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3-1. Regional bathymetry (Becker et al., 2009) map showing Ontong Java (OJP),

Manihiki (MP), and Hikurangi (HP) plateaus outlined in red. Ellice Basin (EB)
separates OJP and MP and exhibits a complex fabric of large onset fracture
zones terminating at the Nova-Canton Trough (NCT) north of MP. The Osbourn
Trough (OT) relict spreading center lies midway between MP and HP/Chatham
Rise (CR), trending east-west. White dashed lines show the locations of the East
Manihiki (EM), West Wishbone (WW), and East Wishbone (EB) scarps. The
white box indicates the location of high resolution data shown in Figure 3-2. - 21
3-2. East-west fracture zone trends are apparent in new EM-120 bathymetry (left
panel) and backscatter data (right panel). Sandwell and Smith (2009) vertical
gravity gradient data (left panel background) and free-air gravity data (right
The
north-south aligned fabric in the southern portion of the NAP09-3 Ellice Basin

panel background) show similar trends. shipboard data also exhibit
survey area. These observations support the assertion by Taylor (2006) that
Ontong Java and Manihiki were rifted apart by spreading in Ellice Basin.
Magnetic wiggles overlay the bathymetry (positive anomalies shaded black) and
show a north-south reversal pattern perpendicular to the apparent spreading
direction.
3-3. Illustration of OJN relative rotations. Conjugate plateau boundaries (jagged
green and blue curves) are used to determine spherical rotations using the
methods of Hellinger (1981) and Chang (1987). By convention, we first rotate
HP to MP (blue plateau) about the MP{HP pole (blue star), then rotate MP/HP
to OJP (green plateau) about the OJP{MP pole (green stars). Although not
shown here, rotations at intermediate times induce identical proportions of
closure for the two basins. Light/dark green plateaus and poles show the effect
of including/omitting the Stewart Basin{Robbie Ridge (SB and RR from Fig. 3-1)

constraint in the modeling. Also shown are fracture zone traces (thin black

_ix_



curves), the Pacic{EB boundary (heavy black curve) and flow lines predicted by
our single (dashed curves) and, in the vicinity of OT, two-stage (dot-dashed
curves) rotations. Open circles indicate actual (OT) and potential (EB) extinct
ridge locations used to generate flOW [nes, w+ s wwssseressermmsesismisiminesiiiiiiienns 24
Fig. 3-4. Ellice Basin bathymetry compilation including KORDI NAP(09-3 and Taylor
(2006) data as well as available multi beam and track line data from NGDC
overlaying Becker et al. (2009) predicted bathymetry. Dashed lines indicate
fracture zones digitized ll’l thls Study ............................................................................. 26
Fig. 3-5. Compilation of KORDI and NGDC magnetic anomalies for the Ellice Basin
vicinity. EB fracture zone trends (black) contrast sharply to those of Nakinishi et
al. (1992) (gray) north of the dashed rift boundary. A comparison of anomaly
distributions from within the EB and Nakinishi et al. (1992) (NK92) study areas
(lower-left histogram) indicates a positive shift and narrowed distribution for EB
anomalies. ................................................................................................................................ 30
Fig. 3-6. APM models tested herein dier considerably. WKO08-A (red) assumes fixity of
Pacic hotspots hence its faithful reproduction of the HEB (a) and consequent
southerly reconstruction of OJP nearest the present-day Louisville hotspot (LV)
(b). WKO08-A and WKO08-D (green) are identical until 47 Ma when modeled drift
of the Hawaiian plume begins to aect WKO08-D, resulting in a Hawaiian
island-parallel Emperor prediction (a) and a less southerly OJP reconstruction
(b). The Indo-Atlantic plate motion based OMS-05 (blue) also gives a
Hawaiian-parallel Emperor-stage prediction (a) but reconstructs OJP further east
(D). eeessees s 31
Fig. 3-7. Absolute reconstructions of the OJN breakup from 123 Ma to the present.
Red (WKO08-A), green (WKO08-D) and blue (OMS-05) plateau outlines and
predicted Louisville seamount locations illustrate the effects of different APMs
on the OJN breakup. Black star indicates Louisville hotspot’s current estimated
position. Also shown are subduction zones (Gurnis et al., 2011) along with plate
boundaries (thin black pen), terranes (light gray) and coastlines (dark gray)
(Seton et al., 2011). ................................................................................................................ 33
Fig. 3-8. Comparison of three 123 Ma OJN reconstructions. Plateaus are color-coded
according to reconstructed latitude while reconstructed ODP/DSDP  sites
(triangles) are colored according to their published paleolatitude. Distance
estimates from Louisville (teal star) to the reconstructed OJN midpoint (open

circle) are also shown. Differences in reconstructed plateau orientation,



Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
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Fig.

longitude/latitude range, and paleolatitude discrepancies are apparent. Bold lines

highlight latitudinal positions of Louisville and OJN estimated mid point. -+ 35
3-9. Louisville seamount age progression data backtracked using the OMS-05
APM predicts apparently excessive Louisville hotspot drift (black centered
age-color curve) since 78 Ma as compared to the ow-model prediction by
Steinberger et al. (2004) (white centered age-color curve). Louisville hotspot (star)
is xed at its current estimated position in both WKO08-A and WKO08-D APMs
hence only the OMS-05 drift curve is SROWIL «wwswewssremseremssesimsseniisesinii e 37
4-1. NAP survey tracks between Hawaii and the mining area of manganese
nodules, obtained during 2009 (black) and 2010 (red). The background is the
satellite-derived gravity data (Sandwell and Smith, 2009) «eoeeeererrrsesrssisnene 49
4-2. Observed bathymetry along the northern tracks of Figure 4-1 -:eoeeereeeeseseeeees 50
4-3. Observed bathymetry along the southern tracks of Figure 4-1 «:eeoeeeeeeeseeees 50
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6-4. (A) Annual total precipitation (contours) and annual average wind fields at

o,
(e
1.
N
|68}

850-hPa (vectors), and (B) neodymium isotopic ratios (eNd) of surface sediments
with location of Site U1334, and dust provinces in Pacific. The precipitation and
wind field data in panel A are from Wallace et al. (1995) and Uppala et al.
(2005), respectively. The band of heavy precipitation indicates the ITCZ. The
contour map in panel B shows eNd values of the extracted terrigenous
component in Pacific Ocean surface sediments 0-5 Ma (Stancin et al., 2006). The

solid arrow in panel B indicates average tracks of modern dust storms from
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2.1. BAA S

2009 NAP "BiF ¥ A fASAEEY B 13 FEAAFHA= e
ATY 7N 2FYZTE o] &3t 20099 7EHEE 9Y7A NAP 09-01, 02, 03=
Uro] 38xto] A 3= Jth (Table 2-1). NAP 09-01, 02 Aol A& sfoto]-
A B ols 7S wE A 4 B FAE FAE Fdsen,
NAP 09-03 HALN A= shefol-A] 3t o] Fasl] #3he wet AY 4], S48 &
AL 2 SR ol 91218 Magellan s A 4Fell A A B2 =S g 533t 2010
A A = o ddTd A7 2FeEsE o83ty 2010d 7€FH 847t
7], 2010 1295-E 20119 1€7hA] 433t 2A $3h =AUt (Table 2-2). NAP
10-01, 02 At M= sfofol-3rey] FTtaf o o]Fdda] 73Hs wet Y 4
2 28 gALS F38%.01, NAP 10-03, 04 A M E A% a2
7L 7 olsF e ek Y 4 A5 E AEHES 534 20119
Al M= &R 5 E AFESEY] 20129 19 Q=9 R A
3 s wek A FAAE 2 AAEAE ARE Y533 T (Table 23)
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2.2, FAREH|

(1) ¥1= =4 #¥l (Positioning)
AEINH L B DOPSE ALgete] ATM ed AT SHAh
(2 TFIFHTA L BYAI2H (Navigation)
DGPSZH-E] Al AL o] 93] B Azbel] tigh AADAHEE Al g3t
* Type : KonMap system
* H/W : KonMap system PC
* S/W : Hydaq, Hydmap
6) =R =FF471 (EM120)
* vl : EM 120 multi-beam echosounder
* A ZFA}L : Kongsberg Simrad Inc.

* EM 1209] 7| EFA4]

* Main operational frequency : 12 kHz

* Number of beams for each ping : 191

* Beam widths : transmit 1 receive 2

* Beam spacing : Equidistance or equiangle
* Coverage sector : up to 150

* Depth range from transducers : 20 ~ 11,000 m

* Depth resolution : 10 ~ 40 cm

* Sensor : transmit sensor 487},

receive sensor 87l
(4) 4254 =A7] (Precision Echo Sounder)

12 kHz ¥ 33 kHz9] FRAFI4E 2t F719 transducerES ©]&3ta] A4

greol 54 2 AEAZo) UG FuE ATAL
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* Type : SIMRAD EA-600

* Operation range : 10,000m at 12 kHz

* Resolution :

40cm at 12 kHz, 10cm at 38 kHz

(5) AFAZEHAL7] (Sub-bottom Profiler)

AAEHOERY A5t & Am7HA S35 FHAH RN HAEFH

* ¥ : BATHY-2000P System

(6) 73215 A3 7] (Piston corer)

NAAZRE naGBY 5L ses] A% Qo

H3lx a&d0=Z A7 & 4 Qoh

* Weight Stand : Rocket shape body, 1,000 kg

* Core Barrels :

* Nose Cone :

* Core Liner :

*

Core Catcher :

—

17F 2 H A

Cylindrical stainless steal, Length 3 m

Connector between core catcher and liner

Cellulose tube, Length 3 m

* Piston : Stainless steal cylinder

*

Trigger Release Mechanism : Iron plate, Arm

* Trigger Weight : 70 kg

* Piston Stop

o Fe

* Dimension

(7) =532 8 AF 7] (Multiple corer)
2

EZHARS WANTA %1 G B

253
vl 24 3o 8709 corerE AFEE 4 Ut

: Multiple corer

Dome shape, Stainless steal fingers

|
a3

e
>
1l
il

z QA =

: Supporting frame, hydraulic damper, core assembly

: 225(H)*x170(W)x130(L) cm, Weight :
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2.3.1. 200913 NAP &AL

NAP 09-01, -02 &AM = stofol- g3ty Fta o ahsl] -1toll W& J2
A ZAFe} Clarion Clipperton Fracture zonedl 333t = E
28 A7E 53590 NAP 09-03 ©Alol A= dheto]-u) =] o] 5 3}3)
A Magellan Riseoll A 271 ¢] T5F/dA1 89} 270 8] 9AE F4A
Row, dtefol-ulx] olFas] Atol] YX|g Elllice EANA F3|AY S u}
2 A2 74 2 A A5E Y550

iy = =7

2.3.2. 2010 d NAP €A}

NAP 10-01, 02 ©A}ol| A4l = Hawaii Emperor Bend (HEB) 342 &3S s
X1717] 918 20099 BAF S5 AR S 2] S0 ATE 2AE AU,
Clarion Clipperton Fracture Zone¥} ¥ 33t 5-A =4S wet FAHAXEE g53}
om, o] Am= A A7 Ate] o) AP aret A7 A «]'J TR TEo
o) ATAL WAEH o §F Holth NAP 1003 BAIAHE EFe] Ta| 387
B A7E 98 MBS FEAY AT S AAsH %—EQ FFS A
BE BE QARG Auslel i HA2S gaes A7E 4 HAE
Age AE 9& ALY 4°'N~2°S, 80°E) 4 H A /& (Piston corer) ¥ ThF

A AA7E olgstel AaHAE FAARE AR o

A ook Aot olalattl 2 wgol ¥ BoEn, SHHY

Falo] ¥ U] HHes 542 olsshed Fo9

2.3.3. 20113 NAP EA}

NAP 11 gAL) 4 2hdo] ojo] QA are]
HeF = 7H”L/'\}°4'34 AAE E<o V=Y
Hess ez ¢ FYAT HAE AR AR HE A=Y
S, 77° E) 757<4°1 7\1 z}\]’(PIStOI’I corer) ¥ ThFF¢(Multiple corer) Al &
FRNEE AF Ao, B2 7dTt ols & 7S
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A 3 FAEHBE Y Ellice ¥R AFE 34

31. w& 8%

A% & Ontong Java Plateau(OJP)= 7Hg W2 34471 dixd ¥ ofyz}
7} =2 emplacement rateE YEH L kil 34 =31 9t (Con and Eldholm,
1994). OJPE A3 AT F L A o Fakxr B34S oprjstgler, 33qhd
A 7] ety 273t A7) R EHALS F45A. AR O)Pe] A
AstAQl T oA EstaL, ofo gk AFEA < AL oA 7kA] W xIgk G

o)k,

Billen and Stock(2000)3 Taylor (2006)+= A EE ¥ & X1sh9} g Aol
T S AAEATE Billen and Stock(2000) Manihiki(MP)9} Hikurangi
plateau(HP)7} Osbourn Trough(OT) 19 & e 93] F = At F3F3

FA, Taylor(2006)= 4th7} Ellice & X|(EB)oll €1XIgF Ao = sttt FEdH
Taylor(2006)-?f MP 53 299 42855 7|HS 2 Ontong Java(OJP), MP, HP7}
gt 3l At plateau(Ontong Java Nui, OJN)gtal F73F 4 Th

o] AFolXx= =& T4 U= Ellice w49 ALFA 2 T2 A7 E 9]

&3} Taylor7} 5743 A plateau 73S AS3IAR LM, T3 plateaud] L=
oF /AR E o] &3t] P FH] o]FS dAstA Tk Ellice EAY AFE 2009
d 3fetol-m] 7] o]F e I A FAE NAP 09-03 EAHS T3l 53ttt

AFZ23 Emperor Al7] Hawaiian plume®] &3S 7}v]g WKO08-D (Pacific
drift-corrected model)7} OJN¢] 319 L:_, Louisville aj2Fe] E3, Ellice X
/Osbourn trough®] Gt} £ & fXsted 7HE A@ES Hal ATt 84
7+ 83.5Ma ©] ol =& APMO] %Q@O}ﬂ o, 189 oy F5HY olF
ol 7]8kst WK08-A9F OMS-05 APM g+ ¢hxl3] wiAlshx Fett) wd ZF

EF FHY o]Fo] A wietA <l #A L oY 7] Wil o5& EF R
d o] Hgo] &gttt WKO8-DE o] &3t X +x &4 OJNI Louisville €5
of BAE F o WA FHEEH 1 g7t Aok APMY] HHAE B35,
OIN¢] 71€94°] Louisville @S A72HAE S AT

o
1 s

C
s
=
-

3.2. Introduction

The largest and most voluminous of large igneous provinces, Ontong Java
Plateau (OJP) (Fig. 3-1), is also thought to have had the highest emplacement rate
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(Con and Eldholm, 1994). Formative volcanism may have triggered a global
oceanic anoxic event and black shale deposition while ongoing volcanism likely
contributed to the 30 m.y. mid-Cretaceous greenhouse period (Larson and Erba,
1999; Kerr, 1998; Erba and Tremolada, 2004). Yet in spite of OJP’s geologic

prominence, its formation and tectonic history remain poorly understood.

Numerous studies tested OJP’s link to existing hotspots, reaching differing
conclusions based on an evolving set of paleolatitude evidence and Pacific plate
motion models. Prior to the availability of oceanic paleolatitudes, Pacific
reconstructions assuming hotspot fixity reconstructed OJP near Louisville hotspot
thus providing a satisfactory history of the Louisville plume that was in
accordance with observations at the time (e.g., Henderson and Gordon, 1981).
Subsequently, the accumulation of Pacific paleolatitude information gathered by
the Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP)
provided much needed constraints on plume history. For instance, Tarduno et al.
(1991) suggested southward motion of the Louisville plume to account for
discrepancies between plate motion models and OJP paleolatitude measurements
at DSDP site 289 and ODP site 807. However, Louisville drift remains uncertain
due to the lack of paleolatitude measurements along the Louisville chain (such
apparent drift could also be induced by errors in Pacific plate motion models).
More recently, studies by Neal et al. (1997), Antretter et al. (2004) and Kroenke et
al. (2004) were unable to link OJP with Louisville, suggesting either (a) that the
largest igneous province was formed by a relatively short-lived hotspot whose
plume trail has long been subducted or (b) that OJP was indeed formed over a
Louisville hotspot that has since drifted south, in addition to requiring a
combination of true polar wander and the long-term effects of octupole
contributions to account for the large paleomagnetic discrepancies. Importantly,
paleolatitude evidence along the Emperor seamount chain (e.g.,, Tarduno et al,
2003, 2009)) may necessitate a revision of Pacific motion models prior to 50 Ma;
such Pacific APM models accounting for Hawaiian plume drift should produce

less southerly reconstructions of OJP and improved paleolatitude agreement.

Similarities in composition, seismic velocity structure, and age among Ontong
Java and two other large igneous provinces, Manihiki (MP) and Hikurangi (HP)
plateaus (Fig. 3-1), have been widely cited in previous studies. After analyzing
DSDP Leg 33 basalts (MP site 317a), Jackson et al. (1976) determined MP’s
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basement composition to be similar to OJP basalts retrieved at DSDP site 289.
Mortimer and Parkinson (1996) concluded that HP shared similar geochemical
characteristics with OJP and MP after analyzing dredged rocks from HP’s
basement. Predominantly tholeiitic oceanisland like composition has consistently
been reported for OJP (Tejada et al., 2002; Mahoney et al., 1993), MP (Timm et
al., 2011; Ingle et al.,, 2007), and HP (Hoernle et al., 2010). Hussong et al. (1979)
investigated the crustal structure of OJP and MP and found nearly identical
crustal seismic velocities for the two plateaus. Furthermore, analyses of ODP
basement samples yielded similar ages for OJP as 121-125 Ma (Tejada et al,
2002), MP as 117.9 Ma (Ingle et al.,, 2007) or 124.6 Ma (Timm et al.,, 2011), and
HP as 118 Ma (Hoernle et al., 2010).

Key observations that Manihiki and Hikurangi plateaus were rifted apart by
seafloor spreading centered at the Osbourn Trough (Lonsdale, 1997; Billen and
Stock, 2000) and that OJP and MP appear to have rifted apart by east-west
spreading in the Ellice Basin (Taylor, 2006) allowed Taylor to propose that the
three plateaus originated as one super plateau, here called Ontong Java Nui
(OJN), meaning greater Ontong Java. The Taylor (2006) interpretation of Ellice
Basin’s evolution identies the Nova Canton Trough as a fracture zone as opposed
to its previous rift system interpretation by Larson (1997). Taylor (2006) identified
several unresolved issues with the super plateau model including a lack of
supporting geodynamic mechanisms (e.g.,, why would such large provinces not
erupt subaerially (Korenaga, 2005)), and a lack of lineated magnetic anomalies to
better constrain the breakup. This second observation constrains the breakup to
the Cretaceous normal superchron (124 to 84 Ma (Walker and Geissman, 2009)).

Considerable uncertainties exist in both attempting to reconstruct Ontong Java
Nui back in time and in linking the plateau to its only geometrically plausible
hotspot source, the Louisville. This is in part due to uncertainties associated with
using Africa-based absolute plate motion models (O’'Neill et al., 2005) projected to
the Pacific via the Antarctica plate circuit or with using APM models relying on
the assumption of hotspot fixity (Wessel and Kroenke, 2009; Tarduno, 2007).
Apparent incompatibility between the current latitude of Louisville (51S) and the
mean ODP paleolatitude of OJP (25.25) (Riisager et al., 2004) also contributes to
the dilemma. Furthermore, regarding Louisville as a prospective source for OJN,

although geochemists have not been able to unequivocally link OJP samples to
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current hotspots (e.g., Vanderkluysen et al., 2007), geochemical variation between
plume head and tail phases remains possible (Mahoney and Spencer, 1991). A
causal connection between the plateau and a plume source may also indirectly
support the plume theory, which recently has come under increased scrutiny
(e.g., Foulger and Natland, 2003).

A recent transit survey of central Ellice Basin by the Korea Ocean Research
and Development Institute (KORDI), in collaboration with SOEST, has yielded
new bathymetry revealing east-west trending fabric (Fig. 3-2) we interpret as
evidence in favor of the large oset, short-segment spreading centers proposed by
Taylor (2006) to accommodate the separation of OJP and MP. Here, using
available physical evidence, including fracture zone signatures in Ellice Basin and

the vicinity of Osbourn Trough, we aim to further constrain the OJN breakup.

APM rotations induce large plateau displacements and are the primary causes
of discrepancies between OJN reconstructions, Louisville hotspot’s current
estimated position, and OJP/MP paleolatitude measurements. We therefore
investigate the effects of two recent APMs available in the literature (Wessel and
Kroenke, 2008; O’Neill et al., 2005), as well as a new hybrid APM based on a
fixed Louisville and drifting Emperor-stage Hawaiian plume, on OJN
reconstructions. Such a comparison is timely and necessary as these three APMs
re?]ect the principle ideas and evidential remenents found in the current
literature but also produce significantly different reconstructions. By
reconstructing the reassembled OJN back in time using these different APM
models, we attempt to shed light on the tectonic conditions during the formation
and breakup of OJN.

3.3. Analysis

3.3.1. Reconstruction of the OJN breakup

The reconstruction of the Ontong Java, Manihiki, and Hikurangi plateaus by
Taylor (2006) was qualitative as no nite rotation model was determined. As OJP,
MP and HP formed during the Cretaceous normal superchron, the interlying
basins lack a reversing magnetic signal. We therefore use digitized outlines of the
plateaus in lieu of magnetic isochrons in the tectonic reconstruction of the OJN

plateau. Except in areas where geologic mapping provided insight, we relied on
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Figure 3-1. Regional bathymetry (Becker et al.,, 2009) map showing Ontong
Java (OJP), Manihiki (MP), and Hikurangi (HP) plateaus outlined in red.
Ellice Basin (EB) separates OJP and MP and exhibits a complex fabric
of large onset fracture zones terminating at the Nova-Canton Trough
(NCT) north of MP. The Osbourn Trough (OT) relict spreading center
lies midway between MP and HP/Chatham Rise (CR), trending
east-west. White dashed lines show the locations of the East Manihiki
(EM), West Wishbone (WW), and East Wishbone (EB) scarps. The white

box indicates the location of high resolution data shown in Figure 3-2.
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Figure 3-2. East-west fracture zone trends are apparent in new EM-120
bathymetry (left panel) and backscatter data (right panel). Sandwell and Smith
(2009) vertical gravity gradient data (left panel background) and free-air gravity
data (right panel background) show similar trends. The shipboard data also
exhibit north-south aligned fabric in the southern portion of the NAP09-3 Ellice
Basin survey area. These observations support the assertion by Taylor (2006)
that Ontong Java and Manihiki were rifted apart by spreading in Ellice Basin.
Magnetic wiggles overlay the bathymetry (positive anomalies shaded black)
and show a north-south reversal pattern perpendicular to the apparent

spreading direction.

_22_



the 4,000 meter contour in delimiting plateau extents (as in previous studies, e.g.,
Fitton and Godard (2004) and Korenaga (2005)). Whereas Hellinger’s method for
least squares on a sphere (Hellinger, 1981; Chang, 1987) typically uses conjugate
magnetic isochrons as inputs for solving spherical reconstructions, we were
limited to choosing complementary boundaries along each plateau instead of
conjugate isochrons. Figure 3-3 illustrates how we determined OJN relative
rotations. Uncertainties in plateau complementary boundaries were estimated at
21 km for Osbourn Trough spreading and 48 km for Ellice Basin spreading. For
simplicity, HP was rst rotated to MP using the MP-HP rotation pole (blue star),
followed by a rotation of MP/HP to OJP about the OJP-MP pole (green star).
Flowlines predicted by our single stage rotations, also shown in Figure 3-3
(dashed black curves), indicate first-order agreement with Ellice Basin fracture
zone trends (fine black pen). However, single-stage flowlines in the Osbourn
Trough vicinity show inadequate agreement with fracture zone constraints and
require further refinement as described later in this section. A result of our
method is that gaps between OJP-MP and between MP-HP apparent in the
Taylor (2006) reconstruction are not found in our OJN reconstruction. We model
MP ~350 km west and HP ~200 km southeast of their Taylor (2006) counterparts.
Our model, however, positions HP ~250 km northwest (relative to MP) of HP’s
position predicted by the MP-HP reconstruction of Davy et al. (2008), and is

therefore intermediate.

Our digitized plateau outlines follow those of Taylor (2006), especially in their
inclusion of Robbie Ridge as part of MP and Stewart Basin as part of OJP. We
tested the effect of excluding these features from Ellice Basin conjugate borders.
Omitting the Robbie Ridge-Stewart Basin fit in the modeling results in a ~3°
displacement of the OJP-MP rotation pole (dark green star in Fig. 3-3) and
increases rotational uncertainty (not shown) but does not rule out such a fit. In
fact, omitting these features from the Ellice Basin reconstruction produces the
same result, that Robbie Ridge fits into Ellice Basin. This result is not surprising
as the same plateau borders, aside from Robbie Ridge and Stewart Basin, are
used in both reconstructions. Due to their t in both cases, we include these

features in our remaining analyses.
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Figure 3-3. Illustration of OJN relative rotations. Conjugate plateau boundaries
(jagged green and blue curves) are used to determine spherical rotations
using the methods of Hellinger (1981) and Chang (1987). By convention, we
first rotate HP to MP (blue plateau) about the MP-HP pole (blue star), then
rotate MP/HP to OJP (green plateau) about the OJP-MP pole (green stars).
Although not shown here, rotations at intermediate times induce identical
proportions of closure for the two basins. Light/dark green plateaus and
poles show the effect of including/omitting the Stewart Basin{Robbie Ridge
(SB and RR from Fig. 3-1) constraint in the modeling. Also shown are
fracture zone traces (thin black curves), the Pacific-EB boundary (heavy black
curve) and flow lines predicted by our single (dashed curves) and, in the
vicinity of OT, two-stage (dot-dashed curves) rotations. Open circles indicate
actual (OT) and potential (EB) extinct ridge locations used to generate flow

lines.
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The lack of magnetic isochrons in Ellice Basin and in the vicinity of Osbourn
Trough constrains the OJN breakup to have occurred within the Cretaceous
normal superchron (124 Ma to 84 Ma). We were able to model plateau formation
to have occurred rapidly between 125 Ma and 120 Ma based on published ages
of basement rocks at each plateau: 122+3 Ma from OJP (Parkinson et al., 2003)
and 124.6+1.6 Ma from MP (Timm et al, 2011). Evidence from rift structures
along the MP and HP plateau margins (Davy et al., 2008) as well as the 120.4 Ma
MO isochron (Gradstein et al., 1994) north of Ellice Basin constrain our 120 Ma
OJN breakup initiation age. We terminate spreading at 86 Ma in accordance with
a proposed southerly docking of HP with Chatham Rise prior to the
commencement of spreading at the Pacific-Antarctic ridge (Billen and Stock, 2000;
Downey et al.,, 2007, Worthington et al., 2006).

To further constrain the breakup, we conducted a detailed analysis of Ellice
Basin fracture zones utilizing 1 arc minute vertical gravity gradient data
(Sandwell and Smith (2009), as in Fig 3-2) and a compilation of 30 arc second
resolution predicted bathymetry (Becker et al., 2009) and available high resolution
multibeam data. These maps were imported into Google Earth, enabling the
digitization of fracture zones in accordance with guidelines for the new Global
SeaZ]oor Fabric and Magnetic Lineations Database project (GSFML) (Wessel et al.,
2009). Ellice Basin fracture zones digitized in this study are shown in Figure 3-4
and will be submitted for inclusion in the GSFML Database.

Ellice Basin bathymetry coverage shown in Figure 3-4 is quite sparse with
previous surveys focusing on the Nova Canton Trough, northwest of MP (Joseph
et al,, 1992, Taylor, 2006), and the Gilbert Ridge (Koppers and Staudigel, 2005),
among others. The more recent 2009 KORDI NAP(09-3 survey mapped a portion
of the central Ellice Basin between the territorial waters of Tokelau and Gilbert
islands (Fig. 3-2), a very complex part of the Pacific. Additional multibeam and
trackline bathymetry were downloaded from the National Geophysical Data
Center’s (NGDC) multibeam and trackline archives
(http:/ /www.ngdc.noaa.gov/mgg/mggd.html). A comparison of Figures 3-2 and
3-3 illustrate that much of the spreading fabric is below the resolution of current
global predicted bathymetry compilations. For instance, large-scale features such
as fracture zones are barely discernible in the vertical gravity gradient data. Thus,

if extinct spreading centers do exist in Ellice Basin, high resolution mapping
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expeditions will be needed to determine their location. Our reconstruction will

therefore be both preliminary and approximate.

Ellice Basin magnetics were also analyzed as depicted in Figure 3-5. KORDI
and NGDC magnetic anomalies were recomputed using the methods of Wessel
and Chandler (2007) and involved removing the latest International Geomagnetic
Reference Field from reported total eld anomalies. This step was necessary as
many magnetic datasets were submitted to NGDC with inaccurate anomalies
computed using outdated reference fields (Chandler and Wessel, 2008; Quesnel et
al., 2009). Magnetic data were then adjusted vertically to remove constant offsets
between data sets, median filtered, and interpolated using a nearest neighbor
algorithm. In contrast to classic seafloor spreading crust north of Ellice Basin
(highlighted in Fig. 3-5 using interpreted isochrons and fracture zones by
Nakinishi et al. (1992)), Ellice Basin magnetic polarity appears to reverse across
fracture zones (see Figure 3-2), resembling Cretaceous quiet zone anomaly
patterns reported elsewhere (e.g., Verhoef and Duin, 1986). A statistical
comparison between the magnetic anomalies of the reversing and quiet zones
was also performed (see the inset of Figure 3-5). Anomalies within the perimeter
of the Ellice Basin were binned at 30 nT intervals and compared to those from
within the study area of Nakinishi et al. (1992). To avoid sampling rate artifacts,
all tracklines were resampled to 1 km resolution along-track. As shown in the
Figure 3-5 histogram, Ellice Basin anomaly magnitudes (white bins) form a
narrower distribution centered at 50 nT. The broader Nakinishi et al. (1992)
anomaly distribution (black bins) is centered at -50 nT with some asymmetry,
indicating either trackline distribution bias, insufficient samples, or increased
negative polarity prevalence in their study area. The Ellice Basin distribution,
however, shows no such asymmetry indicating that the distribution of normally

magnetized quiet zone crust may be adequately described.

Plateau outlines, fracture zone traces, and derived rotation poles were then
imported into an interactive plate tectonic visualization software, GPlates
(http://www.gplates.org), for further refinement of rotations. Here, Ontong Java
was considered fixed to the Pacific reference frame with Hikurangi moving
relative to Manihiki and Manihiki moving relative to Ontong Java. Although
owline predictions indicate first order agreement with Ellice Basin fracture zone

trends (Figure 3-3), it was necessary to refine Hikurangi-Manihiki spreading into

_27_



a two pole solution (fine dot-dashed curves). The spreading change in this case is
thought to have occurred at 100 Ma when spreading switches from being parallel
to East Manihiki/West Wishbone Scarp to being parallel to the northern segment
of the East Wishbone Scarp. This spreading change may be related to other 100
Ma changes evident in Pacific fracture zone trends (e.g., Matthews et al, In

review). The final rotation poles derived in this study are presented in Table 3-1.

3.3.2. Absolute reconstruction of OJN origin

We use our OJN relative rotations in conjunction with three models for
absolute plate motion to determine paleo-locations of the plateau and to illustrate
differences in the assumptions and predictions of the three APM models.
Published paleolatitudes from Ontong Java and Manihiki allow us to test the
predictions of each APM. We note that the consistency of OJP paleolatitude
measurements (Riisager et al.,, 2004) justies their use as a quantitative means for
comparing and contrasting APM models. The three APM models and their
predictions for the Hawai'i-Emperor geometry are shown in Figure 3-9(a); the

corresponding owlines restoring OJP back in time are illustrated in Figure 3-9(b).

3.3.2.1. Pacific fixed hotspot model: The WKO08-A
The WKO08-A model for Pacific plate motion (Wessel and Kroenke, 2008) is

based on a fixed hotspot reference frame and models the contemporaneous bends
in the Hawaiian-Emperor, Louisville and other chains believed to have resulted
from major changes in absolute plate motion. Figure 3-10 shows selected frames

of the OJN breakup with reconstructed plateau outlines and Louisville trail

Table 3-1. Rotation Poles for Ontong Java Nui reconstructions. 6, A, t1, t2, and

o are pole latitude, longitude, time interval (Ma), and rotation angle, respectively.
] - A - f - ta w
OJP-MP | 32.54 122,35 120 =6 -33.46°
MP-HP 1.20° 04.20° 100 B6 H.B6°
3.87% 13246 120 100  31.24°
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predictions color coded according to APM. Ellice Basin fracture zones digitized in
this study, reconstructed spreading centers and terranes (exported from the Seton
et al. (2011) model) as well as subduction zones (Gurnis et al.,, 2011) are also
shown. In the 0 Ma frame, the red WKO08-A predicted Louisville chain matches
well with the observed chain as the WKO08-A is constrained by the Louisville and
other hotspot chains. Progressing back in time, large changes in APM are
indicated by bends in the predicted Louisville seamount chain. These predicted
bends were presumably subducted within the last 50 Ma, however, and have no

observable seamount counterparts for comparison.

The WKO08-A OJN reconstruction implies 4.1° of clockwise OJP rotation since
123 Ma with initial spreading at Ellice Basin and Osbourn Trough oriented
primarily east-west and north-south, respectively. Hikurangi plateau moves south
throughout the breakup with a westward component prior to 100 Ma. At 100 Ma,
Hikurangi begins moving east (and continues south). A shift to ENE Osbourn
Trough spreading is apparent in the 95 to 86 Ma frames. A key observational
constraint in the WKO08-A model is the simultaneous t to the Emperor and
Louisville chains, implying a considerable amount of north-south Pacific absolute
plate motion during the time the Emperor chain was formed. Consequently, our
reconstructions utilizing the WKO08-A APM place the super-plateau furthest south
of all the APMs tested herein. We note that Hikurangi-Chatham Rise docking
was constrained using the OMS-05 APM (O'Neill et al.,, 2005) embedded in the
GPlates global rotation model. At 123 Ma the WKO08-A OJN model reconstructs 9°
south of published Ontong Java paleolatitudes and 6° north of the Louisville
hotspot (see Figure 3-11(a)). ODP/DSDP sites plotted as triangles are color coded
according to published paleolatitude (Riisager et al., 2004; Cockerham and
Jarrard, 1976) and overlay the OJN reconstruction colored according to WKO08-A
predicted paleolatitude. The 9° paleolatitude discrepancy is computed at OJN'’s
center point (yellow circle in Fig. 3-11(a)) as the difference between extrapolated
and reconstructed paleolatitude. The extrapolated value was determined through
regression of OJP measurements. Although the OJP paleolatitude discrepancy is
clear, Manihiki’'s DSDP site 317 shows no apparent latitudinal discrepancy.
However, Cockerham and Jarrard (1976) indicated that tectonic tilt may have
affected the paleomagnetic inclination measurements of their basalt samples. Site

317’s sedimentary paleolatitude was estimated at 20° further north. If the
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Figure 3-5. Compilation of KORDI and NGDC magnetic anomalies
for the Ellice Basin vicinity. EB fracture zone trends (black)
contrast sharply to those of Nakinishi et al. (1992) (gray) north of
the dashed rift boundary. A comparison of anomaly distributions
from within the EB and Nakinishi et al. (1992) (NK92) study areas
(lower-left histogram) indicates a positive shift and narrowed

distribution for EB anomalies.
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Figure 3-6. APM models tested herein dier considerably. WKO08-A (red) assumes
fixity of Pacic hotspots hence its faithful reproduction of the HEB (a) and
consequent southerly reconstruction of OJP nearest the present-day Louisville
hotspot (LV) (b). WKO08-A and WKO08-D (green) are identical until 47 Ma
when modeled drift of the Hawaiian plume begins to aect WKO08-D, resulting
in a Hawaiian island-parallel Emperor prediction (a) and a less southerly OJP
reconstruction (b). The Indo-Atlantic plate motion based OMS-05 (blue) also
gives a Hawaiian-parallel Emperor-stage prediction (a) but reconstructs OJP
further east (b).
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Louisville plume did form OJN, this reconstruction implies that Louisville was
6-7° further north at the time of OJN emplacement. Such drift estimates are
subject to unknown uncertainty (i.e., Louisville’s drift history prior to 78 Ma is
unknown as is OJN’s actual eruption center) and are only presented as a first
order indicator to gauge OJN’s proximity to a fixed Louisville plume.
Furthermore, 9° of true polar wander is required to account for discrepancies
between reconstructed and measured OJP paleolatitude. For comparison, Besse
and Courtillot (2002) suggest ~10° of Pacific true polar wander since 123 Ma,
while a more recent study by Steinberger and Torsvik (2008) implies negligible

true polar wander for this vicinity.

3.3.2.2. Pacific drift-corrected model: The WKO08-D
The second Pacific APM, herein called the WKO08-D APM, was developed for

this research and is based on WKO08-A but incorporates an Emperor-stage moving
Hawaiian plume (Tarduno, 2007; Tarduno et al, 2009). Specifically, we
determined a stage rotation that (as WKO08-A) reproduced the Louisville chain
from its 50-Ma bend to the end of the trail at the Tonga-Kermadec trench.
However, a second constraint was added that the stage rotation should predict a
trail geometry with no discernible Hawai‘i-Emperor bend. Such a stage rotation
pole was found to lie along the bisector great circle of the Louisville trail, at
approximately (36N, 53W). We extended this rotation back to 83.5 Ma and used
it to replace WKO08-A rotations for the 83.5-47 Ma period. Older rotations were

adjusted for the change in reference.

The WKO08-D APM induces the most OJN rotation (dark green pen in Figure
3-7). Hikurangi therefore begins from a more westerly starting point at 123 Ma
and continues its westward path until 95 Ma. This course change is largely due
to the reorientation of Manihiki as it moves east and north away from Ontong
Java. Hikurangi docks west of Chatham Rise at 86 Ma. This discrepancy may be
due to our juxtaposition of WKO08-D OJN rotations with background terranes
rotated by the GPlates OMS-05 global model. The initially rotated state of this
model gives an initial southward component to Manihiki’s motion turning
northward around 105 Ma. This direction change occurs when Manihiki
completes half of its rotation away from Ontong Java, after which the OJP-MP

rotation pole induces northward motion.
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Figure 3-7. Absolute reconstructions of the OJN breakup from 123 Ma to the
present. Red (WKO08-A), green (WKO08-D) and blue (OMS-05) plateau outlines
and predicted Louisville seamount locations illustrate the effects of different
APMs on the OJN breakup. Black star indicates Louisville hotspot’s current
estimated position. Also shown are subduction zones (Gurnis et al., 2011)
along with plate boundaries (thin black pen), terranes (light gray) and
coastlines (dark gray) (Seton et al., 2011).
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This model implies 13° of counter-clockwise rotation since 123 Ma and results
in a revised geometry where Ontong Java plateau is positioned ~7° further north
than does the WKO08-A reconstruction while Manihiki ODP site 317 reconstructs
at approximately the same latitude as before (Figure 3-8(b)). Although OJP
paleolatitude discrepancies are improved considerably, OJN now reconstructs
~12° north of Louisville hotspot’s present estimated position. The WK08-D OJN
model therefore requires twice the magnitude of Louisville drift. This model also
plots just 4° south of the range required by OJP paleolatitudes. This paleolatitude
discrepancy implies a small amount of true polar wander but this discrepancy is

likely insignificant (i.e., the mean OJP paleolatitude standard deviation is 3.6°).

3.3.2.3. Indo-Atlantic moving hotspot model: The OMS-05
The third APM used herein derives from O’Neill et al (2005) and represents a

moving-hotspot model that best describes the absolute motion of Africa. We
projected this model via the East Antarctica-West Antarctica plate circuit. As this
circuit only allows reconstruction back to 83.5 Ma, we extended the model back
to 144 Ma using the WKO08-A model adjusted for the change in reference. The
three APM models share the same rotation history before 83.5 Ma and thus are

not independent.

This APM implies 2.8° of counter-clockwise rotation intermediate of WKO08-A
and WKO08-D and therefore imparts similarly intermediate westward and
southerly components to the initial Hikurangi and Manihiki paths, respectively
(blue pen in Figure 3-7). Hikurangi moves west until ~115 Ma, when it remains
approximately fixed in longitude until ~90 Ma, when it turns east prior to
docking with Chatham Rise. Manihiki moves southward until ~115 Ma, remains
at ~40°S until ~95 Ma, then begins rotating northward about the OJP-MP rotation
pole prior to Pacific accretion. The predicted Louisville seamount chain shows
poor agreement with the observed chain in the 0 Ma frame where a fixed
Louisville hotspot is used, implying significant drift of the Louisville hotspot
since 80 Ma.
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Figure 3-8. Comparison of three 123 Ma OJN reconstructions. Plateaus are
color-coded according to reconstructed latitude while reconstructed ODP/DSDP
sites (triangles) are colored according to their published paleolatitude. Distance
estimates from Louisville (teal star) to the reconstructed OJN midpoint (open
circle) are also shown. Differences in reconstructed plateau orientation,
longitude/latitude range, and paleolatitude discrepancies are apparent. Bold lines

highlight latitudinal positions of Louisville and OJN estimated mid point.

As shown in the 123 Ma reconstruction (Figure 3-8(c)), this model positions
OJN 2° further south than OJP paleolatitudes would indicate, which is
insignificant relative to OJP paleolatitude error magnitudes. However, the center
of the plateau plots 13north and 12east of Louisville’s current estimated position.

This model therefore implies 18of hotspot drift since 123 Ma.

3.4. Discussion

Uncertainties in both Pacific APM reconstructions and in paleolatitude
measurements moderate the significance of our quantitative model comparisons.
While the 123 Ma WKO08-A OJN reconstruction clearly minimizes modeled
hotspot drift, Ontong Java paleolatitudes necessitate a more northerly
reconstruction and hence require true polar wander. Both WKO08-D and OMS-05
APMs reconcile paleolatitude discrepancies but require greater magnitudes of
Louisville plume drift. Although paleolatitudes along the Louisville chain are not
yet well constrained, the amount of Louisville drift implied by the OMS-05 model

appears unreasonable. We solved for this drift by backtracking the empirical
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age-progression for Louisville (Wessel and Kroenke, 2009) to 0 Ma using OMS-05.
Figure 3-9 compares this OMS-05 predicted drift history (color worm with solid
black center line) to Louisville drift predictions by Steinberger et al. (2004)
(shorter color worm with white center line). WKO08-A and WKO08-D drift
predictions are not shown due to their minor deviations about Louisville’s

current location.

While data are limited, we find that Louisville seamount predictions and
paleolatitude evidence best support the WK08-D APM. However, ~12° of hotspot
motion is needed to locate Louisville under the center of the reconstructed OJN
at 123 Ma. This result indirectly supports Hawaiian plume drift during the
Emperor-stage as incorporated into the WKO08-D APM and independently
corroborated by the Indo-Atlantic OMS-05 model. However, mists between
Louisville hotspot and our OJN reconstructions could also be due to large
uncertainties in older (i.e., pre-Emperor) parts of APM models that presently are

hard to quantify.

The WKO08-D and OMS-05 models support the notion of a drifting Hawaiian
plume during the Emperor stage (Tarduno, 2007; Tarduno et al., 2009) by
reducing OJP paleolatitude discrepancies. These more northerly OJN
reconstructions would then, assuming Louisville as the OJN source, suggest a
more northerly Louisville plume at 123 Ma. Such drift is possible given that there
are no other constraints on Louisville motion prior to 78 Ma. However, up to 10°
of true polar wander has been proposed previously to account for OJP
paleolatitude discrepancies (Antretter et al., 2004), making a combination of
plume drift and true polar wander a possibility. In either case, reconciling OJP
paleolatitudes using true polar wander or hotspot drift would potentially
introduce a discrepancy with Manihiki’s paleolatitude. New constraints on the
latitudinal history of the Louisville hotspot should be provided by the recently
completed ODP Leg 330. This will allow us to determine if projected Pacic APM
models like OMS-05, which produce very dierent predictions for the Louisville
trail (e.g., Fig. 3-7(c)-0 Ma), are realistic or if the plate circuit is biasing the

predictions.

Both plume drift and true polar wander have been proposed as mechanisms

that may explain paleolatitude anomalies relative to a fixed hotspot APM
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reconstruction. Pacific APMs traditionally tend to honor the Emperor chain whose
geometry may be compromised by plume motion (Tarduno, 2007). Since there is
no clear evidence for significant true polar wander during the Emperor stage we
decided to test APMs that either ignored the Emperors (WKO08-D) or were
projected from another plate (OMS-05). Between the time of OJN formation and
100 Ma there might have been true polar wander of up to 10° in the Pacific
(Besse and Courtillot, 2002; Prevot et al, 2000). However, the Steinberger and
Torsvik (2008) model suggests negligible true polar wander for OJP during this
time period. Hence, it is uncertain whether OJN paleolatitude anomalies may be

used to infer true polar wander.

The contradictory true polar wander estimates cited above as well as

1807 170°W 160°W 150"W 140°W 130°W

Figure 3-9. Louisville seamount age progression data backtracked using the
OMS-05 APM predicts apparently excessive Louisville hotspot drift (black
centered age-color curve) since 78 Ma as compared to the ow-model
prediction by Steinberger et al. (2004) (white centered age-color curve).
Louisville hotspot (star) is xed at its current estimated position in both
WKO08-A and WKO08-D APMs hence only the OMS-05 drift curve is shown.
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unaccounted for Emperor stage Hawaiian plume drift detract from the
plausibility of the WK08-A APM. Furthermore, the OMS-05 APM (perhaps due to
place circuit bias) would require considerable LV drift that is drastically different
from that modeled by Steinberger et al. (2004) in order to t the 0-80 Ma LV chain
geometry and age progression. Our analysis also nds that the easterly OMS-05
OJN reconstruction implies the most LV drift since 123 Ma (~18°). We therefore
favor the WKO08-D APM, which accurately reproduced the Louisville seamount
chain, reconciled OJP paleolatitude discrepancies, requires only moderate

Louisville hotspot drift, and is based on current Pacific hotspot drift evidence.

As presented, this interpretation of the OJN breakup does not readily explain
the coincidence of secondary volcanism at the three plateaus (Taylor, 2006;
Hoernle et al, 2010; Timm et al, 2011). Our models show wide plateau
separation during the 90 Ma secondary phase and, if correct, do not favor the
Bercovici and Mahoney (1994) explanation of secondary volcanism at OJP by way
of plume head separation. Consequently, this volcanism would appear unrelated
to the original plume source and could instead reflect decompressional melting
following zones of weaknesses in the separated plateaus, possibly reactivated by
stresses induced by changes in plate motion (i.e, Sykes (1978); Sager and Keating
(1984)).

By reuniting Ontong Java, Manihiki, and Hikurangi plateaus, we find that the
plateau center reconstructs ~15° north of Louisville hotspot’s current estimated
position at ~123 Ma. This is in contrast to the 26° latitudinal gap between
Louisville (~51°S) and OJP’s center (~25°S) determined by Antretter et al. (2004).
Antretter et al. (2004) further speculated that a combination of 11° of true polar
wander, 6°-9° of hotspot drift and 7.5° due to octupole effects might explain the
26° offset and thus link OJP to a Louisville source. By relocating the center of
volcanism from 25°S to the middle of our prefered super-plateau reconstruction
at 39S, we model 12of Louisville drift (within published estimates for Hawai'i
(Tarduno et al, 2003)) without requiring significant true polar wander or
octupole effects, thereby increasing the likelihood that Louisville formed Ontong

Java Nui.

Our OJN reconstruction has estimated area of 5x10° km’ (2/3 the size of
Australia) and volume of 1x10° km’. In agreement with Taylor (2006), the OJN
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super-plateau potentially covered 1% of Earth’s surface at 123 Ma, representing
the largest known magmatic event. These may be minimum estimates, however,
as an unknown proportion of Manihiki plateau has been rifted away and
presumably subducted (Viso et al.,, 2005). A larger OJN extending further south
or east would displace our eruption center southward, resulting in even better
paleolatitude agreement. Such large scale volcanism and resultant plate boundary
reorganization occurring throughout the OJN breakup may have contributed to a
geomagnetically stable regime wherein reversals of the geomagnetic field did not
occur (e.g., Larson and Olson, 1991). Current OJN breakup timing constraints
favor the onset of OJN formation beginning at 125 Ma with ongoing hotspot
volcanism as well as sea floor spreading at Ellice Basin and Osbourn Trough

occurring until 86 Ma, spanning the entire Cretaceous normal superchron.

Although we are unable to determine actual basin opening rates due to the
lack of magnetic reversal pattern, we estimate minimum full spreading rates of
70 km/Myr (approximated as 22° longitude / 34 Myr) and 90 km/Myr (28°
latitude / 34 Myr) for Ellice Basin and Osbourn Trough spreading, respectively.

3.5. Conclusion

We have examined the Taylor (2006) Ontong Java-Manihiki-Hikurangi super
plateau hypothesis and three models for Pacific absolute plate motion using
paleolatitude and fracture zone data as constraints. We find that the WKO08-D
OJN reconstruction, which allows for drift of the Hawaiian plume during the
Emperor stage, best satisfies OJN paleolatitudes, Louisville seamount trail
geometry, and FEllice Basin/Osbourn Trough fracture zone traces. The WKO08-A
and OMS-05 APMs are based on assumptions that may compromise their
accuracy (i.e., fixed hot spots versus projection via an Antarctic plate circuit),
however we are unable to definitively rule them out due to potentially large
uncertainties in all APMs for ages greater than 83.5 Ma. Plume drift and true
polar wander are not mutually exclusive processes, implying that a model
allowing for both phenomena be considered. In either case, our reconstruction
has made the connection between the OJN super plateau and the Louisville
hotspot much more probable, and despite the shortcomings of our APM
modeling we suggest the case of a Louisville plume origin for the OJN has been

considerably strengthened.
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Hawaii-Emperor 3jA4ttie 1A E 23 A5 BB FHo] olsatHA FAHE
Aoz =gkt (Wilson, 1963). F 5,700 kmoll A X3t Q= o] 3|4t
o] & Hawaii-Emperor Bend (HEB)E o= Hago] EAst=, I B
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Tarduno et al, 2003). B A5 EFo] WEY 7 A LAERE ©]F3}
£ Ao asa Yov, geb HEBS F40)4 BjBdael o5l nAe 9
F2 o} Q3] s Ear A @t} (Tarduno et al., 2003; Wessel and Korenke,
2008). o= BB FH o]F5 MHD e L= A= ARF FA ]

Folt}. wabA 2009d = 20109l =3 F NAP 09-01, -022F NAP 10-01, 02 BAF
A shofol-gReks] B ol B P TUHE HE AW £4 N A4 BAE Tl
o] Hawaii Emperor Bend®] §73< #9H3tHth (Figure 4-1).
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Figure 4-1. NAP survey tracks between Hawaii and the mining area of manganese
nodules, obtained during 2009 (black) and 2010 (red). The background is the
satellite-derived gravity data (Sandwell and Smith, 2009).
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Figure 4-2. Observed bathymetry along the northern tracks of Figure 4-1.
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Figure 4-3. Observed bathymetry along the southern tracks of Figure 4-1.
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PC 631 Zojoll tisA FF4 F3F9 ¥dF< Globigerinoides sacculifer (G.
sacculifer)$} A1 X4 &% Cibicidoides sp. ¢ A|&HEA 7 A5 W ©4F 3,
AE 719 A9 3, 48719 BAHEY % 9 FEXA, dE T2 A48
o} PC 931, 090302 Zojol A= 4 3% G. sacculifere] g4 9 A4 <QF
AEsHdan, B89 gFS S35 G. sacculifere €l 9] F@iel 3
HASHA MAste To=2 ¢#A Ath(Hemlebenet et al., 1989). Dekens et al.
(2002)¢] Aol oJstH 250~355 mm Z719] G. sacculifere EZF A1 5H 20~30 m
9 L5 7 F w3t o5& oF 20~30T Y] &% B9} 24~47%,9] WS &
T HEY oA A ta B xS th(Hemleben et al, 1989; Niirnberg et al.,
1996).

g, AZAIA A& Z717F 250-355 imQ) A B EO 3ete] FEFS TR o]
710 W AE HASs7] Ao, A2 F4lo] 2l ¢# A final-sac©]
Wt MAE AYstn 4 AlEF 1020709 MAS BElste B o] &3t
AA AW A St FEFs TET & 7375 2 2oUe ol5dES AAG
el 25TA 75 o] &3t o A HSATH A B B4 P E AL B4
2 ] 2

= = =
& v vAZE thgte] A E A 7] (Finnigan MAT 251)2 o]&3tom, Az
%

e 01% °lstz FA8HAH

H2% ) Batd Salo] BE 9% B71E fskel Batd FFE 2Azre] mojol
A 4 em AR SZSAY. AxE HA= BT AREE AHESY] FR71ER
(Total Inorganic Carbon, TIC) &#S F-7|etAEX 72 B39 HH 59 &4t
o FES TSGR ol gael e gk o] H(CaCO;/0)?! 8.3335 #3hH
TaTh SRR W B4 AW eAE o +1.0%o]Th
%51 A% 95 914, Qojeh Zoje) Lol

Core No. Latitude Longitude Depth (m) Core length (cm)

PC 631 12°29.99 "N 134°59.64 " E 3,728 245

BC 633 12°29.98 "N 134°59.64 " E 3,724 29

PC 931 6°40 "' N 177°28 "' W 3,409 428

MC 931 6°40 "N 177°29 " W 3,365 31

PC 932 5°53 "N 177°26 * W 4,136 557

MC 932 5°53 "N 177°29 "W 4,262 31
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53. 243 % E9
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PC 631 AN B F35°] S5 AHREAZTE AN} A3bd o] woshe=
ol A 73] A= wrEHAT. AMA ‘?l":ﬂ%: Cibicidoides sp.&] 4ta FA &2
Ao 8L AHFoE F3g W17 WEE Holw, SPECMAP(Spectral
Mapping Project, Imbrie et al., 1984)¥}2] HlwE T3l HAES A#HS MIS 14(%F
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6.2. Introduction

The present zonal wind system shows the asymmetrical pattern off-centered at
the slight northern latitude of ~ 6°N in the East Pacific and Atlantic. The tropical
surface trade winds converge against the intertropical convergence zone (ITCZ)
so that the ITCZ remains in the Northern Hemisphere all year around. Up to
date, there is no consensus on the mechanism that explains the position of the

ITCZ. However, climate simulations and observations indicated that the ITCZ
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moves toward the relatively warmer hemisphere with a weaker pole to equator
temperature gradient, which is consistent with the latitudinal shift of the ITCZ
toward the summer hemisphere: its northernmost position (~10°N) in boreal

summer and southernmost position (~4°N) in austral summer.

Similar to the seasonal shift, paleoclimate data also suggest a north-south
displacement of the ITCZ in the geologic past. A southward displacement of the
ITCZ during the last glacial maximum (LGM) was documented in tropics from
the investigation of the Andes ice cores (Thompson et al., 2000), speleothem and
travertine deposits in northeast Brazil (Wang et al, 2004), deep ocean core
foraminifera in east Pacific (Koutavas and Lynch-Stieglitz, 2004), rapid changes in
vegetation in northern South America (Hughen et al., 2004), and changes in
riverine discharge into the Caribbean Sea (Peterson eta al.,, 2000; Huag et al,
2001). All of these records provide evidence for southward migration of tropical
rainfall maximum zone, namely the ITCZ, during the LGM. These observations
were further proven by model simulations (Chiang et al., 2003; Chiang and Bitz,
2005; Broccoli et al., 2006) that were able to create southward migration of the
ITCZ by extra-tropical cooling mimicking the increased high latitude ice cover in

the Northern Hemisphere.

In contrast, the ITCZ position north of the present was proposed over longer
time scales from late Eocene to late Miocene. Flohn (1981) suggested, based on
theoretical estimation of temperature gradients between poles to equator, the
mean latitudinal ITCZ position of 10 - 12°N during the late Tertiary under the
ice-free Arctic condition. Since then, several studies documented northerly
position of the ITCZ through the investigation of source-specific properties (grain
size, flux, mineral composition, elemental chemistry and radiogenic isotope ratios)
of eolian dust in deep-sea sedimentary cores: ~12°N at 8Ma (Hyeong et al., 2005),
~27°N at 20 Ma (ODP Leg 199 Shipboard Science Party, 2002), and ~23°N at 40
Ma (Pettke et al., 2002). The ITCZ separates the dust source regime across it
because of associated heavy rainfall and resulting effective removal of aerosols
from the atmosphere (Merrill et al., 1989; Rea, 1994). Thus, the dust records can
be utilized for tracing of the past ITCZ position by locating the depth horizon for

change of dust source regimes.

From the previous studies discussed, we can draw a rough picture that the

_74_



ITCZ migrated northward in some time in Paleogene and moved southward
toward equator with cooling of earth climate possibly after the middle Miocene
climate optimum at ~ 15 Ma. The positions of the ITCZ during the LGM and the
present suggests that the ITCZ was likely shifted south and northward across the
geographical equator at a glacial-interglacial time scale during the last few
million years. However, we do not have clear understanding on the mechanisms
and timings that the ITCZ was pushed northward in Paleogene and pushed back

to the Equator in Neogene.

We hypothesize that the Eocene - Oligocene (E - O) transition, culminated by
a 300-ky-long glacial (~34 Ma,) referred to as Oi-1, could be a mechanism that
shifted the ITCZ deep into the North Hemisphere. The E - O transition was a
time of transition from a warm climate with sluggish oceanic circulation in the
Eocene to a cold and more arid climate with vigorous oceanic circulation in the
Oligocene (Keigwin and Corliss, 1986; Miller et al., 1991; Wright and Miller, 1993;
Zachos et al, 2001; Coxwell et al, 2005). Permanent ice sheets were first
appeared on Antarctica around this time with significant global cooling (Kennett
and Shackleton, 1976; Miller et al., 1991; Zachos et al., 1996; Lear et al., 2000;
Coxall et al, 2005). The E-O transition is one of the most abrupt climate
transitions that accompanied the biggest temperature drop and greatest
deepening of carbonate compensation depth in the Cenozoic history (van Andel,
1975; Coxwell et al., 2005; Lyle et al., 2010). Above all, this event initiated an
extreme hemispherical asymmetry of thermal gradients with uni-polar
development of ice sheet. This prominent event is well constrained in high
resolution in terms of changes in oceanographic properties, but associated change

in atmospheric circulation has never been investigated.
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Figure 6-4. (A) Annual total precipitation (contours) and annual average wind
fields at 850-hPa (vectors), and (B) neodymium isotopic ratios (eNd) of
surface sediments with location of Site U1334, and dust provinces in
Pacific. The precipitation and wind field data in panel A are from Wallace
et al. (1995) and Uppala et al. (2005), respectively. The band of heavy
precipitation indicates the ITCZ. The contour map in panel B shows eNd
values of the extracted terrigenous component in Pacific Ocean surface
sediments 0-5 Ma (Stancin et al, 2006). The solid arrow in panel B
indicates average tracks of modern dust storms from central Asia (Merrill
et al., 1989). Three dust provinces are defined by Nakai et al. (1993). Nd
isotope data of surface sediments (open squares) are compiled by Hyeong

et al. (2011). Nd isotopic signatures of potential dust sources are compiled
by Pettke et al. (2000).
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We investigated the movement of the ITCZ at E - O transition from the
delineation of source regime changes in eolian dust preserved in U1334 core
collected in IODP Exp. #320. The U1334 site was located at the paleo-equator
(~2°N) in the East Pacific at the E-O transition, thus it could record immediate
response of the atmospheric system to an extreme hemispherical asymmetry of

thermal gradient.

According to a coupled ocean-atmosphere model, earth’s climate responds to
CO; gas forcing with a marked hemispheric asymmetry that exhibits faster
increase of surface air temperature in the high northern latitudes
(Stoufferetal., 1989). Also sea ice extent observations reveal marked decreases of
sea ice in the northern hemisphere without significant changes in the counterpart
over the past 30 years (Intergovernmental Panel on Climate Change Fourth

Assessment Report, 2007:http://www.ipcc.ch). The asymmetric response of sea

ice to the present warming trend can potentially progress to a situation similar to
early Oligocene characterized by extensive ice cover in Antarctic with ice-free
Arctic. Thus, the understanding of atmospheric response to uni-polar ice sheet
distribution at the E-O transition is also important for the prediction of future

climate imposed by the greenhouse gas forcing.

6.3. Study Site and Samples

The Eocene-Oligocene transition was sampled from the IODP Expedition
320/321 Site U1334 (7°59.998 "N, 131°58.408 " W; 4799 meters below sea level),
located ~100 km north of the Clipperton Fracture Zone (Fig. 6-4). Site U1334 is
estimated to have been ~3.5 km deep at the plaeolatitude of ~2°N during the E
- O transition (Expedition 320/321 Scientists, 2010). Thus, the site was located at
a position that it could reflect immediate response of the atmospheric system to
an extreme hemispherical asymmetry of thermal gradient started at around E -
O transition. The E - O transition at Site U1334 is encountered at ~296 m
CCSF-A, captured with radiolarian and nannofossil biosratigraphy near the
middle of Biozone NP21 and just above the Zone RP20/RP19 boundary
(Expedition 320/321 Scientists, 2010). It is marked by a distinct stepwise
down-hole color and lithologic changes from pale brown nannofossil ooze to
dark clayey nannofossil chalk through the alternations of these two lithologies

(Fig. 6-5). Magnetic susceptibility, a*, and b* also display pronounced down-hole
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stepwise increases simultaneously with deceases in GRA bulk density, L*, and
CaCOs content (Shipboard Science Party, 2009). The lithostratigraphic results for
the E - O transition at Site U1334 are, in general, consistent with those at Sites
U1331 - U1333 site drilled at the same expedition and multiple sites drilled
during ODP Leg 199, in particular, Site1218 (ODP Leg 199 Shipboard Science
Party, 2002, Expedition 320/321 Scientists, 2010).

6.4. Dust Sources in Pacific Ocean

Dust provenance in Pacific at present has been delineated with various
geochemical tools such as REE and trace element composition, mineral
composition, and most successfully with Nd and Sr isotope ratios, from inorganic
silicate fraction of surface sediments, which is well supported by meteorological
and aerosol sampling data (Merrill et al., 1989) (Fig. 6-4). These geochemical
signals are source-specific, as indicated in the provincial occurrences in eNd
values of surface sediments (Fig. 6-4b), allowing to define three regions of
modern dust deposition in the North and east equatorial Pacific (Fig. 6-4a): 1)
Northwest Pacific domain receiving mixed dust from Asia and Japan arc regions,
2) north central Pacific dominated by Asian dust, and 3) east equatorial and
southeast Pacific domain (called hereafter “SE equatorial Pacific”) with dominant
dust input from Central/South America (Nakai et al., 1993; Jones et al., 1994;
Asahara et al., 1995). The ITCZ separates the north central and SE equatorial
Pacific domain in the East Pacific by effective washing-out of aerosols from
atmosphere with associated heavy rainfall. The north of the ITCZ at present
therefore is dominated by Asian dust of continental crust origin, while the south
of the ITCZ is prevailed by Central/South American dust of volcanogenic origin
(Nakai et al.,, 1993; Jones et al,, 1994; Asahara et al., 1995).

The long term existence of the prevailing Asian dust source has been
documented from down-core studies on dust provenance. The first down core
study on dust provenance using eNd showed the dominance of Asian dust
source during the past 11 Myrs in the north central Pacific (Pettke et al., 2000).
Since then, smooth evolving trend of eNd records from a piston core, LL44-GPC3
(hereafter called “GPC3”) (Fig. 6-4), was interpreted resulting from progressive
desertification and denudation of the Asian dust source region, demonstrating

that Asian source has prevailed since late Eocene (Pettke et al., 2002). This
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interpretation was then collaborated by the discovery of a Loess sequence in
China with ages of 6 to 22 Ma (Guo et al., 2002). Thus, dust sources in central
Asia and prevailing wind regimes similar to today were exited at least since
early Miocene, probably even earlier since late Eocene. In contrast to Asian dust
sources, the existence of dust sources for the SE equatorial Pacific documented
only back to only ~15 Ma (Hyeong et al., 2005, 2011). Therefore, we are not
confident if we can use the geochemical signals of SE pacific surface sediments to
determine the source of dust at the E-O transition. Nevertheless of uncertainty in
availability of Central/South American dust source at the E-O transition, the
location of the ITCZ can be traced sufficiently with the geochemical signals of
Asian dust in deep sea cores because of its role as a dust barrier. On the other
hand, the surface and down core sediments of Pacific do not show the signal of
North American dust (e.g. eNd = -14, Taylor et al., 1983) excepting for the Pacific
rim areas affected by hemipelagic sedimentation (Fig. 6-4b) (Nakai et al., 1993;
Stancin et al., 2006), implying unimportant contribution of North American dust
(Pettke et al., 2002). Under the assumption that the modern dust, especially Asian
dust, and wind regimes have prevailed since late Eocene, we compare the
determined geochemical signals of extracted inorganic silicates with those of the

prevailing dust sources of today to determine the potential dust sources.

6.5. Analytical Methods

6.5.1. Extraction of Inorganic Silicate Fraction

Inorganic silicate fractions of bulk pelagic sediments were extracted following
Hovan (1995) modified from Rea and Janecek (1981). The samples were treated
with a 25% acetic acid to remove carbonate fraction and subsequently with a hot
sodium citrate-sodium dithionite solution buffered with sodium bicarbonate to
remove Fe-Mn oxides and hydroxides. The solid residue remaining after above
two dissolution steps were sieved at 63mm to remove coarse biogenic component
and then treated with hot sodium hydroxide to remove the remaining biogenic
silica. Inorganic silicate fraction contains eolian dust and unconstrained amount
of volcanogenic and authigenic materials survived from the extraction steps.
Thus, geochemical signals of eolian dust are masked off by those of these

undesirable components (e.g. Ziegler et al., 2007).
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6.5.2. XRD analyses

XRD analyses (a Panalytical Pro X-ray diffractometer) were carried out to
make semi-quantitative estimates of mineral composition in the studied core. The
extracted inorganic silicate samples were scanned from 3° to 50° 26 at a rate of
1° per minute using a Ka radiation generated at 40 kV and 30 mA. The oriented
samples were prepared using a 0.2 mm membrane filter and scanned from 3° to

30° 2q at a rate of 0.2° per minute salvation with ethylene glycol.

6.5.3. Major and trace element analyses

Sediments were digested and measured for major, trace, and rare earth
elements (REEs) at the National Oceanography Centre Southampton (NOCS).
Samples were digested in a 15 ml PFA Savillex vials with HNO3-HF and heated
at 130°C overnight. After heating to dryness, the samples were redissolved with
~2ml of 6M HCI at 130°C overnight to remove fluoride precipitate. This process
was repeated at least twice until dissolution was complete. The samples were
redissolved with diluted HCl and then weighed. Sub-samples were taken for
ICP-MS analysis. After drying down, each sub-sample was redissolved in a 3%
HNO; solution containing 10 ppb In, Re and 20 ppb Betoact as internal
standards. Sample solutions were introduced into a Themo Finnigan X-Series 2
inductively coupled mass spectrometry (ICP-MS). Major, trace and REEs were
quantified based on external calibration method with matrix-matched rock
standard solutions (BIR1, BHVO2, JB-1a, JA-2, JGb-1, JB-3). Signal intensity was
corrected by internal spikes such as Be, In and Re. Isobaric interferences such as
BaO and BaOH on Eu were corrected using single element solutions. The
summed precision of the extraction procedure, sample preparation, and
instrumental analysis was evaluated by triplicate analyses of sample
U1334B-27X-4W (11-13 cm), which were separately prepared. The total precision
for each element was generally better than 6% of the measured value (2 S.D.),
with the exceptions of Cr, Y and Ta which are greater than 10% of the measured

values.

6.5.4. Nd isotope analysis

Sub-samples from the dissolution procedure described above were taken to

obtain ~1 pg of Nd. The Nd was isolated using AG50W-X8 cation exchange resin
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column to separate REEs from the matrix elements followed by a Ln-Spec resin
column to separate Nd from the other REEs. The purified Nd was then loaded
onto an outgassed Ta side filament of a Ta-Re-Ta triple filament assembly. The
143Nd/144Nd ratios for each sample were measured using a VG Sector 54
thermal ionization mass spectrometer (TIMS) at NOCS using a peak jumping
multi dynamic routine. Isotope ratios were normalized to 146Nd/144Nd ratio of
0.7219. The longer term instrument average for JNdiis 143Nd/144Nd=0.512092 +
15 (2 S.D., n=50). Analytical reproducibility associated with column chemistry and
instrumental analysis by triplicate analyses of sample U1334A-27X-3W (74-76cm)

s "Nd/'"Nd ratio of 0.512283 + 21 (2S.D. n=3). The £Nd(0) values were
determined by comparison to the Chondrite Uniform Reservoir (CHUR) for the
present day, where (**Nd/"*Nd)CHUR = 0.512638 (DePaolo and Wasserburg,
1976).
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Figure 6-5. Amount of inorganic silicate fraction (A), mass accumulation rate
of bulk (B) and inorganic silicate fraction (C), and amount of total smecte

(D) and depositional smectite (E) plotted against depth.
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6.6. Result and Discussion

Amounts of the extracted inorganic silicate fractions vary from 3 to 26% It
decreases drastically at ~ 300 m with an up-section lithologic change from clayey
radiolarian ooze to nannofossil ooze (Fig. 6-5). eNd values of inorganic silicate
fractions vary between -9.3 to -5.5 with an exceptional value of 1.2 and are
within the eNd range of -11 to -3 measured for the dust components from north
central and SE equatorial Pacific sediments (e.g. Nakai et al., 1993; Jones et a.,
1994; Pettke et al., 2000, 2002; Stancin et al., 2006, 2008; Hyeong et al., 2011). The
sample with an exceptional eNd value of 1.2 shows strange geochemical
composition very much different from others: exceptionally high Uranium (U)
and Thorium (Th) concentrations and strong negative Eu anomaly
(Supplementary Table 2), probably due to inclusion of an unknown component.
Samples below ~ 300 m (hereafter called “lower interval”) are distinctly less
radiogenic in eNd (-9.3 - -7.8) than samples above (hereafter called “upper
interval”) (-7.1 - -5.5). Especially down-core shift in eNd across ~ 300 m depth
horizon, from -5.5 to -8.4, is notable. This shift occurs a bit down core position of
the E - O boundary occurring at ~296 m (Fig. 6-6a). A similar down-hole shift is
also found in La/Yb ratios (Fig. 6-6b). Again, two samples (the sample with a
strange eNd value and another one at 2 cm above) from the lower interval lie
out of this trend. A PASS-normalized Lanthanium (La) to Yiterbium (La) ratios,
(La/Yb)SAMPLE/(La/Yb)PAAS (hereafter expressed as La/Yb*), of the lower
interval vary from 0.85 to 0.97 excepting two strange samples, whilethsoe of the
upper interval vary from 0.72 to 0.85. The drastic down-hole shift in La/Yb*
occurs at the same depth with that of eNd value. eNd of Pacific surface
sediments shows clear provincial distinction depending on prevailing dust
sources (Nakai et al., 1993; Jones et al., 1994; Stancin et al., 2006, 2008) (Fig. 6-4b).
Sediments from the northwest Pacific, proximal downwind side of the Japan
volcanic arc, are characterized radiogenic eNd composition varying in a wide
range from - 52 to + 3.8 (Nakai et al., 1993; Jones et al., 1994) (Fig. 6-4b). On
the other hand, north central Pacific surface sediments display the least
radiogenic eNd values varying from - 10.2 to - 8.5 (down-core sediments; -10.8
to -8.0, Pettke et al., 2002), dominated by signal of Asian dust (- 12.6 ~ - 9.6) with
minimal effect of volcanogenic materials from the Pacific rim with radiogenic

composition (Fig. 6-4b).
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inorganic silicate fraction of U1334 core with stratigraphic ages and lithological

I
ET I

0.7080 0.7082 0.7084 0.7086 0.7088
87Sr/®eSr

changes. The upper and lower intervals are defined based on downhole shifts
in eNd and La/Yb*.

The SE equatorial Pacific sediments receiving dust from Central/South
America show eNd values from -5.0 to -3.2, rather uniform and distinct from
those of the north central Pacific. The SE equatorial down core sediments are
slightly less radiogenic (-6.8 to -5.7) in eNd than surface sediments. La/Yb* of
Pacific sediments are not distinctive as much as eNd. In general, however, Asian
dust and north central Pacific sediments are characterized by shale-like REE
composition and a flat PASS-normalized REE pattern, thus La/Yb* ratio of close
to 1 (Nakai et al., 1993). Volcanic-rich NW and southeast equatorial sediments
show a decreased La/Yb*, mostly less than 0.7, due to LREE depletion.

Excepting for the two samples outlying the general trends, eNd and La/Yb*
values of the upper interval samples agree well with those of SE equatorial and
north central Pacific surface and down-core sediments, respectively. In addition,
there are clear distinction in eNd and La/Yb* between the upper and lower
intervals. The drastic up-hole shifts in eNd and La/Yb* values at the E - O
transition then represent the change of eolian dust sources from Asia to
Central/South America likely due to the northward shift of the ITCZ across the

geographical equator. This interpretation is consistent with the climate transition
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occurred at the E - O transition. Permanent ice sheets were appeared on
Antarctica at this time due to significant global cooling (Kennett and Shackleton,
1976; Miller et al., 1991; Zachos et al., 1996; Lear et al, 2000), which likely
initiated an extreme hemispherical asymmetry of thermal gradients, caused the
strengthen of the southeast trade wind and then northward shift of the ITCZ.

However, such source signals from eNd and La/Yb ratio are not found in
other geochemical compositions such as 87Sr/ %GSr, REE, trace element
concentrations, and mineral compositions, all of which have been used for a
source discriminator in previous studies. Inorganic silicate fraction has been
commonly considered mostly consisting of dust components, but in some
samples authigenic minerals (barite, clayminerals, and zeolite) and volcanogenic
materials refractory to the extraction steps comprise significant proportion of
inorganic silicate fraction (Janecek and Rea,1983; Pettke et al.,2002; Hyeong et al,,
2005, 2011). Ziegler et al. (2007) even documented that geochemical signals of
inorganic silicate fractions represent those of authigenic smectite rather than dust
in the older section of ODP1215 site (Fig.6-4a). These studies implied that the
geochemical signals from these refractory components would mask off those of
subordinate eolian dust component. We will discuss this possibility in the

following section.

Very high barium (Ba) contents (0.25 to 2.9%) and good correlations of Ba
with Strontium (Sr) (r*=0.86) and *'Sr/*Sr (r*=0.58) in the study samples suggest
presence of considerable amount of Ba phase and strong effect of Ba
phase-derived Sr on 875r/86Sr ratios (Fig.6-7). The determined *'Sr/*Sr ratios of
inorganic silicate fractions are uniform between 0.7081 and 0.7087 and do not
show down-core trend expected for the dust source changes interpreted from
eNd and La/Yb* signals (Fig. 6-5c). All determined ratios are included within the
8751‘/ 86gy range(0.7067 - 0.7091, Nakai et al., 1993; Stancin et al., 2006) reported for
surface sediments of SE equatorial Pacific and do not show radiogenic
composition (0.7101 - 0.7253, Nakai et al.,, 1993; Stancin et al., 2006) of north
central Pacific surface sediments. The determined *Sr/*Sr ratios approach to the
projected seawater value (~0.7080, McArthur et al. ,2001) of the E-O transition
with increasing concentrations of Sr and Ba (Fig.6-7), indicative of signals of
co-eval seawater-derived Sr. Although *Sr/®Sr ratio has been used for source

discriminator, most successfully in combination with eNd (e.g. Nakai et al., 2003;

_84_



Stancin et al.,, 2006, 2008; Hyeong et al., 2011), it does not provide the dust
source signal in the extracted silicate fraction at the study interval because of

introduction of co-eval seawater Sr signal from authigenically formed Ba-phase.

REE and trace element compositions such as Eu (Europium) anomaly
(Eu/Eu*), and a relative contribution of La-Sc-Th also have been used
successfully to distinguish different sources of dust in Pacific (e.g. Olivarez et al,,
1991; Nakai et al., 1993; Weber et al.,, 1996, Hyeong et al., 2005). In the study
samples, however, these geochemical characteristics do not point to the dust
sources projected by eNd and La/Yb* signals, either. In La-Sc-Th ternary
diagram, eolian dust samples deposited in the north Pacific plot along the mixing
line between Northwest Pacific volcanic and Asian loess end members (Fig. 6-8).
The inorganic silicate fractions of this study plot close to the volcanic end
member composition and SE equatorial Pacific domain. A PASS-normalized
pattern is also similar to those of SE equatorial sediments in shape with overall
depletion in REE abundances (Fig. 6-9). Both La-Sc-Th diagram and REE pattern
point to South/Central America dust as a source, which is inconsistent with the
results of eNd and La/Yb*.

0.7088

- - O Upper Interval (this study)
O (0] D Lower Interval (this study)

87Sr/®8r at E - O transition = ~0.7080

0.7078 T T T | T T T T I T T T
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Figure 6-7. 875r/86Sr ratios of inorganic silicate fractions of U1334 core
plotted against 1/Sr (A) and Ba (B). 875r/86Sr ratio of seawater at
E - O transition is from MaArthur et al. (2001)
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Interestingly, there is a noticeable compositional similarity between the study
samples and the 20 - 50 Ma interval samples of ODP 1215 given in Zigler et al.
(2007) (Figs. 6-8, 9 and 10). Both samples plot at the domains close to each other
in La-Sc-Th diagram (Fig. 6-8). Also, REE patterns of the study samples show
similarity in pattern and abundances with the ODP 1215 samples nevertheless of
a weaker Eu anomaly in the study samples (Fig. 6-9). The ODP 1215 samples at
this interval are characterized by high Fe/Al ratios, strong positive Eu anomalies
and low REE abundances (Fig. 6-10), interpreted representing the geochemical
signal of authigenically-formed Fe-rich smectite (Ziegler et al., 2007). The U1334
samples also show high Fe/Al ratios, concave-up REE patterns, and depleted
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REE abundances, all of which are comparable to those of the 20 - 50 Ma
interval of ODP 1215 (Figs. 6-9 and 10). A rather weaker Eu anomalies in our
samples are probably due to the over-correction of Eu concentration for the
overlapping of mass with Ba oxides. Smectite comprises the most dominant
mineral phase, 50 to 75%, in the study samples as well, substantiating the
presence of Fe-rich authigenic smectite. It suggests a possibility that geochemical
signals other than exqd and La/Yb* have been compromised due to the authigenic

formation of Fe-rich smectite.

Dust sources projected by ena and La/Yb*, Asian dust and South/Central
American dust, are distinctive each other in mineralogy. In specific, surface
sediments of the north central Pacific contributed by Asian dust are dominated
by illite that comprises > 70% of the <2mm size fraction, while those of SE
equatorial Pacific receiving dust from Central/South America are dominated by
smectite comprising >50% of the <2mm size fraction (Griffin and Goldberg, 1963;
Corliss et al., 1982; Hyeong et al., 2005). Such a mineralogical distinction between
dust provinces were also used for delineation of dust provenances (e.g. ODP Leg
199 Shipboard Science Party, 2002; Hyeong et al.,, 2005). Therefore, if ena and
La/Yb* signals are from the original dust materials, there should be a difference
in original mineralogy between the upper and lower intervals before the
formation of authigenic Fe-rich smectite. Nevertheless of strong influence of
Fe-rich smectite, however, Fe/Al ratios do not show any correlation with smectite
content in the study samples, indicating that content of Fe-rich smectite is not a
sole factor to explain Fe/Al ratios of the study samples. In addition, smectite
contents do not show any depth trend pertaining to projected dust sources for
the upper and lower sections, either (Fig. 6-6d). These inconsistencies are
probably attributed to the different amounts of authigenenic smectite that formed
in different intensities in different source materials. We estimated the amount of
depositional (and surface formed smectite) smectite from the mineral composition
and mean Fe/Al ratios of Fe-bearing mineral phases: 1) depositional or surface
formed smectite - Fe/Al = 0.87, sample 47-10 in Hein et al. (1993), 2) diagenetic
Fe-rich smectite - Fe/Al = 5.4, Ziegler et al. (2007), and 3) other Fe-bearing clay
minerals - Fe/Al = 0.5, PAAS, Taylor and McLennan (1985). The estimated
amounts of depositional smectite are higher in the upper section, in general, with

large fluctuations (Fig. 6-5e), indicating that the lower interval with higher Fe/Al
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have experienced more intense authigenesis of Fe-rich smectite. Although it is
very rough estimation, this result supports those of enq and (La/Yb)* values that
eolian component in the lower section was derived from Asian dust source and

that of the upper section was supplied from Central/South America.

10

|
1 E| Asian loess - e —
- SE equatorial Pacific
0.1
= 20 - 50 Ma Interval of IODP 1215
0.01 Hydrothermal sediment (Inorganic silicate)
—— Upper Interval (this study)
—— Lower Interval (this study)
0.001 —

La Ce Pr Nd PmSmEuGd Tb Dy Ho Er Tm Yb Lu
Figure 6-9. PAAS-normalized rare earth elemement (REE) patterns for
inorganic silicate fractions of U1334 core. Reference REE patterns are
for Asian Loess from Jahn et al. (2001), hydrothermal inorganic
silicate from Severmann et al. (2004), SE equatorial Pacific sediments
from Nakai et al. (1993), Hyeong et al. (2005) and Ziegler et al. (2007)
and for 20 - 50 Ma interval of IODP 1215 from Ziegler et al., (2007)
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Figure 6-10. Plots of (A) Eu anomaly (Eu/Eu*), (B) total REE, (C) Nd, and
(D) La/Sc against Fe/Al

La/Sc ratios,
increasing Fe/Al ratios in our study samples, agreeing well with those of the 20
50 Ma interval of ODP 1215 (Fig. 6-10). It indicates that REEs are

preferentially excluded in the authigenic Fe-rich smectite component (Fig. 6-10b),

REE abundances,

and Nd concentrations

decreases with

which explains the reason why all the samples plots close to the volcanic end

member composition and those of the SE equatorial Pacific in the La-Sc-Th

ternary diagram (Fig. 6-8). A plot of Nd against Fe/Al also explains the reason

why eng preserves the signal of provenance nevertheless of the intensive
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formation of Fe-rich smectite. The content of Nd also decreases with increasing
Fe/Al ratio, implying that Nd is also excluded in the Fe-rich smectite phase as
do other REEs (Fig. 6-10c). As a result, the samples are dominated by original
dust Nd isotope signal. The same reasoning can be extended to La/Yb* as well.
It seems that REEs, excepting for Eu that shows a progressive positive Eu
anomaly with increasing Fe/Al ratio (Fig. 6-10a), behaves in a similar way in the
process of smectite formation, which likely resulted in the preservation of

LREE/HREE ratios very similar to source materials.

We discussed three pieces of evidence that suggest the down-hole change of
dust sources near the E - O transition; enq, La/Yb*, and the estimated amount
of depositional smectite. Other geochemical source indicators such as *Sr/%Sr, Eu
anomaly and La-Sc-Th composition do not point to dust provenance due to the
formation of Ba-rich phase and Fe-rich smectite. Due to the alteration of original
source composition, it was not possible to discuss unconstrained amount of
volcanogenic materials that are likely present in the study samples. In fact, the
geochemical compositions of SE equatorial Pacific sediments, sourced from
volcanic arc region of the Central/South America, are similar to those of
volcanogenic material (e.g. Ziegler et al.,, 2007). However, rather uniform values
of exna and La/Yb* within the upper and lower intervals suggest that single
source of dust had been prevailed through the deposition of each interval. In
specific, volcanic ash deposits episodically with distinctly radiogenic eng value
(Nakai et al., 1993; Stancin et al., 2006). Thus, we postulate that such an up-hole
trend cannot be produced by episodic input of volcanogenic materials. Most
importantly, it is very interesting that the drastic down-hole shifts in ena and
La/Yb* occurred synchronously in the early step of two 40-kyr step increases of
benthic carbonate oxygen and carbon isotope ratios and CCD drops (Coxall et al.,
2005) (Fig. 6-3). It strongly suggests that the up-hole shift observed in this study
is closely and causally related to the climate transition happened at the E - O

transition.

The E - O transition was a time of transition from a warm climate with
sluggish oceanic circulation in the late Eocene to a cold and more arid climate
with vigorous oceanic circulation in the Oligocene (Keigwin and Corliss,1986;
Berggren and Prothero, 1992; Miller et al., 1991, Wright and Miller, 1993; Zachos
et al, 2001a, 2001b; Coxwell et al, 2005). Permanent ice sheets were first
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appeared on Antarctica at this time with significant global cooling (Kennett and
Shackleton, 1976; Miller et al., 1991; Zachos et al., 1996; Lear et al., 2000). Such an
extreme hemispherical asymmetry of thermal gradients likely pushed the ITCZ
northward and put the study site under the influence of southeast trade winds
from that of northeast trade winds, which in turn caused the change in sources
of dust from Asia to Central/South America. The southward displacement of the
ITCZ was documented from the changes in rainfall pattern in tropics and model
simulations during the LGM. The E - O transition is much pronounced climate
change than that of LGM, and thus the opposite response of the atmospheric
system much greater than LGM in magnitude would be expected. However, our
interpretation requires further verification with model experiments of various

boundary conditions.

Location of the ITCZ is sensitive to pole-to-equator temperature gradients
between hemispheres. This study revealed that the source change of dust
occurred at the earlier stage of two 40-kyr step increases of benthic carbonate
oxygen isotope ratios at the E - O transition. It implies that the asymmetry of
hemispheric thermal gradient already formed at the earlier stage of the E - O
transition, suggesting that ice sheet in Antarctic had formed to a considerable
mass enough to affect the atmospheric circulation earlier than or simultaneously
with the earlier stage isotopic shift. Further northward migration of the ITCZ is
likely expected through the subsequent Oi-1 glaciation that bought further

significant temperature drop and even greater Antarctic ice sheet.

Then, this postulation leaves a question that how far the Oi-1 condition
pushed the ITCZ into the Northern Hemisphere. eng trend of insoluble silicate
fractions of GPC 3 gives us a clue for the latitudinal position of the ITCZ at the
E - O transition and after (Pettke et al., 2002). In their study, enxa of inorganic
silicate shows a smooth evolving trend in a range of -11 to -8 and never reveals
a signal of Central/South American dust for the last ~40 Ma. They interpreted it
as a result of progressive denudation of a single source terraine, i.e. central Asia,
and further suggested that the GPC 3 site has been under the influence of Asian
dust since ~40 Ma. If it is the case, then the ITCZ at the E - O transition likely
stayed south of ~ 20°N, paleo-latitude of the GPC 3 site at the E - O transition
and after. The Earth climate from Oligocene to Miocene is characterized by

uni-polar distribution of ice sheet: partial to permanent distribution of ice sheet
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in Antarctic and ice-free Arctic (Zachos et al., 2001). Such a thermal asymmetry
started late Eocene and lasted until late Miocene, and thus we speculate that the
ITCZ had been stayed north of the present average position of ~6°N, but south
of ~20°N, the southernmost paleo-latitude of GPC 3 site, for this geologic time.
This speculation is supported by other two studies that suggested the
paleo-latitude of the ITCZ at 10 - 12°N at late Miocene, which were based on
theoretical estimation of temperature gradients between poles to equator (Flohn,
1981) and down-core source regime changes of eolian dust in a 328-cm-long
piston core (KODOS, Fig. 6-4) (Hyeong et al., 2005, 2006, 2011). ODP Leg 199
Shipboard Science Party (2002) proposed the paleo-latitude of the ITCZ at ~27°N
at ~20 Ma based on smectite/illite ratio of sediments from ODP Leg 199 cores.
They interpreted that the depth where smectite became dominant over illite
marked the position of the ITCZ in these cores. It seems reasonable considering
that smectite- and illite-richness are characteristics of Central/South American
and Asian dust, respectively. However, Ziegler et al. (2007) documented
authigenic nature of smectite in the 20-50 Ma interval of the ODP 1215, one of
Leg 199 sites, which put ODP Leg 199 Shipboard Science Party (2002)’s

interpretation in question.
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App. 6-1. IODP Exp 320 U1334 A5 9] §471d HAAE 5 43 27

CCSF-A  Age Sample Wt (g) Sample Wt (g) Eolian dust
(m) (Ma) -Before exp. -After exp. (%)
0.33 19.25 441 1.65 81.32
1.03 19.39 6.19 2.21 77.53
1.83 19.56 12.92 0.78 13.05
2.53 19.71 4.46 1.34 65.21
3.33 19.87 15.86 1.12 15.30
4.03 20.02 13.09 1.59 26.42
4.83 20.11 9.84 2.54 56.00
5.53 20.18 7.08 1.86 57.11
6.33 20.34 7.95 2.34 64.05
7.03 20.51 9.18 2.03 48.01
8.04 20.74 12.82 0.69 11.77
8.74 20.87 8.32 1.16 30.32
9.54 21.01 20.65 0.28 2.94
10.24 21.12 18.57 0.67 7.80
11.04 21.21 14.38 0.93 14.10
11.74 21.30 18.20 0.36 4.34
12.54 21.39 19.65 0.28 3.09
13.24 21.45 14.82 0.16 2.35
14.04 21.54 18.19 0.18 2.10
15.54 21.68 21.64 0.31 3.08
16.24 21.73 17.79 0.52 6.33
17.04 21.87 18.49 0.78 9.13
19.6 2227 19.35 0.31 3.52
20.3 22.31 12.73 1.51 25.76
21.1 22.39 17.55 0.45 5.62
21.8 22.63 12.00 1.68 30.44
22.6 22.83 12.23 1.04 18.54
23.3 22.95 11.73 0.49 9.04
24.1 23.07 18.34 0.36 4.23
24.8 23.17 18.58 0.46 5.38
25.6 23.28 21.53 0.60 6.08
26.3 23.36 21.26 0.67 6.80
27.1 23.49 17.12 1.08 13.68
27.8 23.61 17.10 0.63 7.96
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App. 6-1. A&

CCSF-A  Age Sample Wt (g) Sample Wt (g) Eolian dust
(m) (Ma) -Before exp. -After exp. (%)
28.6 23.74 17.45 1.64 20.39
30.21 24.02 15.54 0.83 11.58
30.91 2413 18.49 0.86 10.11
31.71 24.25 18.62 1.05 12.26
32.41 24.36 18.73 0.86 9.94
33.21 24.47 16.69 1.05 13.73
33.91 24.56 14.23 0.65 9.87
34.71 24.69 19.60 0.59 6.56
35.41 24.82 21.83 0.47 4.68
36.21 24.98 18.38 1.39 16.39
36.91 25.06 16.72 0.55 7.20
37.71 25.15 20.18 043 4.66
38.41 25.23 18.11 0.48 5.74
39.21 25.36 18.18 1.15 13.70

- 100 -



App. 6-2. IODP Exp 320 U1334 A8 U %94 24 23
CCSF  Age La Ce Pr- Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sn Th
(m) (Ma)
0.33 1925 1624 2536 3.03 11.06 181 008 139 024 151 033 103 016 108 018 368 385
1.03 1939 1589 26.02 297 1118 195 010 154 026 173 037 112 018 125 020 264 399
1.83 1956 2525 4318 5.09 18.67 343 039 276 046 284 059 188 026 193 032 254 743
253 1971 1899 3221 375 13.87 240 010 210 033 227 047 149 022 169 025 248 536
3.33  19.87 2670 4648 546 1978 350 018 3.05 044 289 062 182 028 192 031 2981 784
403 2002 2036 3510 414 1473 273 024 213 031 222 048 147 023 150 025 323 574
483 2011 24.82 4278 498 1775 295 035 223 040 242 052 152 024 169 026 381 652
553 2018 21.79 3756 444 1568 259 022 227 034 234 047 142 023 152 024 340 6.03
6.33 2034 1559 2765 331 1250 221 031 192 031 203 041 126 020 137 020 272 451
7.03 2051 1793 3155 3.86 1460 270 023 240 038 244 055 157 026 160 026 4.08 543
8.04 2074 1790 3190 3.71 1397 249 010 207 031 223 043 135 021 145 024 284 513
874 2087 1681 2928 3.67 1355 255 022 207 033 218 047 142 022 152 022 253 442
954 21.01 1924 3453 4.08 1522 278 039 227 034 230 052 154 025 163 027 194 623
1024 2112 2331 4157 479 1749 300 030 224 034 242 051 151 024 173 028 269 626
11.04 2121 18.68 3320 4.05 1488 275 011 205 036 227 046 144 023 164 023 243 527
11.74 2130 18.03 3241 385 1438 266 023 216 038 238 053 148 023 168 027 18 503
1254 2139 1939 3505 425 1520 293 039 243 041 248 058 160 026 160 029 200 492
1324 2145 2120 40.04 466 1757 312 052 274 044 276 064 184 029 200 034 238 6.02
14.04 2154 2093 39.87 470 17.66 322 047 256 045 292 063 180 028 217 031 180 6.25
1554 21.68 2243 3934 492 1858 342 059 287 048 298 065 190 028 195 031 221 562
1624 2173 1515 2791 333 1285 222 017 200 032 209 046 125 022 138 021 162 422
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App. 6-2. A%

CCSF  Age La Ce Pr- Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sn Th
(m) (Ma)

17.04 2187 17.69 30.73 3.84 14.06 257 032 213 035 234 051 149 024 150 024 220 450

19.6 2227 1729 3240 389 1420 254 035 215 036 220 049 141 023 157 026 3.03 4.67

203 2231 1723 2972 372 1390 243 032 221 035 211 048 139 022 146 026 242 428

211 2239 19.08 3399 418 1599 289 028 229 039 255 055 158 026 179 027 180 5.04

218 2263 1798 3271 4.06 1518 265 018 213 035 228 051 136 024 158 026 2.02 455

226 2283 21.16 39.67 455 1657 292 023 222 038 234 051 140 024 156 024 195 6.87

233 2295 2025 3845 446 1648 283 021 227 038 243 052 148 025 178 028 2824 5.96

241 2307 1852 34.03 4.06 1565 283 031 226 038 250 055 154 024 173 031 1.65 474

248 2317 1859 3481 417 1560 285 031 217 036 233 051 148 023 155 025 170 4.89

256 2328 2461 4339 566 2134 395 037 322 051 334 073 210 033 226 034 230 647

263 2336 2129 4020 473 1747 3.03 041 245 037 248 054 143 025 165 027 237 620

271 2349 2293 4131 486 1781 318 004 242 036 233 053 144 027 168 028 622 546

278 2361 2239 4106 494 1831 311 029 232 041 278 060 167 027 181 029 346 584

28.6 2374 2209 38.70 483 1773 323 036 239 043 266 058 161 027 177 027 283 6.11

3021 24.02 1852 3475 410 1572 264 025 232 036 227 052 151 022 174 027 260 478

3091 2413 2242 4231 507 1824 342 024 250 042 269 060 175 028 191 031 371 611

31.71 2425 1797 3266 399 1460 276 021 197 035 219 049 131 022 151 024 281 4.64

3241 2436 18.00 33.78 396 1478 272 0.09 221 036 220 050 139 021 157 025 754 484

3321 2447 1810 33.07 4.08 1454 255 030 208 034 218 050 135 023 152 023 719 443

3391 2456 1822 3433 405 1529 266 023 214 035 223 052 142 022 152 023 926 501

3471 24.69 1754 29.75 392 1484 264 025 221 035 233 053 146 023 155 026 759 437
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App. 6-2. A%

CCSF  Age La Ce Pr- Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sn Th
(m) (Ma)

3541 2482 2228 3394 510 1946 359 046 335 047 331 068 193 029 206 032 7.09 472

36.21 2498 19.07 3139 423 1594 285 022 245 039 268 060 167 024 181 027 764 461

3691 25.06 1796 3288 392 1442 265 025 216 035 215 048 139 024 149 024 281 480

3771 2515 2251 3373 519 1974 378 041 325 054 345 074 199 029 205 032 204 5.08

3841 2523 19.08 3492 428 1584 275 015 227 040 251 057 154 025 179 025 295 540

39.21 2536 1780 2982 4.08 1517 3.02 020 226 039 248 055 153 022 155 026 262 434
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£ SASATE £ 819 ol HAHEL AU AAE & BRESIA Yo, F
e A5 X9 AFH 4L Table 7.1 FE = o] Ao} & 4L A Fo}
A lem AL o] Fojxon, HAE ] &b e = 4 cm 7HHo R
37H(NAP PC10-2N, 1N, 1S5)9] o} FHEA o]Folxth F F7]ei(Total
Inorganic carbon) ¥AFS HAEZ FEAEE FriEs FA47|UIC CO,
Coulometer, Model CM5014)& ©]-&3to] S35t B A ES &4 e 5
718 kol 'hao] tid ghakd o] H](CaCOs/C)Ql 83332 3ty T3tk &

FUlekA & BAe] Ay 2x= oF +02% ©|th

O
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Figure 7-1. NAP 2010, 2011 €&4}¢] EHE
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Table 7-1. 2010, 20113 NAP ©A}7|7t F<t d53 HAHEAE YX 9 Zo]

. ) Depth Core length
Core No. Latitude Longitude
(m) (cm)
NAP PC 10-2N 2°03.817 "N 80°26.456 " E 4,470 727
NAP PC 10-1N 0°42.485 "N 82°55.024 " E 4,103 757
NAP PC 10-1S 0°58.405 " S 80°24.450 " E 4,467 746
NAP PC 10-4S 4°08.800 " S 80°03.100 " E 4,698 697
NAP MC 10-2N 2°03.843 ' N 80°26.437 " E 4,466 40
NAP MC 10-1N 0°42.498 "' N 82°55.026 " E 4,101 26
NAP MC 10-1S 0°58.405 " S 80°24.450 " E 4,467 30
NAP MC 10-4S 4°08.800 " S 80°03.100 " E 4,698 30
NAP PC 1101 4°00.080 S 77°00.740 " E 5,084 530
NAP PC 1102 2°00.315 " S 77°00.950 " E 4,904 570
NAP PC 1103 0°00.013 " N 77°16.993 " E 4,764 580
NAP MC 1101 3°59.969 " S 77°00.003 " E 5,076 40
NAP MC 1102 2°00.289 " S 77°01.040 " E 4,870 28
NAP MC 1103 0°00.018 " N 77°17.001 " E 4,763 34

Az Axd daxyd WsE geotstr] sty 2z AJRel Wste] XRF core

% (Ultralene window film)S
mm tAo 2 =439tk XRF core scannerv= 3+ X
+ AvaatechAle] A|FS AFESIATH T4 E A E A5 #42 EAY4L E

347 AFE edel A W SHIAT
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2 ARG Aol B2E S FFe TG AN BHA BRP
(Haake et al., 1993). W&tA s 59 1°=9F G 1°=oA 212t 213 2 NAP
PC 10-IN3 NAP PC 10-1S F3A1 & S H
of Q=Y AEslce] LAY 7AW Aoz BerHET,

Nootlo tmopm
2o o
2 ob M o2
o Lo
£ Woox

-
it

HAE Yo oF 5o e e A3d g Eo] &
A Ho 22 4s B ECA FHS S Hol ASAE o]
2N 7] AA ] 783 EFE 0] o} B A Eol A Wit

43t Adte oS3 grh 7ol NAP PC10-2N FAA 2 9] WhakZ A

7}, 720-721 cm el 4] RN10-RN159)] 4F&3t= Spongaster tetras®}

Didymocyrtis tetrathalamus”’} &7 5 A th(Fig. 7-4). WekA] o] FFAIg9 HUA
B2 A Zgko] @ Al(Pliocene)ol] el Bst= Ao 2 #AEHT shxvF NAP PC

10-4SHF-Fol A= WAakso] MAEH A EUth NAP PC 104s A5 571 9% 2%
S 93] 40cm-650cm7FA] 40cmZtA S 2 16719 A8 5 THEo] Y& IFHAAYE
o] Ah=AS JFe P o, NAP PC 10-02-01, NAP PC 10-02-02, NAP PC
10-1SE Z7Z20cm 7FA o2 27§83 IR PC 10-02-01 471E =33k 10719 slide
glassE F7} AZsta ol F7F B4 T A foln.

+
)
>
oy

s

ol

EF AEH =N XRF 2ot vz £4% K/Ti ¢t 03 3 Apololl A
A Wgtshs Fe A (Fig. 7-3). ol= F 1= %= zte Asl 944 4
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Figure 7-3. 2010%d NAP FAlolA 58 2 & Alg 33 @49 gHguis),
K/Ti W3} &%
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Figure 7-4. NAP PC 10-2N FAAIF S 720 - 721lcm FZFo A AHEH
WARS AR (AR 72 o] 2mm)

AES} ¢F 39 @S Z2E J= SIHNEHE Fo] x3H AYgRF ne=Z Jed &
oz watdEn. dnky oz WAEH G| Bo] xSt AA=ZF 474 e dzt
o|EV} v FXE5HH, wEtA AER{ EAHES & HAE BlE] =& K/TivlE
Hols Aoz vy HEG wWdvtd 73 7hrbo] £ 3H= NAP PC 102N F4
A FE 4 300 cm 7HA = BHAEE B A Eo] SAI3EA|T, L o] slel| A= K/Ti Hl7f
2 o] 2l wj$ FAL AEF EAHFo] BT (Fig. 7-3). 3 F© NAP PC 104S F
BAEAA AT HAE] (tEHoE 7= Aol Hlg) o] ARG NEE FAE
AgF HAA BFEY ol o] A o] B} HIWeta e AgFo dFS W
== AAMET

A
Spongaster tetrasﬂ- Dldymocyrtls tetrathalamus”} &%
N AHL Pliocened] dFstes Aoz AgdETh 2) FHETo| 5?4??]’8}% NAP PC
102N F7dA 2= &4 300 cm 74A= &4k H & =o] FAskAIw, 1 ofste =
]

K/Ti W17k 2 01491 WS A% A ©6%0] $E54rh Hdd NAP PC
1045 FAAAA A 52180l FBALL S Aol el of HA A E
TS AR BEA} B2 o o Ao] Hr wwsly F@ ALF g

TS B:% Ao HeHET 3) A% S 59 1°9 F9 1°9A 27 AAFHE NAP
PC 10-IN# NAP PC 10-1S FAAI2E dAZ 60% ©]%
o] v 1% a}z o] A ol Vs Ao m ARHAT (Fig. 7-3).
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