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A B S T R A C T

For the standards SRM(NIST) 987, EN-1, and E&A, we present compilations of 87Sr/86Sr from the literature, and 
125 new measurements of 87Sr/86Sr, to arrive at recommend values of 0.710 248, 0.709 172, and 0.708 021 
respectively, for normalising 87Sr/86Sr data for use in Sr-isotope stratigraphy. Using these standards, inter
laboratory comparison of 87Sr/86Sr data is, nevertheless, impaired by residual bias of up to 0.000 072 that is not 
removed by normalisation of 87Sr/86Sr data to accepted values for standards. We also provide a new reference 
curve of 87Sr/86Sr against time for the period 11 to 20 Ma that is based on high-precision (± 0.000 003, 2 s.e.) 
analysis of 8 7Sr/86Sr in microfossil calcite from the ODP Sites 1146 and 1264, and IODP Sites U1337 and U1338. 
Ages for Site U1338 are calibrated by bio-magnetostratigraphy, whilst the others are calibrated by astrochro
nology, within which anomalies of up to 1.0 myrs are noted. With literature data, we extend the curve to 0 and 
32 Ma. We show that the previous 87Sr/86Sr reference curve for the interval 0 – 7 Ma, that of Farrell et al. (1995) 
for Site 758 in the southern Bay of Bengal, is compromised by riverine influences from the Ganges/Brahmaputra 
rivers: differences between that curve and our new curve are interpreted to be a proxy for the intensity of the 
Indian summer monsoon. Finally, for Site 1120, a new age-model is presented, based on 87Sr/86Sr, in order to test 
the biostratigraphic age-model for the site, which is found to be good. This work shows that integrated ap
proaches to improving the chronological framework of Cenozoic successions should include Sr-isotope 
stratigraphy.

1. Introduction

In 1948, Frans Wickman suggested that the 87Sr/86Sr of Sr in the 
oceans had increased linearly through geologic time and proposed that 
that increase could be used to date marine precipitates, such as car
bonate and gypsum (Wickman, 1948). Early tests of the suggestion 
(Peterman et al., 1970; Dasch and Biscaye, 1971; Veizer and Compston, 
1974) showed a variable 87Sr/86Sr through time and not the linear in
crease suggested. Subsequent work led to the first Phanerozoic curve of 
marine-87Sr/86Sr through time (Burke et al., 1982) and the first detailed 

Cenozoic curve (DePaolo and Ingram, 1985; DePaolo, 1986) for use in 
dating and for modelling exogenic cycles. Since then, numerous workers 
have improved the Cenozoic reference curve for use in Sr-isotope stra
tigraphy (SIS; Miller et al., 1988, 1991; Hodell et al., 1989, 1990, 1991; 
Oslick et al., 1994; Hodell and Woodruff, 1994, Mead and Hodell, 1995; 
Farrell et al., 1995; Martin et al., 1999; Reilly et al., 2002; McArthur 
et al., 2006; Ando et al., 2011).

In the decades since completion of the work cited above, improve
ments have occurred in the precision with which 87Sr/86Sr can be 
measured and in the ability to recover complete (spliced) cores of 
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Cenozoic deep-sea sediments and accurately date them. We build on 
these improvements to revise the Neogene reference curve for 87Sr/86Sr.

To anchor our curve to standards, we determined the best values of 
87Sr/86Sr for the standards in use for SIS (SRM987, EN-1, and E&A) both 
by measurement and by statistical analysis of literature data. That pro
cess highlighted the problem of interlaboratory bias, and residual 
interlaboratory bias, the latter being the bias in measurement of 
87Sr/86Sr between laboratories that remains after normalisation of 
87Sr/86Sr to a common standard.

Having established the accuracy of our analysis, we then present a 
new curve for the interval 11 – 20 Ma, based on high-precision analysis 
for 87Sr/86Sr (± 0.000 003, 2 s.e.) in microfossils from the [I]ODP cores 
from Sites 1146, 1264, U1337, and U1338 (Fig. 1). Using the new curve, 
we revise the depth/age model for ODP Site 1120 (Fig. 1; Carter et al., 
1999; Ando et al., 2011), the only other Neogene site with a high- 
precision (± 0.000 005) record of 87Sr/86Sr versus depth. We then 
extend the curve to 0 and 32 Ma using literature data, after suitable 
revision.

In doing the above, two difficulties were encountered. Firstly, in 
trends of 87Sr/86Sr against astrochronometric (CENOGRID) ages, data 
for Sites 1146 and U1338 are offset by up to 1.0 myrs and some data for 
Site 1264 appear anomalous by up to 0.24 myrs. We therefore developed 
local age models based on 87Sr/86Sr for these small intervals. The 
anomalies suggest that small parts of the depth-age models for Sites 
1146, 1264, and U1338, need re-evaluation. Secondly, the previous 
87Sr/86Sr curve for the interval 0 to 7 Ma, that of Farrell et al. (1995)
based on ODP Site 758 in the Bay of Bengal (Fig. 1), appears to be biased 
by riverine influence from the Ganges and Brahmaputra rivers, both of 
which have exceptionally high 87Sr/86Sr. That reference curve can no 
longer be considered reliable for SIS but has another value: differences 
between Farrell et al. (1995) and our new curve, which is based on open- 
ocean sites unaffected by river influence, are interpreted as showing 
changes in the intensity of the Indian summer monsoon.

These complexities have implications for the use of high-precision Sr- 
isotope stratigraphy (SIS). It can provide independent testing of other 
chronological approaches (e.g., bio-magneto-chemo-stratigraphy; 
astrochronology) and should be incorporated within an integrated 
stratigraphic approach to test and improve marine chronology.

2. Samples and methods

2.1. Samples and Sites

To obtain our marine-87Sr/86Sr curve for the interval 11 – 20 Ma, we 
analysed samples from deep-sea cores from Ocean Discovery Program 
(ODP) Sites 1146 (North China Sea) and 1264 (Southeast Atlantic), and 
Integrated Ocean Drilling Programme (IODP) Sites, U1337 and U1338 
(Eastern Equatorial Pacific).

Depth and age models mostly follow CENOGRID (Westerhold et al., 
2020) and are based on the following: Site 1146 composite depth (rmcd) 
from Holbourn et al. (2018) and astrochronology from De Vleeschouwer 
et al. (2020); Site 1264 composite depth (rmcd) from Drury et al. (2021)
and astrochronology from Liebrand et al. (Liebrand et al., 2016; verified 
in Drury et al., 2021). For Site U1337, we use both CENOGRID ages and 
the age-depth model of Hilgen (2025). Of our twenty-three samples from 
U1337, only nine came from cores common to both us and Hilgen 
(2025), so only nine Hilgen-ages are directly available for U1337. 
Nevertheless, they spread over a useful age-range. To the age-depth 
models used, we made adjustments where necessary using a 87Sr/86Sr- 
based chronology. Complementary ages from CENOGRID comprise the 
composite depths (rmcd) from Wilkens et al. (2013) including the minor 
revision from Lyle et al. (2019) and astrochronology by Kochhann et al. 
(2016) and Holbourn et al. (2015, 2022, 2024). For Site U1338, we use 
the bio-magneto-stratigraphic age calibration of Backman et al. (2016)
rather than the astrocalibration used in CENOGRID because, despite 
close agreement (Fig. 2; data for this figure are in the Supplementary 
Infomation), the differences between the two is neither random with age 
nor does it display cyclicity, and because our trend of data from U1337 
fits better, after extrapolation, with the biostratigraphic ages for U1338 
than with the astrochronometric ages. For compilations, see Westerhold 
et al. (2020), Holbourn et al. (2022, 2024) and Hilgen (2025).
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Fig. 1. Location of ODP/IODP Sites mentioned in this work. Base map from 
https://www.waterproofpaper.com/printable-maps/world.shtml
758. Northern Indian Ocean, Bay of Bengal. 5 ◦ 23.04́ N, 90◦ 21.67′ E 2925 m. 
water depth. 
1120. Campbell Plateau. 50◦ 3.82′ S, 173◦ 22.30′ E; 543 m. water depth. 
1146. South China Sea. 19◦ 27.40′ N, 116◦ 16.37′ E; 2091 m. water depth. 
1264. South-east Atlantic Ocean; Walvis Ridge. 28◦ 31.96′ S, 2◦ 50.73′ E 
U1337. Equatorial Pacific Ocean. 3◦ 50.009′ N, 123◦ 12.352′ W; 4463 m. water 
depth. 
U1338. Equatorial Pacific Ocean. 2◦ 30.469′ N, 117◦ 58.178′ W; 4200 m. 
water depth.
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Fig. 2. For U1338, the difference is shown between the numeric ages given in 
the compilation by Holbourn et al. (2024) and those derived from the bio- 
magneto-stratigraphy of Backman et al. (2016). Dotted blue vertical lines are 
drawn at 41 kyrs and 100 kyrs from zero. The data used to construct this figure 
are in the Supplementary Information. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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2.2. Sample Preparation and preservation

Plugs of 20 g were washed of fines to isolate the fraction >250 μm, 
which comprised mostly foraminifera but with common echinoid spines 
and rare ostracod shells. That fraction was then repeatedly washed 
under ultrasonic agitation in alternating ultra-pure water and ultra-pure 
water/methanol mixes, for three to five minutes each time, until the 
supernatant was judged to be free of fines. From each washed fraction, 
50 to 100 of the best-preserved microfossils were picked under the mi
croscope for analysis. Samples from two levels in U1337 contained no 
carbonate microfossils >63 μm: A-36X-4-W, 112-114 and C-22X-2-W, 
123-125.

In washed samples prior to picking, microfossils showed a range of 
preservation from frosty with overgrowths (mostly planktic forami
nifera) to glassy without overgrowths (mostly benthic foraminifera and 
echinoid spines). Picked specimens had open pores, little or (for most) 
no overgrowths, and no infillings (Fig. 3). For Sites 1264, U1137, and 
U1338, picked microfossils were overwhelmingly benthic foraminifera 
and echinoid spines that were glassy or semi-glassy, with <5 % slightly 
opaque (slightly frosty) planktic specimens. For Site 1146, benthic for
amaminifera were similarly well-preserved but were sparse and so 
supplemented by ≈ 30 % of planktic foraminifera that were semi-glassy 
or slightly frosty. For two levels in 1146A (48X-5-W, 12-14 cm, 49X–5- 
W, 145-147 cm), no good material was available so picked samples were 
> 85 % frosty planktic foraminifera. Our view of preservation agrees 
with that of Fox et al. (2021) who assessed foraminiferal preservation at 
Sites 1146 as good to very good, and better at Site U1338 (ibid., Fox and 
Wade, 2013). From the above, samples were judged to have preserved 
their original 87Sr/86Sr values baring the two exceptions note above.

2.3. Analysis for 87Sr/86Sr

Chemical preparation and mass-spectrometric analysis was done at 
the National Environmental Isotope Facility (NEIF) at BGS, Keyworth, 
UK. Samples were pre-leached by immersion in 1 ml of ultrapure water 

to which was added 10 μl of Romil® UpA acetic acid. The reaction was 
allowed to go to completion and then the supernatant was discarded. 
The remaining sample was dissolved in Romil® UpA acetic acid, the 
supernatant separated and evaporated to dryness with nitric acid to 
convert to the nitrate salt, and Sr was separated by ion-exchange chro
matography using Sr-spec® resin.

Acquisition of 87Sr/86Sr was via a Triton mass spectrometer run with 
the “Sr Triple” multi-dynamic peak-switching routine, with amplifier 
rotation, and acquisition of between 300 and 600 ratios per sample/ 
standard at 8 to 10 V for 88Sr on resistors of 1011 Ω. Integrations times 
were 8 s for each step of the routine, with 3 s allowed for magnet settling, 
giving a typical run time of four to five hours. Values of 87Sr/86Sr were 
corrected for isotopic fractionation by adjustment to 86Sr/88Sr of 0.1194 
using an exponential correction (Thirlwall, 1991). Blanks at NEIF for Sr 
are routinely < a few tens of picogrammmes and so insignificant given 
our sample masses of 3–5 μg of Sr.

Isotopic analysis was done during three periods: Period 1 was be
tween May and September 2023; Period 2 was between February and 
May 2024; Period 3 was between December 2024 and February 2025. In 
Period 1, samples were run on single Re filaments with TaO as activator. 
In Periods 2 and 3, in order to reduce fractionation, samples were loaded 
in dilute HNO3/H3PO4 on double Re filaments. Between Period 1 and 2 
the electronics of the mass spectrometer were recalibrated using the 
Thermo Matrix Calibration script. The recalibration decreased all stan
dards values by 0.000 006 6 and so, presumably, also decreased all 
measured sample values.

2.4. Standards

During this work, we analysed 5 standard materials (NIST987, E&A, 
EN-1, N-1 and N-2) a total of 125 times in order to quantify the differ
ences between them of the values of 87Sr/86Sr. The standard SRM987 
(also known as NIST987) is a SrCO3 distributed by the National Institute 
of Standards and Technology, U.S. Department of Commerce. EN-1 is the 
powdered shell of a modern Tridachna clam from Eniwetok Atoll 
(Ludwig et al., 1988): once distributed by the United States Geological 
Survey; it appears no longer to be commercially available (USGS, 2024). 
The standard E&A is a SrCO3 from the Eimer and Amend Company of 
New York (later acquired by the Fisher Chemical); it also appears no 
longer to be commercially available. The standard N-1 is a modern 
nautilus from the collections of University College London and N-2 is a 
modern nautilus obtained as bycatch by a fishery in Queensland, 
Australia. To supplement our own standards analysis, we compiled data 
from the literature (legacy data) in which two or more of the common 
standards NIST(SRM)987, EN-I and E&A were reported as analysed in 
the same session.

To further clarify the best value of 87Sr/86Sr in SRM987 to use for 
normalisation, we downloaded and processed data for SRM987 from the 
GeoRem database (Jochum et al., 2007) and refined the data as follows. 
By reference to original publications, we removed entries that reported 
erroneous data (overwhelmingly error in the original publication rather 
than error in data entry into GeoRem e.g. a value of 0.701 234 for 
SRM987 reported in a publication and so entered into GeoRem was 
removed rather than corrected to 0.710 234). Thereafter, data were 
included only if acquired after 1999 by TIMS. Duplicate entries were 
removed and data were rejected where 2 s.d. / 2 s.e. were greater than 
0.000 020 / 0.000 010. Data given to 5 d.p. were then checked in the 
original publication and truncation/addition of trailing zeros was cor
rected e.g. where an entry read 0.710 21 in the database but 0.710 210 in 
the original paper and vice versa. From the pool of surviving data, we 
then extracted for use only that data that had 6 d.p. and fell within 3 s.d. 
of the mean of the pool. Surviving data numbered 949 out of 2389 (as of 
20 10 2024).

In order to examine long-term trends in measured values for 
SRM987, we compiled 87Sr/86Sr acquired with the Triton at NEIF over a 
9-year period. Finally, to assess the sensitivity, if any, of our measured 

Fig. 3. Examples of cleaned planktic and benthic foraminifera analysed in this 
study. A. SEM of a broken planktic foraminifera showing empty chambers, 
unfilled pores, and little overgrowth (1146C 48X-3-W, 134-136). B. SEM of 
benthic foraminifera showing little overgrowth and open pores (1146C 48X-3- 
W, 134-136). C. Reflected-light image of a planktic foraminifera showing an 
empty, glassy, final chamber and semi-glassy earlier chambers and little over
growth (1146A-49X-4-W, 79-81). D. Reflected light image of a benthic fora
minifera showing no overgrowth, glassy calcite, empty chambers and 
nannofossil-filled (?) pores (U1338B-41H-1-W, 22-23).
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87Sr/86Sr to the intensity of the ion-beam current (here expressed as 
voltage) we acquired values of 87Sr/86Sr measured at NEIF on SRM987 
at voltages from 2 to 10 V and from Ando et al. (2010), also with a 
Triton, on voltages from 5 to 20 V.

3. Results

3.1. Standards data

For our measured 87Sr/86Sr for standards, mean values for each 
period of analysis are given in Table 1. The means for SRM987 during 
the three analytical periods are 0.710 262 4 ± 0.000 000 9 (2 s.e., n =
26), 0.710 255 2 ± 0.000 001 5 (2 s.e., n = 18), and 0.710 258 4 ± 0.000 
001 9 (2 s.e., n = 9). The difference between mean values of SRM987 and 
MSS (EN-1, N1, N2) is 1076.1 ± 0.9 (×106). The difference between 
mean values of SRM987 and E&A is 2227.1 ± 0.8 (×106).

To enable further definition of the differences in 87Sr/86Sr between 
standards, Table 2 gives the values, and differences between them, of 
87Sr/86Sr from the literature for pairs of standards that were each run 
during a single period of analysis. Excluding outliers shown in italics, the 
mean value for SRM987 in Table 2 is 0.710 249 8 ± 0.000 001 7 (2 s.e., 
n = 39). Values of 87Sr/86Sr in SRM987 (TIMS data) from the GeoRem 
database are summarised as a histogram in Fig. 4; the mode of the dis
tribution is 0.710 250 and the mean is 0.710 249 0 ± 0.000 001 0 (2 s.e., 
n = 949).

Uncertainties associated with mass-spectrometry are illustrated in 
Fig. 5, which shows, for seven separate mass-spectrometric runs of 
SRM987, how 2 s.d., 2 s.e. and exponentially-corrected (final) 87Sr/86Sr 
change as a function of the number of ratios measured. Beyond accu
mulation of 250 ratios, little improvement occurs to the standard devi
ation of the data (Fig. 5A) although standard error (s.d./n½) continues to 
decline (Fig. 5B) because n, the number of ratios accumulated, continues 
to increase. Accumulation of more than 250 ratios does not change the 
mean value of 87Sr/86Sr by more than 0.000 001 (Fig. 5C).

How the strength of the ion-beam current affects measured 87Sr/86Sr 
is shown in Fig. 6. For the Triton in static mode (Ando et al., 2010), the 
effect on 87Sr/86Sr of differing measured voltages (ion-bean currents) is 
no more than 0.000 000 41 per volt (Fig. 6A), whereas the effect on the 

NEIF Triton in dynamic mode appears to be zero (Fig. 6B).
On a longer time-scale, Fig. 7 shows a plot of turret means for SRM 

over a nine-year period for in which two or more measured 87Sr/86Sr for 
SRM987 were obtained (cf. Figs. A1–4 of Andrews et al., 2016). Turret 
means range from 0.710 244 to 0.710 266. The mean value is 0.710 253 
4 ± 0.000 008 4; 2 sd, n = 215). A linear regression to the data rises only 
by 0.000 000 2 over the nine years, but values drift downwards through 
2011 to a minimum in late 2012 before recovering to previous values by 
early 2014: at a, 24 consecutive turrets are stable with a mean of 0.710 
252 8 (2 s.d. = 0.000 004 0). At b, three consecutive turrets have low 
values ≈ 0.710 246. At c, turret means are 0.000 008 below the long- 
term mean and at d they are 0.000 009 above it.

3.2. Sample data

Values of 87Sr/86Sr referred to in the text, plotted in figures, and used 
for regression analysis, are normalised periodwise to a value of 0.710 
248 0 for each of our three periods of analysis. Measured and normalised 
values of 87Sr/86Sr in samples are given in Table 3 and the latter are 
shown graphically in Figs. 8 and 10. Also on Fig. 8 is plotted for refer
ence the 87Sr/86Sr-reference line of McArthur et al. (2020; LOWESS 7).

A plot of all data to the CENOGRID ages (1146, 1264, U1337) and 
bio-magnetostratigraphic ages (U1338) is shown in Fig. 8A. The new 
data plot below the LOWESS 7 line at ages >15 Ma and above it at 
younger ages. Four portions of the plot in Fig. 8A show anomalies at B, C, 
D and E, and these are shown in more detail in Fig. 8B, C, D, and E, and 
are discussed below.

Between 12.7 and 15.5 Ma, data for U1338 form a well-defined curve 
(Fig. 8B), but four values of 87Sr/86Sr at ≈ 14 Ma plot off the regression 
fit to the other data. The aberrant samples are from Core 38 of Hole C 
and Core 38 of Hole B. One of these samples, U1338C-38H-1-W, 122-124 
has an unusually large uncertainty of ±0.000 008 and so is within un
certainty of the trend.

Values of 87Sr/86Sr for Sites 1146 and U1338 are discordant 
(Fig. 8C). At ages <12.2 Ma, data for 1146A and 1146C are concordant; 
at older ages, 1146C plots ≈ 0.2 myrs older than 1146A. Although on 
Fig. 8C samples from U1338C plot below those from U1338B, the sep
aration is not greater than analytical uncertainty and is not seen across 
the total age-range for U1338 samples (Fig. 8B), so we treat ages of 
samples from U1338B and U1338C as concordant.

Of our 87Sr/86Sr plotted in Fig. 8D, a single regression line (green 
line) encompasses five of the eight samples from Site 1264, plotted 
against CENOGRID ages, all nine samples from U1337 for which Hilgen 
(2025) ages are available (Table 3) and the four of the five youngest 
samples from U1337 plotted against CENOGRID ages (which are indis
tinguishable from Hilgen ages at <16.5 Ma). The regression line is 
parallel to the LOWESS regression line, shown in blue. The green 
regression line in Fig. 8D,E is a second-order fit with a Pearson r of 0.999 
721:

Age = − 416,437.3460044860*R2+576,816.21788458*R− 199,61 
5.235613129,

where R = 87Sr/86Sr
A linear fit is all but identical (Pearson r of 0.999 716). The regres

sion line was used to derive 87Sr/86Sr-ages for samples from U1337 and 
1264 that are off the regression line when plotted to CENOGRID ages, i.e. 
samples with apparently aberrant ages (Fig. 8D,E). These 87Sr/86Sr-ages 
are given in Table 3. Use of a linear regression resulted in ages that 
differed by no more than 9 kyrs from those derived from the second- 
order regression. We prefer the second-order regression as the LOW
ESS reference curve has slight curvature towards the top end of the age 
range seen in samples from U1337 and because it provides an almost 
perfect match to data from U1338 (Fig. 8F).

As Fig. 8D shows, the trend of data for U1337 plotted to CENOGRID 
ages differs by up to 400 kyrs from the trend of data defined by the green 
regression line. The trends are concordant at ages <16.5 Ma and 
approach concordance at 20 Ma, but depart from each other by up to 

Table 1 
Measured and normalised values of 87Sr/86Sr for standards analysed during the 
three periods during which analysis for this work was done. Where normalised, 
it is to the 87Sr/86Sr value of 0.710 248 for SRM987. MSS is modern-marine Sr, a 
grand mean of values for EN-1, N1, and N2. Period 1, May to September, 2023; 
Period 2, February to May, 2024; Period 3, December, 2024 to January, 2025.

Period Standard Measured 2 s.e. n Normalised
87Sr/86Sr × 10− 6 87Sr/86Sr

1 SRM987 0.710 262 0.9 26 0.710 248
2 SRM987 0.710 255 1.5 18 0.710 248
3 SRM987 0.710 258 1.9 9 0.710 248
1 MSS (EN-1, Ni, N2) 0.709 186 1 15 0.709 171 4
2 MSS (EN-1, Ni, N2) 0.709 180 1.1 27 0.709 172 9
3 MSS (EN-1, Ni, N2) 0.709 182 2.1 9 0.709 171 5
Mean 0.709 171 9
2 s.d. of mean 1.6
1 E&A 0.708 035 1.3 10 0.708 020 2
2 E&A 0.708 029 1.1 7 0.708 021 5
3 E&A 0.708 032 1.3 4 0.708 021 1
Mean 0.708 020 9
2 s.d. of mean 1.4
1 (SRM987)-(MSS) 0.001 077
2 (SRM987)-(MSS) 0.001 075
3 (SRM987)-(MSS) 0.001 077
Mean difference 0.001 076 0.9
1 (SRM987)-(E&A) 0.002 228
2 (SRM987)-(E&A) 0.002 227
3 (SRM987)-(E&A) 0.002 227
Mean difference 0.002 227 0.8
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Table 2 
Literature values of 87Sr/86Sr for standards SRM987, and EN-1 or its equivalent, that were run in the same analytical period. Empty cells denote a lack of data. Cells shaded in light blue are normalised to an author’s value 
for their chosen standard, as un-normalised data were not reported. Data in italics are considered outliers. Data for Periods 2 and 3 of this work are not included in the statistical calculations. in order to avoid over-biasing 
the result. The references cited in the table are listed in the Supplementary Information.
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400 kyrs at ages between. Four samples from U1337D-40X are identified 
by arrows, which all have CENOGRID ages that are 400 kyrs less than 
predicted by the regression line.

In Fig. 8E, our 87Sr/86Sr data for 1264, and data of Stoll et al. (2023)
for Site 1218, are compared to the regression line (green line) from 
Fig. 8D. Three of eight samples from Site 1264 plot off the regression 
line, so 87Sr/86Sr ages were calculated for these three samples (Table 3). 
Of the four data of Stoll et al. (2023), two plot on the regression line and 
two plot above it by 0.000 024 and 0.000 014.

Finally, we compare regression lines of 87Sr/86Sr versus age for 
U1338 and U1337 in Fig. 8F and in Fig. 10 shows all data plotted to our 
preferred ages (Table 3) along with, for comparison, previous reference 
curves for the interval from McArthur et al. (2012, McArthur et al., 
2020). The second-derivative of the 5th-order polynomial fit to the data 
in the age-range 12.7.3 to 17.5 Ma (red hatched line) identifies 15.1 Ma 
as the point of maximum rate of change, with the decrease in slope 
starting at 16.0 Ma and ending at 13.6 Ma.

4. Discussion

4.1. Standards

Different laboratories report different values of 87Sr/86Sr on ana
lysing the same homogenous material, whether that material is a sample 
or a standard (Fig. 4, Table 2). To remove this interlaboratory bias, all 
87Sr/86Sr for a study are adjusted (normalised) to an accepted value for a 
standard by adding or subtracting to each measured value of 87Sr/86Sr 
an amount needed to bring the standard to the accepted value. There are 
no universally-accepted values for any standard. For SRM987, 
commonly used values are 0.710 230, 0.710 240, 0.710 248, and 0.710 
250. The value of 0.710 248 ± 0.000 000 5 (2 s.e., n = 427), given by 
Thirlwall (1991), is widely used. The mean value of the filtered GeoRem 
database is 0.710 249. This last value is indicative only because it is a 
mean that is weighted towards the more active laboratories, the number 
of entries per laboratory in the GeoRem database ranging widely. The 
data in Table 2 also gives a mean value of 87Sr/86Sr for SRM987 of 0.710 
249 but, to avoid such weighting, 5 values reported in the literature 
were not included in Table 2.

Values of SRM987 from GeoRem and from Table 2 differ by 0.000 
001 from the value of Thirlwall (1991), a difference that is within un
certainty limits. We therefore recommend continuing to use the value of 
0.710 248 for SIS in order to provide continuity with past usage. On this 
basis, our value for EN-1 is 0.709 171 9 ± 0.000 001 6 (2 s.e.) and our 

value for E&A is 0.708 020 9 ± 0.000 001 4 (2 s.e.). For our data, the 
standard error of the mean (s.e.) is low because we used high beam- 
currents and accumulated >250 ratios, after which there is little 
improvement in data quality (Fig. 5). Whilst standard error (s.d./n½) 
continues to decline as the number of ratios collected continues to in
crease, collection of ≈ 250 ratios may be the best compromise between 
time spent and uncertainty minimised.

4.2. Residual Bias

Which standard is used for normalising data should not matter 
because the difference between standards should be invariant. Unfortu
nately, the difference between measured values for standards is not the 
same for all laboratories. For example, in Table 1, the difference be
tween the 87Sr/86Sr of SRM987 and EN-1, (Δ87Sr/86Sr(SRM987-EN-1),) is 
0.001 076 whilst the difference for other laboratories ranges from 0.001 
031 to 0.001 103 (Table 2). This range, of 0.000 072 shows that not all 
interlaboratory bias is corrected for by normalisation. That part of the 
bias not corrected we term residual bias (McArthur, 1994; Oslick et al., 
1994; Martin et al., 1999).

Residual bias may arise from multiple causes (Podosek et al., 1991; 
Thirlwall, 1991; Di et al., 2021) e.g. matrix effects from inefficient pu
rification of Sr prior to analysis by ion-exchange, which SRM987 does 
not undergo; non-exponential fractionation effects (Di et al., 2021), 
collector doping and drift (Andrews et al., 2016), undeclared blank 
problems, operator bias in loading samples onto beads for measurement, 
baseline settings, magnet- and amplifier-settling times, whether mea
surements are made in static or dynamic (peak switching) mode 
(Thirlwall, 1991; Andrews et al., 2016; Schneider and Kleine, 2024), and 
linearity of amplifier response. On the last, Capo and DePaolo (1990)
found that 87Sr/86Sr increased by 0.000 010 per volt of 88Sr+ bean in
tensity. We found a negligible effect of ion-bean current on 87Sr/86Sr 
(Fig. 6B). Nevertheless, the fact that Martin et al. (1999) ran at 1.5V in 
dynamic mode on a VG354, Ando et al. (2010, 2011) ran at 20V on a 
Triton in static mode, and Farrell et al. (1995) ran samples in static mode 
and standards in dynamic mode, suggests that standardisation of voltage 
and mode might eliminate potential sources of bias, should they be 
present.

Our data were obtained during three periods of time. Normalisation 
of sample data in each period was to standards run in that period. We did 
not normalise to a long-term mean of standards because instrument 
response can change with time. Our long-term standards data (Fig. 7) 
shows sufficient variation to suggest that sample data must be 
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normalised to standards data that is obtained at the same time as sam
ples are run; normalising to a long-term mean should be avoided. Data 
are best normalised to a turret mean, provided the number of standards 
run is five or more in order that statistical robustness is approached, 
otherwise normalisation should be to a short-term mean encompassing 
the interval of sample analysis.

Given the above, it seems that uncertainty over normalisation is a 
continuing problem for SIS. In the Cenozoic, inaccurate normalisation 
will result in inaccuracy in predicted age derived from any SIS reference 
curve. The error would be of a magnitude that is inversely proportional 
to the gradient of the slope of 87Sr/86Sr versus time. For example, with 
our new curve (Fig. 10), an arbitrary inaccuracy of 0.000 019 would give 
an error of 0.27 myrs at 17.4 Ma where the curve is steepest (at − 0.000 

078 per myrs). The error would be around 1.1 myrs at 12.0 Ma where the 
gradient is lower (at − 0.000 017 per myrs). These figures emphasise that 
control of standards is a key to accurate dating or correlation using Sr- 
isotope stratigraphy, yet few laboratories report 87Sr/86Sr for more 
than one standard, so our knowledge of residual bias is poor.

The 87Sr/86Sr of standards used should be close to that of the samples 
being analysed, so the most appropriate standard for use in Sr-isotope 
stratigraphy for most of Phanerozoic time is E&A, with EN-1 best for 
Neogene and Cambrian samples. Unfortunately, neither E&A nor EN-1 
seem to be widely available. A substitute for EN-1 is a modern calcite 
shell from an open-ocean locality well away from river influences e.g. a 
brachiopod, coral, or a nautilus obtained as bycatch in a fishery. Such 
carbonate standards match the matrix of most samples used in SIS and 
pass through columns during sample preparation, thereby providing a 
realistic measure of the precision on sample analysis. The standards JCp- 
1 (modern porites coral)and JCt-1 (modern Tridacna giant clam), orig
inally distributed by the Geological Survey of Japan are no longer 
exported from Japan and the standards USGS MACS-3 (≈ 0.707 55) and 
USGS COQ-1 (≈ 0.703 3) are poorly characterised for 87Sr/86Sr and the 
latter is well below Phanerozoic values for marine-Sr.

4.3. The new reference curve for 11 to 20 Ma

Our new data for 87Sr/86Sr between 11 and 20 Ma, plotted to CEN
OGRID ages, define a curve (Fig. 8A) that is not smooth, so we first 
discuss the apparently discordant data highlighted as B, C, D and E, in 
Fig. 8A and then discuss the final calibration curve shown in Fig. 10 and 
tabulated in Table 3.

Data for U1338 (Fig. 8B) conform to a smooth curve but values of 
87Sr/86Sr for U1338C-38H (three samples) and for U1338B-38H-4-W, 8- 
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10, all plot off the trend for the other data (Fig. 8C). Sample U1338C- 
38H-1-W, 122-124 is low by 0.000 005. This sample achieved only 
175 measurements of 87Sr/86Sr, rather than the typical 400, and was 
fractionated. The 2 s.e. on this sample was ±0.000 008, nearly three 
times the usual, and so this point does fall within uncertainty of the 
overall trend. This anomaly thus has an explanation. Sample U1338C- 
38H-3-W, 34-45 is high by 0.000 005; Sample U1338C-38H-5-W, 82- 
84 and U1338B-38H-4-W, 8-10 are both low by 0.000 009. The pres
ervational state of these samples was as good as any we picked, so the 
anomalies cannot be attributed to poor preservation, a statement rein
forced by the 87Sr/86Sr data for two samples from 1146A (48X-5-W, 12- 
14 cm, 49X–5-W, 145-147 cm) for which frosty planktic foraminifera 
were analysed (in the absence of alternative material): their 87Sr/86Sr 
values are concordant with data for other samples. Furthermore, for 
other samples, the scatter of 87Sr/86Sr about the regression line in Fig. 8B 
is no more than the precision of analysis of standards (typically ≤0.000 
003, 2 s.e.), so, on that basis alone, samples were well preserved. Thus, 
no reason can be found for these three anomalies noted above but there 
may be significance in the fact that all are from Cores 38 of Holes B and 
C. As the 87Sr/86Sr of seawater cannot change on the timescale shown by 
these anomalies, they are treated henceforth as aberrant and are not 
used in any further analysis or plotting of our data. Good practice re
quires that these samples be re-prepared and re-analysed and that work 
is in progress.

The trends with time of 87Sr/86Sr for Sites 1146 and U1338 are 
discordant (Fig. 8C). Possible reasons for this offset are: 1) that errors 
were made in curating and sampling cores, so that we have not analysed 
samples from Site 1146; a test of this possibility is in progress. 2) the 
87Sr/86Sr data is incorrect. The coherence and distinct patterns of the 
data suggests that this is unlikely, as do the repeat analysis undertaken. 
Furthermore, the profile of 87Sr/86Sr against depth for Site 1120 (Ando 
et al. (2011), which is shown in Fig. 9, has no break in slope at or near 
12.7 Ma, which is at 110 mbsf. 3) 87Sr/86Sr decreases by 0.000 020 in 
the 0.1 myrs between 12.85 and 12.75 Ma. Such a change is 

incompatible with the residence time of Sr in the oceans (5.1 myrs in 
Broecker and Peng, 1982; 2.5 myrs in Hodell et al., 1990; 3.5 myrs in 
Lécuyer, 2016; 2.1 and 2.8 Ma quoted in Pearce et al., 2015), which is 
too long for such reversals to occur in the time available (Richter and 
Turekian, 1993). Put simply, the ocean’s 87Sr/86Sr has too much inertia 
to change so sharply as the data imply. 4) the composite-depth model 
(missing or duplicated sediment) and/or astronomical calibration for 
either or both of Sites 1146 and U1338 have local inaccuracies.

At Site U1338, the bio-magneto-stratigraphic ages predicted by the 
age-model of Backman et al. (2016) agree to within 0.1 Ma with the 
astrochronometric ages for U1338 used in CENOGRID. This similarity 
reflects the fact that the U1338 astrochronology was built on the ship
board stratigraphy, which Backman et al. (2016) converted to the 
revised composite splice from Wilkens et al. (2013). No detailed later 
updates exist for the shipboard bio- and magnetostratigraphic datums, 
so future research in this area is warranted to verify these shipboard 
stratigraphic data. For instance, the magnetic record for Site U1338 is 
incomplete (Expedition 320/321 Scientists, 2010) and the Middle 
Miocene astrochronology at U1338 does not extend younger than 12.7 
Ma, preventing better correlation with 1146, which does. At 1146, the 
composite splice and astrochronology have been revised as more stable 
isotope stratigraphies have become available (e.g., Holbourn et al., 
2018; Holbourn et al., 2024; De Vleeschouwer et al., 2020). Nonethe
less, astrochronology and isotope stratigraphy (δ18O, δ13C) in this time 
interval is complex, as there are few records available globally that cover 
the Middle-Late Miocene continuously to help identify regional differ
ences and potential hiatuses.

From the above, it is clear that further investigation is required to 
clarify the reason(s) for the discontinuity in age / 87Sr/86Sr between 
Sites 1146 and U1338. In the interim, and to construct our 87Sr/86Sr 
reference curve, we have recalculated the ages of Site 1146 using our 
87Sr/86Sr data. We did so by fitting regression lines to data (Fig. 8C) and 
adding years to 1146-ages so that the regressions for 1146 superimposed 
exactly on the regression for U1338. The new ages for the interval 11 to 
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Table 3 
Measured and normalised values of 87Sr/86Sr for microfossils from ODP/IODP Sites 1146, 1264, U1337, U1338. Normalised values are to 0.710 248 for SRM987. 
Age calibration is described in the text. The blue shading denotes ages used in this work. Period 1 was May – September 2023, Period 2 was February – May 2024; 
Period 3 was December, 2024 to February 2025.

Backman 
 et al.  (2016) 87Sr/86Sr Hilgen

Mean Mean CENOGRID Bio-Mag Revised 2025 Measured Normalised
.e.s2±842otdoirePegAegAtartSegAhtpeDhtpeDelpmaS

 CSF-A rmcd Ma Age Ma Ma 87Sr/86Sr 87Sr/86Sr  ´106

2178807.0878807.02152.11550.1148.95408.03413-92,W-5-X64-A6411
2568807.0978807.01414.11451.1102.26467.234)1(76-56,W-2-X64-C6411
2668807.0678807.03414.11451.1102.26467.234tpR)1(76-56,W-2-X64-C6411
2568807.0978807.01414.11451.1102.26467.234)3(76-56,W-2-X64-C6411
2268807.0678807.01375.11252.1155.46411.5342-0,W-4-X64-C6411
3168807.0868807.02047.11453.1149.66409.53413-92,W-2-X74-A6411
2458807.0168807.02609.11654.1150.96410.83429-09,W-3-X74-A6411
2848807.0558807.02822.21356.1195.27455.144641-441,W-5-X74-A6411
4058807.0468807.01093.21257.1108.47403.444111-901,W-3-X74-C6411
2348807.0758807.01165.21758.1121.77426.64434-14,W-5-X74-C6411
3748807.0458807.02527.21759.1131.97408.744111-901,W-3-X84-A6411
2938807.0648807.02978.21250.2141.18418.94421-01,W-5-X84-A6411
3838807.0548807.02340.31251.2161.38438.15446-26,W-6-X84-A6411
2938807.0358807.01649.21562.2168.48451.454631-431,W-3-X84-C6411
2248807.0258807.03649.21562.2168.48451.454tpR631-431,W-3-X84-C6411
2738807.0158807.01101.31753.2110.78403.65415-94,W-5-X84-C6411
2638807.0648807.03101.31753.2110.78403.654tpR15-94,W-5-X84-C6411
2438807.0148807.02925.31054.2110.98457.85418-97,W-4-X94-A6411
2828807.0538807.02925.31054.2110.98457.854tpR18-97,W-4-X94-A6411
2928807.0638807.02796.31355.2161.19419.064tpR741-541,W-5-X94-A6411
3038807.0738807.02796.31355.2161.19419.064741-541,W-5-X94-A6411
2538807.0948807.01116.31856.2114.39403.36418-97,W-3-X94-C6411
2038807.0048807.03116.31856.2114.39403.364tpR18-97,W-3-X94-C6411
2328807.0738807.01877.31757.2154.59443.564)A(531-331,W-4-X94-C6411
2628807.0048807.01877.31757.2154.59443.564)B(531-331,W-4-X94-C6411

2348807.0058807.02948.21258.2176.63342.40348-28,W-2-H43-B8331U
2938807.0648807.02329.21859.2184.93350.70346-26,W-4-H43-B8331U
2538807.0248807.02710.31550.3170.34349.9034-2,W-3-H53-C8331U
3048807.0748807.02621.31061.3112.74334.31345-25,W-2-H53-B8331U
2538807.0248807.02891.31452.3118.94330.61341-21,W-4-H53-B8331U
2338807.0048807.02013.31243.3102.35336.81347-27,W-2-H63-C8331U
2338807.0048807.02054.31154.3134.75392.32309-88,W-2-H63-B8331U
2238807.0938807.02375.31355.3121.16389.6239-7,W-5-H63-B8331U
2728807.0438807.02876.31356.3103.46331.82347-27,W-2-H73-C8331U
2728807.0438807.02128.31357.3116.86334.3334-2,W-3-H73-B8331U
8818807.0528807.02189.31168.3124.37336.633#421-221,W-1-H83-C8331U
3828807.0538807.02450.41259.3136.57348.833#54-34,W-3-H83-C8331U
2118807.0818807.02661.41750.4120.97332.243#48-28,W-5-H83-C8331U
3908807.0618807.02152.41051.4175.18394.443#01-8,W-4-H83-B8331U
2518807.0228807.02252.41251.4116.18335.44341-21,W-4-H83-B8331U
2618807.0328807.02243.41752.4133.48330.74346-26,W-2-H93-C8331U
2218807.0918807.02634.41353.4141.78348.94354-34,W-4-H93-C8331U
2118807.0818807.02035.41154.4189.98386.25392-72,W-6-H93-C8331U
2808807.0518807.02466.41055.4120.49343.65354-34,W-2-H04-C8331U
2308807.0018807.02677.41356.4124.79347.95358-38,W-4-H04-C8331U

U1338C-40H-6-W, 77-79 2797807.0408807.02478.41557.4163.00486.263
2197807.0897807.02569.41848.4111.30417.06333-92,W-2-H04-B8331U
2387807.0097807.02471.51640.5124.90431.173421-221,W-5-H14-C8331U
2677807.0387807.02723.51252.5185.41419.073201-001,W-2-H14-B8331U
2967807.0677807.02993.51053.5189.61413.37324-04,W-4-H14-B8331U
2767807.0477807.02194.51434.5140.02495.97302-81,W-2-H34-C8331U
2757807.0467807.02295.51745.5104.32459.28345-25,W-4-H34-C8331U
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12.8 Ma on the cyclostratigraphic scale become 11.2 to 13.8 Ma on the 
Sr-isotope scale and both are shown in Table 3.

The new 87Sr/86Sr-derived ages will be correct only if the ages for 
U1338 are correct, which will need confirming with future work. The 
new 87Sr/86Sr-based chronology creates offsets in the stable δ18O and 
δ13C stratigraphies between Site 1146 and those of Sites U1337 and 
U1338 (Tian et al., 2018; Holbourn et al., 2022 and references therein). 
The new 87Sr/86Sr-ages for Site 1146 disagree also with ages based on 
the shipboard biostratigraphic age model of Wang et al. (2000). We 
hypothesise that the location of Site 1146, in a marginal basin off the 
palaeo-Pearl River, introduced some diachroneity to fossil datums. In 
summary, the offset of up to 1 myr that we demonstrate between Sites 
1146 and U1338 is currently without adequate explanation.

A second problem with the astronomical calibration of age under
pinning CENOGRID occurs in the interval 16.7 to 20 Ma (Fig. 8D). In this 
interval, Miller et al. (2017) noted that some CENOGRID ages for U1337 
might be wrong by 400 kyrs. Hilgen (2025) revised the ages for U1337 
for the interval 15.5 to 18.7 Ma and suggested that the maximum error is 
around 300 kyrs. When our 87Sr/86Sr for U1337 is plotted to the CEN
OGRID timescale (Fig. 8D), the trend is dog-legged and incompatible 
with the residence time of Sr in the ocean. When plotted to our chosen 
ages (Table 3), the trend is smooth, effectively linear, essentially parallel 
to the LOWESS fit of McArthur et al. (2020), and is compatible with the 
residence time of Sr in the oceans. The trends overlap at ages younger 
than 16.5 Ma and diverge at older ages. In this work, we analysed 
samples from cores not included in Hilgen’s revision of U1337 chro
nology. One of these was U1337D- 40X, Hilgen (2025) preferring its 

close correlative equivalent, U1337A-39X. Our 87Sr/86Sr-ages for 
U1337D-40X are ≈ 400 kyrs older than CENOGRID ages (Table 3). Our 
data thus confirms the supposition of Miller et al. (2017) and Hilgen 
(2025) that some CENOGRID ages for U1337 are incorrect, and we show 
that they are incorrect between 16.5 and at least 20 Ma (Fig. 8D), rather 
than the 18.7 Ma at which the analysis of Hilgen (2025) was terminated.

A third problem arises in Site 1264. We analysed eight samples from 
this site, all from the interval in which age problems arise in U1337 
(Fig. 8E). Five of these plot on the regression line in Fig. 8E whilst three, 
at ages younger than 18.5 Ma, plot below it i.e. show anomalously low 
ages. The age anomalies are up to 0.24 myrs and the samples are all low 
in 87Sr/86Sr by up to 0.000 020. Such aberrant data should not be 
accepted until confirmed by resampling and re-analysis: that is in 
progress and will be reported elsewhere. Notwithstanding that, the fact 
that the anomalies occur where ages for U1337 are most anomalous, and 
are also low, suggests that the anomalies are real. In the interim, we have 
added years to each of the three ages to bring them onto the regression 
line in Fig. 8E; the 87Sr/86Sr-based ages are given in Table 3. If correct, 
these 87Sr/86Sr- ages suggest that a local problem exists in the astroca
libration of Site 1264. Finally, when plotted to our chosen ages (Table 3) 
the regression line in Fig. 8 D,E, extrapolated to younger ages (Fig. 8F), 
fits better with U1338 data plotted to bio-magnetostratigraphy than 
when U1338 data is plotted to astrochronometric ages: this is one reason 
for our preferring to use the former over the latter in our final reference 
curve (Fig. 10).

Our 87Sr/86Sr, plotted against our preferred ages (Table 3; Hilgen, 
CENOGRID) is shown in Fig. 10. The uncertainty of individual 

3747807.0457807.02957.51765.5128.94351.12367-47,W-2-X53-A7331U
2457807.0167807.02446.51256.5188.15398.71304-83,W-3-X63-D7331U
2547807.0257807.02437.51757.5167.35377.91387-67,W-4-X63-D7331U
2817807.0527807.02421.6171.16331.42348-28,W-5-X02-C7331U
2817807.0527807.02291.6186.26316.52328-08,W-6-X02-C7331U
2896807.0507807.02164.61264.6180.86337.923441-241,W-2-X12-C7331U
2976807.0686807.02407.61756.6108.17354.33366-46,W-5-X12-C7331U

U1337A-37X-3-W, 40-42 2666807.0376807.02848.61057.6195.37314.143
3066807.0766807.02829.61258.6134.57352.34367-47,W-4-X73-A7331U
2846807.0556807.02980.71259.6101.77329.44339-19,W-5-X73-A7331U
2436807.0146807.02942.71941.7185.08319.0432-0,W-4-X22-C7331U
2326807.0036807.02293.71252.7186.38352.6436-4,W-3-X93-D7331U
2716807.0426807.02125.71153.7185.68351.943641-441,W-4-X93-D7331U
2095807.0795807.02798.71255.7155.19352.053621-421,W-3-X32-C7331U
2375807.0085807.02290.81556.7165.39354.553611-411,W-2-X04-D7331U
2865807.0575807.02951.81457.7167.49356.65368-48,W-3-X04-D7331U
3165807.0865807.02252.81258.7120.69319.75326-06,W-4-X04-D7331U
2055807.0755807.02893.81659.7125.79314.95326-06,W-5-X04-D7331U
2055807.0755807.02824.81450.8103.99355.853641-441,W-2-X42-C7331U

015807.0025807.03039.81308.8156.214**401-201,W-4-X52-C7331U 2
694807.0605807.03611.91310.9104.614""201-001,W-2-X14-A7331U 2
854807.0864807.03026.91106.9122.234**47-27,W-2-X72-C7331U 2
724807.0734807.03030.02989.9101.344**28-08,W-6-X34-A7331U 3

2436807.0346807.03542.7129.502911,W-2-H02-A4621
2395807.0206807.03528.71427.7123.80295,W-4-H02-A4621
2575807.0485807.03560.81708.7116.80288,W-4-H02-A4621
3945807.0855807.03214.81292.8170.11243,W-6-H02-A4621
3925807.0935807.03376.8101.312*40.39147,W-4-H12-B4621
2805807.0815807.03998.8106.412*45.49147,W-5-H12-B4621
3574807.0584807.03214.9164.812*35.49132,W-4-H12-A4621
2324807.0334807.03390.0235.422*87.30284,W-5-H22-B4621

0202.latedlohretseWfo13SelbaT**fsbm=*snoissergerrofdesuton;selpmastnarrebA#

# Aberrant samples; not used for regressions.
* = mbsf.
**Table S31 of Westerhold et al., 2020.

J.M. McArthur et al.                                                                                                                                                                                                                           Palaeogeography, Palaeoclimatology, Palaeoecology 669 (2025) 112907 

11 



Cenogrid (astrochronometric) age, Ma

This work, Cenogrid ages
              LOWESS 7
 on all parts of Fig. 8

C

B

D

A B

Age, Ma

Age, Ma

U1338, Biomagstrat ages

U1337, Cenogrid ages

U1337- 40X

U1337, Hilgen (2025) ages

D

Age, Ma

1264, Cenogrid ages

U1337, Hilgen (2025) ages

1218, Cenogrid agesE

400

500

600

700

800

900

10 12 14 16 18 20

400

500

600

700

800

15 16 17 18 19 20

400

500

600

700

17 18 19 20

820

830

840

850

860

870

11 12 13 14
Cenogrid (astrochronometric) age, Ma

1146A

1146C
U1338B
U1338C

C

87
Sr

 / 8
6 S

r, 
 0

.7
08

xx
x

87
Sr

 / 8
6 S

r, 
 0

.7
08

xx
x

87
Sr

 / 8
6 S

r, 
 0

.7
08

xx
x

uncertainty
of ± 0.000 003 
= symbol size   

uncertainty
of ± 0.000 003 
= symbol size   uncertainty

of ± 0.000 003  

uncertainty
of ± 0.000 003  

uncertainty
of ± 0.000 003 
= symbol size   

760

780

800

820

840

13 14 15 16
Bio-magnetostratigraphic age, Ma

U1338C
U1338B
 Regression, excluding arrowed anomalies

C-38H-1-W,122-124

C-38H-5-W,82-84

B-38H-4-W,8-10

C-38H-3-W,43-45

uncertainty of ± 0.000 003 but
± 0.000 008 for C-38H-1
  

U1337, 87Sr/86Sr ages

E

740

750

760

770

780

790

800

14.8 15.0 15.2 15.4 15.6 15.8

U1338, Cenogrid ages

U1338, Bio-magnetostrat ages

U1337, Hilgen (2025) ages

F

U1337, 87Sr / 86Sr ages

Fig. 8. Values of 87Sr/86Sr plotted against age. A. All data plotted to CENOGRID ages. Other plots show more detail of parts of the curve plotted to a range of 
timescales. CENOGRID ages and Hilgen (2025) ages are derived by astrochronology. The regression line in D and E is to our preferred ages that are listed in blue 
shading Table 3: It has the form Age = − 416,437.3460044860*R2 

+ 576,816.21788458*R − 199,615.235613129, where R = 87Sr/86Sr (see text for derivation). This 
regression was used to predict 87Sr/86Sr-ages for samples that fall off the regression line and Hilgen ages were unavailable (Table 3). Arrows in D indicate samples 
from U1337-40X that have CENOGRID ages that appear low by 400 kyrs (Table 3). Arrows in E indicate three aberrant samples from 1264 for which 87Sr/86Sr ages 
were derived (Table 3). F. Intersection of the regression line shown in D and E, with the data trend from U1338 that is plotted against both the CENOGRID timescale 
and the bio-magnetostratigraphic timescale. of Backman et al. (2016).
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measurements of 87Sr/86Sr of our data are typically ≤ ± 0.000 003 
(Tables 1, 3). The uncertainty on the mean line, given in Table 3, is 
calculated as the standard error of the mean of blocks of 7 contiguous 
data-points. This uncertainty is less that the uncertainty on the distri
bution of data (given by 2 standard deviations), as we are concerned not 
with data distribution but the uncertainty of the position of the regres
sion line. The data and mean line are unaffected by residual bias. Legacy 
data suffer from residual bias of around 0.000 020 (Oslick et al., 1994; 
Martin et al., 1999, Table 2). In order to improve SIS, further attention 
needs to be paid to better removing interlaboratory bias and residual 

bias and to developing new standards for 87Sr/86Sr analysis that match 
the values being measured.

Our sample ages are calibrated by bio-magnetostratigraphy (U1338), 
astrochronology and (minimally) 87Sr/86Sr chronology. The uncertainty 
in age is believed to be ≈ 0.1 Ma. Compared to a previous reference 
curve of McArthur et al. (McArthur et al., 2020; LOWESS 7, normalised 
to SRM987 of 0.710 248 and the timescale of Gradstein et al., 2020), our 
values of 87Sr/86Sr are higher by 0.000 020 at ages <15 Ma and lower by 
0.000 015 at ages >15 Ma. These differences translate into differences in 
age of up to 0.2 Ma at ages >15 Ma where the curve is steep and up to 
0.8 Ma at ages <15 Ma where it is shallow (Fig. 10). There is better 
agreement with the fit of McArthur et al. (2012, LOWESS 5, to the 
timescale of Gradstein et al., 2012), largely because LOWESS 5 did not 
include the data of Ando et al. (2011), which was to a chemostrati
graphic age-model that gave ages too high by 0.9 Ma near 15 Ma (see 
Section 6 for details).

4.4. A revised reference curve from 20 Ma to 32 Ma

For all or part of the interval from 20 to 32 Ma, ocean drilling sites 
have been used to provide reference curves of 87Sr/86Sr against time by 
Palmer and Elderfield (1985; Sites 21 and 357, 0 – 75 Ma), DePaolo and 
Ingram (1985; 4 sites and land outcrops, 0 – 65 Ma), DePaolo (1986; Site 
590B, 0 – 25 Ma), Hess et al. (1986; Sites 277, 305, 356, 366, 502, 516, 
577, 593, 0 – 100 Ma), Miller et al. (1988; Site 522, 23 – 37 Ma), Miller 
et al., 1991, Hodell and Woodruff (1994; Sites 289 and 588, 6 – 26 Ma), 
Oslick et al. (1994 Site 747A, 10 – 25 Ma), Mead and Hodell (1995; Site 
689B, 25 – 46 Ma), Zachos et al. (1992, 1999) and Reilly et al. (2002; 
Site 522, 23 – 35 Ma).

Some of the data in those publications, updated to the GTS2020 
timescale, was used by McArthur et al. (2020) to generate an ‘average’ 
curve (LOWESS 7) for the interval. Subsequently, Stoll et al. (2023) have 
provided a further data-set and reference curve for the interval 18 – 32 
Ma based on Site 1218 and using the astronomical age calibration from 
Pälike et al. (2006), updated in Westerhold et al. (2020; CENOGRID 
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ages). We have pruned the data of Stoll et al. (2023) to exclude four 
aberrant data (e.g. the two plotting above the LOWESS line in Fig. 8E) 
and used the rest to extend our curve to 32 Ma. For three reasons, our fit 
to the data of Stoll et al. (2023) does not honour putative slope changes 
or reversals in the curve proposed by those authors (e.g. reversals at ≈

22.8 Ma, 26.5 Ma and 28.5 Ma). The changes are too sharp to be 
compatible with the residence time of Sr in the ocean (see Section 4.2). 
Moreover, the data defining the ‘reversals’ are few in number and 
analysis was not replicated to ensure the robustness of the data defining 
them. Finally, demonstrations of error and disparities (here and in Hil
gen, 2025) in parts of the astrocalibrations of 1146, 1264, and U1337 
(CENOGRID ages) makes hazardous the interpretation of such details in 
trends of 87Sr/86Sr plotted against astrocalibrated ages until more 
detailed integration has been achieved between 87Sr/86Sr and astro
chronology at multiple sites.

4.5. Extending the reference curve from 11 Ma to 0 Ma

Curves of 87Sr/86Sr against time for all or part of the interval from 
0 to 11 Ma, based mostly on ocean drilling sites, have been provided by 
Palmer and Elderfield (1985, Site 21 and 357, 0 – 75 Ma), DePaolo and 
Ingram (1985; 4 sites and land outcrops, 0 – 65 Ma), DePaolo (1986; Site 
590B, 0 – 25 Ma), Hess et al. (1986; Sites 277, 305, 356, 366, 502, 516, 
577, 593, 0 – 100 Ma), Richter and DePaolo (1988; Site 575 and 590B, 
0 – 18 Ma), Hodell et al. (1989; Sites 502, 519, 588; 2 – 9 Ma), Capo and 
DePaolo (1990; 0 – 2.5 Ma), Hodell et al. (1990; Site 588, 607, 0 – 4 Ma), 
Miller et al. (1991; Site 608, 8 – 25 Ma), Hodell and Woodruff (1994; 
Sites 289 and 588, 6 – 26 Ma), Oslick et al. (1994 Site 747A, 10 – 25 Ma), 
Farrell et al. (1995; Site 758, 0 – 7 Ma), Martin et al. (1999; Site 926, 4 – 
15 Ma), McArthur et al. (2006, Site 758 and Sicilian outcrop, 2 – 4.5 
Ma).

Some of the data in those publications, updated to the GTS2020 
timescale, were used by McArthur et al. (2020) to generate an ‘average’ 
curve for the Cenozoic, with most weight in the interval 0 to 7 Ma given 
to the data from Site 758 of Farrell et al. (1995; hereinafter FCG95)
because of its high density of data and good age-model. Two problems 
with that data have now become apparent. The first is with normal
isation; sample data were acquired in static mode whilst standard data 
(SRM987) were acquired in dynamic mode: the difference between 
static and dynamic data of FCG95 is 0.000 107, according to the SI of 
FCG95: adjusting across modes is unlikely to provide accurate normal
isation. Normalising to data obtained on Holocene samples is also un
wise because of the second problem affecting the data of FCG95.

The second problem is that FCG95 noted that their data showed 
“high-frequency variations (in 87Sr/86Sr that) arise from some combination 
of analytical noise and natural variability”. FCG95 gave no explanation for 
the ‘natural variability’ they identified. Clemens et al. (1993), suggested 
that their record of 87Sr/86Sr in planktic foraminifera from Site 758 over 
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the past 450 kyrs showed 87Sr/86Sr was higher in interglacial than in 
glacial times but gave no mechanistic explanation for the change. In 
contrast, Mokadem et al. (2015) found no such variations at Site 758 
over the past 45 ka, a period that includes the last glacial maximum.

The natural variability identified by FCG95 persists and becomes 
clearer when the data is plotted as three-point, five-point, or seven- 
point, running means and so is likely to be real, as analytical noise 
should average to zero. In reality, it averages to signal, so we suggest 
that the natural variability is real and that it reflects riverine influences 
from the Ganges/Brahmaputra rivers. In Fig. 11, we plot a five-point 
running mean of the difference between the 87Sr/86Sr curve of FCG95 

and our new curve; in doing so we use the original age-model of FCG95, 
based on Farrell and Janecek (1991) and updated to the GTS2020 
timescale, rather than the age-models of Chen et al. (1995) or Ali et al. 
(2021).

The differences in Fig. 11 are mostly <0.000 020, yet they appear to 
demarcate four zones:

Zone 4 (7.0 – 6.1 Ma) is characterised by a decreasing baseline to a 
minima at 6.1 Ma, at which point riverine influences were presumed to 
be zero;

Zone 3 (6.1 – 3.2? Ma) by an increasing baseline to 3.2? Ma on which 
are superimposed 8 to 10 peaks, the number depending on whether the 
peaks at 5.7 Ma and 5.85 Ma are considered resolved, and whether one 
includes the peak at 3.1 Ma;

Zone 2 (3.2 – 1.6 Ma) by a return to a lower baseline three narrow and 
two broad peaks;

Zone 1 (1.6 – 0 Ma) by one broad peak (the numerous small peaks on 
its younger side, not seen on other peaks, reflect increased data density 
in this interval).

We advise caution in interpreting the magnitude of the variations, as 
the comparator is our new curve for the interval 0 – 7 Ma and that is 
based on literature data that has a precision lower than attainable today. 
Plainly, the variations in Fig. 11 need to be refined using a curve for 0 – 
7 Ma that is based on new data with analytical uncertainties at the low 
end of what is currently attainable i.e. < 0.000 004. Nevertheless, we 
interpret the peaks and troughs in Fig. 11 as reflecting changes in 
87Sr/86Sr of Sr in surface seawater at Site 758 over the past 7 myrs.

Such changes would have been driven by changing volumes of 
discharge of the Ganges-Brahmaputra / Meghna rivers, and their 
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Table 4 
Sources used to fit the new reference curve of 87Sr/86Sr against 
time for the period 0 Ma to 11 Ma. Data in these sources were 
normalised to 0.710 248 for SRM987 and ages were updated to 
the timescale of Gradstein et al. (2020).

Source Age range

Used (Ma)

Ando et al. (2010) 0 – 0.14
Ando et al. (2011) 7 – 11
Capo and De Paolo (1990) 0 – 3.1
Dia et al. (1992) 0 – 0.26
Henderson et al. (1994) 0 – 0.27
Hodell et al. (1989) 2.0 – 8.8
Hodell et al. (1990) 0 – 4.1
Martin et al. (1999) 5.0 – 9.0
Mokadem et al. (2015) 0 – 0.04
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Table 5 
Values of marine 87Sr/86Sr through the last 32 myrs, tabulated in increments of time of 0.1 myrs. The uncertainty limits are mean deviations of data from the regression 
lines used to fit the data.

2 s.e. 2 s.e. 2 s.e. 2 s.e. 2 s.e.

Age 87Sr / 86Sr × 106 Age 87Sr / 86Sr × 106 Age 87Sr / 86Sr × 106 Age 87Sr / 86Sr × 106 Age 87Sr / 86Sr × 106

0.0 0.709174 4 7.0 0.708940 10 14.0 0.708823 1 21.0 0.708366 6 28.0 0.708023 4
0.1 0.709171 4 7.1 0.708937 8 14.1 0.708821 1 21.1 0.708360 6 28.1 0.708021 5
0.2 0.709167 4 7.2 0.708935 11 14.2 0.708819 1 21.2 0.708353 7 28.2 0.708018 6
0.3 0.709163 9 7.3 0.708933 14 14.3 0.708816 1 21.3 0.708347 6 28.3 0.708015 6
0.4 0.709159 10 7.4 0.708932 12 14.4 0.708814 1 21.4 0.708341 7 28.4 0.708013 6
0.5 0.709154 7 7.5 0.708930 11 14.5 0.708811 1 21.5 0.708335 7 28.5 0.708011 7
0.6 0.709149 6 7.6 0.708929 8 14.6 0.708808 1 21.6 0.708328 7 28.6 0.708008 8
0.7 0.709144 7 7.7 0.708928 10 14.7 0.708804 1 21.7 0.708322 7 28.7 0.708006 8
0.8 0.709139 11 7.8 0.708927 7 14.8 0.708801 1 21.8 0.708316 7 28.8 0.708004 8
0.9 0.709133 9 7.9 0.708926 7 14.9 0.708797 1 21.9 0.708310 7 28.9 0.708001 8
1.0 0.709128 7 8.0 0.708925 6 15.0 0.708792 1 22.0 0.708304 7 29.0 0.707999 7
1.1 0.709122 7 8.1 0.708924 7 15.1 0.708787 1 22.1 0.708298 7 29.1 0.707997 6
1.2 0.709117 7 8.2 0.708923 6 15.2 0.708782 1 22.2 0.708292 7 29.2 0.707995 6
1.3 0.709112 8 8.3 0.708922 11 15.3 0.708777 1 22.3 0.708286 7 29.3 0.707993 6
1.4 0.709107 7 8.4 0.708921 11 15.4 0.708771 1 22.4 0.708280 7 29.4 0.707991 6
1.5 0.709102 8 8.5 0.708920 10 15.5 0.708764 1 22.5 0.708275 7 29.5 0.707989 5
1.6 0.709097 8 8.6 0.708919 12 15.6 0.708757 1 22.6 0.708269 7 29.6 0.707986 4
1.7 0.709093 6 8.7 0.708918 9 15.7 0.708750 1 22.7 0.708263 7 29.7 0.707984 4
1.8 0.709089 5 8.8 0.708916 5 15.8 0.708743 1 22.8 0.708257 7 29.8 0.707982 4
1.9 0.709085 5 8.9 0.708914 6 15.9 0.708736 1 22.9 0.708251 7 29.9 0.707980 4
2.0 0.709081 6 9.0 0.708913 5 16.0 0.708728 1 23.0 0.708246 7 30.0 0.707978 4
2.1 0.709078 7 9.1 0.708910 5 16.1 0.708721 1 23.1 0.708240 8 30.1 0.707976 4
2.2 0.709075 9 9.2 0.708908 5 16.2 0.708714 1 23.2 0.708234 6 30.2 0.707973 4
2.3 0.709072 11 9.3 0.708906 5 16.3 0.708707 1 23.3 0.708229 7 30.3 0.707971 4
2.4 0.709069 8 9.4 0.708904 5 16.4 0.708699 1 23.4 0.708223 9 30.4 0.707968 4
2.5 0.709067 7 9.5 0.708902 6 16.5 0.708692 1 23.5 0.708218 7 30.5 0.707966 4
2.6 0.709065 3 9.6 0.708900 5 16.6 0.708685 1 23.6 0.708212 7 30.6 0.707963 4
2.7 0.709063 4 9.7 0.708898 5 16.7 0.708677 1 23.7 0.708207 7 30.7 0.707960 4
2.8 0.709061 3 9.8 0.708896 5 16.8 0.708670 1 23.8 0.708201 7 30.8 0.707957 4
2.9 0.709059 3 9.9 0.708894 5 16.9 0.708663 1 23.9 0.708196 7 30.9 0.707954 4
3.0 0.709058 5 10.0 0.708892 4 17.0 0.708655 1 24.0 0.708191 8 31.0 0.707951 4
3.1 0.709057 5 10.1 0.708890 4 17.1 0.708648 1 24.1 0.708185 8 31.1 0.707947 4
3.2 0.709056 2 10.2 0.708888 4 17.2 0.708640 1 24.2 0.708180 8 31.2 0.707943 4
3.3 0.709055 3 10.3 0.708886 4 17.3 0.708633 1 24.3 0.708175 8 31.3 0.707939 4
3.4 0.709054 4 10.4 0.708884 4 17.4 0.708626 1 24.4 0.708170 8 31.4 0.707935 4
3.5 0.709053 2 10.5 0.708882 4 17.5 0.708618 1 24.5 0.708164 8 31.5 0.707930 4
3.6 0.709052 2 10.6 0.708880 4 17.6 0.708611 1 24.6 0.708159 8 31.6 0.707925 4
3.7 0.709051 4 10.7 0.708878 3 17.7 0.708603 1 24.7 0.708154 8 31.7 0.707920 4
3.8 0.709051 5 10.8 0.708876 3 17.8 0.708596 1 24.8 0.708149 8 31.8 0.707915 4
3.9 0.709050 5 10.9 0.708875 3 17.9 0.708588 1 24.9 0.708144 7 31.9 0.707912 4
4.0 0.709049 4 11.0 0.708873 3 18.0 0.708581 1 25.0 0.708139 7 32.0 0.707908 4
4.1 0.709049 5 11.1 0.708871 3 18.1 0.708573 1 25.1 0.708135 7 32.1 0.707905 4
4.2 0.709048 5 11.2 0.708869 3 18.2 0.708566 1 25.2 0.708130 7 32.2 0.707901 4
4.3 0.709047 5 11.3 0.708867 3 18.3 0.708558 1 25.3 0.708125 6 32.3 0.707897 4
4.4 0.709046 4 11.4 0.708865 2 18.4 0.708551 2 25.4 0.708120 7 32.4 0.707893 4
4.5 0.709045 3 11.5 0.708864 1 18.5 0.708543 2 25.5 0.708116 7 32.5 0.707889 4
4.6 0.709044 4 11.6 0.708862 1 18.6 0.708536 2 25.6 0.708111 7 32.6 0.707885 4
4.7 0.709043 4 11.7 0.708860 1 18.7 0.708528 2 25.7 0.708107 7 32.7 0.707881 4
4.8 0.709041 6 11.8 0.708858 1 18.8 0.708521 2 25.8 0.708102 7 32.8 0.707877 4
4.9 0.709039 6 11.9 0.708857 1 18.9 0.708513 2 25.9 0.708098 7 32.9 0.707873 4
5.0 0.709036 6 12.0 0.708855 1 19.0 0.708506 1 26.0 0.708094 7 33.0 0.707869 4
5.1 0.709034 9 12.1 0.708854 2 19.1 0.708498 1 26.1 0.708089 7 33.1 0.707865 4
5.2 0.709031 11 12.2 0.708852 2 19.2 0.708490 1 26.2 0.708085 7 33.2 0.707861 4
5.3 0.709028 12 12.3 0.708851 2 19.3 0.708483 1 26.3 0.708081 7 33.3 0.707857 4
5.4 0.709023 9 12.4 0.708849 2 19.4 0.708475 1 26.4 0.708077 7 33.4 0.707853 4
5.5 0.709018 8 12.5 0.708847 2 19.5 0.708468 2 26.5 0.708073 8 33.5 0.707849 4
5.6 0.709013 9 12.6 0.708846 2 19.6 0.708460 2 26.6 0.708069 8
5.7 0.709007 12 12.7 0.708844 2 19.7 0.708452 3 26.7 0.708066 7
5.8 0.709000 14 12.8 0.708843 1 19.8 0.708446 3 26.8 0.708062 7
5.9 0.708993 14 12.9 0.708841 2 19.9 0.708439 3 26.9 0.708058 6
6.0 0.708986 15 13.0 0.708839 1 20.0 0.708432 4 27.0 0.708055 8
6.1 0.708979 14 13.1 0.708838 1 20.1 0.708425 4 27.1 0.708051 4
6.2 0.708973 11 13.2 0.708836 1 20.2 0.708418 4 27.2 0.708048 4
6.3 0.708967 11 13.3 0.708834 1 20.3 0.708412 4 27.3 0.708044 3
6.4 0.708962 10 13.4 0.708833 1 20.4 0.708405 4 27.4 0.708041 3
6.5 0.708957 9 13.5 0.708831 1 20.5 0.708398 4 27.5 0.708038 3
6.6 0.708953 10 13.6 0.708830 1 20.6 0.708392 5 27.6 0.708035 4
6.7 0.708949 10 13.7 0.708828 1 20.7 0.708385 5 27.7 0.708032 4
6.8 0.708946 12 13.8 0.708827 1 20.8 0.708379 5 27.8 0.708029 3
6.9 0.708943 10 13.9 0.708825 1 20.9 0.708372 5 27.9 0.708026 4
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dissolved-87Sr/86Sr, that both varied in time in response to climate- 
change that altered the duration and intensity of the Indian summer 
monsoon. Mixing that freshwater with seawater would have lowered the 
salinity of seawater and raised its 87Sr/86Sr with the effects decreasing 
with distance from the estuary. The question is then whether that in
fluence would extend to Site 758.

Salinity is a proxy for riverine influence. Low-salinity coastal water is 
exported southwards in the Bay of Bengal by winter NE winds (Du and 
Zhang, 2016; Akhila et al., 2020; Podder et al., 2021) so it is no surprise 
that salinity variations on a glacial-interglacial timescale in the Bay of 
Bengal were noted by, inter alia, Cullen (1981) and Sijinkumar et al. 
(2016). On a shorter timescale, surface salinity variations in the vicinity 
of Site 758 range from ≈ 35 psu during the SW (summer) monsoon to ≈

33.5 psu during the NE (winter) monsoon (Du and Zhang, 2016; Akhila 
et al., 2020; Podder et al., 2021). In modern times, extreme events have 
changed salinity by up to 4 psu (Chen et al., 2022) at Site 758.

Modelling also suggests that such changes in salinity are sufficient to 
affect 87Sr/86Sr at Site 758 today. The 87Sr/86Sr values in the present- 
day Ganges and Brahmaputra rivers are amongst the world’s highest 
(Peucker-Ehrenbrink, 2018; Peucker-Ehrenbrink and Fiske, 2019), with 
annual discharge-weighted mean values of 0.728 and 0.720 respectively 
(Boral et al., 2021). Whilst the concentration of Sr in these rivers is 
inversely related to flow volume, even at maximum flow the concen
trations of Sr and values of 87Sr/86Sr (Ganges >70 μg/l, 87Sr/8 6Sr >
0.72; Brahmaputra >50 μg/l, 87Sr/86Sr > 0.718; Boral et al., 2021) in its 
water remain high enough to influence surface seawater in the southern 
Bay of Bengal. Using a two-end-member mixing model with a flux- 
weighted mean-annual concentration for the two rivers of 74 μg/l 
(ibid), the 87Sr/86Sr of seawater at Site 758 can be raised by 0.000 009 on 
reduction of salinity from 35 to 33 ‰, so the existence of such influences 
today is apparent. Given that Himalayan rivers may have had higher 
87Sr/86Sr in the past (Quade et al., 1997) stronger influences in the past 
(Fig. 11) are feasible. Because FCG95 analysed planktic, rather than 
benthic, foraminifera, that riverine influence was preserved at Site 758, 
with the surface signal of low salinity and high 87Sr/86Sr being exported 
to deeper dwellers by dissolution of surface-derived Acantharia (Brass 
and Turekian, 1974; Steiner et al., 2020).

Evidence that riverine influences extended to Site 758 in the past 
derives further, albeit tentative, support from isotopic studies of neo
dymium (for a summary, see Song et al., 2023; Rashid et al., 2021). In 
brief, gradients of Nd-isotopic composition across the Bay of Bengal 
(Stoll et al., 2007; Singh et al., 2012) show that the influence of rivers on 
the isotopic composition of neodymium (εNd) can extend to Site 758. As 
the neodymium isotope composition of foraminifera likely record 
benthic conditions (Roberts et al., 2012; Tachikawa et al., 2013), any 
riverine influence recorded by neodymium at Site 758 must be trans
mitted indirectly via sediment fractions (Song et al., 2023). Despite this 
indirect route, the 143Nd/144Nd record at Site 758 from planktic fora
minifera show seasonal variations (Yu et al., 2017). Glacial-interglacial 
variations in 143Nd/144Nd (Burton and Vance, 2000; Gourlan et al., 
2010) and in 187Os/188Os (Burton et al., 2010), at Site 758 have been 
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demonstrated and may represent responses to varying riverine influence 
from the Ganges and Brahmaputra rivers. Furthermore, the 87Sr/86Sr 
record of FCG95 and the 143Nd/144Nd record at Site 758 over the past 
0.8 Ma (Gourlan et al., 2010) show similar behaviour and departures 
from open-ocean values (Fig. 12A), although curve-matching is 
compromised by the different depth (and age) scales used by these au
thors. More tellingly, there is some concordance between the natural 
variability in 87Sr/86Sr at Site 758 and difference between the neo
dymium isotope compositions recorded at Site 758 and at Site 757; the 
latter is some 2300 km further south and so further from a Ganges in
fluence (Fig. 12B; Song et al., 2023). Finally, Bretschneider et al. 
(Bretschneider et al., 2021; their Fig. 7) recorded a change in the 
87Sr/86Sr of detrital clays that is co-incident in time with the monotonic 
rise in 87Sr/86Sr noted by Farrell et al. (1995) to have occurred between 
6 and 5 Ma (Fig. 13). These coincidences support our view that the 
anomalies noted here in the 87Sr/86Sr record from Site 758 are real.

The monotonic increase noted by FCG95 in a 3-point mean of their 
data between 1.46 and 1.13 Ma is represented on Fig. 11 by the marked 
increase between 1.6 and 1.35 Ma, the age offset being a result of the use 
here of a five-point running mean. The steep increase slightly predates a 
marked change in the East Asian monsoon noted by Sun et al. (2010) to 
have occurred at 1.25 Ma. Other changes noted by Sun et al. (2010) at 

around 2.75 and 4.2 Ma do not appear on Fig. 11 to coincide with the 
zone boundaries identified here. The strengthening of the Indian sum
mer monsoon between 5.8 and 5.2 Ma (Jöhnck et al., 2020) may be 
represented in Fig. 11 by the reversal in background slope from negative 
to positive around 6 Ma.

Given the above, a new reference curve is needed to replace the curve 
of FCG95. for marine-87Sr/86Sr in the interval 0 to 7 Ma and to extend it 
to 11 Ma. Here we provide such a curve using sources listed in Table 4. 
For the interval 0 to 2 Ma, data were normalised by fitting linear or 
second-order regressions and adding or subtracting values sufficient to 
superimpose the regression curves and make the regression intercept 
0.709 174 at 0 Ma. Other data was normalised to SRM987, excepting 
that of Martin et al. (Martin et al., 1999, Table 4) which plots around 
0.000 012 lower than our data, after normalisation using their value of 
0.710 235 for SRM987. We assume this difference represents residual 
bias, so we added 0.000 012 to that data to remove it.

5. The combined reference curves

We combine all of the above into one composite curve from 0 to 32 
Ma (Fig. 13) that is tabulated in Table 5 at intervals of 0.1 Ma. The curve 
is a combined fit of separate but overlapping polynomial regressions. In 

Table 6 
Age-depth models for IODP Site 1120. The column ‘this work’ is the model ages derived here from 87Sr/86Sr profile of Site 1120 and the new reference curve shown in 
Table 5 and Fig. 10. Levels above 36 mbsf are not defined by the new curve in Fig. 10 and so are speculative.

Shipboard Shipboard Sedimentation

Sample Depth Unit1 87Sr/86Sr Berggren95 GTS2020 This work Rate

(mbsf) to 248 Ma Ma Ma m/myrs

1120B-4H-1W, 100–103 cm 23.3 Unit III 0.708919 6.83 6.56 7.60 9.8
1120B-4H-5W, 100–103 cm 29.2 Unit III 0.708916 7.52 7.25 8.20 7.2
1120B-5H-1W, 100–103 cm 32.8 Unit III 0.708918 7.95 7.70 8.70 10.0
1120B-5H-4W, 50–53 cm 36.8 Unit III 0.708894 8.42 8.22 9.10 13.8
1120B-6H-1W, 100–103 cm 42.3 Unit III 0.708896 9.07 8.95 9.50 13.3
1120B-6H-4W, 50–53 cm 46.3 Unit III 0.708887 9.54 9.49 9.80 13.0
1120B-6H-6W, 140–143 cm 50.2 Unit III 0.708882 10.00 10.00 10.10 20.5
1120B-7H-3W 54.9 Base III 10.33
1120B-7H-5W, 100–103 cm 57.8 Unit IV 0.708877 10.32 10.35 10.55 12.0
1120B-8H-2W, 140–143 cm 63.2 Unit IV 0.708866 10.49 10.54 11.00 15.3
1120B-9H-1W, 100–103 cm 69.3 Unit IV 0.708867 10.68 10.75 11.40 13.6
1120B-10X-2W, 130–133 cm 75.4 Unit IV 0.708852 10.87 10.96 11.85 19.5
1120B-11X-1W, 100–103 cm 83.2 Unit IV 0.708851 11.98 12.11 12.25 12.0
1120B-11X-2W, 130–133 cm 85.0 Unit IV 0.708841 12.31 12.44 12.40 17.3
1120B-12X-1W, 100–103 cm 92.8 Unit IV 0.708837 12.85 12.98 12.85 14.3
1120B-12X-4W, 50–53 cm 96.8 Unit IV 0.708833 13.01 13.14 13.13 32.9
1120B-13X-1W, 99–102 cm 102.4 Unit IV 0.708834 13.24 13.36 13.30 27.5
1120B-14X-1W, 100–103 cm 112.0 Unit IV 0.708823 13.63 13.74 13.65 26.7
1120B-14X-4W, 50–53 cm 116.0 Unit IV 0.708821 13.79 13.89 13.80 18.7
1120B-15X-1W, 100–103 cm 121.6 Unit IV 0.708819 14.02 14.11 14.10 26.7
1120B-15X-4W, 50–53 cm 125.6 Unit IV 0.708814 14.18 14.26 14.25 49.3
1120B-16X-2W, 139–142 cm 133.0 Unit IV 0.708808 14.48 14.54 14.40 27.4
1120B-16X-5W, 100–103 cm 137.1 Unit IV 0.708813 14.65 14.70 14.55 36.7
1120B-17X-2W, 140–143 cm 142.6 Unit IV 0.708806 14.87 14.91 14.70 20.5
1120B-17X-5W, 100–103 cm 146.7 Unit IV 0.708800 15.04 15.07 14.90 24.7
1120B-18X-1W, 100–103 cm 150.4 Unit IV 0.708794 15.22 15.24 15.05 17.4
1120B-18X-4W, 50–53 cm 154.4 Unit IV 0.708772 15.45 15.46 15.28 20.7
1120B-19X-1W, 100–103 cm 160.0 Unit IV 0.708764 15.78 15.77 15.55 13.3
1120B-19X-4W, 50–53 cm 164.0 Unit IV 0.708740 16.01 15.98 15.85 19.0
1120B-20X-2W, 140–143 cm 171.6 Unit IV 0.708711 16.46 16.40 16.25 13.0
1120B-21X-1W, 100–103 cm 179.4 Unit IV 0.708664 16.86 16.77 16.85 11.7
1120B-21X-4W, 140–143 cm* 184.3 Unit IV 0.708636 17.07 16.97 17.27 25.9
1120D-4X-1W, 100–103 cm** 185.6 Unit IV 0.708629 17.15 17.04 17.32 13.6
1120D-4X-5W, 100–103 cm** 191.6 Unit IV 0.708598 17.57 17.44 17.76 16.5
1120D-5X-4W, 50–53 cm** 199.2 Unit IV 0.708559 18.15 17.95 18.22 17.0
1120D-6X-1W, 100–103 cm** 204.8 Unit IV 0.708543 18.57 18.31 18.55 18.6
1120D-7X-2W, 140–143 cm** 211.3 Unit IV 0.708513 18.96 18.63 18.90 20.2
1120D-8X-4W, 50–53 cm** 218.4 Unit IV 0.708486 20.54 19.61 19.25 11.8
1120D-9X-2W, 140–143 cm** 219.9 Unit IV 0.708473 20.99 19.75 19.38 11.3

1. Units are those defined in Carter et al. (1999).
* mbsf corrected from 183.4.
** 1.70 m was subrtracted from mbsf of 1120D to correct for offset from 1120B.
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Fig. 13, for legacy data, i.e. data with ages <8 Ma, we show uncertainty 
bars of ±0.000 020 to represent the typical uncertainty quoted in 
original publications. For our data in Fig. 13, the size of the symbol 
denotes the uncertainty on values of 87Sr/86Sr (± 0.000 003). The un
certainty on the data of Stoll et al. (2023) is ±0.000 019.

The shape of the curve is close to previous published curves but in the 
interval 11 to 20 Ma has substantially smaller uncertainties in 87Sr/86Sr 
than previous data, Ando et al. (2011) apart. The uncertainty on the 
mean line is calculated as the standard error of the mean over blocks of 7 
contiguous data-points. The uncertainties are not shown on Fig. 13 for 
clarity, but are given in Table 5. When using the curve to predict age for 
unknowns, the uncertainty of measurement of 87Sr/86Sr must be com
bined with the uncertainty of the mean line in order obtain a full esti
mate of uncertainty on predicted age.

The uncertainty on the position of the composite fitted line is less 
that the uncertainty on the distribution of data (given by 2 standard 
deviations), as we are concerned not with data distribution but the un
certainty of the position of the composite regression line. The data of 
Ando et al. (2011) and Stoll et al. (2023) are assumed not to be affected 
by residual bias. Legacy data (ages <11 Ma) may suffer from residual 
bias of around 0.000 020 (Oslick et al., 1994; Martin et al., 1999, 
Table 3) but its magnitude cannot be assessed accurately either because 
of a lack of relevant data, or because relevant data introduces conflict.

6. A new age-model for ODP Site 1120, 9.2 – 19.7 Ma

We use our new reference curve to refine the age model for ODP Site 
1120B/D (Carter et al., 1999). For that site, Ando et al. (2011) provide a 
depth-profile of 87Sr/86Sr with analytical uncertainties of around 
±0.000 005 (Fig. 9). Those authors presented a new age-model for the 
site based on their 87Sr/86Sr and 5 chemostratigraphic calibration 
points. That age-model differed from that developed by the shipboard 
party (Carter et al., 1999). Both the shipboard and Ando et al. (2011) age 
models utilise the mbsf depth scale. A shipboard composite depth scale 
was presented in Carter et al. (1999), but no composite splice was pro
vided for the late Miocene interval. In developing our new age-model for 
Site 1120, for consistency we used mbsf depths and corrected them for 
two errors in Ando et al. (2011) by reference to core-store records 
(1120B-21X-4W, 140–143 cm should be at 184.3 mbsf, not the 183.4 
mbsf given. 1120B-21X-2W, 50–53 cm, not analysed for 87Sr/86Sr, 
should be at 180.4 mbsf, not the 181.3 mbsf given). We additionally 
corrected for an offset in mbsf depths between Holes B and D at Site 
1120 by profiling 87Sr/86Sr against depth in both holes and identifying 
the offset of 1.70 m between them (Fig. 14). This places the Ando data 
from Holes B and D onto a common depth scale and thus also demon
strating the power of 87Sr/86Sr to check the accuracy of core splices. 
Using our new reference curve of 87Sr/86Sr against age (Fig. 10, Table 5), 
we assigned new ages to each 87Sr/86Sr value of Ando et al. (2011). The 
result is a new age-depth model for Site 1120B/D that is shown in Fig. 15
and tabulated in Table 6.

The data of Ando et al. (2011) were normalised by those authors to a 
value for SRM987 of 0.710 250 but no analysis of EN-1 was provided, so 
residual bias, if present, cannot be identified. Nevertheless, data in Ando 
et al. (Ando et al., 2010, Table 1) obtained using the same mass spec
trometer shows measured values of 0.710 250± <0.000 001 (2.s.e, n =
6) for SRM987 and 0.709 179 ± 0.000 001 (2 s.e., n = 6) for Holocene 
foraminifera. These data suggest that residual bias in the data of Ando 
et al. (2011) is no more than 0.000 007. As we cannot be sure that that 
possible bias applies to the data of Ando et al. (2011) we have ignored it 
in arriving at the new age model for Site 1120 but we have re-normalised 
that data to a value of 0.710 248 for SRM987.

The age-model derived here from 87Sr/86Sr differs only a little from 
the biostratigraphic age-model of the shipboard party (Carter et al., 
1999), updated to the Gradstein et al. (2020) timescale. Both age models 
differ from the age-model derived by Ando et al. (2011), mainly because 
those authors assigned an age of 15.9 to their calibration point 3, the 

point in the Middle Miocene where the high rate of change of 87Sr/86Sr 
in the Early Miocene switched to a lower rate in the Late Miocene. Here 
we show that the mid-point of that change was at 15.1 Ma.

7. Climate and the marine-87Sr/86Sr record

Numerous articles have sought to explain why the marine-87Sr/86Sr 
record shows such sinuosity; for recent discussions on the topic see, inter 
alia, Coogan and Dosso (2015), Peucker-Ehrenbrink and Fiske (2019), 
Gernon et al. (2021) and references therein. The drivers of the inflection 
between 16.0 and 13.6 Ma has received less attention, so a brief 
comment is in order in relation to glaciation. To give context, we show in 
Fig. 16 our record of 87Sr/86Sr alongside the CENOGRID record of ma
rine δ18O and marine δ13C (Westerhold et al., 2020) and the period 
commonly termed the Miocene Climatic Optimum (Holbourn et al., 
2015). The 87Sr/86Sr record from 25 Ma to 9 Ma (Fig. 13) consists of two 
straight lines connected by one inflection with a duration of 2.4 myrs. 
The slope of the 87Sr/86Sr record begins to decrease at 16.0 Ma; given the 
inertia to change of marine 87Sr/86Sr (Richter and Turekian, 1993) the 
forcing mechanism must have begun before that time – probably be
tween 0.2 to 1 myrs beforehand; explanations of the change must ac
count for that fact.

Explanations of the change-in-slope have included a wet-base to dry- 
based transition of Antarctic ice-sheets (cf. Zachos et al., 1999), and 
stabilization of the East Antarctic ice-sheet (Oslick et al. (1994). The past 
few decades of research, however, have revealed large scale oscillations 
in the size of Antarctic ice-sheets (Gasson et al., 2016; Miller et al., 2020; 
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Perez et al., 2021; Halberstadt et al., 2021; Klages et al., 2024, references 
therein, but cf. Balter-Kennedy et al., 2020) and such oscillations are not 
reflected in the simple curve presented in Fig. 13. The timing of such a 
wet-dry transition is uncertain beyond likely being younger than 15 Ma 
(ibid), and the thermal regime of the East Antarctic Ice-sheet was likely 
to have been geographically variable and, in places, warm-based or 
polythermal until ≈ 7 Ma (Smellie et al., 2014). Furthermore, Mokadem 
et al. (2015) showed that the marine-87Sr/86Sr record for the past 45 ka, 
measured at a precision of ±0.000 005, showed no change relatable to 
glacial-interglacial cycles (cf. Blum and Erel, 1995). In short, the Sr- 
isotope trend in the Miocene is not easily relatable to events in 
Antarctica. Alternative explanations for the inflection in the 87Sr/86Sr 
trend at 15 Ma include eruption and weathering of Columbia River 
basalts (Hodell and Woodruff, 1994; Taylor and Lasaga, 1999), which 
appears incompatible with the monotonic increase in 87Sr/86Sr after 
13.6 Ma, and increase in the supply of low-ratio Sr from emerging ju
venile terrains since 15 Ma such as the SE Asian archipelago (Park et al., 
2021), which might.

8. Implications and applications of high-precision SIS

Along with the work of Mokadem et al. (2015) and Ando et al. 
(2011), this work shows that analysis of 87Sr/86Sr can be done, with 
well-preserved samples, to a precision that will allow major problems of 
dating in the marine realm to be tackled. The accuracy of core 
composite-depths and splices, and astronomic calibrations, can be 
checked and improved using 87Sr/86Sr analysis. Synchroneity and dia
chroneity of fossil datums (c.f. Hess et al., 1989) can now be determined 
to an accuracy of around 0.1 Ma in the Oligocene and early-to-middle 
Miocene. Perhaps most importantly, this work suggests that it has 
been analytical matters, rather than problems of sample preservation, 
that have contributed most to the scatter of legacy 87Sr/86Sr and so 
reduced its ability to date well in the Neogene. We deduce this because, 
whilst the overwhelming majority of our samples were well preserved, 
two comprised >85 % of frosty planktic foraminifera, which many 
would regard as not preserved well. Yet these two samples have 
87Sr/86Sr values concordant with other data, suggesting that the effects 
of such diagenetic alteration has little effect on 87Sr/86Sr, whilst un
doubtedly altering some proxy signals (Edgar et al., 2015). The principal 
problem that will compromise all of the above is interlaboratory bias, 
and that can be addressed through interlaboratory calibration exercises, 
analysis of more standards per sample and more than one standard, and 
development of additional standards specific to SIS.

9. Summary

1. We provide a new reference curve of 87Sr/86Sr versus time for the 
interval 0 to 32 Ma for use in correlation and dating with 87Sr/86Sr. 
The interval 0 – 11 Ma is based on literature data with low-precision 
measurement of 87Sr/86Sr, compared to that attainable today, so 
needs improving.

2. Dating and correlation with 87Sr/86Sr is hampered by residual bias in 
the measurement of 87Sr/86Sr. Reporting values of 87Sr/86Sr for 2 or 
more standards would help eliminate this bias.

3. Sr-isotope stratigraphy has revealed apparent errors and discrep
ancies in the ages of [I]ODP cores dated by astrochronology. Most 
disparities between chronological approaches are <0.2 Ma but they 
range up to 1 Ma. Incorporating high-precision SIS into an integrated 
stratigraphic approach is now feasible to provide quality-control on 
astronomic calibrations of cores.

4. The natural variability of the 87Sr/86Sr record for 0 – 7 Ma of Farrell 
et al. (1995), for IODP Site 758 in the southern Bay of Bengal, pro
vides a record of the intensity of the Indian summer monsoon.

5. Based on the new reference curve, we provide a new age-depth 
calibration for ODP Site 1120 (Campbell Plateau).

6. The rate of change of 87Sr/86Sr with time slows markedly between 
16.0 and 13.6 Ma and is essentially linear for 5 myrs above and 
below these dates; nothing can be found in Antarctic glacial history 
that explain this shape of curve.

CRediT authorship contribution statement

J.M. McArthur: Writing – review & editing, Writing – original draft, 
Validation, Supervision, Resources, Project administration, Methodol
ogy, Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization. I.L. Millar: Writing – review & editing, Validation, 
Supervision, Methodology, Investigation, Funding acquisition, Formal 
analysis, Data curation. A.J. Drury: Writing – review & editing, Meth
odology, Investigation, Formal analysis, Data curation. D. Wagner: Data 
curation, Formal analysis, Investigation, Methodology, Validation.

Declaration of competing interest

The authors declare that they have no competing financial interests 
or personal relationships that might appear to influence the work re
ported in this paper.

Acknowledgements

The analysis presented here was supported by NERC/NEIF Project 
Grant 2022/2565. Drury was funded by the European Union’s Horizon 
2020 research and innovation programme under the Marie Skłodowska- 
Curie grant (agreement no. 796220) and the Royal Society (DHF\R1 
\221091). We thank Gianluca Frijia and an anonymous reviewer for 
their constructive comments. Jim Davy and Paul Minton kindly pro
vided the photomicrographs in Fig. 3. We are grateful to S.A. Walker, 
Shellebarger Professor of Geology at the University of Georgia, and 
Douglas Dvoracek (deceased), University of Georgia, for encouragement 
that lead us to undertake this work. The Ocean Drilling Program and 
International Ocean Discovery Program provided the samples used in 
this study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2025.112907.

Data availability

The data is where it should be - in the paper.

References

Akhila, V.P., Vialard, J., Lengaigneb, M., Keerthi, M.G., Boutin, J., Vergely, J.L., Papa, F., 
2020. Bay of Bengal Sea surface salinity variability using a decade of improved 
SMOS re-processing. Remote Sens. Environ. 248, 111964.

Ali, S., Hathorne, E.C., Frank, M., 2021. Persistent provenance of South Asian monsoon- 
induced silicate weathering over the past 27 million years. Paleoceanog. 
Paleoclimatol. 36, 2020PA003909. 

Ando, A., Nakano, T., Kawahata, H., Yokoyama, Y., Khim, B.-K., 2010. Testing seawater 
Sr isotopic variability on a glacial–interglacial timescale: an application of latest 
high precision thermal ionization mass spectrometry. Geochem. J. 44, 347–357.

Ando, A., Khim, B.-K., Nakano, T., Takata, H., 2011. Chemostratigraphic documentation 
of a complete Miocene intermediate-depth section in the Southern Ocean: Ocean 
Drilling Program Site 1120, Campbell Plateau off New Zealand. Mar. Geol. 279, 
52–62.

Andrews, M.G., Jacobson, A.D., Lehn, G.O., Horton, T.W., Craw, D., 2016. Radiogenic 
and stable Sr isotope ratios (87Sr/86Sr, d88/86Sr) as tracers of riverine cation 
sources and biogeochemical cycling in the Milford Sound region of Fiordland. New 
Zealand. Geochim. Cosmochim.Acta 173, 284–303.

Backman, J., Baldauf, J.G., Ciummelli, M., Raffi, I., 2016. Data report: a revised 
biomagnetostratigraphic age model for Site U1338, IODP Expedition 320/321. In: 
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2020. High-latitude biomes and rock weathering mediate climate – carbon cycle 
feedbacks on eccentricity timescales. Nat. Commun. 11, 5013. https://doi.org/ 
10.1038/s41467-020-18733-w.

DePaolo, D.J., 1986. Detailed record of the Neogene Sr isotopic evolution of seawater 
from DSDP Site 590B. Geology 14, 103–106.

DePaolo, D.J., Ingram, B.L., 1985. High-Resolution Stratigraphy with Strontium Isotopes. 
Science 227 (4689), 938–941.

Di, Y., Krestianinov, E., Zink, S., Amelin, Y., 2021. High-precision multidynamic Sr 
isotope analysis using thermal ionization mass spectrometer (TIMS) with correction 
of fractionation drift. Chem. Geol. 582, 120411.

Dia, A.N., Cohen, A.S., O’Nions, R.K., Shackleton, N.J., 1992. Seawater Sr isotope 
variation over the past 300 kyr and influence of global climate cycles. Nature 356, 
786–788.

Drury, A.J., Liebrand, D., Westerhold, T., Beddow, H.M., Hodell, D.A., Rohlfs, N., 
Wilkens, R.H., Lyle, M., Bell, D.B., Kroon, D., Pälike, H., Lourens, L.J., 2021. Climate, 
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