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ABSTRACT

Foraminifera Mg/Ca paleothermometry forms the basis of a substantial portion of ocean
temperature reconstruction over the last 5 Ma. Furthermore, coupled Mg/Ca-oxygen isotope (5§'°0)
measurements of benthic foraminifera can constrain eustatic sea level (ESL) independent of paleo-
shoreline derived approaches. However, this technique suffers from uncertainty regarding the
secular variation of the Mg/Ca seawater ratio (Mg/Ca,) on timescales of millions of years. Here we
present coupled seawater-test Mg/Ca-temperature laboratory calibrations of Globigerinoides ruber
in order to test the widely held assumptions that (1) seawater-test Mg/Ca co-vary linearly, and (2)
the Mg/Ca-temperature sensitivity remains constant with changing Mg/Ca,,. We find a nonlinear
Mg/Catesi-Mg/Cay, relationship and a substantial lowering of the Mg/Ca-temperature sensitivity at
lower than modern Mg/Cas,, from 9.0%°C™ at Mg/Cas,, = 5.2 mol mol™ to 7.5+0.9%°C™ at 3.4 mol
mol™. Using our calibrations to more accurately calculate the offset between Mg/Ca and biomarker-

derived paleotemperatures for four sites, we derive a Pliocene Mg/Ca, ratio of ~4.3 mol mol™. This
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Mg/Ca,, implies Pliocene ocean temperature 0.9-1.9°C higher than previously reported and, by
extension, ESL ~30 m lower compared to when one assumes that Pliocene Mg/Cas, is the same as at
present. Correcting existing benthic foraminifera datasets for Mg/Cas, indicates that deep water
source composition must have changed through time, therefore seawater oxygen isotope

reconstructions relative to present day cannot be used to directly reconstruct Pliocene ESL.

1 INTRODUCTION
The temperature-dependant incorporation of Mg/Ca into the calcite test of marine organisms,
principally foraminifera, is widely used to reconstruct the thermal evolution of the oceans
throughout the Cenozoic [e.g. Wara et al. 2005; Lear 2000]. Coupled Mg/Ca-oxygen isotope (5§*°0)
measurements of the same or coeval foraminifera enable the §*°0 palaeotemperature equation to
be solved for §"*0,,, with particular utility to benthic species, as the isotopic composition of the
deep ocean is less spatially variable. A consequence of this is that temporal trends in deep ocean
§*0,, may be related to global ice volume [e.g. Lear et al. 2000], and by extension, sea level
[Sosdian & Rosenthal 2009; Woodard et al. 2014; Dwyer & Chandler 2009]. Much effort in this
direction has focused on unravelling the Pliocene-Pleistocene evolution of the major ice sheets and
the temperature of the oceans. In particular, there is considerable community interest in the
Pliocene Warm Period (3.264-3.205 Ma), as it is thought to represent the most recent period of
geological time with an atmospheric CO, concentration greater than preindustrial [Seki et al. 2010].
A confounding factor for Mg/Ca palaeothermometry is that the incorporation of most trace
elements into the shells of foraminifera is dependent on their respective concentration in seawater
[e.g. Delaney et al. 1985; Evans et al. 2015]. Whilst many studies have attempted to correct for this,
virtually all previous work assumes that shell Mg/Ca (Mg/Ca.s) varies linearly with seawater Mg/Ca
(Mg/Casy). However, for all species studied to date — and inorganic precipitates — this has been
shown to be incorrect [Mucci & Morse 1983; Segev & Erez 2006; Evans et al. 2015]. Furthermore,

whilst much recent work has been focused on reconstructing Cenozoic Mg/Cas, [Fantle & DePaolo
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2006; Coggon et al. 2010; Evans et al. 2013; Horita et al. 2002], the application of an appropriate
correction for this secular variability to foraminifera data is confounded by the lack of accurate and
temporally continuous Mg/Cas, reconstructions for all geological periods. Because both Mg and Ca
have relatively long residence times in the ocean (~14 and ~1 Ma respectively [Li 1982]), most
studies applying this proxy to Pliocene-Pleistocene samples assume that Mg/Cas,, has remained
constant over this time [e.g. Wara et al. 2005], although with at least one exception [Medina-
Elizalde et al. 2008]. However, multiple lines of evidence suggest that this may not be the case
[Horita et al. 2002; Fantle & DePaolo 2006]. These studies suggest a rise in Mg/Ca,, from 3-4 mol
mol™in the mid/late Pliocene to 5.2 mol mol™ at present, with the direct implication that
uncorrected Mg/Ca data would underestimate Pliocene warmth. Recently, O'Brien et al. [2014]
found an offset between Mg/Ca and TEXg" temperature reconstructions during the Pliocene for
ODP Site 1143 (South China Sea), which they argued is most likely caused by secular change in
Mg/Cag,.

In the tropics, Pliocene Warm Period (PWP) Mg/Ca-derived sea surface temperature (SST)
reconstructions suggests the West Pacific Warm Pool was 2-3°C warmer after accounting for this
secular Mg/Ca,, change [O'Brien et al. 2014] with a reduced or absent equatorial Pacific
temperature gradient [Wara et al. 2005; Fedorov et al. 2013; Zhang et al. 2014]. These observations
are only in partial agreement with climate models, which do not exhibit a similar magnitude of
change in these gradients [Haywood et al. 2013; Brierley 2015]. Potential mechanisms of reconciling
this proxy-model discrepancy include enhanced tropical cyclones [Fedorov et al. 2010] and altered
cloud radiative properties [Burls & Fedorov 2014]. Accurate knowledge of SST and temperature
gradients is required to assess which mechanism, if any, is the most appropriate.

This study presents the first detailed calibrations between Mg/Cai.:-Mg/Cas, for the
planktic foraminifera Globigerinoides ruber (white, sensu stricto). Crucially, we also present a
Mg/Caes-temperature calibration at below-modern Mg/Cas,, (3.4 mol mol™), which enables us to

test the widely-held assumption that the sensitivity of this thermometer does not change with
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Mg/Cay. Although these calibrations provide a basis for more accurate palaeothermometry
throughout the Cenozoic, here we focus on the implications of these data for the Pliocene-
Pleistocene for two reasons: firstly, there are published G. ruber records, which means that
uncertainties regarding the applicability of our calibrations to other or non-extant species can be
eliminated. Secondly, based on such records, we are able to reconstruct secular Mg/Cas,, variability
over this time using the Mg/Ca-biomarker temperature offset technique of O'Brien et al. [2014].
This approach assumes that the differential temperature reconstructed by the two proxies is the
result of a lower than present-day Mg/Cas, ratio, resulting in a bias of Mg/Ca-derived temperatures
to lower values. However, the results of O'Brien et al. [2014] require revision because the
relationship between Mg/Cai:-Mg/Cag,-temperature was not previously known in detail.
Furthermore, geochemical records may be biased by other factors, such as a shift in the seasonality
of a given proxy or the intensity of carbonate dissolution through time. This is indicated by the
differential magnitude of biomarker and Mg/Ca SST discrepancies between the East and West
Pacific [Dekens et al. 2008]. Therefore, the Mg/Ca,, record of O'Brien et al. [2014], based on data
from one site, may be biased. We address this issue by utilising coupled Mg/Ca-biomarker proxy
data at four sites spanning the last ~5 Ma from which both proxies are available. Based on our new
Mg/Cas, record for this time interval, we then assess the implications of our results for coupled

Mg/Ca-SlSO-derived ice volume and eustatic sea level (ESL) estimates for the Pliocene.

2 METHODS

2.1 G. ruber Mg/Cai.-Mg/Cas,-temperature calibration

2.1.1 Experimental setup

Foraminifera were collected from the northernmost Red Sea (Gulf of Eilat) at 20 m water depth by
plankton drift tows at a location with a bathymetry of >300 m. Foraminifera were immediately
picked from plankton concentrates to recovery dishes, whereupon they were measured,

photographed and transferred to individual 120 ml culture jars if they accepted a juvenile Artemia
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brine shrimp, and fed daily. Individual foraminifera were cultured until they underwent
gametogenesis (usually < 7 days [see also Kisakirek et al. 2008]), and were transferred to new jars if
algal growth was detected.

All culture seawater was isotopically labelled to facilitate unambiguous identification of
chambers precipitated exclusively in culture. **Ba was chosen as the seawater spike because highly
enriched (93.5%) °BaCO; is relatively inexpensive, and the low seawater [Ba] (<10 ppb) means little
spike (74 nM) is required to greatly modify the isotopic composition of large volumes of seawater.
Resulting culture seawater **Ba/***Ba depended on the initial seawater [Ba] that in turn varied with
the proportion of Mg-free artificial seawater used to create seawater with variable Mg/Ca ratios
from artificial-natural seawater mixes; the artificial seawater used in this study was characterized by
[Ba] 2x that of Gulf of Eilat seawater. Culture seawater **Ba/***Ba ratios varied between 0.52-1.82
(at Mg/Ca,,, = 2.2 and 5.2 respectively), which are easily distinguishable from natural (0.09194) by
laser-ablation ICPMS.

Two principal calibrations were carried out: (1) Mg/Caie-Mg/Cas, between Mg/Cay,, = 2.2-
6.2 mol mol™ at 26°C and (2) Mg/Ca-temperature between 20-30°C at Mg/Cas, = 3.4 mol mol™. Each
calibration consisted of five data points with 10-20 individual specimens cultured at each unique set
of conditions. The Mg/Ca ratio of seawater was modified by mixing natural Gulf of Eilat seawater
with artificial Mg-free seawater (i.e seawater [Ca] was constant), salinity was 37%o in all
experiments.

2.1.2 Laser-ablation ICPMS analysis

Specimens were ultrasonicated in ~20% NaOCl and rinsed in deionized water, mounted on carbon
tape and analysed for X/Ca ratios using the 193 nm ArF laser-ablation ICPMS setup with two-volume
cell at Royal Holloway University of London [Miller et al. 2009]. The analytical procedures for
foraminifera, as well as a detailed description of carbonate trace element data quality are described
in the main text and supporting material of Evans et al. [2015]. Mg/Ca accuracy+precision (2SD) is

2+4% based on analysis of the standards NIST610 and MPI-DING GOR128. Briefly, we utilise slow
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depth profiling in order to maximise vertical spatial resolution through the chamber walls. Ablation
parameters were: 44-57 um spot size, 2 Hz laser repetition rate. A ‘squid’ inline signal smoothing
device was used to eliminate spectral skew at low repetition rates. Ba isotope data quality was
optimised by increasing the m/z = 135 dwell time to 100 ms (~1/3 total dwell time), the maximum
practically possible given the simultaneous requirements to monitor 10 other m/z and to keep the
total ICPMS sweep time below 0.35 s. Whilst unnecessary for samples grown in cultured seawater
with ¥Ba/*®*Ba >0.5, the relatively low natural abundance of **Ba means that this is necessary to
obtain suitably precise **Ba/***Ba ratios, given the low (1-2 ppm) Ba concentration in foraminiferal
calcite.

The 2SD of G. ruber chambers that were never exposed to ***Ba-spiked seawater (n = 23) is
26.5% (see the supplementary material for further details). Only chambers characterized by
35Ba/"*Ba within error of the culture seawater were used to define calibration equations. An
example of this is shown in figure 1 using experiment DE3-2-26 (Mg/Cas, = 2.2 mol mol™,
temperature = 26°C). Because these foraminifera grew in culture seawater with Mg/Ca ~40% of

natural, chambers with elevated *5Ba/3®

Ba are characterised by lower Mg/Cayes: ratios than those
with natural **Ba/***Ba (or a mixture of the two). In order to avoid potential bias by integrating data
from partial chamber wall profiles with variable **Ba/**Ba, only chambers with consistently
elevated Ba-isotope ratios were used to define the calibrations. Some chambers are characterized
by intermediate **°Ba/"**Ba ratios because these foraminifera add a layer of calcite to the existing
shell when a new chamber is formed. Mean values were integrated from the entire chamber wall in
order that our laser-ablation measurements are directly comparable to solution analysis of
dissolved tests. Unlike calibrations based on bulk (solution) analysis of multiple individuals, this
method eliminates the need for mass-balance corrections for material precipitated prior to culture,
which adds uncertainty if the proportion of calcite precipitated prior to collection is poorly

138

constrained. Given the ease with which seawater **Ba/"**Ba can be modified, ***Ba isotope spikes

are an effective method of unambiguously identifying foraminifera calcite precipitated in culture,
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2.1.3 Seawater ICPMS analysis
Trace element data quality as measured by ICPMS at the NERC Isotope Geosciences Laboratory
(British Geological Survey, UK) is described in Evans et al. [2015]. The procedure was not modified
except to include ***Ba. Measured **Ba/***Ba was normalised to a BGS QC seawater with natural
35B3/3*Ba ([Ba] = ~300 ppm). The magnitude of this accuracy correction is 2.8%, following which
data quality (accuracyzprecision) based on triplicate analysis of the seawater standard NASS-4 ([Ba]
=~7 ppm) was 2.0+3.9% (2SD).
2.2 Dataset treatment

In order to examine secular variation in Mg/Cas,, over the last 5 Ma, we utilise published
Mg/Ca and TEXgs data from ODP Site 806 [Wara et al. 2005; Zhang et al. 2014], Mg/Ca and UK'37 data
from ODP Site 847 [Dekens et al. 2007; Wara et al. 2005], Mg/Ca, UK'37 and TEXgg data from ODP
Site 1143 [Li et al. 2011; Tian et al. 2006; O'Brien et al. 2014; Zhang et al. 2014] and Mg/Ca and U*,
data from ODP Site 999 [Seki et al. 2010; Schmidt et al. 2006; Badger et al. 2013; O'Brien et al.
2014], see figure 2. Only U, data below saturation was used; therefore no temperature record
before 3.6 Ma is available from Site 999 and only TEXgs data was used at Site 1143 prior to 2.7 Ma.
Following dissolution and species-offset corrections (see below), Mg/Ca and biomarker datasets for
each site were LOWESS-smoothed and re-sampled at 100 ka resolution with the exception of Site
999 (250 ka). These data were then used to iteratively back-calculate Mg/Ca,, for each site based on
our coupled Mg/Cay,-Mg/Caies-temperature calibration (see below), using the smoothed biomarker
temperatures from each site to solve for Mg/Ca,. Finally, calculated Mg/Ca,, values from each site
were combined and LOWESS-smoothed to produce an average Mg/Cas, curve for the last 5 Ma.

Because our calibrations are based on G. ruber, yet much of the published SST data are
derived from G. sacculifer, fossil G. sacculifer Mg/Ca data were adjusted to G. ruber before
calculating Mg/Cas,. We do this based on the difference in the pre-exponential coefficient between
published laboratory Mg/Ca-temperature calibrations of the two species in modern seawater

[NUrnberg et al. 1996; Kisakirek et al. 2008], because unlike sediment trap or core top calibrations,
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these analyses are less likely to be biased by dissolution or diagenesis. In line with previous studies
[e.g. Anand et al. 2003], we use an exponential coefficient of 0.09 for both species in modern
seawater. Based on this assumption, G. ruber and G. sacculifer have pre-exponential constants of
0.43 and 0.39 respectively, which equates to a temperature-independent offset of 10.3%. A high-
resolution record for both species exists for Site 999 (Caribbean Sea) between ~3.4-2.2 Ma, enabling
an assessment of the accuracy of this correction through time, and for foraminifera growing in
seawater with potentially variable Mg/Ca (figure SMs5). Because our correction is defined by
foraminifera growing in modern seawater, it is useful to confirm that it also reliably adjusts a fossil
record, when conditions were different to modern. LOWESS-smoothed curves of this portion of the
dataset show high coherence. Because our Mg/Ca,, record indicates that this ratio was lower than
present over this time interval (section 3.2), this demonstrates that a correction applied in this way
is not biased in the past by variable Mg/Ca,,. Therefore, our G. ruber-derived calibrations can be
applied with confidence to G. sacculifer data.

A dissolution correction is necessary to counter the effects of the preferential loss of
relatively high-Mg portions of the foraminifera test when exposed to seawater with A[CO;*] <~21
umol kg™ [see Dekens et al. 2002; Regenberg et al. 2014; Fehrenbacher & Martin 2014]. We
considered two options for dissolution correction of the Mg/Ca data. Most previous work [e.g. Wara
et al. 2005; O'Brien et al. 2014] utilises location-specific Mg/Ca-temperature calibrations with a
depth correction applied to the exponential constant, such as those of Dekens et al. [2002].
However, we derive an alternative approach based on the assumption that Mg/Ca and biomarker-
derived palaeotemperature reconstructions should be the same over the last four glacial-
interglacial cycles. All of these proxies are frequently related to the same environmental variable
(SST), and Mg/Ca,, can be assumed to be invariant over this time. In order to apply this correction
to all sites, the Mg/Ca and biomarker temperatures are matched over the past 400 ka by applying a
constant multiplicative offset to the Mg/Ca data. This method implicitly assumes that the offset

between proxies over this time is the combined result of seasonal differences in the proxies and
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Mg/Ca dissolution. The latter of these effects is likely to be more important given the minimal
seasonality at most of the sites included in this study. There are two advantages of this approach:
(1) it requires no assumption regarding the relationship between core depth or core site carbonate
chemistry and dissolution, as opposed to previously suggested dissolution corrections [e.g. Dekens
et al. 2002], which may be inaccurate outside of the region in which they were defined. (2) It
eliminates potential problems regarding the application of culture calibrations to fossil data, as the
dissolution correction forces the Mg/Ca data to match the biomarkers. Nonetheless, a comparison
of both approaches is given in the supporting material, demonstrating that the correction method

exerts a small control on our results.

3 RESULTS: Mg/Ca.: response to variable Mg/Ca,, and temperature

Trace element chemistry, **Ba/*Ba ratios, carbonate chemistry details and culture
conditions for all experiments are given in table 1. Our calibrations are shown in figure 3 in
comparison to a previous G. ruber Mg/Ca-temperature calibration at modern day Mg/Ca,, (5.2 mol
mol™) carried out in the same laboratory [Kisakirek et al. 2008], see figure 3B. The Mg/Cag,-
Mg/Cares calibration (figure 3A) confirms the nonlinear response to Mg/Ca,, observed in other
foraminifera [Segev & Erez 2006; Evans et al. 2015]:

Mg/Carest = -0.0591+0.0264xMg/Cay,” + 1.1520.14xMg/Cay, (2)
R*=0.99, n =76, 95% confidence intervals. Although previous studies have argued that a power
regression most appropriately describes the variation of Mg/Cayes; with Mg/Cas,, [Ries 2004; Evans &
Muller 2012], we present this relationship as a quadratic regression forced through the origin,
because the linear Dyg-Mg/Cas, relationship (figure SM3) implies this [see also Evans et al. 2015].
This does not affect the conclusions of Evans & Miller [2012], as the shape of this relationship is
similar to a power curve (with o<H<1, where H is the power component of a seawater-shell Mg/Ca
calibration of the form: Mg/Catest = FXMg/CaSWH), in that it is offset to higher Mg/Cat.: at a given

Mg/Cas, compared to a linear regression over the range o-5.2 mol mol™,
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The Mg/Ca-temperature relationship at Mg/Cas, = 3.4 mol mol™ (figure 3B) is described by
the exponential curve:

Mg/Carest = 0.48%0.11xexp® 75**°%9" (2)

R*=0.99, n = 44, 95% confidence intervals. Equation 2 defines a Mg/Ca-temperature sensitivity of
7.5%°C™. This is a significant reduction compared to calibrations in modern seawater for this

species, where the exponential coefficient is routinely taken to be 0.09 [e.g. Anand et al. 2003], i.e.
9%°C™. Thus, the sensitivity of this thermometer is not constant at below-modern Mg/Ca, ratios.

Defining the surface that describes how Mg/Cast, Mg/Cas,, and temperature co-vary in
three dimensions (figure 3C) requires some assumption about the form that this relationship should
take. Traditionally it has been assumed that the sensitivity of the Mg/Ca-temperature relationship
does not change with Mg/Ca,,. However, our calibrations demonstrate that this is not the case
(equation 2), and we thus discount the possibility that only the pre-exponential constant of a
Mg/Ca-temperature calibration varies with Mg/Ca,. Given this constraint, the coupled calibration
surface shown in figure 3C was produced by assuming that the shape of the Mg/Ca-temperature
relationship is always of the form Mg/Ca = Bexp”’, where the two coefficients vary as a function of
Mg/Cagy.

Five different assumptions were made regarding the relationship between these
coefficients and Mg/Ca,,: invariant, linear, power, exponential or quadratic, producing a total of 20
different equations. These surfaces were then least-squares modeled to fit the G. ruber laboratory
culture-derived calibration lines. Figure 4 shows the results of this exercise, including modelled
variation in the coefficients of a Mg/Ca-temperature calibration with changing Mg/Cas, (figure
4C,D). Red lines are models that deviate from the data by less than 0.2 mmol mol™ on average,
whilst grey lines are those that are offset by more than this, and therefore do not accurately match
the calibrated relationships. We find that the model surface best matches all the observed features
of the data (e.g. convex upwards Mg/Cai.-Mg/Cas, relationship as well as the reduced Mg/Ca-

temperature sensitivity at lower Mg/Cas,) when both coefficients vary quadratically with Mg/Ca,,
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(see the supporting material for further details). Specifically, if the pre-exponential constant is held
constant, the models generally produce convex-downwards Mg/Caes:-Mg/Cas, relationships, which
is the opposite of what we observe (figure 4A; Evans et al. [2015]). Although several of the models
deviate from the data by less than 0.2 mmol mol™ on average (some other models cannot be
statistically excluded), only one accurately fits all three empirical calibrations, as well maintaining
the observed Mg/Ca-temperature sensitivity decrease and the minimal variation in the pre-
exponential coefficient that we observe (figure 4C). The equation of the coupled calibration surface
(figure 3Q) is therefore modeled with the general form Mg/Cates: = Bexp”’, where:

B = 0.019xMg/Cay,’ - 0.16xMg/Ca, + 0.804 (3)
And:

A =-0.0029xMg/Cas,” + 0.032xMg/Caq, (4)
Because a limited number of these models are capable of representing the calibration data,
variation in the sensitivity of the Mg-temperature relationship (figure 4C) may be constrained by a
small number of Mg/Ca-temperature calibrations at different Mg/Cas,, provided Mg/Caies-Mg/Casy,
is also calibrated. This means that our coupled calibration should also be applicable to earlier
Cenozoic reconstructions. Specifically, the variation in the Mg/Cay.s-temperature gradient at
Mg/Cas,, below 3.4 mol mol™ is better constrained than it appears from figure 4D. This is because it
is not possible to fit the variation in this coefficient with Mg/Cas, using most of the surface models
that we tested, given the simultaneous requirement to match the modelled Mg/Cay.; variation with
the Mg/Caes-Mg/Ca,, calibration. Although more complex functions may be written that would
allow better calibration-model matching with a constant pre-exponential coefficient, it is more
parsimonious to assume some variation in both coefficients; our chosen ‘double quadratic’ model is
the simplest way of producing a good model-data fit. It exactly matches the observed Mg/Ca-
temperature sensitivity decrease at lower Mg/Cas,, and maintains the pre-exponential constant
between 0.45-0.5 over the range Mg/Ca, = 2-6 mol mol™, as observed. However, it should not be

used to extrapolate beyond this range, and the uncertainty in the sensitivity of this thermometer

11
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below Mg/Cas, = 3 mol mol™ (figure 4D) should be propagated into earlier Cenozoic relative

temperature reconstructions.

4 DISCUSSION
4.1 Pliocene-Recent Mg/Ca,,, reconstruction
Foraminifera Mg/Ca data from all four sites are shown in figure 5A. At face value, these records
imply that the Pliocene tropics were the same temperature or cooler than present, with the
exception of Site 847. Mg/Ca-derived paleotemperatures are offset to values 5-15% lower compared
to those derived from biomarkers from the same site during the Pliocene (figure 5B). Site-specific
back-calculated Mg/Ca,,, derived from these offsets and our calibration surface (figure 3C), is shown
in figure 5C. Those derived from Site 1143 and 806 are in excellent agreement throughout the last 5
Ma, both in terms of the finer detail in these records as well as the absolute magnitude of Pliocene-
Recent Mg/Ca,, rise. Because we utilise both TEXg and UK'37 data at Site 1143, this cannot be a
result of a potential bias on the TEXg¢ data, e.g. subsurface cooling. The Site 999 record is broadly in
good agreement with these, and the most likely explanation for the apparent offset between this
and the other records between ~o0.5-1.5 Ma is the poor temporal resolution of both the alkenone
and Mg/Ca datasets at Site 999 between 0-2 Ma. In contrast to these three sites, the biomarker and
Mg/Ca data from Site 847 show little proxy disagreement over the past 5 Ma [Dekens et al. 2008],
and consequently the Mg/Cas, record calculated from these datasets is in poor agreement with that
from other sites (figure 5C). However, the overall agreement between the Mg/Ca,, records from the
remaining three sites, in distinct basins, supports the hypothesis that the offset between the
biomarker and Mg/Ca proxies over this interval is primarily the result of seawater chemistry change.
Figure 5D shows a Mg/Ca,, reconstruction using data from all sites, in comparison to other
proxy data. By averaging several records from different depths spanning a large portion of the
tropics, our Mg/Ca, record minimizes temporally variable proxy complications at any one location.

For this reason, we suggest that our reconstruction supersedes that of O’'Brien et al. [2014].

12
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Specifically, we present two back-calculated Mg/Cay,, records, both with and without data from Site
847, the site that shows little biomarker-Mg/Ca temperature offset through the last 5 Ma. Two sets
of confidence bands (95%) are given with our Mg/Ca,, record (figure 5D). These were produced
using 1000 bootstrap LOWESS fits through the data shown in figure 5C. The inner error is based
only on the variance between the sites, whilst the outer error applies a random +2.5°C error to each
of the biomarker temperature records, in order to simulate potential seasonal or other bias between
the proxies through time. All data for our Mg/Ca,,, reconstructions including confidence bands is
given in the supporting material.

4.2 Sources of error in biomarker-foraminifera Mg/Ca derived Mg/Ca,,,

The deviation of the Mg/Ca, record based on Site 847 from those derived from other sites indicates
something fundamentally different about the relationship between Mg/Ca and biomarker-derived
SST at this location over the last 5 Ma compared to the other three locations. Consequently,
producing a back-calculated Mg/Ca,,, record that excludes data from Site 847 may be justified.
Although our preferred Mg/Ca,, reconstruction does not exclude this dataset because it is difficult
to prove bias from other factors, it is this site which exhibits the highest present-day inter-annual
SST variability and it may therefore be the case that this Mg/Ca,,, reconstruction is affected by
changes in the seasonal and inter-annual bias of these proxies through time. In order to bring
reconstructed Mg/Cas, from Site 847 in line with the others during the Pliocene, G. sacculifer
production at this site would have to dominantly occur in seasons or years characterized by SST
~2°C greater than the time of alkenone production, relative to today.

Aside from seasonality, the most significant source of inaccuracy may come from the
dissolution adjustment. For example, a higher Pliocene deep ocean A[CO;*] compared to present
would result in reduced dissolution [Regenberg et al. 2014], and therefore Pliocene Mg/Ca-derived
temperatures would be overestimates as the dissolution correction would be too large. However,
the foraminifera shell weight data for Sites 806 and 847 [Wara et al. 2005] do not show any

significant difference in temporal trend between the East and West Pacific. Assuming shell weight
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relates meaningfully to dissolution [see Rosenthal & Lohmann 2002], and would otherwise be
relatively constant through time, this indicates that differential inter-site temporal variation in
bottom water saturation state is unlikely to explain the offset in the Mg/Ca,, reconstructions from
these two sites. Because the SST used to calculate Mg/Cas, at Site 847 is entirely alkenone-derived,
the proposed depth-integration effect of TEXge, whereby a potentially shallower Pliocene
thermocline biases this proxy to cooler temperatures [Seki et al. 2010], is also an unlikely
explanation.

4.3 Mg/Ca;, control on planktic Mg/Ca-paleothermometry

Our preferred record (figure 5D) including all sites, indicates that mean Pliocene and Pliocene Warm
Period Mg/Cas, was 4.3 mol mol™. It follows from equation 4 that there was a minor reduction in the
Mg/Ca-temperature sensitivity for G. ruber to 8.4%°C™. An increase in Mg/Cas, of 0.9 mol mol™
since the Pliocene is consistent with our knowledge of the timescales of processes controlling the
oceanic cycling of these elements. A change of this magnitude on a timescale of <5 Ma implies that
oceanic [Ca] ([Cas,]) was 20% higher in the Pliocene, given the residence times of Mg and Ca (~14
and ~1 Ma respectively) [Li 1982]. Our record is in agreement with the fluid inclusion data of Horita
et al. [2002], and implies a broadly similar magnitude of Mg/Ca, change over the last 3 Ma
compared to the pore fluid modeling of Fantle & DePaolo [2006]. However, both this pore fluid
model and the Mg/Ca, back-calculation of O’Brien et al. [2014] imply mid-Pliocene Mg/Cay,, ~1-1.5
mol mol™ lower than our reconstruction between 3-5 Ma (figure 5D). The reconstruction of O'Brien
et al. [2014] is likely biased because it is based on one site, and the relationship between Mg/Cayest-
Mg/Cas,-temperature was not previously known in detail for any planktic foraminifera. The sub-Ma
oscillations of the Mg/Cas, reconstruction of Fantle & DePaolo [2006] are largely controlled by the
Caisotope record utilised. Whilst our reconstruction falls within error of the [Cay,] curve of that
study, our data indicate Pliocene [Cay,] was towards the upper limit of the range reported by those

authors.
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Based on our reconstruction, mid-late Pliocene planktic foraminiferal Mg/Ca-derived
palaeotemperature underestimation (i.e. the difference between assuming no seawater chemistry
change and using our Mg/Cas,, record) ranges from ~1°C when Mg/Ca.: values are ~2 mmol mol™
(SST = ~9°C) to ~1.8°C when Mg/Cay values are >5 mmol mol™ (SST >30°C). Thus, tropical
temperatures during the PWP are likely underestimated by 1.6-1.9°C. Because the magnitude of
this correction is dependent on Mg/Ca.s, there is also an impact on estimated Pliocene SST
gradients. This effect is relatively minor within the tropics, but may become important when
comparing tropical to mid-latitude data (figure SM7).

Finally, our finding that the sensitivity of the Mg/Ca palaeothermometer varies with
Mg/Cas, for planktic foraminifera has significant implications for studies reconstructing transient
temperature variations in the Paleogene, when Mg/Ca,, was ~50% of modern [e.g. Evans et al.
2013; Coggon et al. 2010]. For example, a mid-Eocene Mg/Ca, ratio of 2.5 mol mol™ would imply a
reduction in the exponential coefficient to 0.062 (from equation 4). This implies that Mg/Ca-derived
relative temperature shifts over transient warming events in deep-time, such as the Paleocene-
Eocene Thermal Maximum [e.g. Zachos et al. 2003], may be affected by this previously
unconsidered source of error.

4.4 Mg/Ca,,, control on benthic Mg/Ca-paleothermometry

If Pliocene Mg/Ca,, was lower as our reconstruction suggests, then foraminifera Mg/Ca-
derived deep ocean temperatures have also been underestimated. The implications of this for
bottom water palaeothermometry are difficult to assess because deep benthic foraminifera are
difficult to culture and consequently the relationship between Mg/Caies-Mg/Cas, is poorly known.
Evans & Muller [2012] describe in detail how the degree of non-linearity of this relationship may be
indirectly calculated for Oridorsalis umbonatus, based on coupled Mg/Ca-8"®0 measurements of
mid-Eocene specimens. This calculation is updated here to reflect new information regarding
Eocene Mg/Ca,, [Evans et al. 2013], and without the *CCD-correction’ suggested by Cramer et al.

[2011]. Although quadratic functions best describe the Mg/Cas,-Mg/Ca. relationship of at least
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some foraminifera (section 3.1), we assume a power relationship of the form Mg/Cayes = Fng/CaSWH
most appropriately describes the changing incorporation of Mg with seawater chemistry in benthic
foraminifera and derive H = 0.51 for 0. umbonatus. Whilst direct corroboration of the form that this
relationship should take is lacking for these foraminifera, defining it in this way is advantageous in
that it retains consistency with previous work [Evans & MUller 2012; Woodard et al. 2014].
Moreover, the form of this regression is a relatively small source of error in the calculation. Whilst it
is possible that different benthic foraminifera are characterised by variable Mg/Caiest-Mg/Casy
relationships (see below), we initially explore the implication of secular Mg/Cas, on bottom water
palaeothermometry assuming this is not the case.

Figure 6 shows the extent to which benthic foraminifera Mg/Ca-derived temperature may
have been underestimated, based on our Mg/Ca,,, record (figure 5) and a calculated relationship
between seawater-test Mg/Ca for benthic foraminifera as described above. Applied to the
Cibicidoides wuellerstorfi data from DSDP Site 607 [Sosdian & Rosenthal 2009] and the Uvigerina-
derived record from ODP1208 [Woodard et al. 2014], this Mg/Ca, correction implies deep ocean
temperature has been underestimated by 0.9-1.4°C during the PWP, giving a mean North Atlantic
PWP bottom water temperature of 5.8°C. This correction places the North Atlantic benthic
foraminifera Mg/Ca record in good agreement with the PRISM dataset, which indicates that surface
ocean temperatures in the source region of North Atlantic Deep Water (NADW) were 4-5°C greater
than at present [Dowsett et al. 2009a; Dowsett et al. 2009b]. Conversely, using the PRISM dataset
to independently constrain H for Cibicidoides, by varying H until the Site 607 Mg/Ca record matches
these PRISM SST data (+1°C) gives H = 0.17-0.73 with a midpoint of 0.46. Although calculating H in
this way is associated with a large temperature-derived uncertainty, this result is in good agreement
with that derived for O. umbonatus using a completely different (Eocene) dataset. The likely
similarity of H between these two species has been previously noted [Cramer et al. 2011].

Uvigerina data are also available for Site 607 [Woodard et al. 2014], which means that a

value of H can also be calculated for this genus. We do this by minimizing the sum of squares of the
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difference in temperature reconstructions for the two species, across the time interval that data for
both species exist (see the supporting information for a detailed explanation). Constraining
Uvigerina H in this way implicitly assumes that there is no non-thermal control other than Mg/Ca,,
that may differentially impact Uvigerina and Cibicidoides. Using this technique give Hy,; = 0-0.46; the
large uncertainty is the combined result of the uncertainty in Hcp, and because we allow for a 1°C
potential offset between the temperatures recorded by the two species. These calculations suggest
that Uvigerina may be relatively less sensitive to seawater chemistry change unless Mg/Ca,, is
substantially lower (<50%) than present. Whilst associated with large uncertainties, the salient point
is that it is not safe to assume that all benthic foraminifera are characterized by identical seawater-
test Mg/Ca relationships. The implications of these calculations are discussed in section 4.5 in
relation to §**0,, and ice volume.

4.5 Implications for Pliocene §*%0,,, and sea level reconstruction

Given the Mg/Cay, control on Mg/Cay for three commonly utilised benthic foraminifera (section
4.4; [Evans & Miiller 2012]), Pliocene deep ocean temperature, ice volume and §°0,,
reconstructions derived from such data, should be considered sensitive to Mg/Ca,. For example,
the Atlantic-Pacific §*®0y,, gradient prior to the onset of northern hemisphere glaciation at ~2.75 Ma
reported by Woodard et al. [2014] is derived from two species, and is therefore highly sensitive to a
difference in the value of H for Uvigerina and Cibicidoides. Figure 7 displays this sensitivity, in the
context of the values of H that we reconstruct above. This graph shows the dependency of the
reconstructed Site 1208-607 5*0., gradient on the value of H for the two species. For example, if
both species were characterized by H = 0.3 (i.e. the relationship between seawater and shell Mg/Ca
for this species is described by the equation Mg/Cates: = FxMg/Ca,,°?) then the reconstructed "0,
gradient would be -0.7. Based on the seawater-test Mg/Ca relationships derived in section 4.3, the
inter-basin offset may fall anywhere between ~0.4-1.2%o0. Whilst the originally reported gradient
falls within this range, constraining this more precisely requires an improved assessment of

seawater-test Mg/Ca relationships for these benthic foraminifera. This remains the case even if the
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same species were to be used between sites, given that it has been argued that different
temperature sensitivities should be applied to different sites [Woodard et al. 2014].

Revised benthic foraminifera-derived temperature and 8§20, reconstructions are shown in
figure 8 with error bands associated with the uncertainty in H for each species, in comparison to the
records as they were originally published with no correction for secular variation in Mg/Ca,,. Once
corrected using our Mg/Ca, curve and species-specific estimation of H, the Mg/Ca data imply
NADW 3-4°C warmer and Pacific Deep Water (PDW) broadly similar to present before 2.7 Ma. Ice
volume and sea level estimates based on coupled benthic foraminifera Mg/Ca-8"0 data are highly
sensitive to a temperature revision of this magnitude. Using a §°0-sea level relationship of 0.01%o
m™ [Adkins et al. 2002] and the Cibicidoides §'*0-temperature calibration of Marchitto et al. [2014],
a 1°C systematic bias in bottom water temperature translates to ~23.5 m error in inferred eustatic
sea level (ESL). Therefore, a direct implication of our Mg/Ca,, reconstruction is that assuming no
seawater chemistry change since the Pliocene would result in an overestimation of ESL during the
PWP. Furthermore, applying our correction to the data of Woodard et al. [2014] maintains a change
in the Pacific-Atlantic inter-basin §0,, gradient between 2.8-2.6 Ma, which implies a shift in the
source and/or isotopic composition of deep water through time. As a result, foraminifera and
ostracod-based estimates of Pliocene sea level [Sosdian & Rosenthal 2009; Dwyer & Chandler 2009;
Miller et al. 2012] should not be considered reliable when based purely on the difference between
modern and palaeo—5180SW at a specific location.

Assuming no diagenetic or other source of temperature bias, the corrected Site 607 record
implies reasonably consistent near-modern peak interglacial §**0s,, and by extension ice volume
throughout the record (figure 8). This is in contrast to Site 1208, which shows peak PWP §*®0.,
offsets >0.5%0 more negative than at present. This discrepancy is most easily explained by a
reduced NADW component in PDW prior to the onset of northern hemisphere glaciation, as
previously suggested [Woodard et al. 2014]. However, our Mg/Cas,-corrected reconstructions allow

a more detailed explanation for the differential thermal and isotopic evolution of the two sites prior
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to 2.7 Ma: Specifically: (1) NADW was evidently considerably warmer than at present (figure 8A),
consistent with North Atlantic SST at this time [Dowsett et al. 2009a]. (2) There was no NADW
component in PDW at Site 1208 before the onset of northern hemisphere glaciation. Given that the
corrected Site 607 record shows NADW 3-4°C higher than at present, which was not the case for
PDW and by extension Antarctic Bottom Water (AABW) (figure 8B), even a reduced NADW
component would result in PDW temperatures far higher than our corrected record indicates. (3)
Slightly fresher AABW (more negative §**0y,, by ~0.2-0.3%0) during the Pliocene is required in order
to reconcile the 0.5%o peak 80, offset from present, given that ESL was at most 20-30 m above
present-day [Woodard et al. 2014]. Finally, figure 8B shows that AABW obtained a modern
interglacial §®0, composition during the early stages of this transition, as by ~2.68 Ma peak
interglacial §*®0,, relative to modern (o to -0.1%o) is in good agreement between the two sites. This
shift occurred concurrently with the relatively rapid rise in temperature at Site 1208 between 2.7-2.6

Ma and the introduction of a NADW component in PDW over this interval.

CONCLUSION

We present the first calibration of the response of planktic foraminifera Mg/Ca (G. ruber) to variation
in both temperature and Mg/Ca,,, a prerequisite for any palaeoceanic study utilising foraminifera
Mg/Ca in sediments older than ~2 Ma. We use these calibrations to more accurately estimate
secular variation in Mg/Cas, over the last 5 Ma, assuming that the offset between Mg/Ca and
biomarker proxies from tropical sites for this time period is best explained by a shift in seawater
chemistry [e.g. O'Brien et al. 2014]. This approach assumes a constant temporal offset (which may
or may not be 0°C) between the water depth(s) that the Mg/Ca ratio of ‘surface-dwelling’ planktic
foraminifera and TEXgs represent. Because this may not be the case, our confidence intervals not
only account for inter-site variability but also include a possible relative shift of £2.5°C between the
proxies. We find that Mg/Cas,, during the Pliocene was 4.3 mol mol™, higher than previously

proposed [O'Brien et al. 2014] but 17% lower than at present. This implies both surface and deep
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ocean Mg/Ca-derived temperatures have been underestimated by 0.9-1.9°C. Coupled Mg/Ca-&*°0-
derived eustatic sea level reconstructions are sensitive to an inaccuracy of this magnitude.
Correcting existing records using our Mg/Ca,,, reconstruction enables a clearer picture of Pliocene
deep water formation and circulation to be established. We show that North Atlantic Deep Water
was essentially absent in the Pacific before the onset of northern hemisphere glaciation, and that
AABW was fresher (~-0.3%0) compared to present during the Pliocene Warm Period.

Finally, our G. ruber calibrations in 3D temperature-Mg/Ca.+-Mg/Cas, Space enables us to
tightly constrain how the sensitivity of the Mg/Ca thermometer changes with Mg/Cas,. This change
is significant: the Mg/Ca increase per °C is reduced to ~8% for the Pliocene and ~6% for the Eocene,
assuming that seawater [Mg] and [Ca] exert an equal control on this sensitivity. Thus, our findings
also have important implications for the use of Mg/Ca for relative temperature reconstruction over
climatic events throughout the Cenozoic, such as the Paleocene-Eocene hyperthermals and the
Eocene-Oligocene Transition.
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Figure 1. An example of the use of seawater isotopically-enriched with ***Ba to unambiguously
identify material grown in culture. Experiment DE3-2-26 is shown as an example. Datapoints
represent mean values integrated from entire chamber wall profiles. This experiment was
characterised by Mg/Cas, = 2.2 mol mol™ (~40% of modern), as a result chambers with elevated
35Ba/**Ba have low Mg/Ca ratios. Analyses shown in black are those with **Ba/***Ba within error of
the culture seawater, only these data were used to define the calibrations. Marker size is shown as a

function of analysis length, proportional to chamber wall thickness.

25



642
643

644

645

646

647

30
25
120
15
10
5

Figure 2. Map showing the location of the Deep Sea Drilling Program (607) and Ocean Drilling
Program sites from which published datasets were utilised for this study. Colour is shown as a

function of mean annual sea surface temperature.
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Figure 3. G. ruber laboratory calibrations. (A) Cultured relationship between Mg/Ca,,, and Mg/Caes,
the relationship is nonlinear. (B) Mg/Cas-temperature calibration at Mg/Cas,, = 3.4 mol mol™, in
comparison to that in modern seawater (Mg/Cas,, = 5.2 mol mol™) [Kisakirek et al. 2008]. (C)
Coupled calibration surface based on least-squares modelling a surface to these three calibrations
(see section 3.1 for model details). Using this surface, temperature or Mg/Ca,, may be reconstructed

if the other is constrained independently.
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Figure 4. Least squares modelling the Mg/Ca,,-Mg/Cai.s-temperature calibration lines in order to
produce an equation linking the three variables. Twenty different models were constructed based
on the assumption that Mg/Cay.s: and temperature are always exponentially related, with different
assumptions regarding the way the two coefficients depend on Mg/Ca,. (A) and (B) show the
extent to which models constructed in this way accurately represent the empirical calibrations
(shown using the same colours as figure 3). (C) and (D) show the prediction that these models make
for the variation in the exponential and pre-exponential constants with changing Mg/Ca,,,. Red and
grey lines show models that deviated from the empirical calibrations by less and more than 0.1
mmol mol™ on average respectively. The thick dashed red lines (both coefficients vary quadratically

with Mg/Cas,) show the model that best captures all aspects of Mg incorporation based on these

cultures.
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Figure 5. (A) Dissolution-corrected Mg/Ca records for the four tropical sites for which at least one

other palaeotemperature proxy is available for the last 5 Ma, see text for references. With the

exception of Site 847, all Mg/Ca records imply Pliocene SST lower than or the same as present day.
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(B) Mg/Ca-biomarker proxy SST offset (Mg/Ca SST/biomarker SST). Pliocene TEXgs and alkenone-
derived SST are 5-15% higher compared to Mg/Ca, with the exception of Site 847. (C) Site-specific
back-calculated Mg/Ca,,, produced using the calibration surface shown in figure 3C, assuming that
the offsets in (B) are a result of secular Mg/Ca,,, variation. (D) Smoothed Mg/Ca,, record produced
by combining data from all sites (shaded area, where shading is a function of probability), the thin
white line shows a similar curve produced without data from Site 847 (see text). Two sets of 95%
confidence bands are shown (black and grey dashed lines), estimated using a bootstrap approach,
see supporting material for details. The inner error bands account for intra-site variance in Mg/Cas
reconstruction only, whilst the outer bands include a potential +2.5°C offset between Mg/Ca and
the biomarker proxies compared to present day at any given site. Other proxy reconstructions (CCV
=ridge flank calcium carbonate veins) are shown for comparison [Fantle & DePaolo 2006; Rausch et

al. 2013; Horita et al. 2002], along with the Mg/Ca,, record of O’Brien et al. [2014].
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Figure 6. The error in foraminifera Mg/Ca-derived deep ocean temperature associated with

assuming no secular variation in Mg/Ca,,, over the last 5 Ma. Temperature underestimate is shown

as a function of colour, two published records are overlain [Sosdian & Rosenthal 2009; Woodard et

al. 2014]. The applicability of this graph to the species used to create these records (Uvigerina spp.,

Cibicidoides wuellerstorfi and Oridorsalis umbonatus) is based on the assumption that all of these

benthic foraminifera are characterised by identical Mg/Caes-Mg/Cas,, relationships, and produced

using the Mg/Ca-temperature sensitivities of the studies from which the data are taken. For a given

measured Mg/Cay. ratio, the Uvigerina temperature offset is much greater than that for
Cibicidoides. Benthic foraminifera Mg/Ca uncorrected for Mg/Ca,, would result in a deep ocean

temperature underestimate of 0.9-1.4°C during the Pliocene.
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Figure 7. The effect of inter-species differences in H on the Site 1208-607 reconstructed Pliocene

inter-basin §°0y,, gradient. Calculated values of H (the power component of a seawater-test Mg/Ca

calibration) for Cibicidoides and Uvigerina from this study are shown in comparison to that for O.
umbonatus [EM12; Evans & Miller 2012]. The previous estimate of this gradient [Woodard et al.
2014] of 0.7%o, derived assuming no seawater chemistry change, falls within the range we
reconstruct (A8'°0y,, = -0.45 to -1.25), although we show that there is considerable uncertainty
(+0.4%0) associated with this as H is likely different and loosely constrained for Cibicidoides and
Uvigerina. Accurately characterising this relationship is a pre-requisite of reconstructing Pliocene

inter-basin 80y, at sub-permil level accuracy if more than one species is used.
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Figure 8. (A) The thermal evolution of the deep ocean at Site 607 (red lines) and Site 1208 (blue).
Unsmoothed (thin) lines are shown without error bands, whilst smoothed (thick) lines are shown
with bands representing the temporal variation in the magnitude of error in these reconstructions
as a result of the uncertainty in H for each species. No uncertainty derived from the Mg/Ca-
temperature calibration is shown, but is reported to be 0.8-1.1°C [Sosdian & Rosenthal 2009].
Dashed lines show the same record without correction for secular seawater chemistry variability.
This dashed line forms one of the error limits for the Uvigerina-derived record from Site 1208 as this
species has H within error of o, with the implication that Mg incorporation into this foraminifera
may be insensitive to Mg/Cas,, see text for details. The Mg/Ca-temperature calibrations used were
those originally reported with the respective records. (B) §*°Os,, reconstruction and uncertainty
associated with the control exerted by Mg/Ca,, on the Mg/Ca-derived temperatures used to

calculate this from §**Oseq.
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Table 1. Culture details. The number of analyses (n) that went into producing the mean foraminifera

Mg/Ca values shown in the final three columns refers to the amount of chambers precipitated

entirely in culture. Qe (calcite saturation state) and [CO,*] were calculated from alkalinity and

pH. Both measured and adjusted Mg/Ca (used for the coupled-calibration, see the supporting

material) are shown.

n temp (°C) Mg/Cagy alkalinity [CO;Z'] 0 pH 358a/™®Ba  2SE Mg/Carest Mg/Cayest 2SE
(mol/mol) (uM) (mmol/mol) pH adj.
Variable Mg/Cay,; constant temperature
DE3-6-26 12 26.3 6.25 2211.0 161.9 3.84 8.0 1.60 0.02 6.80 4.77 0.20
DE3-5-26 8 26.3 5.19 2263.6 165.9 3.93 8.0 1.83 0.02 6.37 4.47 1.05
DE3-4-26 22 26.3 4.15 2298.6 168.5 4.00 8.0 0.98 0.04 5.38 3.77 0.32
DE3-3-26 15 26.3 3.25 2352.3 172.6 4.09 8.0 0.63 0.07 4.38 3.07 0.25
DE3-2-26 19 26.3 2.17 2477.0 182.1 4.32 8.0 0.52 0.06 3.03 2.12 0.14
Variable temperature; constant Mg/Ca,,
DE4-3-30 2 30.3 3.40 25324 286.1 6.83 8.2 1.72 0.07 4.55 - 1.00
DE4-3-27.5 4 27.8 3.40 25324 271.1 6.44 8.2 1.72 0.07 3.84 - 035
DE4-3-25 27 253 3.40 2412.7 2435 5.77 8.2 1.71 0.07 3.12 - 0.18
DE4-3-22.5 6 22.8 3.40 2412.7 229.7 5.42 8.2 1.71 0.06 2.53 - 0.08
DE4-3-20 5 20.3 3.40 2412.7 216.0 5.09 8.2 1.71 0.06 2.23 - 014
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