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ARTICLE INFO ABSTRACT

Editor: L Angiolini In 2008, Kuiper and others published an astronomically calibrated age of 28.201 + 0.046 Ma for the Fish Canyon
sanidine (FCs), the most widely used standard in Ar/Ar dating. This age was incorporated in GTS2012 and

K_eywords: - GTS2020, but has been challenged by later studies that used various approaches, leading again to a ~ 1.5 % age

Fish Canyon sanidine scattering. This uncertainty hampers the construction of a uniform and coherent time scale that is key to modern

Fish Canyon Tuff
Ar/Ar dating

U/Pb dating
Astronomical dating
Geological time scale

high-resolution, multi-disciplinary studies in Earth history. To solve this ongoing uncertainty, we present 1) a
visual and statistical re-examination of the astronomical tuning on which the FCs age of 28.201 Ma is based and
2) new single crystal U/Pb ID-TIMS zircon ages of the astronomically calibrated Faneromeni A1l ash bed and the
Fish Canyon Tuff (FCT).

Our results corroborate the initial tuning and invalidate astronomical and U/Pb based FCs age calibrations,
which are much younger or older. The preferred astronomical calibration seems to converge to a slightly younger
age of 28.171-28.176 Ma. This is in good agreement with our new Bayesian zircon eruption age of 28.171 +
0.039/— 0.044 Ma for the FCT and the recently published Bayesian calibration of the 40 K decay scheme with a
coupled FCs age of 28.183 + 0.070 Ma. Importantly, the astronomical and U/Pb-based calibrations now yield
similar ages, implying mutual agreement between the three main dating methods to construct our time scale.
However, by contrast, the Cretaceous/Paleogene (K/Pg) boundary, which represents a critical triple point for the
intercalibration, now produces divergent ages.

In summary, much progress has been made in solving the critical issue of the age of the FCs dating standard.
For the moment, we either recommend the continued use of the astronomically calibrated age of 28.201 + 0.046
Ma or, preferentially, a slightly younger age of 28.171-28.176 Ma. We further endorse investigation in a
community-based effort where new data and improved methodologies may lead to further insight into funda-
mental properties and potentially a definitive age not only for the FCs dating standard, but importantly also for
the K/Pg boundary.

1. Introduction detailed comparison with *“°Ar/3°Ar ages using different standards and/
or standard ages and with other dating methods, and 2) the incorpora-

Sanidine of the Fish Canyon tuff (FCs) represents the most widely tion of “°Ar/3°Ar ages in the geological time scale. In the late nineties
used standard in “°Ar/3°Ar dating. However, ongoing debate about its and 2000’s, “°Ar/3?Ar data were commonly reported relative to FCs of
age results in substantial uncertainties in *“°Ar/3°Ar ages, hampering 1) 28.02 Ma (Renne et al., 1998). This age is based on intercalibration with
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the primary biotite standard GA1550 and has a full external uncertainty
(including decay constants uncertainty based on Steiger and Jager
(1977) of ~1 % (4 0.28 Ma). Because intrinsic uncertainties in
40Ar/3Ar dating were likely even larger, in the order of 2-2.5 % (Min
et al., 2000), recent ages for the FCs were derived from intercalibration
with alternative, astronomical and U/Pb, dating methods and model
optimization approaches instead of intercalibration relative to a primary
K-Ar dated standard.

The study of Kuiper et al. (2008) provided an important next step in
the astronomical calibration of the FCs, building upon earlier studies
that either compared *°Ar/3°Ar and astronomical age estimates of
Quaternary magnetic reversals (e.g., Baksi et al., 1992; McDougall et al.,
1992; Spell and McDougall, 1992; Tauxe et al., 1992; Renne et al., 1994)
or used less suitable minerals such as plagioclase or biotite (Hilgen et al.,
1997; Kuiper et al., 2004) for *°Ar/3°Ar dating of volcanic ash layers in
astronomically dated successions for this purpose. The FCs age of 28.201
+ 0.046 Ma (20, incl. analytical, decay constant and astronomical age
uncertainties) of Kuiper et al. (2008) is based on a direct comparison of
astronomical and single crystal “°Ar/3°Ar sanidine ages of volcanic ash
layers in tuned marine sections of late Miocene (Messinian) age in the
Mediterranean. The ash layers are intercalated in marine sections in
Morocco; these sections are correlated cyclostratigraphically to tuned
sections elsewhere in the Mediterranean by means of high-resolution
planktonic foraminifera biostratigraphy to obtain astronomical ages
for the ash layers and an astronomically calibrated age for the FCs
through a detailed comparison with single crystal “°Ar/3°Ar sanidine
ages for the same ash layers.

This FCs age of 28.201 + 0.046 Ma has subsequently been confirmed
by several studies (e.g., Rivera et al., 2011: 28.172 + 0.028 Ma; Wotz-
law et al., 2013; 28.196 + 0.038 Ma; Phillips et al., 2022: 28.176 +
0.023 Ma), and has been adopted in the standard Geological Time Scale
(GTS2012/2020: Gradstein et al., 2012, 2020), but has also been seri-
ously challenged by alternative — much - younger astronomical FCs ages
of 27.89 Ma (Westerhold et al., 2012), 27.93 Ma (Channell et al., 2010),
28.083 £+ 0.045 Ma (Drury et al., 2017) and 28.10 Ma (Westerhold et al.,
2015) as well as older U/Pb based ages of 28.294 + 0.072 Ma (20, age
uncertainty based on Monte Carlo simulation) (Renne et al., 2010,
2011), using statistical optimization and *°K activity data, K/Ar isotopic
data, and selected 23%U/2%pb — “°Ar/*°Ar data pairs as input, and
28.393 + 0.194 Ma (Ganergd et al., 2011) (see also Table 1). Recently, a
novel Bayesian calibration of the 40 K decay scheme was published
using U/Pb dating to arrive at an FCs age of 28.183 + 0.070 Ma (20, incl.
R-value, decay constant and neutron fluence monitor uncertainties)
(Carter et al., 2025). This modeling also produced age calibrated decay
constants.

All methods and approaches received both support and criticism
during the last 17 years. The present paper is intended to test the

Table 1
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different astronomical and U/Pb based calibrations by presenting rele-
vant new data. It does not follow the structure of a regular paper as it
combines these new data with a review of the cyclostratigraphy of the
Mediterranean late Miocene. We will start with this in depth review
followed by a statistical evaluation of the astronomical calibration of the
deep marine sections in the Mediterranean on which the currently
widely used FCs age of 28.201 Ma is based. This is done by using a new
quantitative proxy time series between 6.8 and 6.0 Ma to test various
tunings that are consistent with different FCs ages. We will continue
with introducing new U/Pb ages of the Faneromeni A1 ash bed and the
FCT that are relevant for independently determining the FCs age. This is
succeeded by a discussion in which we look at the consequences of our
relevant new data with the various ages that have been published for the
FCs standard over the years. At the end, recommendations are made for
the age of the FCs to be used in the coming years (including the next
revision of the standard GTS), including a forward look on methodo-
logical developments in “°Ar/3°Ar geochronology. Finally, a
community-based effort directed at new data and improved methodol-
ogies may lead to better insight into fundamental properties and
potentially a slightly different age of the standard. This effort will help
clarifying whether alternative approaches to the astronomical calibra-
tion, such as statistical optimization, Bayesian modeling or direct U/Pb
FCT zircon dating, produce an even more accurate and precise FCs age.
Age uncertainties, if available are reported the first time an age is
mentioned in the text. They are reported at 2¢ full uncertainty, including
both internal and external errors as specified in the original publica-
tions, unless stated otherwise.

2. Review and statistical evaluation of the astronomical tuning
of the Mediterranean Miocene

We will first review and statistically evaluate the astronomical age
model for Miocene sections in the Mediterranean on which the astro-
nomically calibrated age of 28.201 + 0.046 Ma of Kuiper et al., 2008) is
based. The tuning of marine Miocene land-based sections in the Medi-
terranean (e.g., Hilgen and Krijgsman, 1999; Hilgen et al., 1995;
Krijgsman et al., 1997; Sierro et al., 2001; Van Assen et al., 2006; see
Fig. 1 for location) partially underlies the age calibration of the late
Miocene portion of the standard GTS2012/2020 (Hilgen et al., 2012;
Raffi et al., 2020) and the astronomical calibration of the FCs (Kuiper
et al., 2008; Rivera et al., 2011), used in GTS2012 (Schmitz, 2012) and
more recently in GTS2020 (Schmitz et al., 2020). It is important to
realize that the Pleistocene and Eocene calibrations of Channell et al.
(2010) and Westerhold et al. (2012) (see paragraph 2.c), which are
linked to astronomically calibrated FCs ages of 27.93 and 27.89 Ma,
respectively, imply that the Miocene tuning of the Mediterranean is too
old by ~70 kyr, or ~ 3 precession cycles, while the optimization

Overview of recent FCs and FCT ages based on different methods and approaches. Ages refer to a) Renne et al. (1998); b) Westerhold et al. (2012); ¢) Channell et al.
(2010); d) Drury et al. (2017); f) Channell et al. (2020); g) Rivera et al. (2011); h) Phillips et al. (2022); i) Kuiper et al. (2008); j) this paper; k) Keller et al. (2018); m)

Wotzlaw et al. (2013); and n) Renne et al. (2011); and o) Ganergd et al. (2011).

FCs age Ar/Ar Astronomical U/Pb
Age Calibration Age Method/solution Age
Youngest 28.02 + 0.28° GA-1550 biotite 27.89° Brunhes-Matuyama
27.93¢
Younger 28.083 + 0.045¢
28.10°
28.15° magnetic reversals 28.171 + 0.039/— 0.044’ eruption age
28.172 + 0.028% La2004 28.186 + 0.037% eruption age
28.176 + 0.023" La2004
28.183 + 0.070' Bayesian
Young ages 28.201 + 0.046' La2004 28.196 + 0.038™ youngest grain
28.194 + 0.034 youngest population
Older 28.294 + 0.072" optimization

28.393 + 0.194° paired Ar/Ar-U/Pb
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Fig. 1. Location map of Mediterranean sections. The location of Oued Akrech on the Atlantic side of Morocco, and the Casanieves borehole and Zumaia section on
the Atlantic side of Spain are also shown. Google maps coordinates for most of the important sections in alphabetical order: Aghios Ioannis: 35.067889°, 24.906194°
(latitude, longitude); Falconara: 37.128952°, 14.021020°; Faneromeni: 35.223642°, 26.063496°; Kastelli: 35.076611°, 24.925194°; Messadit: 35.351252°,
—3.024708°; Metochia A/B: 34.855518°, 24.089234°; Metochia D: 34.858349°, 24.092606°; Monte del Casino: 44.261130°, 11.628464°; and Oued Akrech:
33.925104°, —6.809047°. Sections of the Abad marl composite section in Spain (see Sierro et al., 2001): Gafares: 37.025503°, —1.978324°; Gypsum Quarry A:
37.073751°, —2.087092°; Gypsum Quarry B: 37.077288°, —2.090587°; Molinas A: 37.090183°, —2.069826°; Molinas B: 37.091238°, —2.070402°; and Perales C:

37.097268°, —2.055176.

approach yielding 28.294 Ma (Renne et al., 2010, 2011) implies a tuning
that is one cycle too young. Below we re-evaluate the original tuning for
the critical interval between 7.6 and 6.0 Ma and delineate cycle patterns
on which it is based in detail. We will then use a new quantitative proxy
record to statistically evaluate both this tuning as well as other tuning
options that are consistent with the alternative astronomical and U/Pb
based FCs calibrations.

2.1. Review of astronomical age model for the Mediterranean Miocene

2.1.1. 7.6-6.8 Ma

From 7.6 to 6.8 Ma, the Mediterranean record contains two large-
scale sapropel clusters tuned to 405-kyr eccentricity maxima at 7.45
and 7.05 Ma (blue stars VII and VIII in Fig. 2; Hilgen et al., 1995). Cluster
VII is atypical as it coincides with a 2.4 Myr eccentricity minimum,
resulting in relatively low and constant precession amplitudes, a poorly
developed ~100-kyr cyclicity and a relatively strong influence of
obliquity. The tuning of the sapropel and carbonate cycles in this cluster
is therefore constrained by precession-obliquity interference patterns
(M69-71, G83-86, K9-13, F2-6, C15-17 and OA1-18 in Fig. 2; see also
Hilgen et al., 1995, 2000; Krijgsman et al., 1997). Moreover, the total
number of cycles in the Faneromeni (Crete, Greece) and Oued Akrech
(Atlantic side of Morocco) sections in which all cycles are lithologically
expressed, is identical (e.g., F7-18 and OA7-18 in Fig. 2).

Cluster VIII starts with a very prominent basal sapropel that is
recognized in all sections in the Mediterranean and, as a thick and
distinct reddish layer, at Oued Akrech (M74, K14, F18, C18, OA1S;
Fig. 2). This sapropel overlies a thick marly interval in which sapropels
are either absent or very rare and thin as in section Metochia; this marly
interval marks the 405-kyr minimum around 7.25 Ma. The two thin
sapropels (M72-73) that are present in this interval correspond to the

strongest summer insolation maxima and coincide with the First
Occurrence (FO) of Globorotalia menardii 5 and the First Regular
Occurrence (FRO) of the Globorotalia miotumida group in the Mediter-
ranean, respectively. They correlate with the two thickest and most
distinct reddish layers in this interval at Oued Akrech (OA9 and 15).
These reddish layers coincide with the same planktonic foraminiferal
events as the correlative thin sapropels in the Metochia section (Hilgen
et al., 2000).

The first prominent sapropel of cluster VIII marks the beginning of a
characteristic pattern related to precession-obliquity interference
recognized in all sections (e.g., M74-78; K14-17; F18-22; C18-22;
0OA18-20) and in the astronomical target curve (Fig. 2). Other details
that can easily be identified both in the target curve and in the geological
record are 1) the weakly developed sapropel or correlative grey layer
(F26, C26, M85) that corresponds to the weakest insolation maximum at
7.10 Ma and 2) the anomalously thick cycle dated astronomically at 6.9
Ma (F29, C29) (Fig. 2). The latter marks a double precession cycle in
which the younger one is not developed as a consequence of the very
weak Insolation forcing. The sapropel pattern of cluster VIII is succeeded
by two thin sapropels of which the younger coincides with the Globor-
otalia nicolae First Occurrence (FO) and may be developed as grey marl
or not at all (F33, M91-92, C33). Together they mark the ~100- and
405-kyr eccentricity minimum at 6.82 Ma.

2.1.2. 6.8-6.25 Ma

Tuning the interval younger than 6.8 Ma is less straightforward, due
to stratigraphic complications in some of the sections (e.g. slump levels,
shearplanes) and the more complex cycle buildup with diatomites in
addition to sapropels and homogeneous marls (Fig. 3). On the other
hand, the geophysical well logs of the Casanieves borehole located just
outside the Mediterranean (Ledesma, 2000) reveal an excellent fit with
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Fig. 2. Integrated magnetobiocyclostratigraphic correlations between selected Mediterranean sections and the Oued Akrech section in Morocco, and astronomical
tuning of these sections for the interval between 7.6 and 6.8 Ma. Labeled calcareous plankton bio-events: 1) d/s coiling change Globorotalia scitula Group, 2) Last
Common Occurrence (LCO) Globorotalia menardii 4, 3) Last Occurrence (LO) Globorotaloides falconarae, 4) Last Occurrence Globorotalia menardii 5, 5) Last Occurrence
(LO) G, menardii 4, 6) First Regular Occurrence (FRO) Globorotalia miotumida Group, 7) First occurrence (FO) Globorotalia nicolae, and a) First Occurrence (FO)
Amaurolithus primus, b) First Occurrence (FO) Reticulofenestra rotaria, c) First Occurrence (FO) Amaurolithus aff. amplificus, d) First Occurrence (FCO) R. rotaria, €)
First Occurrence (FO) Amaurolithus delicatus, and f) First Common Occurrence (FCO) A. delicatus. Sapropels and related grey (Faneromeni) and reddish (Oued Akrech)

marls have been labeled per section. In addition, the position of ash layers al-3 has been indicated.

boreal summer insolation, especially as far as eccentricity related vari-
ations in precession amplitude are concerned (Fig. 3). The Casanieves
record can be linked to the Mediterranean sections by means of plank-
tonic foraminiferal biostratigraphy and confirm our tuning (Fig. 3).
Besides, cycles UA1-8 of the Upper Abad (Sorbas, Spain) comprise a
group of distinct sapropels, which together mark all the precession cy-
cles associated with the two youngest ~100-kyr cycles in the 405-kyr
eccentricity maximum around 6.67 Ma, while the three faintly lami-
nated marls of cycles LA17-19 in the older sections of the Lower Abad
denote the oldest ~100-kyr maximum with an age of 6.77 Ma at the
beginning of this 405-kyr maximum (Fig. 3; note, that a 405-kyr ec-
centricity cycle usually comprise 4x100-kyr cycles of which 2 or 3 have a
more pronounced amplitude during a 405-kyr eccentricity maximum;
note further the presence of the complex multiple slump level between
the Lower and Upper Abad in the Sorbas basin, see Sierro et al., 2001).
The interval with less distinct sapropels (UA9-13, except for UA8) marks
the next younger 405-kyr minimum around 6.5 Ma (I in Fig. 3). This is
followed by two clusters of three rather well defined sapropels
(UA14-16 and 18-20) with one weaker developed sapropel in between
(of UA17). These two clusters mark the first two ~100-kyr eccentricity
maxima following the 405-kyr minimum at 6.5 Ma. The weaker devel-
oped sapropel of UA17 with the thick homogeneous and/or

diatomaceous interval on top corresponds to the ~100-kyr eccentricity
minimum around 6.36 Ma (Fig. 3). The main sinistral to dextral coiling
change in neogloboquadrinids is associated with this minimum (Sierro
et al., 2001).

However, the most distinctive pattern in this interval is the
precession-obliquity interference in the insolation maxima between 6.55
and 6.43 Ma, which corresponds to the 405-kyr eccentricity minimum
around 6.5 Ma. The interference pattern is clearly reflected in the sonic
and inductivity logs of the Casanieves borehole and in the thickness of
the diatomite beds in the Falconara section on Sicily (T22-28; see Hilgen
and Krijgsman, 1999) (Fig. 3). As far as the Upper Abad is concerned,
cycles UA8, 10 and 12 usually contain the thickest and most prominent
sapropels, where the sapropels of UA9, UA11 and UA13 are less distinct
and thinner, with UA13 being thinnest (Sierro et al., 2001). However,
this pattern, which fits that of the insolation maxima (Fig. 3), is not
always consistent between parallel sections of the Upper Abad. It is also
lithologically not evident in the Messadit section in Morocco, where
sapropels are not developed, probably as a consequence of the relatively
shallow depth of deposition.

In contrast to lithology, the interference pattern is clearly reflected in
quantitative planktonic foraminiferal records of the Upper Abad espe-
cially in the warm/cold ratio and number of planktonic foraminifers per
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(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

gram (Sierro et al., 1999; see Fig. 3). A warm water signal is completely
absent in the thin sapropel of UA13 that corresponds to the youngest and
weakest insolation maximum in the interference pattern. This results in
a prolonged interval in which faunas are dominated by the cold water
species Globigerina bulloides. This so-called bulloides interval is recorded
in all key sections at the anticipated position based on the integrated
magneto-, bio- and cyclostratigraphic correlations (Fig. 3). The sapro-
pels of cycles UA9 and UA11 that correspond to reduced insolation
maxima in the interference pattern do not show a full return to warm
water faunas either (Sierro et al., 1999). This faunal pattern is also
recognizable at Messadit confirming our previous correlations and
tuning (Van Assen et al., 2006). The tuning of this interval marked by
precession-obliquity interference in the 405-kyr eccentricity minimum
at 6.5 Ma is further consistent with the number of cycles from 6.8 Ma
upwards (Hilgen et al., 1995).

2.1.3. 6.25-6.00 Ma
Precession-obliquity interference is also observed in the pattern of
diatomite beds in the upper part of the Upper Abad encompassing cycles

UA26 to 31 (or even 33, see Sierro et al., 2001). Distinct to prominent
diatomite beds are present in UA26, 28, 30 and 31, while such beds are
less distinct (UA29) or absent (UA27, lower part UA31) in between.
They follow the interference pattern observed in the insolation minima
with prominent diatomite beds of UA28 and 30 related to the strongest
minima in the middle part of this interval (Fig. 3).

The missing homogeneous marls and diatomite in cycle UA31 results
in the very thick sapropel of UA31, implying that this cycle represents a
double cycle (Sierro et al., 2001). Sapropels of UA26 and 27 similarly
appear as a thick brown layer in the field, but are separated by a thin
homogenous marl, while the sapropels of UA28 and 29 are separated by
a more distinct homogenous marl, including a diatomite, as expected on
the basis of the tuning and the insolation target. The distinctive inter-
ference pattern is also recorded by the homogeneous marls of cycles
T43-T47 in sections of the Tripoli Fm on Sicily (Falconara in Fig. 3;
Hilgen and Krijgsman, 1999). Similar to the correlative cycle UA31 of
the Upper Abad, cycle T46 represents a double cycle in which the
younger homogeneous marl is supposedly missing (Fig. 3). This char-
acteristic interval is associated with the 405-kyr eccentricity minimum
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centered around 6.1 Ma, and is sandwiched between intervals in which
the cycles (UA23-26, UA32-34; T37-41, T47-49) reveal a more regular
pattern.

The observed phase relation between diatomites in the uppermost
Abad and summer insolation minima is consistent with the occurrence of
opal CT (microcrystalline silica composed of cristobalite and tridymite)
derived from biogenic silica in the homogeneous carbonate-rich marls of
the Lower Abad (Sierro et al., 2001). Diatomites of cycles ME32-34 in
the Messadit section follow the interference pattern of the Upper Abad
diatomites at the onset of the 405-kyr minimum around 6.1 Ma, but no
diatomites are found in the younger cycles, due to the abrupt transition
to limestone intercalations. By contrast, diatomites in the Tripoli For-
mation on Sicily show an opposite phase relation with insolation across
the 405-kyr eccentricity minimum around 6.5 Ma (Pérez-Folgado et al.,
2003), with the thickness of the diatomite beds following the pattern in
the insolation maxima (Fig. 3). For the moment, this opposite phase
relation is not understood, but Upper Abad cycles are different as they
show an extra homogeneous marl in between sapropel and diatomite.
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2.2. Statistical evaluation

It has repeatedly been commented that lack of quantitative proxy
data (e.g. 6180) hampers (assessment of) the reliability of the tuning and
that statistical tests are needed to evaluate its correctness (see Sinnesael
et al., 2019 for the various approaches in cyclostratigraphy). Lithology
itself is a proxy for climate change in cyclic successions and nowadays
lithology related parameters such as colour and magnetic susceptibility
are often measured by default for time series analysis in order to test the
presence of Milankovitch cycles and the correctness of a tuning. A lim-
itation of time series analysis of paleoclimate records is the distortion
that is inherent to sedimentary successions and related to changes in
sedimentation rate, bioturbation, non-linear responses, etc.; this
distortion affects the significance levels of spectral peaks (Ripepe and
Fischer, 1991; Herbert, 1994; Hilgen et al., 2015). Nevertheless, suitable
statistical tools have been developed over the years, such as the average
spectral misfit (Meyers and Sageman, 2007) and assessment of ampli-
tude relationships (Meyers, 2015, 2019; Zeeden et al., 2015, 2019), to
test for the correctness of a tuning.
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Fig. 4. Wavelet spectrum, the sonic depth record, the bandpass filtered 3—4 and 20 m cycles of the sonic record of the Casanieves borehole (A-C) tuned to the La2004
insolation curve (Laskar et al., 2004). D: The filtered components supposedly reflect precession (3-4) and ~ 100-kyr eccentricity (20 m) cycles and were used for
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eccentricity maxima, the strong signal in the 20 m band related to short ~100-kyr eccentricity and the intermittent presence of an 8 m obliquity related cycle. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Here we use the Casanieves sonic record to which the Mediterranean
sections are correlated at the precession scale, to test the tuning (see
Table S1 for data). Spectral analysis in the depth domain revealed peaks
with cycle thickness of 20 and 7.6 m, and multiple peaks between 4.4
and 3.3 m. We bandpass filtered the 20 and 4.4-3.3 m cycles, as these
should correspond to the ~100 kyr eccentricity cycle and precession
(Fig. 4). The filtered 20 m cycle neatly picks up the bundles of 4-5 high
amplitude precession related cycles that supposedly reflect the expres-
sion of the ~100-kyr eccentricity cycle. An extra cycle is recognized in
the interval around 1030 m with the precession-obliquity interference
pattern associated with the 405-kyr minimum around 6.5 Ma, in
agreement with the eccentricity curve. The amplitude of the filtered
precession signal traces the same bundling and also reveals the
precession-obliquity interference pattern. This outcome is consistent
with the results of wavelet analysis (Fig. 4). The latter reveals enhanced
power in the precession frequency band (3-5 m) when the amplitude of
the precession related signal is amplified in the well-defined bundles
associated with ~100-kyr eccentricity maxima, a strong signal in the
~100-kyr eccentricity band (20 m) and an intermittent presence of an 8
m obliquity related cycle.

We then tested the tuning by looking at the amplitude modulation of
the precession signal in the sonic record. The method of using this
amplitude modulation to independently test an astronomical tuning has
seen a number of improvements over the years to overcome the criticism
that the modulation may be an artefact of the tuning itself. The methods

Original tuning option

Tuning to eccenficity

Tuning 1 cycle older
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of Zeeden et al. (2015, 2019) account for possible tuning artifacts from
random data. On the precession scale, we tested four tuning options: the
tuning shown in Figs. 3 and 4 that was employed by Kuiper et al. (2008)
and Rivera et al. (2011) to calculate their respective astronomically
calibrated ages of 28.201 and 28.172 Ma for the FCs, a one precession
related insolation cycle younger and older tuning, and a 3 cycles
younger tuning. The one cycle older tuning would essentially be
consistent with the FCs age of Renne et al. (2011), while a one (or two)
and three cycle younger tuning would correspond to Westerhold et al.
(2015) and Drury et al. (2017), and to Channell et al. (2010) and
Westerhold et al. (2012), respectively. Evaluation of the four tuning
options (Fig. 5) was done by comparing robust amplitude variations of
the precession signal in the tuned sonic time series (i.e., those not
affected by tuning; see Zeeden et al., 2015, 2019) with short term ec-
centricity from the La2004 solution (Laskar et al., 2004).

The previously published tuning is not only visually compelling, but
also statistically highly significant reaching a significance level of 99.88
% for correspondence between the precession amplitude in the sonic
data and eccentricity in the astronomical solution (Fig. 5, first column of
figures). The one cycle younger tuning results in a considerably lower P
value, but is still significant at 96.25 % (Fig. 5, fourth column). In fact
cross-correlation between the sonic data and La2004 reveals a best fit
between the two curves if the precession amplitude of the sonic time
series is shifted 4 kyr younger compared to our original tuning. This
suggests that the methods developed by (Zeeden et al., 2015) can

Tuning 1 cycle younger Tuning 3 cycles younger
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Fig. 5. Evaluation of the astronomically-tuned sonic record from the Casanieves borehole. (A) Sonic time series based on different tunings. Left: tuned time series
based on the original tuning followed to the right by tuning to eccentricity that is consistent with the original tuning. Further to the right: time series based on shifting
the original tuning one precession cycle older, and one and three precession cycles younger consistent with alternative FCs ages. (B) Sonic record filtered with a broad
precession filter (black), its instantaneous amplitude (red), and the final amplitude envelope following application of a lowpass filter (blue). (C) Comparison of the
final tuned sonic amplitude envelope (blue) and the amplitude envelope for climatic precession (black; processed using the same filtering algorithm). For plotting
purposes, all data series have been standardized (zero mean, unit standard deviation). (D) Kernel density estimate of Spearman rank correlation coefficients for
phase-randomized surrogate simulations of the datasets (for more details on the method see Zeeden et al., 2015), and the observed correlation coefficient for the
Casanieves sonic tuned record (blue line). Only for the original tuning a distinguishable higher correlation than for the surrogate series is achieved. Prior to analysis,
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distinguish between tuning options shifted by one precession cycle,
although results depend on, among others, the signal/noise ratio and
sampling resolution. The P value for the one cycle older tuning is again
markedly lower and the same is true for its significance (Fig. 5, third
column). A 2 cycle younger tuning that was not tested would have
resulted in a further lowering of the P value and the significance level
compared to the one cycle younger tuning. Finally, the 3 cycle younger
tuning does not produce a significant relation of the precession ampli-
tude in the resultant sonic time series with eccentricity (Fig. 5, fifth
column). This is not surprising as the amplitude now becomes partly
opposite to eccentricity, while an opposite phase relation with eccen-
tricity is unlikely. Thus the outcome of this independent test confirms
our tuning of the Casanieves borehole and, as a consequence, of the
sections in the Mediterranean (Fig. 3). Note that this is also the case if
only one tie-point per ~100-kyr cycle is used for the tuning (Fig. 5,
second column). Remarkably, this even produces a higher level of sig-
nificance (99.99 %) than the preferred precession scale tuning.

Another uncertainty in the tuning is the selection of values for tidal
dissipation and dynamical ellipticity in the solution. These Earth pa-
rameters affect precession and obliquity frequencies and, thus, the
precession-obliquity (p-o) interference patterns used to check the val-
idity of the tuning. The La2004; 1 solution with present-day values for
tidal dissipation and dynamical ellipticity was used for tuning the crit-
ical interval containing the ash layers for the intercalibration studies.
This solution provides an excellent fit with p-o interference patterns
observed in the Mediterranean Pliocene and lower Pleistocene, and in
the interval between 7.5 and 6 Ma (Figs. 2 and 3). Statistical comparison
of quantitative colour proxy records of sapropel-bearing sequences and
astronomical target curves for varying values of the tidal dissipation
showed that the La2004 solution is reliable back to ~10 Ma (Zeeden
et al., 2014). However, a numerical modeling effort recently suggested
that the tidal dissipation should already have been reduced to half its
present-day value at 3 million years ago (Green et al., 2017), which is in
disagreement with the outcome of the cyclostratigraphic analysis
(Zeeden et al., 2014). In addition, the role of dynamical ellipticity, the
other important parameter, has to be taken into account. However,
determining the dynamical ellipticity value is not straightforward,
although progress has been made from a modeling perspective (Farhat
et al., 2022). The direct tuning of sapropels to boreal summer insolation
or, alternatively, to low-latitude inter-hemispheric insolation maxima is
validated by the fact that sapropels are generally related to the intensity
of the North African summer monsoon. It responds directly and in-phase
to the insolation forcing in absence of a strong glacial cyclicity (Weber
and Tuenter, 2011; Bosmans et al., 2015; Marzocchi et al., 2015; Grant
et al., 2016).

2.3. Summary

Summarizing, we carefully reviewed and explained the details of the
tuning of the pre-evaporitic Messinian in the Mediterranean (i.e. be-
tween 7.25 and 6.00 Ma). The tuning is constrained by eccentricity and
precession-obliquity interference patterns in the lithological cycles and
faunal patterns; these are in very good to excellent agreement with the
La20041) target curve, as confirmed by statistical analysis. Therefore,
the agreement in intricate cycle patterns present in both the geological
record and the insolation curve confirms that the tuning is reliable down
to the individual precession cycle. It is not possible to shift the tuning
2-4 precession cycles upward as suggested by Westerhold et al. (2012,
2015) and Drury et al. (2017) without the loss of the excellent fit. This is
not surprising as such a shift would result in an opposite phase relation
with ~100-kyr eccentricity, which is incompatible with the observed
cycle patterns. Also the one precession cycle older tuning, which would
be in agreement with the FCs calibration of Renne et al. (2011), leads to
a significant reduction in the fit and significance. Detailed calibration
studies, using the Faneromeni A1 and MES-4 ash beds (Rivera et al.,
2011; Phillips et al., 2017, 2022), suggests that the astronomically
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calibrated FCs age of 28.201 + 0.046 Ma is slightly too old, although all
ages are consistent within uncertainty.

3. New U/PDb zircon ages of the Faneromeni A1l ash layer and FCT

Here we present new U/Pb ages of the Oligo-Miocene that are
potentially pertinent to the age of the FCs. In Section 3.1, we will first
focus on a new attempt to apply U/Pb zircon isotopic dating of volcanic
ash layers intercalated in deep marine sections of the Mediterranean
Miocene to test our astronomical calibration of the FCs. In Section 3.2,
we will present new data that are relevant to the direct U/Pb dating of
the Fish Canyon Tuff (FCT) itself.

3.1. Faneromeni Al ash, Crete

The Mediterranean sections discussed in Section 2.1 include the
Faneromeni section, which contains the Faneromeni A1l ash layer with
an astronomical age of 6.943 Ma (Hilgen et al., 1997; Rivera et al.,
2011). Initial attempts to intercalibrate the “°Ar/3°Ar system with as-
tronomical tuning were based on this ash (Hilgen et al., 1997; Kuiper
et al., 2004). This initial intercalibration has been followed by more
rigorous approaches (Rivera et al., 2011; Niespolo et al., 2017; Phillips
et al., 2017, 2022). The ash layer has been dated by Rivera et al. (2011)
and Phillips et al. (2017, 2022) yielding astronomically calibrated ages
of respectively 28.172 + 0.028 Ma (20, incl. external errors) (Rivera
etal., 2011), 28.187 4 0.019 Ma (20, incl. uncertainties in the reference
mineral measurements) (Phillips et al., 2017) and 28.176 + 0.023 (20,
incl. external errors) (Phillips et al., 2022) for the FCs (Table 1). The
Rivera et al. (2011) calibration incorporates uncertainties associated
with the accuracy of the astronomical solution (< 1-2 kyr), lag between
insolation and sedimentary expression (< 1 kyr) and assumption of
constant sedimentation rate between two astronomically tuned points
(< 2 kyr) into account. Rivera et al. (2011) therefore assumes an un-
certainty <5 kyr, or better than 0.1 %, in the astronomical age of the
volcanic ash layers, while Kuiper et al. (2008) start from a more con-
servative estimate of +£10 kyr. A critical assumption is that the under-
lying tuning is correct. Re-assessment of this assumption by carefully
checking all relevant cycle patterns, including faunal data of the Abad
marls and proxy records from the Casanieves borehole, leads to the
conclusion that the initial tuning of these upper Miocene sections is
indeed correct (see Section 2).

The Al ash also contains zircons of which single crystals have been
dated in this study. Analytical methods and approaches are described in
Wotzlaw et al. (2014) and all data are provided in the supplementary
information (Table S2; note that the BSE and CL zircon images in the 2nd
and 3rd worksheet of the table are not from the dated zircons them-
selves, but from other zircon crystals from the Al ash). Fig. 6 shows
single crystal 2°°Pb/2*8U dates that were corrected for initial 23°Th-
disequilibrium using a constant Th/U partition coefficient of 0.2 £+ 0.1
that results in a correction by 87 + 11 ka (see Wotzlaw et al., 2014 for
details). Th-corrected 2°°Pb/238U dates display substantial excess scatter
with single crystal dates ranging from 7.034 £+ 0.013 Ma to 6.958 +
0.016 Ma, but the youngest date overlaps with the astronomical age
when considering their respective uncertainties (Fig. 6). The youngest
population of statistically equivalent Th-corrected 2°°Pb/?38U dates
yield a weighted mean date 6.9693 + 0.0095 Ma (20 uncertainty,
including tracer and decay constant uncertainties), slightly (~1 pre-
cession cycle) older than its astronomical age. However, zircons often
record complex magmatic histories and the crystals dated here are un-
likely to represent the eruption age. To overcome this limitation, Keller
et al. (2018) introduced a Bayesian model that estimates the eruption
age from complex zircon age distributions. This approach requires some
prior estimate of the age distribution, either derived from a priori con-
straints or from bootstrapping the observed distribution in case of high-n
datasets. While the true distribution is always unknown, Keller et al.
(2018) showed that the model output is insensitive to the choice of the
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prior distribution. We employed this approach to the Al zircon U/Pb
data assuming a truncated normal distribution as the prior, representing
a magmatic zircon crystallization history suddenly interrupted by
eruption (Tavazzani et al., 2023), yielding a Bayesian eruption age es-
timate of 6.955 + 0.14/— 0.18 Ma (including systematic uncertainties
associated with the 238U decay constant and the tracer calibration;
Jaffey et al., 1971; Condon et al., 2015). This estimate is indistin-
guishable from the astronomical age, thereby providing independent
evidence for the accuracy of the astronomical tuning of the Faneromeni
succession (Fig. 6). Note, that this age excludes a 2-3 precession younger
tuning of the Faneromeni section necessitated by the — much - younger
astronomical calibrations of the FCs, but allows a one precession older
tuning in line with the calibration of Renne et al. (2011)

3.2. Fish Canyon tuff

One way to check astronomical calibrations of the FCs is to use U/Pb
geochronology to date zircons directly from the Fish Canyon tuff itself.
The uncertainty in U/Pb ages is very small (<0.1 %; Schoene et al.,
2013). This approach has the great advantage that it will in addition
provide a U/Pb age of the FCs without the need of additional steps and
assumptions. However, a geological interpretation of magma chamber
processes should be taken into account when comparing U/Pb data with
the “°Ar/*°Ar method. Furthermore, the correction for 2°°Pb deficit
through initial 238y /2301 disequilibrium is an extra source of uncer-
tainty for U/Pb data of late Cenozoic age.

Zircon and titanite of the Fish Canyon Tuff ignimbrite were initially
dated by Schmitz and Bowring (2001), yielding weighted mean
206ph,/238 dates of 28.498 + 0.035 Ma for zircon and 28.395 + 0.078
Ma for titanite. Subsequent work by Bachmann et al. (2007) revealed
that zircons in the FCT record a protracted crystallization history with
single crystal dates ranging from ~28.8 to ~28.0 Ma. Further method-
ological improvements in the ID-TIMS U/Pb dating technique, such as
chemical abrasion (Mattinson, 2005), the introduction of the EARTH-
TIME tracer solution (Condon et al., 2015) and the potential to obtain
both chemical and isotopic information on the same zircon crystal
(Schoene et al., 2012) required re-assessment of these data. Wotzlaw
et al. (2013) applied this improved methodology and used mass balance
modeling of the trace element composition and U/Pb dating to track the
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evolution of the Fish Canyon magma reservoir. Zircons from the Fish
Canyon ignimbrite, the pre-caldera Nutras Creek Dacite and an andesite
enclave in late erupted intra-caldera deposits reveal a range in
206pp,/238y dates of ~440 kyr, again indicating prolonged zircon resi-
dence times. Systematic variations in the trace element composition of
the dated zircons were interpreted to record a large-scale crystallization-
remelting cycle within the Fish Canyon magma reservoir. The youngest
dated zircon grain yields a Th-corrected 2°°Pb/?38U date of 28.196 +
0.038 Ma (95 % CI, not including tracer and decay constant un-
certainties) Wotzlaw et al.,, 2013; Table 1). Considering the
crystallization-remelting history recorded by the zircons, Wotzlaw et al.
(2013) claim that the youngest zircon U/Pb dates closely approximate
the eruption age of FCT. This dataset was also used by Keller et al. (2018)
to test their Bayesian model yielding a model eruption age of 28.186 +
0.037 Ma (Table 1). This outcome is largely seen as independent
confirmation of the astronomical age of 28.201 + 0.046 Ma for the FCs,
but U/Pb zircon dating of the FC tuff also provides a way to directly
calibrate the FCs age by means of U/Pb dating.

Notably, the dataset of Wotzlaw et al. (2013) included zircon U/Pb
data for a co-erupted andesite enclave extracted from late-erupted intra-
caldera ignimbrite. These andesite enclaves were interpreted to sample
the andesitic recharge magma that underplated the Fish Canyon magma
reservoir which triggered remelting of the crystal mush (Bachmann
et al., 2002; Wotzlaw et al., 2013). Somewhat surprisingly, zircon from
the andesite enclave yielded a similar range in U/Pb dates as zircon from
the Fish Canyon dacite instead of only recording the recharge interval.
Since publication of this data in 2013, novel analytical protocols were
developed that now permit a more detailed characterization of zircon
crystals prior to ID-TIMS analysis using CL imaging and in-situ trace
element analysis by laser ablation ICP-MS (e.g., Rivera et al., 2013,
2014; Wotzlaw et al., 2018; Szymanowski et al., 2019) and higher
precision U/Pb age determinations (Von Quadt et al., 2016; Wotzlaw
et al., 2017) (Table S3).We used these advanced analytical protocols to
reassess the U/Pb systematics of zircon from the same andesite enclave
analyzed by (Wotzlaw et al., 2013; MLX; Fig. 7A). Zircon crystals were
mounted in epoxy, polished to expose their interiors for CL imaging and
LA-ICPMS analysis. CL images reveal two distinct populations of zircons
— one population with typical magmatic oscillatory zoning and super-
imposed sector zoning and another population with planar and patchy
textures typical of zircon from mafic rocks (Corfu et al., 2003; Karakas
et al., 2019; Fig. 7B). The oscillatory zoned crystals strongly resemble
zircons from the Fish Canyon dacite and are tentatively interpreted as
assimilated antecrysts from the Fish Canyon mush in which the andesite
was injected. This is confirmed by their trace element composition
which is also equivalent to the dacite zircons with, for instance, low Ti
and low Th/U (Fig. 7C and D). In contrast, the zircons with planar and
patchy CL textures have systematically higher Ti and higher Th/U
consistent with a more mafic host magma. Based on these data, these
zircons are interpreted as autocrysts that crystallized from the andesitic
recharge magma before or after injection in the Fish Canyon dacite
mush. This interpretation is further substantiated by the distinct U/Pb
systematics between the two zircon populations. The zircons interpreted
as antecrysts yield crystallization ages with a range similar to zircon
from the Fish Canyon and Nutras Creek dacites (Wotzlaw et al., 2013).
The zircons interpreted as autocrysts from the MLX andesite yield a
much narrower range in crystallization ages between 28.292 + 0.020
Ma and 28.179 + 0.032 Ma. While the petrologic implications of this
data are beyond the scope of this paper, the U/Pb dates of the andesite
zircons are very relevant for assessing the calibrations of FCs and this is
the focus of our following discussion.

Notably, only the oldest two single crystal zircon dates overlap with
the calibration of Renne et al. (2011) while all of the remaining nine
dates are within the uncertainty envelope of the Kuiper et al. (2008)
calibration (Fig. 7A). This already strongly suggests that the Renne et al.
(2011) calibration yields an age for FCs that is significantly too old. The
youngest population of zircons with statistically equivalent 2°°Pb/238U
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Fig. 7. A. ?°°Pb/?38U Th-corrected ages for zircon grains of the MLX co-erupted andesite enclave in the FCT. Distinction is made between autocrysts and antecrysts.
Also shown are the calibrations of Kuiper et al. (2008) and Renne et al. (2011) (grey horizontal bars) of the FCs. B. CL images of the two distinct populations of
zircons — one population with typical magmatic oscillatory zoning and superimposed sector zoning and another population with planar and patchy textures typical of
zircon from mafic rocks. C and D. Trace element composition of the same crystals. Composition of the oscillatory zoned crystals strongly resemble zircons from the
Fish Canyon dacite tentatively interpreted as antecrysts with, for instance, low Ti and low Th/U. In contrast, the zircons with planar and patchy CL textures have
systematically higher Ti and Th/U consistent with a more mafic host magma. These are interpreted as autocrysts (see running text).

dates yields a weighted mean of 28.194 + 0.034 Ma (20) and using the
Bayesian approach of Keller et al. (2018) we derive an eruption age
estimate of 28.171 + 0.039/— 0.044 Ma (20, including systematic un-
certainties) (Table 1). These two dates are in very good agreement with
the calibration of Kuiper et al. (2008) and may even point towards a
slightly younger eruption age for the Fish Canyon Tuff that is in
remarkable agreement with the more recent calibrations of Rivera et al.
(2011), Phillips et al. (2017, 2022), and the recently published Bayesian
calibration of Carter et al. (2025). This reassessment of the zircon U/Pb
systematics of the co-erupted andesite enclave therefore strongly argues
for abandoning the Renne et al. (2011) calibration as well as the younger
astronomical calibrations and adopting an age of ~28.2 Ma or slightly
younger for the FCs.

4. Discussion and future developments
4.1. Discussion

In 2018, geochronologists at the EARTHTIME 2 workshop held in
Indianapolis agreed that “improving the calibration of FCs and other
standards via a new series of 222U/2%Pb and *°Ar/%’Ar measurements that
can be used in the optimization approach of Renne et al. (2011) is a goal for
both the “°Ar/*°Ar and ?38U/?°°Pb communities (see also, Reiners et al.,
2017)” (Schmitz et al., 2020). This will result in an improved intercal-
ibration of “°Ar/®°Ar and U/Pb dating and a critical test for the U/Pb
calibration and optimization of the FCs age of 28.294 Ma of Renne et al.
(2011). However, in the meantime, a different innovative approach has
been published that uses a Bayesian calibration of the K decay scheme,
including Ar/Ar dating, and the U/Pb system (Carter et al., 2025). This
resulted in an age of 28.183 + 0.070 Ma (20, full uncertainty) for the FCs
(Carter et al., 2025). At the same time, significant progress has been
made in determining the U/Pb ages of the FCT by providing relevant
new data and analyses (this paper), which resulted in an FCT eruption
age of 28.171 + 0.039/—0.044 Ma.

Our new single crystal U/Pb zircon FCT age and the results of our
statistical evaluation of the tuning, on which the astronomically cali-
brated FCs age of 28.201 Ma is based, show that both the - much -
younger astronomical FCs calibrations, varying between 27.89 and
28.10 Ma, as well the older U/Pb based calibration(s) of 28.294 and
28.393 Ma are not correct. In particular, the FCT age of 28.172 + 0.028
Ma is inconsistent at 2 sigma uncertainty with the optimization age of
28.294 £ 0.036 Ma provided by Renne et al. (2011). The previous FCT
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age of 28.196 + 0.038 Ma of Wotzlaw et al. (2013) and the astronom-
ically calibrated FCs age of 28.201 + 0.046 Ma (Kuiper et al., 2008)
were still marginally consistent with that of the Renne et al. (2011)
calibration, reason why the latter age continued to be used even though
the age of 28.201 Ma was recommended and incorporated in GTS2012
and GTS2020. However, the Rivera et al. (2011) and Phillips et al.
(2022) FCs calibrations were already inconsistent with Renne et al.
(2011) at the time.

Despite the progress, the fundamental issue of the FCs age has not
been completely solved although the much younger astronomical and
older U/Pb based ages can now be confidently excluded. However, the
question remains what age should be recommended for the FCs in the
future and for incorporation in the next standard GTS, in other words
should we stick to the astronomically calibrated age of 28.201 + 0.046
Ma of Kuiper et al. (2008), the preferred FCs age of GTS2012 and
GTS2020 (Schmitz, 2012; Schmitz et al., 2020), or switch to a slightly
younger age of 28.17-28.18 Ma, although all these ages are consistent at
20 uncertainty with one another.

For our discussion, it is important to realize that the 28.201 + 0.046
Ma is based on combining two subsets of data from different labora-
tories, the Vrije Universiteit Amsterdam (VU) and the Berkeley
Geochronology Centre (BGC) (see Kuiper et al., 2008). The ages of
28.184 + 0.016 / 0.044 Ma (analytical / full uncertainty; BGC) and
28.225 + 0.019 / 0.044 Ma (analytical / full uncertainty; VU) Ma of
these subsets are only marginally consistent and some interlaboratory
bias cannot be excluded. Phillips et al. (2022) also used the Moroccan
MES-4 ash bed resulting in an age of 28.179 + 0.010 / 0.042 Ma
(analytical / full uncertainty), younger than the VU data, but over-
lapping with BGC.

Importantly, the younger ages of 28.171-28.176 Ma (Rivera et al.,
2011; Phillips et al., 2022; this paper) are inconsistent with the older,
28.225 £ 0.019 / 0.044 Ma, of these two ages at the 1o uncertainty
level. Excluding this older age results in remarkable convergence of FCs
ages between 28.171 and 28.184 Ma (see Table 1). In addition, these
ages are all calculated with the Min et al. (2000) decay constant. Use of
the Steiger and Jager (1977) decay constant yields in slightly younger
ages (e.g., 28.201 Ma vs 28.198 Ma), showing that decay constant un-
certainties have a negligible effect on calculated FCs ages.

Several options exist if we aim to select an FCs age for incorporation
in the next GTS that is slightly younger than 28.201 Ma. An excellent
candidate is the eruption age of 28.171 + 0.039/— 0.044 Ma for the FCT
based on the new single crystal U/Pb zircon data presented in this paper
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(see Section 3.2). This option has the advantage that the FCs age is
directly derived from the Fish Canyon tuff itself and is solely based on
the well constrained U/Pb dating system. An alternative option is to start
from the astronomically calibrated age of 28.172 + 0.028 Ma of Rivera
et al. (2011) or the related slightly revised age of 28.176 + 0.023 Ma
(Phillips et al., 2022); the latter age also takes the Faneromeni A1l into
account while application of the Moroccan MES-4 ash beds results in a
slightly older age of 28.179 + 0.042 Ma with a larger uncertainty.
Finally, the 28.813 + 0.070 Ma of Carter et al. (2025) provides another
alternative although, like with the optimalization approach of Renne
et al. (2011), the choice of the Ar/Ar-U/Pb age pairs is a point of dis-
cussion and the full uncertainty is relatively large. The Carter et al.
(2025) approach uses Bayesian statistics combined with Ar/Ar and U/Pb
age pairs taken from the Pleistocene to Proterozoic samples to generate
Bayesian posterior estimates for “°K and also the 233U and 2*°U decay
constants. This new approach appears to enable the calculation of an FCs
age which is in good agreement with the new U/Pb age generated here
however the model can only be as good as the data that are included in
it, and the assumptions that have been applied. For example, the U/Pb
data used for the age pairs are from zircon measurements which come
from samples with clear inherited zircon populations (Mitchell III,
2014). This U/Pb age distribution may bias the U/Pb data to older ages,
and may also present difficulties in correctly identifying autocrystic and
antecrystic zircon crystals which would further biases U/Pb data to older
ages (e.g. Claiborne et al., 2010; Schaltegger and Davies, 2017). The
Carter et al. (2025) model attempts to deal with these biases in the U/Pb
(and Ar/Ar) data by including a crystal (zircon and feldspar) residence
time parameter as a prior in their model assuming a uniform prior
residence time between 0 and 500 kyr. This approach is in line with the
current best practices in dealing with crystal residence and calculation
of eruption ages based on Ar/Ar and U/Pb high precision data (e.g.
Keller et al., 2018), however it is limited by the data input into the
model. To improve the accuracy of the eruption age calculations for each
system, high n datasets (n > 10 once inherited grains have been
removed) should be used to determine the timing of eruption (e.g., Klein
and Eddy, 2023; Nathwani et al., 2025). Also, in-situ information such as
CL imagines should be included to assess the structure of the dated
zircon, and presence or absence of xenocrystic/antecrystic zircon
growth, similar to the approach used here with the MLX andesite
enclave (Fig. 7). Future studies targeted on improving the Ar/Ar and U/
Pb intercalibration should follow these guidelines to ensure that the
intercomparison is based on robust assumptions about the data. Also,
the U isotopic composition of zircon can vary (Hiess et al., 2012), and
this may generate biases in the U/Pb dataset in certain (older) time
periods depending on which types of ages are used. This is also some-
thing that should be considered in follow up studies to the Carter et al.
(2025) work.

4.2. Future developments

4.2.1. Ar/Ar dating: first-principles approach

An alternative to the astronomical and U/Pb calibrations remains the
first-principles approach based on the K/Ar method itself. The first
principles method for determining the age of standards involves mea-
surement of their 4°K and “°Ar* abundances. Morgan et al. (2011, 2023)
developed a pipette system, that emits calibrated quantities of “°Ar* via
the ideal gas law, to calibrate the sensitivity of the system across a range
of source pressures and to estimate the *°Ar* abundances in standards.
40Ar* abundances of HD-B1 and MD2 (GA1550) biotite standards were
combined with existing “°K abundance data for these neutron fluence
monitors. Ages for fluence monitors were then calculated and combined
with intercalibration data for HD-B1 and Fish Canyon sanidine (FCs) to
determine ages for FCs (Morgan et al., 2023). These latest results do not
yet approach the accuracy of other calibrations, but a number of po-
tential improvements (e.g. choice of material, amount of material gas
cleaning procedures) suggests that a revised methodology can be used to
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make reliable measurements in the future (Morgan et al., 2023). The
potential precision attainable by methods described in Morgan et al.
(2023) results in significant improvement in age uncertainties due to
4OAr abundance uncertainties. If applied to future determinations of
other parameters, such as the electron capture branch of the “°K decay
constant via “°Ar ingrowth experiments, this method may independently
improve “°Ar/%°Ar age uncertainties via multiple pathways (Morgan
et al., 2023). This first principles approach should at the end result in an
FCs age that is consistent with the astronomical and U/Pb based
calibrations.

4.2.2. Intercalibration of astronomical, Ar/Ar and U/Pb dating: triple
points and the K/Pg boundary

It is critical that astronomical and U/Pb based calibrations arrive at
identical FCs ages. Thus, it is promising that the direct U/Pb zircon
dating of the FCT (this paper) and the Bayesian modeling of the K/Ar
and U/Pb dating systems (Carter et al., 2025) yielded very similar FCs
ages as the astronomically calibrated ages that are favored by the sta-
tistical testing of the different tuning options for the cycles in the
Mediterranean Miocene (see 2.2). Further testing of this consistency
between the three main dating methods used to construct our standard
GTS may come from so-called triple points, i.e. stratigraphic horizons or
key beds that are suitable for both astronomical as well as single-crystal
Ar/Ar sanidine and U/Pb zircon dating. However, such points are un-
common in the Cenozoic with the Faneromeni Al ash bed being a
marked exception. An important older triple point that can be used as
testing ground for the intercalibration of the three main dating methods
is the K/Pg boundary.

The debate about the astronomical tuning on the long eccentricity
scale and age of the K/Pg boundary (e.g., Kuiper et al., 2008; Westerhold
et al., 2012) had apparently been solved by radio-isotopic dating of the
boundary (Renne et al., 2013; Clyde et al., 2016; Sprain et al., 2018) and
by closing the Eocene gap in the astronomical time scale (ATS; West-
erhold et al., 2015), resulting in a mutually consistent boundary age of
~66.0 Ma. In particular, the excellent agreement between the Denver
basin U/Pb age of 66.021 + 0.081 Ma (Clyde et al., 2016), the Ar/Ar age
of 66.043 4 0.043 Ma from Montana (Renne et al., 2013; based on
Renne et al., 2011) and the astronomical age of 66.020 + 0.040 Ma
(Dinares-Turell et al., 2014, using La2011) for the boundary looked
convincing. Not surprisingly, these ages were incorporated in the
Paleogene and Cretaceous chapters of GTS2020 (Gradstein et al., 2020).
In the Paleogene chapter, Speijer et al. (2020) used the astronomical age
of 66.000 (or 66.001) Ma with reference to Dinares-Turell et al. (2014),
whereas Gale et al. (2020) selected the Ar/Ar age of 66.04 + 0.05 Ma of
Renne et al. (2013), based on the Renne et al. (2011) calibration of the
FCs. More recently, the age of Renne et al. (2013) has been replaced by
66.052 + 0.043 Ma (Sprain et al., 2018), who also used Renne et al.
(2011).

Apart from the fact that 40-kyrs, or one obliquity cycle, seems to be
missing from the time scale at the K/Pg boundary, the choice of the Ar/
Ar age of Renne et al. (2013) starting from the Renne et al. (2011) FCs
calibration is remarkable as it is inconsistent with the recommendation
to use the astronomically calibrated FCs age of 28.201 + 0.046 Ma to
(re)calculate all Ar/Ar ages in GTS2020 (Schmitz et al., 2020). Hence,
the Ar/Ar boundary age of 65.836 + 0.061 Ma, based on the Kuiper
et al. (2008) calibration of Renne et al. (2013) or the slightly revised age
of 65.845 + 0.053 Ma (Sprain et al., 2018) should have been used
instead, but these ages would have resulted in a discrepancy of almost
200-kyr with the boundary age in the Neogene chapter. Yet, also our
new results for the age of the FCs argue for a discontinuation of the
Renne et al. (2011) calibration at 28.294 + 0.072 Ma.

The preferred K/Pg boundary age following Carter et al. (2025) ar-
rives at 65.799 + 0.040 Ma (the age shown in their Table 8 has been
calculated with the R-value of Swisher III et al. (1993) rather than with
the updated R-value of Sprain et al. (2018)). This age falls right in be-
tween the boundary ages of 65.778 + 0.034 and 65.845 + 0.053 Ma
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calculated for the Rivera et al. (2011) and Kuiper et al. (2008) FCs
calibrations, when the same R-value is used, but is significantly younger
than the corresponding age of 66.052 + 0.084 Ma according to the
Renne et al. (2011) calibration. Yet, such young ages are inconsistent
with the astronomical and U/Pb ages of Dinares-Turell et al. (2014) and
Clyde et al. (2016) for the boundary. However, in the meantime, the
astronomical age has become younger as well, ranging now from 65.92
to 65.96 Ma (Zeebe and Lourens, 2022). This new astronomical age is
based on a detailed comparison of high-resolution climate proxy records
with numerous astronomical solutions to overcome the problem of the
youngest chaotic transition in the Solar System around 48-50 Ma
(Laskar et al., 2011; Zeebe and Lourens, 2019, 2022; Kocken and Zeebe,
2024). Evidently, the ongoing uncertainty about the K/Pg boundary age
hampers the final intercalibration of the three main dating methods used
to construct the standard GTS.

Summarizing, multi-disciplinary studies of the FCs and especially the
K/Pg boundary are needed to guarantee full internal consistency be-
tween the main numerical dating methods used to build our GTS and
connect Earth’s diverse rock archives to reconstruct its intriguing his-
tory. However, a crucial step has been made in the right direction with
better constraining the FCs age.

5. Conclusions

The tuning of Miocene marine sections in the Mediterranean that
underlies the astronomical calibration of the FCs of Kuiper et al. (2008)
has been (statistically) evaluated. This evaluation supports the FCs age
28.201 + 0.046 Ma of Kuiper et al. (2008) and no evidence has been
found that the tuning should be 1-3 cycles younger as suggested by
Westerhold et al. (2012, 2015) and Drury et al. (2017) or one cycle older
as would be consistent with Renne et al. (2011).

Our new U/Pb zircon ages for the FCT are consistent with the
astronomically calibrated age of Kuiper et al. (2008), but inconsistent
with both much younger astronomical and older U/Pb derived calibra-
tions. The associated Bayesian K18 derived eruption age of the FCT
implies a slightly younger age of 28.171 + 0.039/— 0.044 Ma; this age is
in excellent agreement with the astronomically calibrated ages of Rivera
et al. (2011) and Phillips et al. (2017, 2022), and with the recently
published age 28.183 + 0.070 Ma (Carter et al., 2025), using a Bayesian
calibration of the K decay system. It is also in better agreement with the
28.150 Ma of Channell et al. (2020), which is based on the comparison
of astronomical and *“°Ar/3°Ar ages for Quaternary magnetic reversals.
The K18 derived eruption age has the advantage that it is based on - U/
Pb single crystal zircon dating of - the FCT itself.

Finally, the fundamental issue of the age of the FCs seems to be
nearly solved as much progress has been made with astronomical and U/
Pb calibrations producing almost identical ages. Our recommended age
of 28.171-28.176 Ma for the FCs is slightly younger than the 28.201 +
0.046 Ma that we aimed to test and evaluate. Yet, discrepancies in the K/
Pg boundary age have to be solved as well to reach a solid intercali-
bration of the three main dating methods used to build the standard GTS.
More in particular, the intercalibration is critical for attempts to extend
the astronomical time scale into the Mesozoic (e.g., Batenburg et al.,
2016; Huang, 2018) and potentially into the Paleozoic (e.g., De Vlee-
schouwer et al., 2012; Wu et al., 2023), and establish for instance the
temporal and causal relationship between the volcanic activity of the
Deccan Traps and the K/Pg boundary.
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