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Abstract: Identifying the specific roles of precession, obliquity and eccentricity in
glacial/interglacial transitions is hindered by imprecise age control. We circumvent this problem
by focussing on the morphology of deglaciation/inception, which we show depends strongly on
the relative phasing of precession versus obliquity. We demonstrate that while both parameters
are important, precession has more influence on deglacial onset, while obliquity is more
important for attainment of peak interglacial conditions and glacial inception. We find that the
set of precession peaks (minima) responsible for terminations since 0.9Ma is a subset of those
‘candidate peaks’ which begin (precession parameter starts decreasing) while obliquity is
increasing. Specifically, termination occurs with the first candidate peak following each
eccentricity minimum. Thus the gross morphology of 100kyr glacial cycles appears largely
deterministic.
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Main Text:

Following demonstration that the succession of Quaternary ice ages is fundamentally controlled
by changes in Earth's orbital geometry (/) many studies have attempted to identify the precise
roles of precession, obliquity and eccentricity in the waxing and waning of continental ice sheets,
in particular the process of glacial termination (deglaciation). The main obstacles to such an
exercise include the closeness in frequency of precession (~1/21kyr) to the 2" harmonic of
obliquity (~1/20.5kyr) and the dating precision required to demonstrate a clear and reproducible
link between either parameter and the end of a glacial period. Consequently, there has been
considerable debate as to whether precession (2-5), obliquity (6, 7) or some combination of the
two (8-11) provides the dominant driving force for glacial termination and moreover as to why
glacial terminations tend to be separated by ~100kyr (one of the main periods of eccentricity),
hence the ‘100kyr problem’ (2, /2, 13). Here we take an alternative approach, based on the
assumption that if precession and obliquity play distinct roles in deglaciation, then variations in
their relative phasing will be imprinted on the trajectory of ice volume change across individual
terminations.

As with previous studies of this type (e.g. 2, 3, 3, 6, 10, 14) we utilise the record of benthic
foraminiferal 3'30 to infer changes in continental ice volume while acknowledging that the
signal is influenced by variations in deep ocean temperature (15, 16). Indeed, a lead in the timing
of mean ocean warming ahead of ice volume decrease across the most recent deglaciation
(Termination 1, T1) (/7) implies a difference of ~2kyr between the §'*0 signal recorded by
benthic foraminifera and the component of §'30 related specifically to ice volume (/8).
However, as we show below, this offset is relatively small compared to the variations in
morphology observed (several kyr). Additionally, it has been suggested that the record of benthic
8'80 can be considered a proxy for Earth’s energy imbalance (the gain or loss of energy by the
ocean-atmosphere system (/7)) across intervals of ice sheet growth/decay and concomitant ocean
cooling/warming (/8). It could therefore be argued that the results reported here be interpreted in
terms of the relative influences of precession and obliquity on Earth’s energy imbalance
associated with glacial/interglacial (G-1G) variability (see also Supplementary Material).

2. Quantifying deglacial morphology

We begin by quantifying the trajectory of benthic 8'30 across deglacial transitions and
interglacials of the 100kyr world (approximately the last 800kyr; Figs. 1, 2). For this we use 3
independent stacks/records of benthic foraminiferal §'0 (LR04/LR04 untuned (14, 19), HW04
(20, 21) and U1476pmag (/1)) on 4 independent timescales (3 of which are free of orbital
assumptions; See Methods (/6)) to calculate the temporal offsets between 4 key points in the
curve of 8'80 across each deglacial/interglacial period: (1) the onset of deglaciation (Onset
deglac; when §'%0 begins to decrease following a glacial maximum (/6)), (2) Max deglac: the
point at which 8'30 reaches its maximum rate of decrease during termination, (3) Peak IG: the
minimum in 880 associated with interglacial conditions and (4) Max inception: the subsequent
maximum in the rate of '®0 increase, marking a return to glacial conditions.

We do not define transitions between glacial and interglacial state based on a threshold in (e.g.)
sea level or 8'80 (10, 22). Instead the points we select represent dynamical boundaries in the
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curve of 880 (e.g. Peak IG represents the change from decreasing to increasing 8'30 while Max
deglac represents the maximum rate of deglaciation). As previously suggested (23) this approach
has the advantage of providing logical points in the climate curve that we might expect to align
with maxima (or minima) in forcing (e.g. we may expect that the maximum rate of ice loss
during deglaciation should correspond to a maximum in the forcing responsible). We
nevertheless think it is useful to adhere to common nomenclature (e.g. for describing glacial
versus interglacial periods). We therefore follow the traditional marine isotope stratigraphic
definition of an interglacial as a broad minimum in §'%0 bounded by sharp transitions to heavier
values (24), which in this case are delineated by Max deglac and Max inception. By this
definition an interglacial is divided into a period of deglaciation and a period of glacial inception
(Fig. 2A).

Our analysis suggests that variability in the total duration of deglaciation (from Onset deglac to
Peak IG) is dominated by large (several kyr) changes in the offset between Max deglac and Peak
IG (i.e. late deglaciation, which is equivalent to the deglacial phase of an interglacial; Figs. 1C;
2A) while the offset between Onset deglac and Max deglac (early deglaciation) is comparatively
constant (8.6x1kyr for LR04 or 8.9+0.4kyr if Termination T8 is excluded, 7.8+0.9kyr for HW04
and 10+1.7kyr for U1476pmag; Fig. S2F). The interval between Peak IG and Max inception (the
inception phase of an interglacial) is also relatively invariant (as previously observed (25)), with
the offset between Max deglac and Max inception being strongly correlated to that between Max
deglac and Peak IG (R? = 0.96/0.99 for LR04/LR04 untuned, R? = 0.87 for HW04, R? = 0.73 for
Ul476pmag; Figs. 2B, S4). From these results it can be seen that the entire duration from Onset
deglac through to Max inception might be predicted simply from the offset between Max deglac
and Peak I1G.

3. Orbital phasing determines the duration of deglaciation

Previously (25) it was suggested that the phasing between precession and obliquity influences
the persistence of interglacial conditions. Our results (Fig. 1) suggest that variations in
interglacial duration (from Max deglac to Max inception) are dominated by changes in the
deglacial phase (i.e. between Max deglac and Peak IG). We might therefore expect to find a
relationship between orbital phasing and the offset from Max deglac to Peak IG. To test for such
a relationship we need to quantify the phasing between precession and obliquity at the time of
each deglaciation. To this end we identify the nearest precession peak to each deglacial transition
(i.e. closest to Max deglac) and calculate the offset between that peak and its closest
neighbouring peak in obliquity (Fig. 1D). Note that we use the term ‘peak’ (for both obliquity
and precession) to describe conditions that give rise to a maximum in northern hemisphere
summer insolation (which corresponds to a maximum in obliquity but a minimum in the
precession parameter, when northern summer occurs during perihelion).

As stated, attempts to identify which orbital parameter might be more important for deglaciation
have been limited by the requirement for accurate and precise age control of paleoproxy records.
Our approach is much less sensitive to this requirement. Because we are looking for the closest
precession peak to each deglaciation, the age models we employ are required only to have an
accuracy of ~£10kyr (for comparison the stated uncertainties for LR04 and HW04 over the last
1Myr are +4kyr and +7kyr respectively). Accordingly the set of precession peaks identified for
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the last 11 terminations within LR04 is exactly the same for all of the records/timescales
analysed here (Fig. S2), giving us confidence in the robustness of our selection criteria.

The analysis reveals a strong correlation between Max deglac minus Peak IG and the phasing of
precession versus obliquity (Figs. 2C, 2D, S3) with R? ranging from 0.74 to 0.88 for the various
records and age models employed. Note that the alternative approach, of identifying the closest
obliquity peak to Max deglac and its nearest neighbouring precession peak would give an
equivalent result but with a negative slope (/6) (Fig. S5). The observation of such a strong
imprint of the phasing between obliquity and precession on the evolution of §'%0 across
deglaciation implies not only that both parameters might play a role, but that these roles are
somehow discrete (distinct), and therefore distinguishable.

4. Discrete roles for precession and obliquity in deglaciation and glacial inception

Previous studies have emphasised the importance of decreasing obliquity for glacial inception
(11, 25). However, recent attempts to provide more precise constraints on the timing of glacial
termination have reached different conclusions about the relative importance of obliquity versus
precession for the onset of deglaciation (5, 7). Our results (Fig. 2) show that the duration from
Max deglac through to Max inception is a linear function of the offset between peak precession
and peak obliquity at the time of deglaciation. We suggest this implies that one parameter plays a
more important role in the earlier stages of deglaciation (up to and including Max deglac) while
the other is more influential on the latter stages and ultimately the subsequent glacial inception.
To evaluate the alternative possibilities we compare 3 hypothetical scenarios (Figs. 3, 4).

In Scenario I we assume that the published age models for each record are accurate. This allows
us to identify any significant relationships implied between each key point and the phase of
precession or obliquity. For example, in Figure 3 we show results for two deglaciations (T2 and
T5) with contrasting orbital phasing. We note that for T2, Max deglac is aligned (roughly) with
maximum obliquity and decreasing precession (meaning that summers are intensifying). For T5,
Max deglac is roughly aligned with peak (minimum) precession and rising obliquity. In both
cases the subsequent Max inception is aligned with a positive precession parameter and low to
minimum obliquity.

In Scenarios II and III we make the assumption that there should be a consistent relationship
between Max deglac and the phase of whichever orbital parameter is responsible for the onset of
deglaciation. Therefore in Scenario II we force Max deglac to align with the peak in precession
closest to each termination and assess the implied alignment of Peak IG and Max inception with
respect to the phase of obliquity. In Scenario I1I we align Max deglac with peak obliquity and
assess the implied alignment of Peak IG and Max inception with respect to precession. We
expect these implied alignments to be stronger when the correct starting parameter is selected,
given the observed correlation between Max deglac - Peak IG versus orbital phasing. Our choice
to set Max deglac to align with a peak in either parameter follows the logic that the maximum
rate in ice volume decrease should coincide approximately with a maximum in forcing (23). On
the other hand the exact phase employed is not critical for the arguments that follow, only that
the phase is consistent for each termination.

For the example of T2 and TS5 (Fig. 3) alignment of Max deglac with peak precession (Scenario
IT) results in alignment of Max inception with low to minimum obliquity in both cases i.e. Max
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inception for T2 and T5 are aligned consistently with respect to the phase of obliquity, which
would be expected if precession is the correct starting parameter. This is not the case for
Scenario III, in which alignment of Max deglac with peak obliquity results in Max inception
being aligned with a maximum or minimum in precession for T2 and TS5 respectively (i.e. Max
inception for T2 and TS5 are not aligned consistently with respect to the phase of precession).
From this limited example we would therefore select Scenario II as the most likely.

In Figure 4 we plot full results for each scenario for the 3 untuned age models over the last 1Myr
(results including LR04 are given in Table S2). This interval includes 11 glacial terminations, but
we exclude T1 because it has no subsequent inception. Results for Scenario I reveal a broad
scatter of Max deglac around peaks in both obliquity and precession (Fig. 4A1, B1; S6A3, B3),
suggesting (in keeping with previous studies (3, 7, §)) that both parameters probably play some
role in deglaciation. On the other hand obliquity alone seems to influence glacial inception,
which is associated with decreasing to low obliquity (again consistent with previous work (71,
25)).

For scenarios II and III we use two approaches to assess the implied phasing between Peak IG
(and Max inception) with respect to precession/obliquity (Methods (/6)). Firstly we use the
measured offsets between Max deglac and Peak IG (and Max inception) implied by the original
age models. Secondly we predict those offsets from the relationships shown in Figures 2 (and S3,
S4) based on the observed orbital phasing in each case. In Figure 4 we plot results using the
second approach (full results are given in Table S2). Offsets between Onset deglac and Max
deglac are measured in all cases.

In Scenario II we observe a strong alignment of Onset deglac with respect to precession (mean
resultant vector length, » = 0.87, see Methods (/6); Figs. 4A2, S6C2). This is not surprising
given that the offset between Onset deglac and Max deglac is relatively constant (e.g. Fig.1C),
but it is notable that the average offset (8.5£1.7kyr before the peak in precession) is just less than
half a precession cycle, implying that if Max deglac coincides with peak precession then the
onset of deglaciation occurs ~2kyr after northern summer insolation begins to intensify (as a
function of precession). In this scenario Onset deglac and Max deglac also align with increasing
to high values of obliquity (Figs. 4B2, S6D2,3). In fact we observe stronger alignment in these
cases than observed in Scenario I (»=0.52 vs 0.46 and » = 0.54 vs 0.44 respectively; Table S2).
Thus for Scenario II the onset of deglaciation occurs when northern summer insolation is
increasing as a function of both precession and obliquity (implying a dual role for obliquity and
precession in the process of deglaciation).

The most outstanding result from Scenario II is the very strong alignment of Peak IG with
decreasing obliquity (very close to the maximum rate of decrease) and of Max inception with
low to minimum obliquity (Figs. 4B2, S6D4,5). In each case we obtain  values in excess of
0.95, much higher than those obtained in Scenario I (although the phase relationships observed
are similar; Table S2). In other words, when Max deglac is set to peak precession, Peak IG and
Max inception align precisely with respect to obliquity. Note that using the measured (rather than
predicted) offsets between Max deglac and Peak IG (and Max inception) also gives r values
greater than observed in Scenario I (= 0.82 vs 0.64 and » = 0.72 vs 0.57 respectively; Table S2).
The relationships between Peak 1G and Max inception versus precession in Scenario II are not
significant.
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In Scenario III (Figs. 4B3, S6F3) we observe a strong alignment of Onset deglac with increasing
obliquity (Fig. S6F2), analogous to Onset deglac versus precession in Scenario II. However, the
relationships between Peak IG and Max inception versus precession are weak (» < 0.4) and
although statistically significant for the combined records, this is not the case for any record
when treated individually (Table S2). Notably in Scenario III, the relationships between Onset
deglac and Max deglac versus precession are significantly worse than in Scenario I (Figs. 4A3,
S6E2,3; Table S2) and imply that deglaciation is essentially independent of this parameter (i.e.
no dual role for obliquity and precession in the process of deglaciation).

In summary, the results for Scenario II (in which Max deglac is aligned with peak precession)
are consistent with a dual role for precession and obliquity in deglaciation and the proposition
that precession plays a more important role in the precise timing of deglacial onset (5), while
obliquity is more important for the timing of Peak IG and Max inception. The equivalent is not
true for Scenario III. Setting Max deglac to peak obliquity does not result in strong alignment of
Max inception with respect to precession and implies that no relationship exists between
precession and deglaciation.

We note that while our conclusion (that precession is more important than obliquity for the onset
of deglaciation) appears to contradict that of ref (7), both studies find that mid-deglaciation (Max
deglac in our case) is aligned (approximately) with maximum summer insolation as a function of
both obliquity and precession. Moreover, ref (7) noted a negative relationship between the value
of obliquity at the onset of termination and the duration of termination. We suggest this reflects
the fact that deglaciations tend to be longer when the peak to peak offset between precession and
obliquity is greatest. For example the precession peak associated with TS commenced while
obliquity was close to minimum (Fig. 3B). This resulted in a very long (protracted) deglacial
interval, reflecting the large phase offset at that time. In contrast, the precession peak associated
with T2 commenced while obliquity was relatively high (i.e. precession and obliquity were close
to being in phase; Fig. 3A), resulting in a much shorter period of deglaciation.

5. Importance of latitude for the waxing and waning of northern ice sheets

The combined effects of obliquity and precession (as modulated by eccentricity) on insolation
are typically quantified using a single metric for example June 21 (peak northern summer)
intensity or some measure of integrated summer insolation at 65°N. However, the relative
contribution of obliquity versus precession to any given insolation metric decreases significantly
as one moves from higher to lower latitudes (/7) (Fig. 5SA). Consequently, use of a single metric
at a fixed latitude may be inadequate for defining the forcing relevant to an ice sheet whose mean
latitude varies with time. Our results underscore this issue because they require that the relative
importance of obliquity versus precession varies throughout a glacial cycle. Specifically, while
precession appears to be more important for melting back very large ice sheets from their
maximum extent, obliquity is more important for the end of glacial retreat and the beginning of
the next glacial cycle. Glacial inception must occur at high latitude sites (north of ~70°N) such as
the Canadian Arctic Archipelago (26). In these regions the contribution of obliquity to calorific
summer insolation significantly outweighs that of precession (Fig. SA). As ice sheets develop,
their mean latitude will migrate southwards, to latitudes where precession is more important,
until they attain their full glacial maximum position. At this point (anywhere south of ~55°N)
precession dominates variations in both peak summer intensity and calorific summer insolation,



Submitted Manuscript: Confidential
Template revised July 2024

which can explain why the early stages of deglaciation are more strongly dependent on this
parameter. Thereafter, as ice sheets decay, they retreat back toward higher latitudes where
obliquity dominates (Fig. SA).

Our inference (that precession is more important for the onset of deglaciation with obliquity
more important for glacial inception) is supported by coupled climate-ice sheet model
experiments. For example Abe-Ouchi et al. (27) demonstrated the sensitivity of very large ice
sheets to even modest precession forcing at their southern margins, which could lead to their
rapid disintegration during deglaciation. Vettoretti and Peltier (28, 29) emphasised the
importance of obliquity for glacial inception, suggesting that occurrence of the Arctic insolation
minimum in late spring, as a result of decreasing obliquity, led to delayed spring and summer
snowmelt. Decreasing obliquity also increases the equator to pole insolation gradient during
summer, which promotes northward moisture transport to feed growing icesheets (29, 30). On
the other hand, other studies (37, 32) suggest that precession plays a more important role in
glacial inception (as described in Section 7). In addition, conceptual models based on a limited
number of tuneable parameters are able to simulate realistic timing of G-IG transitions using a
single orbital solution (33, 34). Nevertheless, our results (Figs. 1, 2) clearly demonstrate the
imprint of orbital phasing on deglaciation, which we contend is best explained by changes in the
mean latitude and size of northern ice sheets and a corresponding change in their overall
sensitivity to precession versus obliquity forcing.

So far, we have not considered the absolute magnitude of insolation forcing necessary for
producing significant changes in ice sheet size. For example, the magnitude of precession forcing
associated with T5 (leading to MIS 11) was small (a consequence of reduced eccentricity; Fig.
5B). And yet the magnitude of ice volume change across T5 was greater than terminations which
experienced much larger variations in precession; hence, the ‘Stage 11 problem’ (12, 35). On the
other hand, the vulnerability of very large ice sheets to even modest variations in precession
might simply reflect their more southerly position (27) (Fig. 5B) or their inherent instability due
to isostatic adjustments (36). In addition, feedbacks within the climate system play an important
role in amplifying orbital forcing (/3, 37, 38) and may therefore help to even out amplitude
variations. For example, millennial-scale oscillations in ocean circulation and concomitant
release of CO2 during the early stages of termination can contribute to global warming at these
times (17, 39). When ice sheets are particularly large (e.g. during MIS 12) it is possible that such
feedbacks become substantial enough to compensate for potentially weaker precession forcing.
Conversely, equivalent activity during glacial development may actually help to cool the deep
ocean and provide additional storage capacity for lowering atmospheric CO2 (16, 38, 40) (an
essential aspect of glacial inception (317)).

It should be acknowledged that while our discussion has focussed on northern hemisphere ice
sheet variability, fluctuations of the Antarctic ice sheet could account for a significant proportion
(up to ~15%) of G-1G ice volume change (47, 42). We do not have a complete record of
Antarctic ice sheet variability, but continuous temperature records do exist (43, 44). In Figure S7
we show a morphological comparison of the Antarctic temperature record (AAT) and the LR04
benthic stack over the past 800kyr. We observe a high degree of similarity (R? = 0.93) across
deglaciations, implying (to first order) a common forcing.

Previous explanations of why Antarctic variability might resemble northern hemisphere
insolation (which is counterintuitive, given that the effects of precession are out of phase
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between the hemispheres (45)) have relied on interhemispheric ‘bridges’ such as sea level and
atmospheric CO» (13, 46). Alternatively, it has been suggested that southern hemisphere summer
duration (which varies in phase with northern summer intensity as a function of precession)
could explain the similarity (47). On the other hand, our explanation for the shift in influence
from precession to obliquity across (northern) deglaciation relies on a substantial change in the
latitudinal distribution of ice, which is unlikely across Antarctica. Instead, we propose that
precession could trigger the onset of deglacial Antarctic warming through heat redistribution
associated with a substantial weakening of the Atlantic Meridional Overturning Circulation
(AMOC) that might result from intensified summer melting of northern ice sheets (37, 48-50)
and which in turn might be amplified by enhanced stratification of the glacial deep ocean (39).
Notably, such an explanation could explain the observation of a southern lead at orbital
timescales (/2, 51), which would reflect the fact that deglacial warming across northern high
latitudes is delayed by the same AMOC perturbations responsible for early warming in the south
(52, 53).

An increase in the influence of obliquity towards the end of deglaciation in both hemispheres is
more straightforward to explain thanks to the globally symmetric effects of obliquity.

6. Precession, obliquity and eccentricity combine to produce ~100kyr glacial cycles

The dominant ~100kyr period of mid/late Pleistocene G-IG cyclicity (/) is problematic because
direct orbital forcing at this period (via eccentricity) is weak (/2). Most recent studies have
concluded that the large magnitude of glacial terminations must involve forcing by some
combination of precession and/or obliquity with additional feedbacks internal to the climate
system (37) and our results shed light on how these parameters combine to produce the observed
morphology of deglacial/interglacial periods. However, there remains the question as to why
glacial cycles should endure for so long and why they have such a strong link to eccentricity (/4)
(Fig. 5B). Raymo (2) suggested that an extended interval of low amplitude precession forcing
(under the influence of low eccentricity) would allow the build-up of large continental ice sheets
by enabling them to expand southwards until they reached some critical size, after which they
would become susceptible to even modest insolation forcing. Accordingly, most successful
models of G-IG variability (8, 9, 13, 34, 54) incorporate a critical ice volume threshold (Verit),
beyond which termination becomes possible/inevitable.

Our results provide empirical constraints for predicting the occurrence and duration of glacial
terminations and interglacials since the Mid Pleistocene Transition (MPT i.e. the 100kyr world;
Fig. 6). As stated, the set of precession peaks associated with Max deglac for each termination of
the past 1Myr is identical for all of the §'®0 records analysed here (Fig. S2). Furthermore, each
of those peaks was aligned with average to high values of obliquity (Fig. 1D, E), which implies
that obliquity was rising as peak summer intensity began increasing as a function of precession
(see orange symbols in Fig. 1D, E). This is true for all terminations except T8, whose precession
peak begins ~724ka, about 1kyr before the next minimum in obliquity (Fig. 1D, E) and therefore
about 2kyr before obliquity starts to rise. Notably, according to 3 out of 4 §'*0 records, the
measured offset between Onset deglac and Max deglac associated with T8 is shorter than the
average (Fig. S2). This is particularly noticeable for LR04 (Fig. 1C) and we speculate that this is
due to the relatively late (~2kyr) rise in obliquity associated with that termination. We therefore
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consider precession peaks as candidates for termination if they begin while obliquity is rising or
begins rising within 2kyr of the turning point in precession (to accommodate the case of T8).
Thus the onset of deglaciation occurred only when summers were warming through the
reinforcing (dual) effects of obliquity and precession (see also results in Fig. 4). In Figure 6H we
plot all such ‘candidate’ precession peaks of the past 1Myr.

Significantly the subset of candidate precession peaks resulting in termination over the past
900kyr is precisely those that directly followed a minimum in eccentricity (Fig. 6H; note that the
eccentricity minimum ~373Ka coincided precisely with a candidate precession peak but the
following candidate peak was the terminating peak). For context, there have been 45 precession
peaks since 0.95Ma, of which 25 (~1/2) were candidate peaks and just 10 (1/4.5) were associated
with glacial termination (i.e. on average terminations were separated by 4.5 precession cycles,
~95kyr).

Glacial termination therefore occurs with the first candidate precession peak following each
minimum in eccentricity. This might suggest that Vit is attained as soon as eccentricity reaches
its minimum, after which the next candidate peak in precession triggers deglaciation. However,
we note that in many cases, one or more non-candidate precession peaks occurred within the
interval between the minimum in eccentricity and the terminating precession peak. Since non-
candidate precession peaks are (by definition) those that align with low obliquity, continued ice
growth during these intervals might also be critical for attainment of Vit prior to termination
(13). In any case, our observations allow us to construct an algorithm capable of predicting the
occurrence of all major glacial terminations over the past 900kyr, based simply on the subset of
candidate precession peaks that follow directly after minima in eccentricity (Fig. 6H). In Figure
6D we also incorporate predictions for the key points (Peak IG and Max inception), based on the
phasing of precession versus obliquity during termination.

The results compare well with those obtained from a simple thresholding approach used to
predict interglacial stages of the past 1Myr (10) (Fig. 61), with three exceptions: In two cases, our
algorithm does not predict the transitions into marine isotope substages 7c or 15a. While these
events were aligned with candidate peaks (Fig. 6G), they were relatively short in duration with
respect to the phasing of precession versus obliquity (Fig. 2C, D) and do not fall within the set of
major terminations. Notably though, they occurred when the amplitude of precession forcing was
particularly large (thanks to high eccentricity). We therefore consider MIS 7c and 15a as
anomalously warm substages, analogous to MIS 5a and 9a (Fig 6G) but of larger amplitude
thanks to the direct influence of eccentricity on precession. In the third case, T6 was a protracted
(2-step) termination (55), resulting in the delayed attainment of full interglacial conditions (MIS
13a) according to the prediction of (/0). The preceding glacial (MIS 14) was particularly weak
(56) and the smaller size of ice sheets (Fig. 6G) might explain the weaker response to orbital
forcing associated with the first step (T6). The second step (T6a) was also aligned with a
candidate precession peak and its duration (relative to orbital phasing) was in line with all other
major terminations (Fig. 2C, D). Thus the full deglaciation from MIS 14 into MIS 13a could be
considered as 2 distinct deglacial events, each following the pattern of other major terminations
of the past 900kyr.

Our simple rules for predicting the occurrence of terminating precession peaks do not hold prior
to 0.9Ma (Figs. 6, S8). Notably, this was during the Mid Pleistocene Transition (~1.2 to 0.8Ma
(57-61)) before which glacial cycles had a period of ~41kyr, similar to that of obliquity. At that
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time, according to the records and age models used here, deglacial transitions were also more
closely aligned with candidate precession peaks (i.e. those that commenced while obliquity was
increasing) than with non-candidate peaks, with almost all candidate peaks being associated with
a deglacial event (Fig. S8), which is in contrast to the 100kyr world (Fig. 6). This does not
necessarily imply that precession was critical for deglacial transitions before the MPT because
our definition of a candidate precession peak is one that coincides with moderate to high
obliquity (which therefore could be solely responsible for pre-MPT deglaciations). On the other
hand, it does imply that eccentricity had little influence on the duration of glacial periods prior to
the MPT. We might therefore explain the change from ~41 to ~100kyr glacial periodicity across
the MPT as resulting from the increasing ability of ice sheets to grow and/or expand southwards
quickly enough to escape the influence of obliquity (e.g. by secular global cooling, changes in
glacial erosion or an increase in moisture transport associated with the Atlantic Inflow (10, 11,
59, 60, 62, 63)), while simultaneously escaping the influence of precession thanks to decreasing
eccentricity (2, 54). Eventually though, ice sheets would reach a latitude and size where even a
modest change in precession could trigger glacial termination (27, 36). Thus the MPT saw the
introduction of a dependency on eccentricity, but crucially this was not associated with maxima
in eccentricity but rather minima, providing the necessary time required to grow very large ice
sheets (2, 10, 34, 54).

Finally, we note that ~100kyr periodicity has also been observed for glacial cycles during earlier
epochs, for example the early to mid Miocene (64, 65). At that time, continental ice was most
likely confined to Antarctica (66) and while the mechanisms we invoke to explain ~100kyr
periodicity during the Pleistocene are focused on northern hemisphere processes, future work
should investigate whether or not equivalent mechanisms involving the Antarctic ice sheet could
be called upon during earlier intervals. Notably, the potential importance of millennial-scale
variability and its possible interactions with orbital timescale changes has been invoked for the
Miocene (67) as well as the mid to late Pleistocene (37, 38).

7. The natural future of Earth’s climate

Our results suggest that the succession and duration of deglacial/interglacial events since the
MPT might be largely determined by the relative phasing of precession, obliquity and
eccentricity (Fig. 6D). This deterministic quality (previously inferred from theoretical/model-
based approaches (9, 68, 69)) provides an opportunity to hypothesise about the possible future of
Earth’s climate. There has been considerable discussion as to when the next glacial inception
might occur (29, 31, 32, 70). Most studies agree that glacial inception results from some critical
combination of orbital configuration and the atmospheric concentration of CO2 and there is little
debate that while COz levels continue to rise there is almost no chance of a return to glacial
conditions (29, 31). Notwithstanding, it is important to understand the natural variability of
climate and how this might play out if and when the anthropogenic input of CO2 is reduced to
pre-industrial levels. Classical orbital theory predicts that glacial inception should occur when
northern hemisphere summers are cool enough to allow perennial snow to accumulate, through
some combination of low obliquity and a positive precession parameter (when northern summer
aligns with aphelion). Orbital eccentricity (the circularity of Earth’s orbit around the Sun) is
currently low (e = 0.017 compared with a maximum of ~0.58), resulting in very modest
variations in precession (Figs. 6, 7). Consequently, model predictions based on the intensity of
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peak summer insolation at 65°N (a signal dominated by precession) tend to escape inception for
tens of thousands of years into the future even in the hypothetical absence of anthropogenic CO2
(31, 32). On the other hand, models that emphasize the importance of obliquity (over precession)
in the process of inception (28, 29) predict glacial inception as early as 10kyr from now (with
CO: held at 260ppmv).

Our results also suggest that glacial inception depends mainly on the phase of obliquity, and
moreover that the duration between Peak IG and Max inception is rather invariant (Fig. 2B) and
therefore relatively insensitive to the amplitude of precession forcing. For example, eccentricity
was also low across TS5 (as discussed above) and although MIS 11 was long, it fell within the
natural set of mid to late Pleistocene interglacials whose durations were dictated by the phasing
of precession versus obliquity during deglaciation (i.e. it was not exceptional; Fig. 7A).
Conversely, MIS 7e was relatively short and occurred when eccentricity was high, but its short
duration could again be predicted simply from the negative peak-to-peak offset between
precession and obliquity across T3 (Fig. 7B). MIS 19 (following T9), which is often taken as an
analogue for our current interglacial (MIS 1) because it experienced similar variations in
insolation (70) (i.e. low eccentricity with precession and obliquity approximately in-phase during
deglaciation), also had a duration in keeping with predictions based on orbital phasing rather
than eccentricity (Fig. 7C).

We therefore calculate when the next maximum in glacial inception might occur (ignoring the
effects of anthropogenic CO2) based on the phasing of precession versus obliquity during the last
deglaciation (T1). According to the various records we employ, benthic 'O has continued to
decrease throughout the Holocene, which results in an age of zero being assigned to MIS 1 Peak
IG (Fig. 7D) although we cannot know whether or not this the actual minimum because there is
no record of the future. We therefore predict the timing of MIS 1 Peak IG from the empirical
relationships shown in Figure 2 (and S3) while omitting T1. We set Max deglac for each record
either to the age of Max deglac on LR04 (which is based on “C dating (19); Set L in Fig. 7D) or
the precession peak ~11ka (Set P in Fig. 7D) (/6). We then use the calculated values of Max
deglac minus Peak IG to estimate the age of Max inception. We obtain an age of -0.1£1.8kyr
(20) for MIS 1 Peak IG and -7.7£3.4kyr (20) for the next Max inception. Thus we estimate that,
if not for the effects of increasing COz, glacial inception would reach a maximum rate within the
next 11kyr, as obliquity decreases towards its next minimum.

Our extrapolation also suggests that the next interglacial event would begin ~66kyr from now
(following a glacial cycle spanning 4 precession peaks; Fig. 6D). The same timing is predicted
by the simple rules outlined in ref (/0) (Fig. 6). On the other hand, while atmospheric CO2
remains above pre-industrial levels it is highly unlikely that glacial inception will occur (29, 31,
71), in which case the pattern of future interglacials will be very different from the predictions
made here.
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Fig. 1. Deglacial morphology and the phasing of obliquity versus precession. (A, B) The
LR04 benthic §'*0 stack (B) and its first derivative (A), used to identify the key points as
described in main text (coloured symbols). Terminations are numbered T1-T9, MIS numbers in
blue. (C) Calculated temporal offsets: Max deglac minus Onset deglac (pink symbols), Max
deglac minus Peak IG (red). Variability in the duration of deglaciation (double-headed grey
arrows) is dominated by changes in the offset between Max deglac and Peak 1G. (D) Precession
peaks plotted versus their temporal offset to the closest obliquity peak in each case. Large red
symbols (joined by dashed lines) are those precession peaks that are closest to Max deglac in
each case. All of these coincide with moderate to high values of obliquity as demonstrated by
green symbols to right. Also plotted is the value of obliquity (orange symbols) associated with
the beginning of each terminal precession peak (i.e. when the precession parameter shifts from
increasing to decreasing; see also Part E and discussion in Section 6). (E) Precession and
obliquity (72) over last IMyr. Green symbols highlight value of obliquity at each terminal
precession peak, orange symbols highlight phase of obliquity at the beginning of each terminal
precession peak (increasing in all cases except T8, which starts to increase within 2kyr; see text).
(F) Same as E but purple symbols reflect value of precession parameter for the closest obliquity
maximum to each Max deglaciation (no systematic pattern is observed cf. Fig. S6E3).
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anatomy for MIS 11c¢ (associated with T5). Each interglacial is divided into a deglaciation phase

(i.e. late deglaciation, between Max deglac and Peak 1G) and a phase of glacial inception

(between Peak IG and Max inception). Upper curves of precession and obliquity highlight offset
between their respective peaks (positive in this case). (B) Correlation between Max deglac minus

Max inception (interglacial duration) versus Max deglac minus Peak IG (deglacial phase;
numbers are MIS). The inception phase is relatively invariant as compared with that of the
deglacial phase, giving rise to increasingly asymmetric interglacials as their duration increases

(see also Fig. 7A-C). The high value of R? implies that time to Max inception might be predicted
for MIS 1 if we know the offset between Max deglac and Peak IG (blue arrow; see also Fig. 7D).

(C, D) Correlation between Max deglac minus Peak 1G and peak precession minus peak
obliquity for LR04 and HWO04. Dashed fits omit T1. Note that T3a, T6a/MIS13a and T7a
(hollow symbols) are not included in the correlations (see discussion in Section 6). Equivalent

correlations for other records are given in Figs. S3, S4.
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Fig. 3. Three scenarios for assessing which orbital parameter controls deglacial onset. Two
deglacial intervals (A: T2 and B: T5) with contrasting orbital phasing illustrate the difference
between Scenario I (original age models are accurate) versus Scenarios II and III, in which Max
deglac is aligned with precession or obliquity respectively. Scenario II results in Max inception
for both intervals being aligned consistently with respect to the phase of obliquity (which is
expected when the correct starting parameter is chosen). In contrast, Scenario III results in
misalignment of Max inception with respect to the phase of precession. See also Figure 4.
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Fig. 4. Glacial inception aligns with obliquity when Max deglac is set to precession. Results
for LR0O4 untuned, HW04 and U1476pmag from Scenarios I-III in Section 4. Each panel shows
timing of Onset deglac, Max deglac, Peak IG and Max inception with respect to the phase of
precession (row A) and obliquity (row B) for Terminations T2 to T12. In each case, zero phase is
the closest precession/obliquity peak to Max deglac. Each individual point represents an
individual termination/interglacial on one of the 3 timescales used. 10 terminations and 3 records
gives a total of 30 points in each case (note some points are overlapping). Note in Scenario II
(Max deglac set to peak precession; Part A2) much tighter clustering of Peak 1G and Max
inception with respect to obliquity (B2) as compared with Scenario I (B1). On the contrary,
setting Max deglac to peak obliquity (Scenario I1I; B3) does not result in close alignment of Peak
IG or Max inception with precession (A3). In addition, alignment between Onset deglac and Max
deglac with respect to precession in Scenario III (A3) is significantly worse than in Scenario I
(A1). See Figure S6 and Table S2 for more detail.
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Fig. 5. Importance of latitude and inadequacy of a single insolation metric. (A) Upper and
lowermost curves are obliquity and precession respectively (72), middle blue curve is the
smoothed LR04 stack (/9). Key events are indicated. Orange/yellow colors represent the
integrated summer energy (73) normalized by each 5 degree band of latitude. Variability at lower
latitudes is dominated by precession while higher latitudes (north of around 70°N) are dominated
by obliquity. If deglaciation reflects the northward migration of the mean latitude (locus) of
northern hemisphere land-based ice sheets, it can be appreciated why precession (at low
latitudes) is more important for the earlier stages of deglaciation, while obliquity (at high
latitudes) is more important for the end. No single insolation metric can be used to characterize
this changing dependence. Note that for TS5 (~420ka) precession and obliquity were out of phase,
giving rise to a particularly long deglacial period as the initial stages of deglaciation gave way to
the subsequent (lagged) development of full interglacial conditions. In contrast precession and
obliquity were in phase during T2 (~130ka), resulting in a much shorter interval of deglaciation.
(B) Same as (A) except that integrated summer energy is normalized across its entire range from
30 to 90°N. Ice sheets grow while eccentricity (black curve) decreases and obliquity is low.
Purple stars are terminating precession peaks. Deglaciation may be triggered even if the
amplitude of precession (a function of orbital eccentricity) is low (e.g. during T5) if ice sheets
extend further to the south, where insolation is generally much higher than across more northerly
latitudes.
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Materials and Methods

Treatment of benthic §'0 records and stacks

We employ 3 independent records/stacks of benthic 3'30 on 4 independent timescales: (1) the LR04 stack (/9)
is based on 57 individual records of benthic 8'%0 with global representation. The LR04 age model (below 135ka)
was constructed by tuning to a simple ice volume model driven by June 21% insolation at 65°N. The uppermost
22kyr of the stack was tuned to a '“C-dated record from North Atlantic site NA87-22 (74) while the interval 22-
135ka was tuned to the Greenland ice core record via marine core MD95-2042 (75). (2) An untuned version of the
LRO04 stack (/4) (LR04 untuned) was used for comparison to LR04. The age model for LR04 untuned was derived
from radiometric (absolute) dates for the Brunhes/Matuyama and Matuyama/Gauss magnetic reversals. (3) the
HWO04 stack (20, 21) is based on 26 records of 8'%0. The HW04 age model is based on radiometric dates for the
Brunhes/Matuyama and Matuyama/Gauss magnetic reversals. (4) U1476pmag (11) is a single record of benthic §'%0
obtained from IODP Site U1476 in the western Indian Ocean. The age model for U1476pmag was derived from
radiometric dating of 9 magnetic polarity reversals and magnetic excursions within the top 1.1Myr.

The LR04, LR04 untuned and U1476pmag records contain sub-orbital (millennial-scale) variability and
require smoothing before the key points can be identified. Smoothing is implemented using a rectangular filter
(running mean). The length of smoothing window affects the timing of key points (e.g. Peak IG and Max deglac;
Fig. S1) and therefore the offsets between these points. However, a strong linear relationship between MaxDeglac-
Peak IG versus precession-obliquity (as discussed in the main text) is observed for a wide range of smoothing
window (Table S1) and, moreover, the predicted duration of MaxDeglac-Peak IG for Termination T1 (Fig. S7D) is
relatively insensitive to the window length employed (variability is less than the difference between records; Table
S1). We therefore utilize a window length of 9kyr, which is roughly halfway between the minimum value required
to remove millennial-scale variability (7kyr (76-78)) and half of one precession period (~10.5kyr). HW04 is already
smoothed and does not require additional smoothing before differentiating (Fig. S1).

After smoothing (Fig. S2), major interglacials are identified as local minima in 5'%0 and designated as ‘Peak
IG’. The smoothed records are then differentiated to identify ‘Max deglac’ (peak rate of 6'30 decrease prior to Peak
IG) and ‘Max inception’ (peak rate of 5'30 increase following Peak IG) for each major termination/interglacial.
Onset deglac is defined as the point at which the rate of decreasing 8'0 reaches 10% of its peak value (which is the
rate at Max deglac). This is to accommodate the effect of smoothing prior to differentiation (which effectively biases
the turning point towards older ages; Fig. S3A). Increasing the threshold by ~10% decreases the offset between
Onset deglac and Max deglac by ~1kyr with the effect being greatest for shorter deglacial periods such as T3, where
the bias towards older ages is greatest.

Benthic foraminiferal 8'30 as an indicator of ice volume and deep ocean temperature
As with previous studies of this type (e.g. 2, 3, 5, 6, 10, 14) our approach implicitly assumes that transitions in

benthic 8'%0 reflect changes in ice volume (at least in terms of their timing). However, foraminiferal §'%0 is also
influenced by variations in deep ocean temperature and there is some evidence that systematic offsets may arise
between the respective timing of changes in ice volume and deep ocean temperature across both glacial (/5) and
deglacial transitions (79). It is not possible here to account for such offsets but, if systematic in nature, they should
have only a minor impact on our results. For example, estimates of sea level rise and mean ocean temperature across
the last deglaciation suggest that the change in ice volume lagged mean ocean warming by a few kyr (/7), leading to
an offset of ~2kyr between the net change in benthic §'%0 (as measured, 8'®Oforam) and the component driven
specifically by ice volume (8'%Ojc.) (/8). Given that the total duration of deglaciation (from Onset deglac to Peak
IG) varies from 14 to 28kyr we suggest that variations in the offset between 8'¥Osoram and 8'80jce of a few kyr or less
will not alter our conclusions.

Obviously it is important for future work to further elucidate the relative contributions of deep water
temperature and ice volume on the record of benthic 8'80 and our study provides some testable targets for such
work. For example, as noted, mean ocean warming across T1 preceded substantial sea level rise (/7), leading to a
lag of ~2kyr between the decrease in 8'30 recorded by benthic foraminifera and the component of that signal driven
specifically by ice loss. On the other hand, the early warming is thought to have been a consequence of abrupt
changes in ocean circulation and CO; release that were themselves a result of rising northern summer insolation (77,
37, 50). Thus, our finding that precession drives the initial stages of deglaciation (decreasing 8'80) remains logical
even if some part of that decrease is driven by temperature. Further work should focus on constraining the
temperature component of early deglaciation across a series of terminations to determine the extent of warming that
might reflect changing precession versus that due to changes in ocean circulation.

A similar argument can be made for glacial inception. For example, reconstructions suggest that deep ocean
cooling may have preceded ice sheet growth during the early stages of their development (/5). Temperature of the
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deep ocean is set in the high latitudes of both hemispheres, where obliquity dominates insolation variability. Thus
the strong alignment we observe between Max inception and obliquity (Fig. 4) could in part reflect mean ocean
cooling in addition to ice sheet growth. Furthermore, it is widely acknowledged that decreasing CO> plays a critical
role in glacial inception (29, 31, 71). The concentration of atmospheric CO, on G-IG timescales is in large part
determined by high latitude oceanic processes (80). In particular, deep ocean cooling during the early stages of the
last glacial period (MIS 5e/d, which is equivalent to the point of Max inception following MIS 5e in our analysis;
Fig. 1) may have been responsible for a significant decrease in CO, (40, 81). Thus the link between Max inception
(maximum rate of 8'80 increase following Peak IG) and low to minimum obliquity (Fig. 4B2) might be viewed as
the interplay between deep ocean cooling, decreasing CO, and ice sheet expansion.

Selecting the closest orbital peaks

After Max deglac is defined for each major termination, the closest peaks in precession and obliquity are
identified (Fig. S2). The same set of precession peaks is identified for all stacks/records (Fig. S2D), even though age
offsets between individual records may be as large as 18kyr; Fig. S3F). The same is true for peaks in obliquity,
except for T3, where the peak selected for HW04 is one peak younger than that for all other records/stacks (Fig.
S2E).

The fact that the same set of precession and obliquity peaks are selected for all records means that, in
principle, we could use the correlation between Max deglac-Peak IG versus obliquity-precession at the closest
obliquity peak to Max deglac, instead of Max deglac-Peak IG versus precession-obliquity at the closest precession
peak (the relationship would be the same but negative). However, for particularly long terminations (e.g. TS and T8)
the limited range of obliquity-precession (+10.5kyr) would cause truncation of the correlation (Fig. S5). We
therefore use Max deglac-Peak IG versus precession-obliquity at the closest precession peak in our calculations.

Phase relationships and statistical methods

Temporal offsets between key points in the curves of §'%0 are calculated directly from the various records on
their original timescales (labelled ‘measured’ in Figs. 6, 7 and Table S2) or via the relationships given in Figures 2,
S3, S4 (labelled ‘predicted’ in Figs. 6, 7 and Table S2). Temporal offsets are converted to phase offsets by assuming
a constant period of 21kyr for precession and 41kyr for obliquity and are reported relative to the peak closest to Max
deglac (defined as zero phase in each case).

Circular statistics shown in Fig. S6 and Table S2 were calculated using the CircStat toolbox for MATLAB
developed by Berens (82). Below we summarize the various functions employed here:

Rayleigh test for a unimodal deviation from uniformity tests the null hypothesis (Hy) that the population is
distributed uniformly around the circle. The approximate p-value under Hj is computed as:

p = exp[/(1 + 4N + 4(N? —1;2) — (1 + 2N)]

where ;, = r * N (see below for definition of »). The lower the value of p, the greater the likelihood that Hy
can be rejected.

Mean angle (). Individual directions are first transformed to unit vectors in the 2-D plane:

Cos a;
N = -
sin a;

The vectors r; are then vector averaged:

i
where 7 is the mean resultant vector. To yield the mean angular direction a (rad), 7 is transformed using the
four quadrant inverse tangent function (82).

Resultant vector length (»):
r= |7l

r varies between 0 and 1 with r closer to 1 if the data are more concentrated around the mean direction (i.e.
more strongly aligned).
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Standard deviation (s). The circular standard deviation (rad) is defined as:

s=4—-2In(r)

Linear statistics: All linear fits are performed using Reduced Major Axis (RMA) regression (which provides
a more symmetric fit than ordinary least squares). RMA is typically used when errors exist in both X and Y, which
is the case for the correlations between Max deglac minus Max inception and Max deglac minus Peak IG in Figure
2B (and Fig. S4). Furthermore, although the phase of precession relative to obliquity is known relatively accurately,
we cannot assume a priori that the peak-to-peak offset is the correct parameter for assessing the phase relationship
relevant for deglaciation. Therefore, and for consistency, we use RMA regression throughout our study.

How closely is Max deglac aligned with peak precession?
In this study we have made the case that the timing of deglaciation (in its earlier stages) is determined by

precession and moreover that Max deglac should be aligned (approximately) with peak precession. We can assess
the validity of this assertion using results across T1 (Fig. S9). Stern and Lisiecki (83) report '“C-based age models
for a set of regional 8'%0 stacks, which we use to provide a set of ages for Max deglac. We find that in all regions
Max deglac occurs ahead of peak precession (by 1.4 to 2.4kyr) with the global LR04 stack leading peak precession
by 1.6kyr.

Notably, stacks from the Atlantic Ocean give the earliest ages for Max deglac and this is feasibly due in part to
the effects of the millennial-scale HS1 event (~18-15ka) which involved major circulation changes within the
Atlantic and marked the onset of T1. It has been argued that millennial-scale events such as HS1 can influence the
shape and rapidity of glacial termination (37). Indeed, mean ocean temperature increased rapidly across HS1 (84),
earlier than the decrease in ice volume (17, 85). This means that the initial decrease in benthic §'0 across T1 was
primarily driven by temperature, resulting in an effective lag of ~2kyr between the net rise in benthic 8'30 and the
specific component associated with decreasing ice volume (/8) (which is similar to the aforementioned offset
between Max deglac and peak precession).

Events equivalent to HS1 occurred during the early phases of all terminations throughout
the past I1Ma (11, 55) and we might therefore expect a systematic lead of Max deglac ahead of
peak precession, reflecting early warming of the mean ocean ahead of significant ice sheet decay.
In fact the systematic nature of such an effect might explain why the temporal offset between
Onset deglac and Max deglac is so consistent from one termination to the next (Fig. 1). Further
investigation of these processes is clearly needed but here we conclude that while Max deglac
and peak precession might be misaligned due to millennial-scale feedbacks within the climate

system, the misalignment (by analogy with T1) should be of the order 2.5kyr or less.



169

170

171
172
173
174
175
176
177

w
|

w
@«
L

LRO4 320 (permil)
&

o
o @
L L

~

LuntunedR04 30 (permil)

»
@

354

HWO04 320 (permil)

U1476pmag 880 (permil)
N
[

[l
@

IS
L

bt
@

w

w
@

IS

w
@

IS

@

Smoothing window (kyr)

Smoothing window (kyr) Smoothing window (kyr)

Smoothing window (kyr)

j LRO4

Submitted Manuscript: Confidential
Template revised July 2024

f&/wf@/gf@w%)y/

0

100

400 800

Age (kyr)
j ! LuntunedR04 i\
ROV §\ “§ /\é/}\% AA@/\/\M %m
wAA \
100 200 300 Ag:(:zyr) 800

200 300 400 500 600 700 800
Age (kyr)

i J f\ }V\ ik }Y // \ /f i. ///’\\«/, \ 8\
j o //‘\V/ J S\JJ vt E \ /‘/ A // »/ g / f %/ A\,/ §
o & \ /ﬂ o oY |7 8
6 1(;0 260 360 Ag:(‘:zyr) 560 660 700 860

Fig. S1. Effect of smoothing window length on the timing of Peak IG and Max deglac. Red
and yellow symbols represent Peak IG and Max deglac (respectively) for various smoothing
windows (1:2:21kyr) of each curve. Blue symbols represent window length adopted in this study
(9kyr for LR04, LR04 untuned and U1476pmag, 1kyr for HWO04). Blue curve in each panel is
the relevant record smoothed according to the specified window length. Grey curve is raw
stack/record (HW04 is already smoothed).
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Fig. S2. Summary of results for 3 records/stacks of benthic 3'%0 on 4 independent age
models. (A) Smoothed records/stacks of benthic §'%0 (B) First differential of 8'30 (C) Max
deglac minus Peak IG reveals similar variations among the 4 records/timescales (D) Grey
symbols show the offset between each precession peak over past 1Myr and its nearest obliquity
neighbour. Coloured symbols highlight those precession peaks that are closest to each Max
deglac (the same precession peaks are selected for all records/timescales). Note the similar
relationship between deglacial duration (C; Max deglac — Peak IG) and precession-obliquity (in
D) as observed for the LR04 stack and shown in Fig. 1. See also Figs. 2, S3, S4. (E) Same as (D)
but for obliquity. The same obliquity peaks are selected for each record except HW04 for T3,
which is closer to a later obliquity peak than the other records. (F) The duration between Onset
deglac and Max deglac is relatively invariant as compared with Max deglac — Peak IG.
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Fig. S6. Precession determines the onset of deglaciation. Results for LR04 untuned, HW04 and U1476pmag
from Scenarios I-III in Section 4 (see also Table S2). Column (1) (repeated from Fig. 4) timing of Onset deglac,
Max deglac, Peak IG and Max inception with respect to the phase of precession and obliquity for Terminations T2
to T12. In each case, zero phase is the closest precession/obliquity peak to Max deglac. Columns (2-5) represent the
same results using rose diagrams to illustrate the relative phasing for individual records. In each case a is the mean
direction =1 for all events, » is length of the mean resultant vector (» —1 as data converge; see Methods). Black
arrow is the mean resultant vector (angle = o, length = r * radial axis). Circled number is length of radial axis. In
Scenario I (rows A, B) each event is derived directly from the published records on their respective age models. In
Scenario II (rows C, D) Max deglac is set to the nearest precession peak (C3). Offsets from Onset deglac to Max
deglac are measured (C2, D2) while Max deglac to Peak IG (C4, D4) and Max inception (C5, D5) are predicted
from relationships in Figs 2, S3. In Scenario III (rows E, F) Max deglac is set to the nearest obliquity peak (F3).
Grey shading indicates p>0.1, pink shading indicates p>0.1 with respect to Scenario I (i.e. alignment is significantly
worse), green shading indicates > 0.8 and » > 0.1 with respect to Scenario I (i.e. alignment is significantly
stronger).
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Fig. S7. Morphological similarity of Antarctic temperature and LR04 benthic 80 stack. Close agreement
between the shape of AAT (in this case the stacked record of Parrenin et al., (44) on the AICC2012 timescale (86,
87)) and LR04 implies a common control across deglaciation. Pre-treatment (i.e. smoothing and differentiating) of
AAT was identical to that described for LR04 in Methods.
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Fig. S8. Deglaciations of the 41kyr world and MPT. Prior to the MPT deglacial transitions were more closely
aligned with candidate precession peaks (i.e. those that commenced while obliquity was increasing) than with non-
candidate peaks, with almost all candidate peaks being associated with a deglacial event. This resulted in glacial
periods being roughly equal in length to the period of obliquity, and implies no (significant) influence of eccentricity
on glacial periods prior to the MPT. A similar situation is observed during the MPT except that deglacial events
were also (occasionally) aligned with non-candidate precession peaks (indicated by black triangles). The first of
these events (the deglaciation leading into MIS 35c) followed the first instance of a rise in obliquity not being
associated with deglaciation (dotted rectangle). As noted previously (/) the subsequent fall in obliquity was the
only instance during the past 1.7Myr when a minimum in obliquity was not associated with the onset or continuation
of significant ice rafting across the North Atlantic. The interval highlighted by the dotted rectangle can therefore be
considered as the definitive end of the 4 1kyr world. ‘DeglacPrecPeak (observed)’ = nearest precession peak to
MaxDeglac for each stack/record of benthic §'%0; ‘ModalDeglacPrecPeak’ = average (modal) precession peak for
the various records on 4 independent age models (where no mode exists the peak closest to the mean age is
selected); “‘ModalDeglacPrecPeak(w/0LR04)’ = same, but not including LR04.
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Fig. S9. Timing of Max deglaciation across Termination 1 (T1) versus peak (minimum) precession. Uppermost
curve is precession parameter with peak highlighted by purple symbol. Also plotted at top is the LR04 benthic 5'%0
stack along with its rate of change (Max deglac is highlighted by yellow symbol). According to the LR04 age model
Max deglac occurred ~13.1ka, 1.6kyr before the peak in precession. Other curves show results for regional benthic
8'80 stacks as derived by Stern and Lisiecki (83). Grey box spans age estimates for peak precession and LR04 stack.
These results suggest that Max deglac can be assumed to align with a minimum in precession with an uncertainty of

~2.5kyr.
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Termination 1 Termination 5
Calculated (predicted) Calculated (predicted)
Smooth (kyr) A B n RA2 Prec-Obl (kyr) MaxDeglac-Peak IG (kyr) 1o Prec-Obl (kyr) MaxDeglac-Peak IG (kyr) 1o
LRO4 7 0.632 11.17 8 0.78 2 12.4 11 18.1
8 0.597 11.12 8 0.80 2 12.3 11 17.7
9 0.550 11.01 8 0.81 2 12.1 11 17.1
10 0.513 11.01 8 0.80 2 12.0 11 16.7
11 0.473 11.04 8 0.80 2 12.0 11 16.2
12 0.430 11.17 8 0.78 2 12.0 11 15.9
12.2 0.2 16.9 0.9
Luntuned04 7 0.723 11.41 8 0.77 2 12.9 11 19.4
8 0.693 11.34 8 0.78 2 12.7 11 19.0
9 0.641 11.14 8 0.79 2 12.4 11 18.2
10 0.598 11.13 8 0.79 2 12.3 11 17.7
11 0.555 11.26 8 0.77 2 12.4 11 17.4
12 0.504 11.41 8 0.74 2 12.4 11 17.0
12.5 0.2 18.1 0.9
HWO04 1 0.865 11.09 8 0.88 2 12.8 11 20.6
2 0.855 10.94 8 0.87 2 12.7 11 20.3
3 0.853 11.02 8 0.87 2 12.7 11 20.4
4 0.834 11.10 8 0.87 2 12.8 11 20.3
5 0.810 11.20 8 0.87 2 12.8 11 20.1
6 0.783 11.33 8 0.87 2 12.9 11 19.9
12.8 0.1 20.3 0.2
Ul476pmag 7 0.772 10.08 8 0.77 2 11.6 11 18.6
8 0.747 10.71 8 0.79 2 12.2 11 18.9
9 0.709 11.06 8 0.75 2 12.5 11 18.9
10 0.638 11.47 8 0.74 2 12.7 11 18.5
11 0.701 11.27 7 0.83 2 12.7 11 19.0
12 0.704 11.29 7 0.79 2 12.7 11 19.0
12.4 0.4 18.8 0.2
269
270 Table S1. Effect of smoothing window (applied to benthic 5'*0 records/stacks before
271 differentiating) on RMA linear fits of MaxDeglac-Peak 1G versus precession-obliquity
272 (MaxDeglac-Peak 1G = Ax+B, where x = precession-obliquity) (Fig. S3). Fits are based on T2-9
273 (i.e. excluding T1). The difference in calculated MaxDeglac-Peak IG is minimal for low peak-to-
274 peak offsets (e.g. T1), rising to several hundred years for larger offsets, depending on the record
275 employed. The smoothing window used for the final calculations in each case is indicated by
276 green shading.
277
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Scenario I: Measured

1.1. Relative to local precession peak (Fig. S6A)

Onset Deglac Max Deglac Peak IG Max inception
n_[pvalue r Angle 1o n_[pvalue r Angle 1o n_|pvalue r Angle 1c n_[pvalue r Angle 1o
LRO4 10 0.01 0.68 -169 51 10 0.00 0.79 -24 39 10 0.04 0.56 99 62 10 0.16 0.43 =il 75
LuntunedR04 10 0.44 0.29 -180 90 10 0.41 0.30 -49 89 10 0.41 0.30 67 89 10 0.44 0.29 S5 90
HWo04 10 0.56 0.24 -108 96 10 0.66 0.21 24 102 10 0.37 0.32 121 87 10 0.83 0.14 171 114
U1476pmag 10 0.08 0.50 -177 67 10 0.27 0.37 -10 81 10 0.47 0.28 -160 £l 10 0.15 0.43 -99 74
All events 40 0.00 0.40 -166 78 40 0.00 0.39 -20 78 40 0.05 0.27 112 92 40 0.06 0.27 -145 93
All events w/o LRO4 30 0.06 0.30 -163 88 30 0.13 0.26 -15 94 30 0.36 0.18 124 105 30 0.25 0.21 -140 101
1.2. Relative to local obliquity peak (Fig. S6B)
Onset Deglac ax Deglac Peak IG Max inception
n_|pvalue r Angle 1o n_|pvalue r Angle lo n_|pvalue r Angle 1o n_|pvalue r Angle 1o
LRO4 10 0.00 0.77 -86 41 10 0.00 0.72 -11 46 10 0.00 0.89 80 28 10 0.00 0.80 146 38
LuntunedR04 10 0.01 0.68 -105 50 10 0.02 0.61 -28 57 10 0.00 0.73 70 46 10 0.00 0.75 127 44
HWO04 10 0.05 0.54 -61 63 10 0.07 0.51 5 67 10 0.00 0.71 103 48 10 0.08 0.50 177 68
U1476pmag 10 0.59 0.23 -92 98 10 0.54 0.25 -2 95 10 0.05 0.54 82 64 10 0.03 0.58 139 60
All events 40 0.00 0.54 -86 64 40 0.00 0.51 -11 66 40 0.00 0.70 83 48 40 0.00 0.63 145 55
All events w/o LRO4 30 0.00 0.46 -86 72 30 0.00 0.44 -11 73 30 0.00 0.64 85 54 30 0.00 0.57 144 61

Scenario Il: Max deglac set to closest precession peak
2.1. Relative to local precession peak

2.1.1. Measured offsets Onset Deglac Max Deglac Peak IG Max inception

n p value r Angle 1o n p value r Angle 1o n p value r Angle 1o n p value r Angle 1o
LRO4 10 0.00 0.94 -145 20 1 0 10 0.04 0.57 156 61 10 0.30 0.35 B 83
LuntunedR04 10 0.00 0.94 -144 20 1 0 10 0.02 0.61 148 57 10 0.04 0.56 -110 62
HWO04 10 0.00 0.97 -131 14 1 0 10 0.02 0.61 109 57 10 0.00 0.79 -149 40
U1476pmag 10 0.00 0.81 -169 38 1 0 10 0.04 0.55 139 63 10 0.08 0.50 -152 67
All events 40 0.00 0.89 -146 28 1 ] 40 0.00 0.56 138 62 40 0.00 0.50 -131 67
All events w/o LRO4 30 0.00 0.87 -146 30 1 [ 30 0.00 0.56 132 61 30 0.00 0.58 -138 59

2.1.2. Measured/Predicted offsets (Fig. S6C]

LRO4 " " " " " " " 10 0.11 0.47 Slyy 70 10 0.42 0.30 5 89
LuntunedR04 " " " " " " " 10 0.27 0.37 176 81 10 0.66 0.21 -100 102
HwWo04 " " " " " " " 10 0.68 0.20 126 103 10 0.70 0.19 -97 104
U1476pmag " " " " " " " 10 0.47 0.28 167 91 10 0.69 0.20 -130 103
All events " " " " " " " 40 0.02 0.31 170 88 40 0.17 0.21 -97 101
All events w/o LRO4 " " " " " " " 30 0.12 0.27 162 93 30 033 0.19 -109 104
2.2. Relative to local obliquity peak
2.2.1. Measured offsets Onset Deglac Max Deglac Peak IG Max inception

n |pvalue] r Angle | 16 | n [pvalue| r Angle | 1o | n |pvalue| r Angle | 16 | n [pvalue| r Angle | 1o
LRO4 10 0.02 0.60 -69 58 10 0.05 0.54 6 64 10 0.00 0.78 92 40 10 0.00 0.72 158 46
LuntunedR04 10 0.02 0.60 -69 58 10 0.05 0.54 6 64 10 0.00 0.80 94 39 10 0.00 0.83 155 35
HWO04 10 0.05 0.55 -62 63 10 0.05 0.54 6 64 10 0.00 0.89 91 27 10 0.01 0.68 161 51
U1476pmag 10 0.15 0.44 -81 73 10 0.05 0.54 6 64 10 0.00 0.76 94 43 10 0.01 0.66 143 52
All events 40 0.00 0.54 -70 63 40 0.00 0.54 6 64 40 0.00 0.81 93 37 40 0.00 0.72 154 47
All events w/o LR0O4 30 0.00 0.52 -70 65 30 0.00 0.54 6 64 30 0.00 0.82 93 37 30 0.00 0.72 153 47

2.2.2. Measured/Predicted offsets (Fig. S6D)

LRO4 " " " " " " " " " " 10 0.00 0.89 99 27 10 0.00 0.95 158 19
LuntunedR04 " " " " " " " " " " 10 0.00 0.93 99 22 10 0.00 0.99 161 10
HWO04 " " " " " " " " " " 10 0.00 0.99 95 8 10 0.00 0.97 171 15
U1476pmag " " " " " " " " " " 10 0.00 0.96 99 17 10 0.00 0.99 151 6
All events " " " " " " " " " " 40 0.00 0.94 98 20 40 0.00 0.97 160 15
All events w/o LRO4 " " " " " " " " " " 30 0.00 0.96 98 17 30 0.00 0.97 161 13

Scenario III: Max deglac set to closest obliquity peak
3.1. Relative to local precession peak

3.1.1. Measured offsets Onset Deglac ax Deglac Peak IG Max inception
n_|pvalue r Angle lo n_|pvalue r Angle lo n_|pvalue r Angle 1o n_|pvalue r Angle 1o
LRO4 20 | 062 [ 022 | 119 | 99 | 10 | 068 | 020 | -80 | 103 | 10 [ 007 | 051 | 143 | 66 | 10 | 009 | 049 | -68 69
LuntunedR04 10 0.61 0.23 124 99 10 0.68 0.20 -80 103 10 0.13 0.46 152 72 10 0.62 0.22 -65 99
HWo04 20 | 065 [ 021 | 136 | 101 | 10 | 068 | 020 | -80 | 103 | 10 | 040 | 031 | -152 | 88 | 10 | 039 | 031 78 87
U1476pmag 20 | 040 [ 031 | 135 | 8 | 10 | 068 | 020 | -80 [ 103 | 10 | 026 | 037 | 152 | 81 | 10 | 097 | 0.05 | -147 | 140
All events 40 | 010 | 024 | 129 | 97 | 40 | 020 | 020 [ 80 | 103 | 40 | 0.00 | 038 | 159 | 80 | 40 [ 056 | 012 | -51 | 118
All events w/o LRO4 30 0.16 0.25 132 96 30 0.30 0.20 -80 103 30 0.03 0.34 166 84 30 0.94 0.05 33 142

3.1.2. Measured/Predicted offsets (Fig. S6E
LRO4 O " T T 0 0 0 o o 0 20 [ 048 | 027 | -173 | 92 | 10 | 028 | 036 | -41 82
LuntunedR04 " " " " " " " " " " 10 | 036 | 032 | -163 | 8 | 10 | 017 | 042 | -25 75
HWo04 " " " " " " " " " " 10 | 016 | 043 [ -152 | 75 | 10 | 044 | 0.29 21 90
U1476pmag " " " " " " " " " " 20 | 026 | 037 | -154 | 81 | 10 | 016 | 043 | -40 74
All events " " " " " " " " " " 40 | 001 | 035 | -159 | 84 | 40 | 001 | 035 | -25 83
All events w/o LRO4 " " " " " " " " " " 30 0.01 0.37 -156 80 30 0.03 0.35 -20 83
3.2. Relative to local obliquity peak

3.2.1. Measured offsets Onset Deglac Max Deglac Peak IG Max inception
n_[pvalue r Angle 1o n_[pvalue r Angle 1o n_[pvalue r Angle 1o n_[pvalue r Angle 1o
LRO4 0 | 000 | 098 [ -74 10 1 0 10 | 0.00 | 0.84 90 34 | 10 | 000 | 073 | 157 | 45
LuntunedR04 10 | 000 [ 098 | -73 10 1 0 10 | 000 | 0.80 89 38 | 10 | 001 | 069 | 144 | 50
HWo04 10 | 000 | 099 [ -67 7 1 0 10 | 001 | 0.65 79 53 | 10 | 019 | 041 | 123 | 77
Ul476pmag 10 0.00 0.95 -87 19 1 0 10 0.00 0.75 87 43 10 0.01 0.63 126 55
All events 40 | 000 | 097 | -75 14 1 0 40 | 0.00 | 0.76 87 43 | 40 | 0.00 | 060 | 140 | 58
All events 30 | 0.00 [ 096 [ -75 15 1 [ 30 | 000 | 073 85 45 | 30 | 000 | 057 | 133 | 61

3.2.2. Measured/Predicted offsets (Fig. S6F;
LRO4 " " " " " " " 10 | 0.00 | 0.83 98 35 | 10 | 000 | 074 | 156 | 44
LuntunedR04 " " " " " " " 10 | 000 | 078 97 40 | 10 | 001 | 065 | 157 | 54
HWo04 " " " " " " " 10 0.02 0.63 91 55 10 0.25 0.37 157 80
Ul476pmag " " " " " " " 10 0.00 0.73 97 45 10 0.02 0.61 147 57
All events " " " " " " " 40 | 0.00 | 0.74 96 44 | 40 | 0.00 | 059 | 154 | 59
All events " " " " " " " 30 | 000 | 071 95 47 | 30 | 000 | 054 | 153 | 64
|p>0.1 | |p>DA1wrtmeasured |
|p>0.05] |r>0.88&r >0.1 wrt measured
278 Table S2. Results for Scenarios I-I1I for individual benthic 'O records and combinations with

279 and without LR04. Scenario I: All points are obtained directly from records on their original
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timescales. Scenario II: Max deglac is set to the nearest precession peak. Scenario III: Max
deglac is set to the nearest obliquity peak. In Scenarios II and III, measured offsets (relative to
Max deglac) are obtained from the original records; predicted offsets are obtained from the
relationships shown in Figures 2, S3, S4. Colour-coding is same as used in Figure S6
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