


corner, indicating an undissected arc provenance whereas the younger samples (Intervals

A and B) are more centered and are likely from a transitional arc provenance.

B Interval®®
A Interval®BE
Interval@B

¢ IntervalEm

Figure 22. QFL Ternary Diagram. This plot shows the relative ratios of quartz,
feldspar, and lithics.

The QFL ternary diagram suggests the provenance for Intervals D and E is an
undissected arc. Dickinson and Suczek (1979) define this as an active magmatic arc from
either an island arc or continental margin. While nearly all the samples in Interval E and
most of Interval D fall within the undissected arc provenance, there is considerable
overlap between Interval D and the two younger intervals, A and B. All the intervals are
near the lithics corner of the ternary plot. To better understand the compositional
differences between the younger and older groups, the lithics were subdivided into three

groups: granite, metamorphic, and volcanic, recounted, and organized on a ternary plot
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(Figure 23). There is a clear shift in lithology from volcanics to granites with time. This

reinforces the likelihood that there are at least two separate sources for these samples.

Metamoprhic

B IntervalA®

A nterval@®B® A
Counts:MMarker®izel
Interval@DX 100+ GrainsZE 2HontR

50-100&GrainsZEL 0FontE
Int IR
¢ Interva / 10-50@GrainsEBHont?
v @ & <10&rainsEBHontE
/A .l\ ﬂg -
[}
Jeeltso e,
¢ - % .
AL SR
o® 0N
¢$0.§¢..n ¢ ] m

Volcanic

Granite

Figure 23. MGV Ternary Diagram. This ternary plot of lithics is divided into
Granite, Metamorphic and Volcanic.

Subdividing the lithics highlights the main compositional differences between the
younger and older groups. The input of metamorphic clasts seems to remain constant
over time. Starting with Interval E, which is clustered in the volcanics corner of the
ternary plot, there is a shift over time to the granites corner. This suggests a change in
provenance over time. It is clear from the ternary plot that Interval A’s > 250 pm
siliciclastics has a different source than Interval E.

Volcanics dominate Interval E. Interval D has a more varied composition, but

with volcanics making up the majority of grains. There are two potential sources of

55



volcanics in the region: Bowers Ridge and the Aleutian Island Arc. The nearness of both
sources suggests alternate mechanisms unrelated to ice processes could be responsible for
the deposition of > 250 um siliciclastics at U1341. One possible mechanism is mass
gravity flows, such as turbidity currents. Site U1340, which is adjacent to U1341, has
large gaps and coarse deposits that occur at roughly the same time as the earlier
abundance of > 250 um at U1341. The seismic profile of U1340 also shows that Bowers
Ridge was tectonically active at this time, which could cause turbidity currents. For
Bowers Ridge to be the source of the earlier abundance of > 250 um siliciclastics it
would need to be subaerially exposed. However, Wanke et al. (2012) found evidence that
Bowers Ridge has likely been inactive since the Miocene. Either Bowers Ridge was
exposed to subaerial weathering longer than estimated or the > 250 um siliciclastics
possibly came from the weathering of rocks exposed in the Aleutian Island Arc. The
occurrence of shallow water sponge spicules (Aiello, personal communication) found in
the sediment with the > 250 um siliciclastics suggests that Bowers Ridge had not been
submerged for as long as previously estimated. There are other possible volcanic sources
in Alaska so other factors need to be taken into consideration to determine the origin of
the earlier abundance of > 250 um siliciclastics. One consideration is the presence of a
terrigenous component in the > 250 um siliciclastics. VanLaningham et al. (2009) found
that during glacial periods, Siberia and the region of Alaska drained by the Yukon River
were the dominant sources of sediment to the North Pacific. The geology of the Yukon
River basin is varied and that variety would be represented in any ice-rafted debris from

that region. Quartz in pelagic sediments from the Pacific are typically derived from
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terrigenous or volcanic sources (Rex and Goldberg, 1957). The quartz found among

predominately volcanic sediment is usually without inclusions or as quartz phenocrysts,

and found in minor amounts (Dickinson and Suzcek, 1979). Looking at just the flux of

quartz is a useful way of determining the extent of the contribution of basement uplift

sources. Quartz flux was calculated by the following equation:

Quartz flux = # quartz/wt x DBD x LSR

This is similar to the MAR calculation where DBD is dry bulk density and LSR is the

linear sedimentation rate (Figure 24).
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> 250 um MAR (g/cm? ky)

160
140
120
100
80
60
40

20 m‘ L

1.9 23 27 3.1 3.5 39 4.3

1.9 23 27 31 35 39 43

Age (Ma)
Figure 24. Quartz Flux. The upper plot shows quartz flux over time. A

significant increase in quartz flux occurs right at 2.75 Ma. The lower plot is the
MAR from U1341B.
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From the plot of quartz flux, there is a considerable amount of quartz in the older
samples. The average quartz flux for the samples younger than 2.75 Ma is 31.6 g/lcm?/ky
while the average value for the period between 3.2-3.55 Ma is 11.3 g/cm?/ky. The first
major peak in the quartz record occurs at 2.75 Ma, in agreement with the timing of NHG
found in other records (Haug et al., 1995; Krissek, 1995). The amount of quartz in the
older samples is not present in comparable amounts to the younger samples, and
therefore, it remains unclear how the > 250 um siliciclastics were transported to Bowers
Ridge. One last consideration involves examining the surface features of some of the
grains for clues.

Quartz is a stable mineral that resists weathering and chemical alteration while
also being abundant in potential sediment (Bull and Morgan, 2006). This makes it ideal
for studying its surface for clues to how it was transported (Krinsley and Donahue, 1968;
Dunhill, 1998; Molén, 2014). Grains transported by glacial ice are distinguishable by
surfaces having largely mechanical features such as conchoidal fractures, breakage
blocks, and high relief (Dunhill, 1998). Molén (2014) has recently proposed a simpler,
and more quantitative, method for evaluating quartz surface microtextures. He reduces
the number of features to six and assigns each feature a relative history to indicate how
fresh or old the features are compared to the grain’s other features. This was done on two
groups of 15 quartz grains: younger than 2.75 Ma and older than 2.75 Ma. Both groups of
samples displayed the same degree of fracturing (Figure 25). The primary difference

between the older and younger samples is the degree of weathering.
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Figure 25. Suface Texture Analysis. This plot summarizes the surface features
of quartz grains following Molen (2014)’s simple quantitative approach.

They were dominated by large fractures with some small fractures and abrasion.
The primary difference between the two groups was the extent of weathering. The
younger samples were fresh whereas the older samples had considerably more

solution/precipitation features indicating an older history (Figure 26).
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Figure 26. Surface Texture Features Younger than 2.75 Ma. The dominant
surface textural features are fresh fractures (Photographs by author).

It is clear that the younger group were transported by ice. It also seems likely that
the older group or a portion of them was also transported by ice (Figure 27). There are
more solution/precipitation features in these older samples than in the younger quartz

grains.
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Figure 27. Surface Texture Features Older than 2.75 Ma. The fractures are less
fresh than the younger quartz (Photographs by author).
Is it possible the > 250 um in the samples older than 2.75 Ma are from the

Aleutians or the result of local re-sedimentation from Bowers Ridge?

4.3 Hypotheses
There a number of possible explanations to account for the presence of > 250 um
siliciclastics before 2.75 Ma.

1. The petrographic analyses indicate that the oldest samples from Intervals D and E
are dominated by volcanic clasts. The QFL ternary plot indicates an undissected
arc provenance. There are two potential sources of volcanic rocks to this region of
the Bering Sea: the Aleutian Island arc and the Bering Sea basalt province (Marz

et al., 2013). However, the closest potential source is Bowers Ridge is a
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submerged magmatic arc that extends north from the Aleutian Island arc. This
suggests that the > 250 pm siliciclastics could be the result of local re-
sedimentation of Bowers Ridge or the result of local tectonic activity.

A recent paper by Brigham-Grette et al. (2013) supports this hypothesis.
The authors present a paleoclimatic record from the Siberian Arctic that
challenges the notion that the conditions prior to 2.75 Ma were conducive for
glaciation. The evidence that they present suggest that climate from 3.6- 2.2 Ma
was as warm as during the Holocene, and therefore, too warm for glaciation to
persist.

Horikawa et al. (2015) using neodymium (Nd) and lead (Pb) isotope data
from detrital material from Site U1341 found that prior to Marine Isotope Stage
(MIS) M2 about 3.32 Ma the terrigenous component of the sediment was likely
from local (Aleutian Island) sources. This would support the interpretation that
the > 250 um siliciclastics described in this study is similarly from local volcanic
sources. However, Horikawa et al. (2015) did find pulses of terrigenous sediment
with Alaskan provenance during this time interval. Two of these pulses occur at
3.319 Ma and 3.55 Ma. It is interesting to observe that the pulses have similar
ages as the increase in > 250 um siliciclastics abundances at 3.33 Ma and 3.55 Ma
found in this study (Figure 28). The more negative values of detrital eng indicate
an Alaskan provenance, whereas the higher values suggest a local Aleutian
source. Two of the Alaskan pulses in the detrial eng record occurring prior to 2.75

Ma align with two of the increases in > 250 pum MAR abundances (yellow).
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A potential concern with this hypothesis is that for re-sedimentation to
occur, Bowers Ridge would still need to have been sub-aerially exposed. The
timing of the > 250 um siliciclastics found at U1341 occurs after Bowers Ridge
was submerged according to Wanke et al. (2012) and Cooper et al. (2005). So if
this sediment is from Bowers Ridge, then the previous estimate for its subsidence
is off. The authors found that movement of Bowers Ridge had slowed and its
volcanic activity had stopped by the end of the Cenozoic. However, the seismic
profiles for U1340, a site on Bowers Ridge close to U1341, shows that the ridge
was possibly still tectonically active. This could result in slumping and movement

of coarse sediments including the > 250 pum fraction. Horikawa et al. (2015) using
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neodymium (Nd) and lead (Pb) isotope data from detrital material from U1341
found that prior to Marine Isotope Stage (MIS) M2 about 3.32 Ma the sediment
was likely from local Aleutian sources. This would suggest that the > 250 um
siliciclastics used in this study are similarly from local sources. Horikawa et al.
(2015) did find pulses of Alaskan sediment during this interval. Two such pulses
occurred at 3.319 Ma and 3.55 Ma. This is close to the increase in > 250 um
siliciclastics abundances at 3.33 Ma and 3.55 Ma found in this study.

. The Pliocene (5.33-2.58 Ma) is an important global climatic time period. The
Pliocene was relatively warm and characterized by increased sea surface
temperatures (SST) of 3-4°C, a sea level 10-20 m higher, a 30% higher
concentration of atmospheric carbon dioxide, and a stronger thermohaline
circulation than today (Ravelo et al., 2004; Brierley et al., 2009). A cooling trend
can be observed (Figure 29) in the global benthic oxygen isotope stack (LR04)
during the Pliocene. A noticeable feature of the 6180 record occurs at Marine
I[sotope Stage (MIS) M2 at 3.3 Ma. The sharp change in 180 coincides with an
increase in > 250 um siliciclastics abundances at U1341B. This suggests that at
least that portion of the > 250 pm siliciclastics record is the result of ice-rafting.
The gradual cooling was interrupted for a brief warm period in the mid-Pliocene
(3.29-2.97 Ma). This is supported by the > 250 um siliciclastics record when
abundances are very low. Cooling then continued until intensifying at the
Pliocene-Pleistocene boundary around 2.75 Ma in the North Hemisphere (De

Schepper et al., 2014).
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Figure 29. MAR vs Time Plot. Plot from U1341B with the Global Stack of
Benthic 6180 Record (Lisiecki and Raymo, 2005). (a) shows the > 250 pm MAR
values from U1341B, (b) shows the global stack of benthic 8180 record from
Lisiecki and Raymo (2005).

Krissek (1995) found the early occurrences of IRD at 6.6 and 5.5 Ma, which
he attributes to the Yakataga Formation near the Alaskan coast (Lagoe et al.,
1993; De Schepper et al., 2014). Following the warm interval during the mid-
Pliocene, glaciation intensified and ice sheets became well developed at 2.75 Ma
(Krissek, 1995; Reece et al., 2011). It is widely thought that the onset of NHG
occurred gradually and in a stepwise manner (Ravelo et al., 2004; Brigham-Grette
et al., 2013; De Schepper et al., 2014). Due to the geographic and atmospheric
circulation patterns, southwest Alaska experiences conditions favorable to

glaciation. For this reason, the IRD prior to 2.75 found in the North Pacific and

Gulf of Alaska are thought to be the result of this limited glaciation on coastal
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Alaskan mountains and not an indication of widespread continental glaciation
(Prueher and Rea, 2001; Reece et al., 2011; De Schepper et al., 2014). The > 250
um siliciclastics record from U1341B seems to agree with this overall timing.
Arkhipov et al. (1986) found limited glaciers at sea level on Kamchatka Peninsula
during the middle Pleistocene. This means that any IRD prior to then was most
likely from Alaska. As glaciation became more extensive and moved northward
and to Kamchatka Peninsula, it would begin become a source for IRD. This
would account for the change in provenance observed at U1341.
. Another possibility is that the earlier abundance of > 250 pm siliciclastics does
not indicate the beginning of significant glaciation. Instead they represent
ephemeral glaciation that was restricted to the mountainous southeast Alaska.
Conclusions
. An important tool in creating a record of ice-rafting for Bowers Ridge was
quantifying the amount of > 250 um siliciclastics from marine core sediment and
creating a > 250 wm concentration vs age plot. While it is not clear that all the >
250 um sediment from the plot was ice-rafted, it elucidated other major processes
that contributed to deposition of sediment > 250 um at Bowers Ridge.
Using a QFL ternary diagram developed by Dickinson and Suczek (1979) was
critical in detecting a change in provenance with time. The samples older than
2.75 Ma were from an undissected arc, whereas the younger samples were from a

transitional arc.
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3. The use of microtexture analysis of quartz grains using SEM was useful in
detecting diagnostic surface features that indicate ice related transport
mechanisms. While there were clear differences in the ages of the samples as
indicated by the degree of weathering, both age groups had a preponderance of
large and small fractures and abrasions.

4. Whether the coarse siliciclastic component found in U1341 sediments older than
2.75 Ma is the result of ice-related processes or local re-sedimentation from
Bowers Ridge is unclear. It is possible that both processes contributed to its
deposition at Bowers Ridge.

5. With the exception of Interval D, the samples younger than 2.75 Ma had
significantly more coarse siliciclastics than the samples older than 2.75 Ma. There
were also important compositional differences between samples older and
younger than 2.75 Ma. The younger samples had more quartz and granites. In
contrast, the majority of the older samples were composed of volcanic rocks.

6. The U1341 MAR record, when compared to other records from the North Pacific
and Bering Sea, was in agreement with the timing of NHG onset. The biggest
differences between Krissek’s (1995) record and U1341 were the amount of

coarse sediment found and the peaks detected earlier at U1341.
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