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ABSTRACT: Future anthropogenic emissions of CO, and the resulting ocean acidification may have
severe consequences for marine calcifying organisms and ecosystems. Marine calcifiers depositing
calcitic hard parts that contain significant concentrations of magnesium, i.e. Mg-calcite, and calcify-
ing organisms living in high latitude and/or cold-water environments are at immediate risk to ocean
acidification and decreasing seawater carbonate saturation because they are currently immersed in
seawater that is just slightly supersaturated with respect to the carbonate phases they secrete. Under
the present rate of CO, emissions, model calculations show that high latitude ocean waters could
reach undersaturation with respect to aragonite in just a few decades. Thus, before this happens
these waters will be undersaturated with respect to Mg-calcite minerals of higher solubility than that
of aragonite. Similarly, tropical surface seawater could become undersaturated with respect to Mg-
calcite minerals containing 212 mole percent (mol%) MgCOj3; during this century. As a result of these
changes in surface seawater chemistry and further penetration of anthropogenic CO, into the ocean
interior, we suggest that (1) the magnesium content of calcitic hard parts will decrease in many ocean
environments, (2) the relative proportion of calcifiers depositing stable carbonate minerals, such as
calcite and low Mg-calcite, will increase and (3) the average magnesium content of carbonate sedi-
ments will decrease. Furthermore, the highest latitude and deepest depth at which cold-water corals
and other calcifiers currently exist will move towards lower latitudes and shallower depth, respec-
tively. These changes suggest that anthropogenic emissions of CO, may be currently pushing the
oceans towards an episode characteristic of a ‘calcite sea.’
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INTRODUCTION

Continuous anthropogenic emissions of CO, to the
atmosphere and uptake of part of this CO, by the
oceans will result in a continuous decline in surface
seawater calcium carbonate saturation state (£2; see
Appendix 1) and a decrease in pH, often termed ocean
acidification (e.g. Broecker et al. 1971, Bacastow &
Keeling 1973, Kleypas et al. 1999a, Caldeira & Wickett
2003, Andersson et al. 2005, Orr et al. 2005). On
timescales of several thousands of years, much of the
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CO, originating from anthropogenic activities will be
absorbed by the oceans and ultimately neutralized by
dissolution of sedimentary calcium carbonate minerals
(Broecker et al. 1971, Archer et al. 1998). However, on
shorter timescales, the only way to slow down signifi-
cantly or prevent future ocean acidification is to reduce
the emissions of CO, from human activities to the
atmosphere. At this time, because of the current global
political and socio-economic situation, a large reduc-
tion in CO, emissions is highly unlikely (Clarke et al.
2007). Therefore, surface seawater pH will continue to
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decline, with all the ecological implications of such a
change in a major earth surface system carbon reser-
voir, until emissions are reduced and the atmospheric
CO, concentration stabilizes.

Ocean acidification has raised serious concerns
about the potential effects on marine organisms and
ecosystems, especially those organisms producing
shells, tests or skeletons out of calcium carbonate
(CaCOs,). In particular, the fates of tropical coral reefs
and scleractinian corals have received most of the
attention in the ongoing ocean acidification debate
(e.g. Kleypas et al. 1999a, 2006, Marubini et al. 2003,
Hoegh-Guldberg et al. 2007). Much less attention has
been given to marine calcifiers depositing calcium
carbonate minerals containing significant proportions
of magnesium ions, i.e. Mg-calcite (Borowitzka 1981,
Mackenzie & Agegian 1989, Gao et al. 1993, Kuffner et
al. 2008), and calcifying organisms living in high lati-
tude and/or cold-water environments (Orr et al. 2005,
Guinotte et al. 2006, Roberts et al. 2006, Turley et al.
2007). In either situation, these organisms exist under
conditions more corrosive to their shells and skeletons
than organisms depositing less soluble mineral phases
or organisms living at lower latitudes. The solubility of
Mg-calcite minerals with a significant mole percent
(mol%) MgCOs is greater than the solubility of arago-
nite and calcite, and the seawater saturation state with
respect to carbonate minerals is lower in high latitudes
than at low latitudes. The same is true for deep waters
compared with shallow waters. Thus, it is likely that
Mg-calcite, high latitude and cold-water calcifying
organisms will be the first responders to ocean acidifi-
cation and will serve as ‘canaries’ to the potential
detrimental consequences of this process.

The objective of the present investigation is to eval-
uate how the surface seawater carbonate saturation
state may change in different environments and with
respect to Mg-calcite minerals as a result of future
ocean acidification. In the second part of this study we
evaluate these changes numerically under a business-
as-usual (BAU) CO, emissions scenario and review the
results in terms of the potential consequences to
marine calcifiers and carbonate environments.

OVERVIEW OF MARINE CALCIFICATION AND
Mg-CALCITE MINERALS

Marine calcifying organisms are an important com-
ponent of almost all ecosystems, ranging from warm
tropical to cold high latitude waters and also the deep
sea. In fact, carbonate sediments will accumulate and
reflect their presence in the sedimentary column,
where they are not significantly exported, dissolved or
diluted by terrigenous clastics or other sedimentary

material (Chave 1967). Most of the calcifying taxa
found in tropical and subtropical regions are also
found in colder environments and include corals, mol-
lusks, coralline algae, foraminifera, bryozoans, echino-
derms and crustaceans (Chave 1954). There are even
high latitude and cold-water corals and coral ecosys-
tems that produce extensive calcium carbonate struc-
tures comparable with shallow tropical reefs (e.g.
Rogers 1999, Freiwald et al. 2004, Freiwald & Roberts
2005, Roberts et al. 2006). There are also both warm-
and cold-water, shallow-living calcifiers including
coralline algae, echinoderms and bryozoans that
deposit Mg-calcite of variable composition that can
contribute significantly to regional carbonate budgets
(Chave 1954). Furthermore, planktonic calcifiers, such
as coccolithophorids, pteropods, foraminifera and het-
eropods, play disproportionally important roles in tem-
perate and high latitude marine environments relative
to their role in warmer subtropical/tropical environ-
ments. Coccolithophorids and pteropods are the major
pelagic producers of calcite and aragonite, respec-
tively, and account for a significant proportion of the
particulate organic and particulate inorganic carbon
exported from the surface ocean to the deep ocean
both regionally and globally (e.g. Iglesias-Rodriguez et
al. 2002, Jin et al. 2006).

The occurrence of magnesium in marine skeletal
hard parts was first documented by Silliman (1846). Al-
most a century later while studying mollusk shells,
Boggild (1930) recognized a relationship between
magnesium content and skeletal carbonate mineral-
ogy. Beggild (1930) distinguished among 3 different
compositional carbonate phases that occurred in
nature: low Mg-aragonite, low Mg-calcite (<4 %
MgCOg), and high Mg-calcite (>4 % MgCOs;). At first it
was commonly believed that the magnesium in high
magnesian calcite skeletons was present in the form of
the mineral dolomite. This assumption was disproved
by Chave (1952), who demonstrated that calcium ions
were replaced by magnesium ions in the calcite lattice,
shrinking it, and forming a partial solid solution at
low temperatures between calcite and dolomite. Mg-
calcites are essentially isomorphs of calcite, but com-
pared with pure calcite the substitution of calcium ions
with the much smaller magnesium ions in a completely
random fashion causes variations in the mineralogical
structure, such as carbonate anion and cation posi-
tional disorder (e.g. Reeder 1983, Bischoff et al. 1987,
Tribble et al. 1995). As a result, under present earth
surface temperature and pressure conditions, Mg-
calcite minerals are metastable relative to nearly pure
calcite and dolomite, i.e. thermodynamically we would
not expect their existence, but they persist owing to
kinetic constraints (Goldschmidt 1983, Mackenzie et
al. 1983).
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A wide range of marine calcifers produce shells, tests
or skeletons containing various amounts of magnesium
in calcite. The most common and probably also the
most important Mg-calcite producers containing signif-
icant mol% MgCOj; are the red coralline algae, benthic
foraminifera, bryozoans and echinoderms, but other
groups of organisms such as crustaceans, molluscs,
annelid worms, calcareous sponges, barnacles and
brachiopods also deposit Mg-calcite of varying compo-
sition (Chave 1954, Morse & Mackenzie 1990). Mg-
calcite-producing marine calcifiers make up a sig-
nificant proportion of the total biomass of calcifying
organisms on coral reefs and in shoal water environ-
ments although aragonite-producing organisms (e.g.
scleractinian corals, green algae and certain molluscs)
are the most important calcifiers in these environments.
However, in many coral reefs, coralline algae of high
magnesian calcite compositions are the major frame-
work and cementing taxa. Based on more than 700 sed-
iment samples from different tropical and subtropical
neritic environments, the relative proportions of arago-
nite, Mg-calcite and calcite (including low Mg-calcite)
were found to be 63, 24 and 13 %, respectively (Land
1967). The average Mg-calcite composition of carbon-
ate sediments in the same environments contains about
13 to 15 mol% MgCO; (Morse & Mackenzie 1990).

The mechanisms controlling the magnesium content
of marine calcitic skeletons are poorly understood and
exert different influences on different organisms.
Marine calcifiers depositing aragonite contain almost
none or very little magnesium (<1 mol%) and the same
is true for calcite producers, which are mostly repre-
sented by pelagic calcifiers, such as certain species of
coccolithophorids and foraminifera. Among organisms
depositing Mg-calcite of various compositions, ranging
from a few mol% to as much as 30 mol%, there are dis-
tinct differences between different species. Clearly,
there is a strong taxonomic control on the magnesium
content of calcitic skeletons (Chave 1954). Also, the
magnesium content of marine calcifiers depositing
Mg-calcite is seen to decrease as a function of increas-
ing latitude (Fig. 1). Thus, the Mg content of skeletal
hard parts covaries with changes in environmental
variables such as temperature, light and seawater car-
bonate saturation state, all of which decrease with
increasing latitude (Chave 1954, Mackenzie et al.
1983). This variation in magnesium content has been
attributed to variation in growth rate (Moberly 1968),
which is not only a function of temperature and sea-
water carbonate saturation state, but also energy avail-
ability (i.e. food), and in phototrophic organisms (or
organisms dependent on phototrophic symbionts) it is
also a function of photosynthetic activity and conse-
quently light and nutrient concentration (Mackenzie et
al. 1983). The magnesium content of shallow water

Mg-calcite cements follows a similar latitudinal trend
as biogenic phases, and a similar trend has also been
observed as a function of depth and consequently
decreasing seawater carbonate ion concentration and
temperature (Schlager & James 1978, Mackenzie et al.
1983, Videtich 1985).

Experimental results have clearly demonstrated that
the rate of calcification in marine calcifiers is directly
related to the seawater carbonate saturation state (e.g.
Gattuso et al. 1999, Langdon et al. 2000, Marubini et
al. 2003). Furthermore, Mackenzie & Agegian (1989)
showed that the growth rate of Porolithon gardineri,
measured as linear extension and the magnesium con-
tent were directly correlated to seawater carbonate
saturation state and temperature. Other studies have
demonstrated that the magnesium content of calcitic
skeletons varies as a result of changes in the Mg to Ca
ratio in seawater (Stanley et al. 2002, Ries 2006, see
also Mackenzie et al. 1983 for a synthesis of data on
Mg to Ca ratio of solution versus precipitate Mg-calcite
composition), but this is only important on timescales
of millions of years when significant changes of this
ratio in seawater occurred (Guidry et al. 2007). How-
ever, a change in Ca and Mg concentrations and the
ratio of these ions essentially implies a change in the
seawater saturation state with respect to Mg-calcite
phases, which also could be accomplished by a change
in the carbonate ion concentration (Appendix 1).
Lower CO;2~ concentration and consequently lower
carbonate saturation state favour Mg-calcite deposits
of lower magnesium content both kinetically and ther-
modynamically (Mackenzie et al. 1983). Lower sea-
water carbonate saturation states also result in increas-
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Fig. 1. Range of magnesium content of calcitic skeletons as a
function of latitude (Chave 1954). The Mg-calcite phase in
metastable equilibrium with the surface seawater according
to the 'minimally prepared’ solubility curve (see text) is also
shown at present time and in the year 2100 under a business-
as-usual (BAU) CO, emissions scenario (IS92a)
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ing dissolution rates of metastable carbonate mineral
phases subjected to undersaturated conditions.

One of the most controversial and highly debated
problems related to the Mg-calcite minerals is that of
their solubility (see Morse et al. 2006 for a detailed dis-
cussion and references therein). In general, biogenic
Mg-calcites with a significant mol% MgCOj; are more
soluble than both calcite and aragonite, and the
approximate Mg-calcite composition with the same
solubility as aragonite ranges from 8 to 12 mol%
MgCO; depending on the experimental solubility
curve adopted. There are essentially 2 different exper-
imental solubility curves for biogenic Mg-calcites that
are referred to as either the biogenic ‘'minimally pre-
pared’ (Plummer & Mackenzie 1974) or the biogenic
‘cleaned’ solubility curve (e.g. Bischoff et al. 1987), and
each is differentiated by the extent of preparation of
the experimental materials. At this time, it is not fully
understood which solubility curve most accurately
reflects the behaviour of biogenic Mg-calcite minerals
in the natural environment (Morse et al. 2006),
although suggestions in favour of the use of the 'mini-
mally prepared’ solubility curve have been made in
the literature (Bischoff et al. 1993, Tribble et al. 1995).
One of the problems in determining the solubility of
biogenic Mg-calcites arises from their heterogeneous
nature and inclusion of impurities other than Mg, such
as H,O, OH", HCOg", SO42’ and other ions, which com-
monly are found in biogenic skeletons. Furthermore,
another problem arises from the fact that a true equi-
librium cannot be established between a given Mg-
calcite and a solution (Garrels & Wollast 1978). In the
initial stages of experimental dissolution studies, the
dissolution process occurs congruently, but becomes
incongruent as the solution becomes supersaturated
with respect to a Mg-calcite phase of lower magnesium
content, which then starts to precipitate. To overcome
this problem, experimentalists have extrapolated data
from the congruent step to infinite time, making the
assumption that this represents equilibrium at a condi-
tion referred to as stoichiometric saturation for the
solid solution.

FUTURE CHANGES IN SEAWATER CARBONATE
SATURATION STATE AND EFFECTS ON
CALCIFIERS

Methodology

In the present calculations, surface seawater satura-
tion states with respect to calcite, aragonite, and 18, 15
and 12 mol% Mg-calcite were calculated as follows.
Average salinity (S) and total alkalinity (TA) were ex-
tracted for the chosen temperature regimes from a

global model developed by M. Jeffries at the Bermuda
Institute of Ocean Sciences (BIOS) based on data from
the World Ocean Circulation Experiment (WOCE) and
the Global Ocean Data Analysis Project (GLODAP)
(M. Jeffries & N. Bates unpubl. data). The following
conditions for 3 typical environments were determined:
tropical/subtropical (temperature = 25 + 1°C, S =
35.53 + 0.87, TA = 2333.8 = 51.5 umol kg™!), temperate
(temperature =13+ 1°C, S=34.51 £ 0.88, TA =2284.1 +
50.0 pmol kg™!) and high latitude (temperature = 4 *
1°C, S = 33.82 + 0.45, TA = 2271.0 + 28.3 umol kg™!).
Saturation state with respect to Mg-calcite mineral
compositions were calculated based on both the bio-
genic 'minimally prepared’ and biogenic ‘cleaned’
solubility curves using total ion activity coefficients
defined by Millero & Pierrot (1998) (Appendix 1). As-
suming equilibrium between the atmosphere and the
surface ocean with respect to the partial pressure of
CO, (pCO,), dissolved inorganic carbon parameters
were calculated using CO2SYS (Lewis & Wallace 1998)
and stoichiometric carbonic acid system constants de-
fined by Mehrbach et al. (1973) and refit by Dickson &
Millero (1987). Future projections until the year 2100
were based on the Intergovernmental Panel on Climate
Change IS92a CO, emissions scenario (IPCC 2001).
Since increasing temperature counteracts the effect of
rising pCO, on seawater carbonate saturation state, the
effect of increasing surface seawater temperature (SST)
on this parameter was also evaluated. The fossil fuel
intensive emissions scenario A1FI was adopted in this
simulation to evaluate the maximum effect of increas-
ing temperature during the present century.

Results

At present, surface seawater saturation state with re-
spect to carbonate minerals decreases with increasing
latitude owing to decreasing CO3%~ concentration and
temperature (Figs. 1 & 2). Typical tropical/ subtropical
surface seawater is currently supersaturated with re-
spect to calcite and aragonite by 550 and 360 %, respec-
tively (Fig. 2). Temperate surface seawater is super-
saturated with respect to these mineral phases by 370
and 230 %, respectively, and typical high latitude sur-
face seawater is supersaturated by 260 and 160 %, re-
spectively (Fig. 2). Based on the biogenic ‘'minimally
prepared’ solubility curve (Plummer & Mackenzie
1974), saturation state calculations show that average
tropical/subtropical surface seawater is close to a meta-
stable equilibrium state with 15 mol% Mg-calcite and,
consequently, undersaturated with respect to Mg-
calcite phases with higher magnesium content. The
same calculations show that average high latitude and
temperate surface seawater is currently undersaturated
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Fig. 2. Surface seawater pCO, (partial pressure of CO,) and carbonate saturation state with respect to calcite, aragonite, and 12,
15 and 18 mol% Mg-calcite for a typical tropical/subtropical (temperature = 25 + 1°C, salinity [S] = 35.53 + 0.87, total alkalinity
[TA] =2333.8 £ 51.5), temperate (temperature = 13 + 1°C, S =34.51 +£ 0.88, TA = 2284.1 + 50.0) and high latitude (temperature = 4
+ 1°C, S = 33.82 £ 0.45, TA = 2271.0 + 28.3) ocean environment during the 21st century. The calculations were forced by an in-
crease in pCO, following the IS92a CO, emissions scenario (IPCC 2001) and assuming instantaneous equilibrium between the at-
mosphere and the surface ocean. TA, S and temperature were assumed constant in panels (A) through (F). In panels (G) through
(I), the calculations were forced by an increase in global mean temperature following the A1FI CO, emissions scenario, resulting
in an increase in temperature of ~4°C from the year 2000 to 2100 (IPCC 2001). Years 2080 to 2100 are highlighted in panels (D)
through (I) to demonstrate the effect of warming on the seawater carbonate saturation state. The seawater saturation state with
respect to biogenic Mg-calcite minerals was calculated based on the solubility curve of both the ‘minimally prepared’ (red lines;
Plummer & Mackenzie 1974) and the ‘cleaned’ (blue lines) biogenic carbonate material (Bischoff et al. 1987, 1993)

with respect to 12, 15, and 18 mol% Mg-calcite (Fig. 2).
In contrast, calculations based on the biogenic ‘cleaned’
solubility curve (e.g. Bischoff et al. 1987, 1993) suggest
that surface seawater in all climatic regions is currently
well supersaturated with respect to these Mg-calcite
compositions (Fig. 2).

In the present model scenario, the surface seawater
saturation state with respect to carbonate minerals will

decrease in all environments owing to uptake of
anthropogenic CO,. Numerical simulations show that
tropical/subtropical and temperate surface seawater
will remain supersaturated with respect to calcite and
aragonite by the year 2100. However, average high lat-
itude surface seawater could become undersaturated
in the second half of this century with respect to arag-
onite and, thus, become undersaturated with respect to
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Mg-calcite phases that are more soluble than arago-
nite prior to this (see Orr et al. 2005 for a detailed eval-
uation on the effects of anthropogenic CO, on surface
seawater aragonite saturation). According to the bio-
genic 'minimally prepared’ solubility curve (Plummer
& Mackenzie 1974), surface seawater in all climatic
regions will be undersaturated or at metastable equi-
librium with respect to a 12 mol% Mg-calcite and
phases of greater magnesium content by the year 2100
(Fig. 2). High latitude surface seawater could be in
metastable equilibrium with a Mg-calcite phase con-
taining as little as 4 to 5 mol% MgCO; by 2100 (Fig. 1).
In contrast, calculations based on the biogenic ‘cleaned’
solubility curve (e.g. Bischoff et al. 1987, 1993) show
that only high latitude surface seawater will become
undersaturated with respect to Mg-calcite phases con-
taining 12 mol% and higher MgCO; during the 21st
century (Fig. 2). A potential increase in SST of approx-
imately 4°C during the 21st century will affect the final
saturation state index with respect to aragonite in year
2100 by 0.32 Q units in tropical/subtropical environ-
ments, 0.25 Q units in temperate environments and
0.19 Q units in high latitude environments. Thus, the
effect of warming on the seawater aragonite saturation
state (and other carbonate mineral phases) is small
compared with the decrease in this variable owing to
uptake of anthropogenic CO, and ocean acidification
(Fig. 2).

Discussion

Clearly, to predict accurately the timing of when sea-
water becomes undersaturated with respect to a par-
ticular Mg-calcite phase owing to ocean acidification,
it is necessary to determine more accurately the solu-
bility and kinetic behaviour of these mineral phases in
the natural environment and under conditions of
increasing CO,. Nevertheless, the seawater saturation
level for many of these mineral phases is lower than
that of aragonite and the degree of saturation is
decreasing in most marine environments owing to ris-
ing atmospheric CO, and ocean acidification. Surface
seawater is likely to become undersaturated with
respect to aragonite (its solubility is well characterised)
at high latitudes in a matter of decades (Fig. 2; Orr et
al. 20095); thus, seawater will be undersaturated with
respect to many Mg-calcite phases prior to this time.

The observed trend of decreasing Mg content in cal-
citic skeletons as a function of increasing latitude is in
all probability partly a direct reflection of the slower
growth rate of these organisms due to decreasing sea-
water carbonate saturation state and colder tempera-
tures. Although the Mg content is highly variable and
affected by additional factors (see previous discussion),

changes in seawater chemistry owing to uptake of
anthropogenic CO, will most probably result in a
decrease in the average Mg composition of Mg-calcite-
producing organisms in all environments, despite the
warmer SSTs of the future. The same could be true for
inorganic precipitates, such as carbonate cements. As
a result, the average magnesium content of contempo-
rary carbonate sediments will decrease because of the
lower magnesium content in the source material, i.e.
marine calcifiers and inorganic precipitates, but also
owing to the selective dissolution of highly soluble
Mg-calcite phases (Andersson et al. 2005, 2007, Morse
et al. 2006).

Despite uncertainties in terms of the Mg-calcite sol-
ubility curve as a function of MgCOj; content, it is prob-
able that many Mg-calcite-secreting organisms and
contemporary carbonate sediments currently exist or
soon may exist close to a metastable equilibrium with
the seawater in which they are immersed (Fig. 1).
Thus, a small alteration of the seawater carbonate sat-
uration state owing to CO, uptake will result in these
organisms and sediments being immersed in seawater
undersaturated with respect to these mineral phases.
The same is true for organisms depositing aragonite
and living in high latitude or cold-water environments,
such as pteropods and cold-water corals, which soon
could also be immersed in seawater undersaturated
with respect to this mineral phase (Orr et al. 2005,
Guinotte et al. 2006, Turley et al. 2007; Fig. 2). Under-
saturated seawater conditions certainly imply that
unprecedented challenges and alterations to the func-
tion, structure and distribution of calcifying organisms
and carbonate ecosystems exposed to these conditions
will occur. It is improbable that, under such conditions,
marine calcifers could sustain themselves as they do
today. Hence, as high latitude environments progres-
sively become increasingly acidic and undersaturated
with respect to aragonite, the highest latitude at which
cold-water corals and other calcifiers are found is
likely to move progressively towards lower latitudes. A
similar situation has been proposed with respect to
tropical aragonitic corals as the aragonite saturation
state reaches a ‘critical’ threshold, below which these
organisms cannot thrive (Kleypas et al. 1999b, Gui-
notte et al. 2003). Furthermore, as anthropogenic CO,
penetrates deeper into the oceans, the seawater satu-
ration horizons (the depth at which Q = 1; Appendix 1)
with respect to various carbonate mineral phases will
become shallower (Feely et al. 2004). Consequently,
the maximum depth at which deep water corals and
other calcifying organism are found will shoal
(Guinotte et al. 2006, Turley et al. 2007). If significant
dissolution takes place above the chemical lysoclines
of the biogenic carbonate minerals (Milliman et al.
1999), anthropogenic CO, may not have to penetrate
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as deep into the ocean as currently thought to begin
to dissolve carbonate phases at depth. The timing of
these changes depends on the rate at which anthro-
pogenic CO, is transported into the interior of the
oceans, but this may already occur in certain en-
vironments.

Lower seawater carbonate saturation state most
certainly implies slower rates of calcification for most
marine calcifiers and possibly a lessened ability to
compete for space and other important resources (e.g.
Kleypas et al. 1999a, 2006, Andersson et al. 2005,
Kuffner et al. 2008). As a result, the relative proportion
of non-calcifying organisms to calcifying organisms
may become increasingly larger in the near future than
is seen today. Lower carbonate saturation state also
favours deposition of less soluble mineral phases
(Mackenzie et al. 1983). Thus, organisms depositing
stable carbonate minerals, such as calcite and low
Mg-calcite could become increasingly dominant under
future increasingly acidic seawater conditions. Some
organisms currently depositing metastable carbonate
phases such as aragonite and high Mg-calcite may not
be able to sustain themselves under such conditions
(Kuffner et al. 2008), but others could possibly persist
through deposition of carbonate minerals of greater
stability. For example, Stolarski et al. (2007) discovered
that corals known to deposit aragonite actually se-
creted calcite during an episode of the Cretaceous
Period, but the controlling mechanisms are unknown.
Ries et al. (2006) observed similar results for corals
growing in artificial seawater of variable magnesium
to calcium ratio, thus, changing the composition of the
mineral phase favoured to precipitate based on ther-
modynamic and kinetic principles. Other evidence
suggests that some corals could survive detrimental
acidic seawater conditions in a non-calcifying state
(Fine & Tchernov 2007).

It is noteworthy that the ecological and composi-
tional changes for marine calcifiers and ecosystems
discussed here (as a result of ocean acidification and
decreasing carbonate saturation state) are similar to
those changes inferred from the carbonate sedimen-
tary record, which showed that the transitions from
aragonite to calcite seas favoured the deposition of car-
bonate minerals of increasing stability in both skeletal
and non-skeletal precipitates (e.g. Mackenzie & Pigott
1981, Sandberg 1983, Stanley & Hardie 1998, Stanley
et al. 2002). Mackenzie & Pigott (1981) and Sandberg
(1983) first noted oscillations in the primary minera-
logy of ooids and marine cements between calcite
and aragonite during the Phanerozoic Eon. Sand-
berg (1983) referred to these oscillations as aragonite-
inhibiting or aragonite-facilitating episodes and
Mackenzie & Pigott (1981) referred to them as oscilla-
tory and submergent tectonic modes. Later these

episodes have been referred to as aragonite or calcite
seas. Stanley & Hardie (1998) subsequently demon-
strated that the dominant mineralogy of biogenic
skeletal carbonate deposits also varied between calcite
(and low Mg-calcite) and aragonite mineralogy (and
high Mg-calcite) during this time period, which corre-
lated well with Sandberg’s (1983) and Mackenzie &
Pigott's (1981) episodes. These oscillations are com-
monly associated with climatic episodes, sea level fluc-
tuations, plate tectonic modes and carbonate-silicate
weathering cycles, involving changes in seawater Mg
to Ca ratio, atmospheric and seawater CO, concentra-
tions and, consequently, seawater carbonate saturation
state (Sandberg 1983, Morse & Mackenzie 1990, Stan-
ley & Hardie 1998, Guidry et al. 2007). Although sea-
water composition and chemistry were significantly
different during these episodes relative to the present
(Guidry et al. 2007), decadal to centurial scale ocean
acidification owing to the absorption of CO, in the
oceans from the burning of fossil fuels and land use
changes and consequent changes in the seawater car-
bonate saturation state could push the Earth towards
an episode with carbonate environments similar to that
of a calcite sea. Mg-calcite, high latitude and cold-
water marine calcifiers, which already exist on the
margin in terms of seawater carbonate saturation state,
will be the first responders to this major transition. The
consequences to Mg-calcite-producing organisms and
sediments are most certainly drastic, but the timing is
uncertain because we do not fully understand the sol-
ubilities and kinetic behaviour of these mineral phases
in the natural environment. This lack of knowledge of
these phenomena warrants further study.
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Appendix 1. Calculating seawater carbonate saturation state ()

A general expression for the calculation of seawater satu-
ration state with respect to carbonate minerals is: Q =
{(Mg?)¥{Ca?*}1- ¥{CO427)/K,, where brackets {} represent
ion activities, xis the mol fraction magnesium ions, and K, is
the equilibrium constant with respect to the particular car-
bonate phase (K, = IAP, ion activity product at equilibrium).

Ion activities are not easily measured and most com-
monly seawater saturation state with respect to calcite and
aragonite are calculated using ion concentrations (denoted
by square brackets []) and stoichiometric solubility prod-
ucts (Kg,* = ICP, ion concentration product at equilibrium):
Q = [Ca®] [CO* /Ky,

In contrast, stoichiometric solubility products with respect
to Mg-calcite minerals have not been determined and the
saturation state with respect to these mineral phases has to
be calculated based on ion activities. The ion activity (a) is
calculated based on the observed ion concentrations (C)
multiplied by the total ion activity coefficient (yr), which has
been determined experimentally or from theory (e.g.

Millero & Pierrot 1998): a = yrx C. Since a true equilibrium
cannot be achieved with respect to Mg-calcite minerals, K
represents a metastable equilibrium state obtained from
what has been referred to as stoichiometric saturation
(Thorstenson & Plummer 1977; a term not equivalent to the
definition of the stoichiometric solubility product, see for
example Morse et al. 2006 and references therein).

If Q > 1 with respect to a particular mineral phase, the
seawater is supersaturated with respect to that phase, and if
Q < 1, the seawater is undersaturated. When Q = 1 this
implies that the seawater is in thermodynamic equilibrium
with respect to that mineral phase, i.e. the forward and
backward reaction (dissolution and precipitation) are equal
to one another. Thermodynamically, one would expect net
dissolution if a mineral phase were immersed in a solution
undersaturated with respect to that mineral phase, and the
opposite, i.e. net precipitation, if the solution were supersat-
urated. This is strictly not the case because of kinetic con-
straints and inhibition by various components present in
seawater.
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