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The Hawaiian—-Emperor Seamount Chain, a major topographic feature of the Pacific
Ocean floor, is composed of seamounts capped with fossil coral reef deposits that
originally formed close to sea level but are now covered by hundreds of meters of
water owing to prolonged subsidence. These fossil reef deposits are important
archives of paleoenvironmental change and yield information on the subsidence history
of the seamounts. We studied the Sr isotope compositions of Oligocene—Miocene coral
reef limestone from Koko Guyot in the southern Emperor Seamount Chain to assess
the dynamics of the subsidence. The ages of the studied samples containing coral
fragments established by Sr isotope stratigraphy vary from 26.3 to 20.1 Ma. In contrast,
the youngest samples (15.3 Ma), which were deposited in water depths of >120 m, are
barren of corals and are composed exclusively of bryozoans and coralline algae. The
subsidence rate of the Koko Guyot volcanic structure was not constant over time.
Integration of our new data with the results of previous studies reveals that the
subsidence rate was 0.046 + 0.005 mm/yr during the first 25-30 Myr (from 49-44 to 20
Ma). During this period, Koko Guyot was in a bathymetric interval favorable for coral
reef development, and its subsidence was compensated by rapid vertical growth of the
reef. Subsequently, the subsidence rate decreased to an average value of 0.019 +
0.003 mm/yr from 20 to 15 Ma. The decrease in the rate of bottom subsidence
coincided with unfavorable environmental conditions for coral reef development,
leading to the disappearance of corals. The average subsidence rate has been 0.015 +
0.002 mm/yr since 15 Ma, comparable to the present-day subsidence rate. We also
analyzed the stable Srisotope ratios (0 88/86 Sr) of warm-water coral samples
formed at 25-20 Ma (0.32%o + 0.1%o), as well as carbonate of large benthic
foraminifera, coralline algae, and other non-coral species for the period 20-15 Ma
(0.10%o = 0.09%0). We suggest that the large difference in carbonate 5 88/86 Sr
between 25-20 and 20-15 Ma corresponds to a difference in the fractionation factor
caused by environmental and benthic community change.
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Response to Reviewers

Dear Editor and Reviewer,

Thank you very much for your review of our manuscript titled "Sr isotope variations in
Oligocene—Miocene and modern biogenic carbonate formations of Koko Guyot
(Emperor Seamount Chain, Pacific Ocean)". We have revised our article and would like
to present it to you.

Some comments had incorrect line numbers. We found what they referred to and
signed the correct line numbers in the answers.

We submitted the text for professional proofreading to Stallard Scientific Editing, where
we corrected the entire text. We left the grammatical and punctuation corrections in the
file with marks. Following their recommendations, we improved the understanding of
Fig. 1,4, 5, 6 and tables 1 and 2.

Also, throughout the text we have changed "biocommunity" to "benthic community"
because this is more paleontological correct.

Below are the responses to your comments.

Response to the Reviewer #1's comments:

Line 47-52 - Suggested revision: "We also analyzed the stable Sr isotope ratios
(d88/86Sr) of warm-water coral samples formed 25-20 Ma ago (0.32+0.1%o) and more
recent carbonate composed of Larger benthic foraminifera, and coralline algal, and
other non-coral species from 20-15 Ma (0.10+0.09%0). We suggest that the large
difference in carbonate d88/86Sr between these two intervals corresponds to a
difference in fractionation factor due to environmental and biocommunity change." -
corrected

Line 73 - Moving the geological background information for Koko Guyot to the following
section was helpful for readability, but you need to check that the necessary
introductory information is still provided here (specifically, you do not transition from
discussing the Emperor Seamount Chain generally to your description of reef growth on
Koko Guyot). Add a condensed description of Koko Guyot here before you begin
referring to it specifically in Line 96. — corrected.

Line 120 - Good additional description of novelty (new sampling method); in 122-124, |
suggest rephrasing to: "Our purpose was to confirm the previous estimates by Clague
et al. (2010) with samples taken from a site remote from the area of previous work and,
if possible, improve them by...." (Explain specifically how they could be improved;
reducing uncertainty?). — corrected in lines 98-101

Line 139 -169 - Check organization of these paragraphs now that you have moved
information from the introduction to this section; you refer to Koko Guyot in the first
paragraph, and then reintroduce it in the second. Rewrite to avoid redundancy. Lines
120-143

Line 224 - Clarify: other studies have used both TIMS and MC-ICP-MS to measure
stable Sr. Here it initially sounds as though you used both methods in this study. "...
have been measured in other studies using both..." — corrected in line 197

Line 309 - Clarify: The ratio of 88Sr/86Sr in carbonates depends on the 88Sr/86Sr ratio
of seawater, which changes through time due to variation in the same fluxes that control
seawater 87/86 as well as the net carbonate flux from the ocean, and the degree of
fractionation between seawater and carbonate, which depends on species and



temperature. This is important to distinguish because when you compare your data to
the Paytan et al. 2021 curve, it is the offset between the seawater curve and your data
that may tell you something about changes in species/environment (that is, | would not
necessarily expect your carbonate values to line up with the seawater values but rather
be offset by some constant (or variable) fractionation factor). - corrected in line 277

Line 313- Rephrase: "Minerals like carbonate formed in seawater are generally
characterized by lower d88/86Sr because of seawater-mineral fractionation. Moreover,
minerals of chemogenic and biogenic origins can be distinguished by the degree of their
stable Sr isotope fractionation (Fietzke and Eisenhauer, 2006; Fruchter et al., 2016)

which may depend on temperature and varies for different species. Thus..." corrected in
lines 280-283

Line 324 - Without a conceptual framework for the direction of change you expect to
see, the stable Sr data is not all that useful for inferring anything about the nature of the
species transition or environmental shift. | do think that your revisions somewhat
(rightly) de-emphasized the use of stable Sr isotopes as a diagnostic tool for
environmental change in this setting. Rather, you have generally tested the idea that a
community shift you have independently inferred (i.e., reef assemblages replaced by
cold water species) might have an impact on stable Sr isotopes (because of the known
dependencies of the seawater-carbonate fractionation factor on species and
temperature that you introduce above). | suggest that you rewrite Line 324-325 to
explain that within the scope of this study, you are looking to see if d88/86Sr of your
specific samples shift in relation to the subsidence and migration of the guyot and
subsequent environmental changes, but in this case the d88/86Sr measurements do not
provide an independent proxy for these changes and there are many factors that
complicate their interpretation. corrected in lines 290-292

Line 357 - Rephrase: "Because secondary processes have been shown to alter the
initial d88/86Sr of carbonates, we use only the three samples that are the least modified
in our discussion." corrected in lines 318-320

Line 361 - Specify what the agreement between the carbonate samples d88/86Sr and
seawater curve indicates (these particular carbonate samples apparently fractionated
very little from seawater?). It is important to note that you don't necessarily expect the
carbonate values to line up with the seawater values, and then explain why these might.
Add explanations to address these questions: The error bar is quite large, but is it
possible that these have in fact undergone some alteration (would this lead to increased
d88/86Sr values relative to initial composition)? Is there evidence in the literature that
the assemblages you expect to be represented by these samples would fractionate
<0.09%o from seawater? Are these non-representative samples, possibly explaining why
Lv86-9-6 is slightly different (though within error) compared to the other two? You
should more thoroughly present the possible complications here. - corrected in line 321,

Line 369 - Specify that in the absence of significant changes in seawater d88/86Sr, the
dramatic difference between carbonate and seawater in this interval likely indicates
larger fractionation between seawater and carbonate compared to the earlier interval.
Then you can hypothesize what might be driving this fractionation. corrected in line 323.

Line 371 - Start new paragraph and revise for clarity: "Biocommunity alteration to much
more cool water resistance can be correlated with the bottom subsidence rate and
guyot migration to higher latitudes (Wilson, 1963; Clague and Dalrymple, 1987; Tarduno



et al., 2003; Clague et al., 2010). The change in the temperature and light regime as
Koko Guyot subsided and migrated led to biocommunity alteration as reef benthic
assemblages were replaced as the dominant species by larger foraminiferal species.
We suppose that this biocommunity transition is expressed in the dramatic decrease of
088/86Sr in our samples (Fig. 4) in the absence of major changes in seawater
088/86Sr." corrected in lines 324-329.

Line 377 - Move sentence about modern echinoid d88/86Sr values to Line 371 before
new paragraph and add comparison of the fractionation between seawater-echinoid
today vs. seawater-carbonate from 20 to 15 Ma. corrected in line 330.

Line 378 - | don't think you have enough information to draw this broad conclusion.
Rather, you can simply say that you observe a shift in the d88/86Sr of your samples that
seems to coincide with the biocommunity transition, suggesting the fractionation factor
possibly changed along with environmental factors (temperature, dominant species) as
might generally be expected. However, complicating factors (be specific) limit further
interpretation of these data. corrected in line 331.

Line 447 - See Line 378 comment above and revise. - corrected in lines 398-401.

Line 461 - In your introduction, you note that you hoped to improve the prior estimates.
Summarize the specific advance and how these new rates fit into the overall picture of
Pacific subsidence. That is, tell us specifically how "The data obtained refine the
existing models of subsidence of the Pacific crust.” - corrected in lines 412-413.

We would like to thank Editor-in-Chief of Marine Geology Dr. Adina Paytan and
anonymous reviewers for their thorough comments and suggestions, which have
improved our manuscript.

Sincerely yours,

Irina Vishnevskaya
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Highlights for paper Vishnevskaya et al., “Sr isotope variations ...”

The subsidence rate of Koko Guyot was not uniform

The age of corals and larger foraminiferal species was determined by strontium isotope
stratigraphy.

The study of strontium isotope composition showed that the least altered limestones containing
the fragments of reef corals were formed in the early Miocene
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Sr isotope variations in Oligocene—Miocene and modern biogenic carbonate
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ABSTRACT

The Hawaiian—Emperor Seamount Chain, a major topographic feature of the Pacific Ocean floor,
is composed of seamounts capped with fossil coral reef deposits that originally formed close to
sea level but are now covered by hundreds of meters of water owing to prolonged subsidence.
These fossil reef deposits are important archives of paleoenvironmental change and yield
information on the subsidence history of the seamounts. We studied the Sr isotope compositions

of Oligocene—Miocene coral reef limestone from Koko Guyot in the southern Emperor
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Seamount Chain to assess the dynamics of the subsidence. The ages of the studied samples
containing coral fragments established by Sr isotope stratigraphy vary from 26.3 to 20.1 Ma. In
contrast, the youngest samples (15.3 Ma), which were deposited in water depths of >120 m, are
barren of corals and are composed exclusively of bryozoans and coralline algae. The subsidence
rate of the Koko Guyot volcanic structure was not constant over time. Integration of our new
data with the results of previous studies reveals that the subsidence rate was 0.046 + 0.005
mm/yr during the first 25-30 Myr (from 49—44 to 20 Ma). During this period, Koko Guyot was
in a bathymetric interval favorable for coral reef development, and its subsidence was
compensated by rapid vertical growth of the reef. Subsequently, the subsidence rate decreased to
an average value of 0.019 = 0.003 mm/yr from 20 to 15 Ma. The decrease in the rate of bottom
subsidence coincided with unfavorable environmental conditions for coral reef development,
leading to the disappearance of corals. The average subsidence rate has been 0.015 + 0.002
mm/yr since 15 Ma, comparable to the present-day subsidence rate. We also analyzed the stable
Sr isotope ratios (5%%#5Sr) of warm-water coral samples formed at 25-20 Ma (0.32%o + 0.1%o), as
well as carbonate of large benthic foraminifera, coralline algae, and other non-coral species for
the period 20-15 Ma (0.10%o £ 0.09%o). We suggest that the large difference in carbonate
588865y petween 25-20 and 2015 Ma corresponds to a difference in the fractionation factor

caused by environmental and benthic community change.

Key words:
87Sr/883r ratio, 5%/%Sr, Corals, Bryozoans, Larger foraminifera, Subsidence, Hawaiian—Emperor

Seamount Chain, Hawaiian hotspot

1. Introduction

The Emperor Seamount Chain (Pacific Ocean) includes more than a dozen seamounts
(i.e., extinct volcanoes). The northernmost seamount of Meiji is considered the oldest, with an
age estimated at 85 Ma (Keller et al., 2000). The youngest seamount of Daikakuji (42 Ma;
Dalrymple and Clague, 1976) is located at the junction of the Emperor Seamount Chain with the
Hawaiian Seamount Chain (Fig. 1). Koko Guyot is the southernmost seamount and one of the
largest in the Emperor Seamount Chain, with a surface area of 5800 km? (Greene et al., 1980).
This guyot is located from 34°N to 36.5°N and from 170.8°E to 171.5°E. The top of the guyot is
positioned at a minimum depth of 270 m below sea level (Matter, Gardner, 1975) and is

characterized by a predominantly flat upper surface at 300400 m water depth.
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The Emperor—Hawaiian Seamount Chain formed as a result of the prolonged activity of
the so-called Hawaiian hotspot, a long-lived mantle plume beneath the Pacific Plate (Jackson et
al., 1980; Clague and Dalrymple, 1987; Tarduno et al., 2003; and references therein). Plate
movement relative to conventionally stationary mantle structure led to the formation of a linear
chain of volcanic islands and seamounts with ages increasing from south to north. The
seamounts situated in the southern Emperor Seamount Chain are topped with a sediment cover
containing carbonate rocks (Shipboard Scientific Party, 1975a, 1975b, 2002), which represent an
excellent record of geochemical, paleontological, and paleogeographic settings.

The following development sequence for seamounts has been established (Wheeler and
Aharon, 1991). After the cessation of volcanic activity, a coral reef began to develop on the
volcanic island. Over time, the volcano subsided, and the coral reef at first kept pace with
relative sea-level rise by enlarging upward. As the oceanic crust moved away from the area of
plume activity and cooled, the volcano subsided further, and the coral reef (which was unable to
keep up with sea-level rise) drowned. Although the main cause of the demise of the coral was the
rapid relative sea-level rise, other factors such as a decrease in sea surface temperature as the
volcanic island migrated to higher latitudes by plate motion may also have been influential (e.g.,
Clague et al., 2010).

Data regarding the speed and direction of movement of the Hawaiian hotspot and the
Pacific Plate show that the paths of Koko Guyot and the hotspot diverged (c. 45 Ma), whereby
the seamount moved to the north and the hotspot moved to the south (Wilson, 1963; Clague and
Dalrymple, 1987; Tarduno et al., 2003). Clague et al. (2010) studied corals in southern Koko
Guyot and used Sr isotope stratigraphy to date the carbonates. According to those authors’
calculations, Koko Guyot migrated northward at a rate of 69 km/Myr during the first 5 Myr (c.
50-45 Ma) of its existence, moving from 21.5° to 23°N. In addition, the rate at which the guyot
migrated decreased to 31 km/Myr between 45 Ma and the present, and the direction of
movement changed to the northwest before reaching its present position at 35°N. Clague et al.
(2010) proposed a two-phase subsidence history for Koko Guyot: (1) ~0.009 mm/yr from 27.1 to
16.2 Ma; and (2) ~0.014 mm/yr from 16.2 Ma to the present. Those authors also suggested that
the timing of reef growth cessation at Koko Guyot occurred at ¢. 29 Ma, on the basis of the
youngest age of sampled corals (27 Ma) and the calculated average subsidence rate (0.012
mm/yr).

We studied samples obtained from the northwestern part of Koko Guyot, where sampling
has hitherto not been conducted. We used a new sampling method for this region, namely, a
remotely controlled underwater vehicle (see “Material and Methods™), so our samples could be

geographically and bathymetrically referenced. Our purpose was to confirm the previous
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estimates of coral age and subsidence rate made by Clague et al. (2010) with samples taken from
a site distant from the area of previous work and, if possible, improve the estimates by measuring
isotope ratios using a different type of equipment (a Neptune Plus multicollector inductively
coupled plasma mass spectrometry (ICP—MS) instrument versus a VG Sector 54 Thermal
ionization mass spectrometer (TIMS) in Clague et al. (2010)) and reducing uncertainties in age
estimates. The aim of the study was to establish the youngest age limit of coral reefs on Koko
Guyot and further constrain the timing of coral reef drowning as Koko Guyot became
submerged. In addition, to improve the understanding of the subsidence history of Koko Guyot,
we used differences in the ages of sampled corals and their depths to calculate the average
subsidence rate of this volcanic structure for different periods. To achieve these aims, we
performed paleontological analysis and measured the Sr isotope compositions of samples
collected from the Koko Guyot. We compared the obtained &’Sr/2®Sr ratios with the variation
curve of this ratio for the Cenozoic (McArthur et al., 2001, 2020). In addition, we used the
588/86Sr record measured in carbonates as a proxy for environmental change on the flooded reef
platform.

2. Materials and methods

The 86th voyage of the research vessel “Akademik M.A. Lavrentiev”” was held during
July—August 2019. The aim of the expedition was to conduct a comprehensive study of the
seamounts of the southern Emperor Seamount Chain. The subject of the present study, the
southernmost and youngest seamount of the Emperor Seamount Chain (i.e., Koko Guyot), is an
isolated underwater volcanic seamount with a flat top lying more than 300 m below present
mean sea level. The guyot is composed mainly of alkaline basalts with minor tholeiitic basalts
(Clague and Dalrymple, 1987). The final stage of eruptions is represented by interlayered
pahoehoe flows, subaerial aa units, and flow foot breccias. During the course of previous studies
as part of the Deep Sea Drilling Program (DSDP) and Ocean Drilling Program (ODP), several
sediment cores were recovered: DSDP Leg 32 sites 308 and 309 (Shipboard Scientific Party,
1975a, 1975b) and ODP Leg 197 Site 1206 (Shipboard Scientific Party, 2002). The materials
collected during those expeditions allowed the earliest sedimentation stages and waning of
volcanic activity to be investigated, as well as fossil benthic assemblages, paleoenvironmental
setting, and ages volcanic and sedimentary rocks. At ODP Site 1206, lava flows are separated by
limestone and volcaniclastic sandstone layers (Tarduno et al., 2003), suggesting the near-surface
nature of the eruptions. The age of the volcanic edifice of the Koko Guyot is estimated as 4948

Ma (Jackson et al., 1980; Tarduno et al., 2003; Duncan and Keller, 2004). The minimum age of
4
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the Koko eruptions has been determined from nannofossils occurring at the base of the
sedimentary cover, which probably overlaps the last lava flow, and coincides with biozones
NP14 and NP15 (middle Eocene; Speijer et al., 2020). A seismic survey of the Koko Guyot has
shown that the volcanic structure is covered by a ~600-m-thick carbonate cap associated with
coral reef deposits (Davies et al., 1972). The exposed sedimentary part of drill cores from DSDP
sites 308 and 309 is composed of altered volcanoclastic siltstones and sandstones with a sharp
contact between them. The sandstones contain bioclasts of bryozoans, solitary corals, ostracods,
coralline algae, benthic foraminifera, mollusks, and ooids. The fossil assemblage indicates an
early Eocene shallow-water setting (Larson et al., 1975).

The materials collected for the present study were collected using a remotely operated
underwater vehicle (Comanche, SUB-Atlantic, UK), equipped with Schilling Robotics Orion
hydraulic manipulators, and a Sonardyne hydroacoustic positioning system coupled with a GPS
navigation system. During the voyage, 11 dives were performed to survey the top and slopes of
Koko Guyot. Carbonate material was collected during four dives, three of which were performed
on the northwestern peak of the guyot (dives 4, 8, and 9; Fig. 1) and the fourth in the western
part of the main plateau (dive 16; Fig. 1). A living deep-sea isidid octocoral, also termed
“bamboo coral”, was collected during dive 4. We used this octocoral as a reference for modern
carbonate accumulation. Sampling points and physical water characteristics are presented in Fig.
1 and Table 1. Carbonate rocks were collected directly with a manipulator operated from the
surface (Fig. 2A) and with a 15 cm x 15 ¢cm scoop net (Fig. 2B). For rocks collected by the
manipulator, a block measuring 1.5 cm x 1.5 cm x 1.5 cm in size was cut from the central part of
each rock sample. These cubes were passed through a magnet to remove any metal shavings
from the saw and washed in distilled water. For material collected by the scoop net, the sediment
was washed with seawater and sorted into different grain-size fractions from 1 to 50 mm. After
careful visual inspection, the lightest-colored and unaltered samples devoid of Fe—-Mn oxide—
hydroxide coatings were selected for geochemical analyses. The selected samples were washed
with a brush in running water and finally rinsed in distilled water. All samples were
photographed directly on board.

Further sample preparation was carried out in the cleanrooms (class 1000) and laminar
boxes (class 100) of the Laboratory of Physical and Chemical Methods of Analysis, Zavaritsky
Institute of Geology and Geochemistry UB RAS, Ekaterinburg, Russia. Fragments of carbonate
rocks without an outer crust and individual parts of fossils weighing about 100 mg were washed
three times in ultrapure water (AriumPro, Sartorius). Then, 5 ml of 1N HCI were added.
Although complete dissolution of all the material occurred during the first few minutes, the

samples were left in the acid for 24 h at room temperature. The solution was then centrifuged for
5
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20 min at 6000 rpm in an EBA 21 centrifuge (Hettich, Germany). The resulting supernatant was
taken from the central part of the liquid column so that undissolved residue containing the flakes
of possible organic matter would not enter the resulting liquid. Measurements showed that Fe
and Mn contents were less than 50 ppm and less than 20 ppm in the majority of the samples,
respectively. These values are consistent with data for the lattice phases of foraminiferal calcite
from Palmer (1985) and provide evidence for the lack of secondary Fe—Mn oxide—hydroxides in
the studied solutions. The resulting liquid was divided into two aliquots: 2 ml was transferred to
test tubes for elemental analysis, and the rest of the liquid was retained for Sr isotope analysis.

An ICP-atomic emission spectrometry (AES) instrument (Optima-8000 DV,
PerkinElmer, USA) was used to determine major-element compositions, including Mg, Mn, Sr,
and Al, as well as traces of Fe. Control of the accuracy and precision of major- and trace-element
compositions was performed using IAG/CGL 020 ML-3 certified limestone provided by the
Central Geological Laboratory of Mongolia. The contents of major and trace elements were
measured on a regular basis during 2019, yielding the following contents: Fe = 2350 £ 350 ppm,
Al = 6000 = 900 ppm, Mn = 180 + 30 ppm, Mg = 8400 + 1260 ppm, and Sr = 1000 + 150 ppm
(2SD, N = 30). The obtained contents were in good agreement with the certified values of Fe =
2400 + 100 ppm, Al = 6100 £ 100 ppm, Mn = 178 + 8 ppm, Mg = 8350 + 145 ppm, and Sr =
1018 * 30 ppm (Certificate of analysis IAG / CGL 020 ML-3 (Limestone), 2015). The precision of
each individual result (relative standard deviation or RSD) was better than 1%.

The volumes of liquid samples calculated to match ~300 ppb of Sr were placed in a PFA
vial and evaporated to dryness on a hotplate at 120 °C. The residue was dissolved in 0.5 mL of
7M HNOg, placed in an Eppendorf microtube, and centrifuged at 6000 rpm for 15 min by an
EBA 21 centrifuge (Hettich, Germany). A single-step chromatography technique using SR-Resin
(100-200 mesh, Triskem®, TrisKem International, France) was applied for Sr isolation
(Vishnevskaya et al., 2020). Purified Sr fraction was evaporated to dryness and dissolved with
3% HNO3 (v/v) for further isotope ratio measurement.

Stable Sr isotopic compositions have been measured in other studies using both TIMS
and MC—-ICP-MS (McArthur et al., 2020; Teng et al., 2017). The double-spike (DS) technique is
usually applied for TIMS (Krabbenhoft et al., 2009; Shalev et al., 2013; Paytan et al., 2021) and
MC-ICP-MS (Shalev et al., 2013), although MC—-ICP-MS analytical protocols have tended to
adopt standard-sample bracketing (SSB)-MC-ICP-MS (Fietzke and Eisenhauer, 2006; Moynier
et al., 2010; Charlier et al., 2012; Ma et al., 2013). In general, DS-TIMS is considered to have
the highest precision and accuracy, followed by DS-MC-ICP-MS and SSB-MC-ICP-MS.

Radiogenic and stable Sr isotopes were measured in this study using an MC—-ICP-MS

Neptune Plus instrument (Thermo Fisher Scientific, Germany). The mass bias was corrected
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using a combination of exponential law normalization (3’Sr/%Sr = 8.37861) and bracketing, with
the normalized values being additionally corrected by the mean reference value of 0.710245 for
SRM-987 strontium carbonate (GeoReM database, http://georem.mpch-mainz.gwdg.de/). To

monitor the analytical procedure, SRM-987 was measured on a regular basis, yielding 8’Sr/%Sr =
0.710261 + 0.000020 (2SD, N = 257). The precision of the determinations estimated as the
within-laboratory standard uncertainty (20) obtained for SRM-987 was +0.003%. The precision
of each individual result (1) during the sample measurement was better than +20 ppm. Long-
term analyses of 3%¢/#°Sr in SRM-987 processed through chromatographic columns and measured
as unknowns yielded —0.01%o £ 0.09%o (2SD, N = 34). In addition, NIST SRM 1400 bone ash
was analyzed as §%8/8Sr = —0.33%o + 0.09%0 (2SD, N = 10), in agreement with the value
provided in the GeoReM database. The precision of each individual result (1c) was better than
£0.006%o.

3. Results

The studied samples are composed of limestone with a fine-grained matrix (micrite)
containing abundant biogenic components (corals, coralline algae, molluscs, and benthic
foraminifera) and undetermined carbonate fragments. Several samples contain fossil corals,
including Astrea cf. annuligera Milne Edwards & Haime, 1849, Porites sp., and at least one
other undetermined Merulinidae (Table 2 and Fig. 3). Large benthic foraminifera (LBF)
represented by Spiroclypeus tidoenganensis Van der Vlerk, 1925 and Heterostegina cf.
assilinoides (Blanckenhorn) Henson, 1937 occur in samples Lv86-9-6, Lv86-9-2, and Lv86-9-9
(sample numbers are given from oldest to youngest). Samples LV86-9 and LV86-16 consist of
cidaroid echinoderm spines (identified by Dr. K.V. Minin, Shirshov Institute of Oceanology of
Russian Academy of Sciences; Fig. 3B). The studied samples have a good degree of
preservation, as assessed by optical examination.

In general, under the influence of post-sedimentary fluids, Fe and Mn contents increase
and Sr and Mg decrease in carbonates (Veiser, 1983; Banner, 2004; Sawaki et al., 2010).
Consequently, by studying the mutual correlations of these elements, it is possible to identify
samples that have been least affected by diagenetic alteration. Samples with low Mn/Sr and
Fe/Sr ratios are interpreted as not having undergone diagenetic processes, meaning that their
isotope characteristics faithfully record those of the primary materials. The contents of Fe, Mn,
Al, Sr, and Mg in our samples are very low, except in three samples (Table 3). The Fe/Sr ratio is
particularly high in samples LV86-4 and LV86-8-2, with values of 0.74 and 0.77, respectively

(Table 3). Sample LV86-8-2 also has a high Mn/Sr ratio (0.37), as does LV86-8-3 (0.60). These
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three samples (LV86-4, LVV86-8-2, and LV86-8-3), for which at least one of the two ratios
(Mn/Sr and Fe/Sr) is high, are used with caution in our interpretations, and the isotopic data
derived from them are considered less reliable compared with other samples.

The Sr isotope compositions of two calcified echinoderm spines are very similar
(87Sr/®5Sr = 0.70917 + 0.000008, 58Sy 0.24 + 0.01%0). Samples L\V86-4, L\V86-8-2, and
L V86-8-3, which we infer to have undergone a degree of diagenetic alteration, have 8’Sr/%®Sr
ratios of 0.708961, 0.708064, and 0.708000, respectively. The 8Sr/®Sr ratios of the remaining
limestones range from 0.70817 to 0.70877, with a mean value of 0.70845 (Table 4), and their
5%8/88Sr values vary from 0.09%o to 0.37%o, with a mean value of 0.22%.. An inverse relationship
is observed between 5%¢/®6Sr and 87Sr/88Sr (correlation coefficient, Ccor = —0.69, p = 0.13),
meaning that 5%®®Sr decreases with decreasing Sr isotopic age. There is a positive relationship
between isotopic composition and Sr content (Ccor = 0.75, p = 0.08). Here and below, the

correlation coefficient is calculated as
> (x—x)y -
2 =Y (-3

where x and y are mean values of two arrays.

Cormrel(X.¥)=

4. Discussion

4.1. Sr isotope composition: 8’Sr/%Sr and 5%8/88Sr

The Sr isotope composition of seawater is recorded at the time of formation of carbonate
skeletons of marine organisms (McArthur et al., 2001; Banner, 2004). The Sr isotope
composition of ocean water results from the mixing of several Sr sources with different isotopic
signatures (McArthur et al., 2001; Banner, 2004). Terrigenous material of continental origin with
high 87Sr/2éSr ratios (modern value of continental runoff of 0.7116; Palmer and Edmond, 1989)
is carried into ocean basins by rivers, glaciers, and wind. During the weathering of mid-ocean
ridge basalts and halmyrolysis of ocean-floor rocks, Sr with a low 8'Sr/%®Sr ratio enters the water
(modern value of 0.7037; Palmer and Edmond, 1989). The smallest sources of Sr are marine
carbonates, which release upon recrystallization a part of the Sr held in the crystal lattice, which
has an average isotopic ratio of 0.7084 (Holland, 1984; De Paolo, 1987; Davis et al., 2003;
Banner, 2004). The modern global-ocean 8Sr/®Sr ratio is 0.70917 (Burke et al., 1982; Faure,
1986; Hodell et al., 1989; Banner, 2004; McArthur et al., 2012, 2020).

A comparison of the Sr isotope composition of carbonate rocks with the LOWESS global

87Sr/85Sr variation curve (McArthur et al., 2001, 2012, 2020) makes it possible to determine the
8



278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312

age of their formation. The ratio of stable %Sr and Sr isotopes (defined as 5%8#Sr with respect
to NIST SRM-987 or 6%/8¢Sr) in marine carbonates generally depends on the §%/88Sr value of
seawater, which changes through time owing to variations in the same fluxes that control
seawater 87/86Sr and the net carbonate flux from the ocean, as well as the degree of fractionation
between seawater and carbonate, which depends on species and temperature (Ruggeberg et al.,
2008; Krabbenhoft et al., 2010; Vollstaedt et al., 2014; Pearce et al., 2015; Paytan et al., 2021).
In the modern ocean, §%/8¢Sr is 0.378%o to 0.402%. (IAPSO standard seawater,

http://georem.mpch-mainz.gwdg.de/sample query.asp). Minerals such as carbonate formed in

seawater are generally characterized by lower 5%8®Sr than seawater because of seawater—mineral
fractionation. Moreover, minerals of chemogenic and biogenic origins can be distinguished by
the degree of their stable Sr isotope fractionation (Fietzke and Eisenhauer, 2006; Fruchter et al.,
2016; AlKhatib and Eisenhauer, 2017; Mller et al., 2018), which depends on temperature and
species. Thus, belemnites and cold-water corals do not exhibit temperature dependence of their
stable Sr isotope fractionation (Riiggeberg et al., 2008; Vollstaedt et al., 2014), whereas §%/26Sr
in tropical corals increases with sea surface temperature (Fietzke and Eisenhauer, 2006;
Riiggeberg et al., 2008), and coccolithophores show an inverse temperature relationship
(Stevenson et al., 2014). In our study of Koko Guyot, warm-water corals were replaced over time
by deeper-water LBF and coralline algae In our study of Koko Guyot, warm-water corals were
replaced over time by deeper-water LBF and coralline algae. Therefore, we expect that §%/%6Sr
will change over time in association with this species transition/replacement from warm/shallow
to cold/deep types. However, in the present study, it is practically impossible to predict the
direction of change (i.e., whether 5%®®Sr will increase or decrease), due to there are many factors
(including sea temperature, sea salinity, and skeleton/shell growth rates) that complicate the
interpretation of 5%¢%Sr measurements.

Koko Guyot formed at ¢. 50 Ma (Jackson et al., 1980; Tarduno et al., 2003; Duncan and
Keller, 2004), and this provides a key datum for the discussion below. The mean 8/Sr/®°Sr ratio
of echinoid spines analyzed in this study is 0.70917 + 0.00001, which corresponds to the modern
isotopic water composition. Taking into account the errors associated with the LOWESS global
87Sr/8Sr variation curve (McArthur et al., 2001, 2012, 2020) we infer that the age of these
echinoids is between 50 ka and the present (Fig. 4A). The youngest sample of unaltered
limestones used for isotope stratigraphy is LV86-8-4, which yielded an age of 15.30 + 0.15 Ma
(Langhian, middle Miocene). Limestone sample LV86-9-1 was formed at 18.20 + 0.15 Ma, and
LV86-9-4 at 19.07 £ 0.03 Ma (Burdigalian, early Miocene). Sample LV86-9-9, which is
composed of the remains of Merulinidae corals, formed at the Aquitanian—Burdigalian (early

Miocene) boundary (20.1 + 0.3 Ma), whereas the limestone sample LV86-9-2 containing Astrea
9
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cf. annuligera is Aquitanian in age (21.65 + 0.3 Ma). The oldest studied sample, LV86-9-6, is
Chattian (Oligocene) in age (25.55 + 0.45 Ma). Samples LV86-9-2, LVV86-9-6, and LV86-9-9,
bearing Spiroclypeus tidoenganensis and Heterostegina cf. assilinoides, are latest Chattian
(Oligocene) to Aquitanian in age. Spiroclypeus tidoenganensis has previously been recognized
from the upper Oligocene of Koko Guyot (Hottinger, 1975). Although this species has been
reported from coeval deposits in Saipan (Hanzawa, 1957), its Aquitanian age is firm (e.g.,
Hottinger, 1975; Lunt and Allan, 2007). The three limestone samples LV86-9-2, LV86-9-6, and
LV86-9-9 have mean ages of 21.65, 25.55, and 20.10 Ma (based on Sr isotopes), respectively,
consistent with the Chattian—Aquitanian age inferred from LBF species. A comparison with the
LOWESS 3 global 87Sr/%®Sr variation curve (McArthur et al., 2001, 2012) for altered samples
LV86-4, LV86-8-2, and LV86-8-3 gives ages of 6.7 + 0.3, 26.3 £ 0.5, and 29.2 + 0.5 Ma,
respectively. The last two ages are close to the age of LV86-9-6, suggesting that samples LV86-
8-2 and LV86-8-3 may have approximately retained their initial compositions.

From 30 to 20 Ma, the 5%%8Sr of seawater decreased from 0.38%o to 0.30%o (within
+0.02%o analytical error) (Paytan et al., 2021; Fig. 4B). Five of the studied samples have ages
within this time interval. Two of these samples (LV86-8-2 and LV86-8-3) have probably been
affected by diagenetic alteration. Because diagenetic processes have been shown to alter the
initial 5%/%Sr of carbonates (Voigt et al., 2015), we use only the three least modified samples as
a basis for our discussion. The 5%8#Sr value of these samples varies from 0.26%o to 0.37%o.
Within the margin of error (+0.09%o), the results obtained intersect the line indicating the
isotopic composition of seawater proposed by Paytan et al. (2021). The stable Sr isotope
composition of younger samples from 20 to 15 Ma (LV86-8-4, LVV86-9-1, and LV86-9-4)
comprising cold-water sea species and lacking corals is rather uniform, with the mean §%/86Sr
varying within 0.10%o £ 0.03%.. These values are much lower than the isotope curve proposed
by Paytan et al. (2021) (Fig. 4B). The 5%¢/#°Sr values of modern echinoids are also lower than
(although within measurement errors of) the 5%¢/#°Sr curve.

It has been shown that carbonates have lower 5%¢/%¢ Sr values than the sedimentation
medium, and the difference can be more than 0.1%o (Raddatz et al., 2013, Vollstaedt et al.,
2014). Kisakdrek et al. (2011) and Béhm et al. (2013) explained this disparity by calcification in
a largely open system at high precipitation rates. The shift to a benthic community that is more
resistant to colder water can be correlated with bottom subsidence and guyot migration to higher
latitudes (Wilson, 1963; Clague and Dalrymple, 1987; Tarduno et al., 2003; Clague et al., 2010).
The change in temperature and light regime at Koko Guyot as it subsided and migrated to higher
latitudes led to a change in the benthic community as reef benthic assemblages were replaced by

those dominated by LBF (and coralline algae). The change in temperature and light regime at
10
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Koko Guyot as it subsided and migrated to higher latitudes led to a change in the benthic
community as reef assemblages were replaced by those dominated by LBF and coralline
algae. We presume that this change in benthic community is recorded as a sharp decrease in
5%8/86Sr valuesi in our samples compared to sea water (Fig. 4B) without major changes in
seawater 5%8/8°Sr values It is probable that Sr isotope fractionation between cold-water species
and ambient seawater is much stronger than that between warm-water species and ambient

seawater. However, we cannot take into account temperature and depth changes in this paper.

4.2. Rate of subsidence of Koko Guyot and its variation over time

Grigg (1988) identified corals Favites sp., Platygyra sp., Psammocora (Stephanaria) sp.,
and Seriatopora sp. from Koko Seamount, the ages of which ranged from 30.5 to 24.7 Ma, as
determined using Sr isotope stratigraphy. Clague et al. (2010) obtained ages for corals ranging
from 50 to 27 Ma, compared with 16 Ma for LBF, on the basis of which those authors calculated
the subsidence rate of the volcano as 0.012 + 0.003 mm/yr. Davies et al. (1972) used water
depth, guyot structure, and the age and species composition of corals to estimate the subsidence
rate of Koko Guyot as 0.042 mm/yr throughout the existence of the guyot.

Our method of estimation of subsidence rates for Koko Guyot incorporated the following
assumptions: (1) reef formation slowed and then stopped owing to submersion below the
euphotic zone, which is the lower depth limit of coral and algal growth; (2) the identified fossil
benthic assemblage from the guyot plateau lived in optimal depth (i.e., 0-30 m) and temperature
(average winter water temperature >18 °C) conditions for reef growth (Veron, 1995); and (3)
later benthic communities, devoid of reef corals, lived at greater water depths >30 m. Warm-
water corals grow at a certain depth, no more than 30 m (Veron, 1995). As the seafloor subsides
and relative sea-level rise resultantly occurs, the reef builds up vertically to retain a zone of
maximum favorability for coral existence. We took the maximum water depth of this zone for
corals in this study as 30 m. We also assumed that the formation of the carbonate skeleton
occurred under normal conditions. With gradual subsidence of the seafloor, we assumed that the
reef of Koko Guyot was able to keep up with sea-level rise so long as the seafloor was within the
euphotic zone. As the rate of sinking increased, new colonies would have formed more quickly
to grow to a favorable depth (maximum 30 m). With a high subsidence rate, the coral growth
rate will also be faster. The «new» corals will record the «new» isotopic composition of water.
Thus, samples with a small difference in age will occur more often. Thus, we have described our

«model object» and proceed to the calculations.
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We took all age estimates (Grigg, 1988; Clague et al., 2010; this work), ranked them from
youngest to oldest, and calculated the difference between each successive age (which ranged
from 0 to 2 Myr), thus obtaining 26 datapoints (Table 5 and Fig. 5). Figure 5 shows that the age
difference between the samples during the early stage of guyot evolution is small and that this
difference increases with Koko Guyot age. The pattern of data in Fig. 5 suggests that the rate of
reef growth (or of the guyot’s subsidence) varied over time. The age difference for the period
30-25 Ma is smaller than that for 25-15 Ma, suggesting that the reef grew more quickly during
the older period. The age of the youngest identified coral specimen is 20.1 £ 0.3 Ma (LV86-9-9).
This sample may therefore mark the final episode of active reef growth, after which the platform
deepened to a position below the euphotic zone (Wilson, 1963; Clague and Dalrymple, 1987,
Tarduno et al., 2003; Clague et al., 2010). We also sampled a coralline algal crust dated at 15 Ma
(LV86-8-4). The sample was collected from a depth of 1458 m, where it was located in a soft
(unconsolidated) substrate. This sample most likely slid down the slope from the nearest plateau,
whose current top height is at 350 m water depth. Assuming a maximum water depth of 120 m
for the living coralline algae and 30 m for the living youngest zooxanthellate corals sampled
(Clague et al., 2010), we calculated the following: (1) From 15 Ma to the present, Koko Guyot
subsided at a rate of (350 — 120)/15.3 = 15.0 m/Myr, that is, 0.015 £ 0.002 mm/yr; and (2) during
the period from 20 to 15 Ma, the mean subsidence rate was (120 — 30)/(20.1 — 15.3) = 18.8
m/Myr, that is, 0.019 + 0.003 mm/yr. A previous study has suggested that the initial shallow-
water sediments formed during the period from 49.7 to 43.5 Ma, as identified in the ODP Site
1206 (Fig. 1) core recovered at 1500 m water depth (Shipboard Scientific Party, 2002). The
bottom of this layer was 57 m from the top of the column (Shipboard Scientific Party, 2002;
Tarduno et al., 2003). Thus, applying our calculation method, the subsidence rate during the first
tens of million years (from 49.7 to 43.5 Ma) is estimated as 0.046 + 0.005 mm/yr [using (1500 +
57 — 350)/(46.6 — 20.1) = 46.2 m/Myr or 0.046 £ 0.005 mm/yr, where 46.6 Ma is the mean of
49.7 and 43.5 Ma] (Fig. 6), which is close to the rate reported by Davies et al. (1972). Our
calculated average subsidence rate is higher than that estimated by Clague et al. (2010) of 0.008—
0.012 mm/yr since 23 Ma. However, our results are consistent with the observation that the
subsidence rate of the ocean floor decreases as the age of the ocean crust increases (e.g., Sclater
et al., 1980; Marty and Cazenave, 1989; Stein and Stein, 1992). This process represents seafloor
flattening, meaning that old seafloor is shallower than that predicted by the “root-t” model (i.e., a
linear increase in ocean depth with increasing crustal age; Parsons and Sclater, 1977; Hillier,
2010).
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5. Conclusions

We investigated the Sr isotope compositions of Oligocene—Miocene coral reef limestone
from Koko Guyot in the southern Emperor Seamount Chain to assess the dynamics of the
subsidence of this guyot. Our study of Sr isotope compositions (8Sr/2®Sr) showed that the least
altered limestones containing fragments of reef corals were formed during the early Miocene. No
coral fragments were found in older samples (late Oligocene). Analysis of the distribution of
stable Sr isotopes (5%%#5Sr) in warm-water sediments showed a low degree of fractionation
compared with seawater. The 58%Sr values of cold-water species, which replaced warm-water
species at around 20 Ma, differ significantly from the seawater 5%¢Sr variation curve estimated
by Paytan et al. (2021).

Using several independent methods, we confirmed a change in environmental parameters
at around 20 Ma. This timing also corresponds to a change in the rate of subsidence. From 49-44
to 20 Ma, the subsidence rate of Koko Guyot was 0.046 + 0.005 mm/yr. The §%/8Sr values of
coral samples that formed from 25 to 20 Ma vary from 0.26%o t0 0.37%o (£0.09%o) and are
consistent with the variation curve proposed by Paytan et al. (2021). At the ending of this period,
the benthic community changed because of cooling ambient waters. Warm-water corals
disappeared and were replaced by LBF and coralline algae. From 20 to 15 Ma, the subsidence
rate was much lower at 0.019 + 0.003 mm/yr. The §%/8Sr values for samples that formed during
this period are ~0.10%o. Since 15 Ma, the volcanic structure has subsided at a rate of 0.015 *
0.002 mm/yr. The data obtained in this study refine existing models of the crustal subsidence of
the floor of the Pacific Ocean, which suggest a constant rate of seafloor subsidence.
Understanding the changing rate of subsidence is important because it is related to the process of

ocean-floor cooling after the Pacific Plate passed over the mantle Hawaiian hotspot.
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Figure and table captions

Fig. 1. (A) Geographic map of the Hawaiian—Emperor bend. (B) Bathymetric map of Koko
Guyot. Points represent sampling sites for dives 4, 8, 9, and 16. Deep Sea Drilling Project sites
308 and 309 and Ocean Drilling Program Site 1206 are shown by value. The source of the
bathymetric map is http://earthref.org.

Fig. 2. Photographs of sampling conducted by a Comanche remotely operated underwater
vehicle. (A) Rock sampling from the plateau of the guyot using a manipulator (dive 9; sample
Lv86-9-2); (B) Sampling using a scoop net mounted on the manipulator (dive 9; sample Lv86-9

echinoid).

Fig. 3. (A) Modern octocoral of the Isididae family (sample Coral). (B) Echinoderm spines
(Cidaroida; sample LV86-9, echinoid). (C-D) Larger-foraminiferal packstone with Spiroclypeus
tidoenganensis (St) and Heterostegina cf. assilinoides (Ha) (samples Lv86-9-2 and Lv86-9-6).
(E) Reef coral Astrea cf. annuligera (sample Lv86-9-2; i, thickened costo-septum; ii, paliform
lobe). (F-G) Bioclastic packstone showing (F) the encrusting coralline Lithoporella sp. with two
uniporate conceptacles (arrows; sample LV86-8-3; conc., conceptacle) and (G) bryozoans (bry)

and coralline fragments (cor; sample LV86-9-4).

Fig. 4. Comparison of the Sr isotopic composition of the studied samples with (A) the radiogenic

Sr isotope record (LOWESS 3; McArthur et al., 2001) and (B) a model of the stable Sr isotope
20
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record with £0.02%o analytical uncertainty (gray area; Paytan et al., 2021) in the ocean. Crossed-

out circles represent data from diagenetically altered samples. Error bars are £0.09%o.

Fig. 5. Relationship between age and age difference between two consecutive ages for carbonate
samples. The difference between the ages of consecutive older samples is less than that of the
younger samples. This suggests that the rate of subsidence of the reef superstructure was initially
high and subsequently decreased (i.e., the subsidence rate was higher when the coral reef and the
guyot were younger). Data from this work (circles), Grigg (1988, diamonds), and Clague et al.

(2010, squares) are plotted in the figure.

Fig. 6. Schematic model for the vertical motion of Koko Guyot. The bold line in the graph shows
the changing position of the summit of the volcano, which formed at 49-48 Ma (Jackson et al.,
1980; Tarduno et al., 2003; Duncan and Keller, 2004). The rates given in the figure indicate the
subsidence rate, calculated using the method presented in Section 4.2.

Table 1. Coordinates and depth of samples analysed in this study, and seawater temperature and
salinity at the sampling sites.

T, water temperature; S, salinity; Coral, sample of modern isididae coral; echinoid, sample of
echinoid spines

Table 2. Lithology and biotic components from the studied Koko Guyot carbonate samples.

Table 3. Trace-element contents and calculated Fe/Sr and Mn/Sr ratios of the studied carbonates.

Analyses were performed using ICP—AES. Contents are given in ppm.

Table 4. Strontium isotope compositions and ages according to LOWESS 3 (McArthur et al.,
2001, 2012).

Table 5. Strontium isotope ages of samples from the present study and previous studies (blue,

Grigg, 1988; yellow, Tarduno et al., 2003; green, Clague et al., 2010; white, this study) used to

calculate age differences between consecutive samples.
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Table 1. Coordinates and depth of samples analysed in this study, and seawater temperature and
salinity at the sampling sites.

Dive Sample Coordinate Depth (m) T (°C) S

35.58365°N;

4 LVv86-4 171.24615°E 487 10.3 34.18
35.71235°N;

4 Coral 171.07082°E 578
35.71235°N;

8 LV86-8-2 171.07082°E 578
35.71235°N;

8 LV86-8-3 171.07082°E 578 6.49 34
35.76769°N;

8 LV86-8-4 171.06696°E 1458 3.03 34.39

LV86-9 35.65593°N;

9 echinoid 171.05479°E 357
35.65593°N;

9 LV86-9-1 171.05479°E 357
35.65593°N;

9 LV86-9-2 171.05479°E 357 13.66 | 34.49
35.65625°N;

9 LV86-9-4 171.05437°E 374
35.65699°N;

9 LV86-9-6 171.05472°E 360
35.67756°N;

9 LV86-9-9 171.05456°E 357

LV86-16 35.40487°N;
16 echinoid 171.32104°E 387 12.97 34.41

T, water temperature; S, salinity; Coral, sample of modern Isididae coral; echinoid, sample of

echinoid spines
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Table 2. Lithology and biotic components from the studied Koko Guyot carbonate samples.

Dive Sample Description
8 LV86-8-2 | Piece of coral Merulinidae? species
8 LV86-8-3 | Rhodolith composed of encrusting coralline algae (e.g., Lithoporella sp.)

with nuclei consisting of molluscan shells

8 LV86-8-4 | Bioclastic packstone with very fine to fine sand-sized bioclasts
(dominated by ostracods). Bivalves and bryozoans are subordinate

9 LV86-9-1 | Larger benthic foraminifera (LBF) floatstone with coralline algal crusts
(melobesioids)

9 LV86-9-2 | Larger foraminiferal packstone with subordinate bryozoans, coralline
algae, and bivalves. Astrea cf. annuligera are present. The matrix is
composed of very fine to fine sand-sized bioclasts (rich in ostracods) with
a matrix of clotted micrite

9 LV86-9-4 | Fine bioclastic packstone with LBFs, coralline algal (melobesioids)
fragments, and bryozoans

9 LV86-9-6 | Bioclastic floatstone with gravel-sized bioclasts of LBFs (Spiroclypeus
tidoenganensis and Heterostegina assilinoides), bivalves, coralline algae,
and bryozoans

9 LV86-9-9 | Bioclastic LBF floatstone (Spiroclypeus tidoenganensis and
Heterostegina cf. assilinoides) and bivalves (mostly oyster),
undetermined merulinid corals, and Porites sp.
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Table 3. Trace-element contents and calculated Fe/Sr and Mn/Sr ratios of the studied carbonates.
Analyses were performed using ICP—AES. Contents are given in ppm.

Sample Fe Al Mn Mg Sr Fel/Sr Mn/Sr
Coral 60 40 20 14330 2300 0.026 0.009
LV86-9 echinoid 40 110 10 4500 1300 0.031 0.008
LV86-16 echinoid 180 300 40 5470 1200 0.150 0.033
LV86-4 740 150 130 4850 1000 0.740 0.130
LV86-8-2 230 210 110 3940 300 0.767 0.367
LV86-8-3 30 80 180 3790 300 0.100 0.600
LV86-8-4 20 70 30 4230 500 0.040 0.060
LV86-9-1 10 50 10 7090 400 0.025 0.025
LV86-9-2 20 40 20 3880 230 0.087 0.087
LV86-9-4 20 60 20 4660 280 0.071 0.071
LV86-9-6 10 60 30 3410 300 0.033 0.100
LV86-9-9 10 50 30 3860 300 0.033 0.100
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Table 4. Strontium isotope compositions and ages according to LOWESS 3 (McArthur et al., 2001,

2012).

SE, Minimum | Maximum Median
Sample 5%8/85Sr (%0) | abs | &7Sr/®Sr | SE, abs age
age (Ma) | age (Ma) (Ma)
Coral —-0.06 0.01 | 0.709108 | 0.000008
LV86-9 024 | 0.01 |0.709174 | 0.000007
echinoid
LV86-16 023 | 0.01 |0.709173 | 0.000008
echinoid
LVv86-4 -0.05 0.01 | 0.708961 | 0.000006 6.40 7 6.70
LVv86-8-2 0.21 0.01 | 0.708064 | 0.000007 26.85 27.75 26.30
LVv86-8-3 -0.03 0.01 | 0.708000 | 0.000006 28.75 29.65 29.20
LVv86-8-4 0.09 0.01 | 0.708771 | 0.000006 15.10 15.45 15.30
LVv86-9-1 0.11 0.01 | 0.708557 | 0.000006 18.05 18.35 18.20
LVv86-9-2 0.37 0.01 | 0.708330 | 0.000010 21.35 21.95 21.65
LVv86-9-4 0.11 0.01 | 0.708482 | 0.000006 19.05 19.10 19.07
LVv86-9-6 0.26 0.04 | 0.708173 | 0.000020 24.05 25.10 25.55
LVv86-9-9 0.36 0.01 | 0.708415 | 0.000006 19.85 20.40 20.10

SE, standard error in absolute value
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Table 5. Strontium isotope ages of samples from the present study and previous studies (blue, Grigg, 1988;
yellow, Tarduno et al., 2003; green, Clague et al., 2010; white, this study) used to calculate age differences
between consecutive samples.

Ranked data
A Pal th | Modern depth A Age differen
Sample (l\/?ae) error a e(c?g)e P ode(m)dep Sample (I\/?:) error ge ?M:) ence
this work LV86-4 6.7 0.30
LV86-4 6.7 0.3 >120 487 LV86-8-4 15.30 0.15 8.60
LV86-8-4 15.30 0.15 30-120 1458 A8 16.24 0.15 0.94
LVv86-9-1 | 18.20 0.15 30-120 357 LV86-9-1 18.20 | 0.21 1.96
LV86-9-4 19.07 0.03 30-120 374 LV86-9-4 19.07 0.03 0.87
LV86-9-9 20.1 0.30 30 357 LV86-9-9 20.1 0.30 1.03
LV86-9-2 21.65 0.30 30-120 357 A23 21.22 0.22 1.12
LV86-9-6 | 25.55 0.45 30-120 360 LV86-9-2 21.65 | 0.30 0.43
LV86-8-3 29.2 0.50 30-120 578 A26 23.96 0.28 2.31
LV86-8-2 26.3 0.50 30 578 Favia sp. 1 24.7 0.74
Grigg, 1988 LV86-9-6 25.55 0.45 0.85
Favia sp. 1 247 20 624—823 Favia sp. 2 25.7 0.15
Favia sp. 2 25.7 20 624823 A32 26.15 0.50 0.45
30.7 20 624823 LV86-8-2 26.3 0.50 0.15
Favites sp. 1 27 20 624823 A22 26.97 0.43 0.67
Favitessp. 2 | 30.5 20 624823 Favites sp. 1 27 0.03
PIa%gyra 30.5 20 624823 Seriatopora sp. 27 0.00
Se”zt;’pora 27 20 624-823 Al12 27.07 | 0.47 0.07
gl'fgzuglgt A18 27.44 | 0.44 0.37
A5 28.64 20 624-823 Al9 28.15 0.33 0.71
A6 29.89 0.43 20 624-823 A5 28.64 0.49
A8 16.24 0.21 120 624-823 A20 28.84 | 0.36 0.20
Al2 27.07 0.47 20 624-823 LV86-8-3 29.2 0.50 0.36
Al18 27.44 0.44 20 624-823 A6 29.89 | 0.43 0.69
Al19 28.15 0.33 20 624-823 Favites sp. 2 30.5 0.61
A20 28.84 | 0.36 20 624-823 Platygyra sp. 305 0.00
A22 26.97 0.43 20 624-823 30.7 0.20
A23 2122 | 0.22 20 624-823 Oltfest 435 12.80
sediment
A26 23.96 | 0.28 20 624-823
A32 26.15 0.50 20 624-823
Tarduno et
al., 2003
seciment_| 435
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ABSTRACT

The Hawaiian—Emperor Seamount Chain, a major topographic feature of the Pacific Ocean
floor, is composed of seamounts capped with fossil coral reef deposits that fermed-originally
formed close to sea level but are now lying-tedaycovered by hundreds of meters in-of water
depth-dueowing to prolonged subsidence. These fossil reef deposits are important archives of
paleoenvironmental changes and yield information on the subsidence history of the seamounts.

We studied the Sr isotope compositions of Oligocene—Miocene coral reef limestone from Koko
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Guyot in the southern part-ef-the-Emperor Seamount Chain in-erder-to assess the dynamics of the

subsidence-gynamies. Fhe-ageThe ages of the studied samples with-containing, coral fragments

established by Sr isotope stratigraphy, varyies from 26.3 to 20.1 M
youngest samples (15.3 Ma), which were deposited at-in water depths of water-depth-6£>-120 m,

a. In contrast, ~while-the

are barren ia-of corals and are composed exclusively of bryozoans and coralline algae-are-15-3
Ma-in-age. The subsidence rate of the Koko Guyot volcanic structure was not uaifermconstant

over time. Combining-data-ofpreviey

v-Integration of our

new data with the results of previous studies reveals that the assessed-subsidence rate was

0.046 - 0.005 mm/yr during the first 25-30 Myr (from 49-44 to 20 Mae-frem-49-—-44-Ma).
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During this period-of-time, Koko Guyot was in_a bathymetric interval favourable for coral reef

development, -and its subsidence was compensated by rapid vertical growth of the reef-growth.

SueeessivelySubsequently, the subsidence rate decreased to an average value of 0.019 +- 0.003

mm/yr from 20 to 15 Ma. The decrease in the rate of pottom subsidence coincided with

unfavourable environmental conditions for coral reef development, leading to the disappearance
of corals. The average subsidence rate reached-a-valie-ofhas been 0.015 +- 0.002 mm/yr in-the
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Jastsince 15 Ma, comparable te-fo the present-day subsidence rate,Fhe-889%6Srvalue-of-the

We also analyz

ed the stable

Sr iso

tope ratios (588/88Sr) of

CRe A e e e e masnn i o

warm-water coral samples formed at 25-20 Ma (0.32%o + 0.1%o), as well as carbonate of large

benthic foraminifera, coralline algae, and other non-coral species for the period 20-15 Ma

(0.10%o £ 0.09%0). We suggest that the large difference in carbonate 388/86Sr between 25-20 and

20-15 Ma corresponds to a difference in the fractionation factor caused by environmental and

benthic community change. ,

Key words:

87Sr/88Sr ratio, 588/88Sr, Corals, Bryozoans, Larger foraminifera, Subsidence, Hawaiian--Emperor

Seamount Chain, Hawaiian hotspot
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The Emperor Seamount Chain (Pacific Ocean) includes more than a dozen seamounts

(i.e., extinct volcanoes). The northernmost seamount of -Meiji -Seameuntis considered the

oldest, with an age estimated at 85 Ma (Keller et al., 2000). The youngest seamount of
Daikakuji Seameunt(42 Ma; Dalrymple and Clague, 1976) is located at the junction of the
Emperor Seamount Chain with the Hawaiian Seamount Chain (Fig. 1). Koko Guyot is the

southernmost seamount and one of the largest in the Emperor Seamount Chain with a surface
area of 5.800 km? (Greene et al., 1980). It is located from 34° to 36.5° N and from 170.8° to
171.5° E. The top of the guyot, located at a depth of 270 m from the sea level (Matter, Gardner,
1975), is characterize by a predominantly flat upper part at 300-400 m water depth.

.The Emperor—Hawaiian Seamount Chain formed as a result of the prolonged activity of
the so-called Hawaiian Hot-Spethotspot, a long-lived mantle plume beneath the Pacific Plate
(Jackson et al., 1980; Clague and Dalrymple, 1987; Tarduno et al., 2003; and references therein).
Plate movement relative to conventionally stationary mantle structure led to the formation of a
linear chain of volcanic islands and seamounts with ages increasing from south to north. The
seamounts situated in the-seuth-of-thethe southern Emperor Seamount Chain are topped with a
sediment cover containing carbonate rocks (Shipboard Scientific Party, 19753, 1975b, 2002),

which represent an excellent geochemical, paleontological, and paleogeographic settings.

The following development sequence for seamounts has been established (Wheeler and

volcanic island-(Wheeler-and-Aharen-1991). Over time, the volcano subsided, and the coral reef
at first kept pace with relative sea-level rise by enlarging upward. As the oceanic crust moved

away from the area of plume activity and cooled, the volcano subsided further, and the coral reef

(which was unable to keep up with sea-level rise) drowned. Fhe-Although the main cause of
drewning-the demise of the coral eewle-bewas the rapid a-relative sea-level rise-te, o-fastforthe

coral-reef-to-keep-up,-butitcould-also-berelated-te-theother factors such as a decrease in sea

surface temperature as the volcanic island migrated to higher latitudes by plate motion may also
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have been influential (e.g., Clague et al., 2010) -decrease-tr-sea-surface-temperature{SSTas-the
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yr+): Data regarding the speed and direction of movement of the Hawaiian hotspot and the

Pacific Plate show that the paths of Koko Guyot and the hotspot diverged (c. 45 Ma), whereby

the seamount moved to the north and the hotspot moved to the south (Wilson, 1963; Clague and
Dalrymple, 1987; Tarduno et al., 2003). Clague et al. (2010) studied corals in southern Koko

Guyot and used Sr isotope stratigraphy to date the carbonates. According to those authors’

calculations, Koko Guyot migrated northward at a rate of 69 km/Myr during the first 5 Myr (c.

50-45 Ma) of its existence, moving from 21.5° to 23°N. In addition, the rate at which the guyot

migrated decreased to 31 km/Myr between 45 Ma and the present, and the direction of

movement changed to the northwest before reaching its present position at 35°N. Clague et al.

(2010) proposed a two-phase subsidence history for Koko Guyot: (1) ~0.009 mm/yr from 27.1 to

16.2 Ma; and (2) ~0.014 mm/yr from 16.2 Ma to the present. Those authors also suggested that

the timing of reef growth cessation at Koko Guyot occurred at c. 29 Ma, on the basis of the

youngest age of sampled corals (27 Ma) and the calculated average subsidence rate (0.012

mm/yr).
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environmental-change-on-the-flooded-reef platform: We studied samples obtained from the [Formatted; English (United States)

northwestern part of Koko Guyot, where sampling has hitherto not been conducted. We used a

new sampling method for this region, namely, a remotely controlled underwater vehicle (see

“Material and Methods™), so our samples could be geographically and bathymetrically

referenced. Our purpose was to confirm the previous estimates of coral age and subsidence rate

made by Clague et al. (2010) with samples taken from a site distant from the area of previous

work and, if possible, improve the estimates by measuring isotope ratios using a different type of

equipment (a Neptune Plus multicollector inductively coupled plasma mass spectrometry (ICP—

MS) instrument versus a VG Sector 54 Thermal ionization mass spectrometer (TIMS) in Clague

et al. (2010)) and reducing uncertainties in age estimates. The aim of the study was to establish

the youngest age limit of coral reefs on Koko Guyot and further constrain the timing of coral reef

drowning as Koko Guyot became submerged. In addition, to improve the understanding of the

subsidence history of Koko Guyot, we used differences in the ages of sampled corals and their

depths to calculate the average subsidence rate of this volcanic structure for different periods. To

achieve these aims, we performed paleontological analysis and measured the Sr isotope

compositions of samples collected from the Koko Guyot. We compared the obtained 87Sr/86Sr

ratios with the variation curve of this ratio for the Cenozoic (McArthur et al., 2001, 2020). In

addition, we used the §8/86Sy record measured in carbonates as a proxy for environmental change

on the flooded reef platform.

. [Formatted: English (United States)

2. Materials and methods

The 86th voyage of the research vessel “Akademik M.A. Lavrentiev” research-vessel-was
held #a-during July—August 2019. The aim of the expedition was to conduct a comprehensive

study of the seamounts of the southern part-of-the-Emperor Seamount Chain. Keke-Guyetis-the

[Formatted: English (United States)

of this-researehthe present study, the southernmost and the-youngest seamount of the Emperor [Formaued: English (United States)

Seamount Chain (i.e., Koko Guyot), is an isolated underwater volcanic seamount with a flat top

lying more than 300 m below the-present mean sea level. $The guyot- is composed mainly of [Formatted: English (United States)

alkaline basalts with minor and;-te-a-lesserextent-tholeiitic basalts (Clague and Dalrymple,
1987). The final stage of eruptions is represented by an-interlayering-ofinterlayered pahoehoe
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flows, subaerial aa units, and flow foot breccias. ++-During the course of previous studhies;studies
as part of the Deep Sea Drilling Program (DSDP) and Ocean Drilling Program (ODP), several
sediment cores were recovered: DSDP Leg 32 sites 308 and 309 (Shipboard Scientific Party,
1975a, 1975b) and ODP Leg 197 Site 1206 (Shipboard Scientific Party, 2002). Fhe-studied

surface-nature-of-the-eruptions The materials collected during those

expeditions allowed the

earliest sedimentation stages and waning of volcanic activity to be investigated, as well as fossil

[ Formatted:

English (United States)

{ Formatted:
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benthic assemblages, paleoenvironmental setting, and ages volcanic and sedimentary rocks. At

ODP Site 1206, lava flows are separated by limestone and volcaniclastic sandstone layers

(Tarduno et al., 2003), suggesting the near-surface nature of the eruptions. The age of the
volcanic edifice of the Koko Guyot is estimated to-beas about-49-48 Ma (Jackson et al., 1980;
Tarduno et al., 2003; Duncan and Keller, 2004). The minimum age of the Koko eruptions is-has

been determined from nannofossils occurring at the base of the sedimentary cover, which
probably overlaps the last lava flow, and coincides with biozones NP14 and NP15 (-{middle
Eocene; Speijer et al., 2020). A seismic survey of the Koko Guyot has shown that the volcanic
structure is covered by a ea—~600--m-thick carbonate cap associated with coral reef deposits
(Davies et al., 1972). The exposed sedimentary part of the-sectiop-of-a-drill cores from DSDP
sites 308 and 309 is composed of altered volcanoclastic siltstones and sandstones with a sharp
contact between them. The sandstones contain bioclasts represented-ofby bryozoans, solitary
corals, ostracods, coralline algae, benthic foraminifera, meHusesmollusks, and ooids. The fossil
assemblage, indicates an early -lewer-Eocene shallow-water setting (Larson et al., 1975).

The materials collected for the present study were Fhe-reck-materialwas-collected using

a remotely operated underwater vehicle (efthe-Comanche-type, {SUB-Atlantic, UK), equipped

with Schilling Robotics Orion hydraulic manipulators, and a Sonardyne hydroacoustic

dives were performed to survey the top and slopes of Koko Guyot. Carbonate material was
collected during four dives, three of which were-lecatedwere performed on the northwestern
peak of the guyot (dives 4, 8, and 9; Fig. 1) and the fourth in the western part of the main plateau
(dive 16; Fig. 1). tn-additienaA living deep-sea isidid-isidid octocoral, also called-termed

“bamboo coral”, was collected during dive 4. We used this octocoralit as a reference ef-for
modern carbonate accumulation. Sampling points and physical water characteristics are shown

presented in Fig. 1 and Table 1. Carbonate rocks were collected directly with a manipulator
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operated from the surface (Fig. 2Ag) and with a 15x cm x 15 cm scoop net (Fig. 2Bp). +a-the

first-easeFor rocks collected by the manipulator, a the-reck-samples-werelarge-enough-and-a

bleekblock measuring 1.5x cm x 1.5 cmx x 1.5 cm in size was-was cut from their central part of

each rock sample. These cubes were passed through a magnet to remove any metal shavings
from the saw and were-washed in distilled water. Buring-the-tatteroperationFor material
collected by the scoop net, the the-sediment was washed with seawater and sorted into different

grain-size fractions from 1 mm-to 50 mm. After careful visual inspection, the mest-lightest--
coloured and unaltered samples devoid of Fe—Mn oxide—hydroxide coatings were selected for
geochemical analyses. The selected samples were washed with a brush in running water and
finally rinsed in distilled water. All samples were photographed directly on board.

Further sample preparation was carried out in the cleanrooms (class 1,000) and laminar
boxes (class 100) of the Laboratory 0©f Physical aAnd Chemical Methods 0©f Analysis, the
Zavaritsky Institute of Geology and Geochemistry UB RAS, Ekaterinburg, Russia.

Fragments of carbonate rocks without an outer crust and individual parts of fossils
weighing about 100 mg were washed three times in ultrapure water (AriumPro, Sartorius). Then,
5 ml of 1N HCI were added. -CempleteAlthough complete dissolution of all the material was
observedoccurred +a-during the first few minutes, but-the samples were left in the acid for 24
hours-h at room temperature. Fhen-theThe solution was then centrifuged for 20 minutes-min at
6:000 rpm py-in an EBA 21 centrifuge (Hettich, Germany). The resulting ;-ane-the-supernatant
was taken exacthy-from the central part of the liquid column so that the-undissolved residue
containing the flakes of pessibly-possible organic matter would not enter the resulting liquid. Fhe
folowing-measurementsMeasurements demonstrated-showed that Fe and Mn contents were was

less than 50 ppm and less than 20 ppm in the majority of the samples, respectively. These values

areis-s consistent with the-data for the lattice phases of foraminiferal calcite from Palmer, (1985)

and provide evidenced for the lack of secondary Fe—Mn oxide—hydroxides in the studied
solutions. The resulting liquid was divided into two aliquots: 2 ml were-was transferred to test

tubes for elemental analysis, and the rest of the liquid was teft-retained for Sr isetopie-isotope

analysis.

An jnductively-coupled-plasmal CP—atomic emission spectrometry (AES) instrument
(Optima-8000 DV, PerkinElmer, USA:-CP-AES) was used to determine major--elementat
compositions, such-asincluding Mg, Mn, Sr, and Al, as well as the-traces of Fe. CFhe-control of
the accuracy and precision of determining-the-major- and trace--element compositions was
carried-outperformed using IAG/CGL 020 ML-3 certified limestone provided by the Central
Geological Laboratory of Mongolia. The eencentrations-contents of major and trace elements

were measured on a regular basis during 2019, yielding the following eencentrationcontents: Fe
7

Formatted:

English (United States)

Formatted

: English (United States)

Formatted:

English (United States)

English (United States)

Formatted

: English (United States)

Formatted:

English (United States)

Formatted:

[
[
[
[ Formatted:
[
[
[

English (United States)

O JC L )

[ Formatted:

English (United States)

[ Formatted:

English (United States)

Formatted:

English (United States)

Formatted:

English (United States)

Formatted

: English (United States)

English (United States)

Formatted:

English (United States)

Formatted:

English (United States)

Formatted:

[
[
[
[ Formatted:
[
[
[

English (United States)

(D D N D W W

[ Formatted:

English (United States)

[ Formatted:

English (United States)




44
245
46
47
248
49
250
251
252
253
254
255
}256
257
258
259
260
261
262
263
64
265
266
267
68
269
270
71
272
273
074
75
276
277
278

= 2350 = 350 ppm, Al = 6000 +-900 ppm, Mn = 180 - 30 ppm, Mg = 8400 - 1260 ppm, and
Sr =1000 £- 150 ppm (2SD, N_= 30). The 0Cbtained concentrationcontents were in good
agreement with the certified values for-of Fe = 2400 +— 100 ppm, Al = 6100 +- 100 ppm, Mn =
178 +— 8 ppm, Mg = 8350 £ 145 ppm, and Sr = 1018 +— 30 ppm (Certificate of analysis IAG /

CGL 020 ML-3 (Limestone), 2015){Certificate-ofanalysis—20615). The precision of each | Formatted: English (United States)
individual result (relative standard deviation or RSD) during-the-sample-measurement-was within [Formattedt Underline, English (United States)
better than 1%. [Formatted: English (United States)

The volumes of liquid samples calculated to match €.~-300 ppb of Sr were placed in a
PFA vial and evaporated to dryness on a hotplate at 120 °C. ThentheThe residue was dissolved
in 0.5 mL of 7-M HNOg, placed in an Eppendorf microtube, and centrifuged at 6,000 rpm for 15
min by an EBA 21 centrifuge (Hettich, Germany). A sSingle-step chromatography technique

using SR-Resin (100-200 mesh, Triskem®, Triskem International, France) was applied for

strentium-Sr isolation (Vishnevskaya et al., 2020). Purified Sr fraction was evaporated to dryness Formatted: English (United States)

and dissolved with 3% HNO3 (v/v) for further isotope ratio measurement.

Stable Sr isotopic compositions have been measured in other studies using both TIMS
and MC—ICP—MS (McArthur et al., 2020; Teng et al., 2017). The dBouble--spike (DS)
technique is usually applied for TIMS (Krabbenhoeft et al., 2009; Shalev et al., 2013; Paytan et
al., 2021) and MC—ICP—MS (Shalev et al., 2013), although mere-MC-ICP-MS MC-ICP-MS
analytical protocols have tended to adopted the-standard-sample -bracketing (SSB)—MC-—ICP—
MS ME-EP-MS-(Fietzke and Eisenhauer, 2006; Moynier et al., 2010; Charlier et al., 2012; Ma
et al., 2013). Generallyln general, the DS—-TIMS is considered to have the highest precision and
accuracy, followed by DS—MC—-ICP-MS ME-SP-MS-and SSB—MC—ICP-MS ME-CP-MS

Radiogenic and stable Sr isotopes were measured in this study using an -mutticotector-
inductively-coupled-plasma-mass-speetrometer {MC—ICP—MSMC-ICP-MS) Neptune Plus
instrument (Thermo Fisher Scientific, Germany). The mass -bias was corrected using the-a
combination of exponential law normalization (87Sr/86Sr = 8.37861) and bracketing, with
technigque{the normalized values were-being additionally corrected by the mean reference value
of 0.710245 for SRM-987 strontium carbonate (GeoReM database, http://georem.mpch-
mainz.gwdg.de/)}. tr-erderto-centrelTo monitor the analytical procedure, SRM-987 was
measured on a regular basis, yielding 87Sr/8Sr = 0.710261 + 0.000020 (2SD, N = 257). The
precision of the determinations methed-precision-estimated as the-the within-laboratory standard
uncertainty (26) obtained for SRM-987 was +-0.003-%. The precision of each individual result

(15-SE) during the sample measurement was within-better than +20 ppm. Long-term analyses of

5%8/863r in SRM-987 processed through chromatographic columns and measured as unknowns


http://georem.mpch-mainz.gwdg.de/
http://georem.mpch-mainz.gwdg.de/
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yielded —=0.01%o £—-0.09%0 (2SD, N= = 34). Additienatyln addition, NIST SRM 1400 bone
ash was analyzed as §8/86Sr = —=0.33%, + -0.09%o (2SD, N= = 10), ;- this-valuewas-in agreement
with that-the value provided in the GeoReM database. The precision of each individual result (1o

SE) during-the-sample-measurement-was within-better than +0.006%o.

A

3. Results

A

The studied samples are-represented-byare composed of limestone with a fine-grained
matrix (micrite), containing abundant biogenic components (corals, coralline algae, molluscs, and

benthic foraminifera) and undetermined carbonate fragments. Several samples contain fossil
corals, including Astrea cf. annuligera Milne Edwards & Haime, 1849,; Porites sp., -and at least
one other undetermined Merulinidae (Table 2 and --Fig. 3). Large benthic foraminifera (LBF)
represented by Spiroclypeus tidoenganensis Van der Vlerk, 1925 and Heterostegina cf.

assilinoides (Blanckenhorn) Henson, 1937 occur in samples L v86-9-6, Lv86-9-2, and Lv86-9-9

samples-(sample numbers are given in-the-ascending-age-erder-from the-oldest to the-youngest),
Samples LV86-9 and LV86-16 samples-consist of cidaroid echinoderm spines (identified by Dr.

K.V. Minin, Shirshov Institute of Oceanology of Russian Academy of Sciences; Fig. 3B). The
studied samples have a good degree of preservation, degree-efthe-studied-samplesbased-enas
assessed by optical examination-is-geed.

In general, under the influence of post-sedimentary fluids, Fe and Mn contents increase
and Sr and Mg decrease in carbonates (Veiser, 1983; Banner, 2004; Sawaki et al., 2010).

Consequently, by studying the mutual correlations of these elements, it is possible to select
identify samples that have been the-least affected by diagenetic alterations, +a-the-case
whenSamples with low-the-chemical-compesition-has-net-changed; the-Mn/Sr and; Fe/Sr ratios

are are-lowinterpreted as not having undergone- We-believe-that-such-samples-did-net-undergo
diagenetic processes, meaning that their -ane-thei-isotope characteristics are-close-tefaithfully

record those of the primary sedimentary-onesmaterials, The contents of Fe, Mn, Al, Sr, and Mg

cencentrations-in our samples; are very low, except in three samples (Table- 3). The Fe/Sr ratio is
particularly high in samples LV86-4 and LV86-8-2-samples, with values of 0.74 and 0.77,
respectively (Table 3). Sample LV86-8-2 sample-has-alsealso has a high Mn/Sr ratio (0.37), as
does —A-high-Mn/Srratio{0-60)-is-characteristic-of LV86-8-3 (0.60).-sample-as-wek- These three
samples (LV86-4, LV86-8-2, and LV86-8-3), for which at least one of the two ratios (Mn/Sr and;
Fe/Sr) is high, are used with caution in our interpretationsanalysis, and the isotopic data derived
from them are considered less reliable compared with other samples.
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Correl(X.T) = Z (x j-’:)(}" —Jv')_ i
“.IZ (=2 (-3
when-¥-and-y-are-mean-values of hwo-arrays-

The Sr isotope compositions of two calcified echinoderm spines are very similar
(87Sr/8Sr = 0.70917 + 0.000008, 388/86Sr 0.24 + 0.01%o). Samples LV86-4, LV86-8-2, and
LV86-8-3, which we infer to have undergone a degree of diagenetic alteration, have 8Sr/%6Sr
ratios of 0.708961, 0.708064, and 0.708000, respectively. The 87Sr/86Sr ratios of the remaining
limestones range from 0.70817 to 0.70877, with a mean value of 0.70845 (Table 4), and their

388/86Sr values vary from 0.09%o to 0.37%o, with a mean value of 0.22%o. An inverse relationship
is observed between §88/86Sr and 87Sr/8¢Sr (correlation coefficient, Ceor = —0.69, p = 0.13),

meaning that 38/86Sr decreases with decreasing Sr isotopic age. There is a positive relationship
between isotopic composition and Sr content (Ceor = 0.75, p = 0.08). Here and below, the

correlation coefficient is calculated as

2 =0 -»)
V=0T -

where x and y are mean values of two arrays.

Correl(X.¥) =

A4. Discussion {Formatted: English (United States)

4.1, Strontium-isetopes-Sr isotope composition: Sr/%8Sr and §%/%°Sr Formatted: English (United States)
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example-carbonate skeletons of marine organisms fer-example-(McArthur et al., 2001; Banner,

The Sr isotope composition of seawater is recorded at the time of formation of ;fer %

2004). The Sr isotope -composition of ocean water results from the mixing of several Sr sources Formatted: English (United States)
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with different isotopic signatures (McArthur et al., 2001; Banner, 2004). Terrigenous material of
continental origin with a-highhigh 8Sr/86Sr ratios (currenthy-the-isotopic-compesitionmodern
value of the-continental runoff is-estimated-te-beof 0.7116; Palmer and -Edmond, 1989) is
carried into the-ocean basins by rivers, glaciers, and wind. During the weathering of mid-ocean
ridge basalts and the-halmyrolysis of ocean--floor rocks, Sr with a low 87Sr/8Sr ratio enters the
water (modern value of 0.7037; Palmer and -Edmond, 1989). The smallest sources of Sr are
marine carbonates, which release upon recrystallization a part of the Sr held in the crystal lattice,
which has an average isotopic ratio of 0.7084 (Holland, 1984; De Paolo, 1987; Davis et al.,
2003; Banner, 2004). The modern global-ocean vatie-6f87Sr/8Sr ratio in-theWerld-Ocean-is
0.70917 (Burke et al., 1982; Faure, 1986; Hodell et al., 1989; Banner, 2004; McArthur et al.,
2012, 2020).

~Fhe-A comparison of the Sr isotope composition of carbonate rocks with the LOWESS
global 87Sr/8Sr variation curve (McArthur et al., 2001, 2012, 2020) makes it possible to
determine the age of their formation. At-the same-timetheThe ratio of stable ®5Sr and 86Sr and
88Sr-isotopes (defined as 588/86Sr via-with respect to NIST SRM-987 or §88/86Sr) in-whele;
depends-on-temperature-of seawaterand-species- in marine carbonates generally depends on the

588/865r value of seawater, which changes through time owing to variations in the same fluxes

that control seawater 87/88Sr and the net carbonate flux from the ocean, as well as the degree of

fractionation between seawater and carbonate, which depends on species and temperature
(Riiggeberg et al., 2008; Krabbenhoft et al., 2010; Vollstaedt et al., 2014; Pearce et al., 2015;
Paytan et al., 2021). In the modern ocean, 588/86Sr is 0.378%o t0 -0.402-%-%. (IAPSO standard

seawater, http://georem.mpch-mainz.gwdg.de/sample_query.asp). Fhe-mineral-particles-formed

predict-the direction-of change(whether- 88825y will increase-or decrease). Minerals such as
carbonate formed in seawater are generally characterized by lower 588/86Sr than seawater because
11
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of seawater—mineral fractionation. Moreover, minerals of chemogenic and biogenic origins can

be distinguished by the degree of their stable Sr isotope fractionation (Fietzke and Eisenhauer,
2006; Fruchter et al., 2016; AlKhatib and Eisenhauer, 2017; Miiller et al., 2018), which depends

on temperature and species. Thus, belemnites and cold-water corals do not exhibit temperature

dependence of their stable Sr isotope fractionation (Riggeberg et al., 2008; Vollstaedt et al.,

2014), whereas 588/8Sr in tropical corals increases with sea surface temperature (Fietzke and

Eisenhauer, 2006; Riiggeberg et al., 2008), and coccolithophores show an inverse temperature

relationship (Stevenson et al., 2014). In our study of Koko Guyot, warm-water corals were

replaced over time by deeper-water LBF and coralline algae In our study of Koko Guyot, warm-

water corals were replaced over time by deeper-water LBF and coralline algae. Therefore, we

expect that §%8/88Sr will change over time in association with this species transition/replacement

from warm/shallow to cold/deep types. However, in the present study, it is practically impossible

to predict the direction of change (i.e., whether §88/86Sr will increase or decrease), due to there

are many factors (including sea temperature, sea salinity, and skeleton/shell growth rates) that

complicate the interpretation of 3%8/86Sr measurements.
Fhe-formation-of- Koko Guyot eceurred-aboutformed at c. -50 Ma (Jackson et al., 1980;
Tarduno et al., 2003; Duncan and Keller, 2004), and this is-aaprovides a key datum impertant

date-for the subseguent-discussion belows. The mean 87Sr/86Sr ratio of the-echinoid spines [Formatted: English (United States)

analyzed in this study are-is 0.70917 +— 0.00001, which corresponds to the modern isotopic

water composition.

~Taking into
account the errors associated with the LOWESS global 87Sr/8Sr variation curve (McArthur et al.,
2001, 2012, 2020) we infer that the age of these echinoids is between 50 ka and the present (Fig.

4A). The youngest sample of the-unaltered limestones used for isotope stratigraphy was-is LV86- [Formatted: English (United States)

8-4, which fermed-yielded an age of 15.30 - 0.15 Ma (Langhian, middle Miocene). Limestone
sample LV86-9-1 limestone was formed at 18.20 +- 0.15 Ma, and LV86-9-4 at 19.07 +- 0.03
Ma (Burdigalian, early Miocene). Fre-Sample LV86-9-9, which is composed of the -sample-with
the-remains of Merulinidae corals, formed at the Aquitanian—Burdigalian (early Miocene)
boundary (20.1 +- 0.3 Ma), while-whereas the limestone sample elderLV86-9-2 Himestone
sample-containing Astrea cf. annuligera is Aquitanian in age (21.65 + 0.3 Ma). The oldest

studied sample-studied, LV86-9-6, is Chattian (Oligocene),in age (25.55 +— 0.45 Ma). Samples [Formaued: English (United States)

LV86-9-2, LV86-9-6, and LV86-9-9, yelding-bearing Spiroclypeus tidoenganensis and
Heterostegina cf. assilinoides, -are latest Chattian (Oligocene) to Aquitanian in age. Spiroclypeus
tidoenganensis has been-alreadypreviously been recognized from the upper Oligocene of Koko

Guyot (Hottinger, 1975). Although this species has been reported -from coeval deposits from
12
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in Saipan (Hanzawa, 1957), ene-cannetrule-out-its Aquitanian age is firm (e.g., Hottinger, 1975;
Lunt and Allan, 2007). These-samples-have-alse-mean-ages-based-on-Sr-isotopes-0f 24652555

0920+
mith-the Chattian—Aaguitanian-ace-assessed-byv-the laraer foraminife

compeosition: The three limestone samples L V86-9-2, L VV86-9-6, and L V86-9-9 have mean ages
of 21.65, 25.55, and 20.10 Ma (based on Sr isotopes), respectively, consistent with the Chattian—

Aquitanian age inferred from LBF species. A comparison with the LOWESS 3 global 8Sr/86Sr
variation curve (McArthur et al., 2001, 2012) for altered samples L\V86-4, L\/86-8-2, and LV86-
8-3 gives ages of 6.7 + 0.3, 26.3 £ 0.5, and 29.2 + 0.5 Ma, respectively. The last two ages are
close to the age of LV86-9-6, suggesting that samples L \V86-8-2 and L\V86-8-3 may have

approximately retained their initial compositions.

0.38%o0 to 0.30%o (within +0.02%o analytical error) (Paytan et al., 2021; Fig. 4B). Five of the

studied samples have ages within this time interval. Two of these samples (L\V86-8-2 and L\VV86-
13
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8-3) have probably been affected by diagenetic alteration. Because diagenetic processes have

been shown to alter the initial §88/88Sr of carbonates (Voigt et al., 2015), we use only the three

least modified samples as a basis for our discussion. The §8¢/86Sr value of these samples varies

from 0.26%o to 0.37%o. Within the margin of error (£0.09%o). the results obtained intersect the

line indicating the isotopic composition of seawater proposed by Paytan et al. (2021). The stable
Sr isotope composition of younger samples from 20 to 15 Ma (LV86-8-4, L\V86-9-1, and LV86-

9-4) comprising cold-water sea species and lacking corals is rather uniform, with the mean

588/86Sr varying within 0.10%o = 0.03%o. These values are much lower than the isotope curve

proposed by Paytan et al. (2021) (Fig. 4B). The §%¢/86Sr values of modern echinoids are also

lower than (although within measurement errors of) the §88/86Sr curve.

It has been shown that carbonates have lower §88/8 Sr values than the sedimentation

medium, and the difference can be more than 0.1%. (Raddatz et al., 2013, Vollstaedt et al.
2014). Kisakiirek et al. (2011) and Béhm et al. (2013) explained this disparity by calcification in

a largely open system at high precipitation rates. The shift to a benthic community that is more

resistant to colder water can be correlated with bottom subsidence and guyot migration to higher
latitudes (Wilson, 1963; Clague and Dalrymple, 1987; Tarduno et al., 2003; Clague et al., 2010).

The change in temperature and light regime at Koko Guyot as it subsided and migrated to higher

latitudes led to a change in the benthic community as reef benthic assemblages were replaced by

those dominated by LBF (and coralline algae). The change in temperature and light regime at

Koko Guyot as it subsided and migrated to higher latitudes led to a change in the benthic

community as reef assemblages were replaced by those dominated by LBF and coralline

algae. We presume that this change in benthic community is recorded as a sharp decrease in

588/86Sr valuesi in our samples compared to sea water (Fig. 4B) without major changes in

seawater 58/88Sr values It is probable that Sr isotope fractionation between cold-water species

and ambient seawater is much stronger than that between warm-water species and ambient

seawater. However, we cannot take into account temperature and depth changes in this paper.

4.2. Rate of subsidence of Koko Guyot and its variation over timeSubsidencerates

Grigg (1988) identified corals Favites sp., Platygyra sp., Psammocora (Stephanaria) sp.,
determined using Sr isotope stratigraphy. Clague et al. (2010) obtained ages for corals ranging
from 50 to 27 Ma, whereas-compared with 16 Ma for LBF-16-Ma, on the basis of which those
authors: Biseussingthese-data-Clague-et-al(2010)-calculated the subsidence rate of the volcano

to-beas 0.012 + 0.003 mm/yr. Previoushy-Davies et al. (1972) based-enused water depth, guyot
14
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structure, and the age and species composition of corals to; estimated the subsidence rate of
Koko Guyot at-as 42-m/Ma-er0.042 mm/yr throughout the existence of the guyot.

Our method of estimationestimation of subsidence rates for Koko Guyot subsidence-rate
follows-theseincorporated the following assumptions: (1) reef formation slowed dew-and then

stopped gwe-owing to submersion below the euphotic zone, the-which is the lower depth limit of
coral and algal growth;; (2) the identified fossil benthic assemblage from the guyot's plateau
lived in optimal conditions-ef-depth (i.e., 0-30 m) and temperature (average winter water
temperature >18 °C) conditions for reef growth (Veron, 1995):; and (3) later benthic

LA

communities, devoid of reef corals, lived at greater water depths >30 m. Warm-water corals
grow at a certain depth, no more than 30 m (Veron, 1995). As the seafloor subsides and relative
sea-level rise resultantly occurs, s-the reef buildup-growsbuilds up vertically to retain a the
“comfortable-life™zone of maximum favorability for coral existences. We took the maximum

water depth of this zone for such-corals in this study at-as 30 m. We also decided-assumed that

the formation of the carbonate skeleton occurreds under normal conditions. With the-gradual
subsidence of the seafloor, we assumed that the reef of Koko Guyot was able to keep up with
sea--level rise as-so long as the seafloor was within the euphotic zone. As the rate of sinking

increaseds, new colonies wil-would have formed faster-more quickly to grow to a eemfortable
favorable depth (maximum 30 m). Fhus-samples-with-a-small-difference-in-age-wit-oceurmore

that-the rate-of reef growth-or-voleano’s-subsidencewas-irregular—\With a high subsidence rate,

the coral growth rate will also be faster. The «news» corals will record the «news isotopic

composition of water. Thus, samples with a small difference in age will occur more often. Thus,

we have described our «<model object» and proceed to the calculations.

We took all age estimates (Grigg, 1988; Clague et al., 2010; this work), ranked them from

mintmum-youngest to maximumoldest, and calculated the difference between each successive

age (-eiffereneerangedwhich ranged from frem-0 to 2 Myr), thus —As-a-resut-we-obtaininged 26
peints-datapoints (Table 5 and; Fig. 5), Figure 5 shows that the age difference between the

samples during the early stage of guyot evolution is small and that this difference increases with

Koko Guyot age. The pattern of data in Fig. 5 suggests that the rate of reef growth (or of the

guyot’s subsidence) varied over time. The age difference ever-for the period 30-25 Ma is smaller
than that guring-for the-peried-25-15 Ma, suggesting that the reef grew faster-more quickly,

during the older period. The age of the youngest identified coral specimen is 20.1 +— 0.3 Ma
(LV86-9-9). This sample may; therefore; mark the last-final episode of active reef growth, after
15
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which the platform was-mere-deepeneddeepened to a position and-lecated-below the euphotic
zone -where-coralscan-thrive-due to-the subsidence of the-guyot-(Wilson, 1963; Clague and

Dalrymple, 1987; Tarduno et al., 2003; Clague et al., 2010). MeresverweWe also sampled a
coralline algal crust dated at 15 Ma (LV86-8-4). The sample was collected from a depth of 1.458
m, where it faid-was located in a soft (unconsolidated) substrate. ++This sample most likely slid
down the slope from the nearest plateau, whose current top is-teday-atheight is at 350 m water
depth. Assuming a maximum water depth of 120 m for the living coralline algae and 30 m for
the living youngest zooxanthellate corals sampled (Clague et al., 2010), we have-calculated that
the following: (1) Ffrom erthe-tast-15 Ma to the present, Koko Guyot subsided, at a speed-rate of
(350 —— 120)/15.3 = 15.0 m/Myr, that is, {i-e--0.015 +- 0.002 mm/yr);; and (2) in-during the
period from 20 to 15 Ma, the average-mean subsidence rate was (120 —, 30)/(20.1 —, 15.3)= =

18.8 m/Myr, that is, 0.019 +— 0.003 mm/yr. PrevieusstudiesA previous study suggest-has
suggested that the very-firstinitial shallow-water sediments formed +-during the period from

from-49.7 +6-43.5 Ma, which-was-foundas identified in the ODP Site 1206 (Fig. 1) -core
recovered at 1500 m water depth (Shipboard Scientific Party, 2002). The bottom of this layer
was 57 m from the top of the column (Shipboard Scientific Party, 2002; Tarduno et al., 2003).
Thus, {-we-applying our calculation method, the subsidence rate in-during the first tens of
million years (from 49.7 to 43.5 Ma), is estimated ast approximately-0.046 £— 0.005 mm/yr
[using (as the average of 49.7 and 43.5 Ma is 46.6 Ma, we calculate the subsidence rate a
fellews=—(1500 + 57 — 350)/(46.6 — 20.1) = 46.2) m/Myr or 0.046 + 0.005 mm/yr, where 46.6
Ma is the mean of 49.7 and 43.5 Ma] (Fig. 6), which was-is close to the rate reported by Davies
et al. (1972). Ourecalculations-showed-that-the-Our calculated average subsidence rate was-is
shighthy-higher than that suggested-estimated by Clague et al. (2010) of--e- 0.008-0.012 mm/yr}
oversincelast 23 Mayr, Our-However, our results are consistent with etherebservations-thatthe

observation that the subsidence rate of the ocean floor decreases as the age of the ocean crust
increases (fer-example;e.q., Sclater et al., 1980; Marty and Cazenave, 1989; Stein and Stein,
1992). This process represents the-seafloor flattening, meaning that old seafloor is shallower than
that predicted by the “root-t” model (i.e., a linear increase in ocean depth with increasing crustal
age; Parsons and Sclater, 1977; Hillier, 2010).

A

5. Conclusions
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and-water- We investigated the Sr isotope compositions of Oligocene—Miocene coral reef

limestone from Koko Guyot in the southern Emperor Seamount Chain to assess the dynamics of

the subsidence of this guyot. Our study of Sr isotope compositions (87Sr/8Sr) showed that the

least altered limestones containing fragments of reef corals were formed during the early

Miocene. No coral fragments were found in older samples (late Oligocene). Analysis of the

distribution of stable Sr isotopes (588/86Sr) in warm-water sediments showed a low degree of

fractionation compared with seawater. The §8/85Sr values of cold-water species, which replaced

warm-water species at around 20 Ma, differ significantly from the seawater §8¥/88Sr variation
curve estimated by Paytan et al. (2021).

chains-Using several independent methods, we confirmed a change in environmental parameters

at around 20 Ma. This timing also corresponds to a change in the rate of subsidence. From 49-44
to 20 Ma, the subsidence rate of Koko Guyot was 0.046 + 0.005 mm/yr. The §8/85Sr values of
coral samples that formed from 25 to 20 Ma vary from 0.26%o to 0.37%o (£0.09%o0) and are

consistent with the variation curve proposed by Paytan et al. (2021). At the ending of this period,

the benthic community changed because of cooling ambient waters. Warm-water corals

disappeared and were replaced by LBF and coralline algae. From 20 to 15 Ma, the subsidence

rate was much lower at 0.019 + 0.003 mm/yr. The §88/86Sr values for samples that formed during
17
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this period are ~0.10%o. Since 15 Ma, the volcanic structure has subsided at a rate of 0.015 £

0.002 mm/yr. The data obtained in this study refine existing models of the crustal subsidence of

the floor of the Pacific Ocean, which suggest a constant rate of seafloor subsidence.

Understanding the changing rate of subsidence is important because it is related to the process of

ocean-floor cooling after the Pacific Plate passed over the mantle Hawaiian hotspot.
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A

Figure and table captions

Fig. 1. (A) A-Ggeographic map of the Hawaiian—Emperor bend. (B)B; Bathymetric map of
Koko Guyot-bathymetrie-map. P-points represent sampling sites for dives 4, 8, 9, and 16. Deep
Sea Drilling Project sites 308 and 309 and Ocean Drilling Program Site 1206 are shown by
value. The sSource of the bathymetric map is http://earthref.org.

A

Fig. 2. Photographs of sSampling conducted by a Comanche remotely operated underwater
vehicle. -ef-the-Comanche-type-(A) Rrock sampling with-a-mantputaterfrom the plateau of the
guyot using a manipulator (dive 9; sample Lv86-9-2);; (B) with-Sampling using a scoop net
mounted on the manipulator (dive 9; sample Lv86-9 echinoid).

Fig. 3. (A)A; Mmodern octocoral of the family-Isididae family (sample Coral). (B); Eechinoderm
spines (Cidaroida; sample LV86-9, echinoid). (C-D) -L!arger--foraminiferal packstone with
Spiroclypeus tidoenganensis (St) and Heterostegina cf. assilinoides (Ha) (samples Lv86-9-2 and;
Lv86-9-6). (E); Rreef coral Astrea cf. annuligera (sample Lv86-9-2; i, thickened costo-septum;
i, paliform lobe). (F-G); Bbioclastic packstone showing (F) the gncrusting coralline
Lithoporella sp. with two uniporate conceptacles (arrows; sample LV86-8-3; conc., conceptacle);
and (G) bryozoans (bry) and coralline fragments (cor; sample L\V86-9-4).

Fig. 4. Comparison of the Sr isotopic composition of the studied samples with (A) the
rRadiogenic Sr isotope record (LOWESS 5;; McArthur et al., 2012) and (B) a model of the stable
ocean. Crossed-out circles are-represent data from diagenetically altered samples. E-error bars at
the-level-ofare +-0.09%q,

samples. The difference between the ages of the-consecutive older samples is less than that of the
younger eressamples. This suggests that the rate of subsidence of the reef superstructure in

ancienttimeswas initially high-was higherthan-afterwardsand subsequently decreased (i.e., the
subsidence rate was higher when the coral reef and the guyot were younger). Data from this
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work (circles), Grigg (1988,; diamonds), and Clague et al. (2010,; squares) are plotted in the
graphfigure.

Fig. 6. Schematic model for the vertical motions of Koko Guyot. The bold line in the graph
shows the changing position of the summit of the volcano, which formed at 49-48 Ma (Jackson
et al., 1980; Tarduno et al., 2003; Duncan and Keller, 2004). The aumbers-in-the-figurerates

given in the figure indicate the subsidence rate, calculated aceerding-to-the-assumptions-adopted
-the-textusing the method presented in Section 4.2.

A

Table 1. Coordinates and water depths of samples aralysed-analyzed in this study, and seawater
temperature and salinity at the sampling sites.

T, water temperature; S, salinity; Coral, sample of modern Isididae-isididae coral; echinoid,
sample of echinoid spines.

Table 2. Lithology and biotic components of the studied Koko Guyot carbonate samples.

Table 3. Trace--element contents and calculated Fe/Sr and Mn/Sr ratios in-of the studied

carbonates. Fhe-aAnalyseis was-were earried-outbyperformed using the-ICP—AES. Cand-the
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eontents are given in ppm.

Table 4. Strontium isotope compositions and ages according to LOWESS 5 (McArthur et al.,

2001, 2012).

Table 5. Strontium isotope ages of samples from the present study and previous studies (blue,
Grigg, 1988; yellow, Tarduno et al., 2003; green, Clague et al., 2010; white, this werkstudy)

used to calculate age differences between consecutive samples.-
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