Rebuttal to reviewer 1

Reviewer comments R1:

Review of the manuscript ,,A comparison of two astronomical tuning approaches for the
Oligocene - Miocene Transition from Pacific Ocean Site U1334 and implications for the
carbon cycle* by Helen Beddow et al.

Dear Authors,

With great interest, | have read your manuscript. You review the Oligocene-Miocene
boundary magnetic and cyclostratigraphic time scale, and test it by tuning two proxies
(CaC03, d13C) from IODP Site 1264. Using these tuning options, you test their
consistency with sea floor spreading rates. Finally, your approach provides
astronomically tuned chron ages and implications for the Carbon cycle This manuscript
has a stratigraphic and carbon cycle focus and discusses the effect of orbital tuning for
time scales and carbon cycle interpretations, which are without doubt relevant for
paleoceanographic and paleoclimatic studies. You propose an orbitally tuned magnetic
polarity time scale for the relevant time interval, which is relevant and a valuable
outcome of your study. All over the manuscript is clearly structured and written. High
quality figures complement the text in a logical way. The manuscript is in my opinion
clearly in the scope of Climate of the Past. A revised version of this manuscript suits the
scope of CP, and I recommend publication after below mentioned clarifications/revisions.
I hope the comments below help to make your manuscript more clear and relevant to a
wide readership. It is clearly meant as constructive

A small correction: we have used IODP Site U1334 instead of ODP Site 1264.
‘General comments’

To be honest, it took me quite some reading to realise why you use the approach
presented in your manuscript, and I ask you to clarify this earlier and clearer. You
compare tuned ages, based on CaCO3 and d13C records. I was wondering what is your
initial argument for using d13C as signal for in-phase tuning? Several studies have shown
that this assumption may be problematic in the Neogene and Oligocene (as you also
state), and that d13C signals are time-delayed relative to other proxies and eccentricity.
Personally, I would expect a delay of this signal relative to physical and/or chemical
proxy data. Importantly, Liebrand et al., (2016) demonstrated that at Site 1264 the d13C
signal has a ~5-10 kyr time offset relative to CaCO3, therefore it is hard to understand
why you would knowingly use an offset signal as tuning target.

The main reasons to use 8"°C for tuning is (1) to test if the generally strong expression of
the 405 ky eccentricity cycle in benthic 8'"°C yields similar/comparable ages to tuning
approaches based on lithological proxies, and 2) to independently test the (previously
presumed) phase lag of the benthic 8'°C signal w.r.t. eccentricity with independent



evidence that is free from tuning assumptions. The spreading rates provide independent
evidence that the lag of the benthic isotopes is a real feature and that tuning to the 405-ky
cycle in benthic foraminiferal 8'°C does not yield ages that are in agreement with
spreading rates.

Please make this choice clearer early in the manuscript (as I read the manuscript parts of
your reason are rather hidden around lines 335-343). Your intention to test phase
relations and their stability regarding the phase comes rather late in your manuscript. In
any case it may need to be clarified that one tuning option is rather artificial and only
used as test, with the expected outcome that it will not be good/valid.

With the knowledge of hindsight, we agree that the 8'°C tuning option seems rather
artificial. However, by showing the implications of this tuning option for spreading rates,
we can rule it out completely. For the sake of argument (i.e., comparing tuning options
and provide independent evidence for chron ages and leads and lags in the climate-carbon
cycle system) it is best to keep an open mind about both tuning options, until we reach
the discussion and are able to discuss the implications of these tunings. We note that, in
the introduction, we clearly state the aim of the research (see last paragraph of the
introduction). Sentence beginning with “We evaluate...”.

According to your Fig. 7, and the preferred age model, a short interval around 23.1-23.1
Ma experiences sedimentation rates two times as high as previously and afterwards. In
my opinion, the exact doubling for one 100 kyr cycle mean that actually two cycles were
combined. Having less experience with this specific dataset than you, in my opinion the
data structure would allow such an interpretation in this interval, also when considering
eccentricity being expressed as precession amplitude. Please discuss this option (or why
this may not be the case) in the manuscript.

The preferred age model, supported by spreading rates, is the CaCO; tuned age model
(Fig. 6) and not the 8'"°C tuned age model (Fig. 7). A brief spike in sedimentation rate
near 23.1 Ma (Fig. 7e) is indeed an artefact of misinterpreting two 100-kry cycles as one.
The spreading rate history clearly rules this option out. Unfortunately, we are not able to
use precession, or its amplitude, as it is not well expressed in the data. We have reordered
the discussion and the age model evaluation section (see also comments to R2). Both age
model options are now discussed in more detail; including discussion on sedimentation
rates, phase assumptions and cyclostratigraphic interpretations.

I would propose to include a more thorough discussion on what the age model differences
mean for phase relations, also in context of the recent manuscript by D. Khider ‘The role
of uncertainty in estimating lead/lag relationships in marine sedimentary archives: A case
study from the tropical Pacific: Lead/Lag uncertainties’ (Khider et al., n.d.). Your d13C
tuning leads to an out-of-phase relationship (lines) of the d13C signal. This is stated, but
not discussed. Please discuss why this may be the case, and what it tells about reliability
of the signal and tuning.



An error had crept in Fig. 5 depicting the phase relationships. We have updated the figure
and text that discusses the phase relationships. The Khider reference is only partially
relevant, because they study the last three glacial, which are much better constrained in
time compared to the Oligo-Miocene records. We do refer to Khider now, to highlight
potential avenues for future research.

Apparently, you use MS data to derive CaCO3. Is there any reason why you do not
directly use the MS for tuning then? This is not clear to me, so please clarify this, and
demonstrate that the original MS data also supports your conclusions and these signals
are in phase when tuned. Results/Figures may go to Supplements. I think demonstrating
this will strengthen your manuscript and reasoning. Throughout the manuscript I propose
to name the age model CaCO3/MS based, as it is more MS based than CaCO3 based to
my understanding.

We have recomputed the conversion of MS into CaCO3 and now use a linear transfer
function. The signal structures are identical to one other and the tunings and phase
calculations based on MS are similar to those of CaCQOs. We convert MS into CaCO;
because ~90% (new improved conversion, using only coulometry data of the study
interval) of the variance in the MS record is linked to CaCOs. Variability in CaCOs
estimates, however, is with most readers more strongly associated with lithology (and the
processes underlying it: i.e. dissolution, dilution, productivity) than MS variability is. We
have clarified the text in section 2.2 to better explain our choice for CaCOj est. over MS.
Although this is very recent literature, I think that discussing (Laurin et al., in press), their
implications and your d13C results would be of advantage — though it would not change
your results.

We have included Laurin et al and Khider et al. in the manuscript and reference list.
‘Specific comments

Below you find further remarks. Addressing these would improve your manuscript in my
opinion.

Line 33: “correct”: Are you sure one of these is correct in detail? Please rephrase.

We have rephrased this sentence.

Line 34: please explain “anomaly profiles”

We have rephrased this sentence.

39: C6Bn.1n—-C6Cn.1: please provide rough age

We have added rough ages in parentheses.

58: Submitted? The paper without data in the reference list is published already,



https://www.clim-past.net/13/1129/2017/
We have updated this reference.

81: Here it may be useful to mention that the tuning process can introduce signals into
datasets, as has been demonstrated by e.g. (Shackleton et al., 1995)

We discuss introducing spectral power in the data record in section 4.3.1. already. We
have added a reference to Shackleton et al. 1995.

83-88: sentence is quite long, please phrase clearer.

We have rephrased this sentence.

144: SI units for MS refer to Volume. Later on you mention units/gram. Both can be
correct, but please be careful not to mix the two, and use one consistent unit for the MS
through the manuscript, ideally SI units.

We have changed “SI units” with “sensor values™ [see: Westerhold et al., 2012a, Pdlike
et al., 2010], because our MS record refers to shipboard, whole-round core-logger MS
values.

172: please state the re-sampling resolution (in depth or time, or both?)

We have added this information.

179: please specify details of the evolutive spectral method

We have added these details.

195: Please explain what survives here.

The Pacific plate survived. The Juan de Fuca plate was subducted. This has been clarified
in the text.

207: 88%? In the Figure it looks like more than 90%, please check.

We have recomputed the CaCOj; content of the sediment and adjusted the values in the
text.

209: please explain ‘CCSF’
We have explained CCSF in the main text of the manuscript.

220f: hard to see in Figures, please see comment on the Figures below.



See our reply below
223: Smaller? Weaker?
We have replaced “smaller” with “weaker”.

238 and elsewhere: significantly? At which confidence level? I cannot read the
significance level from Figures, so please rephrase.

We have replaced “significant” with “strong”.
275: ‘smallest lag’ — relative to what?
We have added “with respect to orbital eccentricity”

304f: Tuning is expected to lead to increased power, see e.g. (Huybers and Aharonson,
2010; Shackleton et al., 1995).

We have added these references.

Generally 4.3. Please substantiate why you choose the d13C as tuning signal here. This
information is rather hidden in lines 335-343.

This information was already given in this section. We state that §'°C is one of two end-
members (in terms of phase) for tuning [see, e.g. Liebrand et al, 2016., Pdlike et al.,
2006a, 2006b]. Previous studies have implicitly assumed (correctly) that CaCOs often
responds more directly to orbital forcing (though still nonlinearly) than the climatic
components reflected by the O and C isotope systems. Here, we test this assumption, by
showing that tuning to 8"°C does not yield satisfactory plate-pair spreading rate histories.

288: Ref to Fig. 6¢: In Fig 6¢ the CaCO3 maxima are not really aligned with eccentricity
minima (the dashed correlation lines are not consistent with this statement). Please make
sure this is the case, I think this is a plotting issue, as data seem aligned.

The plot seems fine to us. The confusion is probably due to the filters of the ~110-ky
signal that are sometimes slightly misaligned with the CaCO3 maxima that we manually
selected. We have clarified the text.

296; Evolutive ? analysis: what kind of analysis?

We have added information wrt the kind of analysis.

366? More significant? (and 420f: ‘marginally significant’) Now, it is significant at 95%

confidence or not? Maybe rather state ‘significant at higher confidence level?’ — if this is
the case.



To prevent confusion with statistical significance, we have rephrased these sentences.

454: Can sedimentation rates give you information on a choice here as well? I propose to
insert a brief statement/discussion on this.

We have added a brief discussion on the sudden increase in sedimentation rates here.
Constant sedimentation rates are probably more likely.

484: these references are examples; please use ‘e.g.’

We have added “e.g.”.

506: 1264 a IODP Site 1264?

We have inserted “Site”. IODP is already mentioned in the introduction.

516: ... required to speculate? Please rephrase, as I do not think we need to speculate.
We have rephrased this sentence.

Figures: Please give correct units for the MS, “instrument units” are not reproducible.
Please see previous comment. We have replaced S.I. units with “sensor values”
(according to IODP nomenclature). These MS records are measured on whole round
multi sensor tracks and are measures per volume.

Figures: Please indicate which phase represents relative lag/lead

We have now indicated leads and lags with respect to eccentricity in Figure 5.

Fig 2a: high CaCO3 data seem to show less variability than low MS data — again, please
note why you use CaCO3 data for tuning instead of MS data.

The low MS values are near the detection limit of the whole round sensor. The main
features between the MS and CaCO3 are now identical due to the new linear transfer
function that we applied. The conversion from MS to CaCOj; did not affect the visual
selection of tuning tie-points in the CaCO3 record, because these are all defined in
CaCOj; minima (i.e. MS maxima). We have described and clarified our choice for
converting MS into CaCOs in section 2.2. of the main text.

Fig. 2b: R2 denotes the correlation between MS and CaCO3 or the fit between data and
model? Please note that the high MS and low-CaCO3 part seems heavily influenced by a
single high MS data point, which seems less representative than lower MS data points.
Can this influence your results?



We agree that the correlation between MS and CaCO3 was suboptimal. The entire MS
record and coulometry data set for U1334 was used. We have replaced this conversion
with one that only considers the data for our study interval, and that removes intervals
from Site U1334 with very low and very high MS values. The R” value of the MS —
coulometric CaCOs content measurements improved to 0,92. A very convincing relation
between MS and calcium carbonate content, as is expected for the deep Pacific. Both MS
and CaCOs estimates were considered during the tuning process and the y-axis
conversion of MS values did not affect the tuned ages. In the main body of the text
(section 2.2.) we discuss our choice of (new) transfer function.

Fig.3: please indicate the position of the OM boundary
We have now indicated the OMB.

Figs 3, 5: wavelet plots show a lot of irrelevant high-frequency noise. I propose to focus
on relevant frequency ranges. This will make readers better able to reconstruct your
statements in the manuscript.

Small correction: these are evolutive FFT analysis, not wavelet analysis. We prefer to
also show the higher frequencies, because a lot of discussion in the literature is concerned
with these cycles. By showing that obliquity and precession are not continuously
present/strongly expressed, we visualize one of the main reasons why we tuned solely to
the (stable) eccentricity solution.

Fig 5 nicely shows bifurcations of the 100-kyr cycle. These can be used to test phase
relationships (Laurin et al., 2016). I encourage you to comment if the pattern is consistent
with your assumption.

We have not looked into the details of how bifurcations of the ~110-ky cycle can shed
further light on the individual 95 and 110-ky phase relationships to eccentricity. The main
aim of this study is to identify the most suitable tuning signal curve and settle the ~110-
ky tuning of the OMT interval.

Fig. 7 heading: ... versus age.
We have added “age” in the figure caption.

References: I am aware of issues with proposing to cite references during the review
process. Please see these as suggestions solely. For some cases, there are other papers
which also point in the same direction. I clearly do not require you to cite this specific
literature, but I ask you to consider their content, which in my opinion can improve your
manuscript. Please decide yourself.

Huybers, P., Aharonson, O., 2010. Orbital tuning, eccentricity, and the frequency
modulation of climatic precession. Paleoceanography 25. doi:10.1029/2010PA001952



Khider, D., Ahn, S., Lisiecki, L.E., Lawrence, C.E., Kienast, M., n.d. The role of
uncertainty in estimating lead/lag relationships in marine sedimentary archives: A case
study from the tropical Pacific. Paleoceanography 2016PA003057.
doi:10.1002/2016PA003057

Laurin, J., Riizek, B., Giorgioni, M., n.d. Orbital signals in carbon isotopes: phase
distortion as a signature of the carbon cycle. Paleoceanography 2017PA003143.
doi:10.1002/2017PA003143

Liebrand, D., Beddow, H.M., Lourens, L.J., Pilike, H., Raffi, I., Bohaty, S.M., Hilgen,
F.J., Saes, M.J.M., Wilson, P.A., van Dijk, A.E., Hodell, D.A., Kroon, D., Huck, C.E.,
Batenburg, S.J., 2016. Cyclostratigraphy and eccentricity tuning of the early Oligocene
through early Miocene (30.1-17.1 Ma): Cibicides mundulus stable oxygen and carbon
isotope records from Walvis Ridge Site 1264. Earth Planet. Sci. Lett. 450, 392—405.
doi:10.1016/j.epsl.2016.06.007

Shackleton, N.J., Hagelberg, T.K., Crowhurst, S.J., 1995. Evaluating the success of
astronomical tuning: Pitfalls of using coherence as a criterion for assessing pre-

Pleistocene timescales. Paleoceanography 10, 693—697. doi:10.1029/95PA01454

Good suggestions. We have added these references to the text and reference list.

We would like to thank Christian Zeeden (R1) for his constructive comments.



Rebuttal to reviewer 2

Reviewer comments R2:

Review: Beddow et al.: “A comparison of two astronomical tuning approaches for the
Oligocene-Miocene Transition from Pacific Ocean Site U1334 and implications for the
carbon cycle” submitted to Climate of the Past.

General Comments:
Dear Beddow et al.,

The idea of using two different proxy series for astronomical tuning, and especially
evaluating the differences between them in detail and the palacoclimatological
implications is excellent. I believe that the spirit of the paper, and the material presented,
fall perfectly within the scope of the “Climate of the Past” journal. There are however
some aspects that deserve further elaboration or better explanation to further improve the
quality of the manuscript before publication. Below you can find my comments and
suggestions.

Specific Comments:

Title:

“approaches” was confusing to me, first thought was that you used two different
techniques to do the tuning, while you used two different signals/proxies (and
corresponding phase relationships)from the same record. Suggest rephrasing of the title to
make this clearer.

We have shortened the title and removed the word “approaches” from it.

Abstract:

Lines 25-30: confusing, you mention two different phase-assumption, but both are
inverse and in-phase???

We have rephrased this sentence and clarified the difference between the two tuned age
models.

L30-32: Not convinced that the two-end member idea is that well known to the average
CP reader, and as such might not be clear in an abstract, more for later in the manuscript.

We have deleted this sentence from the abstract.



L33: what is ‘correct’?, maybe use something like ‘the most consistent with other data’,
the most probable etc...

We have rephrased this sentence. See also comment R1.
Introduction:

L62: ‘tuning signal’ and ‘target curves’, while in L19-20 you use ‘climate proxy records
and astronomical solutions’, to mean (as I understand it) the same thing. A consistent use
of terminology might avoid needles potential confusion.

We use this terminology interchangeably. We have clarified this in the text.
Methods:

Not clear/obvious why you estimate CaCO3 from the MS signal. A motivation for this
should be given in the introduction, so that the reader is not confused. Doesn’t one loose
information, quality of data, by this extra step. The correlation is good, but not one-to-
one.

We have not computed a new improved transfer function between MS and CaCOs. See
also comments to R1. We have clarified this in the text. See section 2.2.

Explain better sources data (place Wilson citation not optimal), and motivate selection of,
plate-paired spreading rates. Maybe instructive to indicate those on your Fig. 1?

We have clarified the text, but not Fig.1. We refer readers interested in spreading rate
histories to the study of Wilson. Here we focus predominantly on astronomical age
calibrations and carbon cycle implications.

Results:

Presentation of the CaCO3 data is absolutely not clear, different numbers in diff figures,
and the text. Adding stages in the plots would make reading much easier.

Not convinced by the mentioned higher frequencies in the CaCO3 record. Would be
curious to see the MS spectra too. Could discuss the evolutionary spectrum also more,
change over the boundary? Climate dynamics, changing sed rates?

We have updated the correlation between MS and CaCOs, and the figures. The new linear
correlation makes MS and CaCOs interchangeable in terms of cyclic patterns. Hence,
their spectra are indistinguishable. We have also added periods to all figs (where
relevant). The discussion of evolutive spectra has largely been revised. Also
sedimentation rates are discussed in more detail. We discuss the climatic-carbon cycle
dynamics in section 6.3.

Astronomical Tuning:



Side: Why are the sedimentation rate reconstructions for the CaCO3 done on the full
eccentricity scale, and for the d13C on a higher resolution???

The CaCOj; signal (as the MS signal) is predominantly a clipped (or skewed) signal with
high CaCOs3 values dominating and a minimum CaCOs value every ~110 ky or so.
Therefore, for this record, we visually selected tuning tie points in the CaCO3; minima
(i.e., MS maxima) only. The cycles in the benthic 8'"°C are much more sinusoidal in
shape. Therefore, we have visually selected tuning tie points in both ~110-ky cycle
maxima and minima, which were selected in a Gaussian filter of the data on a polynomial
age model through the GTS2012 assigned ages of the magnetic reversals. The higher
number of tuning tie-points also affects the linear sedimentation rates computed based on
the tie points. Section 4.3 explains the tuning procedures in much detail.

Side question. How is the tuning done? Manually extremum per extremum or with a
software/script? Explain somewhere. Suggestion.

We tuned manually by visually selecting tie points in case of the CaCOs3 tuning and based
on a ~110-ky filter in case of the '°C tuning. This is detailed in section 4.3.

In the d13C tuning this 50 kyr period will be close to 41 kyr, could this be an argument in
favor of the d13C tuning (because tuning on the eccentricity makes the obliquity come
out stronger, and you would expect an obliquity component no?)???

This could be an argument for the 8"°C tuned age model; however, there is no way of
knowing. The test for the best astronomical age models, that we have constructed, uses
independent evidence from plate-pair spreading rates. Assuming that obliquity must have
had an affect on the global marine carbon cycle is more speculative, and not supported by
the CaCOs; tuned age model that is in best agreement with spreading rates.

L.343: earlier on you mentioned the variability, sensibility of band pass filters to varying
parameters, now you use the band pass filters to discuss phase relationships. How robust
is this, or is there no problem? Also the phase relationships on Fig. 5 seem to be very
sensitive to the used age models...

The exact position of filter minima and maxima is indeed dependant on the bandwidth of
the filter. However, the filters depicted here were computed using broad bandwidths and
qualitatively show the affect tuning has on the position of 405 ky minima and maxima in
the benthic §'"°C wrt to those of eccentricity. The shift in these positions between the two
age models is very robust. Unfortunately, the length of the time series was too short to
compute phase evolution using, for example, Blackman-Tukey cross-spectral analysis
(see e.g. Liebrand et al. 2017, PNAS). Therefore, we discuss the increased phase lag of
the benthic 8'°C 405 ky cycle based on visual description, which is supported by filters.

And see ‘other comments’ too please.



See our reply below.
Discussion:

L443: T expected this discussion much earlier... it affects the interpretation of the
previous paragraphs

Good point. We have reordered parts of the discussion and results in such a manner that
we now first compare the to tuned age model to each other, and then use the plate pair
spreading rate histories distinguish between the two tunings. Most of the content stayed
the same, we now present the arguments in a more logical order.

L509-510: What might be the influence of the detrending (or not fully) of this d13C
shift? Might it effect the BP filtering, be related to this peak in SR in C6Cn2r, add in the
end an offset in age models??? Just an observation/thought...

The large positive shift in absolute benthic 8'°C values associated with the onset of the
Oligocene-Miocene Carbon Maximum is also linked to the increase in phase lag of the
405 ky cycle. We have taken the bandwidths for filtering very broadly, which visualizes
the observed phase lag. Detrending does not affect the phase lag of the 405-ky cycle in
8"3C, because only periodicities >600 ky were removed using a notch filter.

Conclusions:

L525: “insolation forcing’ (actually also in your discussion), you tune on eccentricity, but
eccentricity as such is only a very small component in the insolation term, eccentricity
kicks in as amplitude modulator, non-linear feedbacks etc... should we be careful with
the terminology?

Good point. We have added a sentence in the discussion to clarify this. All eccentricity
signals in the U1334 records are of course a nonlinear response to the amplitude of
precession (i.e. one of the two main insolation components that directly modulate
seasonality). When we refer to insolation responses and eccentricity signals, the
mechanistic link must be nonlinear and indirect.

References:

Not all consistent (for later, editing)

We have reviewed the references.

Missing in my opinion: Laurin et al., 2017, Paleoceanography

Suggestion, because very recent, Khider et al., 2017, Paleoceanography.

We have included these references in the manuscript.



Other Comments:

L24: again ‘tuning approaches’

We have rephrased “approaches” throughout the manuscript.

L58: submitted, in ref list as ‘in review’, published in CPD, be consistent.

We have updated this reference.

L62: ‘tuning signal’ and ‘target curves’, while in L19-20 you use ‘climate proxy records
and astronomical solutions’, to mean (as I understand it) the same thing. A consistent use
of terminology might avoid needles potential confusion.

We have clarified the text concerned with tuning signal and target curves.

L.83-84: now you specify ODP and IODP, while you already referred to the concept of
‘Sites’ in the previous paragraph, maybe do this specification earlier in the manuscript.

We have corrected this in the text. The introduction of ODP is now moved forward,
before we discuss the first sites.

L84: capital needed for ‘Middle Miocene’? is this an official term?
It is, but our use here is informal, hence the small letter.

L8S5: strange place to refer to Laskar et al., 2004, you didn’t specify the tuning sources for
the previous paragraph, be consistent.

Indeed. We have removed this reference.

L88: be consistent in your referencing style, and make at the same clear which reference
is for which record.

We have clarified the references here. 3
L89: remove ‘very’, suggestion
Removed.

L91: first time mentioning 110 and 405 kyr periods, maybe for the first time mention
explicit link to eccentricity and explain why you use the number of ~110 kyr.



We now link these cycles to the stable eccentricity solution. The text concerned with tidal
dissipation and dynamical ellipticity is moved to the discussion and removed from the
introduction.

L95: what exactly was the first advantage? Clear cycles or good agreement?

See previous comments. The fact that eccentricity (in contrast to the obliquity and
precession solutions) is stable is the first advantage. This has now been resolved.

L99: miss reference(s), how significant would that effect be (for the OMT)?

We have added references here. It could make a difference of up to a couple
precession/obliquity cycles at 23 Ma. We refer the interested reader to Lourens et al.
2004.

L102: what about differences in age and duration estimates?

Good point. These are affected by tuning assumptions as well. We have clarified the text.
L114: also the CaCO3?

Yes. We have clarified this in the text.

L117: two end-member concept can use more explanation

We refer to section 4.3. for more explanation of this point. Here we briefly state what the
reader will find in the manuscript.

L119: diff methods? More diff proxies (with corresponding phase interpretations), not my
favourite formulation.

We changed “methods” for “proxies.

L120: now you talk about “records” (before: proxy or signal), I would prefer one
consistent terminology. Mention explicitly, between brackets, which records.

See main comment about motivation for this CaCO3 estimate, and potential loose of
quality of your data.

I think this is actually quite clear. Proxy signal, record, curve, target, solutions: these are
all synonyms for time series. We have clarified these terms on a few occasions.

L148-153: not really ‘Methodology’
We present this information here because we briefly want to explain what the CaCO;

signal of the sediment may indicate. Understanding the tuning signal is important for the
method of age model construction.



L160: “a”, typo?
Removed

L161: “and n” typo?
Removed

L172: resampled? What were the original and new resolutions? From Fig. 2 it seems that
not all isotopic data has the same resolution, could this be important?

See also comments R1. We have clarified the text.

L173: small motivation for 6 m and 600 kyr? They don’t seem to represent the same
amount of your signal???

These values are approximate, because the notch filter is Gaussian. The exact bandwidth
did not crucially affect the detrending. We left the text as is.

L176: maybe mention that the bandwidths are mentioned in the fig captions.

We prefer the method section.

L178-179: window sizes and which method (e.g. FFT?) or evolutive analyses.

See comment R1. We have updated the text. Indeed FFT.

L182: Would make more sense to discuss the Wilson, 1993 paper in the introduction,
where it is currently missing. Also is this paper the (original) source of your spreading
rates?

We mention in the introduction that spreading rates have previously been used to
constrain/check tuned age models. In our opinion, the introduction of the Wilson data is
best presented here.

L184: missing “)”

We have removed the brackets altogether.

L184-186: sources rates for all Wilson paper? What is your motivation to select these
four sets?

See comments R1. The text has been clarified wrt this point.

L199: which reversals?



We have added this information.
L206-207: the ranges on your plot 2a and 2b, and Fig 3 for CaCO3 and MS are
different!!! How is this possible, highly confusing. Is one from core logging and others

from discrete sampling? Needs to be clarified.

We have updated this plot, and now show the new, improved, correlation between MS
and CaCQOs.

L208: below 70%? Also at other places? What is the point? Include the stages on the
plots, this will make things much easier for all readers that might not be as familiar with
the magnetostratigraphy as you are.

We have removed this sentence. We have added the Oligocene and Miocene Periods in
Figure 3.

L213: where is the OMT on your figure?

See previous comment.

L215: refer to (sub)figure, where does this age come from?

Figure reference added. Age removed.

L216: is this higher amplitude variability so convincing? Often single points?

After the OMB clear 110 ky cycles are present. These consist of many data points.
L217: more positive or less? Lower values, reversed axis?

More positive values/higher values. The y-axes of the isotope plots are indeed reversed.
L224: where do you see these 1.83 and 2.8 c/m peaks in the CaCO3 record? I don’t...
Agreed. Sentence removed.

L225: which high-amp cycles? Specify, be 100% clear.

We have clarified the text.

L228: any biostrat in addition to the magnetostrat?

No biostratigraphy.



L.233: can refer to Table 1. Fig. 4

We have included these references.

L235: isn’t evolutive a form of power spectrum?

Correct. We have removed the word “and” in between the two.

L238: what does significant mean?

See R1. “Significant” is replaced by “strong”.

L240 CaCO3 est => different CaCO3 values ? never different on your figures...

We are not entirely sure what R2 means with this comment. We have updated Fig. 2b.

L.245: 1 see your point, but here you took twice the same filter and is the different
outcome because the different variations in both signals. Remove very.

We have deleted the sentence referring to filter bandwidth. This was out of place here.
And removed “very”.

L253: be consistent with your spelling of time(-)series
We have removed the dash

L256: reference to wrong figure, not Fig. 7

Changed into Fig. 5.

L257-261: repetition of intro, and this time with reference. Do once expanded in the
intro.

We have chosen to remove it from the introduction and discuss tidal
dissipation/dynamical ellipticity (and the implications for tuning) here.

L272: again, somewhere in the beginning you referred to different phase relationships???

Yes, both CaCOs and §"°C are tuned in-phase with eccentricity, after multiplying the
records with -1. However, both records contain different response times to eccentricity,
resulting in different age models with differing leads and lags (i.e. exact phase
relationships). To clarify the difference between leads and lags (which also contain phase
information), and the ‘broad correlation’ between phases of cycles and how they
correspond to one other (e.g. ecc max to CaCO; min), we have clarified the text.

L.273-279: this would have been useful to read much earlier in the manuscript.



We do mention this in the last paragraph of the introduction. This is the section in which
we further elaborate on this rationale.

L.284-286: maybe shortly explain mechanistic link? Why higher CaCO3 in cooler period?

We now mention the mechanisms underpinning the CaCOj3 variability in the equatorial
Pacific.

L287: clearly delineated? Before you made the argument that is not always so easy?
Some peaks are clear, but not all 23.

We have rephrased this sentence.
L293: where is the OMT? Not so much higher sed rates...

We have indicated the OMT in the figure. We have removed the comment wrt higher sed
rates across the OMT.

L.296-298: what figure do you refer too? (Fig. 5?7) Confusing description, the evolutive
shows where you see the cycles over the record, maybe state something that the 405 kyr
is the most consistently present over the records for all proxies or something of the sort.
Also (L298), it is difficult to see the highest amplitudes on the evolutive??? Maybe on the
power spectra, but there I don’t see a much stronger short eccentricity cycle for the
CaCO03, it seems however more present over the whole record, compared to the stable
isotope records.

Yes we do refer to figure 5. We have rewritten and clarified this text.

L301-302: indicate on relevant figure(s)where this OMT, and peak glaciation conditions
occur

Because we are talking about evolutive analysis, we have removed the reference to
glacial peaks. Not all readers are familiar with the structure of the data post-OMT, so this
reference was true, but a bit confusing.

L308: 50 kyr cycle, not immediately clear specific for d13C (continuation), or in general.
In the d13C tuning this 50 kyr period will be close to 41 kyr, could this be an argument in
favour of the d13C tuning (because tuning on the eccentricity makes the obliquity come
out stronger, and you would expect an obliquity component no?)???

It is a relatively weak signal indeed. We would like to mention it, but interpreting it is
more difficult. We prefer not to use it to favour one age model to the other.



L315-325: it might not be clear to all readers how by looking at Fig. 5 (which shows
phases in degrees) you get to duration in kyr, small clarification (e.g. in methodology)
would make it easier to interpret. Suggestion.

We have replotted the phase computations and they are now depicted in ky.
L329: Laurin et al., 2017, Paleoceanography, recent reference, maybe include.
We have added this reference.

L332: Is Early Miocene with capital? Indicate your (sub-)stages on your figures.
We prefer informal use. Periods are now indicated on figures.

L.343: earlier on you mentioned the variability, sensibility of bandpass filters to varying
parameters, now you use the bandpass filters to discuss phase relationships. How robust
is this, or is there no problem? Also the phase relationships on Fig. 5 seem to be very
sensitive to the used age models...

We have added a cautionary note about the implications of having a short record and not
being able to compute this potential phase-increase.

Side question. How is the tuning done? Manually extremum per extremum or with a
software/script? Explain somewhere. Suggestion.

We have already explained this in section 4.3.2., last sentence of the second paragraph.

L357: Fig 7e. Peak in sed rate around C6Cn2r, potentially skipping an eccentricity cycle?
How would including another short eccentricity cycle in the d13C tuning affect your
outcomes?

Probably yes. However, this is the result from an initial 405-ky cycle interpretation in
8"3C and subsequent alignment (in phase) of the ~110-ky cycle. At the OMT this tuning
approach results in the (with hindsight incorrect) merging of two cycles into one.
Spreading rates rule out this approach, and the in-phase response of 8'°C during
(especially) the early Miocene. Including another cycle here, would bring the carbonate
and 8"°C tunings in better agreement. However, we would then depart from our phase-
assumption. Which is the main cycle parameter we aimed to test.

L358: 1) different units of sedimentation rate in text and figures, confusing. 2) 1.7 cm/kyr
peak????

We have adjusted the figure axes to correspond with the text. We have corrected the
value of this peak in LSR across the OMT in the text.

L361: could this one cycle difference be related to the comment “L357?



Yes, it is. We have added this information.

L362: refer again to fig 5, helps with following. (for me)

We have added a reference to Fig. 5.

L368: confusing, different frequencies on fig. 5, and kyr-periods in text descriptions.
Would be good to mention the frequencies you point at in the text (or plot evolutive
diagrams in function of periods)...

Is the 41 kyr the case for all proxies? See also comment on 50 kyr cycle.

We have added the periodicities to Fig. 5. We have clarified the text with respect to the
presence of strong obliquity cycles in benthic §'*O.

L371-379: the phase results for the different proxies seem much more similar to each
other than for the CaCO3 tuning. Can you comment on that?

We had noticed this ourselves as well. Unfortunately a small error was present in the
phase plots. This has now been corrected.

L.385: can refer to the Wilson paper for more info on principle, also on uncertainties etc
of this type of data, not all readers might be familiar with this.

We have added a reference to two papers by Wilson.

L.393: what are the dotted lines on Fig. 8?

The figure caption is revised to define the dotted lines.

How would this plot look like with the additional d13C short eccentricity in your tuning?
This is not a tuning option considered in this paper. See previous comments.

Side: Why are the sedimentation rate reconstructions for the CaCO3 done on the full
eccentricity scale, and for the d13C on a higher resolution???

See the sections related to tuning. CaCOj; is tuned to eccentricity minima. 8'3C to both
eccentricity minima and maxima. This is also reflected in the sedimentation rates.

L391-393: conclusions before description results...
We have moved this entire paragraph toward the base of section 5.

L412: reference to Tab. 1 would be useful. In the text you use duration difference, which
are not includes in the Table... could make it easier for the reader.



We have added this reference.

L426-427: specify which interval.

We have specified this.

L435: On=> One? Typo.

We have rephrased this sentence to clarify the main message.

L443: T expected this discussion much earlier... it affects the interpretation of the
previous paragraphs

We prefer the order in which we presented the results and discussion. First we present
two tunings. Next we let spreading rates be the judge. Finally, we integrate all results
(tuning and spreading rates) and explain the key differences between the two tuned age
models.

L468: be consistent in ref style.

Corrected.

L494: Zachos et al. (2010), EPSL interesting additional reference?...

This is a reference regarding the PETM and early Eocene. Carbon cycle dynamics were
probably quite different then.

L501: Laurin et al., 2017; Paleoceanography.

We have added Laurin et al to the references here.
L503-505: where do we see this change???

We have added this information between parentheses.
Fig 6 & 7: detrended records? Mention.

Records are not detrended in the plots, but were detrended prior to filtering. This is
mentioned in the methods section.

L509-510: What might be the influence of the detrending (or not fully) of this d13C
shift? Might it effect the BP filtering, be related to this peak in SR in C6Cn2r, add in the
end an offset in age models??? Just an observation/thought...



We have tested the affect of detrending, but this did not affect the BP filtering of the 405
ky or the ~110-kyr signal significantly.

L519: the CacO3 content in this case is a ‘derivative’ of original MS data...

We have added this information.

L525: “insolation forcing’ (actually also in your discussion), you tune on eccentricity, but
eccentricity as such is only a very small component in the insolation term, eccentricity
kicks in as amplitude modulator, non-linear feedbacks etc... should we be careful with
the terminology?

We have rephrased this.

L533: “C6AAr.r3” = only place in the manuscript where this name occurs???? Typo?
Different notation, then explain.

This was indeed an error. We have corrected it.

We would like to thank R2 for their constructive comments.
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Abstract

Astronomical tuning of sediment sequences requires both unambiguous cycle-
pattern recognition in climate proxy records and astronomical solutions, and
independent information about the phase relationship between these two. Here
we present two different astronomically tuned age models for the Oligocene-
Miocene Transition (OMT) from Integrated Ocean Drilling Program Site U1334
(equatorial Pacific Ocean) to assess the effect tuning has on astronomically
calibrated ages and the geologic time scale. These alternative age models

(roughly from ~22 to ~24 Ma) are based on different tunings between proxy
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records and eccentricity: the first age model is based on an aligning CaCQO;3
weight (wt%) to Earth’s orbital eccentricity, the second age model is based on a
direct age calibration of benthic foraminiferal stable carbon isotope ratios 6°0)
to eccentricity. To independently test which tuned age model and associated
tuning assumptions is in best agreement with independent ages based on tectonic
plate-pair spreading rates, we assign the tuned ages to magnetostratigraphic
reversals identified in deep-marine magnetic anomaly profiles. Subsequently, we
compute tectonic plate-pair spreading rates based on the tuned ages. The
resultant, alternative spreading rate histories indicate that the CaCQO; tuned age
model is most consistent with a conservative assumption of constant, or linearly
changing, spreading rates. The CaCQO; tuned age model thus provides robust
ages and durations for polarity chrons C6Bn.1n—C7n.1r, which are not based on
astronomical tuning in the latest iteration of the Geologic Time Scale.
Furthermore, it provides independent evidence that the relatively large (several
10,000 years) time lags documented in the benthic foraminiferal isotope records
relative to orbital eccentricity, constitute a real feature of the Oligocene-Miocene
climate system and carbon cycle. The age constraints from Site U1334 thus
provide independent evidence that the delayed responses of the Oligocene-
Miocene climate-cryosphere system and (marine) carbon cycle resulted from

highly nonlinear feedbacks to astronomical forcing.

Keywords
Astronomical tuning, marine carbon cycle, Oligocene Miocene Transition, [ODP Site

U1334, equatorial Pacific Ocean, geologic time scale
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1. Introduction

Astronomically tuned age models are important in studies of Cenozoic climate
change, because they shed light on cause and effect relationships between insolation
forcing and the linear and nonlinear responses of Earth’s climate system (e.g., [Hilgen
et al., 2012, Vandenberghe et al., 2012; Westerhold et al., 2017]). As more Cenozoic
paleoclimate records are generated that use astronomical tuning as the main high-
precision dating tool, it is important to understand the assumptions and limitations
inherent in this age-calibration method, in particular with respect to assumptions
related to phase-relationships between tuning signal and target curves (i.c., climate
proxy records and astronomical solutions, respectively). These phase assumptions
have implications for (i) determining the absolute timing of events, (if) the
understanding of leads and lags in the climate system, and (i) the exact astronomical

frequencies that are present in climate proxy records after tuning.

Previously published astronomically tuned age-models for high-resolution climate
records that span the Oligocene-Miocene Transition (OMT, ~23 Ma), have used
different tuning signal curves for sites from different paleoceanographic settings. In
addition, different tuning target curves have been applied. For example, records from
Ocean Drilling Program (ODP) Sites 926 and 929 from the Ceara Rise (equatorial
Atlantic) were tuned using magnetic susceptibility and/or color reflectance records
(i.e., proxies for bulk sediment carbonate content) as tuning signal curve, and used
obliquity as the main tuning target curve, sometimes with weaker precession and
eccentricity components added (e.g. [Pdlike et al., 2006a; Shackleton et al., 1999,
2000; Zachos et al., 2001]). In contrast, sediments from ODP Site 1090 from the

Agulhas Ridge (Atlantic sector of the Southern Ocean) and ODP Site 1218 from the
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equatorial Pacific Ocean were tuned using benthic foraminiferal stable oxygen (8'°0)
and/or carbon (8"°C) isotope records as tuning signal (e.g. [Billups et al., 2004; Pilike
et al., 2006b]). These records used different combinations of eccentricity, obliquity

and/or precession as tuning targets (ETP curves).

More recently, Oligocene-Miocene records from ODP Site 1264 and Middle Miocene
records from Integrated Ocean Drilling Program (IODP) Site U1335 used the Earth’s
eccentricity solution as the sole tuning target. These studies used lithological data,
such as elemental estimates based on X-ray fluorescence (XRF) core scanning
records, as the sole tuning signal. The records from both these sites are characterized
by a clear expression of eccentricity, either resulting from productivity dominated
cycles (at Site 1264, [Liebrand et al., 2016]) or dissolution dominated cycles (at Site
U1335, [Kochhann et al., 2016]). The general phase relationships between the ~110-
ky cycles and 405-ky cycles (in case of Site U1335), in lithologic records and the
stable eccentricity solution for this interval [Laskar et al., 2010, Laskar et al., 2011],
i.e., whether maxima in signal-curve correspond to minima or maxima in target-curve,
were straightforward to derive [Liebrand et al, 2016, Kochhann et al., 2016]. These
broad scale phase relationships were in agreement with those previously derived using
benthic foraminiferal '%0 and 8"*C records (e.g., [Zachos et al, 2001, Pdlike et al,

2006b)).

The different options for astronomical age calibration of the Oligocene-Miocene time
interval has resulted in large variations in the precise phase-estimates after tuning
between ~110-ky and 405-ky cycles present in both the eccentricity solution and in

lithologic and climatologic proxy records. In addition, the choice of tuning signal
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curve may result in different cyclostratigraphic interpretations, and different ages and
durations of geologic events. To obtain better constraints for the true phase-
relationships of the ~110-ky and 405-ky cycles between benthic foraminiferal stable
isotope records and orbital eccentricity, and to better understand the implications that
initial phase-assumptions for astronomical age calibration have on absolute ages
across the OMT, we need independent dates that are free from tuning phase-
assumptions. Previous studies have successfully used plate-pair spreading rates to
date magnetochron reversals and used these ages as independent age control (e.g.,

[Hilgen et al., 1991, Lourens et al., 2004)).

Here, we present two astronomically tuned age models for newly presented (estimates
of) sediment CaCO5 content and previously published high-resolution benthic
foraminiferal §'*0 and 8"°C records across the OMT from IODP Site U1334 (eastern
equatorial Pacific Ocean) [Beddow et al., 2016]. We select the sediment CaCOs
content and benthic foraminiferal 8'°C as tuning signals, because these data are
generally thought represent two end-members in terms of tuning phase assumptions
[Pdlike et al., 2006, Liebrand et al., 2016]. We evaluate the ramifications of using
these different tuning proxies for (i) absolute ages of magnetochron reversals, and (i7)
the leads and lags between eccentricity tuning target and lithologic/paleoclimate
tuning signals. We achieve this, by computing the spreading rate histories of a suite of
tectonic plate-pairs, after assigning the astronomically tuned ages to the
magnetostratigraphic reversals in their anomaly profiles. The constraints given by the
long-term evolutions of these alternative spreading-rate histories are sufficiently

precise to discriminate between tuning options and phase assumptions.
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2. Materials and Methods

2.1 Site description

Site U1334, located in the eastern equatorial Pacific (4794 meters below sea level
(mbsl), 7°59.998'N, 131°58.408'W), was recovered during IODP Expedition 320
(Fig. 1). Upper Oligocene and lower Miocene sediments from Site U1334 were
deposited at a paleodepth of ~4200 mbsl and consist of foraminifer- and radiolaria-
bearing nannofossil ooze and chalk [Pdlike et al., 2010, 2012]. An expanded
Oligocene-Miocene section with a well-defined magnetostratigraphy was recovered
[Pdlike et al., 2010; Channell et al., 2013], and a continuous spliced record of Holes
A, B and C was placed on a core composite depth scale below seafloor (CCSF-A,
equivalent to meters composite depth; Figs. 2 and 3) [ Westerhold et al., 2012a].
Samples were taken along the splice and all results presented here follow this depth

model [Beddow et al., 2016].

2.2 Coulometric CaCO; and magnetic susceptibility

Lithological records from Site U1334 that span the OMT show large variability in
CaCOs content [Palike et al., 2010]. To obtain a high-resolution and continuous
lithological proxy record, we estimate CaCO3 wt% of the dry sediment (hereafter:
CaCOs; content), by calibrating high-resolution shipboard magnetic susceptibility data
(MS) to lower resolution discrete shipboard coulometric CaCO3; measurements for
Site U1334 [Pdlike et al., 2010]. Minimum MS values correspond to maximum
CaCOs; values. The correlation between coulometric CaCO3; measurements and MS
was calculated using a linear regression line, with an R” value of 0.92 (Fig. 2),
indicating that ~90% of the variability in the MS record is caused by changes in the

bulk sediment CaCOj3 content. Middle Miocene CaCOs records from nearby Site
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U1335 show negatively skewed cycle shapes and have been interpreted as a
dissolution-dominated signal [Herbert, 1994, Kochhann et al., 2016]. In contrast,
cycle shapes in the CaCOj; content record for the Oligocene-Miocene of Site U1334
are less skewed, suggesting that here CaCO; content was predominantly controlled by

a combination of productivity and dissolution.

2.3 Benthic foraminiferal stable isotope records and magnetostratigraphic age
model

We use the benthic foraminiferal "0 and 8'°C records of Site U1334, which were
measured on the Oridorsalis umbonatus and Cibicidoides mundulus benthic
foraminifer species [Beddow et al., 2016]. To construct this mixed-species record, O.
umbonatus values were corrected to C. mundulus values based on ordinary least
squares linear regression that was based on the analysis of 180 pairs of for inter-
species isotope value comparison was applied (for details see [Beddow et al., 2016]).
The benthic foraminiferal stable isotope datasets at Site U1334 were placed on a
magnetostratigraphic age model calculated by fitting a third-order polynomial through
14 magnetostratigraphic age-depth tie-points. Twelve of these chron boundaries fall
within the study interval, are given in Table 1, and are shown in Figs. 3 and 4. This
magnetostratigraphic age model yields an initial duration of ~21.9 to 24.1 Ma for the

study interval (Fig. 4) [Channell et al., 2013; Beddow et al., 2016].

2.4 Spectral analysis
We use the statistical software program AnalySeries [Paillard et al., 1996] to conduct
spectral analyses on the benthic foraminiferal §'°C and §'*0 and the CaCOj5 datasets

in the depth domain, on the magnetostratigraphic age model [Beddow et al., 2016],
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and on both astronomically tuned age model options presented here. Prior to analysis,
the CaCOs content and stable isotope data were re-sampled at 2 and 5 cm in the depth
domain, and at 2.5 and 3.0 ky in the age domain, respectively, and trends longer than
6 m, or 600 ky, were removed using a notch-filter [ Paillard et al., 1996]. Blackman
Tukey spectral analysis was used to identify dominant periodicities present within the
data, which subsequently were filtered using Gaussian filters. We applied cross-
spectral analysis to identify coherency and phase relationships between the
eccentricity and the CaCO3, 8'®0 and §'°C chronologies. These calculations were
performed at 95% significance. Evolutive spectral analyses, using a sliding Fast

Fourier Transform (FFT), were computed using MATLAB.

2.5. Reversal ages based on plate-pair spreading rates

We use previously published magnetic anomaly profiles of tectonic plate pair
spreading rates [Wilson, 1993] to independently test the astronomical age models for
Site U1334. This age comparison method is similar to that previously used to support
astronomically tuned age models for the Miocene, Pliocene and Pleistocene [Hilgen et
al., 1991; Krijgsman et al., 1999; Hiising et al., 2007]. We have selected plate pairs
with high quality anomaly profiles and relatively high spreading rates. These plate-
pairs are in order of decreasing spreading rate: Pacific-Nazca, Pacific-Juan de Fuca,
Australia-Antarctic, and Pacific-Antarctic. Data for the Pacific-Nazca pair is limited
to the northern part of the system, which is well surveyed from studies of the
separation of the Cocos plate from the northern Nazca plate during chron C6Bn
[Lonsdale, 2005; Barckhausen et al., 2008]. Pacific-Juan de Fuca data are from
immediately north of the Mendocino fracture zone. Reversal ages based on these

spreading rates are also used in previous timescale calibrations [e.g. Cande and Kent,
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1992] despite the fact that for the Oligocene-Miocene time interval only the Pacific-
plate record has survived and the Juan de Fuca plate was subducted. Wilson [1988]
interpreted a sudden change of spreading-rate gradient for this pair from south faster
prior to C6Cn.2n(0) to north faster after that reversal. The dataset for the Australia-
Antarctic pair is similar to that presented by Cande and Stock [2004]. It is expanded
from that used by Lourens et al. [2004] who assigned reversal ages spanning from
18.524 Ma to 23.030 Ma for the chron interval from C5Er (top) to C6Cn.2n (base),
based on a linear interpolation of spreading rates of 69.9 mm/yr for this plate pair.
Data for Pacific-Antarctic come primarily from more recent surveys near the Menard

and Vacquier fracture zones [Croon et al., 2008].

3. Results

3.1. Lithologic and paleoclimatic records

The synthetic wt% calcium carbonate record (CaCOj; content wt%) ranges between
~45% and 95%, consistent with the coulometric CaCO3z wt% measurements on
discrete samples (Figs. 2, 3). Variability is generally twice as large in the lower
Miocene section of the record, between 88.95 and ~102 m CCSF-A (core composite
depth below sea floor), varying by ~40% with several minima in the record dipping
below 70% (Fig. 3). There is little variability in CaCOs content, across the OMT,
between ~102 and ~106 m CCSF-A. The benthic foraminiferal 5'°O record captures a
large, partially transient, shift towards more positive values at the Oligocene-Miocene
boundary, with maximum values of ~2.4 %o occurring at 104.5 CCSF-A (Fig. 2).
After the boundary, both §'*0 and 8'°C values show higher amplitude variability, and

more permanent shifts towards higher values [Beddow et al., 2016].
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3.2. Spectral Analysis in the depth domain

The power spectra of the CaCOs content record in the depth domain reveal strong
spectral peaks at frequencies of 0.20 cycles/m and 0.65 cycles/m (Fig. 3). These
frequencies broadly correspond to those found in the benthic foraminferal "0 and
8"C depth series at 0.15 cycles/m and 0.65 cycles/m [Beddow et al., 2016]. High-
amplitude cycles with frequencies in the range between ~0.20 and 0.80 cycles/m are
present in all datasets with an approximate 1:4 ratio, suggesting a strong influence of
eccentricity on the records (i.e. ~110:405 ky cycles). This interpretation of strong
eccentricity is supported by the application of the initial magnetostratigraphic age

model [Beddow et al., 2016].

4. Astronomical tunings of Site U1334

4.1 Initial age model

As a starting point for astronomical tuning we use an initial magnetostratigraphic age
model [Beddow et al, 2016; Channel et al., 2013], which is based on the chron
reversal ages of the 2012 Geologic Time Scale (GTS2012, [Vandenberghe et al.,
2012; Hilgen et al., 2012], see Table 1, Fig. 4.). On this initial age model, (time-
evolutive) power spectra demonstrate that the CaCO3 content and benthic
foraminiferal 8'°0 and 8'°C records are dominated by ~110 ky and 405 ky
eccentricity paced cycles, with short intervals of strong responses at higher
frequencies (Fig. 5). To further assess the influence of eccentricity on the records
from Site U1334, we filter the ~110-ky and 405-ky cycles of the CaCOs content and
8"C records (Figs. 6a and 7a). In total, we observe just over five 405-ky cycles in
both the filtered CaCOs content and 8'3C records. There is a notable difference in the

number of filtered ~110-ky cycles present between these two datasets. We observe

10
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twenty-three ~110-ky cycles in the CaCOj; content record, and twenty-one in the §'°C
record. Visual assessment of the number of cycles is not always straightforward,
because not every ~110-ky cycle is expressed equally strong in all data records. In the
eccentricity solution for the interval approximately between 21.9 and 24.1 Ma, we
count five and a half 405-ky cycles and twenty-two ~110-ky cycles. These numbers
are largely in agreement with those obtained from visual assessment and Gaussian

filtering.

4.2 Astronomical target curve

For our astronomical target curve, we select Earth’s orbital eccentricity. Timeseries
analyses on the CaCOs content, and the benthic foraminiferal 8 "0 and & "*C records
in the depth domain, and on the initial age model, indicate that eccentricity is the
dominant cycle and that higher-frequency cycles are intermittently expressed (Fig. 5).
Additional reasons to select eccentricity as the sole tuning target for the OMT of Site
U1334 are the uncertain phase relationships of the data records to precession, and the
unknown evolution of tidal dissipation and dynamical ellipticity before 10 Ma
[Zeeden et al., 2014]. These parameters affect the long-term stability of both the
precession and obliquity solutions [Lourens et al., 2004; Husing et al., 2007]. We use
the most recent nominal eccentricity solution (i.e., La2011 ecc3L) [Laskar et al.,
2011a, 2001b; Westerhold et al., 2012b] as tuning target, and for the OMT interval
this solution is not significantly different from the La2004 eccentricity solution
[Laskar et al., 2004], which was used to generate previous astronomically tuned high-

resolution age models for this time interval [Pdlike et al., 2006a,b].

4.3. Astronomical age calibration of the OMT from Site U1334
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To test different ages and durations of the data from Site U1334, and the leads and
lags of climate cycles with respect to eccentricity, we first consider the CaCO;
content record and then the benthic foraminiferal §'"°C record as tuning signals. Both
tuning options are underpinned by assumptions of a consistent and linear in-phase
relationship between the tuning signal and the eccentricity target. Previously tuned
climate records for the OMT have shown that these two datasets represent end-
members with respect to phase assumptions, with CaCOs content showing no lag or
the smallest lag with respect to orbital eccentricity, and 8'0 and 8"°C showing
increasingly larger lags to the ~110-ky and 405-ky eccentricity cycles [Liebrand et
al., 2016, Pdilike et al., 2006a, Pdlike et al., 2006b]. Thus, by selecting the CaCOs3
content record and the benthic foraminiferal 8°C chronology, we span the full range
of tuned ages that different phase-assumptions between eccentricity and proxy data
possibly could imply. We expect that the CaCOs tuned age model is in best agreement
with independent ages based on spreading rates, and hence, that benthic foraminiferal

8"*C will show the largest lag with respect to eccentricity.

4.3.1. Astronomical tuning using the CaCQO; content record
We use the initial magnetostratigraphic age model as a starting point for a more
detailed ~110-ky calibration of CaCOs3 content of the sediment to eccentricity. CaCOs3
maxima, mainly reflecting increased surface ocean productivity and/or decreased
deep-ocean dissolution [e.g. Hodell et al., 2001], generally correspond to more
positive 8'*0 values, which are indicative of cooler, glacial periods. Hence, both bulk
CaCOs content and benthic foraminiferal §'*O values are linked to eccentricity
minima and are therefore anticorrelated with eccentricity [Zachos et al., 2001; Pdlike

et al., 2006a; Pdlike et al., 2006b]. The CaCOs content record is characterized by
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strong maxima, which we manually aligned to ~110-ky eccentricity minima by
visually selecting tie-points (Fig. 6c¢). In addition to these well expressed ~110-ky
cycles, we take the expression of the 405-ky cycle into account to establish the tuned
age model. The data records from Site U1334 span the interval between 21.96 and
24.15 Ma (2.19 My duration) on the CaCOj; tuned age model. Linear sedimentation
rates (LRS) vary between 0.9 and 2.2 cm/ky (Fig. 6). On average this yields a sample

resolution of 3.6 ky for the benthic foraminiferal isotope records.

Evolutive analyses (i.e., FFT using a sliding window) of the CaCO; content and
benthic foraminiferal 8'%0 and 8'*C records on the CaCOs tuned age model indicate
that the 405-ky cycle is relatively strongly expressed in all datasets (Fig. 5). However,
this signal is weaker or absent across the OMT (~23 Ma) in the evolutive spectrum of
CaCO; content, and post-OMT in benthic foraminiferal 8'*0. The ~110-ky cycle is
present in the data records on the CaCOs tuned age model between 23.4 and 22.2 Ma
for CaCOs content, between 23.0 and 22.2 for benthic foraminiferal 8'%0, and
between 22.8 and 22.2 in benthic foraminiferal §'°C. The ~110-ky cycle is
particularly pronounced in in both the CaCOs and the benthic foraminiferal §'%0
records, and we can identify power at both the 125 ky and the 95 ky eccentricity
cycles. We note that this could be a direct result from using eccentricity as a tuning
target (see e.g., [Shackleton et al., 1995; Huybers and Aharonson, 2010). For §"°C,
the evolutive analysis and power spectra indicate that ~110 ky cycle is more strongly
expressed at the 125-ky periodicity, compared to the 95-ky component. We find
intermittent power present at a periodicity of ~50 ky/cycle, which is either related to
the obliquity cycle that is offset towards a slightly longer periodicity, or to the first

harmonic of the ~110-ky eccentricity cycle [King, 1996]. The ~50-ky cycle is best
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expressed in the benthic foraminiferal 5'%0 record on the CaCOs; tuned age model,
where we identify two main intervals with significant power at this periodicity, one

between ~23.5 and ~23.8 Ma, and the other between ~22.4 and ~22.6 Ma (Fig. 5).

Cross-spectral analyses between the CaCOs content, 8'°O and 6"°C records on the
CaCOs; tuned age model and eccentricity, indicate that all are significantly coherent at
the 405-ky, 125-ky and 95-ky eccentricity cycles (Fig. 5). Phase estimates of benthic
foraminiferal 8'*0 with respect to eccentricity indicates a lag of 21+16 ky at the 405
ky period, and 9+3 ky at the ~110 ky periodicity (95% confidence on error bars). The
8"°C record lags eccentricity by 29+14 ky at the 405-ky cycle, by 9+4 ky at the ~110-
ky cycle (Fig. 5). The coherence between CaCOs content and eccentricity is only just
significant, and phase estimates roughly in-phase with eccentricity; 6+24 ky at the
405 ky cycle, and —1+£2 ky at the ~110-ky cycle. These phase estimates between
CaCOs5 content and eccentricity are not surprising, because CaCOs content was used
to obtain astronomically tuned ages. These phase relationships between CaCO; and
eccentricity thus confirm that the in-phase tuning assumption was applied

successfully.

4.3.2. Astronomical tuning using the benthic foraminiferal 8" C record
An important consequence of the CaCOs tuned age model is that eccentricity-related
variability within the benthic foraminiferal "°C record is not in-phase with
eccentricity (Fig. 7b; [Laurin et al., 2017]). On both the initial magnetostratigraphic
age model and on the CaCOj; tuned age model, the phase-lag, as visually identified in
the filtered records, between the 405-ky-eccentricity cycle and the 405-ky cycle in

8"°C increases during the early Miocene (Figs. 6 and 7). The 405-ky eccentricity
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pacing of §'°C is a consistent feature that characterizes the Cenozoic carbon cycle
[Holbourn et al., 2004, 2013; Littler et al., 2014; Pdlike et al., 2006a,b; Liebrand et
al.,2016], and to date no large changes in phase-relationship have been documented.
However, the increased phase lag in the response of the 405-ky cycle in §'"'C to
eccentricity, as is suggested by the CaCOs3 tuned age model, could provide further
support for a large-scale reorganization of the carbon cycle across the OMT as has
previously been suggested based on a sudden increase in accumulation rates of
benthic foraminifera and Uranium/Calcium values, suggesting increased organic

carbon burial [Diester-Haas et al., 2011, Mawbey and Lear, 2013].

To test the validity of the large phase-lag of the 405-ky cycle in benthic foraminiferal
8"C to eccentricity, and to test the potential increase of this lag, we generate another
astronomically tuned age model. This time, we use the benthic foraminiferal §'°C
record as the tuning signal and assume that the 405-ky cycles and ~110-ky cycles in
benthic foraminiferal 8'°C are in-phase with eccentricity across the OMT (Fig. 7d).
Approximately five 405-ky cycles are identified in the benthic foraminiferal §°C
record, which facilitate initial visual alignment to the same cycle in the eccentricity
solution. Subsequently, we correlated the maxima and minima in the of the benthic
foraminiferal 8'°C record, as identified in Gaussian filters centered around the ~110-
ky cycle of this record on the initial magnetostratigraphic age model (Fig. 7a), to

those identified in the filtered component of the eccentricity solution (Fig. 7d).

The data records, on the benthic foraminiferal 8'"°C tuned age model, span the interval
between 22.1 and 24.2 Ma (i.e., 2.1 My duration), resulting in an average time step of

3.4 ky for the benthic stable isotope records. LRS generally range between 0.7 and 2.5
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cm/ky, apart from an abrupt and short-lived increase across the OMT to ~3.3 cm/ky.
On the 8"°C tuned age model, the CaCOs record remains in anti-phase with respect to
~110-ky eccentricity, but the benthic foraminiferal 8'°C tuning results in an
alternative alignment CaCOj cycles to eccentricity, yields a ~110-ky shorter duration
of the data records, and causes the sudden increase in sedimentation rates across the
OMT (Fig. 6 and 7). The evolutive analyses and power spectra are broadly consistent
with the evolutive analyses from the CaCOj; tuned age model, with dominant 405-ky
cyclicity in all three datasets, an increase in spectral power at ~110-ky eccentricity
cycles after the OMT and intermittent expression of higher frequency astronomical
cycles (Fig. 5). On the 8"°C tuned age model, all datasets exhibit a relatively stronger
response at the 95-ky short eccentricity cycle than the 125-ky short eccentricity cycle,
in contrast to the CaCOj tuned age model. In the late Oligocene, between ~ 23.3 and

23.8 Ma, strong 40-ky obliquity cycles are present in the benthic foraminiferal 8'°0

record on the 8"°C tuned age model.

Cross-spectral analyses between the CaCOs content, 8'°O and 6"°C records on the
8"°C tuned age model and eccentricity, indicate that all are significantly coherent at
the 405-, 125- and 95-ky eccentricity cycles (Fig. 5). CaCOj; content leads eccentricity
by —24-+18 ky at the 405-ky cycle, by —7+3 ky at the ~110-ky cycle. On the 8"°C
tuned age model, phase estimates of 8'*0 with respect to eccentricity shows small
leads of —4+12 ky at the 405-ky cycle, and of —1+4 ky at the ~110-ky cycle. Benthic
foraminiferal 8'°C lags eccentricity by 19+8 ky at the 405-ky cycle and by 3+2 ky at
the ~110-ky eccentricity cycle, which is congruent with the in-phase tuning
assumption between benthic foraminiferal §'°C and eccentricity that is used in this

age model.
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4.3.3. Age model comparison
The final eccentricity tuned age models for the OMT time interval differ for two
reasons. Firstly, there are 21 complete 110 ky cycles in the 8'°C tuned age model, and
22 in the CaCOj; content record. The tuned age models are largely consistent with
each during the late Oligocene and OMT interval. The base of Chron C6Cn.2n, which
marks the Oligocene-Miocene boundary, occurs within 10 ky on both age models.
The two astronomically tuned age models diverge at ~22.7 Ma, where the CaCO;
content has an additional ~110 ky cycle on the initial magnetostratigraphic age model.
A second factor contributing to the difference between the two astronomically tuned
age models is the different phase relationships between the two proxy records and
eccentricity (i.e., either CaCOj is in-phase eccentricity, or benthic foraminiferal §'°C).
These different phase assumption that underpin the two tuned age models account for
age differences up to 10% at all periodicities in the two records (Table 2), in addition
to the ~110-ky difference for the early Miocene interval of Site U1334 that results
from the two different cyclostratigraphic interpretations. In turn, these interpretations
are resultant from the initial phase-assumptions. The longer lag time of 8"°C with
respect to eccentricity, in comparison with CaCOs, leads to older ages assigned to
~110 kyr cycles in the "°C age model. This is particularly notable between 22.7 Ma
and 24.2 Ma, when the difference between the age models is accounted for only by

the difference in phase.

5. Spreading rates
To independently test whether the CaCOs tuned ages or the benthic foraminiferal §'°C

tuned ages and their underlying phase-assumption, are most appropriate for tuning the
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deep marine Oligocene-Miocene records from Site U1334, we assign the tuned
magnetostratigraphic reversal ages from Site U1334 to those identified in anomaly
profile of tectonic plate pairs. We use the evolution through time of the spreading
rates of these plate pairs as a control for our tuned age models [ Wilson, 1993;
Krijgsman et al., 1999]. Rapid simultaneous fluctuations in the spreading rate of
multiple plate pairs are highly unlikely and indicate errors in the tuned timescale. We
propose to use the astronomically tuned age model from Site U1334 that passes this
test most successfully to provide ages for C6Bn.1n (0) to C7n.1r (o) and potentially

revise those currently presented in the GTS2012.

On the CaCOs tuned age model, the Australia-Antarctica, Pacific-Nazca, and Pacific-
Antarctic plate pairs are all very close to a constant spreading rate (Fig. 8). The Juan
de Fuca-Pacific plate-pair indicates a sudden decrease in spreading rate (145 to 105
mm/yr) at ~23 Ma, consistent with expectations (see the above section 2.5; [Wilson,
1988]). In contrast, the synchronous changes for the Australia-Antarctica, Pacific-
Nazca, and Pacific-Antarctic plate pairs in the 8'°C tuned age model, especially the
faster spreading rates ~22.5-23.0 Ma implied by older ages for C6Bn, make this
tuning option less plausible. Differences between the CaCO; tuned age model for Site
U1334 and GTS2012 are subtler. The longer duration of C6Cn.3n in the CaCO; tuned
age model (106 vs. 62 kyr, Table 1) eliminates a brief, and relatively small, pulse of
fast spreading implied by GTS2012, visible in Figure 8a as positive slopes in age-
distance during that chron. Over longer intervals, CaCOs tuned ages remove a slight
but synchronous rate slowdown that is also implied by GTS2012 and which starts at

~23.2 Ma.
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The CaCOs; tuned age model indicates a duration for C6Cn.2n of 67 ky. This duration
may be up to ~40 ky too short, as is suggested by the relatively short-lasting increase
in spreading rates during this chron (see the positive slopes in Figure 8b). The
spreading-distance error bars indicate that this age discrepancy is marginally
significant, with no overlap in reduced distance for the boundaries of this chron for
three of four plate pairs. Despite this small uncertainty in the duration for chron
C6Cn.2n on the CaCOs tuned age model, the base of this chron appears in good
agreement with spreading rates and thus suggests a slightly older age for the
Oligocene-Miocene boundary of approximately 23.06 Ma. Furthermore, the polarity
chron ages from the CaCOs tuned ages are generally older by approximately 40 ky on
average than those presented in the GTS2012 (Table 1). In both the CaCOj; content
and 8"°C record, the short interval around C6Cn.2n is difficult to align to the
eccentricity solution (Figs. 5 and 6), because CaCOs content values are high, with
little variability and benthic foraminiferal 8'°C values corresponds to the marked shift
towards higher values at the Oligocene-Miocene carbon maximum [Hodell and
Woodruff, 1994]. The 83 kyr duration of C6Cn.2n from the 5"°C tuned age model is
better supported by spreading rates than the 67 kyr duration from the CaCOj; tuned
age model, and the 118 kyr duration in GTS2012 is even more consistent with
constant spreading rates. If we extrapolate constant spreading rates across C6Cn.2n,
using the CaCOj; tuned age for the base of 23.06 Ma, we obtain an age for the top of
this normal polarity interval of ~22.95 Ma, and a duration of 110 ky. An important
implication of the CaCOs; tuned ages is the delayed increase in spreading rates of the
Juan de Fuca-Pacific plate-pair. On the CaCOs tuned age model this occurred
approximately 200 ky later than those ages presented in the GTS2012 (i.e. during

Chron C6Cn.2n. instead of C6Cn.3n, respectively; see Fig 8).
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6. Discussion

6.1. Evaluation of tuning signals

Of the two astronomically tuned age models and GTS2012, the CaCOs; tuned age
model is most consistent with the assumption of the least amount of changes in plate-
pair spreading rates, which makes it the preferred astronomically tuned age model
option for Site U1334. (Fig. 8). This agreement between plate pair spreading rate
history and the CaCOs tuned ages, suggests that local/regional (i.c., lithological)
tuning signals can produce more accurate age models in comparison with age models
based on globally integrated isotope records. The latter data are known to produce
significant lags relative to eccentricity as a result of highly nonlinear feedback
mechanisms [Laurin et al., 2017; Pdlike et al., 2006b; Zeebe et al., 2017]; a result that
is confirmed by this study (Table 2). The independent evidence that we provide for
using a lithological (proxy) record for astronomical age calibration of marine
sediments yields further support for similar astronomical tuning methods. Examples
are: the Middle Miocene [Kochhann et al., 2016] and Eocene-Oligocene [ Westerhold
et al., 2015] records from the equatorial Pacific Ocean, and the Oligocene-Miocene
records from the South Atlantic Ocean [Liebrand et al., 2016]. We note, however,
that these records show variable ratios of productivity to dissolution as the main
source of variance in the data. Future, additional testing of phase-uncertainties could

include statistical approaches, such as Monte Carlo simulations [Khider et al., 2017].

6.2 Implications for the carbon cycle
Benthic foraminiferal 8'°C variations in the open ocean are typically interpreted to

reflect the ratio between global organic and inorganic carbon burial [Shackleton,

20



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

1977; Broecker, 1982; Diester-Haas et al., 2013, Mawbey and Lear, 2013].
Astronomical forcing of organic carbon burial is typically expected in the
precessional band because organic carbon burial, notably in the marine realm,
depends on clay fluxes and thus hydrology |Berner et al., 1983]. However, the
residence time of carbon (~100 kyr) is so long | Broecker and Peng, 1982] that this
energy is transferred into eccentricity bands [ Pdlike et al., 2006; Ma et al., 2011;
Laurin et al., 2017]. Importantly, while the total marine carbon inventory is driven by
ocean chemistry, the phase lag between eccentricity forcing and 8"°C should primarily
be a function of the residence time of carbon [Zeebe et al., 2017]. Hypothetically, a
change in total organic matter burial will only result in whole-ocean steady state when
the 8'"°C of buried carbon equals that of the input (through rivers). Because the burial
fluxes are small compared to the total carbon inventory, a pronounced time lag

between eccentricity forcing and 8"°C is expected [e.g., Zeebe et al., 2017].

Interestingly, the CaCOj; age model for Site U1334 suggests that the phase lag
between the 405 ky cycle in the 8"°C record and the eccentricity forcing increases
across the OMT (see position of minima and maxima of the 405 ky filters of
eccentricity and benthic foraminiferal 8'"°C in Fig. 7). In theory [Zeebe et al., 2017,
an increase in the phase lag suggests an increase in the residence time oceanic carbon,
either through a rise in the total carbon inventory or a drop in the supply and burial of
carbon. The lengthening of the phase lag of the 405 ky cycle coincides with a large
shift in the benthic foraminiferal 8'"°C record across the OMT to more positive values,
evidencing a structural relative increase in the supply of *C-depleted or drop in the
burial of *C-enriched carbon. Reliable reconstructions of CO, are rare across the

OMT (www.p-co2.org) and the OMT does not seem associated with a large change in
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the depth of the Pacific calcite compensation depth | Pdlike et al., 2012]. Therefore,
additional constraints on atmospheric CO, concentrations and burial fluxes are
required to better understand the climatic/oceanographic mechanisms associated with

the increased phase lag.

7. Conclusions

We explore the application of CaCO; content (estimated from magnetic susceptibility
and shipboard coulometry) and benthic foraminiferal 8'"°C records as tuning signals
for the OMT record at Site U1334 in the eastern equatorial Pacific. These two tunings
highlight the importance of carefully considering the implications of tuning choices
and assumptions when creating astronomical age models. Spreading rate histories
provide independent support for CaCOj; tuned age model. This suggests that
lithological signals respond more directly (though still nonlinearly) to eccentricity
than the stable isotope signals, for which we find support for a delayed response to
astronomical climate forcing. Tuning to CaCOj; provides a valuable method to better
understand the (lagged) response in benthic foraminiferal 8'*0 and §"°C, which are
widely used and reproducible proxies for the global climate/cryosphere system and
(marine) carbon cycle. One important implication of the CaCO3 age model is that 405
ky cycle in benthic 8"°C shows a distinct phase lag with respect to orbital eccentricity.
Lastly, the CaCOj; age model for Site U1334 provides astronomically calibrated ages
for C6Bn.1n to C7n.1r. The polarity chron ages from the CaCOs tuned ages are
generally older by approximately 40 ky on average than those presented in the
GTS2012. We suggest that these updated early Miocene ages are incorporated in the

next version of the Geologic Time Scale.
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Figure Captions
Figure 1. Locations of ODP and IODP drill sites discussed in this study. Location

of IODP Site U1334 with reference to ODP Sites 1264, 1218, 926, 929 and 1090.

Figure 2. Calibration between the shipboard magnetic susceptibility record and
shipboard coulometric CaCQO; measurements to estimate CaCQOj; content. (a) The
magnetic susceptibility/CaCOj; content record | Pdlike et al., 2010; Westerhold et al.,
2012a]. Green area indicates the 2c uncertainty estimate of the coulometry
measurements [Pdlike et al., 2010]. Red circles represent shipboard coulometric
CaCOs5 values. (b) The relationship between coulometric CaCO3; measurements and
resampled magnetic susceptibility is calculated using ordinary least squares linear

regression, and yields an R’ value of 0.92.
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Table 1. Comparison of magnetostratigraphic reversal ages. Chron boundary ages
across the Oligocene Miocene Transition from the published literature and this study.
Age differences with the GTS2012 age are presented in the lower part of the table. A:
[Lourens et al., 2004]; B: [Hilgen et al., 2012; Vandenberghe et al., 2012]; C: [Billups
et al., 2004]; D & E: [Pdlike et al., 2006b]; F: [Liebrand et al., 2016]; G: [Channell et

al.,2013]; H & I: [this study].

Figure 3. Site U1334 datasets, evolutive spectra and power spectra against depth.
(a) Magnetostratigraphy for Site U1334 |Channell et al., 2013]. (b) The CaCOs
content record. (c) The benthic foraminiferal '®0 record. (d) The benthic
foraminiferal §'°C record. Dashed line marks the base of magnetochron C6Cn.2n; the
boundary between the Oligocene and the Miocene. (e) Depth-evolutive FFT analysis
and power spectra of the CaCOs content record, (f) the benthic foraminiferal 8'°0
record, and (g) the benthic foraminiferal 8"3C record. All data is presented on the

revised splice of Westerhold et al. [2012a)].

Figure 4. Depth versus age relationships for the different age models for Site
U1334. Magnetochron ages are based on GTS2012 [Vandenberghe et al., 2012;
Hilgen et al., 2012], the initial age model (i.c., a third order polynomial through the
GTS2012 ages), the CaCOj5 content age model and the 8'°C age model.

Magnetochrons are plotted as colored circles.

Figure 5. Implication of age models on time series analysis. (a-c) Time-evolutive

FET analysis of CaCOj content on the initial magnetostratigraphic age model (i.e., a
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third order polynomial), the CaCOs content tuned age model, and the 8"°C tuned age
model, respectively. (d-f) As in (a-c) but for benthic foraminiferal '*0. (g-i) As in (a-
¢) but for benthic foraminiferal §'"°C. For all records, periodicities larger than 600 ky
are removed using a notch-filter. For panels b to i: coherence with, and phase
relationships to, eccentricity (La2011 solution) are depicted. All proxy data records

were multiplied by —1 before computing the phase estimates.

Figure 6. Site U1334 CaCOj; versus age. (a) The CaCO; dataset and 405-ky and
~110-ky Gaussian filters plotted on (a) the magnetostratigraphic age model, (b) the
8"3C tuned age model, and (c) the CaCO; tuned age model. (d) Earth’s orbital
eccentricity solution is plotted in grey [Laskar et al., 2010, Laskar et al., 2011]. Tie
points are represented by red dots and dashed lines. Gaussian filters were calculated
in AnalySeries [Palliard et al., 1996] with the following settings: 405 ky — f: 2.5 bw
0.8, ~110 ky — f: 10, bw : 3. (e) Sedimentation rates are calculated using the CaCO;

tuned age model.

Figure 7. Site U1334 §"*C versus age. The §'"°C dataset and 405-ky and ~110-ky
Gaussian filters plotted on (a) the magnetostratigraphic age model, (b) the CaCO;
tuned age model, and (c) the 8"C tuned age model. (d) Earth’s orbital eccentricity
solution is plotted in grey [Laskar et al., 2010, Laskar et al., 2011]. Tie points are
represented by red dots and dashed lines. Gaussian filters were calculated in
AnalySeries [Palliard et al., 1996] with the following settings: 405 ky —f': 2.5 bw
0.8, ~110 ky — £ 10, bw : 3. (€) Sedimentation rates are calculated using the §'°C

tuned age model.
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Table 2. Comparison of tuning methods and phase relationships. List of
astronomically dated Oligocene-Miocene spanning record. Tuning signal (i.e.,
lithological or climatic proxy records) and target curves (i.e., astronomical solutions),
and phase relationships to the target curves are compared. Please note: not all records
span the same time interval, and that time-average, mid-phase estimates are given. A:
[Billups et al., 2004], B: [Pdlike et al., 2006a], C: [Pdlike et al., 2006b], D: [Liebrand
et al., 2016], for time-evolutive phase-estimates of benthic foraminiferal §'*0 with

respect to eccentricity see [Liebrand et al., 2017], E & F: [this study].

Figure 8. Plate-pair spreading rates based on different age models. Reduced-
distance plots for the labeled plate pairs implied by (a) the GTS2012, (b) the CaCOs
tuned age model and (c) the 8'"°C tuned age model. Reduced distance is the full
spreading distance (D) minus the age (A) times the labeled spreading rate (R, see y-
axes). Distance scale is plotted inversely with spreading rate. This results in age errors
that depart vertically from a straight line, when spreading rates are constant. Inset
scale bar shows the vertical offset resulting from a 100-kyr change in a reversal age.
Dashed horizontal lines are viewing aids to evaluate the prediction that constant
spreading at the reduction rate R will produce a horizontal line. Error bars are 95%
confidence. The CaCOj; based age model (b) gives the simplest spreading rate history

and represents the preferred tuning option.
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Table 1

Chron A: Age B: Age C: 1090 Tuned|D: 1218 E: 1218 Auto |(F: 1264 Mid G: U1334 H: U1334 I: U1334 3813C
GTS2004 (Ma)|GTS2012 (Ma)|age (Ma) Manual tuned |tuned age tuned age Depth CCSF-A |CaCO3 tuned [tuned age
age (Ma) (Ma) (Ma) (m) age (Ma) (Ma)
C6Bn.1n (0) 21.936 21.936 21.991 22.010 21.998 89.17 21.985 22.115
C6Bn.1r (0) 21.992 21.992 22.034 22.056 22.062 89.79 22.042 22.165
C6Bn.2n (0) 22.268 22.268 22.291 22.318 22.299 22.300 94.72 22.342 22.473
C6Br (o) 22.564 22.564 22.593 22.595 22.588 22.608 98.26 22.621 22.697
C6Cn.1n (o) 22.754 22.754 22.772 22.689 22.685 22.760 100.00 22.792 22.809
C6Cn.1r (0) 22.902 22.902 22.931 22.852 22.854 22.944 102.50 22.973 22.970
C6Cn.2n (o) 23.030 23.030 23.033 23.024 23.026 23.052 103.96 23.040 23.053
C6Cn.2r (0) 23.249 23.233 23.237 23.233 23.278 23.247 107.50 23.212 23.211
C6Cn.3n (0) 23.375 23.295 23.299 23.295 23.340 23.332 108.68 23.318 23.286
C6Cr (0) 24.044 23.962 23.988 23.962 24.022 119.10 24.025 24.026
C7n.1n (o) 24.102 24.000 24.013 24.000 24.062 119.58 24.061 24.066
C7n.1r (0) 24.163 24.109 24.138 24.109 24.147 120.76 24.124 24.161
(continued)
Chron A B-C Age A B-D Age A B-E Age A B-F Age A B—H Age A B-I Age
(ky) (ky) (ky) (ky) (ky) (ky)
C6Bn.1n (0) -55 -74 -62 -49 -179
C6Bn.1r (0) -42 -64 -70 -50 -173
C6Bn.2n (0) -23 -50 -31 -32 -74 -205
C6Br (o) -29 -31 -24 -44 -57 -133
C6Cn.1n (o) -18 65 69 -6 -38 -55
C6Cn.1r (o) -29 50 48 -42 -71 -68
C6Cn.2n (o) -3 6 4 -22 -10 -23
C6Cn.2r (0) -4 0 -45 -14 21 22
C6Cn.3n (0) -4 0 -45 -37 -23 9
C6Cr (o) -26 0 -60 -63 -64
C7n.1n (o) -13 0 -62 -61 -66
C7n.1r (o) -29 0 -38 -15 -52
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Table 2

Site Tuning signal Tuning target |Age range |Lead(-)/ |Lead(-)/ |Lead(-)/ |Lead(-)/ |Lead(-)/ |Lead(-)/
Lag(+) |Lag(+) [Lag(+) |Lag(+) |Lag(+) (Lag(+)
405 ky ~110 ky |405 ky ~110 ky |405 ky ~110 ky
CaCoO; CaCoO; 3%0 3%0 313c d13c
content [content
A: 1090 Benthic foram. 380 E/O/P (mainly |24-20 Ma |- - In phase +5 ky +25 ky +10 ky
obliquity)
B: 926/929 |CaCO; content* E/O/P (mainly [26-17 Ma |- - +10 ky +25 ky +35 ky +28 ky
obliquity)
C: 1218 Benthic foram. 33C E/O/P (mainly |34-22 Ma |- - +8 ky ~In phase | +25 ky ~In phase
eccentricity)
D: 1264 CaCO; content** Eccentricity 30-17 Ma [Unstable |In phase -14 ky +12 ky +36 ky +12 ky
phase
E: U1334 CaCO; content*** Eccentricity 24-22 Ma +6 ky In phase +21 ky +9 ky +29 ky +9 ky
F: U1334 Benthic foram. 33C Eccentricity 24-22 Ma -24 ky -7 ky -4 ky In phase +19 ky ~In phase

*magnetic susceptibility and color reflectance
**natural logarithm of (X-ray fluorescence) Ca over Fe counts

***magnetic susceptibility
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