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Prologue

Arthur Holmes (1911), in what is now
considered the first real geochronology
paper, argued that accumulation of lead
in uranium-rich minerals would be the
most reliable way to determine the for-
mation ages of rocks. Two years later, he
published his now famous book “The age
of the Earth” (Fig. 1), in which he sum-
marized underlying principles and early
applications of uranium-lead (U-Pb)
geochronology to calibrate Earth history.
More than a century later, U-Pb geo-

P —————= =

THE AGE
OF

THE EARTH

BY

ARTHUR HOLMES
B.Sc, A.R.C.S.

| HARPER X
[ BROTHERS
. TONDON & NEWYORK

chronology by isotope dilution — thermal
ionization mass spectrometry (ID-TIMS)
is widely regarded as the most accurate
radioisotope geochronometer and is of-
ten referred to as the gold standard of
geochronology. This stems from the
unique dual decay of U and U aiding
evaluation of closed system behaviour,
precisely and accurately determined de-
cay constants (Jaffey et al., 1971), gravi-
metrically calibrated reference and tracer
solutions (Condon et al., submitted) as
well as decades of progressive improve-
ments of analytical protocols leading to
reduced laboratory contamination (e.g.,
Krogh, 1973 ; Bowring et al., 2006) and
developments of sample pre-treatment
methods reducing the affects of post-
crystallization Pb-loss in the most com-
monly dated mineral zircon (Krogh,
1982; Mattinson, 2005).

The unprecedented precision and ac-
curacy achievable by ID-TIMS U-Pb
geochronology made it the method of
choice for assessing the timing, durations
and rates of a diverse range of process-
es and events, such as the formation of
the first solids in the protoplanetary disk

FIGURE 1. Front cover of Arthur Holmes’ classic book
The age of the Earth published in 1913. It contains a
detailed comparison of different approaches to estimate
geologic time, a careful documentations of the underly-
ing principles of U-Pb geochronology, a discussion of
suitable minerals, and a summary of some of the earli-
est U-Pb data.
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(e.g., Amelin et al., 2002; Connelly et
al., 2012), the timing and causes of some
of the most devastating mass extinction
events in Earth history (e.g., Bowring et
al., 1998; Schoene et al., 2010; Black-
burn et al., 2013), the time-scales of
pluton emplacement (e.g., Schaltegger
et al., 2009; Schoene et al., 2012) and
the rates of processes preceeding some
of the largest volcanic eruption on Earth
(e.g., Crowley et al., 2007; Wotzlaw et
al., 2013). In this thesis, ID-TIMS U-Pb
geochronology of the accessory mineral
zircon, is extensively employed to gain
quantitative insights into the time scales
of magmatic processes, to improve our
understanding of U-Pb systematics by in-
tercalibration with independent geochro-
nometers and to calibrate stratigraphic
records in sedimentary basins (Fig. 2).

HIGH-PRECISION ZIRCON U-PB
GEOCHRONOLOGY AS ATOOL
IN IGNEOUS PETROLOGY

U-Pb and U-series geochronology of
accessory minerals is an important tool
to understand the time scales of mag-
matic processes. In situ techniques, such
as secondary ion mass spectrometry

VA

i deposition of

-\

(SIMS), offer superb spatial resolution
(Fig. 3A) and the relative analytical pre-
cision on the order of several % is suf-
ficient to resolve magmatic processes
operating on the 10,000 to 100,000 years
time-scale in Pleistocene magmatic sys-
tems. Most notably, ion microprobe
based U-Th disequilibria dating of U-
and Th-rich accessory minerals (espe-
cially zircon) proved remarkably useful
to understand the life-times of a plethora
of Pleistocene magmatic systems (e.g.,
Cooper and Reid, 2008; Schmitt, 2011).
However, due to the relatively short 2°Th
half-life of 75,400 years, U-Th dating is
limited to crystals younger than ~300,000
years, making it applicable only to active
volcanic systems (sensu Schmitt, 2011).
However, some of the most remarkable
features of crustal magmatism are only
known from fossil magmatic system. For
instance, the youngest exposed granitoid
pluton is older than one million years and
the most voluminous eruption occured
some twenty-eight million years ago.
Accessory minerals in these magmatic
rocks are in secular equilibrium with
respect to the uranium decay series and
can not be dated employing U-Th meth-

FIGURE 2. lllustration of the
applications of zircon U-Pb
geochronology presented in
the two parts of this thesis.
Part 1 comprises applications
of zircon U-Pb geochronology
to understand the time scales

~ volcanic ash
' .‘\—

of processes in magma res-

zircon = ;\ —~__________| ervoirs. Part 2employs zircon
crystallization = I Ye——— U-Pb geochronology to date
In magma from previous a_sh befjs in S(_adlmentary ba-
reservolrs : sins to intercalibrate geochro-

eru ptIOI’I\ Part 2 nometers and to calibrate the

sedimentary records.
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ods, but the same minerals can be dated
employing the U-Pb method. However,
the percent-level precision attainable by
in situ techniques is not sufficient to re-
solve the time scales of magma chamber
processes in such fossil magmatic sys-
tems (Fig. 3B). In contrary, ID-TIMS
techniques allow the determination of
U-Pb dates of accessory zircon with
approximately an order of magnitude
smaller relative analytical uncertainties
that translate into absolute uncertainties
of several thousands to tens of thousands
of years when dating Cenozoic zircons.
Such high temporal resolution may result

A

bulk crystal
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SIMS spot
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in complex zircon age populations (Fig.
3B), reflecting prolonged zircon growth
and magma residence, previously only
resolvable by in-situ U-Th dating in
much younger magmatic systems (e.g.,
Schmitt, 2011). The potential of resolv-
ing the time-scales and rates of magmat-
ic processes in pre-Pleistocene volcanic
deposits and exhumed plutons, recently
made ID-TIMS based zircon U-Pb geo-
chronology a widely used tool in igne-
ous petrology (e.g., Crowley et al., 2007,
Schaltegger et al., 2009; Schoene et al.,
2012; Wotzlaw et al., 2013). Common
in many of these applications is that the

SIMS or LA-ICPMS

B

~2-4%

23.0 235 240 245
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250 255/26.0 265
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FIGURE 3. Schematic illustration comparing the spatial resolution (A) and the precision (B) achievable
by in situ techiques and by ID-TIMS. (A) Comparison of the sample volumes consumed during in situ
and ID-TIMS analysis. Traditionally ID-TIMS uses bulk zircon crystals thereby averaging over multiple
growth zones. In contrary, the high spatial resolution of in situ techniques allows to date individual
growth zones. Microsampling of crystal fragments for ID-TIMS becomes increasingly popular and re-
duces the sample volume of ID-TIMS analyses by a factor of about 2 to 10. The higher spatial resolution
of in situ techniques comes at the expense of significantly lower analytical precision. (B) Comparison of
the precision achievable by in situ techniques and by ID-TIMS for a 25 Ma volcanic rock. Shown are un-
certainties for single spot and single crystal analyses as well as uncertainties for weighted mean dates
of statistically eqgivalent populations consisting of = 10 dates. The higher precision of ID-TIMS allows to
resolve the time scales of magmatic processes in such young rocks In contrary, the high precision of
ID-TIMS techniques, allows to resolve these age differences. SIMS - Secondary ion mass spectromery;
LA-ICPMS - Laser Ablation-Inductively Coupled Plasma Mass Spectrometry.
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analytical precision largely exceeds the
ability to interpret U-Pb dates in the con-
text of magmatic processes. Closing this
gap is currently one of the big challenges
in high-precision U-Pb geochronology
and one of the main themes of the first
part (Chapters 1 to 3) of this thesis. Re-
cently developed analytical protocols
(e.g., Schoene et al., 2010b) that allow
the analysis of oxygen and hafnium iso-
topic ratios as well as trace element con-
centrations in tandem with ID-TIMS are
employed to link zircon crystallization to
specific episodes during the life-times of
investigated magmatic systems and ulti-
mately to quantify the durations and rates
of underlying processes.

INTERCALIBRATION OF GEO-
CHRONOMETERS AND THE
CALIBRATION OF SEDIMENTARY
RECORDS

The high accuracy and precision
achievable by ID-TIMS U-Pb geo-
chronology also made it one of the pre-
ferred methods for the numerical calibra-
tion of the Geologic Time Scale (GTS;
e.g., Gradstein et al., 2012). U-Pb dating
of zircons from volcanic ash beds inter-
calated with fossiliferous marine sedi-
ments underpins much of the Paleozoic
and Mesozoic time-scales. The prolonged
crystallization history recorded by zir-
cons has been considered to significantly
compromise chronostratigraphic appli-
cations, where the desired age informa-
tion is that of ash bed deposition (e.g.,
Simon et al., 2008). This potential bias
of ash bed deposition ages derived from
zircon U-Pb dates was also considered to
contribute to systematic offsets between

the U-Pb and other radioisotopic systems
(e.g.,Renne et al.,2010). The second part
of this thesis addresses the accuracy, po-
tential and limitations of high-precision
zircon U-Pb geochronology for calibrat-
ing sedimentary records of Earth history.
This technique is then applied to place
quantitative constraints on the duration
of the Late Triassic Rhaetian stage and
the rates of processes during this time in-
terval that culminated in the end-Triassic
mass extinction.
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Summary

This thesis, entitled “From precise date
to process rate: A high-precision zircon
U-Pb geochronology perspective on the
timing, rates and durations of geological
processes” , comprises a series of papers
addressing the potential and limitations
of accurate and precise uranium-lead
geochronology of accessory minerals for
quantifying the time-scales of a variety
of geologic processes. The thesis is sub-
divided into two parts and five chapters.

PART I consists of three papers fo-
cusing on quantifying the time-scales of
magmatic processes in some well char-
acterised magmatic systems. By integrat-
ing high precision U-Pb geochronology
with trace element, oxygen and hafnium
isotopic data, we place quantitative con-
straints on the durations and rates of
some important processes in these mag-
matic systems.

CHAPTER 1. This paper presents a
new high-precision zircon U-Pb geo-
chronological view on the crystallization
and assembly process of one of the most
important and intensely studied intrusive
bodies on Earth — the Skaergaard intru-
sion in East Greenland. With analytical
uncertainties of a few tens of thousands
of years, we were able to resolve several
important events during cooling of this
intrusion. Initial cooling of the shallowly
intruded ~300 km? of tholeiitic basaltic

magma from liquidus to zircon saturation
at ~1000°C is recorded by a precise zir-
con crystallization age of 55.960 + 0.018
Ma of an intercumulus gabbroic pegma-
tite in the lower portion of the intrusion.
Based on this zircon crystallization age
and a published cooling model we esti-
mate the “true” age of emplacement to be
~56.02 Ma. The last portions of Skaer-
gaard appear to crystallize completely
~100 ka after emplacement as recorded
by abundant ~55.91-55.93 Ma zircons in
the Sandwich Horizon (SH), where lower
and upper solidification fronts met. Intru-
sion of an isotopically distinct new mag-
ma batch, the ~600 m thick Basistoppen
Sill, into the solidified upper portion of
Skaergaard, happened at 55.895 + 0.018
Ma, suggesting close timing between
crystallization of evolved rocks around
the SH and intrusion of the Basistoppen
Sill. The novel result of this work is the
demonstration that zircons in the SH,
>100 m below the Basistoppen contact,
have a bimodal age distribution, with the
youngest population of 55.838 + 0.019
Ma postdating intrusion of the Basistop-
pen Sill by 57 + 37 ka. Oxygen isotope
analyses reveal that SH zircons are low
and heterogeneous with respect to 0'%0.
These results support the proposed con-
clusion that the SH crystallized twice: it
was fully crystalline, then hydrothermal-
ly-altered by low-8'80 surface waters
and subsequently partially remelted, trig-

Summary



gered by heat of the Basistoppen Sill. The
low-degree partial melt generated during
remelting partially migrated upward by
intergranular compaction-driven flow,
explaining the existence of the most in-
compatible trace element rich horizon,
~100 m above SH. As the Skaergaard in-
trusion is also the most classic example
of a shallow meteoric hydrothermal sys-
tem, this work documents the alternating
processes in a life of an intrusion with
periods of hydrothermal cooling, heating
by new intrusions, and related remelting
events, which cause the generation of
low-0'80 magmas.

Our precise temporal framework for
intrusion crystallization also provides
constraints for the timing of coeval flood
basalt volcanism and its synchronicity
with the Paleocene-Eocene-Thermal-
Maximum. This chapter is published in
Earth and Planetary Science Letters.

CHAPTER 2. A novel approach to
quantify the chemical, thermal and rheo-
logical evolution of large volume silicic
magma reservoirs is presented in this
chapter and applied to study processes
preceeding the most voluminous silicic
eruption known from the geologic re-
cord; the erution of the Fish Canyon Tuff.
Such large-volume eruptions are fed by
gigantic silicic magma reservoirs. The
thermal evolution of these sub-caldera
magma reservoirs controls the volume of
eruptible magma and eruptive style. Here
we combine high-precision zircon U-Pb
geochronology, trace element analyses
of the same mineral grains, and mass
balance modeling of zircon trace ele-
ment compositions allowing us to track

the thermal and chemical evolution of
the Oligocene Fish Canyon Tuff magma
reservoir (Colorado, USA), as a function
of absolute time. Systematic composi-
tional variations in U-Pb dated zircons
record ~440 k.y. of magma evolution.
An early phase of volumetric growth
was followed by a period of cooling and
crystallization, during which the Fish
Canyon magma approached complete
solidification. Subsequent remelting, due
to underplated andesitic recharge mag-
mas, began 219 + 45 ka prior to eruption
and led to the generation of ~5000 km?
of eruptible crystal-rich (~45 vol.%) dac-
ite. Age-equivalent, but compositionally
different, zircons in an andesite enclave
from late-erupted Fish Canyon Tuff tie
the growth and thermal evolution of the
upper crustal reservoir to a lower crustal
magma processing zone.

Ourresults demonstrate that the combi-
nation of high-precision dating and trace
element analyses of accessory zircons can
reveal invaluable information about the
chemical and thermal histories of silicic
magmatic systems and provides critical
input parameters for fluid dynamic model-
ing. This chapter is published in Geology.

CHAPTER 3.In this chapter we inves-
tigate the time scales and mechanisms of
reservoir build-up and evolution beneath
large silicic caldera volcanoes. Such vol-
canoes produce extremely large-volume
eruptions, often referred to as supererup-
tions, that are some of the most devas-
tating natural disasters. The most volu-
minous eruption ever experienced by
modern civilizations, the 1815 Tambora
eruption, was more than an order of mag-
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nitude smaller than the largest-volume
eruptions known from the geological re-
cord. Perhaps nowhere on Earth are de-
posits of supereruptions more prominent
than in the Snake River Plain-Yellow-
stone Plateau (SRP-YP) volcanic prov-
ince. The Heise volcanic field in eastern
Idaho contains the youngest complete
caldera cycle in the SRP-YP and culmi-
nated about 4.5 million years ago in the
eruption of the low-8'*0, 1800 km?* Kilg-
ore Tuff. Accessory zircon crystals in
the Kilgore Tuff display remarkable in-
ter- and intracrystalline oxygen isotopic
heterogeneity with a total range of 8 %o
in 0'80 suggesting that they crystallized
from isotopically distinct and isolated
reservoirs that were assembled and ho-
mogenized prior to eruption. In contrary
to the oxygen isotopic heterogeneity,
twenty-four of these zircons yielded in-
distinguishable crystallization ages with
a Th-corrected weighted mean **Pb/**U
date of 4.4876 + 0.0023 Ma that is indis-
tinguishable from the eruption age. This
requires that shallow magma generation
and subsequent assembly of isolated
magma batches occured within the reso-
lution of our geochronology and thus is
an extremely rapid process. This crystal
scale image of the configuration of the
pre-eruption resevoir, with several isolat-
ed magma batches, is very similar to the
resevoir configuration imaged seismi-
cally beneath active supervolcanoes. The
assembly of magma batches vertically
distributed over several kilometers would
cause a substantial increase in buoyancy,
providing a eruption trigger mechanism
which is the direct consequence of the
reservoir assembly process.

PART II comprises two chapters ad-
dressing the potential but also the limi-
tations of high-precision zircon U-Pb
geochronology as a tool for calibrating
sedimentary records.

CHAPTER 4. Several orbitally tuned
Miocene sedimentary sequences around
the Mediterranean contain abundant in-
tercalated volcanic ash beds. These se-
quences provide the rare opportunity to
intercalibrate radioisotopic dating meth-
ods with independent and accurate depo-
sition ages derived from astrochronology.
We present a large data set (N=17,n=175)
of high precision zircon U-Pb dates for
ash beds from an almost continuous or-
bitally tuned Messinian to Langhian
(~154 - 6.2 Ma) sedimentary sequence
exposed along the Adriatic coast south
of Ancona, Italy. We use this unique data
set to evaluate (1) the accuracy of zircon
U-Pb dates, (2) the significance of initial
intermediate daughter product disequi-
libria for zircon U-Pb geochronology of
young rocks, (3) the effect of prolonged
pre-eruption zircon crystallization and
zircon recycling on U-Pb derived ash
bed deposition ages, and (4) discuss the
implications for the intercalibration of
radioisotope geochronometers and the
calibration of the Geologic Time Scale.

CHAPTER 5. The numerical calibra-
tion of the geologic time scale (GTS) has
long been one of the most important ap-
plications of precise and accurate U-Pb
geochronology. In this chapter we report
biochronologic and U-Pb geochronolog-
ic data from the Late Triassic of North-
ern Peru and discuss the importance for
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global correlations and the calibration of
the Late Triassic stages. The numerical
calibration of the Late Triassic stages is
arguably the most controversial issue in
Mesozoic stratigraphy despite their im-
portance for assessing mechanisms of
environmental perturbations and associ-
ated biologic consequences preceding
the end-Triassic mass extinction. Here
we report new CA-TIMS zircon U-Pb
dates for volcanic ash beds within the
Aramachay Formation of the Pucara
Group in Northern Peru that place precise
constraints on the maximum age of the
Norian-Rhaetian boundary. Sampled ash
beds are closely associated with a char-
acteristic uppermost Norian bivalve as-
semblages comprising the last occurence
of large flat clam Monotis subcircularis
as well as thin shelled Otapiria aff. O.
norica and Oxytoma cf. O. inaequivalvis.
Zircon U-Pb dates of sampled ash beds
constrain the deposition age of this inter-
val to be between 205.70 + 0.15 Ma and
205.30 £ 0.14 Ma. We further recalibrate
previously published zircon U-Pb dates
for ash beds bracketing the Triassic-
Jurassic boundary employing the most
recent calibration of the EARTHTIME
tracer solution resulting in a maximum
duration of ~4 m.y. for the Rhaetian.
This ends a prolonged controversy about
the duration of this stage and has funda-
mental implications for the rates of pa-
leoenvironmental deterioration inferred
for the Late Triassic, culminating in the
end-Triassic mass extinction and pro-
vides an absolute tie-point for magneto-
stratigraphic and cyclostratigraphic cor-
relations of marine and continental Late
Triassic sedimentary sections.
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Resumeé

Ce manuscrit de these, intitulé “Data-
tion haute précision et vitesse de proces-
sus: Perspective de la géochronologie
U-Pb haute précision sur zircon pour le
timing, la vitesse et la durée des proces-
sus géologiques”, comporte une série
d’articles s’adressant au potentiel et aux
limitations de la géochronologie précise
et exacte par la méthode uranium-plomb
sur minéraux accessoires, pour quantifier
les échelles de temps de divers processus
géologiques. La these est divisée en deux
parties et cinq chapitres.

La partie I consiste en trois articles
se focalisant sur la quantification de du-
rées de processus magmatiques dans
des systémes magmatiques bien carac-
térisées. En intégrant la géochronologie
de haute précision U-Pb avec des don-
nées d’éléments traces et isotopiques
d’oxygeéne et hafnium, nous apportons
des contraintes quantitatives sur les du-
rées et les taux de certains processus
importants dans ces systéemes magma-
tiques.

Chapitre 1. Ce chapitre présente une
nouvelle vue géochronologique de haute
précision U-Pb sur zircon, sur les pro-
cessus de cristallisation et d’assemblage
d’un des corps intrusifs les plus étudiés et
les plus importants sur Terre : 1’intrusion
de Skaergaard dans I’Est du Groenland.
Avec des incertitudes analytiques de

quelques dizaines de milliers d’années,
nous flimes capables de résoudre plu-
sieurs évenements importants pendant
le refroidissement de cette intrusion. Le
refroidissement initial des ~300 km® de
magma tholéiitique basaltique mis en
place a faible profondeur, du liquidus
vers la saturation du zircon vers ~1000°C,
est enregistré par un age de cristallisa-
tion précis de 55.960 + 0.018 Ma pour
une pegmatite gabbroique dans la partie
inférieure de I’intrusion. En se basant sur
cet age et un modele de refroidissement
publié, nous estimons 1’age réel a ~56.02
Ma. Les dernieres portions de Skaergaard
paraissent avoir cristallisé complétement
~100 ka apres la mise en place, comme
suggéré par de nombreux zircons de
~55.91-55.93 Ma dans le Sandwich Ho-
rizon (SH) a I’interface entre les fronts
de solidification inférieur et supérieur.
Une série de magmas isotopiquement
distincts sous forme du Basistoppen Sill
de ~600 m d’épaisseur, se mit en place
dans la partie supérieure solidifiée de
Skaergaard a 55.895 + 0.018 Ma, peu de
temps apres la cristallisation des roches
évoluées du SH. Le résultat novateur de
ce travail est la démonstration que les
zircons du SH, a plus de 100 m sous le
contact avec le Basistoppen, ont une dis-
tribution d’age bimodale, dont la popula-
tion la plus jeune de 55.838 + 0.019 Ma
postdate I’intrusion du Basistoppen Sill
de 57 + 37 ka. Les analyses d’isotopes
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d’oxygene révelent que les zircons du
SH sont faibles et hétérogeénes en mat-
iere de 0"0. Ces résultats soutiennent la
conclusion que le SH cristallisa deux fois
: apres une premiere cristallisation, il fut
altéré par des eaux de surface de faible
0'%0 avant d’étre particllement refondu
par la chaleur apportée par le Basistoppen
Sill. Les produits du faible degré de fu-
sion migrerent partiellement vers le haut
par un écoulement intergranulaire di a la
compaction, ce qui explique 1’existence
du niveau le plus enrichi en éléments
traces incompatibles a environ 100 m
au-dessus du SH. Vu que I’intrusion du
Skaergaard est également 1’exemple le
plus classique d’un systeme hydrother-
mal météorique, ce travail documente les
processus alternants dans la vie d’une in-
trusion avec des periodes de refroidisse-
ment hydrothermal, de réchauffement
par nouveaux apports magmatiques et la
fusion associée, qui provoque la genese
de magmas de faible 8'0.

Notre cadre temporel précis pour la
cristallisation de I’intrusion apporte
également des contraintes temporelles
pour le volcanisme de trapp associé et
sa simultanéité avec le Maximum Ther-
mique Paléocene-Eocene.

Chapitre 2. Une nouvelle approche
pour quantifier I’évolution chimique,
thermique et rhéologique de grand rés-
ervoirs de magma siliceux est présentée
dans ce chapitre et est appliquée al’études
des processus magmatique précédent la
plus volumineuse éruption connues dans
I’enregistrement géologiques, 1’éruption
du Fish Canyon Tuff. De telles éruptions
sont alimentées par de gigantesques rés-

ervoirs magmatiques. L’évolution ther-
mique de ces réservoirs magmatiques,
localisés sous les calderas, controle le
volume de magma éruptible et le style de
d’éruption. Ici, nous combinons la géo-
chronologie de haute précision U-Pb sur
zircons, I’analyse des éléments en traces
de ces mémes zircons et la modélisa-
tion de balance de masse des éléments
traces sur les zircons afin de contraindre
I’évolution thermique et chimique du
réservoir magmatique Oligoceéne du Fish
Canyon (Colorado, USA) en fonction du
temps. Les variations systématiques de
compositions dans les zircons datés par
U-Pb, enregistrent ~440 ka d’évolution
magmatique. Une augmentation de vol-
ume précoce a été suivi d’une période
de refroidissement et de cristallisation
durant laquelle le magma du Fish Can-
yon était proche de la solidification com-
plete. Un évenement de refonte a lieu
plus tardivement di a une recharge de
magma andésitique, commengant a 219
+ 45 ka avant I’éruption et conduisant
a la génération de ~5000 km’ de dacite
éruptible riche en cristaux (~45 vol.%).
D’ages équivalents mais de composi-
tions différentes, les zircons dans les en-
claves d’andésites provenant de la précé-
dente éruption du Fish Canyon Tuff font
le lien entre la croissance et 1’évolution
thermique du réservoir de la croiite su-
périeure avec la crofite inférieure, zone
de genese du magma.

Nos résultats démontrent que la com-
binaison de la datation de haute préci-
sion avec 1’analyse des éléments en trace
dans les zircons révele des informations
précieuses dans la caractérisation de
I’évolution chimique et thermique des
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systémes magmatiques siliceux, et elle
fournit des informations cruciales sur les
parametres importants relatifs a la modé-
lisation de la dynamique des fluides.

Chapitre 3. Dans ce chapitre nous
avons étudié les échelles de temps, et
les mécanismes de développement et
d’évolution de réservoir magmatique
sous de grandes calderas siliceuses. De
tels volcans produisent des éruptions
d’un volume extrémement grand, sou-
vent nommés super éruptions, qui sont
en général a I’origine des plus grandes
catastrophes naturelles. La plus grande
éruption déja vécu (subi) par les civili-
sations modernes, I’éruption de Tambora
en 1815, était plus d’un ordre de gran-
deur plus petite que les plus importantes
éruptions connues dans I’enregistrement
géologiques. Les gigantesques dépdts
volcaniques des super éruptions de la
province de Snake River Plain-Yellow-
stone (SRP-YP), n’ont probablement pas
d’autre équivalent sur Terre. Le champ
volcanique de Heise dans 1’est de 1’Idaho
représente le plus jeune cycle complet
de calderas de la province de SRP-YP, et
s’est terminé il y a environ 4.5 Ma avec
I’éruption du Kilgore Tuff caractérisé par
son faible 8'®0 et son volume de 1800
km?. Les zircons dans les tuffs de Kilgore
montrent une remarquable hétérogénéité
inter- et intra-cristalline dans les signa-
tures isotopiques de 1’oxygene, avec une
gamme totale de 8 %o en 0'%0 suggérant
qu’ils ont cristallisé depuis des réservoirs
isotopiquement distincts et isolés et qui
ont successivement été assemblé et ho-
mogénéisé avant I’éruption. A I'inverse
de I’hétérogénéité des signatures isoto-

piques de 1’oxygene, vingt-quatre de ces
zircons ont donné des ages de cristalli-
sation similaires avec une moyenne pon-
déré d’age *°Pb/>*U, de 4.4876 + 0.0023
Ma, ce qui est indissociable de 1’age de
I’éruption. Cela exige que la génération
du magma peu profond et I’assemblage
successif des poches de magmas isolées
se sont produit en un temps similaire
a la précision de nos datations géo-
chronologiques, ce qui implique un
processus extrémement rapide. La con-
figuration du réservoir pré-éruptif avec
plusieurs poches de magmas isolées ima-
gée a 1’échelle du cristal (zircons) est tres
similaire a la configuration des réservoirs
révélée par les études sismiques sous les
supervolcans actifs. L’assemblage des
poches de magmas distribuées verticale-
ment jusqu’a plusieurs kilometres de
profondeurs pourrait causer une hausse
de la flottabilité qui serait le mécanisme
a ’origine de I’éruption, qui serait donc
une conséquence directe de 1’assemblage
des différents réservoirs.

La partie II inclut deux chapitres
traitant du potentiel mais aussi des limites
de la géochronologie de haute précision
sur zircons comme un outil de calibration
de I’enregistrement sédimentaire.

Chapitre 4. Plusieurs séquences sédi-
mentaires Miocene autour de la méditer-
ranée pour lesquels des datations 1’ astro-
chronologiques existent contiennent des
dépdts de cendres volcaniques intercalés.
Ces séquences fournissent une rare op-
portunité d’inter-calibrer des méthodes
de datations radio-isotopiques avec des
ages de dépositions indépendant et ex-
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act dérivés de I’astro-chronologie. Nous
présentons un grand ensemble de don-
nées (N=17, n=175) d’age de haute pré-
cision U-Pb sur zircons pour les dépdts
de cendres volcaniques d’une séquence
sédimentaire exposée le long de la
cote Adriatique, dans le sud d’Ancona
en Italie, pour laquelle les ages astro-
chronologiques vont du Messinien au
Langhien (6.2-15.4 Ma). Nous utilisons
cet ensemble de données unique dans
le but d’évaluer (1) la I’exactitude des
ages U-Pb sur zircons, (2) I’'importance
du déséquilibre initial de I’isotope fils
intermédiaire pour la géochronologie
U-Pb sur zircons de roches jeunes, (3)
I’effet d’une cristallisation et d’un re-
cyclage prolongés des zircons avant
I’éruption sur les ages de dépdt des cen-
dres volcaniques dérivés par la méthode
U-Pb et (4) les implications concernant
I’inter-calibration des géochronometres
radio-isotopiques et de la calibration de
I’échelle des temps géologiques

Chapitre 5. La calibration numérique
de DI’échelle des temps géologiques a
longtemps été 1’'une des plus impor-
tantes applications de la géochronologie
U-Pb. Dans ce chapitre, nous présentons
des données bio-chronologique et géo-
chronologique U-Pb du Trias supérieur
dans le nord du Pérou, et nous discu-
tons de I’'importance d’une corrélation
et d’une calibration globale des étages
stratigraphiques du Trias supérieur. La
calibration numérique des étages du Trias
Supérieur est probablement le probleme
le plus controversé de la stratigraphie du
Mésosoique malgré leurs importances
pour comprendre les mécanismes de per-

turbations environnementaux associés
aux conséquences biologiques précédent
I’extinction de masse a la fin du Trias.
Ici, nous présentons de nouveaux ages
CA-TIMS sur zircons pour les dépdts
de cendres volcaniques dans la forma-
tion de Aramachay du groupe de Pucara
dans le nord du Pérou qui fixent des con-
traintes précises sur 1’Age maximal de la
limite géologique Norien-Rhétien. Les
dépdts de cendres échantillonnés sont
associés de pres a des assemblages car-
actéristiques de bivalve du Norien su-
périeur, incluant la derniere occurrence
de grand mollusques plats Monotis sub-
circularis ainsi que des coquillages fins
de Otapiria aff. O. norica et Oxytoma
cf. O. inaequivalvis. Les ages U-Pb sur
zircons des dépdts de cendres échantil-
lonnés contraignent 1’age de déposition
de cet intervalle entre 205.70 + 0.15 et
205.30 + 0.14 Ma. Nous avons recalibré
les ages U-Pb sur zircons publiés précé-
demment pour les dépdts de cendres qui
contraignent la limite Trias-Jurassique
en utilisant la calibration la plus récente
du traceur isotopique EARTHTIME, et
obtenons une durée maximale de ~4 Ma
pour le Rhétien. Ceci mettant fin a une
longue controverse concernant la durée
de cet étage stratigraphique et ayant une
implication fondamentale pour le taux
de détérioration paléo-environnemental
déduit pour le Trias supérieur, culmi-
nant a la fin du Trias lors de 1’extinction
de masse. Enfin, cela fournit un point
d’ancrage absolu pour les corrélations
magnéto-stratigraphiques and cyclo-
stratigraphiques des coupes sédimen-
taires marines et continentales du Trias
supérieur.
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Chapter 1

High-resolution insights into episodes of crystallization,
hydrothermal alteration and remelting in the Skaergaard
intrusive complex*

J.F. Wotzlaw, [.N. Bindeman, U. Schaltegger, C K. Brooks, H.R. Naslund
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ABSTRACT

This paper presents a new high-precision zircon U-Pb geo-
chronological view on the crystallization and assembly process
of one of the most important and intensely studied intrusive
bodies on Earth — the Skaergaard intrusion in East Greenland.
With analytical uncertainties of a few tens of thousands of
years, we were able to resolve several important events during
cooling of this intrusion.

Initial cooling of the shallowly intruded ~300 km® of tho-
leiitic basaltic magma from liquidus to zircon saturation at
~1000°C 1s recorded by a precise zircon crystallization age of
55.960 + 0.018 Ma of an intercumulus gabbroic pegmatite in
the lower portion of the intrusion. Based on this zircon crys-
tallization age and a published cooling model we estimate the
“true” age of emplacement to be ~56.02 Ma. The last portions
of Skaergaard appear to crystallize completely ~100 ka after
emplacement as recorded by abundant ~55.91-55.93 Ma zir-
cons in the Sandwich Horizon (SH), where lower and upper
solidification fronts met. Intrusion of an isotopically distinct
new magma batch, the ~600 m thick Basistoppen Sill, into the
solidified upper portion of Skaergaard, happened at 55.895 +
0.018 Ma, suggesting close timing between crystallization of
evolved rocks around the SH and intrusion of the Basistop-

*this chapter is equivalent to the paper “High-resolution insights into episodes of crystallization,
hydrothermal alteration and remelting in the Skaergaard intrusive complex” published in Earth and
Planetary Science Letters (v. 355-356, p. 199-212) and co-authored by J.F. Wotzlaw, I.N. Bindeman,
U. Schaltegger, C K. Brooks and H.R. Naslund.
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pen Sill. The novel result of this work is the demonstration
that zircons in the SH, >100 m below the Basistoppen contact,
have a bimodal age distribution, with the youngest population
of 55.838 + 0.019 Ma postdating intrusion of the Basistoppen
Sill by 57 + 37 ka. Oxygen isotope analyses reveal that SH zir-
cons are low and heterogeneous with respect to 0'*0. These re-
sults support the proposed conclusion that the SH crystallized
twice: it was fully crystalline, then hydrothermally-altered by
low-0"80 surface waters and subsequently partially remelted,
triggered by heat of the Basistoppen Sill. The low-degree par-
tial melt generated during remelting partially migrated upward
by intergranular compaction-driven flow, explaining the ex-
istence of the most incompatible trace element rich horizon,
~100 m above SH.

As the Skaergaard intrusion is also the most classic example
of a shallow meteoric hydrothermal system, this work docu-
ments the alternating processes in a life of an intrusion with
periods of hydrothermal cooling, heating by new intrusions,
and related remelting events, which cause the generation of
low-0"80 magmas.

Our precise temporal framework for intrusion crystallization
also provides constraints for the timing of coeval flood basalt
volcanism and its synchronicity with the Paleocene-Eocene-
Thermal-Maximum.

1.1 INTRODUCTION
Chemically-zoned plutons have been
the subject of intense research aiming to
model the physical mechanisms of igne-
ous differentiation (McBirney and Noy-
es, 1979; McBirney, 1995; Boudreau and
McBirney, 1997; McKenzie, 2011). Most
of these models concentrate on the effi-
ciency of crystal-melt separation, the role
of convection, and recently silicate lig-
uid immiscibility (Jakobsen et al., 2005;
2010a; Veksler et al., 2007; Humphreys,
2011; Holness et al., 2011). When deal-
ing with now solid plutonic bodies it is
important to realize that there are many

other time-integrated processes that are
possible to unravel with new tools. It
is particularly important to realize that
even the simplest examples of igneous
bodies may contain records of multiple
refilling events and events of remelting
of preexisting rocks that may be traced
by radiogenic and/or stable isotopes and
the timing of such events can be quan-
tified using precise geochronological
methods. In this study we investigate the
late-stage evolution of the Skaergaard in-
trusion aiming to test proposed petroge-
netic models and quantify time-scales of
late-stage shallow crustal remelting and

J.F. Wotzlaw et al./ Time scales of intercumulus processes, Skaergaard intrusion
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generation of low-0'*0 magmas (Binde-
man et al., 2008).

Since its discovery in 1930, the Skaer-
gaard intrusion has been a classic local-
ity for the study of closed-system igne-
ous differentiation (e.g. Wager and Deer,
1939; Wager and Brown, 1968; Brooks et
al., 1991; McBirney, 1995; Irvine et al.,
1998). After emplacement in the uncon-
formity between the Precambrian base-
ment and overlying Cenozoic basaltic
lavas (Fig. 1.1), it evolved by fractional
crystallization from primitive olivine
gabbro to Fe-rich ferrodiorite with inter-
stitial granophyre. Progressive crystalli-

31°45°'W 31°35'W

zation from the floor, walls and roof of
the intrusion produced the Layered Series
(LS), the Marginal Border Series (MBS)
and the Upper Border Series (UBS), re-
spectively (Wager and Deer, 1939). The
LS comprises the bulk of the volume and
is further subdivided into zones and sub-
zones (Fig. 1.1C) reflecting the appear-
ance and disappearance of fractionating
cumulus phases (Wager and Deer, 1939;
Wager and Brown, 1968; Lindsley et al.,
1969; Irvine et al., 1998). The upper and
lower crystallization fronts coalesced
around what is known as the Sandwich
Horizon (SH), which contains the most

Regional Stratigraphy Skaergaard intrusion
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FIGURE 1.1 (A) Geological map of the Skaergaard intrusive complex (McBirney, 1989), (B) regional
stratigraphy showing stratigraphic relationship between the Skaergaard intrusion, the Precambrian
basement and overlying basalts (after Jakobsen et al., 2010) and (C) stratigraphic column of the Skaer-
gaard intrusion (Wager and Brown, 1968) showing stratigraphic position of analyzed samples. Abbre-
viations: SH — Sandwich Horizon, BH — Brooks Horizon.
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evolved major element differentiation
indices (e.g., highest Fe/Mg ratios).
However, the highest incompatible trace
element concentrations occur tens of me-
ters above the SH, a layer called the sec-
ondary SH (McBirney, 2002), or follow-
ing Bindeman et al. (2008), the “Brooks”
Horizon, labeled after the paper by C K.
Brooks (1969) who first discovered this
enrichment.

The  Skaergaard intrusion is per-
haps the simplest layered igneous body
on Earth in the sense that ~300 km3 of
tholeiitic basaltic magma formed and
intruded in a single event into a shal-
low (ca. 1-2 km) rift zone during ~56
Ma North Atlantic extension, and then
differentiated from bottom and top by
a closed system differentiation process
without much mass loss to the surface,
and without much assimilation of highly
radiogenic Archean country rocks. Re-
cent work has addressed the importance
of crystal compaction vs. convective dif-
ferentiation (Tegner et al. 2009; McKen-
zie, 2011), the role of igneous layering,
and the role of liquid immiscibility (Ja-
kobsen et al., 2005; 2010a; Veksler et al.,
2007; Humphreys, 2011; Holness et al.,
2011), but does not attempt to challenge
the original views of Wager and Deer
(1939) about top to bottom, and bottom
to top, liquidus to solidus crystallization
of Skaergaard.

1.2 PREVIOUS STABLE ISOTOPE
STUDIES AND GEOCHRONOL-
OGY OF THE SKAERGAARD
INTRUSION

These canonical differentiation trends
observed in Skaergaard were the initial

driving force to empirically understand
changes of oxygen and hydrogen isoto-
pic fractionation during magmatic dif-
ferentiation (Taylor and Epstein, 1963).
Subsequent studies, however, found that
primary magmatic values were nearly
completely overprinted by exchange
with low-8'0 meteoric hydrothermal
fluids (Taylor, 1968; Taylor and Forester,
1979; Norton et al., 1984) and that the
Skaergaard intrusion drove its own shal-
low meteoric hydrothermal system in the
waning stages of intrusion crystallization
and during subsolidus cooling. This high
temperature hydrothermal alteration of
Skaergaard rocks resulted in highly di-
verse 00 and OD values of feldspars,
secondary micas and other minerals,
forming a characteristic bulls-eye pattern
of greater alteration centered around the
upper portion of the intrusion, where wa-
ter-rock ratios were the greatest (Taylor
and Forester, 1979). Norton and Taylor
(1979) numerically modeled this pro-
cess and estimated that the hydrothermal
system lasted ~130 ka, and this estimate
remains the best in terms of duration of
magmatic-hydrothermal events in Skaer-
gaard.

Recently, Bindeman et al. (2008) re-
examined oxygen isotope systematics
across the Skaergaard intrusion aiming to
identify primary magmatic signatures by
laser fluorination analyses of small mul-
tigrain fractions, individual phenocrysts
and refractory accessory minerals. They
confirmed the suggestion by Taylor and
Forester (1979) that Skaergaard was ini-
tially a normal-0'*0O 5.7 %o magma but
convincingly demonstrated that late-
stage differentiates (ferrodiorites) found

J.F. Wotzlaw et al./ Time scales of intercumulus processes, Skaergaard intrusion



28

around the Sandwich Horizon have crys-
tallized from low-8'80 magmas as they
contain diverse low-0'®0 populations
of zircon, sphene, amphibole and other
minerals. As generation of low-0"*0O
magma in a closed system igneous frac-
tionation is impossible, incorporation of
meteoric water derived oxygen into these
late state differentiates is required. Bind-
eman et al. (2008) suggested that genera-
tion of these '*O-depleted magmas could
involve sequestration of low-8'80 melt/
fluid from dehydration of hydrother-
mally altered low-8'0 fallen blocks into
the main volume of the intrusion, but fa-
vored partial remelting of already solidi-
fied and hydrothermally-altered (and thus
low-0'%0) rocks, which happened under
the Basistoppen intrusion. Complement-
ing these published oxygen isotope data
(Bindeman et al., 2008), we here report
zircon oxygen isotope ratios measured
by ion microprobe to better constrain the
magnitude and related mechanisms of
180 depletion of late-stage differentiates.
In contrast to numerous petrologic, geo-
chemical and isotopic studies, surpris-
ingly few geochronological data have
been published for the Skaergaard in-
trusion. Brooks and Gleadow (1977)
reported a zircon fission track date of
54.6 + 1.7 Ma that was later confirmed
by biotite and hornblende “°Ar/*°Ar dates
from transgressive granophyres of 55.40
+ 0.14 and 55.48 + 0.30 Ma, respective-
ly (Hirschmann et al., 1997). Recently,
Hamilton and Brooks (2004) reported
an ion microprobe (SHRIMP) zircon
206ph/238U date of 55.59 +0.13 Ma. While
these consistent dates appear to constrain
the age of emplacement reasonably pre-

cisely and put Skaergaard in the broader
context of North Atlantic rift opening,
they do not yield information about time
scales of intraplutonic crystallization and
petrologic evolution of the Skaergaard
intrusion.

Recent advances in U-Pb geochronol-
ogy by isotope dilution—thermal ion-
ization mass spectrometry (ID-TIMS),
resulting in analytical uncertainties and
external reproducibility at the permil
level (e.g. Schoene et al., 2006; Slama et
al. 2008), allow the evolution of Ceno-
zoic magmatic systems to be tracked at
unprecedented temporal resolution and
absolute time constraints to be added to
thermal and petrogenetic models (e.g.
Schaltegger et al. 2009; von Quadt et
al., 2011). Given superb exposure and
the young ~56 Ma age of Skaergaard,
the ID-TIMS method should in theory
permit recognition of individual epi-
sodes during ~130 ka duration of Skaer-
gaard crystallization. This work employs
chemical abrasion ID-TIMS techniques
to obtain the best absolute age for em-
placement of the Skaergaard intrusion,
to determine the age of its most impor-
tant coeval magma batch, the tholeiitic
Basistoppen sill, and to explore in detail
the crystallization and remelting history
of the Sandwich Horizon, as well as the
petrogenesis of the Brooks Horizon. In
particular, we discuss how late intrusion
of the Basistoppen Sill lead to remelting
of already crystallized Skaergaard differ-
entiates that resulted in the appearance of
low-0'0 magmas around SH. We also
model how intergranular melt flow dur-
ing the proposed remelting event could
have generated the Brooks Horizon, the
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most incompatible trace element rich
horizon in Skaergaard. We further dis-
cuss the bearing of our temporal frame-
work of intrusion crystallization on the
timing of intimately linked flood basalt
volcanism and the temporal relationship
with environmental perturbations at the
Paleocene-Eocene boundary.

1.3 MATERIALS AND METHODS
Zircons were earlier separated from
ferrodiorites of the Sandwich Horizon
(SH-428; Hamilton and Brooks, 2004),
a podiform gabbroic pegmatite from
lower zone b of the layered series (SK-
218; Larsen and Brooks, 1994), the
post-Skaergaard tholeiitic Basistoppen
Sill (BZN) and the related Sydtoppen
granophyre (SK-88; Naslund, 1989). A
total of 32 zircon crystals from samples
SK-218, SH-428, and BZN were ana-
lyzed as single grains by ID-TIMS at the
University of Geneva following proce-
dures of Schoene et al. (2010). Prior to
dissolution, all crystals were annealed by
heating to 900 °C for 48 h in a muffle
furnace, transferred into 3 ml Savillex
beakers and chemically abraded in HF +
trace HNO, at 180 °C for 15 h in Parr
bombs (Mattinson, 2005). Subsequently,
zircons were rinsed with water, fluxed for
several hours in 6N HCI and ultrasoni-
cally cleaned with water, acetone and 3N
HNO3. Single crystals were loaded in
200 ul Savillex capsules, spiked with
~3-5 mg of the EARTHTIME (£**’Pb)-
205pp-23U-25U  tracer solution (http:/
www.earth-time.org/) and dissolved in
~70 ul HF at 210 °C for 48 h in Parr
bombs. After dissolution, samples were
dried down and redissolved in 6N HCI at

180 °C overnight, dried down again and
redissolved in 3N HCI. U and Pb were
separated using a modified HCl-based
single-column anion exchange chemis-
try (Krogh, 1973). The Zr, Hf, and trace
element fraction (“wash’) was collected
for Hf isotope analyses (see below). The
U-Pb fraction was loaded on outgassed
Re filaments with a Si-Gel emitter modi-
fied from Gerstenberger and Haase
(1997). U and Pb isotopic measurements
were performed on a Thermo TRITON
thermal ionization mass spectrometer.
Pb was measured in dynamic mode on
a MasCom secondary electron multi-
plier. Analyses employing the ET2535
tracer were corrected using the fraction-
ation factor derived from the measured
202Pp/?%5Ph ratio assuming a true value of
0.99924. Measurements employing the
ET535 tracer were corrected for 0.13 +
0.02 %/amu mass fractionation based on
>200 analyses using the **Pb-***Pb dou-
ble spike performed during the course of
this study. U was measured as U-oxide
in static mode on Faraday cups equipped
with 102 Q resistors. Measured isotopic
ratios were corrected for interferences of
#3000 on **U'*0, using an *0/"°O of
0.00205, measured on large U500 loads,
and for mass fractionation using the mea-
sured *U/*U ratio relative to a value of
0.99506 for both tracers. All common Pb
in the zircon analyses (average: 0.62 +
0.14 pg) was assumed to be procedural
blank. U-Pb ratios and dates were cal-
culated relative to a *°U/?®Pb ratio of
100.23 +0.023% (10) and raw data were
reduced using Tripoli and U-Pb_Redux
software (Bowring et al., 2011) that em-
ploys algorithms of McLean et al. (2011).
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All uncertainties are reported at the 95%
confidence level and exclude systematic
uncertainties associated with tracer cali-
bration and decay constants unless other-
wise indicated.

Lutetium-Hafnium isotopes of se-
lected U-Pb dated zircons were analyzed
employing a Thermo NEPTUNE multi
collector—inductively coupled plasma
mass spectrometer (MC-ICPMS) at
Goethe University Frankfurt. After col-
umn chemistry, the washes were dried
down, redissolved in 250-400 ul 0.5 M
HNO, + 0.1 M HF and transferred into
pre-cleaned auto sampler microtubes.
Solutions were introduced into the plas-
ma employing an Aridus desolvation
nebulizer with a nominal uptake rate of
100 pl/min. Isotopic ratios were mea-
sured in static mode on Faraday detectors
equipped with 1010 (for mass 180) or
10" Q (all other masses) resistors. '>YDb,
3Yb and '"Lu were measured to correct
for isobaric interferences of Yb and Lu
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on mass 176 assuming a '"*Yb/!*YDb ra-
tio of 0.79502 and a '"°Lu/'"Lu ratio of
0.02656. Yb and Hf isotopic ratios were
corrected for mass fractionation by nor-
malizing to '"?Yb/"*Yb of 1.35351 and
H/'"HE of 0.7325 using an exponen-
tial law. Mass fractionation of Lu was as-
sumed to follow that of Yb (see Gerdes
and Zeh, 2006). Accuracy and reproduc-
ibility of this protocol were assessed by
repeat analyses of 10 ppb JMC 475 stan-
dard solutions ('"*Hf/"""Hf=0.282148 + 5,
2SD, n=21) bracketing unknowns. Initial
76Hf/"""Hf ratios and eHf were calculated
using the *Pb/>%U date of the respec-
tive crystal and the CHUR parameters of
Bouvier et al. (2008; '*Lu/!""Hf=0.0336;
176Hf/'"7"Hf=0.282785). All uncertainties
are given at the 20 level and include the
reproducibility of the JMC 475 solution
propagated by quadratic addition.

For in-situ oxygen isotope analyses,
zircon crystals were available from sam-
ples SK-218, SH-428 and SK-88. Sam-

FIGURE 1.2 Zircon saturation temperatures
and crystallization temperatures of late-stage
pegmatites and related granophyres. (A) Zr
concentrations plotted against zircon satu-
ration temperatures calculated according to
Watson and Harrison (1983) using whole
rock compositions published by McBirney
(1989) and Larsen and Brooks (1994). (B)
Independent constraints for the crystalliza-
tion temperature of Layered Series gabbros
(closed symbols and curves of plagioclase
saturation temperature), late-stage pegma-
tites and related granophyres (open sym-
bols; see text for details and references).
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ple BZN only yielded ~10 zircons that
we preferred to use for geochronology.
Zircon crystals were mounted in epoxy
resin, polished to expose grain interiors
and gold coated. Cathodoluminescence
imaging prior to analyses did not reveal
distinct cores and rims (Appendix C). A
subset of three individual zircons were
pressed in indium metal and only lightly
polished (~2-4 ym) to achieve required
flatness and analyze outermost rims. Ex-
posed zircon cores and lightly polished
zircon faces were analyzed for oxygen
isotopes employinga CAMECA ims 1270
secondary ion mass spectrometer (SIMS)
at the University of California, Los An-
geles (UCLA). Instrumental calibration
and analytical methods were identical to
those of Bindeman et al. (2010). Uncer-
tainties were estimated from the repro-
ducibility of repeat analyses of standard
zircon AS3 measured during the respec-
tive analytical session.

1.4 ZIRCON CRYSTALLIZATION
IN THE SKAERGAARD INTRU-
SION

As zircon has only recently been em-
ployed in study of Skaergaard (and other
similar mafic intrusions), we here pro-
vide a discussion of zircon saturation and
its time (and temperature) of appearance
during crystallization. At crystallization
temperatures of 1200-1000°C and low
zirconium concentrations (10-130 ppm;
Brooks, 1969; McBirney, 2002), zircon
unlikely was a cumulus phase during
crystallization of LS gabbros. However,
throughout the Skaergaard intrusion, the
final stages of crystallization are char-
acterized by granophyric accumulations

occurring either as segregations of pri-
mary gabbroic pegmatites throughout
the intrusion, or as interstitial granophy-
re that comprises up to 50% of late-stage
differentiates around the SH (Wager and
Brown, 1968; Larsen and Brooks, 1994;
Larsen and Tegner, 2006). Late-stage
silica enrichment, achieved either by
fractional crystallization or liquid im-
miscibility (e.g. Jakobsen et al., 2005;
Holness et al., 2011), is accompanied by
progressive Zr enrichment with concen-
trations of 300-800 ppm in evolved gab-
broic pegmatites and up to 2000 ppm in
related granophyres (Brooks, 1969; Lar-
sen and Brooks, 1994; McBirney, 1989;
Fig. 1.2), represented by our sample SK-
218. Bulk SH ferrodiorites (similar to
our sample SH-428) have 250-350 ppm
Zr (Brooks, 1969; McBirney, 1989; Mc-
Birney, 2002) but interstitial granophyres
are likely to be similar in composition to
pegmatitic granophyres. We thus argue,
that gabbroic pegmatites and evolved
granophyres provide a good estimate for
the range of compositions of zircon crys-
tallizing interstitial liquids. Application
of the zircon solubility model of Watson
and Harrison (1983) returns apparent
zircon saturation temperatures of 778-
915°C and 935-1102°C for gabbroic peg-
matites and related granophyres, respec-
tively (Fig. 1.2). These zircon saturation
temperatures have to be interpreted in
the context of independent estimates for
the formation temperatures of the respec-
tive mineral assemblages: gabbroic peg-
matites experienced prolonged crystalli-
zation over a temperature interval from
1000 to 800°C (Larsen and Brooks, 1994)
and the granophyric assemblage crystal-
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lized close to the thermal minimum of
the quartz-albite-orthoclase system (660-
690°C; Larsen and Tegner, 2006). Wat-
son et al. (2006) reported Ti-in-zircon
temperatures for zircons from the SH of
787-806°C that are likely minimum tem-
peratures due to undersaturation of these
magmas in rutile. These data support that
zircon was not a main cumulus phase but
crystallized from silica enriched inter-
stitial liquids. These late-stage silica en-
riched magmas formed at ~1000°C and
had near-liquidus zircon that crystallized
over a narrow temperature interval from
the time of zircon saturation until eutec-
tic crystallization of the main granophy-
ric assemblage.

The ~600 m thick Basistoppen Sill,
a small layered intrusion in itself, had
similar bottom to top crystallization and
zircon saturation histories to Skaergaard.
Upon differentiation, the Basistoppen
Sill and related dykes (e.g. Vandfals-
dalen dyke; White et al., 1989) achieved
granophyric accumulations in the middle
and towards the top, similar in compo-
sition to pegmatitic granophyres in the
Skaergaard intrusion (Naslund, 1989;
White et al., 1989). The main granophy-
ric body related to crystallization of the
Basistoppen Sill is the Sydtoppen grano-
phyre on top of Basistoppen, which has
high radiogenic isotope ratios related to
assimilation of Archean crust (Leeman
and Dasch, 1978). Zr concentrations and
calculated zircon saturation temperatures
are similar to Skaergaard granophyres
(Fig. 1.2; Naslund, 1989) indicating that
zircon crystallization in the Basistoppen
Sill is also associated with late-stage sil-
ica enrichment.

Table 1.1 lon microprobe zircon oxygen
isotope data. All 830 values are reported
relative to Vienna Standard Mean Ocean
Water (VSMOW).

Crystal/Spot core/  8"0 [%o], +1SD*
face VSMOW

Sandwich Horizon (SH-428; 13 crystals; 21 spots)

SH428 1.1 c 4.82 047
SH428 1.2 c 4.11 047
SH428 2.1 c 4.62 0.47
SH428 2.2 c 5.34 047
SH428 3.1 c 4.76 047
SH428 3.2 c 4.33 0.47
SH428 3.3 c 4.12 047
SH428 3.4 c 4.11 047
SH428 3.5 c 4.02 0.47
SH428 4.1 c 5.38 047
SH428 4.2 c 4.29 0.47
SH428 4.3 c 4.90 0.47
SH428 5.1 c 5.38 047
SH428 6.1 c 4.20 047
SH428 7.1 c 4.83 0.22
SH428 8.1 c 4.95 0.22
SH428 9.1 c 4.61 0.22
SH428 10.1 c 4.72 0.22
SH428 11.1 f 3.80 0.36
SH428 12.1 f 397 0.36
SH428 13.1 f 3.64 0.36

Pegmatite in LZb (SK-218; 6 crystals; 8 spots)

SK218 1.1 c 431 047
SK218 1.2 c 4.62 0.47
SK218 2.1 c 4.03 0.47
SK2182.2 c 5.05 047
SK218 3.1 c 5.05 0.47
SK218 4.1 c 4.81 0.47
SK218 5.1 c 4.39 047
SK218 6.1 c 4.03 0.47

Sydtoppen granophyre (SK-88; 5 crystals; 5 spots)

SK88 1.1 c 4.64 0.22
SK88 2.1 c 5.18 0.22
SK88 3.1 c 521 0.22
SK88 4.1 c 551 0.22
SK88 5.1 c 5.06 0.22

*1 SD corresponds to the reproducibility of zircon standards
analyzed during the same analytical session. Glass standards
analyzed in the beginning of each session were reproducible
to within 0.2-0.3 %o.

1.5 OXYGEN ISOTOPE ANATOMY
OF THE SKAERGAARD INTRU-
SION

Multitudes of bulk (whole rocks, bulk
minerals) isotope analyses of oxygen and
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hydrogen isotopes are presented by Tay-
lor and Forester (1979) and demonstrat-
ed profound and pervasive hydrothermal
alteration by heated meteoric (rain and
snow) water throughout the crystalliza-
tion history of the intrusion. Plagioclase
is particularly strongly altered and was
used by Norton and Taylor (1979) to
model time-integrated water-rock ratios
for each volume of rock. Clinopyroxene
shows less isotopic alteration where min-
eralogically unaltered and uninverted,
and appears to indicate mantle-like val-
ues for the parental Skaergaard magma
(Taylor and Forester, 1979). Clinopyrox-
ene in more evolved rocks is extremely
Fe-enriched (nearly pure hedenbergitic
end-member; Brown and Vincent, 1963;
McBirney, 2006), and is structurally and
crystallographically represented by in-
verted ferrobustamite. It possesses con-
sistently lower 0'*O values relative to
coexisting plagioclase that were attrib-
uted to subsolidus inversion of magmatic
ferrobustamite to a fine-grained mosaic
of hedenbergitic clinopyroxenes, making
them more susceptible to hydrothermal
alteration. In order to circumvent these
problems, Bindeman et al. (2008) per-
formed single crystal analysis of least al-
tered selected Skaergaard rocks with near
magmatic AlSOplag_Cpx, and also targeted
refractory alteration resistant accessory
phases (ferroamphibole, sphene, and zir-
con) that preserved primary magmatic
00 values and maintained 6O __
ey €Quilibrium characteristic of mag-
matic temperatures. These authors dem-
onstrated that Skaergaard magma, coeval
basalts, and the Basistoppen Sill initially
were undoubtedly MORB-like, normal-

0'®0 magmas, but evolved Skaergaard
ferrodioritic rocks in the interior around
SH crystallized from a low-8'0 melt
that was heterogeneously depleted by ~1
to 3%o¢ with respect to oxygen. However,
the “0'80 equilibrium” zircon value in
the Sandwich Horizon is a less certain
parameter. If we assume that large and
unaltered sphene (60 = 2.99 + 0.03%0)
represents the “true” solidus assemblage
(and not high-T hydrothermal) as is tex-
turally apparent, then using the fraction-
ation factor E)‘*‘Ozmn_spme = 1.02%0 (Val-
ley et al. 2003), requires zircon to be
3.88%0 at 800°C; if a 3%o ferroamphibole
is taken as a reference point, then the
equilibrium zircon value is to be 3.28%o,
similar to the bulk zircon measured.
These 0'O relationships suggest isoto-
pic heterogeneities and motivated us to
conduct a zircon oxygen isotope survey
by ion-microprobe.

Individual ion microprobe oxygen iso-
tope analyses of zircon cores and lightly
polished crystal faces are given in Table
1.1 and are plotted in Figure 1.3 together
with previously published data (Tay-
lor and Forester, 1979; Bindeman et al.,
2008) against their stratigraphic position
in the Skaergaard intrusion. Ion micro-
probe analyses revealed the presence of
normal-0"80 zircon cores throughout the
Skaergaard intrusion. Note that because
of the cooling and fractionation effects,
the intercumulus or pegmatitic zircons
are expected to be slightly lower in §'30
than a canonical 5.3 + 0.3%0 mantle zir-
con (e.g. Valley, 2003). This systematic
shift to lower values is also consistent
with slightly lower average clinopyrox-
ene 0'%0 values in Skaergaard (Fig. 1.3).
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FIGURE 1.3 (previous page) Oxygen isotope anatomy of the Skaergaard intrusion. (A) 5’80 values of
zircon cores and crystal faces analyzed by ion microprobe are plotted together with previously pub-
lished oxygen isotope data of Taylor and Forester (1979) and Bindeman et al. (2008) against their
stratigraphic position in the Skaergaard intrusion. (B) Illustration of accessory mineral oxygen isotope
disequilibria in the Sandwich Horizon. Equilibrium oxygen isotope fractionation factors are plotted as
a function of temperature for various minerals. 5'®0 values of accessory minerals from the Sandwich
Horizon are plotted at a plausible crystallization temperature of ~800°C showing that 8O depletion ex-
ceeds the magnitude of depletion expected from equilibrium fractionation. Horizontal arrows show 80

values of zircon in equilibrium with sphene and ferroamphibole.

The newly observed differences between
zircon core 0'*0 values and those of bulk
zircon fractions analyzed by laser fluori-
nation (Bindeman et al., 2008) is inter-
preted to reflect inter- and intracrystalline
heterogeneity and additional presence
of isotopically light (~2%c) baddeleyite
in bulk zircon fractions'. In the case of
the pegmatite from LZb, zircon core and
bulk zircon 6'30 values overlap suggest-
ing that zircons are isotopically homo-
geneous within the resolution of SIMS
analyses. Zircons from the Sydtoppen
granophyre (SK-88) have average core
0'80 values that are ~0.5%o0 higher than
those of bulk zircon fractions. Isotopic
heterogeneity is more pronounced in the
most evolved part of the intrusion around
the SH (sample SH-428). Ion micro-
probe analyses of zircon cores yielded
00 values ranging from 4.02-5.38%o
and lightly polished zircon crystal faces
yielded 80 values of 3.64 to 3.97%o,
similar to the lowest measured zircon
core values, suggesting >1%o inter- and/
or intracrystal variation with respect to
0'*0. If baddeleyite contribution to bulk
zircon analysis is ignored, then mass bal-
ance of 3.25%o bulk zircon requires that
individual (small) zircons or outermost
several microns of some zircons had 6'*0
values in ~1 to 2.5%o range (Fig. 1.3B).

These calculated rim values are similar
to the 2%o bulk zircons in sample KG-
423 (Fig. 1.3), 30 m above SH. The ~2%o
0'80 values are also in apparent isotopic
equilibrium with many individual invert-
ed clinopyroxenes around the Sandwich
Horizon (Bindeman et al., 2008), but are
lower than is required by sphene and fer-
roamphibole in the same sample (Fig.
1.3B).

Figure 1.4 represents our view of the
textural evolution and magmatic-hy-
drothermal history of the SH that dem-
onstrates that this assemblage is better
viewed as “metamorphic”, in a sense that
it never achieved 100% remelting, chem-
ical, and isotopic equilibration. Samples
30 m apart (i.e. KG-423 and SH-428)
have zircons that are different by 1.3%o
in 0"*0. Instead we speculate below that
the melting degree upon reheating by
Basistoppen was significantly less than
50% and that 'O was equilibrated only
locally.

"Baddeleyite in Skaergaard rocks appears as indi-
vidual irregular shaped crystals and as inclusion
within zircons (e.g. Fig. 4e in Bindeman et al.,
2008). Small quantity of baddeleyite (0.12 mg)
was analyzed as a mix with garnet standard by
laser fluorination (see details in Appendix D) and
yielded ~2.04 + 1.12%o value.
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A - Original crystallization of the Sandwich Horizon

Original crystallization of the Sandwich
Horizon with ~5%o zircon

zircons are isotopically homogeneous

unaltered normal-3'80 rock and
minerals

Original ~5%o zircon unaffected by
hydrothermal alteration

Alteration of main phenocryst
assemblage (particularly plagioclase)

variably low-3"80 rock

Original zircon rims equilibrate
diffusively with low-8'80 melt.

Original zircon cores unaffected.

Newly crystallized low-5'80
zircon (rims), sphene and ferro-
amphibole.

Low-8'80 partial melt migrates
upward by intergranular compaction
driven flow

original zircon (8180 = 5%o)
original core with equilibrated or
newly crystallized rim

newly crystallized
’ upon remelting (8'80 = 1-4%o)

O hydrothermal circulation/alteration

compaction-driven upward
percolation of partial melt
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FIGURE 1.4 (previous page) Conceptual cartoon of accessory mineral behavior during crystallization
and remelting of the Sandwich Horizon based on oxygen isotope heterogeneity. (A) Late-stage zircon
crystallization from normal-5'0 melt. (B) Variable hydrothermal alteration of main phenocryst assem-
blage leading to low-8'0 whole rock, plagioclase and clinopyroxene values, while zircons are unaf-
fected. (C) Reheating and partial remelting of hydrothermally altered Skaergaard differentiates leading
to the formation of heterogeneously '®O depleted magma, from which low-8'80 zircon, sphene and fer-
roamphibole crystallize. Low-5'0 melt is partially lost upwards by intergranular compaction driven flow.
(D) Renewed hydrothermal alteration during slow plutonic cooling leaving low-8'80 refractory minerals

unaffected.

1.6 ID-TIMS ZIRCON U-PB GEO-
CHRONOLOGY

Zircon U-Pb results are listed in Table
1.2 and Figure 1.5A displays **Pb/>*U
dates corrected for initial *°Th disequi-
librium in comparison to previously pub-
lished dates for the Skaergaard intrusion.
Additionally, Lu-Hf isotopic data of se-
lected dated zircons are listed in appen-
dix A (Tab. Al.1) and Figures 1.5B-D
show eHf values plotted against the Th/U
ratio of the respective zircon and previ-
ously published whole rock Nd and Sr
isotope ratios (McBirney and Creaser,
2003). These measurements of Hf isoto-
pic composition were performed on the
same zircons, allowing additional finger-
printing of sources. They demonstrate
that dated zircons of the LS pegmatite
and SH of Skaergaard overlap in isotopic
composition, while Basistoppen zircons
require a more radiogenic, likely crust-
ally contaminated parental magma.

Seven out of eight *Pb/>*U zircon
dates of the gabbroic pegmatite from
lower zone b of the layered series (SK-
218) are equivalent with a weighted
mean date of 55.960 + 0.018 Ma (mean
square of weighted deviates, MSWD =
1.4). We interpret this date to reflect rap-
id crystallization of the pegmatite after
accumulation of intercumulus melt. We

also consider this oldest age as the clos-
est approximation of Skaergaard intru-
sion. Norton and Taylor (1979) modeled
the thermal evolution of the Skaergaard
intrusion and estimated that cooling from
1200-1250°C at the time of emplacement
to 800-1000°C, corresponding to the
temperature of zircon saturation, took
some 60 ka. Considering this model, the
“true” intrusion age of Skaergaard can
be estimated to be ~56.02 Ma. One SK-
218 zircon yielded a significantly older
206Pp/>8Y date of 56.920 + 0.085 Ma in-
dicating minor xenocrystic or antecrystic
contamination.

All analyzed zircons from the Basis-
toppen Sill (BZN; n=8) yielded statisti-
cally equivalent *Pb/***U dates with a
weighted mean of 55.895 + 0.018 Ma
(MSWD=0.51). As the sample was taken
close to the contact with the Skaergaard
intrusion, we consider this zircon crys-
tallization age to approximate injection
of the Basistoppen Sill. Notably, zircons
from the Basistoppen Sill have distinctly
higher Th/U ratios and are less radio-
genic with respect to "Hf/'’7Hf than
Skaergaard zircons, which coincides
with elevated whole rock *’Sr/*Sr and
less radiogenic Nd isotopic composition
(Fig. 1.5B-D), indicating that they are
autocrystic zircons and not antecrysts

J.F. Wotzlaw et al./ Time scales of intercumulus processes, Skaergaard intrusion
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FIGURE 1.5 Geochronology of the Skaergaard intrusive complex. (A) Previously published ion mi-
croprobe U-Pb and “°Ar/**Ar dates of Hamilton and Brooks (2004) and Hirschmann et al. (1997), re-
spectively and CA-ID-TIMS zircon dates for samples analyzed in this study, displayed as ranked 2*°Th
disequilibrium corrected 2%6Pb/?®U dates with the weighted mean dates of the youngest populations
and probability density distributions. (B-D) Hafnium isotope data of selected U-Pb dated zircons plotted
against their Th/U ratio and whole rock Nd and Sr isotope data of McBirney and Creaser (2003). Note
that “°Ar/*°Ar dates of Hirschman et al. (1997) were recalculated using the age of Kuiper et al. (2008) for
the Fish Canyon sanidine standard and the “°K decay constant of Min et al. (2000). All uncertainties are
shown at the 95% confidence level.

date to be accurate within the quoted
uncertainty and regard the excess scat-
ter to reflect protracted zircon growth.

from the surrounding Skaergaard differ-
entiates.
206Pp/28YU dates of zircons from the

Sandwich Horizon (SH-428) range from
55.820 + 0.064 to 56.09 + 0.12 Ma.
Many single grain dates do not overlap at
the 95% confidence level (MSWD=6.6;
n=16), precluding the calculation of a
single weighted mean date for the pop-
ulation. We consider each single grain

The oldest three zircon *°Pb/*®U dates
are slightly older than the crystallization
age of the pegmatite from LZb. Another
eight zircons define a subpopulation with
206Pp/238Y dates that are younger than the
pegmatite but older than the Basistoppen
Sill. The remaining five zircons define

J.F. Wotzlaw et al./ Time scales of intercumulus processes, Skaergaard intrusion
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FIGURE 1.6 Cartoon summarizing the evo-
lution of the Skaergaard intrusive complex.
(A) Shallow emplacement of the Skaergaard
intrusion into the unconformity between
basement and overlying basalts. Estimated
0'80 of meteoric water (-14%o) is from Taylor
and Forester (1979). (B) Progressive crys-
tallization of the Skaergaard layered series
(including pegmatite SK-218) from normal-
6'®0 magma and initiation of a meteoric-hy-
drothermal system that primarily affects the
Upper Border Series (UBS). (C) Initial crys-
tallization of the Sandwich Horizon marks
the complete solidification of the Skaergaard
intrusion. The meteoric-hydrothermal system
leads to alteration of most of the intrusion.
(D) Intrusion of the Basistoppen Sill into UBS
leads to reheating and partial remelting of
surrounding Skaergaard differentiates. Dur-
ing these late stages of crystallization the
Skaergaard intrusion is progressively buried
by outpouring of the East Greenland flood
basalts. Note that the thickness of basalts is
not to scale.

<
<

a subpopulation with a weighted mean
206pp/28YU date of 55.838 +£0.019 Ma that
i1s 57 + 37 ka younger than the intrusion
age of the Basistoppen Sill (see discus-
sion below).

1.7 DISCUSSION
1.7.1 In situ isotopic and geochrono-
logic architecture of Skaergaard reveals
partial remelting episode in its lifetime
Our new ion microprobe zircon oxy-
gen isotope analyses and the high-reso-
lution temporal framework derived from
chemical abrasion ID-TIMS zircon geo-
chronology provide critical new evidence
that late-stage Skaergaard rocks became
fully crystalline, hydrothermally altered,
and subsequently partially remelted, in-
duced by intrusion of the Basistoppen Sill
(Fig. 1.6A-D). Ion microprobe analyses

Chapter 1



of zircon cores and zircon crystal faces
from the Sandwich Horizon yielded 6'*O
values, that are systematically higher
than bulk zircon fractions, indicating that
zircons in the most evolved part of the
intrusion are zoned and isotopically het-
erogeneous in 9'®0. Furthermore, isoto-
pic disequilibria between refractory min-
erals in this assemblage (zircon, sphene
and ferroamphibole) suggest (1) hetero-
geneous hydrothermal depletion with
respect to 'O by ~1-4%o relative to the
initial mantle derived magma, consistent
with centimeter scale §'®0 heterogeneity
in other meteoric hydrothermal systems
(e.g. Mora et al., 1999) and (2) incom-
plete reequilibration during partial re-
melting of these variably hydrothermally
altered precursor rocks. Calculated mini-
mum values of zircon rims or individual
low-0'80 zircons are also in apparent
isotopic equilibrium with many inverted
clinopyroxenes (fine grained hedenberg-
ite mosaic; Lindsley et al., 1969) of the
same or adjacent samples. Bindeman et
al. (2008) speculated that these inverted
low-0'%0 clinopyroxenes could be the
result of remelting with high melt/solid
ratios, whereupon these clinopyroxenes
went through the crystallization cycle a
second time, equilibrated with the low-
0"*0 magma and inverted during cool-
ing. Partial melting with low melt/solid
ratios and solid-state recrystallization, in
contrast, would result in large individual
hedenbergite grains without the charac-
teristic inversion textures (Bindeman et
al., 2008). Isotopic equilibrium between
some low-0'®0 zircons or zircon rims
and inverted clinopyroxenes support this
hypothesis and thus support models of

remelting after subsolidus hydrothermal
alteration.

Such a remelting event requires a
proximal heat source and our new geo-
chronological data contribute temporal
relationships between late-stage crystal-
lization of Skaergaard differentiates and
emplacement of the Basistoppen Sill.
Zircon crystallization ages for a normal-
0'80 pegmatite within LZb of the Lay-
ered Series and the Basistoppen Sill
bracket initial solidification of the Skaer-
gaard intrusion. The majority of zircons
from the low-8"0 SH is older than the
crystallization age of the Basistoppen Sill
(Fig. 1.5). We interpret this main popula-
tion to record initial crystallization of the
SH from a normal-8'80 magma before
intrusion of the Basistoppen Sill. The
youngest five zircons define a population
that is 57 + 37 ka younger than the Ba-
sistoppen Sill (Fig. 1.5) suggesting that
final solidification of the SH post-dates
sill emplacement. This requires that the
SH was remelted after subsolidus hy-
drothermal alteration by the Basistoppen
Sill, in line with the oxygen isotope re-
cord. Together with our oxygen isotope
results, these data suggest that remelting
operated over quite some distance (>100
m) and not just along the contacts which
is evident from the textural observation
of local back-veining and hybridization
(Naslund, 1989). Taking into account the
possibility that the younger zircon popu-
lation in the SH might correspond to zir-
cons with post-Basistoppen overgrowth
around older (i.e., >55.90 Ma) cores, the
lag-time between intrusion of the Ba-
sistoppen Sill and crystallization of the
youngest dated zircons from the SH may

J.F. Wotzlaw et al./ Time scales of intercumulus processes, Skaergaard intrusion
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be regarded as a minimum time remelted
SH spent above solidus. Considering the
volumetric importance of zircon rims in
bulk grain analyses and the relatively
large uncertainty, we consider this lag-
time as our best estimate for the duration
of the remelting event (57 + 37 ka).

1.7.2 Remelting and petrogenesis of the
“Brooks” Horizon
The remelting model proposed for

generation of late-stage Skaergaard dif-
ferentiates (low-8'80 magmas) might
also provide an explanation for the petro-
genesis of the so-called Brooks Horizon
(or “secondary Sandwich Horizon”, SHs,
of McBirney, 2002), the most incompat-
ible trace element-rich horizon in Skaer-
gaard. The Brooks Horizon is located in
UBSy, approximately 100 m above SH
and roughly coincides with the most 180
depleted horizon in Skaergaard (Fig.

1.3). Partial remelting of hydrothermally
altered rocks would produce '*O depleted
and trace element enriched melts. Accu-
mulation of such melt at the Brooks Hori-
zon requires upward percolation through
the porous matrix during the remelting
event, a process originally discussed by
Irvine (1980). We calculated time scales
of melt extraction from the partially mol-
ten porous matrix between the SH and
the Brooks Horizon by compaction using
algorithms of McKenzie (1984). Details
of the calculation are given in Appen-
dix B. As results of these calculations
are most sensitive to the viscosity of
the melt (e.g. Bachmann and Bergantz,
2004), which itself is a function of melt
composition, we calculated two end-
member scenarios: (1) for a melt equiva-
lent in composition to SH ferrodiorites
(“ferrodiorite melt”) and (2) for a melt
equivalent in composition to granitic gra-

Chapter 1



nophyres (“granophyre melt”). For each
melt composition, water content was var-
ied between 2 and 4 wt.%. Correspond-
ing viscosities were computed using the
model of Giordano et al. (2008). Figure
1.7 shows the results of our calculations
for various degrees of melting and com-
pares computed time scales with the du-
ration of the remelting event suggested
by our geochronological data (i.e. 57 +
37 ka). The calculations predict that low
degrees of melting (e.g. 3%; Fig. 1.7A)
are insufficient, as it would require >100
ka for melt migration from the SH to the
Brooks Horizon. However, at higher de-
grees of melting (e.g. 10%; Fig. 1.7B),
migration velocities are sufficiently high,
except for the “dry granophyre melt”,
for melt migration by >100 m upwards
from the SH during the remelting event.
At ~20% melting (Fig. 1.7C), computed
time scales are shorter or within error of
the duration of the remelting event, irre-
spective of melt composition. Even high-
er degrees of remelting would be plau-
sible around the SH where interstitial
granophyre makes up to 50% of the rock.
These simple calculations thus suggest
that redistribution of trace elements by
upward percolation of the most trace ele-
ment rich melt formed during remelting
is a plausible mechanism for explaining
the petrogenesis of the Brooks Horizon.

1.7.3 Evolution of the Skaergaard intru-
sion and timing of related flood basalt
volcanism

The Skaergaard intrusion is intimately
linked to the East Greenland flood ba-
salt province that was erupted during
initial opening of the North Atlantic. It

was always accepted that Skaergaard in-
truded into a very shallow rift, as is dic-
tated by low-8'80 altering waters, and
was independently confirmed by pres-
sure estimates based on coexisting SiO2
polymorphs (tridymite and quartz) and
ferrobustamite within Skaergaard that in-
dicate pressures of 0.6 + 0.1 kbar at ~950-
980°C (Lindsley et al., 1969). These
pressure estimates, however, are likely
minimum values (Lindsley et al., 1969)
and strongly depend on the identification
of tridymite (see discussion in Larsen and
Tegner, 2006). These constraints never-
theless indicate that Skaergaard was em-
placed prior to the main phase of flood
basalt volcanism that produced a >6 km
thick sequence of volcanic overburden.
Geochemical correlations of the Skaer-
gaard intrusion and lavas of the flood ba-
salt sequence yield additional constraints
for the relative timing of intrusion em-
placement and basalt eruption. Andrea-
sen et al. (2004) and Nielsen (2004)
suggested that the Skaergaard intrusion
is correlative with the upper Geikie Pla-
teau Formation or the lower Skraenterne
Formation (see Fig. 1.1). More recently,
Jakobsen et al. (2010b) showed that the
composition of plagioclase-hosted melt
inclusions in troctolitic blocks, corre-
sponding to the unexposed most primi-
tive Skaergaard cumulates, is equivalent
to basalts of the Milne Land Formation
(MLF, see Fig. 1.1) suggesting that they
were emplaced contemporaneously, con-
sistent with shallow emplacement of
Skaergaard. Furthermore, Larsen and
Tegner (2006) used quartz-hosted fluid
inclusions in granophyres to show that
the Skaergaard intrusion underwent con-

J.F. Wotzlaw et al./ Time scales of intercumulus processes, Skaergaard intrusion
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tinuous burial during late stages of crys-
tallization due to thickening of the vol-
canic overburden. Granophyres in LZa
formed at pressures equivalent to 2.4 +
1.5 km of volcanic overburden above
the roof of the intrusion, corresponding
to the Lower Lavas and the Skaergaard-
like MLF. Granophyres higher up in the
Skaergaard intrusion (LZb, MZ and SH)
formed at pressures corresponding to >6
km of volcanic overburden above the in-
trusion, suggesting that the bulk of the
East Greenland flood basalt sequence was
erupted during the late stages of crystal-
lization of the Skaergaard intrusion. Our
zircon crystallization ages record the tim-
ing of granophyre formation in LZb (SK-
218) and the SH (SH-428) and allow us
to scale the pressure increase reported by
Larsen and Tegner (2006) to the tempo-
ral framework of intrusion crystallization
(Fig. 1.8). Granophyres in LZb already
record elevated pressures. Assuming ac-
curacy of the relative pressure estimates
(see Larsen and Tegner, 2006), this sug-
gests that our zircon crystallization age
for pegmatite SK-218 (55.960 + 0.064
Ma, including systematic uncertainties)
is a precise minimum age for the onset of
flood basalt volcanism.

1.7 4 Skaergaard intrusion, related flood
basalt volcanism and the Paleocene-
Eocene Thermal Maximum

Flood basalt volcanism during open-
ing of the North Atlantic has been sug-
gested as a potential trigger mechanism
for early Eocene environmental pertur-
bations referred to as the Paleocene-Eo-
cene Thermal Maximum (PETM). The
PETM corresponds to a significant nega-

tive carbon isotope excursion (3.5-4.5%o)
recorded in marine and terrestrial sedi-
ments that is associated with pronounced
global warming and mass extinction
among benthic organisms (e.g. Sluijs et
al., 2007). Despite considerable effort to
correlate magmatic activity in the North-
east Atlantic and the PETM (Storey et
al., 2007; Svensen et al., 2010), uncer-
tainties on the order of + 300 ka for lava
flows, intrusions and sills are insufficient
to confidently test synchronicity. In con-
trast, the onset of the PETM appears to
be precisely constrained by cyclostratig-
raphy, although numerous tuning options
have been proposed (Fig. 1.8). Recently,
Charles et al. (2011) presented two op-
tions for the onset of the PETM based on
orbital tuning relative to a *Pb/***U zir-
con age of an ash bed within the PETM
CIE. The youngest five zircons analyzed
by Charles et al. (2011) yield a weighted
mean **°Pb/>*U date of 55.785 + 0.034
Ma. This ash bed post-dates the onset of
the PETM CIE by 40-80 ka, depending
on the cyclostratigraphic interpretation.
Consequently, Charles et al. (2011) de-
rive ages of 55.829 +0.101 Ma or 55.866
+ 0.098 Ma (including systematic un-
certainties) for the onset of the PETM.
These estimates for the timing of the on-
set of the PETM overlap within uncer-
tainty with our minimum estimate for the
timing of flood basalt volcanism (55.960
+ 0.064 Ma, including systematic uncer-
tainties; Fig. 1.8). We conclude that flood
basalt volcanism associated with open-
ing of the North Atlantic and the onset of
the PETM are correlative at the <100 ka
level, strengthening models suggesting a
causal link.
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FIGURE 1.8 Summary of Skaergaard geochronology and relation to the East Greenland flood basalts
and the Paleocene-Eocene Thermal Maximum (PETM). (A) Weighted mean 2°°Pb/#8U dates of ana-
lyzed samples from the Skaergaard intrusive complex. Dates are shown at different levels of uncer-
tainty propagation: X —internal (analytical) uncertainty; Y —includes X and tracer calibration uncertainty;
Z —includes X, Y and decay constant uncertainty. (B) thickness of volcanic overburden covering the
Skaergaard intrusion from Larsen and Tegner (2006) schematically scaled to our Skaergaard zircon
crystallization ages and (C) compilation of age estimates for the onset of the Paleocene-Eocene Ther-
mal Maximum (Westerhold et al., 2007; 2008; Charles et al., 2010).

1.8 SUMMARY & CONCLUSIONS

[1] Based on our geochronology and
a published cooling model we estimate
the emplacement age of the Skaergaard
intrusion to be ~56.02 Ma. Interstitial
melt within the lower part of the intru-
sion reached zircon saturation by 55.960
+ (0.018 Ma and the final portions around
the Sandwich Horizon crystallized at
~55.91-55.93 Ma (age of oldest peak in
SH, see Fig. 1.4) suggesting that crystal-
lization of ~300 km3 of tholeiitic magma
took some 100 ka.

[2] Intrusion of the Basistoppen Sill
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at 55.895 + 0.018 Ma caused remelting
of neighboring Skaergaard differentiates.
The lag-time between intrusion of the
Basistoppen Sill and subsequent crystal-
lization of neighboring Skaergaard dif-
ferentiates at 55.838 + 0.019 suggests a
duration of 57 + 37 ka for the remelting
event.

[3] The Skaergaard intrusion initially
crystallized from a normal-6'*0O MORB-
like magma. Oxygen isotope geochem-
istry of refractory accessory minerals,
particularly zircon, reveal that late-stage
differentiates of the Skaergaard intrusion
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crystallized from a low-8'*0 melt that
was heterogeneously depleted by 1-4%o
with respect to '®O relative to the mantle
derived precursor. Our high-precision
zircon U-Pb geochronology suggest that
shortly after initial solidification and
subsequent meteoric-hydrothermal al-
teration, the newly intruded and hot Ba-
sistoppen Sill triggered partial remelting
of the hydrothermally altered Skaergaard
differentiates leading to the formation of
low-0"*0 melts.

[4] This proposed remelting event may
have also caused intergranular melt flow
and redistribution of trace elements. Our
simple calculations permit derivation of
the Brooks Horizon, the most incompat-
ible element-rich horizon in Skaergaard,
by upward percolation of incompatible
element-rich melt through the partial-
ly molten matrix during the remelting
event.

[5] Our high-precision temporal frame-
work for late-stage crystallization of the
Skaergaard intrusion also provide time
constraints for the eruption of intimate-
ly linked flood basalts, suggesting that
flood basalt volcanism associated with
opening of the North Atlantic is correla-
tive with the Paleocene-Eocene Thermal
Maximum at the <100 ka level.

APPENDIX

APPENDIX A: Hf isotopic data of U-Pb
dated zircons (see Table Al .1)

APPENDIX B: Calculation of melt ex-
traction between SH and “Brooks” Ho-
rizon

The theory of compaction of partially

molten rocks is discussed in detail else-
where (e.g. McKenzie, 1984). We used
algorithms of McKenzie (1984) to calcu-
late time scales of melt extraction from
the partially molten porous matrix be-
tween the SH and the “Brooks” Horizon
during the proposed remelting event. All
input parameters are given in Tab. A1.2
and calculations are described below.
The permeability of the partially mol-
ten matrix has been calculated employ-
ing the Blake-Kozeny-Carman equation
(e.g. McKenzie, 1984),

¢3r2
k= —— Eq.B.1
where k, is the porosity dependent per-
meability, ¢ is the porosity (i.e. the de-
gree of melting in our case), r is the the
grain size (radius) and K is a constant.
The relative velocity, ,, between crystal
matrix and partial melt is defined as

)
R VR
where p is the viscosity of the melt, p_and
p, are the densities of the crystalline ma-
trix and the interstitial melt, respectively,
and g is the acceleration due to gravity.
w, is a useful measure of the compac-
tion rate as it can directly be compared
with the duration of the remelting event
derived from our geochronological data.
The time required to reduce the amount
of interstitial melt in the partially molten
layer by a factor of e, t , is defined as

o (p,-p)g (Eq.B.2)

_ h
" w(1-9)
where h is the thickness of the partially
molten layer, in our case the distance be-

(Eq. B.3)
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Table A1.1 MC-ICPMS Lu-Hf isotope data of selected U-Pb dated zircons

179Y'b/ +20  Lu/ +20  'Hf/ 1S0Hf/ SigHf 17oHf/ +20  'Hf/ eHf  +20
7THf (a) 7THf (a) THE THE [VI(b)  'Hf (c) HE (d) () (c)
Basistoppen Sill (BZN)
z3 0.0802 64 0.00190 11 146718 1.88673 27 0.282761 7 0.282759 034 0.24
z5 0.1032 83  0.00246 15 146718 1.88671 17 0.282783 8 0.282781 1.10 0.29
z7 0.0722 58 0.00165 10 146719 1.88670 19 0.282774 7 0.282772 0.78 0.26
z8 0.0778 62  0.00154 9 146718 1.88669 28 0.282792 6 0.282791 145 0.22
Sandwich Horizon (SH-428)
z1 0.1259 101 0.00281 17 146717 1.88660 27 0.282986 8 0.282983 8.24 0.28
z2 0.0862 69  0.00201 12 146717 1.88654 68 0.282969 6 0.282967 7.66 0.21
74 0.0681 54 0.00180 11 146717 1.88665 36 0.282956 7 0.282954 724 0.24
z5 0.0616 49 0.00140 8 146718 1.88661 41 0.282944 7 0.282942 6.80 0.23
76 0.0367 29  0.00096 6 146718 1.88660 61 0.282963 6 0.282962 7.50 0.21
z15 0.1521 122 0.00297 18 146718 1.88659 22 0.282961 8 0.282958 7.37 0.29
z16 0.0777 62  0.00160 10 146719 1.88657 11 0.282956 8 0.282954 722 0.30
Pegmatite in LZb (SK-218)
z1 0.0936 75 0.00290 17 146719 1.88673 46 0.282966 6 0.282963 7.52 0.23
73 0.0881 70  0.00294 18 146719 1.88672 53 0.282965 6 0.282962 7.50 0.20
z5 0.0916 73  0.00311 19 146719 1.88670 33 0.282977 6 0.282974 792 0.23
76 0.0534 43  0.00143 9 146720 1.88677 42 0.282969 6 0.282969 7.76 0.23
IMC475
(n=21) - - - - 146718 1.88666 10 0.282148 5 0.282148 -22.52 0.18

Quoted uncertainties (absolute) relate to the last quoted figure. Accuracy and reproducibilty was checked by repeated
analyses (n =21) of 10 ppb solutions of IMC475.

(a) "°Yb/THS = (°Yb/PYb)true x (PYb/T"Hf)meas x (M173(Yb)/M177(Hf))b(Hf), b(Hf) = In('"Hf/'""Hf true /
(‘"PHE/HE) / In (M179(Hf)/M177(Hf)), M=mass of respective isotope. The '"Lu/""Hf were calculated in a similar way
by using the Lu/"""Hf and b(Yb).

(b) Mean Hf signal in volt.

(c) Uncertainties are quadratic additions of the within-run precision and the daily reproducibility of the 10ppb-JMC475
solution. Uncertainties for the JIMC475 quoted at 2SD (2 standard deviation).

(d) Initial '""*Hf/""Hf and eHf calculated using the apparent U-Pb age determined by ID-TIMS (see Tab. 2), and the CHUR
parameters: 7°Lu/"’Hf = 0.0336, and '"°Hf/'""Hf = 0.282785 (Bouvier et al., 2008).

Table A1.2 Units, constants and variables used in calculations

Symbol Description Value/unit
k, Permeability m?

¢ Porosity 0.03-0.2

r Grain size (radius) 2x10° m

K Constant in permeability relationship 200

w, Relative velocity between matrix and melt m/s

" Viscosity of melt Pas (1)

P, Density of crystal matrix 2900 kg/m?
P, Density of melt kg/m? (2)

g Accelaeration due to gravity 9.81 m/s?
t, Time scale of melt extraction S

h Thickness of partially molten layer m

(1) Viscosity of melt calculated using the composition of Skaergaard granophyres and bulk ferrodiorites, respectively,
employing the model of Giordano et al. (2008) and varying H20 content between 2 and 4 wt.%. These calculations yielded
values of 773 and 1828 Pa s for the “ferrodiorite melt” and 14365 and 149774 Pa s for the “granophyre melt”.

(2) Density of “granophyre melt” is 2300 kg m-3 and density of “ferrodiorite melt” is 2700 kg m-3

J.F. Wotzlaw et al./ Time scales of intercumulus processes, Skaergaard intrusion

47



48

tween the SH and the “Brooks” Horizon
(~100 m). This equation allows the cal-
culation of time as a function of height
above SH (h), which is displayed in Fig.
1.7.

APPENDIX C: Cathodoluminescence
images of zircons analyzed by ion micro-
probe (see Fig. Al .l)

APPENDIX D: Baddeleyite oxygen iso-
tope analyses by Laser Fluorination Iso-
tope Ratio Mass Spectrometry

As baddeleyite is an uncalibrated
phase for ion microprobe oxygen isoto-
pic determination (and no good homo-
geneous standards are available to our
knowledge), we choose to analyze the
small extracted quantities by laser fluo-
rination.

The amount of 0.12 mg of irregular
baddelyite grains was extracted under
the microscope and mixed with our stan-
dard UOG garnet. The purpose of mixing
was two-fold: 1) to prevent jumping (un-
powdered baddeleyites and zircons jump
early during the laser heating) and 2)
adding garnet aimed at creating “flux” to
maximize the oxygen yield (baddeleyite
and zircons often do not yield 100% due
to high melting temperature). Note that
laser fluorination is good for ~0.4-0.5 mg
of material.

The mixed analysis (baddeleyite+gar-
net) was 0'®*0=6.66%o0, and pure garnet
run after was 7.07%o0. By mass balance,
and assuming different oxygen yields
from each phase (8.2 umol/mg bad-
deleyite vs. 14.2 ymol/mg garnet), the
computed 80 of baddeleyite is 2.04%o.
Given typical laser fluorination error of

0.1%0 on garnet determination, the prop-
agated error of such determination for
baddeleyite is +1.12%o.
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Chapter 2

Tracking the evolution of large-volume silicic magma
reservoirs from assembly to supereruption

J.F. Wotzlaw, U. Schaltegger, D.A. Frick, M.A. Dungan, A. Gerdes, D. Giinther
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ABSTRACT

The most voluminous silicic volcanic eruptions in the geo-
logical past were associated with caldera collapses above giant
silicic magma reservoirs. The thermal evolution of these sub-
caldera magma reservoirs controls the volume of eruptible mag-
ma and eruptive style. Here we combine high-precision zircon
U-Pb geochronology, trace element analyses of the same min-
eral grains, and mass balance modeling of zircon trace element
compositions allowing us to track the thermal and chemical
evolution of the Oligocene Fish Canyon Tuff magma reservoir
(Colorado, USA), as a function of absolute time. Systematic
compositional variations in U-Pb dated zircons record ~440
k.y. of magma evolution. An early phase of volumetric growth
was followed by a period of cooling and crystallization, dur-
ing which the Fish Canyon magma approached complete so-
lidification. Subsequent remelting, due to underplated andesitic
recharge magmas, began 219 + 45 ka prior to eruption and led
to the generation of ~5000 km® of eruptible crystal-rich (~45
vol.%) dacite. Age-equivalent, but compositionally different,
zircons in an andesite enclave from late-erupted Fish Canyon
Tuff tie the growth and thermal evolution of the upper crustal
reservoir to a lower crustal magma processing zone. Our re-
sults demonstrate that the combination of high-precision dating

Tthis chapter is equivalent to the paper “Tracking the evolution of large-volume silicic magma reser-
voirs from assembly to supereruption” published in Geology (v. 41, p. 867-870) and co-authored by
J.F. Wotzlaw, U. Schaltegger, D.A. Frick, M.A. Dungan, A. Gerdes and D. Giinther. Reproduced with
permission of the Geological Society of America.
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and trace element analyses of accessory zircons can reveal in-
valuable information about the chemical and thermal histories
of silicic magmatic systems and provides critical input param-
eters for fluid dynamic modeling.

2.1 INTRODUCTION

The volume, composition, crystallin-
ity and duration of assembly of a large
magma body, as well as the character and
spatial organization of its heterogeneities
prior to eruption, are inter-related conse-
quences of the balance between the rate
of magma influx and the rate of cooling.
The products of caldera-related silicic
supereruptions (5 x 10%- 5 x 10° km?®) are
particularly useful for placing constraints
on these processes because large volumes
of magma are rapidly quenched, thereby
preserving information about the thermal
and chemical states of the system at the
moment of magma evacuation. Ground-
breaking studies of the Bishop Tuff (Long
Valley caldera; e.g., Halliday et al., 1989;
Christensen and DePaolo, 1993), have
established a framework for integrating
petrologic, geochronologic, and isoto-
pic data as a means for addressing time
scales of magma system evolution. These
studies triggered an ongoing discussion
concerning the residence times of large
silicic magma bodies in the upper crust
that was accompanied by the emergence
of new concepts and the development of
new geochemical and geochronologic
tools (Mahood, 1990; Reid and Coath,
2000; Vazquez and Reid, 2004; Reid,
2008).

We present a novel approach for track-
ing the chemical, thermal and rheological
evolution of large silicic magma reser-

voirs as a function of time by integrating
high-precision zircon U-Pb geochronol-
ogy, trace element analyses of the same
mineral grains, and mass balance mod-
eling of systematic compositional varia-
tions in U-Pb dated zircons. Previous
studies have used in-situ zircon U-Th
and U-Pb geochronology in concert with
trace elements (e.g., Claiborne et al.,
2010; Klemetti et al., 2011), which pro-
vides high-spatial resolution but is lim-
ited to young magmatic systems, where
in-situ techniques provide sufficient age
resolution. To demonstrate the applica-
bility of our approach to older volcanic
deposits, we present a case study from
the Oligocene Fish Canyon magmatic
system. The Fish Canyon Tuff (5000
km?; San Juan Volcanic Field, Colorado,
USA) and related eruptive products of the
La Garita caldera have served as a basis
for addressing the origin and evolution of
large-volume crystal-rich magmas (e.g.,
Bachmann et al., 2002; Bachmann and
Bergantz, 2003). In the context of inde-
pendent petrologic and geochronologic
constraints, we discuss our results with
respect to (1) the petrologic evolution of
the Fish Canyon magmatic system and
similar large-volume crystal-rich mag-
mas, (2) their relationship to granodior-
ite plutons, (3) mechanisms that trigger
rejuvenation and subsequent eruption of
highly crystalline magmas, (4) the control
of lower crustal magma processing zones

J.F. Wotzlaw et al./ Tracking magma evolution from assembly to eruption



107°W 106°45'

(O h 7 kil s
0 S= i deiadlid
N 8% FCT 1 il gt
— é o g 3 fgﬁ At:44321445 k.. ||I 1] ||| i
S Qe L 020 gt ol b Qs
= |08 cews III I:IDD “ll
c 255 ||I|III o Il
L I 2 o I B il I mLx
= ER R
;l 2 8 <238 I |]|] III At=431+61ky. MLX W
g 3 lizzml I nep =19 g
c PRl -
o Sl I %§ At=438+49ky. FCTHNCD
~| 8 £e (n=15)
2 3 "
o E o= w
Nl £ I ° )
A Bachmann et al. 2007 FCT sanidine this study

FIGURE 2.1 Geochronology of the Fish Canyon magmatic system. (A) Comparison of previously pub-
lished zircon and titanite U-Pb and sanidine “°Ar/**Ar dates with zircon U-Pb dates obtained in this study.
All U-Pb dates are 2°Pb/>**U dates corrected for initial 2*U-**Th disequilibrium using Th/U__ of 2.2
(Schmitz and Bowring, 2001). At denotes the age difference between the oldest and youngest zircon
date of each sample. Probability density functions show the distribution of 2%°Pb/2%U dates. (B) Caldera
map of the Central San Juan caldera cluster showing locations of samples analyzed in this study; inset
map (top left) shows location of the SJVF within the state of Colorado. Abbreviations: FCT — Fish Can-
yon Tuff, NCD — Nutras Creek Dacite, MLX — Andesite enclave, SJVF — San Juan Volcanic Field, CPC

— Cochetopa Park Caldera, SLC — San Luis Complex, SR

on the thermal evolution of upper crustal
silicic magma reservoirs, and (5) the age
of the Fish Canyon Tuff eruption.

2.2 ZIRCON AS A RECORDER OF
PRE-ERUPTION EVOLUTION OF
THE FISH CANYON MAGMATIC
SYSTEM

The presence of zircon in all eruptive
products of the Fish Canyon magmatic
system, including andesitic enclaves en-
trained in the waning stage of the erup-
tion, makes it an ideal case for applying
high-resolution geochronologic control
on the thermal evolution of a magmatic
system by using the trace element chem-
istry of U-Pb dated zircons as a proxy for
magma crystallinity and melt composi-
tion. New analytical protocols allow us
to obtain age, chemical and isotopic in-
formation from the exact same volume

56

— South River Caldera.

of single zircon crystals (Schoene et al.,
2010; 2012; see Appendix for analytical
details). We performed combined high-
precision U-Pb geochronology and trace
element analyses on 58 single zircons
from three samples of the Fish Canyon
magmatic system: (1) intracaldera Fish
Canyon Tuff, (2) post-caldera Nutras
Creek Dacite, and (3) an andesitic en-
clave. 29 of these zircons have also been
analyzed for Hf isotopic compositions
(see Tables A2.1,A2.2,A2.3).

Zircon **Pb/**U dates document a
growing and evolving magma chamber
during 28.642 + 0.025 — 28.196 + 0.038
Ma (Fig. 2.1; ~440,000 yrs). Our high-n
(n = 58) data set highlights a prominent
mode at ~28.4 Ma that coincides with
the weighted mean zircon and titanite
206pp/238Y dates of Schmitz and Bowring
(2001). A second mode at ~28.2 Ma is
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FIGURE 2.2 Trace element and Hf-isotopic compositions of U-Pb dated zircons. Yb/Dy (A) and Th/U (B)
of U-Pb dated zircons are plotted against their 2°Pb/?8U date. Uncertainties are shown at the 2o confi-
dence level. Inset in (B) shows histogram of Hf isotopic compositions for Fish Canyon and andesite en-
clave zircons. Yellow and orange bars are the calculated compositional ranges of zircons in equilibrium
with interstitial glass and whole rocks, respectively, on the basis of experimentally determined partition
coefficients (Rubatto and Hermann, 2007) and published glass and whole-rock analyses (Bachmann
et al., 2002; 2005).
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equivalent to recent sanidine “°Ar/*’Ar
dates (Kuiper et al., 2008; Rivera et al.,
2011). These zircons display large and
systematic variations in trace element
chemistry as a function of time (Fig. 2.2)
that are taken to indicate that: (1) zircons
are reliable recorders of melt composi-
tion, (2) zircon grains crystallized over
short times in comparison to the duration
of the magmatic system, and (3) they
persisted as closed systems.

The trace element budget of the Fish
Canyon magma is largely controlled by
volumetrically minor titanite (<1 vol.%;
Fig. 2.3). The extreme compatibilities of
various trace elements (REE, Y, Th) in
titanite render small absolute changes in
its modal abundance during crystalliza-
tion, or remelting, the critical factor in
controlling their concentrations and ra-
tios in coexisting melt (e.g., DDy >D,,;
Fig. 2.3). These compositional changes
in residual melts have been preserved
in co-crystallizing zircons, allowing us
to use trace element concentrations in
zircon as proxies for melt compositions
(Fig.2.2). The parabolic Yb/Dy trend and
sympathetic decrease/increase in Th/U in
zircon through time is interpreted as: (1)
a decrease in temperature and increas-
ing crystallization from ~28.7-28.6 Ma
to ~28.4 Ma, hence increasing titanite
and zircon abundances, followed by (2)
reheating and remelting from ~28.4 Ma
to eruption.

2.3 FROM ZIRCON TRACE ELE-
MENT GEOCHEMISTRY TO MAG-
MA CRYSTALLINITY

Mass-balance modeling of the ob-
served compositional trends implies that

the Fish Canyon magma was perilously
close to complete solidification prior to
late reheating (Fig. 2.4). The modeling
involves calculation of evolving melt
composition in response to fractional
crystallization followed by inversion of
melt compositions to the composition of
zircons in equilibrium with the modeled
melt. The starting melt composition was
taken to be the melt in equilibrium with
the zircon with lowest Yb/Dy (maximum
melt fraction; experimentally determined
partition coefficients of Rubatto and Her-
mann, 2007). The trace element composi-
tion of the bulk fractionating assemblage
was calculated from published trace ele-
ment data of major and accessory miner-
als (Bachmann et al., 2005) and modal
abundances (Bachmann et al., 2002), in
which titanite plays the key role (Fig. 2.3
and 2.4). The bulk partition coefficient,
defined as the ratio of the bulk fractionat-
ing assemblage to initial melt composi-
tion, has been held constant throughout
the model calculation due to the small
temperature interval between zircon
saturation (~760 °C) and the solidus
(~690 °C), in conjunction with the lim-
ited major element variation during crys-
tallization of a granitic near-minimum
melt. Using these input parameters, we
modeled evolving melt compositions in
response to fractional crystallization. Fi-
nally, evolving melt compositions were
inverted back to zircon compositions us-
ing zircon-melt partition coefficients for
direct comparison with measured zircon
compositions. According to these model
calculations (Fig. 2.4), compositional
variations in zircons with ages ~28.6—
28.4 Ma require 50-75% crystallization
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FIGURE 2.4 Middle and heavy rare
earth element variations in U-Pb
dated zircons modeled as a result of
fractional crystallization (FC; see text
for details). The gray star and dashed
red lines represent the median com-
position of the youngest dated zir-
cons corresponding to an absolute
crystallinity of ~45% (Bachmann et
al., 2002; see text for details). The
modeled compositional trend for a ti-
tanite-free fractionating assemblage
is shown for comparison. The model
is significantly more sensitive to vari-
ations in titanite modal abundance
than to minor changes in zircon-melt
partition coefficients.

Dy (ppm)
100 200 300 400 500

of a fractionating assemblage containing
0.4-0.8% titanite to produce the trend of
decreasing Dy concentration and increas-
ing Yb/Dy (Fig.2.4).

The initial crystallinity (~28.6-28.7
Ma) is unknown, but crystallinity at the
time of eruption was ~45 vol.% (Bach-
mann et al., 2002). If the youngest zir-
cons crystallized close to eruption, their
trace element compositions (median Yb/
Dy ~3.8; Fig.2.4) correspond to a crystal-
linity of ~45%. The average composition
of the youngest zircons is the reference
point for scaling our model to absolute
crystallinity. This framework leads to
the conclusion that the magma in which
the zircons with the highest Yb/Dy crys-
tallized at ~28.4 Ma had a crystallinity
of 75-80% (Fig. 2.4). Large changes in
total crystallinity were driven primar-
ily by changes in the modal abundances
of near-solidus quartz and sanidine, as

J.F. Wotzlaw et al./ Tracking magma evolution from assembly to eruption
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demonstrated by mineral modes in com-
pletely solidified autoliths with bulk Fish
Canyon magma composition (Bachmann
et al., 2002). The proximity of the Fish
Canyon magma to complete solidifica-
tion can be taken as indirect evidence
for a “volcanic-plutonic connection”
between crystal-rich monotonous inter-
mediates and compositionally equivalent
granodiorite plutons.

2.4 THE DURATION OF REJUVE-
NATION OF A HIGHLY CRYSTAL-
LINE MAGMA RESERVOIR
Durations or process rates are com-
monly the primary output parameters in
many fluid mechanical models of mag-
matic processes. Our approach to cali-
brating the duration of the pre-eruptive
remelting event by tracking magma crys-
tallinity as a function of time yields in-
dependent constraints that may serve as
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input parameters for fluid dynamic mod-
eling, or be used to test competing mod-
els. An estimated duration of 219 + 45
ka for an inferred pre-eruptive remelting
event is based on the age difference be-
tween the zircon with the highest Yb/Dy
and the youngest zircon. With reference
to the erupted volume of ~5000 km® and
a decrease in crystallinity from 75-80%
to 45% during this period, we calculate a
remelting rate of ~0.01 km3/a. The dura-
tion and rate for the reactivation of the
rheologically stiff crystal mush are im-
portant for assessing related thermal and
mechanical mechanisms that ultimately
trigger eruption. Our estimates are in ex-
cellent agreement with those derived from
numerical modeling of remelting by up-
ward percolation of a hot gas-phase plus
entrained melt derived from underplated
mafic magma (gas sparging; Bachmann
and Bergantz, 2003). Similar time scales
are also achievable by thermo-mechani-
cal reactivation, a process that involves
melting-induced internal fracturing and
self-assimilation (Huber et al., 2011).
Time scales predicted for buoyancy driv-
en overturn of crystal mush triggered by
formation of a low density mobile layer
at the base of the mush (unzipping; Bur-
gisser and Bergantz, 2011), are signifi-
cantly shorter.

2.5 ENCLAVE ZIRCONS AS A WIN-
DOW INTO THE DEEP-CRUSTAL
MAGMA PROCESSING ZONE
Zircons from andesitic enclaves re-
cord the same age range and similar age
distribution to those in the Fish Canyon
Tuff and post-caldera Nutras Creek Dac-
ite, but the compositional excursion in

Yb/Dy that is recorded by Fish Canyon
zircons is not present. This strongly sug-
gests that enclave zircons are not due
to mixing with resident Fish Canyon
magma during magma recharge and
entrapment of the enclaves. The differ-
ences in trace element compositions and
the similarity of the age distributions of
these zircon populations is consistent
with evolution of the andesitic magma
in a separate reservoir that experienced
similar thermal oscillations but at high-
er absolute temperature without titanite
crystallization. We infer that the enclave
zircons represent products of the deep-
crustal magma processing zone (Hildreth
and Moorbath, 1988; Annen et al., 2006)
in which the Fish Canyon dacite magma
was generated. A common source of dac-
itic and andesitic magmas is consistent
with the limited and overlapping range
in Hf isotopic compositions of andesite
and FCT zircons (see inset in Fig. 2.2B).
This is independent evidence that Fish
Canyon magma was generated in a deep
zone of mafic magma injection, melting,
assimilation, fractionation, and homog-
enization prior to ascent to the shallow
pre-eruptive reservoir (e.g., Lipman et
al., 1978). We speculate that such deep-
crustal magma processing zones control
the thermal evolution of the upper-crust-
al reservoir by varying rates of magma
production and influx, implying an im-
portant thermal link between deep and
shallow magma reservoirs in continental
caldera settings.

2.6 THE ERUPTION AGE OF THE

FISH CANYON TUFF
Fish Canyon Tuff sanidine (FCs) is
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the most frequently used neutron fluence
monitor for “Ar/*’Ar geochronology. A
valid fluence monitor requires an accu-
rate, precise, and independent determina-
tion of it’s age (i.e., the eruption age of
a volcanic unit). Despite its widespread
use, the age of FCs is still under debate.
Several recent studies have attempted
to improve accuracy and precision of
the FCs age using various approaches
(Kuiper et al., 2008; Renne et al., 2010;
2011; Channell et al., 2010; Rivera et
al., 2011; Westerhold et al., 2012). The
results of these investigations range
from 27.89 to 28.305 Ma (see Fig. 2.1).
Considering the crystallization/remelt-
ing history recorded by zircons, we are
confident that the youngest dated zircons
crystallized close to eruption and thus
provide constraints on the eruption age
of the FCT. This is further supported by
the a lack of resorption-features at the
surfaces of analyzed zircons, suggesting
that the melt was zircon saturated prior
to eruption. Using the crystallization age
of our youngest dated zircon (28.196 +
0.038 Ma) to estimate the eruption age,
is most consistent with the calibration of
Kuiper et al. (2008) of 28.201 + 0.046
Ma. This excellent agreement between
“Ar/*Ar and U-Pb dates has profound
implications for the intercalibration of
these geochronometers and the calibra-
tion of the Cenozoic time-scale.

2.7 SUMMARY & CONCLUSIONS
We present a new approach that allows
us to quantify the chemical and thermal
evolution of large silicic magmatic sys-
tems as a function of time and apply this
approach to the Oligocene Fish Canyon

Tuff. The trace element compositions of
U-Pb dated zircons record the thermal
evolution of this giant magmatic system
at previously unattainable temporal reso-
lution. The ~440,000 years of magma
evolution recorded by zircons is marked
by an early phase of volumetric growth,
plutonic cooling to 75-80% crystallinity
and a 219 + 45 ka long period of ther-
mal rejuvenation and remelting. Further-
more, our results provide a concrete link
between a deep-crustal magma process-
ing zone in which andesitic recharge
magmas evolved and the shallow pre-
eruption Fish Canyon magma reservoir.
Large-scale thermal oscillations as re-
corded by Fish Canyon zircons may be
common features of many silicic plu-
tonic and volcanic systems reflecting the
thermal response to incremental growth,
magma recharge and mafic underplating.
Our results demonstrate that we can re-
solve such features over 10° years time-
scales placing unprecedented quantitative
constraints on the pre-eruption evolution
of supervolcano magma reservoirs such
as the Fish Canyon. This approach is
widely applicable to evolved volcanic
deposits and their plutonic equivalents
and provides critical input parameters
for fluid dynamic modeling of large sili-
cic magma reservoirs.

APPENDIX

ANALYTICAL METHODS
CA-ID-TIMS U-Pb geochronology: A
total of 58 zircon crystals were analyzed
as single grains by isotope-dilution-ther-
mal ionization mass spectrometry (ID-
TIMS) at the University of Geneva (Tab.
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A2.1). Prior to dissolution, all crystals
were annealed by heating to 900 °C for
48 h in a muffle furnace, transferred into
3 ml savillex beakers and chemically
abraded in HF + trace HNO, at 180 °C
for 15 h in parr bombs (Mattinson et al.,
2005). Subsequently, zircons were rinsed
with water, fluxed for several hours in
6N HCI and ultrasonically cleaned with
water, acetone and 3N HNO,. Single
crystals were loaded in 200 gl Savillex
capsules, spiked with ~3-5 mg of the
EARTHTIME ?“Pb-?%*Pb-2**U-**U trac-
er solution (http://www.earth-time.org/)
and dissolved in ~70 1 HF at 210 °C
for 48 h in Parr bombs. After dissolu-
tion, samples were dried down and redis-
solved in 6N HCI at 180 °C overnight,
dried down again and redissolved in 3N
HCI. U and Pb were separated using a
modified HCl-based single-column an-
ion exchange chemistry (Krogh, 1973).
The Zr, Hf, and trace element fractions
(“wash”) were collected for trace element
and Hf isotope analyses (see below). The
U-Pb fraction was loaded on outgassed
Re filaments with a Si-Gel emitter (Ger-
stenberger and Haase, 1997). U and Pb
isotopic measurements were performed
on a Thermo TRITON thermal ionization
mass spectrometer. Pb was measured in
dynamic mode on a MasCom secondary
electron multiplier. Analyses employing
the ET2535 tracer were corrected using
the fractionation factor derived from the
measured *?Pb/*Pb ratio assuming a
true value 0f 0.99924. U was measured as
U-oxide in static mode on Faraday cups
equipped with 10" Q resistors. Measured
isotopic ratios were corrected for inter-
ferences of **U'0'°O on **U'°0, using

an '*0/'°0 of 0.00205, measured on large
U500 loads, and for mass fractionation
using the measured ***U/*°U ratio rela-
tive to a value 0of 0.99506 of the tracer. All
common Pb in the zircon analyses was
assumed to be procedural blank. U-Pb
ratios and dates were calculated relative
to a 2°U/2%Pb ratio of 100.23 + 0.023%
(10) and raw data were reduced using
Tripoli and U-Pb_Redux software (Bow-
ring et al., 2011) that employs algorithms
of McLean et al. (2011). All uncertainties
are reported at the 95% confidence level
and exclude systematic uncertainties as-
sociated with tracer calibration and decay
constants unless otherwise indicated.

Zircon trace element analyses: Trace
elements in U-Pb dated zircons were an-
alyzed following the approach of Schoe-
ne et al. (2010; Tab. A2.2). After column
chemistry, the washes were dried down,
redissolved in ~750 ul 0.5 M HNO, +
0.1 M HF doped with 1 ppb Ir, and trans-
ferred into pre-cleaned auto sampler mi-
crotubes. Trace element measurements
were performed at ETH Zurich on an
ICP-SF-MS (ELEMENT?2, Thermo Fish-
er Scientific, Bremen, Germany) using an
Aridus I desolvation nebulizer (CETAC,
Omaha, USA) as sample introduction
system and an autosampler (ASX-100,
CETAC, Omaha, USA) for automated
analysis. The instrumental parameters
(gas flows, RF-power and ion lenses)
were optimized for sensitivity (typically
1.4 x 10° cps/ppb In in medium resolu-
tion), low oxide rate (typically UO+/U+
below 0.03%) and low doubly charged
rate (typically *"Ba*/'¥’Ba* 5%). The
system was operated at medium resolu-
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Table A2.3 Lu-Hf isotopic data of U-Pb dated zircons analyzed by MC-ICPMS

7Y b/ +20 Lu/ +20 'BHf/ 1S0Hf/ SigHf 17oHf/ +20  'T°Hf/ eHf  +20

7THf (a) 17THf (a) THE THE [V] (b) THE () 'Hf (d) (d) (c)
Fish Canyon Tuff (FCT)
zl 0.1665 133 0.00591 35 146713 1.88665 23 0.282573 10  0.282570 -7.00 0.36
z2 0.0531 43 0.00199 12 146714 1.88662 12 0.282547 11 0.282546 -7.82 0.38
z3 0.0444 36 0.00183 11 146713 1.88666 17 0.282531 11 0.282530 -8.39 040
z4 0.0608 49  0.00226 14 146714 1.88662 44 0.282526 8 0.282525 -8.59 0.29
z5 0.0443 35  0.00152 9 146713 1.88658 83 0.282513 8 0.282512 -9.02 0.28
76 0.0515 41 0.00207 12 146714 1.88665 31 0.282544 9 0.282543 -795 0.33
z7 0.0665 53  0.00258 16 146712 1.88655 19 0.282567 10  0.282566 -7.12 0.34
z8 0.0507 41 0.00191 11 146715 1.88657 19 0.282527 10  0.282526 -8.55 0.34
79 0.0585 47 0.00223 13 146713  1.88660 10 0.282519 14  0.282518 -8.84 0.51
z10 0.0219 18 0.00097 6 146715 1.88660 20 0.282543 9 0.282542 -797 0.33
z11 0.0305 24 0.00108 7 146714 1.88665 49 0.282531 8 0.282530 -8.39 0.30
z12 0.0490 39 0.00185 11 146715 1.88670 6 0.282585 19  0.282584 -6.49 0.67
z13 0.0648 52 0.00258 16 146718 1.88668 5 0.282522 20  0.282521 -8.73 0.70
z14 0.0424 34 0.00180 11 146713 1.88663 18 0.282528 11 0.282527 -8.51 0.38
z15 0.0419 34 0.00170 10 146712 1.88670 10 0.282520 14  0.282519 -8.78 0.50
z16 0.0526 42 0.00195 12 146711 1.88668 12 0.282539 11 0.282538 -8.13 0.38
z17 0.0426 34 0.00180 11 146714 1.88662 19 0.282537 10  0.282536 -8.19 0.35
z18 0.0438 35 000172 10 146714 1.88668 11 0.282525 13 0.282525 -8.59 047
z19 0.0546 44  0.00208 13 146714 1.88668 11 0.282549 14  0.282548 -7.78 0.51
Andesite enclave (MLX)
z1 0.1040 83  0.00338 20 1.467 1.88661 16 0.282526 11 0.282524 -8.62 041
z2 0.0448 36 000144 9 1.467 1.88665 78 0.282537 8 0.282537 -8.16 0.30
z3 0.0474 38 0.00183 11 1.467 1.88666 31 0.282530 9 0.282530 -8.41 0.31
z4 0.0673 55 0.00247 15 1.467 1.88662 27 0.282555 11 0.282554 -7.56 0.38
z5 0.0606 48  0.00222 13 1.467 1.88669 14 0.282545 11 0.282544 -792 0.38
z6 0.0547 44  0.00196 12 1.467 1.88667 26 0.282532 10  0.282531 -8.37 0.34
z7 0.0980 78  0.00330 20 1.467 1.88660 12 0.282539 13 0.282537 -8.13 045
z8 0.0522 42 0.00195 12 1.467 1.88663 24 0.282529 13 0.282528 -847 045
79 0.0832 67 0.00283 17 1.467 1.88668 8 0.282531 20  0.282530 -840 0.71
z10 0.0571 46 0.00216 13 1.467 1.88663 17 0.282529 12 0.282527 -849 041
IMC475
(n=21) - - - - 146718 1.88666 10 0.282148 5 0.282148 -22.52 0.18

Quoted uncertainties (absolute) relate to the last quoted figure. Accuracy and reproducibilty was checked by repeated

analyses (n =21) of 10 ppb solutions of IMC475.

(a) "SYb/'HE = (7°Yb/'PYb)true x (*Yb/"Hf)meas x (M173(Yb)/M177(Hf))b(Hf), b(Hf) = In(*’Hf/'""Hf)true /
("PHf/'7HE), / In (M179(Hf)/M177(Hf)), M=mass of respective isotope. The "°Lu/'”’Hf were calculated in a similar way

by using the '"Lu/'""Hf and b(Yb).
(b) Mean Hf signal in volt.

(c) Uncertainties are quadratic additions of the within-run precision and the daily reproducibility of the 10ppb-JIMC475
solution. Uncertainties for the JIMC475 quoted at 2SD (2 standard deviation).

(d) Initial '""*Hf/"""Hf and eHf calculated using the apparent U-Pb age determined by ID-TIMS (see Table A2.1), and the
CHUR parameters: '°Lu/'""Hf = 0.0336, and '"°Hf/'"""Hf = 0.282785 (Bouvier et al., 2008).

tion (typically m/Am=4000) with a 10%
mass window, 100 samples per peak with
a dwell time of 10 ms each and 40 rep-
licates per measurement. Instrumental
blanks (HF-HNO, solution doped with
Ir), procedural blanks, calibration stan-
dards and samples were introduced into

the Aridus desolvation system using a
self-aspirating, micro-concentric PFA
nebuliser (PFA-ST, Elemental Scien-
tific, Omaha, USA) with a nominal up-
take rate of 50 yL min-1 and a typical
sample and auxiliary gas flow of 0.9 L
min-1 and 0.82 L min-1 respectively. The
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Aridus desolvation system provides very
low oxide rates using an Ar sweep gas of
typically 2.50 L min-1 and a N, gas addi-
tion of 30 mL min-1. The low oxide rates
allow to measure all elements in medium
resolution, even the HREE, which suffer
under wet sample introduction from ox-
ide interference by the LREE. In order
to provide matrix-matched calibration,
synthetic zircon solutions were prepared
from single element ICP-MS standards.
Iridium was used as internal standard for
all solutions. Zr, Hf, Y, Sc, Nb, Ta, U, Th,
Pb, Ti and REEs were mixed gravimetri-
cally in the approximate proportions ex-
pected in natural zircons. The stock so-
lutions (1000 mg/kg) were diluted into
nine calibration solutions containing the
elements from 5 ng/kg — 900 ng/kg, ex-
cept for Hf (from 20 ng/g — 180 ug/kg)
and Zr (from 50 pg/kg — 10 mg/kg), each
calibration standard contained 1 pg/kg
Ir. A typical measurement sequence con-
sisted of measurements of the calibration
standards, followed by an instrumental
and a procedural blank. Subsequently 4 —
12 zircon samples were measured. In-be-
tween the samples the system was washed
with a HF-HNO3 solution for 7 minutes.
After every 4 - 12 zircon samples one of
the calibration standards (centre concen-
tration) was re-measured together with a
procedural blank. In each measurement
session typical 24 zircon samples were
analysed and a session lasted for approx-
imately 18 h, followed by a retuning (if
necessary) of the instrument and start of
a new measurement session.

Zircon Hf isotope analyses: Lutetium-
Hafnium isotopes of a subset of U-Pb

dated zircons were analyzed employing a
Thermo NEPTUNE multi collector—ICP-
MS at Goethe-University Frankfurt (Tab.
A2.3). Solutions remaining after trace el-
ement analyses were introduced into the
plasma employing an Aridus desolvation
nebulizer with a nominal uptake rate of
100 pl/min. Isotopic ratios were mea-
sured in static mode on Faraday detectors
equipped with 1010 (for mass 180) or
10" Q (all other masses) resistors. YD,
3Yb and '"Lu were measured to correct
for isobaric interferences of Yb and Lu
on mass 176 assuming a '"*Yb/'*YDb ra-
tio of 0.79502 and a '"*Lu/'"Lu ratio of
0.02656. Yb and Hf isotopic ratios were
corrected for mass fractionation by nor-
malizing to '"?Yb/"*Yb of 1.35351 and
H/'THE of 0.7325 using an exponen-
tial law. Mass fractionation of Lu was
assumed to follow that of Yb (Gerdes
and Zeh, 2006). Accuracy and reproduc-
ibility of this protocol were assessed by
repeat analyses of 10 ppb JMC 475 stan-
dard solutions ('"*Hf/"""Hf=0.282148 + 5,
2SD, n=21) bracketing unknowns. Initial
76Hf/"""Hf ratios and eHf were calculated
using the *Pb/>*%U date of the respec-
tive crystal and the CHUR parameters of
Bouvier et al. (2008; '*Lu/!""Hf=0.0336;
T6Hf/"""Hf=0.282785). All uncertainties
are given at the 20 level and include the
reproducibility of the JMC 475 solution
propagated by quadratic addition.
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Chapter 3

Reservoir assembly and eruption trigger mechanism at Yel-
lowstone-type supervolcanoes: Isotopic and geochrono-
logic insights from the 4.5 Ma Kilgore Tuff, Heise volcanic

field, Idaho

J.F. Wotzlaw, I.N. Bindeman, K.E. Watts, A K. Schmitt, L. Caricchi, U. Schaltegger
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ABSTRACT

Large-volume caldera forming eruptions of silicic magmatic
systems, often referred to as supereruptions, are among the
most devastating natural disasters. The most voluminous erup-
tion ever experienced by modern civilizations, the 1815 Tam-
bora eruption, was more than an order of magnitude smaller
than the largest-volume eruptions known from the geological
record. Perhaps nowhere on Earth are deposits of supererup-
tions more prominent than in the Snake River Plain-Yellow-
stone Plateau (SRP-YP) volcanic province. The Heise volcanic
field in eastern Idaho contains the youngest complete caldera
cycle in the SRP-YP and culminated about 4.5 million years
ago in the eruption of the low-8'*0, ~1800 km* Kilgore Tuff.
Accessory zircons in the Kilgore Tuff display remarkable inter-
and intracrystalline oxygen isotopic heterogeneity with a total
range of ~8 %o in 8'80 suggesting that they crystallized from
1sotopically distinct and isolated reservoirs that were assem-
bled and homogenized prior to eruption. In striking contrast to
the oxygen isotopic heterogeneity, twenty-four of these zircons
yielded indistinguishable crystallization ages with a Th-cor-
rected weighted mean 2*°Pb/**U date of 4.4876 + 0.0023 Ma
that is indistinguishable from the eruption age. This requires
that shallow magma generation and subsequent assembly of
1solated magma batches occured within the resolution of our
geochronology and thus is an extremely rapid process. This
crystal scale image of the configuration of the pre-eruptive res-
ervoir, with several isolated magma batches, is very similar to
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the reservoir configurations imaged seismically beneath active
supervolcanoes. The connection of magma batches vertically
distributed over several kilometers would cause a substantial
increase of buoyancy-related overpressure, providing an erup-
tion trigger mechanism which is the direct consequence of the
reservoir assembly process.

3.1 INTRODUCTION

Large-volume caldera forming erup-
tions are significantly more frequent than
other extreme events of similar energy
yield such as meteorite impacts (e.g.,
Mason et al., 2004). The most volumi-
nous of these supereruptions release 100s
to 1000s of cubic kilometers of pyroclas-
tic material probably within several days
(Hildreth, 1981). Such events cause se-
vere devastation on a regional scale by
pyroclastic flows and ash falls and re-
lease volcanic gases that affect Earth’s
radiation budget, atmospheric circula-
tion patterns, cause stratospheric ozone
depletion and ultimately global climate
perturbations (Rampino and Self, 1992;
Self, 2006; Bindeman et al., 2007a; Self
and Blake, 2008; Martin and Bindeman,
2009). Understanding the time-scales and
mechanisms of assembly and storage of
large magma reservoirs that feed super-
eruptions as well as the mechanisms that
ultimately trigger such eruptions is im-
portant for interpreting geodetic and seis-
mic signals at active supervolcanoes and
assessing the probability of future erup-
tions (Lowenstern et al., 2006). Seismic
tomography of large active systems such
as Yellowstone and Toba reveal complex
spatial configurations of sub-caldera
volcanic storage regions with isolated
or connected sub-chambers (Miller and
Smith, 1999; Husen et al., 2004; Stankie-

wicz et al., 2010; Fig. 3.1). If such com-
plex reservoir configurations are com-
mon prior to caldera forming eruptions,
evidence of chemically or isotopically
diverse magma batches might be record-
ed in the crystal cargo of ancient eruptive
products.

Here we take advantage of recent de-
velopments in high-precision U-Pb geo-
chronology by isotope dilution thermal
ionization mass spectrometry (ID-TIMS)
that allow dating of accessory zircon
with uncertainties at the permil level.
This is one to almost two orders of mag-
nitude more precise than what is achiev-
able with in-situ methods and translates
into absolute uncertainties of thousands
of years for young volcanic units thus
providing insights into the time scales
of magma chamber processes preceding
eruptions (Crowley et al., 2007; Wot-
zlaw et al.,2013; Riveraet al.,2013). We
combine this technique with high spatial
resolution oxygen isotope analyses of
the same zircon crystals employing sec-
ondary ion mass spectrometry (SIMS) to
track the rapid shallow magma segrega-
tion and batch assembly processes that
led to one of the largest ignimbrite units
in the world - the Kilgore Tuff of the
Heise volcanic field in eastern Idaho. We
further show that the crystal scale record
of the pre-eruptive reservoir configura-
tion beneath the Heise volcanic field is
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very similar to reservoirs imaged seismi-
cally beneath active supervolcanoes. We
further speculate about the mechanim
that triggered the Kilgore Tuff eruption
and describe a new concept in which the
eruption trigger is the direct consequence
of the assembly process.

3.2 GEOLOGICAL SETTING AND
PREVIOUS MODELS OF SHAL-
LOW MAGMA GENESIS IN THE
SNAKE RIVER PLAIN

The Heise volcanic field is a nested

FIGURE 3.1 Caldera map of the Heise
and Yellowstone Plateau volcanic fields
and subsurface seismic tomography im-
age of the present day Yellostone caldera.
(a) Caldera map overlayn over digital eleva-
tion model showing the mapped caldera
margins of the Heise and Yellowstone Pla-
teau volcanic fields. Also shown are inferred
vent areas from which the Kilgore Tuff was
erupted and the extent of Kilgore Tuff de-
posits (after Morgan and Mclintosh, 2005) as
well as sample localities for samples ana-
lyzed in this study. X-Y line referres to the
subsurface profile shown in (b). (b) Subsur-
face seismic tomography image of present
day Yellowstone caldera (modified from Mill-
er and Smith, 1999). Color contours refer to
p-wave velocities. P-wave velocities outline
the shallow thermal anomaly and the pres-
ence of pockets of partially molten material
below Yellowstone caldera (see text for fur-
ther discussion).

caldera complex in the eastern Snake
River Plain - Yellowstone Plateau (SRP-
YP) volcanic province. The SRP-YP
is the manifestation of interaction of
plume-derived magmas with the over-
riding North American continental crust
(e.g., Humphreys et al., 2000; Pierce and
Morgan, 2009; Schmandt et al., 2012).
An important feature of SRP-YP volca-
nism is the abundance (~10,000 km?® cu-
mulative volume) of 18-oxygen depleted
(i.e., low-0'80) eruptive products. These
ignimbrites and lavas often contain popu-
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FIGURE 3.2 Oxygen isotope geochemistry and high-precision U-Pb geochronology of Kilgore Tuff zir-
cons. (a) Ranked 2°®Pb/2%U zircon dates corrected for initial 2°Th disequilibrium. Bars display 2o ana-
lytical uncertainties. Horizontal grey bars display the weighted mean dates and shaded squares below
individual dates represent the inverse variance corresponding to the weight each date contributes to the
weighted mean date. Also shown are sanidine “°Ar/**Ar dates for various Kilgore Tuff samples reported
by Morgan and Mclntosh (2005) recalculated using the calibration of Kuiper et al. (2008; Fish Canyon
sanidine of 28.201 Ma and Min et al. (2000) decay constant). (b-d) Oxygen isotope geochemistry of
Kilgore zircons. All values are 80 in %o relative to Vienna Standard Mean Ocean Water (VSMOW)
(b,c) lon microprobe oxygen isotope ratios for zircon cores (b) and outermost zircon crystal faces (c).
(d) Oxygen isotopic composition as a function of 2°°Pb/2%8U date. Also shown are the oxygen isotopic
compositions of Kilgore sanidine and quartz reported by Watts et al. (2011).

1
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lations of accessory zircons with diverse
00 values suggesting shallow crustal
magma genesis by cannibalization (i.e.,
remelting) of buried and hydrothermally-
altered tuffs from previous eruptive cy-
cles (Bindeman and Valley, 2000; 2001;
Bindemanetal.,2007b; 2008; Wattsetal.,
2011). At the Yellowstone, Heise and Pi-
cabo caldera clusters, progressively low-
er 8'®0 values of eruptive products and
greater diversity in 8'*O of their zircon
populations towards the youngest (and
final) rhyolites, suggests that large scale
remelting of buried material becomes
progressively more important toward the
end of caldera cluster evolution (Binde-
man et al., 2008; Watts et al., 2011; Drew
et al., 2013). Numerical models suggest
that the time scales for shallow crustal re-
melting, batch assembly, magma mixing
and homogenisation are relatively short
for high-temperature rhyolites in nested
caldera and rift environments (Simakin
and Bindeman, 2012).

The Kilgore Tuff, the fourth, final and
most voluminous in the sequence of the
Heise volcanic field may be an analogue
for current and future processes at Yel-
lowstone (e.g., Watts et al., 2011; 2012).
The young age (~4.5 Ma) of the Kilgore
Tuff and its isotopically diverse zircon
population (Watts et al., 2011) provide
an ideal opportunity to quantify the time
scales of the batch assembly and ho-
mogenisation of shallow magma reser-
voirs prior to eruption employing precise
geochronological methods (Fig. 3.2 and
3.3).

3.3 OXYGEN ISOTOPIC HETERO-
GENEITY OF ZIRCONS: RECORD-

ERS OF PROGRESSIVE AMALGA-
MATION OF MAGMA BATCHES

Interior domains of zircon crystals
analyzed by SIMS are remarkably di-
verse with respect to their oxygen iso-
topic composition (Fig. 3.2; Tab. A3.1).
Individual spot analyses range in 6'*O,
vow from -1.30 to +6.07 %o and can be
grouped in four distinct populations
(Fig. 3.2b) suggesting that zircon cores
crystallized from various (n = 4) isolated
and isotopically distinct magma batches.
Analyses of outermost zircon crystal fac-
es yielded less isotopic diversity (8'30 =
-0.02 to +2.60 %o; Fig. 3.2¢), with two
distinct populations, recording progres-
sive blending of magmas from distinct
batches and the presence of two isolated
sub-reservoirs at the time of crystalliza-
tion of zircon rims.

Notably, none of the analyzed zircon
interior domains or even the outermost
zircon rims is in high-temperature oxy-
gen isotopic equilibrium with sanidine
and quartz phenocrysts that reflect the
isotopic composition of the erupted mag-
ma ("0, . =+3.5 %o; Fig. 3.2). High-
temperature equilibrium of sanidine and
quartz phenocrysts sampled from various
locations, as well as whole rock homo-
geneity with respect to Sr and Nd iso-
topes (Watts et al., 2011) suggest large-
scale convective homogenization of the
batch-assembled Kilgore magma body
prior to eruption. The fact that outermost
zircon rims are not in equilibrium with
the erupted magma indicates that the ho-
mogenized magma present before erup-
tion was undersaturated with respect to
zircon and zircons were dissolving and/
or the time between final assembly and
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FIGURE 3.3 Conceptual cartoon illustrating
the assembly process leading to accumu-
lation of the Kilgore Tuff magma reservoir.
Progressive amalgamation of isotopically
distinct magma batches is recorded by iso-
topically diverse but age equivalent acces-
sory zircon crystals. (a) Isolated, isotopically
distinct magma batches are generated by
remelting of intracaldera rocks that ex-
changed oxygen with meteoric water during
hydrotheral alteration. Four magma batches
are shown corresponding to the four zircon
core populations with distinct oxygen isoto-
pic composition. (b) Amalgamtion of isotopi-
cally distinct magma batches is inferred by
the observation that zircon rims cluster in
two distict populations with respect to their
oxygen isotopic composition. (c) Progres-
sive amalgamation and homogenisation of
the magma reservoir prior to eruption. Sani-
dine and quartz are in isotopic equilibrium
with the erupted magma (Watts et al., 2011)
and the Kilgore Tuff is homogeneous on a
caldera-wide scale requiring homogenisa-
tion prior to eruption. The color of individual
magma batches referres to the zircon oxygen
isotopic composition. lllustrated is also how
the increase in thickness of the assembled
magma batches (h, H, H) lead to an increase
in buoyancy (B).

eruption was too short to isotopically
equilibrate zircon rims diffusively. The
lack of isotopic equilibration provides
mineral diffusive time scales for the time
interval between assembly and eruption
on the order of 100s to 1000s of years
(see model calculations of Bindeman
and Valley, 2001; Bindeman et al., 2006;
Bindeman, 2008).

3.4 ZIRCON U-PB GEOCHRONOL-
OGY AND THE DURATION OF
RESERVOIR ASSEMBLY

To place additional constraints on
the time-scales over which the shal-
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low crustal reservoir was assembled,
we dated zircons with diverse oxygen
isotopic compositions employing high-
precision chemical abrasion ID-TIMS
techniques (see supplementary methods;
Tab. A3.1). Twenty-four analyses of zir-
cons previously analyzed by SIMS for
oxygen isotopes, yielded indistinguish-
able initial >*U-*Th disequilibrium cor-
rected 2°Pb/>¥U dates, with a weighted
mean of 4.4876 + 0.0023 Ma (HS10/11;
MSWD=1.5; Fig. 3.2a and 3.2d). Addi-
tional U-Pb analyses of zircons from a
sample collected 80 km north-west (sam-
ple 95-2017b; Fig. 3.1) yielded an indis-
tinguishable weighted mean of 4.4901 +
0.0049 Ma (n=8; MSWD=1.1; Fig. 3.2).

Age-equivalent but isotopically di-
verse zircons suggest that the generation
and subsequent progressive amalgama-
tion, mixing and homogenization of iso-
topically distinct magma batches occured
within the resolution of our geochronol-
ogy (Fig. 3.3). During different stages of
reservoir assembly several isotopically
distinct sub-chambers co-existed in the
sub-caldera storage region (Fig. 3.3), re-
sulting in a pre-eruption Kilgore magma
reservoir configuration that resembles
the reservoir configuration imaged seis-
mically beneath Yellowstone and Toba
(Fig.3.1 and 3.3; Miller and Smith, 1999;
Stankiewicz et al., 2010).

All individual zircon *°Pb/>*U dates
overlap within their uncertainties with
the mean sanidine “°Ar/*°Ar date reported
by Morgan and McIntosh (2005; recalcu-
lated using the Kuiper et al., 2008, cali-
bration of the Fish Canyon Tuff sanidine
standard). If this **Ar/*°Ar date (4.51 +
0.05 Ma) is taken as the eruption age of

the Kilgore Tuff, then isotopically diverse
zircons crystallized shortly before erup-
tion. This is remarkably consistent with
mineral diffusive time-scales derived
from oxygen isotopic heterogeneities in
zircon (Bindeman and Valley, 2001; Bin-
deman et al., 2006; Bindeman, 2008).
The presence of two xenocrystic zir-
cons with crystallization ages corre-
sponding to one of the previous caldera
forming eruptions that produced the Co-
nant Creek Tuff, is additional evidence
that magma generation was governed
by remelting of intra-caldera rocks as-
sociated with previous eruptions. This
is also consistent with the homogeneity
of zircons with respect to their hafnium
(Hf) isotopic composition compared to
their significant oxygen isotopic het-
erogeneities (Fig. 3.4; Tab. A3.2). The
homogeneous mixture of crustal and
mantle derived Hf in Kilgore zircons is
likely due to long-term hybridization
and homogenization of the sub-caldera
crust throughout the Heise caldera cycle.
Meteoric-hydrothermal alteration of the
sub-caldera crust creates oxygen isotopic
heterogeneities but does not affect Hf.

3.5 BATCH ASSEMBLY AS A
MECHANISM TO TRIGGER
SUPERERUPTIONS

Our results suggest that the eruption
occurred relatively soon after the con-
nection and chemical blending of the
magmas from different sub-reservoirs. It
is unlikely that this is a coincidence and
it is more probable that the merging of
different reservoirs cause the system to
evolve to a critical state that eventually
culminated in the Kilgore Tuff eruption.

Chapter 3



26

19

13

(n=38/40)

Geophysical measurements of the Yel-
lowstone and Toba magmatic system
show that several, laterally extended,
reservoirs, containing potentially erupt-
ible magma, are present over a vertical
distance of few kilometers (Miller and
Smith, 1999; Husen et al., 2004; Stankie-
wicz et al., 2010; Fig. 3.1b). Magma in
such reservoirs is less dense than the sur-
rounding solid rock and it is therefore
buoyant. Buoyancy (B) is a function of
the vertical thickness of these magma
chambers and is equal to Apgh, where
Ap is the average difference in density
between magma and the rocks around
the reservoir, g is gravity and h is the
thickness of the buoyant magma in each
reservoir (Fig. 3.3). As long as the res-
ervoirs are separated, their overpressure
are essentially equal to the their respec-
tive buoyancy. To generate sufficient
overpressure to trigger eruption in reser-
voirs that are comparable in size to the
one that fed the Kilgore Tuff, extremely

FIGURE 3.4 Histogram and Kernel density
estimate (blue curve) of Hf isotopic compo-
sitions of U-Pb dated Kilgore zircons (Ver-
meesch, 2012). Individual data points are
shown along the x-axis. Kilgore Tuff (sam-
ples HS10/11 and 95-2017b) and pre-Kilgore
Tuff (HS14) zircon Hf data were combinded
(see Tab. A3.2). Two zircons yielded signifi-
cantly more negative ¢Hf values (-13.4 and
-17.3) and are not shown. Note that Kilgore
zircons are significantly more homogeneous
with respect to their Hf isotopic compositions
compared to their oxygen isotopic composi-
tions. See text for discussion.

high magma injection rates are required
if the surrounding crust is relatively hot
and thus has a low viscosity (Jellinek and
DePaolo, 2003; Rubin, 1995). However,
if isolated reservoirs connect over a ver-
tical distance H, the overpressure in the
connected magmatic system increases
rapidly to ApgH (Fig. 3.3). In the sim-
plified assumption of two identical res-
ervoirs arranged vertically (Fig. 3.3),
their merging would rapidly double the
overpressure potentially being sufficient
to trigger an eruption.

The process of sub-reservoir amal-
gamation and thus the eruption trigger
mechanism that we propose on the basis
of the isotopic data could be monitored at
active supervolcanoes using geophysical
methods.

3.6 SUMMARY & CONCLUSIONS
Isotopically heterogeneous but age-

equivalent zircons in the Kilgore Tuff

suggest that the magma reservoir that fed
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the eruption was assembled by progres-
sive amalgamation, mixing and homog-
enization of isotopically distinct magma
batches. Prior to eruption, several iso-
lated batches were present in the sub-
caldera storage region. This pre-eruption
reservoir configuration inferred for the
Kilgore Tuff is very similar to reservoirs
imaged seismically beneath active super-
volcanoes. The short time scale between
crystallization of isotopically diverse zir-
cons, recording the co-existence of dis-
tinct magma batches and eruption sug-
gests that such reservoir configurations
are not indicative for repose episodes but
may exist until shortly before eruption.
The assembly process itself may in fact
trigger the eruption, if the different mag-
ma batches are distributed over several
kilometers vertical distance.

APPENDIX

SUPPLEMENTARY METHODS
Zircons were extracted using stan-
dard mineral separation techniques. For
oxygen isotope analyses, one subset of
zircons was mounted in epoxy resin and
crystals were polished to expose crystal
interior domains (see Watts et al., 2011;
Fig. A-3.1). A second subset of zircons
was pressed in indium metal to analyze
outermost crystal faces. All oxygen iso-
tope analyses were performed employ-
ing a CAMECA ims 1270 secondary ion
mass spectrometer at the Department of
Earth and Space Sciences of the Univer-
sity of California, Los Angeles (UCLA).
Instrumental calibration and analytical
methods were identical to those of Bin-
deman et al. (2010). Uncertainties were

estimated from the reproducibility of
repeat analyses of standard zircons AS3
and KIM measured during the respective
analytical session. After SIMS analy-
ses, selected individual zircon crystals
were extracted from the grain mounts
for high-precision U-Pb geochronology
by isotope dilution thermal ionization
mass spectrometry U-Pb geochronology.
All ID-TIMS analyses were performed
at the Radiogenic Isotope Laboratory
of the Department of Earth Sciences,
University of Geneva. Chemical and
analytical procedures follow established
and well documented protocols (Schoe-
ne et al., 2010a; 2010b; 2012; Wotzlaw
et al., 2012; 2013). All **Pb/*8U dates
were corrected for initial >%U-*Th dis-
equilibrium using the whole rock Th/U
reported by Watts et al. (2011; average
4.06 +0.74, 2 S.D.) as a proxy for the
melt in equlibrium with zircon during
crystallization. This appears reasonable
in case of the crystal-poor (~5% crystals)
Kilgore Tuff that has near liquidus zircon
saturation temperatures (~850°C).

Hf isotope analyses of U-Pb dated
crystals were partly performed at the
University of Frankfurt and partly at the
University of Geneva following proto-
cols outlined in Wotzlaw et al. (2012;
2013) and Chelle-Michou et al. (submit-
ted).

Oxygen and U-Pb isotopic data are
given in Tab. A3.1 and Hf isotopic data
are given in Tab. A3.2. All uncertainties
are given at the 20 level of confidence
unless otherwise indicated.
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scale bars are 50 um
numbers are d180
in permil relative to VSMOW

HS10/11; n =18

| ! =
-1 0 1 2 3 4 5 6

580 £ 2 S.D. (%0, VSMOW)

FIGURE A-3.1 Cathodoluminescence textures of Kilgore zircons. Zircons are grouped according to their
oxygen isotopic composition. Most zircons show planar to weak oscillatory textures with superimposed
sector zoning in some crystals. Note that there is no obvious relationship between CL texture and §'80.
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Table A3.2 Lutetium-Hafnium isotopic data for Kilgore Tuff zircons

TYb/  #20 "Luw/  #20 Hff  '™Hf/  SigHf "Hf/  +20 Hff  eHf 20
THF (a) 7HE (a) THE THE [V] (b) ""Hf (© 'THE@ @) ()
t

HS10/11

HS11_z10 00352 28  0.00097
HS11_z6 0.0350 28  0.00095
HS10_g7 00342 27  0.00081
HS10_g4 00364 29  0.00086
HS10_g5 00415 33 0.00093
HS11_z12 00329 26  0.00075
HS11_z22 00319 26  0.00078
HS11_z2 00417 33  0.00115
HS11_z11 00404 32 0.00104
HS11_z1 0.0431 34 000118
HS11_z18 0.0370 30  0.00087
HS11_g5 00345 28  0.00082
HS11_g9 00323 26  0.00078
HS11_z7 0.0420 34 0.00117
HS11_g10 0.0341 27 0.00078
HS11_z3 0.0350 28  0.00095
HS11_z16 00436 35 0.00110
HS11_z8 00329 26  0.00089
HS11_g6 00418 33  0.00116
HS11_z9 0.0408 33  0.00111
HS11_z5 0.0301 24 0.00085
HS10_g2 00485 39  0.00115
HS11_g7 00438 35 0.00104
HS11_z21 0.0439 35 0.00108
HS10_g9 00482 39  0.00127
HS11_z13 00364 29  0.00084

95-2017b

146718 1.88662 50 0.282537 27  0.282537 -8.7 02
146717 1.88655 40 0.282530 6 0.282530 -89 02
146725 1.88688 11 0.282571 12 0.282571 -75 04
146724 1.88684 11 0.282549 11 0.282549 -83 04
146726  1.88688 18 0.282484 11 0.282484 -10.5 04
146728 1.88694 41 0.282521 9 0.282521 92 03
146725 1.88686 9 0.282539 12 0.282539 -86 04
146718 1.88664 37 0.282529 7 0.282529 -89 02
146728 1.88689 10 0.282573 12 0.282572 -74 04
146717 1.88662 53 0.282525 7 0.282525 9.1 02
146724 1.88683 11 0.282561 13 0282561 -7.8 0.5
146723 1.88679 10 0.282552 12 0.282552 -8.1 04
146727 1.88690 26 0.282292 10 0282292 -173 0.3
146717 1.88660 38 0.282533 12 0.282533 -8.8 0.2
146725 1.88691 20 0.282532 10  0.282532 -88 04
146717 1.88656 41 0.282531 8 0.282531 -89 02
146723 1.88684 6 0.282564 15 0282564 -7.7 0.5
146719 1.88659 58 0.282534 17  0.282534 -88 0.2
146718 1.88665 34 0.282545 13 0.282545 -84 02
146718 1.88663 47 0.282543 15  0.282543 -85 0.2
146716 1.88658 31 0.282544 8 0.282544 -84 02
146724 1.88683 9 0.282543 12 0.282543 -85 04
146724 1.88685 10 0.282549 12 0.282549 -82 04
146722 1.88675 6 0.282564 15 0282564 -7.7 05
146722 1.88673 3 0.282599 17  0.282599 -65 0.6
146726 1.88691 21 0.282567 10  0.282567 -76 04

NOOIAITUNI 1IN NN NN

95-2017b_z5 0.0412 33 0.00094 6 146724 1.88690 22 0.282547 10  0.282547 -83 04
95-2017b_z7 0.0446 36  0.00104 6 146725 1.88692 10 0.282548 11 0.282548 -83 04
95-2017b_z11 0.0499 40  0.00120 7 146726 1.88691 6 0.282563 13 0.282563 -7.8 04
95-2017b_z1 0.0440 35 0.00103 6 146723 1.88689 9 0.282580 14  0.282580 -7.1 0.5
95-2017b_z3 0.0407 33  0.00102 6 146723 1.88682 7 0.282580 13 0282580 -7.2 0.5
95-2017b_z8 0.0515 41 0.00125 8 146726 1.88688 8 0.282590 12 0.282590 -6.8 0.4
95-2017b_z10 0.0447 36  0.00106 6 146725 1.88683 9 0.282559 13 0282559 -79 05
95-2017b_z6 00724 58  0.00183 11 146721 188677 6 0.282603 13 0.282603 -6.3 0.5
HS14

HS14_z2 00310 25 0.00076 5 146727 1.88691 8 0.282531 11 0.282531 -89 04
HS14_z3 00470 38 0.00108 6 146725 1.88686 13 0.282566 11 0.282566 -76 04
HS14_z5 00258 21  0.00060 4 146726 1.88697 23 0.282583 11 0.282583 -7.1 04
HS14_z8 0.0621 50 000143 9 146722 1.88686 9 0.282404 11 0.282404 -134 04
HS14_z6 00264 21  0.00062 4 146725 1.88693 16 0.282589 10  0.282589 -6.8 04
HS14_z4 00478 38 0.00110 7 146725 1.88691 10 0.282568 12 0.282568 -76 04

Quoted uncertainties (absolute) relate to the last quoted figure. Accuracy and reproducibilty was checked by repeated analyses
of 10-40 ppb solutions of IMC475.

(a) 7°Yb/'""Hf = ("°Yb/'3Yb)true x ('*Yb/'"Hf)meas x (M173(Yb)/M177(Hf))b(Hf), b(Hf) = In("’Hf/'""Hf)true / (‘"’Hf/'""Hf)
neae! In (M179(Hf)/M177(Hf)), M=mass of respective isotope. The '"Lu/"""Hf were calculated in a similar way by using the
SLu/'""Hf and b(Yb).

(b) Mean Hf signal in volt.

(c) Uncertainties are quadratic additions of the within-run precision and the daily reproducibility of the 10ppb-JIMC475
solution. Uncertainties for the IMC475 quoted at 2SD (2 standard deviation).

(d) Initial ""*Hf/"""Hf and eHf calculated using the apparent U-Pb age determined by ID-TIMS (see Table A2.1), and the
CHUR parameters: '7Lu/""’Hf = 0.0336, and '"°Hf/"""Hf = 0.282785 (Bouvier et al., 2008).
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Chapter 4

Testing the gold standard of geochronology against astro-
nomical time: High-precision U-Pb geochronology of or-
bitally tuned ash beds from the Mediterranean Miocene

J.F. Wotzlaw, S K. Hiising, F.J. Hilgen, U. Schaltegger

Keywords:

U-Pb geochronology
astrochronology
intercalibration
zircon

20Th disequilibrium
residence time

ABSTRACT

Several orbitally tuned Miocene sedimentary sequences
around the Mediterranean contain abundant intercalated volca-
nic ash beds. These sequences provide the rare opportunity to
intercalibrate radioisotopic dating methods with independent
and accurate deposition ages derived from astrochronology.
We present a large data set (N=17, n=175) of high precision zir-
con U-Pb dates for ash beds from an almost continuous orbit-
ally tuned Messinian to Langhian (6.2-15.4 Ma) sedimentary
sequence exposed along the Adriatic coast south of Ancona,
Italy. We use this unique data set to evaluate (1) the accuracy
of zircon U-Pb dates, (2) the significance of initial intermediate
daughter product disequilibria for zircon U-Pb geochronology
of young rocks, (3) the effect of prolonged pre-eruption zircon
crystallization and zircon recycling on U-Pb derived ash bed
deposition ages, and (4) discuss the implications for the inter-
calibration of radioisotope geochronometers and the calibra-
tion of the Geologic Time Scale.

4.1 INTRODUCTION

Uranium-lead geochronology by iso-
tope — dilution thermal ionization mass
spectrometry (ID-TIMS) is widely re-
garded as the most accurately calibrated
radioisotopic dating method and is often
referred to as the gold standard of geo-

chronology. This stems from the unique
dual decay of **U and **°U aiding evalu-
ation of closed system behaviour, pre-
cisely and accurately determined ***U and
25U decay constants (Jaffey et al., 1971;
Schoene et al., 2006; Mattinson, 2010),
gravimetrically calibrated reference and
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tracer solutions (Condon et al., submit-
ted; McLean et al., submitted) as well as
decades of progressive improvements of
analytical procedures, reducing labora-
tory contamination (e.g., Krogh, 1973;
Bowring et al., 2006) and effectively
reducing the influence of post-crystal-
lization Pb-loss in the most commonly
dated mineral zircon (e.g., Krogh, 1982;
Mattinson, 2005).

These characteristics together with
advances in thermal ionization mass
spectrometry techniques allow the de-
termination of parent-daughter isotopic
ratios and dates with precision and ac-
curacy at the permil level for the *®*U-
2P system. This level of precision and
accuracy translates into absolute uncer-
tainties of several thousand to tens of
thousands of years when dating Ceno-
zoic zircons. Such high temporal reso-
lution may result in complex zircon age
populations, reflecting prolonged zircon
growth and magma residence, previously
only resolvable by in-situ U-Th dating
in Pleistocene magmatic systems (e.g.,
Schmitt, 2011). The potential of resolv-
ing the time-scales and rates of magmat-
ic processes in pre-Pleistocene volcanic
deposits and exhumed plutons, recently
made ID-TIMS based zircon U-Pb geo-
chronology a widely used tool in igne-
ous petrology (e.g., Crowley et al., 2007,
Schaltegger et al., 2009; Schoene et al.,
2012; Wotzlaw et al.,2012,2013; Rivera
et al., 2013). When dealing with zircons
from volcanic deposits, the prolonged
magmatic history recorded by zircons,
may somewhat systematically bias zir-
con U-Pb derived eruption/deposition
ages. This is important for two reasons:

(1) Several isotopic systems are cali-
brated against the U-Pb system by dat-
ing two minerals of the same rock; one
employing the U-Pb method (typically
zircon) and another mineral using the ra-
dioisotopic system of interest (e.g., Lu-
Hf, Scherer et al., 2001; Re-Os, Selby
et al., 2007; Rb-Sr, Nebel et al., 2010;
YOAr/*Ar, Renne et al., 2010, 2011). This
approach is based on the a priori assump-
tion that a given pair of radioisotopic
dates of a pair of minerals (e.g., zircon
U-Pb and sanidine “Ar/*°Ar) date the ex-
act same event (e.g., the eruption). If this
assumption can be validated, systematic
offsets between the two dates can be
used to re-calibrate the system of inter-
est. However, the prolonged crystalliza-
tion history recorded by zircons has been
suggested to contribute to the systematic
offset between sanidine “°Ar/*’Ar and zir-
con U-Pb dates (e.g., Simon et al., 2008;
Renne et al., 2010; Renne et al., submit-
ted) but may potentially also influence
other intercalibrations (e.g., zircon U-Pb
vs. molybdenite Re-Os; Chelle-Michou
et al., in prep.).

(2) The high precision and accuracy
achievable by zircon U-Pb geochronology
also made it the method of choice for the
numerical calibration of large parts of the
Geologic Time Scale (GTS; e.g., Grad-
stein et al., 2012). In the GTS2012, U-Pb
dates of volcanic ash beds intercalated
with fossil-bearing marine sediments
underpin much of the Palaeozoic and
Mesozoic numerical time scales (Grad-
stein et al, 2012). Several recent studies
reported significant complexities in ziron
populations of Paleozoic and Mesozoic
ash beds resembling those from younger
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volcanic deposits that were related to
prolonged pre-eruption zircon crystal-
lization. Such data-sets require new data
interpretation strategies (e.g., Schoene et
al., 2010, Meyers et al., 2012; Guex et
al., 2012). The larger absolute uncertain-
ties associated with U-Pb dates of older
zircons may also mask complexities es-
pecially in lower precision data-sets. In
such cases, statistical methods to reduce
uncertainty, such as the calculation of a
weighted mean date of a population of
zircons, may Yyield inaccurate results.
These aspects have been suggested to
significantly compromise chronostrati-
graphic applications of zircon U-Pb geo-
chronology (e.g., Simon et al., 2008) and
need thorough evaluation.

In contrary to the Paleozoic and Me-
sozoic, the numerical calibration of the
Neogene period is entirely independent of
the U-Pb system but instead relies on as-
trochronology (e.g., Hinnov and Hilgen,
2012; Hilgen et al., 2012). Astrochronol-
ogy is based on cyclic sedimentary se-
quences that record periodic variations
in the quantity of insolation the Earth
receives from the sun. These periodic
changes in insolation quantity are related
to periodic variations in the ellipticity of
the Earth’s orbit (eccentricity), Earth’s
axial tilt (obliquity) and the orientation of
the Earth’s axis relative to the sun (pre-
cession). These parameters change as a
function of time with specific periodici-
ties. Main periodicities affecting Earth
climate are 400,000 and 100,000 years
for eccentricity, 41,000 years for obliqui-
ty and 19,000 and 23,000 for precession.
The combined effects of these parameters
can be modeled as a function of time, re-

sulting in long-term numerical solutions
for the insolation quantity of the Earth
(astronomical solution; see Laskar et al.,
2004; 2011 for the most recent models).
These variations in insolation result in
variations in Earth climate that may be
recorded in cyclic patterns in lithology,
geochemistry and/or isotopic composi-
tion of sedimentary sequences. These
cyclic patterns in sedimentary records
can be correlated with the astronomical
solution (orbital tuning) resulting in nu-
merically calibrated sedimentary records
completely independent of radioisotopic
dating methods.

Several Neogene sedimentary sequenc-
es around the Mediterranean Sea (e.g.,
Spain, Greece, Italy, Morocco) display
precession controlled cyclic patterns that
can be tuned to the astronomical solution
of Laskar et al. (2004). Many of them
serve as reference sections for large parts
of the Miocene, Pliocene and Pleistocene
epochs (Hilgen et al., 2012; Pillans and
Gibbard, 2012). Some of these sequenc-
es contain intercalated volcanic ash beds
derived from subduction-related volca-
nic systems in the Mediterranean (e.g.,
the Betic-Rif subduction system; the
Tyrrhenian Sea; Aegean arc etc.). These
ash beds provide the opportunity to di-
rectly intercalibrate radioisotopic dating
methods with astrochronology. Sanidine
crystals of some of these astronomically
dated ash beds have previously been ana-
lyzed by the “’Ar/* Ar method in order to
calibrate various dating standards rela-
tive to the astronomical age of the ash
beds (e.g., Hilgen et al., 1997; Kuiper et
al.,2004; 2005; 2008; Riveraet al.,2011;
2013).
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We here employ ID-TIMS techniques
to obtain high-precision zircon U-Pb
dates from ash beds intercalated with
orbitally tuned Langhian to Messinian
sediments exposed along the Adriatic
coast south of Ancona, Italy (Fig. 4.1;
Hilgen et al., 2003; Hiising et al., 2007,
2009; 2010). With this intercalibration
study we independently test the accuracy
of the U-Pb system, evaluate data inter-
pretation strategies, and discuss some of
the fundamental limitations of the zircon
U-Pb method arising from pre-eruption
crystallization and isotopic closure as
well as initial intermediate daughter
product disequilibria. The latter two as-
pects become increasingly more signifi-
cant with decreasing age, but the general
implications also apply to older zircons.
We further discuss the implications for
the calibration of sedimentary records
and the intercalibration of radioisotopic
geochronometers.

FIGURE 4.1 Map of the study area south of
Ancona, ltaly. Red lines show the location
of studied sections along the beach (La Ve-
dova and Monte dei Corvi sections) and cliff
(La Sardella section). Indicated is also the
landslide that covered parts of the section
until 2011. Inset shows location of the study
area at the Adriatic coast of Italy.

4.2 STRATIGRAPHIC FRAME-
WORK, ASTROCHRONOLOGY
AND PREVIOUS RADIOISOTOPIC
DATING OF ASH BEDS
Miocene-Pliocene sedimentary depos-
its of the Mediterranean basin attracted
considerable attention as high-resolution
paleoclimate and paleoenvironmental ar-
chives. Much of the research focused on
the timing, progression and causes of the
Messinian salinity crisis that is marked
by cyclic evaporite deposition related to
isolation of the Mediterranean basin from
the Atlantic ocean at ~6 Ma (e.g., Krijgs-
manetal.,1999; Hilgenetal.,2007).Inan
effort to extend Mediterranean paleoen-
vironmental records far into the Middle
Miocene, detailed integrated stratigraphy
work has been carried out for along the
coastal cliff of Monte Conero, south-east
of Ancona, Italy (Fig. 4.1). The marine
sedimentary sequence exposed along the
cliffs is essentially continuous from the
Aquitanian to Messinian (Montanari et
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al., 1997; Hilgen et al., 2003). A series of
studies throughout the last 10 years led
to the construction of an almost complete
Langhian to Messinian astrochronology
(Hilgen et al., 2003; Hiising et al., 2007,
2009; 2010; Mourik et al., 2011).

The Langhian interval, referred to as
the La Vedova section (Fig. 4.1; Mon-

Monte dei Corvi

tanari et al., 1997; Mader et al., 2001;
2004; Hiising et al., 2010) consists of a
cyclic alternation of homogeneous dark
marls and indurated marly limestones
(Fig. 4.2). The first independent age con-
straints were reported by Mader et al.
(2001) who dated biotites from a volca-
nic ash layer, referred to as the Aldo ash,
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FIGURE 4.2 Stratigraphy and astrochronology of the Monte dei Corvi and La Vedova sections. Simpli-
fied lithologic logs show the cyclic alternations of +sapropels, marls and limestones. Intercalated ash

beds are shown with correlation to the astronomical solution of Laskar et al. (2004

. The solutions used

~

for tuning the Monte dei Corvi section use present-day values for tidal dissipation and dynamic ellipticity,
while the solution used for tuning the La Vedova section uses a value of 0.9 for tidal dissipation (relative
to present day tidal dissipation of 1.0; Husing et al., 2010). See text for further details.
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employing the “Ar/*Ar method. Mader
et al. (2001; 2004) further established a
preliminary astronomical tuning for an
interval covering ~340 ka (~14.7-15.1
Ma). More recently, Hiising et al. (2010)
reported high resolution bio-, magneto-
and cyclostratigraphic data as well as
feldspar “’Ar/*Ar dates for two ash lay-
ers and established a robust astronomical
tuning supported by geochemical proxy
records for the interval between 15.3 and
14.1 Ma (Fig. 4.2). This interval contains
a total of eight volcanic ash layers.

The slightly younger Monte dei Corvi
section comprises the upper Serravallian,
the entire Tortonian with the formally rati-
fied Tortonian GSSP (Hilgen et al., 2003;
2005; 2012), and the lowermost Messin-
ian. A robust astronomical tuning of this
part of the sequence, in conjunction with
high resolution bio- and magnetostratig-
raphy, was established and refined in a
series of papers (Hilgen et al., 2003; Hiis-
ing et al., 2007; 2009). The sedimentary
succession consists of cyclic alternations
of marls, limestones and sapropels. The
Serravallian to Middle Tortonian part of
the section displays a cyclic pattern con-
sisting of couplets of marls and marly
limestones with clusters of intercalated
sapropels (Hilgen et al., 2003; Fig. 4.2).
In the upper Tortonian to Messinian part
of the sequence the cycle patterns change
significantly (Hiising et al., 2009); riplets
of brown indurated marls, sapropels and
softer greyish marls in the late Tortonian,
followed by couplets of limestones and
sapropels or limestones and grey marls,
and couplets of thick sapropels and
marly limestones in the Messinian “Eu-
xinic Shales Interval” (Montanari et al.,

1997; Hiising et al., 2007). These preces-
sion controlled small scale cycle patterns
allow a straightforward astronomical
tuning. A small hiatus is present in the
lowermost Messinian part of the section
that was estimated to encompass four
precession cycles (~80 ka; Fig. 4.2) us-
ing biostratigraphic arguments (Hiising
et al., 2009). The Monte dei Corvi sec-
tion contains a total of ten ash layers; two
within the upper Serravallian interval,
referred to as the Respighi and Ancona
ash beds (RES and ANC, respectively,
in Fig. 4.2), the latter just below the Ser-
ravallian-Tortonian boundary, and eight
in the uppermost Tortonian to lowermost
Messinian interval (Fig. 4.2).

Biotite and feldspar “Ar/*Ar dates
have previously been reported for the
Serravallian Ancona and Respighi ash
beds (Montanari et al., 1997; Kuiper et
al., 2005). Hiising (2008) also reported
feldspar “Ar/*’Ar dates for some of the
uppermost Tortonian ashes and correla-
tive beds from the Monte dei Casino sec-
tion in the Northern Appennines. These
“Ar/*Ar dates do not show the systemat-
ic offset relative to the astronomical ages
as reported by Kuiper et al. (2008) and
Rivera et al. (2011) from other Mediter-
ranean sections. This was attributed to the
less favorable material for “Ar/*Ar dat-
ing recovered from these ash beds (i.e.,
biotite and multigrain feldspar fractions)
and not to inaccuracies in the tuning. The
robust astronomical tuning of the La Ve-
dova and Monte dei Corvi sections thus
provides precise and accurate deposition
ages for the intercalated ash beds that are
entirely independent of radioisotopic age
constraints.
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4.3 SAMPLES AND ANALYTICAL
METHODS

We sampled all 17 previously identi-
fied ash beds from the La Vedova and
Monte dei Corvi sections (Fig. 4.2), 16
of them contained accessory zircon suit-
able for high-precision U-Pb geochronol-
ogy. Additionally, a newly identified ash
bed at the base of the La Vedova section
(VED-X) also contained suitable zircon.
The Respighi (RES) and all La Vedova
(VED) ash beds are 5-10 cm thick clay
layers. The Ancona ash bed (ANC) is
a 20 cm thick limestone layer strongly
enriched in volcaniclastic material, par-
ticularly biotite. The younger ash beds
in the upper part of the Monte dei Corvi
section (MDC) are similar to ANC, but
are much thinner volcaniclastic layers in
limestones and marls (Fig. 4.2).

To separate zircons, samples of the
clay-rich ashes were carefully disinte-
grated in water and the clay was decanted
leaving a coarse grained residuum. The
limy samples were first wrapped in plas-
tic foil, carefully crushed using a ham-
mer and the resulting chips and powder
were placed in cold 10% acetic acid for
several hours/days to dissolve carbon-
ates. In both cases, the residual clastic
material was sieved to <200 ym using
disposable nylon sieves. Zircons were
separated from the <200 ym fraction us-
ing Methylene lodide heavy liquid.

A total of 175 zircons were analyzed
as single grains employing chemical
abrasion ID-TIMS techniques at the Uni-
versity of Geneva following established
procedures (e.g., Schoene et al., 2010;
2012; Wotzlaw et al., 2012; 2013). Prior
to dissolution, all crystals were annealed

by heating to 900°C for 48 h in a muffle
furnace. Individual crystals were subse-
quently selected under a binocular mi-
croscope, transferred into 3 ml Savillex
beakers, rinsed with 3 N HNO, and load-
ed into 200 ul Savillex microcapsules
for partial dissolution (i.e., “chemically
abraded”; Mattinson,2005) in HF + trace
HNO, at 180°C for 15 h in Parr bombs.
After partial dissolution, residual crys-
tals/crystal fragments were transferred
back into 3 ml Savillex beakers, rinsed
with water, fluxed for several hours in 6
N HCI and ultrasonically cleaned by al-
ternating water and 3 N HNO,. Zircons
were then reloaded into their respective
200 pl microcapsules, spiked with 3-5
mg of the EARTHTIME (£**Pb-)**Pb-
2BU-2%U tracer solution (hereafter re-
ferred to as ET535 and ET2535; tracer
calibration v. 3.0; http://www.earth-time.
org/; Condon et al., submitted; McLean
et al., submitted) and dissolved in 70 ul
HF at 210°C for 48 h in Parr bombs. Af-
ter dissolution, samples were dried down
and redissolved in 6 N HCI at 180°C
overnight, dried down again and redis-
solved in 3 N HCI. U and Pb were then
separated using a modified HCl-based
single-column anion exchange chemis-
try (Krogh, 1973). The U-Pb fractions
were dried down with a microdrop of
0.035 M H,PO, and loaded on outgassed
single Re-filaments with a Si-Gel emitter
modified from Gerstenberger and Haase
(1997). U and Pb isotopic measurements
were performed on a Thermo TRITON
thermal ionization mass spectrometer.
Pb was measured in dynamic mode on
a MasCom secondary electron multipli-
er. Analyses of ET2535-spiked samples
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were corrected for instrumental mass
fractionation using the fractionation fac-
tor derived from the measured **>Pb/**Pb
ratio relative to a true value of 0.99924.
ET535-spiked samples were corrected
for 0.13 £ 0.03 %/amu mass fraction-
ation which is the average value of mea-
surements employing the ET2535 tracer
over the course of this study (n > 200). U
was measured as U-oxide in static mode
on Faraday cups equipped with 10" Q
resistors. Measured isotopic ratios were
corrected for isobaric interferences of
#3000 on **U'0, using an *0/"°0 of
0.00205 and for mass fractionation using
the measured 3U/?**U ratio relative to a
value of 0.99506 for both tracers and a
sample >¥U/>°U of 137.818 +0.045 (20;
Hiess et al., 2012). All common Pb in
zircon analyses (Tab. 4.1) was assumed
to be procedural blank and corrected us-
ing the long-term average composition
of total procedural blank measurements
(see footnote in Tab. 4.1). Data reduction
was performed using Tripoli and U-Pb_
Redux software (Bowring et al., 2011)
that employs algorithms of McLean et
al. (2011). U-Pb ratios and dates were
calculated relative to a »°U/**Pb ratio of
100.23 +0.046% (20).

206Pp/28U and 'Pb/**°Pb dates were
corrected for initial 2*U-*Th disequilib-
rium in the #¥U-?"Pb decay chain arising
from preferential exclusion of Th relative
to U during zircon crystallization (e.g.,
Schirer, 1984). We here use a model cor-
rection assuming that variations in Th/U
of analyzed zircons are due to variations
in the Th/U of the magma in equilibrium
with the respective zircon during crys-
tallization and not due to variations in

relative partitioning between Th and U
(i.e., D, /D, remains constant). We ten-
tatively use a partition coefficient ratio
D,,/D, of 0.2 with a conservative uncer-
tainty of + 0.1 (20) that covers the range
of most empirically and experimentally
determined partition coefficient ratios
(e.g., Bindemann et al., 2006; Thomas et
al., 2002; Rubatto and Hermann, 2007;
Schmitt, 2011). This correction results
in a constant increase of **°Pb/>*U dates
by 87 + 11 ka. Uncertainties associated
with the calculated Th/U _ were prop-
agated into the uncertainty of **Pb/**U
dates following Crowley et al. (2007)
and McLean et al. (2011).

All uncertainties are reported at the
95% confidence level. Systematic uncer-
tainties associated with the tracer isotopic
composition and the **U decay constant
were propagated following McLean et al.
(2011; submitted) for comparison with
astronomical ages and “Ar/*Ar dates.

4.4 ZIRCON U-PB SYSTEMATICS

Analyzed ash bed zircons show some
common features with respect to their
U-Pb systematics, i.e., the relationship
between the *U-**Pb and **U-*"Pb
systems (Tab. 4.1; Fig. 4.3) and the rela-
tionship between U-Pb dates and astro-
nomical ages of individual ashes (Tab.
42;Fig.4.4).

After correcting the **Pb/**U ratios
for 2*Pb deficit resulting from initial
Z8U-2Th disequilibrium, the majority
of zircon analyses is concordant within
uncertainty with some analyses showing
minor but resolvable residual normal dis-
cordance (i.e., higher *’Pb/**3U relative
to concordia; samples MDC-4 to MDC-8
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FIGURE 4.3 Zircon U-Pb isotope systematics of analyzed Miocene ash beds shown in concordia space.
Shaded ellipses represent the 2o or 86% confidence interval of individual zircon analyses. N = number of
ash beds; n = number of analyzed zircons. Inset (bottom left) illustrates the effects of initial 22°Th deficit and
Z1Pa excess in zircon on U-Pb systematics relative to the theoretical concordia. All analyses were cor-
rected for initial 2°Th deficitassuming D,, /D ,= 0.2 + 0.1 (see text for details) but are uncorrected for initial
B1Pa excess. The magnitude of the residual discordance is consistent with that expected from differential
Pa-U paritioning during zircon crystallization (Schmitt, 2007; Schmitt, 2011; see text for further details).
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FIGURE 4.4 (previous page) Intercalibration of zircon U-Pb geochronology and astrochronology. Shown
ia a summary of the stratigraphy, astrochronology and geochronology of the Monte dei Corvi and La Ve-
dova sections. Stratigraphy is scaled to the astronomical age models (Hilgen et al., 2003; Hising et al.,
2007; 2009; 2010; Mourik et al., 2010). Intercomparison of zircon 2°Pb/#8U dates (Th-corrected) and
astronomical ages of analyzed ash beds shows single zircon dates with 2o analytical uncertainty. As-
tronomical ages are shown as horizontal red bars with grey bars showing a +10 ka uncertainty interval.
Weighted mean dates for statistically equivalent zircon populations are not shown, but are given in Tab.
4.2. Also shown are the Th/U ratios of zircons as a function of 2°°Pb/2*®U date (see text for discussion).
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in Fig. 4.3). The magnitude of the resid-
ual discordance is much larger than ex-
pected from inaccuracies in the U decay
constants (Schoene et al., 2006; Mattin-
son et al., 2010) or U isotopic composi-
tion (Hiess et al., 2012) but is consistent
with 27Pb* excess resulting from initial
25U-31Pa disequlibrium. Equivalent to
inital 2*U->Th disequlibria, initial >*U-
B1Pa disequilibria mainly result from
differential Pa-U partitioning during zir-
con crystallization (Schmitt, 2007; 2011)
but may also partly be inherited from
the (**U)/(**'Pa) of the magma. While
the magnitude of the initial 2*°Th deficit
is constrained by complete exclusion of
Th, translating into a maximum correc-
tion corresponding to a 110 ka increase
of 2Pb/*¥U dates, the magnitude of »'Pa
excess is rather unconstrained and seems
to vary significantly (Anczkiewicz et al.,
2001; Parrish and Noble, 2003; Crowley
et al., 2007; Schmitt, 2007; 2011). We
thus only consider initial *°Th deficit
corrected *°Pb/>®U dates for our inter-
comparison with astronomical ages.

The relationship between Th-corrected
zircon 2°°Pb/?*®U dates and the respective
astronomical ages is somewhat different
between the La Vedova and Monte dei
Corvi ash beds. A detailed comparison
of U-Pb dates and astronomical ages is
given in Fig. 4.4 and Tab. 4.2.

La Vedova: We dated a total of sev-
enty-nine zircon crystals from six astro-
nomically dated ash beds in the La Ve-
dova section. Analytical uncertainties of
single crystal 2°Pb/**U dates range from
0.015 to 0.10 Ma (20; Tab. 4.1). All but
one VED ash bed contain zircon popula-
tions that, with respect to their 2°Pb/**U
dates, show dispersion largely in excess
of analytical scatter (i.e., many dates do
not overlap within analytical uncertain-
ty; MSWD >> 1; Tab. 4.2). VED-0 and
VED-1 contain single crystals or small
subpopulations that are way older than
the main population (>16 Ma; Fig. 4.4).
All ash beds except for VED-1 contain
zircons with 2Pb/>¥U dates that overlap
with the astronomical age (Fig. 4.4; Tab.
4.2). For ash beds that contain zircon
subpopulations with more than four sta-
tistically equivalent single crystal dates
including the youngest date, we calcu-
lated weighted mean 2°°Pb/>®U dates
(see summary in Tab. 4.2). Five of six
ash beds contained such a population. In
case of four ash beds the weighted mean
dates overlap with the astronomical age.
VED-2 contains a large population of
statistically equivalent dates (n=13/15;
MSWD = 1.2) with a weighted mean of
14.787 £ 0.019 Ma (analytical uncertain-
ty/including systematic uncertainties).
The weighted mean date is 67 + 21 ka
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older than the astronomical age although
many of the single crystal dates are indis-
tinguishable from the astronomical age.
Most of the VED ash bed zircons have
Th/U ratios ranging from 0.34 to 0.68;
very common values for igneous zir-
con from felsic rocks (e.g., Hoskin and
Schaltegger, 2003). Zircons of sample
VED-1 have higher Th/U between 0.73
to 1.14 (Fig. 4.4). None of the zircon
populations show a correlation between
206pp/>8YU date and Th/U, but samples
that show less dispersion with respect to
date also show less dispersion with re-
spect to Th/U.

Monte dei Corvi: Ninety-six zircon
crystals from ten ash beds in the Monte
dei Corvi section yielded **°Pb/***U dates
with uncertainties ranging from 0.011 to
0.063 Ma. The two Serravallian ash beds
(RES and ANC) yielded simple normal-
ly distributed populations of **Pb/**U
dates. The weighted mean dates of
13340 +£ 0.018 and 11.720 £ 0.015 Ma
(including systematic uncertainties) are
indistinguishable from the respective as-
tronomical age. ANC also contains one
xenocryst with a 2*°Pb/***U date of 13.568
+ 0.024 Ma. Th/U ratios of RES zircons
range from 0.39 to 0.64, while ANC zir-
cons have significantly higher Th/U ra-
tios between 1.06-1.41.

Similar to the Serravallian ashes,
the two oldest of the upper Tortonian/
lower Messinian ash beds (MDC-1 and
MDC-2; Fig 4.4) yielded large popula-
tions of statistically equivalent **’Pb/**U
dates with weighted mean dates of 7.603
+ 0.012 and 7.589 + 0.011 Ma, respec-
tively (Tab. 4.2). These weighted mean
dates are indistinguishable from the as-

tronomical ages. MDC-1 contained one
slightly older zircon that was excluded
from the weighted mean calculation, and
also has a larger range with respect to
Th/U (0.55 to 0.85). MDC-2 zircons are
chemically very homogeneous with Th/U
between 0.50 and 0.57. The stratigraphi-
cally younger ashes are very distinct; (1)
they yielded very complex zircon popu-
lations; (2) the majority of zircons have
unusually low Th/U with an average of
0.22 but as low as 0.08 (Fig. 4.4); (3) the
offset between the youngest zircon of a
given ash bed and the respective astro-
nomical age increases upsection, from
23 +21 and 21 + 18 ka for MDC-3 and
MDC-4,to 163 + 18 and 157 + 19 ka for
MDC-7 and MDC-8 (Tab. 4.2).

4.5 DISCUSSION & CONCLUSIONS

4.5.1 Traceability of zircon U-Pb dates
Pb/U isotopic ratios and derived U-Pb
dates determined in this study are trace-
able to the SI system of units. All Pb and
U isotope abundance ratios of ash bed
zircons and laboratory blanks as well
as the magnitude of instrumental mass
fractionation were measured against the
EARTHTIME tracer solutions. Condon
et al. (submitted) describe in detail the
traceability of the calibration of these
tracers. The counting experiments for
the determination of the **U and *°U
decay constants are well documented in
Jaffey et al. (1971) and the accuracy of
these determinations has recently been
evaluated using closed system zircons
(Schoene et al., 2006; Mattinson et al.,
2010). Hiess et al. (2012) measured the
uranium isotopic composition of terres-

Chapter 4



trial accessory minerals against the gra-
vimetrically calibrated IRMM *3U-*¢U
tracer (Richter et al., 2008; Verbruggen
et al., 2008). These input parameters al-
low 2°Pb/>¥U, *7Pb/>*U and *’Pb/**Pb
dates to be traced back to the SI system
of units (Condon et al., submitted). How-
ever, corrections for initial intermediate
daughter product disequilibria add non-
traceable parameters to the calculation
of U-Pb dates. U-Pb dates that were cor-
rected for initial intermediate daughter
product disequilibria are thus not entirely
traceable to the SI system of units. This is
most relevant and significant for Th-cor-
rected 2°°Pb/>*®U dates of young zircons
where the magnitude of the correction is
large relative to the date and uncertainty,
but theoretically applies to zircons of any
age and also to »'Pa-corrected *’Pb/*U
and ’Pb/*Pb dates corrected for both
disequilibria. Most significant for our
Messinian to Langhian zircons is the
correction for initial >°Th deficit that ac-
counts for an increase of *°Pb/>*U dates
by 87 + 11 ka, that is 0.5 to 1.5% of the
dates.

4.5.2 Accuracy of zircon U-Pb dates
Despite being non-traceable, we con-
sider our model correction for initial
28U-*Th disequilibrium to be accurate
and thus our Th-corrected **°Pb/>*U dates
to be accurate within their quoted uncer-
tainties. This can be tested using ash beds
that have zircon populations with negligi-
ble pre-eruption residence times. For this
purpose we here only consider ash beds
with simple, normally distributed popu-
lations of 2°Pb/***U dates, assuming that
their pre-eruption residence times were

short relative to their analytical uncertain-
ties (Fig. 4.5). Th-uncorrected **°Pb/>*U
dates of these ashes are between 69 + 33
to 115 + 51 ka younger than the astro-
nomical age of the respective ash bed.
All Th-uncorrected dates of these ashes
overlap within their uncertainties with
the offset predicted from the Th-U par-
tition coefficient ratio of 0.2 + 0.1 used
in our correction, that corresponds to 87
+ 11 ka. Notably, this is true for zircons
with Th/U ranging from 0.39 to 1.41 (Fig.
4.5), suggesting that these chemical dif-
ferences reflect variations in host magma
composition and not variations in parti-
tion coefficient ratio. We thus conclude
that our correction for initial >**U-*Th
disequilibrium is accurate within associ-
ated uncertainties. Hence, we consider
our #*Th-corrected *°Pb/***U dates accu-
rate within quoted uncertainties and attri-
bute any offset relative to the respective
astronomical ages to reflect true age dif-
ferences between zircon crystallization
and ash bed deposition.

In more general terms, the correction
for initial 2°Th deficit has recently been
considered by many geochronologists
as a significant precision and accuracy
limiting factor for U-Pb dating of young
rocks. Our approach using a constant
Th-U partition coefficient ratio with con-
servative uncertainty estimates, however,
results in accurate dates for Miocene ash
beds. The uncertainties associated with
this correction are the dominant source
of uncertainty for many of these Mio-
cene zircons and limit the precision of
single zircon dates to + 11 ka. However,
the magnitude of the correction using

a constant D, is equal for all zircons

J.F. Wotzlaw et al. / Testing the gold standard of geochronology
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FIGURE 4.5 Evaluation of the initial 28U-?*Th disequilibrium correction (“Th-correction”) applied to
Miocene zircons in this study. Shown is the absolute difference between the Th-uncorrected 2°°Pb/%8U
dates and the astronomical age as a function of Th/U for samples that yielded simple, normally dis-
tributed populations of zircon dates. A Th-U partition coefficient ratio (D, ,,) of 0.2 + 0.1 would result in
an initial 2°°Th deficit corresponding to 87 + 11 ka. All displayed Th-uncorrected dates overlap with this
theoretical offset relative to the astronomical age suggesting that our model correction is accurate within
it's uncertainty. Note that the offset between uncorrected 2°°Pb/2%U dates and astronomical age is con-
stant over a wide range of zircon Th/U suggesting that variations in zircon Th/U result from variations in
Th/U of the melt and not from variations in partition coefficients. Red curve at the right hand side sche-
matically shows the climatic precession curve over ~260 ka. The magnitude of the Th-correction cor-
responds to approximately four climatic precession cycles, illustating the significance of this correction
for the intercalibration of zircon U-Pb geochronology and astrochronology. See text for further details.
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and thus associated uncertainties may be
treated as systematic, equivalent to decay
constant and tracer calibration uncertain-
ties. Future efforts to determine zircon-
melt partition coefficients for Th and U
over a wide range of melt compositions
will allow the U-Pb community to use
a common and consistent set of values.
In cases where it is feasible to directly

measure Th/U of a reasonable proxy for
melt composition (e.g., melt inclusions in
quartz or zircon, matrix glass, bulk rock
etc.), 2Pb/>®*U dates corrected using
different approaches should be reported
to assess the sensitivity of the dates and
the corresponding interpretation to dif-
ferences in the applied correction (e.g.,
Rioux et al., 2012).
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4.5.3 Interpreting ash bed zircon U-Pb
dates: Stratigraphic, geochemical and
petrologic considerations

Zircon U-Pb dates accurately date zir-
con crystallization but depending on the
pre-eruption evolution of the eruption-
feeding magmatic system, zircon crystal-
lization can significantly pre-date erup-
tion and ash bed deposition. In our data
set, many ash beds contain zircons that
are 10s to 100s of ka older than the re-
spective astronomical age, thus, signifi-
cantly pre-dating deposition. However,
most ash beds also contain zircons with
U-Pb dates overlapping the respective
astronomical age (Fig. 4.4), suggesting
that these zircons crystallized close to
eruption and accurately date ash bed de-
position. A simple way to evaluate zircon
U-Pb dates of ash beds in stratigraphic
sequences is that they have to be consis-
tent with the stratigraphic order, i.e., ash
beds should progressively yield younger
zircon U-Pb dates up section, if they date
ash bed deposition. With the exception
of VED-1, this is the case throughout the
La Vedova and Monte dei Corvi sections.
Considering only the youngest U-Pb date
of a given ash bed to interpret ash bed
deposition, results in excellent agree-
ment with the astronomical age model
for most of the sequence.

The youngest six upper Tortonian to
lower Messinian ash beds yielded U-Pb
dates that show an increasing offset be-
tween U-Pb dates and astronomical age
up section but they do not violate strati-
graphic order, when taking the youngest
zircon date of a given ash bed as the de-
position age. The close spacing between
these ash beds, together with similarities

in zircon morphology, Th/U and overlap-
ping age distributions suggest that these
ash beds were derived from repeatedly
tapping a common magmatic source.
These eruptions sample complex zir-
con populations reflecting the protracted
growth and evolution of the eruption-
feeding upper-crustal magmatic system.
This example of the upper Tortonian to
lower Messinian ash beds at Monte dei
Corvi, nicely illustrates that stratigraphic
consistency does not guarantee accuracy.
It furthermore illustrates how the non-
systematic nature of the bias induced by
prolonged pre-eruption zircon growth
impacts relative chronology and thus may
result in inaccurate durations and process
rates. This is of particular importance in
high-resolution chronostratigraphic stud-
ies, e.g, across important stage boundar-
ies that are marked by important events,
such as mass extinctions. Geochemical
proxies for ash bed provenance and ash
bed petrology will significantly improve
data interpretation confidence in such
scenarios.

4.5 4 Implications for the intercalibra-
tion of radioisotope geochronometers
The difference between zircon crystal-
lization and eruption ages may affect ra-
dioisotopic systems that were calibrated
against the U-Pb system. However, this
bias is most significant for young volca-
nic rocks. Most intercalibration efforts
aim to calibrate fundamental parameters,
such as decay constants, of the radioiso-
topic system of interest relative to the
U-Pb system. For this purpose, signifi-
cantly older rocks are usually used, for
which the time scales of zircon crystalli-
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zation are negligibly short relative to the
absolute age (e.g., Scherer et al., 2001;
Selby et al., 2007; Nebel et al., 2010).
Hence, results of these studies are insen-
sitive to small changes in U-Pb dates re-
lated to prolonged zircon crystallization.

One exception is the “Ar/* Ar method
for which Renne et al. (2010; 2011) re-
ported a calibration based on data from
counting experiments and pairs of sani-
dine *Ar/*’Ar and zircon U-Pb dates. For
this calibration Renne et al. (2010; 2011)
also employed Mesozoic and Cenozoic
rocks, for which the age difference be-
tween zircon crystallization and eruption
is potentially significant. These authors
corrected zircon U-Pb dates for 90 + 77
ka of pre-eruption residence time. As
also discussed by Renne et al. (submit-
ted) for their data set, this correction is
significantly larger than the intercalibra-
tion of U-Pb dates and astrochronology
for most ash beds herein implies. Re-
cent studies suggest that the Renne et al.
(2010; 2011) calibration yields errone-
ously old ages for Neogene rocks (e.g.,
Renne et al., submitted). If the correction
for residence time employed by Renne et
al. (2010; 2011) would be overestimated,
“Ar/*Ar dates calculated using this cali-
bration would be too young; the opposite
of what is suggested by recent intercali-
bration studies (Renne et al., submitted).
However, given the non-systematic na-
ture of the offset caused by prolonged
pre-eruption zircon crystallization we
can not exclude the possibility that some
of the zircon dates employed by Renne et
al. (2010; 2011) suffer from significant-
ly longer pre-eruption residence times.
This would explain why the Renne et al.

(2010; 2011) calibration yields too old
ages for young rocks.

Alternative calibrations of the “°Ar/**Ar
system, such as those based on intercali-
bration of “°Ar/*°Ar dates and orbital tun-
ing (Kuiper et al., 2008; Rivera et al.,
2011), may thus be favoured for calculat-
ing “Ar/*Ar dates for young (i.e., Neo-
gen) rocks.

4.5.5 Implications for zircon U-Pb cali-
brated geologic time scales

Much of the Paleozoic and Mesozoic
geologic time scales is based on zircon
U-Pb dates of ash beds intercalated with
fossiliferous sediments. Assuming rela-
tive uncertainties of 0.05 to 0.1% for most
of these dates, absolute uncertainties are
on the order of 100,000 to 500,000 years.
These absolute uncertainties are about an
order of magnitude larger than uncertain-
ties of our U-Pb dates reported herein.
Hence, much of the complexities result-
ing from prolonged pre-eruptive zircon
growth will be masked by the uncertain-
ties. The complexities resolved herein
will thus not significantly jeopardize the
accuracy of ash bed deposition ages de-
rived from these zircon U-Pb data sets.
Many of the most recent data sets (e.g.,
Schoene et al., 2010; Davydov et al.,
2010; Schmitz and Davydov, 2012; Guex
et al., 2012; Wotzlaw et al., submitted),
nevertheless, resolve complexities in ex-
cess of analytical scatter requiring careful
data interpretation strategies, potentially
guided by stratigraphic, geochemical,
and petrologic constraints.
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Chapter 5

Towards accurate numerical calibration of the Late Trias-
sic: High-precision U-Pb geochronology constraints on the
maximum duration of the Rhaetian
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B. Schoene, D. Taylor, U. Schaltegger
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ABSTRACT

Numerical calibration of the Late Triassic stages is arguably
the most controversial issue in Mesozoic stratigraphy, despite
its importance for assessing mechanisms of environmental per-
turbations and associated biologic consequences preceding the
end-Triassic mass extinction. Here we report new CA-TIMS
zircon U-Pb dates for volcanic ash beds within the Aramachay
Formation of the Pucara Group in Northern Peru that place pre-
cise constraints on the maximum age of the Norian-Rhaetian
boundary (NRB). The sampled ash bed bearing interval is lo-
cated just above the last occurence of the bivalve Monotis sub-
circularis and contains horizons that contain the bivalves Ota-
piria aff. O. norica and Oxytoma cf. O. inaequivalvis. These
bivalve assemblages clearly place this stratigraphic interval in
the uppermost Norian but do not allow to precisely locate the
NRB in this section. Zircon U-Pb dates of ash beds constrain
the deposition age of this interval to be between 205.70 + 0.15
Ma and 205.30 = 0.14 Ma providing precise constraints on the
maximum age of the NRB. We further recalibrate previously
published zircon U-Pb dates for ash beds bracketing the Trias-
sic-Jurassic boundary employing the most recent calibration of
the EARTHTIME tracer solution, resulting in a duration of ~4
m.y. for the Rhaetian. This ends a prolonged controversy about
the duration of this stage and has fundamental implications for
the rates of paleoenvironmental deterioration that culminated
in the end-Triassic mass extinction.
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5.1 INTRODUCTION

The uppermost Triassic stage, the
Rhaetian, is framed by two different bi-
otic and environmental crises. At its top,
the end Triassic-lower Jurassic crisis is
marked by one of most severe mass ex-
tinctions of the Phanerozoic, followed
by a highly perturbed recovery phase
during the earliest Jurassic associated
with important perturbations in the car-
bon cycle and strong climatic changes
(Tanner et al., 2004; Guex et al., 2004;
McElwain et al., 2009; Ruhl et al., 2011;
Ruhl and Kiirschner, 2011; Bartolini et
al., 2012). These abiotic and biotic dis-
turbances were likely driven by several
pulses in volcanic activity during the em-
placement of the Central Atlantic Mag-
matic Province (CAMP; Marzoli et al.,
2004; Schoene et al., 2010; Blackburn et
al., 2013). At its base (Norian-Rhaetian
boundary, NRB), the Norian extinction
is much less pronounced than the end
Triassic extinction but it nevertheless
affected a large proportion of the am-
monoid genera and saw the near total
disappearance of the bivalve Monotis,
which was dominant in the Late Norian
seas almost globally (Tanner et al., 2004;
Ogg, 2012). Low paleolatitude cono-
dont faunas of the Tethys ocean show a
dramatic turnover from robust Epigon-
dolella-dominated to fragile and tiny
Misikella associations at the NRB, prob-
ably related to a major tropical warming
during the earliest Rhaetian (Krystyn,
2008). Another major bio-event, which
occurred just below the NRB, is the first
appearance of coccolithophores, ac-
companied by a discernible increase in
abundance of other calcareous nanno-

fossils (e.g., Prinsiosphaera triassic) in
the pelagic environments. This was ac-
companied by the massive development
of scleractinian reefs, implying an envi-
ronment very favourable to biocalcifying
organisms during most of the Rhaetian,
before their disappearance at the topmost
Triassic (Gardin et al., 2012). The abiotic
causes of the NRB crisis are still not well
known, but the very end of the Norian is
characterized by a worldwide regression,
which induced important changes in ma-
rine lithofacies between the Norian and
Rhaetian stages (Golebiowski, 1990).
This prelude to the Triassic-Jurassic
biological crisis was marked by several
extinction episodes and/or by a step-
wise reduction in biodiversity. To bet-
ter understand this complex biodiversity
pattern and its relationship with abiotic
mechanisms, absolute temporal con-
straints are of critical importance. How-
ever, the duration of the Rhaetian stage is
strongly debated, leading to the concept
of a short (~4 m.y.; Gallet et al., 2003;
2007; Lucas et al., 2012) versus long
Rhaetian (up to ~10 m.y.; e.g., Olsen et
al., 2010; Muttoni et al., 2010; Hiising et
al., 2011; for a synthesis see Ogg, 2012).
These different estimates are primarily
based on magnetostratigraphic correla-
tions of biostratigraphically constrained
marine sections and the continental
Newark basin sequence. In this study,
we present new high-precision zircon
U-Pb dates obtained from volcanic ash
beds intercalated with uppermost Norian
marine sediments in Northern Peru. To
our knowledge, this is the only locality
worldwide, where the biostratigraphi-
cally defined NRB is associated with
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zircon bearing volcanic ash beds. These
data allow calculating the duration of the
Rhaetian stage. The new data require the
short option, which has important impli-
cations for the construction of a reliable
Late Triassic geological time scale in-
tegrating marine (e.g., Tethys) and non-
marine (Newark Basin) biostratigraphic
and magnetostratigraphic data.

5.2 BIOSTRATIGRAPHIC DEFINI-
TION OF THE NORIAN-RHAE-
TIAN BOUNDARY AND THE
SIGNIFICANCE OF BIVALVE BIO-
CHRONOLOGY IN THE PUCARA
BASIN

The biostratigraphic definition of the
NRB has been the subject of a long last-
ing and intense debate (e.g., Krystyn,
1980; Tozer, 1994). After a thorough dis-
cussion through the Subcommission on
Triassic Stratigraphy (Krystyn, 2010),

Levanto

*Maino

tosMaino

the base of the Rhaetian has been defined
by the first occurrence (FO) of the cono-
dont Misikella posthernsteini. This op-
tion appears as the most satisfactory be-
cause the NRB is then located just above
the great Norian crises marked by the
disappearance of most monotid bivalves
(McRoberts et al., 2008) and by a sig-
nificant turnover in ammonoid and low-
paleolatitude conodont faunas (Krystyn
and Kuerschner, 2005; Krystyn, 2008;
Ogg,2012).

Detailed biostratigraphic research has
been carried out recently in the Utcu-
bamba Valley (Northern Peru; Fig. 5.1)
along aroad section between Levanto and
Maino. This section, hereafter referred to
as the Lavanto section, preserves a com-
plete marine sedimentary sequence from
the Upper Norian to the Early Sinemu-
rian (Schaltegger et al., 2008). The thick-
est sequence is located near Levanto

FIGURE 5.1 Geographical
framework and geological set-
ting of the study area. (A) Dig-
ital elevation model of north-
ern and central Peru showing
the location of the study area
and the geographical extent of
the Triassic-Jurassic Pucara
Group. (B) Google EarthTM
image with details of the study
area to the east of the Utcu-
bamba Valley. (C) Google
EarthTM image of the study
area along the road from Le-
vanto to Maino with locations
of the studied sequence with
sampled fossiliferous hori-
zons and volcanic ash beds.
See text for details.
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(Fig. 5.1B), consists of a thick monoto-
nous sequence of soft brown siltstones
alternating with slightly more calcareous
silty beds. The Rhaetian of that sequence
is poor in ammonites; the few collected
specimens allow, however, a reliable
correlation with the standard ammonoid
zonations used in the Late Rhaetian and
Early Jurassic. The base of the Jurassic
and thus the TJB is marked by the first
occurence of ammonite Psiloceras spelae
(Fig. 5.2). The highest Rhaetian ammo-
nite-bearing beds contain Choristoceras
crickmayi and C. marshi, the lowest con-
tain a rich Middle Rhaetian fauna with
Vandaites saximontanus. Our correlation
of the NRB is based on a characteristic
uppermost Norian bivalve assemblage il-
lustrated in Fig. 5.2 and Fig. A5.2.

Most significant for the definition of
the NRB in the Levanto section, is the
last occurence of large monotid bivalves,
identified here as Monotis subcircularis.
They are represented by hard gray and
massive silty limestones at the base of
the section. Monotis subcircularis and
other large monotid bivalves underwent
nearly complete extinction at the top
of the Norian. Only two dwarf species
that are remarkably different from the
typical larger forms, occur in the lower
Rhaetian, one crossing the NRB and the
other first appearing in the basal Rhae-
tian (McRoberts, 2008). The extinction
of large Monotis at the top of the No-
rian is correlative with the top of the S.
quinquepuncatus ammonoid zone in the
Tethys and the top of the G. cordille-
ranus ammonoid zone in the Americas.
At the proposed GSSP at Steinbergko-
gel (Austria), Monotis shell beds are

rare and disappear ~14 meters below the
NRB with the latter being well defined
by conodonts and ammonoids (Krystyn,
2008). The Steinbergkogel succession
is entirely consistent with that from the
classic Hernstein locality. The Hernstein
succession contains many more Monotis
beds with the last occuring ~1.7 meters
below the first occurence of M. posthern-
steini and some four meters below the
first occurence of Paracochloceras, thus
being closely associated with the NRB.
There is some provinciality exhibited in
Monotis distribution at the species level,
with only few species, occuring in both
Tethys and Panthalassa, compromising
intercontinental correlations. However,
our key species for the correlation of the
NRB, Monotis subcircularis, is perhaps
the most studied Monotis species any-
where in the world, it is among the larg-
est and most widely distributed through-
out both eastern and western Panthalassa.
Significant occurences are known from
North and South America (from Arctic
Alaska to Chile), northern Russia, Japan,
Timor and New Zealand (see Tozur, 1980
for a review), and at all these localities,
is demonstrably upper Norian. In North
America it is commonly associated with
ammonoids and conodonts and usually
does not survive to the very top of the
G. cordilleranus zone (Silberling, 1985;
Grant-Mackie and Silberling, 1990; Sil-
berling et al., 1997; McRoberts, 2010;
2011). We thus argue that to the best
of anyone’s biochronologic ability, the
uppermost Norian extinctions of large
monotid bivalves and most ammonoids
is synchronous.

The last occurence of Monotis sub-

J.F. Wotzlaw et al./ The duration of the Rhaetian, Late Triassic
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Figure 5.2 (previous page) Summary of biostratigraphy and U-Pb geochronology for the Upper Triassic
of the Pucara Group, Northern Peru. The stratigraphic column shows the occurrences of characteristic
ammonites and bivalves and the locations of U-Pb dated ash beds (colored dots). Photographs to the
left of the stratigraphic column show representative specimen of collected ammonites and bivalves: (a)
Psiloceras spelae, (b) Choristoceras crickmayi, (c) Vandaites saximontanus, (d; from top to bottom)
Oxytoma cf. O. inaequivalvis, Otapiria aff. O. norica, two specimens of Monotis subcircularis. Previous-
ly published (Schoene et al., 2010; Guex et al., 2012) and new U-Pb ID-TIMS dates from single zircons
are color coded to the corresponding ash bed with the width of the bar representing the 95% confidence
level uncertainties. Ash bed deposition ages were computed employing a Monte Carlo based approach
that enforces stratigraphic continuity (Guex et al., 2012; see text for details). The computed deposition
ages are shown as black dots with uncertainty bar and are given next to the sample names (in Ma
20). Note that previously published zircon U-Pb dates were re-calculated employing the most recent

calibration of the EARTHTIME tracer solution (see text further for details).

circularis in the Levanto section, thus,
unequivocally places the overlying ~10
meter-thick stratigraphic interval, includ-
ing the sampled intercalated volcanic ash
beds, in the uppermost Norian. The sam-
pled interval also contains horizons with
different bivalves showing temporal and
biogeographic affinities that provide ad-
ditional support for an uppermost Norian
and perhaps earliest Rhaetian age. One
horizon (sample 3a) located some 5 me-
ters above the last Monotis bed contains
rare (n = 5) and largely fragmentary Oxy-
toma which are most similar to specimens
illustrated by Ceconi and Westermann
(1968) as Oxytoma cf. O. inaequivalvis
from Late Norian strata at Los Molles in
coastal Chile (see Appendix for further
details). Approximately 5 meters fur-
ther up-section another horizon (sample
3’) contains an abundant fauna (n >50)
of poorly preserved Otapiria, which are
closely related to Otapiria norica known
from the late Norian (Cordilleranus am-
monoid zone) of northeastern British Co-
lumbia, Canada (McRoberts, 2011; see
Appendix for further details). In general,
Otapiria, although known from as old
as Carnian strata, is more common from

Rhaetian to Hettangian strata.

Presented biochronologic constraints,
particularly the last occurence of Mono-
tis subcircularis beds, place the ash bed
bearing stratigraphic interval in the up-
permost Norian close to the NRB, possi-
bly ranging into the lowermost Rhaetian.
Zircon U-Pb dates of intercalated ash
beds thus provide precise constraints for
the maximum age of the NRB and the in
combination with the previously report-
ed age of the TIB (Schoene et al., 2010),
constrain the maximum duration of the
Rhaetian.

5.3 CA-ID-TIMS ZIRCON U-PB
GEOCHRONOLOGY

To place numerical temporal con-
straints on the age of the NRB, here
we report new high-precision zircon
U-Pb dates obtained by chemical abra-
sion isotope dilution thermal ionization
mass spectrometry (CA-ID-TIMS) from
volcanic ash beds sampled from the 10-
meter-thick stratigraphic interval above
the highest Monotis beds (Fig. 5.2). All
U-Pb dates were obtained from single
zircon crystals employing CA-ID-TIMS
techniques at the University of Geneva

J.F. Wotzlaw et al./ The duration of the Rhaetian, Late Triassic
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(Schoene et al., 2010; see Appendix for
details). Data reduction and uncertain-
ty propagation follow those described
in McLean et al. (2011) and were per-
formed employing the U-Pb_Redux
software (Bowring et al., 2011). U-Pb
dates were calculated relative to the most
recent calibration of the EARTHTIME
202pp-205Pp-233U-25U  tracer solution (V.
3.0; http://www.earth-time.org; Condon
et al., submitted). Uncertainties are re-
ported at the 95% confidence level and
ignore systematic uncertainties associ-
ated with the tracer calibration and decay
constants unless otherwise noted.

Zircon U-Pb data for sampled ash beds
reveal complex zircon populations with
the spread in single crystal **Pb/**U
dates largely exceeding analytical scat-
ter. Similar complexities were observed
by Schoene et al. (2010) and Guex et al.
(2012) and we here follow their approach
to estimate ash bed deposition from the
youngest *°Pb/>8U dates of the main zir-
con populations (Fig. 5.2, see Tab. A5.1
and Fig. A5.1 for further details). We fur-
ther take advantage of the stratigraphic
continuity to compute ash bed deposition
ages employing a Monte Carlo based
approach introduced by Guex et al.
(2012). This approach takes the young-
est “Pb/>"U dates of stratigraphically
consecutive ash beds and their normally
distributed uncertainties as the primary
input parameters and computes a total of
10° random age models. Age models that
violate stratigraphic superposition (i.e.,
the ash bed higher up in the sequence
must be younger than the one below) are
discarded before computing a new ash
bed deposition age while constructing a

stratigraphically consistent age models.
Individual single crystal zircon ***Pb/>*U
dates and the computed deposition ages
are plotted in Fig. 5.2 relative to the
stratigraphic position of the respective
ash bed.

5.4 THE NUMERICAL AGE OF
THE NORIAN-RHAETIAN BOUND-
ARY AND THE DURATION OF
THE RHAETIAN

Our calibration of the NRB based on
bivalve biochronology and the new high-
precision U-Pb dates constrain the max-
imum numerical age of the NRB to be
between 205.70 = 0.15 Ma and 205.30
+ 0.14 Ma (Fig. 5.2). Assuming that the
NRB is located somewhere within the
ash bed bearing stratigraphic interval
above the last Monotis beds, the best es-
timate for the numerical age of this stage
boundary is the mean age of 205.50 +
0.35 Ma. This new age estimate can be
combined with previously published
U-Pb dates for the Middle Rhaetian to
Lower Jurassic (Schoene et al., 2010;
Guex et al., 2012) in order to estimate
the maximum duration of the Rhaetian.
All three reported U-Pb data sets were
produced in the same laboratory using
the same EARTHTIME tracer solution.
However, the previous datasets (Schoe-
ne et al., 2010; Guex et al., 2012) were
calculated relative to a previous working
calibration of the EARTHTIME tracer.
We thus recalculated the older data em-
ploying the new tracer calibration (v.
3.0; Condon et al., submitted), allowing
comparison between all datasets while
ignoring systematic uncertainties (Fig.
5.2). Most importantly for the discus-
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FIGURE 5.3 Comparison of various estimates for the numerical age of the Norian-Rhaetian boundary
(NRB) and the duration of the Rhaetian. Shown are suggested correlations of Late Triassic sequences
with the Newark basin and their resulting age of the NRB and duration of the Rhaetian (grouped in
“long-Rhaetian” and “short-Rhaetian” options) in comparison to our radioisotopic constraints from the
Pucara basin. Note that our radioisotopic constraints are in excellent agreement with the short options.
Note furthermore that all short options require a hiatus in the Newark basin. Abbreviations: H11 - Hising
et al. (2011); O12 - Ogg (2012); M10 - Muttoni et al. (2010); KO99 - Kent and Olsen (1999); OKW11 -
Olsen et al. (2011); GO7 - Gallet et al. 2007 (2 options are shown); KWO05 - Kozur and Weems (2005);
TJB - Triassic-Jurassic boundary.

sion of the duration of the Rhaetian, the
age of the TJB reported by Schoene et
al. (2010; 201.31 = 0.18 Ma), becomes
older by ~0.025%, that is 201.36 + 0.17
Ma. Furthermore, the onset of the marine
carbon isotope excursion, considered to

reflect the onset of the end-Triassic Ex-
tinction (ETE) occurs just before 201.51
+0.15 Ma. This latter date is still equiva-
lent to the recalculated age for the North
Mountain Basalt (NMB) of 201.481 +
0.021 Ma. The recently reported age of
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201.566 + 0.031 Ma for the same sample
of NMB (Blackburn et al., 2013) does
not overlap with our recalculated NMB
date at the 95% confidence interval, de-
spite being relative to the same calibra-
tion of the EARTHTIME tracer and de-
spite using the same physical constants.
This 0.03% systematic bias between the
mean values of the two datasets does not
affect the conclusions of either study, but
remains a target for high-precision U-Pb
intercalibration in future work. Using our
new estimate for the maximum age of
the NRB and the re-calibrated age for the
TJB, we estimate the maximum duration
of the Rhaetian to be 4.15 £ 0.43 m.y.

5.5 IMPLICATIONS FOR THE
CORRELATION OF MARINE
TETHYAN SECTIONS AND THE
CONTINENTAL NEWARK BASIN
Our estimate for the duration of the
Rhaetian helps to partly resolve previous
debates about the durations of Late Tri-
assic stages. During the last decade, nu-
merous attempts were made to correlate
different magnetostratigraphic datasets
obtained from biostratigraphically well
constrained marine Tethyan sections and
the floating astrochronology of the con-
tinental Newark Basin sequence (eastern
North America). However, published
magnetic polarity data sets from Tethyan
sections are inconsistent with each other
and a unique correlation with the Newark
sequence seems currently not attainable.
Various correlation schemes broadly can
be grouped in two options for the dura-
tion of the Rhaetian. Figure 3 compares
the different options for the duration of
the Rhaetian, derived from magneto-

stratigraphic correlations, with our U-Pb
geochronologic constraints from the Pu-
cara basin. Gallet et al. (2007) proposed
a short duration of ~4.5 m.y. using the
new biochronological Rhaetian defini-
tion. Other correlation schemes resulted
in a significantly longer duration (“long
Rhaetian”) of up to 8-10 m.y. (for the
most recent studies see Muttoni et al.,
2010; Olsen et al., 2010; Hiising et al.,
2011; option #2 of Ogg, 2012; Fig. 5.3).
Our new data strongly support a short
duration of the Rhaetian as suggested by
Gallet et al. (2007), although their mag-
netostratigraphic correlation scheme still
requires further testing. A ~4 m.y. dura-
tion is furthermore in excellent agree-
ment with other previously proposed Tri-
assic time scales (e.g., Lucas et al., 2012;
option #1 of Ogg, 2012). Regarding the
now unsupported long Rhaetian option, it
is worth stressing that the tentative corre-
lations were performed assuming the fact
that the entire Rhaetian was recorded in
the Newark basin sequence. This assump-
tion was however strongly questioned by
several authors based on biostratigraphic
arguments (Kozur and Weems, 2005,
2010; Lucas et al., 2012; Ogg, 2012). In
contrary, as discussed in Ogg (2012), the
option of a short Rhaetian that is strongly
supported by our data, would imply an
almost total lack of the Rhaetian in the
Newark basin sequence (Fig. 5.3). How-
ever, Deenen et al. (2010; 2011) found
the same sequence of magnetic rever-
sals and sporomorph turnover below the
oldest CAMP lavas in the Argana basin
(Morocco) and Fundy basin (Canada).
This would require that the same hiatus
is present at exactly the same place in
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three continental rift basins, despite very
different accumulation rates. This is very
unlikely, suggesting that there is no hia-
tus in the uppermost part of the Newark
sequence but does not exclude hiatuses
further down in the sequence. If there is
no hiatus in the Newark sequence, our
data require that the NRB is within the
long reverse polarity interval of E20 at
Newark. Our data certainly require a
significant revision of the Late Triassic
time-scale and re-evaluation of magneto-
stratigraphic correlations between marine
sections in the Tethys and the continental
Newark basin.

5.6 SUMMARY & CONCLUSIONS
We present high-precision zircon U-Pb
dates from ash beds intercalated with
Late Norian marine sediments in the Pu-
cara basin, Northern Peru. The ash bed
bearing interval is located just above the
last occurence of Monotis subcircularis
beds. The Late Norian extinction of these
and other monotid bivalves is correlative
with uppermost Norian ammonoid and
conodont zones, thus, placing this strati-
graphic interval into the uppermost No-
rian, but we can not unequivocally locate
the NRB in this section. Zircon U-Pb
dates of intercalated ash beds, thus, con-
strain the maximum age of the NRB and,
in combination with previously reported
dates from the TJB, the maximum dura-
tion of the Rhaetian to be 4.15 + 043
m.y. These are the first zircon U-Pb dates
from biochronologically constrained
Late Norian strata anywhere in the world
and support previously proposed correla-
tions suggesting a short duration of the
Rhaetian. They also provide independent

constraints on the rates and durations of
processes preceeding the end-Triassic
mass extinction.

APPENDIX

ANALYTICAL METHODS AND
SUPPLEMENTARY DISCUSSION
OF NEW U-PB GEOCHRONOLOGY
RESULTS

A total of 43 analyses (see Tab. AS5.1)
of single zircon crystals were performed
employing chemical abrasion thermal
ionization mass spectrometry techniques
at the University of Geneva. Details of
the analytical protocols are given in
Schoene et al. (2010) and Wotzlaw et
al. (2012; 2013). Analyses of 15 zir-
cons from sample LP2010-3a yielded
a main population with **Pb/>¥U dates
spreading over ~1.3 Ma. Two analyses
returned significantly older and discor-
dant U-Pb dates and one grain yielded
a significantly younger date of 204.31 +
0.13 Ma. In the main population, eight
analyses are statistically equivalent
with a weighted mean 2*°Pb/>*®*U date of
205.797 £ 0.054/0.076/0.23 Ma (MSWD
[mean square weighted deviation]=0.96;
Fig. A5.1). The youngest zircon of the
main population has a *Pb/>%U date
of 205.70 + 0.15/0.16/0.27 Ma. Zircons
from sample LP2010-1b yielded the
largest spread in 2*°Pb/>*®U dates of ~2.2
Ma and two distinct population with re-
spect to Th/U (Fig. A5.1). We interpret
this sample to be a composite ash bed
or composed of reworked volcaniclas-
tic material, rather than a primary air
fall ash bed. Nevertheless, the **Pb/>*U
date of the youngest zircon is consistent

J.F. Wotzlaw et al./ The duration of the Rhaetian, Late Triassic
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with respect to its stratigraphic position
relative the other two ash bed samples,
giving a maximum deposition age of
205.389 + 0.095/0.11/0.24 Ma. Fourteen
analysed zircons from sample LP2010-1d
gave 2"°Pb/*®U dates with a total spread
of ~0.9 Ma. The youngest six zircons
have statistically equivalent **Pb/**U
dates with a weighted mean of 205.423
+0.043/0.68/0.23 Ma (MSWD=1.6; Fig.
AS5.1). The youngest zircon of this popu-
lation yielded a **Pb/**®U date of 205.35
+0.19/0.20/0.30 Ma.

ADDITIONAL DETAILS OF
BIVALVE BIOCHRONOLOGY

We here provide some additional de-
tails about the bivalves sampled above
the last Monotis subcircularis beds. They
provide some additional but support for
an uppermost Norian and perhaps earli-
est Rhaetian for this stratigraphic inter-
val.

Sample 3a: Located some 5 meters
above the last Monotis bed, this horizon
contains rare (n =5) and largely fragmen-
tary Oxytoma. The specimens are small
and represented only by left valves. They
are most similar to specimens illustrated
by Ceconi and Westermann (1968) as
Oxytoma cf. O. inaequivalvis from Up-
per Norian strata at Los Molles in coastal
Chile, where they co-occur with the am-
monoids Arcestes and Cladiscites, as
well as by Chong and Hillebrandt (1985)
from approximately the Norian-Rhaetian
boundary at Quebrada Chaco, northern
Chile, where they co-occur with a typi-
cal Late Norian early Rhaetian bivalve
fauna. They are also closely similar to
the Oxytoma sp. described and illustrat-

ed from the late Norian Cordilleranus
ammonoid zone at Pine Pass, British
Columbia, Canada (Westermann, 1966;
McRoberts, 2011).

Sample 3’: Approximately 5 metres
further up section, this horizon contains
an abundant fauna (n >50) of poorly pre-
served Otapiria. The Otapiria are very
thin-shelled and likely represent a new
species closely related to Otapiria nor-
ica known from the late Norian (Cordil-
leranus ammonoid zone) of northeastern
British Columbia, Canada (McRoberts,
2011). The ornament and outlines are
distinctively dissimilar to Rhaetian Ora-
piria from coastal Chile (e.g., “Otapiria?
cf. O. ussuriensis” of Cecioni and Wes-
termann, 1968) which occur some 40 m
above the aforementioned Oxytoma,
and from the Rhaetian of New Zealand
(e.g., O. dissimilis of Marwick, 1953) or
other Rhaetian Otapiria from the west-
ern Tethys (e.g., O. marshalli alpina of
Zapfe, 1973). They are also distinctively
dissimilar to Carnian-early Norian Ota-
piria such as those from southwest Japan
or northeastern Russia (e.g., Ando, 1988;
Kiparisova et al., 1966).
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Epilogue

The amount of geochemical informa-
tion contained in um-sized accessory
zircons make these tiny crystals unique
recorders of geological processes. De-
coding the isotopic and chemical mem-
ory by means of mass spectrometry al-
lows geochemists to obtain snapshots
of the physical and chemical state of the
crystallization environment at the time of
zircon crystallization. This thesis docu-
ments the present state of the art and var-
ious applications of high-precision U-Pb
geochronology by isotope dilution ther-
mal ionization mass spectrometry.

Integrating high-precision U-Pb geo-
chronology with isotopic and trace ele-
ment analyses of the same zircon crystals
to quantify the time scales of magmatic
processes currently evolves into a new
sub-discipline of igneous petrology
that some researchers refer to as zircon
petrochronology. Applications presented
in this thesis largely focus on the thermal,
chemical and physical evolution of upper
crustal magmatic systems but also make
first attemps to link the thermal evolution
of such upper crustal systems to the evo-
lution of their lower crustal roots. Quan-
tifying the control of the lower crustal
roots and the magma fluxes from the
lower to upper crust will allow to con-
struct crustal-scale models of continental
magmatic systems.

This thesis, furthermore, makes first
attempts and points out future directions

that involve integrating zircon petro-
chronology with other radioisotope geo-
chronometers, mineral diffusion time-
scales, thermo-mechanical models, and
geophysical observations. Such a fully
integrated approach will significanty im-
prove our understanding of crustal mag-
matic systems and assist in quantifying
the probability of future hazards related
to large-volume volcanic eruptions that
represent one of the major risks to mod-
ern civilisations.

Intercalibrating geochronometers is
one of the major themes of this thesis
and bringing sanidine “°Ar/*’Ar dates and
zircon U-Pb dates of volcanic rocks into
agreement, remains one of the big chal-
lenges. Part of the difficulties arise from
the fact that these two geochronometers
ultimately date different events, i.e.,
volcanic eruption and zircon crystal-
lization, respectively. Under favorable
circumstances, there is a negligible time-
lag between these two events and both
chronometers should agree within their
uncertainties. Integrating “Ar/*Ar and
U-Pb geochronology to calibrate Earth
history will help to overcome some of
the fundamental limitations inherent to
both methods. Using these radioisotope
geochronometers to anchor floating as-
trochronologies, based on the stable
400,000 years eccentricity frequency,
will allow to calibrate Earth history at
unprecedented temporal resolution for

Epilogue



most of the Phanerozoic eon and poten-
tially even into the Precambrian.
Looking back on the remarkable prog-
ress made throughout the past century,
there is little doubt that the following de-
cades will lead to further tremendous ad-
vances in uranium-lead geochronology.
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Annex

Annex Al: Interlaboratory reproducibility of zircon standards AUSz2 and AUSz5
(Kennedy et al., submitted).
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Supplementary Figure A1. Zircon U-Pb isotopic data for Eocene zircon standards AUSz2 and AUSz5
from two laboratories; BSU - Boise State University, UNIGE - University of Geneva (data from Kennedy
et al., submitted). Top: Concordia diagrams showing concordance of AUSz2 zircon fragments, while 10
of 12 AUSZz5 fragments are discordant. Bottom: Ranked Th-corrected 2°Pb/?®U dates displaying the
remarkable interlaboratory reproducibility (<0.05%).
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Annex A2: Long-term reproducibility of analyses of the 100 Ma EARTHTIME syn-
thetic U-Pb solution (Condon et al., 2008) at the University of Geneva.
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Supplementary Figure A2. U-Pb isoto-
pic data for 100 Ma EARTHTIME synthetic
solutions analyses at the University of Ge-
neva between 2008 and 2013. Shown are
206pp/238Y dates. See Supplementary Table
A1 for complete U-Pb isotopic data. Coloured
bars represent 2¢ analytical uncertainties of
inidivual analyses. Grey bars with coloured
lines represent 95% confidence intervals of
weighted mean dates for blocks of analyses
performed during short time intervals (i.e.,
several days to weeks). Probability density
function includes all analyses (n=63). Varia-
tions in analytical precision largely arise from
(1) uncertainties associated with external cor-
rection for instrumental mass fractionation for
ET535 spiked samples compared to internal
correction for ET2535 spiked samples and
(2) variations in isotope ratio measurement
precision due to variations in sample-spike
ratio. These data suggest a long-term repro-
ducibility of better than 0.05% for 2°5Pb/%8U
dates.
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