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Abstract Stable carbon and oxygen isotopes (δ13C and δ18O) of foraminiferal tests are amongst the most
important tools in paleoceanography, but the extent to which recrystallization can alter the isotopic
composition of the tests is not well known. Here we compare three middle Miocene (16–13Ma) benthic
foraminiferal stable isotope records from eastern equatorial Pacific sites with different diagenetic histories to
investigate the effect of recrystallization. To test an extreme case, we analyzed stable isotope compositions of
benthic foraminifera from Integrated Ocean Drilling Program Site U1336, for which the geochemistry of bulk
carbonates and associated pore waters indicates continued diagenetic alteration in sediments> 14.7Ma.
Despite this diagenetic overprinting, the amplitudes and absolute values of the analyzed U1336 stable
isotopes agree well with high-resolution records from better preserved Sites U1337 and U1338 nearby. Our
results suggest that although benthic foraminiferal tests of all three sites show some degree of textural
changes due to recrystallization, they have retained their original stable isotope signatures. The good
agreement of the benthic foraminiferal stable isotope records demonstrates that recrystallization occurred
extremely rapidly (< 100 kyr) after deposition. This is confirmed by the preservation of orbital cyclicities in
U1336 stable isotope data and δ18O values being different to inorganic calcite that would precipitate from
U1336 pore waters during late recrystallization. The close similarity of the benthic foraminiferal stable isotope
records between the sites allows the well-resolved paleomagnetic results of Site U1336 to be transferred to
Sites U1337 and U1338 improving the global geological timescale.

1. Introduction

The calcite tests of foraminifera preserved in marine sediments are widely used to reconstruct a range of mar-
ine environmental parameters including past seawater temperature, salinity, and global ice volume [e.g., Lear
et al., 2000; Zachos et al., 2001b, 2008]. However, ancient foraminiferal tests are often altered after deposition
by recrystallization on the seafloor and in the sediment, during which the original biogenic calcite is partially
dissolved and subsequently replaced by secondary (inorganic) calcite. Significant changes in stable isotope
(δ13C and δ18O) andMg/Ca ratios of recrystallized planktonic foraminifera have been reported, which can bias
paleotemperatures and interpretations of paleoclimatic variability [Pearson et al., 2001; Regenberg et al., 2007;
Sexton et al., 2006]. Pearson et al. [2001] found that diagenetic effects on planktonic δ18O could explain the
“cool tropic paradox” of the Paleocene and Eocene given that altered planktonic foraminifera tend to have
higher δ18O values, indicating cooler temperatures than unaltered contemporaneous tests. These authors
also found that well-preserved foraminifera from clay-rich sediments appear “glassy” under the light micro-
scope when wet. In contrast, less well preserved tests are opaque (“frosty”) under the light microscope
[Pearson and Burgess, 2008; Sexton et al., 2006]. Scanning electron microscope (SEM) imaging revealed that
the wall structure of well-preserved foraminiferal tests consists of fine, distinct calcite crystals, whereas in less
well preserved foraminifera the original submicron-sized calcite crystals have been replaced by micron-sized
secondary calcite crystals [Hodell et al., 2007; Pearson and Burgess, 2008; Sexton and Wilson, 2009; Sexton et al.,
2006]. Besides this change in crystal structure, recrystallization is often accompanied by overgrowth with
secondary calcite on the inner and outer surface of the tests in the form of coarser crystals and infilling of
the tests with detrital material and coccoliths [Hodell et al., 2007; Pearson and Burgess, 2008; Regenberg
et al., 2007; Sexton and Wilson, 2009; Sexton et al., 2006]. Furthermore, heavily recrystallized tests become
physically weaker and therefore break more easily, thereby leading to increasing fragmentation [e.g.,
Pearson et al., 2015]. The “glassy” tests of planktonic and benthic foraminifera in clay-rich sediments are
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considered to retain the most reliable geochemical signatures because of their excellent preservation [e.g.,
Bown et al., 2008; Pearson and Burgess, 2008; Pearson et al., 2001, 2007; Sexton and Wilson, 2009; Sexton
et al., 2006; Stewart et al., 2004], whereas most carbonate-rich pelagic oozes containing foraminiferal tests
are prone to recrystallization [e.g., Sexton et al., 2006; Pearson and Burgess, 2008; Sexton and Wilson, 2009].
Additionally, very low sedimentation rates and high geothermal gradients have been suggested to significantly
influence the δ18O of benthic foraminiferal tests [e.g., Edgar et al., 2013; Sexton and Wilson, 2009]. However, a
recent study indicated that the stable isotope compositions of benthic foraminifera from Oligocene age nanno-
fossil oozes from the eastern equatorial Pacific show negligible intersite offsets, although the investigated sites
had different recrystallization histories and the preservation of foraminiferal tests differed markedly [Edgar
et al., 2013]. Two high-resolution middle Miocene benthic foraminiferal stable isotope records from Integrated
Ocean Drilling Program (IODP) Sites U1337 and U1338 also show good agreement [Holbourn et al., 2014; Tian
et al., 2013]. Both sites have comparable sedimentation rates, geothermal gradients, and carbonate contents
[Pälike et al., 2010] suggesting comparable recrystallization histories during themiddleMiocene. Shipboard inves-
tigations indicated good preservation of the benthic foraminifera of Sites U1337 and U1338 during the investi-
gated time interval [Pälike et al., 2010]. Further studies focusing on Site U1338 confirmed that late Miocene
and Pliocene benthic foraminifera [Drury et al., 2014] and middle Miocene planktonic foraminifera are well pre-
served at this site [Fox andWade, 2013], although the appearance of planktonic foraminiferal tests under the light
microscope varied between glassy and frosty (B. Wade, personal communication, 2015).

Previous studies about diagenetic effects on the geochemistry of foraminiferal tests have focused on specific
time intervals [e.g., Kozdon et al., 2013; Pearson et al., 2001; Sexton et al., 2006; Sexton and Wilson, 2009];
however, extended, high-resolution (better than 20 kyr) time series that allow the assessment of how well
recrystallized tests record climatic variations are still lacking.

To test the reliability of benthic foraminiferal stable isotope records, we examined the pronounced Miocene
variations recorded in eastern equatorial Pacific sediments of selected Sites U1336, U1337, and U1338, which
were subjected to variable carbonate preservation. The three sites compared had similar initial sediment
compositions but different burial histories [Pälike et al., 2010]. Additionally, the cores of IODP Expeditions
320/321 recovered one of the most complete Miocene sections allowing detailed studies at the paleo-
equator in the Pacific. The Cenozoic long-term cooling trend from the warm greenhouse climate of the
Paleogene to the Neogene icehouse climate [e.g., Zachos et al., 2001a] was interrupted by an extended warm
interval from ~17 to 14.7Ma, termed the Middle Miocene Climate Optimum [e.g., Flower and Kennett, 1993;
Holbourn et al., 2005, 2007]. This interval is characterized by 100 kyr eccentricity variability and shows low
mean δ18O values but a high variability in both δ13C and δ18O [Holbourn et al., 2007, 2014]. Characteristic
for the middle Miocene is the distinct maxima in δ13C of the “Monterey Carbon Isotopic Excursion” [e.g.,
Holbourn et al., 2007; Vincent and Berger, 1985], which was associated with 400 kyr long eccentricity cycles
[e.g., Holbourn et al., 2005, 2007, 2014; Shevenell et al., 2004; Woodruff and Savin, 1991]. During the
Monterey Excursion, δ13C and δ18O covaried indicating a close coupling of the global carbon cycle and
climate system [e.g., Flower and Kennett, 1993; Vincent and Berger, 1985; Woodruff and Savin, 1991]. It was
suggested that periodic increases in organic carbon burial caused the δ13C maxima and thereby reduced
atmospheric CO2, resulting in global cooling [Flower and Kennett, 1993, 1994; Vincent and Berger, 1985;
Woodruff and Savin, 1991]. This cooling trend culminated in a major cooling event, associated with massive
ice-sheet expansion on Antarctica at ~13.9Ma [e.g., Flower and Kennett, 1994; Holbourn et al., 2005, 2007].
However, to date only a few high-resolution foraminiferal stable isotope records cover this important interval
[Holbourn et al., 2005, 2007, 2014; Shevenell et al., 2004, 2008; Tian et al., 2013, 2014].

One overall aim of IODP Expeditions 320/321 was to validate and extend the astronomical calibration of the
geological timescale for the Cenozoic by using biostratigraphy, chemostratigraphy, andmagnetostratigraphy
at the equator [Pälike et al., 2010]. For Sites U1337 and U1338, high-resolution benthic foraminiferal stable
isotope based chronologies exists [Holbourn et al., 2014; Tian et al., 2013], but the polarity chronologies for
this time interval are poorly constrained [Pälike et al., 2010]. On the other hand, at Site U1336, a well-resolved
magnetic data set was established, in particular for the early to middle Miocene [Ohneiser et al., 2013]. It
would therefore be useful to transfer the paleomagnetic results of Site U1336 to Sites U1337 and U1338
through correlation of the U1336 benthic foraminiferal stable isotope record from this study, to improve
the global geological timescale.
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Here we present benthic foraminiferal
stable isotope data from IODP Site
U1336, which were generated to
precisely constrain specific intervals
within the middle Miocene for further
study. The U1336 benthic stable isotope
record is compared with high-resolution
records from nearby Sites U1337 [Tian
et al., 2013] and U1338 [Holbourn et al.,
2014] to evaluate possible offsets caused
by recrystallization on the geochemistry
of foraminiferal tests. Analyses of bulk
carbonate Sr parameters from the three
sites indicated different recrystallization
histories, although Sites U1337 and
U1338 are similar for the time interval
investigated here [Voigt et al., 2015].
During recrystallization of biogenic
carbonates, Sr is released from the car-
bonates to the pore waters making pore

water Sr concentrations diagnostic for recrystallization [e.g., Baker et al., 1982; Elderfield and Gieskes, 1982;
Gieskes et al., 1986; Richter, 1993; Stout, 1985]. As less Sr is incorporated into secondary calcite, diagenetically
altered bulk carbonates exhibit generally lower Sr/Ca ratios [e.g., Baker et al., 1982; Delaney, 1989]. Site U1336,
in contrast to the other sites, has extensively altered bulk carbonates and active recrystallization is suggested
for sections older than 20.2Ma, as a consequence of an inferred large thermal gradient [Voigt et al., 2015].
However, pore water 87Sr/86Sr ratios lower than contemporaneous seawater (Figure S1 in the supporting
information) and generally lower bulk carbonate Sr/Ca ratios confirm more extensive recrystallization
compared to the other sites in the section older than 14.7Ma [Voigt et al., 2015]. Here we show that even in
carbonate sediments with such clear geochemical signs of persistent recrystallization the stable isotope
composition of benthic foraminifera is not altered.

2. Materials and Methods
2.1. Site Description

Sites U1336, U1337, and U1338 were recovered during the IODP Pacific Equatorial Age Transect (PEAT)
Expeditions 320/321 (Figure 1), and detailed lithological descriptions are provided in Pälike et al. [2010]. All
depths are given in revised meters composite depth (rmcd) [Wilkens et al., 2013]. Site U1336 is located in
the eastern equatorial Pacific (7°42.067′N, 128°15.253′W) close to the Clipperton Fracture Zone (~30km) in a
water depth of 4286m [Pälike et al., 2010]. The site was shallower during the middle Miocene at 3800–3900m
[Pälike et al., 2012]. Carbonate sediments nannofossil ooze (on average 87.3% CaCO3) [Pälike et al., 2010]
accumulated through the early Oligocene to middle Miocene at Site U1336 until the site subsided below
the carbonate compensation depth at around 12Ma resulting in ~2.8m of clay accumulation thereafter
[Pälike et al., 2010, 2012].

Site U1337 (3°50.007′N, 123°12.356′W) is located 700 km southeast of Site U1336 in a water depth of 4461m
and a reconstructed middle Miocene water depth of 3800–4050m [Pälike et al., 2012]. Site U1338 (2°30.469′N,
117°58.178′W) is located 1300 km southeast of Site U1336 in a water depth of 4200m [Pälike et al., 2010] cor-
responding to amiddle Miocene water depth of 3200–3600m [Pälike et al., 2012]. TheMiocene successions of
Sites U1337 and U1338 consist of carbonate-rich nannofossil and microfossil oozes containing on average
61.7% and 71.2% CaCO3, respectively [Pälike et al., 2010]. As the Pacific plate moved away from the East
Pacific Rise, the sites left the equatorial zone of high productivity between 2° north and south of the equator
during different time intervals (Figure 1). Sites U1337 and U1338 remained in the high-productivity area with
a deep carbonate compensation depth for longer periods of time, resulting in higher sedimentation rates
compared to Site U1336 [Pälike et al., 2010] and thus presumably in better carbonate preservation.

Figure 1. Equatorial Pacific map showing the averaged chlorophyll a data
from June 2012 to 2014 [Feldmann, 2014] representative of modern
primary productivity of the study area. The present location of the PEAT
sites included in this study is indicated by larger, open symbols. Their
backtracked positions from 16 and 13Ma, given as closed symbols, were
estimated from Pälike et al. [2010]; the oceanic crust below the sites
originated from the East Pacific Rise and moved in a north-west direction.
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2.2. Sample Preparation for δ13C and δ18O Measurements

Samples from Site U1336 were taken from 12.04 to 48.19 rmcd at 6 to 15 cm intervals (corresponding to a 5.1
to 17.8 kyr temporal resolution). The sampling was increased from 2 to 6 cm (~1.7–5.1 kyr) in the section
between 37.23 and 41.94 rmcd corresponding to 15.1–15.5Ma. Samples of 20 cm3 volume were freeze-dried
and then washed over a 63μm sieve, and the residue was dried at 40°C and sieved into different size
fractions. Specimens of the epifaunal benthic foraminiferal species Cibicidoides wuellerstorfi and Cibicidoides
mundulus were picked from the > 250μm fraction for stable carbon and oxygen isotope analyses, the same
species and size fraction used by Holbourn et al. [2014] for Site U1338. In contrast, Tian et al. [2013] analyzed
Cibicidoides spp. from the> 150μm fraction at Site U1337. Analyses of mixed C. wuellerstorfi and C. mundulus
were performed for about half of the samples in Site U1336; monospecific tests were measured for the
remaining samples. In the interval between 43.20 and 48.19 rmcd, only C. mundulus was analyzed, given
that C. wuellerstorfi was not present in this section. For 20 samples, these species were also picked from
the 150–250 μm fraction. For 26 samples where foraminifera were scarce, only 1 or 2 individuals were ana-
lyzed. Generally, between three and six individual tests per sample were cracked into large fragments,
cleaned in ethanol in an ultrasonic bath, and dried at room temperature following the method described
in Holbourn et al. [2005].

2.3. δ13C and δ18O Analyses

Isotopemeasurements were performed on a ThermoMAT 253mass spectrometer at GEOMAR equipped with
a Carbo-Kiel device Type IV. Samples were reacted with 99% H3PO4 at 74°C. The δ

13C and δ18O data are given
relative to the Vienna Peedee belemnite (VPDB) and are referenced to the National Institute of Standards and
Technology carbonate isotope standard NBS 19. The measured values were not corrected for any vital effects
to facilitate direct comparison with the records of Sites U1337 and U1338 [Holbourn et al., 2014; Tian et al.,
2013]. The 1σ external reproducibility of the in-house carbonate standard (Solnhofen limestone) was
±0.06‰ and ±0.09‰ for δ13C and δ18O, respectively (n= 124). Replicate measurements performed for
17% of the samples gave a mean reproducibility of ±0.09‰ and ±0.12‰ for δ13C and δ18O, respectively. A
t test (p < 0.05) was performed on monospecific results of 7% of the samples and indicated no significant
offset of the δ13C and δ18O signatures between the two species as also reported by Holbourn et al. [2005,
2007, 2013, 2014]. The data for both species show a 1:1 relationship (Figure S2). Figure S2 might suggest
interspecies offsets occur at higher δ13C values, but the δ13C values are possibly biased toward higher values
by the relatively small amount of monospecific samples analyzed. Data sets are archived at the Data Publisher
for Earth and Environmental Science (http://doi.pangaea.de/10.1594/PANGAEA.854835).

2.4. Orbital Tuning of Color Reflectance b*

We generated an orbitally tuned agemodel for Site U1336 by correlating the high-resolution color reflectance
b* data of Site U1336 (2–5 cm) [Pälike et al., 2010; Wilkens et al., 2013] to calculated variations in eccentricity
from Laskar et al. [2004] (Figure S3a) using AnalySeries Version 2.0 [Paillard et al., 1996]. The temporal
resolution of the U1336 isotope data is too low for independent tuning to an orbital solution, whereas the
high-resolution reflectance parameter b* (blue-yellow), representing changes in lithology [e.g., Blum, 1997],
exhibits well-defined cyclic variations. Color reflectance b* maxima, reflecting dark sediment layers corre-
sponding to elevated proportions of radiolarians [Pälike et al., 2010], were tuned tomaxima (100 kyr) in eccen-
tricity [Laskar et al., 2004] because eccentricity maxima may have driven enhanced carbonate dissolution
intensified by poorly ventilated bottomwaters [Holbourn et al., 2013, 2014, 2015]. Several studies showed that
at eccentricity maxima, when the summer insolation and temperature were high, weathering and nutrient
supply to the oceans increased, which led to increased export of terrestrial 13C depleted organic carbon to
the ocean or a change in the burial ratio of carbonate to organic carbon [e.g., Pälike et al., 2006; Zachos
et al., 2008, 2010;Ma et al., 2011; Kirtland Turner, 2014]. This organic carbonmay have been remineralized effi-
ciently resulting in increased carbonate dissolution [e.g., Flower and Kennett, 1994; Holbourn et al., 2007, 2014;
Zachos et al., 2008, 2010; Kirtland Turner, 2014] and thus leaving mainly the siliceous fraction in the darker
colored sediment bands. Age/depth tie points are presented in Table S1. However, the tuning of color reflec-
tance b* appears less reliable for the intervals 15.75–15.25Ma and 13.70–13.50Ma, where the 100 kyr filtered
record does not match the amplitudes of the target solution [Laskar et al., 2004] (Figure S3b). For the interval
from 14.6 to 14.1Ma, where both filtered records do not show clear 100 kyr cyclicity, obliquity cycles prevail as
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clearly evident in the filtered color reflectance b* record (Figures S3b and S4). Nevertheless, the entire record
was tuned to the 100 kyr eccentricity of Laskar et al. [2004] for simplicity.

3. Results
3.1. Benthic Foraminiferal δ18O and δ13C of Site U1336

The investigated interval of Site U1336 covers the time interval from 16.0 to 12.9Ma (Figure 2) and includes a
short interval (15.5–15.1Ma) with a higher temporal resolution, comprising a section of darker colored
sediment with a higher proportion of radiolarians [Pälike et al., 2010].

The δ18O and δ13C data show synchronous changes from 16.0 to about 14.2Ma. During this interval, the δ13C
values oscillate between 1.3 and 2.0‰ at amplitudes between 0.3 and 0.6‰, except for an abrupt
decrease to 0.77‰ centered at 15.6Ma (Figure 2a). Between 14.0 and 13.9Ma, the δ13C values decreased
to 1.2–0.9‰, increased again until ~13.7Ma reaching 2.1‰ and then decreased continuously thereafter.
During 16.0–14.2Ma, the δ18O values fluctuated around a mean of 1.54‰ at amplitudes between 0.4 and
0.6‰ (Figure 2b). There was an abrupt negative shift reaching 0.74‰ at 15.6Ma comparable to the δ13C data
(Figure 2b). After 14.2Ma, δ18O displays a trend to heavier values with themost rapid increase at ~13.9–13.8Ma
and then varied around a mean δ18O of 2.11‰ between 13.8 and 12.9Ma. Near 13.7Ma the δ18O record
diverged from that of δ13C in that the δ13C values decreased continuously from ~13.7 to 12.9Ma, whereas
the δ18O signatures remained stable (Figures 2a and 2b).

Figure 2. Comparison of Site U1336 (a) benthic δ13C, (b) benthic δ18O, (c) calculated sedimentation rates derived from the color reflectance b* age model, and
(d) 400 kyr filtered eccentricity of Laskar et al. [2004] (blue) together with the benthic δ18O record filtered for 400 kyr cycles (red) from 16.0 to 12.9 Ma.
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The Monterey Excursion [Vincent and Berger, 1985;Woodruff and Savin, 1991] can clearly be identified including
the 400kyr carbon isotope maxima (CM) events (CM 3b, CM 4a, CM 4b, CM 5a, CM 5b, and CM 6) according
to the subdivisions of Holbourn et al. [2007] (Figure 3).

3.2. Astronomical Cycles in δ18O, δ13C, and Physical Property Data of Site U1336

The stable isotope data of Site U1336 show low-frequency variations that follow the long eccentricity cycles
(400 kyr) (Figure 2), which is also evident from the recognition of the 400 kyr cycles of the Monterey Excursion
(Figure 3). Comparison of the 400 kyr filtered δ18O record with long eccentricity cycles from Laskar et al.
[2004] documents a good match from ~14.7 to 12.9Ma (Figure 2d). Prior to 14.7Ma, the isotope record of
Site U1336 does not match the target solution of Laskar et al. [2004] and lag behind by ~60 kyr possibly
caused by the resolution of the data. During this interval (~16.0 to 14.6Ma), short eccentricity cycles
(100 kyr) are visible (Figure 4). Although the 100 kyr cycles are not very well defined, probably due to the
sampling resolution, they match the filtered eccentricity [Laskar et al., 2004] between 15.5 and 14.7Ma
(Figure 4b). Prior to that interval, the δ18O record lags behind by ~30–50 kyr and is almost exactly out of phase
(Figure 4b) most likely caused by the tuning method applied.

The astronomical cyclicities of sediment parameters, including color reflectance b*, magnetic susceptibility,
and Gamma Ray Attenuation (GRA) bulk density, were also examined. The high-resolution color reflectance
b* record (2–4 kyr) [Pälike et al., 2010; Wilkens et al., 2013] matches the 400 kyr cycles at 16.0–15.2Ma and
13.9–12.9Ma and, as described above (see section 2.4), shows good agreement with the 100 kyr cycles
(Figure S4). The high-resolution record of magnetic susceptibility (2–3kyr) [Pälike et al., 2010; Wilkens et al.,
2013] matches well with the 400kyr cycles between ~14.5 and 13.4Ma and the 100kyr cycles at 16.0–15.5Ma,
~14.1–13.8Ma, and ~13.5–12.9Ma (Figure S5). The high-resolution record of GRA bulk density (2–3 kyr) [Pälike
et al., 2010;Wilkens et al., 2013] matches the long eccentricity cycles between ~14.4 and 13.6Ma, and the record
agrees with the short eccentricity cycles at 16.0–15.2Ma, at 14.9–14.7Ma, and at ~13.5–12.9Ma (Figure S6).

Low δ18O values are associated with darker colored sediment bands (between 46.8 and 31.8 rmcd,
corresponding to 15.9–14.6Ma) (Figure 5), containing more radiolarians and clay [Pälike et al., 2010], and
are related to short warm intervals, when there was minimum ice volume and poor ventilation of the deep
eastern Pacific during the Middle Miocene Climate Optimum [Holbourn et al., 2007, 2014; Lear et al., 2000;
Shevenell et al., 2008; Zachos et al., 2001b]. Furthermore, the sediment parameters magnetic susceptibility
and Gamma Ray Attenuation (GRA) bulk density are correlated with the darker colored sediment bands
(Figure 5, see supporting information Text S1). These darker bands are related to carbonate dissolution
events during warm intervals (see supporting information Text S1 for further explanations).

Figure 3. Comparison of benthic stable isotope time series of Site U1336 in green with U1337 in purple [Tian et al., 2013] and U1338 in orange [Holbourn et al., 2014].
Grey lines show the stable isotope record of Site U1336 overlapping with the ones of Sites U1337 and U1338 for direct comparison. The age of each stable isotope
record is based on a different tuning approach, following the published agemodels for Sites U1337 [Tian et al., 2013] and U1338 [Holbourn et al., 2014]. Colored bands
illustrate the carbon isotope maximum events (CM) of the Monterey Excursion (subdivisions by Holbourn et al. [2007]). The polarity stratigraphy of Site U1336
[Ohneiser et al., 2013; Pälike et al., 2010], based on the color reflectance b* age model (see also Table S3), is provided for comparison.
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3.3. Comparison of the Benthic Foraminiferal δ18O and δ13C Between Sites U1336, U1337, and U1338

Comparison of the benthic foraminiferal stable isotope records shows close similarity between the three sites,
given that the long-term trends as well as the amplitudes and timing of the carbon isotope and climate
events agree well.

Figure 4. (a) δ18O data of Site U1336 (green) shown for 16.0–14.6 Ma, including the time interval with highest resolution
(1.7–5.1 kyr temporal resolution). The record is compared with that of Site U1338 (orange) [Holbourn et al., 2014]. The
δ18O data of U1336 clearly indicate short eccentricity cycles (100 kyr) in agreement with the record of Site U1338. The
record of U1338 was offset by +0.7‰ to facilitate comparison. (b) The 100 kyr filtered δ18O record of Site U1336 (red) is
compared to the 100 kyr filtered eccentricity of Laskar et al. [2004] (blue).

Figure 5. Benthic foraminiferal δ18O and δ13C, and lithological proxy data of Site U1336 plotted on top of the core splice image from 48 to 12 rmcd (16–13Ma).
Revised depth scale and data for GRA bulk density, magnetic susceptibility, and the splice image are adopted from Wilkens et al. [2013]. GRA bulk density data
(black) are inversely correlated, and magnetic susceptibility (yellow) is positively correlated with darker colored bands in the sediment. δ18O (blue) also correlates
with the sediment color, unlike δ13C (red). In the interval from 46.8 to 31.8 rmcd, short eccentricity cycles (100 kyr) correspond to the darker colored bands. The
ages of the isotope decreases (δ18O) coinciding with these bands are shown below the x-axis. Carbon isotope maxima events (CM) of the Monterey Excursion are
given above the splice image and indicate the depth range of each event. Black bars mark the depth, where missing 100 kyr cycles are located. For further
explanations, see supporting information Text S1.
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The highest δ13C values of the Monterey Excursion (16.9–13.5Ma) occurred during the carbon isotope events
CM 3b, CM 4a, and CM 6 (Figure 3). The maximum δ13C values of the three sites range between 1.8 and 2.0‰
during CM 3b and between 1.7 and 2.0‰ during CM 4 [Tian et al., 2013; Holbourn et al., 2014]. During the
CM 6 event, the δ13C values are between 1.8 and 2.1‰ [Tian et al., 2013; Holbourn et al., 2014] (Figure 3).

A marked δ18O minimum, centered at ~15.6Ma, can be clearly identified in all three records (Figure 3). This
δ18Ominimumwas accompanied by a sharp decline in δ13C. The δ18O values decrease to 0.74‰, 0.63‰, and
0.67‰, the δ13C values decline to 0.77‰, 0.82‰, and 0.76‰ at Sites U1336, U1337 [Tian et al., 2013], and
U1338 [Holbourn et al., 2014], respectively (Figure 3).

Between 13.9 and 13.7Ma, δ18O increases rapidly by 0.95‰ at Site U1336, in agreement with the measured
changes at Sites U1337 (1.04‰) [Tian et al., 2013] and U1338 (1.32‰) [Holbourn et al., 2014]. The concurring
shift in δ13C is 0.92‰ at Site U1336 and is comparable to 0.88‰ and 0.90‰ at Sites U1337 [Tian et al., 2013]
and U1338 [Holbourn et al., 2014], respectively (Figure 3).

Although the δ18O signatures of Site U1336 are comparable to that of Site U1338 (and Site U1337) through-
out the entire investigated interval, discrepancies greater than the 2σ measurement uncertainty exist
between the δ13C records. The U1336 δ13C record seems more variable within event CM 4 with partially
higher values (by up to 0.5‰) between 15.2 and 15.0Ma, when maxima and minima values are compared
between the sites (Figure 3). The δ13C record also shows increased values compared to Site U1338 between
13.4 and 13.0Ma with offsets varying between 0.2 and 0.4‰. The δ13C values of Sites U1336 and U1337 agree
well between 15.2 and 15.0Ma, but the δ13C values of Site U1336 are higher (by up to 0.5‰) between ~14.5
and 14.0Ma and between 13.4 and 13.1Ma (by 0.3‰) (Figure 3). Further, the onset of event CM 6 occurred
40–70 kyr earlier at Site U1337 (13.99Ma) and at Site U1336 (13.96Ma) than at Site U1338 (13.92Ma), but this
most likely results from the different tuning approaches applied.

3.4. SEM Imaging of Benthic Foraminiferal Tests of Sites U1336, U1337, and U1338

Under the light microscope, tests of all three sites from 16 to 13Ma were opaque and no visual distinction
could be made between tests from the different sites. However, a few specimens within one sample of
Site U1336 appeared poorly preserved compared to the others. SEM images of broken tests and test wall
cross sections suggest that tests of all three sites are recrystallized to a certain extent, although tests from
the middle Miocene cooling (~13.9Ma) appear better preserved (not shown here), based on their microgra-
nular texture, than tests from the peak warmth event during the Miocene climate optimum (~15.6Ma)
(Figure 6). Test wall cross sections of all three sites from ~15.6Ma show micron-sized crystals (red arrows)
(Figures 6d and 6e). Calcite overgrowth in the form of bulky micron-sized crystals on the inner and outer sur-
face has been noted for some specimens from ~15.6Ma at all sites. However, tests from Site U1338 appear
better preserved during this time interval than tests from the other sites (Figures 6c and 6f).

4. Discussion
4.1. Comparison of the Carbon Isotope Events

The stable isotope record of Site U1336 exhibits a good agreement with the high-resolution records of Sites
U1337 (3–4 kyr) [Tian et al., 2013] and U1338 (1–3 kyr) [Holbourn et al., 2014] (Figure 3). The onset of the
carbon isotope excursion CM 4a is marked by a δ18O minimum and inferred peak warmth episode centered
at ~15.6Ma clearly recognizable in all three records (Figure 3). This abrupt warming was associated with a
sharp decline in δ13C with a similar amplitude as for δ18O (see section 3.3; Figure 3). The peak warmth interval
was also identified at the subtropical Ocean Drilling Program (ODP) Sites 1146 (South China Sea) and 1237
(Nazca Ridge, off Peru) [Holbourn et al., 2005, 2007]. At Site U1338, the pronounced decrease in δ18O and
δ13C is accompanied by a minimum in carbonate content [Holbourn et al., 2014].

The intense ~1‰ increase in δ18O at Sites U1336, U1337, and U1338 between ~13.9 and 13.8Ma marks the
onset of the global Miocene cooling and is associated with the onset of event CM 6 [e.g., Holbourn et al., 2005,
2007; Miller et al., 1991; Shackleton and Kennett, 1975;Woodruff and Savin, 1991]. The covarying benthic δ18O
and δ13C data of Sites U1336, U1337, and U1338 during the interval 16.0–14.2Ma (Figure 3) indicate that
global ice volume and deep water temperature changes largely coincided with changes in the global carbon
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cycle on orbital timescales [e.g., Flower and Kennett, 1993, 1994; Kirtland Turner, 2014; Pälike et al., 2006; Ma
et al., 2011; Vincent and Berger, 1985; Zachos et al., 2008, 2010].

The observed deviations in δ13C values (by comparing maxima and minima values) between Sites U1336,
U1337, and U1338, especially during event CM 4 (15.2–15.0Ma, see section 3.3), may have been caused by
small changes in productivity due to different paleolatitudes (see Figure 1). These offsets may also result from
different tuning approaches and/or different resolution of the isotope records as the temporal resolution of Site
U1336 is lower compared to the other sites, therefore possibly missing smaller events. The δ13C values of Sites
U1337 and U1338 do not differ markedly, except for the time intervals 14.96–14.85Ma and 14.24–14.13Ma, the
latter difference most likely resulting from the different age models used (Figure 3). Both sites were still in the
equatorial zone of high primary productivity during the entire investigated time interval (Figure 1) [Pälike et al.,
2010], which possibly resulted in consistency between the δ13C data due to similar productivity in the upper
ocean. In contrast, Site U1336 traveled out of the high-productivity zone at ~23Ma (see also Figure 1) [Pälike
et al., 2010], resulting in decreased surface water production above Site U1336 in comparison to the other sites.
In general, the benthic δ13C signal is influenced by local primary productivity and deep water circulation in
addition to changes in the global carbon reservoir [e.g., Belanger et al., 1981; McCorkle et al., 1995]. Due to
the proximity of the three sites, deep water circulation can be assumed to be identical at the sites, which
is confirmed by similar deep water δ13C values [e.g., Key et al., 2004; Kroopnick, 1985]. However, at the water
sediment interface δ13C can be quite different due to the remineralization of organic material. In general,
organic material, formed in the mixed layer, is depleted in 13C and when it sinks to the deep ocean, it is
remineralized lowering the δ13C of the inorganic carbon pool of the deep ocean and at the water sediment
interface [e.g.,Mackensen et al., 1993;McCorkle et al., 1995;Woodruff and Savin, 1991]. The remineralization of
organic matter can result in lower δ13C values of benthic foraminiferal tests (by up to ~0.6‰) underneath
high-productivity zones compared to areas with less surface production [e.g., Mackensen et al., 1993]. Less
13C-depleted carbon may have been incorporated into benthic foraminiferal tests of Site U1336 resulting
in elevated benthic δ13C values compared to the values from Sites U1337 and U1338. The observed positive
offset in δ13C values between Sites U1336 and U1338 during 15.2–15.0Ma (Figure 3) could also result from
carbonate dissolution and subsequent early recrystallization because recrystallized tests tend to have
elevated δ13C values compared to well-preserved contemporaneous tests [e.g., Pearson et al., 2001; Sexton

Figure 6. SEM images of broken C. mundulus tests from Sites (a, d) U1336, (b, e) U1337, and (c, f) U1338 from sediment
sections from ~15.6Ma. Red squares indicate the location of the wall cross sections of the same tests from Figures 6a–6c.
Generally, SEM images suggest that none of the specimens are pristine as the texture of the cross sections showmicron-sized
crystals (red arrows), indicated by the 1μm bar in Figure 6d. Preservation seems to be best for Site U1338, and tests from Site
U1336 are less well preserved as they also show evidence of secondary calcite overgrowth.
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et al., 2006]. This, in turn, would imply that Site U1337 is also recrystallized for that time interval, since the
δ13C values of Sites U1336 and U1337 show similar values, although shipboard analysis of Site U1337
indicated good test preservation and SEM images (Figures 6b and 6e) also suggest at least moderate
preservation. Even though the possibility of recrystallization affecting the δ13C values cannot entirely be
ruled out, it seems unlikely that detectable changes in δ13C only occurred in this interval. Therefore, slight
offsets (up to 0.4–0.5‰ in δ13C) caused by decreased primary productivity are the best explanation for the
small deviations in δ13C between Sites U1336 and U1338.

4.2. Robustness of Benthic Foraminiferal Stable Isotopes as Paleoceanographic Proxies

In addition to the similar shifts in timing and magnitudes of the Site U1336 benthic foraminiferal stable iso-
tope record to those of the better preserved sites nearby (Figure 3), even the finer details of the stable isotope
record agree well with high-resolution records of Sites U1337 [Tian et al., 2013] and U1338 [Holbourn et al.,
2014] (Figure 3) and the high-resolution record (~4–9 kyr) of the subtropical ODP Site 1237 [Holbourn et al.,
2005, 2007]. However, the 87Sr/86Sr ratio of bulk sediments at Site U1336 suggests active recrystallization
in the sediment column below 100 rmcd (> 20Ma) [Voigt et al., 2015]. Between 14.7 and 12.5Ma, the
U1336 bulk carbonate Sr/Ca ratios are ~1.80mmol/mol but decrease to an average of 1.37mmol/mol
between 16.0 and 15.3Ma (Figure S7) [Voigt et al., 2015]. This low value is comparable to the more recrystal-
lized ODP Sites 806 and 807 with contemporaneous average bulk carbonate Sr/Ca ratios of 1.46 and
1.41mmol/mol, respectively (Figure S7) [Delaney and Linn, 1993], indicating geochemical alteration of the
bulk carbonates of U1336 between 16.0 and 15.3Ma (Figure S7) [Voigt et al., 2015]. SEM images imply that
the benthic foraminiferal tests of the Sites U1336–U1338 are recrystallized to a certain extent within this inter-
val (Figure 6); however, we find similar benthic foraminiferal stable isotope values (within 2σ measurement
uncertainty) between the sites (Figure 3), suggesting minor alteration of the geochemical signatures of
benthic tests.

Based on benthic foraminiferal stable isotope data from Oligocene sections (~30-33Ma) from the eastern
equatorial Pacific close to the sites investigated here, Edgar et al. [2013] suggested that recrystallization
occurred relatively quickly (< 10Ma) after burial at shallow depths (< 100m) to maintain the original geo-
chemical signal. This hypothesis is confirmed in the upper sections of Site U1336 where the radiogenic Sr iso-
tope (87Sr/86Sr) data suggest fast recrystallization of bulk carbonates (within ~1.5Ma) after burial (Figure S1)
[Voigt et al., 2015]. In order to preserve the original δ18O and δ13C signals, the benthic foraminiferal tests pos-
sibly recrystallized in a water mass similar to that during calcification, as the uppermost pore waters have a
temperature and isotopic composition similar to bottom seawater [Edgar et al., 2013; Pearson et al., 2001;
Schrag, 1999; Schrag et al., 1995]. On the other hand, the orbital scale similarity of the benthic foraminiferal
stable isotope values of the investigated sites implies that the tests recrystallized on much faster timescales
(within< 100 kyr), confirmed by the preservation of orbital cyclicity (100 kyr and 400 kyr) at Site U1336
(Figures 2 and 4). Recrystallization of the tests in sediment depths below diffusive exchange with bottom sea-
water and pore waters (~5–10m at Sites U1336–U1338, corresponding to ~1–3Myr) would result in much
lower δ18O values (see Table 1, late recrystallization). Although it is still debated whether biogenic and inor-
ganic carbonates precipitate in isotopic equilibrium with seawater, pore waters, in which recrystallization
occurs, possibly reflect δ18O and δ13C equilibrium conditions, since pore water processes are thought to be
very slow and thus are close to isotopic equilibrium [e.g., Dietzel et al., 2009; Kim and O’Neil, 1997; McCrea,
1950; O’Neil et al., 1969; Zeebe, 1999; Zeebe et al., 1999]. This is supported by Ca isotope data, which suggests
conditions close to equilibrium with pore waters, meaning no kinetic effects [e.g., Böhm et al., 2012; DePaolo,
2011; Fantle and DePaolo, 2007]. In Table 1, the composition of secondary inorganic calcite that would preci-
pitate from Site U1336 pore waters during the middle Miocene was estimated. Using these values, the
amount of geochemical alteration that is needed to detect a change in the benthic foraminiferal isotope
composition was calculated (see Table captions and section 2.3). The recrystallized δ18O composition was
estimated following two scenarios: (1) early recrystallization within the first 1–3 Myr in shallow depths near
bottom waters and (2) a late phase of recrystallization in sediments older than 10Ma, as observed at Site
U1336 [Voigt et al., 2015], using pore water δ18O data from nearby sites [Lawrence et al., 1975]. Three time
intervals were chosen and represent the Middle Miocene Climate Optimum with low δ18O values
(16.0–15.2 Ma), the Miocene cooling event with ~1‰ increase in the δ18O values (13.9–13.8Ma), and
the subsequent cold icehouse mode (13.5–13.2 Ma). For simplicity, it is assumed that the secondary
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calcite is formed in isotopic equilibrium with the fluids that it precipitated from. The average benthic
stable isotope signature of Site U1338 [Holbourn et al., 2014] during each time slice was adopted to
represent primary biogenic calcite. The δ18O values of inorganic calcite that would precipitate from
the uppermost pore waters during early recrystallization are similar (within 2σ measurement uncer-
tainty) to the primary foraminiferal δ18O values for the time intervals 13.5–13.2 Ma and 13.9–13.8 Ma.
During the time interval 16.0–15.2 Ma, a high percentage of inorganic calcite (85%) is needed to change
the benthic δ18O values above measurement uncertainties. These results confirm that recrystallization
could have occurred very rapidly after burial (< 100 kyr, see section 4.1) because even complete
recrystallization of the benthic tests results in negligible alteration (within 2σ measurement uncertainty)
of the δ18O signatures, except for the time interval 16.0–15.2Ma (Table 1). For any late stage recrystallization,
the difference between inorganic calcite and benthic foraminiferal δ18O values is large (0.6–3.3‰), so the per-
centage of recrystallized calcite needed to change the benthic δ18O values detectably (by 2σ measurement
uncertainty) is small (between 7.2% and 13%) for the time intervals 13.5–13.2Ma and 13.9–13.8Ma (Table 1).
The difference between U1338 (primary calcite values in Table 1) and U1336 δ18O values cannot be explained
by the addition of inorganic calcite during early or late recrystallization as the average U1336 δ18O values are
higher than the estimated recrystallized δ18O composition. It is possible that the temperature and bottomwater
δ18O data used to calculate the inorganic calcite composition are not entirely appropriate (data are from ODP
Site 761, off northwest Australia [Lear et al., 2010], which were still in exchange with Pacific waters during
the middle Miocene), but no data for the middle Miocene exist from the equatorial Pacific. Despite this, the
benthic isotope data from Site U1338 can be assumed to represent primary calcite as they agree well with
the benthic Pacific trend data of Cramer et al. [2009] for the time slices investigated, except for 16.0–15.2Ma,
where the U1338 δ18O values are higher by 0.2‰, possibly caused by lower temperatures in the upwelling area.
The average δ13C values of Site U1336 are higher than those of U1338 (primary calcite) and therefore suggest
detectable recrystallization of 22% and 29% for the time intervals 13.9–13.8Ma and 16.0–15.2Ma, respectively
(Table 1). However, the δ18O values indicate very good preservation of the geochemical signature of the U1336
tests, and δ18O is more sensitive to recrystallization than δ13C [e.g., McCorkle et al., 1995; Pearson et al., 2001;
Sexton et al., 2006]. Therefore, this discrepancy between the δ13C values of Sites U1336 and U1338 might be
explained by their geographic location and thus different surface productivity during the time intervals instead
of recrystallization (see section 4.1). Nevertheless, it is surprising that the amount of recrystallization required to
shift the δ18O detectably is the highest at the time interval 16.0–15.2Ma for both scenarios (85 and 40%,
Table 1). This might suggest low contribution of inorganic calcite during this time interval, although the Sr
proxies of the bulk sediment and pore waters (Sr/Ca and 87Sr/86Sr ratios) show increased recrystallization in
sediments older than 14.7Ma (Figures S1 and S7) [Voigt et al., 2015]. Further, SEM images of the benthic forami-
niferal tests of Site U1336 clearly show some degree of recrystallization indicating that the tests from Site U1336
are less well preserved compared to tests from Site U1338 (Figure 6) (see section 3.4); nevertheless, the stable
isotope data suggest negligible intersite offsets (Table 1). This lack of intersite offsets regarding timing and
amplitudes of isotopic changes, further implies minimal geochemical alteration of the isotopes during early
stage recrystallization as diagenetic alteration is expected to reduce the amplitude of stable isotope signatures
similar to diminishing interspecies differences in stable isotope values [e.g., Pearson et al., 2001, 2007]. These
results suggest that benthic foraminiferal tests preserve the original geochemical signature during the investi-
gated time intervals (16–13Ma). Therefore, only minor, if any, geochemical alteration of the stable isotope
signatures occurred early after burial (within< 100 kyr, corresponding to 1.2–4.7m) at very shallow sediment
depths. However, it cannot be ruled out that benthic foraminiferal stable isotope compositions of Site U1336
are more severely affected by recrystallization in the deeper, more active sediment section (> 100m,
corresponding to > 20Ma).

Edgar et al. [2013] suggested that burial depth and sedimentation rates do not influence the diagenetic
alteration of benthic foraminiferal stable isotopes. The difference in burial depth between the shallowest
(U1336, 192 rmcd) and the deepest buried site (U1337, 498 rmcd) is larger than at the sites investigated by
Edgar et al. [2013]. Similar to the sites studied by Edgar et al. [2013], the lithologies of the sites investigated
here consist of mainly nannofossil ooze (see section 2.1) with some chalky intervals within the lower sections
of Sites U1337 and U1338 [Pälike et al., 2010]. Sites U1337 and U1338 experienced higher sedimentation rates
than U1336 [Pälike et al., 2010], but the δ18O data of all three sites are nevertheless in good agreement
(Figure 3) confirming little influence of burial depth on these benthic stable isotope data. In contrast to the
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previous study by Edgar et al. [2013], the resolution of the records compared here is higher reaching 9 kyr on
average for Site U1336 compared to 20 kyr. This higher temporal resolution allows a more detailed
comparison of the stable isotopes between the sites and shows a good agreement throughout the entire
studied time interval. Although the sites investigated by Edgar et al. [2013] comprise older sediments
(Eocene–Oligocene) and are thus comparable to Site U1336, the bulk carbonate radiogenic Sr isotopes of
Site U1334, one of the sites studied by the authors, do not suggest a late stage of recrystallization as observed
at Site U1336 [Voigt et al., 2015]. In addition, several Sr parameters (including 87Sr/86Sr, δ88/86Sr, and Sr/Ca)
indicate that Site U1336 bulk carbonates are more extensively altered than those at Site U1334 [Voigt
et al., 2015]. The fact that Sites U1334 and U1336 are of similar age but have different diagenetic histories
strengthens the finding that foraminiferal stable isotope signatures are only slightly influenced by diagenetic
alteration [see also Edgar et al., 2013] even in the severely altered sediment sections of Site U1336. However,
this needs to be tested further in older sediments at Site U1336.

Another parameter that is expected to change the foraminiferal δ18O signature of calcite as it recrystallizes
is the geothermal gradient (see also Table 1). Oxygen isotope fractionation is temperature dependent,
resulting in lower δ18O values at higher temperatures with a decrease in the fractionation factor by
0.00023 per Kelvin [e.g., Kim and O’Neil, 1997]. The geothermal gradients of Sites U1337 and U1338 are
similar, showing values of 32.4°C/km and 34.4°C/km, respectively [Pälike et al., 2010]. Unfortunately, no in
situ temperatures were measured at Site U1336 but a comparison of pore water Mg/Ca gradients with
other sites in the region suggests a much steeper thermal gradient for Site U1336 (~79°C/km), which is
considered to be the primary driver of carbonate recrystallization at this site [Voigt et al., 2015]. Bulk carbo-
nates of Site U1336 are more altered due to the influence of the high geothermal gradient [Voigt et al.,
2015], although the Miocene section has a shallower burial depth compared to the other sites [Pälike
et al., 2010]. Nevertheless, the U1336 δ18O data are similar to the U1337 and U1338 δ18O records
(Table 1 and Figure 3). Furthermore, the temperature range for the investigated depth interval at Site
U1336 is 2.4–5.3°C using the geothermal gradient and the bottom temperature of 1.46°C in the study area
[Pälike et al., 2010], whereas the sediment temperatures of the depth range corresponding to the time interval
16–13Ma are twofold to threefold higher at Sites U1337 and U1338 [Pälike et al., 2010]. Therefore, chemical
alteration of tests from these two sites would result in lower δ18O values (by ~1.4–2.5‰) compared to Site
U1336 during the investigated time interval, which is not observed. Therefore, any influence of the geother-
mal gradient on δ18O and δ13C signatures was obviously too small to cause any significant changes in the iso-
topic compositions of the benthic foraminiferal tests.

4.3. Integrating Magnetostratigraphy and Isotope Stratigraphy

Unfortunately, the paleomagnetic signal of Sites U1337 and U1338 was compromised during the mid-
Miocene by reductive diagenesis, possibly by the dissolution of magnetite [Pälike et al., 2010]. Our new
benthic stable isotope data allow the well-resolved paleomagnetic stratigraphy of Site U1336 to be
transferred to Sites U1337 and U1338 by correlating the U1336 stable isotope stratigraphy to those sites
(Table S3 and Figure 3). To assess the reliability of this, we compare the independent orbital tuning of Site
U1336 (color reflectance b*) (orbital age model hereafter) with the age model based on paleomagnetic data
(“Chron” age model hereafter) [Ohneiser et al., 2013] (Figure 7; see also supporting information Text S2). The
orbital tuning of color reflectance b* can be directly related to the benthic foraminiferal stable isotopes since
the changes in the isotope record are reflected in the lithology of the succession (see supporting information
Text S1). The Chron agemodel for the interval 16–13Ma relies on relatively few reversals and thus cannot rival
the fidelity of orbitally tuned, high-resolution records, such as the foraminiferal stable isotopes of Sites U1337
and U1338 or the color reflectance of Site U1336. This may explain the discrepancies between the Chron and
orbital age model resulting in offsets ranging from 32 to 171 kyr (Table S2 and Figure 7). A recent study
showed that the CaCO3 content data of Site U1336 were offset by ~100 kyr at ~17Ma, when adjusted to
the Chron age model from Ohneiser et al. [2013] [Keegan Wilson, 2014, see Figure 13 therein]. Only two
magnetic age points exist between 15.9 and 15.2Ma (Table S2), suggesting constant sedimentation rates
within this time interval which clearly does not agree with the detailed sedimentation rates derived from
the orbital age model resulting in large offsets within this interval (Figure 7; see also supporting information
Text S2). The largest differences between the agemodels occur within Chrons C5Bn.2n-C5ADn (15.2–14.2Ma)
(Figure 7), where the magnetostratigraphy is less well constrained due to different possible calibrations
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[Ohneiser et al., 2013]. The time interval thereafter (14.2–13.0Ma) has lower offsets with an average of 83 kyr
suggesting a better correlation between the age models (Table S2) except for the short intervals at
14.0–13.9 Ma and 13.7–13.5 Ma, where the sedimentation rates markedly differ (Figure 7; see also sup-
porting information Text S2). These differences between the models most likely result from the amount
and choice of tie points but also suggest that high-resolution stable isotopes and color reflectance
records are more sensitive to regional and global events. However, considering these caveats resulting
in uncertainties of ~100 kyr, the overall good agreement between the stable isotope records allows the
mid-Miocene magnetostratigraphy of Site U1336 to be transferred to Sites U1337 and U1338.

5. Conclusions

Although the bulk sediments of Site U1336 show increased and persistent recrystallization in sediments
older than 14.7Ma, the benthic foraminiferal stable isotope record is in good agreement with high-
resolution records in better preserved sediment successions at Sites U1337 and U1338. All carbon isotope
events of the Monterey Excursion can be clearly identified within the investigated interval (16–13Ma). The
absolute values and amplitudes of δ18O and δ13C signatures compare well with those from the neighboring
Sites U1337 and U1338. Long eccentricity cycles (400 kyr) are clearly evident in the δ13C record and within
the interval of 15.5–14.7Ma even the short eccentricity cycles (100 kyr) can be distinguished. The close
resemblance of the new stable isotope data of Site U1336 to the records of Sites U1337 and U1338 allows
the well-resolved paleomagnetic results of Site U1336 [Ohneiser et al., 2013] to be transferred to Sites
U1337 and U1338 improving the global geological timescale. Benthic foraminiferal stable isotope signa-
tures of Site U1336 experienced no detectable effect from recrystallization indicating that benthic forami-
nifera preserved much of the original geochemical signal despite recrystallization of the bulk sediments
and to a lesser extent of the benthic foraminiferal tests. This can be explained by extremely fast recrystalli-
zation (within< 100 kyr) after burial at shallow sediment depths as the orbital cyclicity (100 kyr and 400 kyr
cycles) is still preserved at Site U1336, whereas recrystallization of the tests over longer timescales would
reduce the signal power of these cycles. The tests must have recrystallized in the uppermost pore waters,
which have a temperature and isotopic composition similar to bottom seawater, resulting in negligible
offsets from primary δ18O and δ13C values. Therefore, benthic foraminifera in carbonate-rich sediments
of Miocene age and younger can reliably be used for isotope analyses, establishment of stratigraphies,
and paleoceanographic reconstructions.

Figure 7. Comparison of the calculated sedimentation rates of Site U1336 based on the age model of color reflectance b*
(black) and the age model derived from paleomagnetic data (red) [Ohneiser et al., 2013]. The polarity stratigraphy of Site
U1336, based on paleomagnetic data [Ohneiser et al., 2013; Pälike et al., 2010], is given for comparison.
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