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Le rapport isotopique du bore dans locean, un

marqueur geodynamique et climatique global

Evaporites au Phanerozoique et mesures miniaturisees de foraminiferes
a la transition interglaciaire-glaciaire a proximité du volcan Toba

par Matthieu Buisson

Résumeé

Face au changement climatique de 'Anthropocene, l'étude des paléoclimats et des perturbations associees du cycle
du carbone au cours des temps géologiques s'est revelée fondamentale afin de comprendre les réactions du systeme
Terre lors d'épisodes a forte teneur en CO2 atmosphérique. Depuis les années 1990, la composition isotopique du bore
(5''B) dans les carbonates biogéniques marins est utilisée pour reconstruire le paléo-pH des océans, directement lié &
la pCO, atmosphérique. Cette relation 6B arponate-PH €St au coeur de ce travail de thése, jalonné par ces différentes
questions.

A/ Le §'1B,,, de locéan dans lequel le carbonate s'est formé, est le premier paramétre clé & connaitre pour utiliser
ce traceur. En raison de son long temps de résidence (14 Ma), la composition isotopique en bore de l'eau de mer
est aujourd’hui homogéne, mais elle a évolué au cours des temps géologiques. Nous avons dans un premier temps
etudie la possibilite que les halites primaires, présentant en leur sein des inclusions fluides qui témoignent de la chimie
de l'eau de mer dont elles sont issues. Par notre etude, nous avons écarté la possibilité que ces inclusions puissent
enregistrer directement le §''B,,,. Nous avons dans un second temps modélisé la variation séculaire du §*'B.,, en
faisant évoluer au cours du Phanérozoique les sources (erosion continentale) et les puits (adsorption sur les sediments
marins) de bore a l'océan, selon les dernieres estimations disponibles pour ces flux.

B/ La mesure du §''B.., dans les biocarbonates, présente plusieurs difficultés, notamment liées a sa volatilité en mi-
lieu acide et un fort effet mémoire en ICP-MS (entrainant risque de contamination croisée et blanc elevé). La mesure du
51 B.ars de petits échantillons a faible [B] tels que les foraminiféres (2-20 ppm de B et M rantiiion < 5 M), cOMmuné-
ment utilisés en paléocéanographie, devient alors critique. Afin de maitriser ces obstacles, nous avons développée un
protocole combinant 1/ la technique de microsublimation, rapide et peu contaminante, pour extraire le bore de la ma-
trice carbonatée et 2/ un systéme d'injection directe des echantillons en MC-ICPMS automatise et miniaturisé pour de
faibles volumes et débits, le u-dDIHEN. Celui-ci a permis d'atteindre des précisions inégalées pour des biocarbonates
permettant d'analyser en triplicat seulement 1-2 ng de bore dans un volume de 300 pL.

C/ Ce nouveau protocole a ainsi permis d'effectuer a l'IPGP les premiéres mesures de 6! B...» dans des foraminiféres
planctoniques (Globigerina bulloides), sur trois fractions granulomeétriques (250-315, 315-400 et > 400 um) issues d'un
méme sommet de carotte sédimentaire. Pour ces échantillons nous avons eégalement valide une méethode d'analyse
de §''B utilisant un volume encore plus réduit d'échantillon (seulement 100 L) nécessitant la mesure de signaux
transitoires, et permettant d'analyser moins d'un ng de bore. Ces mesures de foraminiferes planctoniques de differentes
tailles visaient & mieux appréhender limpact de la biominéralisation sur la relation §*!Bearsonate-pPH. Pour G. bulloides,
la variation ontogénétique du §''B....» est peu significative, s'expliquant par labsence de symbiontes et dont la densité
peut impacter le microenvironnement de calcification.

D/ Ces développements analytiques ont abouti sur le quatriéeme volet de mon travail, la reconstruction paléocéano-
graphique. Afin d'estimer les effets de la super-éruption du Toba (ile de Sumatra, Indonésie) sur le pH océanique au
niveau de la thermocline, nous avons étudié des échantillons de foraminiferes planctoniques (Pulleniatina obliquilocu-
lata), issus de la carotte BAR94-25 prélevee en mer d/Andaman a proximité du volcan. Cette éruption s'est dérouléeily
a environ 74 000 ans en concomitance avec la derniere transition interglaciaire-glaciaire. Consideree, par son ampleur,
comme étant la plus grande catastrophe volcanique du Quaternaire, son impact sur le climat et surtout son implica-
tion dans l'entrée en glaciation restent encore controversés, tandis que ses conséquences sur la chimie de l'océan
demeurent inconnues. Nous mettons ainsi en évidence un probable épisode d'acidification synchrone a des niveaux
de pyroclastes volcaniques et a des phases de dissolution de CaCO3 dans le seédiment.

Mots-clés

Isotopes du Bore, Paléo-pH, Paléocéanographie, Phanérozoique, Halite, Modélisation, Microsublimation, Injection Di-
recte, y-dDIHEN, MC-ICP-MS, Signaux Transitoires, Carbonates, Foraminiferes, Biominéralisation, Volcan Toba, Pléis-
tocene, Interglaciaire-Glaciaire
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The isotopic ratio of boron in the ocean, a global

geodynamic and climatic marker

Phanerozoic evaporites and miniaturised measurements of foraminifera
at the interglacial-glacial transition near the Toba volcano
by Matthieu Buisson

Abstract

In the light of Anthropocene climate change, studying paleoclimates and the associated carbon cycle perturbations
over geological time has proved to be fundamental to understand the reactions of System Earth to episodes of high
atmospheric CO. levels. Since the 1990s, the isotopic composition of boron (§'B) in marine biogenic carbonates is
used to reconstruct the oceanic paleo-pH, directly related to the atmospheric pCOz. This 6*!Bearbonate-PH relationship
is the core of this thesis work, and was considered under different approaches.

A/ The §'1B,,, of the ocean in which the carbonate was formed, is the first key parameter to know in order to use this
proxy. Due to its long residence time (14 Myr), the boron isotopic composition of seawater is nowadays homogeneous,
but it has evolved over geological time. We first studied (and then ruled out) the possibility that primary halites, that
contain fluid inclusions witnessing the seawater chemistry from which they precipitated, could directly record §'!B,.,.
We then modelled the secular variation of §'*Bs,, by varying the sources (continental weathering) and sinks (reverse
weathering) of boron in the ocean during the Phanerozoic, considering the up to date variations that are reported for
these fluxes.

B/ The measurement of §''B... in biocarbonates presents several difficulties mainly due to its volatility in acidic me-
dium and strong memory effect in ICP-MS (hence the risk of cross-contamination and high blank). On small samples
with low [B] such as foraminifera (2-20 ppm B and Myampie < 5 Mg commonly used in paleoceanography, 6''Bears
determination then becomes critical. These obstacles have been overcome by the development of a protocol com-
bining 1/ the fast-handling and low blanks microsublimation technique to extract boron from the carbonate matrix
and 2/ an automated and miniaturised direct injection system for sample introduction to ICP-MS, the p-dDIHEN, that
allows small volumes and low uptake rates. Our system achieved unprecedented precisions for triplicate analyses of
carbonate samples containing down to 1-2 ng of boron in only 300 pL.

C/ The implementation of this protocol thus led the IPGP to the first measurements of §' B4, in planktonic foramini-
fera (Globigerina bulloides) on three size fractions (250-315, 315-400 and > 400 pm) from the same sediment coretop. For
these samples we also validated another method requiring even lower sample volume (only 100 pL) that necessitates
the measurement of transient signals and allows decreasing the required B amount below one ng. These measure-
ments of planktonic foraminifera aimed at better understanding the impact of biomineralisation on the 6*' B arbonate-pPH
relationship. For G. bulloides, the ontogenetic variation of §''B.. is not very significant, due to the absence of sym-
bionts whose density can impact the calcification microenvironment.

D/ These analytical developments led to the fourth aspect of my work : paleoceanographic reconstruction. In order to
estimate the effects of the Toba super-eruption (Sumatra Island, Indonesia) on the oceanic pH of the thermocline, we
studied the planktonic foraminifera Pulleniatina obliquiloculata, sampled from the BARg4-25 core taken in the Andaman
Sea near the volcano. This eruption took place approximately 74,000 years ago in conjunction with the last interglacial-
glacial transition. Considered by its global scale, to be the greatest volcanic disaster of the Quaternary, its impact on the
climate and especially its involvement in the onset of glaciation are still controversial, while its consequences on ocean
chemistry remain unknown. We thus highlight a probable acidification episode, synchronous to volcanic pyroclasts and
CaCOg dissolution phases in the sediment layers.

Keywords

Boron Isotopes, Paleo-pH, Paleoceanography, Phanerozoic, Halite, Modelling, Microsublimation, Direct Injection, p-
dDIHEN, MC-ICP-MS, Transient Signals, Carbonates, Foraminifera, Biomineralisation, Toba volcano, Pleistocene, Inter-
glacial-Glacial
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Et voici la partie que je redoutais le plus d'écrire, plus encore que le reste de ce manuscrit.
Probablement est-ce du au fait qu'elle sera sans aucun doute la plus lue de ce manuscrit et
qu'elle implique de beaucoup plus parler avec ses sentiments et non plus avec son cerveau.
Cette combinaison rend cet exercice difficile pour la personne aussi terre-a-terre que je suis.
Probablement aussi parce que cette partie n'est autre que la conclusion de cette magnifique
aventure que fut cette these, parenthése qui s'avere beaucoup plus difficile a fermer que je
ne le pensais.

Résumer une thése aprés trois ans et demi de travail au-dela de son aspect scientifique
n'est pas une chose aisee. Mais si je devais le faire avec un seul mot, je pourrais dire qu'il
s'agit avant tout d'un réve, qui s'est réalisé et qui avait pris racine dés mon plus jeune age,
venant d'un petit garcon qui collectionnait les fiches de dinosaures devant Jurassic ParR et
les minéraux, espérant un jour devenir un des scientifiques interviewées dans Cest pas sorcier.
Pour cela, mon parcours aura été sinueux pour initier cette thése, mais j'ai fini par décrocher
ce précieux sesame, porte d'entrée de ce monde qui me faisait tant envie. Ce doctorat aura
été évidemment en contrepartie une source de perpétuelles phases d'interrogations et
remises en question entre la découverte du Neptune et de linjection directe (ce monstre
bicéphale qui a nourri mes premiers cauchemars de thése), les premieres manips de chimie
et mesures isotopiques qui ne marchaient pas, limmense littérature scientifique a absorber,
lapprentissage de la programmation (qui me faisait tant horreur durant mes études), maitriser
langlais, rediger des articles scientifiques ou encore se tenir devant des étudiants lors des
travaux dirigés (pour de la chimie organique et de la thermodynamique, avec ma formation
de géologuel). Malgreé cela, mon enthousiasme durant tout ce temps ne s'est jamais tari,
méme avec larrivée d'une pandémie mondiale qui aura ébranlé cet enthousiasme que tres
legerement et ponctuellement. La simple joie d'étre la m'aura permis de passer chacun de
ces écueils qui ont pavé le chemin menant a ce manuscrit et a la soutenance, et me fait dire
aujourd’hui que quelle que soit ma future carriére, mon objectif est déja rempli en atteignant
le bout de ce chemin qui ressemble quand méme beaucoup a un voyage initiatique.
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On dit souvent que la réussite d'une thése se joue énormément sur l'entourage, scien-
tifique et personnel. Je ne peux qu'étre d'accord avec cette affirmation, tant ces quatre
dernieres années, qui se sont déroulées a grande vitesse, jai été entoure de personnes
formidables rencontrées dans le cadre de ce doctorat ou qui étaient présentes depuis bien
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remerciements pour marquer ma reconnaissance voire mon amitié a ces personnes (en
esperant surtout ne pas en oublier!).

Je tiens tout d'abord a remercier Eric Douville, Kazuyo Tachikawa, Magali Ader, Damien
Cardinal et Markus Raitzsch d'avoir accepté et pris le temps d'évaluer mon travail de thése en
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ont été precieux en me permettant d'approfondir et d'élargir le sujet tout en me montrant le
recul hécessaire a avoir face a mon travail.

De plus, j'aimerais adresser mes plus vifs remerciements aux membres de mon comité
de thése, Franck Bassinot, Isabelle Martinez et Guillaume Paris, pour leurs nombreuses
suggestions et recommandations toujours bienveillantes et pedagogiques, et qui m'auront
ainsi aiguillé tout au long de cette thése tout en évitant de m'éparpiller, jusqu'a me proposer
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Rollion-Bard et Pascale Louvat, pour m'avoir accorde leur confiance en m'offrant l'opportunité
de réaliser cette these, aprés m'avoir encadré en stage de Master 2. Grace a vous, jai pu
realiser mon désir d'entrer de plain-pied dans le monde de la recherche et de m'avoir ainsi
permis de faire la connaissance de toutes ces fantastiques personnes pendant ce doctorat.
Pour cela, je vous suis infiniment reconnaissant.

Pascale, un immense merci pour ta gentillesse infinie, ta disponibilité incommensurable
(malgre les nombreux aléas instrumentaux!) et ton indéfectible soutien, couplés a tant de
conseils avisés qui m'ont toujours permis d'avancer. Merci a ton dévouement inébranlable, ta
pedagogie si bienveillante et ton inestimable savoir, qui m'ont permis de tellement apprendre
a tes cotes, scientifiquement, par la découverte du monde des isotopes du bore dans la
Zone Critique et des grands cycles géochimiques, et techniquement par le "domptage” du
Neptune et de linjection directe, et par la rigueur technique et intellectuelle nécessaire
en salle de chimie pour arriver a mesurer des quantités si infimes de bore. Que de chemin
parcouru ou tu remarquais ma lenteur a calculer un facteur de dilution en stage de Master 2,
en me disant "ca viendra'! C'est aussi par ces qualités que j'ai beaucoup appris humainement
a tes cotes. Nos si nombreuses discussions resteront des souvenirs précieux, tant cela m'a
permis de cultiver ces derniéres années un regard différent sur le monde qui nous entoure.

Claire, un immense merci pour ta grande disponibilité, tes nombreux conseils, encou-
ragements et ton investissement qui m'ont permis d'appréhender ce qu'était la rigueur
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scientifique, a constamment questionner chaque résultat afin d'avoir le recul suffisant a
chaque interprétation. Tu auras su me faire partager ta passion et ton enthousiasme pour le
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oublier tous ces moments suspendus dans le temps autour d'un café (ou the!), d'une biere,
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ma profonde reconnaissance a Jerdbme Gaillardet pour son accueil chaleureux d'un "ventre
jaune" dans une equipe a forte couleur jurassienne! Merci infiniment pour ton aide et de
m'avoir fait partager tes inestimables expériences et savoirs, de la chimie isotopique du
bore, son cycle geochimique, les évaporites a l'art de la papillote sur bécher, en passant
surtout par la Zone Critique, ses processus et la place de 'lHomme au sein de celle-ci qui
ont alimenté de nombreuses discussions passionnantes avec celles sur le monde de la
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au Phanérozoique. De m'avoir redonné, pour la personne aussi allergique que moi lors de
mes études, l'envie de toucher a des codes MATLAB, de me lancer un petit peu a Python
et la motivation de remettre le nez dans des eéquations (entre modeélisations, traitements
statistiques et fractionnements isotopiques), ne font que démontrer la bienveillance et le
caractére encyclopédique de tes enseignements. Entre le 5°™¢, Ivry et la Bretagne, on aura
de multiples occasions de continuer nos discussions sport, entre foot, surf, paddle, handball
avec l'US Ivry et randonnées VTT, cinéma et séries autour d'une bonne biére!

Je souhaiterais de méme profondément remercier Eric Gayer pour ses multiples conseils
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1.6

Magnitude et échelle de temps des changements provoqués sur le cycle
du carbone par différents processus climatiques et geologiques. La pertur-
bation anthropogénique du cycle du carbone est mise en perspective avec
'extinction massive de la limite Permo-Trias (252 Ma) et le maximum thermal
de la limite Palocéne-Eocéne. D'aprés Royer (2016).. . . . .. ... ... ... ..

Proposition du début de lAnthropocéne en fonction de ['évolution de la
température, du méthane et du dioxyde de carbone atmosphérique, ily a
5000 ans BP (b), en 1610 (c) et en 1964, par le pic de *C retrouvé dans les
anneaux de croissance des arbres (d). La limite Holocene/Pleistocene est
fixée a 11 650 ans (a). D'apres Lewis & Maslin (2015). . . . . ... ... .. ... ..

800 000 ans d'enregistrements de la pCO4 atmosphérique a partir des bulles
de gaz piegees dans les carottes de glace en gris, des alcenones (triangle
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11 L'Anthropocéne

La composition chimique de l'atmosphere, telle que nous la connaissons aujourd'hui, est
le fruit d'une perpétuelle évolution depuis la formation de la Terre il y a 4,5 milliards d'années.
C'est elle, alors que la Terre recevait 30 % d'énergie solaire en moins (Paradoxe du Soleil
jeune, Feulner 2012), qui aurait évite la formation d'une planéte entierement gelée sur les
deux premiers milliard d'années de son histoire. Ce qu'on appelle ainsi l'effet de serre aurait
été mis en place par un intense dégazage volcanique a lArchéen et aurait ainsi endigué
la perte des radiations thermiques ré-émises par la surface terrestre en les absorbant, les
redistribuant et créant ainsi un gradient de température plus chaud dans l'atmosphere. Ce
phénomeéne, decrit pour la premiere fois il y a un siecle (Arrhenius & Holden, 1897) s'inscrit
donc comme étant le régulateur principal du systeme Terre. explique la différence entre
ce que devrait étre la température a la surface de la Terre avec seulement la réception de
l'énergie solaire (-17°C) et celle qui est ou a été observée au cours des temps geologiques
(pour la surface des océans : 60-100 °C a lArchéen, 40-70 °C au début du Paléozoique, et
une moyenne pour le Phanérozoique de 17 °C, qui est aussi la moyenne actuelle, Vérard &
Veizer 2019). Les principaux responsables de cet effet de serre sont la vapeur d'eau et les
nuages a plus de 75 % ainsi que les gaz a effet de serre non condensables, dominés par le
dioxyde de carbone CO, et le méthane CHy4, pour environ 25 % (Lacis et al.,, 2010). Le couple
irradiance solaire - gaz a effet de serre s'inscrit donc comme le parameétre majeur guidant
l'évolution du climat terrestre. Cependant, aux pressions et aux températures rencontrées
sur Terre, les nuages et la teneur en vapeur d'eau dans l'atmosphére sont une corollaire
de leffet de serre, laissant les gaz non condensables comme principal forcage (Lacis et al,
2010). Il s'avere en fait que limpact du méthane est intimement lié a la concentration du CO,
(Bartdorff et al., 2008), le gaz a effet de serre majeur des derniers 500 millions d'années (e.g.,
Lacis et al., 2010 ; Beerling et al., 2011 ; Anagnostou et al.,, 2016).

Atrés grande échelle de temps, la concentration de dioxyde de carbone a été régulée par
un jeu de balance entre les apports issus du volcanisme, du métamorphisme et l'altération de
la matiére organique, et la consommation par laltération des silicates et l'enfouissement de
la matiere organique (Walker et al,, 1981). La tectonique des plaques a l'échelle de plusieurs
dizaines de millions d'années, par son effet sur le climat, devient également un acteur majeur
du cycle du carbone (Berner, 2006). A des échelles de temps plus courtes, il a été mis
en évidence que les deux derniers millions d'années ont été caractérisés par de larges
oscillations cycliques de la pCOs dans l'atmosphere, notamment grace a l'analyse des bulles
de gaz piégées dans les carottes de glace (Dansgaard et al., 1993 ; Petit et al., 1999 ; Luthi
etal, 2008 ;Yan et al, 2019). Ces variations, entre périodes dites glaciaires et interglaciaires,
ont été associées a des changements orbitaux de la Terre qui ont fait varier de maniere
saisonniére et spatiale l'énergie incidente du Soleil sur Terre, et ont été amplifiées par la
production biologique a la surface des océans (Sigman & Boyle, 2000 ; Sigman et al., 2010).
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FIGURE 1.1 : Magnitude et échelle de temps des changements provoques sur le cycle du carbone
par différents processus climatiques et geologiques. La perturbation anthropogenique du cycle
du carbone est mise en perspective avec l'extinction massive de la limite Permo-Trias (252 Ma)
et le maximum thermal de la limite Palocene-Eocene. D'apres Royer (2016).

Les parameétres orbitaux sont au nombre de trois : l'excentricité (forme des orbites, période
de 100 000 ans), l'obliquité (l'inclinaison de l'axe de rotation, période de 42 000 ans) et la
précession (rotation autour de l'axe de la Terre, période de 23 000 ans) et correspondent a
ce qu'on appelle les cycles de Milankovitch (Hays et al., 1976). Ces trois processus, jouant a
différentes échelles de temps, ont ainsi rythmé 'énergie solaire arrivant a la surface de la
Terre et donc sa température (Fig.1.1). Lintensité lumineuse du Soleil, augmentant de 7 % par
milliard d'années, a cependant été neutralisée sur le long terme au cours des 420 derniers
millions d'années par un long déclin de la pCO, atmosphérique lié a la rétroaction négative
et continue de laltération des silicates et a l'apparition des vegeétaux terrestres, mettant
ainsi en évidence son importance capitale sur la régulation du climat (Schwartzman & Volk,
1089 ; Berner, 1992 ; Foster et al., 2017). Ces actions et rétro-actions entre irradiance solaire,
tectonique des plaques et parametres orbitaux, qui ont rythme U'histoire climatique terrestre
et l'ont divisée en périodes geologiques distinctes (dont les limites sont souvent liees a
des extinctions de masse), ont été peu a peu bouleversees par lémergence de 'humanité.
Celle-ci en a totalement modifié l'equilibre par ses activités et s'est imposée comme une
nouvelle force geologique, a l'échelle du siecle (Fig.1.1), donnant naissance a une nouvelle
ere geologique, 'Anthropocene (Crutzen, 2002).
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FIGURE 1.2 : Proposition du début de [Anthropocene en fonction de l'‘évolution de la température,
du méthane et du dioxyde de carbone atmospherique, il y a 5000 ans BP (b), en 1610 (c) et
en 1964, par le pic de C retrouvé dans les anneaux de croissance des arbres (d). La limite
Holocene/Pléistocene est fixee a 11 650 ans (a). D'apres Lewis & Maslin (2015).
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Lintervalle le plus récent de l'histoire terrestre, 'Holocene, démarre il y a précisément 11
650 ans, marque par les premiers signes géochimiques de réchauffement dans les carottes
de glace apres la période froide du Younger Dryas (Walker et al. 2009, Fig.1.2.a). Le début de
'Holocéne est marqué par une stabilite de la pCO4 atmosphérique (Monnin, 2001), qui va
étre bouleversée au dernier millénaire par laccroissement des activités humaines se tradui-
sant par des phases d'augmentation successives dans l'atmosphere (Lewis & Maslin, 2015 ;
Zalasiewicz et al., 2015). Cependant, le début stratigraphique de lAnthropocene fait 'objet de
débats. Lewis & Maslin (2015) ont ainsi propose d'en placer le début soit au commencement
des pratiques agricoles, qui ont peu a peu remplaceé une végétation hautement captatrice
de CO, (foréts, savanes) et auraient retardé voire annulé la transition vers une période gla-
ciaire (Fig.1.2.b), soit au moment du développement de la mondialisation et des échanges
commerciaux a l'échelle planétaire lors de la découverte de l[Amérique (Fig.1.2.c), ou encore
a lentrée dans l'ére industrielle au XVIII™¢ siécle avec les premiéres exploitations d'énergies
fossiles. Le début de lAnthropocéne a finalement été placé au début de ce qui a été appelé
la “grande acceéleration” (Steffen et al. 2015, Fig.1.2.d), avec un début stratigraphique place en
1964 par le pic de “C associé au maximum des essais nucléaires, retrouveé dans les carottes
de glace et les anneaux de croissance des arbres. Ce point d'inflexion au milieu du XX¢e
siécle est associé a une forte croissance de la population, au développement de nouveaux
matériaux comme les plastiques mais surtout a de larges bouleversements dans les cycles
naturels. La concentration de CO, dans l'atmosphére a ainsi gagné 100 ppmv a l'échelle d'un
demi-siecle (passant de 300 a 400 ppmy, Le Quére et al. 2018) et pourrait avoir amene le
climat terrestre a un point de non retour (Steffen et al,, 2018), avec des consequences sur les
societés humaines comme la fonte des glaces (hotamment aux poles) et l'élévation du niveau
marin (Winkelmann et al., 2015 ; M. DeConto & Pollard, 2016), un taux d'extinction d'espéces
supérieur a ce que la Terre a connu (Barnosky et al., 2011), des évenements climatiques de
plus en plus extrémes et plus frequents (Mora et al., 2017, 2018) ou encore les migrations, et
les apparitions de nouvelles maladies (Short et al., 2017 ; Caminade et al.,, 2019).

1.2 La paléoclimatologie pour anticiper l'avenir

Les bouleversements associés a ces emissions de gaz a effet de serre d'origine anthro-
pique, sont encore une fois une question d'échelle de temps, car la combustion des énergies
fossiles injecte de facon massive un CO, dans l'atmosphére qui n'aurait jamais du sortir du
cycle long lie a l'érosion des continents et au volcanisme (Le Quére et al., 2018). La compre-
hension du cycle du carbone, a ces deux échelles de temps, devient alors primordiale afin d'
estimer lampleur de la perturbation et de mieux anticiper l'évolution future du climat. La
paléoclimatologie prend de ce fait une place de plus en plus centrale (Haywood et al., 2011 ;
Tierney et al., 2020). Lenregistrement direct de la pCO, atmosphérique dans les carottes de
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glace s'arréte au dela de 800 000 ans a 2 Ma (Dansgaard et al., 1993 ; Petit et al., 1999 ; Luthi
etal, 2008 ; Yan et al,, 2019) et il est donc nécessaire de trouver d'autres temoins de cette
pCO2 atmosphérique pour des temps plus anciens (Fig.1.3). Les traceurs géochimiques, a
partir d'enregistrements sédimentaires, deviennent alors un outil précieux afin de reconstituer
les parametres physico-chimiques d'un milieu au cours des temps géologiques. Ces traceurs
geochimiques reposent sur des principes physiques et chimiques. Ils sont trés étudiés et
continuellement affinés, mais peuvent aussi étre sources d'incertitudes car ces traceurs
reposent genéralement sur de nombreuses hypothéses et sont souvent modifies par des
processus biologiques (appelés effet vital, Urey et al. 1951).
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FIGURE 1.3 : 800 000 ans d'enregistrements de la pCO, atmospherique a partir des bulles de
gaz piegees dans les carottes de glace en gris, des alcenones (triangle orange, + 60 ppm), de
l'index stomatique (carre vert, + 20 ppm), du rapport B/Ca (diamant bleu clair, + 30 ppm) et
des isotopes du bore (diamant bleu foncé, + 20 ppm) a partir des foraminiferes planctoniques.
D'aprés Honisch et al. (2019) et reférences associées.

Le premier traceur geochimique utilisé pour le cycle du carbone exploite la relation
entre la densité de stomates des plantes vasculaires de type C3 et les valeurs de pCOq
dans latmosphére (e.g., Woodward, 1987 ; Konrad et al,, 2020). Les stomates sont des petits
trous situés dans l'épiderme des feuilles et sont le principal lieu d'échanges gazeux pour les
plantes vasculaires. Leur nombre, par unité de surface, est ainsi régulé pour maximiser la prise
du CO, et minimiser la perte en eau. Pour de nombreuses plantes modernes, cette densite
de stomates est ainsi inversement correlée a la concentration de CO, dans l'atmosphére.
L'index stomatique a ainsi été appliqué a des fossiles de feuilles pour reconstruire la pCO, de
latmosphere dans laquelle elles avaient vecu (e.g., Royer et al,, 2001 ; Steinthorsdottir & Vajda,
2015 ; Barclay & Wing, 2016). Cependant, ce traceur est sujet a de nombreuses incertitudes,
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car d'autres parametres environnementaux peuvent rentrer en jeu sur cette densité, comme
la luminosité, la pression atmosphérique et donc la paléo-latitude, la température, 'humidité,
mais aussi le fait que les calibrations d'especes éteintes sont faites a partir de leur plus
proche parent moderne (Royer et al., 2001 ; Sundquist & Ackerman, 2014 ; Konrad et al., 2020).

Les isotopes du carbone (§13C) ont aussi été utilisés afin de retracer la pCO, atmosphé-
rique. Dans un premier temps, ils ont été mesurés dans des carbonates pedogéniques, en
se basant sur des modeles de diffusion de CO5 dans les sols et en estimant la difference
entre la composition isotopique du CO, respiré par le sol et celui qui a été diffusé ainsi
qu'un équilibre isotopique entre le carbonate qui précipite et le CO, des solutions présentes
dans le sol (Cerling, 1991, 1992 ; Ekart et al., 1999 ; Breecker et al.,, 2010). Mais la aussi, ce
traceur est source de nombreuses incertitudes, tant la diffusion de CO, dans les sols est
dépendante aussi de 'humiditeé et de la température. La difféerence isotopique du CO respire
varie également selon le métabolisme d'une plante C3 ou C4 (Sundquist & Ackerman, 2014).
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FIGURE 1.4 : Compilation de la pCO, atmospherique a travers le Phanérozoique, reconstituée a
partir (a) des paléosols (en bleu) et des isotopes du bore (en rouge), (b) des alcenones (en vert)
et des indices stomatiques (en kaki) et avec en (c) l'estimation moyenne de l'erreur associée
pour chaque traceur geochimique. D'apres Mills et al. (2019).
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En paralléle, les reconstructions de la pCO, a partir du 6'2C des alcénones se fondent sur
le fractionnement isotopique qui se produit lors de la photosynthése d'algues unicellulaires,
les haptophytes, entre le [COslqqueus €t la matiere organique, qui se retrouve préservée dans
le sédiment (e.g.,, Freeman & Hayes, 1992 ; Pagani, 2002 ; Seki et al., 2010). Malheureusement,
cette méthode souffre aussi d'incertitudes, notamment pour relier le CO5 dissous dans l'océan
et celui de l'atmosphere, avec des effets de salinité, de physiologie (taille de la cellule, et
croissance de l'organisme) et encore une fois de température (Sundquist & Ackerman, 2014).

Bien que marqués par de nombreuses incertitudes, demandant notamment le couplage
d'autres traceurs géochimiques pour connaitre la température (i.e. 5180, Mg/Ca), ces traceurs
précédemment décrits de la pCO, ont pu étre validés en comparant les pCO, déduites avec
les valeurs mesurées dans les bulles piegees dans les carottes de glace (Fig.1.3), puis ont
permis de reconstruire la pCO, sur le Phanérozoique (Fig.1.4).

Au-dela des enregistrements des carottes de glace, a défaut d'avoir un enregistrement
direct, les traceurs géochimiques peuvent avoir comme support la modélisation (Berner et al,
1983 ; Berner, 2004, 2006). Celle-ci repose sur un systéme a l'équilibre, avec des échanges
et des boucles de rétroactions sur le COy atmospheérique, décrite par un simple bilan de
masse (Godderis et al., 2014 ; Sundquist & Ackerman, 2014) :

Foot + Fryior + Few + Fow = Feg + Fog (1.1)

avec F, le flux de COs issu du volcanisme "subaérien’, Faor le dégazage de CO, au
niveau des rides oceéniques, F, le flux de CO, issu de la dissolution des carbonates, F,,, le
flux de CO, provenant de l'oxydation de roches sedimentaires réeduites, tandis que le CO4
est stocké au niveau de la croute océanique par la seédimentation de carbonate F.; (avec
Fed = Fswo * Fowy * Few. respectivement le flux d'alcalinité par l'altération d'anciens silicates
cratoniques, par l'altération de roches jeunes volcaniques et la dissolution des carbonates)
et lenfouissement de la matiere organique dans les sediments F,;. Chaque parametre est
ainsi fonction de la tectonique, de la paléogéographie, du relief, du climat ou encore de la
vegetation, et repose donc sur de nombreuses hypotheses, qui deviennent de plus en plus
incertaines en remontant dans le temps. Cependant, les modeles se sont affinés au fur et a
mesure avec une meilleure compréhension des processus qui regissent le cycle du carbone,
ainsi que par des avanceées sur les reconstructions tectoniques. Ces modeles s'appuient
d'ailleurs eux aussi sur tous les traceurs géochimiques disponibles pour valider les modéles
(ie. 180, 613C, 6345, 87Sr/86Sr, Van Der Meer et al. 2014 ; Royer 2014 ; Mills et al. 2017 ; Lenton
et al. 2018). La derniere compilation de données a ainsi permis de reconcilier a plus de 75 %
les traceurs geochimiques et les différents modeéles biogéochimiques du CO4 (Mills et al.
2019, Fig.1.5).

Du fait du caractére unique de la combustion d'énergies fossiles perturbant le cycle actuel
du carbone, il n'existe malheureusement pas d'analogue direct dans le passé. Cependant, les
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traceurs géochimiques et les modélisations ont permis de mettre en évidence des périodes
ou la concentration en dioxyde de carbone dans l'atmosphere était plus élevée. Ces périodes
sont donc trés activement etudiées afin de comprendre les processus climatiques qui les
ont régis et ainsi de mieux appréhender ce que pourrait étre un monde avec une forte
concentration de CO4 dans l'atmosphere (Haywood et al.,, 2011 ; Tierney et al., 2020). Les
valeurs prévisionnelles de pCO, pour les prochaines années ont ainsi été évaluees comme
étant sans précédents depuis le début de 'Eocéne (51-53 Ma, Pearson & Palmer 2000 ;
Anagnostou et al. 2016 ; Zeebe et al. 2016 ; Foster et al. 2017).
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FIGURE 1.5 : Reconstruction de la pCO, atmospherique au cours du Phanérozoique, a partir
du modele biogeochimique COPSE (A) et du modele GEOCARBSULF (B) en comparaison avec
l'enveloppe des differents traceurs géochimiques de la figure 1.4.c. Les modéles actualisées ont
éte realisés a partir de forcages geodynamiques modernisés sur le Phanérozoique. D'apres Mills
et al (2019).

En parallele, un intérét accru s'est porté sur les perturbations du cycle du carbone a
courtes échelles de temps dans l'histoire géologique de la Terre (entre le millier et la dizaine
de milliers d'années), qui sont de plus associées a des crises biologiques. Mais elles restent
éloignées de la rapidité des émissions anthropogéniques (a l'échelle du siécle, Fig. 1.1). Citons
par exemple :

¢ la limite Permo-Trias (252 Ma), la crise biologique la plus massive que la Terre ait connue,
due a des eémissions de gaz a effet de serre par la mise en place des trapps de Sibérie, dont
'émission en gaz volcaniques est pourtant estimée comme étant 14 fois moins élevee que
les émissions anthropogéniques (Payne & Clapham, 2012 ; Jurikova et al.,, 2020).

e la limite Crétaceé-Paleogene (66 Ma), marquee a la fois par limpact d'une méteéorite
et par lintense activité volcanique des trapps du Deccan, faisant passer en un temps tres
court (quelques dizaines de milliers d'années) la concentration de CO, de 900 a 1600 ppmv
(Henehan et al., 2019).

o le maximum thermal a la limite Paléocene-Eocene (56 Ma), avec une forte émission
de gaz a effet de serre dont l'origine est débattue (entre la déstabilisation des hydrates de
meéthane au fond des oceéans, la fonte du permafrost et une large oxydation de la matiere
organique sedimentaire), avec un pic trés important de la pCO2 passant de ~ 850 ppmv a ~
2200 ppmv en ~ 25 000 ans (Gutjahr et al,, 2017).

e les alternances glaciaires-interglaciaires du Plio-Pléistocéne (suivant les cycles de
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Milankovitch, Dansgaard et al. 1993 ; Petit et al. 1999 ; Luthi et al. 2008), ayant été massivement
etudiées du fait de leur proximité temporelle et de leur enregistrement direct dans les carottes
de glace (e.g. Foster, 2008 ; Martinez-Boti et al,, 2015a ; Rae et al,, 2018 ; Chalk et al., 2019 ;
Shuttleworth et al.,, 2020).

Age (millions of years) Year A.D.
50 20 10 5 2 i 1,000 1,500 2,000 2,500
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FIGURE 1.6 : Compilation des pCOy atmosphériques determinées a partir des différents traceurs
geochimiques (index stomatique, alcenones, carbonates pedogéniques, isotopes du bore) (a,b),
des carottes de glace (c,d) et les prédictions pour les prochains siecles, RCP pour les derniers
scénarios du GIEC, WINK12K pour le scéenario de Winkelmann et al. (2015). Modifieée de Foster
et al (2017).

1.3 Problématiques abordées dans ce travail de thése

La plupart des ces études remontant jusqu'a la limite Permo-Trias (voire jusqu'au Neo-
Protérozoique, Kasemann et al. 2010 ; Ohnemueller et al. 2014), reposent sur un quatrieme
traceur géochimique : les isotopes du bore (5'1B) dans les carbonates biogéniques (Fig.1.3 et
1.4), qui ont connu un intérét grandissant depuis le début des années 1990 (Vengosh et al.,
1991b ; Hemming & Hanson, 1992) et sont massivement utilisés aujourd’hui afin de recons-
truire la pCO4 atmosphérique (Pearson & Palmer, 1999, 2000 ; Foster, 2008 ; Pearson et al.,
2009). Leur grand interét, c'est qu'avant de reconstruire la pCO2 dans l'atmosphére, il s'agit
d'un traceur direct du pH océanique qui permet ainsi de se concentrer sur un acteur majeur
du cycle du carbone qui n'a été que brievement mentionné jusque la : l'océan. Les isotopes
du bore dans les carbonates marins deviennent alors un outil précieux pour comprendre le
climat, les dynamiques des écosystemes marins et donc les mécanismes qui gouvernent le
cycle du carbonate dans l'océan, et qui, couplés a un second paramétre comme l'alcalinité,
permettent donc de reconstruire la pCO4 a partir du pH (Zeebe et al,, 2001). Cependant, le
rapport B/Ca dans les carbonates a été utilisé par le passé comme un traceur du systeme
carbonate dans l'océan pour reconstruire la pCOs (Yu et al., 2007b ; Tripati et al., 2009) mais
est aujourd’hui sujet a caution, car il n'est pas encore bien clair comment le systéme des
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carbonates joue sur l'incorporation du bore (Foster, 2008 ; Allen et al., 2012 ; Henehan et al,
2015 ; Haynes et al., 2017). Cependant, comme tout traceur géochimique, l'utilisation du
sbore pour des applications géologiques repose sur de nombreuses hypothéses concer-
nant l'environnement de l'échantillon utilisé, tandis que les processus chimiques, physiques
qui régissent ce traceur doivent étre bien connus afin de limiter les incertitudes (Pagani et al.,
2005).

La relation 6B arbonates-PH @ ainsi été le fil conducteur de ce travail de thése afin d'en ex-
plorer les difféerents parameétres, relation qui a été par la suite appliquée sur des foraminiféres
planctoniques. Ce travail a été réalisé au sein de 'ANR franco-allemande B2SeaCarb dont la
thematique principale est de mieux comprendre le réle de l'océan dans les fluctuations du
réservoir de carbone dans 'Océan Austral lors des alternances glaciaires-interglaciaires du
Plio-Pléistocene.

Ce fil conducteur peut étre résumé en une seule équation, qui relie le §''B.,,; au pH de
'océan, et donc certains paramétres la constituant ont éte etudiés,

(1.2)

511]—)('(11‘1_ SHBQL'
pH:pKB—log< — b T 0 :

M By — aps—pad't By, — 1000 * (ap3—ps — 1)

Avec 6B, la composition isotopique mesurée du carbonate étudié, §''B,,, la compo-
sition isotopique de l'eau de mer dans lequel ce-dit carbonate a precipité, pKg la constante
de dissociation entre l'acide borique et l'ion borate dans l'océan et enfin ags_p4 le fraction-
nement isotopique entre ces deux espéces chimiques.

o Tout d'abord, le chapitre 2 s'attardera a présenter les processus physiques et chi-
miques qui régissent la relation §''B.q4-pH (hotamment a partir de foraminiféres plancto-
niques), en l'inscrivant dans le cycle plus global du CO, dans l'océan.

o Lechapitre 3 se concentrera sur la composition isotopique en bore de l'océan (5''B.,,)
au cours du Phanérozoique. En effet, 'utilisation des isotopes du bore dans les carbonates
demande également de connaitre la composition isotopique de l'eau de mer dans laquelle
ils ont précipité. Hors, celle-ci a varié au cours des temps géologiques. Cette étude a éte
commenceée au sein de 'ANR Carboric et a été continuée lors de ce projet. Ce chapitre
présente deux méthodes pour évaluer les variations du §''B,,, au cours du Phanérozoique,
par l'analyse d'inclusions fluides contenues dans les halites primaires et par la modeélisation.

o La mesure du bore dans les carbonates (7''B,,,,) est un défi analytique, d'autant
plus quand les echantillons sont peu concentrés en bore et de trés petites tailles comme
peuvent ['étre les foraminiféres planctoniques, alors que les erreurs analytiques doivent étre
minimisées afin d'assurer des reconstitutions de paléo-pH a haute fréquence. Le chapitre
4 présente dans un systeme d'injection directe des échantillons dans le spectromeétre de
masse MC-ICP-MS Neptune, le u-dDIHEN, qui permet de mesurer le 6''B sur de trés faibles
volumes d'échantillon.
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o Le chapitre 5, quant a lui, sS'appuie sur ce developpement analytique en l'adaptant
pour la mesure du §''B,,,, a trés faibles concentrations en bore, et en le couplant a un
protocole d'extraction du bore de la matrice carbonatée, a trés bas niveau de blanc, la
microsublimation, développée au cours de cette these.

¢ Le chapitre 6 concerne la mise en place de ce protocole pour mesurer des échan-
tillons carbonatés de petites tailles et a faible concentration en bore. Ceci a abouti aux
premiéres mesures du ¢''B,,,, de foraminiféres a partir du protocole mis en place lors de
ce travail de thése, et plus particulierement sur l'espéce planctonique Globigerina bulloides,
avec la mise en oeuvre d'une stratégie alternative d'analyses isotopiques a des niveaux de
concentration et de volume jamais égalés jusque la pour ce type d'échantillon.

o Enfin, le chapitre 7 montre les premiers reconstitutions paléo-pH realisées a la suite
de ce développement analytique sur l'espece de foraminiféere planctonique Pulleniatina
obliquiloculata, vivant au niveau de la thermocline. Cette étude a pour objectif d'essayer de
comprendre quel impact aurait eu la super-eruption du volcan Toba (Indonésie) il y a 73 000
ans sur la derniére transition interglaciaire-glaciaire et notamment sur la chimie de l'océan.



CHAPITRE 2

LES ISOTOPES DU BORE ET PALEO-PH OCEANIQUES
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L'introduction générale nous a permis de mettre en lumiere le réle du cycle du carbone
en tant que thermostat terrestre et ainsi le besoin crucial de connaitre tous les processus
qui l'ont gouverné, hier et aujourd’hui, afin de comprendre ce qu'il en sera demain a l'ere de
'Anthropocene. Dans cette partie, je vais me pencher sur le devenir du dioxyde de carbone
dans l'océan, et de ce fait m'intéresser plus en détail a son corollaire, le pH océanique. Il
s'agit ici de comprendre comment les isotopes du bore, mesurés dans les organismes a
test carbonaté que sont par exemple les foraminiferes, permettent de le reconstruire. Je
développerai donc les principes physico-chimiques qui gouvernent la relation 6By ponate-
pH et les processus biologiques qui impactent cette relation, demandant une correction
de ce que l'on appelle leffet vital (Urey et al., 1951), effet commun a toute reconstruction
paléoclimatique a partir de matériels biologiques.
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LES ISOTOPES DU BORE DANS LES FORAMINIFERES : UN TRACEUR DES
PALEO-PH OCEANIQUES ET DE LA PCO, ATMOSPHERIQUE

2.1 Locéan et le cycle du carbone

La forte émission du CO, d'origine anthropique dans l'atmosphére a également des
consequences sur l'océan qui peuvent s'averer désastreuses a l'avenir. En plus des aug-
mentations de température qui peuvent fortement affecter les écosystemes marins (Bijma
et al, 2013 ; Cheung et al., 2013), ces fortes émissions causent ce que l'on appelle le "jlumeau
maléfique” du réechauffement climatique : l'acidification des océans (Pelejero et al., 2010).
En effet, cette injection massive de dioxyde de carbone dans l'atmosphéere a été freinée
par les océans qui ont déja absorbé 30 % du CO4 anthopogénique déja emis (Sabine et al.,
2004 ; Gruber et al., 2019), ce qui a provoqué une réduction du pH de 0.1 unité (entre 1750
et 2000) et la modification en conséquence des équilibres chimiques dans l'océan (Zeebe,
2012). Le carbonate de calcium (CaCOs), dont la plupart des organismes marins se servent
pour construire leur coquille ou leur squelette s'en retrouve déstabilisé et les répercussions
se font dgja sentir aujourd'hui (e.g. Riebesell et al,, 2000 ; De'ath et al,, 2009 ; Doney et al.,
2009 ; Gazeau et al., 2013 ; Fox et al.,, 2020). Il est alors important d'étudier le comportement
du CO, dans les océans, qui en contient 60 fois plus que l'atmosphére, et ses conséquences
sur le pH, d'autant plus que, dans le registre fossile, les grandes crises biologiques comme
la crise Permo-Trias ou Crétace-Paleogene ont eté associees a des phases intenses d'aci-
dification des océans (Honisch et al., 2012 ; Henehan et al., 2019 ; Jurikova et al., 2020). Le
dioxyde de carbone, CO,, se présente dans l'océan sous trois formes : le dioxyde de carbone
aqueux CO, (aq), l'ion bicarbonate HCO; et lion carbonate CO5™. Au pH de l'océan, HCO3
est lespéce majoritaire, a plus de 85 %. Lors des eéchanges entre l'atmosphere et l'océan,
l'équilibre thermodynamique qui régit le passage du dioxyde de carbone gazeux au dioxyde
de carbone aqueux est relié par la loi de Henry :

[COs] (aq) = Ko (T, S) * pCO: (2.1)

avec K la constante de solubilité du CO, dans 'eau de mer, dépendante de la température
et de la salinité, [CO,] (aq) la concentration de CO4 dans l'océan et pCO; la pression partielle
de dioxyde de carbone dans latmosphére. Le [CO;l (aq) est ensuite hydraté puis va réagir
avec l'eau afin de se dissocier en ion bicarbonate HCO3, ion carbonate CO3~ et en proton
H* (avec pH=-logIHT]). Ces réactions, acido-basiques, sont gouvernées par les constantes
d'équilibres K*; et K*, dépendantes elles aussi de la pression, de la température et de la
salinité selon:

Ky _ K _
COs + HyO — H" + HCO; == 2H" + CO;3 (2.2)
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FIGURE 2.1: 'Bjerrum plot’ représentant les différentes especes de carbone dissout dans l'océan
en fonction du pH, aux conditions de surface en rouge (T=25°C, S = 35, P = 1 bar) et pour l'océan
profond en noir (T = 4 °C, S = 34.8 et P = 401 bar). D'apres Honisch et al. (2019).

— +
K= Sy o K-

(o1 3)
[HCOy |

Le pK'; [= -log (K*1] et pK's [= -log (K"5] sont respectivement égales dans l'eau de mer a
5.94 et 9.13 pour une température de 15°C, de salinité S = 35 g/L et une pression de 1 atm.
Ainsi a un pH océanique de 8.2, la proportion de [CO,l [HCO; | et [CO?)‘] sont d'environ 0,5 %,
89 % et 10,5 % (Fig. 2.1). La somme de ces trois especes va composer ce qu'on appelle le DIC

(Dissolved Inorganic Carbon) :

DIC = [COs] + [HCOZ] + [COZ7]. (2.4)

Enfin, un dernier parametre permet de décrire le systéme des carbonates dans l'océan :
l'alcalinité (Alk), qui correspond a une mesure de la balance de charge de l'océan:

Alk = [HCOz] +2[CO3 ] — [HT]. (2.5)

Le DIC et l'alcalinité (en molkg™!) sont des paramétres conservatifs et ne sont donc pas
affectés par les changements de pression et de température. Ce sont ainsi ces variables qui
sont plus souvent utilisées dans les modéles qui reconstruisent le cycle du carbone dans
les océans. De tous les paramétres eévoques precedemment, seuls la pCO,, le pH, le DIC et
LAtk peuvent étre déterminés analytiquement. Six variables (ICO,l, [HCOZ 1ICO271, Alk, pH
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et le DIC) permettent donc de décrire le systeme des carbonates, qui présente ainsi deux
degrés de liberté. De ce fait, si le pH et un autre paramétre sont connus, il est possible de
reconstruire les autres parametres du systeme des carbonates, comme par exemple, ici
avec le DIC:

[H*]?

CO,] = DIC
C0,] [H+]2 + [HH]K} + K K3

(2.6)

Enfin, en ayant la concentration de CO, dissout, il est alors possible de reconstruire la
pCO, en utilisant l'équation 2.1. Couplés a un autre paramétre du systeme des carbonates,
les isotopes du bore, en tant que traceur des paléo-pH, permettent de reconstruire les
compositions en dioxyde de carbone de l'atmosphére au cours des temps géologiques.

2.2 Reconstruction des paléo-pH océaniques a partir des isotopes
du bore

2.2.a Chimie et isotopie du bore

Le bore est un élément semi-métallique appartenant au groupe 13 du tableau périodique
qui posséde un unique état redox, + Ill, le rendant insensible aux variations d'oxydo-réduction
de son environnement. Il s'agit d'un élément qui est peu abondant sur Terre ( ~ 0.3 ppm,
McDonough & Sun 1995), mais étant facilement soluble dans les fluides de moyenne a haute
température, il est plutét concentré dans la croute terrestre ( ~ 15 ppm, Leeman & Sisson
19906).

Le bore a une masse atomique de 10,81 et posséde deux isotopes stables, 1°B et ''B d'une
abondance respective de 19.8 et 80.2 %. Les variations isotopiques en bore sont exprimees
en notation ¢, correspondant au rapport 'B/1YB mesuré dans un échantillon rapporté au
HB/10B d'un acide borique de référence, le National Institute of Standards and Technology
(NIST) Standard Reference Material (SRM) 951 boric acid, selon l'équation :

(HB/IOB) sample

511_8 —
((“B/wB)NIST SRM 951

— 1) % 1000. 27)

Le bore se comporte comme un acide de Lewis en s'associant principalement avec l'oxy-
géne. Dans les systemes naturels, il est majoritairement sous forme d'acide borique B(OH);3
(trigonal plan) ou d'ion borate B(OH), (tétraedrique). Du fait de la grande différence de masse
entre ces deux isotopes (10 %), de la difféerence de spéciation et la grande mobilité du bore
dans les fluides, le §''B est couramment utilisé pour retracer les processus géochimiques a
la surface de la Terre, avec une gamme de 145 %o (-70 a +75 %) observée dans la nature (Barth,
1993 ; Hogan & Blum, 2003 ; Williams & Hervig, 2004). L'un de ces processus qui va nous
intéresser ici est lincorporation du bore dans les carbonates marins, dont la mesure du 6''B
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va permettre de reconstruire le pH de l'eau de mer a partir de laquelle ces carbonates se
sont formés (Vengosh et al,, 1991b ; Hemming & Hanson, 1992).

2.2.b Principes des isotopes du bore comme pH-meétre

Le principe des isotopes du bore pour retracer le pH, repose sur l'équilibre acido-basique
de celui-ci en solution (Foster & Rae, 2016). Dans cette partie, nous développons ainsi l'aspect
théorique de ce traceur géochimique.

Dans l'océan, la concentration en bore totale [Bl,,, n'est représentée majoritairement que
par l'acide borique et l'ion borate, selon

[Bluw = [B(OH)s] + [BOH); ], 8

dont les proportions varient avec le pH :

B(OH)3 + H,O = B(OH); + H™. (2.9)
Water depth (m) Water depth (m)
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FIGURE 2.2 : () Influence de la température (rouge), de la salinité (bleu clair) et de la pression
(violet) sur la constante de dissociation pK”g. (b) Influence de la température, la salinite et de la
pression sur sur le §'*B de l'ion borate a pH = 8. D'apres Foster & Rae (2016).

La constante d'équilibre stoechiométrique s'exprime par :

« _ [B(OH){][H"]
Ky = [B(O;I)g] (2.10)

et savaleur est ~ 10736 (pK' 5 & 8.6) & 25 °C, 35 psu et pression atmosphérique. L'influence
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de la température, de la salinité et de la pression sur cette constante est mineure (Fig.2.2),
tandis qu'avec un pK”"g proche du pH océanique (8,1-8,2), les proportions de [B(OH)s] et de
[B(OH), ] vont fortement fluctuer avec le pH (Fig.2.3.a) :

[Blsw

[B(OH)3] = W (2.12)
et
[B(OH);] = H[[Ii%' (2.12)

Le bore total dans l'océan, quant a lui, demeure conservatif (Lee et al., 2010) :

pmol . salinity

Blg = 432,6
[Blsw 67 35

(2.13)

La composition isotopique en bore des océans §''By,, est égale a 39.61 £ 0.04 %o et est
homogéne quelque soit la température, la salinité et la pression a cause de son grand temps
de résidence (14 Ma), supérieur au temps de melange des océans (1000 ans, Lemarchand
et al. 2002b ; Foster et al. 2010).

400y " T~ ! 100 0 --7 7
B(OH)3 \\ : 30 60 1 o
\ Y 4
2 300] |\ : 3 . N
g o] \\: o0 g. 2 B(OH), -7 5B = 39.61 %o
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FIGURE 2.3 : Concentration (a) et composition isotopique (b) de lion borate B(OH), et acide
borique B(OH)s en fonction du pH oceanique, pour une temperature de 25°C, une salinité de 34,7
psu, un pK'p = 8.6 et un fractionnement isotopique aps_p4 de 1.0272 (Klochko et al, 2006), une
composition isotopique d'eau de mer §'1By,, = 39.61 %o (Foster et al, 2010) et un bore total [Bl,
= 432,6 x (salinity/35) umolkg~! (Lee et al, 2010). Le rectangle gris correspond a la gamme
mesurée dans les carbonates biogeniques modernes. Modifie d'apres Foster & Rae (2016).

L'acide borique est plus enrichi en ''B que l'ion borate a cause des différences dans la
geomeétrie moléculaire et les énergies de vibration entre ces deux especes chimiques créant
ainsi un fort fractionnement isotopique (Kakihana et al.,, 1977 ; Klochko et al., 2006). Léchange
isotopique entre l'acide borique et l'ion borate peut étre décrit comme :

YB(OH); +'' B(OH); = B(OH); +'° B(OH); (2.14)
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avec un fractionnement isotopique aps_p4 :

11
o WBOI[BOH);] _ Ryom, 219
T OBOHRETBOH)] T B Ry

ou 1R est le rapport 1'B/1°B. Le facteur de fractionnement, pour sa part, est exprimé
selon:

€EB = (0533_34 - 1) x 1000. (2.16)

Ainsi, en connaissant le fractionnement isotopique entre l'acide borique et l'ion borate,
dont les proportions dans l'océan dépendent du pH, et tout en conservant constante la
concentration [Bly, et le rapport isotopique §''By,, dans locéan, il est alors possible de
connaitre lacomposition isotopique de B(OH); ou de B(OH); et donc de remonter directement
au pH de l'océan, selon le bilan de masse .

‘ =

1 11

Rp,, * [Blsw =10 RB(OH)Z [B(OH),] ""% RB(OH)s[B(OH)?J' (2.17)

1

o

En se placant ainsi a des pH inférieurs a 7 ou supérieurs a 10, l'océan ne serait compose
que d'acide borique ou d'ion borate (Fig.2.3.a), chacun d'eux représentant ainsi la quasi totalité
de la concentration en bore avec une valeur isotopique égale a la valeur actuelle, 39.61 %o.
Le faible pourcentage de l'acide ou de la base restante serait ainsi fractionnée de aps_pa4,
par rapport a cette valeur de 39.61 % (Fig.2.3.b).

La composition isotopique de l'acide borique et l'ion borate peut-étre ainsi calculée en
réarrangeant l'équation 2.17 puis en substituant dans l'équation 2.15 :

BOH): ™ [B(OH);] + aps—paB(OH)3)’

(2.18)

qui peut étre par la suite convertie en notation ¢ en substituant les équations 2.7, 2.8 et
2.16 pour obtenir :

"' Bpom, = 51133(01{); *ap3-pitep (2.19)

Au final, parce que la proportion de B(OH); et B(OH);3 varie en fonction du pH, le 6''B de
chaque espéce est ainsi contrélé par ce parametre (Fig.2.3.b) :

B "' By, + (61 By, — €p) * 10PEK5—PH

1B = * (2.20)
B(OH), 1+ aps_py * 10pE—PH ’

Comme la constante de dissociation pK" g est dépendante de la pression, la température
et la salinité, cela implique également que le §''B de chaque espéce peut évoluer avec ces
paramétres. Ainsi, si on peut avoir accés soit au 6''B de l'ion borate, soit au §''B de l'acide
borique, il est possible, par cette succession d'équations de remonter au pH de l'ocean. Et
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c'est justement sur cette constatation que va se fonder la relation 6''B..yponate-PH. EN effet,
il a éte emis lhypothese que les carbonates marins incorporaient préférentiellement lion
borate, pouvant facilement se substituer a lion carbonate, de par leurs similarités chimiques
(voir section suivante). Partant de ce postulat, en mesurant le §''B d'un carbonate, il est
alors possible de reconstruire le pH océanique, et, couplé a un autre paramétre du systéeme
carbonate, de reconstituer la pCO, atmosphérique.

L'utilisation de ce traceur isotopique (Eq. 2.20) demande ainsi la connaissance de chacun
des paramétres physico-chimiques qui le constitue. Ainsi, par des calculs ab initio ou des
meéthodes empiriques, le apgs_p4 @ pu ainsi étre estime (e.g. Kakihana et al,, 1977 ; Pagani
et al., 2005 ; Sanchez-Valle et al., 2005 ; Klochko et al., 2006 ; Rustad et al,, 2010), mais avec
des valeurs de fractionnement assez disparates. Ce parametre a néanmoins pu étre affiné
par sa mesure directe et donner une valeur de aps_p4 €gale a 1.0260 + 0.00010 (Nir et al,
2015), en accord avec la premiere mesure qui avait été faite par (Klochko et al,, 2006), autour
de 1.025-1.036. L'influence de la température sur le fractionnement n'a cependant pas pu
étre déterminée avec précision, mais dans le domaine des carbonates cette incertitude
est probablement insignifiante face aux incertitudes qu'engendre l'utilisation de ce traceur
géochimique (Foster & Rae, 2016).

2.2.c Composition isotopique en bore des carbonates : théorie

Le principe de base sur lequel repose la relation 6 B.q,ponate-PH €St donc lincorporation
preférentielle d'ions borate dans le systéme cristallin (Vengosh et al., 1991b ; Hemming &
Hanson, 1992). Etant le seul chargé des deux espéces de bore, il va pouvoir se mettre sur
des surfaces réactives comme un cristal de calcite ou d'aragonite en pleine croissance, pour
qu'il puisse étre incorporé sous forme HBO%‘ en se substituant a l'ion carbonate, de taille et
de charge quasi similaire, selon:

CGCOg—FB(OH)I = Ca(HBO3) + HCO5 + H>0. (2.21)

Ceciimplique donc un changement de coordination, ou le tétraedrique B(OH), devient le
trigonal plan HBO?, avec l'hypothése que ce changement nimplique pas de fractionnement
isotopique (Hemming & Hanson, 1992 ; Branson et al., 2015), tandis que dans l'aragonite, l'ion
borate pourrait s'y intégrer directement sans changement de coordination, ce qui pourrait
expliquer les plus hautes concentrations trouvées dans ces carbonates (Hemming et al,, 1995,
1998). Il est alors possible, a partir de la composition isotopique d'un carbonate, d'obtenir le
pH de l'eau de mer dans laquelle il a précipité selon l'équation, en connaissant la température,
la salinité, la pression (jouant sur le pK”g) et la composition isotopique de l'eau de mer §'1By,,
(Zeebe & Wolf-Gladrow, 2001) :
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(2.22)

6" Beary — 0! By
pH:pK*B—l0g< carb )

611 Bgy — ap3— st Begrp — 1000 * (p3—ps — 1)
Nous retrouvons ainsi l'équation qui relie le §''B.q,ponate €t le pH, et qui est donc le fil
rouge de ce manuscrit.

2.2.d Incorporation du bore dans les foraminiféres

Les forminiferes planctoniques sont des micro-organismes unicellulaires et eucaryotes
(0.50 pm - 1 mm), faisant partie du zooplancton, qui vivent en surface de la colonne, générale-
ment dans les 200 premiers métres. Apparus au Jurassique il y a 170 Ma, ils ont colonisé tous
les océans depuis le Crétacé Moyen (Schiebel & Hemleben, 2017). Leur intérét premier en
paléocéanographie et paléoclimatologie, c'est de posséder une coquille (test) en carbonate
de calcium qui se préserve dans le sédiment marin, et qui a surtout lors de sa formation
incorporé de nombreux éléments chimiques (majeurs, mineurs, traces et isotopes) dont la
teneur peut-étre mesurée afin de remonter aux parametres physico-chimiques de l'océan
(Kucera, 2007). Cependant la relation entre la chimie de l'océan et la chimie du test n'est pas
directe, car il faut prendre en compte le contréle qu'a l'organisme sur sa calcification et qui
peut donc modifier la chimie de l'océan initiale. Cet effet biologique doit étre pris en compte
et correspond a ce qu'on appelle leffet vital (Urey et al,, 1951). Pour le corriger, on réalise des
calibrations en mesurant le parametre geochimique visé a partir de foraminiferes cultives,
collectés dans la colonne d'eau ou dans des sommets de carottes sedimentaires, dont les
parameétres physico-chimiques du milieu de vie sont connus. Pour la mesure des isotopes
du bore, ces calibrations ont donc été réalisées sur plusieurs espéces qui ont été cultivees
ou collectées de facon a couvrir la plus large gamme possible de pH (e.g. Sanyal et al.,
2001 ; Foster, 2008 ; Henehan et al., 2013 ; Martinez-Boti et al,, 2015b ; Henehan et al., 2016 ;
Raitzsch et al.,, 2018 ; Guillermic et al., 2020). Afin de s'affranchir des effets environnementaux
sur la constante de dissociation pK g, les calibrations ne sont pas faites classiquement selon
la relation §''Begrponate - PH Mais selon la relation 6''Bgrponate =0 Brorate du milieu de vie
(Foster, 2008 ; Rae et al., 2011 ; Henehan et al., 2013), avec des équations de type :
_ 6" Beaco, — ¢

(2.23)
m

Le gradient (m) et l'intercepte () du 6B . ponate SONt ainsi indépendants de la température,
de la pression ou de la salinite (Fig.2.4). Si les foraminiféres n'incorporaient que l'ion borate,
ils seraient donc sur la droite 1 :1 (Fig.2.4). Cependant, bien qu'ils en soient trés proches,
démontrant que lincorporation préférentielle d'ion borate est le mécanisme principale, ily a
un décalage qui doit de fait étre corrigé afin de reconstruire le pH océanique (Fig.2.4). C'est
pour cela que les calibrations sont réalisées, qu'elles sont intra-spécifiques et qu'entre les
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différentes espéces les mécanismes physiologiques expliquant ce décalage doivent étre
différents, car certains sont au dessus de droite 1 :1, et d'autres non.

24
Planktic foraminifera as characterised via MC-ICPMS

a O. universa; this study 4+ G. bulioides; open-ocean, refitted, Martinez-Boti et al. (2015)

e G. ruber; culture, Henehan et al. (2013) + G.inflata, this study

o G. ruber; open-ocean, all sizes, Henehan et al. (2013) o N. pachderma; Yu et al (2013)

o G. ruber; core-top, refitted, Foster (2008) o N.pachyderma; this study

T. sacculifer; Sanyal et al. (2001), « P.obliquiloculata; this study
refit by Martinez-Boti et al. (2015) o G.siphonifera; this study

2 2 7 ® T sacculifer; core-top, Martinez-Boti et al. (2015) ¢ N.dutertrei; Foster (2008)

= T sacculifer; core-top, refitted, Foster (2008)
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FIGURE 2.4 : Calibration §"' B.grponate -0 Brorate POUr les foraminiféres planctoniques Orbulina
universa, Globigerinoides ruber, Trilobatus sacculifer, Globigerina bulloides, Globoconella inflata,
Neogloboquadrina pachyderma. Mesure ponctuelle pour Pulleniatina obliquiloculata, Globige-
rinella siphonifera et Neogloboquadrina dutertrei. D'apres Henehan et al. (2016) et réferences
associees.

D'un point de vue inorganique, deux processus pourrait en étre la cause : une incorporation
également d'acide borique, plus enrichie en ''B (Klochko et al.,, 2009 ; Rollion-Bard et al., 2011 ;
Noireaux et al,, 2015 ; Uchikawa et al., 2015) ou un fractionnement isotopique, a l'equilibre
ou cinétique, lors de lincorporation de l'ion borate (Pagani et al., 2005). Certaines études
réfutent 'hypothése d'incorporation d'acide borique, ne mettant en évidence que la forme
trigonale HBO?™ tandis la seconde hypothese a été invalidée, car le temps d'équilibration
pour les isotopes du bore entre B(OH), et B(OH)3 est de 100 ps, ce qui est 3 a 4 fois plus
rapide que le taux de croissance des cristaux de carbonates biogéniques (Zeebe et al., 2001).
Des fractionnements isotopiques d'origine cinétique sont donc a exclure.

D'un point de vue biologique, ce décalage pourrait étre expliqué par les mécanismes
de biominéralisation des foraminiféres, qui se feraient a partir de la vacuolisation d'eau de
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mer par endocytose (Erez, 2003), et dont les vacuoles sont modifiees chimiquement afin de
favoriser la précipitation de carbonate de calcium, avec une élévation de pH pouvant aller
jusqu'a 9 (Nehrke et al., 2013 ; de Nooijer et al., 2014) et ainsi causer un §''B plus éleve de
12 %o par rapport au 6B de lion borate. Ceci ne peut donc pas étre la cause de ce léger
décalage, en sachant notamment que les foraminiferes benthiques ne montrent aucun écart
par rapport a cette droite 1:1 (Rae et al,, 2011). Enfin, l'autre possibilité serait la modification
du micro-environnement du foraminifére, qui est une région ou le transport de nutriments,
d'oxygene et des espéces dissoutes du carbone se fait par diffusion. Celle-ci étant marqueée
par de faible temps d'équilibration et de diffusion des espéces dissoutes de carbone, elle
est hautement influencable par les processus physiologiques que sont (Fig.2.5, Zeebe et al.
2003):

1. La photosynthése des symbiotes
COy + HyO = CH30 + Oy (2.24)
2. Larespiration des foraminiféres
CH30 + Oy = CO2 + HyO (2.25)
3. La calcification des foraminiferes
Ca*" +2HCO; = CaCOs3 + COy + Hy0 (2.26)

Ca*" + C0O3~ = CaCOs (2.27)

Cette derniére hypothese est celle qui est la plus communément admise et qui explique
trés bien les écarts avec la courbe 1 :1 de la relation §''Bgrsonate =0 Brorate (Fig.2.4). Par
exemple, les espéces qui possedent des symbiotes comme G. ruber ou G. sacculifer vont
voir le pH de leur microenvironnement augmenter du fait de la photosynthése (Eq.2.24, Sanyal
et al. 2001 ; Foster 2008 ; Henehan et al. 2016 ; Raitzsch et al. 2018) tandis que celles sans
symbiotes, par exemple G. bulloides ou T. dutertrei ont le pH de leur microenvironnement
qui augmente a cause de la respiration (Eq.2.25) et de la calcification (Eq.2.26 et 2.27, Foster
2008 ; Martinez-Boti et al. 2015b ; Raitzsch et al. 2018). L'espéce O. Universa illustre également
cet equilibre entre ces trois processus dans le microenvironnement : en possédant des
symbiontes, elle est pourtant en dessous de la droite 1:1 (Fig.2.4), et cette acidification serait
marqueée par une respiration et une calcification plus intenses que l'activité photosynthétique
des symbiotes (Henehan et al.,, 2016).

Ce chapitre nous a permis d'explorer les mécanismes physico-chimiques et biologiques
qui permettent de calculer le pH océanique a partir des isotopes du bore mesurés sur des
foraminiferes planctoniques. Il permet ainsi de mettre également en lumiere les limites
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qui peuvent caractériser L'utilisation de ce traceur géochimique. Ainsi, il a été montré que
la composition isotopique en bore dans l'océan est un parametre fondamental dans les
equations montrées ci-dessus. Hors, certaines études paléoclimatiques remontant jusqu'a
plusieurs millions d'années dans le passé, conserver la valeur moderne du 6''B de l'océan
n'est plus tenable car les flux qui régissent le cycle du bore dans les océans ont probablement
varies aussi. Le prochain chapitre va ainsi se porter sur cette thématique afin d'évaluer la
variation de §''By,, au cours des temps géologiques.
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FIGURE 2.5 : Schema du micro-environnement de calcification d'un foraminifere planctonique
avec symbiotes. Si tous les foraminiferes sont impactés dans leur micro-environnement par
la respiration et la calcification, ceux qui posseédent des symbiotes sont marquées par une
séquestration de CO4 et donc une élevation de pH par l'activité synthétique de ces derniers.
D'apres Hénisch et al. (2019).
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Le chapitre précédent nous a montre limportance de connaitre le §''B,,, dans l'océan afin
d'utiliser la relation §''B qrponate-PH. Par son long temps de résidence, 14 millions d'années
- supérieur au temps de mélange des océans (d'environ 1000 ans), la concentration et la
composition isotopique en bore de l'océan est aujourd’hui homogéne quelque soit la pression,
la salinité ou la température (Lemarchand et al., 2002b; Foster et al., 2010). Cependant, les
flux qui régissent le cycle océanique du bore au cours des temps géologiques ont varié. Il
devient alors nécessaire de reconstruire 'évolution du 6''B,,, au cours du Phanérozoique. Ces
reconstructions ont été faites a partir de trois maniéres différente : la mesure du 6B, dans
les carbonates avec des hypothéses sur le pH (i.e Pearson & Palmer, 2000; Raitzsch & Hénisch,
2013; Clarkson et al., 2015; Anagnostou et al., 2016; Jurikova et al., 2020), la modélisation en
faisant varier au cours du temps par un simple modele de boite les flux entrants et sortants a
l'océan (Lemarchand et al., 2002b; Joachimski et al., 2005) et enfin a partir de halites primaires
(Paris et al., 2010b). Cependant, cette derniere est controversée car elle donne une tendance
du 6B, qui est difféerente de celle qui est donnée par la mesure des carbonates tandis
qu'il n'existe que peu d'enregistrements apres le Cénozoique.

Je me suis attaché dans ce chapitre a retracer cette évolution a partir de ces deux
derniéres méthodes et de notamment tenter de valider 'hypothese selon laquelle les halites
peuvent enregistrer directement le §''B,,, de l'eau de mer. Pour cela jai d'abord étudié sept
échantillons de halite primaires, allant du Néoprotérozoique (550 Ma) au Plio-Pléistoce (3-5
Ma), en passant par le Cambrien (520-540 Ma), le Silurien (434-444 Ma), le Permien (250 Ma)
et le Trias (230 Ma) et dont les inclusions fluides se sont révélées étre le témoin de la chimie
de l'eau de mer dans laquelle elles se sont formeées. J'ai ensuite explore les difféerentes
possibilités qui aurait expliqué pourquoi une halite aurait conserve ou non la signature
geochimique de l'océan, bien que les donnees sur le sujet (le bore en zone évaporitique)
sont rares. Dans un second temps, j'ai étendu le modéle réalisé par Lemarchand et al. (2002b)
a partir de flux géodynamiques mis a jour avec les publications les plus récentes afin de
reconstruire la premiére courbe continue du §''B,,, sur le Phanérozoique. Ce chapitre est en
préparation pour une publication dans Geochimica et Cosmochimica Acta.
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Abstract

The reconstruction of seawater paleo-pH based on the boron isotopic composition (5*1B)
of fossil carbonate shells requires the knowledge of the §'!'B,,, of the seawater in which
the calcifying organisms lived. Boron has a long residence time in the ocean (14 Ma) and
its 61'B,,, has changed throughout the Phanerozoic, resulting from changes in the source
(continental weathering) and sink (adsorption onto ocean floor sediments and oceanic crust
alteration) fluxes. In this study we provide direct determinations of the §''B,,, variations from
the historical collection of primary halites, that allowed the reconstruction of the ocean
paleochemistry over the Phanerozoic, and a modeling of the secular vation of the §''B,,, for
the whole Phanerozoic.

3.1 Introduction

The boron isotopic composition of marine biogenic carbonates (51 B,.,,+) has proven to be
a powerful geochemical proxy to reconstruct seawater pH (Vengosh et al., 1991b; Hemming
& Hanson, 1992; Sanyal et al., 1996; Lecuyer et al., 2002; Honisch et al., 2004). Because of the
link between ocean pH and the atmospheric partial pressure of CO,, investigating 6! B4, to
track the past perturbations of the atmosphere-continent-ocean carbon cycle is one of the
keystones to face the Anthropocene’s climate change and the other CO2 problem: ocean
acidification (Pelejero et al., 2005; Doney et al,, 2009; Wei et al., 2009; Honisch et al., 2012; Liu
etal, 2014; Wu et al,, 2018; Tierney et al., 2020). This proxy has thereby been widely applied
to study the past climate changes in the geological record, investigating the paleo-climatic
crises (Gutjahr et al., 2017; Henehan et al.,, 2019; MUller et al., 2020; Jurikova et al., 2020) or
reconstructing the atmospheric pCO2 across the Cenozoic (Pearson & Palmer, 1999, 2000;
Foster et al., 2012; Anagnostou et al., 2016; Greenop et al., 2019; Henehan et al., 2020) and the
Plio-Pleistocene glacial-interglacial periods (Sanyal & Bijma, 1999; Honisch & Hemming, 2005;
Foster, 2008; Honisch et al., 2009; Martinez-Boti et al., 2015b; Chalk et al., 2017; Shuttleworth
etal, 2020; de la Vega et al., 2020).

Boron has two stable isotopes in nature, 1°B and !B, whose large mass difference gener-
ates large boron isotopic fractionations responsible for the 145 %o wide range in 6B observed



30 Chapitre 3. Seawater 5'' B through the Phanerozoic

on Earth (Hogan & Blum, 2003; Williams & Hervig, 2004). Boron isotope ratio is thus also
largely used to track geochemical processes at the surface of the Earth (Gaillardet & Lemarc-
hand, 2018; Marschall, 2018). The 'B/19B ratio (§'1B) is expressed as the per mil (%) deviation
of the sample 'B/'°B ratio relative to the NBS SRM 951 standard ''B/19B ratio (NIST, USA,
Catanzaro et al. 1970), following:

(llB/loB)sample
(HB/IOB)SRM 951

The §'1B,,.,-pH proxy relies on well-known inorganic chemistry principles. In the aqueous

1B = ( — 1) % 1000. (31)

environment, boron dominant species are boric acid B(OH)3 and borate anion BI(OH),, with
pH-dependent proportions (Dickson, 1990; Zeebe et al., 2001). Between these two species,
differences in vibrational frequencies and molecular coordination are responsible of a strong
and constant isotopic fractionation (AY'Bs_, of 272 + 0.6 %o), B(OH), being depleted in
1B (e.g., Klochko et al., 2006). As B(OH); is preferentially incorporated during carbonate
precipitation, measuring the §'1B of carbonates allows to reconstruct the pH of the fluids
these minerals have precipitated from (Hemming & Hanson, 1992), using the equation:

(3.2

pH = pKp — lOg ( 51130{17‘1) — 611Bsw )

M Bgy — ap3—pad™ Begrp — 1000 * (ap3—ps — 1)

This relationship between seawater pH and 51153(011); requires that the dissociation
constant of boron (pKp), the isotopic fractionation between B(OH); and B(OH)3 (ap3—p4)
and the boron isotopic ratio of seawater §'1B,, in which the carbonate has precipitated are
constrained (Vengosh et al., 1991b; Hemming & Hanson, 1992; Pagani et al,, 2005). This study
investigates the possible variations of §'!B,,, over geologic timescales.

As boron in seawater is a quasi-conservative element with a modern residence time of 14
Myr (Lemarchand et al.,, 2000, 2002b), higher than the ocean’'s mixing time (1 kyr), seawater
boron concentration ([Bly, = 4.68 + 0.01 ppm ) and isotopic composition (5B, = 39.61 +
0.04 %0) are homogeneous today, regardless of depth, salinity or temperature (Spivack &
Edmond, 1987, Foster et al., 2010; Lee et al,, 2010; Gonzalez, 2014). This steady state in the
oceanic boron budget stems from a balance between input and output boron fluxes, that
have fluctuated over time scales of million of years and therefore modified the §''B,,, values
in the past. Several authors investigated !B, variations during the Cenozoic, by either
measuring the pore fluids of marine sediments (Spivack et al., 1993), modelling the variations
of the boron fluxes (Lemarchand et al., 2000, 2002b; Simon et al., 2006) or coupling the §''B
of benthic and/or planktonic foraminifera living at different depths and assuming a surface
to bottom pH gradient (Palmer et al,, 1998; Pearson & Palmer, 1999, 2000; Foster et al., 2012;
Raitzsch & Honisch, 2013; Anagnostou et al., 2016; Greenop et al., 2017; Gutjahr et al., 2017,
Henehan et al., 2019).
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Only few studies examined the secular variation of §''B,,, beyond 65 Myr. Joachimski
et al. (2005) expanded the B flux modelling to the whole Phanerozoic and validated the
computed §'1By,, variations with 6B, measurements of brachiopods from Silurian to
Permian (Joachimski et al., 2005) and Jurassic (Lécuyer et al., 2002). §''B,,, has also been
determined from brachiopods for the Cretaceous (Simon et al,, 2006), Toarcian Oceanic
Anoxic Event (Early Jurassic, Muller et al. 2020) and Permian-Triassic Boundary (Jurikova et al,
2020); from cap carbonates in the Neoproterozoic (Kasemann et al.,, 2010; Ohnemueller et al.,
2014); and from shallow marine platform carbonates at the Permo-Trias transition (Clarkson
etal., 2015).

Because the aforementioned indirect methods (from §''B,,,;) are based on different
oceanic paleo-pH scenarios, Paris et al. (2010b) proposed to directly reconstruct the boron
isotope composition of seawater from primary halite samples. Indeed, evaporite deposits
record the changes of ocean’'s chemistry (Hardie, 1996; Holland et al., 1996; Hay et al., 2006)
and the fluid inclusions trapped in primary halites are the Rosetta stone to seawater paleo-
chemistry decryption (Lowenstein, 2001; Horita et al., 2002; Brennan et al., 2004, 2013; Holt
et al., 2014; Spear et al., 2014). The possibility of fluid inclusions to record the chemistry of
seawater was confirmed for modern samples (Timofeeff et al., 2001). With regard to boron,
Liu et al. (2000) and Fan et al. (2015) showed that there are no or minor isotopic fractionation
between halite and brine, as boron is only concentrated in the brine inclusions (it hardly enters
the halite matrix). Paris et al. (2010b) confirmed this assumption by showing that modern
halites have the bulk §''B of modern seawater and proposed §'!'By,, values from Cenozoic
and Devonian primary halites.

However, §!'1B,,, determinations from primary halites are still debated as Paris et al.
(2010b) proposed §'!B,,, values decrease to globally lower values as those modelled from
1B or from input/output budgets, which also suffer from several uncertainties and
model-dependence outputs (Raitzsch & Honisch, 2013; Greenop et al.,, 2017). Boron budget
d11B,,, models have not been updated since the works of Lemarchand et al. (2002b) and
Joachimski et al. (2005). Because of the yet established utility of the §''B,.,,,-pH proxy for
paleoclimatology studies (Mills et al., 2019), it is essential to know the §'!'B,,, variations
over geological times. Here we complete the investigations of Paris et al. (2010b) to cover
the whole Phanerozoic with primary halites from the collection of Horita et al. (2002) and
assess the validity of the §'1B,,, derived from evaporites. We then re-evaluate the secular
variations through the Phanerozoic of modelised boron concentration and !B, in oceans
with updated geodynamics fluxes. We ultimately put into perspective our modelled 6By,
with the geodynamic history of the Earth.
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3.2 Material and methods

3.2.a Halites
Halite sample preparation

We studied seven halite samples originated from the historical collection of Horita et al.
(2002), which primary nature has been extensively established, and which stratigraphic,
geological, paleo-geographical and climatic framework have been fully described. These
salts cover a period between the end of the Proterozoic (Ara 7) and the Plio-Pleistocene
(IZ-3), and were collected from Cambrian (Sib4), Silurian (Cari12-3-3), Devonian (AW-86-49),
Permian (WIPP-3), and Triassic (Keuper) basins (Fig.3.1). The Silurian salt (Car12-3-3) has been
divided in two sub-parts, one being transparent and colourless and the second one opaque
orange-coloured and bearing clays.

AW-86-49, Canada,

Prairie Formation, 380 Myr _(———

.
*q‘
Il Plio-Pleistocene \
Formatlon 230 Myr
~

-
[1 Eocene ISib4, Russia, Angarskayal/|
Usolskaja Formation,
Paleogene 520-540 Myr
Cretaceous
BN Jurassic W,pp3 USA, Salado Ara7, Oman Ara
Bl Trias Formatlon 250 Myr Formation, 550 Myr
B Permian IZ3 Israel, Sedom s
Carboniferous Formallon 3-5 Myr
Devonian
Silurian
B Ordovician Car12-3-3, Australia, Carribuddy’
Cambrian Formation, 434-444 Myr

Neoproterozoic

Figure 3.1: Halite samples distribution positioned on a map of the major halite basins (modified
Warren 2010). The approximate ages are from Horita et al. (2002).

After a superficial cleaning of the sample surface with MilliQ water and drying with
Kimwipe paper, the halites were crushed. For each sample, 10 aliquots of salt were prepared:
for each aliquot 0.35 mg of salt was dissolved in 10 mL of MilliQ water to reach actual seawater
salinity. Because B is almost absent in the halite matrix and is enriched in brine inclusions
(Liu et al, 2000; Fan et al., 2015), bulk halite analysis must yield an average ¢'!B value of the
brine inclusions within the sample. For each aliquot, a small fraction is collected and diluted
in 10 mL HNO3 0.5 N to measure major and trace element concentrations by Inductively
Coupled Plasma Mass Spectrometry (ICPMS, Agilent 7900).
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Boron isotope analysis

Boron has been extracted from the salt samples by ion-exchange chromatography
columns filled with 50 pL of Amberlite 743 resin at 200-400 mesh (Lemarchand et al., 2002a;
Paris et al., 2010a). Prior to the separation, the salt aliquots were basified to pH 8-9 with
distilled ammoniac. The column resin was washed with 30 mL of 0.5 N HNOs, then rinsed
and conditioned with 0.2 mL MilliQ water basified at pH 9 with NH,OH. The sample was
then introduced and the resin was rinsed again with pH 9 water (0.1 mL), saturated with 0.6
M NaNO3 (0.1 mL), and finally rinsed with basified MilliQ water (0.2 mL). Boron was eluted
with 0.05 mL of nitric acid at 0.5 N and 0.6 mL of HNO3 0.1 N. The eluted solution is diluted
to 0.05 N HNO3, introduction matrix for the MC-ICPMS analyses (Louvat et al, 2011a). B
from seawater NASS 6 was regularly extracted to verify the extraction yield. For optimized
analyses, 100-400 ng of boron are usually aimed in the eluted solutions. According to B
concentrations measured in the halites, 5 to 7 mL of the sample solutions were introduced
to the columns. To ensure that large volumes of NaCl do not interfere with boron extraction,
introduction of 0.5, 1 and 5 mL of seawater reference material NASS 6 have been tested.

The halite's 6''B were measured on a MC-ICPMS (multicollector ICPMS, Neptune, Ther-
moFischer Scientific) with a direct injection nebulizer, the d-DIHEN (demountable-direct
injection high-efficiency nebulisation, Louvat et al. 2011a) plugged in the torch in place of the
injector. This introduction system showed good cross calibration with other methods for §''B
determinations on standards, seawater and carbonates samples (Foster et al., 2013; Gutjahr
et al., 2020). During our measurements the B signal was around 2 V for 200 ppb. Each
sample is measured three times in alternance with the bracketing standard solution NBS
SRM 951 (NIST, USA, Catanzaro et al. 1970) at the same concentration (4 5 %) to keep identical
conditions in the plasma (Louvat et al., 2011a, 2014b). Five §'!B values can be calculated from
the triplicate sample-standard bracketing of one sample enabling to calculate individual
repeatability as 2 standard deviation (2SD, Louvat et al. 2014b). The reference solutions from
Vogl & Rosner (2011) ERM-AE120 (-20.2 + 0.6 %0), ERM-AE121 (19.9 + 0.6 %) and ERM-AE122
(39.7 £ 0.6 %0) were measured together with the halite samples, resulting in average values
of -20.27 + 0.02 %o (nN=4, 2SD), 19.75 + 0.11 % (n=9, 2SD) and 39.35 + 0.29 % (n=6, 2SD). For the
different seawater volumes tested (0.5, 1 and 5 mL), the 6B values were respectively 39.57 +
0.13 %o, 39.75 £ 0.19 %o and 39.72 + 0.07 % (2SD), in agreement with Foster et al. (2010) (39.61
+ 0.04 %0) and the two years IPGP average (39.87 + 0.25 %o, Louvat et al. 2014b), indicating no
volume effect for boron extraction from large volume of seawater.

Strontium isotope analysis

The 87Sr/86Sr ratio of the halites has been measured to verify their marine origin (Veizer
et al, 1999; Paris et al., 2010b). According to the measured Sr concentrations, 0.01 to 2 mL of
the initial halite solutions (for a final concentration of 200 ppb) were evaporated, taken in 50
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pL of 16 N nitric acid and evaporated again. The residue was then dissolved in 0.1 mL of 3 N
HNO3. The strontium is extracted from its natural matrix with 100 pL of ion exchange resin
Sr-SPEC (Eichrom Technologies) of 50-100 um grain size (Horwitz et al.,, 1991; Pin & Bassin,
1992). The protocol has been adapted in order to avoid calcium and barium in the eluted
solution due to their similar chemical behaviour (Scher et al., 2014). Prewashed with HNO3 5
N (2.5 mL), MilliQ water (5 mL), HCL 3 N (2.5 mL) and finally MilliQ water (10 mL), the columns
are conditioned with 3 N HNO3 (0.1 mL). After loading the sample, the resin is washed with
HNO3 3 N (0.2 mL) and 6 N (4 mL) to remove the unwanted elements whereas strontium is
immobilized. Finally, Sr is eluted with milliQ water (2 mL) and the solution is acidified to 0.5 N
HNO;3 (Hajj et al., 2017).

The 87Sr/86Sr ratios of the salt samples have been determined on the MC-ICP-MS Neptune
Plus (ThermoFischer Scientific). The samples were introduced with an APEX (ESI) desolvating
unit paired with a PFA nebulizer with an uptake rate of 50 uLmin—!. Isobaric interferences
86Kr and 8"Rb were corrected by background subtraction for 8¢Kr and by subtracting 8’Rb
from 87Sr (measuring ®°Rb and applying the 8"Rb/#Rb ratio that had been measured from
a Rb standard solution at the start of each session). Instrumental mass bias was corrected
with the exponential law of Russel, on the supposedly invariant 88Sr/36Sr ratio of 8.375209
(Russell & Papanastassiou, 1978) and samples were further bracketed with the carbonate
standard SRM 987 (NIST, USA, accepted value of 0.71024). The SRM 987 standard yielded a
87Sr/86Sr value of 0.710281 + 0.000066 (N=8). Modern seasalt (Guérande, France) as a witness
of actual seawater yielded 87Sr/80Sr of 0.709208 + 0.000030 (n=2) in agreement with the
modern seawater values (0.709176, Veizer et al. 1999; Paris et al. 2010b).

Mineralogy

In combination with the chemical and isotopic analyses, X-ray diffraction analyses have
been performed to evaluate qualitatively if the halite samples were associated with other min-
erals. XRD analyses were performed in Laboratoire Paléoenvironnemements Paléoclimats,
Bassins (Institut des Sciences de la Terre) of Sorbonne University on a X-ray diffractometer D2
PHASER (BRUKER) equipped with a detector LYNXEYE. Diffractogrammes were interpreted
thanks to the MacDiff®4.2.5 software.

3.2.b Modeling
Boron geochemical cycle

The boron oceanic budget can be established for [Bl but also for B isotope ratio. The
main B sources to the ocean are continental weathering, hydrothermal vents at mid-ocean
ridges and accretion prisms, while the main oceanic B sinks are adsorption on the sediments
of the oceanic floor, oceanic crust alteration and coprecipitation in carbonates (Fig.3.2).
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At steady state, incoming or outgoing fluxes represent 45.10'° gyear—! (Lemarchand et al.,
2002b). In the isotopic budget of oceanic boron, seawater has the highest !B value, 39.61
+ 0.04 %o (Foster et al., 2010), which could be surprising given that the main input flux by
continental weathering has an average §''B value of 10 %o (Lemarchand et al., 2002b), but is
due to the boron sink processes, which preferentially take the charged and reactive borate,
enriched in 19B. Indeed, the major sinks correspond to the low alteration of the newly formed
oceanic crust, (2710 gyear—!, Spivack et al. 1987; Smith et al. 1995; Lemarchand et al. 2002b),
followed by adsorption on clastic sediments (13.10'° giyear—!, Palmer et al. 1987, Spivack
et al. 1987; Lemarchand et al. 2002b), which together are termed as “reverse weathering” with
the formation of marine authigenic aluminosilicate clays. Based on adsorption experiments
on sediments and clays, their related isotopic fractionations are respectively -36 and -25 %o,
in agreement with !B analyses of altered oceanic basalts (Palmer et al., 1987; Spivack et al.,
1987, Smith et al., 1995). Comparatively, B coprecipitation in carbonates is a minor output flux,
estimated at 6.10'° gyear—!, with an average fractionation of -20 %o (Vengosh et al.,, 1991b).

Concerning B input to the oceans, low-temperature continental weathering, through the
dissolved boron in rivers, represents more than 85 % of the flux with a discharge-weighted
average B flux for the 22 largest rivers (39 % of the water discharge to ocean) evaluated at
38.10!% gyear~! (Lemarchand et al., 2002b). Atmospheric and anthropogenic B inputs to rivers
are thought to be negligeable (Lemarchand et al., 2002b; Chetelat et al.,, 2009; Gaillardet
& Lemarchand, 2018). The contribution of mid-ocean ridge hydrothermal vents and fluids
expelled from accretion prisms are considered to be marginal, with incoming B fluxes of 4
and 2.10'% gyear—! and average §''B values of 6.5 and 25 %, respectively (Spivack & Edmond,
1987, You et al., 1993; Smith et al., 1995; You et al., 1995).

Modeling the marine boron secular evolution across the Phanerozoic

The assessment of the input and output fluxes and their isotopic fractionation regulating
the boron geochemical cycles allows us to model [Bl,,, and §'!'B,,, fluctuations across the
Phanerozoic. As the intensity of these fluxes changed in the past according to the geodynamic
history of Earth and consequently impacted the boron chemistry, we reconstructed the
oceanic boron content (Eq. 3.3) and the oceanic boron isotopic budget (Eq.3.4) with a simple
box model according to:

dBgy
dt = Z ¢zn - Z (bout (3.3

ARy _ (Z fin ) (1 + Rau %t) (1 + Ruw

dt Bew) \1+ Ry ) (Bin = Row) = (Z Baw) \1+ Rou

where B,,, and R,,, are respectively the total boron content and the 'B/1°B ratio in

) (Rout - st) (34)
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seawater, ¢;, and ¢, the total boron input and output fluxes for the ocean, R;, and R,.+
their associated 'B/1°B, and t the time in years. All the §'!B values have been transposed to
HB/10B ratios in the modelling and the reconstructed seawater ''B/1°B ratios back to §''B
(Eq. 3.1) with 'B/19Bn1s75RM951 = 4.04362 (Catanzaro et al., 1970). To estimate the amplitude
of the changes in the boron fluxes across the geological times, we considered the most
recent evaluations of the geodynamic forcings (normalized to the present), which have been
intensively studied as inputs into the box models of carbon and oxygen cycles, and are
governed at long time scale by plate tectonics (Berner, 2004; Royer, 2014; Mills et al,, 2017;
Lenton et al., 2018; Mills et al.,, 2019). The model is initialized with the modern [Bl,, and §'1B,,
values, and resolved going back in time.

The rate of B sink through alteration of the oceanic crust is controlled by the exposure of
fresh basaltic materials to seawater and is thus linked to the oceanic crust spreading rate. To
modulate this B output in the Phanerozoic, we selected the total global length of subduction
zones as a proxy of the total crustal addition and destruction rates (Van Der Meer et al., 2014),
which was used in the last updated Earth pCO5 and temperature models that have sensibly
reconciled CO, and temperature reconstructions with geological and geochemical proxies
(Mills et al., 2019). Directly linked to this forcing, the intensity of the B input flux through
mid-ocean ridge hydrothermalism and accretion prisms is also derived from the length of
the subduction zones (Fig.3.3.a). For the B output flux by adsorption on clastic sediments,
the magnitude is assimilated to fluctuations of the global erosion rate over geological times,
built from a compilation of dated global sediment masses (over continents and oceans)
that allowed to determine a long-term polynomial fit to calculate the missing parts, lost by
erosion (Hay et al., 2002, 2006). We selected for our model the 100 Myr moving average also
used by Mills et al. (2019) (Fig.3.3.c). The coprecipitation of boron in carbonates has been
associated to the burial rate of carbonate sediments over the Phanerozoic established with
the GEOCARBSULFvolc model (Fig.3.3.d), which calculates the atmospheric O, and CO4
driven by the geochemical proxy data (513C, 620, §34S, 87Sr/#6Sr) of the geological records
(Berner, 2006; Berner & Mackenzie, 2011).

In contrast to the boron fluxes mentioned above, whose reservoirs and processes are
pretty much well defined in the modern ocean realm and therefore can be simply assimi-
lated to changes in geodynamics forcings (Lemarchand et al.,, 2002b; Marschall et al., 2017,
Marschall, 2018), the relationships in the critical zone between the riverine dissolved boron in-
put, coming from the chemical weathering of the continents, and climate, lithology, hydrology,
biology or hydrothermal activity remain unclear (Gaillardet & Lemarchand, 2018).
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Figure 3.3 : Variation of the geodynamic forcings through the Phanerozoic, impacting the boron
oceanic budget. (a) Normalized total subduction length (Mills et al, 2017) (b) Normalized runoff
(Godderis et al., 2014) (c) Relative rate of continental erosion (Hay et al., 2006) and its derived 100
Myr moving average (Mills et al, 2019) (d) Normalized carbonate burial rate (Berner & Mackenzie,

2011),
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Following Lemarchand et al. (2002b), we modelled the boron secular variation in seawater
with a first scenario that kept the modern riverine B flux and average 6''B constant through
time. For lack of better, these present-day values offer the advantage of gathering a large
diversity of weathering contexts at the Earth surface (lithologies, relief, climate, geomorphol-
ogy, weathering environments..). The second scenario involves past fluctuations of the boron
continental discharge with the runoff (Lemarchand et al., 2002b). Defined as the difference
between rainfall and evapotranspiration, and therefore driven by temperature, the runoff
strongly controls weathering rates and fluxes, and thus the chemical composition of the rivers.
Runoff relies on the hydrological cycle and the palaeogeographical settings. Unfortunately,
for now, there is no proxy for runoff in the geological records, but runoff is usually resolved
from atmospheric general circulation models that couple atmospheric CO4, solar energy
and the continental paleo-configurations (Otto-Bliesner, 1995; Gibbs, 1999). For the second
scenario of our modelling we introduced the last runoff reconstruction from the GEOCLIM
simulation (Fig.3.3.b), which contains a long-term COs cycle (Goddeéris et al., 2014). Elaborating
these two scenarios allowed to build two 6B curves for the Phanerozoic. We have to keep in
mind that the two scenarios do not relate independent stories of the seawater boron isotopic
composition, but complement each other; the main uncertainty remains the variation of the
boron isotopic composition of rivers across geological times.

3.3 Results

3.3.a Halite samples

The large B concentration variations over three orders of magnitude among the halite
samples reflect the diversity of the fluid inclusion density between samples, but also between
aliquots of a same sample. Despite these variations, §!'B values of the aliquots are quite
homogeneous for each salt sample (Fig.3.4), arguing against a difference in 6B between
the halite matrix and the fluid inclusions and/or in favor of absence of B in the halite matrix.
Indeed, if matrix and inclusions both contained B at different §''B values, the aliquots of
a same sample salt (unless extremely homogeneous) would show a mixing between two
different B reservoirs. The different salts display large variations in the §''B throughout the
ages, ranging from 28.3 + 2.3 % (n=10, 2SD) in the late Neo-Proterozoic to 39.2 + 3.7 %o (n=10,
2SD) in the Plio-Pleistocene, with 11.2 & 5.5 %0 (n=10, 2SD) in the Lower Cambrian, 3.74 + 9.4
%o (n=17, 2SD) in the lower Silurian, 31.7 + 3.0 %o (n=10, 2SD) in the Middle Devonian, 17.2 +
1.5 %o (n=10, 2SD) in the Upper Permian and 9.4 + 2.2 %o (n=9, 2SD, without the outlier) in the
Upper Triassic (Fig.3.5). The measured 2SDs of the halite samples are very high, too high for
paleo-pH reconstructions where a 1 %o fluctuation of the 6B, results in a deviation of 0.1
pH unit.
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Figure 3.4 : Boron isotopic composition as a function of B concentration for each halite aliquot.
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Figure 3.5 : Average boron isotopic composition as a function of halite age. The gray area
represents the halite 5*' By, values from Paris et al. (2010b) and the blue area the envelope of
the §"1B,,, estimated from carbonates in the literature (See Fig.3.8 and 3.9 for the references).
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87Sr/86Sr ratios for WIPP-3 (Late Permian), AW-86-49 (Middle Devonian) and Sib4 (Lower
Cambrian) yielded 0.706895 + 0.000004, 0.708014 + 0.000019 and 0.708685 + 0.000006,
respectively, in agreement with the 87Sr/85Sr seawater records (Veizer et al. 1999, Fig.3.6) and
the Prairie Devonian halite value reported by Paris et al. (2010b) (0.70787-0.70788). The 1Z-3
(Plio-Pleistocene, 0.708277 + 0.000008), Keuper (Late Triassic, 0.708515 + 0.000008) and
Car-12-3-3 (Lower Silurian, 0.709230 4+ 0.0000016 and 0.709171 + 0.000007) halites displayed
87Sr/86Sr outside the seawater trend (Fig.3.6).
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Figure 3.6 : 87Sr/%06Sr measured in the halite samples, with the addition of the Guérande salt,
in light of the seawater 87 Sr,/%6Sr compilation from unaltered carbonates (Veizer et al., 1999
Prokoph et al., 2008; Halverson et al., 2007).

The XRD diffractograms of the different samples exhibited a mineralogy composed mainly
of halite, with traces of anhydrite (in Keuper, WIPP-3, Car-12-3-3 and Sib4), sylvite (in all except
Car-12-3-3 and Sib4) and potassic halite with Na substituted by K (in all except Sib4). It was
not possible to quantify the amounts of the minor minerals, but the halite mineral is clearly
dominant. The reddish aspect of the second subset of the Silurian salt appeared to be due to
the presence of iron and aluminium oxides, though this did not seem to alter the §'!B values,
similar between the two subsets.

3.3.b Modelled [Bl,, and §''B,,,

The modelled [Bl,,, and §''B,,, through the Phanerozoic interestingly highlight four major
periods in their secular variations, regardless of the selected scenario (constant or varying
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riverine B input - runoff), although variations are much less pronounced at constant runoff
and some small disparities between the two scenarios are observed, with timings slightly
shifted. According to both story-lines, [Bly,, oscillated between 3 or 3.4 and 4.8 or 5.4 ppm
during the Phanerozoic, and §''B,,, between 38.2 or 37.5 and 42.9 or 43.9 %o (Fig.3.7), the larger
variation range being always for the second scenario, with variable runoff.
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Figure 3.7 : Modelled seawater boron concentration and isotopic composition across the
Phanerozoic with the two scenarios of constant or variable riverine B flux.

In more details, for this second scenario (variable runoff), the boron concentration in-
creased from 3.6 ppm at 540 Myr to 5.2 ppm at 310 Myr, then decreased to 3.4 ppm at 220
Myr, rose again to 5.4 ppm at 80 Myr and finally reached the contemporary value (4.68 ppm).
The boron isotopic ratio follows a similar pattern, starting at 43.8 %o 540 Myr ago, decreasing
to 38.0 %o at 350 Myr, then rising to 43.9 %o at 260 Myr, decreasing again toward 37.5 %o at
around 95 Myr and rising again to the modern §'1B,,, value (39.61 %o). The first scenario with
constant riverine B input is slightly different and smoother. The seawater boron concentration
began to decline from 4.1 to 3.0 ppm between 540 and 465 Myr with , increased thereafter
towards 4.4 ppm at 310 Myr, is marginally lowered towards 3.9 ppm at 180 Myr and ultimately
extended to the present [Bl,,. For §!1B,,, , the constant runoff scenario reconstructed a drop
between 43 %0 at 540 Myr and 38.2 %. at 350 Myr, like the second scenario, then an increase
towards 41.8 %o at 200 Myr with in between a small reduction to 40.8 %o at 235 Myr. The §!1B,,,
declined again to reach 38.6 %o at 80 Myr and ultimately slowly went up to today's value.
Focusing on the Cenozoic !B, we can observe two smaller oscillations, the oldest one
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is almost identical between the two scenarios (39.3-39.5 %0 at 60 Myr) but the second is in
phase opposition with a maximum §1By,, of 40.9 % at 18 Myr for the varying runoff model
output, while almost no fluctuations are present for the constant runoff scenario (minimum
value 38.9 %o at 18 Myr).

3.4 Discussion

3.4.a Halites as a direct archive of §''B,,, secular variations?
Compatrison of the halite derived §''B,,, with literature values

The first study of 6''By,, in halites by Paris et al (2010b) was challenged due to the
low §'1By,, values they proposed for the Cenozoic, much lower than those estimated from
foraminifera and models (Fig.3.8.b). Raitzsch & Honisch (2013) pointed out that the Priabonian
halite value for the Eocene/Oligocene transition (31.8 + 0.2 %0 coupled with their benthic
foraminifera data gives an unrealistic deep-sea pH of ~ 8.5, which would suggest an oversat-
uration with respect to calcite for the whole water column, in contradiction with the carbonate
record from this time. For the same period, Honisch et al. (2019) used the foraminifera data
from Pearson et al. (2009) to also demonstrate the impossibility of the Paris et al. (2010b)
Cenozoic §''B to reflect 6'!B,,,. as such §''B,,, values lead to incoherent calculated pH
and pCO,. Can halites truly capture the §''B signature of the seawater from which they
precipitated ?

First of all, the Plio-Pleistocene halite sample has a §''B value of 39.2 + 3.7 %¢ 3-5 Myr
ago, very close to the Plio-Pleistocene value 39.2 %0 used by Martinez-Boti et al. (2015a) for
pCO, reconstructions and in line with the values of Pearson & Palmer (2000); Raitzsch &
Hénisch (2013) and the model of Lemarchand et al. (2002b) (Fig.3.8.a). Subsamples of this
salt allowed ten independent analyses to constrain the salt 6'!B variability (2SD of almost 4
%), which largely encompasses possible B isotope fractionation during salt precipitation ( <
5 %0, Liu et al. 2000). 87Sr/%6Sr ratio is lower than the late Pliocene seawater value (Fig.3.6),
likely due to brine-rock interactions with late Cretaceous carbonates in the evaporitic lagoon
(Stein et al., 2000). However, the sulphur and chlorine isotope ratio for this halite coming from
the Sedom Formation is consistent with the late Cenozoic seawater values and definitely
confirm, with the fluid inclusion data of Horita et al. (2002), that the original water was marine
(Raab et al.,, 2000; Stein et al.,, 2000; Horita et al.,, 2002; Eggenkamp et al., 2019a). Paris et al.
(2010b) proposed a value between 355 + 0.3 and 36.1 + 0.2 %o for Messinian salts 5.5 Myr
ago (Fig.3.8). Although they strictly respected the mineralogical and stratigraphic criteria to
select their primary halites, other processes may have affected the brine inclusions and led
to low ¢6'!B.
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Figure 3.8 : Data compilation of seawater boron concentrations (a) and isotopic compositions (b)
across the Cenozoic. Lines are for models and calculations from foraminifera data (Lemarchand
et al. 2002b; Raitzsch & Honisch 2013; Greenop et al. 2017, this study); circles, triangles and
yellow areas for determinations from foraminifera studies (Palmer et al,, 1998, Pearson & Palmer,
1999, 2000; Pearson et al., 2009; Foster et al., 2012; Raitzsch & Honisch, 2013, Martinez-Boti
et al, 2015a; Anagnostou et al, 2016; Gutjahr et al., 2017; Henehan et al., 2019); ; squares for
halite data (Paris et al. 2010b, this study). Blue dotted line: variable runoff (Lemarchand et al,
2002b), blue solid line: variable runoff (Lemarchand et al., 2002b), variable pH from foraminifera
with fractionation factor=1.0272 (Raitzsch & Honisch, 2013), orange solid line: variable pH from
foraminifera with fractionation factor=1.020 (Raitzsch & Honisch, 2013).

This is also probably the case for the Devonian samples. The salts of Paris et al. (2010b)
and this study come from the same Prairie evaporite deposit (Canada), but display a §''B
difference of up to 7 % between the two studies (Fig.3.9.b). However, our value (31.7 £ 3.0 %)
is in agreement with the estimations of Joachimski et al. (2005) from brachiopod §''B. This
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strengthens the idea that AW-86-49 (Prairie) halite could trace the boron isotopic composition
of the Devonian seawater (Fig.3.9b.), its marine signature being further consolidated with the
87Sr/86Sr ratio (Fig.3.6). The Neoproterozoic/Phanerozoic transition recorded a significant
increase with time of the seawater boron isotopic composition (Joachimski et al., 2005;
Kasemann et al., 2010; Ohnemueller et al., 2014). Despite a lack of data between the model of
Joachimski et al. (2005) and the §''B deduced from cap carbonates (Kasemann et al., 2010;
Ohnemueller et al., 2014), the §'1B of the halite sample for Neoproterozoic (Ara formation)
fits in this rise and could also faithfully reflect the §''B signature of seawater during this
transition. The 87Sr/86Sr of this sample could not be measured but the marine origin was
indeed previously established by the §37Cl signature (Eggenkamp et al., 2019a).

Processes that can influence the 5B of halites

Originally, 6''B measurements in evaporites have been used to determine the marine or
the non-marine origin of the salt deposits (Swihart et al., 1986; Oi et al., 1989; Vengosh et al.,
19914, 1995; Wei et al,, 2014; Zhao et al,, 2020). A marine salt 6''B is assumed to be between
10 and 40 %o, while §'1B is rather between -30 and 5 %o for a non-marine evaporite (Mao et al.,
2019; Zhao et al.,, 2020). Except for the Silurian salt (Car12-3-3), all other §''B values fall within
this marine origin criteria. However, the strong disparity between 6B for some of these
halites and the §''B,,, proposed in literature, despite the rigorous mineralogical selection,
highlights that other processes may occur during or after their formations, as supported by
the strontium isotope ratios and the XRD data. However, the §''B signature of the Triassic
(Keuper), Permian (WIPP-3), Silurian (Car12-3-3) and Cambrian (Sib4) samples still have to be
clarified.

Only few studies have addressed boron isotopic fractionation between brine and evaporite
minerals: 6''B data in halites are limited, whereas none exists for epsomite (MgS0,.7H,0),
kainite (4KCL.MgS0O,4.11H20) or carnallite (MgKCls.6H,0), minerals precipitating jointly with
halite at higher degree of evaporation of the marine brines. Furthermore, the few existing
studies do not agree: Vengosh et al. (1992) proposed a §!! B difference of -30 %o between brine
and halite, based on seawater evaporation experiments, while Liu et al. (2000) measured an
offset of only < -5 %o, also from evaporation experiments but with artificial seawater solutions
and salt lake brines; and finally studies of salt lake brines and associated halite or modern
marine halite analyses concluded to no §''B fractionation during salt formation (Liu et al.,
2000; Paris et al,, 2010b; Fan et al., 2015). In order to explained §'!' B fractionation they observe,
Vengosh et al. (1992) proposed that borate (enriched in 1°B) was dominantly incorporated in
the salts, while Liu et al. (2000) suggested that boron was almost exclusively present in fluid
inclusions, and not in the salt matrix.
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Figure 3.9 : Data compilation of seawater boron concentrations (a) and isotopic compositions (b)
across the Phanerozoic. Lines are for models and calculations from foraminifera data (Lemarc-
hand et al. 2002b; Joachimski et al. 2005, Raitzsch & Honisch 2013; Greenop et al. 2017), this
study); diamonds and rectangles from brachiopod data (Lécuyer et al, 2002; Joachimski et al,
2005, Simon et al., 2006; Mdller et al., 2020); stars from inorganic carbonate data (Kasemann
et al, 2010, Ohnemueller et al., 2014; Clarkson et al., 2015); and squares for halite data (Paris et al.,
2010b) in grey, and this study: AW-86-49 and Aray. Blue dotted line: variable runoff (Lemarchand
et al, 2002b), blue solid line: constant runoff (Lemarchand et al, 2002b), green dotted line:
variable continental input (Joachimski et al, 2005), green solid line: constant continental input
(Joachimski et al, 2005) variable pH from foraminifera with fractionation factor=1.0272 (Raitzsch
& Honisch, 2013), orange solid line: variable pH from foraminifera with fractionation factor= 1.020
(Raitzsch & Honisch, 2013).
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The slight fractionation between brine and halite may then be related to coprecipitation of
boron with CaSO;, salts at an early evaporation stage; the amplitude of the §'1B fractionation
being therefore dependent upon the brine chemistry (Liu et al., 2000): small fractionation
(~ 0-1 %) for pH > 75 and [Ca?*] < 1 g.L~!, and larger fractionation (-5 %) for pH < 7.5 and
[Ca%*] > 1 gLt Nevertheless, due to the low partition coefficient between the brine and the
halite, the 1B of the brine along the evaporation path changes only very slightly (Vengosh
et al, 1992; Liu et al.,, 2000; Zhao et al., 2020). The large 2SD errors we determined from the
10 aliquots of each salt sample might nonetheless echoes these slight §!'B fractionation
during brine evaporation up to halite formation.

The -5 %o fractionation between brine and halite may reconcile the halite §!'B data of
Paris et al. (2010b) with literature §'!By,, (Fig.3.8.b), especially since they showed a very good
relationship between the §''B of their halites and the Mg/Ca data of fluid inclusions, where
high halite §''B are associated with high Mg/Ca. Honisch et al. (2019) proposed then that the
halites were more enriched in 1B when the seawater Ca concentration was higher, which was
the case at the beginning of the Cenozoic, with a lower [Mg?*] and higher [Ca?*] than today
(Horita et al., 2002; Brennan et al., 2013). While ocean pH during the Phanerozoic probably
did not decrease below the pH threshold value of 7.5 (Hénisch et al, 2012; Halevy & Bachan,
2017) fixed by Liu et al. (2000), the concentration of calcium has never increased beyond
the cut-off of 1 g.L~! mentioned by Liu et al (2000), but was however very close during
the Paleogene, the beginning of the Mesozoic and the end of the Paleozoic (Horita et al.,
2002; Lowenstein et al., 2014). As a result, the -5 %o observed for Devonian halite of Paris et al.
(2010b) compared to the §'1B,,, determined from brachiopods (Joachimski et al., 2005) and
the agreement of our Devonian salt (AW-86-49) value with that from brachiopods Fig.3.9.b)
could be explained by salt precipitation at different evaporation degrees. The fluid inclusion
chemistry of sample AW-86-49 showed that this salt had precipitated in the early to middle
stages of the seawater evaporation sequence (Horita et al., 1996). If on the other hand the
halite sample of Paris et al. (2010b) comes from a salt precipitated at an earlier stage, it could
entrapped anhydrite or gypsum and therefore exhibit a lower §''B signature, consistently
with the study of Liu et al. (2000). The Devonian salt of the present study could have been
formed at a middle evaporation stage, assumption supported by the lack of CaSO, detection
in the XRD analysis, and consequently record more faithfully the boron isotopic composition
of seawater with the absence of this CaSO, disruption. An other way to explain the difference
of the Devonian §''B between this study and Paris et al. (2010b) could be linked to the rate of
salt precipitation, higher rate enabling more trapping of fluid inclusions. At lower temperature,
the rate of halite formation is slow, causing low density of fluid inclusions and conversely
more removal of boron through co-precipitation of early mineral phases in halite. Accordingly,
the 6B of halite would be a result of a binary mixing between pure halite, where boron is
only in fluid inclusions, and halite with few fluid inclusions and more co-precipitated phases
(Liu et al., 2000). Depending on the dynamic of the basin during its closure, the Devonian
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halite of Paris et al. (2010b) could be closer of the pole with a low fluid inclusions density and
co-precipitated phase.

In general terms, our samples tend to argue against a -30 %o 6'!'B fractionation during
halite precipitation (Vengosh et al., 1992). Indeed, the Plio-Pleistocene, the Devonian and the
Neo-Proterozoic NaCl salts are close to an agreement with 6B, from previous studies
(Pearson & Palmer, 2000; Lemarchand et al., 2002b; Joachimski et al., 2005, Kasemann et al.,
2010; Raitzsch & Honisch, 2013; Ohnemueller et al, 2014; Martinez-Boti et al., 2015a) whereas
the gradual increase of the §''B,,, since 540 Myr evidenced in the literature would result
in halites with a 6'1B signature of -10 to 5 %o between the Neo-Proterozoic and the end
of the Paleozoic, if the -30 %o fractionation factor was applied, which is inconsistent with
all marine halites that have been measured to date. Additionally, with the exception of
the Silurian samples, the relative homogeneity of the §'!'B salts (Fig.3.4) combined to the
mineralogy observations seem to support the hypothesis of Liu et al. (2000) that boron is
almost exclusively located in the halite fluid inclusions and that B can coprecipitate in the
minor solid phases as a trace element, but not as borate salts as suggested by Vengosh et al.
(1992). Moreover, borate salts were not detected in our XRD analysis and those of Fan et al
(2015). However, §'1B data from marine gypsum or anhydrite salts are lacking to corroborate
this assumption of coprecipitated phases.

In a similar study attempting to reconstruct the magnesium isotopic composition of
seawater from the same pool of primary halites with the same assumption that Mg is only
concentrated in fluid inclusions, Xia et al. (2020) showed that the precipitation of epsomite,
kainite and carnallite obviously affects the §26Mg of the evolving brine, as Mg is their major
constituent. The mechanisms impacting the halite §''B during precipitation of late stage
evaporites from an evolved brine are currently unknown. Vengosh et al. (1992) proposed a -20
%0 611B fractionation between brines and K-MgSO;, salts but without mineral distinction. The
presence of these entrapped minerals could decrease the §''B of halites if we consider this
s11B fractionation: the precipitation of halites from a brine more depleted in '°B than during
the CaSO,4 and (early) halite evaporation stages, due to a massive incorporation of boron
in these late stage minerals and/or their entrapment in the halite crystal, the tetrahedral
coordination of the borate anion being favoured during the crystallisation of these sulphate
minerals (Liu et al., 2000; Xia et al., 2020). The first assumption can be rule out as §''B values
are systematically lower (not higher) than previous estimations.

Except for the Permian salt (WIPP-3) and to a lesser extent the Devonian salt (AW-86-49),
the fluid inclusion chemistry of the samples revealed that they all have been formed in
a highly evolved brine, in which K-Mg sulphates could also have precipitated alongside
(Horita et al., 1991, 1996, 2002). The high evaporation degree of the brine for these samples is
supported by Br/Cl and §%"Cl data, which translate the salt evolution during crystallisation
(Eggenkamp et al., 2019a). The presence of solid inclusions of K-MgSQO, salts, detected
by XRD analyses for the whole pool of samples in this study, could have decreased the
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bulk halite §'1B, if the brine to K-MgSQ, salt §'!B fractionation of —20 % is valid (Vengosh
et al, 1992); however it is apparently not valid for brine to halite. The K-MgSQO, salts may
originate from co-precipitation during the evaporation sequence (Eggenkamp et al., 2019b)
or from diapiric entrapments during post-depositional deformations, in relation with the
weak mechanical resistance of salts (Hudec & Jackson, 2007; Xia et al., 2020). As all the
halites studied here exhibit these solid inclusions but not all have §''B values lower than the
supposed 6By, signatures, K-MgSO;, salt traces can not be the only reason for low §''B
values recorded in some halites. For example the Plio-Pleistocene sample appears to have
recorded the §!1B,,, whereas the Permian sample, with a validated marine origin, did not.

Alternatively, the salt deposits could also have been altered by non-marine inputs to the
closed sea basin, some constituents being more affected than others, depending on their
concentrations and isotopic signatures in these non-marine inputs. This could have been the
case for the Triassic (Keuper) and Silurian (Car12-3-3) salts, that display non-marine (too high)
87Sr/86Sr ratios (Fig.3.6). The 5B of these samples may reflect a mixing between seawater
and freshwater in the evaporitic basin, at any period of its formation, through dissolution
- reprecipitation sequences in the closed basin. If we assume an average 6''B at 10 %o for
the modern boron continental flux (Lemarchand et al.,, 2002b), which could however have
been lower in the past in light of the boron continental reservoirs (Fig.3.2) or be much higher
or much lower depending on the local geologic and weathering contexts (variability -6
to 45 %o for modern rivers, Gaillardet & Lemarchand 2018), this mixed brine could have a
§11B much lower than seawater. Also groundwaters (e.g. §''B: -15.9 to 2.2 %e Vengosh et al.
1991a) and continental hydrothermal springs (e.g. 6''B: -4 to 10 %o Louvat et al. 2011b, 2014a)
inputs could decrease evaporite §''B (Zhao et al., 2020). Because continental waters have
B concentrations 100 to 1000 times lower than seawater, the freshwater influx must have
been huge (or long) in order to lower the 6B of the brine by a few %o.. Such a scenario of
sequential dissolution-precipitation would probably have lowered the B content of the halite
(purification of the salts, less trace elements being incorporated), which is consistent for the
Keuper and CAR12-3-3 samples (Fig.3.4). Moreover, CAR12-3-3 sample turned out to be of
clayey aspect and XRD showed traces of iron and aluminium oxides probably of detrital
origin, which can contain 1°B enriched borate anions (Lemarchand et al., 2007). Consequently,
for these samples, the low §''B cannot be interpreted as a marine signature.

The Permian (WIPP-3) and Cambrian (Sib4) salt 611B are higher than those for the Triassic
and Silurian samples, but still seem unrealistic seawater values (Fig.3.5), despite their marine
Sr signature (Fig.3.6). Regarding boron isotopes, other processes (especially during salt
preservation) could alter the chemistry of the fluid inclusions. Particularly the Sib4 salt comes
from the Siberian Platform Basin, seat of flood basalt magmatism responsible for the Permo-
Trias mass-extinction and that affected most of the underlying evaporite deposits (Grishina
et al,, 1992), as halite is a good heat conductor (Hudec & Jackson, 2007). Otherwise, it is
difficult to assess how diagenesis influences the boron chemistry of evaporites deposits,
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boron fractionation mechanisms during water/rock interactions in the Critical Zone being
yet not totally understood (e.g., Gaillardet & Lemarchand, 2018). Dissolution-reprecipitation
from groundwaters in the sedimentary layers could also decrease the §''B signature halite
(Vengosh et al,, 1991a).

Many research projects nowadays aim at understanding how the gigantic evaporite basins
could have been deposited and some of them question evaporation as the only process.
Another hypothesis involving hydration of the oceanic crust during serpentinization has been
proposed (Scribano et al., 2017, Hovland et al., 2018; Manuella et al,, 2018). In such a case,
oceanic crust fluids could exchange with local brines and might imprint a different chemical
and isotopic signature to the salts, in particular for trace elements (Pinto et al., 2017). Why not
for boron?

3.4.b ¢''B,, secular variations across the Phanerozoic
Comparison of the modelled [Bl,,, and §''B,,, with the literature data

The boron concentrations of seawater modelled in Lemarchand et al. (2002b) and this
study do not show the same trends for the Cenozoic. Our scenario with a constant runoff
points out almost no variation, while with a variable runoff [Bls,, steadily decreases during
this period. These two scenarios for Lemarchand et al. (2002b) follow the same trend, with a
constant rise up to the Miocene and then a decrease towards today. The four curves (two
scenarios in Lemarchand et al. (2002b) and two for this study) are quite close for the last 20
Myr b.p. but after they drift apart (Fig.3.8.a). The scenario with a constant runoff remains also
similar to the [Bl;,, modelled with changes in runoff by Lemarchand et al. (2002b) for the last
50 Myr. The differences between the two models are related to the choice of the geodynamic
forcings. Our modelled [Blg,, with a constant runoff is consistent with the general rise observed
from foraminifera data and also with the Plio-Pleistocene halite data for the last 30 Myr, but
fails to catch, like Lemarchand et al (2002b), the §''B,,, oscillations at higher frequencies
(Fig.3.8.b) underscored by Raitzsch & Hénisch (2013) and to a lesser extent Pearson & Palmer
(2000). This scenario diverges from the prediction of Lemarchand et al. (2002b) and Raitzsch &
Honisch (2013) for the beginning of the Cenozoic but reproduces precisely the published high
o1 B,,, values for the Eocene and the Paleocene (Pearson & Palmer, 2000; Anagnostou et al.,
2016; Gutjahr et al.,, 2017, Henehan et al., 2019). Our second scenario, with variable runoff, also
agrees with the values proposed for these periods. However, for the last 30 Myr b.p., it points
out an increase above 40 % in the early Miocene and then a decrease towards the modern
value (Fig.3.8.b), a pattern opposed to that shown by Raitzsch & Honisch (2013). Additionally,
our two scenarios match with §1'B,, estimations from brachiopods data (Lécuyer et al., 2002)
in the Jurassic, while the variable runoff scenario duplicates the higher threshold for the OAE
event fixed by Muller et al. (2020) (Fig.3.9.b).

The first observation that jumps out for the Phanerozoic is that the §''By,, and the [Bl,,
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modelled trends of our variable runoff scenario are systematically almost in antiphase with
the model by Joachimski et al. (2005), with also a low seawater boron concentration for the
latter (Fig.3.9.a, green dotted line). The discrepancy between the two models relies again
on the choice of the forcings that cause the fluctuations of the boron continental discharge.
Joachimski et al. (2005) associated these changes to the continental erosion rate (Fig.3.3)
supposing a correlation between mechanical and chemical erosions. This assumption is
however too simple, for example a decline of the weathering intensity is not necessarily
Jjoined with a diminution of the silicate erosion fluxes (Caves Rugenstein et al., 2019). Although
there are not direct records but only modelling, runoff remains the best forcing to express the
oscillations of the dissolved boron continental discharge in the Phanerozoic (Lemarchand
et al.,, 2002b). The reconstruction of Joachimski et al. (2005) succeeds however to explain
the §'1B,,, values they reconstructed from brachiopods data, as well as that of Jurikova
et al. (2020) and from inorganic carbonates (Clarkson et al., 2015) in the Triassic, when our
simulations do not. But these §''B,,, reconstructions, as those from Neoproterozoic cap-
carbonates (Kasemann et al,, 2010; Ohnemueller et al., 2014), must be moderated: 1) a modern
d'B-pH calibration (Lécuyer et al., 2002) was used to correct potential vital effects for the
brachiopod extinct species; 2) the use of shallow water carbonates as a pH proxy is challenged
due to evidences of microbially-mediated carbonate precipitation (Zhang et al.,, 2017) and 3)
the hypothesis of the incorporation of borate only into inorganic carbonates is questionned
(Mavromatis et al., 2015; Noireaux et al., 2015; Saldi et al., 2018). Finally, even with updated
forcings, our §''B,,, built on a constant continental input across the Phanerozoic is almost
comparable to the model of Joachimski et al. (2005). As mentioned, the §'!'B,,, we modelled
across the Phanerozoic with a constant and a variable runoff are in agreement with some of
the previously proposed §!!By,, variations, but are sometimes unsuccessful to reproduce
5By, data reconstructed by other studies. We therefore investigate hereafter how each of
the forcing parameters affects the construction of our models.

Model sensitivities

e Sensitivity of the boron fluxes

To evaluate the sensitivity of the modelled §''B,,, against changes in the B input and
output fluxes, we integrated sinusoidal perturbations for each of the forcings. We set a
perturbation amplitude at 20 % of the associated flux and a fluctuation period of 20 Myr,
corresponding roughly to the boron residence time in the oceans (Fig.3.10). It appears that
the oceanic boron geochemical cycle across the Phanerozoic is mostly controlled by the
oceanic crust alteration as the major sink and by the continental weathering as the major
source, as the resulting modelled §''B,, directly imprints the imposed sinusoidal perturba-
tions for these two fluxes (Fig.3.10.a and d). Hydrothermalism and the adsorption on clastic
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sediments seem also to impact the 6'!By,, (Fig.3.10.b and e) but with a much less intense
amplitude. On the other hand, the B flux fluctuations for fluids expelled from accretionary
prisms and coprecipitation in carbonates have only marginal effects on the §''B,,, modelled
curve (Fig.3.10.c and f). These results were expected, as oceanic alteration and continental

weathering are respectively the major sink and source of the boron cycle (Fig.3.2).
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Figure 3.10 : Sensitivity tests on the 6''B,,, with an imposed sinusoidal oscillation for each
forcing playing a role in the oceanic boron fluxes. The black line is the boron isotopic composi-
tion of seawater reconstructed with a variable runoff. The colour code of the selected forcing
chosen to fluctuate are the same as in Fig.3.3. (a) Perturbed oceanic crust alteration. (b) Per-
turbed hydrothermalism. (c) Perturbed fluids expelling from accretionary prisms. (d) Perturbed

continental boron discharge. (e) Perturbed adsorption on the clastic sediments. (f) Perturbed
boron coprecipitation.

The relative importance of the different fluxes can also be demonstrated by “simplifying”
the boron isotopic budget, taking into account only the major sink, the alteration of the
oceanic crust, and major source, the continental weathering. The resulting simplified §'B,,,
curves are very similar to the “‘complete” 6'1By,, curves (Fig.3.11). However, differences of 0
to 2 %0 between the complete and the simplified §''By,, sets of curves can be explained by
the secondary boron fluxes, adsorption on the clastic sediments and hydrothermal vents,
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across geological times. We observed that for the scenario with a variable run-off, the higher
divergences are correlated to higher continental erosion rates at the beginning of the Paleo-
zoic and during the last 65 Myr (Fig.3.3.c), whereas the differences for the scenario with a
constant runoff seem guided by the intensity of the crust production (Fig.3.3.a), i.e. a more
active MORB alteration during the Cambrian, the Ordovician and the Permo-Trias transi-
tion, which overtake the continental input. However, crust production rate also impacts B
input flux by hydrothermalism. As this flux has a low !B signature, a more intense oceanic
crust production would significantly decrease the seawater §''B. However, during these
periods, we observe an increase, i.e. a strengthening of the 9B uptake through alteration
of the oceanic crust. Altogether, the §!'B,,, fluctuations during the Phanerozoic reflect the
balance between boron uptake governed by newly formed oceanic crust, which prefer-
entially removes '°B and increases consequently the §''B,,,, and continental weathering
bringing light boron to the ocean, which decreases the §'!B,,,. Boron adsorption on clastic
sediments exerts however a more localized control when continental erosion rates are higher.
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Figure 3.11 : Comparison between modelled §'' By, for the ‘complete” box model (black lines)
and “simplified” model (yellow lines) where only the main output, alteration of the oceanic crust,
and main input, boron continental discharge, are considered. Both scenarios of constant (solid
lines) and variable (dotted lines) runoff are represented.

e Choice of the forcing parameters

To construct the §'1By,, for the last 550 Myr, one question emerged: which forcing pa-
rameters to choose? By selecting the most up-to date forcings proposed in other continent-
ocean-atmosphere and climate models (total subduction length, runoff and carbonate burial
rate, Berner & Mackenzie 2011; Goddeéris et al. 2014; Mills et al. 2017, 2019), we managed to
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replicate most of the previously measured and modelled §'!B,,, data from different studies,
but without being able to explain all of them (Part. 3.4.b). We therefore performed a succes-
sion of §'1B,,, modelling with the different forcings available in the literature. Discussing the
accuracy and the confidence in the different forcing reconstructions that wre proposed by
these previous studies is beyond the scope of this study. As aforementioned, we focused
only on crust production rate and runoff, which are the main drivers of §1B,,,. Those different
forcings were integrated in our model while keeping: 1) the same carbonate burial rate as
in our initial model (Fig.3.3.d), although other suggestions exist (Opdyke & Wilkinson 1988;
Mackenzie & Morse 1992; Francois & Goddeéris 1998; Berner 2004; Li & Elderfield 2013), but we
showed that this flux has in any case negligeable impact on §'!B,,, fluctuations (Fig.3.10.f);
and 2) the same continental erosion rate, i.e. runoff (Fig.3.3.b) as previously, because, to our
knowledge, only one study addressed this parameter (Hay et al.,, 2002, 2006).

0 Oceanic crust production rate
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Figure 3.12 : Normalized oceanic crust production for the Mesozoic and the Cenozoic recon-
structed from magnetic anomalies with plate rotations models (Larson, 1991, Rowley, 2002;
Cogne & Humler, 2004, 2006; Muller et al., 2008; Seton et al., 2009, Coltice et al., 2013) and nor-
malized subduction rates from full-plate motion model (Engebretson et al., 1992, Van Der Meer
et al, 2014, East et al, 2020). The distinction between the two estimations by Cogne & Humler
(2006) are for an oceanic crust production (km?.an=1, solid green line) and an oceanic crust flux
(km3.an—!, dashed green line). For Seton et al. (2009), the two orange lines are from two different
crust model ages.

The oceanic crust production rate is reconstructed from marine magnetic anomalies with
plate rotation models (Fig.3.12, Larson 1991; Cogné & Humler 2004, 2006; Muller et al. 2008;
Seton et al. 2009; Coltice et al. 2013; Muller et al. 2016). However, this method is confined to
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the first 140 Myr as pre-Cretaceous oceanic crust has been recycled through the subduction
(Seton et al., 2012; Muller et al., 2016). Beyond 140 Myr, it has been proposed to calculate the
oceanic crust production rates from the paleo sea-level changes (Gaffin, 1987, Mills et al.,
2017) or to use the mantellic strontium component flux curve, which is deconvoluted from
the seawater 87Sr/80Sr records through the Phanerozoic, with respect to its weathering part
(van der Meer et al., 2017). Recently, subduction fluxes from long-term COs models replaced
the oceanic crust production rate, as they provide a quantification of the CO5 degassing at
subduction arcs in addition to mid-ocean ridges, and therefore turn into a proxy of the total
crustal addition and removal rates (Van Der Meer et al., 2014; Mills et al., 2017). Subduction
rates have been estimated from mantle tomography for the last 250 Myr (Van Der Meer
et al., 2014), full-plate motion models (Engebretson et al., 1992; Vérard et al., 2015; Merdith
et al, 2017, Hounslow et al., 2018; East et al., 2020) or length of subduction zones from plate
tectonics reconstructions (van der Meer et al,, 2017). They are in concordance with the oceanic
crust production rate, especially in that the secular average plate velocity remained roughly
unchanged during the Phanerozoic (Fig.3.13). The fluctuations of the oceanic crust production
rates, whatever the way they were determined, are expected to have a huge impact on the
reconstruction of the §''B,,,. For example, at 50 Myr the oceanic crust production rate is
assumed to be between 0.6 and 1.5 times the modern value (Fig.3.12), between 0.7 and 3
times at 125 Myr (Fig.3.12 and 3.13) and between 0.8 and 3.2 500 million years ago (Fig.3.13).
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Figure 3.13 : Normalized oceanic crust production rate for the Phanerozoic reconstructed from
sea-level inversion (Gaffin, 1987; Mills et al., 2017), from the mantellic strontium flux (van der
Meer et al., 2017) and normalized subduction rates from full-plates motion model (Verard et al,
2015, Merdith et al,, 2017; Mills et al,, 2017; Hounslow et al., 2018). The two curves from (Mills et al,
201y7) are a reconstruction from updated paleo sea-level (solid pink line) and the total suture
length (dashed pink line, as used in this study.
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If we focus on the oceanic crust production reconstruction of Larson (1991) (Fig.3.12), used
by the previous 1B, modelling for the last 120 Myr (Lemarchand et al., 2002b), we can see
that its decrease is very limited for the first 80 Myr, remaining close to the modern spreading
rate. This is not the case for the other proposed production rates rates, and especially for the
total suture length of Mills et al. (2017), that we used in this study, which shows a constant
reduction since the Triassic and is 1.5 times higher than the value by Larson (1991) at this time
(Fig.3.3.a and Fig.3.13). This explains why our 6'!By,, curve is systematically higher than that of
Lemarchand et al. (2002b) in the Cenozoic for both scenarios, with a higher crustal production
rate removing more 1°B (Fig.3.8). For the Cretaceous, the §'!'B,,, proposed by Lemarchand
et al. (2002b) is conversely higher than ours, due to a faster spreading rate (Fig.3.9, 3.12, 3.13).
The §''B,,, determination of Joachimski et al. (2005) for the period between 150 and 550 Myr
was based on the oceanic crust production reconstruction of Gaffin (1987), and is quite in
concordance with our 6'!By,, evolution for constant continental weathering flux (Fig.3.9, solid
green and pink lines), due to minimal differences in oceanic crust production rates (Fig.3.13,
red line and solid pink line), both determined from sea level inversion. This also illustrates
once again that taking the total subduction length can faithfully track the changes in the
crustal production rate (Van Der Meer et al., 2014; Mills et al., 2017).
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Figure 3.14 : Normalized runoff for the Phanerozoic from Otto-Bliesner (1995), Gibbs (1999)
(straight line: control and dashed line elevated CO,) and (Goddeéris et al., 2014) (solid line: full
simulation, dashed line: with only a rising solar constant and paleogeography).

Concerning the runoff, as mentioned earlier, there are only simulations based on at-
mospheric general circulation models coupling atmospheric CO,, solar energy and the
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continental paleo-configurations. The variations between the modelled runoffs rely essen-
tially on improvements in the parameter inputs. Otto-Bliesner (1995) initially used 14 time
slices spanning the Phanerozoic with a fixed pCO4 at 280 ppm, the modern solar constant and
flat continents, whereas Gibbs (1999) kept also the modern solar constant and performed for
the last 250 Myr two simulations, one with a constant pCO, at 340 ppmv and the other with
an elevated pCO, (between 2 and 4.5 times 340 ppmv for different time slices) coming from
the GEOCARB box model (Berner, 1991). Finally, Goddéris et al. (2014) investigated the global
CO, cycle through the Phanerozoic by combining climatic and paleogeographic models,
with either a full simulation, or combining only a rising of solar constant and paleogeography
reconstruction (no atmospheric CO, model, Fig 3.14). The resulting runoff intensity evolved
between 0.6 and 1.3 times the current value during the Phanerozoic, with no fundamental
difference between the two simulations.

O Combining the forcings for oceanic crust production and runoff

We ran the box model for each combination of the previously proposed oceanic crust
production and runoff forcings in order to provide numerous [Bl,,, and §''B,,, estimations
across the Phanerozoic (Fig.3.15). They are extremely variable, with 3 < [Bls,, <7 ppm and
28 %o < 0'1Bsyw < 50 %o illustrating the large impact of the forcing selection on the model
results (Fig.3.15 and Annex Fig.3.29 and 3.29). As the few different estimations of the runoff
variations are all very similar in shape (Fig 3.14), there are also no strong differences in the
o1 B,,, general shape for a fixed oceanic crustal production rate (lines of same colour in
Fig.3.15), but some in the amplitudes, due to the somehow changing intensity of the applied
runoff (Fig 3.14). The exception remains the runs at constant runoff, showing a different trend
compared to the others (Annex Fig.3.29 and 3.28). We can observe a general pattern in the
[Bl,., evolution across the Phanerozoic: an increase of the concentration almost for the whole
Paleozoic, a decline between the Permian and the Triassic and finally a global rise towards
the present.

0 Towards a reconciliation of modelled and measured §'1B,,,?

For the first 100 Myr we observe that 6'!B,,, reconstructions with oceanic crust produc-
tions from Cogné & Humler (2004, 2006) (green curves in Fig.3.15) stand out with a rise steeper
than in the other reconstructions, starting at only 28-32 % to reach the modern value. These
curves are for example in agreement with the §''B,,, measured by Paris et al. (2010b) from
primary halites (Fig.3.8). Furthermore, the beginning of the Devonian exhibits lower §1!1Bg,
values for some runs built with the variable runoff of Otto-Bliesner (1995) (Annex Fig.3.29),
around 36 %o, which are also in agreement with the §''By,, reconstructions from brachiopods
(Joachimski et al.,, 2005) and with the Devonian halite §''B of this study, but not the halite
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of Paris et al. (2010b). However, all the performed simulations fail to reproduce the low 6B
thresholds at 34-35 %. estimated for the Permo-Triassic transition from brachiopods and
inorganic carbonates (Fig.3.9 and 3.15, Clarkson et al. 2015; Jurikova et al. 2020).
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Figure 3.15 : Compilation of all the runs computed in this study with all possible combinations
of variable runoffs or constant runoff (3.14) and oceanic crust productions (Fig.3.12 and 3.13). The
colours correspond to the oceanic crust production rates referenced in the figures (Fig.3.12 and
313).

This is probably because the box model is constructed on long term geodynamical
forcings and therefore does not sometimes capture punctual geochemical perturbations
in the ocean that are due to a global climatic crisis. The end of the Permian experimented
indeed the biggest environmental crisis of the geological record, linked to a huge emission
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of greenhouse gases from the Siberian traps (Burgess & Bowring, 2015; Jurikova et al., 2020).
These gases have increased the chemical weathering (Jurikova et al., 2020), which could
therefore probably provide additional light boron to the oceans through the dissolved boron
continental discharge (Gaillardet et al., 1999; Lemarchand et al., 2002b).

Finally, at the beginning of the Cambrian, all the runs display §''B,,, values between
40 and 43 %o, while §'1B,,, was only 20-25 %, for the Cryogenian, as inferred from the cap
carbonates (Kasemann et al,, 2010; Ohnemueller et al,, 2014); it is very difficult to clarify what
would have cause this huge leap. Like for the punctual and global crisis of the Permo-Triassic
transition, these Cryogenian values are contemporaneous to the Sturtian and Marinoan
glaciations, which resulted in an Earth entirely covered by ice (Snowball Earth, Hoffman et al.
1998) and a temporary increase of the continental weathering at the end of the glaciation,
bringing again additional light continental B to the oceans (Kasemann et al., 2014). Moreover,
although the boron isotopic composition of the rivers across the geological times is unknown,
we can expect for the Neoproterozoic, seat of an intense continental crust formation (Rino
et al,, 2008) and a high atmospheric pCO, (Mills et al., 2019), that the continental weathering
would be more important and with a boron continental discharge at a much lower §''B, due
to the weathering of unrecycled materials (around -7 %o for the continental crust, Marschall
et al. 2017) and yet poorly vegetated continental surfaces. This would also explain the low
5B value of our Neoproterozoic halite close to 28 %o at 565 Myr.

Global geodynamic implications

We are conscious that the §''B-pH proxy requires precise §''By,, values (Pagani et al.,
2005) and that our §'!'By,, simulations do not respond to this request. However, by using
the latest forcings available in the literature for oceanic crust production and continental
runoff, we could propose from all our iterations a secular variation of the §''By,,, which
approximates some of the !By, reconstructions based on geochemical proxies measured
in carbonates or salt samples. Beyond its use for the paleo-pH, the §'1B,,, fluctuations allow
us to track the global geodynamical cycles in the Earth history, related to the Wilson cycle.
We evidenced four different periods of time in these fluctuations, which have been correlated
to the seawater 87Sr/30Sr, ocean chemical composition from halite fluid inclusions and the
atmospheric pCO2 (Fig.3.15). They interestingly compare to the periods define by Turchyn &
DePaolo (2019). The four isolated period are also more and less correlated to the oceanic
chemistry, with the alternance of CaCly,/MgSO,4 and aragonitic/calcitic seas. As mentioned
earlier, the boron oceanic cycle is a balance between the continental weathering and the
alteration of the oceanic crust, both processes closely linked to the long-term COs cycle;
continental weathering being the main negative feedback and degassing through volcanism
(correlated to the oceanic production rate at the oceanic ridges) the main positive feedback
(Walker et al.,, 1981; Berner et al.,, 1983; Sundquist & Ackerman, 2014).
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Figure 3.15: (Previous page.) Seawater chemistry and atmospheric pCO across the Phanerozoic.
(a) Modelled seawater boron concentration. (b) Modelled seawater boron isotopic composition.
(c) Concentration of Ca** (red), Mg** (green) and SO~ (blue) calculated from fluid inclusions in
primary marine halites (Brennan & Lowenstein, 2002; Horita et al, 2002; Brennan et al., 2004;
Lowenstein et al., 2005; Brennan et al., 2013, Holt et al., 2014) and modelled (Demicco et al., 2005).
(d) 87Sr/85Sr ratio measured in the halite samples (symbols as in figure 3.6 and modern Guérande
salt, grey square), in light of the seawater 87Sr/26Sr compilation from unaltered carbonates
(Veizer et al., 1999, Prokoph et al., 2008; Halverson et al., 2007). (e) Modelled atmospheric CO2
concentration from the updated long term carbon cycle box models GEOCARBSULF and COPSE,
and from proxy estimations (grey area, Mills et al. 2019). CaCls and MgSO, seas correspond
to the switch where [Ca?*] is respectively higher and lower than [SO3~], and consequently to
marine KCl and MgSO, late evaporite depositions in the geological records (Hardie, 1996).
Aragonitic and calcitic seas are respectively set when Mg/Ca in seawater is higher or lower
than 2 (Sandberg, 1983; Lowenstein et al., 2014).

The seawater 87Sr/80Sr ratio, recorded in marine carbonates, reflects in the first order this
CO4 balance as a mixing between a river input ( 0.7136) and mantellic input from mid-ocean
ridges and volcanic arcs ( 0.7030, Allegre et al. 2010; Van Der Meer et al. 2014, Vérard et al.
2015, van der Meer et al. 2017). The chemical composition of seawater through time is roughly
balanced between inputs from continental weathering and reverse weathering and outputs
from precipitations of minerals, either biologically mediated, incorporated into sedimentary
rocks on the oceanic crust, or secondarily formed by hydrothermalism (Walker et al,, 1981;
Berner et al., 1983; Horita et al., 1991; Isson & Planavsky, 2018; Turchyn & DePaolo, 2019). All
these combined parameters can highlight what were the interplays that conduced to the
long-term 6'1B,,, oscillations.

The beginning of the Paleozoic, until the beginning of the Carboniferous, is characterized
by a 6By, decline coupled with a general decrease of the atmospheric pCOs, of the 37Sr/86Sr
ratio and Ca concentration ([Ca?*], Fig.3.15). In the early Paleozoic, high [Ca?*] is due to low
seawater pH induced by the high atmospheric pCO, (Zeebe, 2012). The seawater 87Sr/86Sr
variations are nevertheless marked by peaks, corresponding to orogeny onsets (forming the
Pangea), which more efficiently consume atmospheric CO, through increased continental
erosion and weathering, and have probably been even enhanced by the apparition of the
first continental plants (Goddéris et al.,, 2017). This tectonic scenario probably supplied a
larger quantity of boron isotopically much lighter through the riverine dissolved charge
(Lemarchand et al., 2002b; Marschall et al,, 2017, Marschall, 2018), in line with an increase of
the seawater boron concentration from the late Ordovician.

Between the end of the Carboniferous and the start of the Jurassic, a weak positive
peak of pCO; is correlated to the major positive peak of the §'1By,,, while 87Sr/%6Sr and
[Ca?t] display low values. The latter is linked to the preceeding decline of the pCO,, which
increased the seawater pH (Zeebe, 2012). The formation of the Pangea supercontinent
peneplain coupled with arid climatic conditions at its center led to a rise of the pCO5 and
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lowered consequently the seawater 87Sr/80Sr and the runoff (Goddéris et al.,, 2014, 2017). With
less continental inputs, 6''B,,, became mainly controlled by the alteration of the oceanic
crust, removing preferentially the 9B isotope. This is also illustrated by the decrease of the
boron concentration as well as IMg2+], Mg being incorporated in secondary minerals during
oceanic crust alteration. The Permo-Triassic limit is defined by a sudden increase of 87Sr/#6Sy,
and punctual changes in the concentrations of calcium, sulphates and magnesium probably
caused by the Siberian trap's emissions, also increasing continental weathering.

The period between the onset of the Jurassic and the beginning of the Paleogene is
marked by the Pangea break-up with a stronger seafloor generation, which again decreased
[IMg?*]. At the start of this period, the seawater 87Sr/86 is minimal alongside a high pCOs,
mirroring the lack of orogens. The pH is therefore lower and consequently [Ca?*]is higher. We
should expect an increased borate uptake through oceanic crust alteration, but this period is
also characterised by an increasing runoff (Fig.3.14), which contributed to slightly diminish
d'1B,,, even with high oceanic crustal production rate, as also shown by the increase of the
boron concentration. This stands for the scenario with a variable runoff. But in the scenario
with a constant runoff, the beginning of the Jurassic exhibits the higher !B, and a small
decrease of [Bls,, Which can be explained by an intense oceanic crust alteration.

Finally, for the last and most recent period, the 87Sr/8¢ increased in conjunction with a
decline of the atmospheric pCO,, due to the Himalayas formation that caused a stronger
erosion and weathering, providing more magnesium to the oceans (Misra & Froelich, 2012).
[Ca?*] is consecutively lowered with the pH increase. The scenario with a variable runoff
exhibits a stronger rise of 6B, than the scenario with a fixed runoff, which remains more or
less constant at the onset. In this case, as shown by Lemarchand et al (2002b) and Paris et al.
(2010b), boron adsorption on the clastic sediments overrides the continental discharge, as
the runoff forcing is by construction weaker. The §'!B;,, oscillation at the end of the Cenozoic
for the scenario with a variable runoff is caused by a steep increase of the runoff over the
last 10 Myr, after 80 Myr of decline.

3.5 Conclusion

As the boron isotopic composition is a key parameter to apply §''B proxy on biogenic
carbonates for paleo-pH and pCO, reconstruction in the geological times, we investigated
two ways to determine the 6''B,,, across the Phanerozoic : a direct record through primary
halites, from seven samples covering the last 560 Myr, and a boron cycle modeling with
updated geodynamic forcings.

We firstly underscored the relative §''B homogeneity regardless of the B concentration
in the NaCl salt with the measurement of ten subsamples, supporting the assumption that
boron is only concentrated in fluid inclusions. We then evaluated if the average !B of the



3.5. Conclusion 63

halites could directly reflect the §'1B,,,, with the assistance of annex analysis, XRD and the
87Sr/86Sr ratio, to assess respectively the mineralogy and the marin origin of the samples.
We showed that the primary halites from the Neoproterozoic (Ara 7, 550 Myr, 6'1B = 28.3
+ 2.3 %o), the Devonian (AW-86-49, 380 Myr, §'1B = 31.7 4 3.0 %0) and the Pleistocene (1Z-3,
3-5 Myr, 6B = 39.2 & 3.7 %0) are in agreement with previous !B, estimations, established
from modeling and carbonates samples (inorganic and biogenic). The Pleistocene sample
exhibited a non marine 87Sr/80Sr signature, which has been fully explained in the end by brine-
rock interactions with older carbonates in the basin. These three halites, which marin origin
was confirmed (with the 87Sr/86Sr ratio and/or §37Cl from a previous study) could therefore
represent a direct measurement of the 6''B of seawater and give precious indications on the
seawater from which they precipitated. However, the §'1B variability among the sub-samples
of a halite sample, between 2.3 and 3.7 %o, precludes their use in paleo-pH applications,
as an uncertainty of 1 %o on the §''B,,, parameter causes a deviation of 0.1 pH unit. On the
contrary, the four other samples, Cambrian (Sib4, 520-540 Myr, 6B = 11.2 + 5.5 %), Silurian
(Car12-3-3, 434-444 Myr, §'1B = 3.74 £ 9.4 %0), Permian (WIPP-3, 250 Myr, §11B = 17.2 4 1.5 %)
and Triassic (WIPP-3, 250 Myr, §'1B = 9.4 4 2.2 %), have 6'!'B values much lower than the
literature trend, although the Permian and the Cambrian sample exhibit seawater 87Sr/86Sr
signatures. This was also the case for the first controversial study on primary halites by
Paris et al. (2010b). We then explored the different processes which can affect the §''B
fingerprint of halites, without really being able to discriminate: the rate of crystallisation;
coprecipitation of boron in associated phases (which have been documented with the XRD
analyses) such as CaSO, at early stages of evaporation and K-MgSO, salts at final stages,
minerals taking preferentially the light borate anion; external continental inputs in the basin
with low 6'B; or post-depositional preservation as halites display mechanical, thermal and
chemical properties prone to easily modify the salt deposits. Finally, our study on primary
halite contribute to promote the absence or the slight fractionation between brine and halites,
and rule out the -30 % fractionation which have been previously proposed, but the boron
isotopes behaviour during seawater evaporation have to be more fully constrained in future
studies.

In a second part, we reconstructed the boron isotopic composition in seawater from a
simple box model with the last updated geodynamic forcings that are generally used in
atmospheric CO, reconstruction models across the geological times. We considered two
scenarios, at constant runoff (modern value) and at varying runoff. We therefore propose
two alternatives storylines compared to what was previously proposed in the literature, but
covering the entire Phanerozoic and reproducing faithfully most of 6'!B,,, data for the last
200 Myr. We then explore the possibilities which can outline the observed discrepancies,
by questionning the §''B,,, reconstructions from biogenic or inorganic carbonates or the
selection of the geodynamic forcings used in the boron cycle models. Consequently, we
performed a series of sensitivity tests to estimate which parameters have a dominant impact
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on the models. It turned out that the boron concentration and isotopic ratio in seawater are
mainly controlled by continental riverine input through weathering and the oceanic crust
alteration through boron adsoption on marine sediments, with a secondary control, but much
less important, of the adsoption on clastic sediments. We also demonstrated that the initial
selection of the geodynamic forcings to construct the model plays a substantial role in the
suggested scenarios for §11B,,, across the Phanerozoic, but the compilation we proposed
in this study can explain almost all the §'!B,,, reported so far. However, it highlights the
inability of long term models to catch short environmental perturbations in the geological
records. Modeling does not bring a straightforward answer for a precised §''B,,, in the past,
as is requested for paleo-pH applications, but can provide, as do halites, supplementary
informations on the evolution of the seawater chemistry in the past, in connection with the
geodynamic, climatic and ecological history of the Earth.

3.6 Appendix

3.6.a Halite data
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3.6.b Geological and stratigraphic settings of the halite samples

Evaporites are sedimentary rocks and minerals produced by solar (and wind) -driven
concentration of a brine. As a result of the large concentration of Na and Cl in the oceans,
halite is the predominant mineral starting to precipitate after CaCOg3 (calcite and aragonite)
and CaSOy (gypsum and anhydrite) when seawater is concentrated ten to eleven times,
and before Mg-K potash salts minerals (Fig.3.16, Babel & Schreiber 2014; Shalev et al. 2018).
These three minerals represent 90-95 % of salt deposits (Hay et al., 2006; Warren, 2010).
The evaporitic formations require particular climatic, tectonic and eustatic conditions, which
explain their sparse distribution and their variable basin size in the geological times, also due
to their soluble nature and thus a poor preservation over geological times (Warren, 2010). It
is as well difficult to obtain their absolute dating, especially for halite layers. Datation by the
cosmogenic isotope 19Be is limited due to its half life time of 1.39 Myr (Belmaker et al., 2013)
whereas 4°Ar/39Ar dating can be used only for K rich evaporitic minerals (Renne et al., 2001).
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Figure 3.16 : Seawater density and ionic strength of an evaporating modern seawater and
associated evaporite mineral precipitation sequence (McCaffrey et al, 1987; Babel & Schreiber,
2014). The timing of the evaporite precipitation sequence has been approximated from Shalev
et al. (2018) (figure modified from Babel & Schreiber 2014).

Sedom formation

The Sedom formation, a 2000 m deep sedimentary deposit composed mostly of salts
(halites in majority with some layers of gypsum and anhydrite) and minor interbeds of car-
bonates rocks (dolomite) and clastic materials, is localized in the Dead Sea Rift, a pull-apart
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basin (Stein et al. 2000, Fig.3.17). This basin results from tectonic movements during the
Miocene along the Dead Sea Transform fault system separating the Arabian plate from the
Sinai sub-plate Freund et al. (1970). This formation is one of the remnants (like the Dead Sea)
of the Sedom marine lagoon connecting the Mediterranean Sea and the Dead Sea Rift Valley
and comes from water evaporation in its subsiding distal part (Stein et al., 2000; Garcia-Veigas
et al, 2009). The reasons of the ingression, the disconnection (eustatic changes or uplift)
and their associated timing, between the late Pliocene or the late Neogene and the early
Pleistocene, are not well characterized (Stein, 2001). However, Belmaker et al. (2013) showed
that seawater beryllium is incorporated into the halite and used the '°Be datation to estimate
an age between 3 and 5 Myr for the Sedom formation.
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Figure 3.17 : Location of the Pliocene Sedom Lagoon and its associated facies in the Dead Sea
Rift (DSB=Dead Sea Basin). Figures from Garcia-Veigas et al. (2009).

Keuper formation

The Keuper formation is one of the lithostratigaphic units deposited in the German Basin,
an epicontinental platform in the northwestern front of the Tethys Ocean during the Triassic
(Fig.3.18). The sedimentation occurred in a rifting context during the Pangea break-up leading
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to a large sediment accumulation due to the subsidence (Golonka, 2007). This formation
consists in continental and predominantly coastal sediments (siliciclastics, marine carbonates
and evaporites). Itis the final part of the “germanic trilogy” in the Central Europe, a stratigraphic
succession produced by a marine transgression-regression cycle and is thereby preceded
by the continental Buntsandstein (alluvial sediments) and the shallow marine Muschelkalk
carbonates (Aigner & Bachmann, 1992). The salt used in this study comes from the Lorraine
Basin, in the east of the Paris Basin which itself was a western inlet of the German Basin
(Fig.3.18.B). The Lorraine Basin is characterized by a thick evaporite sequence up to 150 m,
formed in a coastal plain environment with anhydrite and dolomite depositions at the start of
the Early Carnian (Upper Triassic). The halite accumulation within the evaporite formation
took place in the regions with the strongest subsidence (Bourquin et al,, 1995; Fanlo & Ayora,

1998).
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Figure 3.18 : Paleogeography and paleoclimate of the Late Triassic with a focus on the North
Europe. ITCZ: Intertropical Convergence Zone, O: Olenekian, A: Anisian, L: Ladinian, C : Carnian,
N : Norian, R: Rhaetian. Figure from McKie 2017.

Salado formation

The Salado formation is located in the Delaware Basin covering the west part of Texas and
south-east part of New Mexico and is a sub-basin with the Midland Basin of the Permian Basin
(Ward et al., 1986). The sedimentation of the latter started to the end of the Pennsylvanian and
ended at the end of the Permian and is the result of the formation of the Pangea caused by
the collision between the Laurasia and the Gondwana creating foreland arc basins and reliefs.
The Permian Basin was in the lower Permian on the western coast of the Pangea at 5-10°0of
the Paleo-Equator (Fig.3.19, Scholle et al. 1992). At the start of this era, this place was a sea
(as a foreland basin) in connection with the Panthalassa ocean. A marine regression occurred
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successively at the end of the Lower Permian, increasingly disconnecting the Permian Basin
from the Panthalassa ocean and isolating the Delaware and the Midland Basin. Only one
entrance to the ocean remained, the Hovey Channel in the south of the basin, which closed
definitely after closure-opening cycles during the Upper Permian (Hill, 1099). Due to the
Variscan and then the Marathon orogeneses, a significant subsidence occurred at the Lower
Permian in particular supplied by the uplift of the carbonate Central Basin Platform splitting
the Delaware and the Midland Basins and which then declined all along the Permian (Hills,
1984). The Salado Formation, comprising a 700 m thick evaporite sequence, belongs to the
Ochoan lithostratigraphic unit, deposited at the Late Permian at closing time of the Hovey
Channel with other evaporite sequences in-between the underlying Castile Formation and
the overlying Rustler Formation (Lowenstein, 1988; Lucas & Anderson, 1993).
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Figure 3.19: (A) Paleogeographic map of the Upper Permian (260 Myr, www. deeptimemaps. com),
with the location of the Delaware basin (red circle); (B) Paleogeography of the Delaware Basin
at the same time. Figure from Feng et al. (2018).

Evaporite Prairie formation

The Evaporite Prairie formation, a 150 m thick layer, was deposited in the Elk Point Basin
during the Middle Devonian, covering today the western part of the Canada (Alberta) to the
Montana and the North Dakota. This basin was found on the Laurentia paleo-continent (North
American Craton) separated from the Gondwana by the Rheic Ocean in a closure process
throughout the Devonian, initiating the Pangea formation at the Early Carboniferous (Fig.3.20).
The Elk Point Basin was more precisely located in the northern margin of the Laurentia at
the Equator and is the memory of a shallow epicontinental sea, inlet of the Panthalassic
Ocean, penetrating the continent southward (Broughton, 2018). At the end of the Middle
Devonian, the development of a continuous reef barrier, the Presqu'ile Barrier, coupled with
a marine regression closed almost the basin at the mouth, with restricted marine water influx
through the barrier and caused the Evaporite Prairie deposition after the carbonate Keg River
Formation (Day et al., 1996; Jin & Bergman, 1999; Rogers & Pratt, 2017).
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Figure 3.20 : Paleomap of the Middle Devonian (390 Ma, figure from Domeier & Torsvik 2014); (B)
Focus on the paleogeography of the Laurentia palaeocontinent at the same period (Broughton
2018, modified from www. deeptimemaps. com).

Carribuddy Group

The marginal-marine and evaporitic Carribuddy Group is a sedimentary formation settled
in the onshore Canning Basin in the northern of Western Australia during the Ordovician-
Silurian transition. This basin, surrounded by Proterozoic and Archean cratons such as the
Pilbara Craton, has a NW-SE orientation with an offshore spreading in the northern part and
was active between the Early Ordovican to the Cretaceous (Haines & \Wingate, 2005). The
salt sample originates specifically from the halite-rich Mallowa Salt Formation, a layer up
to 800 m thick penultimate of five mudstone, evaporite, and dolomite formations (Cathro
et al, 1992; Haines & Wingate, 2005). Between the Ordovician and the Silurian, Australia
was part of Gondwana, which was situated mostly on the South Pole and hosted the Late
Ordovician-Early Silurian glaciation (Fig.3.21). Australia was at this time in the Northern-Eastern
margin of the paleo-continent at equatorial latitudes and underwent the opening of the
Larapinta Rift (480-460 Myr) followed by the intra-continental Alice Springs Orogeny for the
Ordovician-Carboniferous period in the central part of Australia (Haines et al,, 2001; Silva et al.,
2018).

This first step of rifting splited Australia from east to west, from the Canning Basin to the
central Australia and was overwhelmed by the epicontinental Larapintine sea (Webby, 1978).
Immediately after, the second step of orogeny in its early stages created an extension phase
and initiated the opening of the Canning Basin around 460-430 Myr (Roberts & Houseman,
2001). These two extension phases are concomitant with a significant marine transgression at
the late Middle Ordovician, reaching the highest level in the geological records, immediately
followed by a sharp regression in the Last Ordovician associated with the glaciation (Haq &
Schutter, 2008). Coupling the tropical climate, the tectonic elevation and the major regression
at the Ordovician-Silurian transition in this region caused the trap of marine water and
therefore evaporite depositions such as the Mallowa salt (Williams, 1991; Haines & Wingate,
2005).
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Figure 3.21 : Paleogeographic map of the late Middle- Late Ordovician (452 Myr). The Canning
Basin is located by the star. Figure from Spaak et al. (2017).

Angarskaja and Usolskaya formations

The Angarskaja and the Usolskaya formations, 15-450 m and 200 m thick, respectively,
are two salt deposition phases of the Early Cambrian East Siberian Platform Basin, located in
the North-West of the Baikal Lake (Petrychenko et al.,, 2005). At the end of the Neoproterozoic,
the supercontinent Rodinia broke-up to form, among other smaller continents, Siberia in
equatorial-subtropical latitudes (in the south of paleo-equator), which drifted northly during
the Paleozoic and merged with other continents to form Pangea. During the whole Cambrian,
Siberia crossed thereby the tropical zone and was separated from Laurentia by the Paleoasian
Ocean while the big paleocontinent Gondwana set up in the South Pole (Fig.3.22A, Gordienko
2006; Cocks & Torsvik 2007). The evaporite deposits were more precisely identified in the
southern margins of the Siberian craton (Grishina et al., 1992). During the Neoproterozoic-
Cambrian transition, Siberia was bordered to the North-West by an active margin with its
associated volcanic arc islands and a back arc basin when the south was characterized by
shelf basins of passive continental margins (Fig.3.22B, Metelkin et al. 2012). These southern
areas were favourable for lagoon developments and associated carbonate shelves allow-
ing large evaporite depositions coinciding with sea level fluctuations at hight frequency
(Ulmishek, 2001; Haq & Schutter, 2008).
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Figure 3.22: (A) Paleogeography reconstruction of the Lower Cambrian (530 Myr). Figure from
(Lietal, 2008); (B) Paleomap of the Siberian Terrane during the Late Cambrian (500 Myr). Figure
from Cocks & Torsvik (2007).

Ara Group

The evaporite-carbonate sequences of the Terminal Neoproterozoic-Early Cambrian
(547-540 Myr) Ara Group, up to 1700 m thick, lies in a belt of salt basins in the interior of
the sultanate of Oman (Mattes & Conway Morris, 1990; Bowring et al., 2007). It belongs to
the Hugf Supergroup, build up during Cryogenian and the Early Cambrian (725- 540 Myr)
and subdivided by three groups: the glacial sedimentary Abu Mahara Group, the Nafun
Group (cap carbonates then shelf clastics and carbonates) and finally the Ara Group (Gorin
et al., 1982; Bowring et al., 2007). At the end of the Neoproterozoic, Oman is on the Arabian-
Nubian shield, one of the blocks accreted on the North-Eastern margin to form Gondwana at
equatorial latitudes (Fig.3.23, Millson et al. 1996; Allen 2007). The large sediment accumulation
in these precambrian basins has been thereby allowed by the last pulse of the consequential
Pan-African orogenic collision between Africa/Arabia creating extension zones (grabbens,
Mattes & Conway Morris 1990; Allen 2007).
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Figure 3.23 : (A) Paleogeographic reconstruction of the Mid-Cambrian, the numbers corre-
sponding to the references from which have been extracted the continental margins setting.
Figure from Millson et al. (1996) and references therin.; (B) Location of the Evaporite Belt on the
eastern Gondwanan terranes, 1. Alborz Mountains of northern Iran, 2: Oman, 3: Lesser Himalayas,
4: South China, Om: Oman, K: Kerman area of central Iran, Af: Afghanistan, Pak: Pakistan, SR:
Salt Range, P:Punjab. Figure from Allen (2007).
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Afterwards, the Ara group deposition was enabled by the turn of a passive margin basin
to a retro-arc basin because of a subduction onset of the Proto-Thethyan ocean floor along
the former passive continental margin in the Northern-Eastern Gondwana, trapping Oman
between the subduction and the East-African Orogen (Allen, 2007). A large and thick lati-
tudinal evaporite belt could be thereby set up along the Arabian Shield (and the eastern
neighbouring blocks such as Iran, Pakistan or India) in this context by repeated flooding
episodes (glacio and tectono-eustatism) and by tectonic subsidence (Schrdder et al,, 2003;
Allen, 2007; Bowring et al., 2007).

3.6.c Fluid inclusions in primary halites: geochemical memory of paleo-oceans

Identification of marine primary halites and their fluid inclusions to reconstruct the ocean
paleo-chemistry

To examine fluid inclusions in halites as a geochemical fingerprint of ancient oceans,
various criteria have to be respected to firstly determine the marine character of the halites
samples and secondly assess the viability of the brine inclusions (Hardie, 1984; Horita et al.,
1996; Lowenstein, 2001; Timofeeff et al., 2001; Zimmermann, 2001, Horita et al., 2002; Lowen-
stein et al., 2014). First of all, these minerals have to be sampled just above the last evaporites
preceding the NaCl deposition in the evaporitic sequence, so just above the gypsum and
anhydrite (calcium sulphates) layers (Fig.3.16). The salts are consequently and crucially sup-
posed to be a product of the least altered brine near a seawater inlet in basins and supposed
to preserve a marine signature, signal also supported by the associated non-evaporitic de-
posits, the surrounding stratigraphy or palaeontology. In addition, these evaporitic basins
must also be devoided of any tectonic activity after their deposition, diagenesis and its
associated fluid circulation, metamorphism, presence of carbonate platform (that might
cause chemistry changes in the brines with dolomitization) and detrital supply (Hardie, 1084;
Timofeeff et al., 2001; Horita et al., 2002; Lowenstein et al., 2014).

In more details, the sampled halites must display some mineralogical and geochemical
features typical of marine deposits. Primary salt layers are crystallographically characterized
by cumulate cubic and hopper crystals (resulting from the development of NaCl floating
crystals - or rafts - at the air-brine interface prior to sink, with a rapid growth rate providing
numerous fluid inclusions) and bottom-grown crust showing chevrons structures (alternat-
ing bands rich in inclusions, with a cloudy aspect, and bands poor in single-phase brine
inclusions, with a clear aspect) , picturing perennial depositional and subaqueous conditions
without perturbations, redissolution or recycling (Horita et al,, 1996, 2002; Timofeeff et al,
2006; Lowenstein et al,, 2014). Additionally, geochemical and isotopic features provide fur-
ther indicators to discriminate marine and non-marine origins of the NaCl salt, such as Br
concentration due to its long residence time of 100 Myr (Taberner et al.,, 2000; Siemann, 2003;
Brennan et al., 2013; Holt et al., 2014), 87Sr/30Sr (Stein et al., 2000; Kloppmann et al., 2001;
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Paris et al., 2010b), §'1B (Vengosh et al., 1992; Liu et al., 2000; Kloppmann et al., 2001; Paris
et al., 2010b), §34S (Stein et al., 2000), §3"Cl (Eggenkamp et al., 1995; Eastoe et al., 2001, 2007,
Eggenkamp et al,, 2019a), as well as chemical (Lowenstein, 2001; Timofeeff et al., 2001; Zim-
mermann, 2001; Horita et al, 2002; Brennan et al., 2013) and isotopic (§?H and 680, Knauth
& Beeunas 1986; Horita 1990; Yang et al. 1995; Rigaudier et al. 2011) compositions of the
brine inclusions. Especially, fluid inclusions in halites are considered as the best and reliable
witnesses of the brine in which the mineral has crystallized.

The major elements chemistry in the brine inclusions can thus reflect this syn-depositionnal
recycling, with marine or non-marine water inflows dissolving the pre-existing evaporite
and changing consequently the chemistry of seawater derived parent brine and leading
to increasing concentrations of Na*, Cl=, Kt and Mg?* (Timofeeff et al., 2001, 2006). Any
evidence of such phenomenon that alter the primary character of the halites must discard
the salt layers from the studies. But, without petrographic evidence of secondary precip-
itation, it is difficult to truly exclude recycling or water inflows modifying the parent brine
chemistry. To dispel the doubts, the major ion chemistry of one fluid inclusion have to follow
an evaporation curve (INa*] vs [CL™] or [Mg?*] vs [CL™] for example) built from the set of fluid
inclusions of the entire sample. Any inclusion outside of this curve probably derives from a
modified brine (Zimmermann, 2001; Timofeeff et al., 2001). Furthermore, if the comparison of
these plots (adding also other elements like [SO2~] or [K*]) between different basins with
the same age indicates identical evaporation paths, the brine inclusions derive from a same
parent brine with a uniform chemical composition, which is very likely the paleo-seawater.
As a validation, brine inclusions in modern halites are consistent with data and theory for
the compositional evaporation path from seawater with present-day chemical composition
(Fig.3.24, Lowenstein 2001; Timofeeff et al. 2001; Babel & Schreiber 2014). Thereby it was
demonstrated that Permian and late Precambrian seawaters were close to the modern ocean
chemistry, whereas Cambrian, Silurian and Cretaceous seawaters shared the same ocean
chemistry but different from today's (Lowenstein, 2001; Horita et al,, 2002). Different geological
periods were subsequently studied more closely: Neoproterozoic (Spear et al,, 2014), early
Cambrian (Brennan et al., 2004), Silurian (Brennan & Lowenstein, 2002), Devonian (Horita et al.,
1996), Carboniferous (Holcomb et al., 2014), Permian (Lowenstein et al., 2005), Cretaceous
(Timofeeff et al.,, 2006) and the last 36 Myr (Brennan et al., 2013).

Seawater paleo-chemistry reconstruction from the halite samples

As demonstrated in the figure 3.24 and explained just above, the offset in chemical
composition between fluid inclusions in ancient primary halites and the evaporation path of
present seawater, supported by modern halites, highlights that the chemistry of the parent
seawater was different across the geological times.
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Figure 3.24 : Na*, Mg?*+ and Cl~ concentrations of individual primary fluid inclusions in: modern
and ancient halite samples (Lowenstein, 2001), measured in an evaporating seawater (pink
squares, McCaffrey et al. 1987) and theoretically determined alongside a computed evaporation
path of a modern seawater (black line, Harvie et al. 1984). The drop of INa™] and the rise of IMg**]
at 6000 mmol.kg—! HyO marks the precipitation onset of NaCl salt, whereas [Cl~] increases
due to its initial level higher than [Na+] in modern and ancient oceans . The [Cl-] threshold at 10
500 mmolkg~! HyO characterizes the initiation of the precipitation of the Mg-K potash salts.
(Figure from Babel & Schreiber 2014, modiified from Lowenstein 2001).

Initially, the degree of evaporation (DE) can be estimated from conservative elements
such as Li, B or Br. Particularly, the concentration of bromine in seawater did probably not
fluctuate during the Phanerozoic due to its long residence time (100 Myr) and its present-day
concentration can therefore be used at any geological period to estimate the DE, according
to:

DEpg, =

(MBT)FluidInclusion/(MBT)Seawater (35)

with M in mmolkg~! H,O. On this basis, Horita et al. (2002) showed that the K concentra-
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tion of seawater did not evolve across the Phanerozoic (11 mmolkg~! Hy0) and proposed that
this element be also used to reconstruct the DE all through the halite precipitation stages,
given that potassium is not involved in the precipitation of carbonates and calcium sulphates
or in dolomitization processes (Fig.3.16). This naturally implies to exclude brine inclusions
exhibiting saturation in respect with Mg-K potash minerals (Fig.3.24). IMg?*] of seawater can
then be calculated from [Mg?*1in fluid inclusion and the calculated DE following the equation
3.5. Concerning calcium and sulphate concentrations, numerous studies pointed out that
the brine inclusions were depleted in either one or the other because of the precipitation
of CaS0y salts, consuming the less abundant of the two ions, while carbonate precipitation
is assumed to have a negligeable impact on [Ca?*] in fluid inclusions, representing today a
loss of only 10 % (Horita et al., 2002; Brennan & Lowenstein, 2002; Lowenstein et al., 2005;
Timofeeff et al.,, 2006; Brennan et al.,, 2013; Holt et al., 2014). These authors thereby demon-
strated that that [Ca®*] and [SO?~] oscillated during the geological times, in concordance with
the alternation of MgSO,4 and KCl evaporites in the sedimentary record, which precipitated
respectively in “MgS04" and “CaCly" seas. [Ca?*t] or [SOZ‘] thus estimated with the DE from
brine inclusions do not represent seawater concentrations but the residual concentration
after CaSQO, crystallisation and must be consequently corrected using:

Carid Inclusion = Ca2;raawat6r - (Soi;eawater + HCO;) (36)
SOy Fluid Inclusion = Soi_seawater - (Soz_seawater + HCOS_) (37)

The consumed component can be derived from (Ca**)(S03%7), the saturation degree
of anhydrite CaSQ,, whilst the HCO; concentration is disregarded due to its low levels
compared to the other elements (2.5 mmolkg—! H,O). This anhydrite saturation degree
in ancient seawater is supposed to be between 0.5 and 1.5 times (150-450 (mmolkg~!
H,0)?) that in modern ocean, 319 (mmolkg—! Hy0)?, assuming that seawater salinity did not
significantly change (Hay et al, 2006). As the excess of one element relative to the other
and the boundaries of (Ca?*)XS03 "), are defined, [Ca*] and [SO3 ] ranges can be restricted
and formulated with a value derived from the modern (Ca?*)(SO7 ™) more and less a value
derived respectively from 0.5(Ca*)(S02™) and 1.5(Ca?*)S03™) (Brennan & Lowenstein, 2002;
Horita et al., 2002; Lowenstein et al,, 2005; Brennan et al., 2013; Holt et al,, 2014). The chlorinity
(565 mmolkg—!) and the salinity are considered constant through the Phanerozoic (565
mmolkg~1), allowing to assess the Nat concentration (Brennan & Lowenstein, 2002; Horita
et al., 2002; Lowenstein et al., 2005; Brennan et al., 2013; Holt et al., 2014), following the charge
balance equation:

Nat =Cl™ +2(SO¥") — KT — 2(Mg*") — 2(Ca®") (3.8)
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However, if dolomitization occurred in the studied basin, the recrystalized carbonate is
more enriched in magnesium and less in calcium, which impacted accordingly the brine
chemistry during NaCl precipitation (Horita et al., 1996; Brennan & Lowenstein, 2002). The
magnesium and calcium concentrations of seawater reconstructed from the brine inclusion
chemistry thus represent only respectively a lower and an upper limit, and result in a lower
limit for the Mg/Ca ratio. The upper limit of IMg?*] is approximated using the Mg/Ca value
at which the calcitic sea switches to aragonitic sea (1.5-2 mol/mol), and provides a degree of
dolomitization to also identify the lower limit of [Ca?*] (Horita et al, 2002). This reconstruction
is only possible for halites which have been crystallized in calcitic sea because there is
no upper threshold for aragonitic seas, as during Jurassic, Devonian and Silurian (Horita
et al, 2002). Finally, as a verification, the evaporation path of the paleo-seawater has been
reconstructed with a computer program (Harvie et al,, 1984; Risacher & Clement, 2001) that
fits the chemistry of the fluid inclusions with the modelled path of evaporation from the
calculated seawater chemical compositions (Brennan & Lowenstein, 2002; Horita et al., 2002;
Lowenstein et al., 2005; Timofeeff et al., 2006; Brennan et al., 2013; Holt et al., 2014).

3.6.d /4''B,, across the Phanerozoic: state of the art

Knowing 6B, as precisely as possible is crucial for palaeoceanographic and paleo-
climatic reconstructions at high frequency. Indeed, a §''B,,, difference of 1 %, induces a
deviation of 0.1 pH units, which is the magnitude for the Anthropocene ocean acidification
(Orr et al., 2005), whereas glacial/interglacial transitions impacted ocean pH by 0.2 units
(Honisch et al., 2009). Different methods have been used to assess the paleo- !B, values.

Originally, Spivack et al. (1993) assumed that §'B in pore fluids of a marine sediment core
could be interpreted as the boron isotopic ratio of seawater. They estimated for the last 21
Ma a §'1B,,, approximatively constant around 34 + 1.5 %.. But marine sediments are the seat
of fluid circulations and the §''B of pore fluids rather records boron isotope fractionation
between seawater and clays through preferential adsorption of BIOH); (Spivack et al., 1987,
Ishikawa & Nakamura, 1993; Gaillardet & Lemarchand, 2018).

In the early 2000s, Lemarchand et al. (2000, 2002b) updated the modern continental
boron flux to the oceans by analysing the world's main rivers covering 40 % of the world
water discharge. Firstly, they balanced the oceanic boron budget, defined a mean §''B for
rivers, assessed that continental weathering is the main source of boron and subsequently
refined its residence time (14 Myr), previously estimated at 20 Myr (Spivack & Edmond, 1987).
With these breakthroughs and previous estimations of the others boron fluxes in literature,
their corresponding B isotope fractionation and their fluctuations through time, the changes
of [Bl,, and §'!'B,,, during the last 100 Ma have been modelled with two mass balance
equations, one for the total B mass and one for the B isotopic budget. These authors finally
showed that !By, increased by 0.1 %./Myr over the last 100 Myr, with a variation magnitude
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of 5 %0 More precisely, three periods were identified: around 110-118 Myr, §!1B,,, increased
from 39.5 to 42.5 %o, then decreased to 37 %o at the Early Cenozoic (60 Myr), and increased
again to achieve the modern value of 39.6 %.. Demonstration of the large impact of the
weathering processes on the boron mass budget, this last variation is due to the Himalaya
formation during the Cenozoic, delivering to the oceans a large amount of sediments and
accordingly promoting boron adsorption on clays, with a preferential incorporation of B(OH),
(Palmer et al., 1987). Lemarchand et al. (2002b) reaffirmed that keeping §'!By,, constant is not
sustainable for paleo-pH reconstructions beyond 1 Myr. Simon et al. (2006) refined the model,
re-investigating oceanic crust production rate, seawater-crust ratio and the residence time
of boron, combining temperature and porosity profiles wih B distribution coefficients and
isotope fractionation factors during water-rock interactions at oceanic ridges. They proposed
respectively a crust production rate of 3 cmyr—!, a seawater-crust ratio between 1-3 and a B
residence time of 10 Myr to fulfill the steady state budget of B in seawater and moderated
the utilisation of §''B.,,4 as a paleo-pH proxy, pointing out strong variations in the §''B,,
(between 30 and 50 %) due to changes in oceanic crust permeability, varying expansion rate
and closure time of the hydrothermal systems. However their model considered constant B
input and output fluxes, which is not realistic.

A third approach has been extensively applied, based on the difference in §''B,,,, for
contemporaneous planktonic foraminifera living at different depths. The resulting A'B,
coupled to the assumed surface-to-deep pH gradient (ApHg,,), allows to recover a unique
plausible 6'!B,,, value. This approach overcomes the problem of depending on faithful pH
values to reconstruct 6By, from §1B,,,;, but makes a strong assumption on the pH gradient
and depth at which planktonic foraminifera species lived, that can vary somehow. Using this
method, Palmer et al. (1998), could reconstruct that §!1B,,, increased from 377 & 0.6 %o in
the middle Miocene (15.2-16.2 Myr) to 39.6 + 2.26 %o during Pleistocene (85 kyr), assuming
constant temperature and pH gradients in the upper water column. Pearson & Palmer (1999)
refined this methodology for Eocene-aged planktonic foraminifera. They enhanced the pH
gradient with assessments on the biological productivity and proposed the value of 40.6 %o
for the boron isotopic ratio of seawater at 43 Myr. From a broader perspective, Pearson &
Palmer (2000) extended the §''B,,, determination for the last 60 Myr however with a gap
between 40 and 23 Myr: §11B,,, remained constant between 60 and 42 Myr (39.40 %), then
decreased towards 16 Ma (37.70 %), remained constant again between 16 and 12 Ma and
lastly increased to achieve 39.10 %o 85 kyr ago.

Foster et al (2012) instead used benthic foraminifera for the middle Miocene with a
constant pH gradient in the first place, leading to a §''By,, of 376153 %.. In a second place,
they attempted to reconstruct this pH gradient with the §'3C measured in the planktonic and
benthic foraminifera. The 6'3C and pH gradients are both controlled by the weakening of
the biological pump with depth and are therefore well correlated. They proposed a 6B,
of 38.0f8;% % and finally averaged these two values to 37.82 + 0.35 %o for the Miocene.
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Later, Anagnostou et al. (2016) implemented this nonlinear surface-to-deep 6By, qre-pPH
relationship approach, defining two boundaries to constrain §!'By,, in the early Cenozoic (in
five periods of time from 53.2 to 36.9 Myr). The upper 6!!B,,, threshold was determined from
the lowest 6B, of seventeen foraminifera species at 39.5 %o. For the lowest §'1B,,, value,
the modern surface-to-deep pH gradient was considered as the minimum gradient in Eocene,
supported by a larger §'3C gradient between surface and deep-dwelling foraminifera due to
a more active biological pump under hotter climate (Foster et al,, 2012). From the smallest
U B.q difference at 53.2 Myr and the smallest pH gradient, they were able to determine
the lower threshold 6B, at 38.2 %o, or 38.6 % if the shift between the §''B.,,; of these
extinct foraminifera species and §!'By,,q:. due to vital effects is taken into account. Moreover,
they further enhanced their own §''B,,, upper limit for each of the five ages in this Eocene
interval, by compiling dissolved inorganic carbon (DIC) profiles between the deepest and
the shallowest-dwelling planktonic foraminifera with carbonate chemistry modelling, and
varying the §'1B,,, between 38.2 % and 39.6 %o, the modern value. They finally propose a
o1 By, upper thershold at 38.8 %o at 45.6 Ma and 39.9 %o at 40.3 Myr. Ultimately, Greenop et al.
(2017) also used 63C and ¢! B of benthic and planktik foraminifera, and two carbon cycle
box models to determine the most plausible oceanic §'3C versus pH gradient relationship
and reconstruct §!'By,, for the entire Neogene. Their estimation conforms to the limits of
Lemarchand et al (2000)'s model and the higher frequencies oscillations of Raitzsch &
Honisch (2013), except for the first part of Miocene. Between 23 et 15 Myr, §11B,,, continues to
decrease from 37.9 + 1 %o to 37.7 + 1 %o, Whereas the Raitzsch & Honisch (2013)'s §11B,,, value
at this time increases. Another approach was developped by Raitzsch & Honisch (2013) for the
whole Cenozoic from the §''B,,,; of benthic foraminifera from two different oceans (Atlantic
and Pacific) and embracing different depths. Deep-sea pH was kept constant through time,
while sea-surface pH was modelled, but with a constant surface-deep gradient of 0.3. The
resulting 0! By, increases over the last 50 Myr by 3 %, with three oscillations (peaks at: 47
Ma with = 38.7 %0, 24 Ma with ~ 39.6 %, and 5 Ma with ~ 39.9 %) that were not recognized
before; Lemarchand et al. (2002b) having proposed a constant §!'By,, rise over this period. .

All these studies follow the same §''By,, trends and provide a robust pattern for the
secular variation of §''B,,, during the Cenozoic. Pearson et al. (2009) applied 1B, = 37-39 %o
(Lemarchand et al.,, 2002b) for their pCO4 reconstruction at the Eocene-Oligocene transition
and revealed a good agreement with the literature by using a !By, value of 38 %.. Martinez-
Boti et al. (2015a) extrapolated §''B,,, between the modern value and the Foster et al. (2012)'s
value at the middle Miocene for pCO, estimations in the Plio-Pleistocene, leading to a §'1 B,
value of 39.2 %o at 3 Myr, consistent with the previous data. Gutjahr et al. (2017) combined
Earth system modelling to establish the surface pH of Northeast Atlantic just before the
onset of the Paleocene-Eocene Thermal Event (PETM) and their foraminifera data without
any vital effect correction to estimate a 6''B,,, at 38.94 + 0.41 %, in agreement with the
Eocene 6''By,, of Anagnostou et al. (2016). By applying a vital effect calibration, the value



3.6. Appendix 81

falls to 37.6 + 0.5 %o. Finally, Henehan et al. (2019) restricted §'!B,,, between 39.05 and 39.85
%o during the Cretaceous-Paleogene transition.
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Figure 3.25 : Data compilation of seawater boron concentrations (a) and isotopic composi-
tions (b) across the Cenozoic. Lines are for models and calculations from foraminifera data
(Lemarchand et al., 2002b; Raitzsch & Honisch, 2013, Greenop et al,, 2017), this study); circles,
triangles and yellow areas for determinations from foraminifera studies (Palmer et al., 1998,
Pearson & Palmer, 1999, 2000; Pearson et al., 2009; Foster et al., 2012; Raitzsch & Honisch,
2013; Martinez-Boti et al., 2015a;, Anagnostou et al., 2016, Gutjahr et al., 2017, Henehan et al.,
2019);,; squares for halite data (Paris et al. 2010b, this study). Blue dotted line: variable runoff
(Lemarchand et al, 2002b), blue solid line: variable runoff (Lemarchand et al., 2002b), variable
pH from foraminifera with fractionation factor=1.0272 (Raitzsch & Honisch, 2013), orange solid
line: variable pH from foraminifera with fractionation factor=1.020 (Raitzsch & Honisch, 2013).

Only few studies focused on §''By,, beyond 65 Myr, but they pursued the same ap-
proaches, modelling ocean B budgets calibrated from §''B of marine biocarbonates. To go
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further in Phanerozoic, calcite brachiopods shells are studied, corals and foraminifera be-
coming more limited in the sedimentary records (Schiebel & Hemleben, 2017). Brachiopods
present many advantages: they emerged during the Cambrian Explosion, survived different
extinctions (Carlson, 2016), present a significant fossil record (Veizer et al., 1999; Vollstaedt
et al., 2014) and their low Mg-calcite shells have been particularly well preserved, thus pre-
serving the primary geochemical signals (Brand & Veizer, 1980, 1981), among which 61 B4,
that can also be used to deduce ocean pHs (Lécuyer et al., 2002; Penman et al.,, 2013; Ju-
rikova et al., 2019). Joachimski et al. (2005) measured low §1B,,,4 Values of Silurian, Devonian,
Carboniferous and Permian brachiopods that could not only reflect ancient oceanic pH at
these times (unrealistic pH considering the carbonate system as a buffer), but also a change
of the 6''B,,,. They completed the modelled §''B,,, secular variation of Lemarchand et al.
(2002b), with a constant and a variable continental boron flux, for the Palaeozoic and the
beginning of the Mesozoic, and showed three oscillations across this period, within a range
between 31 and 42 %.. Using these §'!B,,, values to reconstruct the 6''B,,,;, curve together
with the pH-dependent calibration between pH and §''B,,,;, of modern brachiopod calcite
from Lécuyer et al. (2002) they found a quite good agreement with their sample 6B, 4.
Concomitantly, Simon et al. (2006) measured Cretaceous brachiopod §''B,,,, values similar
to modern shells and mentioned an oceanic boron composition close to nowadays at this
time. In the same way, by assuming a pre-event pH of 7.8 and 7.7 following Ridgwell (2005),
Jurikova et al. (2020) and Muller et al. (2020) suggested two §'1B,,, values respectively for
the Permian-Triassic boundary (PTB) and for the Toarcian Oceanic Anoxic Event (T-OAE,
Early Jurassic), with a vital effect corrected from Lecuyer et al. (2002) and without correction
(0" BBrachiopod = 0 'BBorate). PTB exhibited thereby 611B;,, between 35 and 38 %o whereas
T-OAE §!1B,,, were between 36.6 and 38.9 %u.

Kasemann et al. (2010) and Ohnemueller et al. (2014) reconstructed Neoproterozoic
oceanic paleo-pH profiles by analysing shallow marine inorganic carbonate section crossing
the Sturtian and Marinoan glaciations (“Snowball Earth", 720-650 and 650-635 Myr) and
their post-glacial transitions. These carbonates (cap carbonates) consisted in dolostone
or limestone with different particles sizes precipitated in a shallow marine platform or a
deeper-marine slope and exhibited no evidence of secondary alteration or recrystallisation.
The average 6B, value of only 4 %o in Kasemann et al. (2010) involved an equilibrium with
a Cryogenian seawater with a §''B of 25 %, whereas Ohnemueller et al. (2014) suggested a
value of 20.5 %o for the Marinoan deglaciation stage at 635 Myr, applying Equation 3.2 with
an hypothesis on the pre-Cambrien pH value. These values are reasonable in the light of
Joachimski et al. (2005)'s Paleozoic §'!'By,, trend. Similarly, Clarkson et al. (2015) worked on
a shallow marine platform carbonates succession from the Late Permian to Early Triassic
to evaluate ocean acidification during the Permo-Triassic mass extinction. They modelled
atmospheric pCO, and oceanic pH by combining carbonate and silicate weathering, pyrite
deposition, marine changes in calcification coupled with CO, and SO+ perturbations (terres-
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trial and marine carbon burial, Siberian traps volcanism and contact metamorphism) and

suggested two possible values of §'1By,,, 34 and 36.8 %, to reproduce their §'' B¢, data.
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Figure 3.26 : Data compilation of seawater boron concentrations (a) and isotopic composi-
tions (b) across the Phanerozoic. Lines are for models and calculations from foraminifera data
(Lemarchand et al., 2002b, Joachimski et al., 2005; Raitzsch & Honisch, 2013, Greenop et al,
2017); diamonds and rectangles from brachiopod data (Lecuyer et al., 2002; Joachimski et al.,
2005, Simon et al,, 2006; Mdiller et al., 2020); stars from inorganic carbonate data (Kasemann
et al, 2010, Ohnemueller et al., 2014, Clarkson et al., 2015); and squares for halite data (Paris
et al, 2010b) in grey. Blue dotted line: variable runoff (Lemarchand et al., 2002b), blue solid
line: constant runoff (Lemarchand et al., 2002b), green dotted line: variable continental input
(Joachimski et al., 2005), green solid line: constant continental input (Joachimski et al., 2005)
variable pH from foraminifera with fractionation factor=1.0272 (Raitzsch & Honisch, 2013), orange
solid line: variable pH from foraminifera with fractionation factor= 1.020 (Raitzsch & Honisch,

2013).
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Marginally, hydrothermally altered oceanic rocks may record the boron isotopic composi-
tion of seawater. Under a high water/rock ratio, their 6'1B is mainly controlled by the pH and
o1 B,,, and a strong Rayleigh effect is avoided. In a similar way to brachiopod shells, Simon
et al. (2006) showed that modern seafloor and Cretaceous ophiolitic peridotites share the
same range of §!1B, testimony of a Cretaceous ocean §''B around 40 %, as today.

3.6.e XRD diffractograms

3.6.f Models
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CHAPTER 4

THE p-DDIHEN SETUP
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Q0 Chapter 4. The u-dDIHEN setup
Avant-propos : analyse des isotopes du bore

Les prochains chapitres de these, a partir de celui-ci porteront ou seront basés sur la
mesure du §''B,,,, dans des petits échantillons a faible concentration de bore. Les mesures
des isotopes du bore ont été réalisées sur un MC-ICP-MS Neptune avec la méthode dite de
l'injection directe, dont les principes seront décrits ici, avant d'évoquer dans les chapitres 4,
5 et 6 les difféerents développements analytiques qui ont permis les premieres mesures de
1B, dans des foraminiféres planctoniques a U'IPGP a de trés faibles concentrations.

Le MC-ICP-MS Neptune

Les mesures du §1'B ont été réalisées sur un MC-ICP-MS (Multi Collector Inductively
Coupled Plasma Mass Spectrometer) de type Neptune, de ThermoFisher Scientific (Fig.4.1).

Figure 4.1 : Spectromeétre de masse a source plasma a multicollection (MC-ICP-MS) de ['IPGP
qui a éte utilisé pour l'analyse des isotopes du bore.

L'échantillon est pompé sous forme liquide et introduit dans la source ICP a travers un
nébuliseur. Les fines gouttelettes produites sont portées par le gaz de nébulisation (argon)
Jjusqu'a la torche ou le plasma d'argon se forme (8000 K, Fig.4.2, 2). Aprés évaporation imme-
diate de la matrice, les atomes sont plus ou moins ionisés selon leur potentiel d'ionisation.
Pour le bore, l'énergie de premiére ionisation étant de 8,3 €V, l'ionisation n'est pas tres efficace.
Ensuite, les cénes (Fig.4.2, 3), disques de nickel percés au centre, prélévent la partie centrale
du plasma. Ces derniers permettent également la transition entre une zone a pression atmo-
sphérique (le systeme d'introduction et le plasma) et une zone sous vide, autour de 1078
mbar, dans le spectromeétre de masse. Le prélevement des ions positifs est assure par la
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lentille d'extraction a - 2 kV (Fig.4.2, 4), induisant une différence de potentiel avec la partie
ICP qui est neutre. Par la suite, les ions sont accélérés par une tension de -5 kV et focalisés
par plusieurs lentilles (dont des quadrupoles) jusqu'a un premier systéme de fentes (Fig.4.2,
5). Celui-ci présente des fentes de differentes tailles, de 16, 30, ou 250 um, correspondant
aux différents modes de résolution, de haute, moyenne et basse résolution. Les isotopes du
bore sont mesurés avec la fente de basse résolution.

Deuxieme
focalisation

Multi-Collection

focalisation
(1/2 mv?)

Source

Figure 4.2 : Schéma de fonctionnement du MC-ICP-MS Neptune. (1) : le systeme d'introduction,
(2):la torche et le plasma, (3) : les cones, (4) : les premiéres lentilles d'extraction et de focalisation,
(5) : la fente source déterminant la résolution de la mesure, (6) : le secteur électrostatique, (7) : les
lentilles quadrupdlaires de focalisation, (8) : la fente tube, (9) : la vanne tube, (10) : les lentilles
octopdlaires controlant la forme des pics (Focus zoom), (11) : le secteur magnétique (aimant),
(12) : les lentilles dodecapdlaires dajustement de l'alignement des signaux (dispersion zoom),
(13) : les neuf cages de Faraday et (14) : le multiplicateur d'électron.

Ce systeme de fentes marque aussi l'entrée dans l'analyseur électrostatique (Fig.4.2, 6),
ESA, ou les ions sont accéléres a travers un gradient de potentiel électrique (jusqu'a 10 kV).
Cet analyseur permet de filtrer la dispersion en énergie de ces ions. A sa sortie, un champ
électrostatique permet de focaliser le faisceau d'ions selon leur énergie avant d'entrer dans
un champ magnétique. Apres les premiéres lentilles quadrupodlaires de focalisation, une
seconde série de fente et de plaques a forte charge électrostatique (Fig.4.2, 8) stabilisent et
creent un spectre d'énergie constant dans le faisceau d'ions tandis que la vanne tube (Fig.4.2,
9) sert a isoler la partie ou les signaux sont mesures (avec aimant et collecteurs) et ou le
vide est le plus poussé. Enfin, a travers le secteur magnétique (aimant, Fig.4.2,11), les ions
sont sépares en fonction de leur rapport masse sur charge (m/z). Avant et apres ce secteur
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magnetique, deux multipdles permettent l'un de refocaliser (Fig.4.2, 10) les ions et lautre
de concentrer ou de disperser (Fig.4.2, 12) le faisceau. Les ions arrivent alors dans les 4+4
cages de Faraday mobiles (Fig.4.2,13), de chaque coté d'une cage de Faraday centrale fixe.
Les faibles courants d'ions collectés simultanement par les cages de Faraday sont amplifies
par des résistances de 10'! ou 103 2. Pour l'analyse du bore, les cage de Faraday L3 et H3
sont utilisées pour mesurer respectivement les isotopes 1°B et B,

Linjection directe

Adjustable d-DIHEN-

vernier connection Sample (through

Sample ey
Nebulisation Capillary Needle gas / peristaltic pump)

area PEEK tubing /

Needle .

support Capillary

support (a)

Figure 4.3 : Schéma (a, Louvat et al. 2011a) et photo (b) du dDIHEN (demountable direct injection
high efficiency nebulizer), introduit directement dans la torche. l'aiguille et le capillaire peuvent
étre demontés et changeés. La position du capillaire est ajustee a l'extremite de ['aiguille pour
optimiser le spray (stable, non pulse et avec de fines gouttelettes) sous une binoculaire avant le
démarrage des analyses.

Les systemes d'introduction d'échantillons au MC-ICP-MS sont généralement carac-
térisés par un nébuliseur, convertissant la solution liquide en un aérosol, qui est soit introduit
dans une chambre de nébulisation, ou les plus fines gouttelettes d'aérosol sont sélection-
nees, soit introduit dans un systéme de désolvation, consistant par exemple en une chambre
cyclonique chauffée et un condenseur a refroidissement Peltier (APEX, ESI) ou bien en une
chambre de pulvérisation suivie d'une membrane avec un flux de gaz de direction inverse
au flux de l'échantillon (Aridus, Cetac). Le nébulisat est ensuite injecté dans la torche a
plasma. Fruits de décennies de développement analytique visant a améliorer l'efficacité de
l'ionisation, la stabilité du signal et a minimiser le fractionnement isotopique instrumental en
ICP-MS pour des éléments multiples, ces systemes offrent a la fois une grande sensibilité
et une bonne stabilité. Mais pour les analyses du bore, parce qu'il est collant et volatile, les
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chambres de nébulisation souffrent d'effets de mémoire et les désolvateurs entrainent une
perte de signal. Ces systemes d'introduction ne sont donc pas optimaux, a moins que des
méthodes de lavage spéciales ne soient mises en ceuvre (par exemple avec de 'HF, Misra
et al. 2014b, ou de lammoniac Foster 2008).

Depuis maintenant plus de 10 ans, la nébulisation par injection directe avec le dDIHEN
(demountable-Direct Injection High-Efficiency Nebulizer) a été mise en place avec succes a
U'IPGP pour mesurer les isotopes du bore (Fig.4.3). Le nébuliseur etant introduit directement
dans la torche du MC-ICP-MS a la place de linjecteur, il permet de réduire les surfaces
de contact, les temps de lavage entre deux échantillons, mais également les volumes
d'échantillons nécessaires pour l'analyse. L'échantillon est ainsi entierement pulvérisé dans
le plasma, ce qui augmente la sensibilité du bore. Ce systéme a été ensuite automatise afin
d'éviter les bulles d'air qui éteignaient le plasma, mais surtout pour assurer des mesures en
continu et pour permettre un encadrement des echantillons avec les standards ou matériaux
de référence beaucoup plus efficace.

Le p-dDIHEN

Ce chapitre présente le développement analytique mis en oeuvre au cours de cette
these (u-dDHIEN), pour réduire davantage le volume utilisé lors de l'injection directe, afin
de lappliquer par la suite a la mesure de §''B,,,;, dans de petits échantillons tels que les
foraminiféres planctoniques. Le volume consommeé dans le plasma est ainsi limité par une
boucle d'injection (50 ou 10 pL), tandis que le débit d'introduction est controlé par un flux de
gaz,jusqu'a de tres bas niveaux. Cette méthode a été utilisée avec succes sur des échantillons
contenant 10 a 20 ppb de bore pour une consommation d'échantillon comprise seulement
entre 80 et 240 uL. Elle a été publiée en 2019 dans Journal of Analytical Atomic Spectrometry
(Louvat, P, Tharaud, M., Buisson, M., Rollion-Bard, C., Benedetti, M. F., 2019.u-dDIHEN: A New
Micro-Flow Liquid Sample Introduction System for Direct Injection Nebulization in ICP-MS,
Vol.34(8), p. 1553-1563, Louvat et al. 2019).
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M-DDIHEN: A NEW MICRO-FLOW LIQUID SAMPLE INTRODUCTION
SYSTEM FOR DIRECT INJECTION NEBULIZATION IN ICP-MS.

Pascale Louvat!, Mickaél Tharaud!, Matthieu Buisson?, Claire Rollion-Bard!, Marc F.
Benedettil

Lnstitut de physique du globe de Paris, UMR 7154, Université Paris Diderot, Université de Paris, 1 rue

Jussieu, 75232 Paris Cedex 05

Abstract

The p-dDIHEN is a new liquid sample introduction device for ICP-MS (inductively coupled
plasma mass spectrometry) analyses allowing for the direct nebulization of the sample into
the plasma, without any spray chamber, at flow rate down to 5 uL.min=!. It is composed of a
demountable direct injection high efficiency nebulizer (d-DIHEN), a flow injection analysis
(FIA) valve and a gas displacement pump (GDP) connected to a p-mass-flow meter that
allows very stable liquid flow rates. The system was successfully tested with sample loop
sizes of 10 and 50 pL and for liquid flow rates between 5 and 50 uL.min—! on two different ICP-
MS instruments, an HR-ICP-MS and an MC-ICP-MS, and for three different applications:boron
isotopic ratio measurement of geological samples, multi-element analysis of natural water
samples and gold nanoparticles characterization by single particle ICPMS (sp-ICPMS).

The liquid uptake rate of the u-dDIHEN was proportional to the gas flow rate of the
GDP, and signal sensitivity was increasing with uptake rate, but not anymore above 30
uL.min—!, due to the deterioration of the ionization conditions within the plasma at high
uptake rate (extra-wet plasma conditions). We successfully measured boron isotopic ratios
(611B) for reference material solutions with B concentrations between 10 and 200 ppb, the
reproducibility of the measurements depending on both the B concentration of the sample
and the uptake rate: 10B signals below 20-30 mV (with 10! ohms amplifiers) gave 2SD
reproducibility > 0.5 %o (n=5). Thus, the best measurement conditions were not necessarily
with very low uptake rate of 5-7 uL.min~!, but rather at 25 yLmin=—!, allowing for a higher
signal. We also tested transient versus continuous measurement modes for a serie of natural
samples, by setting the sample loop size either at 10 or 50 uL, with a same uptake rate of
25 uL.min—!. The two modes gave fully comparable results but the transient mode allows
the triplicated §''B measurement of very small samples (< 100 pL) with a B content of a few
ng. Concerning the multi-element analyses by HR-ICP-MS, the LOQs of the majority of the
trace and ultra-trace elements were lower (up to 15 times) than with the classical concentric
nebulizer and spray chamber, due to the much lower volume of sample needed with the
pu-dDIHEN. Lastly, the newly developed system is highly promising for nanoparticles (NP)
characterization by sp-ICPMS. The first set of measurements for gold NPs of 40 nm certified
size at 25 uL.min~! led to a transport efficiency of 85 %.
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4.1 Introduction

In spite of improvements in signal detection and interference resolution for inductively
coupled plasma (ICP) analyses, efficient sample introduction to the plasma remains one of
the weaknesses of ICP technics. The mostly used liquid introduction system in ICP consists
in spraying the sample with a pneumatic concentric nebulizer, selecting the finest spray
droplets in a spray chamber and directing this fine aerosol to the plasma through an injector
in the centre of the torch. This results in an analyte transfer efficiency to the plasma of only
1to 2 %, with a potential increase of memory and matrix effects as well as an extension of
sample uptake and wash times. An alternative system is direct injection, where the sample is
directly sprayed into the plasma without a spray chamber, the long nebulizer being directly
plugged in the torch in place of the injector. Direct injection nebulizer was first proposed in
1984 (Lawrence et al,, 1984) and had a lot of developments and applications since. Its main
advantage is an analyte transfer efficiency of 100 % and lower sample flow rates (typically <100
uL.min—1), increasing the analyte sensitivity significantly (by a factor of typically 5, Jorabchi
et al. 2005) and decreasing limits of quantification (LOQ, Nam et al. 1994; Zoorob et al. 1995).
The two first commercialized direct injection nebulizers, the DIN (Cetac, USA) and the DIHEN
(for direct injection high efficiency nebulizer, Meinhard, USA) where successfully used for
hyphenated technics, such as liquid chromatography and HPLC or capillary electrophoresis
(Bendahl et al., 2001; Wind et al., 2002; Jensen et al., 2003; Stefanka et al., 2006; Grotti et al.,
2014, Bernardin et al., 2018). Direct injection was also valuable for the measurement of samples
with a high matrix load or even petroleum samples (Sanchez et al., 2013; Leclercq et al., 2015;
Bernardin et al., 2018). In some of these applications low flow rates down to a few pL.min=!
were mandatory and where achieved mostly through peristaltic pump, syringe pump (Becker
et al, 1999) or HPLC (high performance liquid chromatography) pump (Acon et al., 2000),
sometimes through self-aspiring. Gas displacement pump (GDP) was the default pump for
the DIN (Wiederin et al., 1991), but this GDP-DIN set-up was not maintained because of its
cost and difficulty of use (Bendahl et al., 2001). The last generation of direct injection nebulizer,
the dDIHEN (demountable direct injection high efficiency nebulizer, now sold by Analab,
France) has the advantage of being low-cost, still with a low dead volume, but less prone to
clogging or melting and above all finely adjustable to optimize the spray (Westphal et al.,
2004). The dDIHEN is used at IPGP (Institut de Physique du Globe de Paris) for over ten years
for boron isotope ratio measurements in geological samples at an uptake rate of 50 yL.min=!
(Louvat et al,, 2011a, 2014b).

With the wide spread utilization of inductively coupled plasma mass spectrometry (ICP-
MS) for environmental samples and the need for analysing smaller samples and lower
concentrations, there is a growing interest in developing new introduction systems with
increased sensitivity, smaller sample consumption rates and higher transport efficiency.
Some preceding studies promoted devices such as the torch integrated sample introduction
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system (Paredes et al., 2009), that allowed sample uptake rates down to 5 or 10 uL.min~1 for
isotope ratio measurements by MC-ICP-MS (Paredes et al., 2011, 2013). Flow injection analysis
(FIA) is another way to reduce the amount of sample consumed per analysis (Pergantis et al.,
19005; Mclean et al, 1998; Westphal et al,, 2002), speed up the analyses (Fischer et al., 2014),
but also allow direct ICP-MS analysis of small biological samples with high matrix salt load
(Takasaki et al., 2011; Zhang et al., 2018), dilution or on-line separation (Wang & Hansen, 2003).
In a previous paper, we automatized a direct injection introduction setup, with an autosampler
and a FIA 6-port valve (Louvat et al., 2014b), in order to avoid the introduction of air bubbles
when moving the autosampler probe from one sample tube to the next. The sample was
pushed to the dDIHEN nebulizer through a peristaltic pump. The use of a peristaltic pump
precluded flow rates below 30 uL.min~! due to instabilities in the signal. In the present work
we describe the p-dDIHEN, an original set-up for sample introduction in ICP-MS with direct
injection nebulizer (d-DIHEN) at flow rates down to 5 uL.min~! thanks to a gas displacement
pump (GDP) for flow injection analyses (FIA), and that could be used for many ICP applications.
Here we tested its performances for two different ICP-MS instruments (HR-ICP-MS Element
and MC-ICP-MS Neptune) with applications to multi-elemental analyses, determination
of nanoparticles sizes and number concentrations by spICPMS, and boron isotope ratio
measurements with MC-ICP-MS, in both continuous and transient signal analysis modes.

4.2 Material and methods

4.2.a The p-dDIHEN liquid introduction system

The direct injection nebulizer (d-DIHEN, Analab, France) was connected to an autosampler
(SC, ESI, USA) through a 6-port valve (FAST, ESI, USA, Louvat et al. 2014b) with a sample loop
of adjustable size (here 10 and 50 pL). The sample or carrier delivery to the d-DIHEN was
done by a gas displacement pump, which consists in a 8-port valve with two carrier loops
that were alternatively filled with a carrier by a peristaltic pump (12 rods, Spetec, Germany,
with 0.76 mm inner diameter - i.d., “black-black” PVC tube) and emptied by an Ar gas flow
controlled by a micro mass flow controller (0.015 to 1 mL.min~!, EL Flow, Bronkorst, France).
The carrier solution was thus pushed from the GDP toward the FIA valve and the dDIHEN
nebulizer. The FIA sample loop was filled thanks to the aspiration of the sample by the
autosampler vacuum (SC-DX, ESI, USA).

Because sample introduction with dDIHEN is very sensitive to air bubbles that switch
off the plasma, the whole set-up must be carefully tuned in terms of tubing diameters and
timing of the FIA and GDP valves, in order to get rid of any air bubble during filling of the
carrier and sample loops and transfers to the dDIHEN nebulizer. The inner diameters of
the carrier and sample tubes were of decreasing size towards the nebulizer. The two GPD
pump carrier loops had a volume of 200 pL with 0.8 mm i.d. tubing, the GDP to FIA tube
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was 0.5 mm i.d. The autosampler probe and sample loop i.d. were 0.25 mm, while the FIA
valve to dDIHEN connecting tube was 0.2 mm i.d. The autosampler probe and FIA valve to
autosampler vacuum tube diameters were also optimized in order to maintain regular and
reproducible uptake rate (i.e. slow enough to consume the lowest possible sample volume
but quick enough to allow fast analyses). The best compromise was for autosampler probe
of 0.25 mm i.d. and tube to the autosampler vacuum of 0.5 mm i.d. and length of 1 m. The
sample loop volume was tested at 50 and 10 pL (0.25 mm i.d.).

Ar
d-DIHEN Y FIA valve

Carrier solution

(HNO3 0.05 N) Ar pressure
{p mass-flow meter)

Figure 4.4 : The u-dDIHEN for liquid sample introduction to ICP-MS with: direct injection nebulizer
(d-DIHEN), flow injection analysis valve and gas displacement pump. The d-DIHEN is directly
plugged into the torch of the ICP-MS, in place of the injector.

4.2.b Interfacing ICP-MS with the pu-dDIHEN introduction system

Both valves (FIA and GDP) were controlled by the ESI autosampler software (GDP and
FAST programs, Table 4.1), which was synchronized with the ICP-MS software for automatic
acquisition during sequence measurement. The GDP valve program switches the carrier
delivery pushed by the Ar flow from one loop to the other every 8s, allowing stable sample
flow rates between 5 and 75 uL.min—!. The FAST program switches the FIA valve to LOAD
as soon as the autosampler goes to the next sample, turns on the autosampler vacuum
during 23s to aspire the sample (volume large enough to slightly overfill the sample loop),
sends the autosampler probe to the wash station, waits for another 8s that the sample loop
is completely filled by the sample volume, switches the FIA valve to INJECT and leaves the
autosampler vacuum ON for 10 additional seconds to rinse the probe and FIA valve (except
the sample loop). The autosampler probe stays in the wash station until the instrument
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software starts the next sample acquisition.

Table 4.1: Gas displacement pump (GDP) and FIA (FAST) programs (SC-FAST Autosampler, ESI)

GDP
Sub method
Start loop
Toggle valve Valve 1
Delay 305
End loop
FIA/FAST
Event Action Parameter
On probe down Load valve 2
On probe down Vacuum on
On probe down Timer A 23S
Timer A expires Move rinse
Timer A expires Timer B 8s
Timer B expires Inject vale 2
Rinse completed Vacuum off
Rinse
Rinse12s Rinse 220 s Max vacuum time 30 s

4.2.c ICP-MS measurements

Two ICP-MS instruments were used during this study. Multi-element analyses and hanopar-
ticles characterization were performed on a HR-ICP-MS Element (ThermoScientific, USA),
while boron isotope analyses were done on a MC-ICP-MS Neptune (ThermoScientific, USA).
The ICP operating parameters for the three applications were quite similar (Table 4.2), with
globally lower sample gas and higher auxiliary gas flow rates compared to the classical
micro-concentric nebulizer + spray chamber sample introduction system. Optimization of
the dDIHEN spray was performed visually out of the torch assembly. It consists in finding the
best distance between the inner dDIHEN capillary and the outer dDIHEN needle, in order to
achieve a stable spray with fine droplets, as described in Louvat et al. (2011a).

4.2.d Reagents and sample preparation

All analyte solutions were prepared with MilliQ water (resistivity > 18 M22.cm~1!, Millipore,
USA) in polypropylene bottles and tubes that have been pre-washed in distilled (DST-1000,
Savillex, USA) HNO3; or HCl solutions at 0.5 N and rinsed with MilliQ water. Multi-elemental
standards (1 ppt to 10 ppb) were made from 1g.L~! mono-elemental stock solutions (SCP
Sciences, Canada) and diluted in a 1 % distilled HNO3 solution. This latter was measured
several times in order to determine the limit of quantification (LOQ) for each element. For
spICPMS measurements, citrate capped AuNPs with a nominal diameter of 40 nm were
purchased at British Biocell International (Cardiff, UK).
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The mean diameter and the concentration provided by the supplier were 40 nm with
a coefficient of variation of < 8 % and 9.00 x 10'%particles per mL, respectively. Prior to
measurements, suspensions were freshly prepared to calculate the nebulisation efficiency
using the size method based on the TEM-measured median size of 40 nm particles (Pace
et al., 2011). For dissolved gold calibration, a 1 g.L~! mono-elemental standard from SCP
Science (Quebec, Canada) was diluted to 10, 100 and 1000 ppb in 1 % HCL Boron isotope
ratio measurements on the MC-ICP-MS Neptune were first tested on the reference standard
materials AE120, AE121 and AE122 (BAM, Germany, Vogl & Rosner 2011) at concentrations
between 5 and 200 ppb. A series of 35 samples from an experience on boron adsorption onto
silica (similar to the experience onto carbonate, Saldi et al. 2018) has been prepared for §'B
analyses: boron was extracted from the samples by ion exchange chemistry (Lemarchand
et al, 2002a; Louvat et al, 2011a). Boron isotopic ratios were measured with the sample-
standard bracketing method (Louvat et al.,, 2014b) and are expressed as 6B in per mil unit
(%0) relative to SRM 951 (NIST, USA, Catanzaro et al. 1970):

(llB/loB)sample
(M'B/1°B)sru 951

1B = ( — 1) % 1000. (4.1)

4.3 Results and discussion

4.3.a Uptake rate, stabilization time, reproducibility of the injections and sensi-
tivity

Some examples of the injection peaks obtained with the p-dDIHEN are shown in Figure
4.5 for liquid uptake rates of 5 to 30 uL.min—! and sample loops of 50 and 10 pL. After plasma
switches on, the sample gas is slowly increased to 0.35 L. min~! and the auxiliary gas to
1.5 Lmin~!. The GDP is then started with a gas flow rate of typically 40 pL.min—!, which
will be then adjusted according to the needs of the application. It takes approximately one
hour to stabilize the liquid flow rate, while the gas flow rate (from the p-mass-flow meter) is
immediately stable. When the gas flow rate is increased or decreased, the system needs
another hour to stabilize. So, for regular operation (real sample measurements), the GDP gas
flow-rate is usually fixed. The peak width and height (Fig.4.5) are proportional to the liquid
uptake rate, with flat tops when the ratio sample loop volume (uL) to sample uptake rate
(uL.min~!) was higher than 2, and a rather transient shape when lower. Figure 4.5 shows that
the injection peaks are very reproducible, after a stabilisation time of almost one hour. The
liquid flow rates were calculated from the injection peaks by dividing the known sample
loop volume (10 or 50 pL) by the time between the beginning of signal increase and the
beginning of signal decrease. We tested the linearity of the liquid uptake rates according to
the GDP gas flow rates (from mass flow controller, MFC) between 20 and 200 pL.min~! for
two different dDIHEN nebulizers (Fig.4.6.a and 4.6.c) on the MC-ICPMS and between 15 and



4.3. Results and discussion 101

75 uL.min~! on the MC-ICPMS and the HR-ICPMS (Fig.4.6.b and 4.6.c) with the same dDIHEN.
The liquid uptake rate was globally higher for dDIHEN 1 than for dDIHEN 2 for a given gas
flow. Both dDIHEN are similar but the quartz nebulizer and inner capillary tips can differ
slightly in shape and surface roughness due to ageing. Moreover, the spray is optimized at
the beginning of each measurement session and the tuning may be a bit different between
two measurement sessions. As a consequence the liquid uptake rate has to be calibrated at
the beginning of each measurement session. For gas flows above 100 pLmin—!, we observe
that the liquid uptake rate does not increase linearly anymore (Fig.4.6.a).
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Figure 4.5 : Injection peaks with the u-dDIHEN at different liquid uptake rates and sample loops
of 10 and 50 uL. The last peak at 15 ul.min=!) and 50 mL sample loop is commented with
start/end of the peak, peak duration and stable signal plateau. the peak duration is used to
calculate the liquid uptake rate of the u-dDIHEN setup.

For the tests with dDIHEN 2, the measurements were started at a gas flow rate of 100
uLmin—1, then decreased to 50 and 20 uL.min~—!, and increased again to 30, 40, 75 and 150
uLmin—! The signal was refocused many times during the tests (due to the stabilisation of
the instrument through time after plasma ignition), and in particular the sample gas flow and
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torch positions, for better B signal sensitivity and stability. For the tests with dDIHEN 1 the
gas flow rate was started at 20 uL.min—! and successively increased to 30, 50, 100 and 200
uL.min—!, without retuning of the 1B signal, as the plasma had already been on for a few
hours. This might explain why the gas flow versus liquid flow rates (Fig.4.6.a) and ' B signal
versus liquid flow rate (Fig.4.6.c) relationships are not as linear for dDIHEN 2 as for dDIHEN 1.
When investigating the lower gas flow range of the MCF (15 to 75 uLmin—1, (Fig.4.6.b), the
liquid uptake rates and gas flow rates are linearly proportionate, and for the two instruments,
but the liquid uptake rates were a little bit smaller for the MC-ICPMS than for the HR-ICPMS,
probably due again to slightly different tuning of the dDIHEN spray and sample gas between
the two instruments.
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Figure 4.6 : Liquid uptake rate of the u-dDIHEN according to the gas flow rate from the mass
flow controller (MCF) of the gas displacement pump (GDP) for (a) two different dDIHENSs tested
on the MC-ICP-MS and (b) the same dDIHEN tested on two different ICP-MS (MC- and HR-) ., ¢)
and d) corresponding signal intensity as a function of the dDIHEN uptake rate.

What is striking is the almost linear increase of signal sensitivity (on 1'B for MC-ICPMS
and on 238U on HR-ICPMS) below 25 uL.min~! liquid uptake rate and attenuation or almost
stagnation of the signal above (Fig.4.6.d). When liquid uptake rate is increased, more ions
are introduced to the MS, thus increasing the signal, but when too much liquid is sprayed to
the plasma, extra-wet conditions worsen the ionisation efficiency within the plasma and the
signal does not increase as much anymore. Nebulisation conditions have been extensively
discussed for the precursors of the dDIHEN nebulizer, namely the DIHEN (MclLean et al., 1998)
and LB-DIHEN (Acon et al,, 2000), and depend on the droplet velocity and size distributions:
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the ideal aerosol should be composed of very small, mono-dispere droplets of uniform
velocities to enhance desolvation-vaporization-excitation-ionization of the sample droplets
in the plasma (Mclean et al., 1998). Many parameters combine together to control the aerosol
quality. For example, higher sample gas flow favours smaller droplets but reduce the droplet
residence time within the plasma and thus sensitivity (Minnich et al., 2001); very small uptake
rates induce a rotation of the aerosol that can generate satellite droplets and thus less uniform
size and velocity distributions (Minnich et al., 2001). The present observation that at increasing
uptake rate, but with a constant sample gas flow, sensitivity increases up to a knickpoint
value and then plateaus is in agreement with these previous works. Laser light scattering
measurements of the dDIHEN aerosol under various tuning conditions (capillary-needle tip
distance, sample uptake rate and sample gas flow) would be necessary to fully understand
these processes and accordingly optimize the u-dDIHEN setup for a given application.

4.3.b Boron isotope ratio measurements by MC-ICP-MS
Reference materials at different concentrations and rates

Three standard reference materials (AE120, AE121 and AE122, Vogl & Rosner 2011 were
measured at concentrations between 5 and 200 ppb at liquid uptake rates of 7, 15 and 25
uL.min~—! with a sample loop of 50 pL and at an uptake rate of 14 yL.min~! in transient mode
with a loop of 10 uL (Fig.4.6). When the 19B signal was lower than 20 mV (with 10! ohms
amplifiers), standard errors of the measurement were high (>0.5 %o, 25D, and up to 5 % for
only 2mV on 19B) but the measurements were always accurate, within the 25D limits. For
higher 1°B signals, the measured §''B values were in perfect agreement with the certified
and long-term measured values. This shows that we were able to measure accurate and
precise boron isotope ratios for these standard reference materials with the new p-dDIHEN
liquid introduction system, at much lower flow rates (7 to 25 uL.min~!) and with much smaller
sample volumes (<300 pL) than with the previous method (50 uLmin—! and 1.5 mL, Louvat
et al. 2014b). At an uptake rate of 25 uL.min—!, the minimum boron concentration necessary
for 6'1B measurements with 2SD errors below 0.5 % was 10 ppb. At 15 uL.min—! it was 30
ppb and at 7 uLmin=! 50 ppb.

What would be the best uptake rate and sample loop volume for the §''B measurement
of a small sample? The measurements here lasted 2 minutes (15 cycles of 8s each), so
the minimum sample loop volumes are respectively 15, 30 and 50 pL for uptake rates of
7. 15 and 25 uL.min~—!. The volume of sample needed to fill the loop has to be larger than
the loop. With a good optimization of the FIA program timers (Table 4.2) and of the tubing
diameter and lengths between the autosampler, the FIA valve and the autosampler vacuum,
we determined that 80 pL were necessary to fill the 50 UL loop, and 24 pL for the 10 pL loop.
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Figure 4.7 : MC-ICP-MS boron isotope ratio (5*'B) measurements of the standard reference
materials SRM AE 120, 121 and 122 (Vogl & Rosner, 2011) at concentrations between 5 and 200
ppb, with the u-dDIHEN at different uptake rates.

Thus for the measurement of one sample in triplicate, as was done for the reference
materials here (Fig.4.7), the minimum volume of sample needed would be 90, 150 and 240
UL respectively for the uptake rates at 7, 15 and 25 yL.min—!. As minimum B concentrations
for < 0.5 % 2SD 6''B measurements were respectively 40, 30 and 10 ppb for an uptake
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rate of 7, 15 and 25 uL.min—!, the minimum B amount that can be measured at each rate is
respectively 4.5, 4.5 and 2.4 ng. These “back of the envelope” estimations show that there is
no real difference between the three uptake rates that were tested, as the required minimum
B concentration increases with decreasing uptake rate, and that the limiting factors are more
likely the stability of the signals, their amplification and both the instrument and B extraction
procedure blanks. Above this minimum sample amount of 2 ng B, we would recommend an
uptake rate of 25 pLmin—! and sample loop of 50 L, with the advantage of timings easier to
adjust for the FIA valve (loop filling with a minimum sample volume) and for the transport to
the plasma compared to smaller uptake rates (and smaller loops).

Continuous (50 uL loop) versus transient (10 puL loop) measurements for small samples
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Figure 4.8 : MC-ICP-MS boron isotope ratio (§*'B) measurements in continuous (50 L loop,
one measurement) versus transient (10 UL loop, triplicate measurements) modes for a series of
samples. Both transient and continuous modes required 80 UL of sample and uptake rate was
kept at 25 ul.min=*,

In the case of very small samples (<2 ng B and sample volume <100 pL), it becomes
impossible to have a triplicate measurement in the above-mentioned conditions with a stable
continuous signal lasting for 2 min. For such samples, and at a fixed liquid uptake rate of 25
uL.min—! allowing for optimized sensitivity, we could either measure the §''B value once
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in continuous mode with the 50 pL sample loop or thrice but on a smaller loop of only 10
ML and as transient signal. The test was made on real samples issued from a study on B
adsorption to silica at different pH (similar conditions as Saldi et al. 2018). The test samples (not
limited in volume nor B concentration) were first measured by standard-sample bracketing
in continuous mode, i.e. with a long enough plateau on the injection peaks to measure 15
cycles of 8s, with the 50 uL loop and at an uptake rate of 25 uL.min~!. Then the loop volume
was reduced to 10 pL (uptake rate kept at 25 uLmin—!) and the measurements were made in
transient mode (injection peaks without plateaus), with 150 cycles of 1s (Fig.4.8). Blanks were
measured before and after each triplicated standard-sample bracketing sequence. For each
sample or standard, the ''B/!°B ratio was determined as the slope of the linear regression
(Epov et al., 2010) between 1B and '°B signals (from the 150 measurements), after subtraction
of the average ''B and '°B blank intensities. For these samples the B concentrations were
adjusted to 200 pg.L™, so that the maximum 1B signal was about 100 mV in transient mode
and 150 mV in continuous mode, high enough for correct §''B measurement with the 10!
ohms amplifiers (Fig.4.7). Both modes of measurement give comparable §'!'B results within +
0.5 %0 (Fig.4.8). The advantage of the transient signal mode is the possibility of estimating for
each sample measured a 2SD error out of the five §''B values calculated from the triplicated
standard sample measurements (Louvat et al., 2014b). For the same 80 pL sample volume
only one measurement is possible in continuous mode and no specific reproducibility can be
reported. So we would encourage the transient mode if needed for small volume samples
with low B content.

4.3.c Multi-element analysis by HR-ICP-MS

The developed micro-introduction device was also tested on the HR-ICP-MS Element |l
for the multi-elementary measurement of small sample volumes. The limits of quantification
(LOQ) for trace and utra-trace elements were determined for continuous introduction using
a PFA nebulizer fitted on a cyclonic spray chamber at an uptake rate of 200 pL.min—! and for
the p-dDIHEN at 25 uL.min—! with a 50 UL loop (Fig.4.9). When expressed in ng.L~!, the LOQ
with the u-dDIHEN were globally slightly higher than that with the classical spray chamber
and this is because the signal intensities where lower. However, when LOQ is expressed as pg,
taking into account the uptake rate (thus the volume of sample consumed for one analysis),
for most of the considered elements, the LOQs with the u-dDIHEN were significantly lower
than those with the spray chamber, as the required volume of sample was much lower. No
particular trend is observed depending on the element type or resolution of analysis (high
versus low-resolution).
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Figure 4.9 : Limits of quantification (LOQ) for trace and ultra-trace elements determined with
the u-dDIHEN at 25 ul.min—! and with a PFA nebulizer fitted on a cyclonic spray chamber at
200 uL.min=* (“Spray Chamber") in ng/L (empty circles) and in pg (gray circles). Dots below the
11 line indicate u-dDIHEN LOQs lower than spray chamber LOQES.

4.3.d Au nanoparticles characterization by spICPMS

The single-particle ICP-MS (spICPMS) allows the measurement of events produced by
individual particles at milli-second rate (Degueldre et al., 2006). For usual spICPMS analyses
the nanoparticles (NPs) suspended in an aqueous solution are nebulized into a spray chamber
and only a fraction of the aerosolized suspension reaches the plasma. This fraction, also
called “transport efficiency” needs to be calculated to relate concentration of dissolved
element used for the calibration range (intensity vs concentration) to a total mass observed
per event. Pace et al. (2011) described three different methods to calculate the transport
efficiency. In this study, we used the second method, based on the particle size (Pace et al.,
2011). In a previous study (Tharaud et al., 2017) determined that the transport efficiency for
continuous introduction using a PFA nebulizer fitted on a cyclonic spray chamber at an uptake
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rate of uL.min~! is about 10 %. This efficiency was calculated using the following equation:

diuNPs * SlopeAu3+ * fa Tk P

nr t = (4.2)
ransper (IAuNPs - Idissolved) * td *qx 6

Where d 4, nps, the certified diameter of the AUNPs used in nm; Slope 4,3+, the slope cal-
culated for the calibration range in cps.ng=!.L~! (from the dissolved Au calibration solutions);
f,. the mass fraction (here 100 %); p, the density of the AuNPs (here 19.3 x 10~ ng.nm3);
laun ps aNd lygissoived: reSPectively the mean intensity obtained for the measurement of AUNPs
and of the dissolved Au background in cps; ¢4, the dwell-time in second; and q, the flow-rate
inLs™!,
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Figure 4.10 : Gold nanoparticle characterization using the u-dDIHEN, with a 50 uL sample loop
at an uptake rate of 25 uL/min: calibration curve for dissolved Au (A), raw Au NP (40 nm) signal
acquisition (B), and signal frequency histogram (C).

Using the pu-dDIHEN at a flow-rate of 25 uL.min=! and a 50 pL loop, the instrument was
first calibrated with the dissolved Au standard solutions (Fig.4.10.a). The fitting parameters,
calculated using the least square method, indicate a very good correlation between intensity
and dissolved concentration (R? = 0.99981). A suspension of the 10° diluted reference 40
nm AuNPs (British Biocell International) was then injected through the p-dDIHEN to the MS.
The time-resolved signal we obtained (Fig.4.10.b) is identical to that usually obtained using a
cyclonic spray chamber with a signal spike each time an ion cloud coming from an ionized NP
reaches the detector (according to an appropriate dilution to avoid AuNP signal coincidences
at millisecond dwell-times). Once converted into a histogram (Fig.4.10.c), the Gaussian-like
shape is confirmed by a Kolmogorov-Smirnov test showing that NP intensities are normally
distributed (p = 1.33 x 10715 with N = 270 and a = 0.05, Massey 1951). Thus, this result is
assessed again for a correct nebulization-vaporization-ionization of the mono-dispersed
40 nm AUNPs into the plasma with the p-dDIHEN. However, in order to verify that the size
distribution is not broader than the one provided by the manufacturer, further experiments
are needed with different NP sizes and compositions.

Based on the slope obtained with the dissolved Au (3.4 x 103 cps.ng~!.L~1), the mean
intensity of the 40 nm AuNPs distribution (6.4 x 10° cps) and the dissolved background (8.6
x 103 cps), the calculated transport efficiency is about 85 %. The 8.5-fold increase of the



4.4. Conclusion 109

transport efficiency looks very promising and so far, such a high efficiency was never reached
using a nebulizer to aerosolize the NP suspension. Further investigations should allow us
to find the best set of parameters (uptake rates and dwell time) to reach 100 % transport
efficiency.

4.4 Conclusion

We have demonstrated here that the newly developed direct injection nebulisation setup,
the u-dDIHEN, allows the introduction to ICP-MS of small volumes of liquid samples, under
very stable conditions for uptake rates down to 5-7 pLmin~!. These tests were successfully
and reproducibly conducted on two different instruments, MC-ICP-MS Neptune and HR-ICP-
MS Element Il, for two dDIHEN injectors, and were validated for three different applications:
for isotope ratio measurements (here for boron), for multi-element analyses of trace and
utra-trace elements, and for sp-ICPMS (here for gold nanoparticles).

Because the signal intensity is linearly correlated with the uptake rate and too low signals
hamper precise measurements, very low uptake rates might not always provide the best
measurements, if signal detection of the instruments is not designed for very small signal.
Investigating detection systems dedicated to very small signals (10'2 or 10'3 ohms amplifiers
for Faraday cups or multi- Secondary Electron Multipliers) would allow to go a step forward
in miniaturising ICP-MS measurements for u-samples. For small B amounts in small volume
samples (typically 100 pL) we propose that transient signal measurements with smaller flow
injection loops (of typically 10 pL) can achieve the same performance as continuous (but
unique) signal measurement on a larger loop, but with the big advantage of having multiple
measurements and thus an estimation of the measurement uncertainty for each sample.

Overall, the big advantage of direct injection nebulization is the introduction of 100 %
of the uptaken sample to the plasma. And combined with low uptake rates, the u-dDIHEN
can really be a method of choice to characterize nanoparticles by spICP-MS and overcome
uncertainties due to the estimation of the low transport efficiencies of actual methods.
Altogether the newly developed p-dDIHEN system for liquid introduction to ICP-MS is very
promising for a large variety of applications that require low sample uptake rates and/or
small volumes, and for hyphenated technics.
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La mise en place du p-dDIHEN a permis de réduire les volumes analysés et a présente
d'excellentes reproductibilités. Cependant, celles-ci n'étaient atteintes que pour des échantil-
lons a [B] > 20 ppb. Ce chapitre présente ainsi la seconde partie du développement analytique
qui a permis la mesure du §''B.,,;, dans des carbonates a trés faible niveau de bore. Jai
ainsi mis en oeuvre un protocole qui a d'abord consisté a développer la séparation du bore
de sa matrice carbonatée par la microsublimation, avec un important travail de réduction
des blancs de chimie et de validation de la reproductibilité de cette méthode. En adaptant
le montage pu-dDIHEN/MC-ICP-MS Neptune avec des cones Jet + X et des amplificateurs
a10'3 12, jai pu abaisser considérablement les quantités de bore nécessaires a la mesure
du 6'B. J' ai réussi de cette maniére a mesurer des échantillons de carbonates contenant
jusqu'a 1 a 2,5 ng de bore, a de trés faibles niveaux de blanc de l'ordre de la dizaine de
picogrammes. Ce chapitre rédigée sous forme d'article a été accepté a Journal of Analytical
Atomic Spectrometry.
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HiGH PRECISION MC-ICP-MS MEASUREMENTS OF !!B/!°B RATIOS FROM
NG AMOUNTS IN CARBONATE SAMPLES, USING MICROSUBLIMATION AND
DIRECT INJECTION (-DDIHEN)

Matthieu Buisson?, Pascale Louvat!, Caroline Thaler!, Claire Rollion-Bard!

LUniversité de Paris - Institut de physique du globe de Paris - CNRS, UMR 7154, Paris, France

Abstract

The boron isotopic ratio (§''B) of marine biogenic carbonates is a proxy for oceanic pH
through the geological times, provided that §''B measurements reach precisions better
than 0.8 % (2SD), corresponding to 0.1 pH-unit (magnitude of the Anthropocene ocean
acidification). This level of precision is challenging for the small size and low B content of the
samples used in paleoceanographic reconstitutions. We developed a protocol combining
(i) the fast-handling and very low blanks (9 + 7 pg, 1SD, n=7) microsublimation technique
to purify boron from the carbonate matrix and (ii) the direct injection of the samples to the
MC-ICP-MS plasma with the new u-dDIHEN device, allowing for small sample volumes and
low uptake rates. We further used Jet sampler and X skimmer cones and implemented two
1013 2 amplifiers to respectively increase the sensitivity and enhance the signal/noise ratio,
enabling the precise measurement of small B signals. Our protocol, that consumes only 240
pL for a triplicate sample-standard bracketing (SSB) measurement, was validated through
repeated B extractions and measurements of the carbonate reference material MVS-1 at
different B concentrations. It yielded 15.93 + 0.24 %o (2SD, n=10) with only 1.2 ng consumed
for a triplicate SSB measurement, with individual external repeatabilities (n=5, 2SD) of 0.19 +
0.14 %o. We further measured §''B of modern biogenic carbonates (arthropods, brachiopods,
molluscs, red algae and recifal carbonate mix) down to 0.5-0.7 ng of B and successfully
compared these §'1B values with those obtained after B extraction of the same samples
through ion exchange chromatography.
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5.1 Introduction

The boron isotopic ratio 1'B/1°B has been widely used to explore geochemical processes
on Earth owing to the large atomic mass disparity (10 %) between °B and !B leading to
large fractionations (De Hoog & Savov, 2018; Gaillardet & Lemarchand, 2018; Marschall, 2018;
Trumbull & Slack, 2018). One of boron isotope studie's major contributions is the possibility to
infer the oceanic pH from biogenic carbonates (Vengosh et al., 1991b; Hemming & Hanson,
1992). This permits to track ocean acidification during past climatic crises (Honisch et al., 2012;
Clarkson et al., 2015; Henehan et al., 2019; Jurikova et al., 2020), atmospheric pCO, variations
across the last 65 Myr (Pearson & Palmer, 2000; Honisch et al., 2009; Anagnostou et al., 2016;
Chalk et al,, 2017, Rae et al,, 2018), until today's acidification caused by anthropogenic CO,
emissions (Wei et al.,, 2009; Fietzke et al., 2015; Wu et al., 2018). The relationship between
1B/10B and pH is based on the preferential incorporation into the carbonate lattice of the
tetrahedral borate anion B(OH), (Vengosh et al., 1991b; Hemming & Hanson, 1992), isotopically
lighter by 27.2 + 0.6 %o than its weak conjugate acid, the trigonal boric acid B(OH); (Klochko
et al, 2006), the proportion of these two dissolved species in seawater fluctuating with pH.
Reliable oceanic pH reconstitutions require high accuracy of the §''B measurements and
reproducibility of at least 0.8 %, (2SD), roughly equivalent to 0.1 pH unit (Foster et al., 2006).
This indeed corresponds to the observed amplitude of anthropogenic ocean acidification
(Caldeira & Wickett, 2003; Orr et al.,, 2005), bearing in mind that for the last 300 Myr oceanic
pH has oscillated between 7.5 and 8.2 (Honisch et al,, 2012), whereas during the Pleistocene
glacial/interglacial transitions the shift was about 0.2 pH unit (Honisch et al., 2009).

However the challenges inherent in measuring §'B with ICP-MS are manifold: (1) a low
sensitivity, due to the high first ionization energy of boron (8.3 eV); (2) long washout times
triggered by the strong memory effect of boron (Al-Ammar et al., 2000); (3) a large instrumental
mass bias, due to the 10 % atomic mass discrepancy between the two isotopes, inducing
large space charge effects during ion transfers in the MC-ICP-MS plasma (Aggarwal et al.,
2003; Foster, 2008): (4) “°°Ar#*, 2°Ne?" isobaric interferences on *°B* and °B'H" on 'B* (Foster,
2008); (5) chemistry and laboratory blank issues caused by the volatility of B(OH); (Misra et al.,
2014b) ; (6) residual matrix effects resulting in varying instrumental mass fractionation (Louvat
et al., 2011a). It is thus highly challenging to deal with small carbonate samples with very low
boron concentration like foraminifera (IB] ~ 10 ppm), for which tens to hundreds individual
shells are required to gather a sufficient amount of material for B isotope ratio determination
(Rae et al., 2011). Breakthroughs in palaeoceanographic and paleoclimatic reconstructions
during the last twenty years have been therefore supported by technological and scientific
achievements in mass spectrometric analysis of the boron isotopic ratio (Aggarwal & You,
2016; Foster et al., 2018).

While interferences are easily and fully resolved at low resolution (m/Am-=400, e.g. “°Ar#*
on °B"; *°BH" impact being negligible, Foster 2008) and the sensitivity can be enhanced five
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times with the combination of Jet sample cone and X skimmer cone to extract ions (Misra
et al, 2014b; He et al., 2016), separate approaches have been pursued to counteract the
memory effect of boron, i.e. the addition of gaseous ammonia to maintain a basic environment
in the spray chamber and convert thereby B(OH); to the non-volatile B(OH); (Al-Ammar
et al., 2000; Foster, 2008; Farmer et al, 2016) or the selection of different rinse solutions:
water followed by NH,OH (Wang et al., 2010), HNO3 (McCulloch et al., 2014), HF (Misra et al.,
2014b), or NaF (He et al., 2019). According to the washing protocol, Foster (2008), Misra et al.
(2014b) and He et al. (2019) observed blanks dropped to 2 % of the initial boron signal in less
than 200 seconds. Decreasing the washout time between samples allowed consequently
the implementation of the sample-standard bracketing technique (SSB) to correct for mass
bias drift (Foster, 2008; Louvat et al., 2014b). More recently the reduction of the signal/noise
ratio through the use of 10'2 2 and more specifically the newly released 10'2 2 resistors as
amplifiers has facilitated the §''B determination at high precision for low ion beam intensities
(Lloyd et al., 2018; Sadekov et al,, 2019).

Nevertheless, for boron analyses, because it is sticky and volatile, spray chambers suffer
from memory effects, while desolvators (e.g. APEX or Aridus) lead to signal loss. Such intro-
duction systems are thus not optimum, unless special wash methods are implemented, as
stated above. An alternative strategy, the direct injection nebulization, has been adopted at
Institut de physique du globe de Paris (IPGP) to circumvent the spray chamber and its related
memory effects, and successfully implemented during the last decade with continuous
upgrades to automate the setup and decrease the uptake rate, leading to the best individual
reproducibility (~ 0.1 %o, 2SD) and lowest sample volume needed (100 uL) published so far
for boron isotope measurements (Louvat et al., 2011a, 2014b, 2019). It consists of spraying the
sample directly into the plasma by placing a demountable direct injection high efficiency
nebulizer (d-DIHEN, Westphal et al. 2004) directly into the torch, in place of the injector, thus
increasing the sensitivity by a factor of two to five and drastically decreasing washout times
and blank signal (Louvat et al., 2011a). Automation of sample introduction to the d-DIHEN
allowed to measure faster, continuously and to provide accordingly a more efficient SSB than
spray chamber (Louvat et al., 2014b), and its recent miniaturization (u-dDIHEN) now enables
the analysis of very small sample volumes (Louvat et al., 2019).

The critical point remains that “bulk” §''B analysis methods involve a chemical extraction
of boron from the constituents of the samples prior to analyses, otherwise matrix effects
affect the accuracy of the measurements. This extraction requires that the boron recov-
ery from the sample is close to 100 % to avoid any isotopic fractionation (Gaillardet et al.,
2001; Lemarchand et al,, 2002a; Misra et al., 2014b) and necessitates a cautious and specific
handling of the samples. Initially, boron was extracted from samples by ion exchange chro-
matography, using the boron-specific resin Amberlite IRA-743 (Kiss, 1988; Vengosh et al.,
1991b; Hemming & Hanson, 1992, 1994). However, ion exchange chromatography suffers
from several shortcomings: it is time consuming, taking place over several hours, which
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also boosts the boron loss by this long air exposure, and the multitude of reagents used for
dissolution, buffering, conditioning, washing and elution are as many possible sources of
contamination, despite the recent progress to automate ion exchange extractions (Vega et al.,
2020). A substitute to this separation procedure, the microsublimation (or microdistillation)
technique, initially dedicated to remove organic contamination as final purification step after
ion chromatography for TIMS measurements (Gaillardet et al,, 2001; Lemarchand et al., 2002a),
re-emerged ten years ago in the literature (Wang et al,, 2010). Due to its volatility, B(OH); is
“distilled” in a single step at low temperature (70-100 °C) from digested samples in an acidic
matrix (Wang et al., 2010; Liu et al,, 2014; Misra et al., 2014b; Raitzsch et al., 2018). Consequently
to the small volume of sample solution needed (< 50 uL), the fast handling and the reduction
in the number of reagents used, the risks of contamination are radically reduced.

In this study, we introduce a new protocol to achieve accurate and high precision 6B
determination in low-volume, low [B] solutions of dissolved carbonate samples, by coupling
the microsublimation B extraction and the miniaturized direct injection nebulization system
(u-dDIHEN) for sample introduction to MC-ICP-MS, designed for low volume consumption
(Louvat et al,, 2019). Firstly, the optimisation of the §''B analyses with the pu-dDIHEN for low
[Bl has been achieved by the implementation of an X skimmer cone, which enhanced the
sensitivity, and of two 103 2 amplifiers, which improved the signal/noise ratio and thus the
precision of the measurements for small signals. Secondly, the optimal temperature, time
of heating, sample volume and B amounts have been carefully calibrated for the micro-
sublimation protocol to extract boron from small carbonate samples. Those experiments
were conducted on a carbonate reference material (MVS-1, Jurikova et al. 2019), and multiple
separations have been performed at several boron concentrations to test reproducibility.
The protocol finally established has been tested on marine carbonate samples of different B
concentrations and mineralogies.

5.2 Experimental

5.2.a Reagents, materials and labware

Because of the ubiquity of boron, drastic precautions must be taken to avoid contam-
ination during the chemical preparations and measurements of the solutions and during
air-handling of the samples, by using reagents as pure as possible and performing intensive
cleaning of the vessels. The whole chemical handling has been hence conducted in an
over-pressured and air filtered cleanroom with boron-free H14 HEPA filters (Megacell lll, AAF,
Vincennes, France). Nitric acid HNO3 was distilled with a DST1000 device (Savillex, Eden
Prairie, MN, USA), then diluted with Milli-Q (MQ) water (resistivity > 18 M{2/cm) from a Q-Pod
distributor comprising 0.22 um Millipak Express filter (Millipore, Burlington, MA, USA) and
finally stored in pre-washed polypropylene bottles.
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All 5 mL Savillex Teflon fin legged conical vials used for microsublimation are initially
rinsed thrice with MQ water and successively boiled in 3 N and 0.5 N HNOs in a Teflon jar
placed on a hotplate at 95°C during four days, with three MQ water rinses after each cleaning
step. The sealing of these vials was monitored to ensure there are no leaks and prevent any
future boron loss: the beakers were filled with a volume of ethanol, weighted and placed on
a hotplate at 100°C for 24 hours. If no leakage was noticed (no weight loss), the beakers and
their caps were numbered to keep the same beaker-cap association for the microsublimation.
Other consumables, polypropylene (PP) tubes for MC-ICP-MS analyses and pipette tips were
bathed in a 0.5 N HNO3 and rinsed in MQ water before use.

5.2.b Standard and reference materials

The boron isotopic ratio ''B/19B of reference materials and samples is conventionally
expressed in delta notation (51 B) as parts per thousand (%) deviation relative to the ratio of
the boric acid standard reference material NIST SRM 951 (NIST, USA, by definition at 0 %,
Catanzaro et al. 1970) diluted at the sample/reference material concentration (within + 5 %)
in 0.05 N HNO3 (Louvat et al,, 2011a), following

(HB/lOB)sample
(M'B/19B)n1sT SrM 951

Three boric acid reference materials (BAM, Germany, Vogl & Rosner 2011) ERM-AE120
(AE120; §11B = -20.2 + 0.6 %0), ERM-AE121 (AE121; §'1B = +19.9 & 0.6 %0) and ERM-AE122 (AE122;
§11B = +39.7 & 0.6 %0) have been measured alongside with the samples to test the accuracy

§''B = (

— 1) % 1000. (5.1)

and reproducibility of the §''B measurements. AE121 was more often measured; as its §''B
value is close to the values for marine biogenic carbonates, it was consistently incorporated
in the carbonate sample analytical sessions.

Microsublimation experiments were carried out with the carbonate reference material
MVS-1 ([B] ~ 38 ppm, B/Ca ~ 310 umolmol™!, 6B = 15.95 4 0.19 %0, N=46) elaborated in
GEOMAR Helmholtz-Zentrum flr Ozeanforschung (Kiel, Germany, Jurikova et al. 2019). As
the traditional carbonate reference materials JCp-1 (coral Porites, B/Ca =~ 460 umolmol=1)
and JCt-1 (giant clam Tridacna gigas, B/Ca ~ 190 umol.mol~1) are no longer available due to
their animal origins (Gutjahr et al., 2020; Stewart et al,, 2021), MVS-1, which we had in large
quantities, represents a good intermediate in terms of B/Ca ratios. Delivered in the powdered
form, previously pre-treated with MQ water and an oxidative cleaning to remove organic
matter following Barker et al. (2003), this carbonate reference material (66 mg) was dissolved
in 0.5 N HNOg in order to obtain a stock solution with a boron concentration of about 500 ppb.
This concentration corresponds e.g. to 20 ng of boron in a 40 pL droplet. Lately, we added
to our carbonate measurement sessions the new synthetic marine carbonate reference
material NIST RM 8301 Foram ([B] = 2.5 ppm, B/Ca ~ 140 umolmol~!, §''B = 14.51 + 0.17
%o, Stewart et al. 2021). This reference material is provided dissolved in HNO3 3.3 N and was
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consequently diluted to HNO3 0.5 N, leading to a B concentration of 370 ppb, close to that
prepared from the MVS-1 reference material and used for the experiments.

5.2.c Boron separation from carbonates by microsublimation

Boron is extracted from the carbonate matrix and rid of its various sources of contamination
(organic matter, clays and/or oxides, Barker et al. 2003) by a microsublimation technique
modified from Gaillardet et al. (2001), Misra et al. (2014b) and Raitzsch et al. (2018). A droplet
(volume < 70 pL) of the carbonate sample or reference material, dissolved in HNO3 0.5 M, is
deposited in the lid of a pre-cleaned 5 mL Savillex Teflon fin legged conical vial. The vial,
used as a distillation reservoir, is tightly and rapidly closed in the upside-down position and
then coated completely with an aluminium foil, except the top of the beaker where the
distillate will condense in this colder tip (Fig.5.1). It is thereafter positioned on a hotplate for
24 hours at 95°C (fixed after the heating duration tests). The beaker is then removed from the
hot plate, carefully flipped, and allowed to cool for 15 min.

O 24 h >
(@) ' —_—
~&— Al Foil Slélz:r:;fd
B(OH),
Initial Droplet | Residual
(50 pL, | - | i
pH~3) Matrix

Hot Plate (96°C) Hot Plate (96°C) Hot Plate (96°C)

Figure 5.1 : (a) Schematic illustration of the microsublimation protocol adopted for B extraction
from carbonate samples after the multiple tests of this study, modified from Gaillardet et al. (2001).
(b) A microdistillation vial wrapped with aluminium foil, except for the tip. (c) Microsublimation
session with the vials placed on the hot plate.

Thanks to its volatility, B(OH)s, the only B species at this low pH (< 2), is exclusively found
in the distillate while the matrix remains on the cap. The distillate solution is immediately
diluted with MQ water to 0.05 N HNOj3 (according to the droplet size, e.g. 450 pL of MQ water
for an initial 50 pL droplet) and transferred to a 5 mL PP tube for boron isotope analysis. A
volume of 0.05 N HNOj3 was further added to the samples, which initial droplet volumes
were below 50 UL, to ensure a volume large enough (~ 0.5 mL) for at least four injections
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with the FAST sample loop of the u-dDIHEN. The boron concentration of the sample is first
determined (with the MC-ICP-MS) in order to prepare a bracketing standard solution at the
same concentration (4 5 %).

5.2.d The p-dDIHEN

The d-DIHEN (demountable Direct Injection High Efficiency Nebuliser, Analab, Strasbourg,
France) consists of a long Meinhard-like quartz nebulizer plugged in the torch instead of a
regular injector, and for which quartz needle and capillary can be dismounted and changed
separately (Westphal et al,, 2004). The spray can be easily adjusted by changing the relative
position of the capillary and needle tip, and this optimisation takes place outside the torch
under a binocular microscope (Louvat et al, 2011a), before ignition of the plasma. Originally,
the solutions were delivered into the d-DIHEN through a peristaltic pump. Because the
introduction of air bubbles between samples lead to plasma extinction and possibly torch
melting (Louvat et al, 2011a), the d-DIHEN was then fully automated with a 6-port valve
(FAST, ESI, USA), a carrier solution (0.05 N HNO3) being introduced when the autosampler
probe moves from a sample to another (Louvat et al., 2014b).

The u-dDIHEN setup has been recently developed for low sample uptake rates and
small sample volumes. It is fully described in Louvat et al. (2019). In this setup, the sample is
pushed to the nebulizer by a gas displacement pump (GDP, an 8-port valve — ESI, USA —
with two carrier solution loops and fed by an adjustable argon flux from a micro mass flow
controller — EL Flow, Bronkhorst, France —) in place of the peristaltic pump. In summary, the
sample solution probed by the autosampler fills the 50 pL sample loop of the FAST valve
and is then pushed toward the plasma by the carrier solution (HNO3 0.05 N) from the GDP at
a controlled uptake rate (5 to 25 uL.min=1). During filling-up of the sample loop, this carrier
solution directly supplies to the plasma, washing at the same time the system between the
FAST valve and the d-DIHEN nebulizer. Conversely, while the sample from the sample loop is
pushed to the plasma, the autosampler probe and second half of the FAST valve are washed.

In this study, a peristaltic pump (Spetec, Erding, Germany) is used to fill alternatively the
two loops of the GDP valve with the carrier solution, but also the 50 uL sample loop, instead
of the autosampler vacuum used in Louvat et al (2019). This allowed a slower but more
reproducible filling-up of the FAST sample loop, and a further reduction of the sample volume
needed. The timings to toggle the GDP and FAST valves are set within the ESI autosampler
software, synchronized with the ICP-MS software (Louvat et al., 2019).

5.2.e MC-ICP-MS analyses

Boron isotope measurements have been conducted at IPGP on a MC-ICP-MS Neptune
(ThermoScientific, MA, USA), all the settings being listed in the Table 5.1. The measurements
were done at low resolution (m/Am ~ 400). The signals of the 1°B and !'B isotopes are
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respectively captured by the Faraday cups L3 and H3, amplified with 10! or 10! 2 resistors
according to the boron concentration of the analyte, consistently in HNO3 at 0.05 N (Louvat
et al., 2011a, 2014b, 2019). The B signal for a boron concentration of 20 ppb was generally
between 0.2 and 0.4 V (depending on d-DIHEN nebulizer and MC-ICP-MS tuning from one
session to the next). The 1B signal of 0.05 N HNO3 blank solutions is typically between 0.4
and 0.9 mV, contributing less than 0.8-1.8 % to a signal at 50 mV (~ 5 ppb) whereas the ''B/1°B
blank ratios interestingly converge towards values of 1-2 when low boron concentrations
were analyzed. Additional washout of the system during measurements is unnecessary as it
is already cleaned with the carrier solution between two injections: the signal drops below 1
% of the previous injection signal in 1 minute.

Table 5.1 : Operating parameters of the MC-ICP-MS instrument

Instrument Operating parameters
Nebulizer Direct injection nebulizer (d-DIHEN)
Autosampler SC-2DX (ESD)
Automation valves 6-port FAST valve/8-port GDP valve (ESI)
Sample matrix 0.05 N HNO;3
Uptake rate 25-30 pl.min—!
Sample cone Ni-JET
Skimmer cone Ni-HorX
Plasma RF power 1300 W
Extraction voltage -2000 V
Ar cool gas 15 L.min—!
Ar auxiliary gas 12to 1.5 L.min~!
Ar sample gas 0.4 to 0.5 Lmin~!
Cup configuration 0B jn L3 and 1B in H3
Amplifier resistors 10! or 10'3 2
Resolution Low (400)
Baseline 30 cycles of 1 s integration
B isotope measurements 12 cycles of 8 s integration
Uptake time 40s
Wash time (0 s), during uptake
Sensitivity 0.21t0 0.3V for [B] ~ 20 ppb on ''B mass

After installing the u-dDIHEN assembly, verifying all loops are correctly filled with the
carrier solution, adjusting the timings for filling the 50 uL sample loop on the FAST valve for
minimum sample volume consumption (the timing of the GDP valve being fixed, Louvat et al.
2019) and optimizing the d-DIHEN spray, the plasma is switched on. The peristaltic pump is
in the aftermath turned on, followed by the GDP at a gas flow rate of 45 uL.min—!, whereas
the RF power, the auxiliary and the sample gas are slowly increased to the values listed in
Table 5.1. One hour is necessary to stabilize the p-dDIHEN uptake rate, during which the
instrument is tuned to maximize the sensitivity and stability of the signal.
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As recommended in Louvat et al. (2019), an uptake rate of 25-30 pLmin~! is selected by
fixing the gas flow rate of the mass flow meter of the GDP at 45-50 pL.min—!. These param-
eters correspond to the best compromise to have the highest sensitivity while displaying
the most stable signal and to achieve injection peaks comprising a stable signal plateau
long enough (around 100 s) to provide a statistical determination of the ''B/19B ratio with 12
cycles of 8 seconds with the 50 uL sample loop (Fig.5.2).

The sample is measured thrice in a row, alternately with NIST SRM 951 standard, following
the SSB technique (Galy et al., 2001). A 0.05 N HNO3 blank solution is measured before the
first standard and after the last standard of the SSB sequence for [B] < 50 ppb (Fig.5.2) to take
into consideration the slight incremental contamination that is mainly due to B evaporation
from the opened vials in addition to the initial background. The blank solution signals proved
to be stable during a SSB sequence, meaning that blank intensity and ratio are not affected
by the ''B/!°B value of the sample or standard that was measured just before. Acidity and
concentration of the sample, reference material and standard solutions are matched to
within + 5 % in order to maintain similar mass bias conditions in the plasma. Five §''B values,
background corrected, can be therefore extracted from the SSB sequence (Fig.5.2) allowing
to calculate an average 6'!B value and “individual” repeatability (2SD) for each sample, as
described in Louvat et al. (2014b). This procedure also allows to assess potential mass bias
induced by residual matrix in the sample B solution or to take into account abrupt drifts of
the machine and to accordingly exclude outlier §1!B values. The two additional §1!Bs;,;,_4
and §11Bg,,,_5 (Fig.5.2) have consequently an important role to play in the averaged §'!B and
2SD results. Only 240 pL of sample are needed for the whole triplicate SSB sequence, each
injection consuming only 80 pL of liquid (Louvat et al,, 2019).

5.3 Optimisation of the 5''B measurements for low [B]

5.3.a Sample and skimmer cones combinations

At the interface between the ICP part at atmospheric pressure and high temperature and
the mass spectrometer part under vacuum at low temperature, the sampler and skimmer
cone's function is to extract the ions formed in the argon plasma. Accordingly, the geometry
of these nickel cones strongly impacts the instrumental mass fractionation and the sensitivity,
and hence the precision and accuracy of the measurements. Two types of sampler and
skimmer cones are available for the MC-ICP-MS Neptune (Thermo Scientific): the 0.8 mm
cylindrical orifice Standard sampler cone and the 1.2 mm cylindrical orifice Jet sampler cone;
the 0.8 mm cylindrical orifice H skimmer cone and the 0.8 mm orifice X skimmer cone,
inducing four possible combinations of sampler-skimmer cones. The first three cones are
characterized by a trumpet-shaped base, whereas the X skimmer cone exhibits a completely
trumpet-shaped geometry (not cylindrical at the top, He et al. 2016). The combination Jet
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sampler cone + X skimmer cone enhanced the sensitivity by a factor 4 to 10 compared to the
Standard + H combination for the heavy elements Sr, Nd, Hf, Pb and U (Newman, 2012) and by
2 to 7 times for lighter elements like Li and Mg (Gou et al., 2018, 2019) in solution mode. This
is due to the larger sampling of the plasma among the four cone combinations, allowed by
the larger orifice of the Jet sampler cone and to the trumpet-shaped geometry of the X cone.
However, the Jet + X cone combination also causes an increase of polyatomic interferences
and of ion repulsion due to a larger space charge effect in the increased volume behind the
X cone orifice, impacting Li and Mg isotope measurements, especially at low concentrations
(Gou et al., 2018, 2019).

Although B sensitivity during §''B measurement sessions is a critical point especially due
to its poor ionization, no tests have really been carried out and no consensus was reached
on the best association of cones for §''B measurements. He et al. (2016) evidenced boron
sensitivity increase of 3 to 4 times with the Jet + X cones and of 2 times with the Standard +
X cones, compared to the Standard + H cones. At IPGP, previous §''B measurements using
direct injection were first performed with Standard + X cones (Louvat et al., 2014b), and then
with Jet + H cones for the u-dDIHEN (Louvat et al,, 2019) after upgrading of the MC-ICP-MS
Neptune with the Jet-interface (the X skimmer cone was initially abandoned because of
frequent switch off of the extraction lens). Misra et al. (2014b) reported a 5 times enhanced
sensitivity using the Jet + X cones. They, and later Lloyd et al. (2018) allowed to reduce the
boron mass required for analysis with improved precisions.

We measured the §''B values of the reference materials AE120, AE121 and AE122 at
different B concentrations, between 1 and 50 ppb, for two combinations of cones: the Jet
+ H and the Jet + X cones (Fig.5.3, Table.5.2). We also used 10'! or 10!3 2 amplifiers, which
performances will be discussed in the next section. We observed an increase of 2 to 5 fold
of the B signal using the X skimmer cone compare to the H cone, in agreement with Misra
et al. (2014b) and He et al (2016). As an example, the 1°B signal increased from around 4-10
to 21-23 mV for 5 ppb B solutions and from 8-23 mV to 40-48 mV for 10 ppb B. Given that
the sample volume required for a triplicate analysis with the p-dDIHEN is 240 pL, 5 and 10
ppb correspond to only 1.2 and 2.4 ng of boron analysed. The use of the X skimmer cone
therefore allows for such low amounts to step over the threshold 1B signal of 20-30 mV
necessary to ensure reasonable external precisions (< 0.5 %, 2SD) with the u-dDIHEN and
with 101! 2 amplifiers (Louvat et al., 2019). The "extra-wet plasma" conditions when using the
M-dDIHEN (nebulization of the sample directly in the plasma) do not seem to hamper the
performances of the Jet sample + X skimmer cone combination for §''B measurements.

The best boron isotope measurements achieved with the Jet + X cones can be explained
by two reasons. As opposed to the observations of Gou et al. (2018) on 6”Liand Gou et al. (2019)
on §26Mg, the §''B determination with X skimmer cone is hot impacted by the simultaneously
amplified polyatomic interferences,“°Ar%" and 2°Ne®" on °B’, that are still easily resolved at
low resolution (m/Am = 400), whereas °B*H" is insignificant (Foster, 2008; Misra et al., 2014b).
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As the space charge effect (charge repulsion) affects more light isotopes than heavy ones
(Niu & Houk, 1996), the measured 'B/!9B ratio is much higher than the true ''B/'°B value
(Fig.5.4). This mass discrimination is strengthened when using the X skimmer cone (increase
by ~0.7-15 %), but nhot as much as for lithium (increase by 8 %, Gou et al. 2018), while it was
reduced for magnesium (~2.5 %, Gou et al. 2019). This highlights the "element-dependent”
nature of the instrumental mass bias caused by the type of cones used and that boron is less
vulnerable than lithium to this additional mass discrimination effect with the Jet + X cones.
Incidentally no relationship emerges between B concentration and the measured ''B/1°B
ratio, in opposition to the slight mass bias increase with concentration (between 20 and 800
ppb), which was reported for Li and Mg; more ions introduced in the plasma leading to larger
charge repulsion effect (Gou et al,, 2018, 2019). The concentrations investigated in this study
are probably too low to observe this influence. However slight shifts of 1'B/!°B between 1
and 50 ppb can be noted, which underlines once again the necessity to match the boron
concentrations of standard and sample during the SSB procedure.
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Figure 5.4 : Change in instrumental mass bias with B concentration by using X or H skimmer
cones with 10! (2 (a) or 10'3 2 (b) amplifiers. Left Y-axis for "'\B/'°B ratio of NIST SRM 951
(after blank correction) and right Y-axis for the associated mass fractionation factor from its
theoretical value of 4.04362 (Catanzaro et al., 1970).

5.3.b Reduction of the signal/noise ratio with 10'? 2 amplifiers

The Faraday cup detectors of the MC-ICP-MS collect simultaneously the small ion beam
currents, which are converted to voltages by amplifiers with high-ohmic resistances. This
detection mode generates two sources of noises, the counting statistics (Poisson noise) and
the thermal Johnson-Nyquist noise (JN noises) that lessen the internal precision (Wieser &
Schwieters, 2005). The thermal JN noise, especially, originates from the high ohmic resistance
and is critical for small ion beams (typically < 100 mV for the mostly used 10! 2 amplifiers,
Wielandt & Bizzarro 2011).
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JN noises can be understood as oscillations of the background voltage (in absence of
ion beams) and is expressed as:

(5.2)

where AV ;y is the 1 SD of the JN noise in voltage, kp the Boltzmann's constant (1.38.10723
JK=1), T the temperature in K, t the integration time in s and R the resistance in 2. It follows
that if the resistance value is increased linearly by one (102 (2) or two (10'? (2) orders of
maghnitude (and hence the signal voltage, even if it is translated back to 10! (2 resistance
by applying the amplifier's gain factors), the noise is only amplified by /10 or /100, which
means a theoretical signal/noise ratio improved respectively by a factor 3 or 10 (Wieser &
Schwieters, 2005; Koornneef et al., 2014).

10'2 2 amplifiers have been set up on MC-ICP-MS for solution analysis, such as for Li (Lin
et al, 2019), S (Makishima & Nakamura, 2012), Fe (John & Adkins, 2010), Sr (Bazzano et al.,
2017), Hf, W and Pt (Peters et al., 2015) and naturally for B (Henehan et al,, 2016; Greenop et al.,
2017; Vega et al., 2020). It turned out that the benefits on the signal to noise ratio was lower
than expected (Wieser & Schwieters, 2005; John & Adkins, 2010), whereas those amplifiers
precluded the analyses of ion beam below < 10713 A, the signal being still too noisy. The
secondary electron multipliers (SEM) were therefore favoured for such small signals. SEMs are
able to quantify the smallest ion beams without electronic noise but result in poorer internal
precisions occasioned by their instabilities in the high-precision counting statistic, requiring
thus corrections and repeated calibrations of the gains (Koornneef et al.,, 2014). Raitzsch et al.
(2018) mentioned for instance a 2 %o (20) internal precision for §1'B measurements with SEMs
for 4 ppb B solutions.

To measure low abundance isotopes and/or scarce samples, 103 2 amplifiers fill the gap
between SEM and 10! 2 amplifiers. Primarily installed on TIMS instruments, they reached
unprecedented internal and external precisions for strontium and nheodymium isotope analy-
sis of small samples (Koornneef et al.,, 2014). Their use for MC-ICP-MS in solution mode has
been successfully validated for tantalum (Pfeifer et al., 2017) and rhenium (Dellinger et al.,
2020). Lloyd et al. (2018) reached high precision §''B measurements (2SD < 0.2 %) with 1013
2 amplifiers for a boron mass down to 0.8 ng (for a single measurement). Meanwhile they
also clarified that §''B measurements are not affected by the very slow response time of
these amplifiers (a lag between the detection of the signal and the electronic transcription,
increasing with resistance, Gourgiotis et al. 2015), if both Faraday cups have the same amplifier
resistance. In contrast, the response time gap between two different amplifiers preclude
s11B analysis with combinations on the Faraday cups such as 10! £2 amplifiers on H3 and
103 2 on L3. For our measurements of the reference materials AE120, AE121 and AE122
at [B] between 1 and 50 ppb, B signals (Fig.5.3) are all below the 100 mV threshold, at
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which the JN noise interferes for the 10!! 2 amplifiers (Wielandt & Bizzarro, 2011). Louvat
et al. (2019) established a critical limit at 20-30 mV with those amplifiers, below which the
individual external 2SD were systematically > 0.5 %.. The accuracy, internal and external
reproducibilities of the measurements are thereby strongly affected. The 2SD values start to
be acceptable (0.2 - 1.2 %o, except for one AE120 solution > 2 %) only for [Bl > 20 ppb and
are significantly better at 50 ppb (< 0.7 %, 2SD, Fig.5.3a-c). Thanks to the 10! 2 amplifiers,
the internal standard errors (Fig. 5.5) have been considerably reduced, compared to 10! 2
amplifiers, and we recommend their use for B signals < 100 mV.

8 o

[0 Measurements with 10" Q amplifiers
O Measurements with 10" Q amplifiers ]

— Theoretical internal error with 10" Q amplifiers | ;

— Theoretical internal error with 10 Q amplifiers |
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Figure 5.5 : Internal standard errors (%, 20) of the ''B/°B measurements according to the °B
signal intensity, with 10'* §2 (red) or 103 2 (blue) amplifiers. o = standard deviation//n * 1000,
with n = 12 cycles of 8 s. Each data point corresponds to one injection of a reference material
(NIST SRM 951, BAM ERM-AE120, AE121 or AE122). The database gathers roughly one year of
measurements. Theoretical internal error curves are calculated according for Johnson-Nyquist
plus Poisson noises (John & AdRins, 2010, Dellinger et al., 2020).

Combining the use of 10'3 2 amplifiers and a X skimmer cone, §''B measurements of
solutions with [B] < 5 ppb are now possible. Except for one measurement of AE122 (2SD
at 0.87 %o, Fig.5.3f), all the 2 ppb solutions measured under these optimised conditions
had individual external repeatability < 0.5 %o (2SD, Fig. 5.3d-f). Given the volume of sample
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required for a triplicate SSB analysis with the 50 uL sample loop of the p-dDIHEN, only 0.5
ng of boron were necessary to achieve these measurements. §''B accuracy below 2 ppb
is also in agreement with the certified values, although some values (solutions at 1 ppb)
are slightly shifted towards lower §''B for AE122. This is probably due to the instrumental
blank, highly enriched in 1°B, that impacts more visibly high §''B samples at low [BI, i.e.
lower sample/blank signal ratio (Louvat et al,, 2014b). 6''B data of reference materials at
1 ppb, with individual 2SD between 0.4 and 1.3 %o, illustrate this difficulty of correcting for
instrument memory effect for [Bl < 1 ppb and set a cut-off from which the blank correction is
no longer effective to achieve accurate measurements. While the 103 2 amplifiers overcame
the noise issues for very small ion beams, the underlying lightness and memory effect of
boron complicate the §''B determination for B concentration below 1 ppb, and once again
controlling B contaminations in the instrument environment becomes a limiting step.

5.3.c Long-term reproducibility

Given these previous results on reference material solutions, the Jet + X cones have been
set up for the §''B measurement of natural samples. The 103 2 amplifiers were used for
[B] < 35 ppb to respect the 0.5 V upper limit for 1B signal (transposed as 10! 2 amplifier
signal through the gain factor) and 10! 2 amplifiers for [B] > 35 ppb. For each measurement
session, essentially dedicated to carbonate samples, reference material AE121 was measured
every few samples (~ 5) at the same concentration as the samples. Altogether AE121 has
been measured more than 100 times in one year (Fig.5.6), at 1 < [Bl < 50 ppb, yielding a
long-term 6B value of 19.55 + 0.34 %0 (2SD, n=103), in total agreement with the literature
(Vogl & Rosner, 2011; Misra et al,, 2014b; Lloyd et al.,, 2018), and with 25D slightly higher than
for the long-term (> 10 years) IPGP reproducibility (6''B = 19.56 & 0.17 %0, 2SD, n=90, but for
[B] of 100-200 ppb, Louvat et al. 2019). The median individual external precision (2SD) for
these 103 replicates is 0.18 %o (0.22 + 0.15 %o, 1SD).

More specifically, for AE121 solutions with 4 < [B] < 10 ppb (B amount analysed between
1 ng and 2.4 ng for triplicate SSB analysis, i.e. between 0.3 and 0.8 ng per sample injection),
average 6''B for AE121 becomes 19.60 + 0.23 %o (2SD, n=43), with an average individual
external precision (2SD) of 0.19 + 0.14 %, (2SD). With the u-dDIHEN, we thus reiterated the
same analytical performances achieved by Lloyd et al (2018), but we also significantly
decreased the amount of boron analysed per measurement (here injection) from 0.8 ngto 0.4
ng for reference material solutions at 5 ppb, with half the injected volume (~ 150 L against
80 uL here).

For solutions with 2 < [B] < 3.5 ppb (0.5 < B < 0.85 ng), average §''B for AE121 is 10.47
+ 0.51 %0 (2SD, n=19). The one-year 2SD reproducibility value gathering all concentrations
(19.55 + 0.34 %o, 2SD) is therefore slightly pulled up by this pool of low [B] solution samples,
when compared with those of Lloyd et al. (2018) or Louvat et al. (2019).
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Without them, the long-term reproducibility is 19.56 + 0.26 %o (2SD, n=84), much closer
to the long-term IPGP reproducibility (19.56 + 0.17 %, Louvat et al. 2019). By their very
low concentrations, these solutions were more sensitive to the instrument B memory or
to contamination during the dilutions. The individual external precisions are by extension
impacted with an average of 0.45 + 0.25 %o (2SD). Additionally, it should be noted that the
AE121 measurements starting December 2019 have been performed along with carbonate
samples and therefore some residual matrix effects (from the carbonate samples) could
have affected the §!!B determination. However, at such low concentrations and measured
in between natural samples, these AE121 §'1B still match with the certified values, and all
the individual 2SD are below 0.6 %.. Transposed to marine carbonates, this level of precision
could enable paleo-pH reconstructions on the lowest amount of boron ever reached to date,
thus reducing the amount of material required for each sample measurement.

5.4 Boron separation with the microsublimation

Multiple microsublimation experiments have been carried out on a stock solution of
the reference carbonate MVS-1 (Jurikova et al., 2019) to evaluate the best combination of
temperature, heating duration and B amount to achieve a full boron recovery in a nitric acid
medium. Gaillardet et al. (2001) originally recommended 70°C for 12-14 hours. Wang et al. (2010)
proposed to raise the temperature to 98°C because of the temperature gradient between
the beakers and their homemade hotplate and the use a coated graphite rack instead of
aluminium foil. Using the same protocol as Wang et al. (2010), Misra et al. (2014b) fixed the
temperature at 95°C for 15-18 hours, whereas Raitzsch et al. (2018) used a temperature of
100°C during 24 hours.

In our case, we initially choose to set the heating of the hot plate at 95°C in order to
be consistent with Misra et al. (2014b), temperatures above 100°C being wilfully avoided
to prevent potential bubbling on the upside-down beaker's lid. We then conducted our
microsublimation protocol with different heating durations and boron loads, and measured
the §'1B of the distillates exploring alongside the pu-dDIHEN method on carbonate samples.
For each heating duration or B mass, nine to ten aliquots from the stock solution have been
prepared, thanks to the fast handling, and analysed to establish robust statistics to validate
our protocol.

5.4.2a Whole procedural blank contamination

The installation of boron-free Hi4 HEPA filters in the over-pressured cleanroom allowed
initially to prevent boron contaminations coming from the filtered air. A Teflon vial filled
with HNO3 0.05 N was left open on the bench during 48 h, and indicated that the air B
contamination was only 4 pg per hour.



132 Chapter 5. 6''B determination in low-B biocarbonates

The whole procedural blanks (complete microsublimation protocol with a 50 yL droplet
of nitric acid at 0.5 N) were processed as any other sample until the MC-ICP-MS measure-
ments. However, the blank beakers were always the last prepared for the microsublimation,
thus integrating B contamination from reagents, materials or volatilization from the distilled
analytes during the handling time of the whole series of samples to microsublimate. This
blank represents thus a "maximum"” value.

Foster, 2008

Wang et al., 2010

Louvat et al.,, 2011 and 2014
Raeetal, 2011

Henehan et al., 2013

De la Vega et al., 2020
Wang et al., 2010

Misra et al., 2014

Raitzsch et al., 2018

0000 0 Y& 1

1 10 100
Boron mass (pg)

This study

Figure 5.7 : Boron procedural blank in pg reported for ion exchange chromatography (Foster
2008; Wang et al. 2010, Louvat et al. 2011a; Rae et al. 2011, Henehan et al. 2013; Louvat et al.
2014a, in green), for automated ion exchange chromatography (Vega et al. 2020, in orange)
and for microsublimation (Wang et al. 2010; Misra et al. 2014b; Raitzsch et al. 2018, in blue),
compared with contamination values assessed with our microsublimation protocol. Those
values are dissociated in circles and diamonds, representing respectively the determination of
the whole procedural blank just after the microsublimation and after a longer storage (> one
weeR) of the distillate in PP tubes. The squares reflect the maximum contamination values when
the blank contamination range was not mentioned.

Our microsublimation blanks exhibit a median of 23 pg (20 + 12 pg B, 1SD, n=14), which
represent only ~ 0.9 % of a solution with 2.5 ng of boron. These blanks are 2 to 10 times lower
than those reported for B extraction by ion exchange chromatography with the Amberlite
resin in micro-columns (Foster, 2008; Wang et al., 2010; Louvat et al., 2011a; Rae et al., 2011;
Louvat et al, 2014a; Vega et al.,, 2020), in the same order of magnitude as Henehan et al.
(2013) with ion exchange chromatography and the lowest values of Vega et al. (2020) with
automated ion exchange chromatography or Raitzsch et al. (2018) with microsublimation,
and higher than those of Wang et al. (2010) and Misra et al. (2014b) with microsublimation
(Fig.5.7). We nevertheless observed that the higher microsublimation blanks were for series
that had been stored for a longer time (> one week) in PP tubes before §''B analysis. That is
why the microsublimation separations were then performed the day before the MC-ICP-MS
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sessions, and the procedural blanks drop below 20 pg of boron (9 + 7 pg, 1SD, n=7), reaching
the lowest values mentioned in the literature (Wang et al., 2010; Misra et al., 2014b).

5.4.b Heating duration of the microsublimation

As the protocol slightly differs from Misra et al. (2014b) by the use of aluminium foil
(Gaillardet et al, 2001), different heating durations between 12 and 24 hours with steps
of two hours (Fig.5.8.a) have been tested on the stock solution of the reference material
MVS-1 (Jurikova et al,, 2019), with droplet volumes of 40 pL (containing 20 ng of boron for a
final concentration of 40 ppb in the analysed solution). A supplementary test for 87 hours
(~ 3.5 days) has also been conducted. It appears that the full recovery has been almost
achieved after 12 hours, also reported by WWang et al. (2010), as the MVS-1 reference value
has already been reached (15.95 + 0.19 %o, 2SD, n=46, Jurikova et al. 2019). [Bl measurements
on residues were also very close to the blanks whereas the desired boron concentration
were systematically found during the isotopic measurement with the MC-ICP-MS according
to the type of sample and the size of the droplet that we loaded. Misra et al. (2014b) also
noticed a near recovery after 12 hours but a full recovery only after 14 hours, however with
a lower temperature of 75°C during their initial tests. When the recovery is not complete,
the distillate contains more of the heavier isotope compared to the certified value due to its
preferential condensation from the vapor phase or its distillation as the volatile boric acid is
preferentially enriched in !B (Chetelat et al,, 2005; Misra et al., 2014b).

On the other hand, our results show that a prolonged heating, even after several days,
does not affect the §''B measurements, as our values yielded 15.87 + 0.12 %o (n=10, 2SD). This
validates that, even after long heating times, no significant sublimation of other elements
from the carbonate matrix occurs, that could generate matrix effects during 6''B measure-
ments and therefore shift the isotopic values. We finally adopted, for practical reasons, a
microsublimation duration of 24 hours, which can be interestingly extended if needed (e.g.
over weekends) according to the operator's schedule. Finally, this set of experiments allows
us to define for this carbonate reference material MVS-1 an average §''B value of 15.95 +
0.22 %o (2SD, n=78) for final solutions containing 40 ppb B (i.e. only 10 ng B per triplicate
analysis). This emphasizes that coupling microsublimation with the u-dDIHEN device consis-
tently reproduced Jurikova et al. (2019)'s values, that was obtained after B extraction with
ion-exchange resin Amberlite IRA-743 in microcolumns, and by MC-ICP-MS measurements
using a spray chamber with [B] between 10 and 50 ppb. This is also a step towards an in-
terlaboratory consensus on §''B analyses for carbonates; intercomparisons that showed
initially a great variability (Foster et al., 2013) but now tend towards reduced or even absent
differences between laboratories (Gutjahr et al., 2020). Furthermore, with an average 2SD of
0.12 4+ 0.11 %0 (2SD, n=78), the individual external errors reach a noteworthy level for carbonate
sample 6B analyses at such low boron amount (10 ng for triplicate analysis).
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Figure 5.8 : Reproducibility of §''B measurements on the carbonate reference material MVS-1
(15.95 4+ 0.19 %0, 25D, n=46, Jurikova et al. 2019, dashed and solid lines) in a and b (15.94 +
0.21 %o, 2SD, n=148) and the synthetic carbonate reference material NIST RM 8301 Foram (14.51
+ 0.17 %0, Stewart et al. 2021, dashed and solid lines) in ¢. B extraction was performed by the
microsublimation technique for (a) different heating durations (with fixed 20 ng boron in a 40
uL droplet, i.e. [Bl-40 ppb); (b): different boron masses loaded on the sublimation beaker lids
(with fixed heating duration of 24 hours). (c): for 2.5 and 5 ng of boron loaded on the sublimation
beaker lids (with fixed heating duration of 24 hours). Each data point represents average + 25D
for a triplicate sample-standard bracketing measurement with the u-dDIHEN setup, the Jet
+ X cones and the 10! (2 (if [B] > 35 ppb) or 10'3 2 amplifiers. The blue box plots depict the
statistical parameters for nine to ten aliquots (orange dots) with median in red.

5.4.c Microsublimation for different B masses loaded

We thereafter conducted microsublimation at 95°C for 24 hours (as selected above) still
on the stock solution of the reference material MVS-1 (Jurikova et al., 2019) in order to assess
the boron recovery (with an isotopic fractionation expressed if the recovery is not total),
explore the u-dDIHEN achievements (with Jet + X cones and 10'? 2 amplifiers) at different
boron concentrations and secondarily test the impact of the droplet size. The boron masses
loaded on the caps of the beakers vary according to the droplet volume of the stock solution
at 500 ppb B (e.g. 50 pL = 25 ng B).

It turned out that the droplet size must be carefully monitored. During our first experiments,
we noted that for droplets larger than 70 pL (35 ng of boron) the distillate droplet did not
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remain in the conical top of the beaker and fell down to the beaker cap. On the other side,
droplets smaller than 30 pL exhibited §''B with larger offsets relative to the reference value,
as part of the boron remained probably trapped within the matrix during the sublimation.
Consequently, an additional volume of HNO3 at 0.5 N was added to these sample droplets
to reach a constant droplet volume of 50 pL on the cap. For experiments with 2.5 and 5 ng of
boron, in order to have a better reproducibility on the sample volume taken, two daughter
solutions were diluted from the stock solution to respectively 50 and 100 ppb. In the same
way, two daughter solutions for NIST RM 8301 Foram (Stewart et al., 2021) were prepared
at the same concentrations. The distillates are finally diluted to 0.5 mL in 0.05 N HNO3, and
only half of this volume (240 uL) is used for triplicate analysis.

All the MVS-1 §11B results for droplets comprising 2.5 to 35 ng B (Fig.5.8.b) are in complete
agreement with the reference value (15.95 + 0.19 %o, 2SD, n=46, Jurikova et al. 2019), with a
global average §''B of 15.92 & 0.19 %. (2SD, n=80). The individual repeatabilities (2SD) are
also very low at 0.15 + 0.13 %o (2SD). More specifically, for only 5 and 10 ng B loaded on the
microsublimation cap (i.e., 2.4 and 4.8 ng analysed), the average values are respectively 6''B =
15.86 + 0.16 %0 (2SD, n=10) and §''B = 15.94 + 0.13 %o (2SD, n=10), and external reproducibilities
are as good as those at higher concentrations, thanks to the X skimmer cone and the 10'3
2 amplifiers. Regarding the droplets loaded with only 2.5 ng of boron, the §!'B values are
slightly more scattered (§''B = 15.93 + 0.24 %o, 2SD, n=10) with individual 25D marginally
higher than for the other tests (0.19 + 0.14 %o, 2SD, with a maximum at 0.32 %). In parallel, the
d'1B measurements for NIST RM 8301 Foram with only 2.5 and 5 ng B in the loaded droplet
(Fig.5.8.c) are as well in full agreement with the reference value (14.51 4+ 0.17 %o, Stewart et al
2021), with a value of 14.48 + 0.18 %o (2SD, n=11). As for the MVS-1 carbonate at these low
concentrations, the individual repetabilities are hardly worsened (0.25 + 0.13 %0, 2SD, with a
maximum at 0.34 %o). All these results reach an outstanding degree of reproducibility and
accuracy, especially for 2.5 ng B and 5 ng B in the initial droplet for respectively only 1.2 and
2.4 ng B analysed, i.e. 0.4 and 0.8 ng of boron per injection.

5.5 Application: comparison between the new developed method
and ion chromatography separation

The microsublimation technique was applied on a range of modern marine biogenic
carbonate organisms belonging to four different phylum and different recifal carbonate mixes
(Tab.5.3) that were sampled on the French coasts. In order to compare the microsublimation
to the common method of B extraction by ion exchange chromatography using the anionic
resin Amberlite IRA-743 in micro-columns (Lemarchand et al., 2002a; Paris et al., 2010a), boron
from these samples was extracted using the two methods and §''B was measured with the
pM-dDIHEN technique.
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These samples also provide the opportunity to test the microsublimation on CaCOg
matrices with a wide spectrum of mineralogies (calcite, aragonite, magnesian calcite and
sometimes combined) and boron concentrations (7 4+ 7 % to 142 + 4 % ppm).

After a preliminary oxidative cleaning to remove organic matter with the alkaline-buffered
H,O, method (Barker et al,, 2003), two fractions of each powdered calcium carbonate sample
have been dissolved in 0.5 M HNO3 before boron extractions: 2 to 20 mg of sample in 0.2 to
1 mL 0.5 M HNOjs for ion exchange chromatography and 0.4 to 30 mg of sample in 0.15 to
115 mL 0.5 M HNO3 for microsublimation and major and trace element analysis in ICP-QMS.
For some of the samples the very low amount of material aimed at checking the u-dDIHEN
performances at very low boron concentrations. One advantage of the microsublimation
is that an aliquot of the dissolved sample can be directly use for separation, while ion
exchange chromatography requires basification of the sample solution to pH 6-8 by addition
of 0.5 to 2 mL of NH4OH 4M prior to their introduction in the micro-columns. Another ion
exchange chromatography protocol (Foster, 2008; Rae et al., 2011; Vega et al., 2020) buffers
sample solutions with Na acetate (2 M NaCH3CO,)/acetic acid (0.5 M CH3CO,H), which
requests an addition of twice the volume of 0.5 N HNO3 used for carbonate dissolution. These
bufferings can contribute significantly to total procedural blanks. Moreover the addition of
large amounts of Na might lead to residual Na in the B eluted fractions and consequently
to different instrumental mass fractionation during the §''B measurements between the
sample solutions and the pure boric acid bracketing standard NIST SRM 951 (Foster, 2008;
Rae et al.,, 2011). Microsublimation avoids such additional contamination and matrix effects.

For the marine biogenic carbonate samples investigated here ¢'!B values varied between
14.55 and 29.05 %o, in agreement with published values for biomineralisers: e.g. 22-40 %o
(Hemming & Hanson, 1992; Zhang et al,, 2017; Sutton et al., 2018) for high-Mg calcite coralline
algae, and 11-19 % (Heinemann et al., 2012; Liu et al., 2020; Lécuyer et al,, 2002; Penman
et al,, 2013; Jurikova et al., 2019) for mussels (Mytillus edulis) and brachiopods (Myriapora
truncata). Recifal carbonate mixes show B concentrations between 49 + 2 % and 142 &4 %
ppm and §''B between 18.00 + 0.13 and 22.33 + 0.23 %.. Barnacles (Balanus sp.) and limpet
(Patella vulgata) §''B were measured for the first time (Tab.5.3). They have a low B content
(around 10 ppm), similar to bivalves. The large variety of B contents and 6'!B values of these
marine calcifiers could reflect different biomineralisation processes, which will be discussed
in another publication.

The two methods of B extraction globally show for most of the samples an excellent
agreement within + 0.4 %. (Fig.5.9), consistent with our analytical uncertainties. One recifal
carbonate §''B value is hevertheless slightly away by roughly 1 %. (Fig.5.9.b, marked with
an asterisk in Tab.5.3). Given the relatively high boron concentrations at which this sample
was measured (15 ppb after microsublimation, 85 ppb after ion exchange chromatography),
measurement issues can be excluded. The difference between the two methods could be
rather due an incomplete recovery during ion exchange chromatography extraction (loss
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of 1B at the end of the elution, Lemarchand et al. 2002a), leading to §'!B value 1 %o higher
than after microsublimation. The presence of organic matter in the carbonate sample could
possibly have deteriorated the performances of ion exchange B extraction (Gutjahr et al.,
2020).
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Figure 5.9 : (a) Cross plot of 6''B of different modern biogenic carbonates (Tab.5.3) obtained
after microsublimation or B extraction by ion exchange chromatography. (b) 61 B difference
between microsublimation and ion exchange chromatography extractions according to the 6''B
values after ion exchange chromatography. Colour code gives the concentration at which the
samples have been measured after microsublimation. The dark grey band represents the 0.4 %o
envelope and the lightest grey band the 1 %o envelope around the 1.1 black line.

The barnacle and limpet samples exhibit three of the lowest boron concentrations (10-
11 and 8 ppm, respectively). Their §''B measurements after microsublimation have been
achieved on final solutions comprising only 1 and 1.5 ng of boron (2 and 3 ppb; the triplicate
SSB measurement consumed respectively 0.5 and 0.7 ng B). Despite this low B amount, the
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s11B values are in agreement within uncertainties with those measured at higher concentra-
tion (30-60 ppb) after ion exchange chromatography, and the individual external errors for
each sample are still very low: 0.1 %o for 1.5 ng B and 0.5 %o for 1 ng B. Overall, this demon-
strates that microsublimation can efficiently extract boron from biogenic calcium carbonates
independently of their mineralogy (aragonite, calcite and high-Mg calcite) or boron content
(down to 8 ppm in this study), and that our §''B measurement protocol with the miniaturized
direct injection introduction of the samples (u-dDIHEN), Jet+X cones and 10'? 2 amplifiers
can reproducibly be applied to such low [B] natural samples.

5.6 Conclusion

To circumvent the analytical issues intrinsic to boron isotope analysis on MC-ICP-MS for
small carbonate samples at low boron concentration, we provided a new protocol coupling
the direct injection of the sample in the plasma torch with the p-dDIHEN device allowing
both low uptake rates and small sample volumes, and the microsublimation technique for
the preliminary extraction of boron from the samples.

The 6''B measurements were improved for small B concentrations by using the combi-
nation of a sampler Jet cone and a skimmer X cone, which increased the boron sensitivity by
a factor of 2 to 5, and by implementing 103 2 amplifiers, which raised the signal/noise ratio
by a factor of 10 compared to the 10! 2 resistors. Our optimized microsublimation protocol
(heating at 95°C during 24 hours, sample droplet volume of 40-50 uL) proved to be a reliable
alternative to the traditional ion exchange chromatography for boron extraction from CaCOj3
matrices. Beyond the lowest procedural blank levels (9 + 7 pg, 1SD, n=7) and the simplicity
of a single-step procedure, this method offers the opportunity to treat smaller volumes of
sample and became at this point the adequate complement to the u-dDIHEN setup for the
determination of the !B in small carbonate samples with low B content.

The long-term 6B reproducibility for the carbonate reference materials MVS-1 (Jurikova
et al, 2019) and NIST RM 8301 Foram (Stewart et al.,, 2021) has been respectively assessed
at 15.94 + 0.21 %o (2SD, n=148), for boron masses between 2.5 and 35 ng, and 14.48 + 0.18
%0 (2SD, n=11), for boron masses at 2.5 and 5 ng. This optimised analytical protocol enables
also to establish accurate 6''B measurements for boron concentration down to 2 ppb for
boric acid reference materials, but most importantly, for carbonates, down to a mass of 1
ng of boron in the final solution after microsublimation. With a total volume of only 240 pL
injected during the triplicate Sample Standard Bracketing measurement this corresponds to
an exceptionally low overall mass of boron consumed of 0.5 ng. Furthermore, the individual
repeatabilities for the sample §''B measurements hardly ever exceeded 0.2 %, for solutions
containing at least 2.5 ng of boron and up to 0.5 %o with 1 ng B.

These analytical performances, elaborated at such low amount of sample and boron
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concentration, could allow in the future to refine the oceanic paleo-pH reconstitutions from
less sample material (e.g. for the benthic foraminifera, less abundant in the sedimentary
records) or to better constrain the biomineralization processes by subsampling different
sections of larger organisms, such as corals or brachiopods.
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Aprés avoir mis en place la mesure du §''B,,;, pour des échantillons de carbonates
contenant de faibles concentrations de bore, je me suis attelé a realiser les premiéres
mesures d'échantillons de foraminiferes planctoniques. Celles-ci ont été également permises
par de nombreux tests réalisés sur le lavage des échantillons, car toute trace de contaminants
comme la matiére organique, les argiles ou les oxydes de manganése ou de fer peuvent
fortement impacter le rapport §''B.,,5. Ce chapitre présente donc les premiers résultats
obtenus sur l'espece de foraminifere Globigerina bulloides, 'une des moins concentrées en
bore (B/Ca ~ 40 umol/mol, Henehan et al. 2016), sur trois fractions de tailles différentes:
250-315 um, 315-400 pm et > 400 um. Comme les echantillons prépares contenaient tres peu
de matériel, certains étant méme trop faiblement concentrés en bore, jai utilisé avec succes
l'alternative évoquée dans le chapitre 4, consistant a les mesurer en signal transitoire, avec
un volume trois fois plus petit que la méthode en signal dit continu expliquée dans le chapitre
5. Cette méthode a permis ainsi d'avoir d'excellentes précisions pour des échantillons ne
contenant que 1 ng de bore, pour une consommation totale de 80 L. La validation de mes
résultats au regard de précédentes etudes sur les foraminiferes m'a finalement permis de
discuter de potentiel effet de taille sur le 6''B,,,, chez Globigerina bulloides. Ce chapitre
redigé sous forme d'article est en preparation pour Biogeosciences, en technical note.
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Abstract

Since the 1990s the isotopic ratio of boron (§1B) in calcitic shells of planktic foraminifera
has proven to be a powerful geochemical proxy to determine the oceanic paleo-pH and its link
to atmospheric CO2 level over geological times. However, the use of planktonic foraminifera
in paleoclimatic reconstructions requires calibrations of the pH - §'B relationships to correct
what is known as « vital effect »: each species controls differently its calcification process and
consequently slightly modifies the seawater chemistry during biomineralization. Moreover,
shell size effect on §''B has been reported for some symbiont-bearing species due to
photosynthetic increase of pH. Calibrations for the symbiont-barren Globigerina bulloides
have been already determined but sparse data have been reported so far for the test size
effect on §'1B. Here we measured the §'1B of three different fractions (250-315, 315-400
and >400 pym) of G. bulloides sampled along the coretop PSg7-122 from the Chilean margin
(54.10°S, 74.91°W), by using a new protocol developed at IPGP and dedicated to small samples
which couples a microsublimation technique and a micro-direct injection device (u-dDIHEN).
This allowed to perform §''B mesurements for solutions containing only 1 ng of boron,
corresponding to an analyse on 400 pg of boron, with only 80 pL injected for a triplicate
analysis. After validating our §' B measurements on foraminifera, we showed that there are no
5!1B size effect on G. bulloides, which is coherent for this specis where the microenvironment
is only affected by respiration and calcification, compared to other symbiont bearing species
where photosynthesis is at play, impacting §''B according to the symbionts’ density.

6.1 Introduction

Since the pioneering work based on the oxygen and carbon isotopes (Epstein et al., 1953;
Emiliani, 1955), foraminifera emerged during the last 60 years as an important archive since
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the Lower Cretaceous for paleoceanographic and paleoclimatological reconstructions due
to their ubiquity in the oceans (Schiebel et al,, 2018). During the precipitation of their calcite
test, foraminifera entrap various minor and trace elements (i.e Li, B, Na, Mg, Sr, Ba, ~ 1% of the
weight) from the seawater, which is closely related to the physical and chemical conditions
of their living environment (Lea, 2003; Katz et al,, 2010). Biomineralisation mechanisms have
been investigated to better apprehend the processes of their incorporation in the carbonate
lattice (e.g., Elderfield, 1096; Erez, 2003; Bentov & Erez, 2005; Nehrke et al.,, 2013; de Nooijer
et al., 2014, Toyofuku et al., 2017; Evans et al., 2018), while the relationships between the
chemical compositions of the shell and seawater have widely explored in laboratories and
field studies (e.g., Delaney et al., 1985, Sanyal et al., 1995; Lea et al,, 1999; Anand et al., 2003;
Russell et al,, 2004; Yu et al., 2007a; Gray et al., 2018), allowing to shed light on the "biolog-
ical black box". Empirical proxies have thus been calibrated based on these relationships
between the surrounding physico-chemical parameters and the carbonate geochemistry of
the foraminifera’s tests, in an attempt to correct the so-called vital effects i.e the modification
by the foraminifera of the seawater chemistry prior to calcification (Urey et al., 1951).

One of the most robust proxies applied in paleoceanographic reconstructions is the
boron isotopic ratio as tracer of the seawater pH (Sanyal et al,, 1996; Pearson & Palmer,
2000; Sanyal et al.,, 2001; Foster, 2008; Rae et al., 2011; Henehan et al., 2013, 2016; Raitzsch
et al., 2018; Guillermic et al, 2020). The basis of the ''B/!°B (5'!B)-pH proxy relies on the
constant equilibrium fractionation of 27.2 + 0.6 %, (Klochko et al., 2006) between the two
pH-dependent species: the trigonal weak acid B(OH)3 and its conjugated base, the borate
anion B(OH); (Dickson, 1990; Roy et al., 1993), the latter being almost solely incorporated
as a substitute of the carbonate ion in the calcium carbonate lattice of many biocalcifiers
(Vengosh et al.,, 1991b; Hemming & Hanson, 1992; Sen et al., 1994, Branson et al., 2015, Balan
et al., 2016). Other proxies, such as the B/Ca ratio for the seawater carbonate system, are
however still lacking concensus (e.g., Ni et al, 2007; Yu et al.,, 2007b; Tripati et al., 2009; Allen
et al., 2012; Babila, 2014; Henehan et al., 2015; Haynes et al., 2017).

However, measuring §''B of foraminifera is challenging due to their small size and low
boron concentration. The lower and upper B/Ca ratios reported in the literature for plank-
tonic foraminifera are 40-60 umol/mol for Globigerina bulloides and 80-120 pmol/mol for
Globigerinoides ruber (Henehan et al., 2016; Guillermic et al., 2020), which involves to gather
respectively ~ 400 specimens and ~ 100 specimen for one bulk sample at ~ 2-20 ng (Rae,
2018). For the benthic foraminifera with higher B/Ca ratios (100-250 pmol/mol), 2-20 in-
dividual tests are sufficient but their occurence is generally limited in the sediments (Rae
et al, 2011; Raitzsch et al, 2011, 2020). The imperative to clean the foraminifera samples
from organic matter, clays and oxides contaminants leads to a further loss of more than
30 % of the sample mass, through its partial dissolution, fraction that can be even higher
if a reductive cleaning step is operated after the oxidative cleaning (Barker et al., 2003; Yu
et al, 2007a; Pang et al., 2020). The shell cleaning procedures must therefore be considered
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for the sample preparation. In order to fully resolve the pH value from !B measurements
in foraminifera, annex analysis such as the paleo-thermometer Mg/Ca ratio is essential to
determine the seawater temperature and calculate consequently the dissociation constant
of the boric acid (e.g., Martinez-Boti et al., 2015a; Gutjahr et al., 2017; Raitzsch et al., 2018;
Henehan et al., 2019).

Moreover the §''B measurement required precision that must not exceed 0.8 %o (2SD,
Foster et al. 2006), corresponding to ~ 0.1 pH units (where for example the ApH in the whole
surface oceans is only 0.3 pH units), which is quite challenging given the difficulties encoun-
tered during boron wet chemistry (blank issues for low level samples) and mass spectrometer
measurements (volatility in acid medium, stickiness, large instrumental mass fractionation
and poor ionization). Various approaches in the last decades have been commonly used
to measure 6B in carbonate samples alongside a continual, challenging ever decrease in
the boron mass needed and increase in the precision needed (Aggarwal & You, 2016; Foster
etal, 2018).

The bulk §''B analysis are performed either on TIMS (Thermal lonization Mass Spectrom-
eter) or MC-ICP-MS (Multi-Collector Inductively Plasma Source Mass Spectrometer), after
dissolution of the carbonate samples and extraction of the boron to be analysed. For the
former, two versions have been used on carbonates with Positive-TIMS (Gaillardet & Allegre,
1995; Wei et al.,, 2009) and Negative TIMS (Vengosh et al,, 1989; Hemming & Hanson, 1992,
1994, Honisch et al,, 2004; Clarkson et al., 2015). Those technics are somehow antinomic
because PTIMS provides the best precision (0.1 %, 2SD) but with a substantial boron mass
(100 ng, Ishikawa & Nagaishi 2011), whereas NTIMS consumes the lowest amount of boron, 1
ng for a precision of 0.3 %o (2SD, Foster et al. 2013). An alternative NTIMS method consists
in ionizing the whole sample (Total Evaporation NTIMS, Foster et al. 2006; Ni et al. 2010;
Liu et al. 2013), substantially decreasing the B amount to 0.3 ng but at the expense of the
precision, 0.7 %o (Foster et al., 2006). Concurrently 6''B determination with MC-ICP-MS (and
more marginally with High Resolution HR-ICP-MS, Misra et al. 2014b) has been developed
since the early 2000s (Lécuyer et al., 2002; Foster, 2008; Louvat et al., 2011a; Rae et al., 2011,
McCulloch et al., 2014). It gradually supplanted NTIMS, with higher ionisation yields, a more
stable mass bias and higher analysis throughput. Significant disparities have been reported
for data from different laboratories and for inter-laboratory comparisons between NTIMS and
MC-ICP-MS, although the reasons are not well established (Foster et al., 2013; Farmer et al,
2016). The last strategies and upgrades on MC-ICP-MS have reach their apogee with 0.2 %o
(2SD) for samples containing only 3 ng of boron (Lloyd et al., 2018).

The best precision ever reported in the literature for plasma MC-ICP-MS, 0.1 %o, was
achieved at Institut de Physique du Globe de Paris (IPGP) for pure boric acid solutions and
samples with boron mass higher than ~ 20 ng (Louvat et al., 2014b), with an automated direct
injection nebulizer (d-DIHEN, Louvat et al. 2011a). This sample introduction system has been
recently miniaturized (u-dDIHEN, Louvat et al. 2019) to reach the lowest amount of solution
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consumed for a §'1B measurement, 300 pL with their usual method and 100 pL with a new
calculation strategy based on transient signal measurements never used so far for boron
isotopes. This new u-dDIHEN device, combined with the microsublimation technique to
extract boron from the carbonate matrix (Gaillardet et al., 2001; Wang et al,, 2010; Misra et al.,
2014b; Raitzsch et al,, 2018) resulting in low procedure blanks, has been successfully tested
for carbonate samples, with unprecedented performances: 2SD precision of 0.2 %o for 2.5 ng
of boron, and 0.5 %o for sample solutions containing only 1 ng (Chap.5).

In this study, we tested the validity on this analytical breakthrough for the planktonic
foraminifera species Globigerina bulloides (d'Orbigny, 1826). We propose a hew approach
aiming to minimize the required sample amount while increasing the number of chemical
analyses possible on the same sample; a need for tiny and precious samples that require
considerable times of preparation and rigorous analytical protocols. These foraminifera are
the first to be analyzed at IPGP for their boron isotope ratio at such boron concentrations.
Originating from the top of a marine sediment core, they were sieved at different sizes,
allowing us to investigate the §''B ontogenetic variability within G. bulloides.

6.2 Experimental

6.2.a Foraminifera samples

The sediment material come from the core PSg7/122-1 (Lamy, 2016), collected along the
Chilean margin (54.10 °S, 74.91 °W), at a water depth of 2558 m for a length of 10.77 m and
sampled every centimeter. Each sample was freeze-dried, wet sieved at 63 um and dried in
an oven at 40 °C for two to three days. For the purpose of this study, we used the Holocene
coretop samples between 7 and 37 cm sieved at >400 um, 400-315 pm and 250-125 um, in
which we handpicked under optical microscope only well preserved shells of the shallow
dwelling planktonic foraminifera G. bulloides (~ 120-190 shells per sample), a species living
in temperate to sub-polar water and upwelling zones (Schiebel & Hemleben, 2017).

6.2.b Reagents, Material and Labware

The foraminifera cleaning, dissolution, boron extraction and the preparation of standards
and reference materials have been carried out with supra-pure chemicals reagents, distilled
nitric acid HNO3 (DST1000 device) and Milli-Q water (resistivity > 18 Mf2 and Q-pod with 0.22
um Millipak Express filter), in an over-pressured and air filtered clean room with boron-free
H14 HEPA filters. All the Eppendorf vials (for foraminifera cleaning) and 0.5 mL polypropylene
tubes have been boiled in HCL 3N, then rinsed with MQ water and soaked in HNO3 0.5 N.
For the Savillex teflon vials boiling was in HNO3 3N but the rest of the procedure was the
same. The polypropylene tubes for MC-ICP-MS measurements were filled with 0.5 N HNOg
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for a few days. After the acid treatments, all the labware is rinsed with MQ water and dried at
room temperature. The pipettes tips were washed just before use by pipetting three times
0.5N HNO3 and then milliQ water.

Figure 6.1: Picture of one of the picked Globigerina bulloides shells

6.2.c Foraminifera cleaning

The picked foraminifera samples are cleaned following a modified protocol from Barker
et al. (2003) and Rae et al. (2011). They were initially gently crushed between two clean glass
slides under a binocular to open the foraminifera test chambers. The shell fragments are
then transferred to 500 uL Eppendorf vials with MQ water. The samples are rinsed and
ultrasonicated 6 to 8 times with MQ water until there is visually no clay residue. The organic
matter is then oxidised with 0.2 N NaH,OH buffered-1% H,O4 in a hot water bath at 80°C.
They are immediately after rinsed three times with MQ water and transferred in 1.5 mL
eppendorf vials for leaching with 0.0005 N HNO3 to remove any adsorbed contaminants.
They are finally rinsed again with MQ water and gradually (drop by drop) dissolved with
HNO3 0.5N, for a final solution at ~ 100-200 L and ultimately stocked in a teflon vial. The
reductive cleaning step with ammonia-ammonium acetate buffer, citric acid and hydrazine
for ferromanganese oxy-hydroxides removal is delicate as it decreases the Mg/Ca ratio
through partial dissolution (Barker et al., 2003; Yu et al,, 2007b; Pang et al., 2020), without
however impacting B/Ca ratio and 6''B (Yu et al, 2007a; Misra et al., 2014a,b). In the context
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of paleo-pH reconstructions, because we generally need the Mg/Ca ratio from which is
deduced the seawater temperature required to calculate the acid boric / borate dissociation
constant, we chose to omit this step. To check the efficient of the cleaning protocol, the
Al/Ca and the Mn/Ca ratio have been measured with a quadrupole inductively coupled
plasma mass spectrometer (ICP-MS, Agilent 7900) at IPGP, following a protocol modified
from Yu et al. (2005)

6.2.d Boron isotope analysis in continuous mode

The whole protocol for boron purification and isotope ratio measurement is fully described
in the Chapter.5. The boron isotopes are originally separated from the carbonate matrix by
the microsublimation method (Gaillardet et al., 2001, Wang et al., 2010; Misra et al., 2014b;
Raitzsch et al., 2018). A 50 pL droplet of the dissolved sample was loaded on a cap of a
pre-cleaned 5 mL Savillex Teflon fin legged conical vial. The vial was rapidly and tightly
closed, then coated in an aluminium foil entirely except for the upper tip, and placed (still
upside down) on a hotplate for 24 hours at 95°C. Vials are then carefully removed from the
hot plate, flipped and allowed to cool for 15 min. The distillate (recovered in the vial bottom)
is finally diluted with 450 pL of MQ water for a final HNO3 concentration at 0.05 N, the chosen
medium for §''B analysis (Louvat et al., 2011a, 2014b). The 0.5 mL final solution is transferred
to 5 mL propylene tubes to be analysed immediately.

The §'1B measurements were carried out at low mass resolution (m/Am=400) on a MC-
ICP-MS Neptune (Thermoscientific) at IPGP. The instrument has been customized for low
signals, with the combination of Jet sampler and X skimmer cones, and two 10'* ohm resistor
positioned on Faraday cups H3 and L3 to collect respectively the ''B and the 9B isotope
signals. The solution samples were introduced directly into the plasma with a fully automated
direct injection nebulizer (d-DIHEN, Louvat et al. 2011a, 2014b) in flow injection analysis mode,
and supplied by a gas displacement pump (GDP), the whole system constituting the p-
dDIHEN set-up (Louvat et al. 2019, Chap.4). Briefly, a 50 pL sample loop is filled with the
solution, standard or reference material and then driven to the nebulizer with a 0.05 HNO;
carrier solution from the GDP fed by an argon micro-flow rate. We fixed the mass flow
meter of the GDP at 45-50 pL.min~! to obtain sample uptake rate of 25-30 L. min—! and
achieve a stable signal plateau lasting ~ 100 s for the injections peaks, which allows to
measure the ''B/19B ratio with 12 cycles of 8 seconds (Louvat et al.,, 2019). Prior the §''B
analysis, B concentration are measured on the MC-ICP-MS in order to match within 4+ 5% the
concentrations of the sample, standard and reference material solutions. For each sample, the
average boron isotopic ratio and its associated repeatability (2SD) is calculated from five §11B
values (background corrected) obtained after three successive sample-standard bracketing
measurements (Louvat et al., 2014b), consuming in total only 240 pL. Boron isotopic ratios
are reported as 6B, relative to the boric acid international standard reference NIST SRM 951
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(Catanzaro et al., 1970):
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Figure 6.2 : Reproducibility of the §'' B measured for the reference material ERM AE121 according
to the concentration for (a) continuous measurements mode and (b) transient measurements
mode. The light gray band corresponds to the reference value, 19.6 + 0.6 % (Vogl & Rosner,
2011), and the dark gray band the IPGP long-term reproducibility, 19.56 + 0.17 %0 (2SD, n=90,
Louvat et al. 2019, Chap.5).

The foraminifera samples exhibited [Bl between 1.5 ppb (0.75 ng) and 6.5 ppb (3.25 ng),
corresponding to a ''B signal between ~ 20 mV and ~ 100 mV. The whole procedural blank
was 12 + 4 pg (1SD, n=4), representing = 1.5 % of the B content for a sample with 0.75 ng of
boron. For each B concentration range, the quality of the §''B measurement was supported
with the measurement at the same concentration of the boric acid reference material ERM-
AE121 (§''B=+19.9 & 0.6 %o, Vogl & Rosner 2011). All ERM-AE121 measurements during the
study yielded 19.47 + 0.31 %o (2SD, n=13) in concordance with the long-term IPGP value
(61B=19.56 + 0.17 %0, 2SD, n= 90 for 200 ppb solutions, Chap.5) but with a reproducibility
slightly higher due to the very low concentrations addressed here (Fig.6.2.a). The carbonate
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reference material MVS-1 (61'B=15.95 + 0.19 %, 2SD, n= 46, Jurikova et al. 2019) was also
measured during this study, giving a value of 15.96 + 0.09 % (2SD, n=3).

6.2.e Boron isotope analysis in transient mode

As the B concentrations of the foraminifera samples were very low (between 1.6 and 6.9
ppb) after microsublimation extraction, we attempted an alternative measurement strategy
in order to reduce the sample volume consumption while keeping the same boron amount:
§'1B were measured in transient mode for some of the samples (Louvat et al., 2019).
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Figure 6.3 : (a): Example of an injection peak with a 10 uL sample loop and a sample uptake
rate at 25 uL.min=—'. (b) Evolution of the *'B/'°B ratio during the 180 s measurement. (c): linear
regression between the 1B and the 1B signals from the 180 measurements to determine the
1B/10B ratio.

From the same foraminifera solutions (after cleaning and dissolution), we repeated the
microsublimation protocol by sampling again 50 uL, but after the purification we added only
150 WL of 0.5 HNO3 and transferred the diluted distillate in a 0.5 mL polypropylene tube to
be analysed. Consequently, all the solutions, standards, reference materials, samples, as
well as the carrier solution are prepared in HNO3 0.5 N medium instead of HNO3 0.05 N.
We changed also the 50 yL sample loop for a 10 pL loop. At this sample loop volume, the
injection peaks are not long enough for continuous stable signal measurements; the ''B and
108 signals are transient and consequently the whole peaks are measured in 180 cycles of 1
s, including baseline signals before and after the B peak (Fig.6.3a and b). For each sample,
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standard or reference material injection, the ''B/19B ratio is calculated from the slope of
a linear fit (using the fit linear regression model, fitlm, in Matlab, Fig.6.3¢) between the 180
measurements of 1B and '°B signals, described by the equation

UB = (a+uq)'°B + (b £ w), (6.2)

with a the slope of the linear regression representing the ''B/19B ratio, u, the uncertainty
of the slope corresponding to the internal precision of the 'B/1°B ratio, b the intercept
of the regression and u, the uncertainty of the intercept (Fietzke et al., 2008; Epov et al.,
2010). This allows us to determine a ''B/1°B for each B injection and performs a sample-
standard bracketing in triplicate for one foraminifera sample following Louvat et al. (2014b).
The triplicate measurement consumes only 80 L, i.e. ~ 27 yL per injection (Louvat et al.,
2019). The use of the 10 pL sample loop instead of 50 YL allowed to significantly increase
the B concentration of the samples to between 5 ppb (1 ng) and 25 ppb (5 ng), for a maximal
intensity on the 1B signal of between 70 and 350 mV. For example, only 400 pg of boron is
analysed during standard-sample bracketing in triplicate measurement for a 5 ppb solution,
i.e. ~ 125 pg for one peak injection, reaching the lowest amount of boron ever analysed in
the literature.

6.3 Results and Discussion

6.3.a Cleaning efficiency

Potential clay and Fe-Mn oxides contamination were screen with the AlL/Ca and Mn/Ca
ratio. Mn/Ca ratio was very low for all foraminifera sample solutions, <16.7 + 5.4 umol/mol
(2SD), lower than the acceptable limit of 30 pmol/mol determined by (e.g. Martin & Lea, 2002),
but almost all the samples exhibited high Al/Ca, most of them above the threshold gener-
ally fixed, 100 umol/mol (Rae et al., 2011). When plotting this clay contamination indicator
against the §''B (measured in continuous mode and transient mode) (Fig.6.4), we observe no
correlation between elevated Al/Ca ratios and low §''B. This allows us to exclude a potential
impact of residual clay on the determination of our sample's 6''B (e.g. Rae et al., 2011; Gutjahr
etal, 2017).

6.3.b /''B measurements in continuous and transient mode

In the rest of the discussion, we chose to address the mean of the measured values.
However, considering that we obtained on MVS-1 a reproducibility of 0.09 % in continuous
mode and in transient mode, it is likely that a part of the measured variability in our sample is
due to natural variability (mostly pH change through the studied time period).
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Figure 6.4 : Crossplots between the AL/Ca and the §''B measured in continuous (50 L loop, a)
and transient (10 uL loop, b) mode for the foraminifera samples to check possible contamination,
with the red line for the threshold of 100 umol/mol (Rae et al.,, 2011),

511B results in continuous mode

The G. bulloides §''B determined from the continuous mode measurements exhibits
values between 14.52 and 15.83 %0 with an average of 15.25 + 1.06 % (2SD, n=12) for the
125-250 um fraction. The two other fractions have very similar values, with 15.78 + 0.60 %o
(2SD, n=13, between 15.12 and 16.10 %) for the 315-400 um and 15.74 + 0.17 %o (2SD, n=2) for
the > 400 um fraction (Fig.6.5. a). As mentioned earlier, picking of at least 400 individual
shells per sample is usually recommended for providing enough boron to analyse (e,g.,
Martinez-Boti et al., 2015b). Our samples contain half as much shells (180 to 200) and the
measurements were performed on solutions with very low concentrations, especially for
the smallest fraction containing naturally less material. Our protocol coupling the p-dDIHEN
setup and the microsublimation has highlighted a threshold at 1-2 ppb (Chap. 5), where the
measurement reproducibility starts to worsen, due to too low signals and higher impact of
boron memory effect, contamination during the dilutions or residual matrix effects, lowering
the 61!B values, our blank being more enriched in 1°B (Louvat et al., 2014b).

The > 400 pm and 315-400 um fractions have been very little concerned by these effects,
with concentrations after microsublimation between 2.6 and 6.9 ppb, whereas the 250-315 um
fraction is more impacted with seven [B] values below 2.5 ppb. We observe that there almost
no difference within uncertainties between the 315-400 and > 400 um and also between
the 250-315 um and 315-400 um where the values of the 250-315 um fraction are not pulled
down because of their low content.
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Figure 6.5 : !'B of the foraminifera samples measured in continuous (50 uL loop, a) and
transient (10 uL loop, b) according to the depth of the sample in the core PS97-122.

511B results in transient mode

The new measurement method through transient signal mode has been validated with
the reference material ERM-AE121 at each foraminifera sample concentration, and with the
carbonate reference material MVS-1, yielding §''B average values of respectively 19.63 +
0.13 %o (2SD, n=7, Fig.6.2b) and 15.75 4+ 0.09 %o (2SD, n=2).

The average 6''B for the samples measured in transient mode is 15.93 & 0.57 %o (2SD,
n=14, between 15.40 and 16.24 %) for the >400 um fractions and 15.63 + 0.15 % (2SD, n=2) for
the 400-315 um fractions, very close of the continuous mode values (Fig.6.5. b). On the other
hand, the §'1B reproducibility for the 125-250 um size is improved, and the average increased,
with 15.69 + 0.52 %0(2SD, n=8), now in agreement with the other sample size fractions. In fact,
this transient measurement approach (with the 10 yL sample loop of the p-dDIHEN) shows
an excellent agreement with the traditional and continuous mode above 2 ng boron, but
additionally offers the possibility to measure samples with very low B concentrations at higher
precision (Fig.6.6), by reducing the initial sample volume and therefore concentrating boron.
The too low §''B values obtained with the continuous mode for sample solutions with [B]
close to the 2 ppb threshold, are more accurately measured with the transient mode, because
in better concordance with the analysis of the other sample size fractions (Fig.6.6). Moreover,
with the same pool of low B foraminifera samples (independantly of the size fraction, the
external reproducibilities with the transient mode are improved and less scattered, with
an average of 0.26 + 0.25 %o (2SD), against 0.33 + 0.29 %o (2SD) for the continuous mode.
Considering the lowest concentrations measured in transient mode — 5 ppb (1 ng B in 200
puL)— this corresponds to an unprecedented low level of boron analysed of 400 pg (80 uL for
a sample standard bracketing in triplicate, i.e. 125 pg of boron per injection), for 25D external
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reproducibilities reaching 0.32 and 0.52 %o (2SD), in addition to providing more consistent
data.
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Figure 6.6 : Closs plot between the §''B measured in continuous mode with a 50 ulL sample
loop and the §'1 B measured in transient mode with 10 uL sample loop. The colour code provides
the B concentration at which the samples have been measured for the continuous mode. The
dark gray band represents the 0.25 %o enveloppe around the 1.1 line.

Validity of foraminifera 5''B

In the following, we assume the same climate conditions for all the studied time period
and therefore the >400 um, 400-315 um and 250-125 um of the whole depth interval were
averaged for §''B. The precise calcification depths, as well as the natural changes in water
chemistry are therefore not taken into account by averaging, but can perfectly explain the
small variations observed in the 6B values between samples in the studied period, as the
seawater carbonate chemistry changes with these parameters (Raitzsch et al., 2018).

To compare our data with the existing G.bulloides calibration, we calculated the §''B
of the seawater borate at the sampling location conditions with the following relationship
(Zeebe & Wolf-Gladrow, 2001):

S By, * By — 1000(ap — 1)[B(OH)3]
[B(OH); ]+ ap[B(OH)3] ’

The total alkalinity (TA, 2267 + 7 umol/kg, 2SD) and the dissolved inorganic carbon
(DIC, 2021 £+ 16 pmol/kg) are derived from the GLODAPYV 1.1 dataset through Ocean Data

511BBorate = (63)
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View (Schlitzer, 2015), whereas the annual temperature (756 + 0.15 °C, 2SD) and salinity
(33.47 £ 0.36 psu, 2SD) are from the TCO2 +TALK gridded database (Goyet et al.,, 2000). This
allows to calculate the pH using CO2sys Excel program (8.235 4+ 0.030, Pierrot et al. 2011),
with the dissociation constants for the carbonate system from Lueker et al. (2000). [BIOH)s]
and [B(OH); | are derived from the calculated pH and the boron concentration in seawater
(Br = 432.6 x S/35 pmol/kg, Lee et al. 2010). The dissociation constant of boric acid pK3,
temperature and salinity dependant, is calculated with the equation of Dickson (1990). The
boron isotope fractionation factor between boric acid and borate (ap) is taken as 1.0272
(Klochko et al., 2006) and the boron isotopic composition of seawater 6B, as 39.61 + 0.04
% (Foster et al., 2010). Here the assumption was made that there was no change in carbonate
chemistry and temperature through the studied interval of time. The calculated 6''Bgorate IS
17.68 + 0.30 %o (2SD).
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Figure 6.7 : Comparison of the §''B measured in G. bulloides planctonic foraminifera against
the 5''B of the borate in seawater, calculated from the carbonate chemistry of the locations
from where the foraminifera samples were collected. The literature data reported come from
Martinez-Boti et al. (2015b) and Raitzsch et al. (2018). The red line correspond to the calibration
proposed for this species, "' Bg puiioides = 1.09 (£ 0.65)' 6" Bporate - 3.58 (& 11.77) from Raitzsch
et al (2018) and the black line, the 1:1 line (sample value on this line means correct determination
of the seawater borate, within the classical §''B - paleo-pH hypotheses). The mean of the
different fraction sizes are also reported with their associated 6''Bg,,qte. aS well as the mean
value measured at the AWI (see text for more details).
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As the transient and continuous modes of §'!B measurement are in agreement (at least for
solutions with [BI> 2 ppb), they offered two independent values for each foraminifera sample.
These values were then averaged, with the exception of the §''B values in continuous mode
at too low [BI] that the transient mode discarded. The 250-315 um fraction exhibits a value
of 15.64 + 0.37 % (2SD, n=11), the 315-400 pm 15.87 £ 0.46 % (2SD, n=14) and the >400 um
15.68 £ 0.01 %0 (2SD, n=2). These §'!'B values for each size fraction perfectly plot in the the
linear regression of the species-specific §''Bporare-0"'Bg puiioides Calibration (Martinez-Boti
et al. 2015b; Raitzsch et al. 2018, Fig.6.7). Moreover, four samples of the size fraction 315-400
pm (at 19-20 cm, 21-22 cm, 25-26 cm and 29-30 cm) have been also measured at the Alfred-
Wegener-Institut (AW1) in Bremerhaven (Germany) following the protocol of Raitzsch et al.
(2018), giving an average value of 15.89 + 0.33 %o (2SD), in full agreement with our value and
the G.bulloides calibration. This further validates our analytical protocol to measure 6''B of
foraminifera samples.

6.3.c Ontogenetic variability of the §''B in G.bulloides

After these validations of the measurement of the boron isotope ratios, the results allow
us to investigate potential size effects on the §''B values. We averaged the continuous and
transient mode measurements. Outlier values that could be assigned to analytical issues
with the second measurements were discarded. The §''B median for the 250-315 um fraction
(15.59 %) is slightly smaller than that for the 315-400 um fraction (15.94 %), but the 0.3
%0 difference is insignificant in terms of paleo-pH reconstructions and also because this
corresponds roughly to the analytical uncertainty reported for 6''B measurements (Fig.6.7,
Fig.6.8). A shift toward lower values could be explained by the lower boron concentrations
and therefore possibly a blank bias (Louvat et al., 2014b), however the coarse fraction, with
more carbonate material and higher [B], exhibit 51! B between 15.68 and 15.69 %, closer to the
finer size fraction and pull out this hypothesis. Nevertheless, it has to be taken into account
that we need to measure more foraminifera from the >400um fraction, as here it is difficult to
rule out a size effect with only two measurements for this fraction. We can also observe this
lack of size effect individually at each depth of the core-top, showing that the §'!B difference
within uncertainities is negligeable (Fig.6.5 and 6.6).

The boron signatures, related to the pH, recorded in the foraminifera do not directly reflect
those of the seawater but rather the foraminifera microenvironment, likely modified by physi-
ology (active modification of the calcifying medium, photosynthesis and respiration, Honisch
et al. 2003; Zeebe et al. 2003). In opposition to symbiont-bearing foraminifera (e.g. G. ruber
and G. sacculifer), which symbionts' photosynthetic activity increases the microenvironment
pH (Foster, 2008; Henehan et al., 2016), for symbiont-barren foraminifera such as G.bulloides
the pH is decreased due to calcification and respiration processes (Martinez-Boti et al., 2015b;
Raitzsch et al,, 2018). Size effects have been therefore reported for G. ruber and G. sacculifer in
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conjunction with the density of symbionts around the shells, whereas the lack of symbionts
leads to an absence of this physiological influence here (Babila, 2014; Henehan et al., 2016;
Osborne et al., 2020).
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Figure 6.8 : Violin plots illustrating the distribution of the 5''B for the planctonic foraminifera G.
bulloides in three size fractions: 250-315 um, 315-400 um and > 400 250-315 M.

6.4 Conclusion

After the implementation of a protocol coupling the pu-dDIHEN setup and the microsubli-
mation purification for biocarbonates with low B concentrations, we tested it in this study to
measure our first foraminifera samples. We successfully measured for [Bl > 2 ppb, the 6'!B
of planktonic foraminifera G. bulloides with only half of the material usually used for such
studies (i.e. 180-200 shells against 400). For sample solutions with [Bl below a threshold of
2 ppb, where the §''B measurements were impacted by higher relative blank contribution,
boron was extracted again by microsublimation and the condensates were diluted to a
smaller volume of 0.25 mL, thus increasing the [B] of the solutions. These samples §''B
were measured in a transient signal mode through a 10 uL sample loop, allowing for more
accurate 6B values with only 1 ng of boron and 80 L consumed for a whole standard
sample bracketing method in triplicate. Such transient signal 6'!B analyses have been real-
ized down to 400 pg of boron for reproducibilities reaching between 0.3 and 0.5 %o. This is
the lowest amount of boron ever analysed for such precisions on carbonate samples with
MC-ICP-MS. The §'!'B values of the foraminifera samples we analysed perfectly matched
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with the §"'Bg puiioides=0"Brorate Calibration.

By measuring three size fractions of the symbiont-barren G. bulloides along the upper
0-30 cm of a sediment core from the Chilean margin, we highlighted no statistical variations
between the three studied size fractions for the §'1B. The lack of variation with size for the
d11B, directly linked to the pH, may be explained by the absence of symbionts for this species.

The 6B determination in transient mode with only 1 ng of B and consuming only 80 uL
of sample for precise and accurate measurements open the path towards a protocol with
limited amount of sample required and then increasing the number of possible geochemical
analyses. The recuperation of the microsublimation residues could for example be explored
for trace and minor elements, or isotope ratio measurements and it could be coupled
with the boron isotopic analysis to bring more constraints to the paleclimatological and
paleoceanographic reconstructions.
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Le développement analytique réalisé tout au long de de cette thése a permis d'aboutir a
une premiere application paléo-océanographique, qui est toujours en cours de réalisation.
Celle-ci se penche sur linfluence de la super-éruption du Toba (Sumatra, Indonésie) il y
a 74 000 ans sur le pH et la température de surface au niveau de la mer dAndaman, a
proximité du complexe volcanique. Cette éruption s'est également déroulée en concomi-
tance avec la derniere transition interglaciaire-glaciaire et son influence sur celle-ci demeure
vivement débattue, alors qu'elle est considérée comme la plus grande éruption volcanique
du Quaternaire. Pour lever le voile sur les potentielles consequences de la super-eruption
Toba sur l'océan, nous avons ainsi étudie dans un premier temps l'espéce de foraminifére
planctonique Pulleniatina obliquiloculata vivant au niveau de la thermocline, afin de mesurer
le rapport isotopique du bore (traceur du pH océanique), mais aussi le rapport Mg/Ca (traceur
de la température océanique). Les premiers résultats permettent en outre d'illustrer la mise
en place désormais routiniere a l'IPGP du protocole de lavage sur des foraminiferes ainsi
que le succes des premiéeres mesures en Mg/Ca, alors que les concentrations en bore
obtenues pour ces échantillons apres séparation, entre 5 et 10 ppb (2.5-5 ng), sont doré-
navant devenues confortable pour déterminer le §'1B. Cette premiére étape s'inscrit dans
un projet plus large visant a évaluer la dynamique de l'océan lors de la super-éruption du
Toba, et plus particulierement le gradient de pH et de température entre la thermocline et
la surface. Il est donc ainsi prévu de coupler les données acquises de 6''B et de Mg/Ca
issues de P. obliquiloculata avec celles a venir du foraminifére planctonique vivant plus en
surface Globigerinoides ruber, a partir des mémes échantillons sédimentaires. Cette espece,
par conséquence, pourra également permettre de déduire la pCO4 atmosphérique lors de
cette période charniere. Parallélement, le travail effectue sur P, obliquiloculata nous a amené
a vouloir prochainement affiner la calibration 6B, ponate-0' Bporate POUr Cette espéce a
partir de sommets de carottes provenant de divers océans et couvrant une large gamme
de pH. En effet, la calibration existante n'est portée que par six points de mesure, dont 5
dans une gamme de pH tres étroite. Elle permettra éventuellement de deconvoluer les
possibles effets du pH sur le paléo-thermometre geochimique Mg/Ca, comme cela avait
eté démontré pour d'autres espéeces de foraminiferes planctoniques, et de spécifier s'il existe
un effet de taille sur le §''B pour P. obliquiloculata. La convergence de ce développement
analytique avec la thématique de la super-éruption Toba est le fruit d'une collaboration avec
Annachiara Bartolini (MNHN), Franck Bassinot (LSCE), Benoit Caron (ISTeP), Giulia Del Manzo
(IPGP), Anne Le Friant (IPGP), Eva Moreno (LOCEAN) et Guillaume Paris (CRPG). Elle a abouti
au co-encadrement du stage de Master 2 d’Ana Alves commence en Février 2020, dont
sont issus les résultats et discussion de ce chapitre, prenant plus la forme d'une ouverture.
Aujourd’hui en thése sur cette méme thématique, Ana continuera de travailler avec moi afin
de terminer ce projet, stoppé dans son élan par les confinements successifs.
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IMPACT DE LA SUPER-€RUPTION DU VOLCAN TOBA (74 000 ANS) SUR LA
TEMPERATURE ET LE PH DE L'OCE@AN a PROXIMITE DE L'ILE DE SUMATRA

7.1 Introduction

71.a Cadre général

Comme évoqué en introduction (Chap.1), les émissions de CO, volcanique jouent un role
important dans la régulation a long terme du thermostat terrestre, balancées par l'altération
des continents, et plus particulierement des roches silicatées (Walker et al., 1981). Des
phases intenses d'activité magmatique ont cependant perturbé cet équilibre au cours des
temps géologiques. Il a été ainsi documenté que sur les 350 derniers millions d'années,
les principales crises biologiques d'extinction de masse et d'anoxie dans l'océan étaient
correlées a la mise en place de grandes provinces basaltiques dites LIP (Large Ignous
Province). Ces dernieres ont provoquée des changements environnementaux drastiques lies
a des injections volumineuses de gaz a effet de serre, avec dans un premier temps un fort
impact du SO, causant refroidissements, regressions marines, extinctions de masse et crises
de la production carbonatée, supplée dans un second temps par un fort impact du COs,
entrainant des rechauffements plus extrémes, des transgressions marines, des périodes
d'anoxie et d'autres phases d'extinction de masse (Courtillot & Renne, 2003 ; Burgess &
Bowring, 2015 ; Guex et al., 2016 ; Black et al,, 2018 ; Muller et al,, 2020 ; Jurikova et al., 2020).
Les consequences climatiques des eruptions volcaniques (celles surtout des "supervolcans’,
Self & Blake 2008) se déroulant a plus court terme (plusieurs années a plusieurs déecennies)
sont provoquées par 'émission de cendres et de gaz, mais plus particulierement d'aérosols
soufres (acide sulfurique, HoSO4) dans la stratosphere. Ceux-ci peuvent bloquer la lumiere
transmise par le soleil et donc créer un refroidissement, alors que dans la basse atmosphere
ces particules sont rapidement évacueées (Fig.7.1, Robock et al. 2009). Les dynamiques
recentes océan-atmosphere s'en trouvent deréglees, comme peuvent l'étre les phenoménes
climatiques EL Nifo (Khodri et al., 2017) ou les moussons (Liu et al., 2016) tandis que linjection
de soufre dans l'océan provoque une acidification de celui-ci (Doney et al., 2007).

Les conséquences sur les sociétés humaines peuvent étre désastreuses, comme l'ont
été documentées dans les registres historiques les années "sans été" en Europe de ['Ouest
suite aux éruptions des volcans Samalas (Indonésie, 1257, Lavigne et al. 2013) et Tambora (In-
donésie, 1815, Luterbacher & Pfister 2015) qui ont entrainé des pluies incessantes, de grandes
inondations et de tres mauvaises recoltes. Plus proche de nous, l'éruption du Pinatubo aux
Phillipines en Juin 1991 aurait abaissé la température moyenne sur Terre de 0,5 °C l'année
qui a suivi (Parker et al., 1996). Comprendre les mécanismes sous-jacents a ces perturbations
naturelles de la dynamique océan-atmosphére qui ont eu lieu dans notre histoire réecente
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nous offre une opportunité unique d'appréhender les changements climatiques et environ-
nementaux dont l'humanité est responsable par linjection massive de gaz a effets de serre
mais aussi de soufre dans l'atmosphere par la combustion des énergies fossiles (Doney
et al, 2007). Les isotopes du bore et le rapport Mg/Ca, mesurés dans les foraminiferes planc-
toniques, vont s'avérer étre des outils precieux afin de quantifier les potentiels changements
de pH et de température dans l'océan suite a ce type de manifestation climatique. Notre
cas d'étude s'est donc porté sur les éventuelles perturbations qu'auraient engendrées la
super-éruption du Volcan Toba (Sumatra).
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Figure 7.1 : Effets sur le climat des grandes éeruptions volcaniques dite stratospheriques. D'apres
Timmreck (2012).

71.b La super-éruption du volcan Toba

Le super-volcan Toba se situe sur lile de Sumatra en Indonésie et plus particulérement
dans la ceinture de feu du Pacifique, une des zones les plus actives tectoniquement sur
Terre concentrant neuf dixiemes des volcans mondiaux en contexte de subduction (Fig.7.2.a,
Chesner 2012). Ce complexe de caldeiras, le plus grand daté du Quaternaire, est la résultante
de quatre éruptions volcaniques ayant demarré il y a 1,2 millions d'années (Chesner, 2012).

Sa phase paroxysmale, la plus réecente, correspond a l'éruption YTT (Younger Toba Tuff,
Fig.7.2.b, Ninkovich et al. 1978). Elle est a l'origine du plus grand lac volcanique du monde, le
lac Toba (100 x 30 km?), et aurait émis plus de 8600 km? de matériel volcanique couvrant
ainsi jusqu'a 40 millions de km? avec 5 mm de cendres (Costa et al., 2014), faisant d'elle la
plus grande éruption volcanique du Quaternaire avec un indice d'explosivité de 8 (sur une



71. Introduction 165

échelle de 8, l'éruption du volcan Tambora, en 1815, se situant par exemple a 7, Ninkovich
et al. 1978 ; Oppenheimer 2002 ; Chesner 2012). Situées autour de 73 500 ans (Rampino &
Self, 1992), les datations “0Ar/3?Ar a partir des téphra volcaniques (ou pyroclastes, fragments
de roche magmatique expulsés lors de l'éruption) ont plus précisément établi un age entre
73.88 + 0,32 ka (10, Storey et al. 2012) et 75,0 + 0,9 ka (10, Mark et al. 2014). Ces téphra ont
eté dispersés dans une vaste zone geographique des deux cotés de l'équateur, de ['Asie du
Sud-Est a la cote est et au sud de lAfrique, en passant par l'Inde (Fig.7.3, Ninkovich et al. 1978 ;
Lane et al. 2013 ; Smith et al. 2018) et se retrouvent dans les carottes marines de 'Océan
Indien (Pattan et al., 1999), en mer d'’Arabie (Schulz et al., 2002) ou encore en mer de Chine

Meéridionale (Huang et al., 2001).

Figure 7.2 : (a) Localisation et contexte géodynamique de lile de Sumatra, Indonésie. (b) Locali-
sation du complexe de caldeiras Toba sur lile de Sumatra. Les lignes pointillées correspondent a
l'emplacement des différentes caldeiras, resultantes de plusieurs phases eruptives. HDT (marron,
1,2 Ma): Haranggoal Dacite Tuff, OTT (jaune, 0,840 Ma): Oldest Toba Tuff, MTT (bleu foncé, 0,501
Ma): Middle Toba Tuff and YTT (rouge, 0,074 Ma) . Younger Toba Tuff. Les traits pleins sont
pour les démes de laves Samsoir (orange) et ceux de Parepur (bleu clair), et des cryptodémes
(orange). PV = volcan Pusikbukit, PD = démes de lave Pardepur, TT = démes de lave TukeTuk, TV
= volcan Tandukbenua, SV = volcan Singgalang, SF = Faille de Sumatra. D'apres Chesner (2012)

7.1.c Impact de la super-éruption du volcan Toba : hypothéses

L'impact climatique de 'éruption YTT, et notamment sa nature stratosphérique fait au-
Jjourd'hui l'objet de débats, d'autant plus que l'éruption s'inscrit entre la période interglaciaire
(stade isotopique MIS 5) et la période glaciaire (stade isotopique MIS 4), dont la transition est
l'evénement le plus important de la fin du Quaternaire, marquée par la plus rapide accumula-
tion de glace et la plus grande amplitude de température pour le dernier cycle glaciaire dans
'Hémisphére Nord (Ninkovich et al., 1978 ; Rampino & Self, 1992 ; Khodri et al.,, 2001 ; Schulz
et al, 2002). Pour certains auteurs, l'éruption du Toba aurait ainsi pu permettre d'accélérer
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cette transition vers un régime glaciaire déja en cours (Rampino & Self, 1992), avec un re-
froidissement entre 3 a 15°C, tandis que d'autres réefutent cette hypothese (Oppenheimer,
2002 ; Jones et al.,, 2005 ; Lane et al,, 2013) ou proposent un refroidissement limité (Robock
et al, 2009). Les consequences sur la population humaine auraient ainsi été une perte de la
diversité génétique, avec la décimation de nombreuse populations d'Hommes modernes en

i South 15°N

dehors des zones tropicales (Ambrose, 1998).
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Figure 7.3 : Occurence de l'éruption YTT dans la région de l'ocean Indien, [Asie du Sud et dans
la mer de Chine meéridionale. D'apres Lane et al. (2013).

Les quantités de soufre émis dans l'atmosphére sont également faiblement contraintes,
variant de plusieurs ordres de grandeurs (0,35-33 Tg —Oppenheimer 2002—, 1700-3500
Tg —Costa et al. 2014—). Les carottes de glace permettent a la fois de contraindre la durée
des éruptions et de retracer les éruptions stratosphériques, grace la présence de sulfates
volcaniques avec une signature isotopique en soufre indépendante de la masse (A%3S) et
issus de l'oxydation photochimique du dioxyde de soufre (SOs) en acide sulfurique (HySOy)
en quelques mois apres l'eruption (Baroni et al., 2007). En Arctique et en Antarctique, des pics
de sulfates datés entre 74,6 et 70 ka ont ainsi pu étre identifiés, malgre l'absence de matériel
volcanique (Svensson et al., 2013). Le A%3S de certains de ces pics de sulfate contemporains
a l'‘éruption YTT a mis en évidence des évenements éruptifs de type stratosphérique (Crick
et al., 2021). Cependant, une absence de consensus demeure sur le nombre d'événements
volcaniques et leur temporalité lors de l'eruption YTT (Caron et al., submitted). Une éruption
multi-phasee du YTT aurait en fait plus d'impact qu'une seule et grande super-éruption
(Swingedouw et al,, 2015).

L'eruption YTT a d'abord été considérée comme un seul événement éruptif extréme,
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qui aurait duré entre g et 14 jours (Ninkovich et al., 1978). Cette duree a servi de base aux
nombreuses simulations qui ont suivi (e.g., Jones et al., 2005). Une étude géochronologique a
cependant montré une phase de résurgence qui a suivie la super-eruption YTT entre 70 et 65
ka (Mucek et al,, 2017). De méme, ce ne sont pas moins de neuf pics de soufre, d'amplitude
equivalente, contemporains a l'éruption YTT qui sont répertoriés dans les carottes de glace
sur une fenétre de 2000 ans. Mais a nouveau l'absence de verres volcaniques ne permet
pas de corroborer cette relation (Zielinski, 2000 ; Svensson et al., 2013). Il a aussi été mis en
evidence dans des speléothemes de Bornéo plusieurs événements volcaniques sur une
courte période autour de 74 ka, qui auraient pu modifier la circulation océanique au niveau
régional et affaiblir la mousson d'été Indienne sur une durée de 1000 ans (Cobb et al,, 2017).
Enfin, l'étude de la carotte sedimentaire BARQ4-25 prélevée au large de Sumatra (Fig.7.4),
et qui est celle qui a été utilisée au cours de ce travail, a suggéré que l'éruption du Toba
ne soit pas un unique évenement mais une succession d'éruptions trés rapprochées, avec
17 niveaux de téphra calibrés temporellement par la stratigraphie isotopique (§'80) sur une
période de 50 ka (entre 100 et 50 ka avant l'actuel), avec une phase paroxysmale de 10
ka (75-65 ka, correspondant a la phase YTT), et dont l'analyse des éléments majeurs et la
morphologie des verres volcaniques ne laissent aucun doute quant a la provenance des
deépodts (del Manzo, 2018 ; Caron et al., submitted).
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Figure 7.4 : Localisation de la carotte sedimentaire BAR94-25 et du volcan Toba sur lile de
Sumatra. D'apres van der Kaars et al. (2012),
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Cependant, aucune étude ne s'est penchée sur les consequences de la super-éruption du
Toba sur l'océan. Sila phase paroxysmale YTT était de nature stratosphérique, il serait attendu
que la surface de l'océan se refroidisse a cause de la forte émission d'aérosols sulfatés dans la
stratosphere, augmentant lalbédo terrestre et diminuant ainsi le rayonnement solaire arrivant
sur Terre (Fig.7.1). Mais du fait de la succession d'éruptions, sur 10 ka, un effet cumulatif pourrait
avoir eu lieu et ainsi provoquer un refroidissement durable sur l'échelle de plusieurs milliers
d'années, la ou dans le cas des éruptions plus courtes, le refroidissement s'estompe au bout
de quelques années (Timmreck, 2012). Ces émissions soufrées peuvent aussi avoir une autre
consequence : l'acidification des océans. Le dioxyde de soufre (SO2) émis se transforme
en acide sulfuriqgue H,SO4 dans l'eau, se dissociant trés rapidement (Doney et al., 2007).
Cette acidification par les arérosols soufrés, en plus de celle liee au dégazage volcanique
de CO,, peut en consequence réduire la saturation du carbonate de calcium a la surface de
l'océan, la concentration de [CO%‘] diminuant au profit de [HCO3']. La superposition de ces
deux phénomeénes pourrait ainsi avoir fortement affecté la biocalcification des foraminiféres
planctoniques (Davis et al., 2017) et la préservation de la production carbonatée pélagique,
dissoute plus facilement a faible profondeur (Schiebel, 2002).

Cette etude a ainsi pour objectif d'évaluer le potentiel effet de l'éruption multi-phases
YTT sur la température et le pH de l'océan au niveau de la thermocline, par l'étude couplée
du rapport Mg/Ca et de 6B, sur lespece de foraminifere planctonique Pulleniatina
obliquiloculata (Fig.7.5, Parker & Jones 1865). Ces mesures ont également éte corrélées avec
la teneur en CaCO3 mesuree dans le sédiment (Caron et al., submitted).

7.2 Matériel et méthodes

7.2.a Matériel

La carotte sédimentaire marine BARQ4-25 utilisée pour cette étude, d'une longueur de
5,05 m, a été prélevée dans la mer dAndaman, a 600 km au nord de la caldeira de Toba,
a une profondeur de 1558 m (95°.5'E, 6°26.09'N, Fig.7.4). Quarante huit échantillons ont éte
sélectionnés entre 258 et 353 cm, comprenant les phases eéruptives YTT et post-YTT, préparés
de la méme facon décrite dans la section 6.2.a puis au final tamisés pour ne garder que la
fraction > 315 um. De cette fraction, une centaine de tests de l'espéce P, obliquiloculata a
eté collectée afin de réaliser un echantillon analysable (Fig.7.5). Il s'agit d'une espece qui vit
dans les régions tropicales a subtropicales, et qui est résistante a la dissolution (Schiebel &
Hemleben, 2017), ce qui fait d'elle l'espéce idéale pour notre étude. Son cycle de vie se situe
au niveau supérieur de la thermocline, entre 50 et 100 m de profondeur, et son abondance
est de ce fait aussi un traceur de la variation de la thermocline (Dang et al., 2018).
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Figure 7.5 : Tests de P. obliquiloculata observe a la loupe binoculaire. D'apres Alves (2020).

7.2.b Mesure du §''B

Les échantillons de foraminiféres ont éte nettoyes de leurs contaminants en suivant le
protocole de la section 6.2.c, sans étape réductrice afin de ne pas affecter le rapport Mg/Ca
(Barker et al., 2003 ; Yu et al, 2007a ; Pang et al., 2020). Le volume d'acide nitrique 0,5 N utilisé
pour les dissoudre a oscillé entre 100 et 175 pL selon la masse de matériel aprés le lavage.
50 UL ont été ensuite préleves afin d'extraire le bore par microsublimation (matériel décrit
section 5.2.a et 6.2.b et protocole décrit en section 5.2.c et 6.2.d), puis de mesurer le §''B sur le
MC-ICP-MS Neptune a l'aide du montage u-dDIHEN (decrit en détail dans le chapitre 4, 5 et
la section 6.2.d). Les analyses du §''B des échantillons de P. obliquiloculata ont été réalisées a
des concentrations en bore plutot confortables comparées a celles du chapitre 6, entre 5 ppb
(25 ng) et 11 ppb (5.5 ng) et n'ont donc pas nécessité le recours a l'analyse en mode transitoire.
Les differentes microsublimations ont montré une contamination moyenne en bore de 30 +
16 pg (1SD, n=8), soit ~ 1 % du bore total pour les solutions de 5 ppb. Pour chaque gamme
de concentration des échantillons, la solution de référence d'acide borique, le standard
ERM-AE121 (Vogl & Rosner, 2011), a été mesurée a la méme concentration. Entre 5 et 11 ppb,
la valeur moyenne pour ce standard était de 19.59 + 0.24 % (2SD, n=25), en accord total avec
la valeur de référence (19.9 + 0.6 %o, Vogl & Rosner 2011) et avec la moyenne a long terme
de l'IPGP sur 10 ans (19.56 + 0.17 %, 2SD, n=90, pour [Bl=200 ppb, Louvat et al. 2019 et Chap.
5). Le carbonate de référence MVS-1 (Jurikova et al., 2019) a quant a lui accompagné chaque
session de microsublimation, et apres mesure isotopique, a donné une valeur moyenne
de 15.84 £+ 0.12 permil (2SD, n=8) pour des concentrations entre 8 et 11 ppb, et une valeur
de 15.87 4+ 0.05 %0 (2SD) a 40 ppb, en accord avec sa valeur de référence (15.95 + 0.19 %o,
N=46, Jurikova et al. 2019). Ces résultats illustrent la robustesse des mesures realisees sur
ces échantillons de foraminiféeres.
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7.2.c Mesure du Mg/Ca et efficacité du lavage des foraminiféres

Les rapports Mg/Ca et les indicateurs de contaminations que sont les rapports Al/Ca
(pour les argiles) et Mn/Ca (pour les oxydes de fer et manganese) ont été mesurés sur UICP-
MS (Inductively Coupled Mass Spectrometer) Agilent 7900 a l'IPGP, en suivant un protocole
modifieé de Yu et al. (2005). Les échantillons sont introduits dans le spectromeétre par un -
nébuliseur a travers une chambre cyclonique de Scott. Les teneurs en magnésium, calcium,
aluminium et manganése ont été analysees avec l'ajout d'hélium dans une cellule de collision
afin de réduire les interférences polyatomiques.

Tout d'abord, 5 uL de la solution initiale de foraminiferes dissous ont été préleves puis
dilués dans 2 mL d'acide nitrique 0,5 N afin de mesurer approximativement la concentration
de calcium de la solution mére. Puis 5 a 20 UL sont prélevés de nouveau selon la concentration
initiale afin d'obtenir une solution fille de 4 mL avec 25 ppm de calcium, toujours en HNOg
0.5 N. Les carbonates de référence MVS-1 (Jurikova et al., 2019) et JCt-1 (Hathorne et al,
2013) sont également préparés a la méme concentration. Homogénéiser la concentration de
calcium permet ainsi de conserver les mémes conditions d'ionisation dans le plasma pour ces
matrices carbonatées (Yu et al,, 2005). Une solution d'acide nitrique 0,5 N est mesurée entre
chaque échantillon afin de soustraire le blanc au signal mesuré, et les matériaux de référence
sont mesurés tous les trois échantillons. Le carbonate MVS-1 est utilisé afin de corriger les
éechantillons de la dérive instrumentale, tandis que JCt-1 apporte la reproductibilité long-
terme de la mesure. Les concentrations en Mg, Al, Ca et Mn sont déterminées par une courbe
de calibration realisée par la mesure de deux solutions elémentaires, une pour les éléements
traces et mineurs et une pour les éléments majeurs, a plusieurs concentrations. Les rapports
élémentaires sont ensuite exprimés en mmol ou en pmol/L. La valeur mesurée de JCt-1 sur
toute la session d'analyse pour le Mg/Ca est de 1,32 + 0.01 mmol/mol (2SD, n=21), en accord
avec la valeur de référence (1,289 £ 0.045 mmol, Hathorne et al. 2013) ou celle par exemple
mesurée par Raitzsch et al (2018), 1,32 + 0,05 mmol (2SD, n=7). Cette reproductibilité de +
0.01 mmol/mol (2SD), soit + 1.02 % (2RSD, n=21) est considérée comme représentative pour
la mesures des échantillons.

A part pour sept échantillons, toutes les valeurs de Al/Ca sont en-dessous du seuil
fixé pour un lavage efficace (< 100 umol/mol, Rae et al. 2011, Fig. 7.6.a). Aucune tendance
ne se dégage entre le rapport Al/Ca et le §''B (e.g. Rae et al, 2011 ; Gutjahr et al., 2017),
permettant d'exclure linfluence d'un quelconque contaminant argileux sur la composition
isotopique en bore (Fig. 7.6.a). Cependant, les données de Mn/Ca, entre 300 et 750 pmol/mol
(Fig.7.6.b), sont largement au-dessus des seuils communément admis, 30 pmol/mol (Martin
& Lea, 2002) ou 80 pumol/mol (Raitzsch et al., 2018). Le contexte volcanique de notre étude
permet de nuancer ces valeurs seuils car une grande quantité de métaux a été emise
dans l'océan. Des bandes intra-tests enrichies en Mn ont été ainsi observees dans les tests
contemporains de l'éruption YTT de l'espece planctonique Globorotalia menardii (Lemelle
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et al., 2020). La présence d'oxydes entrainerait de plus une signature isotopique plus enrichie
en 9B (Lemarchand et al,, 2007). De la méme maniére que les argiles avec le rapport Al/Ca,
aucune relation n'est constatée entre le rapport Mn/Ca et le 6'1B, éliminant 'hypothése de
la présence de ces minéraux contaminants (Fig.7.6.b). Ces données montrent en tout cas la
robustesse des mesures de Mg/Ca, et la qualité des lavages par l'absence de contamination
en argiles ou oxydes pour la mesure de §''B.
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Figure 7.6 : Relation entre le §''B mesuré dans les échantillons de P. obliquiloculata et les
indices de contamination que sont les rapports AL/Ca et Mn/Ca. La ligne rouge en pointillés
correspond au seuil admis par Rae et al. (2011)

7.2.d Données sédimentaires et géochimiques pré-existantes

Cette partie va présenter les analyses géochimiques et sédimentaires de la carotte
BARg4-25, obtenus précédemment a notre étude sur P, obliquiloculata, et dont les résultats,
présentés dans la partie suivante, serviront a caler les données de 6''B et de Mg/Ca strati-
graphiquement et a les interpréter dans le cadre des différentes phases éruptives du YTT.
Ces données proviennent des etudes realisées par van der Kaars et al. (2012), del Manzo
(2018) et Caron et al. (submitted).

Les isotopes stables de l'oxygéne

La mesure des isotopes stables de l'oxygéne (5'%0) a permis de reconstruire un modéle
d'age pour la carotte BAR94-25 (Fig.7.7). La mesure a été menée a partir de 6 a 10 tests du
foraminifére planctonique Globigerinoides ruber (d'Orbigny, 1839), de la fraction 250-315 um.
Le préelevement s'est effectué tous les 10 cm (van der Kaars et al., 2012), et a été affiné sur
la zone 298-400 cm avec un prélevement tous les 2 cm, afin de capturer plus en deétail la
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transition MIS 5 et MIS 4 (Caron et al., submitted). Les foraminiféeres ont été lavés dans un
bain a ultrason plongé dans du méthanol, pour éliminer les argiles et autres contaminants
possibles puis passés dans un four a 380 ° sous vide pendant 45 min afin d'éliminer la matiére
organique. Enfin, les échantillons ont été analysés au Laboratoire des Sciences du Climat et
de l'Environnement (LSCE), sur un Thermo Finnigan Delta Plus et le §'%0 est exprimé par
rapport au standard V-PDB, avec une reproductibilité analytique interne de 0,05 %o (1 o) établi
sur un matériau de reférence du laboratoire (marbre de Carrare).
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Figure 7.7 : (A) Modele d'age de la carotte sédimentaire BAR94-25. (B) §'80 de la carotte sedi-
mentaire BAR94-25 (van der Kaars et al., 2012). D'apres Alves (2020).

Pourcentage de téphra

'abondance de téphra, comprenant donc les esquilles de verres et les microponces
eémis en grande quantité par les éruptions volcaniques, a été obtenu par un comptage des
grains a la loupe binoculaire sur la fraction > 63 pum dépourvue de sa phase sédimentaire
carbonatée, et rapporté sur un total de 300 grains (del Manzo, 2018 ; Caron et al., submitted).
Il a ainsi permis de mettre en évidence les épisodes éruptifs enregistrés dans la carotte
et de déterminer leur origine par l'analyse des eléments majeurs, mineurs et traces par
microsonde électronique (SX FIVE de la plateforme CAMPARIS) et LA-ICP-MS (Ablation Laser
Teledyne Analyte G2 et ICP-MS 8800 de chez Agilent).

Teneur en carbonate de calcium dans le sédiment

La teneur en CaCOg, exprimée en pourcentage, a été mesurée le long de la carotte, sur
100 mg de sédiments séchés, broyés puis placés dans un calcimetre Mélies. Dans un flacon
hermétique, le sédiment est mis en contact avec de l'acide chlorhydrique et le volume de
COs ainsi émis, proportionnel a la quantité de CaCO3 présente, est mesuré a laide d'un
manometre. La teneur en calcium a également été mesurée par fluorescence des rayons
X (XRF), par un scanner SRF Avaatech, lors de l'echantillonnage de la carotte. Celle-ci est
bombardée avec des rayons X (de faible longueur d'onde et de forte énergie) afin d'exciter
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les atomes, qui en revenant a leur état initial vont émettre un rayon X en retour (sous forme de
photons) dont lintensité de 'énergie est proportionnelle aux éléments chimiques présents.
La combinaison de ces deux techniques a ainsi permis d'obtenir une courbe de la teneur
en carbonate de calcium dans le sédiment a haute résolution (donnees acquises par Eva

Moreno, Caron et al. submitted).

7.3 Résultats

7.3.a Données préliminaires sur la super-éruption YTT : age, niveaux de téphra
et dissolution de CaCO;

Tout d'abord, le modéle d'age a été obtenu en comparant la stratigraphie isotopique en
5180 mesuré sur la carotte BAR94-25 avec la courbe chronostratigraphique de référence
Low-Latitude Stack du 680 de l'océan Indien (Bassinot et al., 1994 : van der Kaars et al., 2012).
La zone temporelle qui concerne notre étude se situe entre 50 et 100 ka, chevauchant les
stades MIS 3, MIS 4 et MIS 5 et comprenant donc la phase pré-YTT, YTT et post-YTT (Fig.7.7).
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Figure 7.8 : Evolution de ['abondance de téphra et de la teneur en carbonate de calcium entre
100 et 50 ka pour la carotte BAR94-25, lors de la phase YTT (del Manzo, 2018 ; Caron et al,
submitted). D'apres Alves (2020).

Les niveaux de téphra, dont la composition élémentaire a confirmé qu'ils étaient bien
originaire de la super-éruption Toba, permettent de distinguer trois phases distinctes, mettant
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ainsi en évidence le caractere multi-phase de la super-éruption YTT : la phase YTT entre
75 et 65 ka (entre la péeriode MIS 5 et MIS 4), marquée par six évenements eruptifs et etant
considéree comme la phase paroxysmale, encadrée par la phase prée-YTT entre 100 et 76 ka
(avec sept éruptions distinctes) et la phase post-YTT avec quatre éruptions entre 65 et 50 ka
(Fig.7.8, del Manzo 2018 ; Caron et al. submitted).

De plus, les phases de plus forte diminution de CaCOj3 dans le sédiment se correlent
parfaitement avec ces phases éruptives (Caron et al., submitted). La phase pré-YTT est ainsi
marquée par une chute de plus de 20 % de la teneur en carbonates. La phase YTT quant a
elle présente une chute moins drastique, de l'ordre de 12 % (surtout au niveau de 'évenement
3 de la phase YTT) tandis que pour les deux éruptions (62 et 55 ka) de la phase post-YTT, la
chute est respectivement d'environ 15 % et d'un peu moins de 10 % (Fig.7.7).

7.3.b §''B de P. obliquiloculata lors de la phase YTT

Les valeurs de §''B mesurées a partir des foraminiféres P. obliquiloculata couvrant la
super-eruption YTT entre 81 et 57 ka montrent de nombreuses oscillations, entre 16,55 +
0,22 et 17,73 £+ 0,35 %0 (Fig.7.9). Ces valeurs sont parfaitement dans la gamme de ce qui est
connu pour cette espéce dans la littérature, sur des sommets de carottes, bien qu'il n'existe
que six points de mesures : les cing premiers sont entre 16,14 + 0,18 %o et 16,52 + 0,18 %o
et ne couvrent qu'une faible gamme de pH (Guillermic et al,, 2020), tandis que le dernier
unique point a été mesuré a 17,44 + 0,17 % (Henehan et al., 2016).
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Figure 7.9 : Evolution du §''B mesuré (avec l'erreur 4+ 2SD en zone grisée) sur des échantillons
de foraminiferes planctoniques P. obliquiloculata entre 100 et 50 ka lors de la super-eruption
YTT. Les chiffres 1 a 6 correspondent aux six evenements identifies de la phase YTT en figure 7.8
(del Manzo, 2018 ; Caron et al., submitted). D'apres Alves (2020).

Pour le stade MIS 5, les valeurs de §'!'B au niveau de la thermocline sont entre 16,59
et 17,28 %.. Le début de la super-éruption YTT a 76 ka se caractérise par une diminution
entre 17,16 et 16,67 %o. Ensuite, le §'1B remonte a 17,25 %o (événement 2) puis l'entrée dans
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la phase glaciaire (MIS 5-MIS 4) est corrélée a une baisse du ¢''B, la plus importante de
lenregistrement, a 16,55 %o, associée a lévenement 3. La transition entre lévéenement 5 et 6
mettent également en évidence une baisse, a 16,89 %o alors que suit juste derriere le point
le plus éleve de la série, a 17,73 %o. Enfin, la phase post-YTT, est marquée par une chute du
511B a 16,87 %o autour de 62 ka et une autre a 16,65 %o a 58 ka.

7.3.c Evolution de la température de la thermocline lors de la phase YTT

Le rapport Mg/Ca mesuré dans les foraminiferes planctoniques est communément utilisé
pour reconstruire la température de l'eau de mer dans laquelle ils ont vécu, un paramétre
essentiel a toute reconstruction paléo-océanographique. L'incorporation de Mg?* dans le
réseau cristallin a la place de Ca?* est ainsi plus importante quand la température est plus
elevée (e.g. Elderfield & Ganssen, 2000 ; Anand et al,, 2003 ; Russell et al., 2004). Cependant
la salinité (e.g. Russell et al,, 2004 ; Kisakurek et al., 2008 ; Mathien-Blard & Bassinot, 2009)
ainsi que la chimie des carbonates de l'eau de mer (e.g. Russell et al., 2004 ; Allen et al., 2016 ;
Evans et al., 2016) exercent une influence secondaire sur cette relation Mg/Ca-température.
Une correction doit étre ainsi réalisée afin de soustraire ces parametres avec un Mg/Ca qui
a tendance a augmenter avec la salinité ou quand le pH est plus faible (Gray et al., 2018).

Comme pour les isotopes du bore, la valeur du Mg/Ca pour une méme température
varie selon les espéces de foraminiferes, du fait d'une incorporation différente du magnésium
selon la physiologie de l'espece (effet vital, Urey et al. 1951 ; Erez 2003). Chaque espéce
demande une calibration Mg/Ca-température (T) spécifique, reconstituee a partir de culture
de foraminiferes prélevés dans la colonne d'eau ou a partir d'échantillons de foraminiféres
provenant des sommets de carottes (e.g. Lea et al,, 1999 ; Gray et al., 2018). Concernant P,
obliquiloculata, nous avons utilise la derniére calibration realisée par Dang et al. (2018) a partir
de nombreux échantillons de sommets de carotte dans la zone Indo-Pacifique :

Mg/Ca = (0.245 4 0.041)¢(0-088+0.009)7 (7.1)

La salinité ne semble pas avoir d'influence sur cette relation tandis que celle du pH n'a
pas encore éte déterminée (Dang et al., 2018). Les températures ainsi calculées a partir de
nos echantillons de P, obliquiloculata sont cohérentes avec ce qui est connu aujourd’hui de
la mer d’Andaman (Dang et al., 2018).

Dans notre cas d'étude, en moyenne la température de la thermocline ainsi reconstituée
fluctue entre 25,6 et 27,7 °C (Fig.7.10). La phase MIS 5 est ainsi d'abord marquée par des
hautes températures, 27,5-27,7 °C autour de 78-80 ka, puis diminue tout au long de cette
péeriode interglaciaire jusqu'a 26 °C a 72 ka. A l'entrée de la phase glaciaire, les températures
au niveau de la thermocline remontent juste aprés progressivement, jusqu'a 27,2 °C a la
fin de la phase YTT (85 ka), puis 27,5 °C lors de la phase post- YTT (82 ka), en exhibant un
refroidissement brusque lors de ['évenement 4 de la phase YTT, redescendant a 26 °C a 68
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ka. Elle diminue de nouveau brusquement lors de la transition MIS4-MIS3, pour atteindre
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Figure 7.10 : Evolution de la température de la thermocline calculée & partir du rapport Mg/Ca
mesure sur des echantillons de foraminiféres planctoniques P. obliquiloculata entre 100 et 50 ka
lors de la super-éruption YTT (del Manzo, 2018 ; Caron et al., submitted). D'apres (Alves, 2020).

7.4 Discussion préliminaire

Les données acquises en température a travers le Mg/Ca et les variations de pH a travers
le 6B sur lespéce P, obliquiloculata ont permis de donner de premiéres indications sur la
chimie de l'océan au niveau de la thermocline a proximité du volcan Toba lors de sa phase
paroxysmale YTT, en les mettant en relation avec la teneur en CaCOj3 et en téphra dans le
sediment marin (Fig.7.11). La concentration en dioxyde de carbone atmosphérique obtenue a
partir de carottes de glace en Antarctique (Bereiter et al., 2012) est mise en relation a titre
indicatif avec les données géochimiques obtenues, bien que nous soyons conscients que
ces dernieres sont représentatives de la thermocline et non de la subsurface, et que le
modéle d'age entre les carottes de glace et la carotte BARg4-25 est different, ne permettant
pas de faire des corrélations precises. Cela hous permet néanmoins de discuter de l'évolution
générale. L'évolution relative du pH sera ainsi discutée en fonction du §''B mesuré dans les
tests de Pobliquiloculata, ou une baisse de ce rapport est associée a une diminution du pH
(Chap.2).

Les données de §''B et de Mg/Ca, entre 81 et 57 ka, couvrent ainsi les six événements qui
constituent la phase YTT (entre 75 et 65 ka) ainsi que la phase géochimiquement distincte
post-YTT (entre 64 et 58 ka), et couvrent donc également la transition entre le glaciaire MIS 5
et l'interglaciaire MIS 4 (del Manzo, 2018 ; Caron et al., submitted), appuyant l'hypothese d'une
histoire éruptive multiphasée et non unique, et sur des périodes de temps plus longues que
les quelques jours initialement proposés dans la littérature (Ninkovich et al., 1978).
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7.4. Discussion préliminaire
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Ces données nouvellement acquises mettent surtout en évidence une période d'acidifi-
cation importante (de l'ordre de 0,6 %o en §''B, correspondant environ a 0,1 unité pH) lors
du troisieme et quatrieme événement de la phase YTT entre 72 et 70 ka, contemporain a
la transition interglaciaire-glaciaire. Elle est ainsi associée a de fortes teneurs en téphra (~
100 %) ainsi qu'a une phase de forte diminution de la teneur en carbonates dans le sediment
marin, perdant plus de 15 % de CaCOs. La phase post-YTT est également marquée par un
pic de diminution de CaCO3 dans le sédiment, accompagnée également par une diminution
brusque du pH, de l'ordre de 0.8 % en §'!'B (a 61 ka), alors que la fin de la phase YTT était
caractérisée par une remontée progressive du pH de la thermocline. Cependant, cette faible
valeur de 6B est également observée dans la période interglaciaire qui précéde l'entrée
dans la phase YTT. La concomitance de tous ces évenements : diminution de la teneur
en carbonate de calcium, niveau de cendres et §'1B est donc peut-étre a nuancer, mais
la synchronicité entre téphra, diminution du pourcentage de CaCOs et acidification de la
thermocline laisse a penser que la phase YTT a joué un réle sur la chimie de l'océan. Une
phase d'acidification aurait ainsi bouleversé la calcification des producteurs carbonatés (de
Moel et al,, 2009 ; Davis et al., 2017) ou une diminution de l'état de saturation des carbonates
(Feely, 2004). Une autre explication, mais qui dedouanerait le volcan Toba, serait que la
forte émission de cendres n'ait entrainé qu'une "dilution” des sédiments carbonatés dans le
sediment marin, et la baisse de pH observée n'aurait alors eu aucun impact sur la calcification.

Les tempeératures de la thermocline, quant a elles, affichent de facon intéressante une
tendance anti-corrélée sur tout lintervalle avec le CO, atmosphérique et le 680 mesuré sur
G. ruber, ces deux derniers épousant donc les variations glaciaires et interglaciaires. Ainsi les
valeurs Mg/Ca montrent un réechauffement de la thermocline en période glaciaire (72-61
ka) alors que les phases interglaciaires sont marquées par un refroidissement (82-72 ka et
61-57 ka). Ceci illustre probablement plus le caractére local de la température enregistrée,
ne s'inscrivant donc pas dans la tendance climatique générale, d'autant qu'il ne s'agit pas de
la surface, mais de la thermocline, et illustre ainsi plus des processus qui ont lieu dans la
colonne d'eau. Cette température peut ainsi plutét refleter une dynamique d'upwellings, et
n'est ainsi pas directement liée a la tendance générale climatique de la période.

Durant la phase YTT et post-YTT, tandis qu'une acidification des eaux est associee a la
diminution du pourcentage de CaCOg et a de forts niveaux de téphra, il était attendu que
la température de l'eau soit plus basse du fait de l'entrée en période glaciaire. En effet si
l'éruption était stratosphérique, les aerosols sulfatés auraient bloqué les rayons du soleil
et ainsi fait baisser la température de surface (Timmreck, 2012). Ce qui ne nous permet
donc pas de statuer sur la nature stratosphérique de l'éruption YTT, tant, encore une fois
la thermocline est probablement découplée de la surface. Cependant il a été démontré,
que si la tendance climatique globale est au refroidissement, les zones tropicales peuvent a
linverse étre sujettes a un réchauffement par la baisse de lintensité des vents (Sicre et al.,
2017) et ainsi expliquer cette anti-corrélation entre la température dérivée du rapport Mg/Ca
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et le couple §'¥0-CO, atmosphérique.

7.5 Conclusion

En couplant les analyses du §''B et du rapport Mg/Ca du foraminifére planctonique P
obliquiloculata avec les donnees geochimiques et sedimentaires (pourcentage de téphra
et de carbonates) et un modele d'age de la carotte BAR94-25, cette étude a ainsi apporte
des indications sur limpact de la super-éruption du volcan Toba sur la chimie de l'océan,
et particulierement celui de la phase paroxysmale multi-phasée YTT entre 75 et 65 ka.
Les analyses préliminaires sur 'abondance de téphra dans les sédiments ayant éliminé
l'hypotheése d'un évenement unique a courte durée, il était alors attendu que des effets plus
long terme sur le climat se fassent ressentir sur l'océan, avec notamment six évenements
eruptifs sur 10 000 ans entre 75 et 65 ka lors de l'éruption YTT. Le pic éruptif daté de
72 ka environ (évenement 3) marque ainsi une période de forte diminution de la teneur
en carbonates dans les sédiments marins associée a une phase d'acidification des eaux
océaniques au hiveau de la thermocline, ce qui est observe aussi lors de la phase volcanique
post-YTT vers 62 ka. Alors qu'un hiver volcanique, suite a une éruption stratosphérique,
aurait probablement causé un refroidissement des eaux de surfaces, nous observons au
contraire un réchauffement de la thermocline lors de la phase YTT et post-YTT, ce qui serait
plutdt cohérent etant donné qu'un refroidissement global entrainerait plutot une phase de
réchauffement localisé en zone tropicale suite a la diminution de lintensité des vents et des
upwellings. Il est a noter que cette étude préliminaire s'est portée sur la thermocline, qui est
probablement découplée des processus qui ont lieu en surface et illustre plus des processus
océanographiques dans la colonne d'eaul. Il reste cependant a apporter plus de données pour
la calibration 6 Bporate-01B foramini fere de P obliquiloculata afin de pouvoir reconstruire avec
précision le pH de la thermocline et potentiellement extraire l'influence du pH sur le rapport
Mg/Ca, qui a étée documentée chez de nombreux foraminiféres planctoniques (Gray et al.,
2018). Ainsi, a l'avenir, coupler ces analyses avec le rapport Mg/Ca et le §''B du foraminifére
G. ruber, nous permettrait a la fois de déduire la dynamique de la colonne d'eau (avec
deux profondeurs différentes), mais également de déterminer le pH des eaux de surfaces (la
calibration 6 Bporate-0 1B foramini fere €St bien établie pour G. ruber dans la littérature Henehan
et al. 2013 ; Raitzsch et al. 2018) et en conséquence la concentration en dioxyde de carbone
de l'atmospheére. Labondance de G. bulloides (Chap.6) dans le sédiment pourrait également
étre utilisée comme indicateur de lintensité des upwellings dans cette région, tandis que la
préservation des foraminiferes, ainsi que leur forme pourraient également étre regardées
pour observer les potentiels effets de la diminution de ['état de saturation en carbonate de
l'eau de mer et des perturbations environnementales sur la biologie des organismes et la
calcification.
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7.6 Données

Table 7.1 : Données geochimiques de l'espece P. obliquiloculata sur la fraction > 315 um
provenant de la carotte BAR94-25. L'erreur sur le Mg/Ca est de 1,02 %, celle du §'80 0,05
%0

Section Cote Profondeur  Age 5180 s1'B 2SD Mg/Ca Al/Ca Mn/Ca
(cm) (cm) (ka) (V-PDB, %0)  (%o) (%) (mmol/mol)  (umol/mol  (umol/mol)
Il 108-109 258 57.33 17.44 0,06 2,50 9 762
Il 109-110 259 57,58 -1,88 16,84 014 2,56 21 374
Il 110-111 260 58,07 -1,9 16,70 0,20 2,51 20 419
Il 112-113 262 58,31 16,65 0,16 243 26 449
Il 114-115 264 58,80 -2,21 17,11 0,25 2,37 26 440
Il 116-117 266 59,30 16,87 0,22 2,50 34 455
Il 119-120 269 60,28 -2,14 17,39 0,13 2,61 115 454
Il 120-121 270 60,52 -1,95 17,00 0,20 2,67 46 445
Il 122-123 272 60,77 16,09 012 273 18 458
Il 124-125 274 61,50 -17 17,05 0,14 272 32 420
Il 126-127 276 61,75 17.47 0,19 2,81 80 389
Il 129-130 279 62,73 -1,81 17.33 0,13 271 10 404
Il 130-131 280 62,97 -1,55 16,87 0,26 2,69 27 405
Il 132-133 282 63,22 17,52 0,25 278 13 362
Il 134-135 284 63,95 -1,48 17,51 0,18 272 10 359
Il 136-137 286 64,20 1727 0,26 2,68 4 333
Il 139-140 289 65,18 -1,43 1706 0,26 2,73 16 355
Il 140-141 290 65,42 -1,69 16,84 0,22 277 18 345
Il 142-143 292 65,67 17,02 0,20 2,60 30 381
Il 144-145 204 66,40 -1,76 1773 0,35 2,61 16 354
Il 147-148 297 67,14 -1,81 16,89 014 2,71 55 405
Il 148-149 208 6714 16,03 0,16 275 22 308
1] 0-1 300 67.87 -1,63 17,10 0,33 2,63 93 351
11l 1-2 301 68,12 -1,6 17,05 0,12 2,70 51 380
11l 3-4 303 68,61 1714 0,12 2,47 Q2 411
1] 5-6 305 69,10 -1,64 17,32 0,13 2,64 58 400
1l 7-8 307 69,59 -1,57 17,00 0,19 2,65 54 406
1] 9-10 309 70,08 -1,77 16,59 0,25 2,61 87 492
1] 11-12 311 70,60 -1,9 16,68 014 2,72 64 430
11l 13-14 313 7111 -1,92 16,94 017 2,65 61 431
11l 15-16 315 71,63 -1,01 16,71 0,23 2,66 184 429
1] 17-18 317 72,14 -2,63 16,55 0,22 2,52 530 469
1] 19-20 319 72,66 -2.3 17,16 0,19 2,44 71 471
1] 21-22 321 7317 -2,23 17,25 0,20 2,44 88 425
1] 23-24 323 73.69 -2,24 17,21 0,19 253 34 482
1] 25-26 325 74,20 -2,55 16,67 025 2,45 49 426
11l 27-28 327 74,72 -2,74 16,84 0,08 2,61 1330 470
11l 29-30 329 75.23 -2,81 16,68 0,29 2,52 357 417
11l 31-32 331 75.74 -2,81 17,02 0,28 2,50 22 408
Il 33-34 333 76,26 -275 1728 029 2,57 491 416
Il 35-36 335 7677 -2,74 1712 0.29 2,55 93 394
Il 37-38 337 7729 -2,79 1739 023 2,60 28 3901
1l 41-42 340 78,32 16,69 0,12 2,67 62 401
Il 43-44 343 7883 1659 023 2,00 40 341
Il 45-46 345 79.35 16,94 021 2,77 31 336
1] 47-48 17.49 0,23 243 21 420
1] 49-50 349 80,38 16,67 023 2,90 38 342
1] 51-52 351 80,89 16,62 0,33 2,86 44 205

1] 53-54 353 81,41 16,67 023 2,66 163 336
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8.1 Conclusion

Dans un contexte de plus en plus pressant demandant de comprendre les bouleverse-
ments anthropiques que le climat terrestre subit actuellement, la paléoclimatologie s'est de
plus en plus imposée comme une discipline clé. Celle-ci repose notamment sur la mesure
dans les archives géologiques de traceurs géochimiques dont la connaissance et la grande
précision analytique avancent de paire. Mon travail de thése, portant sur les isotopes du
bore mesures dans les foraminiféres planctoniques, traceurs du paléo-pH océanique et de
la pCO, atmosphérique, s'est donc pleinement inscrit dans ces thématiques, repoussant
les limites de l'utilisation de ce traceur. Il avait quatre objectifs : reconstruire le §''B,,, de
locéan au cours des temps géologiques, mesurer le §''B,,,;, dans des petits échantillons de
carbonates a faible concentration en bore, mesurer et valider les premiers 6B, obtenus
sur des foraminiferes planctoniques et appliquer cette methode d'analyse optimisée a une
carotte sédimentaire prélevée au large de Sumatra, afin de contraindre limpact de la super-
eruption Toba il y a 74 000 ans. Ces objectifs ont ainsi été parfaitement remplis, tandis que
'application, prometteuse, appelle a continuer les analyses.

Tout d'abord, l'utilisation du §''B..+. mesuré dans les carbonates biogéniques, pour
reconstruire les pH de l'océan, requiert une connaissance précise du ¢''B,,, de l'eau de
mer au moment ou ce-dit carbonate s'est formé. Alors que cette composition isotopique
dans l'océan est aujourd’hui homogéne, du au long temps de résidence du bore dans
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locéan par rapport au temps de mélange des océans, le 1By, a varié au cours des temps
geéologiques. Il est donc nécessaire de le reconstruire, avec d'autant plus de précision, car
une variation de 1 % de ce paramétre entraine une variation de 0.1 unité pH, équivalent
par exemple a l'ordre de grandeur correspondant a l'acidification des océans d'origine
anthropique. J'ai ainsi dans un premier temps étudié la possibilité que les halites primaires,
sels marins emprisonnant en leur sein des inclusions fluides témoins de l'eau de mer dans
laquelle ils se sont formés, puissent enregistrer directement ce §'!By,,. Sur sept échantillons
mesurés, couvrant le Phanérozoique, j'ai montré que seulement trois ont potentiellement
enregistre le §'1B,,,,, au Plio-Pleistocéne (3-5 Ma), au Dévonien (380 Ma) et au Néoprotrozoique
(560 Ma), car leurs valeurs sont en accord avec les estimations faites dans la litterature
a partir de carbonates marins. Cependant, la variabilité au sein d'un méme échantillon,
supérieur a 1 %, empéche d'utiliser ce matériel géologique a des fins de reconstructions
paléocéanographiques. Les autres halites étudiées, quant a elles, avaient des 6B beaucoup
plus bas que ceux estimés dans la bibliographie. D'une part, le comportement du bore et de
ses isotopes n'est encore aujourd’hui que tres peu défini dans les systemes évaporitiques,
et des phases minérales mineures co-précipitées avec la halite pourraient avoir affectée
lenregistrement marin de §'1B. D'autre part, ces quatre halites illustrent probablement en
plus la forte difficulté de ces minéraux a conserver un signal primaire de la chimie des océans
du fait de leur facilité a se dissoudre, a se déformer et a conduire la chaleur dans les dépoéts
sédimentaire. Afin de pallier aux incertitudes qu'engendraient l'utilisation des halites pour
remonter au signal marin, j'ai modélisé ['évolution du §'!'B,,, au cours du Phanérozoique
en faisant varier au cours du temps les sources et les puits de bore a l'océan selon le
forcage géodynamique qui les régit. J'ai pour cela utilisé les forcages les plus récents et
qui sont utilisés dans les grands modeles climatiques et de reconstruction de la pCO,
atmosphérique au cours de l'histoire terrestre. En utilisant deux scénarios, l'un a runoff
constant puis l'autre a runoff fluctuant au cours du temps, permettant de proposer deux
hypothéses sur la grande inconnue qu'est le flux dissous de bore des rivieres a l'océan au
cours du temps, j'ai construit le premier modéle continu du 6B, sur tout le Phanérozoique,
modele en grande partie en accord avec les données recueillies sur des carbonates marins
pour les 200 derniers millions d'annees. J'ai ainsi mis en eévidence par des tests de sensibilite
du modeéle que sur le Phanérozoique, les deux principaux controles sur le cycle du bore
étaient l'altération de la crolte océanique par ladsorption sur les sediments et les apports
continentaux par les riviéres, marqueurs de l'altération des roches continentales. J'ai aussi mis
en lumiére limportance fondamentale du choix des paramétres géodynamiques introduits
dans le modeéle tant ils font varier le 6'!By,,, typiquement de plusieurs pour mille pour un
age donné. En effet, la grande variabilite dans les reconstructions proposees de la crolte
océanique au cours des temps géologiques, qui est le puits majeur du bore dans l'océan,
expliquent ces grandes variations. L'échec de notre modeéle a reproduire les données de la
littérature sur la premiére partie du Phanérozoique peut ainsi s'expliquer par les incertitudes
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de ces reconstructions geodynamiques en remontant plus loin dans le temps. Comme pour
les halites, la modélisation ne répond pas a la précision demandée sur le 6''B,,, pour les
applications de paléo-pH. Je montre cependant que reconstruire le §''B,,,, par son cycle
géochimique, peut apporter de précieuses informations sur les processus qui ont fait varier
la chimie des océans au cours des temps géologiques.

Cette réflexion sur l'évolution de la composition isotopique du bore dans les océans a éte
réalisée en paralléle de ce qui était le second objectif de cette these : mesurer les isotopes
du bore dans des petits echantillons carbonatées a faible concentration en bore afin de
l'appliquer sur des foraminiféeres planctoniques. Le défi était double : la taille de 'échantillon et
la concentration en bore, sachant qu'un échantillon de foraminifére planctonique ne contient
qu'entre 2 et 20 ppm de bore pour une masse de carbonate de calcium de seulement 5
mg. Ce défi était d'autant plus important que le bore n'est pas un élement facile a analyser :
volatile en milieu acide tandis qu'il est sujet a de forts effets memoire lors de la mesure
du 6B, entrainant des blancs analytiques élevés et des contaminations croisées. Nous
avons donc mis en place un protocole couplant la technique de microsublimation, rapide,
a faible volume et trés peu contaminante pour extraire le bore de sa matrice carbonatée
et le dispositif y-dDIHEN sur MC-ICP-MS, un systéme d'injection directe automatisé et
miniaturise, adapté pour de faibles volumes et débits. Ce résultat, fruit de nombreux tests
et d'expérimentations au cours de cette thése, a permis d'obtenir des précisions inégalées
pour des analyses en triplicat de 1-2,5 ng de bore dans seulement 300 L.

Le troisiéme objectif - réaliser les premieres mesures de foraminiferes planctoniques -
est venu tout naturellement aprés. Cependant, avant les phases d'extraction du bore par
microsublimation et d'analyse isotopique, ces échantillons doivent subir un nettoyage méti-
culeux afin de retirer la matiere organique, les argiles ou encore les oxydes de manganése ou
fer pouvant perturber la signature isotopique du bore des carbonates. Celle-ci est délicate
car elle peut tout simplement résulter en la perte pure et simple de 'échantillon. Aprés de
nombreux essais de lavages, jai réalisé avec succes les premiéres mesures de 5B, sur
des foraminiféres. Ces échantillons, correspondant a trois fractions de tailles différentes de
l'espéce G. bulloides, ont été mesurés a de tres faibles concentrations et notamment par la
technique alternative des signaux transitoires. Celle-ci a permis de mettre en oeuvre une
modalité de mesure jamais réalisée jusque la pour les isotopes du bore et d'obtenir d'excel-
lentes précisions de mesure sur seulement 80 plL d'échantillon contenant 400 pg de bore.
L'analyse de ces foraminiferes avec trois fractions de taille difféerentes a également permis
de regarder la variation ontogénétique du 6''B,,,;, de cette espéce, mettant en évidence
comme d'autres études anteérieures, que l'absence de symbiontes chez G bulloides induit
une grande homogénéité des §'1B,,,; indépendamment de la taille, alors que la densité des
symbiontes peut jouer sur le microenvironnement par la photosynthése pour les espéces
qui en ont.

Enfin, tout ce processus analytique m'a mené a ma premiére reconstitution paléoclima-
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tique, en étudiant les conséquences climatiques qu'aurait eu la super-éruption du Toba
(Sumatra, Indonésie, phase YTT) il y a 74 000 ans avec, en toile de fond, la derniére transition
interglaciaire-glaciaire. Pour cela, 48 échantillons de foraminiféeres planctoniques P. obliquilo-
culata, vivants au niveau de la thermocline, ont été analysés pour leur rapport isotopique du
bore mais aussi pour leur rapport élementaire Mg/Ca, qui est un paléo-thermometre geo-
chimique en premiére approche dans les carbonates. La mesure de ce rapport élémentaire
a également résulté de la mise en place d'un autre protocole analytique : la mesure précise
des concentrations des élements traces et majeurs dans les foraminiféeres a l'ICP-QMS. Ces
analyses des rapports §''B et Mg/Ca, bien que préliminaires, ont été couplées aux teneurs
en téphras et en carbonate de cette carotte sédimentaire, et semble montrer des phases
d'acidification des océans associees a des evénements eruptifs qui auraient entrainé une
baisse de la saturation des carbonates dans la colonne d'eau. Les données de température
semblent decouplées des éruptions volcaniques et sont anti-corrélées aux données clima-
tiques globales que sont le 6180 et la pCO, atmosphérique, marqueurs des climats glaciaires
et interglaciaires. A l'échelle locale, cette anti-corrélation peut tres bien s'expliquer par une
diminution de lintensité des vents et upwellings et qui auraient entrainé ce réchauffement
en zone tropicale en période glaciaire.

8.2 Perspectives

Bien naturellement, cette application sur la super-éruption du volcan Toba n'en étant qu'a
ses balbutiements, le projet va reprendre dans les mois qui viennent. Aprés avoir mesuré le
foraminifére planctonique P Obliquiloculata, il s'agit de réaliser une calibration 6lle0mmmifére—
1 Bporate POUr cette espéce, la calibration actuelle étant trés parcellaire, avec seulement cing
analyses dont quatre dans une gamme de pH tres étroite (Henehan et al.,, 2016 ; Guillermic
et al., 2020). Cette nouvelle calibration sera établie a partir d'une quinzaine voire une vingtaine
d'échantillons provenant de sommets de carottes a travers le globe. Peut-étre sera-t-il
possible de déconvoluer également linfluence secondaire que peut avoir le pH sur le
rapport Mg/Ca, et apporter un affinage sur la validité de la courbe de température ainsi
obtenue (Gray & Evans, 2019). Ensuite, il est prévu de mesurer | espéece G. bulloides, dont
le milieu de vie est beaucoup plus proche de la surface (P. Obliquiloculata vivant plutot au
niveau de la thermocline), et qui pourra nous donner des indications sur la chimie de la
surface de l'océan, et sur la concentration en dioxyde de carbone dans l'atmosphere lors de
la phase paroxysmale du Toba. En recoupant ces nouvelles donnees avec celles obtenues
pour P. Obliquiloculata et avec l'abondance G. bulloides nous pourrons eégalement apporter
des informations sur la dynamique de la colonne d'eau. Toutes ces calibrations, corrections
et données mises ensemble vont ainsi pouvoir étre reliées afin d'avoir des estimations
précises de la température, du pH et de la pCO, atmosphérique avant, pendant et apres les
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différentes phases de l'éruption du Toba, en utilisant notamment des modeles informatiques
pour propager les incertitudes. Bien évidemment, limpact planétaire du volcan Toba ne
pourra se définir que par l'étude de plusieurs carottes sédimentaires. La trés petite quantite
d'échantillon maintenant nécessaire pour les analyses isotopiques du bore et la mesure
des elements majeurs et traces permet d'eéconomiser de l'échantillon et d'autres analyses
isotopiques seront aussi couplées aux isotopes du bore. Notamment les isotopes du soufre
pourraient permettre de caractériser l'origine des aérosols sulfatés qui seraient arrives dans
loceéan.

Notre étude sur les halites primaires a aussi pointé du doigt le manque criant d'infor-
mations sur les processus d'incorporation du bore et de fractionnement de ses isotopes
lors de la formation des évaporites. Des expérimentations d'évaporation d'eau de mer ou
de solutions synthétiques (reproduisant les compositions chimiques de l'eau de mer aux
différentes périodes géologiques en suivant les données Horita et al. 2002) permettraient
de mieux comprendre s'il y a un fractionnement isotopique ou non entre l'eau de mer et la
halite (e.g. EQgenkamp et al,, 2016 ; Shalev et al., 2018), mais aussi pour les autres sels formes
au cours de la séquence d'évaporation. Ces expéerimentations couplées a la mesure des
isotopes du bore dans les gypses ou les évaporites de type epsomite, kainite ou carnallite
naturels, pourraient ainsi donner de précieuses informations sur le comportement du bore
dans ces systémes climatiques extrémes, et peut-étre nous permettre de remonter pour
de bon au §''By,, de locéan. Elles pourraient également étre utilisées afin de résoudre le
mystére de la formation de ces dépdts d'évaporites de plusieurs km d'épaisseur, qui ne
peuvent pas étre expliqués simplement par des processus d'évaporation-remplissage. Il a
éte ainsi évoque des processus hydrothermaux (Scribano et al., 2017 ; Hovland et al., 2018)
dont les isotopes du bore sont un excellent traceur (Louvat et al., 2011b, 2014a). De plus, le
développement analytique réalisé au cours de cette thése pour de tres faibles volumes
et concentrations en bore pourrait étre utiliseé pour mesurer des inclusions fluides que l'on
aurait préalablement extraites des halites afin de s'affranchir de sa matrice (e.g. Lazar &
Holland, 1988). Alternativement, la mesure des inclusions fluides pourrait étre réalisée avec
des méthodes in situ comme le Laser-ICP-MS.

Par ailleurs, notre compilation bibliographique du §'!'By,, au cours des temps géologiques
pourraient nous permettre, par des méthodes d'inversion, de reconstruire les variations
possibles de la composition isotopique en bore des rivieres au cours du Phanérozoique et
ainsi apporter de précieuses informations sur les regimes d'altération et de ce fait sur le
climat au cours des temps geologiques.
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Abstract. The boron isotopic composition (§''B) of ben-
thic foraminifera provides a valuable tool to reconstruct past
deep-water pH. As the abundance of monospecific species
might be limited in sediments, microanalytical techniques
can help to overcome this problem, but such studies on ben-
thic foraminiferal §!'B are sparse. In addition, microanalyt-
ics provide information on the distribution of §!'B at high
spatial resolution to increase the knowledge of biomineral-
ization processes, for example. For this study, we investi-
gated the intra- and inter-shell 1! B variability of the epiben-
thic species Cibicidoides wuellerstorfi, which is widely used
in paleoceanography, by secondary ion mass spectrometry
(SIMS) and femtosecond laser ablation multicollector induc-
tively coupled plasma mass spectrometry (LA-MC-ICPMS).
While the average 8!'B values obtained from these differ-
ent techniques agree remarkably well with bulk solution val-
ues to within £0.1 %o, a relatively large intra-shell variabil-
ity was observed. Based on multiple measurements within
single shells, the SIMS and LA data suggest median varia-
tions of 4.8 %o and 1.3 %o (20'), respectively, while the larger
spread for SIMS is attributed to the smaller volume of cal-
cite being analyzed in each run. When analytical uncertain-
ties and volume-dependent differences in §'!'B variations are
taken into account for these methods, the intra-shell variabil-
ity is estimated to be on the order of ~ 3 %o and ~ 0.4 %o
(20) on a ~ 20 and 100 um scale, respectively. In compari-

son, the §!' B variability between shells exhibits a total range
of ~ 3 %o for both techniques, suggesting that several shells
need to be analyzed for accurate mean §''B values. Based on
a simple resampling method, we conclude that ~ 12 shells of
C. wuellerstorfi must be analyzed using LA-MC-ICPMS to
obtain an accurate average value within +0.5 %o (20) to re-
solve pH variations of ~ 0.1. Based on our findings, we sug-
gest preferring the conventional bulk solution MC-ICPMS
over the in situ methods for paleo-pH studies, for example.
However, SIMS and LA provide powerful tools for high-
resolution paleoreconstructions, or for investigating ontoge-
netic trends in 8''B.

1 Introduction

The boron isotopic composition (3''B) of benthic
foraminifera has been used to reconstruct deep-water
pH (Honisch et al., 2008; Rae et al., 2011; Raitzsch et al.,
2020; Yu et al., 2010) and to estimate the Cenozoic evolu-
tion of seawater §!!B (Raitzsch and Honisch, 2013). The
underlying mechanism behind the boron isotope method lies
in the constant equilibrium fractionation of 27.2 %o = 0.6 %o
between the pH-dependent speciation of trigonal boric
acid and the tetrahedral borate in seawater (Klochko et
al., 2006), where only the borate ion is incorporated into
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the foraminifera test (Branson et al., 2015; Hemming and
Hanson, 1992).

However, while the number of studies on planktonic
foraminiferal §'!'B to estimate surface-ocean pH has rapidly
increased within the last decade, deep-sea pH reconstructions
based on benthic foraminifera are relatively rare (Honisch
et al.,, 2008; Rae et al., 2011; Raitzsch et al., 2020; Yu
et al., 2010). Possible reasons for this might be the lower
abundance of benthic foraminifera, compared to planktonic
species, and a limited selection of species that truly record
bottom-water rather than pore-water conditions (Rae et al.,
2011). Fortunately, there are two suitable candidates, Cibi-
cidoides wuellerstorfi and Cibicidoides mundulus, that cover
a relatively large oceanographic and stratigraphic range, and
which have a high boron content of ~ 12-27 ppm (Raitzsch
et al., 2011; Yu and Elderfield, 2007). Although their high
[B] may partly compensate for the low abundance in the sed-
iments, in many cases the availability of enough specimens
for 5!'B analysis remains limiting.

Here, microanalytical techniques such as laser ablation
multicollector inductively coupled plasma mass spectrome-
try (LA-MC-ICPMS) and secondary ion mass spectrometry
(SIMS) can help to overcome the problem of sample limita-
tion. These techniques have already been successfully used
for a variety of biogenic carbonates to gain information on
biomineralization processes or seasonal pH variations (e.g.,
Blamart et al., 2007; Fietzke et al., 2015; Howes et al., 2017;
Kaczmarek et al., 2015a; Mayk et al., 2020; Rollion-Bard
and Erez, 2010; Sadekov et al., 2019). However, microan-
alytical analysis of 8!'B is usually afflicted with larger un-
certainties in terms of repeatability and reproducibility, as
well as of natural §''B heterogeneity within single shells
and within a population. In addition, some recent studies us-
ing LA-MC-ICPMS suggest correction modes for measured
8B values because detected interferences on the '°B peak,
possibly due to scattered Ca ions from the carbonate sample,
can result in large offsets from the expected value (Thil et al.,
2016; Sadekov et al., 2019; Standish et al., 2019), whereas
in other studies this matrix-induced effect was not observed
(Fietzke et al., 2010; Kaczmarek et al., 2015b; Mayk et al.,
2020).

Also, the reported analytical reproducibility for §''B in
biogenic carbonate using LA-MC-ICPMS differs consider-
ably among different studies, ranging between £0.22 %o and
1.60 %0 (20 = 2 standard deviations), determined from re-
peated measurements of either a carbonate or glass standard
(Fietzke et al., 2010; Kaczmarek et al., 2015b; Mayk et al.,
2020; Sadekov et al., 2019; Standish et al., 2019; Thil et al.,
2016). As there is no standardized protocol nor a commer-
cially available homogenized §' !B carbonate standard for de-
termining the analytical uncertainty of LA-MC-ICPMS, this
issue remains the most challenging task to compare the dif-
ferent labs and instruments. The most commonly used car-
bonate standards with well-constrained boron isotopic com-
positions are samples from a coral (JCp-1) and a giant clam
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(JCt-1), provided by the Geological Survey of Japan (e.g.,
Inoue et al., 2004; Okai et al., 2004). However, for microan-
alytical analysis the standard is usually powdered in a mortar
and finally pressed to a pellet, which is produced individu-
ally in each laboratory, thus potentially resulting in different
heterogeneities (e.g., through different grain sizes or applied
pressures) in each pellet. This issue is also true for SIMS
analyses, and the reported reproducibility is strongly linked
to the in-house reference material used (e.g., Kaseman et al.,
2009; Rollion-Bard and Blamart, 2014).

In this study, we investigate a population of 23 speci-
mens of C. wuellerstorfi, which is a widely used benthic
foraminifer species in paleoceanographic studies, to extend
our knowledge of 8'!'B variability within and between indi-
viduals. The aim of our study is to demonstrate the capabili-
ties and limitations of 5''B analyses in C. wuellerstorfi on a
microscale. For this purpose, we used the femtosecond LA-
MC-ICPMS and SIMS techniques and compared the results
with bulk-solution MC-ICPMS. Finally, we examine the size
of population required for targeted §'!'B uncertainty levels in
paleoceanographic studies using LA-MC-ICPMS.

2 Material and methods
2.1 Foraminifer samples

For this study, we used sediment samples from GeoB core
1032-3, taken in the Angola Basin on the Walvis Ridge at a
water depth of 2505 m. From a Holocene interval (6-8 cm,
5.6ka), 23 pristine (glassy) shells of the benthic foraminifer
species C. wuellerstorfi from the size fraction > 350 um were
picked and prepared for subsequent microanalytical analysis.
Five large specimens (> 400 um) were embedded in epoxy
and polished down to a planar surface for SIMS analyses,
while the remaining 18 specimens were mounted on carbon
tape for LA measurements. From these 18 individuals, two
large tests were analyzed for detailed chamber-to-chamber
variability, while the remaining 16 tests were used to measure
quasi-bulk §''B by ablating large shell areas, preceded by
measurements of the smaller umbilical knob area.

2.2 Secondary ion mass spectrometry

For the ion microprobe analyses, we used the same technique
as described in Rollion-Bard et al. (2003) and Blamart et al.
(2007). Boron isotopic compositions were measured with the
Cameca ims 1270 ion microprobe at CRPG-CNRS, Nancy,
France. A primary beam of 10~ ions generated using a ra-
dio frequency plasma source (Malherbe et al., 2016) with an
intensity of 50nA was focused to a spot of about 20 pm. A
mass resolution of 3000 was used for B isotope analyses, al-
lowing the elimination of all isobaric interferences. Boron
isotopes were analyzed in mono-collection mode using the
central electron multiplier. The dead time of the electron mul-
tiplier was determined before the analytical session and set to
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65 ns. A pre-sputtering of 120's was applied before the anal-
ysis itself. The typical intensities of ''B* in foraminifer tests
were between 2000 and 4500 counts per second (cps), de-
pending on the boron concentration. The analysis consists of
60 cycles of 10s for 1°B* and 6's for !B, respectively. The
reference material was a calcium carbonate with a B concen-
tration of 22 ppm and a §''B of 16.76 %0 % 0.11 %, relative
to the standard reference material (SRM) NIST 951 (WP22,
value determined at IPGP using the method of Louvat et al.,
2014). The reproducibility, as estimated by multiple mea-
surements of the reference material, was 2.48 %o (20, n = 8)
and is very close to the predicted 2o uncertainty derived from
counting statistics.

2.3 Femtosecond laser ablation MC-ICPMS

Boron isotope measurements were performed using a cus-
tomized UV-femtosecond laser ablation system coupled to a
Plasma II MC-ICPMS (Nu Instruments) at the AWI, Bremer-
haven. The laser ablation system is based on a Ti:sapphire re-
generative amplifier system (Solstice, Spectra-Physics, USA)
operating at the fundamental wavelength of 775 nm with a
pulse width of 100 fs and pulse energy of 3.5 mJ per pulse.
Consecutive frequency conversion results in an output beam
with a wavelength in the UV spectra (193 nm) and a pulse en-
ergy of 0.08 mJ. The short femtosecond pulses were shown
to have major advantages over nanosecond pulses for a wide
range of element and isotope ratios with respect to laser-
induced and particle-size-related fractionation, thus enabling
non-matrix-matched calibrations (e.g., Horn and von Blanck-
enburg, 2007; Steinhoefel et al., 2009).

The sample and standard materials were mounted in an
ablation chamber with an active volume of ca. 45cm® and
ablated in a helix-mode scan at a speed of 2mms~! by using
a laser spot size of ~ 40 um. This technique allows ablation
craters of almost any diameter to be produced, in this study
ranging from ~ 80um for analysis of single chambers to
~ 400 um to cover whole shells. The aerosol was transported
via a He gas flow (~ 0.5Lmin~") and admixed with Ar gas
(~0.5Lmin"") before entering the MC-ICP-MS. Torch po-
sition, ion optics and gas flows were optimized to gain max-
imum signal intensity and stability on '°B and !'B peaks.
The mass spectrometer was equipped with standard Ni sam-
ple and skimmer cones for dry plasma conditions. The radio
frequency power was set to 1300 W. Boron isotopes were de-
termined on Daly detectors, where high-mass D5 was used
for "B and DO for '°B. Each measured sample ''B/!°B was
normalized to 'B/'%B measurements of the glass standard
NIST SRM 610 (§''B = 0%0 NBS 951), using the standard-
sample-bracketing technique. The analyses were performed
at low mass resolution (M/AM ~ 2000, 5 %o), which was
sufficient to resolve all interferences.

We performed mass scans on the peaks of 1°B and 'B
for both gas blanks (laser off) and measurements on car-
bonate (laser on) (Fig. 1) to investigate possible effects by
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scattered ions of matrix elements as observed in some recent
studies (Sadekov et al., 2019; Standish et al., 2019). For our
set-up, we can exclude such matrix-induced effects, which
is in line with Fietzke et al. (2010) and Mayk et al. (2020).
Hence, there was no need to correct the raw LA data as done
in the recent studies by Sadekov et al. (2019) and Standish
et al. (2019). Before analysis, sample and standard materi-
als were pre-ablated to remove potential surface contamina-
tion. Laser repetition rates ranged between 12 and 60 Hz to
match the signal intensity between carbonate samples and
standard material NIST SRM 610 (~ 300000cps on IRy,
As ablation efficiency and hence signal intensity may vary
with progressively increasing surface roughness and crater
depth, we adjusted the repetition rate, if required, to target in-
tensity matching between sample and standard. Whereas this
approach could result in bulgy time-resolved isotope signals,
as shown in Fig. 2, clean calcium carbonate was identified
from a plateau-like ''B /1B signal. Conversely, any con-
taminated phase from partial ablation of clay infillings, in-
dicated by dropping ''B /1B ratios accompanied by rising
[B], were excluded from further data treatment (Fig. 2).

Each analysis was preceded by an on-peak gas blank mea-
surement of 60's on '°B and ''B, which was subtracted from
the LA signal. The LA analysis itself was assessed by calcu-
lating the mean of the blank-corrected !'B/!9B signal within
an interval of up to 370 cycles (1 s each), where all data ex-
ceeding two standard deviations were removed as outliers.
After analysis, B was washed out for 120 to 180s until
reaching background levels before a new measurement was
started. A typical blank had ~ 7000cps on '!'B at the begin-
ning of a session but decreased to less than 3000 cps during
the course of a day. As signal intensity on ''B was aimed at
~ 300000 cps, the signal-to-noise ratio was on the order of
~100.

Accuracy of boron isotope measurements was frequently
checked by ablating an in-house carbonate standard that
was also used for SIMS analysis (i.e. WP22, Rollion-Bard
et al., 2003). The average SUB of 16.49%0+1.26 %o 20,
n = 20) for WP22 is very close to the bulk solution values
(8""B =16.60%0 £ 0.30%0 (20, n = 6) measured at AWI,
and 81'B = 16.76 %0+ 0.11 %o measured at IPGP). As the
measurement uncertainty is mainly dependent on the abla-
tion time, we report measurement uncertainties (as 20) for
each 8!'B analysis as a function of analysis time, which was
determined from multiple measurements of NIST glass stan-
dards and carbonate standards, and which is very close to the
predicted uncertainty based on counting statistics (Fig. 3).

2.4 Bulk solution MC-ICPMS

After LA analyses, the 18 shells were carefully removed
from the carbon tape and cleaned following the procedure
outlined by Raitzsch et al. (2018). Briefly, foraminifer shells
were gently crushed under a binocular between two glass
slides and transferred to Eppendorf vials. After the clay re-

Biogeosciences, 17, 5365-5375, 2020
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moval and oxidative cleaning steps, the samples were leached
in 0.00lN HNO3 and finally dissolved in 60uL of 1N
HNOs.

Prior to boron isotope analysis, we used the micro-
distillation technique to separate B from the calcium car-
bonate matrix (Gaillardet et al., 2001; Misra et al., 2014;
Raitzsch et al., 2018; Wang et al., 2010). The distillate was
diluted with 400 uL of 0.3 N HNOs3. The B concentration of
a small aliquot was determined using a quick (20s) on-peak
measurement of !'B on Faraday cup H9 using a Nu Plasma
II MC-ICPMS (AWI, Bremerhaven). The remainder of the
sample was then diluted to yield a solution with a [B] of 3 ppb
and concentration-matched with the SRM NBS 951 to within
+3%.

Biogeosciences, 17, 5365-5375, 2020

For isotope ratio measurements, boron was collected on
Daly detectors, where high-mass D5 was used for !'B and
DO for '°B. Boron isotope data were measured in triplicate
using the standard-sample-bracketing technique and reported
in delta notation normalized to SRM NBS 951:

11 10
B/!0B
8" Bgample = ( /_Buample _ 1) -1000.

1B/19BNisTos1
When 20 of the mean derived from the triplicate was smaller
than the long-term reproducibility (0.30%o), we report the
latter as the measurement uncertainty. In addition, a small
fragment of an in-house carbonate reference material WP22,
used for our SIMS and LA-MC-ICPMS study, was cleaned
and measured exactly the same way as the foraminifera sam-
ple to obtain a bulk §!'B value for comparison (16.60 %o+

ey
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uncertainty of each boron isotope measurement is calculated based
on this relationship (black solid line). A major portion (~ 70 %) of
the measurement uncertainty is related to Poisson-distributed counts
(red dashed line).

0.30%0). This value is almost identical to that measured at
IPGP using the bulk solution ICP-MS (16.76 %0 = 0.11 %o).

3 Results and discussion
3.1 Intra-shell $!1B variability

The results from SIMS measurements conducted on five
large specimens reveal a high §!'B variability ranging be-
tween 4.6 and 6.8 (mean 5.2) %o (20, 2 standard deviation
of n individual measurements) within single shells, based on
8 to 19 single-spot analyses on each shell. A similar vari-
ability of 4.4 %o (20) on average is observed for measure-
ments within single chambers (Fig. 4). Since it is difficult to
distinguish between the very small (i.e. the juvenile) cham-
bers in the central part, we allocated these measurements to
the umbilical “knob”, which is also equivalent to the thick
central part of the spiral side used for LA measurements.
If 8'!'B is averaged for each chamber (one to three analy-
ses per chamber), the mean variability between chambers is
4.2%0 (20) (Fig. 4). The two specimens measured cham-
ber by chamber with LA also show variable §!'B, but with
a much lower variation of ~ 1.1%o (20), compared to the
SIMS data (Fig. 4). The average '!B variability from all 16
shells measured multiple times is ~ 1.3 %o (20).
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Here the question arises of whether the difference in §!'B
variability between the two methods is due to differences in
analytical uncertainty or different scales of natural hetero-
geneity. If we consider an average uncertainty of £0.9 %o
for LA (Fig. 3), intra-shell variability is reduced from 1.3 %o
to 0.4 %o. As the 20 measurement uncertainty for SIMS is
roughly £2.5%o, the remaining difference in variability be-
tween SIMS and LA methods of ~ 2.3 %o is likely due to the
different sampling volumes and hence related to heteroge-
neous boron isotopic distribution in the test. While the spot
size for the SIMS method is ~ 20 and ~ 1 um at depth, the
laser-ablated volume ranges from 80 to 100 um in diameter
(Fig. 4) and approximately 10 um at depth. Consequently, the
~ 200 times larger volume analyzed by LA would reduce the
8B variability detected by SIMS to ~ 0.2(= 2.3/./200) %o.
Hence we argue that the “true” §!'B heterogeneity is scale-
dependent and assumedly on the order of ~ 3 and ~ 0.4 %o
(20) on a ~ 20 and 100 um grid, respectively.

To examine potential systematic trends in §''B among
successive chambers, we calculated the residual boron iso-
topic composition A§'!'B for each site within each shell by
comparing the B isotopic composition of a single-chamber
SUBSingle with the mean value of the shell 8! Bpean:

AS“B =511Bsingle_5“Bmean- (2)

The SIMS data suggest that AS!'B tends to decrease from
the penultimate chamber (f — 1) towards chamber f — 5 by
roughly 4 %o (Fig. 4), whereas no systematic change exists
between chambers f — 6 and the juvenile chambers. How-
ever, it is compelling that also the LA results suggest a de-
creasing trend in AS!'B from the final chambers towards
chamber f —5 by more than 0.5 %o, while in the earlier cham-
bers no systematic change can be observed (Fig. 4). For both
methods, Wilcoxon—-Mann—Whitney tests and Welch’s 7 tests
suggest that the A§'!B change between the final chambers
and f — 5 is statistically insignificant at a 95 % significance
level (p values > 0.07). However, decreasing 8'!'B from the
final chamber towards earlier chambers would be in line with
the LA study by Sadekov et al. (2019) showing a ~ 2 %o
decrease along the last whorl of C. wuellerstorfi. A similar
pattern was also observed for B/Ca, with the highest value
in the final chamber (Raitzsch et al., 2011; Sadekov et al.,
2019), suggesting a strong biological influence or kinetic (i.e.
growth rate) effect on boron incorporation. An in-depth dis-
cussion of biological and calcification processes is beyond
the scope of this study, but the discovery of such high vari-
ability has implications for the use of §!!B-microanalytical
techniques in paleoceanographic studies (e.g., Rollion-Bard
and Erez, 2010).

Another notable feature derived from LA and SIMS is the
elevated §''B (by ~ 0.5%o on average) of the umbilical knob,
compared to the whole-shell §!'B. This is confirmed by sup-
plementary ablation of the knob of individuals, which were
used for whole-shell analysis in Sect. 3.2. On average, um-
bilical knob 8'!'B was ~ 0.4 %o higher than the value derived

Biogeosciences, 17, 5365-5375, 2020
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Figure 4. Intra-shell variability of § 11 using SIMS (a) and LA-MC-ICPMS (b) on selected large individuals of C. wuellerstorfi. The residual
AS!'B (difference between single-spot and mean s11B, Eq. 2) averaged from all analyzed specimens is shown for each chamber (f is the
final chamber, f — 1 the penultimate one, and so on). Orange color stands for higher-than-mean and blue for lower-than-mean values. Lighter
colors indicate data that are based on only one measurement. The inset table summarizes the measured intra-shell variability derived from

the two techniques.

from the larger ablated area (see inset picture in Fig. 7), al-
though this behavior is not systematic and was observed in
only two thirds of the cases.

3.2 Inter-shell §'1B variability

Apart from the seven specimens used for inspecting
the chamber-to-chamber variability, 16 individuals of
C. wuellerstorfi were laser-ablated using a large area of at
least 300 um in diameter to cover a major part of the spiral
side, and in 14 specimens subsequently analyzed for the com-
position of the thicker umbilical knob using a smaller crater
(inset picture in Fig. 7). This way, we approached quasi-bulk
8B values for single shells. Together with the §!'B medians
from the two specimens described in the previous section, a
total of 18 shells were used for determining the inter-shell
8'1B variability using LA-MC-ICPMS (Fig. 5). It should be

Biogeosciences, 17, 5365-5375, 2020

noted that we usually report the average as median, since it
is less sensitive to outliers than the mean and also reflects the
average of a non-uniform distribution. For SIMS analyses,
the medians of single-spot analyses were calculated for each
of the five shells.

The SIMS data reveal a huge spread of single-spot §''B
across the five specimens (Sect. 3.1), but the § 1B values
averaged for each shell exhibit a narrower range between
tests, with a median §!'B of 16.08 %0=2.70%0 (20') (Fig. 5).
In contrast, the single-site LA data across all 18 individu-
als show a smaller variation in §'!B than the SIMS data,
where the values averaged for each shell yield a median of
15.90%0+1.62%o (20). Both the average §'! B measurement
uncertainty for LA of £0.9 %¢ (20') and the variation differ-
ence between foraminiferal shells and WP22 of ~ 0.4 %o sug-
gest a residual inter-shell variability on the order of 0.4 %o

https://doi.org/10.5194/bg-17-5365-2020
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Figure 5. Violin, box and jitter plots showing the distribution of all single-site 811B values and single-shell means, both for the SIMS and
laser ablation techniques. For comparison, the distribution of 811B values measured on the in-house reference material WP22 is displayed as
well. The green dashed lines and bars represent the bulk solution § HB 426 values.

to 0.7 %o. Similarly, if an uncertainty of +2.50 %o (20) for
SIMS measurements is taken into account, the remaining
inter-shell variability is only ~ 0.2%o. Therefore, we esti-
mate the “true” variability between shells of a population to
be ~ 0.4 %o, which is the same as the variation estimated for
the intra-shell variability (Sect. 3.1).

For shells where both large areas and knobs were mea-
sured (n = 14), it is interesting to note that if only the large
LA craters are considered, the mean §!'B is 15.87 %o+
1.78 %0 (20), while it is 16.27 %0+ 2.75%0 (20), if solely
the small LA craters are taken into account (see Fig. 7, in-
set picture). As the volume of the large LA craters is ~ 3
times larger than the smaller ones, the resulting variabil-
ity among means of three resampled small-crater values is
1.59(=2.75/4/3) %0 (20), which is quite close to the 1.78 %o
derived from large craters, and confirms our conclusion that
the 8!'B variability is dependent on the scale at which it is
measured.

3.3 Bulk solution §!1B

Both the SIMS and LA results reveal median values that
match the bulk §!'B of 15.99%0+ 0.30%o (20) measured in
solution to within analytical uncertainties (Fig. 5). It should
be noted again that the same specimens measured in so-
lution had been measured before by LA, ensuring that we
compare different techniques based on the same set of sam-
ples. Similarly, the average 8''B of 16.48 %0+ 1.26%0 (20)
in the reference material WP22 determined with LA-MC-
ICPMS is not distinguishable from the bulk solution value
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of 16.60%0=+ 0.30%0 (20), which confirms the robustness
of the LA technique, and also the SIMS results, as the me-
dian foraminifera values are identical for LA and SIMS tech-
niques.

The 8'!B values obtained from all three methods fit in with
the calibration data set for C. wuellerstorfi from the study by
Rae et al. (2011) (Fig. 6) and confirm that the boron isotopic
composition in this species closely matches that of borate
of ambient seawater. Further, it proves that LA-MC-ICPMS
and SIMS yield accurate results for §'!'B, if the data set is
large enough to overcome the issues of intra- and inter-shell
variability (~ 0.4%c), and analytical uncertainty of micro-
analytical techniques (~ £0.9 %o and £2.5 %o for LA and
SIMS, respectively).

3.4 Implications for paleoreconstruction studies

The large intra- and inter-shell variations in 8'!B described
in Sects. 3.1 and 3.2 raise the question whether microana-
Iytical techniques such as SIMS or LA-MC-ICPMS can be
used for analyzing 8'!B in C. wuellerstorfi to reconstruct
past deep-water pH. The SIMS method requires careful em-
bedding of foraminifer shells in epoxy and polishing down
to a planar surface, which precludes further processing for
bulk solution analyses, for example. However, because the
size of the beam spot is small (20 pm or less), it is still pos-
sible to measure some other elemental and isotopic ratios at
the same location on the sample; e.g., the same foraminifera
specimens were used to measure 8'80 (Rollion-Bard et al.,
2008), !B (Rollion-Bard and Erez, 2010) and §7Li (Vigier

Biogeosciences, 17, 5365-5375, 2020
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Figure 6. Median 811B of Holocene (5.6ka) C. wuellerstorfi from
GeoB core 1032 (Walvis Ridge, South Atlantic) measured with dif-
ferent techniques, shown along with the core-top calibration from
(Rae et al., 2011). Note that the bulk solution analysis of this study
was carried out on the same population measured before with laser
ablation. Pooled §!!B uncertainties for SIMS (n =15 shells) and
LA-MC-ICPMS (n = 18 shells) are shown as numbers, as error bars
exceed the y axis scale.

et al., 2015). The SIMS technique is very useful for biomin-
eralization studies (e.g., Rollion-Bard and Erez, 2010), but
for paleoreconstruction of deep-sea pH, where high preci-
sion is necessary, it may not be the most appropriate tech-
nique for routine downcore §'!B analysis. However, here we
will inspect LA-MC-ICPMS as a potential tool for paleo-pH
studies.

To attain information on the number of shells required
for accurate LA analysis of §!!B to within a target uncer-
tainty, we applied a Monte Carlo approach to generate two
data sets with 10000 8!'B data each, within a quoted uncer-
tainty of +1.68 %o and £2.75 %o (20°) for “large crater” and
“knob” measurements, respectively, as given by the original
data set (n = 16 and n = 14, resp.). The average 5!'B values
are considered identical between large craters and umbilical
knobs, as in the original data they agree to within analytical
uncertainty. Then we applied the “combn()” function of the
R package “utils v3.4.4” (R Core Team, 2018) on each of
the simulated data sets. With this function, we can calculate
the uncertainty by generating all possible combinations of n
shells taken from the simulated populations. For instance, if
we would randomly pick five shells from this sediment sam-
ple, the analyzed 8''B would be accurate to within 40.75 %o
with a probability of 95 %, if large areas, and £1.22 %o, if
only the knob areas were analyzed. If we targeted a stan-
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Figure 7. Results from Monte Carlo simulations of 20" uncertainty
for 511B using LA-MC-ICPMS in relation to the number of ana-
lyzed C. wuellerstorfi shells (n). In red is the estimated uncertainty
based on “large crater”, and in blue on “umbilical knob” measure-
ments (see inset scanning electron microscope picture for different
areas). The estimated 20 uncertainty can be described by a function
of the quoted uncertainty (u4) and n (Eq. 3).

dard uncertainty of +0.50 %o, which is equivalent to a pH un-
certainty of roughly 0.1, we would need to measure ~ 12
specimens with LA, if large areas, and ~ 14 specimens, if
only the knob areas were analyzed (Fig. 7). The relationship
between number of analyzed shells (n) and the estimated 2o
uncertainty is given by the quoted variability u, i.e. the mea-
sured §'!'B variation across a population (as 2¢), and n:

20 =1L 3
NG

Given that the analysis uncertainty of the same amount mea-
sured in solution is about 0.3 %o, bulk solution analysis ap-
pears to be the more convenient technique for reconstructing
paleo-pH. In contrast, the LA technique may be useful for
generating high-resolution records, where sharp pH trends
would partly compensate for the larger standard uncertainty
or when only a few foraminifera specimens are available.
Further, LA, like SIMS, has the potential to provide insight
into ontogenetic 8'!B variations, helping to better understand
the biological uptake of boron during chamber formation.

4 Conclusions

Microanalytical methods such as SIMS or LA-MC-ICPMS
are potentially powerful tools for studying biomineralization
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processes or possible alternatives to conventional bulk solu-
tion analysis of 8'!'B in benthic foraminifera, if sample ma-
terial is limited. For this study, we measured a population of
23 C. wuellerstorfi in total using SIMS and femtosecond LA-
MC-ICPMS and compared the results with the bulk-solution
8B, revealing consistent average values among the differ-
ent techniques. While the medians agree to within £0.1 %o, a
large intra-shell variability was observed, with up to 6.8 %o
and 4.5 %o (20) derived from the SIMS and LA methods,
respectively. We propose that the larger spread for SIMS,
compared to LA, can be attributed to the much smaller vol-
ume (~2007!) of calcite being analyzed in each run and
hence supposedly reflects a larger heterogeneity of §'!B in
the foraminiferal test on a smaller scale. When analytical
uncertainties and scale-dependent differences in §!'B vari-
ations are taken into account, the intra-shell variability is
likely on the order of +0.4%¢ and 3 %o (20) on a 100 and
20 um scale, respectively.

The §!'B variability between shells exhibits total ranges
of ~ 3 %o for both techniques, suggesting that a number of
shells needs to be analyzed for accurate mean 8!'B val-
ues. We applied a simple resampling method and conclude
that about 12 shells of C. wuellerstorfi must be analyzed us-
ing LA-MC-ICPMS to obtain an accurate average value to
within +0.5 %o (20). Hence, we suggest that, based on this
high number of required individuals, the bulk solution MC-
ICPMS method remains the first choice for analysis of §'!B
in routine paleo-pH studies.
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