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Highlights:

e The mid-latitudes of the Southern Hemisphere are characterised by cyclical variation on
obliquity (41 kyr) and semi-precession (11 kyr) timescales during the earliest Miocene

e The obliquity-scale variability is attributed to polar influence and the semi-precessional-
scale variability to tropical influence

e Semi-precessional frequencies do not appear until 23.01 Ma, corresponding to the onset of
Antarctic deglaciation and reduced polar influence

e The interaction between polar and tropical influence in the mid-latitudes is interpreted to be
related to the position and strength of the westerly wind belt
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Abstract

It is well-known from geologic archives that Pleistocene and Holocene climate is characterised by
cyclical variation on a wide range of timescales, and that these cycles of variation interact in
complex ways. However, it is rarely possible to reconstruct sub-precessional (<20 kyr) climate
variations for periods predating the oldest ice-core records (c. 800 ka). Here we present an
investigation of orbital to potentially sub-precessional cyclicity from an annually resolved lake
sediment core dated to a 100-kyr period in the earliest Miocene (23.03-22.93 Ma) and spanning a
period of major Antarctic deglaciation associated with the second half of the Mi-1 event. Principal
component analysis (PCA) of sediment bulk density, magnetic susceptibility (MS), and CIELAB
L* and b* with a resolution of ~10 years indicates two major environmental processes governing

the physical properties records, which we interpret as changes in wind-strength and changes in
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precipitation. Spectral analysis of the principal components indicates that both processes are
strongly influenced by obliquity (41 kyr). We interpret this 41-kyr cycle in wind strength and
precipitation as related to the changing position and strength of the Southern Hemisphere westerly
winds. Precipitation is also influenced by an 11-kyr cycle. The 11-kyr periodicity is potentially
related to orbital cyclicity, representing the equatorial semi-precessional maximum insolation cycle.
This semi-precession cycle has been identified in a number of records from the Pleistocene and
Holocene and has recently been suggested to indicate that insolation in low-latitude regions may be
an important driver of millennial-scale climate response to orbital forcing (Feretti et al., 2015). This
is the first time this cycle has been identified in a mid-latitude Southern Hemisphere climate
archive, as well as the first identification in pre-Pleistocene records. The 11-kyr cycle appears at
around 23.01 Ma, which coincides with the initiation of a major phase of Antarctic deglaciation,
and strengthens during the subsequent period of rapid ice decay. This pattern suggests that the
westerly winds may have expanded north of 50°S at the height of Mi-1, excluding tropical influence
from the Foulden Maar site, and subsequently contracted polewards in tandem with warming deep-

sea temperatures and Antarctic deglaciation, allowing the advection of tropical waters further south.

Introduction

The Oligocene/Miocene (O/M) boundary bore witness to a significant transient glaciation of
Antarctica known as Mi-1 (e.g., Wilson et al., 2008). This event, which lasted ~400 kyr from 23.28
to 22.88 Ma, is still poorly understood, at least in part due to the paucity of continuous, high-
resolution sedimentary records. Obliquity and precession cycles have been identified in a number of
benthic foraminiferal oxygen and carbon isotope records from ocean drilling sites across the O/M
boundary (e.g., Paul et al., 2000; Billups et al., 2004; Liebrand et al., 2011; Beddow et al., 2016)
and have been interpreted to represent orbital control of the Antarctic ice sheet. However, due to the
limited resolution of marine records, sub-Milankovitch-scale cycles during Mi-1 have rarely been

investigated.
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Foulden Maar is an ancient crater lake of Oligocene/Miocene age located on the South Island of
New Zealand (Figure 1). The crater is filled with ~100 m of annually laminated diatomite
interbedded with slumps and fine-grained turbidites (the “swirly beds” and “speckled beds” of
Lindqvist and Lee, 2009, respectively). These lake sediments overlie volcaniclastic diatreme
breccias and mass flows representing early post-eruptive slumping of the unstable crater walls (Fox
et al., 2015). The degree of preservation of organic material and diatom frustules within the
sediments is exceptional (e.g., Bannister et al., 2005; Lindqvist and Lee, 2009; Bannister et al.,
2012; Reichgelt et al., 2013; Kaulfuss et al., 2014; Reichgelt et al., 2016). A combination of
radiometric and magnetic techniques has been used to constrain the period of sediment deposition to
23.03-22.93 Ma (Fox et al., 2016). The sediments thus accumulated in Foulden Maar during the
first ~100,000 years of the Miocene, corresponding with the deglaciation phase of the Mi-1 event
(e.g., Miller et al., 1991, Wilson et al., 2008). Foulden Maar is the highest-resolution record of the
earliest Miocene, as well as the only record we know of from the terrestrial mid-latitudes of the
Southern Hemisphere.

Paleobotanical studies indicate that at the end of its depositional period, the lake had a small,
heavily forested catchment area with a seasonally dry and warm-temperate climate and very high
levels of annual precipitation, estimated at 1700-2000 mm per year (Reichgelt et al., 2013). Four
main facies have been described in the lake sediment succession: white laminated diatomite
(WLDA), dark laminated diatomite (DLDA), turbidites, and slumps (Fox et al., 2016). Based on
stratigraphical considerations, slumps, turbidites and diatomaceous breccia are inferred to represent
instantaneous resedimentation of material from shallow toward deeper zones within the lake, and all
data in this study are presented with these intervals removed (Fox et al., 2016). WLDA and DLDA
differ mainly in the thickness and colour of their diatom-rich layers.

Fox et al. (2016) examined physical properties (density, CIELAB L* and a* reflectance, and
RGB data) from the Foulden Maar deposit. They observed a strong ~41-kyr signal in the sediment

density, a*, and red intensity records that they attributed to obliquity-driven climate forcing, and a
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~23-kyr signal in the L* records that they attribute to precession-driven climate forcing. Here, we
build on this previous work in two ways: first, we examine sub-precessional variability in the
physical properties and identify a number of cycles, in particular a semi-precessional 11-kyr cycle;
and second, we perform a more detailed statistical analysis of the physical properties dataset to
elucidate the forcing factors behind the orbital and sub-orbital cycles identified. In the
supplementary material, we also report revised error calculations for the “°Ar/3°Ar dates on which

the Foulden Maar age model is based.

Methods

We measured density, magnetic susceptibility, L* and b* using a Geotek Multi-Sensor Core Logger
(Geotek Ltd., 2014). Density and magnetic susceptibility were measured at 0.5 cm intervals on split
core. Density was measured by gamma attenuation using a cesium-137 source and calibrated at the
beginning and end of each measurement session using a custom-made aluminium calibration piece.
Magnetic susceptibility was measured using a Bartington Instruments MS2E point sensor calibrated
to a standard by Geotek technicians. L* and b* were measured at 1 cm intervals using the Geotek
spectrophotometer. The spectrophotometer was calibrated using the white calibration piece
provided. We carried out our measurements on the split face of core FH2 within a few months of
drilling operations.

Because magnetic susceptibility varies with temperature, cores were stored at room temperature
for at least twenty-four hours prior to analysis and temperature was monitored for drift during the
measurement period. We found that the temperature varied by <1°C within any given measurement
session, and the total temperature range across all sessions was 3.6°C. The magnetic susceptibility
sensor was zeroed after every ten measurements.

After measurement, we found that the density data show a large step change at ~49 m depth
(Supplementary Figure 1). This step occurs at the transition between one core section and the next.

We assumed this step to be an artefact and corrected for it by splitting the dataset at the step,
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normalising each half of the dataset separately, and then recombining and detrending the combined
dataset. All statistical analyses presented in this paper were run on the corrected dataset. However,
statistical analyses run on the uncorrected dataset are presented in the supplementary material for
completeness (Supplementary Figures 2—3). The minor differences in these analyses do not affect
the conclusions presented here.

Samples for total organic carbon (TOC) analysis were taken by homogenising sediment
representing ~2000-year intervals throughout the core, excluding non-laminated material. The
stratigraphic thickness of these intervals ranged from 1.1 to 3.8 m. Samples were freeze-dried and
homogenized prior to being weighed and packed into tin capsules for TOC analysis on a Costech
elemental combustion system (EA). Calibration curves for calculating the instrument response to
known masses of carbon were generated using a series of acetanilide standards. Pooled standard
deviations of replicate measurements were used to calculate measurement uncertainty.

Spectral analysis was conducted using the SSA-MTM Toolkit v 4.4 to perform Blackman-
Tukey analyses with a window length of 0.3N (Dettinger et al., 1995; Ghil et al., 2002). For wavelet
analysis, we used the MATLAB scripts provided by Torrence and Compo (1998). Principal
component analysis (PCA) was performed using the prcomp function in R, with data both zero-
centred and unit-scaled before analysis (Venables and Brian, 2002). In order to allow easier
comparison between the low-resolution TOC record and the higher-resolution physical properties
records, we averaged the physical properties records across the same time intervals as those
represented by the TOC samples. These averaged timeseries are here referred to as the resampled

dataset.

Results
Spectral analysis of physical properties and TOC
Figure 2 shows the four physical properties and TOC data, along with the 2000-yr resampled

physical properties data to allow easier comparison with TOC. Blackman-Tukey spectra of density,
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magnetic susceptibility, b*, and L* are shown in Figure 3. Density and b* show significant peaks at
the 41 kyr period, corresponding to obliquity, while L* has a prominent peak at 23 kyr,
corresponding to precession. In the sub-precession band, both density and magnetic susceptibility
indicate spectral power at around 11 kyr. Magnetic susceptibility and b* have power at around 15
kyr. b* has power at around 5.5 kyr, which corresponds to a peak that falls just below the AR(1)
spectrum in the L* record.

Given that the 11-kyr cycle is half the length of the precessional cycle, it is possible that it may
be an artefact of the Blackman-Tukey statistical processing. In order to exclude this possibility, we
bandpass-filtered the physical property time series for frequencies between 1/500 and 1/15,000
years. The results are shown in Figure 4a—d, and indicate that the 11-kyr cycle is a robust feature of
the density, MS and b* records, while the L* record shows a periodicity closer to 15 kyr.

Figure 5 shows wavelet spectra for L*, b*, density, and MS (interpolated at 10-year intervals).
Wavelet and Blackman-Tukey results broadly agree, although it must be borne in mind that edge
effects are possible outside the “cone of influence” of the wavelet plot (Torrence and Compo,
1998), and therefore comparison to Blackman-Tukey results in this region should be made with
caution. Of the sub-precessional cycles present, the 11-kyr cycle in the density record is the most
clearly defined. It is less persistent in the MS record, disappearing at ~22.96 Ma. The ~15-kyr cycle
appears in the MS and b* records, but again disappears in the MS record after ~22.96 Ma. There is
also some evidence for this cycle in the L* record, which may be obscured in the Blackman-Tukey
results by the breadth of the peak centred on 23 kyr. The ~5.5-kyr cycle appears in the earlier part

(23.02-22.97 Ma) of the MS record and the later part (22.98-22.93 Ma) of the b* record.

Principal components analysis
Figure 6 shows the results of PCA for the full dataset for density, MS, L*, and b* (Figure 6a, b),
and for the 2000-yr resampled dataset (Figure 6¢, d), which includes TOC. In the former, the first

three principal components (PCs) explain 91% of the variance, and in the latter the first three PCs
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explain 90% of the variance. Table 1 shows the component loadings for each variable for the first
three principal components of both the full and the resampled datasets. Figure 7 shows the
reconstructed PCs for both the full and resampled dataset as timeseries. A comparison of the
reconstructed principal components timeseries with the original variables for each principal
component can be found in Supplementary Figures 4-9.

The first principal component (PC1) of the full dataset explains 44.7% of the variance. It is
weakly positively correlated with density and MS and strongly negatively correlated with L* and b*
(Table 2). Detailed comparisons between the reconstructed timeseries of PC1 and the original
variables indicate that these correlations apply throughout the depositional period (Supplementary
Figure 4). PC1 of the resampled dataset shows a similar pattern of relatively weak positive
correlation with density and stronger negative correlation with L* and b*, but also shows a stronger
positive correlation with magnetic susceptibility and TOC (Table 2, Supplementary Figure 7). A
comparison of PC1 of the full dataset with PC1 of the resampled dataset shows that they are similar
in shape, suggesting that they are likely to represent the same or similar environmental processes
(Figure 8).

PC2 in the full dataset explains 26.4% of the variance and is strongly positively correlated with
density, positively correlated with MS and L*, and weakly positively correlated with b* (Table 1).
A comparison of the reconstructed timeseries of PC2 with the physical properties records indicates
that PC2 closely resembles density and (to a lesser extent) MS (Supplementary Figure 5). PC3 in
the full dataset (representing 20.1% of the overall variance) is strongly negatively correlated with
density, strongly positively correlated with MS, and shows little correlation with b* or L*. The
reconstructed timeseries shows a strong resemblance to both density and MS (Supplementary
Figure 6).

PC2 of the resampled dataset is strongly positively correlated with density and negatively
correlated with MS (Table 1). Comparison of the reconstructed PC timeseries with the original

variables shows a clear relationship in the case of density, but no very obvious relationship in the
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case of MS (Supplementary Figure 8). PC3 of the resampled dataset is strongly positively correlated
with both L* and magnetic susceptibility, but only weakly positively correlated with b*, density and
TOC (Table 1). The relationship between the reconstructed timeseries and the original variables is
not clear-cut (Supplementary Figure 9).

Figure 9 shows Blackman-Tukey analyses of PCs 1-3 for the full dataset. The 41-kyr obliquity
cycle appears in all three PCs. Of the three sub-precessional cycles that occur in the proxy records,
two are represented here: the 15 kyr cycle in PC1 (Figure 9a) and the 11 kyr cycle in PC2 (Figure

9b). The ~6 kyr cycle does not appear. PC3 has a broad peak between ~10 and ~20 kyr (Figure 9c).

Discussion
Principal components as proxies for compositional variability
PC1 is strongly negatively correlated with L* and b*. L* represents brightness, with 100 being pure
white and 0 being black, and b* represents a spectrum from blue to yellow, with bluer hues
represented by negative numbers and yellower hues by positive numbers. L* is often related to the
carbonate concentration of sediments (e.g., Schneider et al., 1995), and is also affected by the
presence of white minerals such as some clays (Balsam et al., 1999; Debret et al., 2006). The
Foulden Maar sediments are non-calcareous and clay-poor, and the sediment brightness and hue
(i.e., L* and b*) are primarily determined by the relative concentrations of diatom frustules vs.
organic matter. Within the white laminated diatomite facies, the dark organic-rich laminae do not
vary much in thickness; instead, variations in the thickness of light diatom-rich laminae determine
couplet thickness and overall sediment hue, and therefore represent the first order control on both
L* and b*. The particularly strong anticorrelation of TOC vs L* and b* on the PC1 axis suggests
that PC1 represents sediment appearance, which primarily reflects biogenic silica (BSi)
sedimentation rate.

BSi and organic matter both have low densities compared to mineral grains (excluding clay

minerals). Thus, changes in density in the Foulden Maar sediments can be understood in relation to
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the proportion of (non-clay) minerogenic sediment. Magnetic susceptibility is also commonly used
as a measure of minerogenic content, since biogenic sediments are diamagnetic while most
minerogenic sediments contain some fraction of paramagnetic or ferrimagnetic material. The
proportion of minerogenic sediment in the Foulden Maar diatomite is very low (Lindqvist and Lee,
2009; Fox et al., 2015, 2016). The relatively weak positive correlation of minerogenic indicators
with PC1 in the full dataset may be due to a dilution factor, with increased BSi sedimentation
leading to dilution of the minor minerogenic fraction. Given the weakness of the correlation and the
very low proportion of minerogenic material, it is unlikely to indicate the opposite case of increased
minerogenic input diluting the BSi content.

PC1 of the resampled dataset shows a divergence between density and MS, with MS more
strongly positively correlated and density showing a relatively weak correlation. This divergence is
difficult to understand if we consider both MS and density as simple measures of the proportion of
minerogenic material. The resampled MS dataset also correlates well with the TOC dataset
(correlation coefficient of 0.695, vs. 0.254 for density with TOC).

There are two potential explanations for these observations. The first is that variability in MS is
primarily controlled by the concentration of paramagnetic clays rather than ferrimagnetic minerals.
Since clays are less dense than most other minerogenic material, MS would then diverge from
density. Clays also tend to form complexes with organic matter, explaining the correlation between
MS and TOC.

The second possibility is related to the composition of the magnetic fraction, which was
inferred in Fox et al. (2015) to be primarily pyrrhotite. Iron sulphide minerals such as pyrite and
pyrrhotite have a strong affinity to organic carbon (Morel and Hudson, 1985; Muramoto et al.,
1991; Lalonde et al., 2012). While all minerogenic particles are likely to adsorb a certain amount of
organic matter, ferrous-iron-bearing minerals can form complexes with high ratios of organic
carbon to iron (Lalonde, 2012). Fine (nanoscale) particles of ferrous-iron-bearing phases in the

water column will be strongly attracted to sinking organic matter; thus, in certain specific
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circumstances of reducing conditions, organic carbon will effectively scavenge fine particles of iron
as it is deposited (e.g., Muramoto et al., 1991). This interaction is not observed with less strongly-
binding silicate minerals such as those that characterise both schist and basalt and may be expected
to form the bulk of the minerogenic fraction in the Foulden Maar sediment (Graham and Mortimer,
1992; Adams and Robinson, 1993; Forsyth, 2001).

It may therefore be possible to understand the correlation between MS and TOC in terms of the
interaction between organic carbon and either clay minerals or fine ferrimagnetic iron sulphide
particles (or both). If this is the case, it suggests that MS is ambiguous as a proxy for minerogenic
input to the lake basin.

Density is a measure of the overall (non-clay) minerogenic proportion, rather than just the
magnetic fraction. Silicate grains such as quartz and feldspar do not exhibit the complexing
behaviour of Fe(II)-bearing phases, and so will not be strongly scavenged by sinking organic
matter. Thus, we interpret density as a more straightforward measure of the input of minerogenic
material to the lake system. We interpret the variability of MS along the PC1 axis as a combination
of dilution by BSi and concentration by interaction with organic carbon, and the variability of
density as dominated by the dilution effect.

The moderate to strong positive correlation of density and MS with PC2 indicates that the
process this PC represents must be one that exerts a major control on minerogenic content. The
weaker but still positive correlation of L* and b* to this PC means the process cannot be related to
dilution by BSi. This can be understood as changes in the minerogenic sedimentation rate. Given
the very small minerogenic component, an increase in minerogenic sedimentation rate will not be
enough to appreciably dilute the BSi. PC3 of the resampled dataset shows a similar pattern of
postive correlation with all records, but the strength of the correlations is quite different, with a
substantial reduction in the strength of the correlation with density and increase in the strength of
the correlation with L*. It is possible that this represents a similar environmental process to PC2 of

the full dataset, but given the changes in correlation strength as well as the lack of a clear
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relationship between the reconstructed PC timeseries and the original physical properties, this
conclusion is speculative. We do not attempt to further interpret PC3 of the resampled dataset here.
PC3 of the full dataset shows a strong anticorrelation between density and MS, again
indicating that these properties cannot both be interpreted as simple proxies for minerogenic
content. PC2 of the resampled dataset shows a similar anticorrelation between density and MS, with
only very weak correlations with the other three records. The process represented by these two PCs
is not straightforward to interpret, but given the low density and often paramagnetic nature of clay
minerals, it may be related to variability in the proportion of clay vs silt- to sand-sized minerogenic
material in the sediment. However, given the lack of further data to confirm or refute this
hypothesis, and the relatively low proportion of variance explained, we make no attempt to further

interpret these PCs here.

Principal components and environmental processes

The principal components analysis indicates three major environmental processes: one which is
closely related to variability in diatom productivity (PC1 of both datasets), one related to variability
in minerogenic input (PC2 of the full dataset and perhaps PC3 of the resampled dataset) and a third
process which may be related to variability in the proportion of clay vs silt/sand-sized particles
(PC3 of the full dataset and PC2 of the resampled dataset). The nature of these environmental
processes remains to be understood.

Diatom productivity in lakes may be limited by ice cover, surface-water temperature, wind-
mixing, and nutrient and silica availability, the latter of which may in turn be affected by wind-
mixing and/or precipitation (Round et al., 1990). Sediment input through aeolian, fluvial, or run-off
processes may also play a role in both light availability (turbidity) and nutrient availability. Climatic
parameters at Foulden Maar at the end of the depositional period, as estimated using the climate leaf
analysis multivariate programme (CLAMP) and bioclimatic analysis, indicate a climate that was

warm-temperate and very humid, with a large seasonal variability in precipitation (Reichgelt et al.,



290

295

300

305

310

2013). Given the equable temperature regime and inferred low-lying, maritime location, it is
unlikely the lake was ever ice-covered for any appreciable period of time. There is also no evidence
for any fluvial input into the Foulden Maar basin (i.e., it was a closed-basin lake).

In order to establish the most likely controls on diatom productivity at Foulden Maar, we
examined a number of studies of modern closed-basin maar lakes from varying climatic regimes
and geographic settings. These include Lake Pupuke, a modern Auckland maar lake in a warm-
temperate climate regime and maritime setting (Striewski et al., 2009; Striewski et al., 2013);
Sihailongwan and Erlongwan, two seasonally ice-covered maar lakes in a monsoonal regime in
North-East China (Chu et al., 2002; Chu et al., 2005; Schettler et al., 2006; Wang et al., 2012); and
Huguang Maar, located in a low-lying, coastal, tropical region of South China (Lu et al., 2003;
Mingram et al., 2004).

Despite the variability in conditions at these modern sites, diatom productivity in all four of
these modern maar lakes is considered to be closely related to nutrient availability. Two main
controls on nutrient availability are invoked in these studies: wind-speed (related to overturn of the
lake and upward mixing of nutrient-rich waters) and precipitation (related to influx of nutrient-rich
groundwater). At Foulden Maar, the proxies for minerogenic input (density, MS) are found to have
an inverse relationship with proxies for diatom productivity (L*, b*) along the PC1 axis. This
suggests that PC1 is unlikely to be related to increased precipitation, as we would expect this to lead
to increased minerogenic input. While there may be some element of temperature limitation, by
analogy with similar modern maar lakes we propose that PC1 is primarily related to changes in
wind-strength.

PC2 of the full dataset is here interpreted to primarily reflect variation in minerogenic input to
the lake. These changes are very small, as evidenced by the low absolute values of both density and
magnetic susceptibility (Figure 2). Minerogenic input may increase through increased erosion of the
catchment (increased precipitation) or increased aeolian sedimentation (increased wind strength

and/or decreased vegetation cover in source areas). Increased wind strength would also have the



effect of increasing wind mixing in the lake as well as potentially introducing micronutrients via
wind-blown dust, both of which would increase diatom productivity. We consider that the relatively
315 weak positive correlation of L* and especially b* with this axis makes it unlikely that changes in
wind strength are the primary process controlling PC2. We therefore interpret this axis as most
likely to be related to changes in precipitation, and thus in catchment erosion. The weak positive
correlation of the productivity indicators may be a result of increased influx of nutrient-rich
groundwater to the lake during wetter intervals, as observed in the Chinese maar lakes (Chu et al.,
320 2002; Chu et al., 2005; Wang et al., 2012). The low magnitude of the variability in minerogenic
input is to be expected in a small lake with a very limited catchment area (most likely restricted to

the tephra rim that is inferred to have originally surrounded the lake).

The 41-kyr cycle
325 41-kyr cycles identified with obliquity have been found in a number of deep-ocean records across
the O/M boundary, most clearly in oxygen and carbon isotope records from ODP Sites 926
(equatorial Atlantic, Pélike et al., 2006a) and 1090 (Southern Ocean, Atlantic sector, Billups et al.,
2004). The 41-kyr obliquity cycle also appears in wavelet analyses of oxygen and carbon isotope
records from Site 1218 (Pélike et al., 2006b) and Site U1334 (Beddow et al., 2016), both tropical
330 Pacific, although it is relatively weak during Mi-1.
The interpretation of oxygen isotope records can be difficult, as they are influenced by both
water temperature and land-ice volume, and inverse modelling suggests that the contributions of
these two components vary widely across the Cenozoic (De Boer et al., 2010). For the O/M
boundary, some studies have attempted to solve this problem using independent estimates of water
335 temperature (Mg/Ca, Lear et al., 2004; Mawbey and Lear, 2013). These studies indicate that ice
growth and decay contribute a major proportion of the oxygen isotope signal across Mi-1, and
indicate that the extent of global land ice was at least partly paced by obliquity.

However, the 41-kyr cycle does not appear clearly in all O/M boundary oxygen isotope records,
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as would be expected if it were a truly global signal: it is only weakly observed at Site 1264
(subtropical South Atlantic, Liebrand et al., 2011, 2016). Beddow et al. (2016) proposed that this
was either due to the shallow location of 1264 (suggesting that the polar signal was transmitted
through the movement of deep water masses) or the low sedimentation rate at the site.

In our record, the appearance of the 41-kyr cycle in both the PC1 and PC2 spectra indicates that
both wind strength and precipitation at the lake site are affected by obliquity. The major wind-field
in the mid-latitudes of the Southern Hemisphere is the westerly wind belt. In the Pleistocene and
Holocene, the position and strength of the westerly winds are known to vary on both short and long
timescales, and are affected by a range of climate phenomena, including the meridional temperature
gradient, the southern annular mode (SAM) and the strength of tropical influence, in particular the
El Nifio-Southern Oscillation (ENSO) (Stewart et al., 1984; Moreno et al., 2004; Shulmeister et al.,
2004; Gomez et al., 2012). The westerly winds also have an effect on precipitation, with areas in the
core of the westerly wind belts experiencing higher levels of precipitation than areas with lower
wind speeds, and increases in intensity of the winds leading to increased precipitation in these
regions (Moreno et al., 2004; Moreno et al., 2010). Although the boundary conditions at the O/M
boundary were quite different from those of the present day, the presence of an isolated, glaciated
polar continent seems likely to have produced a westerly wind belt with at least some of the same
characteristics. We therefore propose that the variability in wind strength and precipitation we infer
from our record is related to changes in the position and strength of the westerly winds, and that

these changes are partly paced by obliquity.

The 11-kyr cycle

The origin of the 11-kyr cycle is less clear-cut than that of the 41-kyr cycle. An 11-kyr cycle in
maximum summer insolation has been identified in the equatorial region. This cycle is caused by
the coincidence of perihelion with the vernal or autumnal equinox, which occurs twice during each

precession cycle (Short et al., 1991; Berger and Loutre, 1997; Berger et al., 2006; Ashkenazy and
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Gildor, 2008). This halving of precession has been noted in Pleistocene and Holocene paleoclimate
archives for tropical paleolatitudes and for records that are affected by tropical signals, such as the
monsoon and atmospheric methane records (e.g., Pokras and Mix, 1987; Hagelberg et al., 1994;
Yiou et al., 1995; Delmotte et al., 2004), but also in reconstructions of atmospheric circulation
derived from glaciochemical proxies in ice cores (e.g., Mayewski et al., 1997). It has also recently
been identified in a mid-latitude North Atlantic record from the Pleistocene, and has been suggested
to indicate that low-latitude insolation may be an important driver of millennial-scale variability in
extratropical regions (Feretti et al., 2015). The mechanism is still not well understood, although
Feretti et al. (2015) suggest that it may relate to advective transport of waters polewards from the
tropics, perhaps in response to changes in the polar fronts.

The appearance of an 11-kyr cycle in the Foulden Maar core adds further support to the
suggestion that tropical insolation plays a part in mid-latitude climate, indicating that it may also
have been of importance at the beginning of the Neogene. Previous studies have inferred a role for
the 11-kyr cycle in controlling wind-speed (Pokras and Mix, 1987), low-latitude precipitation
(Hagelberg et al., 1994), mid-latitude temperature (Hagelberg et al., 1987), temperature/ice volume
(Feretti et al., 2015), and tropical methane emissions (Delmotte et al., 2004). Our results indicate
that the 11-kyr cycle may also have an effect on mid-latitude Southern Hemisphere precipitation

patterns.

The 15-kyr cycle

The 15-kyr cycle that appears in PC1 (Figure 9) does not correspond to any global climate cycles
that we are aware of. It is likely that it is related to the appearance of intervals of dark laminated
diatomite (DLDA, Fox et al., 2016) in the sediment. Such intervals have higher MS and lower L*
and b*. Five major intervals of DLDA appear in the Foulden Maar core (Table 2). With the
exception of the lowermost interval, the approximate spacing between these DLDA intervals is ~15

kyr (Table 2). However, if this were a true regular cycle, further DLDA intervals would be expected
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to occur at depths of ~27 and ~15 m in the deposit (22.963 and 22.948 Ma, respectively). These
intervals are not present, and, given this lack and the small number of DLDA intervals (4) that fit a
regular pattern, it is not implausible that this ~15-kyr cyclicity is coincidental. The identification of
the 15-kyr cyclicity in L*, b* and MS records with the DLDA intervals may be further supported by
the disappearance of this cyclicity above ~27 m depth (22.96 Ma) in the core in the MS record,
coinciding with the disappearance of the DLDA intervals (Figure 5). However, all other significant
cycles also disappear in the MS record above this point, while the ~15-kyr cycle continues, albeit at
lower power, in both the L* and b* records. At present, the origins of and controls on the DLDA
intervals are undetermined; however, further investigation may throw light on these, and thus on the

significance of the apparent 15-kyr cyclicity.

Interaction between polar and tropical influences in the mid-latitudes of the Southern Hemisphere
during the Mi-1 deglaciation
The two major significant cycles present at Foulden Maar are above interpreted as related to the
position and strength of the westerly winds (41 kyr) and variability in equatorial insolation (11 kyr).
In the present day, the position and strength of the westerly winds are an expression of the balance
between the polar and tropical regions. For example, they expanded northwards during the last
glacial maximum and contracted southwards in the warm period immediately following this
(Stewart et al., 1984), and they have broadly increased in strength with increasing meridional
temperature gradient since that time (Renssen et al., 2005). In recent years, there has been some
indication that global warming and/or ozone depletion is producing an increase in the SAM, leading
to a poleward shift of the westerlies (Kushner et al., 2001; Roemmich et al., 2007), an increase in
the intensity of the subtropical South Pacific gyre (Cai, 2006) and increased advection of warm
tropical waters to the Southern Hemisphere mid-latitudes (Hill et al., 2008).

Figure 5a and b indicate that, in the density and magnetic susceptibility records, the 11-kyr

cycle does not appear until around 23.01 Ma, and reaches its maximum power around 22.99-22.98
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Ma. This coincides with a major Antarctic ice-decay event reconstructed by Mawbey and Lear
(2013), beginning at about 23.01 Ma and continuing until around 22.97 Ma. The onset and peak of
influence from the 11-kyr cycle in our record correspond to the initiation and most rapid period of
ice-decay, respectively. Subsequent to this period of rapid ice-sheet decay, Mawbey and Lear
(2013) reconstruct a period of minor ice-sheet growth.

We interpret this pattern to indicate the interaction of polar and tropical influences at the
Foulden Maar site. During the initial phase of the depositional period, when the Antarctic ice-sheet
was large (23.03-23.01 Ma), tropical influence was excluded from the site, perhaps due to an
increased meridional temperature gradient and northwards expansion of the westerly winds. During
the second phase (23.01-22.96 Ma), the ice-sheet underwent rapid decay, which would have
coincided with reduced Antarctic influence, a southwards contraction of the westerly winds, and the
introduction of tropical influence to the site of Foulden Maar, perhaps via advection of tropical
waters southwards, as suggested by Feretti et al. (2015) for MIS19 and observed in the present day
(Hill et al., 2008). The subsequent more minor expansion of the ice-sheet (22.96-22.93 Ma) might
be expected to coincide with a reduction in tropical influence and in the significance of the 11-kyr
cycle at the Foulden Maar site. However, although such a reduction is apparent in the MS record
(Figure 5b), there is also a node in the equatorial maximum insolation cycle at this time (Figure 4e),
and so no conclusions can be drawn here regarding tropical and polar interaction.

A recent study used palaeobotanical evidence from Foulden Maar to reconstruct a major
increase in atmospheric carbon dioxide in the early Miocene at around 23.01-22.99 Ma (Reichgelt
et al., 2016). One potential cause of this increase in CO, was suggested to be a southward shift of
the westerly wind belt, resulting in enhanced oxidation of organic carbon. This is consistent with
our interpretation of a southward shift of the westerly wind belt leading to the onset of tropical
influence on the site at around 23.01 Ma. However, we note that there are a number of other
potential causes for changes in atmospheric CO, which do not presuppose changes in the position of

the westerlies, and thus this interpretation must be considered speculative.
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Conclusions

The Foulden Maar core is a uniquely high-resolution record of the deglaciation phase of the Mi-1
event, and provides the first opportuniy to reconstruct sub-precessional climate cycles and their
influence on the mid-latitudes of the Southern Hemisphere at this time. Spectral and principal
component analyses indicate cycles at 41, 15 and 11 kyr in the patterns of minerogenic input
(precipitation) and overall diatom productivity (wind-strength). The origin of the 15-kyr cycle is not
clear, and it may be coincidental. The 11-kyr cycle is inferred to be related to the tropical semi-
precessional maximum insolation cycle, which is known from Pleistocene and Holocene records,
although it is not widely discussed. This cycle has recently been identified in Pleistocene North
Atlantic oxygen isotope records and been interpreted as an indication that insolation in low-latitude
regions may play an important role in the extra-tropical millennial-scale response to orbital forcing
(Feretti et al., 2015). The identification of the 11-kyr cycle in the mid-latitude Foulden Maar deposit
supports this suggestion and indicates that low-latitude insolation may also have played an
important role in the early Miocene.

During the Mi-1 deglaciation, the mid-latitude Foulden Maar site was affected by the changing
strength and position of the westerly winds, which were primarily paced by obliquity. Obliquity has
also been proposed as a control on Antarctic ice volume during the second half of Mi-1 (e.g.,
Beddow et al., 2016), and the shifting of the westerly winds may be interpreted as an expression of
the shifting balance between polar and tropical influences. The 11-kyr cycle was not apparent
during the early phase of extensive Antarctic glaciation (23.03-23.01 Ma), and this may indicate
that at this time the westerlies has expanded northwards and were excluding tropical influence from
the Foulden Maar site. The 11-kyr cycle reached maximum power during a phase of major ice
decay (23.01-22.96 Ma), again indicating interaction between polar and tropical influences. The
power of the 11 kyr cycle is reduced during a phase of minor ice-sheet growth (22.96-22.93 Ma)

and presumably reduced Antarctic influence. However, this reduction in power also coincides with
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a node in the equatorial maximum insolation cycle, and the contributions of these two factors to the
reduction in power cannot be assessed. Overall, millennial- to orbital-scale cycles in the Foulden
Maar core indicate a shifting balance of power between tropical and polar influences in the mid-

latitudes of the Southern Hemisphere during the Mi-1 deglaciation.
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Figure Captions

Figure 1: Geographical and geological context of Foulden Maar, modified from Fox et al. (2016).
(a) Otago and Southland, showing location of Foulden Maar. Inset shows location in New Zealand.
(b) Plate tectonic reconstruction of the New Zealand region in the early Miocene, after Cande and
Stock (2004). Dashed lines show modern-day bathymetric contours at 1000 m intervals. Dotted red
line shows long-term average position of combined Subantarctic and Subtropical Fronts, as
reconstructed by Nelson and Cooke (2001) for the Oligocene/Miocene boundary. Shaded grey areas

are modern-day land areas. Black dot indicates approximate location of Foulden Maar.

Figure 2: Time series of (a) density, (b) magnetic susceptibility, (c) b*, (d) L* and (e) total organic
carbon. Parts a-d have both the full dataset with a 10-yr interval (grey line) and the reduced dataset

with a ~2000-yr interval (black line).

Figure 3: Blackman-Tukey spectra of four physical properties from the Foulden Maar lake sediment
deposit. Period is plotted logarithmically to allow clearer visualisation of data, and individual points
are shown to indicate resolution in each part of the spectrum. The thin dashed line indicates the
AR(1) spectrum. Significant peaks are annotated with period (in kyr). (a) Density; (b) magnetic

susceptibility; (c) b* (blue-yellow hue); (d) L* (brightness).

Figure 4: a-d bandpass-filtered physical properties. Bandpass filtering was performed using a
butterworth filter with critical frequencies of 1/5,000 years and 1/15,000 years. e, maximum
insolation at the Equator for the period of deposition at Foulden Maar (calculated using the orbital

solution presented in Laskar et al., 2004).

Figure 5: Wavelet spectra of four physical properties from the Foulden Maar sediment. Region
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where power rises above 95% significance is enclosed in a solid black line. Periods of significant
cycles detected by Blackman-Tukey analysis (see Figure 2) are indicated by dashed lines. (a)

Density; (b) magnetic susceptibility; (c) b*; (d) L*.

Figure 6: Principal component analysis of the full dataset (a-b) and the resampled dataset (c-d). (a)
and (c) show the first principal component (PC1) on the x-axis and PC2 on the y-axis. (b) and (d)
show PC1 on the x-axis and PC3 on the y-axis. In both the full and resampled dataset, the first three

principal components explain ~90% of the variance.

Figure 7: Reconstructed principal component timeseries. (a) PC1, full dataset; (b) PC2, full dataset;
(c) PC3, full dataset; (d) PC1, resampled dataset; (e¢) PC2, resampled dataset; (f) PC3, resampled
dataset. Comparisons between reconstructed principal components and physical properties datasets

can be found in the supplementary material.

Figure 8: Comparison between the reconstructed first principal components of the full dataset (grey

line) and the resampled dataset, including TOC (black line).

Figure 9: Blackman-Tukey analysis of the first three principal components of the full dataset.
Period is plotted logarithmically to allow clearer visualisation of data, and individual points are
shown to indicate resolution in each part of the spectrum. The thin dashed line indicates the AR(1)

spectrum. Significant peaks are annotated with period (in kyr). (a) PC1; (b) PC2; (c) PC3.

Table 1: Component loadings for the five variables for the first three principal components in the

full and resampled datasets. Note no values for TOC in the full dataset.

Table 2: Ages of dark laminated diatomite (DLDA) intervals in core FH2, along with the length of



each interval and the length between intervals.
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Supplementary material for Fox et al., Interaction of polar and tropical influences in the
mid-latitudes of the Southern Hemisphere during the Mi-1 deglaciation

1. Details of error propagation undertaken on previously published “’Ar/*Ar dates from Foulden
Maar

There is a magnetic reversal (reversed — normal) at the base of the lake sediment interval in
core FH2. “Ar/*Ar dates reported in Timm et al. (2010) and Fox et al. (2015) were used to
constrain the age of this reversal in Fox et al. (2016). The reversal was identified with the base of
Chron C6Cn.2n (23.033 Ma, the Oligocene/Miocene boundary; Fox et al., 2016), and this
formed the basis of the age model for the Foulden Maar lake sediment. However, the “Ar/*Ar
dates and errors reported in Timm et al. (2010) and Fox et al. (2015) only quoted internal errors.
Following revised best practice for reporting “°Ar/*’Ar ages, we here recalculate the errors
associated with these dates.

The “’Ar/*Ar dating technique is derived from the older K-Ar absolute dating method, in that
both utilize the radioactive decay of parent *K to daughter “’Ar. However, unlike the K-Ar
absolute dating method, “Ar/*’Ar dating is a relative geochronology technique, as it requires the
co-determination of unknown samples with pre-determined age standards. Samples and age
standards are fast-neutron irradiated in a canister to convert *’K to **Ar, with **Ar becoming the
proxy-parent isotope for *’K. Therefore, the “’Ar/* Ar sample age is calculated from the following

equation:
1 40 Ar’
t==—In{1+J ———
» T B9 Ar

Where ¢ is the age of the sample, A is the total decay constant of “’K, J is the value calculated
from the measurement of the co-irradiated age standards, and *Ar*/*’Ar is the ratio of radiogenic
“Ar daughter isotope and the proxy-parent *Ar isotope of the sample. The age standards used
to determine the J value can be in the form of primary standards (dated via K-Ar methods), or
secondary standards (determined from *Ar/*’Ar studies of multiple secondary standards that also
include a primary standard, e.g., Renne et al., 1998, and Schwarz and Trieloff, 2007).

However, the published dates of *’Ar/*’Ar secondary age standards can vary by ~1% (e.g., Kuiper
et al., 2008). Therefore, discussions in the “Ar/*’ Ar community have prompted the need to: (1)
recalculate **Ar/*’Ar ages and errors where different primary and/or secondary standard
published ages, decay constants, and *K/K production ratios are used; and (2) to quote “internal”
and “external” errors associated with **Ar/*’Ar ages (e.g., Renne et al., 1998; Min et al., 2000;
Koppers, 2002). Many “Ar/*Ar dates in the literature only contain errors associated with the
analytical and J value uncertainties from the unknown sample, and are hereby termed “internal
errors” (e.g., option * in the recalculated ages below). Analytical uncertainties include errors
obtained from the measurement of the mass spectrometer detector baselines, argon isotopes in



the sample and blank analyses, mass spectrometer discrimination corrections, the atmospheric
“Ar/*°Ar ratio, and nuclear interference correction factors from Ca-, K-, and Cl-derived isotopes
determined from measurements of co-irradiated K and Ca salts.

“Ar/*Ar dates that include the “internal errors” of both the sample and secondary standard (e.g.,
option ” in the recalculated errors below) are considered to be a minimum absolute error of a
sample (Koppers, 2002). “External errors” are hereby defined as errors associated with the “’K
decay constants, and the “’K/K production ratio and error (e.g., Garner et al., 1965) of the age
standards. Therefore, the external errors of the secondary age standard plus the internal errors of
the sample yield a more robust “’Ar/*Ar absolute error (e.g., option °© in the recalculated errors
below), and we are utilizing these “*Ar/*’Ar dates and recalculated errors for the purpose of this
Foulden Maar study.

The date and error recalculations were undertaken by a series of partial derivatives (e.g.,
equation 24 in Koppers, 2002) on our three Foulden Maar “’Ar/*’Ar ages of interest, yielding
recalculated dates and errors of:

Basalt sample V14 = 23.38 £+ 0.24* (+ 0.30)" [+ 0.43]° Ma (20; Fox et al., 2015).
Basalt sample V15 =24.51 £ 0.24* (+ 0.30)" [+ 0.45]° Ma (20; Fox et al., 2015).
Basalt sample V2A = 23.17 £ 0.37* (= 0.38)" [+ 0.49]° Ma (25; Timm et al., 2010).

The recalculated “°Ar/*°Ar errors incorporate uncertainties associated with: (1) the *°K decay
constants of Steiger and Jager (1977) using the % errors of Beckinsale and Gale (1969), e.g.,
total “K decay = 5.543 £ 0.0098 x 10"° years; 16); (2) the “*K/K abundance ratios of Garner et
al. (1975), e.g., K = 0.01167 + 0.00004 (1c); and, (3) the secondary standard ages and errors of
HD-BI biotite (24.18 = 0.09 Ma; 1o internal error; Schwarz and Trieloff, 2007) for samples V14
and V15 from Fox et al. (2015), and TCS sanidine (27.87 + 0.04 Ma; 1o internal error; M.A.
Lanphere, pers. comm.) for sample V2A from Timm et al. (2010). The dates of the two
secondary age standards (HD-BI1 biotite and TCS sanidine) used in these two Foulden Maar
studies have been independently verified to the same primary age standard (SB-3 biotite; 162.9 +
0.9 Ma; 1o internal error) by both Lanphere and Dalrymple (2000) and Schwarz and Trieloff
(2007), giving us additional confidence in the recalculated absolute “*Ar/*Ar dates and errors.

The two younger “’Ar/*Ar dates (samples V14 and V2A) are identical within 2c errors, and are
assumed to date the same event (i.e., the formation of the maar). The older date (sample V15)
does not overlap within 2c errors with either of the younger dates, therefore this sample is
assumed to be a reworked volcanic clast. The inverse-variance weighted mean *°Ar/*’Ar date of
the option “ages and errors from the two youngest basalt samples is 23.29 + 0.32 Ma (20; with an
acceptable Mean Square Weighted Deviation (MSWD) value of 0.42). This date defines the
interval when the magnetic reversal at the base of core FH2 occurred, which is now 23.61-22.97
Ma. Although this interval is longer than that used in Fox et al. (2016), it does not include any
reverse — normal magnetic reversals that have not already been considered in that study. We



therefore conclude that the previously published age model is robust and is not changed by the
use of internal as well as external “Ar/*Ar errors.

2. Supplementary figures.
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Supplementary Figure 1: Unmodified density data. Note step at ~22.991 Ma. Grey line is full
dataset, black line is resampled dataset.
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Supplementary Figure 2: Principal component analysis performed using the unmodified
density dataset shown in Supplementary Figure 1. There is very little difference between these
results and those shown in Figure 6. (a) Full dataset, principal components (PCs) 1 and 2; (b)
full dataset, PCs 1 and 3; (c) resampled dataset, PCs 1 and 2; (d) full dataset, PCs 1 and 3.
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density data shown in Supplementary Figure 1.
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Supplementary Figure 4: Comparison between full and resampled physical proxy data (upper figure
in each pair) and reconstructed first principal component for the full dataset (lower figure in each
pair). (a) Density, (b) magnetic susceptibility, (c) L*, (d) b*. Grey lines are full dataset, black lines
in upper figures represent the resampled dataset. For the physical property plots, each dataset is
shown in the orientation (scale normal or reversed) indicated by the component loadings to most
closely correspond to the principal component (see Table 2).
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resampled dataset (lower figure in
each pair). (a) Density, (b)
magnetic susceptibility, (c) L*, (d)
b*, (e) TOC. For the physical
property plots, each dataset is
shown in the orientation (scale
normal or reversed) indicated by
the component loadings to most
closely correspond to the principal
component (see Table 2).



3. References

Beckinsale, R.D. and Gale, N.H., 1969, A reappraisal of the decay constants and branching ratio of
“K: Earth and Planetary Science Letters, v. 6, p. 289-294.

Fox, B. R. S., Wartho, J., Wilson, G. S., Lee, D. E., Nelson, F. E., and Kaulfuss, U., 2015, Long-
term evolution of an Oligocene/Miocene maar lake from Otago, New Zealand: Geochemistry,
Geophysics, Geosystems, v. 16, p. 59-76, doi: 10.1002/2014GC005534.

Fox, B. R. S., Wilson, G. S., and Lee, D. E., 2016, A unique annually laminated maar lake sediment
record shows orbital control of Southern Hemisphere midlatitude climate across the Oligocene-
Miocene boundary: Geological Society of America Bulletin, March 2016, v. 128, p. 609-626.

Garner, E.L., Murphy, T.J., Gramlich, J.W., Paulsen, P.J., and Barnes, I.L., 1975, Absolute isotopic
abundance ratios and the atomic weight of a reference sample of potassium: Journal of Research of
the National Bureau of Standards, v. 79A, p. 713-725.

Koppers, A.A.P, 2002, ArArCALC software for “’Ar/*Ar age calculations: Computers and
Geosciences, v. 28, p. 605-619.

Kuiper, K.F., Deino, A., Hilgen, F.J., Krijgsman, W., Renne, P.R., and Wijbrans, J.R., 2008,
Synchronizing rock clocks of Earth history: Science, v. 320, p. 500-504.

Lanphere, M.A. and Dalrymple, G.B., 2000, First-principles calibration of **Ar tracers: Implications
for the ages of *Ar/*®Ar fluence monitors, US Geological Survey professional paper, no. 1621, p.
1-10.

Min, K., Mundil, R., Renne, P.R., and Ludwig, K.R., 2000, A test for systematic errors in **Ar/*’Ar
geochronology through comparison with U/Pb analysis of a 1.1-Ga rhyolite: Geochimica et
Cosmochimica Acta, v. 64, p. 73-98.

Renne, PR., Swisher, C.C., Deino, A.L., Karner, D.B., Owens, T.L., and DePaolo, D J., 1998,
Intercalibration of standards, absolute ages and uncertainties in **Ar/*Ar dating: Chemical Geology,
v. 145, p. 117-152.

Schwarz, W.H. and Trieloff, M., 2007, Intercalibration of **Ar-**Ar age standards NL-25, HB3gr
hornblende, GA1550, SB-3, HD-BI1 biotite and Bmus/2 muscovite: Chemical Geology, v. 242, p.
218-231.

Steiger, R.H. and Jager, E., 1977, Subcommission on geochronology: Convention on the use of
decay constants in geo- and cosmochronology, Earth and Planetary Science Letters, v. 36, p. 359—
362.

Timm, C., Hoernle, K., Werner, R., Hauff, F., van den Bogaard, P., White, J., Mortimer, N., and
Garbe-Schoberg, D., 2010, Temporal and geochemical evolution of the Cenozoic intraplate
volcanism of Zealandia, Earth-Science Reviews, v. 98, p. 38—64.



