cretaceous rocks of
the ECFN, despite the latter can be considered reached taking into account the 95% credible
interval. Not even when the software has the freedom to choose the timing of the thermal
peak, these temperatures are reached (e.g., Fig. 6.16). Indeed, most of these models ignore

the paleotemperature constraint.
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The comparison of the thermochronological data of the Cing-Monts and Bois de la Traillere
units (Table 6.1) is revealing normal faulting in the surroundings of the ECM. ZHe mean age
of the Cing-Monts structural unit at 36.0£3.5 Ma, indicates older exhumation than the ECFN
and MIN units (30.5£2.4 Ma), probably related to the early movement of the Gavarnie
basement thrust (Teixell, 1996; Jolivet et al., 2007; Labaume et al. 2016b). However, this
sample (21MG138) is located 579m below the one located in the normal limb of the ECFN
(21MG148), so late faulting can be inferred between these sample localities, probably
reactivating basal thrusts from the nappe stack as normal faults (Fig. 6.2B). A similar
behaviour can be deduced for the Bois de la Traillere unit, since the bottom sample

(22MG183) has an older mean age than the top sample.

In addition, the CBB unit was already adjacent to the Bois de la Traillére unit and both were
exhumed at the same time (Table 6.1 and Fig. 6.4). The Bois de la Traillere unit has a
kinematically normal relationship with respect to the ECFN and MIN units (Fig- 6.4). The ZHe
ages from these units revealed the same mean age of 30.5 Ma with a difference of 561m of
altitude, just in the same range than the observed between the Cing-Monts and the ECFN.
The extensional event that | deduce can also be inferred for the normal limb of the ECFN, by

the existence of normal faults affecting the Upper Cretaceous rocks (Fig. 6.2).

6.5 — Main conclusions on the exhumation of the Eaux-Chaudes massif

The Eaux-Chaudes massif has a complex exhumation history spanning from ~40 to ~6.6 Ma
as indicated by the ZHe, AHe and AFT systems. All Upper Cretaceous and Paleozoic rocks

observed in the different structural units of the study area were totally reset.

The double cluster of ages above and below ~30 Ma observed in samples over 1520m of

altitude could be manifesting different cooling pulses related to the activity of basement
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thrusts during the collisional stages of the Pyrenees. A first event between ~30-40 Ma was
recorded by the top samples, which coincides with the known activity of the Gavarnie thrust.
A second event between ~20-30 Ma was recorded by these samples but also by those below
1520m, and was probably related to in-sequence basement thrust emplacement, probably
the Guarga thrust. These cooling pulses coincide with the results of Bosch et al. (2016) in the
Lakora thrust (further west) and in the ECM area. However, this double cluster could be also
interpreted as influenced by the radiation damage, given that some of the samples shown

positive age-[eU] correlations.

The cooling pulses are predicted by the inverse thermal modelling only in the E-W profile
when the calcite U-Pb constraint is not used. In general, using the calcite LA-ICP-MS
constraint blurs the cooling pulses, predicting continuous and precise cooling paths until

~20Ma, where the cooling relaxes.

E-W tilting of the ECM and surroundings must have been produced before~30Ma, due to the

similar ZHe ages recorded by samples in different structural positions and with similar ages.

Late extension (probably reactivating basal thrusts from the nappe stack) provoked normal
displacements in the surrounding units of the ECM, probably favored by the allochthonous

Keuper carried by the underlying Lakora thrust.
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Chapter 7: General discussion

7.1. Comparison between the Eaux-Chaudes massif and the infra-Helvetic nappes

from the Swiss Alps.

Although the initial setup for the numerical modelling undertaken in this work is based on the
case of the ECM, the concepts arising from the simulations can be applied to other orogens

worldwide such as the Alps.

The classical interpretation of the Eaux-Chaudes massif (ECM) as a duplex with a roof thrust
carrying Paleozoic rocks over the Upper Cretaceous (Ternet, 1965, and subsequent works)
was reformulated by Caldera et al. (2021) in favour of a recumbent fold nappe structure
analogous to the infra-Helvetic nappes because of their similar deformation and
paleotemperatures (e.g., Ramsay, 1981; Ramsay et al., 1983; Pfiffner, 1993; Girault et al.,
2020; Fig. 7.1). Additional, other common elements between these recumbent nappes are
the presence of a buttressing condition due to the relief of the basement units, the alternance
of stiff and weak units in the stratigraphic sequence, the existence of allochthonous units
above the nappes (Fig. 7.1A), existence of flysch materials in the autochthonous unit, and the
occurrence of small pieces of allochthonous units pinched between the recumbent fold limbs
(e.g., Morcles-Doldenhorn nappes; Fig. 7.1; Badoux, 1971; Pfiffner, 1993; Casey and Dietrich,

1997).

However these qualitative similarities there are important differences between the ECM and
Morcles-Doldenhorn nappes. The main difference is attending to the dimensions of the
nappes, with ECM showing relatively modest structural relief and length of the recumbent
limb (~1.5 km and ~5 km, respectively) compared to the Morcles nappe which implies approx.
5 km of structural relief and ~10km length of recumbent limb. Another difference is the

distribution of paleotemperature. Although the values of the paleotemperature record in both
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nappes range between 300-350°C in the sedimentary cover, the isotherms in the Morcles
nappe were interpreted as folded and oriented obliquely to the structure by Girault et al.
(2020), with isotherms crossing from normal to recumbent limbs, while Caldera (2022)
interpreted the isotherms in the ECM as oriented flat and sub-parallel to the normal and
recumbent limbs, and hence, oblique to the fold hinge, and coherent with zircon
thermochronologic record obtained in this thesis. This observation could imply that the
reported thermal peak respect deformation differs between both cases or imply a difference
in the heat advection during deformation. From thermo-mechanic models, a flat orientation of
the isotherms was observed for conditions of increment of temperature synchronic to the

deformation, indicating that heat transport by advection of the structure was relatively limited.

Another difference is in term of the materials located in the core of the nappes. While the core
in the ECM includes deformed metasediments of the Variscan basement, in the case of the
Morcles nappe corresponds to the Mesozoic and Cenozoic sedimentary cover and the
Paleozoic basement units, such as the Mt. Blanc crystalline unit, are in general interpreted as

not involved in the fold nappe structure (Fig. 7.1).

7.2. Mechanical and thermomechanical controls on recumbent folding

Crystalline rigid bodies or fault discontinuities acting as forestops or buttresses have been
widely reported as effective elements to nucleate compressional structures (e.g., Bastida et
al., 2014 and references therein; Bauville and Schmalholz, 2015; Spitz et al., 2020; Kiss et
al., 2020), and the ECM is not an exception (e.g., Fig. 3.4). From the numerical simulations,
the basement forestop strongly controls the nappe initiation due to its mechanical strength

(e.g., Fig. 3.4C) by concentrating the stresses in the contact region between the forestop and
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Figure 7.1: Comparison between the structural elements of the Morcles fold nappe and those of the Eaux-
Chaudes massif (simplified from Caldera et al. 2023 and Fig. 1.8). A) Geological cross-section from Escher et
al. (1993) after Girault et al. (2020), where the structural relationships between the Upper and lower Helvetic
nappes can be compared to equivalent features observed in the Eaux-Chaudes massif. B) Geological cross-
section of the western Morcles recumbent fold nappe (Badoux et al., 1971), where the relationships between
the crystalline massifs of Aiguilles Rouges (to the NW) and Mont Blanc (to the SE), the autochthonous units and
the recumbent fold nappe can be observed and compared to equivalent features in the Eaux-Chaudes massif.
Small pieces of olistostromes are preserved in the autochthon-recumbent limb boundary could be equivalent to
the pinched allochthonous pieces in the Eaux-Chaudes massif. C) Sketch of the EC fold nappe S2 section from
Caldera et al. (2023) in the Ossau Valley, where similar boundaries to those observed in the Morcles nappe

between the allochthonous units, the recumbent limb and the autochthon are observed.

the UC-Devonian panel. Without a forestop, the model deformation is no longer localized but
distributed, and upright buckle folds develop (e.g., Fig. 3.7L). Therefore, although the
presence of the Eaux-Chaudes pluton appears to have largely conditioned the development
of a recumbent fold nappe in the western sector of the ECM, the observed difference in the
structural style between the eastern (ductile fold-thrust-fan) and the western (recumbent fold

nappe) sectors could also be attributed to other factors in addition to the forestop.

A critical result from the thermomechanical models is that developing a fold nappe preserving
thickness in the recumbent limb is a strange case and was only observed in simulations using
settings with linear viscous rheologies. Firstly, from a point of view of the deformation of a
polycrystalline aggregate by creep mechanisms, a linear response is expected for conditions
where diffusion creep is the dominant deformation mechanism (e.g., Ranalli, 1995; Karato,
2008). For situations where the deformation is accommodated by climb and glide dislocation
(i.e., dislocation creep), such as the assumed in the experimental power law of calcite by
Schmid et al. (1977), the stress exponents are expected in the range 3 to 5. For situations of
low-temperature creep (i.e., deformation only accommodated by glide dislocation and
twinning) the relationship between differential stress and strain rate is exponential and the
equivalent stress exponents are still higher (i.e., n >> 7). Observations from microstructure

analysis using optical microscopy and SEM-EBSD by Caldera (2022) indicate that calcite-rich
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levels in the overturned limb show very fine grain-size (15-35 ym), and moderately preferred
orientation of grains (SPO) and crystallographic axes (CPO). Piezometry using grain-size of
calcite and RMSC paleotemperature by Caldera (2022) indicates that the deformation
conditions were very close to the transition between diffusion and dislocation creep,
conditions implying low-stress exponents (n~1-2) and conceptually in agreement with the

required lineal behaviour from mechanical and thermomechanical simulations.

Secondly, lateral rheological changes within the Upper Cretaceous stratigraphic pile could
also have affected changes in the bulk mechanical behavior and the deformation style.
Although dolostones (or dolomite-rich rocks) are observed all along the massif, Caldera et al.
(2023) reported abundant discontinuous dolomitic bodies in the eastern sector of the ECM
affected by brittle-to-ductile deformation such as boudinage, folds and thrusts, clearly visible
at outcrop and thin-section-scales (e.g., Fig. 7.2). The existence of these stiff bodies in the
east could have increased the overall rigidity of the Upper Cretaceous in this sector, adding
heterogeneities within the rocks and, therefore, enhancing the strain localization in the
viscous-dominated calcite-rich levels. This process could produce a softening of material by
a combination of the effect of the increasing temperature and the increasing of the strain-rate

due to strain localization (e.g., Figs. 4.5-4.7).

In addition, the results reported in Fig. 3.5A, D and G also demonstrate that the increase of
the viscosity of the Upper Cretaceous layer (nuc) favored the brittle behaviour of the phase.
These dolomitic bodies were not observed neither reported by Caldera et al. (2023) in the
western sector, therefore favoring folding. Moreover, localization levels enhanced by fluid
pressure (e.g., Teixell et al., 2000) (for example in the Cenomanian detachment in the ECM
case; see chapter 5) are also present in the eastern sector, and could have contributed to the
concentration of the deformation in the autochthonous Upper Cretaceous, hampering the

required buttress conditions, one of the features needed to nucleate a recumbent folding (i.e.,
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Figure 7.2: A) Picture of a metric-scale stiff dolomite body just above the Cenomanian detachment level in the
Péne Medaa area (DAS5 site in Fig. 5.4). B) Close-up of fluid-filled brittle fractures in dolomite rock. C) Thin

section of the dolomite body displaying euhedral dolomite grains with brittle cracks.

fixed surface in Fig. 1.4). These elements may have introduced mechanical, geometrical and
rheological heterogeneities which prevented the recumbent folding by inducing viscosity
instabilities that can result in the viscous/ductile localization, such that observed in the

autochthonous Upper Cretaceous using power-law rheologies (e.g., Figs. 4.12 and 4.13).

In the western sector, no detachment levels were observed within the Upper Cretaceous
succession or at the Paleozoic-Upper Cretaceous unconformity. The Upper Cretaceous
autochthon forms a sedimentary lid anchored over the ECP, facilitating the buttress effect for
nappe development. Both the EC granite and this sedimentary lid remained undeformed

during the nappe development (Caldera, 2022; Caldera et al., 2023), which is a feature also
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reproduced in my mechanical and thermomechanical simulations (e.g., Figs. 3.6, 3.7, 4.6 and

4.7).

However, to fully test more thoroughly these interpretations on the influence of lateral
mechanical variations in the structural style between the eastern and western profiles of the
ECM, 3D thermomechanical simulations would be desirable, which is a task to be pursued in

the future.

We inferred that the weak layers in the form of slates, shales, or evaporites were key
geometrical and mechanical elements allowing decoupling. Without these weak levels, the
fold nappe at Eaux-Chaudes would not have been formed (e.g., Figs. 3.6A and 4.4). Either
by using linear-viscous or power-law viscous rheologies, the presence of these layers
triggered the development of two detachment levels (above and below the nappe)
surrounding the stiff Upper Cretaceous-Devonian panel (UCD) (e.g., Fig. 3.4, 4.5 and 4.14).
On one hand, the absence of an upper weak layer (i.e., Keuper) prevents the decoupling
between the upper allochthonous nappes and the UCD layers, and an antiform fold is
developed by the extrusion of the Silurian (Fig. 3.6), similarly to the mechanism reported by
Kiss et al. (2020) and Spitz et al. (2020) for the development of the infra-Helvetic nappes. On
the other hand, If the Silurian detachment was absent (or its viscosity contrast with the
surrounding units was lower than approx. 2 orders of magnitude), no basal detachment was
developed, hampering the translation of the UCD panel (e.g., Fig. 4.14C and D). Therefore,
the double low-angle detachments within a simple shear regime is a necessary condition for
nappe development in the ECM and could be extrapolated for setups where double
detachment levels are observed and the ductile extrusion mechanism reported for Helvetic
nappes of the Alps cannot be invoked (e.g., Bellahsen et al., 2014; Bauville and Schmalholz,
2017). Indeed, field observations by Caldera et al. (2023) prevented the Eaux-Chaudes fold

nappe (ECFN) to be interpreted as a ductile extrusion of the basin infill, but as a recumbent
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fold within a top-to-the-south thick shear zone surrounded by the Keuper and Silurian weak
units. The numerical models presented here confirms the key role played by the basal Silurian
detachment, the allochthonous Keuper, and the burial generated by the overlying upper thrust
sheets (Lakora and Chainons Béarnais). Moreover, the simulations suggest that in the case
of the ECM the migration of the fold hinge by the rigid rotation of the Upper Cretaceous-
Devonian panel under a thick weak layer (the Keuper) was probably the dominant nappe
growth mechanism, because the recumbent limb has the layer thickness approximately
preserved (respect to the normal limb), showing a general homogenous thickness. This kind
of situation requires an initial thick weak unit above because otherwise, the nappe coupling
favors the stretching of the recumbent limb (e.g., Figs. 3.6 and 3.8A and B). However, it is
expected to observe an increase of amount of deformation and limb stretching in the modelled
recumbent folds near the syncline hinge (using either linear viscous or power-law viscous
rheologies), suggesting the localisation and development of a basal shear zone (or thrust)
(e.g., Fig. 3.8 and 4.11). The observations of boudinaged calcite veins parallel to the So-1, the
well-developed stretching lineation and the ductility observed in the Cambeilh area (OL1 in
Fig. 5.4) and reported by Caldera (2022), also suggest that there is a significant stretching
component in the recumbent limb of the Eaux-Chaudes nappe (e.g., Figs. 5.3B and 5.7A and

B).

Areview of natural examples of recumbent fold nappes (e.g., Bastida et al., 2014) shows that
qualitatively there is a tendency to observe situations in which the recumbent limbs are
interpreted as displaying strong ductile deformation, thinning, and development of basal
thrust. There is only the example of the km-scale Courel recumbent fold nappe (North-west
of the Iberian Massif; Fernandez et al., 2007) in which the thickness of the normal and the

recumbent limb are comparable.
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Similar to the ECM case, the Courel nappe was developed in a paleozoic multilayer
alternance between weak and strong levels in a basin limited by high angle extensional fault
producing a high relief of basement rocks (gneiss of Ollo the Sapo; Fernandez et al., 2007).
During the Variscan, the metasedimentary sequence was deformed in simple shear
conditions, with structural relief acting as a buttress. For the Courel nappe, the stretching
direction is oriented parallel to the fold axis, and therefore, interpreted as produced by an
extensional component parallel to the fold axis (i.e., transtensive conditions). For this
situation, the increase of the second invariant of strain rate by the additional stretching
components (compared to plane strain conditions) produces in power-law materials a
homogenization of the strain rate in the strong layers, reducing the ability to localize
deformation, and giving fold geometries similar to lineal cases (Fletcher, 1995). Exported this
observation to the ECM case, perhaps the required linear behavior for fold nappe inferred
from the thermomechanical simulations could be additionally reached by some non-plane
strain conditions. However, this must be minor because stretching lineations in the field area
are mainly normal to the ECM fold axis. It is a setting that could be tested in the future by

means of 3D thermomechanical simulations.

Given the results obtained in this thesis and the structural similarities, it cannot be discarded
that the other fold nappes such as Morcles or Doldenhord, for example, could have been
grown with a small component of hinge migration (at least during early deformation), despite
the reported ductility and extreme stretching in the recumbent limb of the structure (e.g.,
Casey and Dietrich, 1997). Nevertheless, a handicap to testing is the complexity of tracking

the transient deformation from final geometry and structures

Thermo-mechanical results suggests that a recumbent fold nappe requires a moderate/large
viscosity contrast between the weak detachments and the strong layers (i.e., Upper

Cretaceous), in addition to the previously discussed linear behaviour of the stiff panel,
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otherwise strain localization is focused favoring the development of brittle/plastic detachment

levels, upright folds or deformation is distributed without nucleation of fold/fault structures.

For example, on one hand, the extreme case of a model with absence of an upper weak layer,
and UCD and allochthonous nappes with similar viscosity (model To; chapter 3), no nappe
development was observed. On the other hand, if the viscosity of the UCD is too high (i.e., 1
x 10?2 Pa-s; Figs. 3.5A and 3.11), plastic/brittle deformation appears in the overturned limb

thrusting geometries are then favored (e.g., Fig. 3.5G).
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Figure 7.3: Google Earth N-S view of the BRGM geological map east of the Eaux-Chaudes massif (Ternet et

al., 2004) showing analogous structure to the Eaux-Chaudes recumbent fold nappe in the Paleozoic basement.,

Similar ideas can be extrapolated to the lower weak level. If the viscosity of the lower
detachment is in the same order of magnitude such as the UCD panel, the lower detachment
is no longer active and nappe initiation/development is terminated. Using the prefactor of

Silurian nappe, a viscosity contrast of about ~2-3 is required. Similar contrasts were reported
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by Kiss et al. (2020) and Spitz et al. (2020) for the infra-Helvetic nappes of the Alps, reinforcing

the comparison between these analogous structures.

The Eaux-Chaudes massif constitutes a unique example of the lateral variation of the
structural style during the Alpine orogeny observed thanks to the Upper Cretaceous inlier

(e.g., Caldera et al 2023), not observed in other areas of the Axial Zone of the Pyrenees.

However, the involvement of upper Paleozoic rocks in the ECRFN core, and also in the MIN
and 5MN above, allows to guess the existence of recumbent folds developed during Alpine
times in other places of the Axial Zone of the Pyrenees, where the Mesozoic sedimentary lid
has not been preserved. These would also use the Keuper as an upper detachment level, not
necessarily tectonically superposed over post-Triassic rocks as at Eaux-Chaudes (e.g.,
autochthonous or para-autochthonous). The nearby cases of the Montagnon d’Iseye and
Cing-Monts nappes, overturned Buntsandstein (subhorizontal at MIN, up to 35° in 5MN),

directly under the Keuper, testifies that (e.g., Fig. 7.5).

The important role of the Silurian as a detachment level has been emphasized for the Variscan
geology of the Pyrenees, specifically separating the suprastructure from the infrastructure
(upper Paleozoic vs. lower Paleozoic; Matte and Zu-Xhi, 1988, Garcia-Sansegundo, 1990).
Recumbent folds are usually reported to exist only in the infrastructure (e.g., de Sitter and
Zwart, 1960; Fyson, 1971; Garcia-Sansegundo et al., 2011; Bastida et al., 2014); the Silurian
may have played an analogous role as the allochtonous Keuper (the upper detachment level)
at Eaux-Chaudes. However, the upper Paleozoic rocks involved and the metamorphic
conditions Caldera (2022), indicate that the Eaux-Chaudes fold nappe and other potential
recumbent Alpine folds in the Devonian-Carboniferous would be in a position akin to the
Variscan suprastructure, where the Silurian acts as the basal decollement level (where Alpine

recumbent folds had not been reported before Caldera et al., 2021). For example, in the
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eastern termination of the ECM the Devonian-Carboniferous metasediments seems to draw
an Alpine recumbent fold reproducing similar mechanical conditions (i.e., stiff granite forestop)

than those reported for the Eaux-Chaudes recumbent fold nappe (e,g., Fig. 7.3).

| propose that the characteristic non-cylindrical shape of the Alpine Pyrenees resulting from
the Mesozoic rifting (e.g., Chevrot et al., 2018; Saspiturry et al., 2020), together with the
existence of stiff granite bodies and metasedimentary weak layers within the Paleozoic
(oriented favorably for detachment) strongly conditioned the Pyrenean structural style
developed by the preservation of mechanical contrasts or heterogeneities. These mechanical
inheritances highlight the relevance of the different geological and geodynamic events and

processes occurred in a region within the evolution of the Wilson cycles (e.g., Fig. 1.1).

7.3. Sequential evolution of the ECM

7.3.1 The calcite veins of the ECM

We have seen that calcite veins in the ECM are either parallel (i.e., <30°; PFV) or orthogonal
(i.e., >30°; OFV) to the main foliation (Figs. 5.5 and 5.6). The cross-cutting relationships
established in this thesis indicate that the OFV post-dated the PFV veins (e.g., Fig. 5.8). PFV
veins recorded the main deformational folding-thrusting event in the ECM and thus should be
considered syn-tectonic with this event. The veins usually display ductile features at the
outcrop scale (e.g., folding, stretching and boudinage, sense-of-shear record, etc.) in the high
strain domains (e.g., Figs. 5.3A; 5.7C and 5.14A), and in singular outcrops they can define
the foliation within discrete shear zones (e.g., Fig. 5.9A) delineating local detachment
horizons in a similar way that Teixell et al. (2000) reported further east in the Larra thrust.
Following the model from Teixell et al. (2000), the Cenomanian detachment was the result of
the fluid assisted linkage of in en-échelon vein arrays (developed under applied sub-horizontal

shear stress in the footwall of a thrust ramp) that constituted water sills parallel to a thrust
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zone (equivalent to the PFV veins). Linked vein surfaces constituted zones of no shear
strength, accounting for much of the displacement along the thrust. Multievent crack and seal
fracturing model has been discarded because of the lack of crack-and-seal textures in the

preserved calcite grains (relicts) from thin sections presented in this thesis.

On the other hand, PFV veins also recorded brittle features (e.g., Fig. 5.12A) evidencing
therefore brittle-ductile conditions during the deformation as documented by Caldera (2022)
for the rocks that host them. In these veins, the fibrous calcite can be found (1) attached and
perpendicular to the vein wall, which indicates that the crystals precipitated in mode-| or
mode-Il fractures (e.g., Fig. 5.19B), (2) in boudin necks (e.g., Fig. 5.11C and 5.23G), or (3) in
strain fringes associated to rigid grains (e.g., Fig. 5.11C), corroborating the general top-to-
the-south sense of shear. On the other hand, blocky and stretched blocky calcite are most
common within these veins, which display ductile features (high temperature mechanical
twins, pressure-solution, and dynamic recrystallization) that are locally indicative of crystalline
plasticity, consistent with the deformation observed at the outcrop scale. Indeed, in some
cases, grain size refinement by intense dynamic recrystallization completely blurred the vein
at the micro-scale, despite relicts of coarser grains are still preserved (e.g., Figs. 5.13E and

F).

On the other hand, two conjugate sets of OFV calcite veins post-date the PFV and they strike
NE-SW to NNE-SSW and NW-SE to WNW-ESE (Fig. 5.8), orientations which coincide with
the macro-scale fracture network in the Caureters granite (e.g., Fig. 5.25) and that Lépez-
Martinez (1987) and Teixell (1992) reported in the Larra massif. The latter author attributed it
to the emplacement of the Gavarnie thrust in Late Eocene (Teixell, 1996; Jolivet et al., 2007;
Labaume et al., 2016; Teixell et al., 2016), which produced normal faulting by tangential
longitudinal strain. Moreover, the calcite grains from these OFV veins are also deformed,

although with less intensity than those of the PFV (pressure solution and relatively low-
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temperature mechanical twinning), indicating a decrease in the temperature and strain

magnitude (e.g., Figs. 5.11B and 5.13E and F).

7.3.2. Fluid evolution in the ECM

The calcite constitutes the main mineral phase precipitated in the PFV and OFV veins of the
ECM, with no evidence of multi-fluid calcite cement growth. In general, the calcite displays
homogeneous dull to dark yellow colors because of the large amount of Fe?* (main quencher)
concerning the Mn?* (main activator) (e.g., Machel, 1985, 2000; Savard et al., 1995).
Moreover, where recrystallization appears more intense in the thin sections, the luminescence
is fully quenched and the concentration of Mn (also the other elements) is the lowest,
indicating the cleaning of impurities within the crystal lattice (e.g., Fig. 5.15). This suggests
that the calcite from the veins and the host rocks could have suffered an extended
compositional homogenization due to recrystallisation and dedolomitization. On the other
hand, the low luminescence could be also because the fluid precipitating in the fractures has
a burial origin rather than meteoric (e.g., Stoppa et al., 2021). A late calcite fluid circulated
through the OFV veins and parallel to the vein walls of the PFV calcite veins (e.g., Figs. 5.19A
and D; 5.20F), giving a bright yellow color under the CL which is characteristic and extensive
along all strain domains, which suggest a meteoric origin of this fluid. However, the available
observations cannot unequivocally discriminate between the compositional homogenization
and the meteoric origin of the fluids, because recrystallization is not homogeneous along the
massif, and more analysis are needed to further investigate the fluid circulation paths in the
Eaux-Chaudes massif (e.g., stable isotopes, fluid inclusions), which will be part of the future

work.

Finally, dolomite and quartz associations observed in PFV and OFV veins indicate that after

the calcite precipitation, Si- (subsaturated) and Mg-rich fluid fluids circulated through the veins
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and the host rocks because the crystals from the veins have the same CL response as the

rims from the dolomite and quartz from the host rocks.

7.3.3. Time constraints from the geo- and thermochronology

The calcite ages from the PFV and OFV veins presented in this thesis span from the Late
Lutetian to the Late Bartonian, which | interpret to record the main folding-thrusting event that
constituted the massif (Fig. 7.4 and 7.5). It has been proposed that the Eaux-Chaudes massif
records the first stages of the Alpine inversion in the Pyrenees, marked by the deepening of
the upper Cretaceous carbonated shelf because of the flexure of the Iberian margin (e.g.,
Teixell, 1992; Labaume et al., 2016b). The inversion began with the south-directed transport
of the fold-and-thrust system of the Chainons-Bearnais (CBB), carried over the Lakora thrust
(Labaume and Teixell, 2020; Teixell et al., 2016; Caldera et al., 2023). Labaume et al. (2016b)
discussed from tectonics-sedimentation relationships that the Lakora-Eaux-Chaudes thrust
complex was most active during the Early-Mid Eocene, where we interpret that the main
foliation and the PFV veins developed (Fig. 7.4B). In the western part of the massif, an upright
buckle fold was developed by the buttressing effect exercised by the Eaux-Chaudes pluton
(ECP) and the shear transmitted by the upper Paleozoic units (Montagnon d’Iseye -MIN-,
Montagne Verte -MVN- and Cing-Monts -5MN-), while in the east the deformation was mainly
accommodated by discrete brittle thrusts in the Upper Cretaceous cover. Also, as the
deformation, burial and time advances, the Cenomanian detachment level in the east

becomes active by the end of this stage.

217



Chapter 7: General discussion

Eastern Ductile fold-thrust
system

Western Eaux-Chaudes recumbent
fold nappe

A) Late Paleocene

Early Eocene

Gourzy Transfer Zone

D) Lutetian - Bartonian

e Thrust fault = = Foliationor S,

== |ntra-Cenomanian detachment level — PFV vein

- Upper Cretaceous — QFV vein (set NW-SE to WNW-ESE)
|:| Triassic allochthon (Bedous unit) = OFV vein (set NE-SW to NNE-SSW)
- Undifferenciated metasedimentary Pale0zZoiC = Base of the allochthonous

- Eaux-Chaudes Pluton

218



Chapter 7: General discussion

Figure 7.4: Conceptual model of the evolution of fracturing and vein precipitation in the western (left) and
eastern (right) zones of the Eaux-Chaudes massif. Stages A) and B) ages are based on Labaume et al., (2016b),

while the ages of C) and D) are based on the data presented in this thesis.

During the Ypresian-Lutetian times, the main folding and ductile event occurred (Fig. 7.4C
and 7.5). The sedimentary and tectonic burial over the Eaux-Chaudes massif (e.g., Labaume
et al., 2016b; Caldera et al., 2023) favoured the ductile conditions and the boudinage of the
early PFV veins in both the eastern and western sectors. In the east, this led to the
development of tensional fractures where fibrous calcite precipitated (e.g., Fig. 5.23), dating
in 48.87+5.66 Ma the main folding-thrusting event. This age coincides with the absolute ages
of ca. 48-50 Ma obtained in shear zones within the Paleozoic of the Neouvielle massif further
east (connected to the Eaux-Chaudes thrust) by Wayne and McCaig (1998) and Jolivet et al.

(2007).

From regional geology it was inferred that last period of activity of the Lakora-Eaux-Chaudes
complex was in the Lutetian-Bartonian Labaume et al. (2016b), coinciding with a change in
the Jaca turbidite basin provenance (Roigé et al. 2016). In the ECM area, the OFV veins
precipitated and recorded this late deformation stage of 38.14 £ 5.99 Ma, which coincides
with the onset of the emplacement of the thick-skinned Gavarnie thrust in the footwall of the

ECM and puts a constraint on the initiation of the exhumation process in the ECM.

The totally reset mean ZHe thermochronological ages obtained in this thesis indicates that
the ECM and overlying units (i.e., MIN, Cing-Monts and Bois de la Traillére) were tectonically
buried under the ZPRZ, and were solidarily exhumed from 36 and 26 Ma (Late Eocene to
Early Oligocene), after the main deformation of the ECM. Moreover, the similar ages from
samples in different structural positions indicates that the observable E-W tilting of the Eaux-
Chaudes fold nappe was developed during or before 30.5 Ma. The exhumation of the ECM
happened probably in two main pulses of activity between 39-30 Ma, related to the

emplacement of the Gavarnie thrust, and between 30-24 Ma, corresponding to the lower and
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steps. ECFN: Eaux-Chaudes fold nappe; MIN: Montagnon d'Iseye nappe; 5MN: 5 Monts nappe; MVN: Montagne
Verte nappe; CBB: Chainons Béarnais Belt; Mblz. Cngl: Mendibelza Conglomerates.

younger basement thrusts, which further raised the Axial Zone between the Oligocene and
Miocene (Teixell, 1996; Jolivet et al., 2007; Labaume et al., 2016b). These cooling pulses are
also predicted by the inverse thermal modelling, despite this modelling is not able to detect
the RAMAN maximum temperature in the area (~350°C; Caldera et al., 2021) without a the
assumption of a constraint in the modelling (48+5; 325+25°C), which unlikely results on a
continuous exhumation model. However, the thermochronologic knowledge of the west-
central Pyrenees favors the concept of cooling pulses because of the subsequent in-
sequence thick-skinned basement thrusts (i.e., Gavarnie, Broto, Fiscal, Guarga) that raised
up the Axial Zone of the Pyrenees (e.g., Jolivet et al., 2007; Teixell et al., 2016; Bosch et al.,
2016; Labaume et al., 2016b), consistent also with the tectonic-sedimentation relationships
observed in the Jaca basin. These pulses were followed by a late stage of more relaxed
exhumation activity from ~20 Ma to the present day, as predicted by the thermal modelling
and also reported by Bosch et al. (2016). The complex age-elevation relationships between
the Cing-Monts and the Bois de la Traillére units with respect to the ECM, in which the lower
elevation samples gave the oldest ZHe ages, lead to the conclusion that normal faulting
occurred in this late activity period, probably reactivating basal thrusts from the nappe stack

as normal faults, as reported Caldera (2022) (Fig. 6.2B).

7.4. Linking thermomechanical, thermochronology and geochronology results

Considering the results of the different initial temperature gradients applied in the
thermomechanical simulations and the results of the QTQt thermochronologic simulations, an
important question to be addressed in terms of robustness of the work presented in this study

is the compatibility between the results of both systems.
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The comparison between them is displayed in Fig. 7.6 for the thermochronologic simulations
GPT_04 and GPT_08 and for the variable-temperature thermomechanic simulations that
resulted in recumbent folding with initial temperatures of 270, 300 and 320°C and n=1 (i.e.,
those from Fig. 4.10). In these plots, the trajectories from the samples 21MG155 (orange;
recumbent limb) and 21MG146 (purple; normal limb) has been highlighted, and the rest of
the sample trajectories are shown blurred. In what refers to the thermomechanic simulations,
we measured the evolution of the temperature of the normal and recumbent limbs of the
Upper Cretaceous layer with time. These simulations were represented after 37.3% of bulk
shortening, which is equivalent to 14.75 Ma of simulation time. The time-temperature paths
extracted from the different initial temperature models are represented in the QTQt
thermochronologic simulations (red, green and blue curves), taking as a common reference
point that the maximum temperature from the QTQt thermochronologic system coincides with

the maximum temperature of the autochthonous layer (Fig. 7.6).

Note that before the onset of bulk shortening in the termomechanic simulations, the Upper
Cretaceous layer is not yet deformed but is located at the same depth, therefore the
temperature at the beginning must be the same. This is a condition under which the QTQt
cannot reproduce, since the software considers that there is no major disruptions between
samples during their burial and exhumation history (Gallagher, 2012; Gallagher et al., 2009).
However, assuming that the recumbent limb is at near the same depth as the autochthon,
and considering that the isotherms are flat during the deformation (as observed by Caldera

(2022) and the zircon data presented in this memoir), several observations can be made.

The comparison between both systems indicates that for thermochronologic simulations
using elevated and variable initial geothermal gradients (i.e., 35 + 10°C/km; Fig. 7.6D-E) the

systems are not coupled for none of the initial temperatures proposed in the thermomechanic
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simulations since the time-temperature paths of the two systems are oblique between them,

especially for low initial temperature in the thermo-mechanic simulations (e.g., Fig. 7.6D-F).

A better coupling arises when a lower geothermal gradient of 25 + 10°C/km is employed in
QTQt (Fig. 7.6A-C), especially for initial temperatures of 300°C and 320°C in
thermomechanical simulations (which are those that better model the first-order features of
the Eaux-Chaudes recumbent fold nappe), because the time-temperature paths are near
parallel to that of the sample belonging to the recumbent limb (i.e., orange path). This
suggests that recumbent folding in the ECM is favoured when the initial temperature is
relatively high under a moderate initial geothermal gradient of 25-30°C/km, much similar to
the geothermal gradients in the thermal peaks of the QTQt simulations GPT-04 (32.6°C/km)
(Fig. 6.14). Moreover, the paleodepths displayed by the thermomechanical simulations are in
the order of ~12 km, which coincides to those inferred for the thermochronologic simulations
GPT-04 (12.3 km) despite uncertainty, as discussed before (see section 6.4.2). Caldera et al.
(2021) proposed the combination of an abnormal geothermal gradient and elevated burial
deep accounting for the elevated temperatures in the ECM. The comparison between the
thermochronologic and thermomechanical simulations presented in this study implies that the
elevated burial deep gains weight in front of an abnormal inherited geothermal gradient, not

discarding combination of both, as proposed Caldera et al. (2021).

However, this observation needs to be taken with caution because is based on the
aforementioned assumptions but also on the uncertainty related to the increase of the

geothermal gradient with time predicted in all the QTQt simulations.
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Chapter 8: Conclusions

Using a multidisciplinary approach that integrates structural analysis from classical fieldwork,
numerical simulations to generate prediction models, novel and recently developed
instrumental techniques (in-situ LA-ICP-MS U-Pb in calcite), and classical instrumental
methods (low temperature (U-Th)/He thermochronology), this thesis presents the following
main conclusions on the time evolution and dynamics of the Eaux-Chaudes massif of the

Pyrenean Axial Zone:
8.1 Mechanical and thermomechanical controls on recumbent folding:

e The Eaux-Chaudes massif is a unique natural laboratory in the Upper Cretaceous of the
collided Iberian margin to study the influence of the mechanical stratigraphy and the
geometrical inheritance during the first stages of the alpine inversion in the Pyrenees,
which strongly conditioned the style of contractional deformation favoring the differential
development of thrust or fold nappe structures.

e The preservation of an inlier of the Upper Cretaceous sedimentary rocks overlying the
Paleozoic of the Axial Zone allowed the identification of a kilometer-scale recumbent fold
nappe structure, with Devonian and Carboniferous rocks in the core.

e The mechanical simulations and thermomechanical ones with n = 1 (linear and
temperature-dependent rheology), reproduce the first-order structural elements, burial
and temperature conditions, and the scale of the Eaux-Chaudes fold nappe. They also
reveal the main mechanical and geometrical factors controlling the formation of thrust
nappes vs fold nappes.

e In the numerical models presented in this thesis, the main cause of strain localization is
the occurrence of a forestop (which was inspired by an underlying Variscan granite massif

in the Eaux-Chaudes natural case) causing stress concentration in the overlying stiff
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layers (Devonian and Upper Cretaceous at Eaux-Chaudes). It turns necessary the
existence of such a forestop to induce recumbent folding as observed in the natural case.
Model runs without a forestop produced detachment buckle folds in the stiff layers,
hindering fold nappe development.

The combination of an upper and a lower weak decoupling units (an allochthonous
Keuper sheet and Silurian slates in the Eaux-Chaudes case) are essential features
favouring viscous behaviour and spatially distributed deformation (low values and stable
paths of the index of localisation, l.oc), enabling the formation of fold nappes by
progressive hinge migration (material particles are travelling from the normal to the
reverse limb of the fold). The thickness of both weak layers is very relevant to allow the
basal detachment of the structure but also to permit the fold to grow and tighten.

The modelling results presented here emphasize the relevance of mechanical contrasts
between stiff and weak layers allowing decoupling in compressional settings. Without a
contrast of viscosity between the units involved, upright buckle folds is preferentially
developed in the simulated Upper Cretaceous layers.

The migration of the hinge of the fold nappe structure is required to preserve the thickness
of the recumbent limb of the structure, as observed in the natural case, otherwise with a
blocked hinge the translation of the nappe causes a strong stretching and faulting of the
reverse limb.

In the different model runs, shallower burial conditions (H), short lengths of the stiff layers
(L), lower friction angles of these layers (¢) and stiffer upper nappes burying the target
structure (nan) or stiffer simulated Upper Cretaceous layer (nuc) reduce the hinge
migration, enhancing the reverse limb stretching and shearing, which eventually results
in strain localization and thrusting (i.e., thrust nappes), well tracked by a rapid increase of

the |Loc.
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e In the case of power-law and temperature-dependent rheology (thermomechanical
simulations), the increase of the stress exponent (n) and the temperature (T) causes the
occurrence of effective viscosity heterogeneities under the applied strain rates within the
key stiff layers. This produces localized surfaces under brittle (at low n and T) or viscous
(at n > 1 and high T) regimes, resulting also in thrust nappe geometries. On the other
hand, at stress exponents of n = 1, the behaviour of the Upper Cretaceous and Devonian
key layers is homogeneous, and then recumbent folding with an extremely stretched
overturned limb is promoted.

e Further work is required to fully constrain the lateral differences of the structural style at
the scale of the Eaux-Chaudes massif (i.e., 3D thermomechanical modelling), which
could constitute a next step in this project.

e The concepts here achieved may be applicable to other natural examples of recumbent
fold nappes (e.g. the Helvetic Alps, with a stiff granite footwall and a weak supra-nappe
cover). Similarly, it cannot be discarded that analogous fold nappe structures were also
developed during the Alpine orogeny in the upper Paleozoic metasedimentary basement
of other parts of the Pyrenean Axial Zone with comparable mechanical and geometrical

conditions.

8.2 Calcite veins as kinematic indicators in the Eaux-Chaudes massif

e This work documents for the first time, by means of field analysis, thin section,
cathodoluminescence and ICP-MS analysis, systematic data on the calcite veins hosted
in the Upper Cretaceous carbonates of the Eaux-Chaudes massif.

e The calcite veins registered the main folding and thrusting event. Veins are found parallel
(<30°; PFV) or orthogonal (>30°; OFV) to the main foliation or So-1 developed in the Upper

Cretaceous carbonates.
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¢ PFV veins are seen ductilely deformed at the outcrop scale (folded and boudinaged) and
show a consistent and characteristic Alpine top-to-the-south sense of shear record. These
were post-dated by the OFV veins, attested by systematic offset relationships.

e At the microscopic scale, PFV veins are mainly composed of blocky and stretched blocky
calcite displaying ductile features (high-temperature twinning, pressure solution, and
dynamic recrystallization) but also brittle cracking in some cases.

e Fibrous calcite also precipitated in the PFV veins (1) orthogonal to the vein walls
(indicating that the calcite precipitated in mode-l or mode-Il fractures), (2) in the strain
shadows of rigid grains (indicating top-to-the-south shear) or (3) in the boudin necks of
early PFV veins. PFV veins display a homogeneous dark-to-dull yellow colour under
cathodoluminescence, probably because of homogenization at depth due to
recrystallization, which is likely the main cause of the abundance of common Pb detected
in the geochronological analysis.

e The Gourzy transfer zone inferred by Caldera (2022) and Caldera et al. (2023) has been
identified by calcite veins as a sinistral shear zone that accommodated the deformation
between the western recumbent fold domain and the eastern ductile fold-and-thrust fan
domain.

e The OFV veins registered the last activity of the Eaux-Chaudes thrust/fold and the onset
of the exhumation in the Eaux-Chaudes massif. These were deformed under colder and
dominant brittle conditions (brittle cracks) than the PFV, and are mainly composed of

blocky calcite.
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8.3 Timing of deformation and exhumation of the Eaux-Chaudes massif and

surrounding units

e Among the objectives of this work were to date directly the main ductile folding and
thrusting event affecting the Upper Cretaceous of the Eaux-Chaudes thrust complex in
the northern Axial Zone. U-Pb geochronology analytical results of foliation-parallel veins
indicate that the main folding/thrusting occurred between the late Ypresian (48.87+5.66
Ma) and the early Bartonian (38.14 £ 5.99 Ma).

e New zircon (U-Th)/He thermochronologic data from the Upper Cretaceous and the upper
Paleozoic-bearing structural units (Montagnon d’lseye, Cing-Monts and Bois de la
Traillere), complementing previous work by Bosch et al. (2016) in the basement (footwall)
of the ECM, reveal a complex exhumation history spanning from ~40 to ~6.6 Ma (based
on individual aliquot ages).

e The ZHe system was totally reset in the Upper Cretaceous and Paleozoic rocks belonging
to the different structural units of the study area. The ECM and the upper nappes
(Montagnon d’Iseye, Cing-Monts) were solidarily exhumed through the zircon closure
temperature at ~40-30 Ma (mid-Eocene—-Oligocene) over of the thick-skinned Gavarnie
thrust, and between ~30-20 Ma as a consequence of in-sequence basement thrust
activity, probably the Guarga thrust.

e The referred cooling pulses are detected by the QTQt thermal modelling software
preferentially in vertical profiles with higher sample resolution and without the use of the
calcite age constraint. The use of the calcite age as the thermal peak produces
preferentially continuous exhumation histories.

e From ~20Ma to the present day, the cooling is systematically stable and continuous,

constrained by AHe complementary data from Bosch et al. (2016). This episode is
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accompanied by late normal faulting which offsets the normal age-elevation relationships

in the Cing-Monts and Bois de la Traillére units.
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Annex A3: Complementary mechanical simulations to those

shown in Chapter 3
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Cohesion (c) at 41.6% of bulk shortening
c=1MPa ¢ =100 MPa

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 km 1 3 4 5 6 7 8 9 10 11 12 13 14 15 km

[ 7] Eaux-Chaudes Granite [l Devonian Sandstones and Limestones [l Upper Cretaceous limestones

[ Silurian shale I Triassic evaporites (Keuper facies) [ ] North Pyrenean nappes

J2 deviatoric stress
€) D) 150 MPa

N

_ ' - ,. N
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 km 2 3 4 5 6 7 8 9 10 11 12 13 14 15 km

log, €,

|
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 km 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 km

Plastic Strain

N

12 3 4 5 6 7 8 9 101112131415km
Figure A3.1: Results of the cohesion variable simulations for c=1MPa -A), C), E), G)- and c=100MPa -B), D),
F), H)- showing the effect of low cohesion, producing an enhancement of the plastic strain and the cross-cutting

of a shear zone through the reverse limb.

252



Annex A3

Model B, + T,,, at 41.6% bulk shortening
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Figure A3.2: Results of the B4+ T400 Simulation evidencing the development of localization surfaces at 3>20°.
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Annex A4: Complementary thermomechanical simulationsto

those shown in Chapter 4
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Figure A4.4: Thermo-mechanical simulations results for n = 1 at different applied temperature profiles and linear
media (non-dependent on temperature nor strainrate), including the phase (A, B and C), strain-rates (D, E, and
F), natural plastic strain (G, H and |) and effective viscosity (J, K and L) plots. T; : initial temperature at the bottom

of the model; T : final temperature at the bottom of the model.
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Figure A4.5: Thermo-mechanical simulations results for n = 2 at different applied temperature profiles and linear
media (non-dependent on temperature nor strainrate), including the phase (A, B and C), strain-rates (D, E, and
F), natural plastic strain (G, H and |) and effective viscosity (J, K and L) plots. T; : initial temperature at the bottom

of the model; T : final temperature at the bottom of the model.
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Figure A4.6: Thermo-mechanical simulations results for n = 4.7 at different applied temperature profiles and
linear media (non-dependent on temperature nor strainrate), including the phase (A, B and C), strain-rates (D,
E, and F), natural plastic strain (G, H and |) and effective viscosity (J, K and L) plots. T; : initial temperature at

the bottom of the model; T : final temperature at the bottom of the model.
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Annex A5: Geochronology data repository from Chapter 5
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Table A5.1: U-Pb isotopic data of calcite veins from the ECM obtained during the session 1 (24/09/2021) of LA-

ICP-MS U-Pb in calcite. The spot size for all samples is 110 um. Red labelled data was excluded from the age

regression due to evident high error or a point belonging to the host rock.

Session 1

WC-1 Calcite reference (Roberts et al., 2017)

Spot  Source file (.FIN2) Sample B8Y2epp 120 (abs) 2Pb/*Pb *20 (abs) Rho U (ppm) Pb (ppm)
1 WC-1-1 WC-1 25.419 0.388 0.052 0.003 0.14 6.51 0.19
2 WC-1-2 WC-1 24.931 0.404 0.052 0.004 0.10 4.24 0.26
3 WC-1-3 WC-1 24.925 0.391 0.053 0.003 0.13 4.01 0.18
4 WC-1-4 WC-1 25.202 0.451 0.053 0.004 0.10 3.88 0.15
5 WC-1-5 WC-1 24.900 0.434 0.051 0.003 0.41 3.22 0.14
6 WC-1-6 WC-1 24.814 0.369 0.051 0.004 0.14 4.16 0.19
7 WwcC-1-7 WC-1 24.576 0.429 0.051 0.006 -0.20 3.70 0.31
8 WC-1-8 WC-1 24.783 0.448 0.050 0.005 -0.48 3.90 0.26
9 WC-1-9 WC-1 25.038 0.451 0.047 0.006 -0.55 4.20 0.32
10 WC-1-10 WC-1 24.789 0.369 0.052 0.004 -0.06 4.03 0.25
1" WC-1-11 WC-1 26.110 0.470 0.051 0.004 0.36 3.09 0.17
12 WC-1-12 WC-1 24.814 0.677 0.039 0.011 -0.68 4.52 0.47
13 WC-1-13 WC-1 25.126 0.631 0.047 0.005 -0.57 3.38 0.23
14 WC-1-14 WC-1 24.558 0.428 0.051 0.004 -0.03 3.86 0.22
15 WC-1-15 WC-1 25.381 0.966 0.026 0.013 -0.70 3.61 0.39
16 WC-1-16 WC-1 24.938 0.516 0.043 0.008 -0.68 5.18 0.64
17 WC-1-17 WC-1 24.894 0.483 0.053 0.004 0.30 3.45 0.17
18 WC-1-18 WC-1 24.900 0.502 0.053 0.004 0.23 3.74 0.19
19 WC-1-19 WC-1 25.107 0.454 0.052 0.004 0.07 3.79 0.14
20 WC-1-20 WC-1 24.882 0.458 0.051 0.004 0.08 3.83 0.17
21 WC-1-21 WC-1 24.606 0.430 0.051 0.004 -0.04 3.58 0.24
22 WC-1-22 WC-1 24.931 0.416 0.052 0.003 0.23 3.73 0.18
23 WC-1-23 WC-1 25.681 0.448 0.051 0.003 0.35 3.88 0.12
24 WC-1-24 WC-1 24777 0.516 0.050 0.010 -0.56 3.77 0.51
25 WC-1-25 WC-1 25.394 0.419 0.051 0.003 0.49 3.62 0.14
26 WC-1-26 WC-1 24.907 0.596 0.041 0.009 -0.67 3.63 0.42
27 WC-1-27 WC-1 25.176 0.425 0.052 0.004 -0.02 4.33 0.19
28 WC-1-28 WC-1 24.038 0.578 0.053 0.006 0.04 3.41 0.28
29 WC-1-29 WC-1 24.789 0.547 0.054 0.007 -0.01 3.69 0.28
30 WC-1-30 WC-1 25.310 0.500 0.049 0.005 -0.36 3.84 0.19
31 WC-1-31 WC-1 24.426 0.424 0.052 0.003 0.31 3.65 0.16
32 WC-1-32 WC-1 25.195 0.495 0.049 0.004 -0.04 3.68 0.14
33 WC-1-33 WC-1 25.278 0.447 0.052 0.004 0.22 3.63 0.20
34 WC-1-34 WC-1 24.704 0.415 0.049 0.005 -0.32 3.75 0.35
35 WC-1-35 WC-1 25.368 0.405 0.051 0.006 -0.34 3.61 0.36
36 WC-1-36 WC-1 25.202 0.603 0.044 0.006 -0.52 5.20 0.53
37 WC-1-37 WC-1 25.063 0.396 0.051 0.004 0.31 3.47 0.21
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
38 WC-1-38 WC-1 24.814 0.677 0.050 0.014 -0.67 3.77 0.59
39 WC-1-39 WC-1 24.691 0.445 0.053 0.005 0.43 3.78 0.25
40 WC-1-40 WC-1 24.522 0.457 0.052 0.005 -0.25 4.62 0.26
41 WC-1-41 WC-1 24.845 0.556 0.049 0.010 -0.28 3.16 0.31
42 WC-1-42 WC-1 24.814 0.449 0.050 0.004 0.10 3.84 0.16
43 WC-1-43 WC-1 24.558 0.507 0.051 0.005 -0.26 3.54 0.15
44 WC-1-44 WC-1 24.925 0.472 0.051 0.004 0.18 3.47 0.18
45 WC-1-45 WC-1 25.589 0.386 0.051 0.003 0.28 414 0.22
46 WC-1-46 WC-1 25.654 0.369 0.051 0.005 -0.31 4.09 0.25
47 WC-1-47 WC-1 25.221 0.382 0.051 0.004 0.04 3.59 0.22
48 WC-1-48 WC-1 24.765 0.393 0.052 0.006 -0.20 3.88 0.32
49 WC-1-49 WC-1 24.876 0.340 0.051 0.003 0.32 3.47 0.17
50 WC-1-50 WC-1 24.552 0.446 0.049 0.007 -0.60 3.93 0.44
51 WC-1-51 WC-1 23.935 0.332 0.050 0.005 -0.30 3.95 0.46
52 WC-1-52 WC-1 25.641 0.421 0.051 0.004 0.21 3.47 0.14
53 WC-1-53 WC-1 25.504 0.377 0.050 0.003 0.10 3.57 0.13
54 WC-1-54 WC-1 24.600 0.430 0.052 0.005 -0.09 3.96 0.26
55 WC-1-55 WC-1 25.394 0.413 0.050 0.003 0.31 3.50 0.13
56 WC-1-56 WC-1 24.704 0.336 0.052 0.004 -0.01 4.05 0.28
57 WC-1-57 WC-1 25.221 0.363 0.052 0.005 0.22 3.51 0.25
58 WC-1-58 WC-1 25.145 0.360 0.052 0.003 0.30 4.36 0.18
59 WC-1-59 WC-1 24.722 0.422 0.055 0.005 0.03 3.44 0.25
60 WC-1-60 WC-1 25.126 0.354 0.050 0.003 0.38 3.67 0.14
61 WC-1-61 WC-1 25.006 0.406 0.052 0.003 0.24 3.80 0.20
62 WC-1-62 WC-1 24.900 0.316 0.051 0.003 0.35 3.53 0.14
63 WC-1-63 WC-1 25.221 0.388 0.052 0.003 -0.02 4.52 0.21
64 WC-1-64 WC-1 25.329 0.340 0.051 0.003 -0.08 3.64 0.14
65 WC-1-65 WC-1 24.313 0.402 0.052 0.004 0.25 3.43 0.17

Soda-lime glass NIST SRM-614
1 NIST614-1 NIST-614 1.414 0.022 0.863 0.012 0.68 0.61 10.84
2 NIST614-2 NIST-614 1.442 0.019 0.877 0.011 0.68 0.60 10.74
3 NIST614-3 NIST-614 1.446 0.020 0.874 0.012 0.57 0.55 9.81
4 NIST614-4 NIST-614 1.446 0.019 0.890 0.012 0.62 0.60 10.56
5 NIST614-5 NIST-614 1.477 0.021 0.874 0.011 0.62 0.57 9.28
6 NIST614-6 NIST-614 1.435 0.023 0.868 0.012 0.64 0.57 9.37
7 NIST614-7 NIST-614 1.421 0.018 0.873 0.011 0.55 0.62 10.31
8 NIST614-8 NIST-614 1.408 0.020 0.873 0.011 0.57 0.59 10.20
9 NIST614-9 NIST-614 1.407 0.018 0.871 0.009 0.56 0.57 10.02
10 NIST614-10 NIST-614 1.391 0.017 0.868 0.009 0.60 0.56 10.21
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19MG21 from DA strain domain

Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG21-1 19MG21-1 2.273 0.723 0.818 0.020 0.03 1.17 6.93
19MG21-1 19MG21-1 0.585 0.103 0.812 0.036 0.28 0.21 6.56
1 19MG21-1 19MG21-1 0.735 0.135 0.818 0.025 -0.07 1.22 23.80
19MG21-1 19MG21-1 2.667 0.412 0.809 0.024 0.32 1.49 11.80
19MG21-1 19MG21-1 0.893 0.167 0.802 0.022 0.21 0.57 12.50
19MG21-2 19MG21-1 3.704 2.881 0.792 0.037 -0.09 12.60 29.30
2 19MG21-2 19MG21-1 1.727 0.212 0.803 0.017 0.43 1.00 11.45
19MG21-2 19MG21-1 1.159 0.079 0.818 0.012 0.23 0.65 11.09
19MG21-3 19MG21-1 0.704 0.119 0.818 0.017 0.20 0.85 19.90
3 19MG21-3 19MG21-1 4.651 1.536 0.792 0.043 -0.52 2.62 7.89
19MG21-3 19MG21-1 0.952 0.091 0.810 0.012 0.19 0.54 12.60
19MG21-4 19MG21-1 1.031 0.149 0.799 0.019 -0.29 0.35 6.02
4 19MG21-4 19MG21-1 0.690 0.067 0.804 0.018 -0.07 0.27 8.90
19MG21-4 19MG21-1 0.508 0.046 0.808 0.019 -0.06 0.16 6.51
19MG21-5 19MG21-1 0.169 0.008 0.824 0.016 0.30 0.03 4.07
° 19MG21-5 19MG21-1 0.302 0.034 0.819 0.024 0.03 0.06 3.90
19MG21-6 19MG21-1 0.228 0.015 0.814 0.022 0.27 0.06 5.93
° 19MG21-6 19MG21-1 0.157 0.009 0.805 0.013 0.15 0.04 4.80
19MG21-7 19MG21-1 1.075 0.266 0.807 0.049 0.1 0.55 8.37
7 19MG21-7 19MG21-1 0.840 0.261 0.832 0.021 -0.14 1.42 12.20
19MG21-7 19MG21-1 0.806 0.065 0.818 0.015 0.12 0.20 5.42
19MG21-8 19MG21-1 2.273 0.723 0.787 0.023 -0.30 2.10 7.99
8 19MG21-8 19MG21-1 0.877 0.085 0.817 0.013 0.10 0.56 13.60
9 19MG21-9 19MG21-1 0.344 0.013 0.828 0.015 0.53 0.09 6.10
19MG21-10 19MG21-1 0.131 0.011 0.814 0.020 0.46 0.03 5.37
10 19MG21-10 19MG21-1 0.204 0.008 0.825 0.016 0.09 0.04 4.88
19MG21-12 19MG21-1 0.066 0.005 0.844 0.014 0.13 0.01 4.32
12 19MG21-12 19MG21-1 0.171 0.016 0.832 0.038 0.23 0.02 3.75
13 19MG21-13 19MG21-1 0.087 0.005 0.825 0.014 0.15 0.01 4.17
14 19MG21-14 19MG21-1 0.175 0.008 0.805 0.020 0.30 0.03 4.26
19MG21-14 19MG21-1 0.283 0.016 0.823 0.020 0.39 0.05 4.25
15 19MG21-15 19MG21-1 0.187 0.007 0.819 0.016 0.33 0.03 4.03
16 19MG21-16 19MG21-1 0.101 0.005 0.822 0.013 0.25 0.02 4.40
17 19MG21-17 19MG21-1 0.101 0.005 0.826 0.013 0.27 0.02 4.58
20 19MG21-20 19MG21-1 0.147 0.009 0.811 0.015 -0.03 0.02 3.70
1 19MG21-21 19MG21-1 0.126 0.010 0.816 0.018 0.22 0.03 5.16
19MG21-21 19MG21-1 0.086 0.005 0.812 0.013 0.19 0.02 4.43
19MG21-22 19MG21-1 0.063 0.004 0.823 0.017 0.22 0.01 4.40
22 19MG21-22 19MG21-1 0.110 0.009 0.829 0.022 0.16 0.02 3.77
24 19MG21-24 19MG21-1 0.113 0.007 0.826 0.018 -0.06 0.02 4.35
25 19MG21-25 19MG21-1 0.077 0.009 0.820 0.025 -0.03 0.01 3.93
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Spot  Source file (.FIN2) Sample Z8Y/0epp  +20 (abs) X"Pb/*®Pb  #20 (abs) Rho U (ppm) Pb (ppm)
19MG21-26 19MG21-2 0.090 0.013 0.817 0.030 0.41 0.02 3.92
19MG21-26 19MG21-2 0.162 0.018 0.846 0.036 0.05 0.03 414

26 19MG21-26 19MG21-2 0.081 0.008 0.819 0.024 0.37 0.01 3.69
19MG21-26 19MG21-2 0.184 0.027 0.820 0.034 0.24 0.03 3.37
07 19MG21-27 19MG21-2 0.137 0.011 0.816 0.020 0.35 0.02 3.78
19MG21-27 19MG21-2 0.085 0.012 0.789 0.023 0.47 0.01 3.53
19MG21-28 19MG21-2 0.083 0.008 0.842 0.021 0.46 0.02 4.26
28 19MG21-28 19MG21-2 0.095 0.010 0.846 0.022 -0.06 0.02 3.68
19MG21-28 19MG21-2 0.152 0.028 0.831 0.043 -0.07 0.02 3.24
19MG21-29 19MG21-2 0.132 0.035 0.807 0.039 0.56 0.03 4.00
29 19MG21-29 19MG21-2 0.127 0.009 0.829 0.020 0.18 0.02 3.50
19MG21-30 19MG21-2 0.058 0.008 0.840 0.069 0.44 0.01 5.25
%0 19MG21-30 19MG21-2 0.094 0.017 0.822 0.026 0.12 0.03 4.39
19MG21-31 19MG21-2 0.071 0.010 0.804 0.023 0.01 0.02 4.71
31 19MG21-31 19MG21-2 0.082 0.007 0.813 0.016 0.07 0.02 4.19
19MG21-32 19MG21-2 0.243 0.025 0.867 0.039 0.12 0.05 5.10
32 19MG21-32 19MG21-2 0.159 0.010 0.825 0.029 0.27 0.03 4.33
19MG21-32 19MG21-2 0.091 0.007 0.858 0.026 0.32 0.02 4.08
34 19MG21-34 19MG21-2 0.152 0.015 0.817 0.023 0.1 0.03 4.18
19MG21-35 19MG21-2 0.137 0.010 0.814 0.028 0.25 0.03 4.07
19MG21-35 19MG21-2 0.218 0.026 0.836 0.035 0.43 0.04 4.1
% 19MG21-35 19MG21-2 0.169 0.015 0.804 0.027 0.34 0.03 4.07
19MG21-35 19MG21-2 0.248 0.025 0.797 0.028 0.43 0.05 3.73
36 19MG21-36 19MG21-2 0.179 0.011 0.820 0.014 0.26 0.04 4.59
37 19MG21-37 19MG21-2 0.187 0.011 0.823 0.012 0.26 0.04 4.38
19MG21-38 19MG21-2 0.186 0.008 0.827 0.017 0.1 0.04 4.41
% 19MG21-38 19MG21-2 0.090 0.009 0.832 0.024 0.17 0.02 3.72
39 19MG21-39 19MG21-2 0.138 0.016 0.817 0.030 0.07 0.03 4.93
19MG21-40 19MG21-2 0.194 0.014 0.836 0.027 0.25 0.04 4.30
40 19MG21-40 19MG21-2 0.510 0.025 0.818 0.016 0.41 0.1 5.09
19MG21-40 19MG21-2 0.187 0.015 0.807 0.017 0.02 0.05 517
19MG21-41 19MG21-2 0.199 0.013 0.795 0.027 0.13 0.04 4.75
41 19MG21-41 19MG21-2 0.592 0.042 0.831 0.024 0.14 0.14 5.24
19MG21-41 19MG21-2 0.268 0.027 0.818 0.026 0.12 0.06 4.39
19MG21-42 19MG21-2 0.243 0.015 0.801 0.027 0.22 0.05 4.71
42 19MG21-42 19MG21-2 0.131 0.008 0.828 0.018 0.15 0.03 4.79
19MG21-42 19MG21-2 0.103 0.009 0.841 0.030 0.43 0.02 4.30
19MG21-43 19MG21-2 0.369 0.015 0.817 0.018 0.37 0.09 5.88
3 19MG21-43 19MG21-2 0.249 0.013 0.820 0.015 0.16 0.05 4.68
19MG21-44 19MG21-2 0.299 0.022 0.826 0.025 0.04 0.06 4.78
44 19MG21-44 19MG21-2 0.529 0.031 0.828 0.032 0.21 0.17 7.60
19MG21-44 19MG21-2 0.171 0.018 0.827 0.019 0.35 0.05 5.50
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Spot  Source file (.FIN2) Sample Z8Y/0epp  +20 (abs) X"Pb/*®Pb  #20 (abs) Rho U (ppm) Pb (ppm)
19MG21-45 19MG21-2 0.149 0.020 0.807 0.038 0.35 0.04 5.48
19MG21-45 19MG21-2 0.388 0.021 0.823 0.026 0.47 0.09 5.48

45 19MG21-45 19MG21-2 0.271 0.029 0.827 0.020 0.23 0.07 6.01
19MG21-45 19MG21-2 0.455 0.031 0.812 0.022 0.24 0.10 5.22
19MG21-46 19MG21-2 0.177 0.017 0.792 0.049 0.37 0.04 5.58

46 19MG21-46 19MG21-2 0.112 0.007 0.795 0.020 0.53 0.02 417
19MG21-46 19MG21-2 0.235 0.016 0.856 0.028 0.19 0.04 4.39
19MG21-47 19MG21-2 0.288 0.014 0.822 0.015 0.26 0.07 5.41

4 19MG21-47 19MG21-2 0.150 0.020 0.819 0.023 0.05 0.03 4.67

48 19MG21-48 19MG21-2 0.077 0.007 0.825 0.021 -0.10 0.01 4.40

49 19MG21-49 19MG21-2 0.088 0.008 0.833 0.019 -0.05 0.02 3.97
19MG21-50 19MG21-2 0.106 0.007 0.826 0.020 0.41 0.02 3.96

%0 19MG21-50 19MG21-2 0.230 0.017 0.825 0.021 0.40 0.04 3.83
19MG21-51 19MG21-3 0.301 0.026 0.835 0.037 0.26 0.06 4.39

51 19MG21-51 19MG21-3 0.559 0.034 0.825 0.022 0.14 0.09 3.94
19MG21-51 19MG21-3 0.355 0.015 0.796 0.023 -0.03 0.05 3.37
19MG21-52 19MG21-3 0.163 0.011 0.831 0.025 0.44 0.03 4.07

52 19MG21-52 19MG21-3 0.302 0.015 0.817 0.019 0.61 0.05 3.61
19MG21-52 19MG21-3 0.426 0.031 0.835 0.026 0.37 0.06 3.33
19MG21-53 19MG21-3 0.408 0.033 0.846 0.035 -0.06 0.07 4.17
19MG21-53 19MG21-3 0.162 0.013 0.828 0.022 0.15 0.03 4.47

53 19MG21-53 19MG21-3 1.412 0.122 0.839 0.043 -0.05 0.19 3.36
19MG21-53 19MG21-3 0.294 0.025 0.832 0.027 0.29 0.04 3.49
19MG21-54 19MG21-3 0.296 0.025 0.831 0.025 0.30 0.06 4.29
19MG21-54 19MG21-3 0.979 0.043 0.824 0.027 0.19 0.17 4.29

> 19MG21-54 19MG21-3 0.775 0.090 0.825 0.032 0.08 0.12 3.82
19MG21-54 19MG21-3 0.529 0.028 0.854 0.041 0.40 0.08 3.28
19MG21-55 19MG21-3 0.229 0.039 0.820 0.033 0.41 0.06 5.35
19MG21-55 19MG21-3 1.067 0.080 0.802 0.041 -0.44 0.17 4.03

55 19MG21-55 19MG21-3 0.389 0.020 0.842 0.023 0.18 0.07 4.43
19MG21-55 19MG21-3 0.637 0.057 0.815 0.024 0.20 0.12 4.26
19MG21-55 19MG21-3 0.369 0.035 0.835 0.022 0.48 0.07 4.13
19MG21-56 19MG21-3 0.433 0.019 0.836 0.019 0.27 0.08 4.47

56 19MG21-56 19MG21-3 0.642 0.026 0.803 0.022 0.40 0.1 3.93
19MG21-56 19MG21-3 0.395 0.034 0.833 0.036 0.70 0.06 3.33
19MG21-57 19MG21-3 0.382 0.039 0.814 0.027 0.02 0.07 4.10
19MG21-57 19MG21-3 0.142 0.010 0.821 0.025 0.24 0.02 3.57

¥ 19MG21-57 19MG21-3 0.217 0.017 0.823 0.031 0.02 0.03 3.35
19MG21-57 19MG21-3 0.345 0.025 0.825 0.029 0.32 0.05 3.28
19MG21-58 19MG21-3 0.129 0.008 0.837 0.032 0.57 0.02 3.82

58 19MG21-58 19MG21-3 0.153 0.010 0.838 0.039 0.66 0.03 3.85
19MG21-58 19MG21-3 0.103 0.010 0.830 0.032 0.29 0.02 3.17
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Spot  Source file (.FIN2) Sample Z8Y/0epp  +20 (abs) X"Pb/*®Pb  #20 (abs) Rho U (ppm) Pb (ppm)
19MG21-59 19MG21-3 0.671 0.095 0.864 0.068 0.32 0.14 4.86
19MG21-59 19MG21-3 0.301 0.021 0.812 0.028 0.27 0.06 4.44

59 19MG21-59 19MG21-3 0.435 0.030 0.833 0.031 0.51 0.08 4.06
19MG21-59 19MG21-3 0.562 0.041 0.829 0.030 0.49 0.10 3.98
19MG21-59 19MG21-3 0.302 0.021 0.810 0.027 0.31 0.05 3.47
19MG21-60 19MG21-3 0.183 0.015 0.818 0.026 0.35 0.03 417
19MG21-60 19MG21-3 0.252 0.029 0.822 0.032 0.46 0.05 3.86

60 19MG21-60 19MG21-3 0.088 0.009 0.832 0.020 0.08 0.02 3.37
19MG21-60 19MG21-3 0.321 0.030 0.814 0.040 0.40 0.04 3.14

61 19MG21-61 19MG21-3 0.113 0.006 0.815 0.013 0.17 0.02 3.84
19MG21-62 19MG21-3 0.154 0.008 0.840 0.018 0.34 0.03 4.06

62 19MG21-62 19MG21-3 0.217 0.016 0.826 0.026 0.15 0.04 3.93
19MG21-62 19MG21-3 0.104 0.015 0.796 0.030 0.21 0.02 3.53
19MG21-63 19MG21-3 0.140 0.009 0.810 0.018 0.34 0.03 4.00

63 19MG21-63 19MG21-3 0.089 0.006 0.839 0.018 0.29 0.02 3.79

64 19MG21-64 19MG21-3 0.082 0.007 0.830 0.024 0.20 0.02 4.04

65 19MG21-65 19MG21-3 0.132 0.017 0.819 0.024 -0.07 0.03 413
19MG21-66 19MG21-3 0.319 0.023 0.847 0.018 0.06 0.07 3.69

06 19MG21-66 19MG21-3 0.098 0.008 0.826 0.023 0.11 0.02 3.18
19MG21-67 19MG21-3 0.147 0.015 0.799 0.032 0.32 0.04 4.52

o7 19MG21-67 19MG21-3 0.818 0.050 0.856 0.059 0.51 0.19 4.59
19MG21-67 19MG21-3 0.592 0.034 0.820 0.030 0.49 0.13 4.26
19MG21-67 19MG21-3 0.253 0.027 0.819 0.029 0.43 0.05 3.48
19MG21-68 19MG21-3 0.132 0.016 0.842 0.022 0.19 0.03 3.81

08 19MG21-68 19MG21-3 0.216 0.018 0.824 0.021 0.1 0.05 3.77
19MG21-70 19MG21-3 0.076 0.006 0.810 0.020 0.03 0.02 3.94

7 19MG21-70 19MG21-3 0.123 0.011 0.818 0.021 0.26 0.03 3.42
19MG21-71 19MG21-3 0.813 0.073 0.840 0.028 0.50 0.25 5.24

71 19MG21-71 19MG21-3 0.187 0.019 0.815 0.023 0.09 0.05 4.48
19MG21-71 19MG21-3 0.085 0.015 0.825 0.017 0.26 0.04 9.60
19MG21-72 19MG21-3 0.159 0.025 0.834 0.024 0.17 0.04 3.91

72 19MG21-72 19MG21-3 0.190 0.013 0.838 0.028 0.32 0.04 3.75
19MG21-72 19MG21-3 0.123 0.012 0.829 0.018 0.24 0.03 3.46

73 19MG21-73 19MG21-3 no value NAN NaN 0.00 3.51
19MG21-74 19MG21-3 0.123 0.018 0.822 0.024 -0.02 0.05 3.82
19MG21-74 19MG21-3 0.676 0.142 0.807 0.029 0.23 0.20 4.05

74 19MG21-74 19MG21-3 1.406 0.081 0.820 0.018 0.29 0.40 4.59
19MG21-74 19MG21-3 1.205 0.096 0.819 0.031 0.44 0.35 4.63
19MG21-74 19MG21-3 1.730 0.093 0.835 0.032 0.13 0.47 4.55

76 19MG21-76 19MG21-4 1.439 0.037 0.807 0.014 0.51 0.32 3.83
19MG21-77 19MG21-4 1.272 0.050 0.818 0.022 0.42 0.77 10.50

7 19MG21-77 19MG21-4 1.016 0.023 0.804 0.011 0.41 0.44 7.26

78 19MG21-78 19MG21-4 1.560 0.066 0.846 0.025 0.56 0.49 5.63
19MG21-78 19MG21-4 0.433 0.041 0.814 0.021 0.07 0.12 4.32
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
79 19MG21-79 19MG21-4 0.092 0.006 0.823 0.015 0.00 0.02 4.01
80 19MG21-80 19MG21-4 0.080 0.004 0.818 0.015 0.23 0.02 3.92

19MG21-81 19MG21-4 0.129 0.015 0.838 0.031 0.09 0.03 4.27
81 19MG21-81 19MG21-4 0.217 0.018 0.820 0.023 0.30 0.05 4.25
19MG21-81 19MG21-4 0.139 0.011 0.808 0.021 0.30 0.03 3.77
19MG21-82 19MG21-4 0.318 0.019 0.820 0.040 0.71 0.07 3.98
82 19MG21-82 19MG21-4 0.345 0.018 0.813 0.017 0.20 0.06 3.33
19MG21-83 19MG21-4 0.493 0.029 0.831 0.041 0.52 0.08 3.44
8 19MG21-83 19MG21-4 0.298 0.015 0.832 0.019 0.18 0.04 2.74
84 19MG21-84 19MG21-4 0.603 0.019 0.812 0.013 0.18 0.14 4.55
19MG21-85 19MG21-4 0.105 0.008 0.838 0.028 0.49 0.02 2.97
8 19MG21-85 19MG21-4 0.108 0.008 0.835 0.025 0.30 0.02 2.81
19MG21-87 19MG21-4 0.138 0.016 0.810 0.037 0.15 0.02 3.18
8 19MG21-87 19MG21-4 0.249 0.026 0.827 0.035 0.57 0.04 3.39
19MG21-88 19MG21-4 0.302 0.065 0.822 0.069 0.18 0.06 3.82
88 19MG21-88 19MG21-4 0.122 0.008 0.814 0.022 0.07 0.02 3.37
19MG21-89 19MG21-4 0.083 0.008 0.806 0.043 0.13 0.01 3.53
89 19MG21-89 19MG21-4 0.140 0.006 0.820 0.019 0.29 0.02 3.39
19MG21-89 19MG21-4 0.193 0.021 0.822 0.031 0.34 0.04 3.40
90 19MG21-90 19MG21-4 0.139 0.012 0.820 0.021 0.19 0.03 3.46
19MG21-91 19MG21-4 0.082 0.007 0.845 0.037 0.15 0.02 4.19
91 19MG21-91 19MG21-4 0.164 0.012 0.808 0.024 0.32 0.03 4.29
19MG21-91 19MG21-4 0.085 0.005 0.825 0.019 0.16 0.02 4.15
19MG21-92 19MG21-4 1.605 0.090 0.826 0.033 0.59 0.33 4.46
92 19MG21-92 19MG21-4 1.938 0.101 0.838 0.033 0.70 0.26 3.02
19MG21-92 19MG21-4 1.715 0.121 0.837 0.042 0.79 0.22 2.87
19MG21-92 19MG21-4 1.304 0.046 0.827 0.026 0.49 0.15 2.56
19MG21-93 19MG21-4 0.847 0.051 0.806 0.027 0.51 0.1 3.02
93 19MG21-93 19MG21-4 1.033 0.038 0.813 0.026 0.47 0.14 2.90
19MG21-93 19MG21-4 0.846 0.034 0.830 0.024 0.43 0.12 2.93
19MG21-94 19MG21-4 0.333 0.012 0.821 0.013 0.31 0.13 9.07
94 19MG21-94 19MG21-4 0.602 0.073 0.822 0.024 0.35 0.17 5.61
19MG21-94 19MG21-4 0.441 0.023 0.801 0.019 0.39 0.14 7.02
19MG21-95 19MG21-4 0.591 0.030 0.825 0.024 0.26 0.06 2.38
% 19MG21-95 19MG21-4 0.739 0.033 0.835 0.025 0.12 0.12 3.45
19MG21-96 19MG21-4 0.376 0.059 0.827 0.018 0.10 0.03 1.47
19MG21-96 19MG21-4 0.278 0.049 0.819 0.045 0.18 0.05 3.53
96 19MG21-96 19MG21-4 0.538 0.064 0.815 0.057 0.51 0.08 3.56
19MG21-96 19MG21-4 0.293 0.038 0.823 0.027 0.14 0.05 3.68
19MG21-96 19MG21-4 0.166 0.014 0.826 0.019 0.29 0.03 3.76
19MG21-97 19MG21-4 0.256 0.016 0.831 0.030 0.46 0.04 3.53
97 19MG21-97 19MG21-4 30.303 11.019 0.782 0.079 0.41 7.10 3.68
19MG21-97 19MG21-4 0.290 0.027 0.827 0.018 0.04 0.05 3.40
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG21-98 19MG21-4 1.669 0.050 0.826 0.018 0.53 0.27 3.79
% 19MG21-98 19MG21-4 0.993 0.039 0.814 0.025 0.29 0.21 4.59
19MG21-99 19MG21-4 0.832 0.032 0.815 0.015 0.49 0.18 4.94
99 19MG21-99 19MG21-4 1.105 0.067 0.832 0.038 0.79 0.21 4.21
19MG21-99 19MG21-4 1.730 0.099 0.817 0.036 0.51 0.34 4.67
19MG21-100 19MG21-4 1.088 0.058 0.815 0.039 0.36 0.24 5.02
100 19MG21-100 19MG21-4 1.221 0.072 0.816 0.024 0.25 0.28 5.05
19MG21-100 19MG21-4 0.973 0.043 0.813 0.019 0.18 0.25 5.50
19MG21-101 19MG21-5 0.090 0.011 0.844 0.033 0.23 0.02 3.91
101 19MG21-101 19MG21-5 0.110 0.009 0.824 0.019 0.15 0.02 3.26
19MG21-101 19MG21-5 0.186 0.010 0.855 0.033 0.22 0.03 3.31
19MG21-102 19MG21-5 0.156 0.011 0.808 0.037 0.15 0.03 3.89
102 19MG21-102 19MG21-5 0.086 0.010 0.815 0.028 0.50 0.02 3.90
19MG21-102 19MG21-5 0.125 0.022 0.831 0.035 0.20 0.02 3.17
103 19MG21-103 19MG21-5 0.125 0.012 0.810 0.016 0.1 0.02 3.78
19MG21-105 19MG21-5 0.370 0.025 0.820 0.026 0.28 0.06 4.25
105 19MG21-105 19MG21-5 0.143 0.009 0.826 0.018 0.32 0.02 3.47
19MG21-106 19MG21-5 0.091 0.006 0.822 0.019 0.10 0.02 4.07
100 19MG21-106 19MG21-5 0.175 0.012 0.813 0.015 0.23 0.03 4.20
19MG21-107 19MG21-5 0.143 0.014 0.832 0.039 0.50 0.02 3.63
107 19MG21-107 19MG21-5 0.190 0.009 0.822 0.025 0.40 0.03 3.34
19MG21-107 19MG21-5 0.173 0.010 0.817 0.025 0.25 0.03 3.46
108 19MG21-108 19MG21-5 no value NAN NaN 0.00 3.24
109 19MG21-109 19MG21-5 0.117 0.013 0.826 0.033 0.30 0.02 4.20
10 19MG21-110 19MG21-5 0.298 0.021 0.832 0.021 0.36 0.05 3.79
19MG21-110 19MG21-5 0.166 0.010 0.828 0.019 0.24 0.02 3.36
111 19MG21-111 19MG21-5 0.168 0.015 0.828 0.022 0.36 0.02 3.45
19MG21-112 19MG21-5 0.106 0.010 0.839 0.039 0.44 0.02 4.35
112 19MG21-112 19MG21-5 0.068 0.005 0.799 0.033 0.1 0.01 3.68
19MG21-112 19MG21-5 0.077 0.009 0.809 0.028 0.00 0.01 3.42
13 19MG21-113 19MG21-5 0.075 0.007 0.794 0.031 0.00 0.01 3.32
19MG21-113 19MG21-5 0.220 0.016 0.829 0.020 0.24 0.03 3.49
114 19MG21-114 19MG21-5 0.230 0.012 0.808 0.015 0.34 0.03 3.67
19MG21-114 19MG21-5 0.459 0.051 0.822 0.023 -0.07 0.06 3.19
15 19MG21-115 19MG21-5 0.230 0.014 0.815 0.016 0.26 0.04 3.82
19MG21-115 19MG21-5 0.119 0.008 0.819 0.019 0.24 0.02 3.24
16 19MG21-116 19MG21-5 0.262 0.023 0.832 0.021 0.58 0.05 4.79
19MG21-116 19MG21-5 0.134 0.008 0.825 0.017 0.25 0.02 3.84
19MG21-117 19MG21-5 0.207 0.016 0.810 0.032 0.04 0.04 4.29
117 19MG21-117 19MG21-5 0.107 0.009 0.827 0.017 0.21 0.02 3.90
19MG21-117 19MG21-5 0.227 0.022 0.817 0.020 0.27 0.04 3.73
19MG21-118 19MG21-5 0.232 0.047 0.807 0.035 0.39 0.04 3.96
118 19MG21-118 19MG21-5 0.402 0.027 0.821 0.029 0.47 0.06 4.01
19MG21-118 19MG21-5 0.211 0.012 0.816 0.018 0.02 0.03 3.65
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG21-119 19MG21-5 0.336 0.019 0.824 0.026 -0.43 0.27 20.80
19MG21-119 19MG21-5 0.457 0.044 0.799 0.023 0.28 0.20 10.70

19 19MG21-119 19MG21-5 0.205 0.024 0.814 0.018 0.02 0.04 3.86
19MG21-119 19MG21-5 0.444 0.034 0.819 0.019 0.01 0.06 3.42
19MG21-120 19MG21-5 0.313 0.021 0.821 0.025 0.25 0.05 4.28
19MG21-120 19MG21-5 0.543 0.103 0.825 0.041 0.24 0.09 3.99

120 19MG21-120 19MG21-5 0.279 0.031 0.807 0.022 0.04 0.07 6.11
19MG21-120 19MG21-5 0.592 0.070 0.814 0.031 0.40 0.11 4.45

121 19MG21-121 19MG21-5 0.123 0.012 0.822 0.030 0.47 0.02 3.98
19MG21-121 19MG21-5 0.172 0.006 0.829 0.016 0.35 0.02 3.49

122 19MG21-122 19MG21-5 0.216 0.012 0.828 0.012 0.23 0.04 4.02
19MG21-123 19MG21-5 0.115 0.013 0.821 0.020 0.18 0.02 3.98

123 19MG21-123 19MG21-5 0.179 0.013 0.821 0.019 0.09 0.03 4.16
19MG21-123 19MG21-5 0.389 0.027 0.819 0.031 0.31 0.05 3.33
19MG21-124 19MG21-5 0.090 0.008 0.818 0.024 0.34 0.01 3.92

124 19MG21-124 19MG21-5 0.174 0.012 0.826 0.034 0.35 0.03 3.57
19MG21-124 19MG21-5 0.142 0.016 0.806 0.019 0.1 0.02 3.54
19MG21-125 19MG21-5 0.068 0.008 0.837 0.035 -0.02 0.02 7.02

125 19MG21-125 19MG21-5 0.190 0.013 0.827 0.015 0.12 0.03 3.45
19MG21-126 19MG21-6 0.178 0.021 0.802 0.025 -0.20 0.03 2.95

126 19MG21-126 19MG21-6 0.238 0.013 0.805 0.021 0.26 0.03 2.59

127 19MG21-127 19MG21-6 0.341 0.013 0.833 0.016 0.22 0.04 2.94

128 19MG21-128 19MG21-6 0.106 0.009 0.813 0.021 0.36 0.02 3.24
19MG21-128 19MG21-6 0.129 0.009 0.834 0.022 0.10 0.02 3.20

129 19MG21-129 19MG21-6 0.099 0.011 0.830 0.042 0.37 0.01 2.74
19MG21-129 19MG21-6 0.162 0.011 0.826 0.020 0.18 0.02 2.49

130 19MG21-130 19MG21-6 0.144 0.010 0.814 0.019 0.25 0.02 2.85
19MG21-130 19MG21-6 0.172 0.048 1.500 0.850 0.25 0.04 1.99

131 19MG21-131 19MG21-6 0.108 0.011 0.799 0.027 0.30 0.01 2.91
19MG21-132 19MG21-6 1.068 0.065 0.803 0.044 0.54 0.15 3.38

132 19MG21-132 19MG21-6 0.462 0.020 0.828 0.021 0.19 0.06 2.90
19MG21-132 19MG21-6 0.314 0.037 0.838 0.029 0.04 0.04 2.69
19MG21-133 19MG21-6 0.268 0.036 0.825 0.034 0.02 0.06 3.78
19MG21-133 19MG21-6 0.840 0.106 0.776 0.036 0.26 0.15 2.82

1% 19MG21-133 19MG21-6 15.152 8.035 0.620 0.130 0.49 5.30 2.80
19MG21-133 19MG21-6 0.521 0.163 0.920 0.180 0.06 0.04 1.75

135 19MG21-135 19MG21-6 0.297 0.013 0.819 0.017 0.07 0.04 2.85
19MG21-136 19MG21-6 0.239 0.018 0.792 0.035 0.29 0.03 3.20

1% 19MG21-136 19MG21-6 0.474 0.025 0.817 0.018 0.29 0.07 2.89
19MG21-137 19MG21-6 0.248 0.017 0.853 0.042 0.18 0.04 3.24

137 19MG21-137 19MG21-6 0.132 0.007 0.809 0.017 0.13 0.02 2.83

138 19MG21-138 19MG21-6 0.263 0.028 0.846 0.048 0.46 0.03 2.56
19MG21-138 19MG21-6 0.372 0.013 0.827 0.018 0.30 0.05 2.74
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG21-139 19MG21-6 0.274 0.020 0.838 0.027 0.43 0.04 297
139 19MG21-139 19MG21-6 0.255 0.013 0.831 0.019 0.23 0.04 2.92
140 19MG21-140 19MG21-6 0.158 0.010 0.822 0.019 0.20 0.02 2.32
141 19MG21-141 19MG21-6 0.179 0.012 0.803 0.017 -0.04 0.02 2.68
19MG21-142 19MG21-6 0.176 0.026 0.850 0.077 0.48 0.02 2.52
142 19MG21-142 19MG21-6 0.163 0.022 0.841 0.048 0.20 0.02 243
19MG21-142 19MG21-6 0.280 0.023 0.819 0.031 0.20 0.03 2.40
19MG21-143 19MG21-6 0.230 0.016 0.804 0.022 0.17 0.03 2.59
143 19MG21-143 19MG21-6 0.229 0.016 0.825 0.020 0.28 0.03 2.46
19MG21-144 19MG21-6 0.375 0.025 0.830 0.024 0.36 0.07 3.48
144 19MG21-144 19MG21-6 0.274 0.017 0.816 0.027 0.44 0.05 3.07
19MG21-144 19MG21-6 0.166 0.017 0.816 0.031 0.37 0.03 2.59
19MG21-145 19MG21-6 0.221 0.013 0.814 0.035 0.55 0.03 2.77
140 19MG21-145 19MG21-6 0.196 0.010 0.826 0.017 0.31 0.03 2.78
146 19MG21-146 19MG21-6 0.218 0.019 0.812 0.015 -0.01 0.04 2.96
19MG21-147 19MG21-6 0.228 0.028 0.825 0.039 0.18 0.04 3.19
il 19MG21-147 19MG21-6 0.148 0.009 0.834 0.020 0.1 0.02 2.88
19MG21-148 19MG21-6 0.265 0.015 0.813 0.018 0.21 0.04 3.12
148 19MG21-148 19MG21-6 0.251 0.038 0.824 0.026 -0.08 0.06 2.73
19MG21-149 19MG21-6 0.730 0.069 0.830 0.044 0.22 0.12 3.43
149 19MG21-149 19MG21-6 0.515 0.032 0.799 0.025 0.04 0.08 2.96
19MG21-149 19MG21-6 0.513 0.026 0.825 0.020 0.17 0.08 2.85
19MG21-150 19MG21-6 1.361 0.087 0.813 0.022 0.02 0.22 3.42
150 19MG21-150 19MG21-6 0.862 0.104 0.817 0.039 -0.36 0.14 3.14
19MG21-150 19MG21-6 0.249 0.022 0.815 0.022 0.13 0.04 2.86

19MG74-A from DA strain domain

19MG74-1-23 19MG74-A-6B 0.413 0.019 0.802 0.030 0.41 0.08 4.50
2 19MG74-1-23 19MG74-A-6B 0.236 0.010 0.826 0.021 0.27 0.05 4.49
19MG74-1-24 19MG74-A-6B 0.187 0.009 0.804 0.024 0.43 0.03 3.81
2 19MG74-1-24 19MG74-A-6B 0.166 0.008 0.813 0.017 0.51 0.03 3.50
19MG74-1-25 19MG74-A-6B 0.539 0.018 0.808 0.022 0.53 0.09 3.86
2 19MG74-1-25 19MG74-A-6B 0.483 0.030 0.789 0.021 0.21 0.08 3.54
%6 19MG74-1-26 19MG74-A-5B 0.451 0.020 0.828 0.026 0.45 0.09 4.47
19MG74-1-26 19MG74-A-5B 0.505 0.015 0.816 0.017 0.30 0.10 4.67
19MG74-1-27 19MG74-A-5B 0.235 0.016 0.778 0.025 0.26 0.04 3.74
27 19MG74-1-27 19MG74-A-5B 0.304 0.014 0.822 0.028 0.27 0.05 3.94
19MG74-1-27 19MG74-A-5B 0.326 0.032 0.818 0.030 0.26 0.06 3.60
28 19MG74-1-28 19MG74-A-5B 0.282 0.009 0.819 0.013 0.42 0.06 4.62
19MG74-1-29 19MG74-A-5B 0.200 0.010 0.835 0.031 0.41 0.03 3.42
29 19MG74-1-29 19MG74-A-5B 0.255 0.012 0.829 0.021 0.34 0.04 3.24
19MG74-1-29 19MG74-A-5B 0.112 0.015 0.793 0.066 0.34 0.01 2.87
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-30 19MG74-A-5B 0.641 0.023 0.817 0.021 0.52 0.12 4.33
%0 19MG74-1-30 19MG74-A-5B 0.493 0.029 0.816 0.020 0.32 0.09 3.92
19MG74-1-31 19MG74-A-5B 0.514 0.022 0.848 0.033 0.48 0.08 3.92
3 19MG74-1-31 19MG74-A-5B 0.266 0.012 0.816 0.021 0.27 0.04 3.66
19MG74-1-32 19MG74-A-5B 0.135 0.008 0.853 0.023 0.15 0.02 3.57
% 19MG74-1-32 19MG74-A-5B 0.172 0.013 0.820 0.023 0.25 0.03 3.54
33 19MG74-1-33 19MG74-A-5B 0.523 0.015 0.812 0.014 0.26 0.09 3.76
34 19MG74-1-34 19MG74-A-5B 0.539 0.015 0.818 0.014 0.50 0.10 4.19
19MG74-1-35 19MG74-A-5B 0.191 0.010 0.823 0.024 0.49 0.03 3.36
% 19MG74-1-35 19MG74-A-5B 0.141 0.008 0.834 0.024 0.24 0.02 2.95
19MG74-1-36 19MG74-A-5B 0.216 0.012 0.817 0.025 0.24 0.03 3.50
% 19MG74-1-36 19MG74-A-5B 0.357 0.011 0.809 0.022 0.39 0.05 3.20
19MG74-1-37 19MG74-A-5B 0.285 0.023 0.830 0.024 0.41 0.05 3.97
¥ 19MG74-1-37 19MG74-A-5B 0.282 0.017 0.822 0.019 0.31 0.05 3.64
19MG74-1-38 19MG74-A-5B 0.425 0.015 0.830 0.024 0.33 0.09 4.75
%8 19MG74-1-38 19MG74-A-5B 0.281 0.010 0.830 0.020 0.39 0.05 4.21
19MG74-1-39 19MG74-A-5B 0.422 0.027 0.808 0.038 0.43 0.08 4.45
39 19MG74-1-39 19MG74-A-5B 0.562 0.023 0.824 0.026 0.43 0.09 3.56
19MG74-1-39 19MG74-A-5B 0.382 0.017 0.809 0.027 0.34 0.06 3.35
40 19MG74-1-40 19MG74-A-5B 0.534 0.014 0.824 0.014 0.40 0.09 4.02
41 19MG74-1-41 19MG74-A-5B 0.436 0.011 0.811 0.015 0.47 0.07 3.58
19MG74-1-42 19MG74-A-5B 0.379 0.016 0.801 0.030 0.59 0.06 3.73
2 19MG74-1-42 19MG74-A-5B 0.362 0.017 0.824 0.021 0.08 0.06 3.69
43 19MG74-1-43 19MG74-A-5B 0.264 0.010 0.830 0.019 0.39 0.04 3.12
19MG74-1-44 19MG74-A-5B 0.498 0.020 0.823 0.026 0.46 0.07 3.45
o 19MG74-1-44 19MG74-A-5B 0.752 0.090 0.829 0.029 0.02 0.12 3.47
19MG74-1-45 19MG74-A-5B 0.296 0.018 0.816 0.027 0.38 0.05 3.65
# 19MG74-1-45 19MG74-A-5B 0.246 0.011 0.815 0.018 0.16 0.04 3.37
19MG74-1-46 19MG74-A-5B 0.294 0.022 0.818 0.033 0.41 0.04 3.24
4 19MG74-1-46 19MG74-A-5B 0.476 0.019 0.800 0.017 0.40 0.07 3.59
19MG74-1-47 19MG74-A-5B 0.461 0.034 0.822 0.033 0.26 0.08 3.81
4 19MG74-1-47 19MG74-A-5B 0.433 0.019 0.803 0.019 0.36 0.07 3.87
19MG74-1-48 19MG74-A-5B 0.375 0.017 0.824 0.025 0.55 0.06 3.81
8 19MG74-1-48 19MG74-A-5B 0.355 0.015 0.821 0.019 0.49 0.06 3.64
49 19MG74-1-49 19MG74-A-5B 0.213 0.007 0.801 0.017 0.20 0.03 3.10
19MG74-1-51 19MG74-A-3 0.352 0.015 0.821 0.022 0.26 0.06 4.66
o1 19MG74-1-51 19MG74-A-3 0.444 0.026 0.823 0.016 0.09 0.08 4.05
19MG74-1-52 19MG74-A-3 1.264 0.075 0.828 0.039 0.55 0.04 0.86
19MG74-1-52 19MG74-A-3 0.752 0.102 0.821 0.063 0.00 0.05 1.75
% 19MG74-1-52 19MG74-A-3 1.181 0.100 0.827 0.086 0.77 0.05 1.00
19MG74-1-52 19MG74-A-3 0.606 0.118 0.839 0.043 0.18 0.04 1.76
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-53 19MG74-A-3 0.333 0.024 0.819 0.036 0.58 0.07 5.02
19MG74-1-53 19MG74-A-3 0.436 0.016 0.825 0.024 0.32 0.08 4.34

5 19MG74-1-53 19MG74-A-3 0.418 0.023 0.820 0.032 0.34 0.07 4.17
19MG74-1-53 19MG74-A-3 0.561 0.026 0.814 0.027 0.41 0.08 3.74
19MG74-1-54 19MG74-A-3 0.614 0.026 0.828 0.019 0.49 0.10 4.10

54 19MG74-1-54 19MG74-A-3 0.760 0.032 0.803 0.030 0.42 0.10 3.39
19MG74-1-54 19MG74-A-3 1.110 0.105 0.859 0.048 0.46 0.12 2.48
19MG74-1-55 19MG74-A-3 1.374 0.055 0.846 0.038 0.62 0.06 1.03

% 19MG74-1-55 19MG74-A-3 1.340 0.088 0.829 0.042 -0.04 0.04 0.82
19MG74-1-56 19MG74-A-3 1.808 0.108 0.781 0.050 0.60 0.06 0.84

56 19MG74-1-56 19MG74-A-3 2.247 0.167 0.809 0.058 0.68 0.09 0.91
19MG74-1-56 19MG74-A-3 1.733 0.096 0.770 0.053 0.61 0.04 0.58
19MG74-1-57 19MG74-A-3 1.131 0.077 0.873 0.052 0.62 0.03 0.59

¥ 19MG74-1-57 19MG74-A-3 1.147 0.075 0.812 0.038 0.63 0.03 0.59
19MG74-1-58 19MG74-A-3 0.978 0.037 0.826 0.026 0.25 0.07 1.70

%8 19MG74-1-58 19MG74-A-3 1.1 0.040 0.815 0.025 0.52 0.08 1.74
19MG74-1-59 19MG74-A-3 0.531 0.025 0.840 0.022 0.48 0.07 3.35

59 19MG74-1-59 19MG74-A-3 0.435 0.021 0.805 0.025 0.32 0.06 3.20
19MG74-1-59 19MG74-A-3 0.541 0.032 0.810 0.022 0.1 0.06 2.71
19MG74-1-60 19MG74-A-3 2.370 0.163 0.919 0.058 0.55 0.04 0.44

60 19MG74-1-60 19MG74-A-3 3.906 0.687 0.768 0.051 0.03 0.22 1.09
19MG74-1-60 19MG74-A-3 2.849 0.244 0.752 0.073 0.77 0.06 0.50
19MG74-1-61 19MG74-A-3 2.513 0.170 0.801 0.059 0.73 0.1 1.05
19MG74-1-61 19MG74-A-3 2137 0.187 0.821 0.068 0.49 0.09 0.87

o 19MG74-1-61 19MG74-A-3 2.907 0.237 0.855 0.078 0.82 0.1 0.88
19MG74-1-61 19MG74-A-3 1.164 0.061 0.826 0.038 0.74 0.08 1.62
19MG74-1-62 19MG74-A-3 2.257 0.168 0.908 0.079 0.75 0.06 0.66
19MG74-1-62 19MG74-A-3 2.188 0.292 0.817 0.079 0.45 0.06 0.62

62 19MG74-1-62 19MG74-A-3 2.762 0.168 0.912 0.090 0.47 0.08 0.69
19MG74-1-62 19MG74-A-3 1.855 0.127 0.866 0.056 0.67 0.05 0.57
19MG74-1-63 19MG74-A-3 2.725 0.156 0.838 0.056 0.50 0.06 0.56

63 19MG74-1-63 19MG74-A-3 2.283 0.146 0.841 0.046 0.53 0.06 0.59
19MG74-1-64 19MG74-A-3 2.770 0.215 0.839 0.059 0.60 0.09 0.82

64 19MG74-1-64 19MG74-A-3 2.558 0.118 0.801 0.043 0.61 0.09 0.82
19MG74-1-64 19MG74-A-3 3.012 0.318 0.806 0.063 -0.01 0.09 0.66
19MG74-1-65 19MG74-A-3 4.032 0.472 0.800 0.065 0.69 0.21 1.27
19MG74-1-65 19MG74-A-3 3.067 0.169 0.802 0.038 0.51 0.22 1.56

65 19MG74-1-65 19MG74-A-3 3.802 0.246 0.823 0.047 0.71 0.18 1.1
19MG74-1-65 19MG74-A-3 3.205 0.216 0.776 0.063 0.55 0.10 0.66
19MG74-1-65 19MG74-A-3 3.247 0.337 0.890 0.120 0.51 0.07 0.53
19MG74-1-66 19MG74-A-3 1.282 0.062 0.805 0.036 0.56 0.06 1.07

66 19MG74-1-66 19MG74-A-3 1.300 0.081 0.795 0.045 0.33 0.06 1.00
19MG74-1-66 19MG74-A-3 1.634 0.077 0.825 0.046 0.51 0.06 0.78
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-67 19MG74-A-3 0.452 0.023 0.806 0.032 0.42 0.06 3.14
67 19MG74-1-67 19MG74-A-3 0.543 0.038 0.812 0.035 0.42 0.07 2.86
19MG74-1-67 19MG74-A-3 0.580 0.019 0.821 0.020 0.28 0.07 2.86
19MG74-1-68 19MG74-A-3 1.773 0.113 0.868 0.063 0.73 0.04 0.51
o8 19MG74-1-68 19MG74-A-3 1.751 0.098 0.840 0.046 0.78 0.05 0.63
19MG74-1-69 19MG74-A-3 0.439 0.018 0.817 0.021 0.17 0.06 3.11
69 19MG74-1-69 19MG74-A-3 0.341 0.015 0.829 0.020 0.33 0.05 2.91
19MG74-1-70 19MG74-A-3 0.481 0.023 0.812 0.024 0.37 0.07 3.26
0 19MG74-1-70 19MG74-A-3 0.626 0.034 0.809 0.016 0.42 0.10 3.26
19MG74-1-71 19MG74-A-3 3.367 0.238 0.775 0.046 0.72 0.27 1.76
71 19MG74-1-71 19MG74-A-3 3.968 0.189 0.832 0.045 0.48 0.1 0.61
19MG74-1-71 19MG74-A-3 4.425 0.568 0.882 0.095 0.59 0.09 0.42
19MG74-1-72 19MG74-A-3 1.789 0.150 0.840 0.100 0.42 0.04 0.51
19MG74-1-72 19MG74-A-3 2.849 0.235 0.807 0.090 0.49 0.06 0.41
& 19MG74-1-72 19MG74-A-3 4.630 0.579 0.867 0.077 0.63 0.09 0.39
19MG74-1-72 19MG74-A-3 3.058 0.281 0.931 0.089 0.72 0.04 0.33
19MG74-1-73 19MG74-A-3 1.692 0.115 0.826 0.049 0.62 0.08 1.02
19MG74-1-73 19MG74-A-3 9.901 2.549 0.754 0.054 -0.06 0.57 1.62
73 19MG74-1-73 19MG74-A-3 2.294 0.263 0.797 0.051 -0.17 0.1 1.02
19MG74-1-73 19MG74-A-3 1.010 0.122 0.798 0.034 0.35 0.08 1.79
19MG74-1-73 19MG74-A-3 1.961 0.384 0.845 0.051 0.02 0.12 1.22
19MG74-1-74 19MG74-A-3 0.901 0.058 0.803 0.023 0.20 0.15 3.69
74 19MG74-1-74 19MG74-A-3 0.959 0.040 0.813 0.018 0.54 0.17 3.51
19MG74-1-75 19MG74-A-3 0.833 0.090 0.832 0.053 -0.12 0.13 3.52
75 19MG74-1-75 19MG74-A-3 0.604 0.031 0.836 0.029 0.26 0.08 2.99
19MG74-1-75 19MG74-A-3 0.534 0.019 0.818 0.017 0.48 0.08 3.05
19MG74-1-76 19MG74-A-4 1.832 0.054 0.828 0.024 0.51 0.27 3.18
° 19MG74-1-76 19MG74-A-4 1.795 0.048 0.829 0.019 0.35 0.30 3.51
19MG74-1-77 19MG74-A-4 1.832 0.074 0.844 0.025 0.56 0.34 4.21
77 19MG74-1-77 19MG74-A-4 2.924 0.145 0.844 0.030 0.57 0.57 4.12
19MG74-1-77 19MG74-A-4 2.725 0.119 0.806 0.017 0.29 0.58 4.35
19MG74-1-78 19MG74-A-4 0.490 0.043 0.837 0.035 0.28 0.09 3.51
78 19MG74-1-78 19MG74-A-4 2.494 0.168 0.809 0.031 0.56 0.45 3.79
19MG74-1-78 19MG74-A-4 2.710 0.132 0.814 0.020 0.40 0.43 3.27
19MG74-1-79 19MG74-A-4 2.618 0.206 0.838 0.024 0.18 0.48 3.79
79 19MG74-1-79 19MG74-A-4 1.996 0.084 0.828 0.021 0.28 0.39 4.15
19MG74-1-79 19MG74-A-4 1.570 0.086 0.809 0.027 0.66 0.30 3.74
19MG74-1-80 19MG74-A-4 3.106 0.145 0.819 0.028 0.47 0.46 3.10
80 19MG74-1-80 19MG74-A-4 3.401 0.150 0.827 0.029 0.40 0.56 3.52
19MG74-1-80 19MG74-A-4 2.370 0.140 0.805 0.020 0.30 0.40 3.39
81 19MG74-1-81 19MG74-A-4 2.849 0.146 0.825 0.025 0.39 0.42 3.09
19MG74-1-81 19MG74-A-4 2.538 0.135 0.815 0.024 0.35 0.40 3.23

274



Annex A6

Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-82 19MG74-A-4 2.558 0.150 0.809 0.054 0.70 0.32 2.61
19MG74-1-82 19MG74-A-4 3.279 0.215 0.820 0.057 0.61 0.46 2.99

82 19MG74-1-82 19MG74-A-4 4.444 0.277 0.861 0.038 0.61 0.61 2.90
19MG74-1-82 19MG74-A-4 3.096 0.211 0.788 0.019 0.42 0.52 3.35
19MG74-1-82 19MG74-A-4 4.000 0.208 0.861 0.029 0.09 0.59 3.08
19MG74-1-83 19MG74-A-4 2.740 0.165 0.813 0.043 0.14 0.44 3.34

83 19MG74-1-83 19MG74-A-4 2.000 0.084 0.829 0.025 0.52 0.29 3.16
19MG74-1-83 19MG74-A-4 2.358 0.089 0.808 0.018 0.19 0.37 3.13
19MG74-1-84 19MG74-A-4 1.764 0.065 0.808 0.025 0.44 0.30 3.58

84 19MG74-1-84 19MG74-A-4 2.571 0.119 0.804 0.021 0.08 0.43 3.42
19MG74-1-84 19MG74-A-4 2.188 0.134 0.800 0.031 0.42 0.34 3.18
19MG74-1-85 19MG74-A-4 2.801 0.149 0.814 0.028 0.50 0.43 3.19

85 19MG74-1-85 19MG74-A-4 1.938 0.068 0.828 0.021 0.24 0.31 3.46
19MG74-1-85 19MG74-A-4 1.942 0.072 0.821 0.023 0.36 0.30 3.12
19MG74-1-86 19MG74-A-4 2.488 0.1 0.782 0.039 0.73 0.45 3.7
19MG74-1-86 19MG74-A-4 2.994 0.179 0.803 0.032 0.24 0.54 3.52

8 19MG74-1-86 19MG74-A-4 1.961 0.104 0.834 0.023 -0.14 0.38 3.85
19MG74-1-86 19MG74-A-4 1.395 0.076 0.806 0.027 0.44 0.25 3.46
19MG74-1-87 19MG74-A-4 2.558 0.177 0.794 0.025 0.15 0.48 3.72
19MG74-1-87 19MG74-A-4 2.907 0.177 0.823 0.028 0.05 0.55 3.78

87 19MG74-1-87 19MG74-A-4 2.262 0.082 0.827 0.030 0.62 0.43 3.90
19MG74-1-87 19MG74-A-4 3.289 0.151 0.871 0.035 0.43 0.56 3.52
19MG74-1-87 19MG74-A-4 2.070 0.090 0.807 0.027 0.64 0.37 3.42
19MG74-1-88 19MG74-A-4 2.427 0.082 0.827 0.022 0.41 0.42 3.62

88 19MG74-1-88 19MG74-A-4 2.387 0.074 0.785 0.018 0.53 0.43 3.54
19MG74-1-89 19MG74-A-4 2.070 0.073 0.842 0.021 0.38 0.37 3.61

89 19MG74-1-89 19MG74-A-4 1.383 0.048 0.820 0.017 0.53 0.26 3.63
19MG74-1-90 19MG74-A-4 2.646 0.091 0.808 0.023 0.49 0.42 3.22

%0 19MG74-1-90 19MG74-A-4 3.801 0.134 0.822 0.018 0.46 0.66 3.45
19MG74-1-91 19MG74-A-4 2.674 0.200 0.836 0.024 -0.06 0.47 3.40

o 19MG74-1-91 19MG74-A-4 2.545 0.084 0.817 0.020 0.51 0.44 3.30
19MG74-1-92 19MG74-A-4 1.779 0.114 0.810 0.041 0.71 0.30 3.13

92 19MG74-1-92 19MG74-A-4 2.041 0.183 0.885 0.083 0.82 0.32 3.35
19MG74-1-92 19MG74-A-4 3.003 0.126 0.825 0.024 0.37 0.53 3.39
19MG74-1-92 19MG74-A-4 3.925 0.137 0.817 0.017 0.39 0.66 3.15
19MG74-1-93 19MG74-A-4 1.961 0.108 0.811 0.034 0.29 0.40 3.98

93 19MG74-1-93 19MG74-A-4 2.342 0.132 0.819 0.027 0.25 0.47 3.74
19MG74-1-93 19MG74-A-4 4.016 0.306 0.842 0.033 0.24 0.73 3.32
19MG74-1-94 19MG74-A-4 2.907 0.118 0.848 0.039 0.52 0.55 3.65

94 19MG74-1-94 19MG74-A-4 2.268 0.113 0.816 0.027 0.27 0.47 3.94
19MG74-1-94 19MG74-A-4 2.584 0.100 0.808 0.020 0.44 0.54 3.96
19MG74-1-95 19MG74-A-4 2.660 0.120 0.819 0.029 0.24 0.46 3.26

95 19MG74-1-95 19MG74-A-4 2.028 0.115 0.830 0.032 0.23 0.40 3.51
19MG74-1-95 19MG74-A-4 1.346 0.053 0.811 0.018 0.44 0.26 3.45
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-96 19MG74-A-4 2.000 0.088 0.842 0.028 0.41 0.38 3.57
% 19MG74-1-96 19MG74-A-4 1.502 0.041 0.819 0.020 0.58 0.31 3.68
19MG74-1-97 19MG74-A-4 1.473 0.069 0.837 0.032 0.51 0.28 3.44
97 19MG74-1-97 19MG74-A-4 2.732 0.224 0.836 0.024 0.14 0.56 3.71
19MG74-1-97 19MG74-A-4 1.656 0.082 0.818 0.019 0.20 0.36 3.58
19MG74-1-98 19MG74-A-4 2.012 0.101 0.796 0.022 0.39 0.42 3.65
% 19MG74-1-98 19MG74-A-4 2.439 0.095 0.823 0.021 0.42 0.48 3.36
19MG74-1-99 19MG74-A-4 1.368 0.060 0.815 0.016 0.36 0.29 3.68
% 19MG74-1-99 19MG74-A-4 1.838 0.135 0.824 0.030 0.55 0.40 3.79
19MG74-1-100 19MG74-A-4 1.704 0.073 0.807 0.025 0.34 0.36 3.62
100 19MG74-1-100 19MG74-A-4 2.786 0.050 0.834 0.018 0.41 0.52 3.37
19MG74-1-101 19MG74-A-5 1.667 0.069 0.853 0.030 0.54 0.34 3.50
101 19MG74-1-101 19MG74-A-5 2.169 0.089 0.825 0.022 0.43 0.43 3.32
19MG74-1-102 19MG74-A-5 2.865 0.189 0.822 0.030 0.49 0.53 3.25
102 19MG74-1-102 19MG74-A-5 2.899 0.118 0.801 0.025 0.17 0.57 3.38
19MG74-1-102 19MG74-A-5 2.632 0.173 0.830 0.024 0.21 0.61 3.66
19MG74-1-103 19MG74-A-5 1.034 0.094 0.844 0.036 0.45 0.21 3.46
103 19MG74-1-103 19MG74-A-5 1.976 0.211 0.809 0.028 0.56 0.42 3.40
19MG74-1-103 19MG74-A-5 0.592 0.056 0.792 0.020 0.22 0.17 4.52
19MG74-1-104 19MG74-A-5 2.941 0.130 0.838 0.025 0.42 0.55 3.29
104 19MG74-1-104 19MG74-A-5 2.519 0.070 0.812 0.021 0.57 0.46 3.05
19MG74-1-105 19MG74-A-5 2.488 0.192 0.829 0.026 0.06 0.57 3.55
105 19MG74-1-105 19MG74-A-5 3.448 0.131 0.825 0.019 0.40 0.68 3.26
19MG74-1-106 19MG74-A-5 1.490 0.073 0.816 0.018 0.33 0.37 4.23
100 19MG74-1-106 19MG74-A-5 2.257 0.143 0.810 0.023 0.02 0.56 3.90
19MG74-1-107 19MG74-A-5 0.435 0.015 0.837 0.025 0.41 0.1 4.23
107 19MG74-1-107 19MG74-A-5 0.303 0.018 0.840 0.024 0.50 0.08 4.49
19MG74-1-107 19MG74-A-5 0.535 0.046 0.802 0.026 0.25 0.15 4.47
19MG74-1-107 19MG74-A-5 1.049 0.088 0.804 0.039 0.17 0.25 4.20
19MG74-1-108 19MG74-A-5 1.091 0.055 0.802 0.029 0.38 0.25 3.99
108 19MG74-1-108 19MG74-A-5 1.931 0.093 0.824 0.016 0.27 0.47 3.93
19MG74-1-109 19MG74-A-5 2.421 0.106 0.820 0.021 0.20 0.55 3.84
109 19MG74-1-109 19MG74-A-5 2.028 0.058 0.825 0.023 0.61 0.48 3.93
19MG74-1-110 19MG74-A-5 2.268 0.072 0.820 0.022 0.49 0.46 3.52
1o 19MG74-1-110 19MG74-A-5 1.767 0.081 0.831 0.022 0.27 0.35 3.43
19MG74-1-111 19MG74-A-5 1.855 0.079 0.811 0.021 0.32 0.39 3.63
B 19MG74-1-111 19MG74-A-5 1.333 0.057 0.817 0.019 0.36 0.27 3.47
19MG74-1-112 19MG74-A-5 2.625 0.103 0.803 0.024 0.54 0.55 3.67
12 19MG74-1-112 19MG74-A-5 1.730 0.069 0.814 0.024 0.53 0.39 3.76
19MG74-1-113 19MG74-A-5 1.969 0.066 0.826 0.021 0.56 0.40 3.66
"3 19MG74-1-113 19MG74-A-5 1.923 0.067 0.827 0.022 0.52 0.39 3.38
19MG74-1-114 19MG74-A-5 2.404 0.087 0.825 0.018 0.44 0.48 3.54
1 19MG74-1-114 19MG74-A-5 1.934 0.112 0.813 0.028 0.50 0.41 3.49
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-115 19MG74-A-5 1.085 0.068 0.823 0.027 0.26 0.27 4.28
115 19MG74-1-115 19MG74-A-5 1.389 0.060 0.821 0.025 0.51 0.37 4.69
19MG74-1-115 19MG74-A-5 1.563 0.054 0.822 0.023 0.59 0.38 4.28
19MG74-1-116 19MG74-A-5 1.942 0.083 0.802 0.023 0.61 0.37 3.35
e 19MG74-1-116 19MG74-A-5 1.541 0.064 0.815 0.020 0.51 0.30 3.36
19MG74-1-117 19MG74-A-5 3.676 0.311 0.833 0.028 0.37 0.68 3.30
" 19MG74-1-117 19MG74-A-5 1.984 0.059 0.819 0.017 0.60 0.39 3.43
19MG74-1-118 19MG74-A-5 1.536 0.092 0.824 0.031 0.42 0.28 3.39
118 19MG74-1-118 19MG74-A-5 2.105 0.075 0.820 0.020 0.38 0.38 3.18
19MG74-1-118 19MG74-A-5 2.899 0.252 0.831 0.035 0.39 0.53 3.35
19MG74-1-119 19MG74-A-5 1.779 0.076 0.808 0.026 0.43 0.33 3.40
119 19MG74-1-119 19MG74-A-5 2.198 0.082 0.823 0.023 0.44 0.41 3.41
19MG74-1-119 19MG74-A-5 2.632 0.166 0.796 0.024 0.28 0.53 3.51
19MG74-1-120 19MG74-A-5 0.784 0.041 0.820 0.029 0.43 0.13 3.17
120 19MG74-1-120 19MG74-A-5 0.611 0.024 0.808 0.016 0.40 0.12 3.38
19MG74-1-120 19MG74-A-5 0.962 0.080 0.807 0.045 0.25 0.18 3.16
19MG74-1-121 19MG74-A-5 1.808 0.128 0.820 0.050 0.72 0.34 3.77
121 19MG74-1-121 19MG74-A-5 1.258 0.046 0.821 0.025 0.36 0.24 3.51
19MG74-1-121 19MG74-A-5 1.745 0.052 0.820 0.019 0.47 0.33 3.51
122 19MG74-1-122 19MG74-A-5 2.146 0.055 0.821 0.015 0.55 0.36 3.14
19MG74-1-123 19MG74-A-5 1.733 0.087 0.810 0.020 0.36 0.38 4.09
123 19MG74-1-123 19MG74-A-5 0.725 0.053 0.816 0.024 0.24 0.20 4.97
19MG74-1-123 19MG74-A-5 0.405 0.023 0.807 0.027 0.40 0.1 5.01
19MG74-1-124 19MG74-A-5 1.577 0.107 0.782 0.031 0.40 0.30 3.74
124 19MG74-1-124 19MG74-A-5 2.004 0.056 0.820 0.020 0.43 0.39 3.94
19MG74-1-124 19MG74-A-5 1.462 0.049 0.835 0.025 0.33 0.28 3.70
19MG74-1-125 19MG74-A-5 1.215 0.065 0.805 0.031 0.48 0.22 3.78
125 19MG74-1-125 19MG74-A-5 1.513 0.041 0.826 0.016 0.53 0.27 3.55
19MG74-1-126 19MG74-A-6 0.944 0.048 0.833 0.032 0.14 0.17 3.63
126 19MG74-1-126 19MG74-A-6 0.759 0.029 0.812 0.023 0.04 0.14 3.56
19MG74-1-126 19MG74-A-6 1.224 0.075 0.812 0.033 0.56 0.23 3.57
19MG74-1-127 19MG74-A-6 1.083 0.040 0.818 0.021 0.12 0.19 3.68
127 19MG74-1-127 19MG74-A-6 0.880 0.031 0.817 0.021 0.60 0.16 3.69
19MG74-1-128 19MG74-A-6 0.896 0.039 0.806 0.023 0.27 0.16 3.80
128 19MG74-1-128 19MG74-A-6 0.861 0.032 0.815 0.019 0.37 0.16 3.94
19MG74-1-129 19MG74-A-6 1.374 0.040 0.829 0.020 0.32 0.24 3.84
129 19MG74-1-129 19MG74-A-6 1.200 0.035 0.817 0.017 0.20 0.23 4.07
19MG74-1-130 19MG74-A-6 1.339 0.045 0.815 0.019 0.33 0.22 3.64
130 19MG74-1-130 19MG74-A-6 1.318 0.062 0.813 0.022 0.23 0.20 3.39
19MG74-1-131 19MG74-A-6 1.266 0.045 0.816 0.014 0.30 0.24 4.23
131 19MG74-1-131 19MG74-A-6 0.922 0.057 0.826 0.029 -0.07 0.17 4.19
19MG74-1-132 19MG74-A-6 2.083 0.065 0.818 0.022 0.62 0.22 2.48
192 19MG74-1-132 19MG74-A-6 2.247 0.167 0.822 0.024 0.03 0.27 2.64
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-133 19MG74-A-6 1.222 0.045 0.817 0.016 0.34 0.20 3.88
133 19MG74-1-133 19MG74-A-6 0.930 0.040 0.808 0.025 0.48 0.13 3.24
19MG74-1-134 19MG74-A-6 1.695 0.092 0.825 0.018 0.29 0.25 3.50
134 19MG74-1-134 19MG74-A-6 1.321 0.073 0.841 0.023 0.17 0.18 3.34
19MG74-1-135 19MG74-A-6 0.837 0.035 0.815 0.031 0.46 0.11 3.16
135 19MG74-1-135 19MG74-A-6 1.381 0.063 0.834 0.020 0.30 0.19 3.43
19MG74-1-135 19MG74-A-6 1.427 0.116 0.831 0.023 0.25 0.22 3.63
19MG74-1-136 19MG74-A-6 1.174 0.081 0.806 0.041 0.24 0.13 2.89
136 19MG74-1-136 19MG74-A-6 0.732 0.035 0.812 0.022 0.49 0.09 2.92
19MG74-1-136 19MG74-A-6 0.838 0.034 0.802 0.025 0.45 0.10 2.72
19MG74-1-137 19MG74-A-6 1.736 0.130 0.816 0.020 0.1 0.23 3.33
137 19MG74-1-137 19MG74-A-6 1.965 0.151 0.785 0.026 0.29 0.27 3.21
19MG74-1-137 19MG74-A-6 1.103 0.053 0.809 0.032 0.56 0.14 3.16
19MG74-1-138 19MG74-A-6 0.891 0.056 0.809 0.028 0.29 0.1 3.02
1%8 19MG74-1-138 19MG74-A-6 1.555 0.053 0.822 0.019 0.32 0.19 3.05
19MG74-1-139 19MG74-A-6 1.332 0.053 0.825 0.025 0.30 0.16 3.02
199 19MG74-1-139 19MG74-A-6 2.012 0.073 0.828 0.021 0.23 0.22 2.72
19MG74-1-140 19MG74-A-6 1.067 0.035 0.797 0.024 0.36 0.14 3.30
140 19MG74-1-140 19MG74-A-6 0.983 0.040 0.831 0.019 0.44 0.13 3.19
19MG74-1-141 19MG74-A-6 1.215 0.047 0.814 0.020 0.37 0.16 3.46
11 19MG74-1-141 19MG74-A-6 1.230 0.045 0.815 0.020 0.43 0.16 3.16
19MG74-1-142 19MG74-A-6 0.998 0.048 0.836 0.022 0.51 0.12 3.13
142 19MG74-1-142 19MG74-A-6 1.224 0.045 0.807 0.022 0.36 0.14 2.94
19MG74-1-143 19MG74-A-6 0.513 0.017 0.828 0.017 0.29 0.07 3.53
B 19MG74-1-143 19MG74-A-6 0.577 0.021 0.802 0.018 0.43 0.08 3.48
19MG74-1-144 19MG74-A-6 0.829 0.031 0.818 0.018 0.62 0.12 3.91
144 19MG74-1-144 19MG74-A-6 0.672 0.024 0.787 0.027 0.31 0.10 3.79
19MG74-1-144 19MG74-A-6 0.939 0.040 0.826 0.031 0.18 0.14 3.65
19MG74-1-145 19MG74-A-6 0.864 0.048 0.809 0.039 0.58 0.13 3.92
145 19MG74-1-145 19MG74-A-6 0.524 0.030 0.824 0.021 0.27 0.08 3.65
19MG74-1-145 19MG74-A-6 0.641 0.041 0.817 0.027 0.47 0.10 3.92
19MG74-1-146 19MG74-A-6 1.019 0.059 0.871 0.048 -0.07 0.13 3.70
146 19MG74-1-146 19MG74-A-6 0.760 0.039 0.830 0.041 0.44 0.10 3.42
19MG74-1-146 19MG74-A-6 0.958 0.048 0.793 0.023 -0.01 0.14 3.80
19MG74-1-146 19MG74-A-6 0.673 0.032 0.805 0.017 0.36 0.10 3.76
19MG74-1-147 19MG74-A-6 0.603 0.029 0.825 0.030 0.23 0.08 3.59
147 19MG74-1-147 19MG74-A-6 0.795 0.040 0.818 0.032 0.51 0.1 3.47
19MG74-1-147 19MG74-A-6 0.978 0.040 0.806 0.023 0.44 0.13 3.39
128 19MG74-1-148 19MG74-A-6 0.617 0.033 0.821 0.030 0.29 0.08 3.50
19MG74-1-148 19MG74-A-6 0.636 0.019 0.805 0.016 0.48 0.09 3.63
149 19MG74-1-149 19MG74-A-6 0.615 0.022 0.823 0.023 0.45 0.09 3.65
19MG74-1-149 19MG74-A-6 0.724 0.025 0.829 0.018 0.46 0.1 3.78
150 19MG74-1-150 19MG74-A-6 0.512 0.018 0.815 0.022 0.32 0.08 3.80
19MG74-1-150 19MG74-A-6 0.455 0.021 0.816 0.027 0.54 0.06 3.54
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19MG74-B from DA strain domain

Spot  Source file (.FIN2) Sample B8Y/2epp  *20 (abs) 2Pb/?Pb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-2-1 19MG74-B 3.333 0.200 0.852 0.058 0.72 0.197 1.372
1 19MG74-2-1 19MG74-B 2.571 0.178 0.810 0.050 0.69 0.138 1.167
19MG74-2-1 19MG74-B 2.315 0.091 0.842 0.031 0.71 0.106 1.002
19MG74-2-2 19MG74-B 3.040 0.148 0.815 0.044 0.73 0.172 1.320
2 19MG74-2-2 19MG74-B 2.625 0.152 0.797 0.047 0.68 0.134 1.134
19MG74-2-2 19MG74-B 1.577 0.090 0.762 0.044 0.64 0.072 0.895
19MG74-2-3 19MG74-B 1.401 0.112 0.829 0.053 0.51 0.095 1.484
3 19MG74-2-3 19MG74-B 1.727 0.075 0.818 0.033 0.64 0.104 1.279
19MG74-2-3 19MG74-B 1.953 0.095 0.878 0.044 0.55 0.106 1.169
19MG74-2-4 19MG74-B 2.049 0.160 0.812 0.049 0.61 0.127 1.295
N 19MG74-2-4 19MG74-B 1.011 0.047 0.820 0.034 0.41 0.059 1.154
19MG74-2-5 19MG74-B 2.933 0.172 0.810 0.038 0.54 0.190 1.321
° 19MG74-2-5 19MG74-B 2.506 0.126 0.789 0.032 0.67 0.145 1.160
19MG74-2-6 19MG74-B 3.759 0.155 0.835 0.030 0.54 0.237 1.287
® 19MG74-2-6 19MG74-B 2.611 0.150 0.795 0.037 0.66 0.144 1.055
; 19MG74-2-7 19MG74-B 5.516 0.228 0.810 0.035 0.12 0.372 1.365
19MG74-2-7 19MG74-B 5.319 0.204 0.799 0.029 0.51 0.345 1.218
19MG74-2-8 19MG74-B 1.140 0.072 0.820 0.037 0.50 0.072 1.262
8 19MG74-2-8 19MG74-B 1.650 0.084 0.819 0.033 0.51 0.092 1.073
19MG74-2-9 19MG74-B 0.383 0.021 0.792 0.031 -0.03 0.029 1.479
° 19MG74-2-9 19MG74-B 0.275 0.029 0.809 0.034 -0.11 0.018 1.229
10 19MG74-2-10 19MG74-B 1.172 0.069 0.821 0.027 0.35 0.094 1.555
19MG74-2-10 19MG74-B 0.465 0.037 0.804 0.041 0.52 0.034 1.347
19MG74-2-11 19MG74-B 1.130 0.077 0.800 0.044 0.25 0.073 1.273
1" 19MG74-2-11 19MG74-B 1.323 0.063 0.847 0.033 0.58 0.078 1.199
19MG74-2-11 19MG74-B 1.786 0.108 0.804 0.055 0.35 0.101 1.153
12 19MG74-2-12 19MG74-B 2.049 0.067 0.816 0.026 0.58 0.104 1.005
13 19MG74-2-13 19MG74-B 1.050 0.063 0.818 0.030 0.51 0.060 1.201
19MG74-2-13 19MG74-B 1.527 0.063 0.836 0.030 0.35 0.084 1.062
19MG74-2-14 19MG74-B 0.893 0.120 0.867 0.056 0.46 0.044 1.119
14 19MG74-2-14 19MG74-B 1.167 0.106 0.808 0.051 0.72 0.045 0.842
19MG74-2-14 19MG74-B 0.710 0.038 0.845 0.037 0.19 0.027 0.759
19MG74-2-15 19MG74-B 2.481 0.154 0.802 0.036 0.34 0.138 1.229
15 19MG74-2-15 19MG74-B 3.650 0.280 0.854 0.053 0.62 0.152 0.902
19MG74-2-15 19MG74-B 3.367 0.193 0.825 0.052 0.75 0.144 0.892
19MG74-2-16 19MG74-B 7.097 0.363 0.804 0.040 0.47 0.598 1.880
16 19MG74-2-16 19MG74-B 6.761 0.265 0.836 0.029 0.72 0.494 1.575
19MG74-2-16 19MG74-B 6.028 0.243 0.762 0.037 0.64 0.453 1.510
19MG74-2-17 19MG74-B 1.616 0.089 0.806 0.047 0.57 0.090 1.158
17 19MG74-2-17 19MG74-B 1.927 0.145 0.835 0.057 0.71 0.095 1.090
19MG74-2-17 19MG74-B 1.565 0.081 0.827 0.042 0.24 0.076 1.030
18 19MG74-2-18 19MG74-B 2.703 0.110 0.821 0.028 0.66 0.190 1.527
19MG74-2-18 19MG74-B 3.390 0.126 0.827 0.032 0.68 0.180 1.165
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-2-19 19MG74-B 3.900 0.138 0.795 0.033 0.44 0.295 1.747
19 19MG74-2-19 19MG74-B 4.342 0.138 0.805 0.028 0.53 0.288 1.459
19MG74-2-19 19MG74-B 5.556 0.340 0.844 0.061 0.78 0.334 1.310
19MG74-2-20 19MG74-B 2.740 0.135 0.844 0.037 0.70 0.164 1.416
20 19MG74-2-20 19MG74-B 2.994 0.117 0.811 0.031 0.65 0.160 1.214
19MG74-2-21 19MG74-B 2.725 0.171 0.849 0.055 0.40 0.156 1.490
21 19MG74-2-21 19MG74-B 2.045 0.130 0.829 0.038 0.51 0.129 1.517
19MG74-2-21 19MG74-B 1.678 0.065 0.829 0.030 0.62 0.100 1.382
19MG74-2-22 19MG74-B 2.381 0.170 0.797 0.055 0.63 0.087 0.880
22 19MG74-2-22 19MG74-B 2.770 0.184 0.890 0.052 0.69 0.083 0.714
19MG74-2-22 19MG74-B 2.941 0.173 0.818 0.042 0.66 0.087 0.675
19MG74-2-23 19MG74-B 4.742 0.196 0.792 0.034 0.72 0.242 1.195
2 19MG74-2-23 19MG74-B 5.711 0.219 0.860 0.041 0.68 0.249 1.112
24 19MG74-2-24 19MG74-B 0.448 0.032 0.807 0.038 0.53 0.030 1.578
19MG74-2-25 19MG74-B 0.342 0.022 0.822 0.041 0.23 0.027 2.040
25 19MG74-2-25 19MG74-B 0.680 0.034 0.825 0.029 0.40 0.055 2.017
19MG74-2-25 19MG74-B 0.571 0.033 0.821 0.028 0.47 0.049 2.025
19MG74-2-26 19MG74-B 2.611 0.123 0.811 0.043 0.66 0.098 0.925
26 19MG74-2-26 19MG74-B 2.427 0.118 0.797 0.037 0.70 0.086 0.835
19MG74-2-27 19MG74-B 1.845 0.071 0.779 0.026 0.56 0.071 0.970
27 19MG74-2-27 19MG74-B 1.912 0.110 0.831 0.044 0.64 0.067 0.784
19MG74-2-28 19MG74-B 3.571 0.179 0.826 0.048 0.65 0.093 0.673
28 19MG74-2-28 19MG74-B 3.717 0.221 0.855 0.051 0.68 0.098 0.639
29 19MG74-2-29 19MG74-B no value NAN NaN 0.004 0.768
30 19MG74-2-30 19MG74-B no value NAN NaN 0.001 0.865
19MG74-2-31 19MG74-B 0.714 0.087 0.852 0.057 0.29 0.026 0.893
3 19MG74-2-31 19MG74-B 1.221 0.055 0.835 0.037 0.58 0.039 0.773
19MG74-2-32 19MG74-B 1.575 0.087 0.842 0.044 0.66 0.058 0.962
% 19MG74-2-32 19MG74-B 1.441 0.066 0.836 0.034 0.35 0.053 0.863
19MG74-2-33 19MG74-B 3.226 0.177 0.812 0.041 0.61 0.102 0.754
% 19MG74-2-33 19MG74-B 1.608 0.119 0.782 0.042 0.97 0.051 0.742
19MG74-2-34 19MG74-B 2.183 0.138 0.810 0.040 0.53 0.070 0.782
% 19MG74-2-34 19MG74-B 1.919 0.103 0.829 0.034 0.33 0.060 0.758
19MG74-2-35 19MG74-B 1.355 0.116 0.855 0.062 0.42 0.043 0.744
35 19MG74-2-35 19MG74-B 2179 0.114 0.830 0.038 0.61 0.065 0.745
19MG74-2-35 19MG74-B 1.650 0.237 0.900 0.130 0.65 0.046 0.616
19MG74-2-36 19MG74-B 3.311 0.197 0.852 0.052 0.68 0.104 0.754
% 19MG74-2-36 19MG74-B 3.096 0.173 0.833 0.038 0.51 0.091 0.713
19MG74-2-37 19MG74-B 2.899 0.168 0.847 0.045 0.65 0.096 0.799
37 19MG74-2-37 19MG74-B 2.513 0.107 0.793 0.036 0.56 0.087 0.798
19MG74-2-38 19MG74-B 0.559 0.031 0.824 0.039 0.41 0.019 0.810
%8 19MG74-2-38 19MG74-B 0.610 0.045 0.869 0.052 0.65 0.019 0.705
19MG74-2-39 19MG74-B 0.395 0.027 0.832 0.036 0.38 0.015 0.864
%9 19MG74-2-39 19MG74-B 0.990 0.062 0.826 0.059 0.63 0.036 0.851
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Spot  Source file (.FIN2) Sample B8Y/2epp  *20 (abs) 2Pb/?Pb *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-2-40 19MG74-B 3.096 0.163 0.846 0.036 0.65 0.102 0.785
40 19MG74-2-40 19MG74-B 6.024 0.544 0.910 0.170 -0.02 0.166 0.649
19MG74-2-40 19MG74-B 3.521 0.273 0.862 0.055 0.58 0.106 0.671
19MG74-2-42 19MG74-B 1.368 0.065 0.804 0.036 0.57 0.051 0.861
2 19MG74-2-42 19MG74-B 1.852 0.117 0.865 0.038 0.24 0.067 0.786
43 19MG74-2-43 19MG74-B no value NAN NaN 0.004 0.968
19MG74-2-44 19MG74-B 2.119 0.211 0.824 0.040 0.29 0.097 1.016
4 19MG74-2-44 19MG74-B 3.165 0.170 0.827 0.031 0.53 0.125 0.927
19MG74-2-45 19MG74-B 3.774 0.271 0.842 0.063 0.60 0.165 0.944
45 19MG74-2-45 19MG74-B 2.653 0.169 0.793 0.045 0.49 0.130 1.085
19MG74-2-45 19MG74-B 2.415 0.128 0.841 0.036 0.67 0.106 0.979
19MG74-2-46 19MG74-B 2.513 0.114 0.841 0.041 0.45 0.095 0.810
46 19MG74-2-46 19MG74-B 3.247 0.179 0.853 0.047 0.77 0.122 0.837
19MG74-2-46 19MG74-B 3.906 0.519 0.800 0.100 0.77 0.147 0.775
19MG74-2-47 19MG74-B 8.673 0.391 0.799 0.037 0.56 0.300 0.790
4 19MG74-2-47 19MG74-B 4.444 0.277 0.790 0.038 0.47 0.197 0.928
19MG74-2-48 19MG74-B 1.672 0.084 0.818 0.040 0.62 0.060 0.760
48 19MG74-2-48 19MG74-B 1.912 0.124 0.776 0.048 0.66 0.061 0.609
19MG74-2-49 19MG74-B 6.711 0.495 0.829 0.074 0.62 0.276 0.878
49 19MG74-2-49 19MG74-B 4.717 0.334 0.805 0.046 0.27 0.208 0.959
19MG74-2-49 19MG74-B 3.676 0.203 0.867 0.040 0.41 0.143 0.837
19MG74-2-50 19MG74-B 0.398 0.021 0.811 0.032 0.41 0.017 0.961
%0 19MG74-2-50 19MG74-B 0.585 0.038 0.820 0.037 0.36 0.023 0.791
51 19MG74-2-51 19MG74-B 0.619 0.029 0.823 0.026 0.32 0.063 2.273
19MG74-2-51 19MG74-B 1.656 0.244 0.825 0.070 0.41 0.184 2.360
19MG74-2-52 19MG74-B 0.674 0.029 0.805 0.022 0.1 0.062 2.001
52 19MG74-2-52 19MG74-B 5.000 0.825 0.788 0.035 0.36 0.600 2.040
19MG74-2-52 19MG74-B 1.546 0.155 0.784 0.041 0.37 0.142 1.965
19MG74-2-53 19MG74-B 0.853 0.034 0.799 0.025 0.61 0.102 2.657
53 19MG74-2-53 19MG74-B 0.533 0.028 0.811 0.029 0.15 0.069 2.800
19MG74-2-53 19MG74-B 0.298 0.019 0.785 0.029 0.20 0.037 2.648
19MG74-2-54 19MG74-B 2.273 0.160 0.835 0.070 0.48 0.167 1.675
54 19MG74-2-54 19MG74-B 1.894 0.136 0.792 0.037 0.36 0.134 1.572
19MG74-2-54 19MG74-B 1.267 0.040 0.818 0.020 0.40 0.084 1.460
19MG74-2-55 19MG74-B 0.322 0.012 0.806 0.020 0.54 0.053 3.670
% 19MG74-2-55 19MG74-B 0.455 0.017 0.814 0.016 0.33 0.067 3.263
19MG74-2-56 19MG74-B 0.773 0.029 0.796 0.023 0.28 0.116 3.400
% 19MG74-2-56 19MG74-B 0.722 0.028 0.828 0.020 0.31 0.098 3.075
19MG74-2-57 19MG74-B 0.918 0.051 0.790 0.047 0.36 0.108 2.760
19MG74-2-57 19MG74-B 1.466 0.092 0.792 0.046 0.72 0.139 2.040
¥ 19MG74-2-57 19MG74-B 1.267 0.058 0.812 0.031 0.61 0.126 2.247
19MG74-2-57 19MG74-B 1.037 0.059 0.806 0.036 0.36 0.110 2.290
19MG74-2-58 19MG74-B 1.441 0.069 0.817 0.034 0.40 0.073 1.199
%8 19MG74-2-58 19MG74-B 2.755 0.152 0.787 0.035 0.34 0.150 1.228
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG74-2-59 19MG74-B 2.433 0.101 0.819 0.029 0.48 0.145 1.433
% 19MG74-2-59 19MG74-B 2.500 0.106 0.800 0.032 0.61 0.144 1.350
19MG74-2-60 19MG74-B 2.618 0.144 0.827 0.040 0.52 0.173 1.681
60 19MG74-2-60 19MG74-B 3.690 0.177 0.825 0.033 0.54 0.268 1.673
19MG74-2-60 19MG74-B 2.387 0.108 0.831 0.036 0.55 0.178 1.748
19MG74-2-61 19MG74-B 2.817 0.119 0.854 0.038 0.59 0.164 1.501
61 19MG74-2-61 19MG74-B 2.288 0.105 0.829 0.039 0.66 0.142 1.493
19MG74-2-61 19MG74-B 2.809 0.142 0.818 0.039 0.64 0.175 1.487
19MG74-2-62 19MG74-B 1.529 0.091 0.858 0.037 0.79 0.150 2.620
62 19MG74-2-62 19MG74-B 1.033 0.045 0.820 0.027 0.62 0.092 2.140
19MG74-2-62 19MG74-B 1.190 0.040 0.837 0.025 0.50 0.094 1.889
19MG74-2-63 19MG74-B 4.484 0.342 0.777 0.055 0.46 0.352 1.930
19MG74-2-63 19MG74-B 3.279 0.193 0.807 0.040 0.47 0.239 1.860
63 19MG74-2-63 19MG74-B 2.415 0.292 0.779 0.036 0.20 0.210 2.010
19MG74-2-63 19MG74-B 2.994 0.161 0.790 0.028 0.52 0.208 1.654
19MG74-2-64 19MG74-B 2.000 0.072 0.825 0.025 0.52 0.137 1.827
o4 19MG74-2-64 19MG74-B 2.165 0.061 0.793 0.024 0.46 0.152 1.712
19MG74-2-65 19MG74-B 2.237 0.150 0.802 0.051 0.61 0.137 1.600
65 19MG74-2-65 19MG74-B 1.529 0.087 0.783 0.048 0.39 0.092 1.502
19MG74-2-65 19MG74-B 0.965 0.040 0.807 0.026 0.58 0.053 1.372
19MG74-2-66 19MG74-B 1.645 0.065 0.814 0.027 0.57 0.112 1.788
06 19MG74-2-66 19MG74-B 1.466 0.049 0.789 0.024 0.37 0.092 1.553
19MG74-2-67 19MG74-B 1.029 0.039 0.823 0.024 0.40 0.063 1.567
o7 19MG74-2-67 19MG74-B 0.759 0.043 0.799 0.027 0.40 0.046 1.465
19MG74-2-68 19MG74-B 1.499 0.058 0.811 0.024 0.56 0.104 1.826
o8 19MG74-2-68 19MG74-B 1.321 0.056 0.802 0.024 0.57 0.090 1.671
19MG74-2-69 19MG74-B 0.769 0.044 0.773 0.050 0.52 0.043 1.458
69 19MG74-2-69 19MG74-B 1.043 0.052 0.843 0.037 0.38 0.046 1171
19MG74-2-69 19MG74-B 0.793 0.042 0.818 0.037 0.49 0.039 1.261
19MG74-2-70 19MG74-B 2.079 0.095 0.803 0.029 0.24 0.102 1.228
7 19MG74-2-70 19MG74-B 1.229 0.059 0.820 0.029 0.36 0.064 1.308
19MG74-2-71 19MG74-B 0.832 0.064 0.781 0.038 0.50 0.056 1.713
71 19MG74-2-71 19MG74-B 1.326 0.065 0.820 0.032 0.18 0.079 1.523
19MG74-2-71 19MG74-B 1.074 0.046 0.804 0.033 0.48 0.071 1.597
19MG74-2-72 19MG74-B 1.664 0.091 0.804 0.043 0.55 0.084 1.255
72 19MG74-2-72 19MG74-B 1.942 0.113 0.820 0.041 0.75 0.090 1.110
19MG74-2-72 19MG74-B 2.252 0.142 0.814 0.038 0.75 0.105 1.107
19MG74-2-73 19MG74-B 1.230 0.059 0.831 0.036 0.55 0.063 1.311
e 19MG74-2-73 19MG74-B 1.555 0.065 0.808 0.031 0.39 0.079 1.188
19MG74-2-74 19MG74-B 0.265 0.025 0.826 0.036 -0.02 0.015 1.263
74 19MG74-2-74 19MG74-B 0.305 0.029 0.825 0.037 0.00 0.017 1.208
19MG74-2-75 19MG74-B 0.417 0.056 0.829 0.042 0.34 0.028 1.640
75 19MG74-2-75 19MG74-B 0.916 0.050 0.838 0.043 0.45 0.051 1.350
19MG74-2-75 19MG74-B 0.714 0.056 0.827 0.057 -0.01 0.037 1.287
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19MG79 from DA strain domain

Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG79-1 19MG79-1 16.077 1.499 0.813 0.072 0.69 0.120 0.174
1 19MG79-1 19MG79-1 16.722 2.517 0.749 0.061 0.43 0.157 0.219
19MG79-2 19MG79-1 1.605 0.232 0.812 0.079 0.51 0.025 0.408
2 19MG79-2 19MG79-1 3.534 0.275 0.822 0.066 0.57 0.040 0.275
19MG79-2 19MG79-1 4.292 0.479 0.860 0.110 0.76 0.040 0.232
19MG79-3 19MG79-1 3.846 0.488 0.940 0.130 0.78 0.030 0.174
3 19MG79-3 19MG79-1 3.356 0.360 0.865 0.090 0.48 0.031 0.223
19MG79-3 19MG79-1 2.315 0.268 0.871 0.086 0.55 0.020 0.183
19MG79-4 19MG79-1 9.434 1.068 0.868 0.091 0.61 0.060 0.162
19MG79-4 19MG79-1 6.897 2.521 1.110 0.490 0.79 0.035 0.132
‘ 19MG79-4 19MG79-1 5.435 0.709 1.000 0.190 0.78 0.023 0.106
19MG79-4 19MG79-1 7.246 1.943 0.820 0.330 0.22 0.022 0.073
19MG79-5 19MG79-1 4.762 0.476 0.838 0.071 0.60 0.065 0.371
° 19MG79-5 19MG79-1 6.329 0.481 0.830 0.067 0.62 0.078 0.306
19MG79-6 19MG79-1 7.143 1.071 0.950 0.130 0.51 0.047 0.193
6 19MG79-6 19MG79-1 17.606 2.666 1.020 0.150 0.65 0.095 0.129
19MG79-6 19MG79-1 6.757 1.096 0.841 0.083 0.38 0.052 0.229
19MG79-7 19MG79-1 3.289 0.249 0.791 0.062 0.71 0.043 0.307
7 19MG79-7 19MG79-1 2.169 0.188 0.790 0.080 0.55 0.031 0.309
19MG79-7 19MG79-1 3.125 0.254 0.831 0.079 0.64 0.047 0.348
19MG79-8 19MG79-1 4.274 0.749 0.736 0.057 -0.04 0.203 0.835
8 19MG79-8 19MG79-1 4.149 0.517 0.772 0.044 0.19 0.176 0.786
19MG79-8 19MG79-1 4.367 0.953 0.762 0.073 -0.03 0.210 0.623
19MG79-9 19MG79-1 2.717 0.510 0.842 0.082 0.49 0.039 0.347
9 19MG79-9 19MG79-1 4.049 0.508 1.000 0.140 0.74 0.039 0.234
19MG79-9 19MG79-1 2.732 0.299 0.750 0.060 0.66 0.036 0.305
19MG79-10 19MG79-1 6.061 0.478 0.795 0.074 0.53 0.058 0.231
10 19MG79-10 19MG79-1 6.211 0.463 0.873 0.073 0.67 0.069 0.281
19MG79-11 19MG79-1 8.000 0.768 0.754 0.060 0.62 0.100 0.289
" 19MG79-11 19MG79-1 7.874 0.515 0.781 0.050 0.51 0.119 0.398
19MG79-12 19MG79-1 1.582 0.220 0.830 0.059 0.22 0.033 0.610
12 19MG79-12 19MG79-1 4.115 0.356 0.894 0.087 0.64 0.042 0.270
19MG79-13 19MG79-1 1.600 0.136 0.795 0.049 0.57 0.030 0.490
" 19MG79-13 19MG79-1 2.041 0.162 0.793 0.058 0.64 0.034 0.377
19MG79-14 19MG79-1 3.745 0.365 0.812 0.060 0.39 0.041 0.279
1 19MG79-14 19MG79-1 4.950 0.515 0.920 0.100 0.70 0.054 0.283
19MG79-15 19MG79-1 2.770 0.361 0.838 0.085 0.52 0.031 0.297
15 19MG79-15 19MG79-1 3.289 0.368 0.765 0.064 0.11 0.056 0.411
19MG79-15 19MG79-1 6.494 0.675 0.807 0.074 0.42 0.079 0.362
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG79-16 19MG79-1 1.618 0.175 0.822 0.054 0.32 0.035 0.600
19MG79-16 19MG79-1 1.517 0.203 0.769 0.047 0.41 0.037 0.620

10 19MG79-16 19MG79-1 2.375 0.339 0.810 0.100 0.43 0.047 0.471
19MG79-16 19MG79-1 2.203 0.301 0.864 0.077 0.71 0.045 0.533
19MG79-17 19MG79-1 12.165 1.021 0.866 0.073 0.48 0.123 0.264

" 19MG79-17 19MG79-1 11.614 0.890 0.861 0.068 0.70 0.098 0.218
19MG79-18 19MG79-1 3.165 0.180 0.850 0.053 0.61 0.054 0.453

8 19MG79-18 19MG79-1 3.891 0.348 0.816 0.055 0.38 0.068 0.418
19MG79-19 19MG79-1 6.410 0.534 0.868 0.082 0.65 0.053 0.238

1 19MG79-19 19MG79-1 4.878 0.500 0.788 0.088 0.70 0.040 0.195
19MG79-20 19MG79-1 2.203 0.311 0.877 0.065 0.51 0.056 0.697

20 19MG79-20 19MG79-1 3.623 0.381 0.839 0.088 0.30 0.063 0.471
19MG79-20 19MG79-1 2.770 0.299 0.798 0.048 0.24 0.057 0.558
19MG79-21 19MG79-1 3.155 0.537 0.864 0.055 0.45 0.077 0.620

21 19MG79-21 19MG79-1 5.405 0.380 0.801 0.052 0.64 0.089 0.425
19MG79-22 19MG79-1 5.319 0.594 0.827 0.065 0.51 0.061 0.335

2 19MG79-22 19MG79-1 5.435 0.354 0.788 0.062 0.64 0.055 0.273
19MG79-23 19MG79-1 1.401 0.114 0.786 0.029 0.46 0.074 1.330

2 19MG79-23 19MG79-1 1.701 0.171 0.810 0.043 0.61 0.064 0.990
19MG79-24 19MG79-1 1.031 0.553 0.910 0.100 0.47 0.015 0.360

24 19MG79-24 19MG79-1 2.000 0.200 0.893 0.083 0.76 0.014 0.195
19MG79-24 19MG79-1 3.145 0.554 1.020 0.170 0.31 0.014 0.143
19MG79-25 19MG79-1 1.631 0.192 0.832 0.079 0.42 0.018 0.276

25 19MG79-25 19MG79-1 1.149 0.172 0.745 0.061 0.40 0.021 0.432
19MG79-25 19MG79-1 1.395 0.150 0.796 0.076 0.49 0.021 0.367
19MG79-26 19MG79-1 7.463 0.724 0.866 0.071 0.53 0.119 0.423

26 19MG79-26 19MG79-1 5.376 0.520 0.811 0.068 0.48 0.098 0.444
19MG79-26 19MG79-1 2.513 0.606 0.849 0.056 0.39 0.095 0.810
19MG79-27 19MG79-1 2.899 0.235 0.797 0.052 0.59 0.080 0.705

27 19MG79-27 19MG79-1 5.405 0.409 0.806 0.050 0.60 0.094 0.467
19MG79-28 19MG79-1 2.294 0.295 0.798 0.044 0.44 0.074 0.820

28 19MG79-28 19MG79-1 3.731 0.668 0.878 0.071 0.49 0.074 0.514
19MG79-28 19MG79-1 3.534 0.375 0.805 0.061 0.65 0.066 0.443
19MG79-29 19MG79-1 0.870 0.590 0.810 0.110 -0.31 0.021 0.540
19MG79-29 19MG79-1 0.541 0.178 0.791 0.054 0.38 0.017 0.750

29 19MG79-29 19MG79-1 1.333 0.356 0.900 0.190 0.73 0.021 0.329
19MG79-29 19MG79-1 2.041 0.541 0.790 0.120 0.20 0.034 0.400
19MG79-29 19MG79-1 1.190 0.241 0.920 0.110 0.29 0.022 0.456
19MG79-30 19MG79-1 4.425 0.411 0.850 0.110 0.26 0.028 0.138

% 19MG79-30 19MG79-1 6.803 0.555 0.850 0.100 0.63 0.036 0.124
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Spot  Source file (.FIN2) Sample B8Y/0epp  +20 (abs) X"Pb/*®Pb  +20 (abs) Rho U (ppm) Pb (ppm)
19MG79-31 19MG79-1 6.211 0.887 0.990 0.150 0.73 0.035 0.143
31 19MG79-31 19MG79-1 8.475 1.221 1.050 0.150 0.62 0.034 0.115
19MG79-31 19MG79-1 6.993 1.369 0.800 0.240 0.75 0.039 0.109
19MG79-32 19MG79-1 7.752 1.082 0.870 0.150 0.70 0.037 0.124
% 19MG79-32 19MG79-1 6.173 0.724 0.870 0.100 0.75 0.045 0.168
19MG79-33 19MG79-1 1.661 0.119 0.817 0.036 0.51 0.046 0.685
3 19MG79-33 19MG79-1 2.825 0.375 0.970 0.170 0.66 0.040 0.363
34 19MG79-34 19MG79-1 2.577 0.226 0.792 0.063 0.47 0.032 0.308
19MG79-36 19MG79-1 2.667 0.398 0.891 0.095 0.63 0.027 0.259
% 19MG79-36 19MG79-1 3.226 0.354 0.930 0.120 0.86 0.022 0.140
19MG79-37 19MG79-1 2.506 0.201 0.793 0.054 0.47 0.041 0.400
¥ 19MG79-37 19MG79-1 2.551 0.247 0.800 0.069 0.51 0.050 0.458
19MG79-38 19MG79-1 5.319 0.396 0.844 0.067 0.72 0.058 0.238
% 19MG79-38 19MG79-1 5.988 0.574 0.805 0.076 0.61 0.064 0.237
19MG79-39 19MG79-1 4.098 0.370 0.823 0.077 0.47 0.061 0.330
% 19MG79-39 19MG79-1 5.804 0.269 0.749 0.038 0.63 0.093 0.336
19MG79-40 19MG79-1 1.130 0.105 0.814 0.061 0.18 0.025 0.508
40 19MG79-40 19MG79-1 1.412 0.134 0.770 0.039 0.23 0.045 0.728
19MG79-40 19MG79-1 2.370 0.281 0.828 0.077 0.79 0.050 0.454
19MG79-41 19MG79-1 0.800 0.160 0.902 0.098 0.49 0.018 0.508
4 19MG79-41 19MG79-1 2.288 0.225 0.843 0.060 0.68 0.037 0.344
19MG79-42 19MG79-1 4.695 0.441 0.883 0.083 0.44 0.075 0.386
42 19MG79-42 19MG79-1 6.711 0.991 0.870 0.150 0.69 0.063 0.202
19MG79-42 19MG79-1 4.808 0.693 0.850 0.100 0.52 0.039 0.175
19MG79-43 19MG79-1 4.310 0.502 0.830 0.074 0.75 0.107 0.598
8 19MG79-43 19MG79-1 8.475 0.934 0.792 0.050 0.37 0.194 0.501
19MG79-44 19MG79-1 3.597 0.440 0.799 0.071 0.81 0.036 0.226
“ 19MG79-44 19MG79-1 4.329 0.412 0.866 0.075 0.54 0.036 0.205
19MG79-45 19MG79-1 4.184 0.333 0.813 0.065 0.75 0.063 0.359
* 19MG79-45 19MG79-1 6.219 0.309 0.854 0.051 0.65 0.112 0.411
19MG79-46 19MG79-1 3.546 0.415 0.785 0.054 0.48 0.099 0.623
4 19MG79-46 19MG79-1 5.405 0.351 0.837 0.066 0.73 0.095 0.410
19MG79-47 19MG79-1 7.407 0.768 0.890 0.100 0.62 0.046 0.133
7 19MG79-47 19MG79-1 6.711 1.081 0.840 0.180 0.66 0.033 0.099
48 19MG79-48 19MG79-1 no value NAN NaN 0.002 0.544
19MG79-49 19MG79-1 2.941 0.450 0.747 0.076 0.43 0.053 0.355
9 19MG79-49 19MG79-1 2.179 0.460 0.762 0.088 0.53 0.037 0.400
19MG79-50 19MG79-1 5.682 0.678 1.010 0.120 0.60 0.069 0.276
50 19MG79-50 19MG79-1 7.407 0.658 0.885 0.066 0.68 0.092 0.269
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Table A5.2: U-Pb isotopic data of calcite veins from the ECM obtained during the session 2 (08-10-2021) of LA-

ICP-MS U-Pb in calcite. The spot size for all samples were 85 um. Red labelled data was excluded from the age

regression due to evident high error or a point belonging to the host rock.

Session 2

WC-1 Calcite reference (Roberts et al., 2017)

Spot  Source file (.FIN2) Sample 28Y/20%pp  +20 (abs) 2’Pb/PPb  +20 (abs) Rho U (ppm) Pb (ppm)
1 WC1-1 WC-1 24.564 0.422 0.053 0.004 -0.01 3.320 0.184
2 WC1-2 WC-1 24.857 0.414 0.051 0.004 0.18 3.650 0.129
3 WC1-3 WC-1 25.233 0.363 0.051 0.004 0.15 3.593 0.204
4 WC1-4 WC-1 25.088 0.516 0.045 0.007 -0.62 3.600 0.212
5 WC1-5 WC-1 25.126 0.574 0.044 0.009 -0.73 4.344 0.280
6 WC1-7 WC-1 25.069 0.402 0.053 0.005 0.31 3.453 0.212
7 WC1-8 WC-1 25.056 0.396 0.053 0.005 0.22 3.5652 0.204
8 WC1-10 WC-1 25.278 0.403 0.050 0.004 0.18 3.775 0.198
9 WC1-12 WC-1 24.649 0.401 0.052 0.006 -0.01 3.676 0.157
10 WC1-14 WC-1 24.863 0.371 0.052 0.005 0.26 3.637 0.198
11 WC1-15 WC-1 24.728 0.428 0.053 0.006 0.35 3.479 0.158
12 WC1-16 WC-1 25.387 0.374 0.050 0.005 0.34 3.941 0.204
13 WC1-18 WC-1 24.272 1.002 0.049 0.017 -0.81 3.679 0.189
14 WC1-20 WC-1 25.132 0.436 0.052 0.005 0.23 3.611 0.157
15 WC1-22 WC-1 24.925 0.447 0.052 0.005 0.13 3.700 0.139
16 WC1-24 WC-1 25.063 0.415 0.054 0.006 -0.01 4.500 0.258
17 WC1-26 WC-1 24.649 0.565 0.051 0.007 -0.34 3.445 0.221
18 WC1-27 WC-1 24.857 0.433 0.051 0.005 0.40 3.651 0.210
19 WC1-28 WC-1 25.355 0.463 0.052 0.007 -0.48 3.933 0.202
20 WC1-29 WC-1 24.988 0.493 0.052 0.005 0.34 3.580 0.133
21 WC1-32 WC-1 25.094 0.460 0.049 0.005 0.40 4.001 0.193
22 WC1-34 WC-1 24.450 0.478 0.051 0.005 0.38 3.648 0.158
23 WC1-36 WC-1 25.214 0.420 0.051 0.005 0.30 3.768 0.173
24 WC1-38 WC-1 25.381 1.031 0.023 0.009 -0.75 3.772 0.220
25 WC1-40 WC-1 24 474 0.449 0.051 0.006 0.14 3.742 0.252
26 WC1-41 WC-1 25.407 0.484 0.052 0.005 0.16 3.592 0.188
27 WC1-42 WC-1 25.164 0.570 0.052 0.007 -0.26 3.744 0.194
28 WC1-44 WC-1 25.069 0.490 0.052 0.006 -0.25 3.411 0.128
29 WC1-46 WC-1 25.107 0.403 0.049 0.004 0.29 4117 0.232
30 WC1-49 WC-1 24.534 0.494 0.052 0.007 0.50 3.284 0.150
31 WC1-45 WC-1 24.278 0.477 0.050 0.007 0.09 4.756 0.321
32 WC1-52 WC-1 25.833 0.487 0.048 0.005 -0.25 4.030 0.150
33 WC1-54 WC-1 25.038 0.458 0.051 0.006 0.28 3.569 0.217
34 WC1-56 WC-1 25.013 0.413 0.051 0.005 0.29 4.152 0.304
35 WC1-58 WC-1 24.765 0.534 0.051 0.005 0.12 3.474 0.104
36 WC1-53 WC-1 24.869 0.476 0.053 0.007 0.23 3.872 0.471
37 WC1-60 WC-1 25.272 0.556 0.052 0.004 0.28 3.664 0.116
38 WC1-62 WC-1 24.963 0.499 0.053 0.004 -0.26 5.700 0.157
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
39 WC1-64 WC-1 24.588 0.550 0.052 0.007 0.28 3.431 0.143
40 WC1-66 WC-1 25.543 0.528 0.052 0.005 0.14 3.769 0.164
41 WC1-67 WC-1 25.202 0.470 0.051 0.005 0.46 3.411 0.215
42 WC1-68 WC-1 24.685 0.439 0.049 0.006 0.24 4.025 0.383
43 WC1-69 WC-1 24.789 0.473 0.053 0.006 0.34 3.466 0.311
44 WC1-65 WC-1 25.246 0.535 0.052 0.005 0.02 4.038 0.204
45 WC1-63 WC-1 24.876 0.501 0.052 0.004 0.15 3.680 0.070
46 WC1-61 WC-1 25.145 0.525 0.053 0.005 0.23 3.591 0.200
47 WC1-11 WC-1 24.826 0.419 0.050 0.005 -0.20 4.096 0.261
48 WC1-6 WC-1 25.297 0.390 0.051 0.004 0.08 4.860 0.172
49 WC1-9 WC-1 24.432 0.466 0.051 0.008 0.08 3.413 0.533
50 WC1-13 WC-1 25.381 0.464 0.051 0.005 0.00 4.062 0.139
51 WC1-21 WC-1 24.752 0.613 0.051 0.008 -0.33 3.719 0.524

Soda-lime glass NIST SRM-614
1 NIST614-1 NIST-614 1.370 0.018 0.866 0.011 0.60 0.517 5.240
2 NIST614-2 NIST-614 1.377 0.019 0.860 0.011 0.55 0.509 5.020
3 NIST614-3 NIST-614 1.397 0.019 0.857 0.011 0.61 0.454 3.453
4 NIST614-4 NIST-614 1.406 0.022 0.861 0.012 0.64 0.448 3.380
5 NIST614-5 NIST-614 1.418 0.024 0.872 0.013 0.57 0.570 3.666
6 NIST614-6 NIST-614 1.431 0.023 0.856 0.011 0.73 0.594 3.669
7 NIST614-7 NIST-614 1.387 0.023 0.856 0.014 0.53 0.581 6.800
8 NIST614-8 NIST-614 1.399 0.025 0.874 0.014 0.55 0.584 6.910
9 NIST614-9 NIST-614 1.403 0.024 0.863 0.012 0.53 0.493 7.120
10 NIST614-10 NIST-614 1.395 0.023 0.861 0.013 0.68 0.481 7.010
19MG21 from DA strain domain
19MG21-1 19MG21-1B 0.699 0.088 0.810 0.013 0.01 0.447 9.250
! 19MG21-1 19MG21-1B 4.444 0.988 0.757 0.017 0.00 3.710 8.050
19MG21-2 19MG21-1B 1.754 0.400 0.784 0.042 -0.12 0.570 4.180
19MG21-2 19MG21-1B 0.758 0.109 0.793 0.020 -0.05 0.400 7.400
2 19MG21-2 19MG21-1B 1.471 0.216 0.787 0.020 0.15 0.610 5.390
19MG21-2 19MG21-1B 0.391 0.044 0.809 0.013 -0.11 0.409 17.500
19MG21-2 19MG21-1B 1.667 0.417 0.816 0.024 0.02 0.950 7.300
19MG21-3 19MG21-1B 0.741 0.093 0.808 0.042 0.38 0.150 3.280
19MG21-3 19MG21-1B 0.392 0.060 0.803 0.036 -0.27 0.172 7.080
19MG21-3 19MG21-1B 0.709 0.116 0.808 0.019 -0.09 0.450 8.300
3 19MG21-3 19MG21-1B 1.053 0.288 0.779 0.028 -0.01 0.560 4.600
19MG21-3 19MG21-1B 0.549 0.094 0.788 0.027 -0.26 0.247 6.430
19MG21-3 19MG21-1B 0.345 0.054 0.824 0.025 -0.19 0.134 6.490
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG21-4 19MG21-1B 0.326 0.042 0.794 0.021 0.00 0.470 21.500
19MG21-4 19MG21-1B 0.196 0.028 0.831 0.015 -0.01 0.574 41.400

4 19MG21-4 19MG21-1B 0.461 0.174 0.806 0.023 -0.17 1.500 31.500
19MG21-4 19MG21-1B 0.332 0.049 0.789 0.025 -0.03 0.315 14.200
19MG21-4 19MG21-1B 0.794 0.094 0.787 0.013 0.07 0.510 7.850
19MG21-5 19MG21-1B 0.248 0.055 0.827 0.026 -0.40 0.520 37.000
19MG21-5 19MG21-1B 1.017 0.102 0.800 0.017 -0.38 0.500 5.020

° 19MG21-5 19MG21-1B 0.233 0.059 0.811 0.018 0.34 0.410 20.500
19MG21-5 19MG21-1B 0.556 0.340 0.838 0.025 -0.16 0.580 12.800
19MG21-6 19MG21-1B 0.800 0.141 0.810 0.023 0.07 0.368 5.170

6 19MG21-6 19MG21-1B 1.176 0.104 0.810 0.016 0.13 0.684 8.020
19MG21-6 19MG21-1B 2174 0.473 0.777 0.018 0.02 1.930 9.800
19MG21-7 19MG21-1B 1.585 0.163 0.808 0.020 0.05 0.750 5.500

7 19MG21-7 19MG21-1B 0.752 0.096 0.794 0.025 -0.08 0.250 4.150
19MG21-7 19MG21-1B 1.124 0.151 0.807 0.026 -0.12 0.356 4.580
19MG21-8 19MG21-1B 1.449 0.200 0.811 0.019 0.14 0.631 6.030

8 19MG21-8 19MG21-1B 1.163 0.162 0.794 0.011 -0.12 0.940 7.240
19MG21-9 19MG21-1B 0.806 0.104 0.803 0.025 0.08 0.225 3.070
19MG21-9 19MG21-1B 1.053 0.488 0.785 0.029 -0.17 1.210 3.860

° 19MG21-9 19MG21-1B 0.353 0.051 0.798 0.020 -0.01 0.444 16.300
19MG21-9 19MG21-1B 1.235 0.168 0.814 0.015 0.30 0.630 6.630
19MG21-10 19MG21-1B 0.806 0.091 0.801 0.019 -0.11 0.434 7.000
19MG21-10 19MG21-1B 0.490 0.072 0.823 0.022 0.1 0.371 9.420

10 19MG21-10 19MG21-1B 0.781 0.146 0.790 0.017 0.21 0.920 12.900
19MG21-10 19MG21-1B 0.699 0.054 0.813 0.028 0.06 0.363 7.180
19MG21-10 19MG21-1B 1.250 0.234 0.778 0.017 -0.17 0.760 6.260

» 19MG21-11 19MG21-1B 0.455 0.054 0.800 0.013 0.15 0.333 8.700
19MG21-11 19MG21-1B 0.775 0.108 0.814 0.016 -0.01 0.320 4.010
19MG21-12 19MG21-1B 1.205 0.247 0.808 0.027 -0.07 0.810 4.960

12 19MG21-12 19MG21-1B 0.864 0.058 0.802 0.026 0.42 0.294 4.020
19MG21-12 19MG21-1B 0.971 0.132 0.802 0.016 0.02 0.593 6.450
19MG21-13 19MG21-1B 0.341 0.026 0.816 0.017 -0.06 0.334 12.000
19MG21-13 19MG21-1B 0.813 0.271 0.787 0.021 -0.23 1.260 14.660
19MG21-13 19MG21-1B 0.251 0.018 0.806 0.016 -0.02 0.229 11.400

A 19MG21-13 19MG21-1B 0.397 0.058 0.851 0.059 0.22 0.235 6.970
19MG21-13 19MG21-1B 0.368 0.036 0.818 0.023 0.03 0.171 5.590
19MG21-13 19MG21-1B 0.833 0.146 0.807 0.016 -0.04 0.580 5.560
19MG21-14 19MG21-1B 1.220 0.223 0.801 0.020 -0.17 2.570 6.650

" 19MG21-14 19MG21-1B 0.595 0.050 0.802 0.010 0.02 0.319 6.250
19MG21-15 19MG21-1B 1.370 0.263 0.808 0.030 -0.05 0.470 3.510
19MG21-15 19MG21-1B 0.806 0.117 0.825 0.036 0.23 0.170 2.490

15 19MG21-15 19MG21-1B 2.217 0.393 0.794 0.025 -0.21 0.860 3.790
19MG21-15 19MG21-1B 0.139 0.019 0.805 0.009 -0.17 0.268 20.100
19MG21-15 19MG21-1B 0.413 0.067 0.806 0.016 -0.29 0.315 8.120
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG21-16 19MG21-1B 0.758 0.138 0.805 0.031 0.20 0.920 11.700
19MG21-16 19MG21-1B 1.447 0.170 0.813 0.042 0.29 0.497 3.570

10 19MG21-16 19MG21-1B 0.493 0.066 0.813 0.013 -0.12 0.580 14.200
19MG21-16 19MG21-1B 0.450 0.032 0.809 0.013 -0.11 0.184 5.300
19MG21-17 19MG21-1B 0.901 0.089 0.795 0.023 0.11 0.580 6.690
19MG21-17 19MG21-1B 0.420 0.078 0.811 0.018 0.02 0.382 10.200

1 19MG21-17 19MG21-1B 1.408 0.238 0.790 0.022 -0.14 0.620 3.890
19MG21-17 19MG21-1B 0.334 0.035 0.802 0.021 0.31 0.435 14.930
19MG21-18 19MG21-1B 0.578 0.037 0.800 0.014 0.08 0.315 6.100

8 19MG21-18 19MG21-1B 0.299 0.024 0.814 0.015 0.03 0.107 3.947

19 19MG21-19 19MG21-1B 0.286 0.016 0.804 0.011 0.11 0.091 3.580
19MG21-20 19MG21-1B 0.202 0.008 0.814 0.014 0.20 0.075 4.383

20 19MG21-20 19MG21-1B 0.164 0.010 0.819 0.018 0.24 0.055 3.952
19MG21-21 19MG21-1B 0.248 0.015 0.799 0.021 0.42 0.052 2.258

21 19MG21-21 19MG21-1B 0.364 0.034 0.807 0.031 0.43 0.070 2173
19MG21-21 19MG21-1B 0.334 0.028 0.817 0.026 0.55 0.059 2.069
19MG21-22 19MG21-1B 0.351 0.041 0.812 0.024 -0.05 0.087 2.374

22 19MG21-22 19MG21-1B 0.223 0.014 0.834 0.017 0.14 0.064 3.280
19MG21-22 19MG21-1B 0.298 0.043 0.781 0.022 0.35 0.117 3.940
19MG21-23 19MG21-1B 0.446 0.026 0.804 0.023 0.54 0.092 2.253

23 19MG21-23 19MG21-1B 0.538 0.040 0.804 0.031 0.35 0.114 2.350
19MG21-23 19MG21-1B 0.311 0.017 0.812 0.023 0.28 0.054 1.956
19MG21-24 19MG21-1B 0.671 0.077 0.819 0.019 -0.04 0.203 3.110

24 19MG21-24 19MG21-1B 1.163 0.270 0.793 0.033 0.35 0.307 2.290
19MG21-24 19MG21-1B 0.498 0.074 0.801 0.021 -0.09 0.199 4.030
19MG21-25 19MG21-1B 1.340 0.128 0.802 0.017 0.02 0.412 2.710

2 19MG21-25 19MG21-1B 0.592 0.060 0.809 0.015 -0.28 0.360 6.260
19MG21-26 19MG21-1B 1.190 0.156 0.789 0.021 0.14 0.580 4.650

26 19MG21-26 19MG21-1B 0.962 0.120 0.817 0.018 0.1 0.606 6.610
19MG21-26 19MG21-1B 0.472 0.109 0.797 0.013 0.14 0.565 11.500
19MG21-27 19MG21-1B 0.144 0.013 0.801 0.013 0.06 0.311 22.120

27 19MG21-27 19MG21-1B 0.575 0.073 0.829 0.022 -0.02 0.323 5.720
19MG21-27 19MG21-1B 1.176 0.166 0.814 0.025 -0.30 0.334 2.870
19MG21-28 19MG21-1B 1.431 0.129 0.814 0.016 0.08 0.633 4.310

28 19MG21-28 19MG21-1B 0.752 0.085 0.807 0.017 0.13 0.490 6.430
19MG21-30 19MG21-1B 0.171 0.009 0.811 0.016 0.20 0.029 1.776

%0 19MG21-30 19MG21-1B 0.110 0.012 0.838 0.032 -0.05 0.017 1.588
19MG21-32 19MG21-1B 0.115 0.009 0.846 0.043 0.27 0.018 1.704

% 19MG21-32 19MG21-1B 0.181 0.015 0.828 0.019 0.14 0.029 1.518
19MG21-33 19MG21-1B 0.210 0.017 0.806 0.029 0.33 0.042 1.941
19MG21-33 19MG21-1B 0.265 0.057 0.830 0.051 -0.19 0.053 1.885

33 19MG21-33 19MG21-1B 0.201 0.014 0.835 0.037 0.00 0.034 1.796
19MG21-33 19MG21-1B 0.382 0.086 0.828 0.047 0.49 0.069 1.630
19MG21-33 19MG21-1B 0.207 0.021 0.820 0.040 0.12 0.032 1.573
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG21-34 19MG21-1B 0.100 0.011 0.813 0.051 0.18 0.018 1.595
34 19MG21-34 19MG21-1B 0.120 0.010 0.826 0.033 -0.01 0.019 1.629
19MG21-34 19MG21-1B 0.119 0.018 0.811 0.053 0.05 0.018 1.548
19MG21-36 19MG21-1B 0.146 0.016 0.822 0.021 0.30 0.033 1.870
36 19MG21-36 19MG21-1B 0.448 0.125 0.795 0.035 0.41 0.094 1.495
19MG21-36 19MG21-1B 0.182 0.083 0.797 0.050 -0.12 0.034 1.480
19MG21-37 19MG21-1B 0.095 0.012 0.809 0.034 0.31 0.018 1.753
19MG21-37 19MG21-1B 0.102 0.010 0.828 0.030 0.36 0.018 1.748
37 19MG21-37 19MG21-1B 0.191 0.020 0.811 0.044 0.01 0.031 1.605
19MG21-37 19MG21-1B 0.150 0.013 0.812 0.022 0.17 0.025 1.582
19MG21-38 19MG21-1B 0.169 0.032 0.808 0.044 0.42 0.033 1.841
38 19MG21-38 19MG21-1B 0.267 0.023 0.833 0.027 0.44 0.048 1.794
19MG21-38 19MG21-1B 0.155 0.020 0.818 0.033 0.23 0.030 1.802
19MG21-39 19MG21-1B 0.120 0.020 0.786 0.042 0.37 0.027 1.980
19MG21-39 19MG21-1B 0.138 0.019 0.813 0.028 0.33 0.028 1.810
% 19MG21-39 19MG21-1B 0.079 0.008 0.825 0.037 -0.13 0.014 1.694
19MG21-39 19MG21-1B 0.146 0.018 0.806 0.047 0.32 0.024 1.499
19MG21-40 19MG21-1B 0.091 0.009 0.828 0.034 0.47 0.018 1.915
0 19MG21-40 19MG21-1B 0.116 0.008 0.802 0.027 0.13 0.021 1.804
19MG21-40 19MG21-1B 0.140 0.013 0.801 0.029 0.23 0.033 2.189
19MG21-40 19MG21-1B 0.141 0.015 0.828 0.026 -0.12 0.029 1.946
19MG21-41 19MG21-1B 0.103 0.008 0.799 0.022 0.30 0.020 1.770
19MG21-41 19MG21-1B 0.242 0.027 0.826 0.026 0.23 0.042 1.546
o 19MG21-41 19MG21-1B 0.166 0.015 0.808 0.033 0.37 0.026 1.511
19MG21-41 19MG21-1B 0.184 0.021 0.823 0.030 0.25 0.026 1.293
19MG21-42 19MG21-1B 0.330 0.057 0.842 0.046 -0.36 0.063 1.650
42 19MG21-42 19MG21-1B 0.529 0.106 0.787 0.038 0.20 0.100 1.521
19MG21-42 19MG21-1B 0.256 0.016 0.812 0.019 0.24 0.038 1.412
19MG21-42 19MG21-1B 0.166 0.021 0.827 0.035 0.38 0.026 1.384
43 19MG21-43 19MG21-1B no value NAN NaN 0.000 1.345
44 19MG21-44 19MG21-1B 0.105 0.010 0.817 0.029 0.33 0.019 1.759
19MG21-45 19MG21-1B 0.137 0.030 0.846 0.032 0.36 0.034 1.642
45 19MG21-45 19MG21-1B 0.181 0.010 0.821 0.020 0.27 0.028 1.511
19MG21-45 19MG21-1B 0.275 0.038 0.863 0.052 0.72 0.040 1.410
46 19MG21-46 19MG21-1B 0.081 0.007 0.820 0.034 0.37 0.015 1.912
19MG21-46 19MG21-1B 0.078 0.009 0.811 0.039 0.21 0.014 1.738
47 19MG21-47 19MG21-1B no value NAN NaN 0.004 1.304
49 19MG21-49 19MG21-1B no value NAN NaN 0.000 1.440
50 19MG21-50 19MG21-1B 0.115 0.008 0.832 0.030 0.23 0.017 1.502
19MG21-52 19MG21-4B 0.382 0.034 0.816 0.019 0.20 0.071 1.468
52 19MG21-52 19MG21-4B 0.172 0.012 0.809 0.037 0.08 0.019 1.051
54 19MG21-54 19MG21-4B 0.541 0.021 0.812 0.018 0.41 0.064 1.185
55 19MG21-55 19MG21-4B 0.776 0.032 0.820 0.018 0.40 0.203 2.670
19MG21-55 19MG21-4B 0.428 0.016 0.810 0.013 0.02 0.132 3.010
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)

19MG21-56 19MG21-4B 0.488 0.024 0.799 0.018 0.34 0.092 1.852
% 19MG21-56 19MG21-4B 0.508 0.021 0.798 0.020 0.35 0.097 1.912
57 19MG21-57 19MG21-4B 0.876 0.042 0.802 0.017 0.10 0.280 3.093

19MG21-57 19MG21-4B 0.703 0.020 0.800 0.013 0.23 0.176 2.479
58 19MG21-58 19MG21-4B 0.329 0.011 0.831 0.018 0.26 0.041 1.244

19MG21-59 19MG21-4B 0.193 0.023 0.877 0.041 0.22 0.023 1.200
59 19MG21-59 19MG21-4B 0.330 0.021 0.796 0.028 0.35 0.038 1.121

19MG21-59 19MG21-4B 0.323 0.033 0.823 0.029 0.03 0.039 1.094

19MG21-60 19MG21-4B 0.463 0.064 0.824 0.040 0.49 0.056 1.030
60 19MG21-60 19MG21-4B 1.002 0.063 0.806 0.031 0.31 0.110 1.055
62 19MG21-62 19MG21-4B 0.283 0.023 0.831 0.023 0.46 0.036 1.236

19MG21-63 19MG21-4B 0.361 0.039 0.815 0.029 0.35 0.050 1.316
63 19MG21-63 19MG21-4B 0.676 0.050 0.798 0.030 0.18 0.088 1.233

19MG21-63 19MG21-4B 0.405 0.031 0.834 0.035 0.48 0.045 1.063
64 19MG21-64 19MG21-4B 0.338 0.038 0.808 0.022 0.18 0.059 1.375

19MG21-66 19MG21-4B 0.481 0.039 0.804 0.016 0.30 0.073 1.380
06 19MG21-66 19MG21-4B 0.301 0.037 0.820 0.041 0.37 0.048 1.530
67 19MG21-67 19MG21-4B 0.166 0.010 0.822 0.019 0.19 0.022 1.209
68 19MG21-68 19MG21-4B 0.917 0.039 0.811 0.017 0.21 0.149 1.566
69 19MG21-69 19MG21-4B 1.198 0.062 0.815 0.016 0.08 0.218 1.716
70 19MG21-70 19MG21-4B 0.218 0.010 0.804 0.017 0.34 0.032 1.366
73 19MG21-73 19MG21-4B 0.143 0.009 0.813 0.018 0.39 0.023 1.492
74 19MG21-74 19MG21-4B 0.117 0.007 0.821 0.019 0.17 0.018 1.392

19MG21-75 19MG21-4B 0.150 0.009 0.814 0.012 0.14 0.017 0.929
7 19MG21-75 19MG21-4B 0.204 0.010 0.813 0.012 0.31 0.052 2.357
76 19MG21-76 19MG21-4B 0.317 0.015 0.808 0.012 0.18 0.093 2.663
77 19MG21-77 19MG21-4B 2.857 0.090 0.806 0.016 0.33 0.384 1.281
78 19MG21-78 19MG21-4B 1.838 0.057 0.819 0.018 0.42 0.212 1.095

19MG21-79 19MG21-4B 0.154 0.019 0.805 0.024 0.02 0.027 1.580
" 19MG21-79 19MG21-4B 0.104 0.008 0.809 0.022 0.20 0.018 1.673
80 19MG21-80 19MG21-4B 4.742 0.124 0.791 0.014 0.1 0.877 1.764
81 19MG21-81 19MG21-4B 3.831 0.078 0.794 0.013 0.28 0.901 2.262
82 19MG21-82 19MG21-4B 1.267 0.055 0.805 0.019 0.41 0.270 2.130

19MG21-82 19MG21-4B 0.993 0.040 0.804 0.029 0.58 0.131 1.339
83 19MG21-83 19MG21-4B 0.424 0.017 0.814 0.017 0.38 0.055 1.209
84 19MG21-84 19MG21-4B 0.581 0.023 0.803 0.012 0.20 0.155 2.562
85 19MG21-85 19MG21-4B 2.315 0.075 0.808 0.015 0.36 0.334 1.444

19MG21-86 19MG21-4B 1.832 0.057 0.788 0.016 0.47 0.319 1.694
8 19MG21-86 19MG21-4B 0.730 0.165 0.809 0.010 -0.17 1.860 14.300
87 19MG21-87 19MG21-4B 2.058 0.072 0.812 0.015 0.27 0.305 1.455
88 19MG21-88 19MG21-4B 1.255 0.033 0.808 0.017 0.51 0.171 1.364
89 19MG21-89 19MG21-4B 0.673 0.028 0.812 0.021 0.40 0.074 1.061
90 19MG21-90 19MG21-4B 0.467 0.020 0.821 0.017 0.23 0.056 1.165
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG21-91 19MG21-4B 0.715 0.028 0.821 0.026 0.32 0.091 1.270
o 19MG21-91 19MG21-4B 0.418 0.032 0.797 0.023 0.13 0.057 1.269
92 19MG21-92 19MG21-4B 1.377 0.076 0.801 0.012 0.18 0.304 2.150
19MG21-93 19MG21-4B 1.013 0.031 0.796 0.016 0.25 0.157 1.558
9 19MG21-93 19MG21-4B 1.451 0.078 0.808 0.034 -0.07 0.261 1.894
19MG21-94 19MG21-4B 1.279 0.057 0.814 0.026 0.34 0.242 1.930
% 19MG21-94 19MG21-4B 1.172 0.055 0.814 0.020 0.40 0.200 1.660
95 19MG21-95 19MG21-4B 1.412 0.048 0.802 0.013 0.31 0.283 2.019
96 19MG21-96 19MG21-4B 1.972 0.058 0.814 0.017 0.49 0.264 1.339
97 19MG21-97 19MG21-4B 0.611 0.032 0.804 0.018 0.23 0.078 1.157
98 19MG21-98 19MG21-4B 1.431 0.074 0.811 0.015 0.16 0.272 1.940
99 19MG21-99 19MG21-4B 2123 0.077 0.808 0.014 0.47 0.341 1.659
19MG21-1B00 19MG21-4B 0.783 0.032 0.811 0.018 0.36 0.326 4.360
100 19MG21-1B00 19MG21-4B 1.099 0.098 0.812 0.020 0.24 0.385 3.350
19MG21-1B00 19MG21-4B 1.122 0.047 0.805 0.019 0.47 0.329 2.960
101 19MG21-1B01 19MG21-4B 0.237 0.011 0.824 0.014 0.36 0.051 2.097
102 19MG21-1B02 19MG21-4B 0.163 0.018 0.795 0.030 0.07 0.032 1.820
103 19MG21-1B03 19MG21-4B 0.992 0.031 0.803 0.011 0.27 0.355 3.740

19MG46 from DA strain domain

1 19MG46-1 19MG46-1 9.407 0.823 0.920 0.100 0.70 0.046 0.050
) 19MG46-2 19MG46-1 2.439 0.595 0.770 0.130 0.72 0.019 0.069
19MG46-2 19MG46-1 6.211 1.620 0.830 0.230 0.97 0.022 0.024
19MG46-3 19MG46-1 7.692 1.716 0.910 0.130 0.75 0.075 0.094
s 19MG46-3 19MG46-1 14.815 2.151 1.230 0.300 0.98 0.087 0.051
4 19MG46-4 19MG46-1 5.236 0.822 0.800 0.150 0.43 0.031 0.054
19MG46-4 19MG46-1 11.494 4.360 0.850 0.140 0.55 0.103 0.071
19MG46-5 19MG46-1 11.236 2.020 0.749 0.081 0.81 0.121 0.100
° 19MG46-5 19MG46-1 10.417 1.302 0.860 0.130 0.83 0.067 0.058
6 19MG46-6 19MG46-1 9.804 1.057 0.940 0.120 0.95 0.064 0.068
7 19MG46-7 19MG46-1 13.870 1.250 0.940 0.099 0.60 0.085 0.063
8 19MG46-8 19MG46-1 17.575 1.853 0.950 0.110 0.63 0.095 0.051
19MG46-9 19MG46-1 11.494 1.097 1.100 0.130 0.78 0.038 0.035
9 19MG46-9 19MG46-1 7.752 1.562 0.900 0.190 0.87 0.061 0.093
19MG46-9 19MG46-1 8.403 1.130 1.200 0.230 0.92 0.048 0.054
19MG46-11 19MG46-1 18.382 3.244 0.770 0.170 0.13 0.102 0.052
11 19MG46-11 19MG46-1 12.987 2.530 0.970 0.200 0.53 0.080 0.071
19MG46-11 19MG46-1 17.241 2.438 0.970 0.260 0.99 0.088 0.047
19MG46-12 19MG46-1 11.494 1.850 0.800 0.170 0.80 0.066 0.049
12 19MG46-12 19MG46-1 17.544 3.386 1.300 0.560 0.93 0.068 0.044
19MG46-12 19MG46-1 16.920 2.691 0.900 0.190 0.90 0.093 0.058
13 19MG46-13 19MG46-1 14.749 1.675 0.880 0.120 0.74 0.070 0.035

292



Annex A6

Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
14 19MG46-14 19MG46-1 1.587 0.428 0.800 0.120 0.86 0.050 0.287
19MG46-14 19MG46-1 10.000 1.100 1.040 0.170 0.96 0.088 0.065
15 19MG46-15 19MG46-1 22.624 3.378 0.900 0.200 0.96 0.098 0.042
19MG46-15 19MG46-1 11.905 1.842 1.030 0.350 0.93 0.050 0.035
16 19MG46-16 19MG46-1 7.937 1.323 0.830 0.100 0.58 0.103 0.114
19MG46-16 19MG46-1 11.236 1.262 0.960 0.140 0.78 0.067 0.053
17 19MG46-17 19MG46-1 6.410 2.835 0.760 0.180 0.29 0.048 0.055
19MG46-18 19MG46-1 2.915 0.374 0.790 0.100 0.74 0.043 0.115
8 19MG46-18 19MG46-1 6.250 0.820 0.900 0.110 0.52 0.073 0.075
19MG46-19 19MG46-1 7.407 0.878 0.840 0.120 0.67 0.099 0.101
19 19MG46-19 19MG46-1 7.246 0.945 0.910 0.170 0.62 0.095 0.099
19MG46-19 19MG46-1 6.711 0.856 1.010 0.150 0.73 0.047 0.048
20 19MG46-20 19MG46-1 9.524 1.542 1.180 0.370 0.97 0.061 0.049
19MG46-20 19MG46-1 10.101 1.428 0.900 0.130 0.86 0.061 0.046
21 19MG46-21 19MG46-1 10.204 1.145 0.990 0.110 0.88 0.088 0.060
19MG46-23 19MG46-2 4.975 0.792 0.930 0.140 0.79 0.053 0.091
2 19MG46-23 19MG46-2 9.259 1.029 1.010 0.150 0.78 0.064 0.059
24 19MG46-24b 19MG46-2 6.494 0.548 1.020 0.110 0.86 0.053 0.060
25 19MG46-25 19MG46-2 3.774 0.698 1.090 0.250 0.80 0.044 0.076
19MG46-25 19MG46-2 6.897 0.713 0.870 0.130 0.81 0.049 0.051
19MG46-26 19MG46-2 3.289 0.801 1.030 0.270 0.81 0.034 0.062
19MG46-26 19MG46-2 1.923 0.851 0.670 0.110 0.52 0.023 0.060
%6 19MG46-26 19MG46-2 7.092 1.257 1.270 0.350 0.78 0.042 0.045
19MG46-26 19MG46-2 6.135 3.237 0.760 0.140 0.75 0.077 0.115
19MG46-26 19MG46-2 5.747 2.808 0.660 0.130 0.78 0.088 0.107
19MG46-26 19MG46-2 6.452 3.413 1.280 0.410 0.41 0.085 0.097
27 19MG46-27 19MG46-2 7.092 0.805 0.870 0.230 0.74 0.053 0.055
29 19MG46-29 19MG46-2 4.878 0.500 0.980 0.100 0.78 0.040 0.062
30 19MG46-30 19MG46-2 3.247 0.464 0.880 0.150 0.51 0.027 0.062
19MG46-31 19MG46-2 2.703 0.643 0.890 0.160 0.77 0.052 0.140
31 19MG46-31 19MG46-2 1.124 0.353 0.710 0.120 0.35 0.025 0.230
19MG46-32 19MG46-2 2.924 0.522 1.070 0.210 0.68 0.026 0.094
3 19MG46-32 19MG46-2 2.950 0.383 0.900 0.200 0.82 0.025 0.055
19MG46-32 19MG46-2 4.065 1.091 1.040 0.470 1.00 0.030 0.047
19MG46-32 19MG46-2 7.194 1.294 0.750 0.210 0.42 0.038 0.036
35 19MG46-35 19MG46-2 8.977 0.580 1.095 0.088 0.94 0.032 0.036
33 19MG46-33 19MG46-2 11.403 1.066 0.890 0.390 0.95 0.063 0.046
19MG46-35 19MG46-2 9.709 1.131 0.850 0.110 0.82 0.090 0.082
% 19MG46-35 19MG46-2 11.236 1.894 1.080 0.250 0.99 0.082 0.059
19MG46-36 19MG46-2 3.676 0.608 0.657 0.098 0.46 0.070 0.124
36 19MG46-36 19MG46-2 14.472 1.885 0.980 0.140 0.81 0.1 0.067
19MG46-36 19MG46-2 13.889 2.315 1.010 0.210 0.67 0.088 0.050
37 19MG46-37 19MG46-2 11.364 1.291 1.020 0.220 0.64 0.079 0.062
19MG46-37 19MG46-2 11.111 1.235 0.970 0.160 0.25 0.063 0.061
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Spot  Source file (.FIN2) Sample BBY/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG46-38 19MG46-2 10.101 2.143 0.830 0.150 0.64 0.099 0.078
% 19MG46-38 19MG46-2 13.831 1.263 0.940 0.110 0.66 0.090 0.057
19MG46-39 19MG46-2 3.831 0.705 1.020 0.220 0.68 0.034 0.071
% 19MG46-39 19MG46-2 8.333 0.972 1.120 0.210 0.99 0.063 0.067
20 19MG46-40 19MG46-2 7.353 0.919 0.910 0.120 0.74 0.067 0.089
19MG46-40 19MG46-2 7.813 0.916 0.980 0.150 0.87 0.042 0.045
19MG46-41 19MG46-3 6.579 0.779 0.850 0.120 0.71 0.061 0.075
41 19MG46-41 19MG46-3 6.098 1.227 0.770 0.180 0.77 0.052 0.068
19MG46-41 19MG46-3 6.369 0.933 0.940 0.180 0.88 0.041 0.052
19MG46-42 19MG46-3 8.475 2.011 0.940 0.220 0.75 0.072 0.088
42 19MG46-42 19MG46-3 16.863 2.133 1.030 0.190 0.65 0.081 0.042
43 19MG46-43 19MG46-3 8.197 0.806 1.060 0.130 0.72 0.065 0.082
44 19MG46-44 19MG46-3 12.453 1.210 1.240 0.230 0.82 0.078 0.059
19MG46-45 19MG46-3 2.778 0.772 0.870 0.170 0.73 0.058 0.147
45 19MG46-45 19MG46-3 12.690 1.433 1.200 0.180 0.99 0.058 0.052
19MG46-46 19MG46-3 5.051 1.530 0.970 0.260 0.39 0.060 0.078
19MG46-46 19MG46-3 12.987 1.855 0.940 0.160 0.75 0.082 0.063
46 19MG46-46 19MG46-3 9.434 1.958 0.880 0.200 0.79 0.081 0.099
19MG46-46 19MG46-3 6.494 1.096 0.720 0.150 0.77 0.046 0.058
19MG46-46 19MG46-3 5.495 1.238 0.800 0.200 1.00 0.032 0.055
19MG46-47 19MG46-3 2.500 1.063 0.760 0.150 0.57 0.032 0.147
19MG46-47 19MG46-3 6.250 1.289 1.190 0.250 0.99 0.034 0.062
4 19MG46-47 19MG46-3 4.762 2.268 0.760 0.280 0.55 0.046 0.092
19MG46-47 19MG46-3 12.658 2.564 1.180 0.400 0.61 0.045 0.036
48 19MG46-48 19MG46-3 5.348 0.601 0.867 0.075 0.57 0.051 0.086
49 19MG46-49 19MG46-3 2.933 0.396 0.890 0.120 0.66 0.025 0.085
50 19MG46-50 19MG46-3 7.519 0.735 0.910 0.090 0.62 0.049 0.062
51 19MG46-51 19MG46-3 no value NAN NaN 0.003 0.093
19MG46-52 19MG46-3 6.757 1.415 0.790 0.180 0.73 0.053 0.061
52 19MG46-52 19MG46-3 12.048 2177 0.710 0.180 0.87 0.075 0.053
19MG46-52 19MG46-3 10.417 1.519 1.060 0.310 0.87 0.034 0.035
53 19MG46-53 19MG46-3 6.757 0.913 1.240 0.230 0.91 0.041 0.057
54 19MG46-54 19MG46-3 11.364 1.291 0.740 0.410 0.81 0.039 0.031
19MG46-55 19MG46-3 3.289 1.060 0.830 0.220 0.55 0.034 0.098
55 19MG46-55 19MG46-3 7.813 0.977 1.130 0.320 0.97 0.047 0.073
19MG46-55 19MG46-3 4.386 1.000 0.657 0.094 0.59 0.040 0.083
19MG46-56 19MG46-3 4.115 1.236 0.940 0.150 0.70 0.041 0.129
% 19MG46-56 19MG46-3 8.591 0.672 0.881 0.098 0.66 0.055 0.071
57 19MG46-57 19MG46-3 11.099 0.998 0.950 0.140 0.98 0.093 0.084
19MG46-58 19MG46-3 5.848 1.094 1.240 0.260 0.37 0.057 0.120
19MG46-58 19MG46-3 9.091 1.736 0.920 0.200 0.63 0.061 0.072
58 19MG46-58 19MG46-3 7.299 2.824 0.800 0.170 0.95 0.047 0.060
19MG46-58 19MG46-3 6.452 0.957 0.950 0.200 0.68 0.031 0.045
19MG46-58 19MG46-3 7.353 1.460 1.020 0.240 0.72 0.026 0.040
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
59 19MG46-59 19MG46-3 12.903 1.365 0.940 0.200 0.82 0.064 0.051
60 19MG46-60 19MG46-3 10.101 1.122 0.920 0.110 0.77 0.061 0.054

19MG46-61 19MG46-4 7.092 1.358 0.740 0.390 0.67 0.031 0.035
61 19MG46-61 19MG46-4 5.618 1.515 0.650 0.210 0.29 0.019 0.022
19MG46-61 19MG46-4 13.889 3.665 0.730 0.260 0.97 0.035 0.024
19MG46-62 19MG46-4 5.988 1.649 1.000 0.300 0.90 0.057 0.088
62 19MG46-62 19MG46-4 6.897 1.189 0.100 0.760 0.73 0.027 0.034
63 19MG46-63 19MG46-4 12.821 1.808 0.530 0.440 0.75 0.049 0.039
64 19MG46-64 19MG46-4 8.475 1.436 0.610 0.420 0.90 0.036 0.036
19MG46-65 19MG46-4 5.376 1.330 0.960 0.250 0.25 0.037 0.067
65 19MG46-65 19MG46-4 8.000 1.472 -0.040 0.880 0.87 0.025 0.032
19MG46-65 19MG46-4 15.152 3.903 0.470 0.680 0.73 0.044 0.023
19MG46-66 19MG46-4 4.292 1.308 0.300 1.100 0.63 0.033 0.064
06 19MG46-66 19MG46-4 9.901 2.059 0.100 1.300 0.91 0.022 0.024
19MG46-67 19MG46-4 5.618 1.357 -0.100 1.400 0.85 0.017 0.030
o7 19MG46-67 19MG46-4 20.325 4.049 0.080 0.770 0.69 0.039 0.022
19MG46-68 19MG46-4 19.608 4.229 0.960 0.360 0.99 0.096 0.038
19MG46-68 19MG46-4 17.241 3.864 1.170 0.400 0.99 0.051 0.031
68 19MG46-68 19MG46-4 16.393 3.762 0.300 1.000 0.86 0.040 0.021
19MG46-68 19MG46-4 18.868 6.408 0.700 0.280 0.93 0.049 0.028
19MG46-68 19MG46-4 15.385 4.260 -0.400 1.800 0.88 0.061 0.031
69 19MG46-69 19MG46-4 20.243 3.442 -1.400 1.100 0.79 0.057 0.026
19MG46-70 19MG46-4 9.434 2.136 0.880 0.220 0.96 0.037 0.046
19MG46-70 19MG46-4 0.676 0.169 0.744 0.065 -0.09 0.037 0.500
7 19MG46-70 19MG46-4 7.299 1.865 0.700 0.210 0.18 0.035 0.046
19MG46-70 19MG46-4 2.041 0.541 0.700 0.130 0.89 0.018 0.067
71 19MG46-71 19MG46-4 11111 2.099 -0.900 1.000 0.81 0.022 0.022
19MG46-72 19MG46-4 5.051 1.199 0.860 0.230 0.73 0.042 0.084
79 19MG46-72 19MG46-4 7.752 2.464 1.000 0.290 0.52 0.039 0.044
19MG46-72 19MG46-4 17.007 2.603 1.130 0.230 0.98 0.066 0.039
19MG46-72 19MG46-4 7.937 2.016 0.870 0.230 0.72 0.047 0.057
73 19MG46-73 19MG46-4 18.762 2.358 0.770 0.350 0.75 0.069 0.032
74 19MG46-74 19MG46-4 4.255 1.177 0.870 0.240 0.45 0.019 0.034
75 19MG46-75 19MG46-4 11.628 1.622 0.550 0.680 0.77 0.043 0.035
19MG46-76 19MG46-5 5.102 1.145 0.780 0.190 0.73 0.052 0.080
76 19MG46-76 19MG46-5 8.696 2.722 0.810 0.260 0.55 0.043 0.051
19MG46-76 19MG46-5 7.463 1.170 0.970 0.140 0.98 0.053 0.052
19MG46-77 19MG46-5 10.101 1.224 0.710 0.150 0.59 0.081 0.074
7 19MG46-77 19MG46-5 11.364 2.066 1.020 0.250 0.50 0.068 0.053
19MG46-77 19MG46-5 8.065 1.431 0.930 0.260 0.43 0.035 0.036
19MG46-77 19MG46-5 16.129 3.382 1.180 0.360 0.99 0.060 0.045
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG46-78 19MG46-5 8.547 1.972 0.760 0.140 0.80 0.170 0.167
19MG46-78 19MG46-5 18.051 2.672 0.810 0.110 0.61 0.289 0.142

78 19MG46-78 19MG46-5 9.901 1.470 0.790 0.140 0.60 0.149 0.108
19MG46-78 19MG46-5 13.333 5.867 0.605 0.089 -0.43 0.620 0.114
19MG46-78 19MG46-5 6.757 0.959 0.740 0.094 0.75 0.081 0.110
19MG46-79 19MG46-5 3.571 1.276 0.670 0.130 -0.13 0.055 0.111

79 19MG46-79 19MG46-5 6.494 1.434 0.840 0.260 0.79 0.029 0.038
19MG46-79 19MG46-5 5.587 2.715 0.690 0.290 1.00 0.026 0.023
19MG46-80 19MG46-5 5.435 1.241 0.980 0.310 0.56 0.042 0.069

80 19MG46-80 19MG46-5 13.514 1.826 0.830 0.430 0.90 0.107 0.059

81 19MG46-81 19MG46-5 5.376 0.607 1.100 0.180 0.97 0.035 0.047
19MG46-82 19MG46-5 4.739 1.235 0.860 0.100 0.32 0.166 0.278

82 19MG46-82 19MG46-5 12.195 2.082 0.950 0.130 0.24 0.215 0.154
19MG46-82 19MG46-5 11.905 2.126 0.780 0.120 -0.03 0.290 0.095
19MG46-83 19MG46-5 6.289 0.831 0.731 0.085 0.79 0.103 0.119
19MG46-83 19MG46-5 7.463 1.726 0.940 0.120 0.68 0.126 0.186

8 19MG46-83 19MG46-5 9.615 1.479 0.680 0.130 0.15 0.126 0.096
19MG46-83 19MG46-5 14.286 2.449 1.010 0.210 0.88 0.145 0.095

84 19MG46-84 19MG46-5 10.204 1.145 0.890 0.140 1.00 0.076 0.059
19MG46-84 19MG46-5 14.286 2.857 1.010 0.280 0.84 0.059 0.039
19MG46-85 19MG46-5 4.484 0.623 1.030 0.250 0.94 0.029 0.049
19MG46-85 19MG46-5 10.101 2.959 0.870 0.370 1.00 0.044 0.024

8 19MG46-85 19MG46-5 16.393 3.225 0.150 0.970 0.75 0.049 0.031
19MG46-85 19MG46-5 2.778 1.929 1.060 0.240 0.14 0.036 0.110
19MG46-86 19MG46-5 5.464 1.284 0.710 0.150 0.58 0.067 0.099

8 19MG46-86 19MG46-5 16.313 2.502 0.970 0.130 0.77 0.130 0.046
19MG46-87 19MG46-5 10.417 1.953 0.900 0.200 0.68 0.074 0.083
19MG46-87 19MG46-5 10.417 1.736 1.030 0.490 0.90 0.052 0.043

87 19MG46-87 19MG46-5 8.333 2.153 0.720 0.270 0.99 0.043 0.045
19MG46-87 19MG46-5 11.765 5.121 0.740 0.300 0.99 0.031 0.023
19MG46-87 19MG46-5 14.925 5.124 1.020 0.370 0.89 0.058 0.027

88 19MG46-88 19MG46-5 6.803 1.1 0.900 0.210 0.53 0.066 0.053
19MG46-89 19MG46-5 4.065 1.058 0.940 0.210 0.80 0.050 0.089

89 19MG46-89 19MG46-5 13.333 1.778 1.180 0.220 0.96 0.057 0.038
19MG46-89 19MG46-5 21.930 4.761 0.750 0.200 0.96 0.125 0.043

90 19MG46-90 19MG46-5 11.494 1.189 0.720 0.480 0.91 0.061 0.051

91 19MG46-91 19MG46-6 15.175 1.773 0.390 0.700 0.87 0.050 0.028

92 19MG46-92 19MG46-6 11.403 1.248 0.500 0.590 0.85 0.051 0.043

93 19MG46-93 19MG46-6 19.455 2.157 0.580 0.630 0.75 0.070 0.038

94 19MG46-94 19MG46-6 19.646 2.277 0.940 0.340 0.90 0.065 0.031
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG46-95 19MG46-6 19.231 4.068 1.150 0.220 0.35 0.126 0.080
19MG46-95 19MG46-6 33.898 9.767 0.600 0.130 0.09 0.440 0.044

95 19MG46-95 19MG46-6 35.587 5.319 0.910 0.230 0.74 0.187 0.049
19MG46-95 19MG46-6 28.986 8.318 0.870 0.250 0.20 0.199 0.037
19MG46-95 19MG46-6 19.231 4.808 0.910 0.290 0.86 0.069 0.038
19MG46-96 19MG46-6 8.850 1.410 1.110 0.210 0.78 0.048 0.062

96 19MG46-96 19MG46-6 10.204 1.874 0.800 0.170 0.79 0.053 0.047
19MG46-96 19MG46-6 11.364 1.679 1.200 0.650 0.91 0.037 0.037

97 19MG46-97 19MG46-6 5.556 0.586 1.140 0.210 0.73 0.029 0.047
19MG46-98 19MG46-6 21.277 5.885 0.970 0.300 1.00 0.113 0.060

% 19MG46-98 19MG46-6 32.154 3.929 0.670 0.480 0.91 0.118 0.034
19MG46-99 19MG46-6 7.634 1.690 0.850 0.240 0.57 0.072 0.098
19MG46-99 19MG46-6 29.412 10.381 0.680 0.170 0.41 0.410 0.075

% 19MG46-99 19MG46-6 5.556 3.086 1.060 0.420 0.98 0.096 0.250
19MG46-99 19MG46-6 0.338 0.030 0.797 0.027 0.06 0.076 2.090

100 19MG46-100 19MG46-6 7.353 1.352 0.660 0.210 0.74 0.026 0.028

19MG74-A from DA strain domain
19MG74-1-1 19MG74-A-6B 2.304 0.122 0.790 0.033 0.61 0.360 1.630
19MG74-1-1 19MG74-A-6B 1.715 0.076 0.805 0.025 0.43 0.287 1.714

! 19MG74-1-1 19MG74-A-6B 2.041 0.104 0.827 0.041 0.41 0.306 1.622
19MG74-1-1 19MG74-A-6B 2.907 0.228 0.809 0.030 0.49 0.426 1.600
19MG74-1-2 19MG74-A-6B 2,933 0.129 0.793 0.037 0.51 0.473 1.668

) 19MG74-1-2 19MG74-A-6B 4.739 0.629 0.811 0.055 0.58 0.560 1.260
19MG74-1-2 19MG74-A-6B 1.923 0.518 1.260 0.270 0.09 0.276 1.650
19MG74-1-2 19MG74-A-6B 0.794 0.315 1.710 0.440 0.24 0.152 0.760
19MG74-1-3 19MG74-A-6B 0.971 0.104 0.815 0.041 0.74 0.167 1.623
19MG74-1-3 19MG74-A-6B 0.799 0.045 0.816 0.039 0.10 0.131 1.725

s 19MG74-1-3 19MG74-A-6B 0.976 0.080 0.797 0.032 0.15 0.156 1.574
19MG74-1-3 19MG74-A-6B 1.466 0.196 0.784 0.040 0.06 0.234 1.570
19MG74-1-4 19MG74-A-6B 2123 0.099 0.816 0.039 0.56 0.314 1.487
19MG74-1-4 19MG74-A-6B 1.721 0.080 0.796 0.022 0.23 0.256 1.493

4 19MG74-1-4 19MG74-A-6B 3.311 0.219 0.826 0.042 0.56 0.458 1.396
19MG74-1-4 19MG74-A-6B 1.880 0.177 0.809 0.039 0.14 0.276 1.351
19MG74-1-5 19MG74-A-6B 0.518 0.027 0.822 0.032 0.50 0.095 1.873
19MG74-1-5 19MG74-A-6B 0.625 0.029 0.821 0.026 0.31 0.106 1.690

° 19MG74-1-5 19MG74-A-6B 0.676 0.073 0.825 0.040 0.61 0.109 1.630
19MG74-1-5 19MG74-A-6B 0.541 0.044 0.791 0.037 0.65 0.089 1.580
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-6 19MG74-A-6B 2.288 0.115 0.806 0.032 0.30 0.461 1.920
19MG74-1-6 19MG74-A-6B 2.924 0.180 0.800 0.045 0.58 0.608 2.040
19MG74-1-6 19MG74-A-6B 2.513 0.126 0.792 0.051 0.25 0.464 1.849

6 19MG74-1-6 19MG74-A-6B 3.247 0.253 0.775 0.086 0.67 0.555 1.690
19MG74-1-6 19MG74-A-6B 2.445 0.102 0.817 0.029 0.48 0.441 1.820
19MG74-1-6 19MG74-A-6B 3.003 0.225 0.827 0.051 0.49 0.539 1.797
19MG74-1-6 19MG74-A-6B 2.959 0.333 0.806 0.039 0.33 0.561 1.713
19MG74-1-7 19MG74-A-6B 0.926 0.094 0.809 0.049 0.30 0.179 1.740
19MG74-1-7 19MG74-A-6B 0.885 0.094 0.785 0.053 0.30 0.185 1.880

7 19MG74-1-7 19MG74-A-6B 1.185 0.101 0.821 0.032 0.30 0.226 1.855
19MG74-1-7 19MG74-A-6B 1.095 0.054 0.789 0.026 0.46 0.196 1.679
19MG74-1-7 19MG74-A-6B 1.681 0.085 0.810 0.027 0.67 0.274 1.588
19MG74-1-8 19MG74-A-6B 1.672 0.115 0.787 0.060 0.23 0.370 1.960
19MG74-1-8 19MG74-A-6B 2.092 0.245 0.814 0.049 0.17 0.468 1.920
19MG74-1-8 19MG74-A-6B 1.901 0.195 0.738 0.064 0.75 0.415 2.040
19MG74-1-8 19MG74-A-6B 2.439 0.107 0.835 0.038 0.46 0.494 1.883

8 19MG74-1-8 19MG74-A-6B 2.347 0.138 0.798 0.037 0.49 0.485 1.910
19MG74-1-8 19MG74-A-6B 2.375 0.130 0.875 0.041 0.46 0.465 1.870
19MG74-1-8 19MG74-A-6B 1.961 0.211 0.742 0.062 0.50 0.421 1.940
19MG74-1-8 19MG74-A-6B 3.077 0.246 0.832 0.055 0.65 0.598 1.783
19MG74-1-9 19MG74-A-6B 2.375 0.248 0.810 0.035 0.02 0.440 1.590
19MG74-1-9 19MG74-A-6B 1.567 0.057 0.805 0.026 0.60 0.302 1.666

° 19MG74-1-9 19MG74-A-6B 2.288 0.141 0.821 0.036 0.74 0.417 1.574
19MG74-1-9 19MG74-A-6B 1.608 0.090 0.829 0.031 0.31 0.271 1.501
19MG74-1-10 19MG74-A-6B 1.996 0.147 0.811 0.048 0.49 0.400 1.697
19MG74-1-10 19MG74-A-6B 2.865 0.378 0.788 0.035 0.45 0.624 1.880
19MG74-1-10 19MG74-A-6B 2.342 0.176 0.797 0.044 0.71 0.504 1.921

10 19MG74-1-10 19MG74-A-6B 2.268 0.298 0.799 0.053 0.05 0.522 1.980
19MG74-1-10 19MG74-A-6B 1.613 0.057 0.832 0.026 0.65 0.343 1.882
19MG74-1-10 19MG74-A-6B 1.319 0.061 0.806 0.028 0.41 0.292 1.991
19MG74-1-10 19MG74-A-6B 1.618 0.139 0.850 0.056 0.64 0.374 2.086
19MG74-1-11 19MG74-A-6B 1.786 0.140 0.831 0.028 0.05 0.357 1.677
19MG74-1-11 19MG74-A-6B 1.362 0.110 0.811 0.034 0.69 0.271 1.682

11 19MG74-1-11 19MG74-A-6B 1.953 0.233 0.811 0.028 0.24 0.369 1.510
19MG74-1-11 19MG74-A-6B 1.368 0.116 0.839 0.030 0.37 0.227 1.480
19MG74-1-11 19MG74-A-6B 1.730 0.099 0.834 0.036 0.49 0.320 1.631
19MG74-1-12 19MG74-A-6B 2.342 0.214 0.867 0.058 0.65 0.417 1.550
19MG74-1-12 19MG74-A-6B 3.067 0.216 0.833 0.043 0.58 0.538 1.480

12 19MG74-1-12 19MG74-A-6B 2.500 0.194 0.775 0.040 0.55 0.454 1.441
19MG74-1-12 19MG74-A-6B 2.747 0.121 0.800 0.030 0.40 0.690 2.070
19MG74-1-12 19MG74-A-6B 1.965 0.282 0.836 0.053 0.58 0.679 2.990
19MG74-1-12 19MG74-A-6B 2.959 0.149 0.810 0.034 0.46 0.503 1.490
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-13 19MG74-A-6B 1.297 0.165 0.823 0.079 0.28 0.311 2.050
19MG74-1-13 19MG74-A-6B 1.379 0.105 0.783 0.042 0.33 0.365 2.120

13 19MG74-1-13 19MG74-A-6B 2.392 0.223 0.794 0.037 0.42 0.559 1.822
19MG74-1-13 19MG74-A-6B 1.684 0.094 0.825 0.032 0.47 0.367 1.757
19MG74-1-13 19MG74-A-6B 2.445 0.143 0.797 0.035 0.55 0.498 1.703
19MG74-1-14 19MG74-A-6B 2.525 0.230 0.771 0.028 0.30 0.635 1.828
19MG74-1-14 19MG74-A-6B 1.912 0.069 0.811 0.031 0.66 0.376 1.625

14 19MG74-1-14 19MG74-A-6B 2.488 0.099 0.816 0.039 0.73 0.487 1.623
19MG74-1-14 19MG74-A-6B 3.521 0.136 0.806 0.035 0.46 0.612 1.487
19MG74-1-14 19MG74-A-6B 3.247 0.369 0.794 0.064 0.73 0.581 1.520
19MG74-1-15 19MG74-A-6B 3.846 0.325 0.805 0.046 0.53 0.827 1.670
19MG74-1-15 19MG74-A-6B 3.344 0.313 0.812 0.048 0.06 0.584 1.450
19MG74-1-15 19MG74-A-6B 3.861 0.268 0.844 0.062 0.74 0.606 1.274

1 19MG74-1-15 19MG74-A-6B 3.484 0.255 0.783 0.047 0.87 0.534 1.246
19MG74-1-15 19MG74-A-6B 3.636 0.264 0.824 0.051 0.71 0.571 1.314
19MG74-1-15 19MG74-A-6B 2.463 0.158 0.841 0.029 0.24 0.406 1.371
19MG74-1-16 19MG74-A-6B 1.639 0.161 0.812 0.040 0.47 0.377 1.809
19MG74-1-16 19MG74-A-6B 1.890 0.257 0.775 0.059 0.67 0.503 2.140
19MG74-1-16 19MG74-A-6B 3.236 0.367 0.794 0.049 0.42 0.850 2.004

16 19MG74-1-16 19MG74-A-6B 2.660 0.127 0.817 0.040 0.40 0.635 1.975
19MG74-1-16 19MG74-A-6B 2.119 0.144 0.797 0.035 0.71 0.462 1.753
19MG74-1-16 19MG74-A-6B 2.584 0.093 0.793 0.030 0.50 0.494 1.587
19MG74-1-16 19MG74-A-6B 2.817 0.254 0.840 0.049 0.62 0.462 1.282
19MG74-1-17 19MG74-A-6B 2.096 0.123 0.821 0.043 0.52 0.529 2.200
19MG74-1-17 19MG74-A-6B 1.934 0.071 0.815 0.034 0.59 0.479 2.028
19MG74-1-17 19MG74-A-6B 2.494 0.174 0.810 0.035 0.15 0.541 1.816

17 19MG74-1-17 19MG74-A-6B 2.865 0.181 0.803 0.049 0.60 0.630 1.845
19MG74-1-17 19MG74-A-6B 2.770 0.261 0.810 0.050 0.36 0.586 1.642
19MG74-1-17 19MG74-A-6B 3.077 0.199 0.865 0.052 0.77 0.607 1.704
19MG74-1-17 19MG74-A-6B 2.551 0.143 0.820 0.035 0.67 0.522 1.792

18 19MG74-1-18 19MG74-A-6B 1.789 0.253 0.783 0.034 0.41 0.594 2.400
19MG74-1-18 19MG74-A-6B 1.020 0.034 0.807 0.018 0.48 0.250 2.070
19MG74-1-19 19MG74-A-6B 1.592 0.109 0.832 0.047 0.43 0.340 1.980
19MG74-1-19 19MG74-A-6B 1.675 0.149 0.752 0.048 0.53 0.373 1.820

19 19MG74-1-19 19MG74-A-6B 2.160 0.131 0.812 0.050 0.77 0.419 1.691
19MG74-1-19 19MG74-A-6B 2.725 0.141 0.819 0.035 0.76 0.496 1.659
19MG74-1-19 19MG74-A-6B 2.294 0.116 0.815 0.033 0.39 0.391 1.590
19MG74-1-20 19MG74-A-6B 3.300 0.120 0.831 0.027 0.56 0.661 1.815

20 19MG74-1-20 19MG74-A-6B 2.370 0.090 0.806 0.027 0.49 0.461 1.744
19MG74-1-21 19MG74-A-6B 1.852 0.230 0.864 0.044 0.27 0.410 2.064

21 19MG74-1-21 19MG74-A-6B 2.257 0.076 0.795 0.020 0.41 0.443 1.793
19MG74-1-21 19MG74-A-6B 2.237 0.130 0.807 0.050 0.69 0.382 1.590
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-22 19MG74-A-6B 1.067 0.071 0.787 0.050 0.59 0.252 2.180
19MG74-1-22 19MG74-A-6B 1.418 0.095 0.808 0.048 0.66 0.273 1.800

22 19MG74-1-22 19MG74-A-6B 1.202 0.098 0.782 0.054 0.80 0.227 1.730
19MG74-1-22 19MG74-A-6B 1.208 0.063 0.792 0.034 0.52 0.218 1.780
19MG74-1-22 19MG74-A-6B 1.701 0.095 0.819 0.023 0.38 0.291 1.660
19MG74-1-23 19MG74-A-6B 1.942 0.083 0.770 0.028 0.55 0.372 1.819
19MG74-1-23 19MG74-A-6B 2.364 0.179 0.791 0.044 0.60 0.463 1.820

28 19MG74-1-23 19MG74-A-6B 2.577 0.113 0.819 0.027 0.40 0.487 1.914
19MG74-1-23 19MG74-A-6B 3.135 0.167 0.797 0.029 0.52 0.542 1.719
19MG74-1-24 19MG74-A-6B 2.865 0.148 0.799 0.028 0.65 0.533 1.853

" 19MG74-1-24 19MG74-A-6B 2.309 0.176 0.782 0.038 0.56 0.468 1.990
19MG74-1-24 19MG74-A-6B 1.721 0.136 0.812 0.054 0.89 0.302 1.824
19MG74-1-24 19MG74-A-6B 1.037 0.071 0.811 0.030 0.32 0.189 1.854
19MG74-1-25 19MG74-A-6B 3.040 0.194 0.820 0.049 0.65 0.658 2.200

25 19MG74-1-25 19MG74-A-6B 3.125 0.146 0.814 0.033 0.35 0.596 1.950
19MG74-1-25 19MG74-A-6B 2.370 0.084 0.813 0.026 0.58 0.426 1.888

- 19MG74-1-26 19MG74-A-6B 0.803 0.059 0.812 0.030 0.30 0.163 2.054
19MG74-1-26 19MG74-A-6B 2.294 0.089 0.840 0.022 0.33 0.365 1.778
19MG74-1-27 19MG74-A-6B 1.070 0.077 0.819 0.026 0.34 0.202 1.996
19MG74-1-27 19MG74-A-6B 2.105 0.160 0.839 0.035 0.38 0.335 1.679

27 19MG74-1-27 19MG74-A-6B 1.667 0.142 0.785 0.047 0.70 0.258 1.570
19MG74-1-27 19MG74-A-6B 2.008 0.085 0.843 0.040 0.86 0.292 1.652
19MG74-1-28 19MG74-A-6B 2.538 0.129 0.796 0.031 0.35 0.514 2.298
19MG74-1-28 19MG74-A-6B 2.538 0.174 0.815 0.036 0.01 0.447 1.993

28 19MG74-1-28 19MG74-A-6B 2.105 0.137 0.814 0.048 0.41 0.366 1.990
19MG74-1-28 19MG74-A-6B 1.984 0.114 0.801 0.032 0.75 0.325 1.835
19MG74-1-28 19MG74-A-6B 2.994 0.170 0.779 0.028 0.45 0.490 1.861
19MG74-1-29 19MG74-A-5B 3.145 0.148 0.774 0.036 -0.03 0.505 1.712
19MG74-1-29 19MG74-A-5B 4.762 0.590 0.799 0.053 0.55 0.778 1.740

29 19MG74-1-29 19MG74-A-5B 3.115 0.252 0.823 0.044 0.36 0.494 1.820
19MG74-1-29 19MG74-A-5B 2.874 0.124 0.800 0.025 0.64 0.379 1.527
19MG74-1-29 19MG74-A-5B 1.821 0.096 0.843 0.035 0.50 0.203 1.410
19MG74-1-30 19MG74-A-5B 2.232 0.095 0.797 0.027 0.47 0.352 1.772
19MG74-1-30 19MG74-A-5B 2.353 0.183 0.754 0.045 0.32 0.364 1.848
19MG74-1-30 19MG74-A-5B 1.992 0.099 0.825 0.046 0.79 0.287 1.742

%0 19MG74-1-30 19MG74-A-5B 2.415 0.175 0.815 0.053 0.20 0.355 1.751
19MG74-1-30 19MG74-A-5B 2.967 0.150 0.779 0.048 0.45 0.426 1.733
19MG74-1-30 19MG74-A-5B 3.597 0.233 0.812 0.054 0.78 0.488 1.650
19MG74-1-31 19MG74-A-5B 2.770 0.200 0.809 0.040 0.14 0.502 1.911

” 19MG74-1-31 19MG74-A-5B 2.882 0.125 0.803 0.038 0.55 0.467 1.941
19MG74-1-31 19MG74-A-5B 2.959 0.140 0.811 0.031 0.45 0.443 1.751
19MG74-1-31 19MG74-A-5B 2.160 0.107 0.818 0.036 0.49 0.313 1.768
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-32 19MG74-A-5B 2.421 0.129 0.840 0.035 0.17 0.381 1.960
19MG74-1-32 19MG74-A-5B 4.717 0.823 0.817 0.064 0.24 0.770 1.900

%2 19MG74-1-32 19MG74-A-5B 2.488 0.087 0.807 0.031 0.43 0.371 1.920
19MG74-1-32 19MG74-A-5B 2.667 0.114 0.819 0.025 0.35 0.351 1.649
19MG74-1-33 19MG74-A-5B 1.730 0.093 0.833 0.030 0.23 0.271 1.974
19MG74-1-33 19MG74-A-5B 2.506 0.170 0.874 0.039 0.33 0.363 1.854

3 19MG74-1-33 19MG74-A-5B 2.294 0.116 0.814 0.027 0.30 0.329 1.739
19MG74-1-33 19MG74-A-5B 1.838 0.084 0.838 0.025 0.21 0.239 1.591
19MG74-1-34 19MG74-A-5B 2.967 0.273 0.838 0.046 0.42 0.471 2.020
19MG74-1-34 19MG74-A-5B 2.551 0.254 0.755 0.051 0.55 0.500 2.510

34 19MG74-1-34 19MG74-A-5B 3.226 0.135 0.811 0.027 0.51 0.497 1.900
19MG74-1-34 19MG74-A-5B 2.674 0.186 0.778 0.037 0.38 0.428 1.910
19MG74-1-34 19MG74-A-5B 3.472 0.121 0.835 0.032 0.36 0.459 1.700
19MG74-1-35 19MG74-A-5B 2.353 0.1 0.887 0.061 0.52 0.344 2.033
19MG74-1-35 19MG74-A-5B 2.155 0.121 0.827 0.037 0.33 0.313 1.830

35 19MG74-1-35 19MG74-A-5B 2.907 0.237 0.839 0.041 0.60 0.436 2.020
19MG74-1-35 19MG74-A-5B 3.390 0.276 0.783 0.033 0.48 0.554 1.928
19MG74-1-35 19MG74-A-5B 2.625 0.138 0.811 0.032 0.67 0.384 1.844
19MG74-1-36 19MG74-A-5B 1.531 0.082 0.817 0.021 0.35 0.231 1.839

% 19MG74-1-36 19MG74-A-5B 3.774 0.256 0.844 0.035 0.42 0.479 1.710
19MG74-1-37 19MG74-A-5B 2.451 0.150 0.826 0.037 0.29 0.345 1.859
19MG74-1-37 19MG74-A-5B 3.247 0.211 0.836 0.045 0.67 0.482 1.960

37 19MG74-1-37 19MG74-A-5B 2.519 0.127 0.796 0.029 0.39 0.377 1.918
19MG74-1-37 19MG74-A-5B 1.727 0.107 0.808 0.031 0.34 0.282 2.040
19MG74-1-38 19MG74-A-5B 1.669 0.123 0.808 0.025 0.24 0.295 1.976

38 19MG74-1-38 19MG74-A-5B 2.558 0.203 0.833 0.034 0.41 0.410 2.008
19MG74-1-38 19MG74-A-5B 2.667 0.171 0.803 0.034 -0.04 0.403 2.019
19MG74-1-39 19MG74-A-5B 2.695 0.211 0.803 0.031 0.38 0.500 2.385

%9 19MG74-1-39 19MG74-A-5B 1.502 0.061 0.811 0.018 0.36 0.260 2.262
19MG74-1-40 19MG74-A-5B 2.591 0.114 0.825 0.028 0.53 0.430 2.303

40 19MG74-1-40 19MG74-A-5B 2.198 0.058 0.828 0.020 0.52 0.318 2.039
19MG74-1-41 19MG74-A-5B 1.304 0.083 0.820 0.043 0.56 0.233 2.390
19MG74-1-41 19MG74-A-5B 1.724 0.155 0.792 0.038 0.56 0.286 2.160

o 19MG74-1-41 19MG74-A-5B 2.024 0.143 0.830 0.043 0.67 0.316 2.228
19MG74-1-41 19MG74-A-5B 1.253 0.047 0.810 0.023 0.40 0.184 2.020
19MG74-1-42 19MG74-A-5B 2.415 0.228 0.813 0.057 0.61 0.450 2470
19MG74-1-42 19MG74-A-5B 2.924 0.291 0.784 0.040 0.23 0.547 2.650

2 19MG74-1-42 19MG74-A-5B 2.500 0.094 0.813 0.034 0.63 0.412 2.320
19MG74-1-42 19MG74-A-5B 3.968 0.189 0.819 0.027 0.52 0.609 2.120
19MG74-1-43 19MG74-A-5B 2.475 0.061 0.809 0.020 0.60 0.381 2.188

3 19MG74-1-43 19MG74-A-5B 3.226 0.260 0.833 0.040 0.46 0.481 1.993
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-44 19MG74-A-5B 1.208 0.067 0.817 0.031 0.52 0.259 3.100
19MG74-1-44 19MG74-A-5B 1.381 0.088 0.768 0.029 0.52 0.278 2.720

4 19MG74-1-44 19MG74-A-5B 1.238 0.031 0.806 0.018 0.61 0.232 2.654
19MG74-1-44 19MG74-A-5B 1.100 0.054 0.804 0.032 0.38 0.182 2.372
19MG74-1-45 19MG74-A-5B 3.135 0.147 0.776 0.042 0.55 0.512 2.380
19MG74-1-45 19MG74-A-5B 3.165 0.240 0.836 0.049 0.48 0.449 2.090

45 19MG74-1-45 19MG74-A-5B 2.278 0.368 0.798 0.039 0.37 0.493 3.090
19MG74-1-45 19MG74-A-5B 4.425 0.274 0.778 0.037 0.63 0.675 2.200
19MG74-1-45 19MG74-A-5B 3.205 0.154 0.825 0.033 0.35 0.478 2.206
19MG74-1-46 19MG74-A-5B 2.564 0.296 0.800 0.033 0.08 0.494 2.220

46 19MG74-1-46 19MG74-A-5B 1.653 0.060 0.823 0.033 0.48 0.244 2.160
19MG74-1-46 19MG74-A-5B 2.299 0.169 0.793 0.041 0.25 0.313 1.937
19MG74-1-46 19MG74-A-5B 3.268 0.310 0.829 0.040 0.23 0.436 1.940
19MG74-1-47 19MG74-A-5B 2.681 0.259 0.833 0.049 0.45 0.398 2170
19MG74-1-47 19MG74-A-5B 2.193 0.202 0.819 0.033 0.29 0.325 2.220

i 19MG74-1-47 19MG74-A-5B 1.499 0.045 0.809 0.025 0.33 0.215 2127
19MG74-1-47 19MG74-A-5B 2.278 0.202 0.799 0.043 0.36 0.321 2.060
19MG74-1-48 19MG74-A-5B 1.799 0.165 0.836 0.053 0.50 0.270 2.200
19MG74-1-48 19MG74-A-5B 2.551 0.137 0.877 0.055 0.69 0.378 2.250

48 19MG74-1-48 19MG74-A-5B 2.288 0.120 0.789 0.037 0.33 0.380 2.440
19MG74-1-48 19MG74-A-5B 4.049 0.377 0.820 0.036 0.48 0.597 2.190
19MG74-1-48 19MG74-A-5B 2.604 0.224 0.798 0.033 0.17 0.371 2.005
19MG74-1-49 19MG74-A-5B 2.242 0.151 0.829 0.024 0.12 0.422 2.640

49 19MG74-1-49 19MG74-A-5B 3.096 0.182 0.828 0.029 0.13 0.564 2.705
19MG74-1-49 19MG74-A-5B 2.020 0.175 0.801 0.032 0.42 0.362 2.578
19MG74-1-50 19MG74-A-5B 1.410 0.078 0.824 0.037 0.56 0.282 3.020

50 19MG74-1-50 19MG74-A-5B 2.747 0.264 0.794 0.023 0.04 0.612 2.710
19MG74-1-50 19MG74-A-5B 1.362 0.165 0.807 0.038 0.28 0.260 2.636
19MG74-1-51 19MG74-A-5B 0.510 0.031 0.786 0.033 0.09 0.090 2.490
19MG74-1-51 19MG74-A-5B 0.610 0.041 0.818 0.031 -0.03 0.107 2.683

o1 19MG74-1-51 19MG74-A-5B 0.592 0.032 0.811 0.027 0.17 0.106 2.682
19MG74-1-51 19MG74-A-5B 1.020 0.100 0.800 0.050 0.45 0.196 2.650
19MG74-1-52 19MG74-A-5B 1.511 0.135 0.828 0.042 0.60 0.279 2.710

52 19MG74-1-52 19MG74-A-5B 2.188 0.124 0.812 0.029 0.44 0.414 2.756
19MG74-1-52 19MG74-A-5B 2.326 0.119 0.816 0.025 0.27 0.425 2.724
19MG74-1-53 19MG74-A-5B 0.415 0.040 0.863 0.040 0.27 0.069 2.370
19MG74-1-53 19MG74-A-5B 1.656 0.129 0.820 0.033 0.50 0.278 2.610
19MG74-1-53 19MG74-A-5B 1.764 0.236 0.810 0.043 0.29 0.317 2.560

5 19MG74-1-53 19MG74-A-5B 1.524 0.204 0.765 0.052 0.75 0.265 2.640
19MG74-1-53 19MG74-A-5B 2.070 0.154 0.787 0.051 0.43 0.362 2.600
19MG74-1-53 19MG74-A-5B 2.538 0.122 0.795 0.030 0.25 0.418 2.410
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-54 19MG74-A-5B 3.145 0.188 0.804 0.040 0.51 0.551 2.590
19MG74-1-54 19MG74-A-5B 2.070 0.317 0.791 0.039 0.55 0.432 2.920

54 19MG74-1-54 19MG74-A-5B 3.534 0.187 0.846 0.038 0.39 0.546 2.300
19MG74-1-54 19MG74-A-5B 2.933 0.146 0.775 0.054 0.07 0.488 2.450
19MG74-1-54 19MG74-A-5B 4.444 0.257 0.830 0.028 0.59 0.723 2.419
19MG74-1-55 19MG74-A-5B 3.356 0.180 0.795 0.023 0.43 0.621 2.695

% 19MG74-1-55 19MG74-A-5B 1.972 0.109 0.827 0.025 0.48 0.330 2.449
19MG74-1-56 19MG74-A-5B 4115 0.254 0.854 0.048 0.43 0.780 2.940

56 19MG74-1-56 19MG74-A-5B 2.564 0.256 0.827 0.036 0.05 0.675 4.160
19MG74-1-56 19MG74-A-5B 2.924 0.188 0.804 0.020 0.36 0.607 2.843
19MG74-1-57 19MG74-A-5B 4.854 0.377 0.809 0.048 0.29 0.836 2.550
19MG74-1-57 19MG74-A-5B 4.032 0.260 0.851 0.029 0.05 0.792 3.180

*7 19MG74-1-57 19MG74-A-5B 4.386 0.308 0.815 0.039 0.31 0.854 2.970
19MG74-1-57 19MG74-A-5B 3.509 0.271 0.811 0.021 0.34 0.671 2.900
19MG74-1-58 19MG74-A-5B 2.632 0.139 0.837 0.030 0.42 0.397 2.360
19MG74-1-58 19MG74-A-5B 3.058 0.318 0.795 0.052 0.53 0.543 2.900

%8 19MG74-1-58 19MG74-A-5B 2.841 0.145 0.818 0.035 0.41 0.504 2.660
19MG74-1-58 19MG74-A-5B 2.347 0.083 0.817 0.030 0.65 0.362 2.532
19MG74-1-59 19MG74-A-5B 1.745 0.113 0.834 0.032 0.49 0.340 3.140

59 19MG74-1-59 19MG74-A-5B 3.534 0.312 0.804 0.038 0.27 0.546 2.440
19MG74-1-59 19MG74-A-5B 2.381 0.074 0.793 0.022 0.48 0.379 2.510
19MG74-1-60 19MG74-A-5B 2.688 0.130 0.822 0.044 0.54 0.514 3.110
19MG74-1-60 19MG74-A-5B 2.710 0.140 0.829 0.042 0.49 0.473 2.810

60 19MG74-1-60 19MG74-A-5B 3.257 0.223 0.893 0.068 0.72 0.543 2.790
19MG74-1-60 19MG74-A-5B 2.849 0.097 0.814 0.033 0.63 0.440 2.612
19MG74-1-61 19MG74-A-5B 2.232 0.125 0.777 0.038 0.43 0.439 3.050

61 19MG74-1-61 19MG74-A-5B 3.984 0.238 0.806 0.041 0.43 0.674 2.730
19MG74-1-61 19MG74-A-5B 3.021 0.080 0.816 0.018 0.52 0.493 2.726
19MG74-1-62 19MG74-A-5B 3.367 0.215 0.821 0.043 0.48 0.525 2.730
19MG74-1-62 19MG74-A-5B 2.584 0.140 0.823 0.044 0.69 0.411 2.710

62 19MG74-1-62 19MG74-A-5B 4.032 0.244 0.815 0.035 0.25 0.689 3.030
19MG74-1-62 19MG74-A-5B 3.601 0.115 0.818 0.028 0.50 0.548 2613
19MG74-1-63 19MG74-A-5B 1.748 0.138 0.805 0.034 0.58 0.298 2.830
19MG74-1-63 19MG74-A-5B 1.912 0.102 0.812 0.040 0.49 0.329 2.960

63 19MG74-1-63 19MG74-A-5B 1.346 0.065 0.809 0.027 0.33 0.226 2.850
19MG74-1-63 19MG74-A-5B 1.143 0.090 0.802 0.045 0.45 0.191 2.750
19MG74-1-63 19MG74-A-5B 1.580 0.145 0.835 0.048 0.69 0.249 2.580
19MG74-1-64 19MG74-A-5B 2.825 0.160 0.812 0.026 0.20 0.541 3.200

64 19MG74-1-64 19MG74-A-5B 2.222 0.202 0.813 0.034 0.20 0.436 3.160
19MG74-1-64 19MG74-A-5B 1.129 0.056 0.813 0.020 0.23 0.220 3.227
19MG74-1-65 19MG74-A-5B 3.115 0.243 0.862 0.061 0.75 0.504 2.750
19MG74-1-65 19MG74-A-5B 2.320 0.140 0.786 0.023 0.45 0.428 3.030

65 19MG74-1-65 19MG74-A-5B 3.378 0.171 0.822 0.025 0.26 0.570 2.870
19MG74-1-65 19MG74-A-5B 2.198 0.169 0.821 0.041 0.43 0.338 2.690
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-66 19MG74-A-5B 1.976 0.133 0.834 0.048 0.56 0.336 2.850
66 19MG74-1-66 19MG74-A-5B 1.976 0.145 0.800 0.033 0.11 0.358 3.110
19MG74-1-66 19MG74-A-5B 1.570 0.064 0.824 0.022 0.30 0.259 2.815
19MG74-1-67 19MG74-A-5B 0.613 0.026 0.812 0.020 0.18 0.103 2.864
o7 19MG74-1-67 19MG74-A-5B 1.490 0.158 0.814 0.036 0.42 0.255 2.850
68 19MG74-1-68 19MG74-A-4B 2.786 0.209 0.914 0.076 0.52 0.042 0.260
19MG74-1-69 19MG74-A-4B 2.653 0.176 0.881 0.060 0.60 0.060 0.411
69 19MG74-1-69 19MG74-A-4B 1.502 0.176 0.861 0.097 0.58 0.030 0.315
19MG74-1-70 19MG74-A-4B 1.321 0.099 0.819 0.063 0.53 0.041 0.526
70 19MG74-1-70 19MG74-A-4B 1.333 0.196 0.807 0.080 0.30 0.048 0.618
19MG74-1-70 19MG74-A-4B 1.414 0.182 0.920 0.120 0.69 0.035 0.414
19MG74-1-71 19MG74-A-4B 1.391 0.145 0.801 0.081 0.72 0.049 0.581
71 19MG74-1-71 19MG74-A-4B 1.529 0.138 0.932 0.086 0.68 0.035 0.397
19MG74-1-71 19MG74-A-4B 3.125 0.273 0.838 0.074 0.43 0.062 0.361
19MG74-1-72 19MG74-A-4B 1.429 0.224 0.785 0.054 0.07 0.075 0.840
& 19MG74-1-72 19MG74-A-4B 1.534 0.172 0.842 0.061 0.40 0.057 0.554
73 19MG74-1-73 19MG74-A-4B 2.066 0.213 0.826 0.076 0.01 0.050 0.404
19MG74-1-73 19MG74-A-4B 1.786 0.159 0.929 0.091 0.81 0.037 0.356
74 19MG74-1-74 19MG74-A-4B 3.448 0.202 0.880 0.057 0.69 0.057 0.256
19MG74-1-75 19MG74-A-4B 0.644 0.030 0.784 0.028 0.50 0.139 3.410
75 19MG74-1-75 19MG74-A-4B 0.455 0.029 0.789 0.024 0.52 0.089 3.010
19MG74-1-75 19MG74-A-4B 0.448 0.024 0.797 0.029 0.43 0.076 2.656
76 19MG74-1-76 19MG74-A-4B 0.370 0.013 0.826 0.015 0.48 0.075 3.078
77 19MG74-1-77 19MG74-A-4B 2.976 0.221 0.822 0.041 0.47 0.088 0.412
19MG74-1-78 19MG74-A-4B 2.976 0.221 0.849 0.063 0.59 0.075 0.368
19MG74-1-78 19MG74-A-4B 2.967 0.229 0.832 0.061 0.59 0.075 0.366
8 19MG74-1-78 19MG74-A-4B 2.941 0.285 0.762 0.077 0.65 0.080 0.347
19MG74-1-78 19MG74-A-4B 0.917 0.168 0.860 0.062 0.21 0.095 1.540
19MG74-1-79 19MG74-A-4B 1.342 0.160 0.851 0.091 0.28 0.092 0.910
79 19MG74-1-79 19MG74-A-4B 1.838 0.203 0.798 0.082 0.34 0.098 0.770
19MG74-1-79 19MG74-A-4B 2.577 0.173 0.841 0.041 0.32 0.122 0.669
80 19MG74-1-80 19MG74-A-4B 1.422 0.081 0.839 0.043 0.40 0.050 0.464
81 19MG74-1-81 19MG74-A-4B 0.930 0.063 0.845 0.049 0.51 0.063 0.846
19MG74-1-81 19MG74-A-4B 1.229 0.053 0.842 0.038 0.54 0.079 0.813
82 19MG74-1-82 19MG74-A-4B 1.786 0.134 0.859 0.078 0.48 0.068 0.483
19MG74-1-82 19MG74-A-4B 2.959 0.184 0.829 0.043 0.56 0.156 0.626
19MG74-1-83 19MG74-A-4B 2.695 0.232 0.855 0.052 0.35 0.094 0.440
8 19MG74-1-83 19MG74-A-4B 1.992 0.278 0.849 0.095 0.55 0.042 0.236
84 19MG74-1-84 19MG74-A-4B 1.984 0.240 0.796 0.043 0.09 0.146 0.523
19MG74-1-84 19MG74-A-4B 2179 0.271 0.878 0.078 0.34 0.061 0.288
85 19MG74-1-85 19MG74-A-4B 3.356 0.259 0.926 0.070 0.69 0.068 0.236
19MG74-1-86 19MG74-A-4B 1.779 0.209 0.797 0.059 -0.01 0.112 0.548
86 19MG74-1-86 19MG74-A-4B 1.099 0.362 0.754 0.051 0.20 0.159 1.340
19MG74-1-86 19MG74-A-4B 1.116 0.095 0.809 0.049 0.49 0.109 1.026
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG74-1-87 19MG74-A-4B 2.564 0.276 0.790 0.054 0.52 0.085 0.299
87 19MG74-1-87 19MG74-A-4B 2.083 0.174 0.930 0.100 0.65 0.066 0.377
19MG74-1-87 19MG74-A-4B 1.675 0.230 0.818 0.094 0.67 0.058 0.343
19MG74-1-88 19MG74-A-4B 2.747 0.204 0.887 0.058 0.47 0.178 0.739
88 19MG74-1-88 19MG74-A-4B 1.767 0.181 0.822 0.051 0.48 0.091 0.478
89 19MG74-1-89 19MG74-A-4B 0.591 0.022 0.818 0.022 0.44 0.102 1.688
90 19MG74-1-90 19MG74-A-4B 1.795 0.113 0.835 0.044 0.55 0.070 0.363
91 19MG74-1-91 19MG74-A-4B 1.695 0.103 0.867 0.050 0.68 0.051 0.295
92 19MG74-1-92 19MG74-A-4B 1.064 0.095 0.815 0.049 0.41 0.061 0.563
19MG74-1-92 19MG74-A-4B 1.437 0.109 0.849 0.048 0.73 0.061 0.410
93 19MG74-1-93 19MG74-A-4B 1.340 0.079 0.854 0.057 0.73 0.039 0.286
19MG74-1-94 19MG74-A-4B 0.758 0.109 0.877 0.081 0.61 0.036 0.513
94 19MG74-1-94 19MG74-A-4B 2.584 0.441 0.766 0.054 0.02 0.430 0.757
19MG74-1-94 19MG74-A-4B 1.250 0.089 0.838 0.059 0.58 0.068 0.559
19MG74-1-95 19MG74-A-4B 1.832 0.148 0.809 0.069 0.69 0.054 0.302
95 19MG74-1-95 19MG74-A-4B 1.266 0.192 0.797 0.079 0.21 0.060 0.494
19MG74-1-95 19MG74-A-4B 1.821 0.123 0.883 0.064 0.72 0.054 0.363
96 19MG74-1-96 19MG74-A-4B 1.021 0.041 0.833 0.031 0.58 0.067 0.715
97 19MG74-1-97 19MG74-A-4B 4.695 0.419 0.892 0.069 0.89 0.128 0.294
19MG74-1-97 19MG74-A-4B 2.681 0.295 0.827 0.059 0.56 0.072 0.293
98 19MG74-1-98 19MG74-A-4B 2.433 0.172 0.841 0.050 0.52 0.061 0.303
19MG74-1-99 19MG74-A-4B 0.992 0.083 0.812 0.057 0.45 0.054 0.606
99 19MG74-1-99 19MG74-A-4B 1.364 0.134 0.803 0.095 0.65 0.045 0.369
19MG74-1-99 19MG74-A-4B 0.987 0.085 0.839 0.058 0.37 0.042 0.502
19MG74-1-100 19MG74-A-4B 1.214 0.062 0.854 0.042 0.47 0.057 0.556
100 19MG74-1-100 19MG74-A-4B 2.066 0.145 0.821 0.053 0.36 0.083 0.488

19MG79 from DA strain domain

1 19MG79-1 19MG79-1B no value NAN NaN 0.010 0.190
) 19MG79-2 19MG79-1B 5.556 0.494 0.917 0.092 0.79 0.080 0.164
19MG79-2 19MG79-1B 11.905 1.417 0.880 0.110 0.35 0.139 0.152
19MG79-3 19MG79-1B 2.950 0.235 0.825 0.051 0.60 0.088 0.371
3 19MG79-3 19MG79-1B 4.673 0.415 0.844 0.055 0.20 0.100 0.292
19MG79-3 19MG79-1B 3.145 0.445 0.761 0.067 0.32 0.118 0.434
19MG79-4 19MG79-1B 2.457 0.362 0.800 0.062 0.71 0.061 0.292
4 19MG79-4 19MG79-1B 1.923 0.340 0.851 0.078 0.82 0.044 0.291
5 19MG79-5 19MG79-1B 1.613 0.312 0.750 0.140 0.90 0.021 0.173
6 19MG79-6 19MG79-1B 4.098 0.873 0.898 0.084 0.16 0.084 0.249
19MG79-6 19MG79-1B 3.040 0.351 0.920 0.110 0.88 0.048 0.203
19MG79-7 19MG79-1B 2.208 0.361 0.752 0.074 0.65 0.070 0.408
! 19MG79-7 19MG79-1B 3.185 0.446 0.859 0.074 0.56 0.057 0.234
8 19MG79-8 19MG79-1B no value NAN NaN 0.006 0.251
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG79-9 19MG79-1B 3.021 0.383 0.807 0.090 0.64 0.073 0.345
19MG79-9 19MG79-1B 2.577 0.173 0.842 0.047 0.54 0.072 0.380
10 19MG79-10 19MG79-1B 4.310 0.725 0.802 0.088 0.55 0.089 0.227
19MG79-10 19MG79-1B 9.009 0.812 0.845 0.083 0.61 0.089 0.134
19MG79-11 19MG79-1B 2.770 0.315 0.890 0.100 0.65 0.062 0.316
11 19MG79-11 19MG79-1B 2.933 0.335 0.908 0.099 0.58 0.060 0.296
19MG79-11 19MG79-1B 1.149 0.238 0.776 0.039 0.25 0.085 0.970
19MG79-12 19MG79-1B 2.809 0.387 1.020 0.150 0.75 0.035 0.171
12 19MG79-12 19MG79-1B 2.096 0.272 0.860 0.100 1.00 0.023 0.146
19MG79-13 19MG79-1B 5.495 0.392 0.839 0.081 0.53 0.096 0.234
13 19MG79-13 19MG79-1B 8.130 0.661 0.902 0.075 0.66 0.124 0.231
19MG79-14 19MG79-1B 3.030 0.230 0.786 0.045 0.36 0.119 0.554
14 19MG79-14 19MG79-1B 1.695 0.575 0.765 0.072 0.13 0.097 0.670
19MG79-14 19MG79-1B 4.878 0.880 0.797 0.077 0.56 0.110 0.326
19MG79-15 19MG79-1B 2123 0.334 0.752 0.086 0.84 0.042 0.266
15 19MG79-15 19MG79-1B 0.980 0.231 0.824 0.060 0.60 0.055 0.860
19MG79-15 19MG79-1B 5.102 1.874 0.980 0.190 0.47 0.085 0.245
19MG79-16 19MG79-1B 3.788 0.445 0.820 0.100 0.76 0.067 0.235
19MG79-16 19MG79-1B 4.386 0.731 0.930 0.220 0.57 0.068 0.203
16 19MG79-16 19MG79-1B 5.348 0.886 0.840 0.180 0.52 0.064 0.186
19MG79-16 19MG79-1B 3.968 0.866 1.160 0.390 0.98 0.044 0.174
19MG79-16 19MG79-1B 3.906 0.671 0.810 0.094 0.41 0.040 0.164
19MG79-17 19MG79-1B 2.577 0.458 0.780 0.079 0.41 0.089 0.505
17 19MG79-17 19MG79-1B 5.051 0.536 0.850 0.120 0.76 0.059 0.143
19MG79-17 19MG79-1B 3.906 0.351 0.852 0.078 0.66 0.054 0.192
19MG79-18 19MG79-1B 3.436 0.248 0.871 0.074 0.66 0.047 0.202
18 19MG79-18 19MG79-1B 2.381 0.737 0.840 0.120 0.20 0.047 0.294
19MG79-18 19MG79-1B 4.762 0.726 0.930 0.190 0.69 0.049 0.163
19 19MG79-19 19MG79-1B 1.585 0.196 0.886 0.096 0.77 0.020 0.192
19MG79-20 19MG79-1B 2.222 0.321 0.880 0.150 0.89 0.022 0.128
20 19MG79-20 19MG79-1B 2.326 0.384 0.820 0.120 0.15 0.020 0.102
19MG79-21 19MG79-1B 4.115 0.423 0.854 0.075 0.79 0.067 0.211
21 19MG79-21 19MG79-1B 4.049 0.770 0.960 0.150 0.95 0.045 0.156
19MG79-21 19MG79-1B 3.546 0.704 0.860 0.160 0.94 0.030 0.118
19MG79-22 19MG79-1B 2.066 0.320 0.768 0.066 0.26 0.077 0.443
19MG79-22 19MG79-1B 1.190 0.156 0.743 0.083 0.62 0.042 0.451
22 19MG79-22 19MG79-1B 0.581 0.061 0.773 0.034 0.38 0.065 1.620
19MG79-22 19MG79-1B 0.948 0.087 0.819 0.052 0.41 0.105 1.520
19MG79-22 19MG79-1B 2.564 0.237 0.813 0.073 0.27 0.135 0.780
19MG79-23 19MG79-1B 3.534 0.462 0.990 0.160 0.79 0.037 0.133
28 19MG79-23 19MG79-1B 2.564 0.460 0.810 0.110 0.77 0.028 0.159
19MG79-24 19MG79-1B 7.692 0.710 0.815 0.072 0.72 0.118 0.209
24 19MG79-24 19MG79-1B 5.051 0.689 0.842 0.080 0.95 0.076 0.196
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG79-25 19MG79-1B 4.673 0.611 0.817 0.092 0.70 0.087 0.263
19MG79-25 19MG79-1B 5.952 0.638 0.990 0.120 0.64 0.065 0.170

2 19MG79-25 19MG79-1B 4.016 0.710 0.880 0.150 0.66 0.061 0.232
19MG79-25 19MG79-1B 2.525 0.281 0.856 0.085 0.75 0.057 0.341
26 19MG79-26 19MG79-1B 1.678 0.121 0.852 0.053 0.63 0.034 0.284
19MG79-27 19MG79-1B 3.096 0.393 0.840 0.120 0.86 0.035 0.161
27 19MG79-27 19MG79-1B 1.818 0.661 1.000 0.180 0.52 0.041 0.350
19MG79-27 19MG79-1B 3.831 0.470 0.825 0.079 0.81 0.058 0.202
19MG79-28 19MG79-1B 4.785 0.847 0.848 0.063 0.78 0.155 0.455
28 19MG79-28 19MG79-1B 7.042 0.893 0.819 0.075 0.58 0.228 0.438
19MG79-28 19MG79-1B 4.237 0.610 0.848 0.057 0.56 0.152 0.570
19MG79-29 19MG79-1B 0.980 0.173 0.806 0.072 0.55 0.057 0.690
29 19MG79-29 19MG79-1B 1.299 0.169 0.825 0.054 0.30 0.075 0.723
19MG79-29 19MG79-1B 1.873 0.126 0.769 0.044 0.62 0.108 0.749
19MG79-30 19MG79-1B 2.155 0.181 0.903 0.084 0.69 0.045 0.298
30 19MG79-30 19MG79-1B 3.597 0.311 0.945 0.087 0.70 0.076 0.343
19MG79-30 19MG79-1B 5.181 0.966 0.900 0.130 0.60 0.133 0.364
19MG79-31 19MG79-1B 4.695 0.419 0.827 0.062 0.68 0.139 0.432
31 19MG79-31 19MG79-1B 3.745 0.912 0.820 0.079 0.47 0.124 0.429
19MG79-31 19MG79-1B 5.780 0.668 0.880 0.130 0.42 0.084 0.188
3 19MG79-32 19MG79-1B 2.079 0.225 0.868 0.098 0.81 0.040 0.281
19MG79-32 19MG79-1B 2.985 0.258 0.868 0.076 0.66 0.055 0.245
33 19MG79-33 19MG79-1B no value NAN NaN 0.006 0.158
19MG79-34 19MG79-1B 2.688 0.188 0.839 0.072 0.66 0.082 0.453
34 19MG79-34 19MG79-1B 3.663 0.483 0.950 0.140 0.89 0.053 0.193
19MG79-34 19MG79-1B 2.315 0.305 0.830 0.110 0.76 0.045 0.292
19MG79-35 19MG79-1B 4.785 0.595 0.840 0.110 0.80 0.068 0.227
35 19MG79-35 19MG79-1B 4.000 1.600 0.860 0.130 0.71 0.076 0.270
19MG79-35 19MG79-1B 4.367 0.496 0.804 0.099 0.72 0.061 0.186
19MG79-36 19MG79-1B 3.436 0.661 0.878 0.098 0.83 0.097 0.461
36 19MG79-36 19MG79-1B 2.268 0.283 0.940 0.130 0.74 0.039 0.234
19MG79-36 19MG79-1B 4.274 0.402 0.912 0.086 0.73 0.049 0.190
37 19MG79-37 19MG79-1B 7.353 0.595 0.954 0.066 0.81 0.090 0.186
19MG79-38 19MG79-1B 3.012 0.299 0.897 0.087 0.93 0.050 0.248
% 19MG79-38 19MG79-1B 3.125 0.479 0.876 0.098 0.36 0.050 0.223
19MG79-39 19MG79-1B 2.500 0.750 0.804 0.094 0.49 0.061 0.390
39 19MG79-39 19MG79-1B 2.632 0.298 0.830 0.081 0.61 0.055 0.321
19MG79-39 19MG79-1B 3.690 0.626 0.980 0.170 0.79 0.047 0.184
40 19MG79-40 19MG79-1B 1.953 0.328 0.820 0.140 0.28 0.030 0.203
19MG79-41 19MG79-1B 1.277 0.155 0.835 0.050 0.38 0.088 0.988
41 19MG79-41 19MG79-1B 2.667 0.256 0.834 0.069 0.52 0.090 0.536
19MG79-41 19MG79-1B 5.128 0.657 0.850 0.110 0.52 0.073 0.197
42 19MG79-42 19MG79-1B 1.739 0.230 0.830 0.110 0.38 0.036 0.305
19MG79-42 19MG79-1B 2.681 0.237 0.925 0.095 0.73 0.032 0.199
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Spot  Source file (.FIN2) Sample B8Y/20%pp  +20 (abs) 2’Pb/PPb  *20 (abs) Rho U (ppm) Pb (ppm)
4 19MG79-43 19MG79-1B 1.773 0.302 0.830 0.130 0.64 0.030 0.245
19MG79-43 19MG79-1B 3.030 0.294 0.876 0.072 0.60 0.048 0.239
19MG79-44 19MG79-1B 2.016 0.248 0.808 0.069 0.49 0.051 0.394
44 19MG79-44 19MG79-1B 0.333 0.144 0.740 0.057 0.42 0.028 1.260
19MG79-44 19MG79-1B 2.646 0.413 0.857 0.086 0.10 0.049 0.323
19MG79-45 19MG79-1B 2.488 0.464 0.900 0.110 0.46 0.061 0.409
45 19MG79-45 19MG79-1B 4.808 0.439 0.891 0.092 0.81 0.060 0.210
19MG79-46 19MG79-1B 1.786 0.201 0.883 0.099 0.65 0.051 0.470
46 19MG79-46 19MG79-1B 1.706 0.224 0.880 0.140 0.69 0.035 0.335
19MG79-46 19MG79-1B 2.053 0.261 0.870 0.110 0.87 0.036 0.317
19MG79-46 19MG79-1B 1.408 0.357 1.010 0.130 0.75 0.025 0.327
19MG79-47 19MG79-1B 2.387 0.205 0.779 0.072 0.67 0.074 0.494
47 19MG79-47 19MG79-1B 2.262 0.409 0.806 0.091 0.83 0.062 0.450
19MG79-47 19MG79-1B 3.367 0.363 0.910 0.120 0.60 0.059 0.311
19MG79-47 19MG79-1B 2.747 0.506 0.820 0.110 0.89 0.046 0.271
19MG79-48 19MG79-1B 9.901 2.843 0.850 0.140 0.65 0.137 0.250
48 19MG79-48 19MG79-1B 6.211 0.887 0.830 0.110 0.70 0.103 0.292
19MG79-48 19MG79-1B 9.709 0.943 0.850 0.110 0.87 0.105 0.179
19MG79-49 19MG79-1B 4.587 0.779 0.860 0.120 0.36 0.073 0.273
19MG79-49 19MG79-1B 3.846 0.488 0.790 0.110 0.77 0.058 0.266
49 19MG79-49 19MG79-1B 3.546 0.843 0.690 0.170 0.68 0.053 0.247
19MG79-49 19MG79-1B 4.831 0.513 0.865 0.083 0.61 0.074 0.257
19MG79-50 19MG79-1B 2.500 1.250 0.930 0.150 0.54 0.053 0.390
19MG79-50 19MG79-1B 2.976 0.487 0.830 0.120 0.35 0.040 0.195
%0 19MG79-50 19MG79-1B 3.497 0.513 0.940 0.170 0.83 0.040 0.219
19MG79-50 19MG79-1B 4.405 0.505 0.990 0.140 0.91 0.040 0.166
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Table A5.3: U-Pb isotopic data of calcite veins from the ECM obtained during the session 3 (05-11-2021) of LA-
ICP-MS U-Pb in calcite. The spot size for samples 19MG20, 19MG21 and 19MG43 was 85 um and 135 um for
the sample 19MG46. Red labelled data was excluded from the age regression due to evident high error or a

point belonging to the host rock.

Session 3
WC-1 Calcite reference (Roberts et al., 2017)
Spot  Source file (.FIN2) Sample ZBY0epp 120 (abs)  27Pb/?®Pb  +2c (abs) Rho U (ppm) Pb (ppm)

1 WC1-2 WC-1 24.888 0.390 0.051 0.004 0.17 3.479 0.140
2 WC1-3 WC-1 24.857 0.395 0.051 0.005 -0.11 3.988 0.172
3 WC1-4 WC-1 25.233 0.382 0.050 0.005 0.28 4.015 0.199
4 WC1-5 WC-1 25.069 0.522 0.052 0.007 -0.02 3.433 0.183
5 WC1-6 WC-1 24.802 0.480 0.049 0.007 0.15 3.770 0.217
6 WC1-7 WC-1 25.452 0.486 0.052 0.007 0.00 3.689 0.218
7 WC1-8 WC-1 25.259 0.383 0.052 0.006 0.05 3.725 0.174
8 WC1-9 WC-1 24.624 0.424 0.051 0.006 0.25 3.340 0.180
9 WC1-30 WC-1 24.390 0.595 0.050 0.012 -0.54 3.961 0.324
10 WC1-10 WC-1 25.523 0.456 0.049 0.006 -0.49 3.682 0.182
1 WC1-11 WC-1 24.552 0.410 0.052 0.004 0.01 3.762 0.155
12 WC1-31 WC-1 24.994 0.462 0.052 0.005 0.36 3.678 0.150
13 WC1-12 WC-1 24.969 0.493 0.047 0.007 -0.47 3.702 0.289
14 WC1-13 WC-1 24.746 0.410 0.052 0.003 0.23 3.696 0.186
15 WC1-14 WC-1 24.851 0.414 0.053 0.006 -0.43 3.760 0.168
16 WC1-33 WC-1 24.826 0.468 0.052 0.006 0.34 3.592 0.307
17 WC1-15 WC-1 25.227 0.592 0.045 0.007 -0.70 3.966 0.197
18 WC1-16 WC-1 25.132 0.417 0.051 0.004 0.01 3.680 0.112
19 WC1-17 WC-1 25.484 0.494 0.051 0.008 -0.07 3.705 0.222
20 WC1-34 WC-1 25.075 0.459 0.052 0.006 0.28 3.693 0.169
21 WC1-18 WC-1 24.225 0.446 0.054 0.007 0.29 3.702 0.206
22 WC1-19 WC-1 25.240 0.484 0.051 0.007 0.15 3.698 0.216
23 WC1-35 WC-1 25.195 0.533 0.054 0.007 0.08 3.702 0.227
24 WC1-20 WC-1 25.381 0.509 0.051 0.008 0.24 3.699 0.145
25 WC1-21 WC-1 25.189 0.634 0.052 0.010 -0.51 3.700 0.170
26 WC1-22 WC-1 24.981 0.362 0.052 0.005 0.32 3.699 0.210
27 WC1-23 WC-1 24.981 0.424 0.052 0.005 -0.08 3.721 0.129
28 WC1-36 WC-1 256.227 0.458 0.054 0.006 0.25 3.660 0.178
29 WC1-24 WC-1 24.938 0.423 0.052 0.005 0.19 3.704 0.243
30 WC1-25 WC-1 25.094 0.390 0.050 0.004 -0.19 3.695 0.137
31 WC1-26 WC-1 25.157 0.367 0.050 0.004 0.25 3.738 0.167
32 WC1-37 WC-1 24.225 0.563 0.052 0.010 -0.18 3.023 0.264
33 WC1-38 WC-1 24.882 0.489 0.046 0.008 -0.49 5.689 0.349
34 WC1-39 WC-1 24.851 0.593 0.051 0.007 0.46 2.996 0.151
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Soda-lime glass NIST SRM-614

Spot  Source file (.FIN2) Sample BBYj0epp 120 (abs)  27Pb/*®Pb  +2c (abs) Rho U (ppm) Pb (ppm)
1 NIST614-85-1 NIST-614 1.474 0.018 0.861 0.010 0.29 0.903 5.030
2 NIST614-85-2 NIST-614 1.478 0.019 0.861 0.009 0.54 0.906 5.070
3 NIST614-85-3 NIST-614 1.483 0.019 0.862 0.010 0.33 0.908 5.030
4 NIST614-85-4 NIST-614 1.477 0.022 0.862 0.011 0.63 0.607 5.820
5 NIST614-85-5 NIST-614 1.443 0.020 0.865 0.011 0.60 0.657 5.900
6 NIST614-85-6 NIST-614 1.450 0.019 0.858 0.011 0.54 0.948 4.420
7 NIST614-85-7 NIST-614 1.444 0.019 0.857 0.010 0.29 0.632 4.760
8 NIST614-85-8 NIST-614 1.461 0.020 0.859 0.011 0.46 0.917 7.410
9 NIST614-85-9 NIST-614 1.445 0.021 0.863 0.011 0.29 1.001 7.650
10 NIST614-85-10 NIST-614 1.441 0.019 0.866 0.010 0.57 1.014 7.830

19MG20 from DA strain domain
19MG20-1 19MG20-T1 2.294 0.258 0.814 0.053 0.30 0.122 0.258
! 19MG20-1 19MG20-T1 1.739 0.188 0.821 0.063 0.47 0.049 0.141
19MG20-2 19MG20-T1 7.353 0.703 0.792 0.074 0.31 0.598 0.393
2 19MG20-2 19MG20-T1 4.065 0.364 0.862 0.054 0.66 0.218 0.307
3 19MG20-2 19MG20-T1 7.092 1.207 0.786 0.089 -0.13 0.189 0.120
3 19MG20-3 19MG20-T1 0.833 0.160 0.869 0.085 -0.11 0.064 0.399
4 19MG20-3 19MG20-T1 1.101 0.073 0.832 0.049 0.29 0.054 0.221
4 19MG20-4 19MG20-T1 1.828 0.110 0.887 0.049 0.53 0.066 0.187
5 19MG20-5 19MG20-T1 1.608 0.121 0.866 0.047 0.28 0.068 0.199
6 19MG20-6 19MG20-T1 5.780 0.735 0.840 0.055 0.32 1.420 1.210
19MG20-6 19MG20-T1 5.917 1.330 0.788 0.058 -0.24 2.020 1.590
° 19MG20-6 19MG20-T1 5.814 0.811 0.773 0.048 0.39 0.965 0.801
7 19MG20-6 19MG20-T1 2.660 0.375 0.809 0.026 0.09 1.413 2.650
7 19MG20-7 19MG20-T1 1.908 0.229 0.836 0.072 0.22 0.101 0.252
19MG20-7 19MG20-T1 2.747 0.385 0.859 0.065 0.22 0.103 0.196
8 19MG20-7 19MG20-T1 4.115 0.559 0.866 0.071 0.19 0.166 0.198
9 19MG20-8 19MG20-T1 2.222 0.207 0.918 0.062 0.13 0.073 0.168
9 19MG20-9 19MG20-T1 1.053 0.155 0.838 0.039 0.03 0.386 2.370
19MG20-9 19MG20-T1 1.031 0.191 0.829 0.036 -0.11 0.267 1.500
10 19MG20-9 19MG20-T1 0.446 0.074 0.832 0.040 0.01 0.260 3.910
19MG20-9 19MG20-T1 0.926 0.197 0.819 0.069 0.02 0.194 1.270
" 19MG20-9 19MG20-T1 2.101 0.238 0.817 0.056 0.21 0.224 0.650
19MG20-10 19MG20-T1 1.122 0.106 0.854 0.031 0.08 0.309 1.360
12 19MG20-10 19MG20-T1 2.577 0.418 0.785 0.033 0.28 1.050 2.320
19MG20-10 19MG20-T1 1.473 0.154 0.790 0.026 -0.08 0.750 3.030
3 19MG20-10 19MG20-T1 1.942 0.294 0.817 0.033 0.29 0.719 2.430
14 19MG20-11 19MG20-T1 2.755 0.235 0.803 0.067 0.03 0.176 0.367
19MG20-11 19MG20-T1 3.509 0.283 0.839 0.044 0.01 0.151 0.253
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Spot  Source file (.FIN2) Sample Z8Y/0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG20-12 19MG20-T1 1.248 0.128 0.818 0.054 0.53 0.051 0.242
1 19MG20-12 19MG20-T1 4.808 0.832 0.787 0.079 0.27 0.216 0.244
16 19MG20-12 19MG20-T1 8.696 1.210 0.708 0.065 0.56 0.343 0.230
13 19MG20-13 19MG20-T1 1.393 0.103 0.887 0.047 0.30 0.044 0.201
17 19MG20-14 19MG20-T1 0.813 0.079 0.894 0.079 0.70 0.017 0.156
15 19MG20-15 19MG20-T1 20.790 1.815 0.950 0.075 0.14 0.482 0177
19MG20-16 19MG20-T1 2.262 0.302 0.858 0.051 0.33 0.126 0.413
8 19MG20-16 19MG20-T1 1.136 0.181 0.839 0.025 0.01 0.256 1.790
19MG20-17 19MG20-T1 1.453 0.114 0.831 0.045 0.34 0.060 0.344
19 19MG20-17 19MG20-T1 0.704 0.034 0.859 0.052 -0.02 0.104 1.296
20 19MG20-18 19MG20-T1 1.319 0.165 0.897 0.076 0.26 0.074 0.424
19MG20-18 19MG20-T1 0.901 0.068 0.837 0.050 0.03 0.027 0.252
19MG20-19 19MG20-T1 0.901 0.089 0.804 0.068 0.47 0.023 0.198
21 19MG20-19 19MG20-T1 1.333 0.249 0.850 0.110 0.01 0.027 0.179
22 19MG20-19 19MG20-T1 1.149 0.132 0.819 0.091 0.66 0.021 0.168
19MG20-20 19MG20-T1 1.754 0.157 0.788 0.054 0.59 0.034 0.168
20 19MG20-20 19MG20-T1 1.808 0.177 0.865 0.083 0.69 0.031 0.148
19MG20-21 19MG20-T2 1.656 0.151 0.762 0.063 0.51 0.040 0.253
2 19MG20-21 19MG20-T2 3.413 0.303 0.841 0.055 0.45 0.063 0.189
19MG20-22 19MG20-T2 5.102 0.390 0.803 0.025 0.08 2.440 5.710
22 19MG20-22 19MG20-T2 4.505 0.588 0.779 0.021 -0.26 1.770 4.030
19MG20-22 19MG20-T2 3.922 0.185 0.801 0.017 0.34 0.923 2.720
19MG20-23 19MG20-T2 1.969 0.132 0.809 0.032 0.71 2.000 10.900
19MG20-23 19MG20-T2 2.959 0.123 0.795 0.028 -0.04 1.873 7.040
23 19MG20-23 19MG20-T2 2.994 0.143 0.798 0.053 0.22 1.387 5.260
19MG20-23 19MG20-T2 3.378 0.228 0.823 0.025 0.64 1.790 5.880
19MG20-23 19MG20-T2 3.650 0.293 0.793 0.021 0.15 1.198 3.710
19MG20-24 19MG20-T2 2.415 0.257 0.835 0.049 0.47 0.451 2170
4 19MG20-24 19MG20-T2 1.805 0.287 0.824 0.047 -0.13 0.528 3.490
19MG20-24 19MG20-T2 5.128 0.394 0.854 0.051 0.37 0.345 0.793
19MG20-24 19MG20-T2 0.621 0.096 0.818 0.019 0.49 0.629 13.100
25 19MG20-25 19MG20-T2 2.114 0.139 0.843 0.049 0.33 0.048 0.249
19MG20-26 19MG20-T2 10.309 1.807 0.740 0.140 0.74 0.289 0.330
19MG20-26 19MG20-T2 21.231 2.885 0.713 0.063 -0.28 0.880 0.200
2 19MG20-26 19MG20-T2 8.772 1.385 0.760 0.110 0.57 0.312 0.357
19MG20-26 19MG20-T2 21.459 3.500 0.662 0.063 0.55 0.595 0.232
>7 19MG20-27 19MG20-T2 6.803 0.740 0.809 0.053 0.40 0.680 1.270
19MG20-27 19MG20-T2 9.091 1.405 0.831 0.064 0.47 0.146 0.156
28 19MG20-28 19MG20-T2 2.899 0.185 0.830 0.047 0.46 0.053 0.217
19MG20-28 19MG20-T2 13.850 1.611 0.750 0.065 0.56 0.238 0.187
2 19MG20-29 19MG20-T2 15.432 1.334 0.784 0.051 0.17 0.476 0.341
19MG20-29 19MG20-T2 2.703 0.541 0.834 0.037 0.21 0.326 1.490
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG20-30 19MG20-T2 2.611 0.307 0.802 0.056 -0.03 1.880 8.430
19MG20-30 19MG20-T2 3.497 0.257 0.789 0.022 0.33 1.364 4.630
19MG20-30 19MG20-T2 4.545 0.537 0.808 0.031 0.24 1.460 3.400

%0 19MG20-30 19MG20-T2 5.319 0.707 0.810 0.028 0.21 1.570 3.150
19MG20-30 19MG20-T2 4.425 0.313 0.784 0.028 0.18 0.761 2.000
19MG20-30 19MG20-T2 4.831 0.700 0.804 0.028 -0.09 1.550 3.390
19MG20-31 19MG20-T2 4.425 0.607 0.784 0.021 0.48 5.530 11.500
19MG20-31 19MG20-T2 6.817 0.339 0.816 0.029 0.59 5.700 7.740
19MG20-31 19MG20-T2 7.246 0.578 0.804 0.021 0.33 5.670 7.250

31 19MG20-31 19MG20-T2 2.212 0.416 0.819 0.023 -0.24 4.410 18.700
19MG20-31 19MG20-T2 2.625 0.220 0.793 0.018 0.08 6.020 20.800
19MG20-31 19MG20-T2 2.976 0.257 0.819 0.015 0.14 3.200 10.200
19MG20-31 19MG20-T2 4.167 0.347 0.805 0.023 0.39 3.950 8.350
19MG20-32 19MG20-T2 5.025 0.404 0.819 0.045 0.46 0.894 1.620
19MG20-32 19MG20-T2 1.299 0.186 0.814 0.028 0.55 0.765 5.600

32 19MG20-32 19MG20-T2 3.135 0.275 0.801 0.030 0.24 0.666 1.930
19MG20-32 19MG20-T2 7.246 1.418 0.789 0.039 0.30 1.550 1.510
19MG20-32 19MG20-T2 8.264 0.888 0.782 0.030 0.10 1.640 1.740
19MG20-33 19MG20-T2 1.475 0.174 0.847 0.051 -0.04 0.640 3.910
19MG20-33 19MG20-T2 3.378 0.605 0.783 0.042 0.05 0.409 1.240

3 19MG20-33 19MG20-T2 1.416 0.165 0.831 0.034 0.39 0.344 2.160
19MG20-33 19MG20-T2 2.488 0.254 0.828 0.046 0.25 0.206 0.765
19MG20-34 19MG20-T2 27.933 2.497 0.710 0.048 -0.32 3.070 0.861
19MG20-34 19MG20-T2 4.739 1.146 0.810 0.085 -0.20 2.040 3.510

34 19MG20-34 19MG20-T2 18.519 3.429 0.717 0.093 0.02 1.730 0.770
19MG20-34 19MG20-T2 7.246 1.155 0.765 0.035 0.50 2.050 2.440
19MG20-34 19MG20-T2 15.898 2.022 0.712 0.035 0.21 1.423 0.738
19MG20-35 19MG20-T2 19.960 2.709 0.665 0.027 0.04 4.390 1.830
19MG20-35 19MG20-T2 21.978 4,782 0.714 0.061 0.35 5.350 2.100
19MG20-35 19MG20-T2 12.255 0.661 0.719 0.040 -0.22 3.350 2.530
19MG20-35 19MG20-T2 24.096 2.787 0.644 0.031 0.12 4.070 1.300

% 19MG20-35 19MG20-T2 45.872 3.998 0.602 0.053 0.31 4.580 0.821
19MG20-35 19MG20-T2 38.610 3.280 0.630 0.048 0.05 4.150 0.780
19MG20-35 19MG20-T2 30.303 2.571 0.671 0.051 0.80 3.940 1.080
19MG20-35 19MG20-T2 37.313 3.898 0.631 0.051 0.27 4.370 0.950
19MG20-36 19MG20-T2 14.409 1.080 0.709 0.054 0.67 0.953 0.690
19MG20-36 19MG20-T2 15.244 1.673 0.682 0.088 0.87 0.759 0.392
19MG20-36 19MG20-T2 19.920 2.103 0.673 0.087 0.47 0.849 0.367

% 19MG20-36 19MG20-T2 19.920 3.413 0.715 0.073 0.20 0.860 0.283
19MG20-36 19MG20-T2 25.253 3.252 0.679 0.083 0.49 0.910 0.281
19MG20-36 19MG20-T2 18.868 3.916 0.740 0.110 0.59 0.497 0.218
19MG20-37 19MG20-T2 2.545 0.317 0.813 0.055 0.46 0.077 0.252

% 19MG20-37 19MG20-T2 3.049 0.260 0.812 0.056 0.08 0.064 0.190
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG20-39 19MG20-T2 4.255 0.398 0.827 0.058 0.49 0.133 0.320
% 19MG20-39 19MG20-T2 2.564 0.217 0.872 0.057 -0.11 0.057 0.248
40 19MG20-40 19MG20-T2 14.184 1.147 0.793 0.040 0.31 0.375 0.248
19MG20-41 19MG20-T3 4.167 0.486 0.800 0.100 0.75 0.061 0.187
41 19MG20-41 19MG20-T3 5.618 0.694 0.847 0.083 0.61 0.084 0.206
19MG20-41 19MG20-T3 9.872 0.809 0.820 0.077 -0.07 0.125 0.158
19MG20-43 19MG20-T3 4.049 0.459 0.813 0.079 0.15 0.139 0.451
43 19MG20-43 19MG20-T3 2.070 0.214 0.817 0.045 0.22 0.176 1.300
19MG20-43 19MG20-T3 4.132 0.563 0.819 0.039 0.01 0.162 0.540
19MG20-44 19MG20-T3 2.506 0.251 0.880 0.080 0.43 0.037 0.236
44 19MG20-44 19MG20-T3 2.083 0.156 0.796 0.071 0.34 0.028 0.196
19MG20-44 19MG20-T3 5.376 0.780 0.744 0.076 0.39 0.082 0.183
19MG20-45 19MG20-T3 1.887 1.104 0.740 0.240 0.49 0.080 0.338
19MG20-45 19MG20-T3 6.410 0.657 0.804 0.072 -0.01 0.159 0.396
45 19MG20-45 19MG20-T3 4.695 0.331 0.740 0.048 0.64 0.211 0.669
19MG20-45 19MG20-T3 8.850 1.331 0.743 0.069 -0.17 0.242 0.382
19MG20-45 19MG20-T3 5.405 0.380 0.765 0.061 0.71 0.107 0.291
19MG20-45 19MG20-T3 6.803 0.926 0.752 0.065 -0.26 0.142 0.278
19MG20-46 19MG20-T3 4.717 1.557 0.760 0.130 0.35 0.093 0.238
46 19MG20-46 19MG20-T3 6.757 0.593 0.860 0.067 0.45 0.093 0.204
19MG20-46 19MG20-T3 10.989 1.570 0.780 0.100 0.26 0.115 0.201
19MG20-47 19MG20-T3 6.494 0.590 0.982 0.071 0.43 0.084 0.190
4 19MG20-47 19MG20-T3 8.621 1.263 0.900 0.110 0.34 0.086 0.191
19MG20-48 19MG20-T3 7.143 5.612 0.890 0.180 -0.01 0.267 0.397
19MG20-48 19MG20-T3 13.333 2.311 0.770 0.110 0.43 0.400 0.447
19MG20-48 19MG20-T3 14.085 2.182 0.707 0.085 0.69 0.322 0.341
48 19MG20-48 19MG20-T3 13.699 1.877 0.820 0.120 0.40 0.281 0.383
19MG20-48 19MG20-T3 16.694 2.648 0.707 0.080 0.35 0.308 0.275
19MG20-48 19MG20-T3 12.407 1.062 0.729 0.072 0.77 0.201 0.234
19MG20-48 19MG20-T3 10.417 1.628 0.573 0.099 0.20 0.172 0.251
19MG20-48 19MG20-T3 62.500 42.969 0.640 0.100 -0.06 6.000 0.463
19MG20-49 19MG20-T3 10.309 1.594 0.733 0.072 0.40 0.328 0.509
19MG20-49 19MG20-T3 10.638 2.037 0.667 0.077 0.00 0.940 1.500
49 19MG20-49 19MG20-T3 15.456 2.198 0.712 0.091 0.15 0.307 0.295
19MG20-49 19MG20-T3 13.889 5.787 0.600 0.140 0.42 0.338 0.410
19MG20-49 19MG20-T3 6.667 1.467 0.704 0.073 0.19 0.188 0.388
50 19MG20-50 19MG20-T3 8.772 1.770 0.903 0.065 0.31 0.440 0.760
51 19MG20-51 19MG20-T3 8.772 1.539 0.940 0.086 0.02 0.198 0.267
52 19MG20-52 19MG20-T3 3.257 0.308 0.970 0.093 -0.02 0.044 0.226
53 19MG20-53 19MG20-T3 3.356 0.338 0.899 0.060 0.32 0.049 0.251
54 19MG20-54 19MG20-T3 1.261 0.135 0.863 0.062 0.28 0.020 0.312
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c (abs) Rho U (ppm) Pb (ppm)
19MG20-55 19MG20-T3 5.291 0.644 0.733 0.085 0.04 0.248 0.760
19MG20-55 19MG20-T3 5.464 1.254 0.694 0.062 -0.12 0.267 0.900
19MG20-55 19MG20-T3 7.463 0.947 0.688 0.059 -0.26 0.540 1.080

% 19MG20-55 19MG20-T3 8.333 1.319 0.669 0.054 0.18 0.376 0.843
19MG20-55 19MG20-T3 11.223 1.247 0.740 0.061 0.36 0.432 0.705
19MG20-55 19MG20-T3 8.929 1.355 0.645 0.043 0.60 0.618 1.200

56 19MG20-56 19MG20-T3 4.405 0.485 0.889 0.065 0.16 0.059 0.199
19MG20-57 19MG20-T3 1.898 0.302 0.840 0.065 0.10 0.076 0.840

* 19MG20-57 19MG20-T3 1.984 0.189 0.839 0.045 0.38 0.049 0.450

58 19MG20-58 19MG20-T3 1.429 0.100 0.863 0.053 0.58 0.021 0.279
19MG20-59 19MG20-T3 3.472 0.470 0.833 0.068 0.15 0.062 0.279
19MG20-59 19MG20-T3 16.835 1.644 0.651 0.037 0.57 0.830 0.850

59 19MG20-59 19MG20-T3 17.575 1.205 0.676 0.068 0.83 1.000 0.950
19MG20-59 19MG20-T3 14.577 1.381 0.731 0.063 0.39 0.423 0.518
19MG20-59 19MG20-T3 11.236 1.389 0.768 0.095 0.65 0.256 0.380
19MG20-60 19MG20-T3 2.008 0.379 0.799 0.089 0.16 0.066 0.356

60 19MG20-60 19MG20-T3 3.125 1.270 0.770 0.120 0.29 0.073 0.245
19MG20-60 19MG20-T3 4.739 0.651 0.940 0.120 -0.03 0.084 0.282

19MG21 from DA strain domain
19MG21-1B 19MG21-1C 2.320 0.065 0.798 0.014 0.34 1.058 3.245

! 19MG21-1B 19MG21-1C 2.801 0.094 0.795 0.017 0.33 1.158 2.737
19MG21-2 19MG21-1C 2.667 0.121 0.802 0.023 0.40 0.924 1.916

2 19MG21-2 19MG21-1C 1.567 0.101 0.816 0.022 0.17 0.508 1.578
19MG21-3 19MG21-1C 0.400 0.018 0.819 0.015 0.1 0.203 2155

4 19MG21-4 19MG21-1C 0.684 0.019 0.806 0.015 -0.09 0.337 1.870
19MG21-5 19MG21-1C 0.895 0.046 0.805 0.022 0.25 0.670 2.771

5 19MG21-5 19MG21-1C 1.555 0.077 0.768 0.021 0.36 1.021 2.455
19MG21-5 19MG21-1C 0.919 0.035 0.806 0.023 0.45 0.583 2.409
19MG21-6 19MG21-1C 1.340 0.124 0.812 0.030 0.25 0.931 2.930

6 19MG21-6 19MG21-1C 1.266 0.160 0.783 0.032 -0.14 1.220 3.990
19MG21-6 19MG21-1C 1.041 0.055 0.811 0.014 0.10 1.130 4.150

7 19MG21-7 19MG21-1C 1.042 0.056 0.804 0.024 -0.01 0.229 0.953

8 19MG21-8 19MG21-1C 0.407 0.016 0.821 0.014 0.23 0.141 1.860
19MG21-9 19MG21-1C 0.156 0.014 0.813 0.024 0.15 0.042 1.677

° 19MG21-9 19MG21-1C 0.649 0.020 0.827 0.018 0.38 0.183 1.771
19MG21-10 19MG21-1C 0.776 0.036 0.823 0.021 0.47 0.271 2.343

10 19MG21-10 19MG21-1C 0.422 0.037 0.790 0.027 0.26 0.123 1.792
19MG21-11 19MG21-1C 2.294 0.110 0.804 0.016 0.19 0.910 3.170

11 19MG21-11 19MG21-1C 2.653 0.106 0.799 0.030 0.58 0.799 2.410
19MG21-11 19MG21-1C 2.950 0.104 0.787 0.025 0.54 0.775 2.087
19MG21-12 19MG21-1C 3.049 0.121 0.796 0.019 0.07 0.772 2.057

12 19MG21-12 19MG21-1C 2.283 0.068 0.812 0.022 0.58 0.551 1.999
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Spot  Source file (.FIN2) Sample Z8Y/0epp  +20 (abs) 27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG21-13 19MG21-1C 2.653 0.077 0.797 0.022 0.50 0.627 2.060
13 19MG21-13 19MG21-1C 2.882 0.108 0.797 0.023 0.46 0.590 1.780
14 19MG21-14 19MG21-1C 4.632 0.165 0.803 0.023 0.41 1.066 2.133
19MG21-14 19MG21-1C 4.153 0.133 0.805 0.018 0.40 0.866 1.886
19MG21-15 19MG21-1C 2.907 0.169 0.766 0.024 0.19 0.651 2.002
15 19MG21-15 19MG21-1C 2.950 0.096 0.797 0.024 0.39 0.581 1.871
19MG21-15 19MG21-1C 2.268 0.098 0.789 0.023 0.46 0.419 1.783
16 19MG21-16 19MG21-1C 3.186 0.096 0.804 0.013 0.19 0.563 1.695
17 19MG21-17 19MG21-1C 2.058 0.174 0.799 0.020 0.78 0.745 3.500
19MG21-17 19MG21-1C 2.457 0.085 0.799 0.017 0.48 0.602 2.454
19MG21-18 19MG21-1C 1.739 0.127 0.781 0.022 0.21 0.423 2.400
8 19MG21-18 19MG21-1C 1.447 0.057 0.800 0.018 0.17 0.302 2152
19 19MG21-19 19MG21-1C 0.875 0.030 0.823 0.015 0.28 0.136 1.644
19MG21-20 19MG21-1C 1.493 0.058 0.811 0.022 0.09 0.258 1.868
20 19MG21-20 19MG21-1C 0.719 0.052 0.837 0.023 0.09 0.127 1.849
19MG21-21 19MG21-1C 1.678 0.062 0.796 0.032 0.78 0.333 1.997
2 19MG21-21 19MG21-1C 1.890 0.068 0.815 0.019 0.48 0.344 1.838
19MG21-22 19MG21-1C 3.165 0.441 0.743 0.036 0.10 1.120 2.660
22 19MG21-22 19MG21-1C 0.935 0.049 0.795 0.018 0.03 0.211 2.020
23 19MG21-23 19MG21-1C 0.221 0.019 0.807 0.014 0.01 0.063 1.91
" 19MG21-24 19MG21-1C 1.873 0.077 0.806 0.023 0.58 0.820 3.740
19MG21-24 19MG21-1C 2.564 0.055 0.807 0.015 0.58 0.832 2.805
19MG21-25 19MG21-1C 0.649 0.031 0.786 0.030 0.51 0.221 2.630
25 19MG21-25 19MG21-1C 0.878 0.066 0.778 0.024 0.46 0.241 2120
19MG21-25 19MG21-1C 0.546 0.033 0.811 0.028 0.39 0.127 1.846
19MG21-26 19MG21-1C 1.144 0.065 0.817 0.031 0.47 0.329 2130
26 19MG21-26 19MG21-1C 1.264 0.099 0.799 0.017 0.13 0.570 2.260
19MG21-27 19MG21-1C 0.908 0.036 0.794 0.022 0.37 0.296 2.336
7 19MG21-27 19MG21-1C 0.685 0.061 0.823 0.030 0.1 0.210 2.280
19MG21-27 19MG21-1C 1.416 0.128 0.804 0.030 0.49 0.375 1.934
19MG21-27 19MG21-1C 0.909 0.091 0.776 0.028 -0.01 0.290 2.099
19MG21-28 19MG21-1C 1.475 0.074 0.795 0.029 0.38 0.465 2.290
28 19MG21-28 19MG21-1C 1.828 0.057 0.806 0.017 0.29 0.545 2.244
19MG21-29 19MG21-1C 1.372 0.083 0.821 0.034 0.51 0.466 2.502
29 19MG21-29 19MG21-1C 1.600 0.123 0.821 0.016 0.17 0.800 3.990
30 19MG21-30 19MG21-1C 0.187 0.009 0.805 0.016 0.20 0.051 2.243
31 19MG21-31 19MG21-1C 2.105 0.071 0.804 0.018 0.51 0.413 2.709
19MG21-31 19MG21-1C 1.590 0.071 0.800 0.025 0.53 0.353 3.038
32 19MG21-32 19MG21-1C 2.681 0.072 0.821 0.015 0.33 0.411 2.314
19MG21-33 19MG21-1C 2.237 0.080 0.820 0.024 0.55 0.239 1.670
3 19MG21-33 19MG21-1C 1.362 0.058 0.821 0.027 0.37 0.115 1.347
19MG21-34 19MG21-1C 2.933 0.086 0.804 0.028 0.61 0.376 2.095
34 19MG21-34 19MG21-1C 3.262 0.101 0.805 0.026 0.62 0.392 2.035
19MG21-34 19MG21-1C 3.356 0.124 0.795 0.028 0.70 0.418 2.056
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG21-35 19MG21-1C 4.484 0.1 0.791 0.025 0.54 0.652 2.41
% 19MG21-35 19MG21-1C 4.255 0.120 0.805 0.020 0.55 0.568 2.193
19MG21-36 19MG21-1C 3.096 0.153 0.817 0.024 0.33 0.432 2.426
% 19MG21-36 19MG21-1C 2.882 0.091 0.815 0.022 0.44 0.339 2.006
19MG21-37 19MG21-1C 2.101 0.071 0.781 0.019 0.32 0.558 4.320
¥ 19MG21-37 19MG21-1C 2.674 0.071 0.821 0.016 0.25 0.438 2.719
19MG21-38 19MG21-1C 1.029 0.052 0.815 0.029 0.55 0.178 2.790
%8 19MG21-38 19MG21-1C 1.205 0.061 0.811 0.020 0.22 0.227 2.940
19MG21-39 19MG21-1C 0.704 0.060 0.845 0.029 0.12 0.142 2.950
39 19MG21-39 19MG21-1C 0.556 0.040 0.833 0.044 0.47 0.099 2.900
19MG21-39 19MG21-1C 0.759 0.037 0.820 0.020 0.25 0.136 2.883
19MG21-40 19MG21-1C 1.639 0.086 0.816 0.019 0.12 0.494 4.580
40 19MG21-40 19MG21-1C 1.587 0.101 0.798 0.020 -0.05 0.521 5.060
19MG43 from DA strain domain
) 19MG43-1 19MG43-1 1.515 0.161 0.807 0.023 0.26 0.094 0.967
19MG43-1 19MG43-1 2.674 0.293 0.805 0.044 0.19 0.166 0.900
5 19MG43-2 19MG43-1 3.650 0.240 0.789 0.039 0.29 0.253 1.161
19MG43-2 19MG43-1 2.584 0.140 0.820 0.029 0.36 0.170 1.005
19MG43-3 19MG43-1 2.481 0.166 0.822 0.035 0.50 0.085 0.540
4 19MG43-4 19MG43-1 2.653 0.218 0.814 0.022 0.25 0.176 0.978
19MG43-5 19MG43-1 2.222 0.202 0.853 0.068 0.47 0.069 0.510
° 19MG43-5 19MG43-1 1.087 0.118 0.828 0.033 0.27 0.094 1.490
6 19MG43-6 19MG43-1 1.221 0.067 0.825 0.027 0.22 0.058 0.795
19MG43-7 19MG43-1 3.378 0.274 0.814 0.040 0.25 0.089 0.439
! 19MG43-7 19MG43-1 2.747 0.355 0.846 0.065 0.42 0.1 0.710
19MG43-8 19MG43-1 1.692 0.123 0.806 0.039 0.29 0.105 1.034
8 19MG43-8 19MG43-1 2.959 0.184 0.860 0.040 0.52 0.092 0.576
19MG43-9 19MG43-1 1.698 0.182 0.806 0.045 0.42 0.096 0.990
9 19MG43-9 19MG43-1 2.703 0.482 0.779 0.022 -0.12 0.331 1.960
19MG43-9 19MG43-1 3.401 0.231 0.817 0.050 0.05 0.187 0.913
19MG43-10 19MG43-1 2.841 0.266 0.765 0.062 0.45 0.136 0.764
10 19MG43-10 19MG43-1 2.857 0.180 0.805 0.032 0.15 0.129 0.762
19MG43-10 19MG43-1 1.289 0.091 0.828 0.044 -0.17 0.098 1.290
19MG43-11 19MG43-1 1.773 0.129 0.801 0.040 0.25 0.180 1.083
11 19MG43-11 19MG43-1 1.736 0.109 0.787 0.028 0.01 0.148 0.947
19MG43-11 19MG43-1 1.157 0.086 0.811 0.056 0.62 0.109 1.022
12 19MG43-12 19MG43-1 0.131 0.009 0.818 0.020 0.19 0.037 2.910
19MG43-12 19MG43-1 0.287 0.022 0.815 0.024 0.13 0.047 1.700
13 19MG43-13 19MG43-1 1.048 0.089 0.819 0.055 0.56 0.071 0.722
19MG43-13 19MG43-1 0.625 0.043 0.864 0.034 0.37 0.063 1.132
14 19MG43-14 19MG43-1 0.302 0.025 0.809 0.016 0.00 0.067 2.042
15 19MG43-15 19MG43-1 2.151 0.129 0.821 0.023 0.45 0.166 0.914
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
16 19MG43-16 19MG43-1 1.890 0.111 0.844 0.035 0.52 0.056 0.366
19MG43-17 19MG43-1 5.952 0.602 0.848 0.072 0.26 0.178 0.393
1 19MG43-17 19MG43-1 3.521 0.236 0.824 0.035 0.31 0.170 0.635
19MG43-18 19MG43-1 0.469 0.033 0.821 0.028 0.34 0.031 0.929
8 19MG43-18 19MG43-1 1.183 0.080 0.841 0.053 0.43 0.041 0.500
19MG43-19 19MG43-1 0.205 0.028 0.804 0.041 0.01 0.020 1.318
19 19MG43-19 19MG43-1 0.483 0.035 0.804 0.027 0.28 0.027 0.878
19MG43-19 19MG43-1 0.294 0.041 0.880 0.080 -0.05 0.015 0.804
20 19MG43-20 19MG43-1 no value NAN NaN 0.007 1.402
19MG43-21 19MG43-1 0.714 0.061 0.818 0.046 0.56 0.028 0.684
21 19MG43-21 19MG43-1 1.284 0.105 0.818 0.045 0.64 0.031 0.401
22 19MG43-22 19MG43-1 no value NAN NaN 0.006 0.205
24 19MG43-24 19MG43-1 no value NAN NaN 0.003 0.141
25 19MG43-25 19MG43-1 no value NAN NaN 0.002 0.365
26 19MG43-26 19MG43-1 0.348 0.038 0.829 0.081 0.44 0.009 0.527
19MG43-27 19MG43-1 1.136 0.107 0.836 0.049 0.15 0.039 0.657
27 19MG43-27 19MG43-1 0.395 0.033 0.809 0.037 0.26 0.016 0.753
28 19MG43-28 19MG43-1 0.995 0.090 0.825 0.030 0.30 0.034 0.658
29 19MG43-29 19MG43-1 3.077 0.199 0.867 0.043 0.29 0.060 0.390
19MG43-30 19MG43-1 0.418 0.046 0.825 0.080 0.39 0.021 0.953
30 19MG43-30 19MG43-1 0.568 0.042 0.811 0.035 0.47 0.023 0.828
19MG43-30 19MG43-1 0.524 0.049 0.795 0.034 0.24 0.018 0.655
31 19MG43-31 19MG43-1 0.284 0.036 0.789 0.031 0.14 0.020 1.223
32 19MG43-32 19MG43-1 0.339 0.049 0.798 0.030 0.18 0.017 0.832
19MG43-33 19MG43-1 0.562 0.063 0.822 0.019 0.20 0.075 2.350
33 19MG43-33 19MG43-1 1.220 0.208 0.806 0.025 0.15 0.116 1.640
19MG43-33 19MG43-1 0.588 0.066 0.809 0.049 0.27 0.043 1.370
34 19MG43-34 19MG43-1 0.943 0.049 0.825 0.028 0.38 0.049 0.984
19MG43-35 19MG43-1 1.792 0.222 0.811 0.077 0.52 0.134 1.257
19MG43-35 19MG43-1 2.571 0.496 0.757 0.023 0.43 0.181 1.530
% 19MG43-35 19MG43-1 1.984 0.110 0.838 0.030 0.45 0.136 1.331
19MG43-35 19MG43-1 3.215 0.269 0.803 0.035 0.23 0.183 1.045
19MG43-36 19MG43-1 1.124 0.303 0.799 0.036 0.41 0.114 1.380
36 19MG43-36 19MG43-1 3.279 0.441 0.818 0.031 0.14 0.195 0.950
19MG43-36 19MG43-1 1.316 0.126 0.827 0.044 0.49 0.056 0.810
19MG43-37 19MG43-1 0.645 0.042 0.799 0.040 0.19 0.072 1.920
37 19MG43-37 19MG43-1 2.564 0.920 0.755 0.048 -0.58 0.490 1.518
19MG43-37 19MG43-1 2.105 0.310 0.831 0.057 0.37 0.133 1.050
19MG43-37 19MG43-1 1.242 0.099 0.819 0.031 -0.19 0.086 1.160
19MG43-38 19MG43-1 1.934 0.198 0.784 0.039 -0.07 0.092 0.722
19MG43-38 19MG43-1 4.405 0.854 0.752 0.048 0.09 0.300 0.800
%8 19MG43-38 19MG43-1 3.704 1.646 0.735 0.084 -0.76 0.940 0.900
19MG43-38 19MG43-1 1.919 0.365 0.785 0.076 0.31 0.066 0.542
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG43-39 19MG43-1 5.208 0.814 0.798 0.033 0.41 0.420 1.100
39 19MG43-39 19MG43-1 3.534 0.275 0.799 0.032 0.56 0.231 1.051
19MG43-39 19MG43-1 5.000 0.300 0.834 0.039 0.21 0.263 0.889
19MG43-40 19MG43-1 0.290 0.025 0.815 0.041 0.16 0.029 1.539
40 19MG43-40 19MG43-1 0.505 0.036 0.827 0.036 0.42 0.043 1.316
19MG43-40 19MG43-1 0.370 0.021 0.835 0.024 0.35 0.029 1.212
19MG43-41 19MG43-1 0.412 0.042 0.787 0.045 0.24 0.039 1.017
19MG43-41 19MG43-1 0.827 0.061 0.828 0.034 0.33 0.060 0.795
4 19MG43-41 19MG43-1 0.649 0.067 0.843 0.079 -0.23 0.055 1.060
19MG43-41 19MG43-1 1.235 0.145 0.801 0.033 0.02 0.250 1.360
19MG43-42 19MG43-1 0.207 0.018 0.823 0.037 0.34 0.030 1.472
42 19MG43-42 19MG43-1 0.262 0.016 0.792 0.033 0.19 0.032 1.224
19MG43-42 19MG43-1 0.184 0.019 0.827 0.027 0.22 0.027 1.313
19MG43-43 19MG43-1 1.887 0.203 0.767 0.026 0.01 0.204 0.779
43 19MG43-43 19MG43-1 3.774 0.527 0.795 0.079 0.34 0.294 0.671
19MG43-43 19MG43-1 1.453 0.127 0.834 0.040 0.20 0.121 0.684
19MG43-44 19MG43-1 2.755 0.152 0.844 0.028 0.51 0.429 1.382
o 19MG43-44 19MG43-1 3.344 0.313 0.777 0.025 0.04 0.543 1.173
45 19MG43-45 19MG43-1 2.123 0.257 0.811 0.023 0.14 0.538 1.500
19MG43-45 19MG43-1 0.495 0.049 0.808 0.019 0.42 0.377 5.870
46 19MG43-46 19MG43-1 0.448 0.038 0.823 0.025 0.08 0.068 1.151
19MG43-46 19MG43-1 0.981 0.058 0.807 0.032 0.49 0.080 0.566
47 19MG43-47 19MG43-1 0.223 0.011 0.812 0.019 0.25 0.041 1.285
48 19MG43-48 19MG43-1 1.256 0.112 0.883 0.093 0.25 0.204 0.925
49 19MG43-49 19MG43-1 no value NAN NaN 0.014 1.101
19MG43-50 19MG43-1 1.156 0.120 0.801 0.040 0.40 0.143 1.102
50 19MG43-50 19MG43-1 0.565 0.054 0.827 0.045 0.15 0.064 1.070
19MG43-50 19MG43-1 0.709 0.070 0.811 0.033 0.24 0.069 0.859
19MG43-53 19MG43-2 10.417 1.302 0.747 0.097 0.37 1.950 2.910
53 19MG43-53 19MG43-2 1.163 0.149 0.750 0.100 0.37 0.025 0.307
19MG43-54 19MG43-2 5.650 0.543 0.754 0.093 0.55 1.280 3.500
54 19MG43-54 19MG43-2 9.606 0.581 0.845 0.062 0.20 0.709 1.145
19MG43-54 19MG43-2 8.969 0.434 0.778 0.035 0.56 0.718 1.340
19MG43-55 19MG43-2 10.309 2.126 0.700 0.180 0.77 0.548 0.520
% 19MG43-55 19MG43-2 3.831 0.558 0.894 0.079 0.06 0.123 0.328
19MG43-58 19MG43-2 2.841 0.307 0.838 0.030 0.20 0.601 3.250
%8 19MG43-58 19MG43-2 8.032 0.606 0.780 0.110 0.58 0.426 0.696
59 19MG43-59 19MG43-2 17.331 1.562 0.885 0.066 0.65 0.747 0.592
19MG43-60 19MG43-2 15.873 3.023 0.740 0.110 0.77 1.480 1.300
60 19MG43-60 19MG43-2 27.248 2.005 0.891 0.072 0.77 0.767 0.343
19MG43-60 19MG43-2 19.231 4.068 0.870 0.120 0.75 0.443 0.246
19MG43-63 19MG43-2 0.020 0.003 0.841 0.023 -0.06 0.095 39.100
63 19MG43-63 19MG43-2 0.459 0.059 0.887 0.051 -0.07 0.172 2.830
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG43-72 19MG43-2 8.772 1.000 0.682 0.052 0.22 0.893 0.523
19MG43-72 19MG43-2 11.377 0.712 0.870 0.069 -0.06 0.741 0.477

& 19MG43-72 19MG43-2 11.682 0.751 0.800 0.063 0.82 0.641 0.418
19MG43-72 19MG43-2 10.299 0.700 0.904 0.072 0.54 0.615 0.429
78 19MG43-78 19MG43-3 5.747 0.562 0.792 0.029 0.18 0.428 0.488
79 19MG43-79 19MG43-3 4.525 0.307 0.829 0.041 0.05 0.198 0.267
80 19MG43-80 19MG43-3 2.933 0.344 0.910 0.066 0.40 0.121 0.242
19MG43-81 19MG43-3 0.518 0.054 0.825 0.019 0.24 0.710 8.590
81 19MG43-81 19MG43-3 3.597 0.505 0.791 0.047 0.49 0.432 0.642
19MG43-81 19MG43-3 6.452 0.583 0.808 0.035 0.33 0.453 0.431
82 19MG43-82 19MG43-3 1.389 0.164 0.991 0.096 0.34 0.037 0.145
19MG43-83 19MG43-3 2.817 0.309 0.894 0.083 0.04 0.105 0.166
19MG43-83 19MG43-3 16.667 8.889 0.683 0.062 -0.09 3.300 0.806
83 19MG43-83 19MG43-3 2.475 0.607 0.841 0.052 -0.36 0.673 1.610
19MG43-83 19MG43-3 2.326 0.595 0.770 0.043 -0.51 1.090 2.390
19MG43-83 19MG43-3 1.269 0.129 0.838 0.035 0.25 0.499 2.560
84 19MG43-84 19MG43-3 5.236 0.521 0.817 0.062 0.58 0.156 0.162
19MG43-84 19MG43-3 7.837 0.559 0.850 0.059 0.56 0.267 0.213
19MG43-85 19MG43-3 4.587 0.337 0.825 0.047 0.42 0.160 0.223
8 19MG43-85 19MG43-3 6.024 0.581 0.809 0.045 0.20 0.324 0.330
19MG43-86 19MG43-3 5.051 1.326 0.717 0.065 -0.21 0.217 0.159
19MG43-86 19MG43-3 2.398 0.408 0.710 0.110 0.62 0.081 0.167
86 19MG43-86 19MG43-3 5.291 0.588 0.890 0.058 0.43 0.171 0.206
19MG43-86 19MG43-3 5.682 1.001 0.727 0.059 0.02 0.325 0.283
19MG43-86 19MG43-3 7.698 0.516 0.817 0.089 0.43 0.289 0.245
19MG43-87 19MG43-3 4.348 0.586 0.792 0.064 0.30 0.094 0.123
87 19MG43-87 19MG43-3 13.038 1.122 0.788 0.095 0.43 0.354 0.176
19MG43-87 19MG43-3 15.949 1.730 0.712 0.049 0.10 0.625 0.194
19MG43-88 19MG43-3 12.987 2.024 0.781 0.076 0.33 0.390 0.174
88 19MG43-88 19MG43-3 11.655 1.182 0.867 0.074 0.48 0.436 0.233
19MG43-88 19MG43-3 17.007 1.186 0.800 0.054 0.49 0.788 0.270
19MG43-89 19MG43-3 0.935 0.087 0.816 0.073 -0.03 0.027 0.175
89 19MG43-89 19MG43-3 1.718 0.201 0.821 0.070 0.26 0.065 0.197
19MG43-90 19MG43-3 6.098 0.632 0.766 0.052 0.28 0.313 0.286
19MG43-90 19MG43-3 5.917 1.225 0.735 0.079 0.16 0.560 0.395
%0 19MG43-90 19MG43-3 9.671 0.898 0.826 0.058 0.06 0.492 0.293
19MG43-90 19MG43-3 5.917 0.665 0.817 0.041 0.38 1.100 1.210
19MG43-91 19MG43-3 6.944 0.868 0.809 0.071 0.06 0.477 0.418
91 19MG43-91 19MG43-3 18.215 2.986 0.731 0.072 0.16 1.420 0.488
19MG43-91 19MG43-3 7.463 0.613 0.774 0.025 0.50 0.853 0.737
92 19MG43-92 19MG43-3 4.292 0.313 0.850 0.044 0.64 0.141 0.220
19MG43-92 19MG43-3 5.525 0.580 0.806 0.045 0.14 0.413 0.449
93 19MG43-93 19MG43-3 2.445 0.203 0.839 0.037 0.35 0.118 0.264
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)

19MG43-94 19MG43-3 3.546 0.528 0.819 0.070 0.46 0.173 0.284

94 19MG43-94 19MG43-3 7.553 0.542 0.815 0.050 0.22 0.315 0.267
19MG43-94 19MG43-3 11.710 1.316 0.785 0.051 0.02 0.694 0.393
19MG43-95 19MG43-3 2.183 0.310 0.868 0.066 0.24 0.097 0.218
19MG43-95 19MG43-3 10.101 1.122 0.794 0.060 0.17 0.407 0.237

% 19MG43-95 19MG43-3 39.683 6.141 0.514 0.057 -0.44 4.480 0.344
19MG43-95 19MG43-3 28.736 1.982 0.730 0.110 0.49 1.680 0.343

96 19MG43-96 19MG43-3 3.115 0.175 0.842 0.038 0.30 0.134 0.256
o7 19MG43-97 19MG43-3 3.165 0.190 0.854 0.047 0.12 0.153 0.288
19MG43-97 19MG43-3 4.000 0.624 0.807 0.053 -0.05 0.277 0.339

98 19MG43-98 19MG43-3 2.252 0.188 0.874 0.060 0.34 0.111 0.264
19MG43-99 19MG43-3 1.969 0.174 0.950 0.100 0.13 0.088 0.227

% 19MG43-99 19MG43-3 2.545 0.363 0.803 0.054 -0.14 0.340 0.387
100 19MG43-100 19MG43-3 2.513 0.240 0.898 0.070 0.12 0.128 0.238

WC-1 Calcite reference (Roberts et al., 2017)

1 WC1-1 WC-1 24.546 0.386 0.050 0.003 0.13 3.704 0.192
2 WC1-2 WC-1 25.119 0.303 0.051 0.003 0.40 3.768 0.170
3 WC1-3 WC-1 25.006 0.313 0.051 0.004 0.01 3.490 0.200
4 WC1-4 WC-1 25.094 0.290 0.052 0.003 -0.02 3.971 0.233
5 WC1-5 WC-1 24.492 0.330 0.051 0.003 0.30 3.327 0.173
6 WC1-6 WC-1 25.368 0.296 0.052 0.003 0.39 3.852 0.201
7 WC1-7 WC-1 25.278 0.281 0.051 0.002 0.22 3.706 0.166
20 WC1-20 WC-1 24.408 0.435 0.049 0.008 -0.49 3.695 0.382
8 WC1-8 WC-1 25.400 0.316 0.051 0.002 0.12 3.705 0.126
21 WC1-21 WC-1 23.883 0.405 0.051 0.005 0.06 3.641 0.333
9 WC1-9 WC-1 25.183 0.336 0.051 0.003 0.1 3.750 0.188
10 WC1-10 WC-1 24.826 0.333 0.052 0.004 -0.20 3.682 0.243
22 WC1-22 WC-1 25.265 0.281 0.051 0.002 0.08 3.693 0.181
11 WC1-11 WC-1 24.808 0.320 0.051 0.002 0.08 3.864 0.197
23 WC1-23 WC-1 24.679 0.335 0.052 0.003 0.17 3.384 0.166
12 WC1-12 WC-1 25.556 0.320 0.051 0.002 0.1 4.271 0.167
24 WC1-24 WC-1 25.063 0.352 0.052 0.003 0.1 3.646 0.170
13 WC1-13 WC-1 24.679 0.341 0.052 0.003 0.07 3.767 0.133
16 WC1-16 WC-1 25.013 0.350 0.051 0.004 0.04 3.655 0.157
17 WC1-17 WC-1 24.254 0.318 0.051 0.003 -0.12 4.543 0.189
14 WC1-14 WC-1 24.938 0.417 0.050 0.006 0.1 3.656 0.223
15 WC1-15 WC-1 25.240 0.344 0.051 0.003 0.00 3.708 0.175
19 WC1-19 WC-1 25.063 0.446 0.052 0.008 -0.58 4.634 0.328
25 WC1-25 WC-1 24.944 0.392 0.047 0.008 -0.04 3.391 0.187
26 WC1-26 WC-1 25.195 0.317 0.052 0.003 -0.17 6.020 0.212
28 WC1-28 WC-1 25.208 0.356 0.053 0.010 -0.37 3.694 0.412
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Soda-lime glass NIST SRM-614

Spot  Source file (.FIN2) Sample BBYj0epp 120 (abs)  27Pb/*®Pb  +2c (abs) Rho U (ppm) Pb (ppm)
1 NIST614-135-1 NIST-614 1.513 0.023 0.867 0.009 0.15 0.436 9.680
2 NIST614-135-2 NIST-614 1.474 0.019 0.875 0.009 0.26 0.435 9.700
3 NIST614-135-3 NIST-614 1.439 0.017 0.871 0.009 0.43 0.457 9.810
4 NIST614-135-4 NIST-614 1.489 0.017 0.860 0.009 0.45 1.873 7.550
5 NIST614-135-5 NIST-614 1.444 0.018 0.858 0.009 -0.03 0.383 7.250
6 NIST614-135-6 NIST-614 1.473 0.018 0.855 0.009 0.25 0.412 7.190
7 NIST614-135-7 NIST-614 1.455 0.018 0.865 0.009 0.30 0.464 7.120

Sample 19MG46 from DA domain
19MG46-1 19MG46-4B 5.348 2.116 0.870 0.100 0.56 0.058 0.560
! 19MG46-1 19MG46-4B 7.692 1.302 0.865 0.089 0.14 0.044 0.130
19MG46-2 19MG46-4B 6.173 1.143 1.000 0.270 0.54 0.032 0.156
2 19MG46-2 19MG46-4B 10.753 2.428 0.630 0.130 0.38 0.055 0.096
19MG46-2 19MG46-4B 12.151 1.019 0.939 0.095 0.61 0.044 0.097
3 19MG46-3 19MG46-4B 20.492 1.764 0.865 0.073 0.83 0.063 0.097
19MG46-4 19MG46-4B 8.197 1.008 0.910 0.100 0.46 0.028 0.095
4 19MG46-4 19MG46-4B 16.779 1.745 0.838 0.098 0.83 0.052 0.090
19MG46-5 19MG46-4B 9.804 1.250 0.860 0.120 0.17 0.032 0.090
19MG46-5 19MG46-4B 0.505 0.224 0.819 0.080 0.59 0.031 1.750
° 19MG46-5 19MG46-4B 9.804 1.442 0.810 0.110 0.00 0.032 0.095
19MG46-5 19MG46-4B 2.273 0.671 0.820 0.100 0.45 0.030 0.350
6 19MG46-6 19MG46-4B 15.974 1.480 0.918 0.086 0.83 0.048 0.083
19MG46-7 19MG46-4B 7.519 0.848 0.810 0.110 0.50 0.033 0.132
! 19MG46-7 19MG46-4B 10.299 0.732 0.863 0.073 0.43 0.033 0.100
19MG46-8 19MG46-4B 1.176 0.595 0.813 0.079 0.76 0.020 0.510
8 19MG46-8 19MG46-4B 13.755 1.173 0.990 0.130 0.82 0.033 0.073
19MG46-9 19MG46-4B 9.709 1.037 0.832 0.074 0.50 0.030 0.100
9 19MG46-9 19MG46-4B 11.364 1.420 0.870 0.100 0.73 0.042 0.119
19MG46-9 19MG46-4B 14.556 1.377 0.937 0.098 0.75 0.044 0.108
10 19MG46-10 19MG46-4B 11.628 2.028 0.890 0.110 0.44 0.036 0.084
19MG46-11 19MG46-4B 29.412 4.671 0.710 0.130 0.60 0.107 0.059
" 19MG46-11 19MG46-4B 25.381 4.380 0.620 0.140 0.40 0.089 0.057
19MG46-12 19MG46-4B 12.469 1.104 0.828 0.073 0.35 0.123 0.187
19MG46-12 19MG46-4B 2.653 0.528 0.808 0.051 0.42 0.178 1.350
12 19MG46-12 19MG46-4B 13.514 2.191 0.730 0.130 0.64 0.106 0.126
19MG46-12 19MG46-4B 13.699 1.877 0.780 0.110 0.55 0.089 0.122
19MG46-13 19MG46-4B 0.752 0.158 0.786 0.043 0.62 0.088 2.630
3 19MG46-13 19MG46-4B 13.316 1.294 0.764 0.061 0.07 0.101 0.116
14 19MG46-14 19MG46-4B 9.346 0.873 0.890 0.120 0.07 0.044 0.098
19MG46-14 19MG46-4B 11.198 1.091 0.860 0.130 0.99 0.033 0.057
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG46-15 19MG46-4B 18.587 3.075 0.800 0.130 0.65 0.145 0.300
19MG46-15 19MG46-4B 12.658 3.685 0.590 0.160 0.60 0.059 0.067

15 19MG46-15 19MG46-4B 16.556 2.522 0.740 0.110 0.70 0.056 0.060
19MG46-15 19MG46-4B 21.882 3.735 0.950 0.190 0.76 0.068 0.073
19MG46-15 19MG46-4B 4.695 1.697 0.670 0.150 0.27 0.063 0.230
19MG46-15 19MG46-4B 5.618 2.399 0.800 0.120 0.46 0.060 0.220

16 19MG46-16 19MG46-4B 18.939 1.614 0.831 0.063 0.69 0.078 0.078

17 19MG46-17 19MG46-4B 16.892 1.084 0.896 0.078 0.94 0.078 0.092
19MG46-18 19MG46-4B 3.704 1.509 0.820 0.130 -0.10 0.083 0.480

18 19MG46-18 19MG46-4B 9.346 3.232 0.760 0.200 0.61 0.051 0.118
19MG46-18 19MG46-4B 27.933 2.887 0.930 0.120 0.60 0.073 0.052
19MG46-19 19MG46-4B 10.753 1.387 0.800 0.120 0.49 0.058 0.150

19 19MG46-19 19MG46-4B 20.040 3.012 1.010 0.170 0.78 0.062 0.077
19MG46-19 19MG46-4B 16.949 4.022 0.730 0.120 0.20 0.070 0.073

20 19MG46-20 19MG46-4B 7.246 1.628 0.580 0.160 0.94 0.034 0.082
19MG46-20 19MG46-4B 17.889 1.568 0.913 0.091 0.68 0.061 0.064
19MG46-21 19MG46-4B 14.771 1.745 0.810 0.120 0.48 0.078 0.144

21 19MG46-21 19MG46-4B 20.000 1.840 0.840 0.100 0.55 0.065 0.064
19MG46-21 19MG46-4B 26.525 3.448 0.810 0.150 0.94 0.076 0.070
19MG46-22 19MG46-4B 18.382 1.994 0.880 0.120 0.33 0.110 0.110

- 19MG46-22 19MG46-4B 40.984 9.574 0.730 0.160 -0.28 0.350 0.100
19MG46-22 19MG46-4B 15.699 1.922 0.765 0.090 0.57 0.1 0.127
19MG46-22 19MG46-4B 19.194 3.352 0.640 0.140 0.73 0.094 0.078
19MG46-23 19MG46-4B 19.608 2.307 1.000 0.140 0.71 0.056 0.050

2 19MG46-23 19MG46-4B 19.231 3.698 0.760 0.120 0.33 0.082 0.064
19MG46-24 19MG46-4B 18.149 1.746 0.850 0.110 0.53 0.085 0.069

24 19MG46-24 19MG46-4B 29.940 4.034 0.800 0.150 0.88 0.1 0.049
19MG46-25 19MG46-4B 2.083 0.694 0.697 0.095 0.48 0.073 0.400

2 19MG46-25 19MG46-4B 17.857 1.626 0.929 0.093 0.98 0.115 0.490
19MG46-26 19MG46-4B 16.287 1.326 0.873 0.079 0.56 0.100 0.086

26 19MG46-26 19MG46-4B 6.667 2.933 0.710 0.082 0.63 0.078 0.096
19MG46-27 19MG46-4B 16.393 2.956 0.780 0.120 0.63 0.127 0.128

7 19MG46-27 19MG46-4B 21.459 2.809 0.940 0.140 0.92 0.136 0.089
19MG46-27 19MG46-4B 15.748 1.885 0.870 0.140 0.70 0.090 0.065
19MG46-27 19MG46-4B 20.000 5.200 0.770 0.160 0.00 0.230 0.071
19MG46-28 19MG46-4B 11.494 2.642 0.780 0.110 0.15 0.317 0.360

28 19MG46-28 19MG46-4B 19.685 1.899 0.803 0.075 0.59 0.128 0.070
19MG46-28 19MG46-4B 36.101 8.080 0.600 0.120 0.08 0.287 0.065
19MG46-29 19MG46-4B 14.144 1.560 0.868 0.091 0.73 0.101 0.101

29 19MG46-29 19MG46-4B 3.425 0.669 0.820 0.180 0.87 0.119 0.510
19MG46-29 19MG46-4B 19.231 4.438 0.640 0.180 0.99 0.107 0.055
19MG46-30 19MG46-4B 14.124 1.476 0.830 0.082 0.64 0.108 0.1

%0 19MG46-30 19MG46-4B 28.653 2.791 0.770 0.100 0.44 0.166 0.074
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG46-31 19MG46-5B 6.803 1.064 0.790 0.110 0.57 0.034 0.109
31 19MG46-31 19MG46-5B 12.500 2.344 1.010 0.320 0.77 0.051 0.079
19MG46-31 19MG46-5B 16.611 2.290 0.833 0.079 0.63 0.088 0.097
19MG46-32 19MG46-5B 11.494 1.453 0.970 0.120 0.64 0.059 0.124
19MG46-32 19MG46-5B 4.695 1.367 0.680 0.140 0.72 0.059 0.247
32 19MG46-32 19MG46-5B 14.085 2.380 0.940 0.160 0.46 0.052 0.096
19MG46-32 19MG46-5B 4.484 1.367 0.760 0.100 0.31 0.053 0.241
19MG46-32 19MG46-5B 12.195 2.528 0.800 0.100 0.09 0.085 0.116
19MG46-33 19MG46-5B 8.772 1.077 0.866 0.097 0.56 0.042 0.117
19MG46-33 19MG46-5B 15.152 4.821 0.800 0.140 -0.04 0.069 0.074
33 19MG46-33 19MG46-5B 16.611 2.732 0.990 0.240 0.40 0.047 0.059
19MG46-33 19MG46-5B 1.282 0.345 0.785 0.083 0.06 0.043 0.710
19MG46-33 19MG46-5B 16.129 3.642 1.000 0.220 0.59 0.041 0.052
19MG46-34 19MG46-5B 9.615 1.202 0.990 0.130 0.63 0.040 0.112
34 19MG46-34 19MG46-5B 2.128 1.222 0.860 0.270 0.56 0.035 0.470
19MG46-34 19MG46-5B 10.417 1.302 0.730 0.120 0.66 0.041 0.072
19MG46-34 19MG46-5B 13.947 1.595 0.870 0.120 0.79 0.039 0.049
19MG46-35 19MG46-5B 8.547 0.804 0.940 0.110 0.04 0.043 0.102
35 19MG46-35 19MG46-5B 8.403 1.554 0.890 0.150 0.76 0.037 0.092
19MG46-35 19MG46-5B 14.859 1.700 0.800 0.110 0.99 0.043 0.059
19MG46-36 19MG46-5B 8.929 2.073 0.698 0.091 -0.08 0.095 0.330
36 19MG46-36 19MG46-5B 6.098 2.268 0.730 0.110 0.01 0.121 0.330
19MG46-36 19MG46-5B 19.268 1.782 0.960 0.110 0.77 0.065 0.062
19MG46-37 19MG46-5B 6.135 0.677 0.693 0.061 0.45 0.050 0.154
37 19MG46-37 19MG46-5B 15.504 1.274 0.829 0.085 0.70 0.072 0.085
19MG46-38 19MG46-5B 4.000 0.368 0.820 0.075 0.67 0.040 0.181
%8 19MG46-38 19MG46-5B 9.852 0.854 0.816 0.077 0.72 0.053 0.101
19MG46-39 19MG46-5B 4.785 0.962 0.794 0.085 0.35 0.063 0.235
%9 19MG46-39 19MG46-5B 12.642 1.263 0.768 0.090 0.65 0.063 0.075
19MG46-40 19MG46-5B 6.329 1.001 0.840 0.110 0.22 0.061 0.134
40 19MG46-40 19MG46-5B 7.874 0.992 0.846 0.084 0.06 0.1 0.207
19MG46-40 19MG46-5B 9.901 2.255 0.721 0.060 -0.05 0.227 0.271
19MG46-41 19MG46-5B 8.258 0.614 0.915 0.083 0.12 0.030 0.136
41 19MG46-41 19MG46-5B 6.897 0.951 0.870 0.100 0.62 0.027 0.159
19MG46-41 19MG46-5B 10.638 3.056 0.660 0.120 -0.23 0.084 0.101
19MG46-42 19MG46-5B 8.000 3.584 0.800 0.082 0.54 0.073 0.430
19MG46-42 19MG46-5B 11.111 1.235 0.900 0.110 0.75 0.024 0.103
2 19MG46-42 19MG46-5B 15.873 6.299 0.610 0.130 -0.39 0.107 0.141
19MG46-42 19MG46-5B 5.747 0.628 0.816 0.097 0.70 0.014 0.098
19MG46-43 19MG46-5B 6.623 0.921 1.010 0.200 0.91 0.009 0.064
43 19MG46-43 19MG46-5B 2.381 1.020 0.820 0.150 0.14 0.014 0.231
19MG46-43 19MG46-5B 7.813 0.916 0.920 0.140 0.83 0.014 0.061
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG46-44 19MG46-5B 6.250 1.602 1.040 0.220 0.73 0.012 0.097
19MG46-44 19MG46-5B 20.000 5.600 0.830 0.200 0.15 0.095 0.081

4 19MG46-44 19MG46-5B 8.403 3.037 0.760 0.120 -0.28 0.052 0.127
19MG46-44 19MG46-5B 13.680 1.722 0.990 0.140 0.36 0.020 0.073
45 19MG46-45 19MG46-5B 7.692 0.769 0.921 0.099 0.09 0.020 0.111
19MG46-46 19MG46-5B 7.692 0.651 0.979 0.092 0.28 0.015 0.095
46 19MG46-46 19MG46-5B 3.984 1.063 0.830 0.120 0.58 0.023 0.255
19MG46-46 19MG46-5B 8.475 1.580 0.730 0.150 0.77 0.021 0.100
47 19MG46-47 19MG46-5B 13.072 0.837 0.874 0.063 0.31 0.027 0.086
19MG46-48 19MG46-5B 7.407 1.591 0.850 0.180 0.34 0.016 0.061
48 19MG46-48 19MG46-5B 3.521 1.203 0.770 0.110 0.43 0.024 0.268
19MG46-48 19MG46-5B 9.434 2.136 0.720 0.110 -0.18 0.050 0.109
19MG46-48 19MG46-5B 8.065 0.845 0.855 0.094 0.53 0.016 0.085
49 19MG46-49 19MG46-5B 15.873 3.023 0.960 0.120 0.73 0.023 0.050
19MG46-50 19MG46-5B 4.608 0.998 0.827 0.083 0.39 0.022 0.157
%0 19MG46-50 19MG46-5B 20.367 2.572 0.850 0.140 0.87 0.035 0.052
19MG46-51 19MG46-5B 3.922 0.461 0.747 0.073 0.50 0.062 0.226
19MG46-51 19MG46-5B 3.096 0.882 0.750 0.110 0.03 0.079 0.222
51 19MG46-51 19MG46-5B 3.788 0.344 0.669 0.057 0.49 0.051 0.164
19MG46-51 19MG46-5B 6.135 1.355 0.720 0.110 0.25 0.076 0.112
19MG46-51 19MG46-5B 10.000 2.100 0.930 0.190 0.31 0.076 0.092
52 19MG46-52 19MG46-5B 6.061 0.588 0.940 0.120 0.00 0.061 0.086
19MG46-53 19MG46-5B 6.289 1.622 0.740 0.110 -0.38 0.260 0.171
19MG46-53 19MG46-5B 1.370 0.732 0.781 0.065 0.65 0.089 0.440
19MG46-53 19MG46-5B 12.195 1.933 0.788 0.072 0.06 0.344 0.185
53 19MG46-53 19MG46-5B 33.333 14.444 0.580 0.170 -0.20 0.820 0.161
19MG46-53 19MG46-5B 10.638 1.924 0.820 0.110 -0.08 0.164 0.155
19MG46-53 19MG46-5B 6.329 1.402 0.765 0.082 0.47 0.162 0.244
19MG46-54 19MG46-5B 5.236 1.234 0.850 0.230 0.53 0.066 0.138
19MG46-54 19MG46-5B 13.158 3.289 0.740 0.120 -0.31 0.320 0.137
“ 19MG46-54 19MG46-5B 5.882 0.796 0.791 0.052 0.43 0.120 0.246
19MG46-54 19MG46-5B 10.309 4.889 0.626 0.071 0.48 0.510 0.251
19MG46-55 19MG46-5B 8.065 0.911 0.809 0.067 0.43 0.072 0.121
19MG46-55 19MG46-5B 2.439 0.892 0.830 0.130 0.29 0.071 0.440
% 19MG46-55 19MG46-5B 8.333 1.319 0.880 0.150 0.84 0.044 0.066
19MG46-55 19MG46-5B 17.241 4.756 0.770 0.150 -0.06 0.109 0.075
19MG46-56 19MG46-5B 4.202 0.424 0.754 0.087 0.50 0.027 0.120
19MG46-56 19MG46-5B 7.042 0.843 0.780 0.093 0.32 0.041 0.103
% 19MG46-56 19MG46-5B 10.989 3.381 0.780 0.140 0.51 0.052 0.104
19MG46-56 19MG46-5B 18.587 2.315 0.900 0.180 0.93 0.060 0.074
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG46-57 19MG46-5B 8.696 1.512 0.790 0.180 0.27 0.059 0.163
19MG46-57 19MG46-5B 23.256 17.847 0.430 0.140 -0.59 3.800 0.284
19MG46-57 19MG46-5B 10.309 3.614 0.696 0.071 -0.08 0.134 0.280
19MG46-57 19MG46-5B 5.917 2.101 0.747 0.086 -0.55 0.259 0.830

* 19MG46-57 19MG46-5B 4.545 1.529 0.642 0.086 -0.01 0.135 0.460
19MG46-57 19MG46-5B 17.857 4.145 0.720 0.130 -0.03 0.233 0.209
19MG46-57 19MG46-5B 20.161 3.943 0.796 0.085 0.25 0.225 0.196
19MG46-57 19MG46-5B 12.500 2.188 0.741 0.045 0.32 0.144 0.208
19MG46-58 19MG46-5B 13.889 3.086 0.760 0.110 0.57 0.187 0.306
19MG46-58 19MG46-5B 7.042 1.190 0.731 0.062 0.31 0.072 0.246
19MG46-58 19MG46-5B 9.434 2.136 0.770 0.110 0.22 0.135 0.284
19MG46-58 19MG46-5B 12.048 3.193 0.747 0.088 0.44 0.151 0.251

58 19MG46-58 19MG46-5B 8.264 1.229 0.729 0.055 0.53 0.079 0.193
19MG46-58 19MG46-5B 9.346 1.572 0.688 0.080 0.35 0.104 0.199
19MG46-58 19MG46-5B 10.753 1.734 0.647 0.058 -0.21 0.113 0.207
19MG46-58 19MG46-5B 24.331 4.736 0.670 0.100 0.02 0.245 0.202
19MG46-58 19MG46-5B 18.868 5.340 0.750 0.150 0.00 0.230 0.176
19MG46-59 19MG46-5B 8.696 1.210 0.728 0.042 0.30 0.135 0.364
19MG46-59 19MG46-5B 4.405 1.669 0.780 0.054 -0.32 0.200 1.020
19MG46-59 19MG46-5B 10.000 2.600 0.722 0.048 -0.40 0.490 1.220
19MG46-59 19MG46-5B 5.464 0.747 0.715 0.060 0.13 0.128 0.610

%9 19MG46-59 19MG46-5B 0.694 0.246 0.827 0.053 0.26 0.139 3.500
19MG46-59 19MG46-5B 16.393 4.569 0.686 0.065 -0.67 0.362 0.416
19MG46-59 19MG46-5B 13.699 3.002 0.704 0.076 0.53 0.264 0.460
19MG46-59 19MG46-5B 6.024 0.762 0.780 0.073 0.27 0.096 0.417
19MG46-60 19MG46-5B 4.785 1.236 0.800 0.150 0.39 0.044 0.192
19MG46-60 19MG46-5B 9.174 1.431 0.842 0.097 0.02 0.042 0.087

60 19MG46-60 19MG46-5B 9.615 2.219 0.716 0.074 -0.03 0.057 0.114
19MG46-60 19MG46-5B 9.091 1.074 0.890 0.100 0.58 0.039 0.105
19MG46-61 19MG46-6B 9.434 2.136 1.260 0.410 0.98 0.027 0.051
19MG46-61 19MG46-6B 0.613 0.211 0.860 0.150 0.74 0.030 0.570
19MG46-61 19MG46-6B 8.403 1.765 0.950 0.380 0.82 0.029 0.042

o 19MG46-61 19MG46-6B 9.709 2.168 0.750 0.100 -0.09 0.056 0.039
19MG46-61 19MG46-6B 25.000 12.500 0.610 0.140 -0.07 0.840 0.071
19MG46-61 19MG46-6B 3.333 211 0.677 0.095 0.72 0.060 0.260
19MG46-62 19MG46-6B 9.259 1.543 0.806 0.099 0.30 0.136 0.129
19MG46-62 19MG46-6B 5.181 2.121 0.787 0.092 -0.08 0.360 0.640
19MG46-62 19MG46-6B 1.282 0.444 0.766 0.069 -0.19 0.690 3.410

62 19MG46-62 19MG46-6B 0.893 0.096 0.772 0.048 0.04 0.290 2.980
19MG46-62 19MG46-6B 5.650 0.766 0.700 0.110 0.43 0.320 0.422
19MG46-62 19MG46-6B 20.408 7.497 0.670 0.110 -0.12 0.660 0.219
19MG46-62 19MG46-6B 5.000 1.400 0.703 0.092 0.36 0.224 0.324
19MG46-62 19MG46-6B 15.873 4,535 0.730 0.110 0.20 0.540 0.177
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG46-63 19MG46-6B 8.696 2.344 0.840 0.140 0.12 0.147 0.115
63 19MG46-63 19MG46-6B 14.286 2.653 0.860 0.150 0.75 0.101 0.051
19MG46-63 19MG46-6B 18.975 2.520 0.960 0.160 0.94 0.099 0.041
19MG46-64 19MG46-6B 1.205 0.595 0.920 0.150 0.56 0.053 0.330
64 19MG46-64 19MG46-6B 9.259 1.115 0.833 0.097 0.64 0.077 0.054
19MG46-64 19MG46-6B 6.897 1.712 0.810 0.140 0.79 0.136 0.185
19MG46-65 19MG46-6B 3.831 0.778 0.850 0.140 0.51 0.045 0.112
65 19MG46-65 19MG46-6B 6.173 0.533 0.830 0.100 0.83 0.079 0.110
19MG46-65 19MG46-6B 6.757 0.593 0.860 0.110 0.20 0.084 0.108
66 19MG46-66 19MG46-6B 13.495 1.730 0.980 0.250 0.49 0.068 0.052
19MG46-67 19MG46-6B 13.158 2.251 0.920 0.190 0.81 0.046 0.037
o7 19MG46-67 19MG46-6B 22.222 3.951 0.980 0.310 0.83 0.057 0.028
19MG46-68 19MG46-6B 12.346 1.829 1.030 0.200 1.00 0.040 0.044
68 19MG46-68 19MG46-6B 3.497 1.051 0.660 0.110 0.65 0.027 0.107
19MG46-68 19MG46-6B 22.321 3.587 0.750 0.660 0.88 0.047 0.032
19MG46-69 19MG46-6B 8.929 1.435 0.870 0.190 0.89 0.028 0.049
19MG46-69 19MG46-6B 30.303 13.774 0.600 0.220 -0.08 0.480 0.037
69 19MG46-69 19MG46-6B 14.205 1.876 0.980 0.200 0.78 0.029 0.031
19MG46-69 19MG46-6B 8.264 2.595 0.650 0.150 0.29 0.030 0.054
70 19MG46-70 19MG46-6B 26.738 2.860 1.020 0.360 0.75 0.050 0.031
1 19MG46-71 19MG46-6B 25.641 6.377 0.670 0.150 -0.07 0.240 0.049
19MG46-71 19MG46-6B 15.974 2.092 0.910 0.180 0.91 0.036 0.029
19MG46-72 19MG46-6B 12.658 1.763 0.900 0.160 0.16 0.060 0.067
19MG46-72 19MG46-6B 12.092 1.389 0.910 0.150 1.00 0.031 0.049
& 19MG46-72 19MG46-6B 14.706 5.190 1.700 1.100 0.78 0.023 0.030
19MG46-72 19MG46-6B 30.303 18.365 0.470 0.200 -0.25 0.460 0.035
73 19MG46-73 19MG46-6B 18.315 1.811 0.950 0.110 0.72 0.042 0.043
19MG46-74 19MG46-6B 10.870 1.654 1.080 0.260 0.02 0.039 0.082
19MG46-74 19MG46-6B 10.417 1.736 0.980 0.210 0.49 0.034 0.077
19MG46-74 19MG46-6B 1.887 0.498 0.786 0.070 0.90 0.079 0.890
74 19MG46-74 19MG46-6B 10.309 1.382 0.870 0.110 0.65 0.045 0.109
19MG46-74 19MG46-6B 2.941 0.545 0.832 0.085 -0.11 0.065 0.555
19MG46-74 19MG46-6B 10.309 2.232 0.930 0.160 0.78 0.055 0.149
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG46-75 19MG46-6B 2.381 1.644 0.704 0.060 0.50 1.000 4.200
19MG46-75 19MG46-6B 3.125 1.563 0.709 0.041 -0.30 0.370 1.600
19MG46-75 19MG46-6B 10.010 0.661 0.768 0.060 0.41 0.099 0.304
19MG46-75 19MG46-6B 19.608 6.920 0.660 0.130 -0.76 0.238 0.267
19MG46-75 19MG46-6B 17.241 4.459 0.710 0.110 -0.32 0.205 0.285
19MG46-75 19MG46-6B 11.236 2.146 0.750 0.180 -0.03 0.089 0.145

7 19MG46-75 19MG46-6B 10.417 1.736 0.703 0.069 0.08 0.146 0.347
19MG46-75 19MG46-6B 33.898 6.205 0.672 0.093 -0.19 0.317 0.199
19MG46-75 19MG46-6B 12.987 3.205 0.680 0.064 0.04 0.121 0.214
19MG46-75 19MG46-6B 16.393 6.987 0.680 0.100 0.40 0.208 0.182
19MG46-75 19MG46-6B 21.277 6.790 0.580 0.110 0.30 0.161 0.145
19MG46-75 19MG46-6B 13.021 1.373 0.800 0.120 0.48 0.092 0.194

76 19MG46-76 19MG46-6B 17.731 1.760 1.050 0.160 0.91 0.027 0.048
19MG46-77 19MG46-6B 11.862 1.281 1.010 0.170 1.00 0.027 0.069

7 19MG46-77 19MG46-6B 7.353 2.109 0.740 0.240 -0.06 0.014 0.045
19MG46-78 19MG46-6B 11.236 1.641 0.774 0.067 0.01 0.084 0.156

78 19MG46-78 19MG46-6B 7.353 1.622 0.672 0.071 0.20 0.052 0.199
19MG46-78 19MG46-6B 27.778 13.889 0.500 0.160 -0.66 0.290 0.072
19MG46-78 19MG46-6B 16.667 4,722 0.620 0.160 -0.20 0.126 0.080
19MG46-79 19MG46-6B 8.929 2.392 0.730 0.130 0.70 0.024 0.063
19MG46-79 19MG46-6B 4.310 1.040 0.760 0.130 0.63 0.033 0.205

79 19MG46-79 19MG46-6B 14.472 1.927 0.810 0.150 1.00 0.022 0.038
19MG46-79 19MG46-6B 0.699 0.200 0.703 0.056 0.81 0.016 0.630
19MG46-79 19MG46-6B 7.576 2.009 0.750 0.250 0.85 0.012 0.038
19MG46-80 19MG46-6B 15.748 2.058 0.870 0.150 0.84 0.028 0.040
19MG46-80 19MG46-6B 11.236 2.525 0.680 0.200 0.77 0.020 0.023

80 19MG46-80 19MG46-6B 18.904 3.145 0.880 0.200 0.79 0.026 0.028
19MG46-80 19MG46-6B 12.346 2.439 1.020 0.370 0.93 0.022 0.036
19MG46-81 19MG46-6B 10.204 4.998 0.640 0.290 0.65 0.626 0.086
19MG46-81 19MG46-6B 25.000 6.875 0.800 0.290 0.66 0.619 0.036

81 19MG46-81 19MG46-6B 24.814 4.125 0.870 0.280 0.97 0.853 0.022
19MG46-81 19MG46-6B 20.000 5.600 0.990 0.200 0.59 2.850 0.042
19MG46-82 19MG46-6B 10.989 2.294 0.870 0.210 0.94 -0.253 0.038
19MG46-82 19MG46-6B 9.524 2.902 0.640 0.200 1.00 -0.230 0.043

82 19MG46-82 19MG46-6B 16.129 3.382 0.800 0.130 0.09 -0.580 0.045
19MG46-82 19MG46-6B 16.129 4.683 0.970 0.290 0.87 -0.252 0.042
19MG46-82 19MG46-6B 8.696 2.268 0.740 0.170 0.92 -0.210 0.055
19MG46-82 19MG46-6B 18.868 3.560 0.920 0.240 0.59 -0.260 0.036
19MG46-83 19MG46-6B 18.868 5.696 0.735 0.092 -0.15 -1.420 0.178
19MG46-83 19MG46-6B 11.905 1.417 0.776 0.067 0.47 -0.588 0.183

83 19MG46-83 19MG46-6B 0.526 0.144 0.775 0.024 -0.49 -0.610 4.300
19MG46-83 19MG46-6B 8.547 2.118 0.750 0.080 0.30 -0.723 0.345
19MG46-83 19MG46-6B 14.706 2.595 0.800 0.100 0.33 -0.690 0.179
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Spot  Source file (.FIN2) Sample Z8Y0epp  +20 (abs)  27Pb/?®Pb  *2c0 (abs) Rho U (ppm) Pb (ppm)
19MG46-84 19MG46-6B 7.194 2.277 0.777 0.059 0.01 -1.660 0.572
19MG46-84 19MG46-6B 8.475 2.011 0.758 0.068 0.20 -1.300 0.537

84 19MG46-84 19MG46-6B 4.651 1.514 0.729 0.047 -0.02 -0.950 0.730
19MG46-84 19MG46-6B 2.193 0.365 0.755 0.038 0.07 -0.648 1.180
19MG46-84 19MG46-6B 4.545 1.198 0.749 0.037 0.06 -0.880 0.600
19MG46-84 19MG46-6B 1.852 0.480 0.726 0.037 0.41 -0.540 1.050
19MG46-85 19MG46-6B 6.803 0.879 0.930 0.120 0.20 -0.153 0.093
19MG46-85 19MG46-6B 14.706 10.381 0.580 0.120 -0.48 -3.700 0.430

85 19MG46-85 19MG46-6B 1.389 0.386 0.830 0.120 0.67 -0.094 0.280
19MG46-85 19MG46-6B 15.385 7.574 0.700 0.220 -0.36 -0.650 0.083
19MG46-85 19MG46-6B 10.309 1.275 0.890 0.140 0.75 -0.159 0.062
19MG46-86 19MG46-6B 3.846 0.355 0.864 0.065 0.43 -0.152 0.119

86 19MG46-86 19MG46-6B 7.576 0.746 0.920 0.099 0.65 -0.304 0.105
19MG46-86 19MG46-6B 8.333 2.500 0.730 0.190 0.21 -0.520 0.098
19MG46-87 19MG46-6B 12.500 4.531 0.700 0.100 -0.15 -6.700 0.242
19MG46-87 19MG46-6B 3.831 1.306 0.707 0.044 0.05 -6.800 0.710
19MG46-87 19MG46-6B 14.286 2.449 0.760 0.120 0.16 -5.070 0.161
19MG46-87 19MG46-6B 0.962 0.250 0.757 0.053 -0.21 -8.100 3.600

87 19MG46-87 19MG46-6B 16.667 6.944 0.770 0.130 0.51 -21.800 0.310
19MG46-87 19MG46-6B 15.385 4.497 0.757 0.088 -0.37  -14.900 0.205
19MG46-87 19MG46-6B 10.204 2.395 0.790 0.110 0.43  -11.300 0.236
19MG46-87 19MG46-6B 1.515 0.551 0.734 0.056 0.46  -21.400 1.650
19MG46-87 19MG46-6B 10.101 1.735 0.710 0.044 0.15 -31.000 0.329
19MG46-88 19MG46-6B 4.673 1.266 0.712 0.048 0.02 0.910 0.430
19MG46-88 19MG46-6B 9.709 2.168 0.817 0.087 0.23 1.600 0.321

88 19MG46-88 19MG46-6B 7.407 1.481 0.725 0.035 0.29 3.100 0.790
19MG46-88 19MG46-6B 13.333 2.489 0.750 0.120 0.00 1.390 0.214
19MG46-88 19MG46-6B 7.692 2.130 0.679 0.044 -0.22 1.380 0.333
19MG46-89 19MG46-6B 3.984 0.540 0.698 0.049 0.21 0.850 1.004
19MG46-89 19MG46-6B 5.155 1.249 0.693 0.083 0.60 0.580 0.550
19MG46-89 19MG46-6B 8.850 0.940 0.684 0.073 0.17 0.680 0.362
19MG46-89 19MG46-6B 6.452 1.332 0.704 0.042 0.16 1.360 0.810

89 19MG46-89 19MG46-6B 5.405 0.935 0.767 0.049 0.63 0.815 0.813
19MG46-89 19MG46-6B 8.772 1.616 0.782 0.085 0.43 0.980 0.556
19MG46-89 19MG46-6B 6.623 0.658 0.772 0.063 0.54 0.484 0.401
19MG46-89 19MG46-6B 6.250 1.758 0.750 0.059 0.19 0.830 0.670
19MG46-90 19MG46-6B 2.632 0.900 0.749 0.067 0.84 0.325 1.000
19MG46-90 19MG46-6B 30.303 11.938 0.580 0.130 -0.59 1.650 0.213
19MG46-90 19MG46-6B 3.610 1.030 0.789 0.064 0.15 0.267 0.590
19MG46-90 19MG46-6B 9.804 1.826 0.686 0.083 0.43 0.344 0.239

%0 19MG46-90 19MG46-6B 2.857 0.898 0.774 0.064 0.37 0.312 0.900
19MG46-90 19MG46-6B 7.194 0.828 0.686 0.064 0.73 0.228 0.254
19MG46-90 19MG46-6B 10.417 4.557 0.663 0.092 -0.30 1.270 0.850
19MG46-90 19MG46-6B 1.250 0.453 0.711 0.062 0.67 0.450 2.650
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Table A5.4: U-Pb isotopic data of calcite veins from the ECM obtained during the session 4 (29-11-2021) of LA-
ICP-MS U-Pb in calcite. The spot size for samples 19MG20, 19MG32 and 19MG67 was 85 um and 65 um for
the sample 19MG43. Red labelled data was excluded from the age regression due to evident high error or a

point belonging to the host rock.

Session 2
WC-1 Calcite reference (Roberts et al., 2017)

Spot Source file (.FIN2) Sample Z8Y/0epp  +20 (abs) X’Pb/*Pb 120 (abs) Rho U (ppm) Pb (ppm)
1 WC1-1 WC-1 24.839 0.432 0.051 0.007 0.04 4.170 0.189
2 WC1-2 WC-1 24.931 0.448 0.050 0.005 -0.05 3.202 0.129
3 WC1-3 WC-1 24.963 0.467 0.051 0.005 0.10 3.603 0.151
4 WC1-4 WC-1 24.207 0.416 0.053 0.005 -0.16  4.649 0.258
5 WC1-5 WC-1 25.497 0.442 0.050 0.006 0.17 3.433 0.248
6 WC1-6 WC-1 24.975 0.561 0.051 0.009 0.35  3.142 0.135
7 WC1-7 WC-1 25.907 0.570 0.050 0.008 0.40 4.033 0.221
8 WC1-8 WC-1 24.618 0.503 0.053 0.008 0.08  3.400 0.210
9 WC1-9 WC-1 25.208 0.470 0.051 0.005 0.38 3.286 0.223
10 WC1-10 WC-1 25.304 0.455 0.051 0.005 0.25  3.988 0.240
11 WC1-11 WC-1 25.310 0.404 0.051 0.004 0.16 3.688 0.097
12 WC1-12 WC-1 24.661 0.426 0.051 0.004 0.32  3.632 0.170
13 WC1-14 WC-1 25.157 0.449 0.051 0.006 -0.34 3.716 0.165
14 WC1-15 WC-1 25.214 0.401 0.052 0.005 0.32  3.740 0.155
15 WC1-16 WC-1 25.157 0.500 0.049 0.006 -0.58 3.662 0.220
16 WC1-17 WC-1 25.056 0.496 0.052 0.008 -0.52  3.857 0.204
17 WC1-19 WC-1 24.546 0.512 0.052 0.009 0.32 3674 0.236
18 WC1-20 WC-1 23.941 0.493 0.053 0.011 -0.20  3.496 0.329
19 WC1-21 WC-1 25.504 0.436 0.050 0.007 -0.23 3.811 0.213
20 WC1-22 WC-1 25.478 0.519 0.052 0.008 0.50  3.437 0.182
21 WC1-23 WC-1 24.120 0.489 0.051 0.008 0.31  4.100 0.221
22 WC1-24 WC-1 25.304 0.557 0.052 0.008 0.38  3.852 0.169
23 WC1-26 WC-1 24.432 0.531 0.051 0.007 0.16 3.583 0.144
24 WC1-27 WC-1 24.125 0.495 0.051 0.008 044  3.791 0.315
25 WC1-28 WC-1 24.925 0.466 0.051 0.005 0.08 3.754 0.172
26 WC1-29 WC-1 24.938 0.435 0.050 0.004 0.27  3.881 0.141
27 WC1-30 WC-1 24.219 0.504 0.054 0.007 0.14  2.890 0.237
28 WC1-31 WC-1 25.733 0.457 0.051 0.004 0.28  3.748 0.127
29 WC1-32 WC-1 25.323 0.481 0.051 0.004 0.21 3.940 0.223
30 WC1-33 WC-1 25.253 0.453 0.051 0.003 025  3.772 0.163
31 WC1-34 WC-1 25.126 0.499 0.051 0.005 0.14 3.436 0.240

Soda-lime glass NIST SRM-614
1 NIST614-1 NIST-614 1.425 0.024 0.842 0.012 0.66  1.138 4.927
2 NIST614-2 NIST-614 1.438 0.020 0.843 0.011 0.61 1.062 4.808
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
3 NIST614-3 NIST-614 1.420 0.022 0.831 0.010 0.62 1.017 4.733
4 NIST614-4 NIST-614 1.437 0.020 0.847 0.011 0.59 0.973 4.781
5 NIST614-5 NIST-614 1.437 0.019 0.866 0.010 0.59 0.932 3.381
6 NIST614-6 NIST-614 1.479 0.022 0.861 0.011 0.58 0.939 3.271
7 NIST614-7 NIST-614 1.455 0.021 0.858 0.011 0.58 1.018 3.544
8 NIST614-8 NIST-614 1.467 0.021 0.853 0.010 0.49 0.462 6.610
9 NIST614-9 NIST-614 1.418 0.022 0.850 0.010 0.54 0.460 6.900
10 NIST614-10 NIST-614 1.418 0.022 0.858 0.011 0.59 0.467 7.090

19MG20 from DA strain domain
22 19MG20-22 19MG20-2 1.133 0.097 0.885 0.065 0.22 0.036 0.225
23 19MG20-23 19MG20-2 2.778 0.231 0.990 0.100 0.16 0.081 0.243
19MG20-24 19MG20-2 1.031 0.102 0.780 0.031 0.19 0.550 3.180
24 19MG20-24 19MG20-2 3.155 0.229 0.828 0.053 0.39 0.157 0.372
19MG20-28 19MG20-2 0.154 0.014 0.836 0.034 0.1 0.037 1.930
28 19MG20-28 19MG20-2 0.474 0.049 0.812 0.035 0.12 0.063 1.108
29 19MG20-29 19MG20-2 no value NAN NaN 0.006 0.228
31 19MG20-31 19MG20-2 no value NAN NaN 0.005 0.253
32 19MG20-32 19MG20-2 no value NAN NaN 0.005 0.223
33 19MG20-33 19MG20-2 1.250 0.203 0.891 0.073 0.33 0.046 0.273
34 19MG20-34 19MG20-2 1.229 0.091 0.910 0.066 0.37 0.024 0.283
19MG20-35 19MG20-2 0.735 0.092 0.859 0.089 0.65 0.020 0.276
% 19MG20-35 19MG20-2 1.163 0.149 0.860 0.110 0.02 0.017 0.152
36 19MG20-36 19MG20-2 1.351 0.201 0.850 0.110 0.48 0.022 0.189
37 19MG20-37 19MG20-2 0.606 0.081 0.840 0.110 0.51 0.013 0.233
19MG20-38 19MG20-2 0.870 0.144 0.903 0.091 -0.04 0.024 0.294
%8 19MG20-38 19MG20-2 1.449 0.210 0.840 0.110 0.92 0.016 0.136
39 19MG20-39 19MG20-2 1.053 0.266 0.923 0.091 0.00 0.027 0.193
40 19MG20-40 19MG20-2 1.285 0.152 0.833 0.067 0.48 0.018 0.150
41 19MG20-41 19MG20-2 1.486 0.135 0.893 0.055 0.46 0.022 0.183
42 19MG20-42 19MG20-3 0.493 0.029 0.819 0.018 0.25 0.297 7.580
19MG20-43 19MG20-3 0.474 0.079 0.789 0.023 0.01 0.960 27.500
19MG20-43 19MG20-3 1.138 0.105 0.798 0.032 0.28 0.375 3.880
3 19MG20-43 19MG20-3 0.402 0.044 0.787 0.018 0.15 0.535 15.600
19MG20-43 19MG20-3 1.168 0.074 0.801 0.014 -0.04 0.888 8.860
19MG20-44 19MG20-3 1.190 0.198 0.805 0.039 0.45 0.280 3.200
44 19MG20-44 19MG20-3 2.404 0.306 0.837 0.055 0.67 0.211 1.060
19MG20-44 19MG20-3 4.000 0.672 0.760 0.046 0.04 0.560 1.200
19MG20-45 19MG20-3 0.735 0.054 0.828 0.043 0.21 1.310 20.600
45 19MG20-45 19MG20-3 1.104 0.065 0.810 0.032 0.35 0.341 3.940
19MG20-46 19MG20-3 0.474 0.031 0.816 0.023 0.16 0.545 13.800
46 19MG20-46 19MG20-3 0.351 0.018 0.806 0.012 0.10 0.715 24.560
19MG20-46 19MG20-3 0.540 0.029 0.803 0.016 0.23 0.815 17.800
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb 120 (abs) Rho U (ppm) Pb (ppm)
19MG20-47 19MG20-3 0.789 0.049 0.808 0.021 0.18 3.160 49.100
19MG20-47 19MG20-3 2.941 0.952 0.772 0.017 -0.35 3.200 13.400

4 19MG20-47 19MG20-3 4.098 0.336 0.765 0.022 0.13 2.120 5.860
19MG20-47 19MG20-3 9.709 1.885 0.726 0.045 0.01 3.800 2.920
19MG20-48 19MG20-3 1.887 0.463 0.785 0.037 0.30 3.600 25.700
19MG20-48 19MG20-3 2.257 0.433 0.788 0.028 0.25 5.790 27.600
19MG20-48 19MG20-3 1.333 0.178 0.797 0.026 0.37 4.380 38.300

48 19MG20-48 19MG20-3 1.010 0.143 0.813 0.026 0.32 4.630 51.500
19MG20-48 19MG20-3 0.800 0.070 0.796 0.016 0.43 4.700 70.400
19MG20-48 19MG20-3 1.395 0.060 0.813 0.013 0.07 4.980 43.300
19MG20-48 19MG20-3 1.314 0.121 0.774 0.037 0.19 2.520 24.200
19MG20-49 19MG20-3 0.392 0.037 0.826 0.033 0.36 0.190 6.300

49 19MG20-49 19MG20-3 0.599 0.036 0.809 0.022 0.30 0.119 2.560
19MG20-49 19MG20-3 0.934 0.084 0.809 0.040 0.16 0.083 1.180
19MG20-50 19MG20-3 2.288 0.356 0.779 0.050 0.10 1.030 5.480
19MG20-50 19MG20-3 4.525 0.471 0.787 0.027 0.30 1.170 2.870
19MG20-50 19MG20-3 2.591 0.248 0.796 0.020 0.52 0.898 4.470

%0 19MG20-50 19MG20-3 1.684 0.162 0.804 0.024 0.04 0.710 5.200
19MG20-50 19MG20-3 7.042 1.537 0.755 0.039 0.09 1.320 1.840
19MG20-50 19MG20-3 3.717 0.525 0.777 0.052 0.39 0.400 1.370
19MG20-51 19MG20-3 0.204 0.046 0.845 0.030 0.34 0.092 6.000

o 19MG20-51 19MG20-3 1.957 0.134 0.821 0.041 0.28 0.085 0.494

52 19MG20-52 19MG20-3 0.202 0.022 0.825 0.020 -0.03 1.039 60.100
19MG20-52 19MG20-3 0.483 0.026 0.802 0.033 0.54 0.820 19.500
19MG20-53 19MG20-3 0.268 0.027 0.810 0.031 0.27 1.300 56.900

53 19MG20-53 19MG20-3 7.463 0.613 0.793 0.033 -0.31 35.200 56.200
19MG20-53 19MG20-3 0.397 0.022 0.803 0.014 0.05 0.769 23.300
19MG20-54 19MG20-3 0.905 0.071 0.842 0.038 0.08 0.508 7.100

54 19MG20-54 19MG20-3 0.625 0.063 0.803 0.022 0.18 0.753 13.700
19MG20-54 19MG20-3 0.314 0.020 0.809 0.010 0.23 0.643 25.130

55 19MG20-55 19MG20-3 11.236 1.641 0.669 0.045 -0.03 4.230 3.080
19MG20-56 19MG20-3 0.323 0.026 0.830 0.051 0.21 0.147 4.920

% 19MG20-56 19MG20-3 0.518 0.040 0.888 0.056 0.12 0.050 1.310
19MG20-57 19MG20-3 1.351 0.119 0.846 0.047 0.33 0.469 3.930

*7 19MG20-57 19MG20-3 2.358 0.278 0.844 0.072 0.10 0.275 1.350
19MG20-58 19MG20-3 0.966 0.064 0.864 0.062 0.18 0.386 5.400

%8 19MG20-58 19MG20-3 0.813 0.035 0.825 0.015 0.23 1.212 18.200
19MG20-59 19MG20-3 2.604 0.115 0.836 0.037 0.49 6.760 35.000
19MG20-59 19MG20-3 3.086 0.191 0.782 0.029 0.52 6.660 26.900
19MG20-59 19MG20-3 4.651 0.281 0.783 0.024 0.26 6.090 15.520

59 19MG20-59 19MG20-3 6.452 0.624 0.812 0.030 0.26 7.240 12.810
19MG20-59 19MG20-3 4.808 0.393 0.795 0.019 0.14 8.790 22.000
19MG20-59 19MG20-3 4.880 0.174 0.780 0.021 0.18 7.060 17.400
19MG20-59 19MG20-3 4.902 1.129 0.779 0.051 0.59 5.300 10.800
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG20-60 19MG20-3 3.534 0.437 0.808 0.028 0.42 2.720 10.400
19MG20-60 19MG20-3 5.376 0.809 0.776 0.034 0.56 2.460 5.600
60 19MG20-60 19MG20-3 2.227 0.238 0.794 0.015 0.26 4.340 25.300
19MG20-60 19MG20-3 9.174 0.631 0.770 0.033 0.64 3.440 4.630
61 19MG20-61 19MG20-3 0.498 0.037 0.857 0.039 0.23 0.217 4.850
19MG20-62 19MG20-3 1.361 0.080 0.801 0.020 0.20 0.938 8.610
62 19MG20-62 19MG20-3 1.835 0.104 0.794 0.016 0.31 1.011 6.980
19MG20-62 19MG20-3 1.661 0.113 0.803 0.015 0.38 0.935 6.610
63 19MG20-63 19MG20-3 1.010 0.153 0.851 0.036 0.25 0.048 0.474
64 19MG20-64 19MG20-3 0.637 0.101 0.855 0.035 0.34 0.023 0.610
19MG20-65 19MG20-3 1.563 0.293 0.858 0.044 0.36 0.085 0.720
65 19MG20-65 19MG20-3 1.675 0.157 0.776 0.063 0.69 0.031 0.217
19MG20-65 19MG20-3 3.367 0.419 0.787 0.065 0.30 0.094 0.290
19MG20-66 19MG20-3 0.240 0.032 0.904 0.071 0.55 0.026 1.390
00 19MG20-66 19MG20-3 0.917 0.126 0.864 0.055 0.1 0.026 0.247
19MG20-67 19MG20-3 1.266 0.256 0.831 0.037 0.08 0.083 0.640
o7 19MG20-67 19MG20-3 3.215 0.558 0.803 0.031 -0.23 0.350 0.740
19MG20-68 19MG20-3 0.870 0.151 0.870 0.045 0.46 0.073 1.050
68 19MG20-68 19MG20-3 3.226 0.281 0.877 0.054 0.38 0.084 0.305
19MG20-68 19MG20-3 4.831 0.420 0.844 0.076 0.48 0.098 0.229
19MG20-69 19MG20-3 0.282 0.040 0.810 0.071 0.46 0.033 1.610
69 19MG20-69 19MG20-3 0.709 0.101 0.838 0.074 0.64 0.015 0.263
70 19MG20-70 19MG20-3 0.417 0.052 0.852 0.076 0.58 0.012 0.314
19MG20-70 19MG20-3 1.185 0.104 0.890 0.052 0.62 0.019 0.196
1 19MG20-71 19MG20-3 0.467 0.083 0.806 0.045 0.05 0.050 1.400
19MG20-71 19MG20-3 3.311 0.340 0.855 0.042 0.05 0.101 0.292
19MG20-72 19MG20-3 0.826 0.178 0.880 0.150 0.54 0.016 0.175
72 19MG20-72 19MG20-3 1.842 0.220 0.869 0.076 0.53 0.025 0.147
19MG20-72 19MG20-3 2.513 0.328 0.890 0.120 0.46 0.026 0.113
19MG20-73 19MG20-4 0.493 0.029 0.874 0.024 0.35 0.101 2.490
e 19MG20-73 19MG20-4 0.795 0.046 0.896 0.024 0.36 0.063 0.881
19MG20-74 19MG20-4 0.258 0.026 0.864 0.025 0.24 0.051 2.400
74 19MG20-74 19MG20-4 0.991 0.064 0.880 0.029 0.27 0.172 2.130
19MG20-74 19MG20-4 1.645 0.127 0.878 0.031 0.44 0.126 0.843
19MG20-75 19MG20-4 0.452 0.035 0.876 0.025 0.21 0.072 1.860
75 19MG20-75 19MG20-4 0.671 0.090 0.884 0.031 0.33 0.108 1.760
19MG20-75 19MG20-4 0.173 0.021 0.871 0.019 0.15 0.032 1.772
19MG20-76 19MG20-4 0.703 0.034 0.863 0.025 0.30 0.066 1.069
e 19MG20-76 19MG20-4 0.424 0.038 0.883 0.029 0.17 0.031 0.752
77 19MG20-77 19MG20-4 0.908 0.038 0.885 0.021 0.35 0.062 0.828
78 19MG20-78 19MG20-4 1.045 0.055 0.878 0.033 0.48 0.024 0.269
19MG20-79 19MG20-4 0.728 0.051 0.841 0.032 0.37 0.084 1.180
" 19MG20-79 19MG20-4 1.236 0.061 0.906 0.033 0.44 0.047 0.422
80 19MG20-80 19MG20-4 0.639 0.033 0.896 0.022 0.33 0.045 0.804
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
81 19MG20-81 19MG20-4 2.571 0.159 0.946 0.053 0.84 0.045 0.193
82 19MG20-82 19MG20-4 7.937 0.945 0.826 0.053 -0.14 0.540 0.490
83 19MG20-83 19MG20-4 0.488 0.050 0.908 0.031 0.33 0.025 0.468
84 19MG20-84 19MG20-4 0.227 0.016 0.894 0.013 0.23 0.060 2.760
85 19MG20-85 19MG20-4 2.849 0.227 0.905 0.038 0.05 0.139 0.479
86 19MG20-86 19MG20-4 0.993 0.078 0.877 0.050 0.30 0.040 0.345

19MG20-87 19MG20-4 0.289 0.026 0.901 0.043 0.39 0.082 2.860
87 19MG20-87 19MG20-4 0.535 0.034 0.893 0.021 0.17 0.118 2.387
19MG20-87 19MG20-4 0.257 0.015 0.893 0.016 0.22 0.088 3.690
19MG20-88 19MG20-4 1.786 0.415 0.886 0.076 0.54 0.047 0.237
88 19MG20-88 19MG20-4 3.610 0.209 0.840 0.060 0.31 0.081 0.223
19MG20-88 19MG20-4 2.571 0.185 0.853 0.051 0.49 0.063 0.242
19MG32 from WDA strain domain
19MG32-1 19MG32-1 0.091 0.006 0.806 0.032 0.1 0.033 2.220
1 19MG32-1 19MG32-1 0.108 0.007 0.807 0.021 0.21 0.030 1.603
19MG32-1 19MG32-1 0.121 0.014 0.821 0.054 0.31 0.022 1.179
5 19MG32-2 19MG32-1 0.088 0.009 0.798 0.015 0.09 0.062 3.080
19MG32-2 19MG32-1 0.074 0.006 0.805 0.021 0.38 0.030 2.490
19MG32-4 19MG32-1 0.075 0.015 0.786 0.058 0.56 0.023 2.110
19MG32-4 19MG32-1 0.163 0.013 0.838 0.031 0.10 0.027 1.251
N 19MG32-4 19MG32-1 0.117 0.012 0.831 0.053 0.40 0.022 1.399
19MG32-4 19MG32-1 0.116 0.010 0.818 0.050 0.14 0.019 1.225
19MG32-5 19MG32-1 0.144 0.011 0.835 0.026 0.41 0.022 1.109
° 19MG32-5 19MG32-1 0.132 0.021 0.828 0.056 0.40 0.021 1.169
19MG32-6 19MG32-1 0.105 0.007 0.838 0.024 -0.59 0.028 2.087
6 19MG32-6 19MG32-1 0.080 0.008 0.816 0.038 0.22 0.020 1.970
19MG32-6 19MG32-1 0.108 0.007 0.815 0.034 0.15 0.020 1.431
19MG32-7 19MG32-1 0.412 0.030 0.819 0.023 0.1 0.101 2.000
! 19MG32-7 19MG32-1 0.178 0.009 0.815 0.020 0.22 0.035 1.591
8 19MG32-8 19MG32-1 0.101 0.012 0.829 0.036 0.28 0.018 1.554
10 19MG32-10 19MG32-1 0.142 0.011 0.818 0.026 -0.04 0.026 1.750
19MG32-10 19MG32-1 0.323 0.028 0.829 0.023 0.16 0.051 1.376
11 19MG32-11 19MG32-1 0.395 0.027 0.821 0.015 0.05 0.062 1.302
19MG32-12 19MG32-1 0.077 0.006 0.835 0.019 0.04 0.029 4.140
12 19MG32-12 19MG32-1 0.086 0.004 0.826 0.017 0.23 0.020 2.586
19MG32-13 19MG32-1 0.182 0.012 0.831 0.017 0.18 0.044 2.570
3 19MG32-13 19MG32-1 0.257 0.021 0.844 0.023 0.24 0.040 1.732
19MG32-14 19MG32-1 0.176 0.014 0.834 0.023 0.24 0.036 2.260
" 19MG32-14 19MG32-1 0.372 0.023 0.813 0.019 0.06 0.078 2.330
19MG32-15 19MG32-1 0.217 0.020 0.825 0.024 0.10 0.032 1.668
1 19MG32-15 19MG32-1 0.148 0.008 0.834 0.017 0.20 0.020 1.521
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG32-16 19MG32-2 0.139 0.013 0.821 0.019 0.07 0.031 2.320
10 19MG32-16 19MG32-2 0.196 0.018 0.836 0.024 -0.01 0.029 1.680
17 19MG32-17 19MG32-2 0.169 0.011 0.856 0.020 0.31 0.028 1.925
18 19MG32-18 19MG32-2 0.353 0.041 0.481 0.041 -0.95 0.491 0.462
19 19MG32-19 19MG32-2 0.167 0.016 0.841 0.026 0.11 0.030 2.004
19MG32-19 19MG32-2 0.294 0.036 0.839 0.033 0.12 0.048 1.570
19MG32-20 19MG32-2 0.104 0.006 0.854 0.018 0.08 0.018 2.113
20 19MG32-20 19MG32-2 0.091 0.013 0.817 0.040 0.37 0.015 2.006
22 19MG32-22 19MG32-2 0.184 0.020 0.849 0.039 0.15 0.015 1.024
23 19MG32-23 19MG32-2 0.101 0.011 0.848 0.023 0.17 0.004 0.621
24 19MG32-24 19MG32-2 0.071 0.008 0.814 0.038 0.28 0.014 2.380
25 19MG32-25 19MG32-2 no value NAN NaN 0.006 1.810
29 19MG32-29 19MG32-2 no value NAN NaN 0.001 0.645
19MG32-31 19MG32-3 0.402 0.040 0.821 0.009 0.19 0.590 20.300
31 19MG32-31 19MG32-3 0.347 0.029 0.823 0.016 0.06 0.209 7.990
19MG32-32 19MG32-3 0.370 0.036 0.815 0.014 0.00 0.538 18.550
% 19MG32-32 19MG32-3 0.402 0.012 0.817 0.010 0.27 0.436 15.990
19MG32-33 19MG32-3 0.171 0.016 0.818 0.014 0.12 0.176 15.630
33 19MG32-33 19MG32-3 0.324 0.056 0.827 0.014 -0.07 0.393 12.070
19MG32-33 19MG32-3 0.143 0.009 0.815 0.011 0.25 0.105 10.730
" 19MG32-34 19MG32-3 0.426 0.025 0.819 0.013 0.16 0.351 12.800
19MG32-34 19MG32-3 0.219 0.014 0.814 0.014 0.21 0.124 8.460
19MG32-35 19MG32-3 0.254 0.027 0.827 0.020 0.20 0.150 9.600
% 19MG32-35 19MG32-3 0.437 0.040 0.843 0.021 -0.10 0.294 10.030
36 19MG32-36 19MG32-3 0.009 0.002 0.819 0.023 0.04 0.024 28.500
19MG32-37 19MG32-3 0.187 0.012 0.819 0.010 0.31 0.674 55.500
37 19MG32-37 19MG32-3 0.182 0.018 0.815 0.008 0.11 0.484 36.900
19MG32-38 19MG32-3 0.028 0.004 0.804 0.026 -0.05 0.026 13.900
%8 19MG32-38 19MG32-3 0.021 0.002 0.810 0.017 0.12 0.015 11.830
40 19MG32-40 19MG32-3 0.793 0.059 0.815 0.009 0.01 0.966 18.260
41 19MG32-41 19MG32-3 0.685 0.052 0.812 0.009 0.13 0.634 14.820
19MG32-42 19MG32-3 0.082 0.017 0.809 0.032 -0.02 0.035 5.810
19MG32-42 19MG32-3 0.105 0.016 0.833 0.019 0.35 0.047 7.560
42 19MG32-42 19MG32-3 0.259 0.034 0.830 0.018 0.19 0.152 9.720
19MG32-42 19MG32-3 0.102 0.008 0.834 0.024 -0.07 0.041 7.450
19MG32-42 19MG32-3 0.260 0.030 0.818 0.052 0.22 0.049 3.380
43 19MG32-43 19MG32-3 0.205 0.038 0.813 0.028 0.16 0.030 1.870
19MG32-44 19MG32-3 0.203 0.018 0.814 0.019 0.33 0.084 6.840
4 19MG32-44 19MG32-3 0.120 0.007 0.838 0.012 0.03 0.065 10.100
19MG32-45 19MG32-3 0.147 0.039 0.829 0.014 -0.11 0.197 12.540
45 19MG32-45 19MG32-3 0.532 0.028 0.829 0.016 0.15 0.342 12.680
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19MG67 from OL strain domain

Spot Source file (.FIN2) Sample Z8Y/0epp  +20 (abs) X’Pb/*Pb 120 (abs) Rho U (ppm) Pb (ppm)
19MG67-1 19MG67-1 0.106 0.012 0.865 0.045 0.20 0.025 2.199
; 19MG67-1 19MG67-1 0.227 0.052 0.915 0.054 0.10 0.063 2.039
19MG67-1 19MG67-1 0.182 0.018 0.862 0.049 0.48 0.035 1.956
19MG67-1 19MG67-1 0.344 0.022 0.898 0.021 0.23 0.058 1.762
2 19MG67-2 19MG67-1 0.114 0.006 0.902 0.015 0.34 0.020 1.774
3 19MG67-3 19MG67-1 0.101 0.004 0.887 0.014 0.23 0.018 1.823
19MG67-4 19MG67-1 0.102 0.008 0.870 0.019 -0.04 0.023 2.070
4 19MG67-4 19MG67-1 0.078 0.005 0.890 0.021 0.35 0.013 1.679
6 19MG67-6 19MG67-1 0.185 0.008 0.879 0.014 0.17 0.037 1.908
19MG67-8 19MG67-1 0.108 0.012 0.891 0.042 0.36 0.017 1.560
8 19MG67-8 19MG67-1 0.100 0.014 0.869 0.040 0.19 0.018 1.441
19MG67-9 19MG67-1 0.143 0.009 0.881 0.022 0.04 0.029 1.831
° 19MG67-9 19MG67-1 0.163 0.010 0.854 0.021 0.41 0.030 1.708
14 19MG67-14 19MG67-1 0.077 0.014 0.808 0.096 0.33 0.019 2.130
19MG67-14 19MG67-1 0.160 0.015 0.866 0.014 -0.11 0.042 1.826
19MG67-15 19MG67-1 0.060 0.009 0.859 0.038 0.16 0.015 2.032
19MG67-15 19MG67-1 0.089 0.006 0.888 0.027 0.31 0.019 1.857
1 19MG67-15 19MG67-1 0.071 0.007 0.847 0.056 0.21 0.014 1.569
19MG67-15 19MG67-1 0.120 0.015 0.877 0.045 0.25 0.021 1.489
19MG67-16 19MG67-1 0.129 0.012 0.867 0.026 0.18 0.032 2.088
19MG67-16 19MG67-1 0.154 0.011 0.867 0.021 0.08 0.032 1.764
10 19MG67-16 19MG67-1 0.164 0.011 0.866 0.028 0.48 0.033 1.656
19MG67-16 19MG67-1 0.123 0.011 0.863 0.032 0.15 0.021 1.449
21 19MG67-21 19MG67-1 no value NAN NaN 0.006 1.982
23 19MG67-23 19MG67-1 no value NAN NaN 0.004 1.511
” 19MG67-24 19MG67-1 0.166 0.007 0.850 0.016 0.20 0.041 1.990
19MG67-24 19MG67-1 0.192 0.011 0.884 0.022 0.43 0.038 1.603
19MG67-25 19MG67-1 0.147 0.011 0.860 0.019 0.25 0.040 2.150
25 19MG67-25 19MG67-1 0.187 0.010 0.854 0.023 0.38 0.039 1.695
19MG67-25 19MG67-1 0.208 0.016 0.856 0.025 0.21 0.042 1.618
19MG67-26 19MG67-1 0.088 0.005 0.856 0.017 0.33 0.021 1.881
26 19MG67-26 19MG67-1 0.117 0.012 0.868 0.038 0.04 0.024 1.722
19MG67-27 19MG67-1 0.075 0.005 0.853 0.018 0.24 0.021 2.231
2 19MG67-27 19MG67-1 0.094 0.020 0.864 0.034 -0.40 0.027 1.886
19MG67-28 19MG67-1 0.233 0.028 0.863 0.032 0.19 0.081 2.710
28 19MG67-28 19MG67-1 0.192 0.011 0.866 0.022 0.08 0.055 2.314
19MG67-28 19MG67-1 0.133 0.008 0.856 0.020 0.36 0.034 1.969
29 19MG67-29 19MG67-1 0.171 0.009 0.849 0.017 -0.58 0.051 2.330
19MG67-29 19MG67-1 0.209 0.012 0.879 0.021 0.48 0.047 1.727
19MG67-30 19MG67-1 0.369 0.020 0.869 0.029 0.17 0.110 2.350
%0 19MG67-30 19MG67-1 0.485 0.207 0.910 0.120 -0.02 0.157 1.550
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG67-31 19MG67-2 2.950 0.087 0.839 0.021 0.55 0.972 2.610
19MG67-31 19MG67-2 2.681 0.086 0.855 0.024 0.68 0.656 1.996
3 19MG67-31 19MG67-2 2.404 0.092 0.840 0.034 0.70 0.547 1.776
19MG67-31 19MG67-2 2.740 0.113 0.841 0.027 0.55 0.546 1.520
19MG67-32 19MG67-2 3.497 0.183 0.843 0.017 0.25 1.181 2.510
32 19MG67-32 19MG67-2 3.833 0.141 0.858 0.025 0.54 0.981 2.010
19MG67-32 19MG67-2 3.571 0.166 0.858 0.033 0.04 0.895 1.960
19MG67-33 19MG67-2 1.712 0.144 0.851 0.017 0.02 0.536 2.350
3 19MG67-33 19MG67-2 2.941 0.112 0.857 0.020 0.44 0.606 1.505
19MG67-34 19MG67-2 2.755 0.144 0.853 0.016 0.18 1.122 2.960
34 19MG67-34 19MG67-2 4.329 0.225 0.857 0.046 0.91 0.990 1.650
19MG67-34 19MG67-2 3.610 0.085 0.841 0.019 0.49 1.044 2.055
19MG67-35 19MG67-2 3.311 0.318 0.842 0.035 0.14 0.780 1.900
19MG67-35 19MG67-2 3.356 0.124 0.828 0.029 0.56 0.872 1.800
% 19MG67-35 19MG67-2 3.049 0.093 0.824 0.020 0.43 0.922 2.072
19MG67-35 19MG67-2 2.882 0.166 0.850 0.033 0.19 0.862 2.160
19MG67-36 19MG67-2 3.731 0.139 0.844 0.021 0.44 1.001 1.861
36 19MG67-36 19MG67-2 2.577 0.173 0.830 0.021 0.13 0.716 1.803
19MG67-36 19MG67-2 1.261 0.092 0.865 0.021 0.10 0.389 2.052
19MG67-37 19MG67-2 2.703 0.088 0.817 0.018 0.19 1.172 2.807
37 19MG67-37 19MG67-2 3.275 0.090 0.842 0.023 0.49 1.005 2.060
19MG67-37 19MG67-2 2.004 0.161 0.815 0.025 0.48 0.544 1.660
19MG67-38 19MG67-2 0.191 0.032 0.820 0.016 0.09 0.075 0.760
38 19MG67-38 19MG67-2 0.112 0.009 0.826 0.026 0.29 0.054 2.903
19MG67-38 19MG67-2 0.102 0.015 0.798 0.032 -0.34 0.048 2.700
39 19MG67-39 19MG67-2 0.189 0.031 0.830 0.010 0.04 0177 1.220
38 19MG67-38 19MG67-2 0.081 0.006 0.832 0.016 0.26 0.031 2.309
19MG67-39 19MG67-2 1.629 0.125 0.826 0.015 0.25 0.707 2.400
%9 19MG67-39 19MG67-2 0.204 0.046 0.847 0.019 -0.23 0.134 2.458
19MG67-40 19MG67-2 0.829 0.066 0.827 0.017 0.21 0.444 2.810
40 19MG67-40 19MG67-2 0.260 0.034 0.843 0.025 0.01 0.134 2.624
19MG67-40 19MG67-2 0.080 0.015 0.821 0.028 0.01 0.040 2.483
41 19MG67-41 19MG67-2 no value NAN NaN 0.005 3.152
19MG67-43 19MG67-2 3.185 0.112 0.810 0.015 0.39 1.427 2132
3 19MG67-43 19MG67-2 1.099 0.121 0.805 0.018 -0.01 0.565 2.141
19MG67-45 19MG67-3 1.883 0.071 0.810 0.012 0.16 1.716 4.260
45 19MG67-45 19MG67-3 0.877 0.063 0.808 0.014 0.08 0.892 4.790
19MG67-46 19MG67-3 1.266 0.046 0.806 0.011 0.25 2.042 7.950
40 19MG67-46 19MG67-3 1.370 0.032 0.784 0.013 0.43 1.662 5.750
19MG67-47 19MG67-3 1.209 0.025 0.809 0.011 0.18 2.271 9.250
4 19MG67-47 19MG67-3 1.229 0.027 0.800 0.011 0.56 1.877 7.380
19MG67-48 19MG67-3 1.414 0.054 0.798 0.013 0.34 2.391 8.430
48 19MG67-48 19MG67-3 1.264 0.032 0.809 0.010 0.37 2.043 7.920
19MG67-48 19MG67-3 1.079 0.073 0.783 0.028 0.50 1.340 5.700
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb 120 (abs) Rho U (ppm) Pb (ppm)
19MG67-49 19MG67-3 1.767 0.131 0.799 0.020 0.04 1.700 4.720
19MG67-49 19MG67-3 1.206 0.028 0.792 0.012 0.46 1.995 8.020

9 19MG67-49 19MG67-3 1.057 0.053 0.809 0.017 0.36 1.522 6.940
19MG67-49 19MG67-3 1.096 0.044 0.807 0.017 0.47 1.420 6.210
19MG67-50 19MG67-3 2.500 0.113 0.800 0.015 0.12 1.962 3.740

%0 19MG67-50 19MG67-3 1.661 0.102 0.785 0.012 0.24 1.789 4.900

51 19MG67-51 19MG67-3 1.269 0.019 0.802 0.008 0.51 1.940 7.350
19MG67-52 19MG67-3 0.654 0.039 0.797 0.016 0.08 0.712 4.580

> 19MG67-52 19MG67-3 0.338 0.016 0.788 0.016 0.30 0.212 291

54 19MG67-54 19MG67-3 no value NAN NaN 0.005 1.677

56 19MG67-56 19MG67-3 0.571 0.042 0.798 0.011 0.02 0.730 4.070
19MG67-57 19MG67-3 1.287 0.041 0.799 0.014 0.34 2.350 8.980

57 19MG67-57 19MG67-3 1.718 0.044 0.798 0.015 0.28 1.524 4.180
19MG67-57 19MG67-3 1.202 0.052 0.804 0.022 0.05 1.150 4.460
19MG67-58 19MG67-3 1.420 0.042 0.798 0.012 0.43 2.501 8.260

%8 19MG67-58 19MG67-3 1.592 0.033 0.790 0.011 0.47 1.910 5.620
19MG67-60 19MG67-3 0.065 0.008 0.822 0.037 0.61 0.037 2.550

60 19MG67-60 19MG67-3 0.052 0.009 0.809 0.034 0.03 0.031 2.550

61 19MG67-61 19MG67-3 no value NAN NaN 0.002 1.695
19MG67-62 19MG67-3 1.271 0.071 0.793 0.016 0.24 2.210 9.200

02 19MG67-62 19MG67-3 1.325 0.096 0.795 0.012 0.23 1.216 4.190
19MG67-63 19MG67-3 0.955 0.066 0.807 0.014 0.37 2.160 12.900

o 19MG67-63 19MG67-3 0.902 0.020 0.796 0.008 0.19 2.144 12.550
19MG67-64 19MG67-3 1.217 0.038 0.797 0.016 0.41 1.299 6.090

o4 19MG67-64 19MG67-3 1.013 0.060 0.810 0.015 0.15 0.814 4.394

WC-1 Calcite reference (Roberts et al., 2017) (65 pm spot)
1 WC1-1 WC-1 25.214 0.547 0.051 0.008 -0.18  3.460 0.158

2 WC1-2 WC-1 25.394 0.574 0.059 0.008 -0.09 4.090 0.180

3 WC1-3 WC-1 24.366 0.445 0.053 0.008 -0.01 3.500 0.214

4 WC1-4 WC-1 25.088 0.548 0.052 0.007 -0.27 3.960 0.159

6 WC1-6 WC-1 24.931 0.609 0.045 0.009 -0.50  3.887 0.220

7 WC1-7 WC-1 25.145 0.525 0.050 0.008 0.03 3.674 0.173

8 WC1-8 WC-1 25.767 0.564 0.048 0.010 -0.03  3.565 0.188

9 WC1-9 WC-1 24.631 0.540 0.051 0.006 0.38 3.505 0.181

10 WC1-10 WC-1 24.789 0.535 0.051 0.007 0.08 3.971 0.177

1" WC1-11 WC-1 24.552 0.555 0.050 0.006 0.16 3.652 0.179

14 WC1-14 WC-1 25.069 0.528 0.052 0.006 0.08 4.060 0.181

15 WC1-15 WC-1 25.432 0.576 0.046 0.008 -0.57 3.540 0.147

16 WC1-16 WC-1 24.931 0.553 0.046 0.007 0.09 4.070 0.247

17 WC1-17 WC-1 25.075 0.503 0.054 0.005 0.04 3.480 0.158

18 WC1-18 WC-1 24.564 0.465 0.052 0.006 -0.02  3.802 0.175

19 WC1-19 WC-1 25.063 0.628 0.051 0.005 0.25 3.693 0.155

337



Annex A6

Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
21 WC1-21 WC-1 24.925 0.491 0.052 0.008 -0.05 3.821 0.231
22 WC1-22 WC-1 25.445 0.589 0.052 0.008 0.14 3.420 0.187

Soda-lime glass NIST SRM-614 (65 pm spot)
1 NIST614-1 NIST-614 1.445 0.025 0.850 0.012 0.61 0.651 3.555
2 NIST614-2 NIST-614 1.443 0.025 0.851 0.012 0.53 0.663 3.640
3 NIST614-3 NIST-614 1.466 0.026 0.855 0.012 0.50 0.684 3.745
4 NIST614-4 NIST-614 1.464 0.024 0.847 0.012 0.60 0.701 3.790
5 NIST614-5 NIST-614 1.429 0.022 0.845 0.012 0.48 0.660 5.860
6 NIST614-6 NIST-614 1.451 0.025 0.868 0.014 0.61 0.659 5.930
7 NIST614-7 NIST-614 1.439 0.023 0.860 0.013 0.50 0.653 6.010
8 NIST614-8 NIST-614 1.449 0.029 0.881 0.013 0.56 0.532 6.630
9 NIST614-9 NIST-614 1.431 0.029 0.876 0.014 0.64 0.528 6.370
10 NIST614-10 NIST-614 1.471 0.026 0.891 0.014 0.57 0.560 6.110
19MG43 from DA domain
19MG43-1 19MG43-1 14.104 1.154 0.756 0.093 0.32 0.303 0.164
1 19MG43-1 19MG43-1 22.573 1.783 0.722 0.069 0.54 0.445 0.149
19MG43-1 19MG43-1 32.573 4.987 0.694 0.093 0.19 1.060 0.169
2 19MG43-2 19MG43-1 13.755 1.154 0.767 0.056 0.15 0.367 0.191
3 19MG43-3 19MG43-1 12.755 1.009 0.749 0.054 0.14 0.397 0.225
19MG43-4 19MG43-1 11.364 1.291 0.800 0.072 0.49 0.275 0.161
N 19MG43-4 19MG43-1 5.952 1.488 0.746 0.046 0.87 0.486 0.480
5 19MG43-5 19MG43-1 7.246 0.525 0.804 0.047 0.27 0.314 0.311
19MG43-6 19MG43-1 5.848 0.581 0.762 0.044 0.11 0.418 0.464
19MG43-6 19MG43-1 6.250 0.586 0.761 0.049 0.19 0.719 0.869
® 19MG43-6 19MG43-1 4.425 0.587 0.785 0.055 0.01 0.832 1.450
19MG43-6 19MG43-1 7.855 0.562 0.773 0.054 0.49 0.789 0.757
7 19MG43-7 19MG43-1 5.650 0.415 0.841 0.053 0.63 0.167 0.202
8 19MG43-8 19MG43-1 2.915 0.212 0.795 0.035 0.43 0.112 0.254
19MG43-9 19MG43-1 6.211 0.656 0.806 0.055 0.29 0.254 0.273
° 19MG43-9 19MG43-1 5.587 0.468 0.773 0.040 0.10 0.337 0.443
10 19MG43-10 19MG43-1 2.020 0.131 0.792 0.040 0.47 0.064 0.224
19MG43-11 19MG43-1 4.367 0.477 0.810 0.055 0.50 0.182 0.291
" 19MG43-11 19MG43-1 5.747 0.694 0.758 0.034 -0.07 0.483 0.395
19MG43-12 19MG43-1 1.639 0.148 0.865 0.061 0.43 0.055 0.247
12 19MG43-12 19MG43-1 3.497 0.342 0.766 0.049 0.14 0.244 0.476
19MG43-13 19MG43-1 1.684 0.196 0.766 0.052 -0.06 0.175 0.722
3 19MG43-13 19MG43-1 3.745 0.224 0.810 0.027 0.22 0.404 0.857
14 19MG43-14 19MG43-1 1.969 0.112 0.821 0.041 0.54 0.061 0.246
15 19MG43-15 19MG43-1 2.227 0.139 0.815 0.036 0.53 0.101 0.347
16 19MG43-16 19MG43-1 2.020 0.204 0.802 0.029 0.08 0.237 0.819

338



Annex A6

Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
21 19MG43-21 19MG43-1 4.049 0.426 0.870 0.110 0.85 0.062 0.145
19MG43-22 19MG43-1 2.551 0.176 0.806 0.036 0.20 0.197 0.783
22 19MG43-22 19MG43-1 5.525 0.580 0.767 0.031 0.14 0.700 0.996
23 19MG43-23 19MG43-1 2.703 0.234 0.827 0.054 -0.02 0.124 0.419
19MG43-24 19MG43-1 1.408 0.155 0.761 0.084 0.27 0.028 0.193
24 19MG43-24 19MG43-1 3.460 0.838 0.794 0.086 0.40 0.159 0.320
19MG43-24 19MG43-1 1.538 0.260 0.827 0.035 0.26 0.282 1.770
25 19MG43-25 19MG43-1 no value NAN NaN 0.008 0.117
%6 19MG43-26 19MG43-1 2.033 0.149 0.845 0.054 0.74 0.077 0.417
19MG43-26 19MG43-1 2.188 0.124 0.833 0.039 0.59 0.170 0.864
27 19MG43-27 19MG43-1 2.062 0.276 0.834 0.054 0.08 0.064 0.236
28 19MG43-28 19MG43-1 1.754 0.139 0.781 0.067 0.51 0.095 0.702
19MG43-29 19MG43-1 1.946 0.269 0.689 0.092 0.39 0.033 0.190
29 19MG43-29 19MG43-1 1.672 0.207 0.826 0.077 0.90 0.074 0.541
30 19MG43-30 19MG43-1 2141 0.303 0.780 0.140 0.72 0.030 0.137
31 19MG43_31 19MG43-4 3.413 0.326 0.860 0.052 -0.03 0.83 2.150
19MG43_32 19MG43-4 4.329 0.375 0.755 0.031 0.54 0.72 1.963
32 19MG43_32 19MG43-4 5.618 0.347 0.817 0.031 0.46 0.68 1.532
19MG43_32 19MG43-4 5.376 0.289 0.796 0.040 0.36 0.60 1.515
19MG43_33 19MG43-4 5.618 0.473 0.800 0.040 0.14 0.89 1.964
33 19MG43_33 19MG43-4 7.042 0.595 0.766 0.035 0.10 1.00 1.689
19MG43_33 19MG43-4 5.464 0.328 0.805 0.033 0.38 0.57 1.379
19MG43_34 19MG43-4 5.495 0.392 0.765 0.030 0.15 0.96 2.180
19MG43_34 19MG43-4 5.348 0.315 0.806 0.045 0.29 0.71 1.706
3 19MG43_34 19MG43-4 6.854 0.432 0.808 0.032 0.24 0.79 1.567
19MG43_34 19MG43-4 7.576 1.205 0.784 0.043 0.22 1.02 1.543
19MG43_35 19MG43-4 57.143 14.367 0.568 0.037 -0.27 23.90 3.900
19MG43_35 19MG43-4 10.204 1.145 0.755 0.042 -0.05 1.48 1.712
% 19MG43_35 19MG43-4 7.813 0.610 0.764 0.036 0.35 0.95 1.630
19MG43_35 19MG43-4 9.643 0.446 0.793 0.030 0.47 0.93 1.340
19MG43_36 19MG43-4 8.264 0.820 0.758 0.037 0.12 1.33 2.000
19MG43_36 19MG43-4 7.353 1.081 0.781 0.033 0.27 1.15 1.848
% 19MG43_36 19MG43-4 9.346 0.873 0.792 0.036 0.58 1.06 1.502
19MG43_36 19MG43-4 7.576 0.574 0.805 0.036 0.12 0.75 1.448
19MG43_37 19MG43-4 5.236 0.740 0.801 0.043 0.46 0.95 2.340
19MG43_37 19MG43-4 9.579 0.725 0.793 0.033 0.20 1.09 1.458
37 19MG43_37 19MG43-4 15.152 3.214 0.751 0.062 -0.42 1.79 1.180
19MG43_37 19MG43-4 6.410 0.493 0.805 0.059 0.44 0.47 1.000
19MG43_38 19MG43-4 8.703 0.523 0.774 0.051 0.22 1.73 2.620
19MG43_38 19MG43-4 6.944 0.772 0.790 0.034 0.48 1.35 2.490
% 19MG43_38 19MG43-4 6.757 0.361 0.807 0.033 0.49 0.80 1.687
19MG43_38 19MG43-4 2.825 0.303 0.789 0.040 0.1 0.61 3.060
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG43_39 19MG43-4 6.135 0.715 0.771 0.047 0.39 1.12 2.480
39 19MG43_39 19MG43-4 6.536 0.555 0.814 0.032 0.27 0.87 1.845
19MG43_39 19MG43-4 6.959 0.446 0.781 0.030 0.41 0.74 1.443
19MG43_40 19MG43-4 10.870 1.300 0.744 0.021 0.20 717 8.240
19MG43_40 19MG43-4 6.173 0.610 0.794 0.021 -0.19 6.40 14.490
19MG43_40 19MG43-4 11.765 1.661 0.762 0.028 0.27 7.68 8.710
20 19MG43_40 19MG43-4 10.753 1.156 0.761 0.023 0.28 5.38 6.760
19MG43_40 19MG43-4 11.779 1.179 0.765 0.038 -0.09 5.97 7.040
19MG43_40 19MG43-4 7.457 0.423 0.760 0.027 0.48 3.76 7.260
19MG43_40 19MG43-4 9.416 0.514 0.766 0.020 0.12 5.41 8.120
19MG43_40 19MG43-4 7.087 0.462 0.760 0.032 0.59 4.01 7.400
19MG43_41 19MG43-4 21.231 1.037 0.741 0.055 0.52 212 1.352
19MG43_41 19MG43-4 46.296 3.858 0.650 0.042 -0.05 5.74 1.505
41 19MG43_41 19MG43-4 27.322 3.509 0.684 0.051 0.31 2.63 1.105
19MG43_41 19MG43-4 21.505 1.434 0.722 0.051 0.73 1.43 0.949
19MG43_41 19MG43-4 31.056 4.629 0.695 0.066 0.01 3.10 0.948
42 19MG43 42 19MG43-4 4.202 0.194 0.835 0.023 0.42 0.40 1.411
19MG43_43 19MG43-4 5.952 0.461 0.812 0.033 0.26 0.78 1.950
3 19MG43 43 19MG43-4 7.794 0.413 0.806 0.034 0.32 0.80 1.630
19MG43_44 19MG43-4 5.917 0.595 0.810 0.033 0.14 0.79 1.994
4 19MG43_44 19MG43-4 3.759 0.212 0.823 0.028 0.36 0.35 1.527
19MG43_45 19MG43-4 1.855 0.207 0.815 0.031 0.16 0.56 4.500
45 19MG43_45 19MG43-4 3.077 0.227 0.777 0.031 0.02 0.57 2.800
19MG43_45 19MG43-4 5.405 0.351 0.791 0.031 0.36 0.65 1.714
19MG43_46 19MG43-4 3.436 0.201 0.776 0.028 0.35 0.49 2.100
46 19MG43_46 19MG43-4 5.348 0.400 0.829 0.034 0.27 0.61 1.885
19MG43_46 19MG43-4 4.386 0.346 0.821 0.044 0.55 0.43 1.618
19MG43_47 19MG43-4 2.874 0.198 0.805 0.032 0.12 0.30 1.669
o 19MG43 47 19MG43-4 3.472 0.205 0.825 0.033 0.47 0.27 1.190
19MG43_48 19MG43-4 6.289 0.435 0.821 0.050 0.47 0.84 2.140
48 19MG43 48 19MG43-4 9.174 1.431 0.823 0.056 0.51 0.93 1.477
19MG43_48 19MG43-4 8.000 0.704 0.803 0.038 0.28 0.81 1.528
19MG43 48 19MG43-4 7.874 0.496 0.808 0.040 0.50 0.76 1.651
19MG43_49 19MG43-4 4.132 0.546 0.802 0.030 0.26 0.57 2.150
49 19MG43 49 19MG43-4 6.614 0.407 0.812 0.036 0.65 0.67 1.680
19MG43_49 19MG43-4 6.711 0.676 0.784 0.046 0.01 0.76 1.675
19MG43 49 19MG43-4 2.381 0.624 0.814 0.029 0.25 0.65 4.000
50 19MG43_50 19MG43-4 1.802 0.084 0.828 0.022 0.35 0.17 1.598
19MG43_51 19MG43-4 7.299 1.279 0.783 0.051 0.25 1.51 3.150
51 19MG43_51 19MG43-4 6.373 0.366 0.816 0.035 0.23 0.77 2.078
19MG43_51 19MG43-4 7.837 0.479 0.815 0.029 0.42 0.79 1.729
19MG43_52 19MG43-4 3.367 0.249 0.871 0.042 0.44 0.29 1.550
52 19MG43_52 19MG43-4 4,717 0.467 0.793 0.047 0.33 0.42 1.390
19MG43_52 19MG43-4 3.861 0.417 0.812 0.050 0.32 0.24 1.082
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Spot Source file (.FIN2) Sample B8Y/0epp  +20 (abs) 2X’Pb/*Pb  *20 (abs) Rho U (ppm) Pb (ppm)
19MG43_53 19MG43-4 1.550 0.137 0.842 0.044 0.53 0.24 2.730
53 19MG43_53 19MG43-4 2.222 0.168 0.840 0.024 0.12 0.27 2.036
19MG43_54 19MG43-4 1.362 0.132 0.813 0.028 0.30 0.84 11.050
19MG43_54 19MG43-4 4.717 0.334 0.802 0.028 0.56 0.76 2.800
> 19MG43_54 19MG43-4 6.173 0.572 0.796 0.056 0.58 0.45 1.376
19MG43_54 19MG43-4 2.232 0.419 0.814 0.030 0.65 0.45 3.840
19MG43_55 19MG43-4 3.636 0.317 0.821 0.082 0.69 0.40 2.000
55 19MG43_55 19MG43-4 4.950 0.613 0.800 0.056 0.62 0.51 1.825
19MG43_55 19MG43-4 2.591 0.148 0.836 0.028 0.43 0.21 1.547
19MG43_56 19MG43-4 2.933 0.310 0.816 0.049 0.46 0.35 2.010
% 19MG43_56 19MG43-4 2.681 0.144 0.837 0.030 0.32 0.23 1.615
19MG43_57 19MG43-4 4.202 0.353 0.838 0.036 0.1 0.39 1.590
57 19MG43_57 19MG43-4 3.311 0.230 0.787 0.036 0.56 0.24 1.388
19MG43_57 19MG43-4 5.291 0.448 0.834 0.046 0.19 0.39 1.502
58 19MG43_58 19MG43-4 0.289 0.029 0.842 0.013 0.07 0.14 6.280
59 19MG43_59 19MG43-4 0.122 0.018 0.877 0.087 -0.22 0.02 3.970
60 19MG43_60 19MG43-4 no value NAN NaN 0.00 6.110
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Figure A5.1: Polished billets from the different calcite veins of the samples 19MG21, 19MG46, 19MG74A and
19MG74B which were analyzed by in situ LA-ICP-MS U-Pb. Labelled spots as -B corresponds to the re-analyzed
spots with higher U concentration in a former session. The corresponding Tera-Wasserburg age plots can be
found in Figs. A5.3, A5.4 and A5.5.

A) 19MG32

Figure A5.2: Polished billets from the different calcite veins of the samples samples 19MG32, 19MG67 and
19MG79 which were analyzed by in situ LA-ICP-MS U-Pb. Labelled spots as -B corresponds to the re-analyzed
spots with higher U concentration in a former session. The corresponding Tera-Wasserburg age plots can be
found in Figs. A5.6.
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Figure A5.3: Tera-Wasserburg plots (Tera and Wasserburg, 1972) from the analyzed calcite cements of the
sample 19MG21 (aget2c). Lower intercept ages were calculated using IsoplotR (Vermeesch, 2018). Each

diagram corresponds to an analyzed area of the sample, labelled in Fig. A5.1A.
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Figure A5.4: Tera-Wasserburg plots from the analyzed calcite cements of the sample 19MG46 (aget20). Lower
intercept ages were calculated using IsoplotR (Vermeesch, 2018). Each diagram corresponds to an analyzed

area of the sample, labelled in Fig. A5.1B.
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Figure Ab.5: Tera-Wasserburg plots from the analyzed calcite cements of the samples 19MG74A and B
(agex20). Lower intercept ages were calculated using IsoplotR (Vermeesch, 2018). Each diagram corresponds

to an analyzed area of the sample, labelled in Fig. A5.1C and D.
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Figure A5.5: Tera-Wasserburg plots from the analyzed calcite cements of the samples 19MG32, 19MG67 and
19MG79 (aget20). Lower intercept ages were calculated using IsoplotR (Vermeesch, 2018). Each diagram

corresponds to an analyzed area of the sample, labelled in Fig. A5.2A-C.
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Annex A6. Complete series of model runs with QTQt software,

which complement those shown in Chapter 6.

348



Annex A6

A) EPT_02 Time (Ma) B) Age (Ma)
R B B 20 ? ; i a G % P
2.0 4 — ] L
100 1 [
. 1.8 3
S = N
£ = - —
E 200+ § 16 —”—"—‘— L
§ g I
= o] aGPY12 \ i
300 _ e e AFT-GPY12
i \ 124 a5 aGPY09 —e——— et
5™ \ i
i \, ] / e —— [
4004 % w ¥k 7
———————— - AFT.GPYD9
2 4 8 10 12 14
MTL microns
C) EPT_06 Time (Ma) D) Age (Ma)
. 80 ) 80 ) 40 20 0 5 10 15 20 25 30
0 i L
20 SRR At -
A
100 ] S [
_ 1.8 | \ -
o = ———
: £ e r
& 200 816 —_— L
5 o ] ' L
" 1ol aGPY12 [ i
300 1 . AFT-GPY12
A —
124 4=+ aGPY09 3
L it
2004 1o seeat . 7 i
‘ . i : . _—l\l_f\l——AFT-GP\I’OQ
2 4 8 10 12 14
MTL microns
Time (Ma) Age (Ma)
E) EPT_10 F)
0 - . 80 . 0 . 4 P ? ? 0 15 2 i 3P
20 - = ; - T L
100 1 L
— 1.8 | [
o = ——
r B 1 —_—— L
b = —_—
g 200 £ 15 e -
@ s 1
2 H
- g -
= aGPY12 \
144 N S -
N [PRESL IS JUNC IO s S e < AFT-GPY12
5 — 1 g o [
P\, 12 as%rs  aGPY09 . I
o ! ;
400" e = 7
k ° * AFT-GPY09
2 2 & 5 1o 12 1
MTL microns
Time (Ma) Age (Ma)
G) EPT_14 H)
80 80 40 20 0 5 10 15 20 25 30
0 5 1 L
N 2.0 4 aa = r
100 ] L
~ 1.8 \ B
o = —
s £ ———— H
= .
g 200 § 16 4 i B
@ @ |
3 5 ]
: g - :
= aGPY12 f
L 144 ] r
300 et @ o VS B AFT-GPY12
Ea \ 1 5t | /
g 35 \ v |
H A 12 457" aGPY09 e T e
- A ] / g L
400 F Er =] - \ 7
! . e ———AFT-GPY0
3 i 10 12 14
MTL microns
A 7He Age Obs A Areageops @ FTAge Obs @ mrLons [ kinin 219MG40
W zHe Age Pred W AHeAgePred  —- FTAgePred .. MTL Pred Kin Pred z19MG66
)k Sampled Pred. Zr - 3 Sampled Pred. Ap Sampled FTAPred — Sampled MTL Pred. || Kin Sampled zGPY 11
X Sampled ZHe Obs. + Sampled AHe Obs. zGPY09

349



Annex A6

Figure A6.7: Representative thermal simulations for the East vertical profile with fixed geothermal gradient over
time. These simulations complements those shown in Fig. 6.7 with variable geothermal gradient over time. A-
D) modelled T-t path, geothermal gradient and age-elevation profiles of the observed ages (uncorrected) for low
(A and B) and high (C and D) geothermal gradient. E-H) modelled T-t path, geothermal gradient and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves corresponds to the bottom (hot) and top (cold) samples
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample and AFT to

apatite fission track.
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Figure A6.8: Representative thermal simulations for the East vertical profile with fixed geothermal gradient over
time. These simulations complements those shown in Fig. 6.8 with variable geothermal gradient over time. A-
D) modelled T-t path, geothermal gradient and age-elevation profiles of the observed ages (uncorrected) for low
(A and B) and high (C and D) geothermal gradient. E-H) modelled T-t path, geothermal gradient and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves corresponds to the bottom (hot) and top (cold) samples
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample and AFT to

apatite fission track.
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Figure A6.9: Representative thermal simulations for the West vertical profile with fixed geothermal gradient over
time. These simulations complements those shown in Fig. 6.9 with variable geothermal gradient over time. A-
D) modelled T-t path, geothermal gradient and age-elevation profiles of the observed ages (uncorrected) for low
(A and B) and high (C and D) geothermal gradient. E-H) modelled T-t path, geothermal gradient and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves corresponds to the bottom (hot) and top (cold) samples
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample and AFT to

apatite fission track.
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Figure A6.10: Representative thermal simulations for the West vertical profile with fixed geothermal gradient
over time. These simulations complements those shown in Fig. 6.10 with variable geothermal gradient over time.
A-D) modelled T-t path, geothermal gradient and age-elevation profiles of the observed ages (uncorrected) for
low (A and B) and high (C and D) geothermal gradient. E-H) modelled T-t path, geothermal gradient and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves corresponds to the bottom (hot) and top (cold) samples
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample and AFT to

apatite fission track.
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Figure A6.11: Representative thermal simulations for the E-W vertical profile with fixed geothermal gradient
over time. These simulations complements those shown in Fig. 6.11 with variable geothermal gradient over time.
A-D) modelled T-t path, geothermal gradient and age-elevation profiles of the observed ages (uncorrected) for
low (A and B) and high (C and D) geothermal gradient. E-H) modelled T-t path, geothermal gradient and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves corresponds to the bottom (hot) and top (cold) samples
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample and AFT to

apatite fission track.
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Figure A6.12: Representative thermal simulations for the E-W vertical profile with fixed geothermal gradient
over time. These simulations complements those shown in Fig. 6.12 with variable geothermal gradient over time.
A-D) modelled T-t path, geothermal gradient and age-elevation profiles of the observed ages (uncorrected) for
low (A and B) and high (D and E) geothermal gradient. E-H) modelled T-t path, geothermal gradient and age-
elevation profiles of the resampled ages (uncorrected) for low (E and F) and high geothermal gradient (G and
H). MTL: Mean track lengths; Red and blue curves corresponds to the bottom (hot) and top (cold) samples
together with its 95% credible interval; APRZ: Apatite partial retention zone; APAZ: Apatite partial annealing
zone; ZPRZ: Zircon partial retention zone. Prefix z refers to a zircon sample, a to apatite sample and AFT to

apatite fission track.
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