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Introduction

In this supplement, we provide further explanation for the methods and analysis pre-
sented in the text, including:

1. How our modified age model was constructed and how it compares to age models of
Hodell et al. [2015] (Fig. S1).

2. How 6'%0,, was calculated using Mg/Ca paleothermometry (Text S1) and how we
estimated the propagated error on both proxy records (Text S2).

3. How the records were detrended and cross-correlation analysis applied to estimate
the phase relationship among proxy variables at Site U1385 (Text S3). We performed the
cross-correlation analysis in time and depth domains (Text S4 and Fig. S2).

4. How the record from Site U1385 was correlated to Site U1308 and Site 983 in order
to compare the isotope data at Site U1385 with the IRD proxies at higher latitude sites
in the North Atlantic (Figs. S3 & S4 and Tables S1 & S2). The Site 983 and Site U1308
benthic §'80 and IRD records are shown on their respective age models in Figure S5.

5. In Figure S6, the wavelet and REDFIT [Schulz, 2002] time series analysis of the Site
U1385 isotope record were repeated using the insolation tuned age model of Hodell et al.

2015).
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2 6. Lastly, the millennial-scale variability observed in the stable isotope records of Site
» U1385 are compared with elemental variations in sediment composition measured by core

» scanning XRF at the same site [Hodell et al., 2015] (Text S5 and Fig. S7).
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Text S1. Mg/Ca Temperature Calibration and §'*0,, Calculation
Deep water temperatures and seawater oxygen-isotope compositions were obtained fol-
lowing the methodology of Elderfield et al. [2012]. Mg/Ca temperatures were calculated

using the relationship
Mg/Ca=1.0+0.1(T°C) (1)

based on the FElderfield et al. [2010] core top calibration for Uvigerina spp.. Elderfield
et al. [2012] combined Equation 1 with the oxygen-isotope paleothermometry equation of

Shackleton [1974] to obtain the §'®0,, relationship

0'%0, = (6" Ocatcite +0.27) — 0.25 (16.9 - ACdZI) (2)
where §'®0,, is reported relative to Standard Mean Ocean Water (SMOW).
Text S2. Data Quality and Error Progression
The sensitivity of Mg/Ca to deep water temperature in the foraminifera species Uvige-
rina is a matter of ongoing debate, but calculated deep water temperatures are only
moderately dependent on the exact numerical representation of this sensitivity. Elderfield
et al. [2010] reported a standard error of £0.013 mmol/mol/C for their calibration. As-
suming an analytical error of <6% for Mg/Ca measurements of foraminiferal calcite, this
yields a standard error of less than £0.87°C for temperatures in the study range (<5°C).
The standard error increases with temperature and for temperatures lower than 3°C, the
standard error is less than +0.65°C. Precision of repeated oxygen-isotope measurements
on laboratory standards was £0.08%0. The uncertainty of repeated measurements of real

samples is likely higher but has not been quantified. For the purpose of error propaga-

tion, an uncertainty of +0.08% is thus assumed. No uncertainty evaluation was offered by

DRAFT December 11, 2015, 3:12pm DRAFT



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

BIRNER ET AL.: SI- MILLENNIAL VARIABILITY IN THE EARLY PLEISTOCENE X-5

Shackleton [1974] for his oxygen-isotope paleothermometry calibration. After propagating
errors associated with the Mg/Ca and oxygen-isotope measurements as well as the uncer-
tainties of Mg/Ca paleothermometry, a standard error of less than £0.23%0 is estimated
for 6**0,,. An additional significant error is probably associated with the oxygen-isotope
paleothermometry calibration but could not be quantified for this calculation.

Text S3. Time Series Detrending and Cross-correlation

Time series were ‘detrended’ for wavelet and cross-correlation analysis. The data sets
were interpolated to equal time steps of 0.2 ka and smoothed independently with two
Gaussian kernels of 0.6-ka and 10-ka width (i.e., the long-term trend), respectively. The
long-term trend was subtracted from the (0.6-ka) presmoothed data to emphasize the
millennial-scale variability in the detrended residual.

The cross-correlation of two time series indicates the degree of similarity as a function
of the assumed (time) lag between both series. Peaks in the correlation coefficient r
reveal the offsets that yield the best agreement between the two time series. The sign
of r indicates whether the lagged proxies are in-phase or anti-phased. Assuming that
the best agreement between the detrended proxy time series is achieved when the isotope
excursions associated with millennial events are aligned, cross-correlating planktonic 80
and benthic 680 (or benthic 6'3C) is used to evaluate the relative phasing between the
proxies. Several (secondary) maxima of correlation may occur since further increasing
the offset will eventually lead to alignments with the next millennial event due to their
semi-periodic nature. Thus we interpret the highest cross-correlation peak to reflect the

closest estimate of the true lag between proxies. The stratigraphic pattern interpreted to
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reflect the bipolar see-saw at the Iberian margin during MIS 3 is characterized by a lead
of planktonic 60 over benthic §'80, whereas planktonic §'80 is anti-phased to benthic
§13C with nearly no apparent lag [Shackleton et al., 2000, 2004; Skinner et al., 2007].
Text S4. U1385 Cross-Correlation in Depth Domain

The cross-correlation procedure for the Site U1385 isotope records was also carried out
in depth domain at 2 cm (=& 200 a) resolution to evaluate age model influences. Figure S2
shows that planktonic 6*®0 lags benthic §'*0 by 8 cm and leads benthic §'*C by <2 cm.
Assuming sedimentation rates of ~10 cm/ka, these depth-lags are in good agreement with
the time domain results of 600 a and <200 a, respectively.
Text S5. Sediment Element Ratios

Hodell et al. [2013] suggested that the elemental composition of Iberian margin sediment
reflects changes in the relative proportion of two sources, biogenic or detrital material.
Ca and Sr are primarily of biogenic origin whereas Ti and Zr are mostly derived from
continental detritus. For the last glacial period, Ca/Ti resembles the Greenland ice core
6180 record in great detail, capturing most of the Dansgaard-Oeschger events [Hodell
et al., 2013]. Thus, Ca/Ti may serve as an additional proxy of millennial-scale variability.

Similar to MIS 3, Ca/Ti closely follows planktonic 60 during MIS 38 (and MIS 40,
not shown) in Figure S7. Zr/Sr is the mirror image of Ca/Ti and peaks during stadials
in MIS 38 (and MIS 40). Hodell et al. [2013] attributed changes in Ca/Ti and Zr/Sr
on millennial time scales to variability in the deposition of biogenic material, due to
higher biological productivity during interstadials compared to stadials. The comparable

agreement between Ca/Ti and planktonic §'80 during MIS 3 and MIS 38 suggests that
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this process also operated in the late early Pleistocene. Moreover, the results support the

©
&

o use of XRF data as a proxy for abrupt climate change in the 41-ka world [Hodell et al.,

= 2015].
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Figure S1. (a) Tie points for tuning between the U1385 sediment lightness indicator L*
on the corrected revised meter composite (crmed) depth and the precession parameter [Laskar
et al., 2004]. The sediment accumulation rates deduced from the tuning process are shown for
reference. (b) The U1385 benthic §'0 record on the modified tuned age model of this study is
compared to the same record plotted on two different age models of Hodell et al. [2015] that were

obtained by tuning to local summer insolation and the Mediterranean sapropel cyclostratigraphy

of Konijnendigk et al. [2014], respectively.
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Cross-correlation U1385 in depth domain
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Cross-correlation of Site U1385 in depth domain. (A) Cross-correlation of benthic

6180 and planktonic §'®0. (B) Cross-correlation of planktonic §'30 and benthic §'C. Positive off-

set on the x-axis denote a lead of benthic §'%0 in (A) or planktonic §'®0 in (B), respectively. The

original data was resampled to 2-cm resolution and smoothed with a 6-cm Gaussian kernel. The

smoothed series were detrended by subtracting a 100-cm Gaussian filter. The cross-correlation

of the residuals was calculated in Analyseries [Paillard et al., 1996].
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Figure S3. Benthic §'80 records of Sites
U1308 [Hodell et al., 2008] and U1385 on the
precession-tuned age model of this study. The

time series were correlated by optically

comparing the benthic §'%0 records.
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2 Table S2. TODP U1385 and ODP 983
@25\
] i W’ o fﬂfos J\/V""‘ | Age-Depth Tie Points
2 ODP 983 depth (m) IODP U1385 precession-
§ ODP 983.
tuned age (ka)

1240 1260 1280 1300 1320

Age (ka) 157.46 1246.27

162.56 1288.60

Figure S4. Benthic §'®O records of Sites 163.91 1302.00
983 [Raymo et al., 1998] and U1385 on the 165:25 191169
166.40 1317.85

precession-tuned age model of this study. The
time series were correlated by optically comparing the benthic §**O records. For the ambiguous
correlation during the termination 39/40 benthic §'*0 from IODP Site U1308 was used to confirm

the age model.
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Figure S5. IRD proxy and benthic §'*O records from (a) ODP Site 983 [Raymo et al., 1998]
and (b) IODP Site U1308 [Hodell et al., 2008] on their respective depth scales. Two prominent
ice-rafting events were detected at Site U1308 during termination 37/38 coinciding with two
major 6¥0 decreases. The Site 983 IRD record for the same interval also indicates ice-rafting
but is only available at low resolution. In contrast, no ice-rafting event is detected at Site U1308
during the termination 39/40, while one IRD peak occurs ~20 cm (= 2 ka) after the beginning

of the deglacial §'*O decrease at Site 983.
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Figure S6. Time series analysis of the detrended U1385 isotope records as presented in

Figure 4 of the text but for the insolation-tuned age model of Hodell et al. [2015].
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Figure S7. Comparison of planktonic §'®0 and sediment elemental ratios Zr/Sr and Ca/Ti
during MIS 38 (right) and MIS 3 (left) [Hodell et al., 2015]. Both elemental ratios indicate
changes in the relative proportion of biogenic and detrital sediment. MD01-2444 data [Hodell
et al., 2013; Vautravers and Shackleton, 2006] are shown on the ‘Greenland Synthetic’ time scale

of Barker et al. [2011].
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