












Fig. 4. Modern ocean seawater Mg:Ca and Sr:Ca ratios vs. depth, and conceptual diagrams of Sr:Ca vs. Mg:Ca to identify processes. Data classified hori-
zontally for seawater Mg:Ca (A) and Sr:Ca (B) ratios per ecosystem, and vertically with depth. Seawater Mg:Ca ratios data from river mouths can be found in
SI Appendix, Fig. S1. Data within the red lines represent literature assumed knowledge of modern seawater ratios. (C) A selection of curated seawater Mg:Ca
and Sr:Ca ratios vs. depth, classified as “coastal seas” and “open ocean” to distinguish variability at large, separating the two major environments where
marine science disciples obtain samples/data. (D) Cross plots of averages and SDs of modern seawater Mg:Ca vs. Sr:Ca ratios with arrows indicating the di-
rection of change for ocean processes. Also included are individual data points cross plots comparing literature vs. this study data. In all figure panels, IAPSO
(this study) seawater Mg:Ca and Sr:Ca ratios are used for comparison.

Lebrato et al. PNAS | September 8, 2020 | vol. 117 | no. 36 | 22287

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S
EA

RT
H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

A
ug

us
t 4

, 2
02

1 



Fig. 5. Modern ocean seawater Mg:Ca and Sr:Ca ratios compared to reconstructions over geological time intervals. (A) Relation between seawater Mg:Ca
and organism skeletal Mg:Ca, indicating the effect of modern seawater Mg:Ca natural variability on marine calcification. Reprinted from ref. 3, which is
licensed under CC BY 3.0. (B) Upper ocean integrated 250-m modern ocean values for seawater Mg:Ca and Sr:Ca in various ecosystems showing that variability
is similar to the reconstructed Neogene Period (23.03 Ma). From refs. 7 and 23. Reprinted with permission from AAAS. (C) Phanerozoic Period (541 Ma) values
for seawater Mg:Ca and the last 200 My of seawater Mg:Ca and Sr:Ca ratios are presented for comparison with modern ocean variability. Aragonite and
calcite seas periods are included, and the geological periods: J, Jurassic; K, Cretaceous; Pg, Paleogene; and Ng, Neogene. Data, boxed and within the red lines,
represent literature assumed knowledge of modern seawater ratios. Reprinted from ref. 3, which is licensed under CC BY 3.0. In all figure panels, “IAPSO (This
this study)” seawater Mg:Ca and Sr:Ca ratios are used for comparison. The raw data used in the geological time reconstructions can be checked in the figure
legends in the corresponding papers (8, 12, 23).
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low pH, associated with terrestrial inputs, and groundwater Ca
fluxes (also observed in this study; Figs. 3 and 4). How these es-
sential processes drive the elemental concentrations and ratios can
be observed in the cloud dispersion around the IAPSO reference
point along the TA gradient, considering all data points together
(Fig. 3). The TA is of crucial importance in this study because it
represents the charge balance in seawater and the buffer capacity
to resist changes in pH. Thus, it has a strong relationship with
salinity, being indirectly related to the seawater elemental com-
position. Dissolution of carbonates forms Ca2+ and CO3

2−; Ca+2

does not influence TA, but CO3
2− increases TA by 2 units, and

thereby shows an indirect relationship between seawater Ca2+

concentrations and TA (Fig. 3A). For example, in tropical regions
of the Indian Ocean, Ca anomalies arise due to direct consump-
tion by coral reefs during biogenic calcification (25), but it is un-
known if the anomalies prevail over time or if they remain
transient in nature. This process was observed in our data from the
coral reefs in the Mozambique Channel, with anomalies driving a
higher seawater Mg:Ca ratio despite the reefs being located in
semi open ocean areas with continous water exchange (Fig. 4 A
and B, light blue dots). Additionally, the cycling of Ca due to
dissolution and precipitation of calcium carbonates modifies the
TA in the surrounding seawater within coral reef lagoons (26, 27)
but also in the open ocean and coastal environments via the
carbonate/TA relation (Fig. 3A). The TA and DIC relation, in par-
ticular with seawater Mg:Ca, was magnified in continental margin
upwelling areas, which in this dataset correspond to the east Pa-
cific in the California Current system (NOAA cruises) (Figs. 3 and
4). In this particular case, seawater has a higher acidity (higher
DIC and CO2, lower pH), which in turn dissolves carbonates faster
due to a shallower saturation horizon for calcite and aragonite.
This results in very high seawater Mg:Ca (> 6 mol:mol) and Sr:Ca
(> 9 mmol:mol) ratios with respect to the reference IAPSO
standard, with a few exceptions (Fig. 4 A and B). As a general rule,
coastal seas water masses in the Indian, Pacific, and Atlantic
Oceans exhibited higher seawater Mg:Ca and Sr:Ca ratios than
open ocean regions, driven by a combination of biological and
chemical processes (Fig. 4C).
Regions of riverine and glacial meltwater input influence TA

concentrations as well as seawater elemental cycling, acting as
competing sources and sinks. Freshwater discharges act to dilute
seawater carbonate and bicarbonate (the principal components
of seawater TA), lowering salinity and thus reducing TA. How-
ever, these water sources supply dissolved minerals that increase
TA and indirectly shift seawater Mg:Ca and Sr:Ca ratios, as seen
in this dataset, for example in the river discharge and glacial
melting samples around the Atlantic Ocean continental margins
(Fig. 3). In polar regions, carbon cycling in sea-ice brines leads to
the abiotic precipitation of carbonates in the ice, which are re-
leased to the upper ocean during ice melt, shifting also seawater
Mg:Ca and Sr:Ca ratios. This, at the local/regional level, is an
additional TA source when the precipitated carbonate is also
dissolved. TA is semiconservative and can be used as a tracer for
ocean circulation and mixing as different water masses have
different TA signatures as well as seawater Mg:Ca and Sr:Ca
ratios (assuming semiconservative behavior in the open ocean).
Deep and bottom waters are typically TA-rich from reminerali-
zation and dissolution of carbonate/organic sinking particles and
sediment resuspension. The Ca concentration in seawater is also
modified via the production and dissolution of biogenic car-
bonates from several calcareous organisms, for example fora-
minifera tests, pteropod shells, and coccoliths (28) that mainly
inhabit open-ocean water masses and upwelling regions. This
induces further variability in seawater Mg:Ca and Sr:Ca ratios in
spatiotemporal terms (Figs. 3 and 4). The fundamental reasons
for Mg and Sr anomalies at the elemental level are more com-
plex. Their variability is linked to profiles of phosphate (PO4

3−)
and nitrate (NO3

−) that reflect biological consumption patterns

(3), mostly in the open ocean and upwelling regions (e.g., in
meridional transects in the Atlantic and Pacific Ocean, as well as
the California Current), accounting for up to 5% of the variation
in the seawater Mg:Ca and Sr:Ca ratios (29). In continental
margins, the ratios are mainly governed by regional upwelling
and mixing of different water masses with riverine and ground-
water/lacustrine inputs, which usually exhibit different elemental
concentrations than the surface/surrounding waters (30) (SI
Appendix, Table S1 and Figs. 1 and 3C). Our results indicate
greater variability (above 5%) for seawater Sr:Ca compared to
previous work (8) (2 to 3% change), which is attributed to the
inclusion of more data encompassing a wider spatial scale. Open-
ocean surface seawater Sr:Ca ratios are overall more variable
than Mg:Ca ratios. This may be explained by the abundance of
acantharians and Sr use, in contrast to the relatively small
amount of Mg that is used by coccolithophores and foraminifera
during biogenic calcification (31). Frequently, the maximum
density of acantharians in the oceans is found between 50- and
200-m depth (32). This accounts for changes in seawater Sr
composition in the upper ocean since acantharians utilize a
substantial fraction of Sr to produce their tests. Sinking tests of
upper ocean organisms provide a continuous vertical flux of Mg
and Sr particulates out of the surface ocean, which dissolve while
sinking, enriching the pool of dissolved Mg and Sr in deeper
waters. If these enriched deep waters are upwelled, anomalies in
the ratios occur (e.g., California Current; Fig. 3). Similarly, ae-
olian inputs induce variations in dissolved mineral ion fluxes
(33). Mg can be enriched in dust of African, Asian, or North
American origin, being deposited in all oceans by between 0.5
and 2.3 g/100 g (34). Also abundant in dust are other metals,
specifically iron (Fe-compounds), which can fertilize phyto-
plankton blooms and enhance further biological uptake of Ca,
Mg, and Sr, shifting the seawater ratios. At large, the trade-off
between input and consumption processes affects the final sea-
water Mg:Ca and Sr:Ca ratios. Overall, Ca, Mg, and Sr are taken
up during biological processes in the surface ocean and then
dissolve as they sink through the water column. Below 1,000 m,
ratio changes are a function of water mass circulation and deep
carbonate dissolution, which is driven by the saturation horizons.
Processes related to the removal and addition of seawater Ca,

Mg, and Sr, as well as the relation to TA, work at different spa-
tiotemporal scales, including the ecosystem and habitat levels
(Figs. 3 and 4). At large, riverine discharge in continental shelves,
hydrothermalism, and MORs in the deep ocean dominate ele-
mental (Ca, Mg, and Sr) fluxes. In certain ecosystems such as coral
reefs or calcifying planktonic communities, organisms may signif-
icantly influence these fluxes and the ratios via calcification, dis-
solution, presence of calcite/aragonite/Mg-calcite, and the relation
with TA (via hydrothermalism or neritic interactions, for example
mangroves and seagrass meadows fluxes). The relation of TA to
the elements is particularly important because TA fluxes are in-
directly balanced via Ca increase owing to the CO3

2− and also Mg
from rock weathering (35). An increased sink flux of Ca during the
last 30 My rather than changes in Mg and Sr is viewed as the force
driving correlated increases of seawater Mg:Ca and Sr:Ca ratios
(Fig. 3). Yet, this does not prevent local and regional processes
from impacting the ratios on shorter time scales at the ecosystem
and habitat levels.

Implications of Modern Ocean Variability in Seawater Mg:Ca and
Sr:Ca Ratios. While the importance of organisms’ carbonate
Mg:Ca and Sr:Ca composition has been previously noted, less
considered are the effects of in situ modern seawater Mg:Ca and
Sr:Ca ratios on the calcification process and carbonate compo-
sition (35, 36). In coccoliths, a change of seawater Mg:Ca values
from 5.10 to 5.90 mol:mol changes calcite Mg:Ca from 0.05 to
0.25 mmol:mol, which can override paleothermometry recon-
structions based on them, or ancient seawater proxies on the
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assumption of constant seawater ratios (17). Similarly, changes in
seawater Sr:Ca from 4.00 to 10.00 mmol:mol increases the calcite
Sr:Ca from 1.3 to 3.5 mmol:mol, depending on the seawater ratio
(36–38), which challenges the application as paleo-productivity
proxy (39, 40), because the modern variability exceeds the recon-
structed one. This demonstrates the necessity for routinely incor-
porating a normalization of carbonate elemental ratios to seawater
elemental ratios, which corresponds to the partitioning coefficient
(comparison of the solubilities of two solutes in a solution) for each
element (DMg and DSr) (3, 5). This is especially relevant for the
comparison of carbonate samples from different ocean regions,
ecosystems, habitats, and taxa, which is often needed in global
studies.
The response of carbonate Mg:Ca and Sr:Ca ratios of benthic

organisms to changes in seawater Mg:Ca and Sr:Ca ratios was
recently assessed (3) (Fig. 5) to study taxa-specific calcification
processes during Earth geological times. In experimental work, a
source of error can be introduced when an organism with a fast
generation/reproduction time is isolated from an estuary, a ne-
ritic/subtidal setting, shelf, or oceanic environment, and is then
placed into experimental incubation media that use the locally
available seawater or a source that is not the organism’s original
habitat. Thus, the newly precipitated carbonate structures may
considerably differ from the previously formed carbonate that was
precipitated under the seawater source of differing elemental
composition. This effect may significantly alter the bulk carbonate
Mg:Ca and Sr:Ca ratios. Organisms inhabit regions with seawater
Mg:Ca and Sr:Ca ratios that sometimes are different from those
assumed in empirical work and are used for extrapolation in paleo
reconstructions or, for example, experiments to test the effects of
ocean acidification. Hence, when other variables are modified (e.g.,
temperature or CO2) results may also incorporate a response to an
a priori believed conservative property like seawater Mg:Ca and
Sr:Ca ratios, confounding the meaning of the response. For many
organisms, changes within the observed range of modern seawater
ratios impact physiology, mineralogy, reproduction, skeleton stiff-
ness, growth rate, and productivity (3), which, in turn can affect the
skeletal carbonate ratios. Our dataset suggests that the application
of constant seawater elemental ratios needs to be carefully con-
sidered and could be a confounding factor in experimental work, if
the regional and ecosystem dimensions are not considered.
Another challenge is that modern interpretations of past seawa-

ter conditions rely on the fossil carbonate record’s being related to a
homogeneous seawater composition (23, 24, 41), but they do not
account for the environmental conditions and variability experi-
enced by those organisms. Factors such as a life history in varying
seawater ratios, or organisms living in ancient coastal regions or
estuaries with seawater elemental ratios different from the assumed
open-ocean conditions, are two examples where fossil signals could
be potentially misinterpreted. For instance, the projected variability
of calcite Mg:Ca and Sr:Ca ratios in many organisms over the range
of modern ocean seawater ratios is between 1 and 2 units, which is
equivalent to a temperature range greater than 5 °C for forami-
nifera (3) (Fig. 5). There are numerous examples of the use of
calcite Mg:Ca to reconstruct paleo-environmental parameters. Fo-
raminifera calcite Mg:Ca and Sr:Ca ratios have been calibrated vs.
temperature using linear equations (42) and isotopic signatures
(43), as well as molluscs’ aragonite Mg:Ca ratios vs. temperature,
also using linear equations (44). Echinoderms have been used to
reconstruct seawater Mg:Ca ratios based on fossilized ossicles, using
an exponential equation with respect to the skeleton mole percent
MgCO3 and the calcite Mg:Ca ratio (23). In a recent review (3),
numerous benthic and planktonic organisms’ calcite Mg:Ca ratios
were compared to seawater Mg:Ca to discuss the use of their
skeletons to reconstruct past seawater conditions, focusing on the
fractionation coefficient and temperature. Other techniques use
calcium carbonate vein (CCV) fluids plotted against temperature to
reconstruct seawater Mg:Ca and Sr:Ca ratios. The seawater ratios

from which the fluids originated are determined from the fluid
evolution trend. Finally, the CCV age is determined from the iso-
topic curves (7). In these cases, the reconstructed seawater does
reflect regional and local conditions, and extrapolations were always
transferred to the global ocean. Elemental ratios from foraminifera
represent open-ocean water-column and seabed conditions, those
from mollusks reflect continental shelf and neritic areas, those from
echinoderms (tropical) reflect continental shelf and neritic areas,
except if there is evidence that they were deep-sea mollusks/echi-
noderms, CCVs represent open ocean, MORs, and deep seabed
water masses. In the case of the echinoderm’s reconstruction, os-
sicles were treated individually, and then a pooled number of
tropical species were used to represent the modern ocean, giving a
seawater Mg:Ca range. Our global seawater Mg:Ca range down to
4,000 m varies from 4.80 to 5.60 mol:mol, which surprisingly agrees
with the range in seawater Mg:Ca ratios determined using tropical
echinoderms ossicles, where it was concluded that modern seawater
Mg:Ca ratios range from 4.00 to 6.40 mol:mol (23). This is in total
agreement with our measurements (Figs. 4 and 5) and in line with
our suggestion that even if the averaged reconstructed seawater
ratios are reliable they must include an error similar to that esti-
mated from the modern ocean ratios and can only act as an ap-
proximation. In a recent study, model equations on foraminiferal
calcite were adjusted to improve seawater Mg:Ca reconstructions,
and it was proposed that a seawater Mg:Ca error of 0.5 mol:mol
could be applied for the last 60 My. This correction would mostly
agree with other paleo reconstructions based on different organisms
and techniques (24). Based on our dataset, we support this error
correction and further propose that a seawater Mg:Ca ratio confi-
dence interval of between 1 and 1.5 mol:mol may be more appro-
priate to include most environmental and ecosystem-based variability.
For the seawater Sr:Ca ratio, this goes up to 1.9 mmol:mol (Fig. 5) to
account for possible environmental variability.
The notion that different procedures to reconstruct seawater

ratios resulted in secular variability for different ecosystems seems
logical when comparing the various methods and marine taxa,
which consequently reflect the inhabited environment (Fig. 5).
Published studies and equations use benthic/planktonic forami-
nifera, bivalves and belemnites, turritellid snails, CCVs, halite fluid
inclusions, and echinoderm ossicles to reconstruct seawater ratios.
There are also reliable linear equations for echinoid spines and
plates, worm tubes, crabs, Halimeda algae, coralline algae, coc-
colithophores, and scleractinian corals (3). Considering the life
history, ecological, and geochemical differences associated with the
taxa and the reconstruction techniques, we suggest that there is
nothing substantially erroneous with the way equations and proxies
have been used, except in the assumption of homogeneous sea-
water ratios in all ecosystems and habitats that may lead to over-
simplified estimations. If the reconstruction of secular changes
requires assumptions of homogenous global elemental distribution,
it is necessary to identify the potential source of error related to the
environment/ecosystem/habitat being reconstructed. A separation
of the ratios gives a range that does not sustain the notion of
constant ratios, except in the open ocean, and even there not in all
areas. In the open-ocean environment, paleothermometry and
paleoproductivity proxies are robust because seawater Mg:Ca and
Sr:Ca ratios are well constrained with depth, ranging from 4.80 to
5.30 mol:mol and 7.70 to 8.70 mmol:mol (Fig. 4), respectively, with
some exceptions. However, if a research study requires low vari-
ability/constant ratios, which does not happen in the modern ocean
and likely did not happen in the ocean over Earth geological times
(Fig. 5), the results need to clearly indicate error ranges and po-
tential environmental variability associated with the organisms and
method used for the reconstruction. The narrowest variability we
detected, even in the open and deep ocean, is seawater Mg:Ca
from 4.95 to 5.25 mol:mol and Sr:Ca 7.90 to 8.50 mmol:mol. This
means that even the open ocean experiences major deviations from
homogeneity. Changes in the ratios in the modern ocean are
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similar to the reconstructed Neogene rise (20 Ma), and well above
Quaternary changes (2.5 Ma), because they could be reflecting
environmental variability. This suggests that Neogene records and
samples could also reflect to a certain extent local/regional con-
ditions, being an artifact of depositional environments, with variable
seawater ratios, similar to the modern ocean. The problem is not
related to the marine archives themselves but to the proxy being
used and how it is interpreted in relation to the reconstructed en-
vironment. For example, some of the most reliable seawater ratio
reconstruction records are derived from halite fluid inclusions,
which are formed under abnormal marine conditions. This begs
the question whether they reflect global oceanic conditions or
only those of the open ocean; we suggest they reflect the nearby
environment from where they were isolated. The question re-
mains as to how spatial variability in seawater ratios compares to
temporal variability of the ratios within individual ecosystems
and habitats. This research subject needs urgent attention, in
particular in continental margins, where unknowns on how dif-
ferent taxa, ecosystems, and environmental variability may play a
role in proxy estimations.
The general assumption of conservative and constant seawater

ratios in the fossil record and sediment samples (45) comes into
question, especially when considering that the variability of
seawater Mg:Ca and Sr:Ca ratios in the modern ocean is in the
same range as the reconstructed rise of these ratios over 20 Ma
in the Neogene Period. Consequently, it should be acknowledged
that in Earth geological time periods the oceanic seawater
Mg:Ca and Sr:Ca ratios also exhibited larger variability than
commonly presumed. We suggest that different seawater Mg:Ca
and Sr:Ca reconstructions based on different taxa, techniques,
and abiotic processes, which have given rise to different results,
do not necessarily contradict each other but show potential en-
vironmental paleo variability, with potential ranges similar to
those of the observations made in the modern ocean.

Materials and Methods
Sampling surveys were conducted from 2009 until 2017 in as many global
locations as possible (Fig. 1, SI Appendix, Figs. S3 and S4, and Dataset 1), sam-
pling in 79 cruises, with emphasis on the euphotic (0 to 300 m), mesopelagic
(300 to 1,000 m), and abyssal zones (+1,000 m) including continental margins
and open-ocean locations. For seawater sampling we used 15/50-mL sterile
tubes, 50-mL sterile syringes, 0.20-μm sterile filters, plastic gloves, and Parafilm
(SI Appendix, Text S1). Most samples were recovered using a Niskin-type bottle.
Samples were filtered through a 0.22-μm sterile filter and stored in 15/50-mL
polyethylene tubes with Parafilm wrapped around the cap to prevent any
evaporation/contamination. Samples were stored in a refrigerator (4 to 8 °C)
and sent for analysis to the inductively coupled plasma mass spectrometry
laboratory at the Institute of Geosciences, Christian-Albrechts-Universität zu
Kiel, Germany, between 6 and 12 mo after collection. After 1 y in storage, no
signs of seawater evaporation were observed (< 0.05% seawater Mg:Ca and
Sr:Ca ratios variability) (3). At the Institute of Geosciences, Kiel University,
Germany, all samples were analyzed in the same laboratory andmachine by the
same person for Ca, Mg, and Sr, as well as other elements (SI Appendix), with
simultaneous data acquisition using an inductively coupled plasma optical
emission spectrometer SPECTRO Ciros charge-coupled device standard operat-
ing procedure. Samples were 50-fold diluted with 2% (vol/vol) freshly subboiled
in HNO3 and introduced with a GE Seaspray micronebulizer and thermostatized
Cinnabar cyclonic spray chamber. Sample preparation was performed under
class-100 clean bench conditions with ultrapure reagents (Elga Labwater). The
following emission lines were selected: Ca: 317.933nm (II); Mg: 279.553nm (II);
Sr: 407.771nm (II), 421.552nm (II), and measured simultaneously within the
same preselected acquisition interval (“Phase 3”). A combined intensity cali-
bration and drift-correction procedure using IAPSO standards (46, 47) was ap-
plied for data processing (Dataset S4). Every batch of six samples was bracketed
by an IAPSO measurement for normalization to seawater Mg:Ca = 5.140
mol:mol and seawater Sr:Ca = 8.280 mmol:mol. A stepwise linear drift

correction was applied over a batch of six samples during all of the analyses.
Then, every second batch of six samples, a one-sample replicate measurement
was done from the previous batch. The final data are used as drift-corrected
after applying the normalization factors for seawater Mg:Ca and Sr:Ca ratios
following the stepwise drift correction (Dataset S4). Results were normalized to
an external standard (IAPSO, using Mg:Ca = 5.140 mol:mol, Sr:Ca = 8.280
mmol:mol). This approach minimizes variability, which with reference to IAPSO
was 0.6 to 0.7% overall. Mean uncertainty from duplicate measurements per
sample on 33 randomly chosen samples was 0.1 to 0.2 and 0.1 to 0.4% relative SD
(1 SD) for seawater Mg:Ca and Sr:Ca, respectively (Dataset S4). This is well below
1% uncertainty for the dataset, which provides confidence in the accuracy of the
data (in particular to open ocean samples, which rely on minimum uncertainty).

The measured dataset was complemented with a seawater Mg:Ca and
Sr:Ca ratios literature survey (Fig. 4D and Dataset S2). Publications and re-
ports methods sections were screened for data quality and analytical clarity
to mine data comparable to our dataset based on standards used and an-
alytical method/accuracy. We also put together a table on the historical use
of seawater Mg:Ca and Sr:Ca ratios in the last 100 y (SI Appendix, Table S3).
The final seawater Mg:Ca and Sr:Ca ratios database (Dataset S3) was com-
bined with seawater environmental metadata mined from GLODAPv2 (48,
49) and used to analyze and classify seawater Mg:Ca and Sr:Ca ratios as a
function of environmental variables (Dataset S3). ArcGIS 10.0 (ESRI 2011) and
the three-dimensional analytical tool “NEAR 3-D analysis” were used to link
environmental seawater conditions with the sample’s seawater ratios. When
the prediction was not sufficiently accurate, the closest value was manually
selected. For comparison purposes, the GEMS-GLORI database, despite being
compiled from primary and secondary sources, was used to provide a dis-
tribution map of seawater Mg:Ca ratios from river mouths/plumes around
the world (SI Appendix, Fig. S1 and Dataset S6), but it was not added to the
statistical analyses or mechanistic assessments. Finally, various paleo proxies’
global databases were mined to provide distribution maps of paleo recon-
structions (SI Appendix, Fig. S2), to identify where the majority of the paleo
work has been conducted around the world.

The seawater Mg:Ca and Sr:Ca ratios were classified by ocean, Longhurst
Province, ecosystem type, latitude, longitude, and depth (in five intervals)
(Dataset S3) and then by all of the metadata (chemistry). Ratios were
mapped globally (Fig. 1 and Dataset S1), vs. depth, and by ecosystem (Figs. 1
and 3). Ratios were also plotted against each property (Fig. 2). Data were
tested for normality using the Anderson–Darling test (95% confidence), and
element correlations were assessed using Pearson coefficients. The ratios
data ranges used were decided using normality curves quartiles Q2 and Q3.
If Q1 and Q4 quartiles were to be used, the ranges would be even larger,
thus we decided to remain conservative to be fair with the data distribution
and the field observations. A GLM using forward stepwise selection was
applied to the ratios vs. five depth intervals (SI Appendix, Table S2 and
Dataset S5). All analyses and graphical work were performed in Statistica
13.0 (StatSoft), SigmaPlot 12.0 (Systat Software Inc.), ArcGIS (ESRI), SURFER
(Golden Software, LLC.), and Corel Draw X3 (Corel Corp.). A full version of
Materials and Methods can be found in SI Appendix.

Data Availability. Our published databases are publicly accessible for readers,
and they are deposited at the NOAA NCEI at https://data.nodc.noaa.gov/cgi-
bin/iso?id=gov.noaa.nodc:0171017 (50).
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