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Abstract

Development and application of analytical methods
for boron isotope proxy: paleoceanographic interpretation

of Paleozoic and Cenozoic carbonates

Sunhwa Bang
School of Earth and Environmental Sciences
The Graduate School

Seoul National University

Boron isotopes of marine carbonate (CaCOs3) are known as an indicator of pH and CO; content in past
seawater. This thesis aims to improve understanding the boron isotope method through research in
past marine carbonates (e.g., Cenozoic foraminifera and Paleozoic carbonate rocks). This thesis
consists of three chapters that deal with pH-dependant fractionation of boron isotopes (Chapter 1) and

reconstructed pH and pCO; records in paleoceanographic case studies (Chapters 2 and 3).

In Chapter 2, multiple planktic foraminiferal species were separated and cleaned from the sediment
core NPGM/P 1302-1B (32° 16’ N, 158° 13" E, 2514 m water depth), located on Shatsky Rise in the
western North Pacific(WNP), to examine the oceanic pCO; at the time scale of last glacial maximum
(LGM; 24 — 18 ka), Heinrich stadial-1 (HS1; 18 — 15 ka), Bolling-Allerod (B/A; 15 — 12.8 ka),
Younger Dryas (YD; 12.8 — 11.5 ka). The new WNP §!'B, pH, and pCO> records for the 4 — 23 kyr
reveal distinct CO; degassing patterns in the LGM-to-HS|1 transition period (19.7 — 17.5 ka), the
middle HS1 (16 — 17 ka), and the early YD. The new ApCO, data of the WNP was compared by other



Pacific core studies (North, West equatorial, East equatorial Pacific) in the last deglaciation. WNP
shows similarities in the ApCO, of East equatorial Pacific (EEP) and the North Pacific (NP) up to
LGM and middle HS1, YD in the Pacific compilation. These changes can be explained by the
relationships between surface-intermediate currents in the Northern Hemisphere Pacific, especially

during rapid atmospheric CO; rise.

In Chapter 3, boron isotope extraction and analysis from carbonate rock were experimentally applied
to the lower Paleozoic stratigraphy in the Taebaek group, Joseon Supergroup of the Korean Peninsula.
This study tested which dissolution method was effective on carbonate rock samples with different
insoluble residue contents. As a result, we found the acid concentration range and reaction time to
minimize contamination by clay minerals. This new pretreatment method reconstructed the new §''B
record from 25 carbonate rock samples of middle Drriwillian isotopic carbon excursion (MDICE) in
the Middle Ordovician. The new 3!!'Byux data compared by global 8''B in the literature of Ordovician
seawater and 8'°C chemostratigraphy in updated biostratigraphy. These results support the hypothetic
relationship between the oceanic stratification and acidification of Taebaek as a shallow carbonate

platform environment in a peri-Gondwanan epeiric sea.

Keywords: boron isotope, paleoceanography, CO, flux, acidification, marine carbonate, climate

change

Student Number: 2017-34629
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Chapter 1. Introduction: Boron isotope as a proxy of oceanic acidification

and CO; storage

1.1. Boron isotope in seawater

Boron isotope ratios in marine carbonate sediments have been attracting attention as indicators of
palaeoclimate and paleoceanography over the past decade. The reason is that boron is an indicator that
allows us to find out the acidity (pH) of seawater in the past, and it is an indicator that can determine
the characteristics of seawater at the time. Due to these merits, effective separation and analysis of
boron isotopes are being continuously developed despite the factors that have been difficult to
experiment with in the past, such as the volatility of boron and the overall high boron background in
the laboratory (McCulloch et al., 2014; Sadekov et al., 2019).

The isotopes of boron are °B (about 20% of natural boron) and B (about 80%), and the isotope
ratio is expressed in parts per thousand (%o) using the delta () notation like other stable isotopes. The
standard (standard) for the denominator used here is SRM 951a boric acid (*'B/**B = 4.04367) from

the National Institute of Science and Technology (NIST).

E)HB ( HB/IOBsample

= ———""——1] x1,000%0
1B /10BNistosi )

On the other hand, boron in seawater exists as tetrahedral borate ions (B(OH).") and trigonal boric

acid (B(OH)3), and their abundance is dependent on the pH value (Fig. 1).

Xi



The equilibrium of the two boron species in seawater is given by:

B(OH); + H,O = B(OH)4 + H*

Since the equilibrium constant value (Kg) of the above reaction is 8.6, similar to the pH of seawater,
the relative ratio of the two chemical species and the boron isotope ratio in seawater change
sensitively according to pH (Fig. 1a; Foster and Rae, 2016). Among these, it is known that the borate
ion B(OH)4 is mainly incorporated into the marine carbonate. In addition, the isotopic ratio of boric
acid contained in marine carbonate also changes according to pH because B, which has a heavier
mass, is selectively distributed to boric acid species with stronger B-O bonding (Fig. 1b; Foster and

Rae, 2016).

CaCO; + B(OH),” = Ca(HBO;) + HCO, + H,O.
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Figure 2-1. (a) Relative concentration change and (b) isotope ratio change of borate ion and boric
acid according to pH for standard seawater conditions (25°C, 34.7 PSU). pHiwota = 10g[H*]+, pHotar iS
an acidity unit that controls acidity in a buffer solution such as seawater and includes all ions (mainly
the sum of [H*] and [HSO4]) that play a role in buffer solution (Foster and Rae, 2016).

1.2. Boron isotope proxy-derived pH, seawater pCOz

The carbonic acid equilibrium determines the amount of carbon dioxide stored in seawater, and the
ratio of carbonic acid (CO.), bicarbonate (HNOs%), and carbonate ion (COs?) is controlled by the
equilibrium equation below.

CO, + H,O0 S HY + HCO,~ SoHt + CO,~
In this case, K1 and K2 are dissociation constants depending on temperature, salinity, and pressure.

xii



Dissolved inorganic carbon (DIC) and alkalinity (ALK) can also be expressed as the sum of the major

ions participating in the above reaction.

DIC = [CO,] 4+ [HCO, ] + [CO, ],

ALK = [HCO, ] +2[CO," ] — [H],

. [HCO, J[H"]
Ki="rco,

. [COT]HY]
T [HCO, ]

It should be noted in this relationship that H* is commonly included in the factors that can determine
the constant. In other words, if atmospheric CO; partial pressure, alkalinity, salinity, and temperature
can be estimated through collaboration with the ice core and other proxies, the amount of carbon
dioxide stored in the ocean and partial pressure of carbon dioxide in the atmosphere at the time by
restoring the pH value using boron isotopes can be estimated (Zeebe and Wolf-Gladrow, 2001; Zeebe
et al., 2003).

As mentioned above, the chemical species of boron is pH-dependent, and the separation rate in

seawater can also be expressed as the concentration of H* ions.

[Blsw

[B(OH)?»] = W.

[Blsw

[B(OH), | = m

_ [B(OH), J[H"]
® [B(OH);]

&

Xiv



On the other hand, since the isotopic value ranges of boron species are different, the separation of the

isotopes is also pH-dependent (Fig. 1-1).

0B(OH); + "B(OH),” < '"B(OH); + °B(OH),
(S“BB(()IIJ_; — ‘SIIBB(OIIM X Xg + ER-

B iSllB,,-“- + (éllB_w- o EB) % 10]11‘&']’5—]111

ISIIB -
1 + oap X lopf\ﬂ—pll

B(OH),

11
10 RB[(}II};
g = ———,

11
10 RB[()II)+

eg = (g — 1) x 1,000.

In this case, the isotopic fractionation constant is called ag, and the expression of ag in the epsilon

unit(e) is called eg.

The first direct measurement of ag in seawater was determined to be 1.0272 £ 0.0006 at 25°C and a
salinity of 35 PSU (Klochko et al., 2006). Klochko et al. (2006) confirmed measurements of ag at
elevated temperature (~40°C) in seawater, giving 1.0269 + 0.0027, within error of the value for 25°C
but with relatively considerable uncertainty. As a result, the environmental sensitivity of og is

currently underconstrained.

In conclusion, by combining the above relational and equilibrium equations, the pH in seawater where

XV
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carbonate equilibrium occurs can be expressed only with boron isotope values (Zeebe & Wolf-

Gladrow 2001)

611B. ;= 6I1B(‘ C
pH = PKE - log (— d -aC0;
Eg

11 11
5 B.\:\v - “Bé BC:ICD; -

Lco.] =(TA ) KKBiB[TH] [I;‘; " ) / [I;l] i K[;;z )

In the above pH equation, 3''Bcacos needs correction according to each carbonate-making organism
(e.g., foraminifera, coral) (Foster et al., 2018; Greenop et al., 2017; Raitzsch et al., 2018). Also, in the
case of carbonate rocks formed by sedimentation, additional simulations of the sedimentation
environment may be required (Clarkson et al., 2015; Kasemann et al., 2000; Paris et al., 2010). The
calibration procedure for pH reconstruction with 3''B calcite will be discussed in more detail in

Chapter 2 (foraminifera) and Chapter 3 (carbonate rock).

In paleoceanographic studies that studied boron isotope, the value of seawater pCO. dramatically
depends on the value of pH, and it is a method to infer from the error range of other factors (e.g.,
temperature, salinity, alkalinity, DIC) (Foster and Rae, 2016; Zeebe and Wolf-Gladrow, 2001). The
following dissolved CO2 concentration derivation equation can be derived from the relationship
between the reaction equations described above. The data uncertainties on each variable (temperature,
salinity, alkalinity, DIC) should be considered in Monte Carlo simulations. This function can be
applied to the seacarb package in R (Gattuso and Lavigne, 2009; Gray et al., 2018; Martinez-Boti et

al., 2015; Shao et al., 2019) and the Python module such as a MyAMI model (Hain et al., 2015;

XVi



Sosdian et al., 2018). One of the examples implemented in our study (e.g., Chapter 2), the seacarb

package in R was mainly used in the method applied by previous studies.

We want to introduce the method of analyzing boron isotopes in Cenozoic foraminifera (Chapter 2)
and Paleozoic carbonate rock (Chapter 3) and the results of calculated pH and pCO; and consider their

implications.

XVii



Chapter 2. Factors regulating CO; emissions in the western North Pacific

gyre transition zone in the last deglaciation

2.1. Introduction

Some of the most significant air-sea fluxes of CO» in the modern North Pacific occur in the transition
zone between the subpolar gyre (SPG) and the subtropical gyre (STG) (Fig. 2-1). Latitudinally, this
transition zone is between 32°N and 42°N, though it varies seasonally (Fig. 2-1a) (Roden, 1991). The
Kuroshio Extension (KE) is the main surface current in the transition zone with its present-day central
axis at 34-35°N. It results from mixing the Oyashio current (OC) from the cooler and less saline SPG
and the Kuroshio current (KC) from the STG (Fig. 2-1a) (Yasuda, 2003). The KE also undergoes large-
scale path changes (34°N—-37°N) seasonally and interannually as the gyre positions shift (Mizuno and
White, 1983; Na et al., 2018; Sakamoto et al., 2005). The southern migration of the KE axis with the
expansion of the SPG was also documented in the past, e.g., the Last Glacial Maximum (LGM)
(Thompson, 1981; Ujii¢ et al., 2016), Younger Dryas (YD) and Heinrich Stadial-1 (HS1) (Harada et al.,
2004; Kawahata and Ohshima, 2002; Ohkushi et al., 1999; Seo et al., 2018). Changes in sea surface
temperature (SST), El Nifio/Southern Oscillation (ENSO), and the Pacific Decadal Oscillation (PDO)
cause changes in the climatological wind stress curl. The combination of these factors affects the
latitude of bifurcation of KC from the North equatorial current (NEC) (Fig. 2-1) and the strength of the
KC and the latitudinal position of the STG (Hu et al., 2015; Kawahata and Ohshima, 2002). For example,

(1) during seasonal or climatological warming, (ii) under La Nifia-like status in the east equatorial



Pacific, or (iii) under cold PDO mode, the wind stress curl is increased and the KC bifurcates from the

NEC at a more southerly latitude (12-13°N) and drifts in high wind stress curl by enhanced easterlies

(Jin, 1997; Qiu and Chen, 2010; Wu et al., 2019). In the case of stronger KC, the STG boundary expands

to more northerly latitudes. In the opposite cases, the KC-NEC bifurcation occurs at a more northern

latitude (~15°N); the weaker KC means a contracted STG and the boundary shift to more southerly

latitudes (Qiu et al., 2019; Wu et al., 2019).

Regarding air-sea CO; fluxes, the STG-SPG transition zone is an important sink in the modern

ocean (Fig. 2-1b). To determine its role as a CO; sink, ApCO; can be calculated relative to the

contemporaneous atmospheric pCO> notated as follows:

ApCOz = pCOZ, sw = pCOZ, atm

Atmospheric pCO; values can be obtained from ice core records (Bereiter et al., 2015), and pCO; of

past seawater can be reconstructed using boron isotopes. Regions of negative ApCO; can be

considered 'CO; sink' that captures CO» from the atmosphere and stores it dissolved in the seawater,

and regions of positive ApCO; are ‘CO; source’. Records of ApCO; have been reconstructed for the

Cenozoic across the global oceans (Rae et al., 2021; Shao et al., 2019; Shuttleworth et al., 2021). In

the Pacific, the ApCOxrecord is available for the modern CO; source areas, e.g., East Equatorial

Pacific (Martinez-Boti et al., 2015), sub-Antarctic zone (Martinez-Boti et al., 2015; Shuttleworth et

al., 2021), and the North Pacific (Gray et al., 2018). However, records for the modern CO; sink areas

are limited to the subtropical South Pacific and regional variations in West Equatorial Pacific (Kubota

et al., 2019; Palmer and Pearson, 2003; Shao et al., 2019).
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Understanding the STG-SPG expansion relationship that dominates the substantial surface currents
of the northern Pacific Ocean is particularly important during the last deglaciation period. In
particular, among the deglacial periods after the LGM, HS1 (CO,, atm increased ~50 ppmv) and YD
(CO,, atm increased ~30 ppm) are known periods when atmospheric CO; increased rapidly (Bereiter
et al., 2015). Since the ocean is the largest pool of COo, it is necessary to synthesize how pCO; in
Pacific waters saturates in different marine environments during these unique periods and what factors
control it. In particular, from the perspective of the Pacific Ocean, it has been hypothesized that when
the STG influence increases due to warming in the North Pacific, where the influence of SPG is
usually dominant, intermediate CO, pools become shallow with less intermediate water sinking (Gray
et al., 2018; Gray et al., 2020). Meanwhile, in the STG-dominated Western Equatorial Pacific and
Eastern Equatorial Pacific, the process of mode water transport from the Southern Ocean played an
important role, and pCO; records were found that may have increased upwelling at the thermocline
depth during periods of CO; increase (Kubota et al., 2019). Referring to these cases, this study
attempted to examine the pCO- record of seawater at WNP, where SPG and STG meet, and its

relationship with nearby Pacific regions.

In this study, we present a ApCO; record based on boron isotopes for a core located in the western
North Pacific (WNP) in a strong CO; sink region in the STG-SPG transition zone, an area traversed
by the KE (Fig. 2-1b). For 3''B analyses, we picked multiple species of planktic foraminifera (Table
S1). Records from various species prevented discontinuity due to the shift in dominant species with
changes in sea surface temperature and salinity in the SPG-STG transition zone. The relative

abundance of foraminifera species of these cores indeed documents the past position of the gyres. The
3



subtropical species (Trilobatus sacculifer, Globigerinoides ruber, and Globorotalia truncatulinoides)
were dominant throughout the last 23 kyrs. Still, the abundance of subpolar species
(Neogloboguadrina pachyderma, N. dutetrei, N. incompta) increased during the Heinrich Stadial 1
(HS1) and the Younger Dryas (YD), indicating the southern migration of the SPG (Seo et al., 2018).
Therefore, the oceanic pCO; records from this area can provide SPG-STG relationships between

Pacific CO, changes with the shift in ocean circulation.
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Figure. 2-3. The surface circulation system and air-sea COz2 flux of the Pacific Ocean and core locations.
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2.2. Study Area

Sediment cores NPGM 1302-1B (24 cm long) and NPGP1302-1B (613 cm long) were raised from
the Tamu Massif (32° 16’ N, 158° 13’ E, 2514 m water depth) of the Shatsky Rise in the western
North Pacific (WNP) (Fig. 2-1b). The Shatsky Rise developed by the large igneous province between
the three plates (Pacific, [zanagi, Farallon) from the late Jurassic (140-150 Ma) period and consisted
of three high massifs known as Tamu, Ori, Shirsshov (Heydolph et al., 2014; Georgen and Shotorban,
2021). Among them, Tamu massif, where the location of studied core NPGM/P 1302-1B, is the
southern high in overall Shatsky Rise. The oceanic station 48292 (32°01°N, 155°04’E), referred to as
the depth profile of present seawater in this study, was also sampled in the surrounding area of Tamu

massif (Fig. 2-2) (Key et al., 2004).

Core NPGM 1302-1B retrieved with multiple corers substituted for the disturbed uppermost section
of the piston core NPGP1302-1B. The relative abundance of planktic foraminiferal species and 3'*0 of
planktic and benthic foraminifera have been reported for these cores by Seo et al. (2018). The core site
is close to the southern limit of the modern KE (Fig. 2-1b), although the position of the KE axis and
SPG-STG transition zone have changed during the last deglaciation due to the gyre boundary shift (De

Boer et al., 2013; Gray et al., 2020; Seo et al., 2018).
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Figure 2-2. Vertical profile of seawater chemistry from Southern-high Shatsky Rise (GLODAP dataset; station
48292; Key et al., 2004) and calcifying depth estimation of planktonic foraminifera (G.bulloides, N.pachyderma,
and T.sacculifer with sac). (a) Temperature of water column, gray shaded area referred as thermocline depth (4-
50 m), (b) salinity (c) phosphate con (d) silicate concentration (e) pHtal, data (a)-(e) from GLODAP dataset and

(f) seawater pCO; calculated by vertical temperature, salinity and total alkalinity.



2.3. Analytical Methods

2.3.1. Sample Information

The age model of this core was established by Seo et al. (2018) by radiocarbon (*C) dating the
mixed planktic foraminifera — three dates on the shorter core and 7 dates on the longer core (Fig. 2-
3, Table 2-1). The uncertainty on the *C age was less than 70 years, and they used a reservoir age of

414 years (Seo et al., 2018).
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Figure 2-3. Age dating of core NPGM/P 1302-1B. (a) Radiocarbon (**C-AMS) ages for NPGM/P
1302-1B measured from mixed species of planktic foraminifera (Seo et al., 2018) (b) Chronology of
WNP core NPGM 1302-1B and NPGP 1302-1B. Orange circles and line, calendar ages of NPGM
1302-1B and linear fit; blue circles and line, calendar ages of NPGM 1302-1B and linear fit; black

line, representative polynomial fit with equations.



Table 2-1. Radiocarbon ages of the NPGM/P 1302-1B measured from multi-species planktic

foraminifera samples (modified after Seo et al., 2018).

Core ID Depth(cm) 14C age +1o Calendar age* 414
(year) (year)
NPGM1302-1B 7-8 2830 30 2051 49
NPGM1302-1B 10-11 3750 30 3188 52
NPGM1302-1B 23-24 11,070 30 11998 76
NPGP1302-1B 20-21 11,380 40 12538 51
NPGP1302-1B 24-25 13,260 40 14545 182
NPGP1302-1B 31-32 15,050 40 17336 100
NPGP1302-1B 39-40 15,680 50 18061 91
NPGP1302-1B 47-48 16,530 50 18928 80
NPGP1302-1B 56-57 16,760 50 19227 106
NPGP1302-1B 84-85 19,790 70 22838 125

*Converted by CALIB 7.1 calibration program (Stuiver et al., 2017)



Three species of planktonic foraminifera (G. bulloides, N. pachyderma, and T. sacculifer with sac)
were collected. These species allowed a continuous reconstruction over the deglacial for the surface and
the lower thermocline. The calcifying depth, size fraction, and calibration reference of these species are
summarized in Table 2-2. The calcifying depth of G. bulloides and N. pachyderma was reported to the
surface and photic zone (0 to 50m), while T sacculifer with sac-like chamber and gametogenic calcite

coating, prefers deeper water-mass surrounding thermocline (Table 2-2)

The mass of each sample was 0.8-2 mg (40 to 100 individuals), checked under the microscope for

the pore, shape, and in the case of 7. sacculifer, the presence of a sac-like chamber (Fig. 2-4).

Table 2-2. List of planktic foraminifera species for boron isotope analysis and summary of
sample information.

11
. Calcifying depth sample o'B References for habitat,
Species . data .
(m) size (um) (n) borate equation
Globiceri (Darling et al., 2017;
obigerina .
50 300-355 16 Heneban et al.’, 2016;
bulloides Martinez-Boti et al.,
2015)
ob (Henehan et al., 2016;
Trilobus )
125 425-500, 1 Kub(?ta et al.,’2019,
Sacculifer w. sac Martinez-Boti et al.,
2015; Scott, 2020)
Neogloboguadrina (Darling et al., 2017,
~25 150-250 26 Henehan et al., 2016;
pachyderma Gray et al., 2018)
10
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Figure 2-4. Microscope images of planktonic foraminifera samples from this study. The cores and depth (cm) are given.
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Figure 2-5. Schematic description of sample pretreatment and analysis (modified from Kubota et al., 2019; Foster, 2008)
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2.3.2. Extraction and Analysis of Boron isotopes

Dissolving and column separation was processed under a ULPA-filtered laminar flow bench to
lower the blank boron levels. The nitric acid used throughout the boron analyses was distilled 5 times

using the all-Teflon Savillex DST-1000 acid purification system.

The schematic processes of the sample pretreatment and column separation are illustrated in Fig. 2-
5. The foraminifera samples were carefully cracked between glass slides and sonicated to remove clay
and dust particles. After drying, each sample was observed under a microscope to check for and
remove detrital grains. The foraminifera samples were dissolved in 0.5 M HNOs, as Foster (2008)
described. After complete dissolution, 25 pl aliquots were taken out for trace and major element

analysis by [CP-MS (section 2.3.3).

We separated boron from the sample matrix using the boron-specific exchange resin Amberite IRA
743 (63—120 um) in a 50 pl microcolumn, following Foster et al. (2008). The samples were loaded in
buffered acetic acid (pH 5) and eluted with 0.5 M HNOs. The elution curve was checked several
times, and the recovery of boron was 97-102%. The boron isotope ratio was measured using the
NuPlasma3 MC-ICPMS at the National Center for Inter-university Research Facilities at Seoul

National University. Mass 11 was collected on the H6 Faraday cup equipped with a 10! Q resistor,

and mass 10 was collected on L6 with a 10°'! Q resistor.

All samples were analyzed by sample-standard bracketing using NIST SRM 851a as the standard.

Blanks were checked before and after each sample and were always <2% of the sample signal (for

13



~30 ng/g of sample [B], <1 ng blank). The long-term reproducibility was + 0.28%o at a 95%
confidence interval (Fig. 2-6). The column recovery and isotope ratio were confirmed using boron
isotope standards NIST SRM 951a (!'B/'B = 4.04367; Cantazaro et al., 1970), ERM-AE121 (3''B =
19.9 + 0.6 %0), ERM-AE122 (8"'B = 39.7 + 0.6 %o), and an in-house carbonate standard PR83, a
Porites coral from a Micronesia reef (3!'B = 22.4 + 0.7 %o). External reproducibility on 3!'B was
calculated following Rae et al. (2011) on repeat analyses of three different boric acid standards (NIST

SRM 951a, ERM-AE121, ERM-AE122) (Fig. 2-6).

26 = 1.58 exp!7l"Bl + (.24 exp041"Bl
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Figure 2-6. External reproducibility in long-term analysis.

(a) 3''B deviation of 3 boric acid standards (NIST SRM 951a, ERM-AE121, ERM-AE122) from

various concentration (5 ppb, 10 ppb, 25 ppb, 50 ppb) with 2.s.d external reproducibility. 2.s.e of each

internal measurements are shown by error bars. (b) External reproducibility relationship between 11B

intensity and 2 s.d of boric acid standards and columned coral in-house standard. 2c¢ equation is

calculated following Rae et al. (2011).
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Table 2-3. Trace element (Ca, Al, Mn, Sr, Al, Ca) and Al/Ca results from ICP-MS analysis, less than 5% Uncertainty.

Depth Age Ca Al Mn Sr Al Ca Al/Ca
No. Species and size
(mean, cm) (ka) (mg/L) (pg/L)  (pg/L)  (pg/L)  (umol) (mol)  (umol/mol)
1 G.bulloides 300-355 pym 20.5 12.54 0.92 14.16 0.44 2.19 0.52 0.02 22.85
2 G.bulloides 300-355 pm 26.5 14.86 1.17 13.17 1.03 3.05 0.49 0.03 16.68
3 G.bulloides 300-355 ym 345 17.45 0.62 24.79 0.98 14.03 0.92 0.02 29.76
4 G.bulloides 300-355 ym 36.5 17.76 0.50 27.48 1.60 10.07 1.02 0.01 41.15
5 G.bulloides 300-355 ym 44.5 18.64 0.72 9.08 0.35 1.49 0.34 0.02 9.35
6 G.bulloides 300-355 ym 45.5 18.73 0.72 10.68 0.52 2.49 0.40 0.02 21.90
7 G.bulloides 300-355 ym 47.5 18.93 1.14 11.38 1.05 3.38 0.42 0.03 14.85
8 G.bulloides 300-355 ym 48.5 18.96 0.62 22.99 0.42 4.23 0.85 0.02 54.71
9 G.bulloides 300-355 ym 51.5 19.06 0.51 7.91 0.45 1.37 0.29 0.01 22.99
10 G.bulloides 300-355 ym 54.5 19.16 1.90 17.34 0.48 6.10 0.64 0.05 13.57
11 G.bulloides 300-355 ym 58.5 19.48 1.52 12.29 0.60 4.24 0.46 0.04 12.05
12 G.bulloides 300-355 ym 68.5 20.77 0.33 23.43 0.60 0.93 0.87 0.01 106.28
13 G.bulloides 300-355 ym 72.5 21.29 1.84 22.02 0.53 5.61 0.82 0.05 17.76
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Table 2-3. (Continued) Trace element (Ca, Al, Mn, Sr, Al, Ca) and Al/Ca results.

Depth Age Ca Al Mn Sr Al Ca Al/Ca

No Species and size

(mean,cm)  (ka)  (mg/lL)  (ug/L) (ug/L)  (ug/ll)  (umol)  (mol)  (umol/mol)

1 N.pachyderma.250-300 ym 55 3.36 0.46 14.14 0.42 0.80 0.52 0.01 45.36
2 N.pachyderma.250-300 ym 10.5 6.42 0.37 20.92 0.17 0.49 0.78 0.01 84.88
3 N.pachyderma.250-300 uym 23.5 13.88 2.36 12.89 0.74 7.53 0.48 0.06 8.12
4 N.pachyderma.250-300 ym 26.5 14.86 1.53 37.42 2.20 30.98 1.39 0.04 18.13
5 N.pachyderma.250-300 ym 30.5 16.84 0.90 34.72 1.09 18.33 1.29 0.02 28.57
6 N.pachyderma.250-300 ym 33.5 17.30 2.00 88.58 1.38 22.20 3.28 0.05 32.87
7 N.pachyderma.250-300 ym 34.5 17.45 1.84 21.17 1.43 6.00 0.78 0.05 8.56
8 N.pachyderma.250-300 ym 36.5 17.76 1.18 20.76 1.01 11.49 0.77 0.03 13.02
10 N.pachyderma.250-300 ym 44.5 18.64 1.45 7.08 0.32 4.57 0.26 0.04 7.23
11 N.pachyderma.250-300 ym 46.5 18.83 0.99 37.30 1.11 11.00 1.38 0.02 55.97
12 N.pachyderma.250-300 ym 48.5 18.96 1.52 22.01 0.54 3.25 0.82 0.04 21.51
13 N.pachyderma.250-300 ym 50.5 19.03 1.84 8.22 2.70 5.85 0.30 0.05 6.65
14 N.pachyderma.250-300 ym 51.5 19.06 1.32 19.84 0.47 4.40 0.74 0.03 22.27
15 N.pachyderma.250-300 ym 52.5 19.09 0.74 3.81 0.19 2.17 0.14 0.02 7.64
16 N.pachyderma.250-300 ym 53.5 19.13 2.09 11.41 0.54 6.70 0.42 0.05 8.10
17 N.pachyderma.250-300 ym 54.5 19.16 1.72 12.25 0.50 5.50 0.45 0.04 10.60
18 N.pachyderma.250-300 ym 55.5 19.19 2.19 65.87 1.46 6.49 2.44 0.05 44.71
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Table 2-3. (Continued) Trace element (Ca, Al, Mn, Sr, Al, Ca) and Al/Ca results.

Depth Age Ca Al Mn Sr Al Ca Al/Ca

No. Species and size

(mean, cm) (ka) (mglL)  (ug/l)  (ugl)  (pg/l)  (mol)  (mol)  (umol/mol)

19 N.pachyderma.250-300 pm 56.5 19.23 0.49 3.44 0.24 1.01 0.13 0.01 10.36
20 N.pachyderma.250-300 pym 58.5 19.48 2.23 14.14 0.63 7.27 0.52 0.06 9.44
21 N.pachyderma.250-300 ym 59.5 19.61 2.69 12.34 0.54 8.54 0.46 0.07 6.83
22 N.pachyderma.250-300 pym 68.5 20.77 0.91 17.57 1.33 3.14 0.65 0.02 28.57
23 N.pachyderma.250-300 ym 72.5 21.29 1.67 19.49 0.36 5.59 0.72 0.04 17.36
1 T.sacculifer 425-800 pm 10.5 6.42 0.53 11.33 0.25 1.44 0.42 0.01 32.06
2 T.sacculifer 425-800 pm 14.5 8.87 0.80 7.76 0.27 1.83 0.29 0.02 14.32
3 T.sacculifer 425-800 pm 20.5 12.54 1.88 15.05 0.91 5.57 0.56 0.05 11.90
4 T.sacculifer 425-800 pm 23.5 13.88 0.93 8.52 0.30 212 0.32 0.02 13.54
5 T.sacculifer 425-800 pm 26.5 14.86 2.45 11.12 0.59 7.39 0.41 0.06 6.74
6 T.sacculifer 425-800 pm 30.5 16.84 2.17 68.47 2.07 20.10 2.54 0.05 23.39
7 T.sacculifer 425-800 pm 33.5 17.30 1.16 61.70 1.29 4.48 2.29 0.03 39.40
8 T.sacculifer 425-800 pm 345 17.45 1.32 38.41 1.69 31.21 1.42 0.03 21.63
9 T.sacculifer 425-800 pm 36.5 17.76 39.52 52.42 4.26 79.25 1.94 0.99 0.99
10 T.sacculifer 425-800 pm 445 18.64 1.28 20.27 0.67 3.38 0.75 0.03 11.72
11 T.sacculifer 425-800 pm 50.5 19.03 0.96 14.86 0.29 2.67 0.55 0.02 23.07
12 T.sacculifer 425-800 pm 51.5 19.06 1.04 10.48 0.34 2.98 0.39 0.03 15.02
13 T.sacculifer 425-800 pm 53.5 19.13 1.50 7.21 0.41 4.49 0.27 0.04 7.16
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Table 2-3. (Continued) Trace element (Ca, Al, Mn, Sr, Al, Ca) and Al/Ca results.

Depth Age Ca Al Mn Sr Al Ca Al/Ca

No. Species and size
(mean, cm) (ka) (mg/l)  (ug/L)  (ug/l)  (ug/l)  (Mmol)  (mol)  (umol/mol)

14 T.sacculifer 425-800 ym 54.5 19.16 0.93 71.25 0.50 3.53 2.64 0.02 114.10
15 T.sacculifer 425-800 um 56.5 19.23 0.66 16.71 0.36 1.96 0.62 0.02 37.80
16 T.sacculifer 425-800 ym 58.5 19.48 2.65 12.60 0.95 7.95 0.47 0.07 7.07
17 T.sacculifer 425-800 ym 60.5 19.74 2.93 20.66 0.88 9.13 0.77 0.07 10.47
18 T.sacculifer 425-800 ym 68.5 20.77 1.45 13.27 0.25 4.25 0.49 0.04 13.63
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2.3.3. Trace element analyses

Major and trace elements were analyzed for Ca, Mg, Al, Mn, and Sr by Elan DRC-II ICPMS at
Korea Basic Science Institute (KBSI) Seoul Center. The uncertainty was less than 5% for all elements.
Conventionally, samples with Al/Ca > 120 umol/mol are considered to be contaminated by detrital
minerals (Foster, 2008; Kubota et al., 2021) and not considered further. Most of the samples in this
study had Al/Ca below ~ 40 umol/mol, and even the 15 samples that had Al/Ca between 40 and 120

umol/mol showed concentrations of the other trace elements in the typical range (Table 2-3).

2.3.4. Carbonate system calculations

The 8" Bearcite of foraminifera was converted into 8''Bporate, the boron isotope ratio of the borate ion
in the seawater in which the foraminifera grew. The species-specific calibration equations based on
sediment trap, core top, and culture studies were taken from literature and uppermost core top samples

from NPGM1302-1B (Table 2-4).

To calculate the pH from 8''Byoraie data, we first need estimates of sea surface temperature (SST),
sea surface salinity (SSS), pressure, and total alkalinity (TA) to calculate the pKg". Past SST was
calculated from the 3'80 difference between the benthic and planktonic foraminifera and past SSS
from planktonic §'%0. We used §'30 data of Sco et al. (2018) and the relationships established in the

northwest Pacific for the post-LGM period.
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SST = 0-331'A(8180benthic - algoplanktonic)2 + 3-643'A(6180bemhic - 6180planktonic) -0.14

SSS = (8"Oplankionic + 17.955) / 0.521

In this study, 8'0 from G. ruber was considered as the surface record (0 to 25 m), and the N.
incompta was regarded as the lower thermocline (~50 to 100 m) record (Table 2-5, Table 2-6). This
empirical estimate of SST and SSS in the Kuroshio extension agrees with modern measured values
(SST==+0.37 °C, SSS =+ 0.7 psu)(Oba and Murayama, 2004). When the calculated SST for our core
is compared with the alkenone-derived SST for a core nearby (Station 6) (Harada et al., 2004), the
amount of temperature change from the LGM to the Holocene is similar (~ 6 °C). Another noteworthy
point is that the restored SST and SSS values are similar to the average range of the seasonal depth
profile in the modern study area (Fig 2-2). Due to the timescale characteristics of this study, a
correction for a 2.5 °C drop in deep water temperature was applied in the calculation of SST from 5.5
ka to 20 ka. Calculated SST and SSS were in the range of modern seasonally-averaged values in the

northwest Pacific (SST < 20°C at ~100 m water depth, 33 <SSS < 35 PSU; (Ishii et al., 2011).

Total alkalinity was calculated using the estimated SST and SSS and the relationship (equation 4)

for our core location in the North Pacific, including a longitude correction (Lee et al., 20006).

TA = 2305 + 53.23-(SSS - 35) + 1.85:(SSS - 35)? -14.72-(SST - 20) - 0.158-(SST-20)? + 0.062-(SST - 20)

The calculated TA was in the range of 2298 - 2389 peq kg™!, which is higher than the modern

seasonal range observed further west along the Kuroshio Extension (31-34 °N, 137 °E; 2290 peq kg!
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<TA <2320 peq kg'; Ishii et al., 2011). we considered that the present KE area also has a higher TA
(~2350 umol kg') than the surrounding area, and these high TA appeared in the pelagic transition
zone, especially in longitude 150-180°E of North Hemisphere Pacific (Lee et al., 2006). TA
uncertainty in pH, pCO, realizations contains the glacial alkalinity increase (+ 125 umol kg') those
estimated in the modeling studies (Hain et al., 2015; Toggweiler, 1999). SST, SSS, and TA datasets

were used to determine the pKg* value of each sample (Zeebe & Wolf-Gladrow, 2001).

To convert 8''Bporate to pH, the seawater 8!'B value of 39.61%o (Foster et al., 2010) and the
fractionation factor ag of 1.0272 (Zeebe & Wolf-Gladrow, 2001) were substituted in the following

equation (Foster and Rae, 2016; Vengosh et al., 1991).

5llBseawater_ 5113borate )
‘SllBseawater_(aB X 5113borate)_1000 X (aB - 1)

pH =pKz" —log(—

The uncertainty of each pH data point was fully propagated with 10,000 realizations of the Monte
Carlo approach and was +0.097 on average (Table 2-7). The pCO- was calculated using the seacarb
package (Gattuso et al., 2017) in R using the T, S, TA, and pH as input variables. The uncertainty was
fully propagated using the Monte Carlo approach with 10,000 realizations varying the SST, sea

surface salinity (SSS), and TA (Table 2-7). The estimated uncertainty of this approach was £ 42 patm.
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Table 2-4. 3''B data from coretop foraminiferal calcite, comparison with variables and calibrated results.

depth for 11 ) O Bcalcite
core/species Colgitgt?oit:ad y TS T S pH pKe"  &Bcacite  &Bborate i al?gf;g;gz uncertainty by
("GLODAP) calibration (1 sd)
(m) (C)  (psu) _ (Total) (%o) (%0) (%o) (%o)
NPGM1302-1B, _
East Equatorial
0-1cm, B 9.9 2772 344 8.17 8.57 18.33 19.77 17.68 0.65
Pacific
G.bulloides
NPGM1302-1B, N
North Pacific 9.9 27.72 344 8.17 8.57 16.87 19.77 16.39 0.48
0-1cm,
N.pachyderma
NPGM1302-1B, East Equatorial
. 101 21.10 3438 8.08 8.64 18.53 17.84 18.57 0.04
0-1lcm, Pacific
T.sacculifer

aRefitted data and calibrations Henchan et al., (2016)

bStation 48292 in GLODAP data (Key et al., 2004); 155.04°E 32.001°N
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Table 2-5. Reconstructed surface (0-50m) temperature, salinity, alkalinity from 8'80¢ juser and 'O uwigerina spp.

Age AOuyigerina-G.ruber aT by Al80 als bS by 8180, ruber bls Total alkalinity 1s
(ka) (%o) (Surface; °C) (Surface; °C) (Surface; psu) (Surface; psu) (Surface; pmol kg) (Surface; pmol kg)
0.69 3.9 18.9 0.37 34 1 2267 9
1.91 3.4 16.2 0.37 35 1 2342 9
3.12 51 26.8 0.37 33 1 2098 9
4.34 4.3 21.9 0.37 31 1 2094 9
5.55 4.3 21.9 0.37 32 1 2154 9
7.98 4.4 20.3 0.37 33 1 2211 9
9.20 4.5 19.5 0.37 33 1 2202 9
10.41 4.5 18.7 0.37 35 1 2297 9
11.63 5.3 23.3 0.37 33 1 2139 9
12.84 5.8 26.9 0.37 32 1 2073 9
13.11 5.1 224 0.37 33 1 2188 9
13.37 5.2 23.2 0.37 33 1 2175 9
13.63 6.2 30.1 0.37 34 1 2068 9
13.90 5.6 25.9 0.37 34 1 2141 9
14.88 5.2 23.2 0.37 34 1 2211 9

*A80: §'80 defference between benthic - planktonic foraminifera. '%0 values from specific foraminifera data from Seo et al., (2018)

T: Temperature based on Oba and Murayama (2004); T= 0.331 x A(8"3Ouwigerina spp. - 830G ruper)® + 3.643 X A8 Otwigerina spp. = 030G ruber) - 0.14

bS: Salinity based on Oba and Murayama (2004); S= (8" 0¢.uper + 17.955) / 0.521

°TA: Alkalinity based on Lee et al., (2000); TA=2305 + 53.23 x (S-35) + 1.85 x (S - 35)2 -14.72 x (T - 20) - 0.158 x (T-20)2 + 0.062 x (T - 20)
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Table 2-5. (Continued)

Age A8Ouyigerina-G.ruber aT by A0 als bS by 8'8O0g. ruer bls Total alkalinity ¢1s
(ka) (%o0) (Surface; °C) (Surface; °C) (Surface; psu) (8:2‘3)0 € (Surface; pmol kg) (Surface; pmol kg)
15.86 4.8 20.6 0.37 35 1 2280 9
16.85 4.4 18.0 0.37 35 1 2348 9
17.83 4.0 15.3 0.37 36 1 2415 9
17.99 4.5 18.2 0.37 35 1 2321 9
18.15 4.7 19.5 0.37 35 1 2286 9
18.31 4.4 17.6 0.37 35 1 2344 9
18.47 4.9 20.8 0.37 34 1 2256 9
18.97 4.0 15.2 0.37 36 1 2408 9
19.20 4.9 20.7 0.37 34 1 2242 9
19.42 4.6 18.8 0.37 35 1 2328 9
19.43 4.7 20.0 0.37 35 1 2287 9
19.49 4.4 17.8 0.37 35 1 2348 9
19.62 4.3 17.0 0.37 35 1 2360 9
19.74 5.1 22.4 0.37 34 1 2204 9
19.99 4.0 15.5 0.37 35 1 2391 9

*A80: §'80 defference between benthic - planktonic foraminifera. '%0 values from specific foraminifera data from Seo et al., (2018)

*T: Temperature based on Oba and Murayama (2004); T= 0.331 x A8 Owvigerina spp. = 080G ruver)? + 3.643 x A Ouvigerin spp. = 680G ruper) - 0.14
bS: Salinity based on Oba and Murayama (2004); S= (§"#0¢.uper + 17.955) / 0.521

°TA: Alkalinity based on Lee et al., (2006); TA=2305 + 53.23 x (S-35) + 1.85x (S - 35)2 -14.72 x (T - 20) - 0.158 x (T-20)2 + 0.062 x (T - 20)
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Table 2-6. Reconstructed lower thermocline (~100 m) temperature, salinity, alkalinity from 8'"®On.incompra and 88 Ovvigerina spp.

Age AOuyigerina-N.incompta aT by A80 als bS by 380N .incompta bls Total alkalinity 1s
(ka) (%0) (thermocline; °C) (thermocline; °C) (thermocline; psu) (thergnscl)]():line; (tz(;:g;?(cgli_?)e; (tz(;:g;?(cgli_?)e;
0.69 3.2 151 0.37 35.2 0.70 2383 9
191 3.1 14.2 0.37 35.4 0.70 2404 9
3.12 3.9 19.2 0.37 35.2 0.70 2329 9
4.34 2.4 10.3 0.37 34.8 0.70 2423 9
5.55 3.2 15.0 0.37 34.7 0.70 2357 9
7.98 3.4 16.2 0.37 35.4 0.70 2379 9
9.20 35 16.8 0.37 35.4 0.70 2371 9
10.41 3.6 174 0.37 36.3 0.70 2413 9
11.63 3.4 16.2 0.37 36.1 0.70 2419 9
12.84 3.8 14.6 0.37 36.2 0.70 2446 9
13.11 3.8 14.1 0.37 36.0 0.70 2440 9
13.37 3.2 11.2 0.37 37.2 0.70 2549 9
13.63 4.7 195 0.37 36.6 0.70 2402 9
13.90 4.0 15.6 0.37 36.7 0.70 2459 9
14.88 3.8 14.3 0.37 36.9 0.70 2490 9

*A130: §'30 defference between benthic - planktonic foraminifera. $'30 values from specific foraminifera data from Seo et al., (2018)

T: Temperature based on Oba and Murayama (2004); T= 0.331 x A(8'3 O uwigerina spp. - 8 BON.incompta)* + 3.643 x A(8'8Ouvsigerina spp. = 8 ON.incompta) - 0.14
®S: Salinity based on Oba and Murayama (2004); S= (8" On.incompia + 17.955) / 0.521

°TA: Alkalinity based on Lee et al., (2000); TA=2305 + 53.23 x (S-35) + 1.85 x (S - 35)2 -14.72 x (T - 20) - 0.158 x (T-20)2 + 0.062 x (T - 20)
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Table 2-6. (Continued)

Age AOuyigerina-N.incompta aT by A80 als bS by 380N .incompta bls cTotal alkalinity 1s
(ka) (%0) (thermocline; °C) (thermocline; °C) (thermocline; psu) (thergnscl)]():line; (tzig}(?(cgli?)e; (tzig}(?(cgli?)e;
15.86 3.5 13.0 0.37 37.1 0.70 2520 9
16.85 3.3 11.7 0.37 37.3 0.70 2550 9
17.83 3.1 104 0.37 37.6 0.70 2580 9
17.99 3.0 9.8 0.37 37.6 0.70 2592 9
18.15 3.4 12.1 0.37 36.9 0.70 2521 9
18.31 3.1 10.5 0.37 37.5 0.70 2575 9
18.47 3.0 9.8 0.37 37.9 0.70 2610 9
18.97 35 12.7 0.37 36.5 0.70 2488 9
19.20 3.2 11.2 0.37 37.1 0.70 2540 9
19.42 3.2 11.2 0.37 37.6 0.70 2575 9
19.43 3.6 131 0.37 36.9 0.70 2505 9
19.49 35 12.9 0.37 36.8 0.70 2506 9
19.62 3.2 11.2 0.37 37.2 0.70 2547 9
19.74 3.6 134 0.37 36.5 0.70 2481 9
19.86 4.2 16.7 0.37 37.0 0.70 2465 9
19.99 3.3 114 0.37 36.9 0.70 2527 9

*A130: 8130 defference between benthic - planktonic foraminifera. 8'30 values from specific foraminifera data from Seo et al., (2018)
*T: Temperature based on Oba and Murayama (2004); T= 0.331 x A(8"8 Owvigerina spp. = 8B Onincompra)?* + 3.643 X A8 Ovnigerina spp. = 0 Onincompra) - 0.14
®S: Salinity based on Oba and Murayama (2004); S= (8'8On.incompia + 17.955) / 0.521

°TA: Alkalinity based on Lee et al., (2006); TA=2305 + 53.23 x (S-35) + 1.85 x (S - 35)2 -14.72 x (T - 20) - 0.158 x (T-20)2 + 0.062 x (T - 20)
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Table 2-7. ''Beacite of planktonic foraminifera and variables for carbonate chemistry calculation

No.  Species Depth Age 1s T Tofa! seawater

0 Bcalcite alkalinity pKe pH 1s pCO2 1s ApCO:2 1s
(mean, cm) (ka) (%0) (%0) °Q) (psu)  (umol kg (total) (total) (uatm) (uatm) (natm) (uatm)

1  G.pulloides 20.5 1254 15777 032 25.1 325 2107 8.61 8.05 0.02 271 20 24 20
2  G.bulloides 26.5 14.86  16.89 0.3 153 358 2415 8.71 8.17 0.02 201 16 -32 16
3 G.bulloides 34.5 1745 16.85 035 18.2 3438 2321 8.68 8.15 0.02 217 18 25 18
4 G.bulloides 36.5 1776 1779 044 18.2 3438 2321 8.68 8.21 0.02 195 18 3 18
5  G.bulloides 44.5 1864 16.42 042 179 3438 2325 8.68 8.09 0.02 239 17 48 17
6  G.bulloides 45.5 18.73 17.4 04 179 348 2325 8.68 8.18 0.02 207 19 15 19
7  G.bulloides 47.5 18.93  16.97 04 179 348 2325 8.68 8.15 0.02 214 18 24 18
8  G.bulloides 48.5 1896 16.69 0.38 20.7 34.0 2242 8.65 8.13 0.02 225 18 33 18
9  G.bulloides 51.5 19.06 17.91 04 20.0 344 2274 8.66 8.23 0.02 181 16 -11 16
10 G.pulloides 54.5 19.16 16.7 0.34 20.0 344 2274 8.66 8.14 0.02 224 19 33 19
11  G.pulloides 58.5 1948 16.82 0.34 185 352 2338 8.67 8.15 0.02 210 17 20 17
12  G.pulloides 68.5 20.77 18.4 0.26 155 349 2360 8.71 8.22 0.02 190 21 -1 21
13 G.pulloides 72.5 21.29 17.62 0.29 155 349 2360 8.71 8.21 0.02 205 18 17 18
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Table 2-7. (Continued)

Total seawater

No. Species Depth  Age 1s T

O0MBcalcite alkalinity  pKs pH 1s pCO:2 1s ApCO:2 1s
(mean, (ka) (total) (total) (patm) (patm) (patm) (patm)
cm) (%) (%) (°C)  (psu) (umol kg

1 N.pachyderma 55 3.36 15.43 0.3 26.8 330 2098 8.59 8.12 0.02 266 22 -8 22
2 N.pachyderma 10.5 6.42 15.12 0.29 218 345 2250 8.64 8.08 0.02 268 24 6 24
3 N.pachyderma 235 13.88 16.32 0.31 18.0 353 2348 8.68 8.19 0.02 216 23 -22 23
4 N.pachyderma 26.5 14.86 15.35 0.32 153 3538 2415 8.71 8.11 0.02 260 25 27 25
5 N.pachyderma 30.5 16.84 15.18 0.35 182 3438 2321 8.68 8.11 0.02 251 22 46 22
6 N.pachyderma 33.5 17.30 16.65 0.34 182 3438 2321 8.68 8.24 0.02 181 18 -14 18
7 N.pachyderma 34.5 17.45 15.25 0.35 18.2 34.8 2321 8.68 8.11 0.02 245 21 53 21
8 N.pachyderma 36.5 17.76 15.88 041 18.2 34.8 2321 8.68 8.15 0.02 222 19 31 19
10  N.pachyderma 44.5 18.64 15.3 041 179 348 2325 8.68 8.10 0.02 265 25 74 25
11 N.pachyderma 46.5 18.83 17.05 0.38 179 348 2325 8.68 8.26 0.02 213 28 24 28
12 N.pachyderma 48.5 18.96 15.44 0.38 20.7 34.0 2242 8.65 8.13 0.02 237 21 46 21
13 N.pachyderma 50.5 19.03 15.16 04 200 344 2274 8.66 8.09 0.02 266 24 74 24
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Table 2-7. (Continued)

No.  Species Depth  Age  mipye S T S all—zﬁﬁ:ty pKs  pH 1s sesggzer 1s  ApCO»  1s

(”;f:;”' (ka) %) %) O (psu)  (umol ko) (total)  (total) (uatm) (uatm)  (patm)  (patm)
14 Npachyderma 515 19.06 1696 041 20.0 344 2274 8.66 8.25 0.02 199 24 7 24
15 N.pachyderma 525  19.09 1592 041 20.0 34.4 2274 8.66 8.16 0.02 238 25 46 25
16 N.pachyderma 535 19.13 1552 042 200 344 2274 8.66 8.12 0.02 259 25 67 25
17 N.pachyderma 545 19.16 1549 035 200 344 2274 8.66 8.14 0.02 241 23 50 23
18 N.pachyderma 555 19.19 1515 0.33 188 35.1 2328 8.67 8.12 0.02 234 19 43 19
19 N.pachyderma 565 1923 1512 033 194 34.9 2307 8.66 8.10 0.02 231 16 40 16
20 N.pachyderma 585 1948 1596 0.3 185 35.2 2338 8.67 8.20 0.02 204 20 13 20
21 N.pachyderma 595 1961 1558 032 224 337 2204 8.64 8.16 0.02 220 20 30 20
22 N.pachyderma 685 2077 1623 026 155 34.9 2360 8.71 817 0.02 180 20 -11 20
23 N.pachyderma 725 2129 1678 025 155 34.9 2360 8.71 822 0.02 192 17 4 17
1 T.sacculifer 105  6.42 1861 0.2 147 350 2381 8.72 8.7 0.02 262 22 0 22
2 T.sacculifer 145 887 2005 032 144 355 2409 8.72 8.13 0.02 216 22 -44 22
3 T.sacculifer 205 1254 1845 0.31 134 36.2 2458 8.73 8.2 0.02 291 21 43 21
4 T.sacculifer 235 1388 19.36 0.31 11.7 37.3 2550 8.75 8.10 0.02 235 20 -4 20
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Table 2-7. (Continued)

No.  Species  Depth  Age  gug .. 15 T S algiﬁ:ty pKs  pH 1s Seglc\évgzer 1s ApCO:» 1s

(”;f:;”' (ka) %) %) O (psw)  (umol kg (total) (total) (uatm) (uatm) (uatm) (uatm)
5 Tsacculfer 265 1486 1919 029 104 37.6 2580 8.76  8.11 0.02 249 24 16 24
6 T.sacculifer 305 1684 1824 034 9.8 37.6 2592 8.77 801 0.02 330 30 125 30
7  Tsacculfer 335 17.30 19.97 036 9.8 376 2592 8.77  8.09 0.02 192 20 -4 20
8 T.sacculifer 345 1745 1917 034 98 376 2592 8.77  8.09 0.02 219 15 27 15
9 Tsacculfer 365 17.76 1956 039 9.8 37.6 2592 8.77  8.10 0.02 222 25 31 25
10 T.sacculfer 445 1864 1895 04 120 36.8 2514 8.75  8.08 0.02 286 28 95 28
11  Tsacculfer ~ 505  19.03 1851  0.39 11.7 37.2 2540 8.75  8.03 0.02 273 17 81 17
12 Tsacculfer ~ 515  19.06 1867 04 117 37.2 2540 8.75 8.04 0.02 290 24 98 24
13 Tsacculfer ~ 535  19.13 1857 04 117 37.2 2540 8.75  8.03 0.02 284 19 92 19
14  Tsacculfer 545  19.16  19.14  0.39 11.7 37.2 2540 8.75  8.05 0.02 235 17 a4 17
15 T.sacculfer 565  19.23 1834  0.28 121 37.3 2540 8.74  8.05 0.02 258 15 67 15
16 T.sacculfer 585 1948 189  0.37 117 36.8 2520 8.75 8.09 0.02 259 22 69 22
17 Tsacculfer ~ 605  19.74 199 022 16.7 37.0 2465 8.69  8.16 0.02 226 30 33 30
18  Tsacculfer 685 2077 2027 024 99 364 2512 8.77  8.19 0.02 203 19 12 19
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2.4. Results and discussion

2.4.1. The pH and pCOzrecord for the past 22 kyr at Shatsky Rise

Over the 4 — 22 ka, our core records generally decreasing pH and increasing pCO» for the surface
(G.bulloides, N.pachyderma; ~50 m) and the lower thermocline (7 sacculifer; ~125m) (Fig. 2-7).
While the data points are relatively sparse for periods after B/A, the LGM-HSI transition is
exceptionally well preserved in the studied core (Fig. 2-3, Fig. 2-7). The 8''Bcaiie of each
foraminifera sample from this study (Fig. 2-7a) represented in typical species-specific 5''B ranges
(Henehan et al., 2016; Raitzsch et al., 2018). Although the WNP is a CO; sink at present days, the
deglacial record indicates that the WNP was a CO, source in the early deglaciation period. The time
intervals when the area was a CO; sink are in late LGM (~21 ka), early HS 1 (~17 ka), and the middle
Bolling-Allerod (B/A; ~13 ka) and probably most of the Holocene. In between were prolonged
periods when the area acted as a CO; source — the LGM-to-HS1 transition period (19.7 — 17.5 ka), the

middle HS1 (16 — 17 ka), and the Younger Dryas (Fig. 2-7¢, d).

The reconstructed pH appears in a slightly higher range compared to the surface (~8.17 pH unit)
and below-thermocline (~8.06 pH unit) values of modern seawater but within the range of the
seasonal maximum (~8.25; Ishii et al., 2011). As known from the current seawater depth profile, the
lower thermocline shows a record of lower pH and saturated pCO> than surface seawater (Fig. 2-
7b,¢). Our record shows that the pH is particularly low in the region corresponding to the LGM-HS1
transition (18-19 ka) and in HS1 (Fig. 2-7b). Among them, for LGM-HSI1, the pH of the surface

seawater increased once, around 18.83 ka (~8.26 pH unit), then decreased (~8.09 pH unit). In
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comparison, the pH record of 7' sacculifer living at the lower thermocline steadily decreased during
this period and showed one prominent negative peak (minimum 8.03 pH unit, 19.13 ka). This
difference suggests the possibility that surface water and lower thermocline water are separated
environments and can only be mixed under certain conditions. When this mixing is suspected of
having occurred, it is at the end of the LGM (18 ka) that the surface and the record under the
thermocline appear similar. This pH feature also appears in pCO>, indicating that the seawater below
the thermocline was markedly saturated with CO; during the LGM-HS1 transition. However, since the
atmospheric CO, at the time was relatively low, surface water with a high pH in the middle must also

have been a CO; source in terms of ApCO, (Fig.2-7d).

The significant difference is found in surface and sub-thermocline seawater during another period
when WNP is a CO; source, which is middle HS1 (16.84 ka). Both N. pachyderma and T. sacculifer
show significantly lower 8''B values at this time. Still, the pH and pCO, of the lower thermocline
represented by 7. sacculfer indicate the most substantial level of CO; saturation (~8.01 pH units, ~
330 patm pCOz). Even considering the uncertainties in the calculations, there would have been
extreme pCO; saturation below the thermocline at this time and somewhat weaker CO; saturation in

the surface water by comparison.

Another CO; source period is early YD (~12.54 ka), where pCO; increases in both surface and sub-
thermocline waters (~23 patm ApCO; in surface) compared to B/A. From this point of view, WNP
was a CO; source in the early YD period, but unfortunately, pCO- records for the rest of YD could not

be reconstructed in this study due to a lack of foraminifera samples.

33



Holocene YD BA H51 LGM
2z

20 1 € T.sacculifer
[
18 -

o | G.buil ;.-:-5 ‘1
; «‘; -

.'Jachyderma

5B (%)

23 b
T gz -
2
I t
o Surface
2 g4 ] i
B - Under thermocline

450 -
- [
E
g 250 4
= A Under thermocline
~ imaspheric pCOw(ppmv)
I N
B 250 -

% Surface
180 -
150 -

g

ApCO, (patm)
i?‘“

in
=]

-
[=]
[=]

Age (ka)

Figure 2-7. Carbonate system changes in seawater of Shatsky Rise over the last 4 - 22 kyr.

(a) 8"'B values of G. bulloides (pink), N. pachyderma (purple) and T.sacculifer (black) from core
NPGP1302-1B with 26 uncertainty, (b) pH calculated by 8''B of planktonic foraminifera, Surface
(Red line as median between two species, pH from 8"'B. puioides as pink dots, 8""By. pachyderma as blue
dots with 26 uncertainty) and below-thermocline (pH from 8''Brsaccuiifer as black dots and line), (c)
Reconstructed seawater pCO; of surface (red line) and under-thermocline (black line) seawater in this

study and atmospheric pCO» (Bereiter et al., 2015) (d) Reconstructed ApCO; of surface (red) in WNP.
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To understand the reconstructed pCO:s in this study at a local level, a comparison of several local
proxies was made: SST (Fig. 2-8) and TA (Fig. 2-8) used to calculate pH and pCO», and SPG can
indicate extension. The abundance of cold water species (Fig. 2-8), marine TOC, and terrestrial TOC
data from the STG area (KC-dominant; 31°23.94° N 134°49.86 E) indicating KC transportation and
terrestrial input (Fig. 2-8). Among them, SST and TA were calculated from the foraminiferal §'30 of
the studied core (Table 2-5, Table 2-6). The pCO, record in this study does not change significantly at
the peak point of SST or TA, so it can be confirmed that the calculated value of pH and pCO, is more
strongly related to the 8''B value than the SST or TA (Fig. 2-7a). In the case of the SPG-STG
transition region, such as Shatsky Rise, a decrease in SST can be interpreted as an SPG expansion.
Still, in the case of alkenone-derived SST in a nearby region, the overall change in the last
deglaciation period has increased due to global warming (Harada et al., 2004). On the other hand,
higher TA is often interpreted as an expansion of the SPG in the SPG-STG transition region (Ishii et
al., 2011; Jin, 1997; Minoshima et al., 2007). A higher proportion of cold water species can also
indicate the extended state of SPG. In addition, the high marine TOC with high terrestrial TOC in the
last deglaciation can be interpreted as activated mixing between nutrient-rich SPG and oligotrophic
STG water mass, with active transport from continent and islands (Ikehara et al., 2009; Shimoto and
Matsumura, 1992). Unlike the acolian dust fraction, terrestrial TOC is mainly transported by the
surface current along the coastal area, which indicates strengthened KC in WNP with higher terrestrial

TOC (Ikehara et al., 2009).

From this point of view, the calculated TA (Fig. 2-8¢) in this study shows a similar SPG expansion
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state to previous foraminifera (Fig. 2-8d) and TOC (Fig. 2-8e) studies. In particular, from the HS1-

LGM transition period (18-19 ka) to the middle HS1 (~16.84 ka), it shows a high distribution of

coldwater species with high TA, revealing the tendency of the expanded SPG to retreat gradually. The

area reporting TOC near KE (Fig. 2-8e) is located south of our study area, and STG is dominant

(PCS). At this point, as the cause of the high bio-productivity during the HS1-LGM transition period,

the active mixing of STG-SPG water and detrital input, which must have been actively supplied by

eolian and coastal currents (Ikehara et al., 2009; Li et al., 2004; Minoshima et al., 2007). The nutrient

sources are limited in oligotrophic STG, and if the features of low terrestrial TOC and high marine

TOC appear in the STG area, it is considered that the nutrient should be provided by eolian input or

mixing of nutrient-rich intermediate water (Kobari et al., 2020; Kouketsu et al., 2016; Saito, 2019). In

addition, during the HS1-LGM transition period, the terrestrial TOC gradually increases, and the

marine TOC is very high compared to the present and then gradually decreases, which could be the

effect of the progressively stronger transport of STG water (KC). It has been mentioned that the

remarkably rapid increase in terrestrial TOC during this period is related to sea-level rise (Ikehara et

al., 2009).

One of the interesting points is that all of our positive pCO- peaks in LGM-HS1 appeared when the

marine TOC was high as the terrestrial TOC gradually increased, that is, when STG expansion and

mixing were active. In addition, for surface water pCO,, negative pCO; peaks (CO; sink signal)

appear in some of the peaks in which the terrestrial TOC rapidly increased. Representatively, a short

period (19.06 ka) of late LGM where pCO- drop appeared only on the surface, including early HS1,

B/A with thermocline pCO- decreasing. In this respect, the surface water of WNP appears to respond
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sensitively to the influx of continent-derived nutrients, and it tends to absorb CO, as the TOC

delivered from the coastal current increases. However, the period when WNP is a CO; source is

characterized by a significant rise in pCO; in the lower thermocline seawater over a relatively long

period. At this time, the terrestrial TOC gradually increases on a long-term time scale, and the marine

TOC appears exceptionally high. If the increased inflow and mixing of CO,-rich intermediate water

supplied nutrients to the high bio-productivity of WNP, the simultaneous increase in CO; in the

surface layer and near the thermocline could be explained to some extent. This consideration will be

compared to the NP and the surrounding Pacific records, which supply intermediate water to WNP.
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Figure 2-8. Paleoceanographic variables in Shatsky Rise over the last 4 - 22 kyr.

(a) Reconstructed seawater pCO; of surface (red line) and under-thermocline (black line) seawater in this study
and atmospheric pCO» (Bereiter et al., 2015), (b) A'®O-based SST of surface (red) and lower thermocline (black)
(c) Abundance of cold water species in core NPGP1302-1B, same core with this study (Seo et al., 2018), (d) Total

organic carbon (TOC) in Kuroshio-dominant area, core PC8, Marine (blue) and Terrestrial (orange) in mass

accumulate rate (MAR; mg cm? kyr!) (Ikehara et al., 2009; Minoshima et al., 2007).
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2.4.2. - Comparison of the Pacific ApCO: data in the Northern Hemisphere

WNP ApCO; data from the surface show that strong CO, degassing (maximum ~73 patm) occurred
in late LGM (19.5-17.5 ka) and a weaker one (~45 patm) in middle HS1. Drawdown of CO, (~28
patm) occurred in late LGM, early HS1, and middle B/A and throughout the Holocene (Fig. 2-9).
Here, we compare ApCO; data with literature data for other locations of the Pacific Ocean in the
Northern Hemisphere — the NP (N. pachyderma; Gray et al.,2018), WEP (G. ruber; Kubota et al.,
2019), and EEP (G. sacculifer; Martinez-Boti et al., 2015). Although the dominant foraminiferal
species and their depth of habitat differ between the four sites, the sub-dwelling depths of the

planktonic foraminifera used in each of the studies do not exceed the thermocline depth (~150 m). In
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addition, while the SST, S, pH and "' Byorate are for local seawater, pCO2sw data can be compared

globally, as has been demonstrated for the global ApCO, comparison study (Shao et al., 2019;

Shuttleworth. et al., 2022).

Considering the surface ApCO; source peaks in WNP (Fig. 2-8d) coincide with rapid saturation of

below thermocline pCOz, the ApCO; records from NP are vital as a significant source of intermediate

water in the Northern Hemisphere. When WNP was a strong source (ApCO; ~ 73 patm) in the LGM-

to-HS1 transition period (19.6 — 17.5 ka), the NP reached a fairly high ApCO- of ~ 83 patm (Fig. 2-

9a). The NP-WNP coincidence of high ApCO- also appears in middle HS1 and early YD, the time

interval of rapid increase of atmospheric pCO-. These observations have some implications in global

warming of the last deglaciation, as the circulation and CO; degassing relationship between NP and

WNP in rapid CO; increasing HS1 and YD.
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In the case of WEP (Fig. 2-9b), the surface water shows CO; sink signals during the last deglaciation.
Unless the upper-thermocline pCO, records in WEP indicate large-scale pCO; saturation (~maximum
420 patm) during 4-20 ka, as the intermediate water from the increasing CO; in Sub-Antarctic mode
water (SAMW) (Kubota et al., 2019; Shuttleworth et al., 2021). The CO, records from WEP show quite
different local patterns (Kubota et al., 2019; Palmer and Pearson, 2003; Xiong et al., 2022),
hypothesized the various environments by regional upwelling, riverine input, and ENSO influence
(Xiong et al., 2022). The CO; increase in intermediate water from SAMW is more represented by EEP
(Fig. 2-9c¢) because of the active upwelling in the last deglaciation (Kubota et al., 2021; Martinez-Boti

etal., 2015).
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Figure 2-9. Comparison with ApCO; data from previous studies of the Pacific area.
(a) North Pacific (Gray et al., 2018), (b) west equatorial Pacific (WEP; Kubota et al., 2019) (c) east
equatorial Pacific (EEP; Martinez-Botiet al., 2015), (d) western North Pacific (WNP) from this study.
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2.4.3. Surface circulation events of the Pacific during the last deglaciation

Since the significant CO» source peaks from WNP data have close relationships between SPG-STG
mixing and North Pacific intermediate water, CO- pool and intermediate exchange models from WEP

(Kubota et al., 2019) and NP (Rae et al., 2020) are combined and interpreted for this study (Fig. 2-10).

In this model, the SPG area in the surface seawater widens by cooling or ENSO effects (LGM; Fig.
2-10a). The upwelling of NP is activated, and CO> in intermediate water is released to surface SPG
seawater. However, this CO; saturation is more activated on the surface of NP. The CO; transport by
intermediate water might be isolated in WNP, considering the low pCO> surrounding the lower

thermocline in WNP (LGM, early HS1).

On the other hand, STG water mass rises to the north in the episodic warming or strengthening of
the KC (LGM-HSI transition, middle HS1, YD; Fig. 2-10b) in the surface. At this time, SPG retreats
to the surface but moves below the thermocline depth of the SPG-STG transition zone due to the
relatively higher density than STG water, as the flow is known as lateral transport (Gray et al., 2020;
Rae et al., 2020). In this case, the CO; pool is located in the shallower depth due to weak sinking and
lateral transport, which can be considered the cause of the rapid saturation of pCO; below the
thermocline in WNP. This CO;-saturated seawater might be well-circulated and provide nutrients to
the SPG-STG transition zone, indicated by high productivity. Also, the increased CO, of SAMW was
transported to the equatorial area, recorded in the gradual pCO; increase in EEP and upper-

thermocline WEP (Kubota et al., 2019).
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Figure 2-10. Schematic descriptions of circulation in the Northern Hemisphere Pacific during the last
deglaciation. Each location of deglacial Pacific pCO; studies are indicated in the figure as follows;
WNP (NPGP1302-1B; this study) as yellow star symbol, Blue star symbol as NP (MD01-2416; Gray
et al., 2018), Orange star symbol as WEP (KR05-15; Kubota et al., 2019), and EEP as green star
symbol (ODP1238; Martinez-Boti et al., 2015). SAMW, Sub-Antarctic mode water.
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2.5. Conclusion

The Kyroshio extension and its transition zone are significant exchanges of CO, with the

atmosphere in the modern ocean. In the western North Pacific (WNP), this area has a specific

position where sub-tropical and sub-polar gyre (STG-SPG) water masses mix, and the processes of

oceanographic change are related to gyre transition reflecting climate change. Comparing the

timing of changes in these factors with the CO, storage capacity will provide a more detailed

understanding of the Northwest Pacific climate system. The post-LGM is a period in which these

control factors in the western North Pacific (WNP) can be closely observed through the well-known

glacial-interglacial events.

This study reconstructed new high-resolution boron isotope-derived pCOx s record for 4-22 ka at

Shatsky Rise core NPGP1302-1B (32° 16'N, 158° 13" E; 2514 m water depth), western North

Pacific (WNP). This area is known as the Kuroshio Extension and subpolar-subtropical gyre

boundary system, one of the Pacific's largest surface current mixing areas. Our records were

reconstructed from multi-species planktonic foraminifera, each representing water mass at different

habitat depths: G. sacculifer (n=21), G. bulloides (n=16), and N. Pachyderma (n=26).

The planktonic foram data showed that the northwest Pacific actively released CO; into the

atmosphere during LGM to HS1 and the middle HS1 and absorbed CO> from the atmosphere in

early HS1 and early YD. The WNP ApCO, sy have a close relationship with North Pacific by the

mechanism of SPG-STG expansion. The combined circulation model from North Pacific and

Equatorial Pacific areas suggests SPG-related pCO: pool in WNP.
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Chapter 3. Comparison of Darriwilian §'C and 6''B records in the
Taebaeksan basin, Korea: carbonate platform anoxia and ocean

acidification

3.1. Introduction

The boron isotopes compositions analyzed in ocean carbonates enable the modeling of the partial
pressure of dissolved CO; in seawater based on carbonate chemical systems by restoring the pH of the
past ocean (Foster et al., 2018; Kasemann et al., 2005). Recently, analytical methods for boron
isotopes have been actively developed, and the studies applied to reconstructing the
palaecoclimatic/paleoceanographic records of that period in various Cenozoic sediments have
increased (Greenop et al., 2017; Misra and Froelich, 2012; Rae et al., 2021; Shuttleworth et al., 2021).
On the other hand, attempts have been made to restore the pH of the Paleozoic and Proterozoic oceans
with boron isotopes, but there are still a few cases (Clarkson et al., 2015; Jurikova et al., 2020;

Kasemann et al., 2000; Paris et al., 2010).

In this point of view, the Middle Ordovician is one of the time intervals with the middle Darriwilian
isotopic carbon excursion (MDICE) that appears during the onset of long-term cooling and rapid
biodiversity of the Middle Ordovician. There are large carbon excursions from the Middle-Late
Ordovician with the most extensive glaciation and mass extinction (Fig. 3-1). Meanwhile, another
characteristic of the Middle Ordovician is the Great Ordovician Biodiversification Event (GOBE).
This is one of the most significant events of marine species speciation throughout the Phanerozoic as

well as the Paleozoic and is known to have started at the same time as MDICE (Algeo et al., 2016a;
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Deng et al., 2021; Rasmussen et al., 2016; Servais and Harper, 2018). However, the cause that
triggered GOBE still needs to be clarified in Middle Ordovician studies. Although long-term cooling
can be suspected, cooling itself during the MDICE period did not appear significantly, so it is a rather
orbital cooling with slow change to be seen as a cause for the rapid occurrence of GOBE (Fig. 3-1)
(Dronov, 2013; Fang et al., 2019; Trotter et al., 2008). Also, during this period, long-term sea-level
elevation began, and how this change is related to MDICE and GOBE is being actively discussed
locally and globally (Guo et al., 2020a; Haq and Schutter, 2008; Rasmussen et al., 2021; Schmitz et

al., 2019; Witzke and Bunker, 1996; Xiong et al., 2019).

The middle Darriwilian isotopic carbon excursion (MDICE) is the positive carbon isotope
excursion (with a difference within 2%o depending on the region) that appears in the Middle
Darriwilian Stage (Ainsaar et al., 2020). In sections from the paleo-continents Laurentia and Baltica,
MDICE was defined as a three-peak carbon isotope excursion in a biozone between E.suecicus and
P.serra, in some early studies (Ainsaar et al., 2010; Ainsaar et al., 2004; Lehnert et al., 2014).
However, the sections with the part of carbon isotopic excursion by Erosion or unconformity, for
example, in Argentine Precordillera (Albanesi et al., 2013), Siberia (Ainsaar et al., 2015), South China
(Munnecke et al., 2011; Schmitz et al., 2010), North China (Bang and Lee, 2020; Jing et al., 2022)
and Tarim Basin (Zhang and Munnecke, 2015) were reported. Therefore, the reported MDICE
sections show at least one carbon isotope excursion of +2%o or higher in middle Darriwilian and

considered these positive carbon excursions to MDICE as a global carbon isotopic event.

According to the 8"3C, §'°N with paleoceanic parameters from Bang and Lee (2020), the MDICE of
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the Taebaek section was a time interval accompanied by rapid rainfall-derived weathering, seawater

stratification, oceanic anoxia, and salinity-driven downwelling in a situation where the global sea

level increased. Judging from this point, it was expected that acidification and its changes with time

could be sufficiently observed on the local scale. In this study, we updated the biostratigraphy of

MDICE containing the Taebaek section and reconstructed the seawater boron isotope-pH record from

the same samples of Tacback MDICE. This new approach will enrich the interpretation of shallow

marine environmental change currently being attempted by Middle Ordovician studies.
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Figure 3-1. The Ordovician global environmental signals (modified after Bang and Lee, 2020). SL: sea level; SST: sea surface temperature (Bergstroem et
al., 2009; Cherns et al., 2013; Gradstein et al., 2020; Haq and Schutter, 2008; Trotter et al., 2008; Young et al., 2009)
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3.2. Study Area

The Korean Peninsula during the Paleozoic was part of the Sino-Korean Block (SKB; also called
the North China Block), which was located in the equatorial northeastern peri-Gondwana region
during the early Paleozoic. Lower Paleozoic sediments were deposited in epeiric sea environments.
Biostratigraphic details of Middle Ordovician strata of the southern Korean Peninsula (the Taebaeksan
Basin) have been studied extensively (Cho et al., 2021; Choi and Chough, 2005; Lee et al., 2022; Lee,
1989; Lee and Lee, 1986). Trilobites and conodonts biostratigraphically constrain Middle Ordovician
strata in the Taebaeksan Basin to have been deposited in the Dapingian—Darriwilian age, and some
strata in the western part extended to the early Sandbian. With these biostratigraphic constraints, a
detailed chemostratigraphic correlation of the Korean Middle Ordovician strata with the global

carbon-isotopic reference profiles is possible.
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Figure 3-2. The Middle Ordovician paleogeographic map showing locations of previously studied MDICE sections (red dots) and sections of this study
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The SKB is one of the major crustal blocks in East Asia, and in present-day coordinates, the Korean

Peninsula forms the southeastern part of the SKB. During the early Paleozoic, the SKB was located in

the equatorial peri-Gondwana region, the northern part of Australia, as part of a large epicontinental

sea developed on the north of the Gondwana margin (Fig. 3-2). The Taebaeksan Basin is located in

central-eastern Korea, and its lower Paleozoic basin fill is called the Joseon Supergroup (Table 3-1).

This supergroup is a 1.5 km-thick mixed siliciclastic-carbonate package deposited in a passive margin

or intracratonic basin setting (Lee et al., 2016).

The Joseon Supergroup is known to be of marine origin, dominated by shallow platform carbonate

rocks with interbedded siliciclastic rocks. Deposition of the Joseon Supergroup is interpreted to have

been controlled mainly by eustatic changes, and the sequence shows cyclic sedimentation patterns

(Choi et al., 2004; Kwon et al., 2006). In the Taebaeksan Basin, the Joseon Supergroup is

conventionally subdivided into five groups based on distinct lithological successions and geographic

distributions: the Taebaek, Yeongweol, Yongtan, Pyeongchang, and Mungyeong groups (Table 3-1;

Choi et al., 2004). The Taebaek Group (also called the Duwibong Unit) is distributed in the eastern

Taebaeksan Basin with a thickness of 1.5 km and represents proximal facies. It forms the type

sequence of the early Paleozoic in South Korea, subdivided into ten lithostratigraphic units: the

Myeonsan, Myobong, Daegi, Sesong, Hwajeol, Dongjeom, Dumugol, Makgol, Jigunsan, and

Duwibong Formations with decreasing age (Lee et al., 2016). Among these strata, the Makgol,

Jigunsan, and Duwibong Formations, corresponding to the Middle Ordovician age, are the subjects of

this study.
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Table 3-1. The Ordovician time scale and stratigraphic division of the Taebaek strata of the Joseon
Supergroup (modified from Choi et al., 2004, Cho et al., 2021)

Geologic Age Taebaek Group

Hirnantian

Upper Katian

Sandbian
Duwibong Fm.
. Darriwilian
Ordovician | M iddle Jigunsan Fm.
Dapingian Makgol Fm.
Floian Dumugol Fm.

Lower

Tremadocian | Dongjeom Fm.

3.3. Analytical Method

3.3.1. Sample Information

This study analyzed 3!'B and trace elements from 20 carbonate rocks of the upper Makgol,
Jigunsan, and Duwibong Formation of the Taebaek section (37° 05' 09” N, 129° 08' 26" E), which
have been described in detail by Bang and Lee (2020). 8'°C and 8"°N, 8'*0, clay mineral (%), TIC,

TOC, and TN data of the carbonates were reported by Bang and Lee (2020).

The powdered samples with high CaCOs content (50-95 %) were selected at an interval of 3-4 m at
a stratigraphic thickness of about 100 m, including the upper part of the Makgol Formation, the

Jigunsan Formation, and the Duwibong Formation (Fig. 3-3, Fig. 3-4).

The lithology of the uppermost 10 m of the Makgol Formation was reported as crudely laminated

lime mudstone, bioturbated wackestone to grainstone, finely laminated dolomitic lime mudstone, and
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oncoid/ooid grainstone in ascending order (Bang and Lee, 2020; Choi et al., 2004). The boundary
with the overlying Jigunsan Formation was set at the horizon between the massive oncoid/ooid

grainstone to packstone bed below and the dark gray homogeneous mudstone bed above.

The lower Jigunsan Formation unit is about 10 m thick, composed of organic-rich beds in the lower
part and an alternation of dark gray mudstone and crudely laminated lime mudstone in the upper part.
Several cm-long calcareous nodules occur along the bedding planes in the lower unit and contain
some brachiopod and gastropod shells within them (Woo and Chough, 2007). Characteristically, the
outer rims of calcareous nodules are replaced by abundant pyrites. The middle unit of the studied
sequence (~20 m thick) comprises an alternation of dark gray to greenish-gray homogeneous
mudstones with laminated grainstone. Mudstone gradually changes color from dark gray to greenish-
gray with increasing bioturbation. Thinly laminated grainstone beds show basal scour, indicating that
these sedimentary structures were generated by upper flow regime currents, possibly due to storm
activity. The upper unit consists of greenish-gray mudstones to siltstones intercalated frequently with

relatively thin massive packstone to grainstones and limestone pebble conglomerates.

The measured Duwibong Formation is about 45 m thick and consists of oncoid/ooid grainstone,
massive bioclastic packstone to grainstone, bioturbated wackestone to packstone, and a limestone-
shale couplet. Among these lithofacies, massive bioturbated wackestone to packstone is predominant.
A fault bounds the top of the measure section. Biostratigraphically, the upper part of the Makgol
Formation contains conodonts of Middle Ordovician age (Aurilobodus leptosomatus Zone;

Darriwilian) (Lee, 1990), and the overlying Jigunsan Formation is characterized by a single trilobite
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biozone (Dolerobasilicus Zone; Choi et al., 2001) and the E. suecicus—E. jigunsanensis conodont

Zone of Darriwilian age (Lee, 1990; Lee and Lee, 1986). In recent studies, the biostratigraphy was

updated to Tangshanodus tanshanensis zone to upper Makgol and lower Jigunsan Formation, and E.

suecicus biozone as upper Jigunsan and Duwibong Formation as endemic biozone (Fig. 3-4) (Cho et

al., 2021; Lee et al., 2022). The uppermost Duwibong Formation has unclear verification for the

A.serratus zone, which correlated to slope setting Pygodus serra and cosmopolitan conodont zone

(Cho et al., 2021; Jing et al., 2015).

This study considered clay mineral compositions as weathering proxies, especially the contents of

the kaolinite and illite. The 2N HCIl dissolution method has the possibility of dissolving chlorite and

Na-rich smectite. Still, when the clay mineral is dissolved, the XRD peak appears reduced compared

to the background at the corresponding position and is not denatured in the form of a kaolinite peak

(Hu et al., 2022; Komadel and Madejova, 2006). It is known that illite has only partial solubility when

treated with HCI, and kaolinite is almost insoluble (Hu et al., 2022). In addition, the crystal factor was

also measured for illite, so the effect of dissolution can be identified by referring to the relevant part,

which is not found to be high (Bang and Lee, 2020).

59



Danyang t

+/
127°160’E ) @ 128‘i30’E 129"IOO'E

~Ho,.  Road
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3.3.2. Pretreatment & Extraction

All dissolution and column separation processes were carried out under a ULPA-filtered laminar

flow bench for the low air-born boron levels. All nitric acid was used after passing through 5 times

distillations by the all-Teflon Savillex DST-1000 system.

Before powdering each sample, this study uses a grinder to cut rocks to 1x1cm cubic shape,

excluding veins, microfossils, and contaminated parts. Each sample was powdered with agate mortar

and pestle, as the method of selecting only the portion with suitable micrite during grinding was the

same as the previous study on carbon isotopes (Bang and Lee, 2020) and boron isotopes (Clarkson et

al., 2015; Paris et al., 2010).

All powdered samples were slurried and centrifuged in 50 ml Milli-Q water (Table 3-2; 2-3 g rock

powder, 10 seconds in 500 rpm) to remove supernatant and particles in size <4 um. This process

prevented geochemical contamination by the dissolution of salt and clay minerals. The sediment after

the clay removal centrifuge was dried at room temperature.

Each 600 mg of size-fraction samples (>4 um) was dissolved in 1 ml of 1 M HNOj in a flat-bottom

teflon vial for 2 hours, including 1 hour of shaking and degassing time in an ultrasonicator. The

supernatants of this process were taken by micro-centrifuging in a 2 ml tube, for 10 minutes at 4400

rpm. After centrifugation, 600 ul of the supernatant was collected, 20 pl was diluted for Ca, Na, and

Mg analysis, and 50 pl was diluted for Al, Mn, Ba, and Sr analysis for ICP-MS. To the remaining 530

pl of the carbonate-dissolved solution, 1.45 ml of 0.075 M HNO3 was added to adjust acid
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concentration for the boron separation column process.

A new method for separating boron from carbonate rock, an incredibly extremely rich Ca matrix,
was developed by modifying the bed volume from the two-step column method for porite coral
(McCulloch et al., 2014), two-step column for porite coral (Fig. 3-6). Fig. 3-7 summarizes several

tests of this separation method, and the recovery of each test was maintained at 94-106%.

The sample that went through this separation process was analyzed for boron concentration and
isotope ratio using Nu Plasma 3, MC-ICPMS at the national center for inter-university research

facilities (NC-IRF) at Seoul National University.

3.3.3. ICP-MS analysis

Major and trace elements were analyzed for Ca, Na, Mg, Al, Mn, Sr and Ba by Agilent 8900-QQQ
ICPMS at the school of Earth environment science in Seoul National University. The sample solutions
were diluted to 50,000-fold (for Ca, Na, Mg) and 10- fold (Al, Mn, Sr, Ba), and analyzed in
concentration curve of cation standard (50-300 ppb). The uncertainty was less than 5% for all
elements (Table 3-2). Our dissolved carbonate rock sample solutions show low Al/Ca which means
no silicate mineral contamination in this study (mostly less than 3 pmol/mol, maximum 325

pumol/mol; Table 3-2).
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Figure 4-6. Schematic diagram of boron column separation method in this study
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Figure 3-7. Boron yield (%, *internal error, 5 %) and 8'!'Bearbonate (£internal error, 0.4%o) from new
column method of this study. Each standard 3!'B: NIST SRM 951a = 0%o, AE121 = 19.6%0, AE122 =
39.6%o, Carbonate rock sample D33 was tested (Peleozoic carbonate range : 7 to 16.5%o; Clarkson et
al., 2015; Yang et al., 2018; Jurikova et al., 2020).
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3.3.4. MC-ICP-MS analysis

The boron isotope ratio was measured using the NuPlasma3 MC-ICPMS at the National Center for
Inter-university Research Facilities at Seoul National University (SNU-IRF). Mass 11 boron was
collected on H6 Faraday cup equipped with a 10! Q resistor, and mass 10 was collected on L6 with a

102 Q resistor.

All samples were analyzed by the sample-standard bracketing using NIST SRM 951a as the
standard of 3!'B = 0 %o. The column separation recovery and isotope ratio were confirmed in Fig. 3-7
by the boron isotope standards NIST SRM 951a (!!B/!°B = 4.04367; Cantazaro et al., 1970), ERM-
AE121 (8"B =19.9 + 0.6 %0), ERM-AE122 (8''B = 39.7 + 0.6 %o), and an in-house carbonate
standard PR83, a Porites coral from a Micronesia reef (6''B = 22.4 + 0.7 %o). Blanks were checked
before and after the sample analysis, which maintained <5% of the sample signal (for ~60 ng/g of the

sample [B], <3 ng blank). The long-term reproducibility was + 0.6%o at the 95% confidence interval,

and the maximum uncertainty of the sample is £+ 1.4 %o (Fig. 3-7, Fig. 3-8).

3.3.5. pH calculation from 6"Bcarbonate

The 3!'B range of modern marine biogenic carbonates has been reported to be 22.1 +3%o
(Hemming and Hanson, 1992), and the 8''B range of modern seawater is generally 39.5%o (Swihart
and Moore, 1989; Vengosh et al., 1992; Zeebe et al., 2001). In this study, considering the 3''B

difference (+17.4%o) between this modern carbonate and seawater, we added the corresponding value
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to our 8'"'Bean, value and converted it to 8''Bsy. The pH we mainly refer to in the text is the pH
calculated using the value of 3!'Bsy = 29.1%o obtained by converting the average (8''Bea, = 11.7%o0) of
our 8" Bea values. At this time, the case obtained using the minimum (8''Bear, =7.5%0) among our
8""Bears values is of 8''Bsw = 24.9%o, and the pH of seawater obtained using this value appears high
(pCO; low scenario). On the other hand, if the seawater value is obtained using the maximum value
(8" Bearb = 16.2%o0) among the 8''Bea data, 8''Bsw = 33.6%o, and the pH of the seawater obtained using
this value is low (pCO; high scenario). In this calculation, the estimated pH results of the seawater
becomes lower in higher 8''Bsw, because the sample 8''Bear is calculated as having a relatively much
lower 8''B value compared to the value of higher 8''Bgy in seawater. The fractionation factor aB of
1.0272 (Zeebe and Wolf-Gladrow, 2001) were substituted in the following equation (Foster and Rae,

2016; Vengosh et al., 1992).

51135eawater_ 5lleorate )
81 Bseawater—(0B X 811 Bporare)—1000 x (aB — 1)

pH =pKs" —log(—

pKB* is constant from the T=25 °C, S=35 psu. §''Bsw becomes the values obtained based on the
average, maximum, and minimum values above. Most of marine carbonate 3!'Bearb is 8! Bhorate OF
seawater (Clarkson et al., 2015; Yang et al., 2018), the 8''Beay value of our samples are substituted in

8" Bhorate poOSsition.
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3.4. Results and discussion

3.4.1. Comparison of Darriwilian 8'3C, 6N and "B records in the Taebaeksan basin

Comparison of 3!'B and 3'°C showed some excursions consistent with the main MDICE peak
(Fig. 3-8), confirmed in pH simulations (Fig.3-9). The §'*C stratigraphy of the Taebaek section
(Fig.3-8, 8"°C) is characterized by the appearance of three positive shifts (TC1, TC4, and TC6) and
three negative shifts (TC2, TC3, and TC5). Among them, TC3 is known to have the lowest value
(—6.8%0) and TC7 to have the highest value (—0.3%o). The intervals with these characteristics are the
peaks reported as TC1, TC2, TC4, and TC6 in the existing §'3C stratigraphy. Although this study
has a lower resolution (3-4 m scale) than the §'°C study (1-2 m scale; Bang and Lee, 2020), there
was no great difficulty in identifying the main 8"°C and 8''B peaks along the MDICE. However,
two samples (J22, J2-10; Table 3-2) corresponding to TC3 in the existing carbon isotope record had
Mn/Sr values exceeding 6 (ppm/ppm), so the data from these samples ('°C, §'°N, §!'B, Mn, Sr, Ba)
were excluded from major analyses (Fig.3-8, Fig.3-10, Fig.3-11). In addition, when these two
samples are included, there is a high Mn/Sr correlation with two extremely negative §'°C values in
TC3, resulting in R* = 0.7, but in the condition of the two sample data excluded, showed very little
correlation (R? = 0.0224; Fig.3-10). However, when the two data points are included, only §'*C had
a high correlation with Mn/Sr, but the correlation with other factors was very low (R*< 0.1), similar
to the case when it was not excluded. Considering these points, since the correlation between stable
isotopes (Fig.3-10; 3'°C, 8'°N, 8''B) excluding those points is very low, there is sufficient room for
interpretation as a primary signal of carbonate rock overall. These low relationships indicate low
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alteration signals in data regarding the contents of Sr and Ba will decrease, and Mn content will
increase (Averyt et al., 2003; Wang et al., 2021) in altered carbonates. Since 3'°N in bulk rock is
mainly contained in primary organic matter (OM), in the cases that OM is decomposed by

alteration,'”N-depleted parts will be relatively absent, and the value will become much heavier than

the scale in this study (+20-40%o0) (Herbert, 1999; Schoeninger and DeNiro, 1984; Wang et al.,

2013). Suppose alteration events with heat or hydrothermal intrusion, elemental concentrations, and
isotope values would tend to be aligned according to recrystallization or alteration of the rock's

micrite. However, such a phenomenon was not found in the cross plot in this study (Fig. 3-11).

The negative trend from 3'*C stratigraphy to TC1-TC2 (~10m) also appears on negative '°N and
8''B. This time interval suggests that a decrease in productivity and a well-circulated state occurred
along with acidification in the upper part of the Makgol. In the sequence stratigraphy, this period is
the period when the sea level is expected to rise rapidly from the maximum flooding of sea level
(Fig.3-4; Woo and Chough, 2007). Due to this sea level change, the Taebacksan Basin would have
become a shallow environment with a significant effect of mixing by wind, and denitrification
became challenging to occur, which can explain the value of '°N became lighter. However, the co-
occurrence of the lighter 3'*C and §''B indicates an increased dissolved CO2 in the seawater. The
onset of subduction and closure of paleo-oceans around the Tarim basin (NW China, independent
peri-Gondwanan block adjacent N.China block in Middle Ordovician time scale) activated related
hydrothermal activity (Guo et al., 2020a; Huang et al., 2020), and slight increasing of volcanic Hg
(~1ppb in Cambrian to Middle Ordovician Dapigian, ~5ppb during Darriwilian) in Yichang section
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(S.China) observed (Gong et al., 2017), and also some evidence of Taconic orogeny of Laurentia
continent (Berry et al., 2002; Jin et al., 2013; Saltzman and Young, 2005; Young et al., 2015). These
weak tectonic influences in early Darriwilian have some possible relationships with the negative
change of 8'3C and 8"'B (Gong et al., 2017; Guo et al., 2020b; Jiu et al., 2020; Zhang and
Munnecke, 2015) in TC1-TC2. However, there are very few studies on the environment of the Peri-

Gonwana platform in early Darriwilian, so more research is needed in this period.

TC4 (37m height, 5'*C = 0.88 %o) is a section accompanied by an excursion of TN3 (37.5 m,
8N =9.41 %o), and in this study, minimum d"'B (32 m, §''B =7.5 %o, pH= ~7.98) before this
section appeared, but at points TC4 and TN3, the pH recovered to (37 m, 8''B =11.5, pH= ~8.29)
the value of alkaline seawater. Coincidentally, the point where the lowest pH appears (32 m) is the
stratigraphy near the recently assumed boundary between T. tangshanensis and E. suesicus (Cho et
al., 2021; Jing et al., 2022). 8"3C at this point was also very low (32 m, 8"*C = -2.04 %o), implying
that the seawater pCO, was relatively high, just like the change in TC1-TC2. If the dominant
species of conodonts decreased during this time due to the acidification of platform seawater and
surface productivity increased with sea level rise, it is possible that (TC4) became the dominant
species. The heavy TN3 values are understood to be due to seawater stratification, which may be
caused by high surface layer productivity and processes introducing freshwater into the surface

layer. This part will be further interpreted in Section 3.4.2 with proxies for anoxia and paleosalinity.

TC6 is the highest 8'*C peak (51m, §'3C = -0.49 %o) and also the highest §!'B-pH point (51m,

3!'B = 16.24, pH= ~8.6) in this study. This period was well-circulated seawater conditions (lower
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8'N) with high productivity. It must have been a favorable condition for the invasion of carbonate
and the growth of organisms with calcareous bodies. Considering that the vicinity of MDICE's
highest peak often correlates with the early part of GOBE, when biodiversity was rapidly
increasing, this period must have been a favorable environment for carbonate-based organisms and

the species that interact with carbonate platform to thrive, at least in the Taebaek area.

Unlike other heavy 8'3C-3!'B cases, TC7 is characterized by high '*C (69m, -1.04%o), slightly
lowered 3''B and pH (69m, 10.6%o, ~ 8.26). Although this decrease in pH is insignificant, it is
difficult to explain the other tendency of TC7 only by comparing stable isotopes in this study. In the

next section, we will understand this part with anoxia and paleosalinity proxy.

Although the period we study is ~6.6 Myr, which is a much smaller time scale than the 14-20
Myr residence time of boron (Spivack and Edmond, 1987; Yang et al., 2018), local boron
concentrations and isotope ratios can be more influenced by local tectonic events with additional
boron supply, rather than global boron residence time (Clarkson et al., 2015; Kasemann et al., 2000;
Ma et al., 2011). The major sources for the input of boron include terrigenous influx (Lemarchand
et al. 2002), submarine hydrothermal activities (Spivack and Edmond 1987), trench supplement-
induced divergent currents (Kopf and Deyhle 2002), and volcanic activities related to land
differentiation (Hemming et al. 1998; Rose et al. 2000). In particular, these cases assumes large
continental sediment influx by orogenic events at the riverine basin level, at which the carbonate
platform cannot be maintained. However, our study area maintained a marl-carbonate platform

environment with 30-99% CaCOs, although there may have been a slight increase in the input of
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weathered continental matter or interaction with the surrounding seawater. In addition, if the value
of 3!'B of seawater has changed due to the influx of substances from the continent, it will be
possible to confirm because much more negative values will be found than the 3''B value of general
carbonate rock, and the results are observed within the reported the 3''B range of ancient carbonate

rock. (Clarkson et al., 2015; Yang et al., 2018).

72



815N (AIR)(%o)

denitrification
P

‘:g 100+ 513ccarb (VPDB) (%0)
e . -
o N-fixation
=
[}
9
<
Duwibong
Fm.
[%]
3
RS .
] -
3 r
w
L J
Jigunsan
Fm. e TC3
) *
7]
)
= - - - o.
© 10 TT 1 =1 O
= [ [ v 4
TCc1 TN2
g) TT\'!I:‘“"IJ‘“‘TV Makgol Fm. *
Slo v
E — T T T T T T® T 1 T
* (m MFMCVGC() 7 ¢ 3 o
= (m) SM\',“rpscm?e5413.21

Bioturbated

| Oncoid/ coid

0 311 3 5 7 9 1 13

- Nodule-bearing shale

D Calcareous shale

511B (%o)

Lower pH
-—

5 10 15

E Massive grain stone

E Dolostone

Relative sea level

Higher Sea-level
—_

HST

MFZ

TST

Figure 3-8. Biostratigraphy, lithology, 8'*Ccan, 8'°N (Bang and Lee, 2020) and 8''B from bulk carbonate rock (micrite) with relative sea level in

Taebaek, Seokgaejae section (Woo and Chough, 2007)

73



5B (NISTas1a, %) pH
100

30
a0
70 A
B0

50 - pH max

Depth (m)

40 -
pH min & increasing

[

30

20 + \
10 - - "‘_*_*é _

8.2 (modam ELL
0 . , . - : s -
5 10 15 20 T 8 9

Figure 3-9. 5''B from bulk carbonate rock (micrite) and simulated pH in this study.

74

et e



°] 18 -
2 = .
2 5| R2=0.1663
£ "% ™
©] T 12 .
= RZ=0.017 £ RPN
O -9 1  ’. o 94 :
SEFE * % e = .
-12 .'-._.___._.__-...-i ' . m E i
-15 4 .. |
18 | | n |
_4 _2 U _\4 -2
B13C (%o) B13C (%)
0 - .
[ ] _3 |
B e _
é' .o _.f.. 3 -
] 8 «7 S5l .
2 ) | ' 2 . P R*=0.1872
o . R® = 0.0224 o2 PV
15 | oo
[ ]
! . 18 .
0 ] 2 X ;
Mn/Ssr /St

Figure 3-10. Comparisons of stable isotopes ( 8"*Ccarb, 8'*Ocarb, 8'°N and 8''B from bulk carbonate) and B, Mn/Sr

75

6B (%)

18 -
L
15 -
o *°
12 - %
= K
891 o @
o R2=01171
ﬁ 4
3 -
0 . . T T T
18 15 112 9 6 -3
0130 (%o)
12 -
[ ]
15 -
] [ ]
=12 { S .
= 5 _'.- *  R==0.0033
gﬂ .
o 6
3 -
] T
0 2
Mn/Sr

N — Y

OB (%)

515N (%o)

3 -
[ ]
5 .
L ]
7 4 .~:|~
. t"---.. L ]
9 4 * 2.
L ]
6 R? = 0.0562
3 .
D T 1
0 05 1
B (ug/g)
15 -
10 1 .o
[ ]
L ]
]
] —"-____,!--- * .
. g o RE=00789
[ ]
09 @
L ]
5 . .
0 2 4
Mn/Sr



\\ Bioclastic:grains
. (Excluded in sample
powdering)

Litﬂe silt grains

\ : :
Anhydrite e i

(calcite)

*BSE: Back scattered electron (SEM images)

Figure 3-11. Microscopic images (above) and back scattered elctron image (BSE; below) of samples

76

(calcite)

15k~

Clay mineral
(along ooid)

1rmm

BSE
D33 (81 m)




Table 3-2. Results of 8"*Ccarb, 8'*Ocarb, 8’ Ny (data from Bang and Lee, 2020) and §''B, §''B-derived pH, B, Mn, Sr (ug/g) and Al/Ca (umol/mol).

Sample Height  §°C 50 BN  &UB 15?1f0r OHaernge  PHocostow  pHocommin B Mn Sr Al/Ca
(m) (%oo)*  (%0)*  (%0)* (%) 6B (ng/g)  (nglg)  (ng/g) (wmol/mol)
M7 7 -0.7 -11.1 55 13.8 11 8.5 8.8 8.2 0.6 13 22.5 0.1
J2-1 9.6 -3.7 -11.1 4.8 9.2 0.1 8.1 8.5 7.6 0.6 4.8 234 0.2
J1 12 -14 -14.6 -2.2 8.9 1.0 8.1 8.4 7.5 0.7 13.4 26.5 3.8
J2-2 12.6 -1.8 -14.5 7.0 13.2 0.2 8.4 8.7 8.1 0.6 6.7 20.0 0.1
J2-6 18.5 -2.7 -13.4 6.0 11.2 0.2 8.3 8.6 7.9 0.9 21.8 24.9 3.5
J22 23 -4.5 -15.2 3.3 12.1 0.1 0.4 102.2 16.9 10.0
J2-10 25.7 -6.8 -15.7 6.4 8.8 0.6 0.8 162.1 14.2 9.2
J2-12 30.5 -2.2 -13.9 4.7 135 0.3 8.5 8.7 8.1 0.6 47.6 13.1 325.4
J31 32 -2.0 -13.8 5.8 7.5 0.4 8.0 8.3 7.0 0.5 42.1 23.2 <0.1
J36 37 -0.9 -12.8 6.4 11.0 14 8.3 8.6 7.9 0.4 10.2 11.0 <0.1
J2-17 37.5 -1.3 -12.7 9.4 11.5 0.7 8.3 8.6 7.9 0.4 28.8 28.9 <0.1
J38 39 -14 -12.8 9.3 10.6 0.2 8.3 8.5 7.8 0.3 18.2 14.1 <0.1
J42 43 -14 -12.6 51 11.3 0.5 8.3 8.6 7.9 04 14.0 16.0 <0.1
Ja5 46 -1.9 -12.8 8.3 11.7 0.6 8.3 8.6 8.0 0.3 16.0 14.5 <0.1
D3 51 -0.5 -11.2 2.6 16.2 0.3 8.6 8.9 8.3 0.5 6.0 12.2 <0.1
D7 55 -2.3 -10.7 1.9 11.3 0.7 8.3 8.6 7.9 0.5 10.5 22.3 <0.1
D9 57 -1.9 -10.3 -0.3 13.9 1.2 8.5 8.8 8.2 0.5 5.9 16.6 <0.1
D17 65 -15 -94 1.0 12.9 14 8.4 8.7 8.1 04 3.2 16.7 <0.1
D21 69 -1.0 -10.3 2.9 10.6 0.5 8.3 8.5 7.8 0.6 1.2 16.6 <0.1
D33 81 -14 -9.1 2.4 125 0.5 8.4 8.7 8.0 0.5 13.6 114 <0.1

*data from Bang and Lee, 2020
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3.4.2. Implications for carbonate platform anoxia and ocean acidification

The characteristics of the geochemical proxies mainly compared in this study are shown in Fig.3-
12. In this study, high TOC (>1%) was considered as a criterion for indicating the degree of anoxia
(Algeo et al., 2016b; Tyson, 1995), the high C/N ratio (> 25) was understood that there was a
possibility of organic matter introduced from the land (LaPorte et al., 2009). The content of Mn was
interpreted to have concentrated in the redox condition, especially anoxic environment (Lu et al.,
2010; Mucci, 2004; Zhang et al., 2020). The content of Sr has a decreasing pattern and correlation
with Mn, it can be interpreted as a signal of alteration (Brand et al., 2010; Brand and Veizer, 1980), or
it can be interpreted as an accumulation of Sr* ions due to drying and evaporation in the carbonate
platform environment (Averyt et al., 2003; Jiang et al., 2001; Wang et al., 2021). Ba*" is also one of
the cations that can be accumulated by seawater evaporation; the range of values of Sr/Ba when the
sediment is in seawater and freshwater environments are known to some extent in the process of
burial, and it indicates what solution the sediment was in at the time of burial and early diagenesis
(Chen et al., 2015; Liu et al., 2021; Song et al., 2016): In the saltwater medium, Sr/Ba is larger than 1.
In the freshwater medium, Sr/Ba ratio is smaller than 0.6. If Sr/Ba is within the range of 0.6-1, the
diagenetic fluid has a transitional feature between saltwater and freshwater. Overall, it was confirmed
that our samples were in a typical seawater environment with no significant change in Sr content and
the minimum value of St/Ba of 10.7 (7 m; Fig. 3-12). Clay mineral proxies are recently used in two
directions, soli weathering profiles (Alizai et al., 2012; Sang et al., 2019) and provenance from the
source terrain (Li et al., 2020; Ujvari et al., 2014). In the case of climatological use, the distribution of

kaolinite is prominent where there is a lot of rainfall, and illite-chlorite is the main component when
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there is moderate rainfall (Singer, 1980). However, when clay minerals are used as tracers of
provenance, clay minerals with similar degrees of weathering, such as illite/smectite, are usually
compared (Rao and Rao, 1995). In the case of kaolinite, which has a more severe chemical
weathering, it should be interpreted together with weathering. Indeed, clay minerals' composition is
affected by both variations of weathering and provenance, such as examples of the South China Sea

(He et al., 2020; L1 et al., 2020; Sang et al., 2019).

In part corresponding to the upper part of the Makgol layer (0-10m; TC1-TC2 in 8"3C stratigraphy),
the change in TOC was not conspicuous, rather than the highest TOC value appeared in the lower part
of the Jikunsan layer (TC2-TC3 in 8'*C stratigraphy). This time interval was estimated through the
values of 8'C-3!'B as the shallower platform environment and increased dissolved pCO,. Low 8"°N
and low TOC and Mn contents can be understood as strong mixing by wind or surface flow. However,
in the section corresponding to TC1-TC2, a high C/N ratio appeared, a low Mn content, and the
lowest St/Ba (7 m, Sr/Ba = 10.7) value appeared. Considering this, it seems that the inflow of organic
matter from the land was active along with the influx of precipitation or freshwater. However, during
this period, it is thought that the rainfall was not intense because the proportion of kaolinite in the clay
mineral composition was not high, and small freshwater channels may transport reworked continental

organic matter into the shallow environment (Strasser, 2022; Wright, 1994).

The period where the minimum pH value appears and then recovers, followed by excursions of
TC4 and TN3, is characterized by a very high Mn content and then a decrease. Considering the

importance of Sr/Ba, it is thought that the inflow of precipitation or freshwater was quite large, then it
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was affected by seawater again, and then the influx of rainfall was intensified again. This part
coincides with the occasionally high C/N points and the section where the kaolinite composition of
clay mineral rapidly increases, so it can be seen that the nearby soil and derived organic matter caused
intense leaching by precipitation and partially entered to carbonate platform (Bang and Lee, 2020).
Unlike the previous sections, it is estimated that the low pH section before TC4 and TN3 was a
climate greatly affected by strong precipitation that dissolved much CO; in the atmosphere. In other
words, the factor that caused the low 6'*C and §''B-pH of seawater at this time was probably
atmospheric CO; influx. The process may have been driven by climate accompanied by strong
precipitation. Due to surface desalination and sea level rise, the surface layer with high productivity
and poor circulation under the mixed layer would have been isolated, resulting in an environment
where redox conditions and denitrification were active (High Mn content, heavy 8'°N). Acid rain with
high atmospheric pCO, (lower than pH 5.6) is significant acidification, and weathering factor in
modern reef platforms and soil profiles (Chisholm and Barnes, 1998; Li et al., 2020; Pandolfi et al.,
2011; Reitner, 1993; Sivaramanan, 2015), and extinction events caused by it have been reported on

geological timescales such as Aptian (Aina, 2011; Veron, 2008) and Ediacaran (Michail, 2022).

TC6, an ideal carbonate accumulation environment as estimated by stable isotopes, was well-
circulated (low TOC, Mn content) and seemed to have reduced disturbing by precipitation or
freshwater (higher St/Ba, lower C/N, kaolinite content). This may be because the platform's depth has

been stabilized below the mixed layer due to the rising sea level.

The upper point (69 m) corresponding to TC7 is a time zone characterized by heavy 5'°C and light
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8""B (lower pH). TOC and C/N at this time were very low, and the Mn content was also low,
indicating that it was a well-circulated environment. However, what is different from the previous
period is that the value of Sr/Ba increases and then decreases, and in these periods, kaolinite and
chlorite are intermittently high. Even at this time, there was occasional intense soil weathering by
increased precipitation, which may have contributed to the slightly lowered pH. However, if the
surface carbon utilities had stabilized by very high productivity, the value of §'*C could have

remained heavy, despite occasional atmospheric CO; dissolution with precipitation.
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3.5. Conclusion

In this study, we compared reconstructed 3''B and approximate pH fluctuations from carbonate
rock to the Middle Ordovician 8'*Cea stratigraphic time interval of MDICE with other
palaeoceanographic proxies. As a result, acidification of the carbonate platform was induced by
precipitation before TC4 among the existing MDICE features, anoxia and denitrification were
influenced in the lower part of the mixed layer with the rise of the sea level. These changes may have
caused an environment where some previously dominant species went extinct, and new dominant
species emerged and adapted. Afterward, pH and seawater circulation conditions favorable to
carbonate accumulation were maintained until TC6. At this time, some circumstances may have
favored the growth and development of organisms with calcareous shells. These characteristics show
that the platform with high productivity in the Taeback area declined due to shallowing and
acidification and then matured again, indicating the possibility that it created an environment

favorable to the differentiation of Middle Ordovician species.
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