
HAL Id: hal-04539426
https://ifp.hal.science/hal-04539426

Submitted on 9 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Joint application of fluid inclusion and clumped isotope
(∆47) thermometry unravels the complexity of thermal

and fluid-flow history reconstruction in sedimentary
basins-Upper Triassic Chaunoy Formation reservoirs

(Paris Basin)
Natalia A Vergara Sassarini, Marta Gasparrini, Stefano M Bernasconi, Sveva

Corrado

To cite this version:
Natalia A Vergara Sassarini, Marta Gasparrini, Stefano M Bernasconi, Sveva Corrado. Joint applica-
tion of fluid inclusion and clumped isotope (∆47) thermometry unravels the complexity of thermal and
fluid-flow history reconstruction in sedimentary basins-Upper Triassic Chaunoy Formation reservoirs
(Paris Basin). Basin Research, 2024, 36 (1), pp.e12814. �10.1111/bre.12814�. �hal-04539426�

https://ifp.hal.science/hal-04539426
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Basin Research. 2024;36:e12814.	 		 		 |	 1 of 31
https://doi.org/10.1111/bre.12814

EAGE

wileyonlinelibrary.com/journal/bre

Received:	29	July	2021	 |	 Revised:	26	July	2023	 |	 Accepted:	27	July	2023

DOI:	10.1111/bre.12814		

R E S E A R C H  A R T I C L E

Joint application of fluid inclusion and clumped isotope 
(∆47) thermometry unravels the complexity of thermal and 
fluid- flow history reconstruction in sedimentary basins— 
Upper Triassic Chaunoy Formation reservoirs (Paris Basin)

Natalia A. Vergara Sassarini1,2,3  |   Marta Gasparrini4  |   Stefano M. Bernasconi5  |   
Sveva Corrado1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution-NonCommercial-NoDerivs	License,	which	permits	use	and	distribution	in	any	
medium,	provided	the	original	work	is	properly	cited,	the	use	is	non-commercial	and	no	modifications	or	adaptations	are	made.
©	2023	The	Authors.	Basin Research	published	by	International	Association	of	Sedimentologists	and	European	Association	of	Geoscientists	and	Engineers	and	John	Wiley	
&	Sons	Ltd.

1Department	of	Sciences,	University	of	
Roma	Tre,	Rome,	Italy
2IFP	Energies	nouvelles,	Rueil-	
Malmaison,	France
3Sorbonne	Université,	Paris,	France
4Earth	Sciences	Department,	University	
of	Milan,	Milan,	Italy
5Geological	Institute,	ETH	Zurich,	
Zürich,	Switzerland

Correspondence
Marta	Gasparrini,	Earth	Sciences	
Department,	University	of	Milan,	Via	
Mangiagalli	34,	Milan	20133,	Italy.
Email:	marta.gasparrini@unimi.it

Present address
Natalia	A.	Vergara Sassarini,	Center	of	
Studies	and	Activities	for	Space	(CISAS)	
“G.	Colombo”,	University	of	Padua,	
Padua,	Italy

Funding information
IFP	Energies	nouvelles;	Ministero	
del’Istruzione,	dell’Università	e	della	
Ricerca	(MIUR)

Abstract
We	investigated	calcites	and	dolomites	precipitated	during	burial	diagenesis	of	
the	Upper	Triassic	(Norian)	continental	siliciclastics	from	sub-	surface	reservoirs	
of	 the	 northern	 Paris	 Basin	 (Chaunoy	 Formation)	 that	 experienced	 a	 thermal	
maximum	>100°C	during	Late	Cretaceous	 times.	Relative	carbonate	precipita-
tion	timing	was	established	via	petrographic	analyses.	The	diagenetic	carbonates	
were	further	investigated	by	fluid	inclusion	and	clumped	isotope	(Δ47)	thermom-
etry.	The	two	thermometric	datasets	were	interpreted	by	evaluating	the	possible	
occurrence	of	 inclusion	 thermal	 reequilibration	and	Δ47	 solid-	state	 reordering,	
based	on	the	known	basin	thermal	history	and	the	three	existing	Δ47	reordering	
models.	By	considering	the	fluid	inclusion	and	Δ47	datasets	obtained	and	the	vari-
ous	Δ47	reordering	models,	different	carbonate	precipitation	scenarios,	in	terms	
of	 timing	and	parent	 fluid	composition	 (δ18Ofluid),	were	 inferred.	These	 results	
underline	that	in	samples	having	experienced	thermal	maximum	>100°C,	accu-
racy	and	interpretation	of	fluid	inclusion	and	Δ47	thermometry	data	(especially	
on	calcite)	may	be	biased	by	thermal	reequilibration	and	solid-	state	reordering.	
The	results	converge	towards	the	need	of	jointly	applying	fluid	inclusion	and	Δ47	
thermometry	on	the	same	carbonate	phases	to	evaluate	all	the	possible	precipita-
tion	scenarios.	The	most	 likely	carbonate	precipitation	scenarios,	based	on	Δ47	
thermometry	data,	point	at	the	precipitation	of	two	calcite	phases	during	Early	to	
Late	Jurassic	times	and	of	one	dolomite	phase	during	the	Late	Cretaceous.	The	
parent	 fluids	possibly	were	original	 formation	waters	of	 the	Chaunoy	Fm.	that	
mixed	with	brines	migrating	from	the	East,	where	time	equivalent	evaporitic	de-
posits	occur.	The	proposed	precipitation	model	for	calcites	and	dolomites,	involv-
ing	different	pulses	of	brine	migration,	and	the	dominance	of	calcite	phases	were	
not	recorded	by	previous	studies	on	the	Upper	Triassic	units.	These	latter	results	
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1 	 | 	 INTRODUCTION

Diagenetic	carbonates	are	fossil	witnesses	of	past	hydro-
geology	 in	 sedimentary	 basins	 and	 their	 study	 may	 un-
ravel	 the	 conditions	 (temperature,	 δ18Ofluid,	 salinity)	 of	
the	parent	fluids	which	have	induced	their	precipitation	
(e.g.,	Allan	&	Wiggings, 1993;	Morse	&	Mckenzie, 1990).	
Reconstructing	 the	 precipitation	 conditions	 of	 diage-
netic	carbonates	plays	a	crucial	role	in	the	assessment	of	
trustworthy	 conceptual	 models	 aiming	 to	 predict	 their	
occurrence	 in	space	and	time	and	consequently	 the	het-
erogeneities	 in	 petrophysical	 properties	 of	 both	 carbon-
ate	and	siliciclastic	reservoir	rocks	(Moore, 2001;	Worden	
et	al., 2018).	Therefore,	reconstructing	the	origin	of	past	
fluid	 flows	 responsible	 for	 the	 precipitation	 of	 carbon-
ate	 diagenetic	 phases	 is	 key	 to	 predict	 their	 distribution	
at	 basin	 scale	 from	 an	 exploration	 perspective	 of	 both	
fossil	 and	 renewable	 resources	 (Deschamps	 et	 al.,  2012;	
Morad, 1998).

The	 precipitation	 conditions	 of	 diagenetic	 carbon-
ates,	 and	 specifically	 the	 temperature,	 were	 historically	
inferred	by	using:	(1)	oxygen	isotope	exchanges	between	
carbonates	and	fluids	at	equilibrium	(O'Neil	et	al., 1969;	
Sharp	 &	 Kirschner,  1994);	 (2)	 fluid	 inclusion	 microther-
mometry	 (FIM;	 Roedder	 &	 Bodnar,  1980;	 Goldstein	 &	
Reynolds, 1994).	However,	these	tools	are	subject	to	sev-
eral	application	limits,	potentially	affecting	the	reliability	
of	 the	 reconstructed	 conceptual	 models.	 The	 confident	
use	of	the	first	thermometer	requires	independent	knowl-
edge	 of	 the	 oxygen	 isotope	 composition	 of	 the	 fluids	
(δ18Ofluid)	 that	 may	 significantly	 vary	 in	 time	 and	 space,	
especially	 for	 burial	 diagenetic	 fluids	 (e.g.,	 Hanor,  1984;	
Kharaka	 &	 Hanor,  2003).	 Conversely,	 the	 confident	 use	
of	 the	FI	thermometer	may	be	 limited	by	several	 factors	
including	crystal	optical	properties	(e.g.,	turbidity,	coarse-
ness,	and	birifrangence),	FI	petrography	(e.g.,	occurrence,	
size,	shape)	and	metastability,	as	well	as	post-	entrapment	
processes	such	as	necking	down,	stretching	or	leakage	due	
to	 thermal	 reequilibration	 among	 others	 (Bodnar,  2003;	
Goldstein, 2001,	2003;	Goldstein	&	Reynolds, 1994).

More	 recently,	 the	 development	 of	 the	 carbonate	
clumped	isotope	technique	(Eiler, 2007;	Ghosh	et	al., 2006;	
Schauble	et	al., 2006),	referred	to	as	Δ47,	opened	the	way	
to	independently	unravel	both	precipitation	temperature	

(T(∆47))	and	parent	fluid	composition	(δ18Ofluid).	However,	
original	∆47	compositions	acquired	at	the	time	of	carbon-
ate	precipitation	may	be	susceptible	to	resetting	due	to	the	
Δ47	solid-	state	reordering	process.	This	process	occurs	in	
samples	exposed	to	significant	heating	for	an	extended	pe-
riod	and	primarily	depends	on	the	temperature–	time	path	
followed	by	the	samples	and	on	the	mineralogy	of	the	car-
bonate	phase	considered	(e.g.	Brenner	et	al., 2018;	Hem-
ingway	 &	 Henkes,  2021;	 Huntington	 &	 Petersen,  2023;	
Lawson	 et	 al.,  2018;	 Lloyd	 et	 al.,  2018;	 Mangenot	
et	al., 2019;	Passey	&	Henkes, 2012;	Stolper	&	Eiler, 2015).

Both	FI	and	Δ47	thermometry	techniques	have,	there-
fore,	limitations	that	need	to	be	considered,	as	they	impact	
the	characterization	of	paleo-	fluids,	and,	consequently	the	
realistic	reconstruction	of	the	thermal	and	fluid-	flow	his-
tory	 of	 sedimentary	 basins.	 FI	 and	 ∆47	 analyses	 may	 be	
accomplished	 on	 the	 same	 burial	 diagenetic	 carbonates	
to	 evaluate	 the	 mutual	 consistency	 of	 the	 thermal	 data	
obtained	 from	 the	 two	 techniques	 (Honlet	 et	 al.,  2018;	
Jautzy	 et	 al.,  2021;	 MacDonald	 et	 al.,  2018;	 Mangenot	
et	al., 2017).	This	may	contribute	to	a	better	understanding	
of	the	FI	and	∆47	behaviour	during	the	thermal	evolution	
of	 sedimentary	basins.	 In	particular,	 joint	application	of	
FI	and	∆47	analysis	on	burial	diagenetic	carbonates	from	
the	Middle	Jurassic	reservoirs	of	the	Paris	Basin	depocen-
ter,	 that	 experienced	 a	 thermal	 maximum	 of	 ca.	 90°C,	
revealed	mutual	consistency	suggesting	that	neither	ther-
mal	reequilibration	of	FI	nor	solid-	state	reordering	of	Δ47	
had	occurred.	These	data	led	to	an	accurate	determination	

may	be	of	interest	to	evaluate	the	reservoir	potential	of	the	Chaunoy	Fm.	in	this	
underexplored	portion	of	the	Paris	Basin.

K E Y W O R D S

burial	diagenetic	carbonates,	Chaunoy	Formation,	fluid	inclusion	reequilibration,	Paris	Basin,	
sedimentary	basin	thermal	history,	Δ47	reordering

Highlights 

•	 Δ47	and	fluid	inclusion	thermometry	applied	on	
samples	being	heated	at	T	>	100°C.

•	 Evaluation	of	Δ47	solid-state	reordering	and	in-
clusion	thermal	reequilibration.

•	 Calcite	 thermometry	 data	 may	 be	 biased	 by	
fluid	inclusion	thermal	reequilibration	and	Δ47	
solid-	state	reordering.

•	 Brine	 migration	 from	 the	 East	 caused	 calcite/
dolomite	 precipitation	 in	 Jurassic/Cretaceous	
times.
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of	temperature,	δ18Ofluid	and	salinity	of	the	parent	fluids	
(Dassié	et	al., 2018;	Mangenot	et	al., 2017)	and	paved	the	
ground	to	unravel	new	information	on	thermal	and	fluid-	
flow	histories	of	these	reservoirs	(Mangenot,	Gasparrini,	
Gerdes,	 et	 al.,  2018;	 Mangenot,	 Gasparrini,	 Rouchon,	 &	
Bonifacie, 2018).	The	Paris	Basin	represents	thus	an	ideal	
target	to	further	explore	the	applicability	and	limitations	
of	FI	and	Δ47	 thermometry	 in	 rock	successions	 that	un-
derwent	a	more	severe	thermal	history,	characterized	by	a	
higher	thermal	maximum.

In	the	present	survey,	stratigraphically	lower	reservoirs	
(Upper	Triassic	Chaunoy	Fm.),	located	to	the	NW	of	the	
Paris	Basin	depocenter,	were	investigated	since,	based	on	
the	most	updated	basin	thermal	model	(Torelli	et	al., 2020),	
these	rocks	experienced	a	thermal	maximum	>100°C.	The	
main	aims	were	to	jointly	apply	FI	and	∆47	thermometry	
on	burial	diagenetic	carbonates	within	these	stratigraph-
ically	lower	(and	hotter)	reservoirs	to	test	the	consistency	
of	the	data	from	the	two	techniques	and	evaluate	the	car-
bonate	precipitation	scenarios	derived	from	the	different	
datasets.	As	a	by-	product,	this	survey	furnishes	novel	in-
formation	on	the	diagenetic	history	of	the	Chaunoy	Fm.	
reservoirs	in	an	underexplored	portion	of	the	basin.

2 	 | 	 GEOLOGICAL FRAMEWORK

2.1	 |	 General geological setting

The	Paris	Basin,	situated	in	northern	France,	is	an	intrac-
ontinental	 sedimentary	 basin	 with	 an	 approximate	 area	
of	 110,000	km2.	 The	 basin	 is	 bounded	 by	 the	 Armorican	
Massif	in	the	W,	the	Ardennes	Massif	in	the	NE,	and	the	
Vosges	 Mountains	 in	 the	 E	 where	 the	 Hercynian	 base-
ment	crops	out	(Figure 1).	The	basin	depocenter	is	filled	
by	 up	 to	 3000	m	 of	 Permian	 to	 Quaternary	 deposits	 lay-
ing	 on	 the	 deformed	 Permian	 basement,	 which	 repre-
sents	the	northern	branch	of	the	Hercynian	belt	(Brunet	
&	Le	Pichon, 1982;	Guillocheau	et	al., 2000;	Perrodon	&	
Zabek, 1991;	Pomerol, 1989;	Figure 1).

Rifting	 started	 to	 the	 E	 during	 Permian	 times	 with	 a	
general	collapse	of	the	Hercynian	belt	(André	et	al.,	2010;	
Guillocheau	et	al., 2000;	Perrodon	&	Zabek, 1991).	During	
Triassic	times,	a	period	of	renewed	crustal	stretching	led	
to	 the	 fragmentation	 of	 the	 post-	Hercynian	 peneplain,	
which	separated	the	major	stable	Armorican,	Vosgues,	and	
Ardennes	blocks.	The	Late	Triassic	(Carnian)	was	marked	
by	a	westward	displacement	of	the	subsidence	centre	to-
wards	 the	 present-	day	 basin	 depocenter	 (Guillocheau	
et	al., 2000;	Perrodon	&	Zabek, 1991).	From	Early	to	Mid-
dle	Jurassic	times	the	basin	experienced	a	relatively	rapid	
subsidence	 rate	 (20–	25	m/My;	 Perrodon	 &	 Zabek,  1991)	
related	 to	 the	 Early-		 to	 Mid-	Cimmerian	 events	 marking	

the	beginning	of	 the	Ligurian	Tethys	rifting	 (Early	Cim-
merian)	and	ocean	accretion	(Middle	Cimmerian;	André	
et	al.,	2010;	Perrodon	&	Zabek, 1991).	Contemporaneous	
to	the	Tethys	accretion,	the	Aalenian	unconformity	(also	
referred	 to	 as	 Middle	 Cimmerian	 unconformity;	 Ziegler,	
1990)	registered	the	early	stage	rising	of	the	thermal	dome	
in	the	central	North	Sea	(André	et	al.,	2010;	Guillocheau	
et	al., 2000).	During	Late	Jurassic	times	(Kimmeridgian	to	
Tithonian),	a	decrease	in	subsidence	rate	was	promoted	by	
a	shift	towards	a	high	wavelength	flexural	pattern,	possibly	
associated	with	the	opening	of	the	Central	Atlantic	Ocean	
(Guillocheau	et	al., 2000).	The	subsidence	decreased	grad-
ually	 until	 the	 Early	 Cretaceous	 (Berriasian	 to	 Late	 Ap-
tian)	 when	 a	 significant	 decrease	 in	 the	 subsidence	 rate	
occurred	(0–	10	m/My;	Guillocheau	et	al., 2000;	Perrodon	
&	Zabek, 1991).	The	Late	Jurassic-	Early	Cretaceous	transi-
tion	was	bounded	by	two	major	Jurassic/Cretaceous	(Late	
Cimmerian)	and	Early/Late	Berriasian	(Austrian)	uncon-
formities	(André	et	al.,	2010;	Guillocheau	et	al., 2000;	Per-
rodon	 &	 Zabek,  1991).	These	 unconformities,	 caused	 by	
NE-	SW	to	E-	W	compression,	formed	contemporaneously	
with	 both	 the	 uplift	 of	 the	 Vosgues-	Rhine	 block	 to	 the	
NE	and	with	the	extension	(Late	Cimmerian)	and	further	
oceanic	accretion	(Austrian)	in	the	Bay	of	Biscay	(Guillo-
cheau	et	al., 2000).	After	an	extensional	period	of	subsid-
ence	from	Albian	to	Turonian,	NE-	SW	compression	began	
in	Late	Turonian.	At	the	Cretaceous-	Paleogene	boundary,	
the	main	tectonic	inversion	occurred	resulting	in	signifi-
cant	uplift	and	erosion.	The	last	main	tectonic	event	took	
place	during	the	Late	Eocene	to	Early	Oligocene	and	was	
marked	by	E-	W	extension	in	the	eastern	part	of	the	basin	
(Rhine	Graben	opening),	while	a	compressive	regime	pre-
vailed	in	the	western	part	(André	et	al.,	2010;	Guillocheau	
et	al., 2000).

The	Triassic	 stratigraphy	was	mainly	dominated	by	a	
transgressive	trend.	The	Lower	Triassic	developed	to	the	
East	and	was	characterized	by	coarse	red	sandstones	as-
sociated	 with	 fluvial	 channel	 deposition	 (Perrodon	 &	
Zabek, 1991).	During	the	Middle	Triassic,	sedimentation	
migrated	 towards	 the	 central	 part	 of	 the	 basin	 where	 a	
very	shallow	epicontinental	sea	transgressed	from	the	E,	
with	the	deposition	of	marine	sandstones	overlaid	by	ma-
rine	limestones	and	dolomites,	and	locally	by	anhydrite-	
bearing	 shales	 (Perrodon	 &	 Zabek,  1991).	 In	 the	 Upper	
Triassic,	 sedimentation	 began	 with	 the	 deposition	 of	
the	 Carnian	 fluvial	 sandstones	 (Figure  1c;	 Bourquin	
et	al., 1998;	Perrodon	&	Zabek, 1991).	During	the	Norian,	
towards	the	western	portion	of	the	basin,	the	sedimenta-
tion	of	the	braided	alluvial	 fans	to	lacustrine	deposits	of	
the	 Chaunoy	 Fm.	 occurred.	 These	 deposits,	 formed	 in	
semi-	arid	to	arid	conditions	(Bourquin	et	al., 1998;	Spötl	&	
Wright, 1992;	Worden	et	al., 1999),	exhibit	a	range	of	lith-
ologies,	comprising	fine	to	coarse	continental	terrigenous	
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facies	 (clays,	 fine	 to	 coarse	 fluvial	 sandstones,	 conglom-
erates)	with	some	interbedded	carbonate	mudstones	and	
dolomites	(Bourquin	et	al., 1993,	1997,	1998).	The	Chau-
noy	Fm.	is	extensively	cemented	by	early	carbonates	and	
locally	 includes	pedogenic	dolocrete	horizons	(Bourquin	
et	 al.,  1998;	 Spötl	 &	Wright,  1992).	Towards	 the	 eastern	
portion	of	the	basin,	the	Chaunoy	deposits	pass	laterally	
into	a	time	equivalent	marine	halite	succession	which	in-
terfingers	 with	 the	 western	 fluvial	 sandstones	 separated	
by	interbedded	coastal	sabkha	sands	and	anhydritic	mud-
stones	 (Figure  2;	 Bourquin	 et	 al.,  1998;	 Cavelier	 &	 Lo-
renz, 1987;	Geisler-	Cussey, 1986).

The	Triassic	sedimentation	ended	with	the	deposition	
of	 the	 Rhaetian	 transgressive	 sandstones,	 deposited	 in	
deltaic	and	nearshore	environments	 (Keuper	 strata;	Per-
rodon	&	Zabek, 1991).	By	the	end	of	the	Triassic,	the	basin	
was	an	N-	E	trending	sag	depression	with	an	average	sedi-
ment	thickness	of	ca.	500	m.	During	Early	Jurassic	times,	
organic-	rich	 black	 shales	 were	 deposited	 due	 to	 a	 wide-
spread	 transgression.	 In	 the	 Middle	 Jurassic,	 broad	 car-
bonate	platforms	prevailed,	while	the	Upper	Jurassic	was	
primarily	 characterized	 by	 clay	 deposition	 (Guillocheau	

et	 al.,  2000;	 Perrodon	 &	 Zabek,  1991).	 During	 the	 Late	
Cretaceous	 (Berriasian	 to	 Albian),	 mainly	 siliciclastic	
deposits	with	well-	developed	deltaic	and	coastal	plain	fa-
cies	 dominated.	 The	 Albian-	Cenomanian	 transition	 was	
characterized	 by	 a	 transgressive-	regressive	 cycle	 which	
accounted	for	siliciclastic	tidal-	dominated	facies	followed	
by	chalk.	After	the	sedimentation	of	the	thick	Upper	Cre-
taceous	chalk,	the	eastern	part	of	the	Paris	Basin	defini-
tively	 emerged	 and	 experienced	 weathering	 and	 erosion	
allowing	 the	 progressive	 exhumation	 of	 the	 underlying	
units	(Guillocheau	et	al., 2000;	Perrodon	&	Zabek, 1991).

In	the	central	part	of	the	Paris	Basin	two	main	perme-
able	 reservoir	 units	 occur:	 the	 Upper	 Triassic	 (Norian)	
fluvial	sandstones	of	the	Chaunoy	Fm.,	and	the	Middle	Ju-
rassic	marine	carbonates	(Figure 1d;	(Delmas	et	al., 2002;	
Pages,  1987).	 Between	 the	 Upper	 Triassic	 silicisclastics	
and	the	Middle	Jurassic	carbonates	are	the	Lower	Jurassic	
(Toarcian)	 shales	 (Figure  1d)	 which	 represent	 the	 main	
source	rocks	of	the	basin	having	charged	with	hydrocar-
bons	both	the	Upper	Triassic	and	the	Middle	Jurassic	res-
ervoirs	(Delmas	et	al., 2002;	Poulet	&	Espitalié, 1987).	More	
recently,	these	reservoirs	have	received	the	attention	of	the	

F I G U R E  1  Geographic	and	geological	setting	of	the	study	area	in	the	Paris	Basin.	(a)	Stratigraphic	column	of	the	Paris	Basin	
sedimentary	pile	(from	FEX1	well).	(b)	Location	of	the	Paris	Basin	in	northern	France	(upper	right	frame).	Geological	map	of	the	Paris	Basin	
(modified	after	Gély	&	Hanot, 2014)	with	location	of	the	basin	depocenter	and	the	three	studied	wells	(LOL1b,	AR1,	FEX1).	The	dashed	
black	line	represents	the	trace	of	the	cross-	section	illustrated	in	c.	(c)	WNW-	ESE	geological	cross-	section	of	the	Paris	Basin	illustrating	the	
three	projected	wells	of	interest	and	the	stratigraphic	interval	corresponding	to	the	Upper	Triassic	(Norian)	Chaunoy	Fm.	(modified	after	
Delmas	et	al., 2002).	(d)	Schematic	W-	E	cross-	section	of	the	Paris	Basin	petroleum	system,	illustrating	the	main	source	rocks	and	reservoirs	
(modified	after	Delmas	et	al., 2002).

F I G U R E  2  Simplified	geologic	
sketch	illustrating	the	lateral	facies	
changes	of	the	Middle	Triassic	to	Lower	
Jurassic	succession	along	a	W-	E	transect	
through	the	Paris	Basin.	The	Chaunoy	
Formation	occurs	to	the	West	and	is	
comprised	among	the	fluvial	sandstones	
and	conglomerates;	to	the	East	it	passes	
laterally	to	anhydritic	mudstones	and	
halite	deposits	(redrawn	after	Worden		
et	al., 1999).
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European	geothermal	community	 (Ledésert	 et	 al.,  2022)	
with	the	Chaunoy	Fm.	at	an	early	exploration	stage	(Bois-
savy	&	Grière, 2014;	Bonté	et	al., 2013;	Jaudin, 2009;	Sen-
gelen	et	al., 2019,	2021).

2.2	 |	 Thermal history and models

The	 thermal	 evolution	 of	 the	 Paris	 Basin	 has	 been	 ro-
bustly	characterized	on	natural	rock	samples	by	means	of	
various	thermometric	and	thermo-	chronometric	proxies,	
including	among	others	Rock-	Eval	pyrolysis,	vitrinite	re-
flectance,	 fluid	 inclusion	 microthermometry,	 apatite	 fis-
sion	 tracks,	 clay	 diagenesis,	 Δ47	 thermometry	 and	 U-	Pb	
carbonate	 geochronology	 (Blaise	 et	 al.,  2014;	 Clauer	
et	 al.,  1995;	 Espitalié	 et	 al.,  1988;	 Guilhaumou,  1993;	
Guilhaumou	 &	 Gaulier,  1991;	 Mangenot,	 Gasparrini,	
Gerdes,	 et	 al.,  2018;	 Mangenot,	 Gasparrini,	 Rouchon,	 &	
Bonifacie, 2018;	Matray	et	al., 1989;	Ménétrier	et	al., 2005;	
Poulet	&	Espitalié, 1987;	Spötl, 1996;	Spötl	et	al., 1993;	Uri-
arte, 1997).	These	proxies	were	used	to	build,	validate	and	
calibrate	 numerical	 1D,	 2D	 and	 3D	 basin	 thermal	 mod-
els	(Gaulier	&	Burrus, 1994;	Gonçalvès	et	al., 2010;	Mon-
ticone	et	al., 2011;	Telès	et	al., 2014;	Torelli	et	al., 2020;	
Uriarte, 1997;	Worden	et	al., 1999).	All	these	previous	data	
and	numerical	models	make	the	burial	and	thermal	his-
tory	of	the	basin	well-	constrained.

The	most	recent	3D	numerical	model	of	the	Paris	Basin,	
furnished	by	Torelli	et	al. (2020),	was	developed	using	the	
TemisFlow™	software	and	was	built	upon	the	geological	
model	 previously	 constructed	 by	Telès	 et	 al.  (2014).	The	
reliability	of	the	model	from	Torelli	et	al. (2020)	is	ensured	
by	the	fact	that	it	considers	multiple	parameters,	includ-
ing	surface	temperature	and	paleo-	bathymetry	evolution,	
a	detailed	reconstruction	of	sediment	deposition	and	ero-
sion	events,	basal	heat	flow,	and	thermal	properties	of	the	
rocks	filling	the	basin.	In	order	to	consider	the	impact	of	
compositional	 heterogeneities	 of	 the	 basement	 lithology	
on	 the	 basin	 thermal	 state,	 the	 model	 also	 incorporates	
an	 upper	 crust	 comprising	 three	 domains	 characterized	
by	different	 thicknesses,	radiogenic	heat	production	and	
conductivity.

The	 thermal	 properties	 at	 the	 output	 of	 the	 model	
(i.e.,	present-	day	and	past	 temperatures)	were	calibrated	
to	find	the	best	fit	with	thermometric	data	available	from	
literature.	These	latter	encompassed	the	present-	day	bot-
tom	 hole	 temperatures	 from	 52	 wells	 (Gable,  1978)	 and	
the	vitrinite	 reflectance	data	 from	Uriarte  (1997),	which	
are	 consistent	 with	 recently	 obtained	 vitrinite	 reflec-
tance	data	(Corrado	et	al., 2022;	Vergara	Sassarini, 2022;	
Vergara	 Sassarini	 et	 al.,  2023).	 Furthermore,	 the	 burial	
histories	extracted	from	the	model	were	found	to	be	con-
sistent	with	independent	constraints	derived	from	stylolite	

paleo-	piezometry	 (Beaudoin	 et	 al.,  2019).	 We,	 therefore,	
relied	on	the	 thermal	model	 from	Torelli	et	al.  (2020)	 to	
interpret	 and	 discuss	 the	 thermal	 data	 issued	 from	 the	
present	study.

According	 to	 this	model,	 the	basin	succession	under-
went	progressive	burial	and	heating	during	the	Mesozoic,	
followed	 by	 uplift	 and	 cooling	 that	 started	 in	 the	 Late	
Cretaceous	and	continued	during	the	whole	Tertiary.	The	
thermal	maximum	occurred	during	 the	Late	Cretaceous	
and	 persisted	 for	 approximately	 20	million	 years.	 The	
thermal	conditions	recorded	in	the	basin	during	the	Late	
Cretaceous	 are	 most	 commonly	 attributed	 to	 the	 depo-
sition	 of	 a	 thick	 chalk	 succession	 (see	 Section  2.1)	 with	
very	low	thermal	conductivity,	which	acted	as	a	thermal	
insulator	causing	an	increase	of	the	geothermal	gradient	
in	the	underlying	deposits	(Demars	&	Pagel, 1994;	Guil-
haumou,  1993;	 Ménétrier	 et	 al.,  2005;	 Spötl	 et	 al.,  1993;	
Torelli	et	al., 2020).

3 	 | 	 MATERIALS AND METHODS

3.1	 |	 Sampling

The	 study	 area	 was	 selected	 based	 on	 the	 availability	 of	
sub-	surface	cores	 from	the	depocentral	area	of	 the	Paris	
Basin	 where	 the	 Upper	 Triassic	 succession	 is	 known	 to	
have	 experienced	 a	 thermal	 maximum	 >100°C	 (Torelli	
et	al., 2020)	 that	was	a	needed	prerequisite	 for	our	aims	
(see	Section 1).	Being	the	Chaunoy	Fm.	a	past	target	for	
oil	and	gas	exploration,	most	of	the	available	cores	were	
from	this	stratigraphic	interval	that	was	therefore	chosen	
for	 observation	 and	 sampling.	 Only	 three	 discontinuous	
cores	 of	 the	 Chaunoy	 Fm.,	 from	 barren	 wells	 located	 to	
the	NW	of	the	basin	depocenter	(Figure 1b,c),	revealed	the	
occurrence	of	diagenetic	carbonates	macroscopically	vis-
ible.	This	guided	the	sampling	strategy	since	for	our	aims	
(see	Section 1)	voluminous	carbonate	phases	were	needed	
to	 jointly	 investigate	 them	 by	 petrography,	 O-	C	 isotope	
geochemistry	as	well	as	by	FI	and	Δ47	thermometry.	Based	
on	stratigraphic	correlations	available	from	the	well	logs	
drilling	reports	of	these	three	wells	(Longueil1b	(LOL1b),	
Arsy1	(AR1),	and	Feigneux1	(FEX1);	Figure 3)	the	Chau-
noy	Fm.	was	 identified	and	sampled.	A	 total	of	16	 sam-
ples,	encompassing	different	 facies	of	 the	Chaunoy	Fm.,	
were	 collected	 (Figure  3;	 Table  1).	 Sample	 depths	 vary	
between	2002	and	2009	m	at	LOL1b	(n	=	6),	between	1819	
and	1826	m	at	AR1	(n	=	4),	and	between	2370	and	2408	m	
at	FEX1	(n	=	6).	The	samples	belong	to	different	facies	as-
cribed	 to	 different	 depositional	 environments,	 based	 on	
Bourquin	et	al. (1998).	The	main	facies	include	channel-	
infilling	 clast-	supported	 conglomerates	 (Figure  4a)	 and	
fine	to	very	coarse-	grained	sandstones	(Figure 4b),	as	well	
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as	 lacustrine	 carbonate	 mudstones	 and	 flood	 plain	 clay-	
rich	facies	(Figure 4c).	They	are	frequently	associated	with	
subaerial	or	subaqueous	debris-	flow	deposits	mostly	con-
sisting	 of	 matrix-	supported	 conglomerates	 (Figure  4d).	
Dolomite	nodules	developed	within	red	clays	(Figure 4e),	
typical	of	paleosoils,	are	also	observed.	For	details	on	the	
sedimentary	facies	and	depositional	environments	of	the	
investigated	samples	see	Appendix S1	(Data	S1).

To	 apply	 different	 techniques	 to	 the	 diagenetic	 car-
bonates	 occurring	 in	 the	 sampled	 lithologies,	 rock	 slabs	
were	 produced	 from	 each	 sample	 to	 manufacture	 thin	
and	thick	sections	for	petrography	and	fluid	inclusion	(FI)	
studies	and	to	sample	carbonate	powders	for	geochemical	
analyses.

3.2	 |	 Petrographic analysis

Sixteen	 thin	 sections	 (50	μm	 thick)	 were	 prepared	 from	
rock	 slabs.	 They	 were	 partially	 stained	 with	 a	 solution	
of	 10%	 diluted	 HCl,	 Alizarin	 red-	S	 and	 potassium	 fer-
ricyanide	 for	 carbonate	 identification	 and	 qualitative	 Fe	
content	 estimation	 (Dickson,  1966).	 Conventional	 opti-
cal	 petrography	 was	 performed	 with	 a	 Nikon	 ECLIPSE	
LV100	 POL	 polarized	 light	 microscope,	 allowing	 obser-
vations	under	plane-		 and	cross-	polarized	 light	 (PPL	and	

XPL).	 Calcite	 cement	 types	 and	 dolomite	 textures	 were	
described	using	the	classifications	from	Flügel (2004)	and	
Sibley	 and	 Gregg  (1987),	 respectively.	 Cathodolumines-
cence	 (CL)	 microscopy	 supported	 petrographic	 analysis	
and	 was	 performed	 with	 a	 Nikon	 Eclipse	 ME600	 polar-
ized	light	microscope	equipped	with	a	CL	8200	Mk5	CITL	
apparatus	operating	under	vacuum	(<0.1	mBar)	at	10	kV	
and	250	μA.

3.3	 |	 O- C stable isotope analysis

A	 total	 of	 24	 diagenetic	 carbonates	 (18	 calcites	 and	 6	
dolomites)	 were	 extracted	 with	 a	 dental	 drill	 (drill	 tip	
size	of	0.5	mm)	 from	rock	slabs	of	9	 samples	after	pet-
rographic	 analyses	 of	 mirror-	like	 thin	 sections.	 The	
powders	 were	 reacted	 with	 100%	 phosphoric	 acid	 at	
70°C	using	a	Gasbench	II	connected	to	a	ThermoFisher	
Delta	V	Plus	mass	spectrometer	and	analysed	for	O	and	
C	stable	 isotopes.	δ18O	and	δ13C	values	are	reported	 in	
per	 mil	 (‰)	 relative	 to	 the	 Vienna	 Pee	 Dee	 Belemnite	
(VPDB)	 standard.	 Reproducibility	 and	 accuracy	 were	
checked	 by	 replicate	 analysis	 of	 laboratory	 standards	
calibrated	by	assigning	δ13C	values	of	+1.95‰	to	NBS19	
and	−47.3‰	to	IAEA-	CO9	and	δ18O	values	of	−2.20‰	
to	 NBS19	 and	 −23.2‰	 to	 NBS18.	 Reproducibility	 for	

F I G U R E  3  Well	log	stratigraphy	of	the	three	studied	wells	from	Permo-	Trias	to	Lower	Jurassic.	AR1,	LOL1b	and	FEX1	stand	
respectively	for	Arsy	1,	Longueil	1b	and	Feigneux	1	wells.	The	lithologies	and	stratigraphic	interpretations	are	from	the	available	well	
drilling	reports.	Grès	de	Feigneux	corresponds	to	the	local	name	for	the	Chaunoy	Fm.	The	red	line	indicates	the	Upper	Triassic	–		Lower	
Jurassic	limit.	The	pink	bands	illustrate	the	sampled	intervals	from	the	three	wells.	Numbers	along	the	stratigraphic	columns	refer	to	depths	
in	meters.
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δ13C	and	δ18O	was	±0.07	and	±0.07	(1	SD),	respectively.	
Oxygen	isotope	values	of	dolomite	were	corrected	using	
phosphoric	 acid	 fractionation	 factors	 (Rosenbaum	 &	
Sheppard, 1986).

3.4	 |	 Fluid inclusion (FI) study

Sample	 selection	 relied	 on	 the	 general	 limitations	 of	 the	
FI	thermometry	method	which	is	mostly	applied	to	burial	
diagenetic	carbonates,	characterized	by	clear	colour,	course	
crystallinity	 and	 presence	 of	 large	 (>3–	5	μm)	 bi-	phase	 FI	
with	petrographic	features	suggesting	a	primary	origin	and	
the	 lack	of	post-	entrapment	modifications	(Bodnar, 2003;	
Goldstein, 2001,	2003;	Goldstein	&	Reynolds, 1994).	Based	
on	 these	 requirements,	 eight	 double-	polished	 thick	 sec-
tions	(120	μm	tick)	were	produced	from	the	same	rock	slabs	
used	for	thin	section	production.	The	study	comprised	FI	
petrography	followed	by	FI	michrothermometry	(FIM).

The	 apparatus	 used	 is	 a	 Linkam	 MDS	 600	 heating–	
freezing	stage	mounted	on	a	Nikon	ECLIPSE	LV100	po-
larized	light	microscope,	associated	with	a	100	W	Mercury	
vapour	 lamp	 for	 UV-	light	 observations.	 The	 Linksys	 32	
software	enabled	all	the	operations	for	FIM.	The	stage	was	
calibrated	with	synthetic	FI	in	quartz	standards	in	the	−21	
to	+135°C	temperature	range.

FI	 was	 ascribed,	 where	 possible,	 to	 Fluid	 Inclusion	
Assemblages	 (FIA)	 following	 the	 recommendations	 of	
Goldstein	and	Reynolds (1994)	and	Goldstein (2003).	Size,	
shape,	 liquid/vapour	 ratio,	 and	 response	under	UV-	light	
of	the	selected	FI	were	determined	at	room	temperature.

FIM	analysis	was	executed	in	two	different	stages:	(1)	
heating	runs	to	determine	homogenization	temperatures	
(Th)	 and	 temperatures	 of	 gas	 nucleation	 after	 homoge-
nization	 (Tng);	 (2)	 cooling	 runs	 to	 determine	 nucleation	
temperatures	 of	 ice-	like	 phases	 (Tni),	 apparent	 eutectic	
temperatures	 (Teapp)	 and	 final	 melting	 temperatures	 of	
ice-	like	phases	occurring	with	stable	(Tmi)	and	metastable	

Well Sample
Depth 
(m) Facies

Depositional 
environment

Longueil	1b	
(LOL1b)

LOL	2003 2003.0 Carbonate	mudstone Lacustrine

LOL	6-	7 2006.5 Carbonate	mudstone Lacustrine

LOL	2008 2008.0 Carbonate	mudstone Lacustrine

LOL	2008b 2008.0 Carbonate	mudstone Lacustrine

LOL	8-	9 2008.5 Carbonate	mudstone Lacustrine

LOL	8-	9b 2008.5 Carbonate	mudstone Lacustrine

Arsy	1	(AR1) AR1	17-	18 1817.5 Clast-	supported	
conglomerate

Lag	deposits

AR1	18-	19 1818.5 Sandstone Stream-	flood	and	
subacqueous	
channels

AR1	8-	9 1819.0 Red	clay,	dolomite	
nodules

Paleosoil

AR1	5-	6 1825.5 Clast-	supported	
conglomerate

Lag	deposits

Feigneux	1	
(FEX1)

FEX	
2370.8

2370.8 Clast-	supported	
conglomerate

Lag	deposits

FEX	2371 2371.0 Matrix-	supported	
conglomerate

Stream-	flood	and	
subacqueous	
channels

FEX	2396 2396.0 Clast-	supported	
conglomerate

Lag	deposits

FEX	2396b 2396.0 Clast-	supported	
conglomerate

Lag	deposits

FEX	2405 2405.0 Matrix-	supported	
conglomerate

Stream-	flood	and	
subacqueous	
channels

FEX	8-	7 2408.0 Sandstone Stream-	flood	and	
subacqueous	
channels

T A B L E  1 	 Well	of	provenance,	depth,	
facies	and	depositional	environment	
of	the	studied	samples	from	the	Upper	
Triassic	(Norian)	Chaunoy	Fm.
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F I G U R E  4  Main	sedimentary	facies	
observed	in	the	studied	samples	from	
the	Chaunoy	Fm.	(a)	Clast-	supported	
polygenic	conglomerate,	poorly	sorted,	
ungraded	to	weakly	graded.	(b)	Photo	
above:	fine	grained	sandstone,	well	sorted,	
with	trough	cross-	beds.	Photo	below:	fine	
to	coarse,	moderately	sorted	and	cross-	
bedded	sandstone,	composed	of	sub-	
angular	to	sub-	rounded	clasts.	(c) Clay-	
rich	facies	composed	of	reddish	clay	
laminae	alternated	with	pinkish	silstone	
and	fine	sandstone	laminae.	(d)	Matrix-	
supported	polygenic	conglomerate,	poorly	
sorted	and	ungraded.	(e)	Red	clays	with	
dolomitized	root	traces	(paleosoil).
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(Tmi(MET))	behaviour.	Th	and	Tmi	measurements	were	ac-
complished	with	accuracy	of	±1	 to	±2°C	and	of	±0.1	 to	
±0.2°C,	respectively.	Salinities	were	calculated	from	stable	
Tmi	only	in	the	binary	H2O-	NaCl	system	(Bodnar, 1993)	
and	are	expressed	as	%wt.	NaCl	eq.

The	 software	 package	 FLUIDS	 (Bakker,  2003,	 2009)	
was	used	to	further	characterize	the	aqueous	fluids.	The	
application	 BULK	 was	 employed	 to	 calculate	 bulk	 FI	
properties	 (e.g.,	 density)	 using	 the	 equation	 of	 state	 of	
Krumgalz	et	al. (1996)	and	the	measured	Th	and	Tmi.	The	
program	LONER32	was	used	to	calculate	isochore	slopes,	
according	 to	 the	 thermodynamic	 model	 of	 Bodnar	 and	
Vityk (1994)	and	by	using	the	measured	Th	and	salinities.

3.5	 |	 Carbonate clumped isotope 
(Δ47) analysis

Sampling	 for	 Δ47	 analysis	 was	 accomplished	 by	 giving	
priority	to	(1)	the	carbonate	phases	also	analysed	for	FIM	
to	discuss	the	results	of	the	two	thermal	proxies	(i.e.	FIM	
vs.	 Δ47);	 and	 (2)	 the	 most	 voluminous	 phases	 (i.e.	 the	
phases	that	occur	at	a	spatial	resolution	higher	than	the	
0.5	mm	drill-	points	used	for	sampling),	 in	order	to	avoid	
mixing	 between	 different	 carbonate	 generations	 occur-
ring	nearby.	Based	on	these	requirements,	six	diagenetic	
carbonate	powders	(ca.	2	mg)	were	extracted	with	a	dental	
drill	from	rock	slabs	after	petrographic	analyses	of	mirror-	
like	thin	sections.

The	clumped	isotope	compositions	of	carbonates	were	
determined	 at	 the	 ETH	 Ziurich	 using	 a	 Thermo	 Fisher	
Scientific	 253Plus	 mass	 spectrometer	 which	 is	 coupled	
to	 a	 Kiel	 IV	 carbonate	 preparation	 device,	 following	 the	
method	described	in	Müller,	Violay,	et	al. (2017).	The	Kiel	
IV	device	includes	a	custom-	built	PoraPakQ	trap	held	at	
−40°C	to	eliminate	potential	organic	contaminants.	Prior	
to	each	sample	run,	the	pressure-	dependent	backgrounds	
were	determined	on	all	beams	to	correct	for	non-	linearity	
effects	in	the	mass	spectrometer.	During	each	run,	18	rep-
licates	of	90–	110	μg	of	different	samples	and	5	replicates	
of	each	of	 the	three	carbonate	standards,	ETH-	1,	ETH-	2	
and	 10	 replicates	 of	 the	 standard	 ETH-	3	 (Bernasconi	
et	al., 2018,	2021),	were	analysed	for	data	normalization.	
One	replicate	of	the	international	standard	IAEA	C2	was	
analysed	to	monitor	the	long-	term	reproducibility	of	 the	
method.	 Calcite	 was	 reacted	 for	 7	min	 and	 30	s	 and	 do-
lomite	 for	 33	min	 to	 ensure	 a	 complete	 reaction.	 All	 in-
strumental	and	data	corrections	were	carried	out	with	the	
software	Easotope	(John	&	Bowen, 2016)	using	the	revised	
IUPAC	parameters	for	17O	correction	(Daëron	et	al., 2016).	
All	clumped	isotope	values	are	reported	in	the	I-	CDES	(In-
tercarb	 Carbon	 dioxide	 equilibrium	 scale)	 following	 the	
recommendations	of	Bernasconi	et	al. (2021).

Carbonate	precipitation	temperatures	were	calculated	
using	 the	 Anderson	 et	 al.  (2021)	 calibration.	This	 is	 the	
most	robust	calibration	that	resolved	published	discrepan-
cies	in	previous	calibrations	which	were	due	to	poor	stan-
dardization	(Bernasconi	et	al., 2021).

The	 simultaneously	 measured	 δ18O	 and	 δ13C	 values	
were	 reported	 in	per	mil	 (‰)	relative	 to	 the	Vienna	Pee	
Dee	Belemnite	(VPDB)	standard.

3.6	 |	 Δ47 solid- state reordering and 
reordering models

Clumped	isotope	temperatures	of	carbonate	minerals	that	
have	 undergone	 heating	 during	 burial	 have	 to	 be	 inter-
preted	with	caution	due	to	the	susceptibility	of	∆47	com-
positions	 to	 undergo	 resetting	 by	 solid-	state	 reordering	
(e.g.,	 Hemingway	 &	 Henkes,  2021;	 Lawson	 et	 al.,  2018;	
Lloyd	et	al., 2018;	Mangenot	et	al., 2019;	Passey	&	Hen-
kes,  2012;	 Stolper	 &	 Eiler,  2015).	 The	 ∆47	 solid-	state	 re-
ordering	process	 is	 caused	by	diffusion	and	exchange	of	
13C	 and	 18O	 isotopes	 which	 tend	 to	 reequilibrate	 with	
new	ambient	 temperatures.	 It	can	occur	without	notice-
able	 changes	 in	 the	 mineral	 bulk	 isotopic	 composition	
(δ13C,	 δ18O),	 elemental	 concentration,	 or	 texture	 (Den-
nis	 &	 Schrag,  2010;	 Henkes	 et	 al.,  2014;	 Passey	 &	 Hen-
kes,  2012).	 The	 reordering	 process	 chiefly	 depends	 on	
the	 temperatures	 experienced	 by	 the	 carbonate	 phases	
with	time	and	on	the	residence	time	at	each	temperature	
step.	Conversely,	water	presence,	composition	and	pres-
sure	exert	only	modest	influence	on	∆47	reordering	rates.	
Therefore,	 it	 is	possible	 to	make	meaningful	predictions	
about	carbonate	∆47	reordering	if	a	well-	constrained	ther-
mal	history	is	available,	even	when	fluid	composition	and	
pressure	are	unknown	(Brenner	et	al., 2018;	Huntington	
&	Petersen, 2023).

Modelling	 the	 ∆47	 solid-	state	 reordering	 during	 heat-
ing	 over	 time	 requires	 knowledge	 of	 the	 reordering	 ki-
netics	 and	 Arrhenius	 parameters	 of	 the	 mineral	 phases	
at	issue,	as	well	as	on	the	temperature–	time	history	they	
went	 through.	 Modelling	 outputs	 are	 known	 as	 thermal	
history	reordering	models	(THRM,	as	defined	by	Shenton	
et	 al.,  2015).	Three	 models	 for	 carbonate	 ∆47	 reordering	
exist:	(1)	the	first-	order	reordering	model	from	Passey	and	
Henkes  (2012);	 (2)	 the	 exchange-	diffusion	 model	 from	
Stolper	 and	 Eiler  (2015);	 and	 (3)	 the	 disordered	 kinetic	
model	 from	 Hemingway	 and	 Henkes  (2021).	 The	 first	
model	 suggests	 that	 reordering	 occurs	 due	 to	 selective	
isotopic	exchange	during	heating.	This	reordering	process	
follows	a	first-	order	kinetic	equation	(Henkes	et	al., 2014;	
Passey	&	Henkes, 2012).	The	second	model	suggests	that	
reordering	 is	 given	 both	 by	 an	 initial	 diffusion	 of	 iso-
topes	through	the	crystal	lattice	followed	by	slow	isotope	
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exchange	 reactions	 between	 adjacent	 carbonate	 groups	
(Stolper	 &	 Eiler,  2015).	 The	 third	 model	 suggests	 that	
reordering	 is	 the	 result	 of	 a	 random-	walk	 18O	 diffusion	
through	 the	 carbonate	 lattice,	 occurring	 as	 a	 succession	
of	first-	order	processes	that	take	place	simultaneously	at	
different	 rates	 (Hemingway	 &	 Henkes,  2021).	 The	 first	
two	 reordering	 models	 (Passey	 &	 Henkes,  2012;	 Stolper	
&	Eiler, 2015)	can	be	treated	as	specific	cases	of	the	dis-
ordered	kinetics,	whereas	the	last	model	(Hemingway	&	
Henkes, 2021)	provides	a	generalized	framework	to	con-
strain	∆47	reordering.

Both,	 the	 Passey	 and	 Henkes  (2012)	 and	 the	 Stolper	
and	 Eiler  (2015)	 reordering	 models	 are	 implemented	
within	the	ClumpyCool	Python	developed	by	Lloyd (2020)	
and	 available	 at	 https://github.com/maxma	nsaxm	an/
Clumpy_reord	ering_model_distr	ibution.	 The	 Heming-
way	and	Henkes (2021)	reordering	model	is	implemented	
within	 the	 Isotopylog	 Python	 tool	 developed	 by	 Hem-
ingway (2020)	and	is	available	at	http://pypi.python.org/
pypi/isoto	pylog.

4 	 | 	 RESULTS

4.1	 |	 Thin section petrography

Previous	authors	that	studied	Chaunoy	Fm.	samples	from	
the	basin	depocenter	reported	the	occurrence	of	different	
dolomite,	 calcite,	 quartz,	 and	 feldspar	 diagenetic	 phases	
(Worden	&	Matray, 1995,	1998).	Conversely,	in	the	stud-
ied	samples	no	silicate	diagenetic	phases,	such	as	quartz	
and	feldspars	were	observed.	Petrographic	analysis	of	thin	
sections	 from	the	 three	 investigated	cores	 (LOL1b,	AR1,	
FEX1;	Figure 1)	only	allowed	the	identification	of	seven	
diagenetic	carbonate	phases	and	their	relative	chronology	
is	illustrated	in	Figure 5	and	described	below.

In	 LOL1b	 well	 samples,	 a	 pervasive	 recrystallization	
is	revealed	by	micrite	crystal	coarseness	(>4	μm).	The	mi-
crite	occurring	in	FEX1	well	samples	displays	hints	of	re-
crystallization	as	well,	whereas	no	micrite	is	observed	in	
AR1	well	samples.

Three	distinct	dolomite	phases	(fDol,	cDol,	and	eDol)	
are	 observed	 in	 samples	 from	 LOL1b	 and	 FEX1	 wells.	
Based	 on	 their	 dominant	 petrographic	 feature	 these	
phases	were	named	fine	dolomite	(fDol),	coarser	dolomite	
(cDol)	and	euheudral	dolomite	(eDol).	They	are	followed	
by	successive	precipitation	of	calcite	(Cal1	and	Cal2)	and	
dolomite	(Dol1)	phases.

fDol	consists	of	a	mosaic	of	fine	crystals	(<10	μm;	do-
lomicrite)	 that	 make	 up	 a	 unimodal,	 nonplanar	 texture	
and	display	a	dull	brown	CL	(Figure 5a,b).	It	replaces	the	
recrystallized	micrite	and	may	encrust	microbial	mats,	lo-
cally	observed	in	carbonate	mudstone	facies.

cDol	 is	 a	 fine	 to	 medium	 crystalline	 (25–	50	μm)	 do-
lomite	 that	 post-	dates	 fDol	 since	 it	 may	 replace	 or	 over-
grow	fDol	crystals	and	is	characterized	by	a	bright	red	CL	
(Figure 5a,b).

eDol	 is	 constituted	 by	 a	 mosaic	 of	 euhedral	 (rhom-
bohedral)	 crystals	 of	 variable	 coarseness	 (<100–	500	μm)	
making	up	a	polymodal,	planar-	E	texture	(Figure 5c)	and	
locally	 displaying	 sweeping	 extinction.	 It	 usually	 exhib-
its	a	uniform	bright	 red	CL	 (Figure 5c).	Less	commonly	
the	crystals	are	zoned	and	display	dull	brown	cores	with	
bright	red	external	zones,	occasionally,	with	bright	orange	
rims.	This	phase	replaces	and	therefore	post-	dates	previ-
ous	 dolomites	 (cDol	 and	 fDol)	 or	 fills	 interparticle	 and	
vuggy	pores.

Cal1	 consists	 of	 non-	ferroan	 blocky	 calcite	 crystals	
(400–	2000	μm),	 characterized	 by	 a	 non-	luminescent	 CL	
response,	though	they	locally	display	a	concentric	CL	zon-
ing	marked	by	thin	bright	orange	rims	(Figure 5b–	f).	This	
calcite	 phase	 mainly	 fills	 interparticle	 pores,	 vugs	 and	
fractures,	 though	 it	 locally	 replaces	 (and	 therefore	 post-	
dates)	the	cores	of	eDol	crystals	(Figure 5c).	It	is	the	most	
voluminous	void-	filling	phase	and	occurs	in	samples	from	
LOL1b	and	AR1	wells.

Cal2	 consists	 of	 non-	ferroan	 blocky	 calcite	 crystals	
(<400–	1500	μm)	 which	 exhibit	 a	 uniform	 bright	 orange	
CL	(Figure 5a–	g).	It	post-	dates	Cal1	since	it	mainly	forms	
overgrowths	over	Cal1	crystals	and	may	fill	 interparticle	
pores,	vugs	and	fractures	(Figure 5e,f).	Locally,	it	also	re-
places	(and	therefore	post-	dates)	eDol	crystals	(Figure 5c).	
It	mainly	occurs	 in	samples	 from	AR1	and	LOL1b	wells	
and	to	a	minor	extent	in	FEX1	samples.

Dol1	 consists	 of	 non-	ferroan	 dolomite	 crystals	 (200–	
600	μm),	 making	 up	 a	 polymodal,	 nonplanar	 texture.	
The	crystals	display	curved	faces	and	a	sweeping	extinc-
tion,	 typical	of	 saddle	dolomite	 (Spötl	&	Pitman, 1998).	
This	phase	displays	a	uniform	dull	red	CL	(Figure 5g,h),	
mainly	 fills	 interparticle	 pores,	 vugs	 and	 fractures	 and	
forms	overgrowths	over	Cal2	crystals	(Figure 5h),	there-
fore	 post-	dating	 them.	 It	 occurs	 only	 in	 samples	 from	
FEX1	well.

4.2	 |	 O- C stable isotope data

Oxygen	and	carbon	stable	 isotope	compositions	of	 fDol	
(n	=	2),	 Cal1	 (n	=	13),	 Cal2	 (n	=	5)	 and	 Dol1	 (n	=	4)	 are	
summarized	 in	 Table  2	 and	 in	 Figure  6.	 The	 samples	
of	 fDol	 have	 δ18O	 between	 −3.9‰	 and	 −3.0‰	 (mean:	
−3.5‰	±	0.6‰)	 and	 δ13C	 between	 −7.2‰	 and	 −7.1‰	
(mean:	 −7.2‰	±	0.07‰).	 Cal1	 samples	 have	 δ18O	 be-
tween	 −7.2‰	 and	 −3.8‰	 (mean:	 −5.0‰	±	1.0‰)	 and	
δ13C	between	−7.7‰	and	−6.6‰	(mean:	−7.2‰	±	0.3‰).	
Cal2	 samples	 have	 δ18O	 between	 −8.0‰	 and	 −6.0‰	
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F I G U R E  5  Microphotographs	in	plane-	polarized	light	(to	the	left)	and	cathodoluminescence	(CL;	to	the	right)	show	the	main	
petrographic	features	of	the	investigated	diagenetic	phases.	(a)	fDol	dolomite,	displaying	a	dull	brown	CL,	pervasively	replaces	the	
preexisting	micrite.	It	coexists	with	the	bright	red	cDol	dolomite.	A	vug	occurring	within	the	dolomite	crystal	mosaic	is	filled	by	later	bright	
orange	calcite	cement	(Cal2).	Sample	LOL	2003.	(b)	cDol	dolomite	displaying	a	bright	red	CL	overgrowths	fDol	crystals	(yellow	arrows).	
A	vug	occurring	within	the	dolomite	crystal	mosaic	is	filled	by	later	non-	luminescent	and	bright	orange	calcite	cements	(Cal1	and	Cal2).	
Sample	LOL	6-	7.	(c)	Planar-	E	crystals	of	eDol	dolomite	displaying	zoned	CL	with	dull	brown	cores	and	bright	red	external	zones.	Some	
crystals	are	replaced	by	non-	luminescent	Cal1	(blue	arrows)	and	bright	orange	Cal2	(yellow	arrows).	Sample	LOL	8-	9	(d)	Cal1	blocky	calcite	
crystals,	displaying	non-	luminescent	CL	with	thin	bright	orange	rims,	fill	interparticle	pores	and	are	post-	dated	by	bright	orange	Cal2.	The	
dashed	line	demarcates	a	sandstone	grain.	Sample	AR1	17-	18.	(e)	Cal2	blocky	calcite,	displaying	a	uniform	bright	orange	CL,	forms	thick	
overgrowths	over	the	non-	luminescent	Cal1	and	completely	fills	interparticle	pores.	Sample	AR1	17-	18.	(f)	Cal2	blocky	calcite	with	uniform	
bright	orange	CL	forms	thin	overgrowths	over	the	non-	luminescent	Cal1	crystals.	Sample	LOL	6-	7.	(g)	Dol1	saddle	dolomite,	displaying	
a	dull	red	uniform	CL	completely	fills	interparticle	pores.	The	dashed	lines	demarcate	sandstone	grains.	Sample	FEX	2396.	(h)	Cal2	with	
bright	orange	CL	is	overgrown	by	Dol1	with	dull	red	CL,	completely	filling	the	remaining	interparticle	pore.	Sample	FEX	2370.8.
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(mean:	 −6.9‰	±	0.9‰)	 and	 δ13C	 between	 −8.0‰	 and	
−7.3‰	 (mean:	 −7.6‰	±	0.3‰).	 Finally,	 Dol1	 sam-
ples	 have	 δ18O	 between	 −11.0‰	 and	 −10.3‰	 (mean:	
−10.5‰	±	0.3‰)	 and	 δ13C	 between	 −7.7‰	 and	 −7.3‰	
(mean:	−7.4‰	±	0.2‰).

All	investigated	carbonate	phases	show	consistently	
negative	 δ18O	 and	 δ13C	 values	 (Table  2;	 Figure  6).	 In	
particular,	 δ13C	 values	 are	 very	 consistent	 among	 the	
different	phases	and	vary	between	−8.0‰	and	−6.6‰	
(mean:	 −7.3‰	±	0.3‰).	 Conversely,	 δ18O	 values	 cover	
a	large	spread	comprised	between	−11.0‰	and	−3.0‰	

with	 a	 progressive	 lower	 18O	 content	 going	 from	 fDol	
to	Dol1.

4.3	 |	 Fluid inclusion (FI) study

In	the	fDol,	cDol	and	eDol	dolomites	FI	could	not	be	ob-
served	or	were	small	(<2	μm)	and	only	mono-	phase	liquid,	
this	 latter	 feature	 suggesting	 low	 trapping	 temperatures	
(<50°C;	 Goldstein	 &	 Reynolds,  1994).	 Conversely,	 the	
Cal1,	Cal2	and	Dol1	phases	contained	FI	suitable	for	FIM	

F I G U R E  5  	(Continued)
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Sample Phase Mineralogy CL response
δ18O  
(‰, VPDB)

δ13C  
(‰, VPDB)

LOL	2003 fDol Dolomite Dull	brown −3.0 −7.2

LOL	6–	7 Cal1 Calcite Non-	luminiscent −4.1 −7.2

Cal1 Calcite Non-	luminiscent −3.8 −6.6

LOL	2008 fDol Dolomite Dull	brown −3.9 −7.1

Cal1 Calcite Non-	luminiscent −4.6 −7.7

Cal1 Calcite Non-	luminiscent −4.2 −6.8

Cal1 Calcite Non-	luminiscent −4.2 −6.9

Cal1 Calcite Non-	luminiscent −6.3 −7.0

Cal2 Calcite Bright	orange −5.9 −7.8

LOL	8–	9 Cal1 Calcite Non-	luminiscent −4.9 −7.3

Cal2 Calcite Bright-	orange −6.2 −8.0

AR1	5–	6 Cal1 Calcite Non-	luminiscent −5.7 −7.4

Cal2 Calcite Bright	orange −6.8 −7.3

AR1	17–	18 Cal1 Calcite Non-	luminiscent −7.2 −7.5

Cal1 Calcite Non-	luminiscent −4.9 −7.5

Cal1 Calcite Non-	luminiscent −5.1 −7.5

AR1	18–	19 Cal1 Calcite Non-	luminiscent −5.3 −7.4

Cal1 Calcite Non-	luminiscent −5.1 −7.2

Cal2 Calcite Bright	orange −7.7 −7.4

Cal2 Calcite Bright	orange −7.9 −7.5

FEX	8–	7 Dol1 Dolomite Dull	red −10.4 −7.3

FEX	2396 Dol1 Dolomite Dull	red −10.3 −7.3

Dol1 Dolomite Dull	red −10.3 −7.7

Dol1 Dolomite Dull	red −11.0 −7.3

Abbreviation:	CL,	cathodoluminescence.

T A B L E  2 	 Stable	oxygen	and	carbon	
isotope	compositions	(δ18O,	δ13C)	for	
individual	carbonate	diagenetic	phases	
investigated.

F I G U R E  6  Stable	oxygen	and	carbon	isotope	composition	of	the	diagenetic	carbonate	phases.	Dot	colours	refer	to	different	phases,	
whereas	dot	shapes	refer	to	the	well	of	provenance.	The	coloured	areas	illustrate	the	dispersion	of	δ18O	and	δ13C	values	for	each	phase.	
Uncertainties	are	within	the	dot	size.
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measurements.	Both	mono-	phase	and	bi-	phase	 liquid	FI	
were	 observed	 in	 these	 phases.	 Table  3	 summarizes	 the	
main	 petrographic	 features	 of	 the	 bi-	phase	 FI	 together	
with	 the	 corresponding	 microthermometry	 results.	 De-
tails	 on	 petrography,	 microthermometry	 data	 and	 FI	
behaviour	during	microthermometry	may	be	found	in	Ap-
pendix	S1	(Table S1	and	Data	S2).

4.3.1	 |	 FI	petrography

The	FI	in	Cal1,	Cal2	and	Dol1	do	not	show	fluorescence	
under	 UV	 light,	 suggesting	 that	 they	 possibly	 contain	
aqueous	fluids.	No	oil	FI	were	ever	observed	in	these	dia-
genetic	minerals,	in	line	with	the	fact	that	the	three	inves-
tigated	wells	were	barren.

Cal1	crystals	contain	mono-	phase	liquid	FI,	as	well	
as	bi-	phase,	 liquid-	rich	FI.	Both	mono-		and	bi-	phase	
FI	 commonly	 occur	 in	 growth	 zones	 (Figure  7a)	 or	
crystal	cores	and,	less	frequently,	isolated.	They	have	
sizes	mostly	varying	from	6	to	40	μm	(Figure 7b)	and	
display	shapes	from	roundish	to	crystallographic	con-
trolled	 (e.g.,	 squared,	 negative	 crystals),	 mimicking	
the	 crystallographic	 directions	 of	 the	 host	 crystal.	
Cal2	crystals	contain	mono-		and	bi-	phase	liquid-	rich	
FI	 mostly	 occurring	 in	 crystal	 cores,	 growth	 zones,	
patches	 and	 locally	 isolated	 (Figure  7c,d).	 FI	 have	
sizes	 from	 3	 to	 25	μm	 and	 shapes	 from	 roundish	 to	
crystallographic	controlled	(Figure 7d).	Dol1	crystals	
only	 locally	 contain	 mono-	phase	 FI.	 The	 most	 com-
mon	 bi-	phase	 liquid-	rich	 FI	 is	 up	 to	 20	μm	 in	 size,	
occur	 mainly	 in	 crystal	 cores	 and	 growth	 zones	 and	
exhibit	a	dominant	crystallographic	controlled	shape	
(Figure 7e,f ).

The	occurrence	of	FI	in	crystal	cores	and	growth	zones,	
together	 with	 the	 FI	 shapes	 controlled	 by	 host	 mineral	
crystallography	 (Figure  7),	 point	 to	 a	 possible	 primary	
origin	of	 the	mono-		and	bi-	phase	 liquid-	rich	FI	 in	Cal1,	
Cal2	and	Dol1.	Monophase	FI	was	not	further	investigated	
since	they	cannot	furnish	the	thermal	information	needed	
for	this	study.	Conversely,	bi-	phase	FI	was	further	investi-
gated	with	microthermometry.

4.3.2	 |	 Fluid	inclusion	microthermometry	
(FIM)

During	 heating	 runs,	 total	 homogenization	 occurred	
in	the	liquid	phase	for	all	analysed	bi-	phase	FI.	During	
cooling	runs	ice	melted	last	with	both	stable	(Tmi)	and	
metastable	behaviours	(Tmi(MET)).	Further	details	on	FI	
behaviour	 during	 microthermometry	 can	 be	 found	 in	
Appendix	 S1	 (Data  S2).	 Main	 microthermometry	 data	 T
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from	bi-	phase	FI	of	Cal1,	Cal2	and	Dol1	phases	are	re-
ported	in	Table 3	and	Th	data	are	illustrated	in	Figure 8.	
In	 the	 text	 below	 we	 refer	 to	 calculated	 mode,	 which	
corresponds	 to	 the	 most	 frequent	 value	 among	 the	 in-
dividual	 temperatures	 (Th)	 measured	 in	 a	 sample	 and	
which	 does	 not	 represent	 the	 frequency	 intervals	 used	
for	 histogram	 calculation.	 FI	 in	 Cal1	 samples	 homog-
enized	 in	 the	 range	 60–	100°C	 though	 most	 measured	
Th	 fall	 in	 the	 range	 70–	95C°	 (Table  3;	 Figure  8).	 The	
Th	 frequency	histogram	 for	LOL	2008	sample	 shows	a	
bimodal	distribution	 (Figure 8a)	with	calculated	mode	
at	 67.5°C.	 Th	 values	 for	 LOL	 8-	9	 sample	 (Figure  8b)	
show	a	uniform	and	widespread	distribution	from	60	to	
100°C,	while	Th	in	AR1	18-	19	sample	(Figure 8c)	shows	
a	normal	Gaussian	distribution	with	calculated	mode	at	
77.5°C.

During	reheating	after	freezing,	a	first	melting	was	ob-
served	in	the	different	Cal1	samples	at	temperatures	(Teap)	
between	−30	and	−21°C.	The	Tmi	data	recorded	in	Cal1	FI	
from	LOL	2008	sample	range	from	−16.0	to	−10.4°C	with	
an	undefined	mode	and	corresponding	salinities	included	
between	 19.4	 and	 14.4	%wt.	 NaCl	 eq.	Tmi	 from	 LOL	 8-	9	
sample	 are	 between	 −15.8	 to	 −8.2°C	 (mode	=	−11.8°C),	
with	calculated	salinities	between	19.3	to	11.9	%wt.	NaCl	
eq.	 (mode	=	15.8	%wt.	 NaCl	 eq.).	Tmi	 in	 AR1	 18-	19	 sam-
ple	 range	 from	 −12.3	 to	 −6.2°C	 (mode	=	−9.8°C),	 with	
corresponding	salinities	between	16.2	and	9.5	%wt.	NaCl	
(mode	=	13.7	%wt.	NaCl	eq.).	Recorded	Tmi(MET)	in	the	dif-
ferent	Cal1	samples	vary	between	−10.1	and	−2.2°C.

FI	 from	 Cal2	 samples	 homogenized	 in	 the	 range	 70–	
110°C,	 though	 most	 measured	 Th	 fall	 in	 the	 range	 80–	
90°C	(Figure 8d,e).	The	Th	frequency	histograms	show	a	

F I G U R E  7  Photomicrographs	showing	some	petrographic	features	of	the	FI	in	the	investigated	carbonate	phases	(Cal1,	Cal2,	Dol1).	
The	temperatures	at	which	the	photos	were	taken	are	indicated	in	the	red	boxes.	(a)	Inclusion-	rich	growth	zone	in	a	Cal1	crystal.	Sample	
LOL	2008.	(b)	Crystallographic	controlled	bi-	phase	liquid-	rich	FI	in	Cal1.	(c)	Inclusion-	rich	crystal	cores	of	Cal2.	Sample	AR1	18-	1.	(d)	FI-	
rich	and	FI-	poor	growth	zones	are	separated	by	a	crystallographic	plane	in	Cal2.	The	zoom-	in	insert	illustrates	bi-	phase	liquid-	rich	FI	with	
crystallographic	controlled	shapes.	Sample	AR1	18-	19.	(e) FI-	rich	crystal	cores	of	Dol1.	Sample	FEX	2396.	(f)	Bi-	phase	liquid-	rich	FI	in	Dol1	
with	crystallographic	controlled	shapes.	Sample	FEX	2396.
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normal	 Gaussian	 distribution	 in	 LOL	 2008	 sample	 (Fig-
ure 8d)	with	calculated	mode	at	84.0°C	and	a	right-	skewed	
distribution	 in	 LOL	 8-	9	 sample	 with	 calculated	 mode	 at	
88.5°C	(Figure 8e).

A	first	melting	for	Cal2	FI	was	observed	in	the	two	in-
vestigated	samples	at	temperatures	(Teap)	between	−30	to	
−26.	The	Tmi	data	are	rather	consistent.	In	LOL	2008	sam-
ple	Tmi	ranged	from	−16.7	to	−10.6°C	(mode	=	−12.5°C)	
with	corresponding	salinities	between	20.0	and	14.6	%wt.	
NaCl	 eq.	 (mode	=	16.4	%wt.	 NaCl	 eq.).	 In	 LOL	 8-	9,	
sample	 Tmi	 is	 included	 between	 −14.3	 and	 −10.2°C	
(mode	=	−11.2°C)	with	corresponding	salinities	included	
between	 18.0	 and	 14.15	%wt.	 NaCl	 eq.	 (mode	=	15.2	%wt.	
NaCl	eq.).	Tmi(MET)	values	recorded	in	the	different	Cal1	
samples	are	from	−9.5	to	−2.5°C.

Teap	values	 for	FI	 from	Cal1	and	Cal2,	comprised	be-
tween	 −21	 to	 −30°C,	 suggest	 that	 fluids	 are	 dominated	
by	NaCl	though	other	salts	may	be	present	(Goldstein	&	
Reynolds, 1994).

FI	 from	 the	 Dol1	 sample	 homogenized	 between	 100	
and	 133°C	 though	 most	 of	 the	 measured	 Th	 fall	 in	 the	
range	100–	115°C	(Figure 8f).	The	Th	frequency	histogram	
shows	 a	 bimodal	 distribution	 with	 calculated	 mode	 at	
113.0°C	(Figure 8f).

Tmi	 values	 in	 Dol1	 FI	 range	 from	 −17.3	 to	 −15.4°C	
(mode	=	−16.3°C),	 with	 calculated	 salinities	 going	 from	
20.4	 to	 19.0	%wt.	 NaCl	 eq.	 (mode	=	19.7	%wt.	 NaCl	 eq.).	
Tmi(MET)	values	were	recorded	from	−18.9	to	−12.6°C.

4.4	 |	 Clumped isotopes (∆47)

The	fDol,	cDol	and	eDol	dolomites	were	not	sampled	for	
Δ47	 analyses	 since	 they	 did	 not	 meet	 the	 requirements	
previously	 established	 (see	 Section  3.5).	 Conversely,	 6	
carbonate	phases	suitable	for	Δ47	analyses	were	sampled	
from	Cal1,	Cal2	and	Dol1.

Table 4	summarizes	δ18O,	δ13C	and	T(∆47)values	obtained	
through	clumped	isotope	(Δ47)	analysis	on	Cal1	(n	=	3),	Cal2	
(n	=	2)	 and	 Dol1	 (n	=	1)	 samples.	 Uncertainties	 calculated	
from	7	to	15	replicates	are	reported	at	the	95%	confidence	
level,	as	suggested	by	Müller,	Fernandez,	et	al. (2017)	and	
Fernandez	et	al. (2017).	In	Figure 8,	T(∆47)	data	are	reported	
together	with	Th	from	FIM	acquired	on	the	same	carbonate	
phases.	Full	∆47	data	collected	for	the	different	samples	may	
be	found	in	Appendix	S1 (Tables S2	and	S3).

The	 three	 Cal	 1	 samples	 have	 δ18O	 between	 −5.8‰	
and	−4.7‰	(mean	=	−5.4‰	±	0.6‰),	and	a	δ13C	between	
−7.5‰	 and	 −7.2‰	 (mean	=	−7.4‰	±	0.2‰).	 The	 T(∆47)	
values	 are:	 51	±	7.5°C	 (nr	=	17),	 59	±	8.0°C	 (nr	=	15)	 and	
72	±	7.9°C	 (nr	=	16),	 with	 a	 mean	 of	 61	±	8°C	 (Figure  8;	
Table  4).	 The	 two	 Cal	 2	 samples	 have	 δ18O	 included	

F I G U R E  8  Frequency	histograms	of	FI	homogenization	
temperatures	(Th)	for	Cal1,	Cal2	and	Dol1	samples.	N°	stands	for	
the	number	of	Th	measured	for	each	sample.	For	comparison,	the	
T(∆47)	measured	on	the	same	samples	is	represented	by	black/
grey	bars.	The	width	of	the	bars	represents	the	T(∆47)	uncertainties	
reported	at	the	95%	confidence	level.	(a–	c)	Cal1	blocky	calcite	from	
LOL	2008,	LOL	8-	9	and	AR1	18-	19	samples,	respectively.	(d,	e)	Cal2	
blocky	calcite	from	LOL	2008	and	LOL	8-	9	samples,	respectively.	(f)	
Dol1	saddle	dolomite	from	FEX	2396	sample.
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between	 −8.4‰	 and	 −6.9‰	 (mean	=	−7.7‰	±	1.0‰),	
and	 δ13C	 of	 −8.0‰.	 The	 T(∆47)	 values	 are	 respectively	
77	±	9.4°C	(nr	=	18;	Figure 8d)	and	63	±	6.6°C	(nr	=	17;	Fig-
ure 8e)	with	a	mean	of	70	±	8°C.	Dol1	sample	has	δ18O	of	
−10.3‰,	δ13C	of	−7.4‰	and	T(∆47)	of	119	±	11°C	(nr	=	16;	
Figure 8f).

5 	 | 	 DISCUSSION

5.1	 |	 Carbonate precipitation sequence

The	 relatively	 fine	 crystallinity,	 common	 euhedral	 tex-
ture	and	 lack	of	bi-	phase	FI	of	 fDol,	cDol	and	eDol	 (see	
Sections  4.1	 and	 4.3)	 suggest	 that	 these	 phases	 possi-
bly	 precipitated	 during	 early	 diagenesis	 and	 surely	 at	
temperatures	 <50°C	 (Goldstein	 &	 Reynolds,  1994;	 Sib-
ley	 &	 Gregg,  1987).	 Conversely	 the	 isotope	 and	 FI	 data	
(see	 Sections  4.2–	4.4)	 suggest	 that	 Cal	 1,	 Cal2	 and	 Dol1	

precipitated	at	higher	temperatures.	Based	on	these	infor-
mation	and	on	the	cross-	cutting	relationships	among	the	
observed	diagenetic	carbonate	phases	(see	Section 4.1	and	
Figure 5)	a	possible	precipitation	sequence	(paragenesis)	
was	reconstructed	(Figure 9).	Accordingly,	fDol	and	cDol	
were	 ascribed	 to	 early	 diagenesis	 (eogenesis),	 whereas	
Cal1,	 Cal2	 and	 Dol1	 were	 ascribed	 to	 burial	 diagenesis	
(mesogenesis).	 At	 the	 transition	 between	 eogenesis	 and	
mesogenesis	was	located	eDol	locally	displaying	sweeping	
extinction,	a	typical	feature	of	dolomites	precipitated	dur-
ing	burial	(Spötl	&	Pitman, 1998).

The	focus	of	this	contribution	is	the	study	of	carbon-
ate	phases	that	precipitated	during	burial	diagenesis	(me-
sogenesis)	 since	 earlier	 diagenetic	 phases	 could	 not	 be	
investigated	with	fluid	inclusion	microthermometry.	Spe-
cifically,	 this	 study	 focused	 on	 Cal1,	 Cal2	 and	 Dol1	 that	
could	 be	 investigated	 by	 both	 FI	 and	 Δ47	 thermometry.	
The	relative	precipitation	order	(Figure 9)	was	based	on:	
(1)	the	observation	of	rhombohedral	eDol	being	partially	

Sample Phase nr
δ18O  
(‰, VPDB)

δ13C  
(‰, VPDB)

∆47  
(I- CDES) (‰) T∆47 (°C)

LOL	2008 Cal1* 15 −4.68	±	0.03 −7.19	±	0.02 0.510	±	0.031 59	±	8.0

Cal2* 18 −8.40	±	0.12 −8.02	±	0.02 0.475	±	0.034 77	±	9.4

LOL	8-	9 Cal2* 17 −6.94	±	0.33 −7.98	±	0.14 0.501	±	0.026 63	±	6.6

AR1	18-	19 Cal1* 17 −5.67	±	0.07 −7.49	±	0.04 0.527	±	0.033 51	±	7.5

AR1	17-	18 Cal1 16 −5.80	±	0.08 −7.50	±	0.04 0.483	±	0.028 72	±	7.9

FEX	2396 Dol1* 16 −10.31	±	0.24 −7.40	±	0.11 0.411	±	0.029 119	±	11.4

Note:	Five	out	of	the	six	carbonate	phases	(indicated	by	asterisks)	were	investigated	also	for	FIM.
Abbreviations:	∆47(I-	CDES),	Intercarb-	Carbon	Dioxide	Equilibrium	Scale	(Bernasconi	et	al., 2021);	
nr,	number	of	replicates	per	sample;	T(∆47),	temperatures	derived	from	the	Anderson	et	al. (2021)	
calibration.

T A B L E  4 	 Stable	isotope	(δ18O,	δ13C,	
∆47)	compositions	of	Cal1,	Cal2	and	
Dol1	from	clumped	isotope	analysis	are	
reported	at	the	95%	confidence	level.

F I G U R E  9  Paragenesis	of	carbonate	
precipitation	events,	in	the	Chaunoy	
Fm.	samples.	To	the	right,	a	schematic	
representation	of	the	carbonate	
precipitation	sequence	as	observed		
under	CL.
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to	 totally	 replaced	 by	 Cal1	 and	 Cal2	 (Figure  5c);	 (2)	 the	
common	occurrence	of	Cal2	as	overgrowths	on	Cal1	crys-
tals	(Figure 5b–	f);	(3)	the	observation	of	Dol1	growing	on	
Cal2	 crystals	 or	 occurring	 as	 the	 last	 void-	filling	 phase	
(Figure 5g,h).

Fluid	 inclusion	 and	 geochemical	 data	 support	 the	
petrography-	based	 paragenetic	 sequence	 (Figure  9).	The	
δ18O	values	of	Cal1,	Cal2	and	Dol1	span	from	−3.8‰	to	
−11.0‰	 and	 globally	 become	 more	 negative	 going	 from	
Cal1	to	Dol1	(Figure 6;	Table 2).	Furthermore,	FIM	anal-
ysis	 indicates	 increasing	 Th	 and	 salinity	 for	 Cal1,	 Cal2	
and	Dol1	parent	fluids	(Figures 8	and	10)	and	∆47	analysis	
points	at	increasing	T(∆47)	from	Cal1	to	Dol1	(Table 4;	Fig-
ure 8).	The	discrepancies	observed	between	temperatures	
recorded	by	FIM	and	∆47	analyses	(Figure 8)	will	be	dis-
cussed	in	the	following	sections.

5.2	 |	 FI trapping temperatures and  
thermal reequilibration

The	 main	 assumption	 needed	 to	 confidently	 apply	 FIM	
is	 that	 the	 FI	 behaved	 as	 isochoric	 and	 closed	 systems	
through	 time	 (Goldstein	 &	 Reynolds,  1994;	 Roedder	 &	
Bodnar, 1980).	Several	processes	are	known	to	induce	FI	
post-	entrapment	 modifications,	 undermining	 these	 as-
sumptions.	FI	which	experience	temperatures	higher	than	
those	of	 trapping	or	which	undergo	uplift	on	a	different	
isochore	 may	 undergo	 internal	 pressure	 increase	 (Bod-
nar, 2003;	Goldstein, 2001).	Such	process,	referred	as	ther-
mal	reequilibration,	may	induce	stretching	or	leakage	and	
refilling	of	some	FI.	Stretching	leads	to	FI	volume	increase	
(and	 density	 decrease)	 that	 results	 in	 Th	 overestimating	
the	 original	 temperatures	 of	 liquid–	gas	 homogenization	
and	 in	 erroneous	 evaluation	 of	 trapping	 temperatures	
(Tt).	 Diversely,	 leakage	 and	 refilling	 imply	 that	 FI	 open	

to	ambient	pore	 fluids	 that	may	be	 sealed	within	 the	FI	
cavity,	resulting	in	modification	of	the	original	salinities.	
Thermal	 reequilibration	 commonly	 affects	 carbonates	
which	 are	 relatively	 soft	 minerals.	 Therefore,	 the	 use	 of	
carbonates	to	infer	thermo-	barometric	and	compositional	
conditions	of	fluid-	flow	events	in	sedimentary	basins	re-
quires	evaluating	thermal	reequilibration	occurrence.

To	account	for	thermal	reequilibration	in	FI	from	Cal1,	
Cal2	and	Dol1	the	criterium	based	on	the	FIA	approach	
was	used.	This	criterion	states	that	if	90%	of	the	inclusions	
from	 the	 same	 FIA	 have	 Th	 within	 a	 ±10°C	 range,	 the	
thermal	data	may	be	considered	consistent,	and	the	inclu-
sions	possibly	did	not	experience	thermal	reequilibration	
(Goldstein	&	Reynolds, 1994).

The	Th	 datasets	 obtained	 for	 each	 sample	 reveal	 not	
to	be	fully	consistent,	since	only	70%–	80%	of	the	Th	mea-
sured	within	individual	FIA	fall	in	a	range	of	±10°C	(see	
Table  S1).	 Conversely,	 Tmi	 data	 from	 the	 same	 samples	
reveal	to	be	relatively	consistent,	and	the	salinities	calcu-
lated	 for	 individual	 samples	 vary	 from	 1	 to	 5	wt.%	 NaCl	
eq.	at	most	(see	Table 3	and	also	in	Table S1).	This	means	
that	at	least	some	of	the	primary	FI	trapped	in	Cal1	and	
Cal2	and	to	a	minor	extent	also	in	Dol1	were	affected	by	
stretching,	though	they	escaped	leakage	and	refill,	there-
fore	preserving	the	original	fluid	composition.	FI	that	has	
behaved	like	closed	though	not	isochoric	systems	through	
time	 may	 be	 used	 to	 apply	 a	 pressure	 correction	 and	 to	
determine	FI	trapping	temperatures	and	pressures	(Tt	and	
Pt),	considering	the	minimum	Th	as	the	best	estimate	of	
the	 true	 homogenization	 (Goldstein,  2001;	 Goldstein	 &	
Reynolds, 1994).

The	 determination	 of	 Tt	 and	 Pt	 requires	 knowl-
edge	 of	 FI	 density	 and	 a	 geologically	 coherent	
thermo-	barometric	 gradient.	 Bulk	 fluid	 densities	 were	
determined	from	FI	salinity	mode	values	and	are	1.066–	
1.092	g/cm3	 for	 Cal1,	 1.062–	1.086	g/cm3	 for	 Cal2	 and	

F I G U R E  1 0  Homogenization	
temperature	versus	salinity	cross-	plot	for	
FI	from	Cal1,	Cal2	and	Dol1	phases.
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1.098	g/cm3	 for	 Dol1.	 A	 mean	 surface	 temperature	 of	
20°C	and	a	geothermal	gradient	of	35°C/km,	which	pos-
sibly	 characterized	 the	 Paris	 Basin	 in	 Mesozoic	 times	
(Torelli	 et	 al.,  2020;	 Worden	 et	 al.,  1999),	 were	 used	
together	 with	 a	 hydrostatic	 geobarometric	 gradient	 of	
10	MPa/km,	in	line	with	the	lack	of	major	overpressure	
during	the	geological	evolution	of	the	studied	reservoirs	
(Gonçalvès	et	al., 2010).	Accordingly,	Tt	and	Pt	were	es-
timated	for	FI	within	the	different	samples	(Figure 11).	
The	 three	 Cal1	 samples	 reveal	 consistent	 Tt	 and	 Pt	 of	
64°C	and	13	MPa,	whereas	the	two	Cal2	samples	have	Tt	
and	Pt	 respectively	of	76/93°C	and	16/21	MPa.	Finally,	
Dol1	sample	has	Tt	and	Pt	of	110°C	and	26	MPa.

5.3	 |	 Clumped isotope temperature and 
solid- state reordering

Provided	 a	 well-	constrained	 thermal	 history,	 the	 three	
existing	 Δ47	 reordering	 models	 (Hemingway	 &	 Hen-
kes, 2021;	Passey	&	Henkes, 2012;	Stolper	&	Eiler, 2015),	
introduced	in	Section 3.6,	may	be	used	to	assess	if	the	ana-
lysed	carbonates	preserved	the	pristine	Δ47	compositions	
or	if	they	underwent	reordering	and	to	which	extent	(e.g.	
Gasparrini	et	al., 2023;	Mangenot	et	al., 2019;	Naylor	et	al.,	
2019).

The	temperature–	time	history	experienced	by	the	sam-
ples	investigated	in	this	study	can	be	derived	from	the	most	
updated	3D	numerical	basin	model	of	the	Paris	Basin,	avail-
able	under	TemisFlow™	software	(Torelli	et	al., 2020;	see	
Section  2.2).	 According	 to	 this	 model,	 the	 Upper	Triassic	
(Norian)	succession	from	the	three	studied	wells	(LOL1b,	
AR1	and	FEX1)	experienced	a	similar	burial	and	thermal	
history.	 This	 is	 consistent	 with	 the	 wells	 being	 located	
<20	km	apart	and	with	the	overlying	Toarcian	organic-	rich	

deposits	falling	within	the	same	Rock-	Eval	maturity	zone	
(Tmax	 mostly	 430–	435°C;	 Delmas	 et	 al.,  2002).	 Accord-
ingly,	the	evolution	of	the	Norian	succession	was	character-
ized	by	progressive	burial	and	heating	during	the	Mesozoic	
and	was	 followed	by	uplift	and	cooling	during	 the	whole	
Tertiary.	The	thermal	maximum	was	reached	during	Late	
Cretaceous	 and	 persisted	 for	 ca.	 20	My.	 More	 specifically,	
the	maximum	burial,	thermal	maximum	and	bottom	hole	
temperatures	 for	 the	 studied	 Norian	 succession	 are:	 (1)	
2.9	km,	110	and	84°C	 in	LOL1b	well;	 (2)	2.7	km,	102	and	
74°C	in	AR1	well;	(3)	3.0	km,	115	and	95°C	in	FEX1	well.

To	explore	the	∆47	reordering	of	Cal1	and	Cal2	the	ther-
mal	history	from	LOL1b	well	was	integrated	into	the	three	
existing	 reordering	 models	 (Hemingway	 &	 Henkes,  2021;	
Passey	&	Henkes, 2012;	Stolper	&	Eiler, 2015),	using	the	dif-
ferent	Phyton	numerical	codes	available	(Hemingway,	2020;	
Lloyd, 2020;	see	Section 3.6).	Results	of	the	different	model-
ling	runs	may	be	found	in	the	Appendix	S1	(Table S4).

By	considering	a	calcite	precipitated	at	temperatures	
as	low	as	30°C,	assumed	as	the	minimum	precipitation	
temperature	for	a	burial	calcite,	the	models	of	Heming-
way	and	Henkes (2021)	and	Passey	and	Henkes (2012)	
predict	no	change	in	the	calcite	Δ47	composition	through	
reordering	(Figure 12a).	Any	calcite	precipitated	at	tem-
peratures	>30°C,	and	suffering	the	same	thermal	history	
would	be	less	exposed	to	reordering.	It	results	that	Cal1	
and	 Cal2	 did	 not	 experience	 reordering	 and	 the	 mea-
sured	T(∆47)	 (Figure 8;	Table 4)	 reflect	pristine	precip-
itation	temperatures.

In	contrast,	the	model	of	Stolper	and	Eiler (2015)	sug-
gests	 that	Cal1	and	Cal2	have	undergone	reordering,	re-
sulting	 in	 measured	T∆47	 higher	 than	 true	 precipitation	
temperatures	 (i.e.	 apparent	 T(∆47)).	 We	 back-	calculated	
the	most	probable	precipitation	temperatures	for	Cal1	and	
Cal2	by	considering	this	reordering	model,	the	measured	

F I G U R E  1 1  Trapping	temperature	
(Tt)	and	trapping	pressure	(Pt)	of	FI	in	
Cal1,	Cal2	and	Dol1.	Thermo-	barometric	
geothermal	gradient:	35°C/km	and	
10	MPa/km	in	hydrostatic	conditions;	
surface	temperature:	20°C.
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T∆47	 and	 the	 thermal	 history	 suffered	 by	 the	 samples,	
using	 an	 approach	 previously	 implemented	 by	 Lawson	
et	al. (2018).	We	modelled	how	the	∆47	composition	of	cal-
cites	 precipitated	 at	 different	 hypothetical	 temperatures	
(comprised	 between	 30	 and	 80°C)	 would	 have	 evolved	
given	their	thermal	history	and	with	a	2σ	uncertainty	at	
the	 output	 of	 the	 model.	 For	 each	 hypothetical	 precipi-
tation	 temperature,	a	 reordering	pathway	was	modelled,	
illustrating	 the	 final	 T(∆47)	 that	 calcite	 would	 have	 ac-
quired	 due	 to	 solid-	state	 reordering	 (Figure  12b,c).	 The	
final	T(∆47)	modelled	for	each	hypothetical	precipitation	
temperature	was	compared	with	the	apparent	T(∆47)	mea-
sured	 for	 Cal1	 and	 Cal2,	 allowing	 to	 link	 the	 apparent	
T(∆47)	 back	 to	 their	 original	 precipitation	 temperature.	
Accordingly,	 the	 most	 probable	 precipitation	 tempera-
tures	for	Cal	1	and	Cal2	were	estimated	to	be	50–	70	and	
60–	70°C,	respectively	(Figure 12b,c).

Dolomite	 is	 known	 to	 be	 more	 resistant	 than	 calcite	
to	 reordering,	 so	 that	 more	 severe	 thermal	 conditions	
are	 needed	 for	 ∆47	 to	 be	 reset	 (Ferry	 et	 al.,  2011;	 Lloyd	
et	al., 2017,	2018;	Ryb	et	al., 2017).	 Indeed,	all	 the	 three	
models	used	do	not	predict	∆47	reordering	 for	dolomites	
precipitated	at	temperatures	as	low	as	30°C	and	having	ex-
perienced	the	most	severe	thermal	history	of	FEX1	well,	
in	which	Dol1	occurs.	More	generally,	the	model	of	Passey	
and	 Henkes  (2012)	 predicts	 complete	 reordering	 of	 do-
lomite	∆47	when	temperatures	of	180°C	are	reached	and	
persist	for	tens	of	My,	whereas	the	model	of	Stolper	and	
Eiler  (2015)	 predicts	 partial	 reordering	 of	 dolomite	 ∆47	
from	150°C.	The	most	recent	reordering	model	of	Heming-
way	and	Henkes (2021)	predicts	that	complete	reordering	
only	occurs	at	temperatures	above	ca.	280°C	after	100	My.	
All	these	temperature	thresholds	are	significantly	higher	
than:	(1)	the	thermal	maximum	of	ca.	115°C	experienced	

F I G U R E  1 2  Modelling	of	the	reordering	behaviour	of	calcite	T(∆47)	using	different	reordering	models,	compared	with	the	T∆47	
measured	for	Cal1	and	Cal2.	Shaded	areas	correspond	to	2σ	uncertainties	at	the	output	of	the	model.	The	black	and	orange	dashed	lines	
indicate	the	range	of	apparent	T(∆47)	measured	for	Cal1	and	Cal2,	respectively.	The	red	lines	represent	the	1D	thermal	curve	for	the	Upper	
Triassic	(Norian)	succession	extracted	from	the	available	basin	thermal	model	under	TemisFlow™	(Torelli	et	al., 2020).	(a)	Predictions	
from	the	Passey	and	Henkes (2012)	model	for	a	calcite	precipitated	at	30	C.	(b)	Predictions	from	the	Stolper	and	Eiler (2015)	model	for	
hypothetical	calcite	precipitation	temperatures	of	50	and	70°C,	matching	the	T(Δ47)	measured	for	Cal1.	(c)	Predictions	from	the	Stolper	
and	Eiler (2015)	model	for	hypothetical	calcite	precipitation	temperatures	of	60	and	70°C,	matching	with	the	T(Δ47)	measured	for	Cal2.	(d)	
Predictions	from	the	Hemingway	and	Henkes (2021)	model	for	hypothetical	calcite	precipitated	at	30°C.
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by	the	studied	samples	in	the	FEX1	well,	and	(2)	the	T(∆47)	
measured	for	Dol1	(Figure 8;	Table 4).	Therefore,	we	can	
conclude	that	the	T(∆47)	derived	for	Dol1	reflects	the	pris-
tine	dolomite	precipitation	conditions.

5.4	 |	 Precipitation timing and δ18Ofluid: 
FIM versus ∆47

Advances	 in	 LA-	ICP-	MS	 technique	 allows	 at	 present	
to	 achieve	 in	 situ	 absolute	 dating	 of	 low	 U-	bearing	 car-
bonate	 minerals	 by	 U-	Pb	 geochronology	 (Gasparrini	
et	 al.,  2023;	 Lawson	 et	 al.,  2018;	 Mangenot,	 Gasparrini,	
Gerdes,	et	al., 2018;	Montano	et	al., 2021,	2022;	Roberts	
et	al., 2020).	U-	Pb	dating	via	LA-	ICP-	MS	was	attempted	
for	the	investigated	carbonate	phases	(see	Data S3	in	Ap-
pendix	S1).	The	analyses	revealed	to	be	unsuccessful	due	
to	 high	 common	 Pb	 and	 low	 U	 contents	 of	 the	 carbon-
ates.	In	absence	of	absolute	radiometric	dating	of	carbon-
ate	 phases,	 diagenesis	 studies	 conventionally	 combine	
basin	thermal	histories	and	carbonate	thermometric	data	
to	 infer	the	carbonate	precipitation	timing.	This	 indirect	
approach	to	“date”	diagenetic	mineralizations	and	fluid-	
flow	 events	 is	 a	 common	 practice	 in	 basin	 analysis	 that	
requires	a	well-	framed	basin	thermal	history	to	be	applied	
(Gasparrini	et	al., 2021,	2023;	Ronchi	et	al., 2011;	Tournier	
et	al., 2010).	On	the	other	hand,	thermometric	data	from	
carbonate	diagenetic	phases	may	also	be	used	to	calculate	
the	oxygen	isotope	compositions	of	the	mineralizing	fluids	
(δ18Ofluid),	by	using	well	established	carbonate-	water	frac-
tionation	equations	(e.g.	Horita, 2014;	O'Neil	et	al., 1969)	
with	the	aim	of	inferring	possible	fluid	sources	(e.g.	Gabel-
lone	et	al.,	2013;	Gasparrini	et	al., 2013;	Swart, 2015;	Van	
Geldern	et	al., 2013).

In	 this	 study	 we	 can	 rely	 on	 a	 robust	 basin	 thermal	
model	(Torelli	et	al., 2020;	see	details	 in	Section 2.2),	on	
precipitation	temperatures	for	Cal1,	Cal2	and	Dol1	phases	
based	 on	 FIM	 and	 ∆47	 analyses	 and	 on	 carbonate	 δ18O	
values	 independently	 measured	 for	 the	 same	 phases.	
Therefore,	 the	 carbonate	 precipitation	 temperatures	 can	
be	plotted	on	the	thermal	curve	of	the	studied	succession,	
converted	into	precipitation	timing	and	used	to	constrain	
δ18Ofluid	compositions.	To	do	this,	it	must	be	assumed	that	
precipitation	of	the	studied	carbonates	occurred	from	flu-
ids	in	equilibrium	with	the	ambient	rocks.	This	sounds	to	
be	a	realistic	scenario,	since	only	few	hydrothermal	phases	
have	been	locally	described	from	the	Paris	Basin,	and	ex-
clusively	in	Jurassic	successions	from	the	depocenter	and	
the	eastern	margin	(Brigaud	et	al., 2020;	Mangenot,	Gas-
parrini,	Gerdes,	et	al., 2018).

The	final	aim	here	 is	 to	use	the	different	thermomet-
ric	 data	 (i.e.,	Th/Tt,	T(Δ47))	 obtained	 from	 FIM	 and	Δ47	
(see	 Sections  5.2	 and	 5.3)	 to	 draw	 possible	 scenarios	 for	

the	 origin	 of	 the	 carbonate	 phases	 (Figure  13).	 The	 dif-
ferent	precipitation	temperatures	for	Cal1,	Cal2	and	Dol1	
were	plotted	(with	their	uncertainties,	where	applicable)	
on	 the	 thermal	 curves	 (extracted	 from	 the	 model	 of	To-
relli	 et	 al.,  2020)	 of	 the	 wells	 wherefrom	 the	 carbonate	
phases	 were	 analysed	 to	 determine	 the	 possible	 carbon-
ate	precipitation	timing.	 In	parallel,	 the	δ18Ofluid	compo-
sitions,	expressed	in	per	mil	(‰)	relative	to	the	Standard	
Mean	Oceanic	Water	(SMOW),	were	calculated	by	using	
the	 fractionation	 equations	 of	 Horita  (2014)	 and	 O'Neil	
et	al. (1969)	for	calcite	and	dolomite	samples,	respectively.

The	first	scenario	is	based	on	FIM	data	(Table 3;	Fig-
ure 13a).	Some	FI	 in	Cal1,	Cal2	and	Dol1	show	hints	of	
thermal	reequilibration	so	that	trapping	temperatures	(Tt)	
were	calculated	 from	minimum	Th	 (Figure 11).	The	de-
rived	precipitation	ages	are	between	ca.	169	and	164	Ma	
(Middle	 Jurassic)	 for	 Cal1,	 and	 between	 ca.	 149	 and	
126	Ma	(Late	Jurassic	to	Early	Cretaceous)	for	Cal	2.	The	
precipitation	 timing	 for	 Dol1	 could	 be	 inferred	 within	 a	
time	 span	 between	 ca.	 93	 and	 68	Ma	 (Late	 Cretaceous),	
corresponding	to	the	maximum	burial	time	of	the	Norian	
host-	rocks.	δ18Ofluid	were	calculated	using	Tt	for	each	ana-
lysed	carbonate	phase	and	mean	δ18O	values	measured	for	
that	phase	in	the	same	sample	(Table 2).	Accordingly,	the	
δ18Ofluid	 are	 3.3‰–	3.7‰	 (mean	=	3.5‰)	 for	 Cal1,	 4.3‰–	
6.2‰	(mean	=	5.3‰)	for	Cal2,	and	1.3‰	for	Dol1.

The	 second	 scenario	 is	 based	 on	 the	 simultaneously	
measured	T(∆47)	 and	 δ18O	 (Table  4;	 Figure  13b)	 assum-
ing	 that	 none	 of	 the	 carbonate	 phases	 underwent	 ∆47	
reordering,	 as	 predicted	 by	 the	 implementation	 of	 the	
models	of	Hemingway	and	Henkes (2021)	and	Passey	and	
Henkes  (2012)	 (Figure  12a,d).	 Precipitation	 timing	 vary	
from	ca.	186	 to	150	Ma	 (Early	 to	Late	 Jurassic)	 for	Cal1,	
and	from	ca.	173	to	149	Ma	(Middle	to	Late	Jurassic)	 for	
Cal	2.	The	T(∆47)	measured	for	Dol1	(119	±	11°C)	overlap	
the	thermal	maximum	reached	by	the	Norian	succession	
during	Late	Cretaceous	time	(ca.	95–	67	Ma).	δ18Ofluid	were	
calculated	 using	 T(Δ47)	 and	 δ18O	 values	 simultaneously	
measured	 for	 each	 carbonate	 phase.	 Calculated	 δ18Ofluid	
values	 are	 1.2‰–		 4.2‰	 (mean	=	2.7‰)	 for	 Cal1,	 1.8‰–	
2.2‰	(mean	=	2.0‰)	for	Cal2	and	2.2‰	for	Dol1.

The	 third	 scenario	 was	 reconstructed	 with	 differ-
ent	 approaches	 based	 on	 the	 mineralogy	 of	 the	 investi-
gated	 phases	 and	 on	 the	 implementation	 of	 Stolper	 and	
Eiler (2015)	reordering	model	(Figure 12c).	For	Cal1	and	
Cal2	we	used	original	precipitation	temperatures	back	cal-
culated	 from	 apparent	 T(∆47),	 assuming	 the	 calcites	 un-
derwent	∆47	reordering	(Figure 12b,c).	Accordingly,	calcite	
precipitation	could	have	occurred	from	ca.	180	to	160	Ma	
(Early	to	Late	Jurassic)	for	Cal1,	and	from	ca.	170	to	160	Ma	
(Middle	to	Late	Jurassic)	 for	Cal2.	Diversely,	 for	Dol1	we	
used	 the	 measured	T(∆47)	 considering	 that	 dolomites	 es-
caped	∆47	reordering.	Like	for	the	second	scenario,	here	the	
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Dol1	 precipitation	 temperatures	 (119	±	11°C)	 overlap	 the	
Norian	succession	thermal	maximum	so	that	Dol1	precipi-
tation	may	have	occurred	during	Late	Cretaceous	time	(ca.	
95–	67	Ma).	Calculated	δ18Ofluid	values	are	0.6‰–	4.7‰	for	
Cal1,	−0.6‰–	2.3‰	for	Cal2	and	2.2‰	for	Dol1.

From	the	three	above	scenarios	different	precipitation	
sequences	and	fluid	evolutions	may	be	deduced.	The	first	
scenario,	based	on	Tt	of	FI,	suggests	that	Cal1,	Cal2	and	
Dol1	 precipitated	 sequentially	 during	 burial,	 with	 Cal2	
precipitation	spanning	over	a	time	interval	of	23	My	(Fig-
ure 13a),	and	that	the	parent	fluids	recorded	a	depletion	in	
18O	going	from	Cal1/Cal2	towards	Dol1.

The	 second	 and	 third	 scenarios,	 based	 on	 T∆47	 and	
by	 considering	 different	 ∆47	 reordering	 models	 (Hem-
ingway	&	Henkes, 2021;	Passey	&	Henkes, 2012;	Stolper	

&	Eiler, 2015),	reveal	a	partial	overlap	between	Cal1	and	
Cal2	precipitation	ages	(Figure 13b,c)	that	are	followed	by	
Dol1	 from	fluids	having	δ18Ofluid	 comparable	 to	 those	of	
the	calcites.

We	do	not	favour	the	first	scenario	due	to:	(1)	the	un-
certainties	associated	with	Tt	calculation	from	minimum	
Th	(Section 5.2;	Figure 11);	(2)	the	extremely	long	precipi-
tation	interval	inferred	for	Cal2	which	is	not	accompanied	
by	any	change	in	CL	response	(Figure 5);	(3)	the	depletion	
in	18O	recorded	by	Dol1	fluids	suggesting	dilution	which	
contrasts	with	the	slightly	higher	salinities	recorded	in	FI	
from	Dol1	(Figure 10).	With	the	present	knowledge	on	cal-
cite	Δ47	reordering	it	 is	not	possible	to	favour	a	scenario	
between	the	second	and	the	third	and	both	scenarios	can	
be	considered	realistic.

F I G U R E  1 3  Precipitation	timing	and	δ18Ofluid	for	Cal1,	Cal2	and	Dol1	obtained	according	to	different	temperature	datasets	produced	
from	FIM	and	∆47	thermometry	and	the	thermal	curves	for	the	Upper	Triassic	(Norian)	succession	of	the	three	studied	wells	extracted	from	
the	available	3D	basin	thermal	model	under	TemisFlow™	(Torelli	et	al., 2020).	(a)	Trapping	temperatures	(Tt)	derived	from	minimum	
Th	values	from	FIM	after	pressure	correction.	(b)	Precipitation	temperatures	from	measured	T(∆47)	when	considering	the	Passey	and	
Henkes (2012)	and	the	Hemingway	and	Henkes (2021)	reordering	models.	Vertical	bars	indicate	T(∆47)	uncertainties	reported	at	the	95%	
confidence	level.	(c)	Cal1	and	Cal2	precipitation	temperatures	back-	calculated	from	apparent	T(∆47)	when	considering	the	Stolper	and	
Eiler (2015)	reordering	model.	Dol1	precipitation	temperature	corresponds	to	the	measured	T(∆47).
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The	datasets	here	presented	wants	to	point	at	the	dif-
ferent	precipitation	timing	and	fluid	evolutions	that	would	
be	inferred	by	relying	on	each	of	the	discussed	scenarios	
separately	(Figure 13).	These	results	underline	how	pro-
cesses	potentially	undermining	the	reliability	of	FIM	and	
Δ47	data,	 such	as	 thermal	reequilibration	and	solid-	state	
reordering,	need	to	be	carefully	evaluated	for	an	accurate	
reconstruction	of	thermal	and	fluid-	flow	histories	in	sed-
imentary	basins.

Consistencies	 versus	 discrepancies	 among	 Th/Tt	
and	 T(Δ47),	 jointly	 analysed	 on	 the	 same	 diagenetic	
carbonates,	 have	 been	 already	 reported	 by	 previous	
authors	 (Honlet	 et	 al.,  2018;	 Jautzy	 et	 al.,  2021;	 Mac-
Donald	 et	 al.,  2018;	 Mangenot	 et	 al.,  2017).	 In	 partic-
ular,	previous	studies	from	the	Paris	Basin	sub-	surface	
used	 the	 same	 sampling	 and	 analytical	 procedures	 of	
the	present	survey	to	investigate	burial	diagenetic	car-
bonate	phases	(Mangenot	et	al., 2017;	Mangenot,	Gas-
parrini,	 Rouchon,	 &	 Bonifacie,  2018).	 These	 authors	
investigated	 a	 Middle	 Jurassic	 reservoir	 unit	 from	 the	
basin	depocenter	that	underwent	a	thermal	maximum	
of	 ca.	 90°C	 during	 the	 Late	 Cretaceous	 (Mangenot,	
Gasparrini,	Gerdes,	et	al., 2018;	Mangenot,	Gasparrini,	
Rouchon,	 &	 Bonifacie,  2018).	 The	 results	 illustrate	 a	
striking	 mutual	 consistency	 between	 FI	 and	 Δ47	 ther-
mometry	data	from	both	calcite	and	dolomite	phases.	It	
derives	that	under	the	thermal	conditions	experienced	
by	 these	 Middle	 Jurassic	 rocks,	 FI	 did	 not	 experience	
thermal	 reequilibration	and	Δ47	compositions	escaped	
solid-	state	 reordering.	 This	 is	 also	 supported	 by	 the	
application	 of	 the	 three	 different	 reordering	 models	
previously	 introduced;	 indeed,	 none	 of	 them	 predicts	
carbonate	 Δ47	 reordering	 when	 considering	 the	 ther-
mal	 histories	 reported	 for	 these	 Middle	 Jurassic	 rocks	
(Mangenot,	 Gasparrini,	 Rouchon,	 &	 Bonifacie,  2018).	
This	 was	 the	 starting	 point	 of	 the	 present	 study	 that	
wanted	to	investigate	a	rock	succession	from	the	same	
basin	which	experienced	a	more	severe	thermal	history.	
The	 choice	 of	 the	 investigated	 samples	 was	 therefore	
governed	 by	 the	 search	 of	 a	 cored	 stratigraphic	 inter-
val	 which	 had	 experienced	 more	 severe	 thermal	 con-
ditions	 compared	 the	 one	 investigated	 by	 Mangenot	
et	 al.  (2017,	 2018),	 (see	 details	 in	 Sections  1	 and	 3.1).	
The	 samples	 investigated	 in	 this	 study	 come	 from	 a	
lower	 stratigraphic	 interval	 (at	higher	depths)	and	ex-
perienced	 a	 thermal	 maximum	 >100°C	 (see	 details	 in	
Section 5.3	and	Figure 13).	Here	the	main	conclusions	
are	 that	 many	 FI	 underwent	 thermal	 reequilibration,	
whereas	the	Δ47	solid-	state	reordering	may	or	may	not	
have	occurred	depending	on	the	reordering	model	con-
sidered	and	on	the	sample	mineralogy	(see	Section 5.3).	
It	 derives	 that	 when	 dealing	 with	 a	 succession	 hav-
ing	 experienced	 thermal	 maximum	 >100°C,	 accuracy	

and	 interpretation	 of	 FIM	 and	 Δ47	 data	 (especially	
on	 calcite)	 may	 be	 biased	 by	 thermal	 reequilibration	
and	 solid-	state	 reordering.	 In	 these	 cases,	 it	 is	 recom-
mended	 to	 jointly	 apply	 these	 methods	 on	 the	 same	
carbonate	phases	to	evaluate	mutual	consistency	of	the	
thermometric	 data	 and	 to	 combine	 Δ47	 analyses	 with	
thermal	history	reordering	models,	aiming	to	consider	
the	different	possible	precipitation	scenarios.

5.5	 |	 Insights on fluid origins and 
carbonate precipitation events

Previous	studies	of	the	Chaunoy	Fm.	focused	on	the	Paris	
Basin	 depocenter	 and	 have	 documented	 burial	 diage-
netic	 carbonates	 and	 attempted	 to	 reconstruct	 the	 cor-
responding	fluid-	flow	history	(Demars, 1994;	Demars	&	
Pagel, 1994;	Spötl	et	al., 1993;	Worden	et	al., 1999).	Con-
versely,	to	date,	no	study	has	investigated	the	diagenetic	
evolution	 of	 the	 Chaunoy	 Fm.	 reservoirs	 located	 to	 the	
North	of	the	depocenter.	A	by-	product	of	the	present	sur-
vey	 is,	 therefore,	 the	 characterization	 of	 the	 diagenetic	
history	of	the	Chaunoy	Fm.	in	an	underexplored	portion	
of	the	northern	Paris	Basin	(Figure 1)	and	specifically	the	
assessment	 of	 possible	 precipitation	 temperatures	 and	
timing	 of	 diagenetic	 carbonates	 together	 with	 the	 com-
position	of	the	fluids	(salinity,	δ18Ofluid)	 from	which	the	
carbonates	precipitated	(Figures 9,	10	and	13).	Aiming	to	
bring	some	insights	on	paleo-	fluid	origins	and	carbonate	
precipitation,	 the	 data	 issued	 from	 this	 study	 (and	 spe-
cifically	 the	 scenarios	 issued	 from	 the	 Δ47	 data	 that	 we	
favour;	see	Section 5.4	and	Figure 13b–	d)	were	here	inte-
grated	within	the	fluid-	flow	reconstructions	proposed	by	
the	previous	authors.

The	foregoing	works	mostly	agree	on	the	origin	of	the	
parent	 fluids	which	precipitated	different	diagenetic	car-
bonates	during	burial.	Accordingly,	 the	carbonate	parent	
fluids	derived	from	the	original	 formation	waters	reflect-
ing	the	continental	origin	of	the	Chaunoy	Fm.	that	formed	
in	semi-	arid	to	arid	conditions	(Bourquin	et	al., 1998;	Spötl	
&	Wright,  1992;	Worden	 et	 al.,  1999).	These	 continental	
fluids	were	saline,	probably	concentrated	by	evaporation,	
and	 most	 likely	 associated	 with	 pedogenesis	 (Spötl	 &	
Wright, 1992).	During	burial,	they	acquired	higher	δ18Ofluid	
and	salinity	due	to	mixing	with	halite-	saturated	brines	that	
migrated	from	the	eastern	part	of	the	basin	(where	thick	
halite	deposits,	time	equivalent	to	the	Chaunoy	Fm.,	occur	
(Figure 2;	Geisler-	Cussey, 1986))	 into	 the	Upper	Triassic	
reservoirs	to	the	West.	This	migration	was	firstly	explained	
by	 a	 brine	 influx	 model	 (Fontes	 &	 Matray,  1993;	 Matray	
et	al., 1989)	though	its	timing	is	debated	in	literature.	Based	
on	formation	water	geochemistry,	mineral	diagenesis	and	
authigenic	 illite	 dating,	 an	 Early	 Jurassic	 time	 has	 been	
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proposed	for	a	first	brine	migration,	followed	by	a	major	
migration	 during	 the	 Late	 Jurassic	 (Matray	 et	 al.,  1989).	
Successively,	 an	 Early	 Cretaceous	 brine	 migration	 was	
proposed	based	on	illite	dating	(Spötl	et	al., 1993).	Finally,	
a	Late	Cretaceous	time	was	proposed	based	on	FI	micro-
thermometry	combined	with	thermal	modelling	(Worden	
et	al., 1999).

In	this	study,	burial	diagenetic	carbonates	within	the	
Chaunoy	 Fm.	 (Cal1,	 Cal2	 and	 Dol1)	 were	 investigated	
from	 wells	 located	 to	 the	 NW	 of	 the	 basin	 depocenter	
(Figure 1b).	These	burial	carbonate	phases	display	δ13C,	
δ18Ofluid	 and	 salinity	 comparable	 with	 those	 of	 burial	
carbonates	 (predominantly	 dolomites)	 reported	 by	 the	
previous	 diagenesis	 studies	 (Demars,  1994;	 Demars	 &	
Pagel, 1994;	Spötl	et	al., 1993;	Worden	et	al., 1999).	The	
consistently	 negative	 δ13C	 of	 these	 phases	 (Figure  6;	
Table 2)	is	in	line	with	original	formation	waters	of	conti-
nental	origin	having	interacted	with	light	12C	from	soils,	
formed	 in	 semi-	arid	 conditions.	 The	 high	 δ18Ofluid	 and	
salinity	of	Cal1,	Cal2	and	Dol1	parent	fluids	(Figure 10;	
Table  4)	 reflect	 the	 composition	 of	 the	 brines	 from	 the	
East	 that	 became	 enriched	 in	 18O	 after	 long	 interaction	
with	 the	 evaporitic	 succession.	 Based	 on	 the	 carbonate	
precipitation	 scenarios	 derived	 from	 T(Δ47)	 data	 (see	
Section 5.4	and	Figure 13b–	d)	an	Early	 to	Late	Jurassic	
timing	 for	 Cal1	 and	 Cal2	 precipitation	 is	 inferred.	 This	
timing	is	rather	in	agreement	with	the	scenario	initially	
proposed	by	Matray	et	al. (1989)	for	the	brine	migration.	
Diversely,	precipitation	timing	inferred	for	Dol1	(see	Sec-
tion	 5.4	 and	 Figure	 13b–	d)	 points	 to	 a	 Late	 Cretaceous	
event,	which	agrees	with	the	timing	proposed	by	Worden	
et	al. (1999).

The	 different	 precipitation	 timing	 inferred	 for	 Cal1	
and	Cal	2	(Early	to	Late	Jurassic)	and	for	Dol1	(Late	Cre-
taceous)	rather	suggests	a	westward	brine	migration	that	
occurred	in	pulses	and	that	was	possibly	triggered	by	dif-
ferent	mechanisms.

During	 the	 Early-	Middle	 Jurassic,	 the	 basin	 experi-
enced	 a	 relatively	 rapid	 subsidence	 (up	 to	 20–	25	m/Ma;	
Perrodon	&	Zabek, 1991)	mainly	as	a	 result	of	 the	Mid-	
Cimmerian	 phase	 which	 records	 both	 the	 early	 stage	 of	
the	rise	of	the	thermal	dome	in	the	central	North	Sea	(Mid-
dle	Cimmerian	Unconformity)	and	a	further	step	on	the	
Tethys	ocean	accretion	(Guillocheau	et	al., 2000;	Perrodon	
&	Zabek, 1991).	 In	 this	 setting,	 the	 sagging	geometry	of	
the	basin	(Figure 1c)	could	have	permitted	the	westward	
migration	of	brines	 from	the	Triassic	evaporitic	deposits	
towards	the	stratigraphically	adjacent	Chaunoy	Fm.	(see	
Figure 2)	and	explain	the	precipitation	of	Cal1	and	Cal2.	
On	the	other	hand,	during	the	Early	Cretaceous,	a	major	
hiatus	occurred	in	the	basin	because	of	Late	Cimmerian	
tectonism,	 which	 terminated	 the	 carbonate-	dominated	
Late	 Jurassic	 depositional	 regime	 (Matray	 et	 al.,  1989;	

Ziegler,	 1990).	 During	 this	 time	 the	 NE	 Vosgues-	Rhine	
block	was	uplifted	allowing	the	establishment	of	a	gravity-	
driven	 fluid-	flow	 that	 displaced	 the	 interstitial	 brine	
of	 the	Triassic	 evaporites	 towards	 the	 west	 (Perrodon	 &	
Zabek, 1991).	This	event	could	have	been	responsible	for	
Dol1	precipitation	during	the	Late	Cretaceous.

At	last,	it	is	worth	stressing	the	fact	that	in	the	previous	
studies	 addressing	 the	 Chaunoy	 Fm.	 diagenesis,	 burial	
calcites	 were	 not	 recorded	 (Demars,  1994;	 Demars	 &	
Pagel, 1994),	or	are	poorly	voluminous	(Spötl	et	al., 1993;	
Worden	et	al., 1999).	Conversely,	Cal1	and	Cal2	represent	
the	most	abundant	diagenetic	phases	 in	the	studied	sec-
tor,	likely	affecting	the	reservoir	properties.	These	findings	
may	 assist	 the	 ongoing	 evaluation	 of	 the	 Chaunoy	 Fm.	
geothermal	potential	in	the	northern	Paris	Basin.

6 	 | 	 CONCLUSIONS

Multiple	 diagenetic	 carbonates	 were	 recognized	 in	 sub-	
surface	cores	from	the	Upper	Triassic	(Norian)	siliciclastic	
Chaunoy	Fm.	of	the	northern	Paris	Basin:	a	reservoir	unit	
that	experienced	a	thermal	maximum	>100°C	in	the	stud-
ied	sector.	Based	on	petrography,	O-	C	 isotope	geochem-
istry	 together	 with	 fluid	 inclusion	 and	 clumped	 isotope	
(Δ47)	 thermometry,	two	main	calcites	and	one	dolomite,	
precipitated	during	burial	diagenesis,	were	distinguished.	
The	 carbonate	 precipitation	 timing	 was	 established	 by	
combining	 the	 known	 thermal	 history	 of	 the	 host	 suc-
cession	 with	 the	 thermal	 data	 from	 fluid	 inclusion	 and	
Δ47	 compositions	 and	 by	 considering	 the	 three	 existing	
Δ47	 reordering	 models.	 This	 approach	 led	 to	 different	
scenarios	in	terms	of	carbonate	precipitation	timing	and	
parent	fluid	composition.	The	results	primarily	underline	
the	complexity	of	confidently	reconstructing	thermal	and	
fluid-	flow	 histories	 in	 sedimentary	 basins.	 More	 specifi-
cally	 they	underline	 that	 in	samples	having	experienced	
thermal	 maximum	 >100°C,	 accuracy	 and	 interpretation	
of	 fluid	 inclusion	 and	 Δ47	 thermometry	 data	 (especially	
on	calcite)	may	be	biased	by	thermal	reequilibration	and	
solid-	state	reordering.	The	joint	application	of	these	meth-
ods	on	the	same	carbonate	phases	is	highly	recommended	
to	assess	mutual	consistency	of	the	thermometric	data	and	
must	include	an	accurate	evaluation	of	processes	(such	as	
inclusion	thermal	reequilibration	and	Δ47	solid-	state	reor-
dering)	that	may	undermine	the	accuracy	of	the	results.

The	 most	 likely	 carbonate	 precipitation	 scenario	
includes:	 (1)	 two	 blocky	 calcites	 formed	 during	 Early	
to	 Late	 Jurassic	 time;	 (2)	 one	 saddle	 dolomite	 formed	
during	 the	 Late	 Cretaceous.	 The	 diagenetic	 carbonates	
precipitated	 from	 original	 continental	 formation	 waters	
mixing	with	brines	migrated	from	the	eastern	part	of	the	
basin	where	 thick	evaporitic	deposits	occur.	The	 timing	
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inferred	for	the	precipitation	of	the	burial	diagenetic	car-
bonate	 phases	 finds	 support	 from	 some	 of	 the	 previous	
studies	on	 the	diagenesis	of	 the	Upper	Triassic	units	of	
the	Paris	Basin.
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