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Abstract. Sedimentary sequences obtained from drilling during Integrated Ocean Drilling Program (IODP) 
Expedition 320/321, “Pacific Equatorial Age Transect (PEAT)” at eight sites (Sites U1331–1338) in the equatorial 
Pacific offer an ideal record for reconstructing the evolution of the ocean/climate system throughout the Cenozoic. 
The sediments drilled at Site U1335 record short-term events of paleoceanographic significance, including the 
early Miocene climatic optimum (MCO) and the middle Miocene climatic transition (MMCT). Abundant well 
preserved radiolarians were recovered from the lower Miocene radiolarian Zone RN2 through middle Miocene 
Zone RN5 at IODP Site U1335. A total of 46 radiolarian datum levels consisting of 20 first occurrences (FOs), 25 
last occurrences (LOs), and one evolutionary transition (ET) was recognized within the studied interval at Site 
U1335. Of these datum levels, 36 radiolarian datum levels were directly tied to the geomagnetic polarity time 
scale (GPTS) across the early/middle Miocene boundary. The general magnitude of evolutionary change was 
estimated based on the total turnover rate (the sum of FOs and LOs per 0.5 m.y.) of tropical radiolarians, and 
two minor faunal turnovers of radiolarian species were recognized between 16.5 and 14.7 Ma and between 13.9 
and 13.4 Ma. These faunal turnovers were associated with regional environmental changes such as the increased 
biological productivity in the equatorial Pacific during the MCO and the MMCT.

Key words: biological productivity, early Miocene climatic optimum (MCO), geomagnetic polarity time scale 
(GPTS), middle Miocene climatic transition (MMCT), total turnover rate

Introduction

Abrupt climatic changes are associated with a pulse 
of evolutionary turnover in terrestrial and marine biota 
(Wolfe, 1985; Raup and Sepkoski, 1986; Crowley and 
North, 1988; Thomas, 2007). The middle Miocene from 
ca. 17 to 12 Ma is one of the most important intervals in 
global climatic/oceanographic changes of the Neogene. 
The Neogene climatic optimum near the early/middle 
Miocene boundary from ca. 17 to 15 Ma was closely fol-
lowed by global cooling in the early middle Miocene at ca. 
14 Ma (Flower and Kennett, 1995; Holbourn et al., 2014, 
2015). Marine sedimentary records from this period are 
characterized by large positive excursions in benthic fora-
miniferal oxygen isotopes, which are inferred to reflect 
the combination of Antarctic ice sheet growth and deep-
water cooling (Flower and Kennett, 1995; Billups and 
Schrag, 2002; Zachos et al., 2008). Magnesium/calcium 
data from planktonic foraminifera demonstrate that sea 

surface temperatures cooled 6 to 7°C during the earliest 
middle Miocene in the Southern Ocean (Shevenell et al., 
2004). Planktonic foraminiferal oxygen isotopes from the 
equatorial Pacific also indicate major cooling of surface 
water during the earliest middle Miocene (e.g. Matsui et 
al., 2017). In addition, the thermocline depth of the equa-
torial Pacific shoaled across the early/middle Miocene 
boundary due to the strength of the equatorial upwelling 
(e.g. Kamikuri and Moore, 2017; Matsui et al., 2017). 
Among the main potential controlling factors of the mid-
dle Miocene climate change are volcanism, intensity of 
chemical weathering, organic carbon burial, and tecto-
nism, as well as ocean circulation changes (Flower and 
Kennett, 1995; Kuhnt et al., 2004; Potter and Szatmari, 
2009; Butzin et al., 2011; Montes et al., 2015; Tada et al., 
2016; De Vleeschouwer et al., 2017; Betzler et al., 2018). 
Volcanism and tectonism are related to Earth’s inner 
magmatic activity, while chemical weathering is mainly 
related to monsoon activity; organic burial results from 
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both monsoon and biological activity.
Radiolarians are unicellular holoplanktonic protozoa 

that are widely distributed in the oceans (e.g. Suzuki and 
Not, 2015). The relationships between radiolarian faunal 
turnover and major climatic/oceanographic changes have 
been discussed by several researchers so far. Lazarus 
(2002) documented that major turnover events during 
the mid-Miocene and end-Miocene (ca. 15–13 Ma and 
7–4 Ma, respectively) coincide in timing with periods of 
major rapid cooling at high latitudes. On the other hand, 
Johnson and Nigrini (1985) identified 50 tropical radio-
larian datum levels since the middle Miocene and sug-
gested that many radiolarians evolved first in the Indian 
Ocean and later migrated to the western and eastern 
Pacific Ocean. Kamikuri et al. (2009) showed that rela-
tively rapid replacement of tropical radiolarian species 
occurred near the middle/late Miocene boundary (ca. 
10 Ma) in the equatorial Pacific. The faunal turnover of 
tropical radiolarians was associated with formation of 
the modern-like equatorial circulation system near the 
middle/late Miocene boundary (Kamikuri et al., 2009). 
However, compared to the late Neogene, the response of 
tropical radiolarian turnover to environmental changes 
from the early to middle Miocene is poorly understood. It 
is necessary to obtain information on the timing and num-
ber of origination and extinction bioevents in the equato-
rial Pacific based on biostratigraphic studies during times 
of major climatic stress across the early/middle Miocene 
boundary in order to estimate the general magnitude of 
evolutionary change and discuss the response of tropical 
radiolarian turnover to environmental changes.

The Neogene radiolarian biostratigraphy has been 
developed through biostratigraphic studies of numerous 
deep-sea sediments, as well as detailed taxonomic stud-
ies. The basic framework of the tropical radiolarian bio-
stratigraphy during the Neogene was established in the 
works of Riedel and Sanfilippo (1970, 1978), Nigrini 
(1971), Caulet (1979), Johnson et al. (1989), and Moore 
(1995). In tropical regions, over 120 radiolarian datum 
levels since the late middle Miocene have been directly 
tied to the geomagnetic polarity time scale (GPTS) 
(Johnson et al., 1989; Moore, 1995; Nigrini et al., 2006; 
Kamikuri et al., 2009). As a result, the tropical radiolar-
ian biostratigraphy since the latest middle Miocene has 
become a primary tool for dating and correlating deep-sea 
sediments (Sanfilippo and Nigrini, 1998). Despite these 
advances, most radiolarian datum levels from the early to 
middle Miocene in the tropical regions are not yet directly 
calibrated to the GPTS. Stratigraphically useful radiolar-
ian datum levels have been proposed by some research-
ers, and these radiolarian datum levels for the early and 
middle Miocene have only been correlated indirectly to 
the GPTS by second-order methods such as extrapola-

tions from sediment accumulation rate diagrams using 
calcareous microfossils including planktonic foramin-
ifera and calcareous nannofossils (Moore, 1995; Nigrini 
et al., 2006; Kamikuri et al., 2009).

Recently, sedimentary sequences from the lower to 
middle Miocene with relatively high magnetic suscepti-
bility were drilled at Site U1335 in the equatorial Pacific 
during IODP Expedition 320/321, “Pacific Equatorial 
Age Transect (PEAT)”, and a paleomagnetic stratigraphy 
was established from the lower to middle Miocene in the 
obtained sequences (Pälike et al., 2010). Paleomagnetic 
stratigraphy provides an independent means of geo-
chronology due to isochroneity of the Earth’s magnetic 
reversal. The primary objective of this study is to directly 
correlate radiolarian datum levels with the GPTS for the 
early and middle Miocene time intervals at Site U1335 in 
the equatorial Pacific, after that to obtain information on 
the faunal turnover of tropical radiolarians in the equato-
rial Pacific based on the biostratigraphic studies during 
times of major climatic stress across the early/middle 
Miocene boundary.

Material and methods

During IODP Exp. 320/321, continuous sedimentary 
sequences were drilled at eight sites (Sites U1331 to 
U1338) in the low latitudes of the North Pacific (Pälike et 
al., 2010). IODP Site U1335 (5°18.735′N, 126°17.002′W, 
water depth 4327.5 m; Figure 1) is located in the central 
area drilled during the PEAT and has ~420 m of sediments 
overlying the seafloor basalt. The position of Site U1335 
was estimated to have ranged in latitude from about 0° 
to 2°N during the early and middle Miocene (Pälike et 
al., 2010). In this study, we use the CCSF-A (compos-
ite core depth below seafloor) spliced sediment depth 
scale (Pälike et al., 2010). The sedimentary sequence of 
the lower and middle Miocene is characterized by white 
to very pale brown and light greenish gray nannofossil 

Fig. 1

U1335

40°N
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Figure 1. Location of Integrated Ocean Drilling Program 
(IODP) Expedition 320 Site U1335 in the tropical Pacific.
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ooze with well preserved siliceous microfossils includ-
ing radiolarians and diatoms. Magnetic susceptibility 
is extremely low between 75 and 126 m CCSF-A and 
between 230 and 470 m CCSF-A (Pälike et al., 2010). 
These two intervals correspond to the light greenish gray 
nannofossil ooze.

High magnetic susceptibility is important for tie radio-
larian datum levels to the paleomagnetic stratigraphy. We 
investigated the lower-middle Miocene sediments from 
106.00 to 269.62 m CCSF-A at Site U1335 (Figure 2). 
Construction of the age-depth plot for the sedimentary 
sequences at Site U1335 was based on paleomagnetic 
stratigraphy and nannofossil and planktonic foraminiferal 
biostratigraphy (Pälike et al., 2010) (Figure 2; Table 1). 

Paleomagnetic stratigraphy was established between 126 
and 230 m CCSF-A across the lower/middle Miocene 
boundary at Site U1335 due to relatively high magnetic 
susceptibility. In the standard chronological scheme, the 
early/middle Miocene (Burdigalian/Langhian) boundary 
corresponds to the top of C5Cn.1n with an estimated age 
of 15.97 Ma (Gradstein et al., 2012). Hence, the early/
middle Miocene boundary occurred at 184.045 m CCSF-
A at Site U1335 (Figure 2; Pälike et al., 2010). The time 
scale of Gradstein et al. (2012) was used in this study.

Investigations of radiolarian biostratigraphy were car-
ried out at ~2.2 m intervals (spacing in time =  ~0.1 m.y.) 
on a total of 74 sediment samples. Samples were sieved 
with 63 μm mesh and prepared following procedures 

2

1

3
4

5
6

7
8

9

10
11

12
13

14
15

16
17

18
19

20
21

22

Magnetic chron
P. foraminifera
C. nannofossil

23
24

25
26

27

28

D
ep

th
 (m

)

H
ol

e Acc
sf

-a

H
ol

e 
B

200

150

250

10H

12H

13H

14H

15H

16H

17H

19H

18H

20H

21H

22H

23H

24H

25H

12H

11H

13H

14H

15H

16H

17H

18H

19H

20H

21H

22H

23H

25H

24H

26H

11H

Age
(Ma)

Epoch
Stage
Chron

early Miocenemiddle Miocene
Serravallian Langhian Burdigalian

13 14 15 16 17 18 19 20

n
C5EC5DC5CC5BC5ADC5A C5ACC5ABC5AA

rn rn rn rn rn rn rn rr rn
C6

M
ag

ne
tic

 C
hr

on

Figure 2. Age-depth plot for sedimentary sequences at Site U1335 based on paleomagnetic stratigraphy and nannofossil and plank-
tonic foraminiferal biostratigraphy (Pälike et al., 2010). The time scale of Gradstein et al. (2012) is used in this study. Age control points 
are listed in Table 1.
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similar to those described by Sanfilippo et al. (1985). 
Briefly, sediment samples were treated with 15% H2O2 to 
remove organic material, treated with 15% HCl solution 
to remove the calcareous fraction, washed, and sieved 

with 63 μm mesh. Residues were randomly settled on 
a slide (Moore, 1973) and covered with a 24 ×  40 mm 
cover glass with Norland Optical Adhesive #61 as the 
mounting medium. All radiolarian skeletons on the slides 

Table 1. Magnetic and biostratigraphic events used to construct the age-depth plot at 
Site U1335 (Pälike et al., 2010). Abbreviations: F, planktonic foraminifera; N, calcareous nan-
nofossils; M, magnetic chrons; FO, first occurrence; LO, last occurrence.

Paleomagnetic/biostratigraphic events
Age (Ma) Depth (m ccsf)

Hole 1335A Hole 1335B Midpoint

1. N LO Coronocyclus nitescens 12.12  94.950  94.950

2. F FO Globorootalia fohsi robusta 13.13 119.060 119.060

3. M C5AAn-C5AAr 13.183 126.188 126.188

4. M C5AAr-C5ABn 13.369 128.713 128.713

5. M C5ABn-C5ABr 13.605 134.578 134.578

6. M C5ABr-C5ACn 13.734 136.415 136.415

7. M C5ACn-C5ACr 14.095 140.703 140.703

8. M C5ACr-C5ADn 14.194 141.603 141.603

9. M C5ADn-C5ADr 14.581 156.668 156.668

10. M C5ADr-C5Bn.1n 14.784 162.380 162.380

11. M C5Bn.1n-C5Bn.1r 14.877 165.530 165.530

12. M C5Bn.1r-C5Bn.2n 15.032 168.555 168.555

13. M C5Bn.2n-C5Br 15.16 172.468 172.468

14. M C5Br-C5Cn.1n 15.974 184.045 186.248 185.147

15. M C5Cn.1n-C5Cn.1r 16.268 189.595 189.673 189.634

16. M C5Cn.1r-C5Cn.2n 16.303 191.023 191.023

17. M C5Cn.2n-C5Cn.2r 16.472 192.010 192.010

18. M C5Cn.2r-C5Cn.3n 16.543 193.060 193.248 193.154

19. M C5Cn.3n-C5Cr 16.721 194.323 194.423 194.373

20. M C5Cr-C5Dn 17.235 202.793 201.943 202.368

21. M C5Dn-C5Dr 17.533 207.105 207.018 207.062

22. M C5Dr-C5Dr-1 17.825 210.005 210.088 210.047

23. M C5Dr-1-C5Dr 17.853 210.655 210.675 210.665

24. M C5Dr-C5En 18.056 216.520 216.475 216.498

25. M C5En-C5Er 18.524 225.230 225.795 225.513

26. M C5Er-C6n 18.748 230.430 230.430

27. N FO Sphenolithus belemnos 19.03 238.150 238.150

28. N TC Triquetrorhabdulus carinatus 22.09 367.920 367.920
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were observed under a light microscope at ×100 to ×250 
magnification.

Preservation of radiolarian shells was classified as 
good (G), having only minor fragmentation; moderate 
(M), having obvious fragmentation, but without impair-
ing identification of species; and poor (P), having consid-
erable fragmentation in individual taxa with identification 
of some species not possible (Appendix). All specimens 
mounted on a slide were observed to confirm the occur-
rence of stratigraphic marker species. We counted strati-
graphically useful taxa based on systematic examination 
of 500 radiolarians per sample (Appendix), and after that, 
observed all specimens on a slide to confirm the occur-
rence of stratigraphic marker species. Abbreviations were 
defined as follows: abundant (A), >10%; common (C), 
>5 to 10%; few (F), 1 to 5%; rare (R), <1%: present (*), 
present in a slide, but outside of area counted. We princi-
pally used the first and last occurrences of morphotypes 
and included evolutionary transitions between morpho-
types within a lineage. The radiolarian species list with 
microphotographs is available in Kamikuri (2019).

Results

Radiolarian biostratigraphy across the early/middle 
Miocene boundary

A total of 46 radiolarian bioevents consisting of 20 
first occurrences (FOs), 25 last occurrences (LOs), and 
one evolutionary transition (ET) were recognized in the 
studied interval at Site U1335 (Figure 3; Table 2). In this 
study, 36 radiolarian datum levels were directly tied to 
the GPTS across the early/middle Miocene boundary, but 
10 radiolarian datum levels remain indirectly calibrated 
to the GPTS via calcareous microfossils because a paleo-
magnetic stratigraphy was not established in intervals 
other than 126 to 230 m CCSF-A at Site U1335 due to 
extremely low magnetic susceptibility (Figure 2; Table 1).

Sanfilippo and Nigrini (1998) standardized and intro-
duced code numbers for the radiolarian zonation for the 
tropical Pacific, Indian and Atlantic oceans (RN1-RN17 
for the Neogene) to facilitate communication between 
biostratigraphers and other geologists. In this study, 
the standard tropical zonation of Sanfilippo and Nigrini 
(1998) was applied based on the presence of well pre-
served tropical radiolarians in deep-sea sediments at Site 
U1335. As mentioned below, the target time interval at 
Site U1335 was divided into four radiolarian zones from 
RN2 to RN5 (19.8 to 12.6 Ma) (Figure 3).

Dorcadospyris alata Interval Zone (RN5)

Author.—Riedel and Sanfilippo (1970), modified by 
Riedel and Sanfilippo (1978).

Definition.—Interval from the FO of Diartus pet-
terssoni (top) to the ET from Dorcadospyris dentata to 
Dorcadospyris alata (base).

Age.—11.9 Ma (Kamikuri et al., 2009) to 15.1 Ma (this 
study).

Chronology.—The top is at the lowermost part of 
C5r.3r (Kamikuri et al., 2009), the base is in C5Bn.2n 
(Figure 3).

Base interval.—U1335A-16H-CC through U1335A-
17H-2, 105-107 cm (167.83 through 173.95 m CCSF-A).

Secondary biohorizons.—Three FOs (Dictyophimus 
splendens, Lithopera neotera and Pterocanium sp. A) 
and 13 LOs (Calocycletta costata, Calocycletta robusta, 
Calocycletta virginis, Carpocanopsis bramlettei, Didy-
mocyrtis bassanii, Didymocyrtis mammifera, Didymocyr-
tis tubaria, Dorcadospyris dentata, Eucoronis octopylus, 
Liriospyris parkerae, Liriospyris stauropora, Stichocorys 
armata, and Valkyria pukapuka) (Figure 3; Table 2).

Remarks.—Eight LOs are located within magnetic 
chron C5ABn. The top of this zone is not recognized in 
this study due to being out of range of the studied samples.

Calocycletta (Calocyclissima) costata Interval Zone 
(RN4)

Author.—Riedel and Sanfilippo (1970), modified by 
Riedel and Sanfilippo (1978).

Definition.—Interval from the ET from Dorcadospyris 
dentata to Dorcadospyris alata (top) to the FO of Calo-
cycletta costata (base).

Age.—15.1 to 17.1 Ma (Table 2).
Chronology.—The top is within C5B.2n, and the base 

is within the lower part of C5Cr (Figure 3).
Base interval.—U1335A-19H-4, 105-107 cm through 

1335A-19H-CC (197.26 through 201.72 m CCSF-A).
Secondary biohorizons.—Nine FOs (Calocycletta 

caepa, Carpocanopsis cristata, Didymocyrtis laticonus, 
Dorcadospyris alata, Eucoronis octopylus, Eucoronis 
perspicillum, Eucoronis toxarium, Liriospyris parkerae, 
and Lithopera renzae) and eight LOs (Carpocanopsis 
cingulata, Collosphaera glebulenta, Didymocyrtis pris-
matica, Didymocyrtis violina, Dorcadospyris forcipata, 
Lychnocanoma elongata, Lychnocanoma sp. A, and 
Stichocorys diaphanes) (Figure 3; Table 2).

Remarks.—Five FOs are located within Chron 
C5Cn.2r, and seven LOs are within C5Br. The early/
middle Miocene boundary (15.97 Ma) is approximately 
coincident with the LO of Lychnocanoma sp. A at Site 
U1335 (Figure 3; Table 2).

Stichocorys wolffii Interval Zone (RN3)

Author.—Riedel and Sanfilippo (1978).
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Definition.—Interval from the FO of Calocycletta 
costata (top) to the FO of Stichocorys wolffii (base).

Age.—17.1 to 19.1 Ma (Table 2).
Chronology.—The top is within the lower part of C5Cr, 

and the base is within the upper part of the C6n (Figure 
3).

Base interval.—U1335A-23H-3, 149-150 cm through 
U1335A-23H-4, 104-106 cm (241.31 through 242.36 m 
CCSF-A).

Secondary biohorizons.—Four FOs (Dorcadospyris 
dentata, Dorcadospyris forcipata, Didymocyrtis mam-
mifera, and Liriospyris stauropora) and two LOs (Dor-
cadospyris ateuchus and Dorcadospyris scambos) (Figure 

3; Table 2).
Remarks.—There are fewer radiolarian datum levels in 

RN3 than in RN4 at Site U1335 in the eastern equatorial 
Pacific (Figure 3).

Stichocorys delmontensis Interval Zone (RN2)

Author.—Riedel and Sanfilippo (1978).
Definition.—Interval from the FO of Stichocorys 

wolffii (top) to the LO of Theocyrtis annosa (base).
Age.—19.1 Ma (this study) to 21.7 Ma (Kamikuri et 

al., 2005).
Chronology.—The top is the upper part of the C6n 
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Figure 3. Stratigraphic distribution of selected radiolarian species across the early/middle Miocene boundary at Site U1335. Two minor 
faunal turnovers of radiolarian species occurred across the early/middle Miocene boundary and the earliest middle Miocene (between 16.5 
and 14.7 Ma and between 13.9 and 13.4 Ma). Magnetostratigraphic results at this site are adapted from Pälike et al. (2010). Abbreviations: 
FT-1, faunal turnover-1; FT-2, faunal turnover-2.
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Table 2. Radiolarian biostratigraphic events across the early/middle Miocene boundary at Site U1335 in the equatorial 
Pacific. Abbreviations: FO, first occurrence; LO, last occurrence; ET, evolutionary transition.

Core, Section, interval (cm) Depth (m-ccsf) Age (Ma)

Zone Radiolarian datum Top Bottom Top Bottom Midpoint Top Bottom Midpoint

RN5

FO Lithopera neotera A-10H-CC A-11H-2, 104-106 106.00 109.82 107.91 12.58 12.74 12.66

LO Valkyria pukapuka A-13H-2, 105-107 A-13H-3, 149-150 129.18 131.13 130.16 13.39 13.47 13.43

LO Liriospyris parkerae A-13H-3, 149-151 A-13H-4, 104-106 131.13 132.18 131.66 13.47 13.51 13.49

LO Calocycletta virginis A-13H-2, 105-107 A-13H-3, 149-150 129.18 131.13 130.16 13.39 13.47 13.43

LO Eucoronis octopylus (upper) A-13H-2, 105-107 A-13H-3, 149-150 129.18 131.13 130.16 13.39 13.47 13.43

LO Stichocorys armata A-13H-2, 105-107 A-13H-3, 149-150 129.18 131.13 130.16 13.39 13.47 13.43

LO Didymocyrtis bassanii A-13H-2, 105-107 A-13H-3, 149-150 129.18 131.13 130.16 13.39 13.47 13.43

LO Didymocyrtis mammifera B-13H-CC A-13H-CC 133.05 136.63 134.84 13.54 13.75 13.65

LO Calocycletta robusta B-13H-CC A-13H-CC 133.05 136.63 134.84 13.54 13.75 13.65

LO Calocycletta costata A-13H-CC A-14H-2, 105-107 136.63 140.75 138.69 13.75 14.10 13.93

LO Carpocanopsis bramlettei A-14H-4, 105-107 B-14H-CC 143.75 143.75 143.75 14.25 14.25 14.25

FO Dictyophimus splendens A-15H-CC A-16H-2, 115-117 158.43 160.90 159.66 14.64 14.73 14.69

LO Dorcadospyris dentata A-16H-3, 149-150 A-16H-4, 115-117 162.74 163.90 163.32 14.79 14.83 14.81

FO Pterocanium sp. A A-16H-4, 115-117 B-16H-CC 163.90 165.45 164.67 14.83 14.87 14.85

LO Didymocyrtis tubaria A-16H-4, 115-117 B-16H-CC 163.90 165.45 164.67 14.83 14.87 14.85

LO Liriospyris stauropora B-16H-CC A-16H-CC 165.45 167.83 166.64 14.87 14.99 14.93

ET D. dentata > D. alata A-16H-CC A-17H-2, 105-107 167.83 173.95 170.89 14.99 15.25 15.12

RN4

FO Dorcadospyris alata A-17H-2, 105-107 B-17H-CC 173.95 174.92 174.43 15.25 15.32 15.29

FO Liriospyris parkerae A-17H-2, 105-107 B-17H-CC 173.95 174.92 174.43 15.25 15.32 15.29

LO Didymocyrtis violina A-17H-2, 105-107 B-17H-CC 173.95 174.92 174.43 15.25 15.32 15.29

LO Stichocorys diaphanes A-17H-3, 149-150 A-17H-4, 105-107 175.89 176.95 176.42 15.38 15.45 15.41

LO Collosphaera glebulenta A-17H-3, 149-150 A-17H-4, 105-107 175.89 176.95 176.42 15.38 15.45 15.41

FO Carpocanopsis cristata A-17H-4, 105-107 A-17H-CC 176.95 181.19 179.07 15.45 15.72 15.58

FO Calocycletta caepa A-17H-4, 105-107 A-17H-CC 176.95 181.19 179.07 15.45 15.72 15.58

LO Dorcadospyris forcipata A-17H-4, 105-107 A-17H-CC 176.95 181.19 179.07 15.45 15.72 15.58

LO Carpocanopsis cingulata A-18H-2, 105-107 B-18H-CC 183.92 185.08 184.50 15.90 15.97 15.93

LO Lychnocanoma elongata A-18H-2, 105-107 B-18H-CC 183.92 185.08 184.50 15.90 15.97 15.93

LO Didymocyrtis prismatica A-18H-2, 105-107 B-18H-CC 183.92 185.08 184.50 15.90 15.97 15.93

LO Lychnocanoma sp. A B-18H-CC A-18H-3, 149-150 185.08 185.86 185.47 15.97 16.02 16.00

FO Eucoronis toxarium A-18H-CC A-19H-2, 105-107 190.19 194.26 192.22 16.28 16.70 16.49

FO Eucoronis octopylus (upper) A-18H-CC A-19H-2, 105-107 190.19 194.26 192.22 16.28 16.70 16.49

FO Didymocyrtis laticonus A-18H-CC A-19H-2, 105-107 190.19 194.26 192.22 16.28 16.70 16.49

FO Lithopera renzae A-18H-CC A-19H-2, 105-107 190.19 194.26 192.22 16.28 16.70 16.49

FO Eucoronis perspicillum A-18H-CC A-19H-2, 105-107 190.19 194.26 192.22 16.28 16.70 16.49

FO Calocycletta costata A-19H-4, 105-107 A-19H-CC 197.26 201.72 199.49 16.91 17.19 17.05

RN3

FO Dorcadospyris dentata B-20H-CC A-20H-CC 208.38 212.60 210.49 17.66 17.92 17.79

FO Liriospyris stauropora A-20H-CC A-21H-1, 105-107 212.60 214.57 213.58 17.92 17.99 17.95

FO Didymocyrtis mammifera A-22H-CC A-23H-2, 104-106 234.63 239.36 236.99 18.90 19.06 18.98

LO Dorcadospyris scambos A-22H-CC A-23H-2, 104-106 234.63 239.36 236.99 18.90 19.06 18.98

LO Dorcadospyris ateuchus B-23H-CC A-23H-3, 149-150 240.70 241.31 241.00 19.09 19.10 19.10

FO Dorcadospyris forcipata A-23H-3, 149-150 A-23H-4, 104-106 241.31 242.36 241.83 19.10 19.13 19.12

FO Stichocorys wolffii A-23H-3, 149-150 A-23H-4, 104-106 241.31 242.36 241.83 19.10 19.13 19.12

RN2

FO Lychnocanoma nodosum A-24H-CC A-25H-2, 104-106 259.47 262.71 261.09 19.53 19.61 19.57

LO Dorcadospyris simplex A-24H-CC A-25H-2, 104-106 259.47 262.71 261.09 19.53 19.61 19.57

FO Stichocorys armata A-25H-2, 104-106 B-25H-CC 262.71 263.96 263.34 19.61 19.64 19.62

LO Calocycletta serrata A-25H-4, 104-106 A-25H-CC 265.71 269.62 267.67 19.68 19.77 19.73
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(Figure 3), and the base is within C6AAr.2r (Kamikuri 
et al., 2005).

Secondary biohorizons.—Two FOs (Lychnocanoma 
nodosum and Stichocorys armata) and two LOs (Calo-
cycletta serrata and Dorcadospyris simplex) (Figure 3; 
Table 2).

Remarks.—The base of this zone is not recognized in 
this study due to being out of range of the studied samples.

Radiolarian faunal turnover across the early/middle 
Miocene boundary

A total of 46 radiolarian bioevents consisting of 20 FOs, 
25 LOs, and one ET were recognized within the studied 
interval at Site U1335 (Figure 3; Table 2). Of these, 11 
FOs and 11 LOs placed between C5Cn.3n and C5ADr 
(between 16.5 and 14.7 Ma) across the early/middle 
Miocene boundary in the equatorial Pacific. On the other 
hand, nine LOs were focused between C5ACn and C5AB 
(between 13.9 and 13.4 Ma). Within this interval, the 
FO of radiolarian species was not observed in this study. 
Taken together, two faunal turnovers of radiolarian spe-
cies occurred across the early/middle Miocene boundary 
(from 16.5 to 14.7 Ma) and the late middle Miocene (from 
13.9 to 13.4 Ma) (Figure 3). In this study, the former is 
called the faunal turnover-1 (FT-1) event and the latter is 
called the faunal turnover-2 (FT-2) event. The FT-1 event 
is mainly characterized by the extinction of early Mio-
cene taxa and origination of middle Miocene taxa, and the 
FT-2 event is marked only by extinction events of early 
Miocene and transition taxa (Figure 3). Although a faunal 
turnover is at least a partial replacement of the existing 
fauna, the term is also used for a minor extinction event 
just like the FT-2 event in this study.

Discussion

Faunal/floral turnover across the early/middle Mio-
cene boundary (FO, LO, and total turnover rate) in 
the equatorial Pacific

Lazarus (2002) discussed radiolarian faunal turnover in 
terms of a total turnover rate (TTR; the sum of FOs and 
LOs per 0.5 m.y.). In this study, we applied this concept 
and calibrated the TTR of radiolaria, diatoms, planktonic 
foraminifera, and calcareous nannofossils for data of this 
study and previous studies. We assume a TTR lower than 
2 events as low and a TTR higher than 5 events as high.

Radiolaria.—A total of 46 radiolarian bioevents con-
sisting of 20 FOs, 25 LOs, and one ET was recognized 
within the studied interval at Site U1335 (Figure 3; Table 
2). A plot of the number of FOs and LOs of radiolarian 
taxa in 0.5 m.y. increments in the equatorial Pacific from 
20.0 to 12.5 Ma (Figure 4) shows that prior to 16.0 Ma, 
the number of LOs of radiolarians was generally low 

(<2 events per 0.5 m.y.), followed by two peaks in LO 
of radiolarians (5 to 6 events per 0.5 m.y.) between 16.0 
and 15.5 Ma and between 13.5 and 13.0 Ma. In addition, 
three LOs per 0.5 m.y. also occurred in three intervals 
from 16.0 to 12.5 Ma. On the other hand, the number of 
FOs of radiolarians in the equatorial Pacific was generally 
low ( <2 events per 0.5 m.y.) with an exception being the 
FOs of five radiolarian taxa between 16.5 and 16.0 Ma 
(Figure 4).

The TTR of radiolarians in the equatorial Pacific is 
shown in Figure 5. During the early to middle Miocene, 
relatively high TTR (5 to 7 per 0.5 m.y.) of radiolarians 
in the equatorial Pacific was recognized in two intervals 
between 16.5 and 14.5 Ma and between 13.5 and 13.0 Ma, 
and relatively low TTR (0 to 2 per 0.5 m.y.) occurred 
between 18.5 and 16.5 Ma and between 14.5 and 14.0 Ma. 
As mentioned above, two high TTR (faunal turnovers) of 
radiolarian species occurred across the early/middle Mio-
cene boundary and the late middle Miocene. The former 
corresponds to the FT-1 event (from 16.5 to 14.7 Ma) and 
the latter corresponds to the FT-2 event (from 13.9 to 13.4 
Ma) (Figures 3, 5).

Diatoms.—Barron (2003) reported the timing and num-
ber of FOs and LOs of planktonic diatoms from 18.5 Ma 
to the present in the equatorial Pacific. Prior to 14.0 Ma, 
the number of FOs of diatoms did not exceed two events 
per 0.5 m.y., an exception being the FO of five diatom 
taxa between 17.0 and 16.5 Ma (Figure 4). During the 
middle Miocene, between 14.0 and 12.5 Ma, the num-
ber of FOs of diatoms indicated three to six events per 
0.5 m.y. in the equatorial Pacific. Throughout this studied 
interval, the number of LOs of diatoms was generally low 
(<2 events per 0.5 m.y.), except for an interval between 
16.5 and 16.0 Ma (3 events per 0.5 m.y.) (Figure 4).

The TTR of diatoms in the equatorial Pacific from 
20.0 to 12.5 Ma is plotted in Figure 5 using the data from 
Barron (2003). Relatively high TTR (5 to 7 per 0.5 m.y.) 
of diatoms occurred during two intervals, between 17.0 
and 16.5 Ma and between 14.0 and 13.5 Ma in the equato-
rial Pacific.

Planktonic foraminifera and calcareous nannofos-
sils.—The number of FOs and LOs of planktonic fora-
minifers and calcareous nannofossils in the equatorial 
Pacific is plotted in Figure 4 using data from the biochro-
nologic studies of Pälike et al. (2010). The number of 
FOs and LOs of planktonic foraminifers and calcareous 
nannofossils was generally low (<2 events per 0.5 m.y.), 
except for during an interval between 14.0 and 13.0 Ma 
(3 to 4 LOs per 0.5 m.y.).

The TTR of planktonic foraminifera in the equatorial 
regions was generally low, but two small peaks (3 to 4 
per 0.5 m.y.) were recognized between 15.0 and 14.5 Ma 
and between 13.5 and 13.0 Ma (Figure 5). For calcareous 
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nannofossils, a relatively high TTR (4 to 5 per 0.5 m.y.) 
occurred between 14.0 and 13.0 Ma, and a small peak 
(4 per 0.5 m.y.) was found between 15.0 and 14.5 Ma. 
The patterns of TTR of calcareous nannofossils appear to 
be relatively similar to those of planktonic foraminifers 
(Figure 5).

Causes of faunal/floral turnover from the early to 
middle Miocene

Relatively high TTR peaks were identified in radio-
laria and diatoms during the early Miocene climatic opti-
mum (MCO) and the middle Miocene climatic transition 
(MMCT). On the other hand, the TTR of planktonic fora-
minifera and calcareous nannofossils showed two peaks 
during the MMCT. In this section, we discuss the plau-
sible relation between faunal/floral turnover and environ-
mental changes from the early to middle Miocene in the 
equatorial regions by comparing the TTR to environmen-

tal changes.
Faunal/floral turnover (16.5–14.7 Ma).—Radiolar-

ians and diatoms, which are siliceous microfossils, had 
relatively high TTR in the equatorial Pacific from 16.5 
to 14.7 Ma (Figures 3–5). The interval between ca. 17.0 
and 14.7 Ma across the early/middle Miocene boundary 
was the warmest period in the Neogene and was iden-
tified as the MCO (Flower and Kennett, 1995; Billups 
and Schrag, 2002; Ogasawara et al., 2008; Oleinik et 
al., 2008; Zachos et al., 2008; Holbourn et al., 2015; 
Betzler et al., 2018). In the equatorial Pacific, the biologi-
cal productivity increased with sea surface water warm-
ing during the MCO (Keller and Barron, 1983; Barron 
and Baldauf, 1990; Cortese et al., 2004; Shackford et al., 
2012; Kamikuri and Moore, 2017; Matsui et al., 2017) 
(Figure 5).

It is difficult to interpret which environmental changes 
(global warming or increased biological productivity) 
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were the major controlling factors of faunal/floral turn-
over in the equatorial Pacific. In the subarctic North 
Pacific and the Southern Ocean, faunal/floral turnovers 
(high TTR) in radiolarians and diatoms were not recog-
nized during the MCO (Lazarus, 2002; Barron, 2003; 
Kamikuri et al., 2004, 2009). This may be also related 
to the fact that the accumulation pool of biogenic silica 
was the North Pacific Ocean at that time (e.g. Cortese et 
al., 2004). Hence, regional environmental changes such 
as increased biological productivity might have affected 
the faunal/floral turnover of siliceous microfossils such 
as radiolarians and diatoms in the equatorial Pacific dur-
ing the MCO (Figure 5). On the other hand, faunal/floral 
turnover of calcareous microfossils such as planktonic 
foraminifers and calcareous nannofossils was not found 
to have occurred in the equatorial Pacific during the MCO 
(Figure 5). Thus, the influence of environmental changes 
on calcareous microfossils and siliceous microfossils 
appears to have been different during the MCO in the 
equatorial Pacific.

Faunal/floral turnover (13.9–13.4 Ma).—A faunal/
floral turnover among siliceous microfossils such as 
radiolaria and diatoms was recognized in the equatorial 
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Pacific during the MMCT (Figure 5). The middle Mio-
cene following the MCO represents a major change in 
Neogene climatic evolution and is designated the MMCT 
(Miller et al., 1991; Flower and Kennett, 1995; Billups 
and Schrag, 2002; Holbourn et al., 2014; Tada et al., 2016; 
De Vleeschouwer et al., 2017). A large increase in benthic 
foraminiferal δ18O during the MMCT from 14.7 to 12.9 
Ma was interpreted as reflecting the major Antarctic Ice 
Sheet growth and a deep-water cooling (e.g. Woodruff 
and Savin, 1991; Billups and Schrag, 2002). The MMCT 
is characterized by three cooling steps at 14.7 Ma, 
13.8 Ma, and 12.9 Ma, identified as Mi3a, Mi3b, and Mi4 
events, respectively (Figure 4 in this study; Millet et al., 
1991; Billups and Schrag, 2002). In the eastern equato-
rial Pacific, two massive increases in opal accumulation 
at ca. 14.0 Ma and ca. 13.8 Ma occurred just before and 
during the prominent cooling event (Mi3b) (Holbourn et 
al., 2014).

The faunal/floral turnover among siliceous microfos-
sils was not recognized during the first step (Mi3a) in 
the equatorial Pacific, but one TTR peak was identified 
during the second cooling step (Mi3b) with high biologi-
cal productivity (Figures 3 and 5). Hence, the high pro-
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ductivity with surface water cooling during Mi3b might 
be associated with the faunal/floral turnover in siliceous 
microfossils. On the other hand, calcareous microfossils 
such as planktonic foraminifera and calcareous nanno-
fossils had experienced two minor faunal/floral turnover 
events in the equatorial Pacific during the first and sec-
ond global cooling steps (Mi3a and Mi3b) of the MMCT 
(Figure 5). Hence, it is likely that global cooling events 
were associated with the two faunal/floral turnovers.

The number of extinction events in radiolarians and 
calcareous microfossils was relatively higher than that of 
origination events during the MMCT (Figure 5). During 
this interval, a decreased vertical thermal gradient in the 
equatorial Pacific (Matsui et al., 2017) might not have 
been conducive to species evolution (Figure 4). Unlike 
faunal/floral turnover for those two groups, however, 
diatom floral turnover in that interval was significantly 
marked by nine origination events in the equatorial Pacific 
(Figure 5). Low-latitude diatoms might have been able to 
adapt to global cooling relatively more quickly than other 
sorts of microplankton.

Conclusions

During IODP Expedition 320/321, continuous sedi-
mentary sequences were drilled at eight sites (Sites 
U1331 to U1338) in the low latitudes of the North Pacific 
in order to reconstruct changes in the state, nature and 
variability of the Cenozoic oceanographic/climatic sys-
tem in the equatorial Pacific. IODP Site U1335 is located 
in the central area drilled during the PEAT program and 
was selected in order to focus on the paleoceanographic 
changes from the late Oligocene to middle Miocene in 
the equatorial Pacific. The objective of this study was to 
directly correlate radiolarian datum levels with the GPTS 
for the early and middle Miocene time intervals at Site 
U1335 and to provide information on the faunal turnover 
of tropical radiolarians during times of major climatic 
stress across the early/middle Miocene boundary. The 
results are summarized below.
(1) The sedimentary sequence at Site 1335 was divided 

into four radiolarian zones from RN2 to RN5. A total 
of 46 radiolarian bioevents consisting of 20 FOs, 25 
LOs, and one ET were recognized within the studied 
interval at Site U1335. In this study, 36 radiolarian 
datum levels were directly tied to the GPTS across 
the early/middle Miocene boundary.

(2) Two minor faunal turnovers of radiolarian species 
occurred across the early/middle Miocene boundary 
(16.5 to 14.7 Ma) and the late middle Miocene (13.9 
to 13.4 Ma). In this study, the former is called the fau-
nal turnover-1 (FT-1) event and the latter is called the 
faunal turnover-2 (FT-2) event. The FT-1 was charac-

terized by 11 FOs and 11 LOs, and the FT-2 event was 
marked by nine LOs.

(3) The relatively high TTR of diatoms occurred in the 
equatorial Pacific during two intervals, between 17.0 
and 16.5 Ma and between 14.0 and 13.5 Ma. The 
TTR of planktonic foraminifera in the equatorial 
regions was generally low, but two small peaks were 
recognized between 15.0 and 14.5 Ma and between 
13.5 and 13.0 Ma. A relatively high TTR of calcare-
ous nannofossils occurred between 14.0 and 13.0 Ma 
and a small peak was found between 15.0 and 14.5 
Ma.

(4) Radiolarians and diatoms had relatively high TTR 
in the equatorial Pacific during the early MCO. 
Regional environmental changes such as increased 
biological productivity might have affected the fau-
nal/floral turnover of siliceous microfossils in the 
equatorial Pacific. On the other hand, faunal/floral 
turnover in calcareous microfossils did not occur in 
the equatorial Pacific during the MCO. The influence 
of environmental changes on calcareous microfossils 
and siliceous microfossils appears to have been dif-
ferent during the MCO in the equatorial Pacific.

(5) Calcareous microfossils such as planktonic foramin-
ifera and calcareous nannofossils experienced two 
minor faunal/floral turnovers in the equatorial Pacific 
during the first and second global cooling steps (Mi3a 
and Mi3b) of the MMCT. Global cooling events 
might be associated with the two faunal/floral turn-
overs in calcareous microfossils. On the other hand, 
faunal/floral turnover among siliceous microfossils 
such as radiolaria and diatoms was recognized as 
being related to a high productivity event during the 
second cooling step (Mi3b) in the equatorial Pacific. 
High productivity with surface water cooling during 
Mi3b might have been associated with faunal/floral 
turnover in siliceous microfossils.

(6) Unlike faunal/floral turnover in radiolarians, planktonic 
foraminifera, and calcareous nannofossils, diatom flo-
ral turnover was mainly marked by nine origination 
events in the equatorial Pacific. Low-latitude diatoms 
might have been able to adapt relatively more quickly 
than other sorts of microplankton to global cooling.
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Appendix. Stratigraphic distribution of selected radiolarian taxa at Site U1335.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

A 10HCC 94.95 106.00 12.58 G F * * C * * * * R R R *

A 11H-2, 104-106 96.96 109.82 12.74 G F * * F * * R R R *

A 11H-2, 149-150 97.39 110.25 12.76 G F * C * * F R R *

B 11HCC 98.97 112.08 12.84 G F * C * F R R

A 11H-4, 104-106 99.95 112.81 12.87 G F C * * * R R *

A 11HCC 104.17 117.03 13.04 G R * * C * R * R *

A 12H-2, 104-106 106.45 120.54 13.14 G F * F * * * R R

A 12H-3, 150-152 108.39 122.48 13.16 M R * F * * R R R *

B 12HCC 108.08 122.58 13.16 G F * * F * * R R R *

A 12H-4, 104-106 109.45 123.54 13.16 G R * F * R * R R R

A 12HCC 113.85 127.94 13.31 G R * R F * * * * R R *

A 13H-2, 104-106 115.94 129.18 13.39 M R * F * R F R R

A 13H-3, 149-150 117.89 131.13 13.47 G * F * R F * R * R R R R R F R

A 13H-4, 104-106 118.94 132.18 13.51 M * C * * F * * R R * R R R

B 13HCC 117.65 133.05 13.54 G R F R C * * * R R * F * R

A 13HCC 123.39 136.63 13.75 G R * F * * * C R * R * * R * R F * *

A 14H-2, 105-107 125.45 140.75 14.10 M * * * C * F F * R R R R * R R R

A 14H-3, 149-150 127.39 142.69 14.22 G R R * C * * F F * R R F R R * R R *

A 14H-4, 105-107 128.45 143.75 14.25 G * F * C * * R R F * R * * F * R R R *

B 14HCC 127.01 143.75 14.25 G * F * C R * R R F R R * R F R R R R *

A 14HCC 132.99 148.29 14.37 G R F R F R * * R * F R F * R F R R * R R R

A 15H-3, 105-107 135.95 152.30 14.47 M R * F R * R * F R R R R F R R R R * *
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Appendix. Continued 1.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

B 15HCC 136.78 154.14 14.52 G R * * F R * R * C R R * R F R R * R R *

A 15H-3, 149-150 137.89 154.24 14.52 G R * * F R * * * C * R R F R R F *

A 15H-5, 105-107 138.95 155.30 14.55 G * R * C * * R * F * R * R R R R R F R

A 15HCC 142.08 158.43 14.64 G R F R C R * R F R * R * * R R R R R R

A 16H-2, 115-117 144.55 160.90 14.73 G * F * C R * R R R R R R R F F * * R R R

A 16H-3, 149-150 146.39 162.74 14.79 G * F * C R * R R R F * F F F R F

A 16H-4, 115-117 147.55 163.90 14.83 G R F F F F * R R F * * R R R F R R * R R R

B 16HCC 146.17 165.45 14.87 G R F F F R R F F R * F R R F R R R R R

A 16HCC 151.48 167.83 14.99 G * F F C R R F F R * F * R R * R R R R R

A 17H-2, 105-107 153.95 173.95 15.25 G F R C F F * * R F R * R R R * R * R R * R

B 17HCC 155.64 174.92 15.32 G R R C F R R R F * * R R R R R * R R * R R

A 17H-3, 149-150 155.89 175.89 15.38 G * F C F R R * F R F * R R * R R R

A 17H-4, 105-107 156.95 176.95 15.45 M F F C C R * * R * F * R * F R R * R R R R R R

A 17HCC 161.19 181.19 15.72 G F R A * * R * F R * R * R R * * R R R R F R

A 18H-2, 105-107 163.45 183.92 15.90 G R * C R R * F R * * R R * * * R R F R F R

B 18HCC 164.78 185.08 15.97 G R * C R * R * F R R R R * * F R * R F R F R

A 18H-3, 149-150 165.39 185.86 16.02 G F * A R * * * * F R * * R R R * R R R R R R F R

A 18H-4, 105-107 166.45 186.92 16.09 G F * A R R * * F * R * R R R R R F * R R R R F F *

A 18HCC 169.72 190.19 16.28 G F R A F R R R R F * F * * * * * F * R R F R R R

A 19H-2, 105-107 172.95 194.26 16.70 G R * A * F * R R F R R R R * R R F F F R

B 19HCC 174.81 197.12 16.90 G R * A * F R F * R R * R R * R R F F F R

A 19H-4, 105-107 175.95 197.26 16.91 G R * C * R * * F R * * * R * R * F F C *

A 19HCC 180.41 201.72 17.19 G * F R R R R * * F * * F F * * F F F R

A 20H-2, 104-106 182.44 205.17 17.41 G * F R * * * * F * * R R * F F A *

A 20H-4, 104-106 185.44 208.17 17.64 G * F * R * * * F * R R * F F C R

B 20HCC 184.35 208.38 17.66 G * C * R * * * F * * * R * R * F F C *

A 20HCC 189.87 212.60 17.92 G * C R R * * * R * R R R * R F C *

A 21H-1, 105-107 190.45 214.57 17.99 G * C * * * R * R R * * R R R * F F R

A 21H-3, 140-141 193.80 217.92 18.13 M * A R * * * * * R R R R * * F C *

B 21HCC 193.42 218.47 18.16 G * C R * * R F * R R R * R F C R

A 21H-4, 105-107 194.95 219.07 18.19 G * F * * R * R F R R * * F F F R

A 21HCC 198.95 223.07 18.40 G R C R R * R R R R R * * R F F R

A 22H-2, 105-107 201.45 227.43 18.61 G * F R R * * R F R R F R F R R

B 22HCC 202.81 228.78 18.67 G * F R R * * R F R R F R F F R

A 22H-3, 140-141 203.30 229.28 18.70 G * F R R * * R R R R F F F F *

A 22H-4, 105-107 204.45 230.43 18.75 G * F * F * * R R * * F F F F *

A 22HCC 208.65 234.63 18.90 G * F R R R * * * R * * * F R F F R
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Appendix. Continued 2.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

A 23H-2, 104-106 210.94 239.36 19.06 M * F R R * * F * * R F * F *

B 23HCC 211.78 240.70 19.09 G * C R R * * R * * * * * F * F R *

A 23H-3, 149-150 212.89 241.31 19.10 M * C R R * * * R * * * R * F * F R *

A 23H-4, 104-106 213.94 242.36 19.13 G * F R * * R * F R F

A 23HCC 218.11 246.53 19.23 G * F R R * * R * R * * * R * F *

A 24H-2, 104-106 220.44 252.07 19.36 G * C R R * F * R * * * R * F R

B 24HCC 222.11 253.20 19.38 G * F R R * R * * R * F * F

A 24H-3, 140-141 222.30 253.93 19.40 G * F R F * * * R * * R * F R F *

A 24H-4, 109-111 223.49 255.12 19.43 G * C * * * R * R * R R F * F R

A 24HCC 227.84 259.47 19.53 G F F R * * R * * F * R F * F

A 25H-2, 104-106 229.94 262.71 19.61 G * C R R * R * * R * * R R C R

B 25HCC 231.42 263.96 19.64 G * F R R * * R * R * * R F F *

A 25H-3, 149-150 231.89 264.66 19.66 G * F R R * * * R * * * * F F F R

A 25H-4, 104-106 232.94 265.71 19.68 G R F R R * * * * * * * R F F R

A 25HCC 236.85 269.62 19.77 G F R F R * * R R R R * * R F F *
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