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Waxing/waning of the ice sheets and the associated change in thermohaline circulation
have played an important role in global climate change since major continental ice
sheets appeared in the northern hemisphere about 2.75 million years ago. In the earliest
glacial stages, however, establishment of the linkage between ice sheet development and
ocean circulation remains largely unclear. Here, we show new high-resolution records of
marine isotope stage 100 recovered from deep-sea sediments on the Gardar Dirift, in the
subpolar North Atlantic. Results of a wide range of analyses clearly reveal the influence of
millennial-scale variability in iceberg discharge on ocean surface condition and bottom
current variability in the subpolar North Atlantic during marine isotope stage 100. We
identified eight events of ice-rafted debris, which occurred mostly with decreases in sea
surface temperature and in current components indicating North Atlantic Deep Water.
These decreases are interpreted by weakened deep water formation linked to iceberg
discharge, similarly to observations from the last glacial period. Dolomite fraction of the
ice-rafted events in early MIS 100 like the last glacial Heinrich events suggests massive
collapse of the Laurentide ice sheet in North America. At the same time, our early glacial
data suggest differences from the last glacial period: absence of 1470-year periodicity in
the interactions between ice sheets and ocean, and northerly shift of the ice-rafted debris
belt. Our high-resolution data largely improve the picture of ice-sheet/ocean interactions
on millennial time scales in the early glacial period after major Northern Hemisphere
glaciation.

Keywords: ice-rafted debris, rock magnetism, North Atlantic deep water, early pleistocene, integrated ocean
drilling program

INTRODUCTION

Collapse of continental ice sheets, one of the major threats posed by global warming, made an
impact on the global ocean circulation and climate system through the Pleistocene. Lines of
evidence have demonstrated that such linkage between the ice sheets and the ocean circulation
repeatedly occurred in millennial time scale, as represented by the last glacial Dansgaard-Oeschger
(D-O) cycles and Heinrich events (e.g., Hemming, 2004; Clement and Peterson, 2008). It has been
argued that the abrupt climate change was caused by collapse of the continental ice sheets and the
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freshwater discharge into the North Atlantic Ocean, which
reduced the North Atlantic Deep Water (NADW) production
and weakened the ocean thermohaline circulation (e.g., Broecker,
1991, 1994). Subsequent studies suggested that the millennial-
scale changes date back to Marine Isotope Stage (MIS) 100
around the intensification of Northern Hemisphere glaciation
(NHG) (Bartoli et al., 2006; Becker et al., 2006; Bolton et al.,
2010; Bailey et al., 2012, 2013). For instance at ODP Site 607 on
the western flank of the Mid-Atlantic Ridge and Site 981 east
of the Rockall Bank (Figure 1), Becker et al. (2006) recognized
six ice-rafting events during MIS 100 and suggested millennial-
scale changes in their ice-rafted debris (IRD) likely by processes
similar to D-O cycles. However, the millennial-scale changes
were unclear in the carbon isotope records of benthic foraminifer
(83 Cpenthic) reflecting the bottom water conditions at least partly
because of low data resolution. Paleoceanography at the onset of
NHG should be improved by multiple data sources with higher
time resolution.

Here, we demonstrate the millennial-scale links between
iceberg discharge, surface ocean condition, and bottom current
variability in the subpolar North Atlantic during the glacial
MIS 100, the first pronounced glacial period in the northern
hemisphere. Study material was collected at Integrated Ocean
Drilling Program (IODP) Site Ul314 in the Gardar Drift
surrounded by different ice-covered continents. We show new
high-resolution data from a wide range of analyses including IRD
counts, mineral composition, and abundance of coccoliths. In
addition, we focused on rock magnetic properties of sediments as
a proxy of bottom current conditions. Rock magnetic properties

FIGURE 1 | Map of study site. Location of IODP Site U1314 and other sites
discussed in the text plotted on bathymetric map of the northern North Atlantic
[modified after Raymo et al. (2004)]. Paths of major deep water flows are
indicated by arrows. Abbreviations not defined in text are: DSOW, Denmark
Strait Overflow Water; NWADW, Northwest Atlantic Deep Water; NEADW,
Northeast Atlantic Deep Water; NGS, Norwegian-Greenland Sea. The stippled
area represents the Ruddiman IRD belt (Ruddiman, 1977), plotted after
Hemming (2004).

are a most potential proxy of bottom current conditions for
the sediments poorly containing foraminifera. In the vicinity of
the study site, the terrigenous material was largely transported
by the northerly bottom current (NADW) in the interglacial
periods and by the southerly bottom current (Lower Deep
Water: LDW) in the glacial periods (e.g., Oppo and Lehman,
1993; Raymo et al., 2004; Curry and Oppo, 2005; Lynch-
Stieglitz et al., 2007; Kissel et al., 2009; Griitzner and Higgins,
2010; Alonso-Garcia et al., 2011). Sediments from the north
transport have relatively higher magnetic coercivity reflecting
the fine grained magnetite of Icelandic sources compared to
sediments from the south. The north-south contrast in magnetic
property was obviously demonstrated by the ratio of anhysteretic
remanent magnetization to initial susceptibility for the last glacial
sediments (Kissel, 2005). In our previous study of the IODP
Site U1314, Sato et al. (2015) associated magnetic properties of
sediments with the NADW production that appeared orbital-
scale variability during 2.2-2.9 Ma and abrupt intensification
after ~2.68 Ma.

MATERIALS AND METHODS

We analyzed sediment cores at IODP Site U1314 (56°21.9'N,
27°53.3'W in a water depth of 2820 m) in the Gardar Drift,
which is surrounded by four different IRD sources; Laurentide,
Greenland, Iceland, and European continent (Figure 1).
A complete spliced section entirely consisting of clay-rich
sediments was obtained down to 280 m composite depth (mcd)
from the cores of three holes drilled with the advanced piston
corer (Expedition 306 Scientists, 2006). Hayashi et al. (2010)
constructed an orbital resolution age model for the period of
2.1-2.75 Ma tuned by a hybrid environmental proxy record
to the global-standard oxygen isotope curve (Lisiecki and
Raymo, 2005); Sato et al. (2015) modified the age model partly
by constructing a longer age model to 2.9 Ma. In this study,
we have analyzed IRD, X-ray diffraction (XRD), calcareous
nannoplankton, and rock magnetic properties of the sediments
between 229.5 and 234.5 mcd at a 2-cm interval (250 samples),
which correspond to the age between 2.503 and 2.543 Ma with
100~200 years resolution.

In the analysis of IRD, weighed dry sediments (0.5g) were
sieved and the lithic grains (>150 pm) were counted. We
excluded authigenic framboidal pyrite in counting.

For XRD measurements, each bulk material was ground
and homogenized with an agate mortar. In order to convert
X-ray peak intensities to weight percentage data on quartz and
calcite and to determine normalized peak intensities on the
other minerals, a powdered zincite standard (ZnO) was added
in a fixed percentage (5wt%) to the sample. Relative amounts
(wt%) of quartz and calcite were determined by calibration
curves measuring artificial standards comprising 5wt% zincite
standard plus matrix consisting of specified weight percentages
of quartz and calcite. The XRD data were collected on a
Rigaku X-ray Diffractometer RINT 2100 V, using CuKa radiation
monochromatized by a curved graphite crystal in a step of
0.02° with a step-counting time of 2 sec. Intensity (area) of each
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elementary peak was calculated following the decomposition
(profile fitting) procedure.

The absolute abundance of coccoliths (calcareous
nannoplankton), calcareous plates formed by coccolithophores,
was measured following the method of Chiyonobu et al. (2006).
A powdered sample of 0.02 g was dispersed in 50 ml of water.
A portion (0.5 ml) of the solution was then dried and hardened
on the cover glass using ultraviolet light. The number of
nannoplankton in an 18 mm X 20 pum area was counted through
a 1500x microscope and converted into an amount contained in
g~ ! (specimens/g).

Magnetic properties of freeze-dried bulk sediments were
measured with an alternating gradient force magnetometer
[Princeton Measurements Corporation (Princeton, NY)
Micromag 2900]. Hysteresis loops were measured with a
maximum field of 1 T to determine the saturation remanence
(Mr). We calculated S-ratios as the ratios of isothermal remanent
magnetizations (IRMs) acquired in a DC back-field of 0.1 T
divided by an initial IRMs acquired in a DC forward-field of
1 T. In addition, IRM acquisition curves were obtained at 29
magnetizing field steps from 1 mT to 1 T after demagnetized in
decreasing AF field with the peak field of 1 T. The IRM gradient
curves, which are a first derivative of IRM acquisition curve,
represent the distribution of magnetic coercivity of each sample.

The observed IRM gradient curves were decomposed into two
components with high magnetic and low magnetic coercivity,
respectively, using the method in Sato et al. (2015). Rock
magnetic experiments of the Site Ul1314 sediments indicated
magnetite as the dominant magnetic mineral on the basis of IRM
acquisition curves and S-ratios (Kanamatsu et al., 2009) and
low-temperature and high-temperature magnetometry (Zhao
etal., 2011).

RESULTS AND DISCUSSION

Ice-Rafting Events and Surface Ocean

Condition

Development of continental ice sheets in the circum-North
Atlantic region was inferred by IRD records. In the IODP U1314
site, eight ice-rafting events were recognized by the presence of
IRD during MIS 100 (labeled as “a” to “h” in order of depth).
All the ice-rafting events were accompanied by the deposition
of volcanic glasses, which were especially abundant in event (e)
at 2523 and event (a) at 2513 ka (Figure 2B). Since the volcanic
glasses were absent in periods without IRD, the volcanic glass
can be regarded as a component of IRD. They deposited largely
onto growing ice sheets and/or drifting icebergs, however could
have been transported directly by eruption. In this sense, we
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FIGURE 2 | Records of IRD during the MIS 100 glacial period from IODP Site U1314. (A) IRD with volcanic glass (coarse fraction: >150 um); (B) Volcanic glass
(coarse fraction: >150 pwm); (C) IRD without volcanic glass (coarse fraction: >150 um); (D) IRD index by Hayashi et al. (2010) with the age model by Sato et al. (2015);
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show the IRD in two different ways, including (Figure 2A) and
excluding the volcanic glass (Figure 2C). We found that the IRD
excluding the volcanic glass yields better correspondence with
the IRD index proposed by Hayashi et al. (2010) for 2.1-2.75
Ma at the same site, which composites natural gamma radiation
and initial magnetic susceptibility (Figure 2D). As Hayashi et al.
(2010) recognized, IRD was conspicuous only when §'80 values
of benthic foraminiferal tests surpassed 3.5%o. This rule is kept in
latter glacial stages during the Pleistocene (McManus et al., 1999;
Mc Intyre et al., 2001).

Another important aspect is that the IRD record can
be divided into three phases (Figure2). The first phase is
represented by the single isolated ice-rafting event (h), which
occurred during the transitional stage from the MIS 101
interglacial period to the MIS 100 glacial period. Considering
volume of ice sheets inferred from 880 value 3.7-3.8%o, this
phase may be comparable to earlier glacial periods at MIS G4,
G2, and 104, each of which is similarly characterized by a single
prominent ice-rafting event (Hayashi et al., 2010). The second
phase includes six ice-rafting events (g, f, e, d, ¢, and b) recurred
at every two to three thousand years, which started after about
5 kyr from the event (h) in the first phase. Such clear multiple
ice-rafting events first appeared in MIS 100 but not prominent
in earlier glacial periods. The prolonged event (f) in earlier MIS

100 that has relatively low IRD flux (Figures 2A,D) is correlated
with a prominent peak the IRD index (Hayashi et al., 2010).
In subsequent events IRD increased and showed a saw-tooth
oscillation accompanied by long-term decrease in IRD index.
The maximum flux of IRD at events e, d, and b was as much as
ca. 15,000-18,000 grains/cm’ky, comparable with the IRD flux
during the mid-Pleistocene at the same site (Alonso-Garcia et al.,
2011). The final phase includes the single ice-rafting event (a) that
is separated from the event (b) by about 2-kyr period without
IRD, and corresponds to the deglaciation stage between the MIS
100 glacial period and the MIS 99 interglacial period.

The most abundant lithic grains counted as IRD were
composed of quartz. In addition, feldspars, amphibole, and mica
were commonly observed. The observed IRD composition was
consistent with XRD measurements (Figure 3), in which quartz
shows the strongest correlation with IRD counts (Figures 3A,B);
mica (Figure 3C), and feldspars (Figures 3D,E) also increased
during ice-rafting events. We did not detect any signal of olivine
that indicates contribution of IRD from Icelandic basalt. Signals
of a small amount of dolomite were detected associated with the
earlier four ice-rafting events (h, g, f, and e; Figure 3F). Pyrite was
detected in a thin interval between events d and ¢ (Figure 3G).
As for minerals that are not related to IRD, calcite showed
the predominance during interglacial periods and remarkable

IRD without volcanic glass Mica Plagioclase Pyrite Coccolith
flux (108 cm2 ky") (specimens/g)
0 10 20 0 02 04 06 0 10 20 30 0 0.5 108 107 108 10° 10'°
~ I T T [ | ol vl ool oo
] s
& A B (] D E F G H | J &5
& | 8
10
> _'raft:ﬁ\g
o - event
1 a
N A
a ]
“1b
o] oc
o _|
84d
& 3
RN S
= 0 _|
E87 ¢
]9
W
e ]
N
a
&) : h ;
N :
o _|
B
e ]
] 3
N4
o _|
& [ | I I — rTrrrrril T rrrrrri1
0 5 0 10 20 0 04 08 12 0 0.1 0 10 20 30 4.2 37 3.2
count (10°g™) Quartz (Wi%) K-feldspar Dolomite Calcite (Wt%) LR04 580 stack (%)
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represented by the values of the following representative diffraction peaks relative to that of ZnO (2.81A): K-feldspar (3.24,5\ and 3.25,&), mica (101&), plagioclase (3.21,&
and 3.194), pyrite (2.714), and dolomite (2.894).

Frontiers in Earth Science | www.frontiersin.org 4 May 2016 | Volume 4 | Article 55


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Ohno et al.

Ice-Sheet/Ocean Interaction during MIS 100

decline in the first and last ice-rafting events (Figure 3H). Total
amount of the minerals determined in XRD measurements is
estimated to cover up to 50 wt% of the sediments, and the
undetermined fraction is likely to be clay minerals.

Surface ocean condition inferred from the absolute abundance
of coccoliths (calcareous nannoplankton) showed some relation
with ice-rafting events (Figure3I) and also with calcite
(Figure 3H). Prominent decline in coccolith abundance was
recognized in the events h, f, e, d, and a (Figure 3I). Coccoliths
have been used to interpret the paleoclimate (e.g., Haq, 1980; Sato
et al., 2004) and their abundance at the subpolar North Atlantic
sites largely depends on the temperature of surface water and
the light regime (Baumann et al., 2000). The declined abundance
in some ice-rafted events indicates ecological collapses of
the coccolithophore community by lowered temperature or
expanded sea ice coverage, or both. In turn the three short ice-
rafted events g, ¢, and b were not accompanied by significant
change in surface water condition. The record of coccolith
abundance of the analyzed section depicts the glacial-interglacial
trend as well, mostly reflecting orbital-scale variability in sea
surface temperature.

Bottom Current Variability

The bottom current variability was reconstructed from rock
magnetic properties of sediments because north currents
transport basaltic sediments of Icelandic sources with relatively
higher magnetic coercivity compared to acidic sediments
transported by south current. Figure4 compares typical
examples of rock magnetic measurements of sediments with
high and low coercivity. The values of coercivity in hysteresis
curves ranged from 12 to 19 mT (Figures 4A,B). In Figure 4C,
IRM acquisition curves mostly saturated at 1 T, and therefore,
IRM gradient curves (Figure 4D), the derivatives of acquisition
curves, represent the distribution of coercivity. Using the
variability of coercivity distribution, we decomposed the
observed IRM gradient curves (Figure 5D) into two bottom
current components; the interglacial component with high
magnetic coercivity (Figure 5G), and the glacial component with
low coercivity (Figure 5F), following the method of Sato et al.
(2015). In decomposition, we used the two end-member curves
determined by Sato et al. (2015) by averaging the IRM gradient
curves of selected samples in 2.2~2.9 Ma: the samples with low
S-ratio values (<0.54) for interglacial component and those with
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high S-ratio values (>0.87) for glacial component were chosen,
respectively. As a result, the fitting of the observed curve by
two components was excellent throughout the study interval;
fitting error (integral of the residual curve (R) in Sato et al,
2015) was sufficiently small with an average of 5% (Figure 5E).
Noise originated from the IRD is negligible because contribution
of IRD to the magnetic properties of bulk sediments is small;
the geometric mean of the saturation remanence (Mr) of bulk
sediments (0.051 Am?/kg) is much higher than Mr of sieved
(>150 wm) lithic grains (0.0082 Amz/kg) of 14 representative
samples during IRD events. This is confirmed by association
between the decreases in Mr and the increases in IRD (Figure 5).

The bottom current variability reconstructed from rock
magnetic properties indicated close connection with ice-
rafting events (Figures 5EG). The interglacial component with
high magnetic coercivity decreases with ice-rafting events
(Figure 5G), indicating weakened production of NADW that
transports sediments with high magnetic coercivity from the
north. Within each ice-rafting event the production of NADW
declined rapidly at the commencement of the event, reached a
minimum at the peak in the event, and subsequently recovered
gradually. Repetition of similar abrupt reduction and gradual
recovery of NADW in millennial-scale is reported in the last
glacial period by Snowball and Moros (2003). It is noticeable that
the gradual recovery of the NADW production continued after
the end of the ice-rafting event, which is especially evident in
events h, b, and a (Figure 5G); these events occurred separately
from the succeeding event by more than 2000 years. After the
ends of the other ice-rafting events, the NADW production could
presumably recover but the recovery was interrupted by the next
ice-rafting event that occurred shortly after.

Ice-Sheet/Ocean Interaction

Our high-resolution records in a wide range of analysis
reveal a detailed history of ice-sheet/ocean interactions in the
earliest Pleistocene subpolar North Atlantic (main results are
summarized in Figure 6). The vigorous NADW production kept
from the MIS 101 interglacial period abruptly reduced associated
with the ice-rafting event (h) in the first phase. At that time,
however, the production of NADW was able to recover gradually
over the next several thousand years because the ice rafting
was a single isolated event in the immature glacial stage. These
are consistent with abrupt destruction and rapid recovery of
surface ocean condition, which occurred synchronous with the
event (h). In the full glacial stage (second phase), a series of six
ice-rafting events (g-b) recurred in a relatively regular interval
of ~2600 years. These events almost continuously affected ocean
surface condition and eventually gave rise to dramatic changes in
NADW production. Although the relatively small event (g) gave
little impact on NADW production, the next large events (f and
e) induced the most serious reductions of NADW production
in the MIS 100 glacial period. Subsequently, individual ice-
rafting events (d, ¢, and b) involved some reductions of NADW
production, although the long-term trend reversed to gradual
recovery of NADW production. In the beginning of the third
phase, NADW recovered production to the levels preceding the
second phase, but the recovery was again interrupted by the
isolated ice-rafting event (a). The impact of this final event was
surprisingly large and involved serious destruction of surface
ocean condition and the large reduction of NADW production
as comparable to the largest ones in the second phase. After
that, NADW recovered production vigorously to enter the MIS
99 interglacial period. A previous study (Becker et al., 2006)
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FIGURE 6 | Summary of paleoceanographic records during the MIS 100 glacial period from IODP Site U1314. (A,B), and (C) Ice-rafting events; (D) ocean
surface condition; (E) bottom current variability; (F) Global ice volume (LR04 stack: Lisiecki and Raymo, 2005; see text).

recognized isotopic signals (8'3Cpenmic) of weakened NADW  show relatively regular spacing between the peaks of the events
production associated with ice-rafting events during the MIS 100 g-b, which is calculated to be 2600 years.

glacial period at ODP Site 607, but they observed no millennial- Among ice-rafting events during MIS 100, the first four (h, g,
scale variation, likely because of the low resolution of the carbon  f, and e) were accompanied by dolomite fractions (Figure 6C),
isotope record (27 data points during MIS 100). Our new data  which are suggestive of the contribution of icebergs calved from
presented here improve the understanding of millennial-scale  the Laurentide ice sheet in North America (see e.g., Hemming,
activity of the bottom currents in the subpolar North Atlantic =~ 2004). In particular, the events f and e may be similar to the
that are tightly linked with the development and collapse of last glacial Heinrich event in terms of their relatively large

circum-North Atlantic ice sheets during MIS 100. dolomite fractions likely from the Laurentide ice sheet and
significantly reduced NADW production (Figure 6E). Ice rafting

Analogy of MIS 100 to the Last Glacial from Laurentide was reduced, and instead relative contribution

Period? of IRD from Greenland and European continent increased in the

As discussed above, our data depicted that millennial-scale later events during MIS 100.

abrupt changes in the ice-sheet/ocean system were already During the MIS 100 glacial period, the southward expansion

established at least in the MIS 100 glacial period. From the  of iceberg transportation was obviously more limited than that
viewpoint of the ice-sheet/ocean interaction, they are clearly ~ during the last glacial period. The amount and flux of IRD (>150
similar to the last glacial D-O events. On the other hand, with ~ {m) (maximum: ca. 2900 grains/g; ca. 18,000 grains/ cm’ky) at
our high-resolution data set, we could not find any evidence  Site U1314 were comparable to or larger than that within the
Supporting that the 1470_Year periodicity in the D-0O Cycles last glacial Ruddiman IRD belt in N50°-40° (Ruddiman, 1977,
(Schulz, 2002) existed in MIS 100 records at Site U1314. The D-O ~ Hemming, 2004) [e.g., IODP Site U1308 (Bailey et al., 2010);
like periodicity during the MIS G14, G6, and 104 glacial periods ~ IODP Site U1313 (Bolton et al., 2010)]. The largest flux of IRD
was reported from nearby ODP Site 984, but the existence of the ~ (maximum: 38,000 grains/cm*ky) in the MIS 100 glacial period
last glacial 1470-year periodicity itselfhas been under debate (e.g.,, ~ Was reported at DSDP Site 611, which is located 500 km north
Ditlevsen et al., 2007). Instead, our IRD count data (Figure 6A)  of the center of the Ruddiman IRD belt (Bailey et al., 2012).

~
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These suggest that the IRD belt shifted northerly in the earliest
Pleistocene, likely due to a shorter range of iceberg transportation
or northerly-located southern limit of ice-sheets.

CONCLUSIONS

High-resolution data from a wide range of analyses of a sediment
core in the subpolar North Atlantic revealed millennial-scale ice-
sheet/ocean interactions during MIS 100. Remarkable declines
in coccolith abundance and in calcite fraction were observed
accompanied by ice-rafting events indicating link between
surface ocean condition and ice-rafting events. In addition, link
of bottom current variability to ice-rafting events was revealed
using rock magnetic properties of sediments. Within each ice-
rafting event, the production of NADW declined rapidly at the
commencement of the event, reached a minimum at the peak
in the event, and subsequently recovered gradually beyond the
termination of the event.

The history of ice-sheet/ocean interactions during the MIS
100 glacial period is interpreted as follows. This period is
divided into three phases. The first phase (transitional stage
from the MIS 101 interglacial period) was characterized by a
single isolated ice-rafting event, like earlier ice-rafting events
at the MIS G4, G2, and 104 glacial periods. The ice-rafting
event involved abrupt destruction of surface ocean condition
and rapid reduction of NADW production. After that, the
production of NADW recovered gradually over the next several
thousand years. In the second phase (full glacial stage), six ice-
rafting events recurred at every two to three thousand years
with saw-tooth oscillation pattern. The ice-rafting events almost
continuously affected ocean surface condition and repeatedly
induced serious reductions of the NADW production. In the
third phase (transitional stage to the MIS 99 interglacial period),
a single isolated ice-rafting event occurred again. The final
ice-rafting event involved serious destruction of surface ocean
condition and the remarkable reduction of NADW production
as comparable to the largest events in the second phase.
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