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Principles	of	Ocean	Acidifica+on	

whether past intervals of ocean acidification
are characterized by environmental conditions
relevant for the near future. Coeval changes in
ocean circulation will also introduce regional
biases in proxy records and hence affect global
interpretations.

Here, we review the factors controlling ocean
acidification, describe evidence for the occurrence
of ocean acidification events in the past, and dis-
cuss the potential as well as weaknesses of the
geological record in helping us predict future eco-
system changes.

Is Ocean Acidification Primarily a
pH-Decline Phenomenon?
The current rate of anthropogenic CO2 release
leads to a surface ocean environment charac-
terized not only by elevated dissolved CO2 and
decreased pH (7) but, critically, decreased satura-
tion with respect to calcium carbonate (CaCO3),
a compound widely used by marine organisms
for the construction of their shells and skeletons
(8). In contrast, slower rates of CO2 release lead
to a different balance of carbonate chemistry
changes and a smaller seawater CaCO3 saturation
response, which may induce differential biotic
response or even no response at all, invalidating a
direct analog. The reason for a smaller saturation
response to slow CO2 release is that the alkalinity
released by rock weathering on land must ulti-
mately be balanced by the preservation and burial
of CaCO3 in marine sediments (Fig. 2), which

itself is controlled by the calcium carbonate sat-
uration state of the ocean (9). Hence, CaCO3

saturation is ultimately regulated primarily by
weathering on long time scales, not atmospheric
partial pressure of CO2 (PCO2). While weathering
itself is related to atmospheric PCO2 (10), it is
related much more weakly than ocean pH, which
allows pH and CaCO3 saturation to be almost
completely decoupled for slowly increasing at-
mospheric PCO2.

Using a global carbon cycle model (2), we
show the progressive coupling between CaCO3

saturation and pH as the rate of CO2 emissions
increases and sources (weathering) and sinks
(CaCO3 burial) of alkalinity are no longer ba-
lanced. For rapid century-scale and thus future-
relevant increases in atmospheric PCO2, both
surface ocean pH and saturation state decline in
tandem (Fig. 3). The projected decrease in ocean
surface saturation state—here, with respect to
aragonite (Waragonite)—is an order of magnitude
larger for a rapid CO2 increase than for a slow
[100 thousand years (ky)] CO2 increase. Ulti-
mately, saturation recovers while the pH remains
suppressed, reflecting how changes in the oce-
anic concentrations of dissolved inorganic carbon
(DIC) and alkalinity make it possible to have
simultaneously both high CO2 and high carbon-
ate ion concentration saturation ([CO2−

3 ], which
controls saturation), but with the relatively greater
increase in [CO2] causing lower pH. The key to
unlocking the geological record of ocean acid-

ification is hence to distinguish between long-
term steady states and transient changes. We use
the term “ocean acidification event” for time in-
tervals in Earth’s history that involve both a re-
duction in ocean pH and a substantial lowering
of CaCO3 saturation, implying a time scale on
the order of 10,000 years and shorter (Fig. 3).

Indications of Paleo-Ocean Acidification
With these criteria in mind, we review (in reverse
chronological order) the intervals in Earth’s history
for which ocean acidification has been hypothe-
sized, along with the evidence for independent
geochemical and biotic changes. We confine this
review to the past ~300 million years (My) be-
cause the earlier Phanerozoic (and beyond) lacks
the pelagic calcifiers that not only provide key
proxy information but also create the strong deep-
sea carbonate (and hence atmospheric PCO2) buf-
fer that characterizes the modern Earth system
(9). Our criteria for identifying potentially future-
relevant past ocean acidification are (i) massive
CO2 release, (ii) pH decline, and (iii) saturation
decline. We also discuss evidence for the time
scale of CO2 release, as well as for global warming.
Events are given a similarity index that is based
on available geochemical data (table S1) and are
indicated in Fig. 4A.

Late Pleistocene deglacial transitions. The
last deglaciation is the best documented past event
associated with a substantive (30%) CO2 rise:
189 to 265 matm between 17.8 to 11.6 ky before
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Fig. 2. When CO2 dissolves in seawater, it reacts with water to form carbonic
acid, which then dissociates to bicarbonate, carbonate, and hydrogen ions. The
higher concentration of hydrogen ions makes seawater acidic, but this process
is buffered on long time scales by the interplay of seawater, seafloor carbonate
sediments, and weathering on land. Shown are the major pathways of reduced
carbon (black) and of alkalinity (yellow). Processes leading to ocean acid-
ification and/or reduction of CaCO3 saturation are indicated in red, and pro-

cesses leading to ocean alkalinization and/or CaCO3 saturation increases are
indicated in blue. Anthropogenic perturbations are marked in italics. Ap-
proximate fluxes are printed in parentheses (PgC year−1), whereas reservoir
inventory values are shown in brackets [PgC]. Natural carbon cycle fluxes are
from (70); anthropogenic fluxes for 2008 are from (57), which for the land
sink is significantly above its 1990–2000 average of 2.6 PgC year−1 due to the
2008 La Niña state (8).
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Terminology	

Calcite:	trigonal	CaCO3	 Aragonite:	orthorhombic	CaCO3	

Ω=sat.	state	=	[Ca2+]*[CO3
2-]*(1/Ksp)	

Precipita+on	is	propo+onal	to	(Ω-1)n	for	Ω>1	

Dissolu+on	is	propo+onal	to	(Ω-1)n	for	Ω<1	

Ω=1	is	the	satura+on	horizon,	Ω	also	defines	the	CCD	



Broad	Geologic	Record	

The Geological Record of
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Ocean acidification may have severe consequences for marine ecosystems; however, assessing
its future impact is difficult because laboratory experiments and field observations are limited by
their reduced ecologic complexity and sample period, respectively. In contrast, the geological
record contains long-term evidence for a variety of global environmental perturbations, including
ocean acidification plus their associated biotic responses. We review events exhibiting evidence
for elevated atmospheric CO2, global warming, and ocean acidification over the past ~300 million
years of Earth’s history, some with contemporaneous extinction or evolutionary turnover among
marine calcifiers. Although similarities exist, no past event perfectly parallels future projections
in terms of disrupting the balance of ocean carbonate chemistry—a consequence of the
unprecedented rapidity of CO2 release currently taking place.

Thegeological record is imprinted with nu-
merous examples of biotic responses to
natural perturbations in global carbon cy-

cling and climate change (Fig. 1), some of which
could have been caused by large-scale ocean
acidification. By reconstructing past changes in
marine environmental conditions, we can test hy-
potheses for the causes and effects of future-

relevant stressors such as ocean acidification on
ecosystems (1). However, for the fossil record to
be of direct utility in assessing future ecosystem
impacts, the occurrence and extent of past ocean

acidification must be unambiguously identified.
In recent years, a variety of trace-element and
isotopic tools have become available that can be
applied to infer past seawater carbonate chemis-
try. For instance, the boron isotopic composition
(d11B) of marine carbonates reflects changes in
seawater pH, the trace element (such as B, U, and
Zn)–to-calcium ratio of benthic and planktic for-
aminifer shells records ambient [CO2−

3 ], and the
stable carbon isotopic composition (d13C) of or-
ganic molecules (alkenones) can be used to es-
timate surface ocean aqueous [CO2] (2).

Because direct ocean geochemical proxy
observations are still relatively scarce, past ocean
acidification is often inferred from a decrease in
the accumulation and preservation of CaCO3 in
marine sediments, potentially indicated by an in-
creased degree of fragmentation of foraminiferal
shells (3). However, it is difficult to distinguish
between the original calcification responses to
chemical changes in the surface ocean and post-
mortem conditions at the sea floor. For instance,
planktic calcifiers may secrete heavier or lighter
shells (4), but that signal may be modified at the
sea floor through dissolution or overgrowth after
deposition (5, 6). This duality can introduce con-
troversy over the identification of causes and
effects, the drivers of biological change, and
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Fig. 1. Idealized diversity trajectories of the calcareous and organic fossil lineages discussed in the text.
Extinction and radiation suggest events of major environmental change throughout the past 300 My.
Calcareous plankton is shown in black, calcareous benthos in blue, and organic fossils in green, and the
line thickness indicates relative and smoothed species richness. Highlighted events (vertical red lines)
have been associated with potential ocean acidification events (Fig. 4). Calcareous organisms were not
uniformly affected at all times, suggesting the importance of synergistic environmental factors to ex-
tinction, adaptation, and evolution as well as different sensitivity due to physiological factors. Iden-
tification of a paleo-ocean acidification event therefore requires independent geochemical evidence
for ocean chemistry changes. Images of organisms are exemplary. References and further information
on the displayed organisms are available in the supporting online material.
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Boron-11	and	pH/pCO2	

•  Boron	occurs	as	B(OH)4–	and	B(OH)3	
•  Rela+ve	concentra+ons	pH	dependent	
•  Only	B(OH)4–	incorporated	into	shells	
•  δ11B	in	forams	records	ocean	acidity	
•  Also	serves	as	a	proxy	for	atmospheric	pCO2	



Boron-11	and	pH/pCO2	

Pearson and Palmer (1999) and Pearson and Palmer (2000) represent attempts to
take the proxy back to deep time. As with the Spivack et al. (1993) study, there is
concern whether there has been secular variation of the boron isotope composition
of seawater as suggested by models (Lemarchand et al., 2000, 2002). Pearson and
Palmer (1999) measured pH-depth profiles from planktic foraminifers over the past
43Ma and concluded pCO2 was similar or only slightly elevated relative to pre-
industrial levels. The Pearson and Palmer (2000) study analyzed foraminifer samples
going back 60Ma. They construct a surface ocean pH curve that shows relatively
small deviations going back !20Ma, but then erratic fluctuations and significantly
more acidic surface ocean pH conditions from 40 to 60Ma (there is a gap in the
time series between 20 and 40Ma). These data can be compared with other proxies
for pCO2 (Figure 4), such as stomata indices (Royer et al., 2001) and the photo-
synthetic carbon isotope fractionation as reported in alkenones (Pagani, Freeman, &
Arthur, 1999; Pagani, Zachos, Freeman, Tipple, & Bohaty, 2005b). As discussed
above, Lemarchand et al. (2002, 2000) reinterpret the Pearson and Palmer (2000)
data in light of their model secular variation calculations and find that pH variations
over the past 60Ma may be minor.
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Figure 5 Boron isotope evidence for pH changes at ODP site 668B in the eastern equatorial
Atlantic in synchrony with atmospheric pCO2 variations recorded in the Vostok ice core
(Hoº nisch & Hemming, 2005). In the top panel the black curve is the d18O of G. ruber from the
sediment core, and the red symbols are the measured d11B of G. sacculifer. In the lower panel, the
black curve is the pCO2 record fromVostok, and the solid symbols are the calculated PCO2 based
on the d11B as well as temperature, salinity and alkalinity estimates (for a detailed description see
Hoº nisch & Hemming, 2005).
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The	PETM	

•  56	Mya	
•  3-4‰	decrease	in	δ13C	
•  Rapid	decrease	in	CaCO3	content	in	organisms	
•  Transient	warming	of	4-8ºC	
•  Release	of	~5000	Pg	of	C	
•  Significant	surface	acidifica+on	predicted	
•  Closest	analogy	to	today	(10x	slower)	



The	PETM	

Applying simple assumptions about seawater chemistry (described below and in the supporting
information), we estimate not the absolute pH values, but the pH excursion (ΔpH), from δ11B values across the
P-E boundary. As a second constraint, we compare measured B/Ca records with model-derived estimates of
B/Ca based on the observed sensitivity of modern foraminifera. These two techniques complement each
other in that the more complete understanding of the δ11B proxy allows a more quantitative interpretation,
while the smaller sample size requirement of B/Ca analyses allows generation of a much higher resolution
record, so that timing and structure can be resolved more precisely.
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Figure 1. Data from Core 198-1209B-22H plotted against distance in the core in centimeters relative to the CIE onset, at 134
cm in Section 1209B-22H-1W. Shown are a core photograph, foraminiferal δ11B, B/Ca, Mg/Ca, and δ13C [Zachos et al., 2003].
The grey shaded area indicates the baseline conditions before the onset of the PETM; brown shading indicates the
body of the CIE; yellow shading represents the CIE recovery interval; and the unshaded interval is considered postevent.
Error bars on Mg/Ca and B/Ca are 2 standard deviations of repeat measurements of an in-house carbonate standard: 7%
on B/Ca and 4% on Mg/Ca. Error bars on δ11B are 2 SE of repeat sample analyses (n> 3), or 2 SE of repeat analyses of an
in-house vaterite standard given the same n, whichever is larger.
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than the second technique (± 0.13 units in the pH= 7.8 pre-PETM case and ± 0.18 units in the pH= 7.67
pre-PETM case). The first technique, however, rests on the assumption that the two populations of δ11B are
normally distributed around a coherent mean, which may not be the case, especially within the CIE when
pH likely varied over time (Figure 5c). The second technique avoids this assumption, but the two
boundary-spanning data points are separated by 16 kyr in our age model, so that this comparison does
not necessarily capture the full magnitude of the ΔpH across the boundary.

Applying the same vital effect offset and δ11Bseawater values at Sites 1209, 865, and 1263, pre-PETM pH
estimates from δ11B are within ±0.05 pH units (Figure 4), suggesting that diagenesis is not a major concern,
because it would have affected the three sites differently due to different burial depths, carbonate content,
bottom water, and pore water chemistry. The P-E interval at Site 865 (paleodepth ~1400m) is a winnowed
foraminiferal sand (nearly 100% CaCO3), bearing planktic foraminifers with significant overgrowth [Kelly
et al., 1996; Kozdon et al., 2013]. Site 1209 (paleodepth ~1900m) foraminifers are lightly overgrown
[Colosimo et al., 2006], while Site 1263 (paleodepth ~1500m) features clay-rich sediments (~85% CaCO3)

13

13.5

14

14.5

15

15.5

16

16.5

7

7.2

7.4

7.6

7.8

8

6.4

6.6

6.8

7

7.2

7.4

7.6

7.8

-200-1000100200300400

Time relative to CIE onset (ky)

pH
 assum

ing initial = 7.8

pH
 a

ss
um

in
g 

in
iti

al
 =

 7
.6

7

Figure 4. The δ11B values and two scenarios for pH (total scale) fromM. velascoensis at all three sites plotted against time. Age
models for Sites 1263 and 1209 were produced by correlating the bulk/fine-fraction δ13C excursion to the δ13C excursion at
Site 690 in the age model of [Röhl et al., 2007]; for Site 865 the benthic foraminiferal δ13C record [Zachos et al., 2001] was
correlated to that at Site 690, using the same agemodel. Error bars on δ11B are 2 SE of repeat analyses (n> 3) or 2 SE of repeat
analyses of an in-house vaterite standard given the same n, whichever is larger. The pH in the middle and lower panels were
calculated by assuming the initial pH for the Site 1209 record of 7.8 and 7.67 (total scale), respectively, and then applying the
same δ11B-pH relationship to all sites. Error bars reflect the uncertainty reported for δ11B analyses. The lower error bar on one
point in the CIE from Site 865 is incalculable because the lower error limit on the δ11B of that point is below theminimum δ11B
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Present	

Pelejero	et	al.,	2010	

Box 4. Spatial heterogeneity in seawater pH

Natural gradients in seawater pH, driven largely by sea temperature,
exist in the oceans. These gradients are related to physical and
biological processes. Typical horizontal gradients are shown in the
surface water pH map of Figure Ia. This map reflects the lowering of
pH in areas under the influence of upwelling, where cold deep
waters, rich in dissolved inorganic carbon and low in pH, are
advected to the surface. This occurs, for example, in the Eastern
Equatorial Pacific, the Arabian Sea along the Somalia and Oman
coasts, and off the west coast of Africa. For regions not affected by
upwelling, the areas where biological production is highest tend to
be characterised by the highest values of pH. In these regions, the
fixation of dissolved inorganic carbon by phytoplankton and its
subsequent transport to deeper layers (by the so- called ‘biological
pump’), raises surface water pH. In the water column, seawater tends
towards lower pH with depth, as illustrated in Figure Ib. This is also a
result of the downward flux of carbon fixed in the euphotic zone by
phytoplankton, which is remineralized in deeper layers. Interest-

ingly, deep waters of the Pacific Ocean have a significantly lower pH
than those of the Atlantic Ocean. This reflects the interactive role of
biological activity and the global water circulation of the oceans.
Deep waters of the Pacific Ocean have had more time to accumulate
CO2 from remineralization of organic matter than the Atlantic water,
owing to their older age (or longer elapsed time since their last
contact with the atmosphere as water circulates along the deep
conveyor belt from the Atlantic to the Indian and Pacific Ocean). Note
also the progressive narrowing of the pH variability range with depth
in the three basins, which depicts a significantly more constrained
environment in terms of carbonate chemistry at depths below
!3000m. This situation might have led to a minor degree of tolerance
to pH changes for species living at these depths compared with those
inhabiting shallower water masses. The narrow tolerance limit of
benthic species might make them particularly susceptible to future
changes in marine chemistry due to ocean acidification ([60] and
references therein).

Figure I. Horizontal and vertical variability of seawater pH. (a) Map of mixed surface layer (upper 50 m) pH values in the oceans (in situ, on the total scale), computed
from total carbon and alkalinity data from the GLODAP gridded dataset [84] and annual mean data for temperature, salinity, phosphate and silicate from the World
Ocean Atlas 2005 dataset (http://www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html). pH data were computed by means of the CO2SYS.XLS program (Pelletier et al.,
available at www.ecy.wa.gov/programs/eap/models.html). (b) Depth profiles of in- situ pH (on the total scale) for the Pacific, Atlantic and Indian Oceans, using colours to
highlight differences related to latitude. pH data were computed from the GLODAP bottle dataset [84], using the Schlitzer, R., Ocean Data View (ODV) package (Version
4.0.1; http://odv.awi.de), which includes a built in tool for pH calculation. The three surface profiles and the surface map were plotted with ODV.
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Change	since	Preindustrial	
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Recent	past	and	Present	

NOAA	GFDL	



Recent	past	and	Present	8 Chapter 1. The ocean in a high CO2 world

Figure 1.4 Depth of the aragonite saturation horizon along the U.S. West Coast. Note that near
line 5 the aragonite saturation horizon straddles the surface. From Feely et al. (2008).

m in several locations and reached the surface at around 41�N (Figure 1.4, Feely et al. 2008). The
authors estimate that the upwelled waters contain about 31±4 µmol kg�1 anthropogenic CO2,
which additionally decreases the naturally low pH and ⌦arag. The anthropogenic CO2 exposes
shallower waters, previously oversaturated with respect to aragonite, to undersaturated conditions.

Unfortunately, the spatiotemporal coverage of measurements is sparse in all of the above
mentioned ”hot spots” for ocean acidification. Only recently several moorings were deployed
along the U.S. West Coast (Sutton et al., 2011) and in the Arctic (J. Matthis, personal communi-
cation) in order to learn more about the regional patterns of inter annual and seasonal variability
of pH and ⌦arag.

While global ocean models capture the progression of ocean acidification in the high lati-
tude regions, they don’t point towards low and concerning pH and ⌦arag in the temperate zone

Feely	et	al.	2008	

3.3. The carbonate chemistry of the California Current System 37

Figure 3.2 Modelsimulated snapshot of surface pH for the month of August. Low-pH waters in
nearshore areas are the result of seasonal upwelling in summer, while the elevated pH in offshore
waters reflects the photosynthetic removal of CO2 from the water as it is transported offshore..

model produced the snapshots shown in Figures 3.1b and 3.2 (Gruber et al., 2006). The three-
dimensional, eddy-resolving model simulates the flow and mixing of ocean waters at a resolution
of 5 km. This fine resolution enables representation of the processes of upwelling and subsequent
transport and mixing by eddies, which occur at scales of tens of kilometers. Typical global mod-
els, with resolutions of 100 km or more, would not capture such processes. ROMS is set up for
a domain covering the entire US West Coast from 28�N to 48�N and incorporates the effect of
ocean acidification on carbonate chemistry by responding to elevated atmospheric CO2 levels and
elevated DIC concentrations at the lateral boundaries (see Methods for details).

We use our model results to put the springtime observations from Feely et al. (2008) into a
seasonal and wider spatial context. Field data (Feely et al., 2008) and model results show similar
low levels of aragonite saturation (⌦arag) along the coast, especially near the California - Oregon
border (41�N - 42�N) (Figure 3.1). Although Feely et al. (2008) observed surface water to be



California	Predic+ons	

Gruber	et	al.	2010	

51

Figure 4.1 Temporal evolution of ocean acidification in the California Current System from 1750
until 2050 for the A2 scenario. (a-c) Maps illustrating the evolution of annual mean surface pH,
illustrating the decrease in pH for the three time slots 1750, 2005, and 2050. (d-f) Offshore depth
sections depicting the general decrease of the annual mean saturation state of seawater with regard
to aragonite, ⌦arag, and the shoaling of the saturation depth, i.e., ⌦arag= 1, for the same three time
slots. The white lines in (a-c) indicate the position of the offshore section.

region, and at about 300 m in the nearshore, shoaled generally by about 150 m from 1750 until
2005, and is projected to shoal by another 100 to 150 m between 2005 and 2050. In 2050, the
annual mean aragonite saturation horizon is as shallow as 100 m in the offshore region, but shoals
to less than 50 m in the nearshore regions in the annual mean. In the summer, the aragonite
saturation horizon breaks to the surface in many parts of the central California CS (Figure A.4
in Appendix A). Thus, ocean acidification will severely reduce the habitat for organisms that
are sensitive to the saturation state, and particularly for those who cannot tolerate undersaturated
conditions for an extensive period of time.

The reduction of habitats of organisms sensitive to ocean acidification becomes even more
evident when considering the volume of water with a particular range of saturation states within
the nearshore 10 km of the central California CS (cf. Figure 4.2). In 1750, our model simulates
that about 16% of the waters in the euphotic zone (0 - 60 m) in that region had an ⌦arag above 2 with
the majority (60%) having an ⌦arag between 1.5 and 2.0 (Figure 4.2a). Only 24% of the waters
had an ⌦arag between 1.5 and 1.0, and no waters were undersaturated. By 2005, the volume of



Future	Predic+ons	

•  Covarying	factors	
– SST	warming	
– Deoxygena+on	

•  Integrated	signal	of	
coupled	warming	and	
acidifica+on	

the present (B.P.) (11). Boron isotope estimates
from planktic foraminifers show a 0.15 T 0.05
unit decrease in sea surface pH (12) across the
deglacial transition—an average rate of decline
of ~0.002 units per 100 years compared with the
current rate of more than 0.1 units per 100 years
(table S1). Planktic foraminiferal shell weights
decreased by 40 to 50% (4), and coccolith mass
decreased by ~25% (13). In the deep ocean,
changes in carbonate preserva-
tion (14), pH [from foraminiferal
d11B (15)] and [CO2−

3 ] [from
foraminiferal B/Ca and Zn/Ca
(16, 17)] differed between ocean
basins, reflecting covarying
changes in deep-water circula-
tion and an internal carbon shift
within the ocean. The regional
nature of these variations high-
lights the general need for careful
evaluation of regional versus glob-
al effects in paleo-studies.

Oligocene–Pliocene.The cli-
mate of the Oligocene to Plio-
cene [34 to 2.6 million years ago
(Ma)] contains intervals of ele-
vated temperature and modest
deviations of atmospheric PCO2
from modern values (Fig. 4). Of
particular interest has been the
Pliocene warm period [3.29 to
2.97Ma (18, 19)], which is char-
acterized by global surface tem-
peratures estimated to be ~2.5°C
higher than today (19), atmospher-
ic PCO2 between 330 to 400 matm
(Fig. 4C) (18, 20), and sea surface
pH(T) ~0.06 to 0.11 units lower
(18) than the preindustrial. Eco-
logical responses to the warming
include migration of tropical for-
aminifer species toward the poles
(21), but there are no documented
calcification responses or increased
nannoplankton extinction rates
(22). The early tomiddleMiocene
(23 to 11Ma) and Oligocene (34
to 23 Ma) were also character-
ized periods of elevated temper-
atures and slightly higher PCO2

compared with preindustrial val-
ues (Fig. 4C) but, because of their
long duration, were not associ-
ated with changes in CaCO3 sat-
uration (Fig. 3C).

Paleocene–Eocene. Evidence
for rapid carbon injection asso-
ciated with the Paleocene–Eocene
Thermal Maximum (PETM, 56
Ma) aswell as a number of smaller
transient global warming events
(hyperthermals) during the late
Paleocene and early Eocene (58
to 51 Ma) comes primarily from
observations of large [up to –4

per mil (‰)] negative d13C excursions (23)
associated with pronounced decreases in calci-
um carbonate preservation (24). Depending on
the assumed source, rate, and magnitude of CO2

release (25), a 0.25 to 0.45 unit decline in surface
seawater pH is possible, with a reduction in mean
surface ocean aragonite saturation from W = 3
down to 1.5 to 2 (1). The calcite compensation
depth (CCD) (8) rose by ~2 km to shallower than

1.5 km in places (24) (compared with >4 km
today). Although a pH decrease or PCO2 increase
remains to be confirmed by geochemical proxies
for any of the hyperthermal events, the amount
of carbon injected can be modeled on the basis
of consistent carbonate d13C and CCD changes,
yielding between ~2000 and 6000 PgC for the
onset of the PETM (26, 27). However, as with the
last glacial transition, deep sea geochemistry ap-
pears strongly modulated by regional ocean cir-
culation changes (28), which adds an additional
layer of complexity to global extrapolation and
highlights the importance of adequate spatial cov-
erage of the data.

PETM sediments record the largest extinction
among deep-sea benthic foraminifers of the past
75 My (29), and a major change in trace fossils
indicates a disruption of the macrobenthic com-
munity (30). However, the covariation of ocean
acidification, warming, and corresponding oxygen
depletion (fig. S2) (23) precludes the attribution of
this extinction to a single cause (1, 29). In shallow
water environments, a gradual shift from calcar-
eous red algae and corals to larger benthic foramin-
ifers as dominant calcifiers started in the Paleocene
and was completed at the PETMwith the collapse
of coralgal reefs and larger benthic foraminiferal
turnover (31). This event is recognized as one of
the four major metazoan reef crises of the past
300My (Fig. 1) (32). Inmarginal marine settings,
coccolithophore (33) and dinoflagellate cyst (34)
assemblages display changes in species compo-
sition, but these are interpreted to reflect sensitiv-
ity to temperature, salinity stratification, and/or
nutrient availability (34, 35), not necessarily acid-
ification (fig. S2). In the open ocean, the occur-
rence of deformities in some species of calcareous
nannoplankton has been described (36), but de-
spite a strong change in assemblages, there is no
bias in extinction or diversification in favor of
or against less or more calcified planktic spe-
cies (37).

Cretaceous and Cretaceous-Paleogene. The
well-known mass extinction at 65 Ma is gener-
ally accepted to have been triggered by a large
asteroid impact (38). In addition to potential ter-
restrial biomass or fossil carbon burning, the im-
pact may have caused the emission of SO2 from
vaporized gypsum deposits at the impact site
and/or nitric acid aerosols produced by shock
heating of the atmosphere, which could have led
to acid rain and hence potentially to rapid acid-
ification of the surface ocean (38). Although
planktic calcifiers exhibited elevated rates of ex-
tinction and reduced production (22, 39), reef
corals did not experience a major extinction (32),
and benthic foraminifers were not affected in ei-
ther shallow or deep waters (29). Because mul-
tiple environmental changes covaried and proxy
data for marine carbonate chemistry are not yet
available, unambiguous attribution of the planktic
extinctions to any one driver such as ocean acid-
ification is currently not possible.

The earlier Cretaceous (K) (Fig. 4A) is gen-
erally a time of massive chalk deposition (mainly
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Fig. 3. The trajectories of mean ocean surface pH and aragonite
saturation (Waragonite) become progressively decoupled as the rate of
atmospheric PCO2 change increases. The four panels show the results
of a series of experiments in an Earth systemmodel (2). (A) Prescribed
linear increases of atmospheric PCO2 (on a log10 scale) from ×1 to ×2
preindustrial CO2, with the different model experiments spanning
a range of time scales (but experiencing the same ultimate CO2
change). (B) Evolution of mean surface pH in response to rising CO2.
(C) Evolution of mean surfaceWaragonite. (D) A cross-plot illustrating
howWaragonite is progressively decoupled from pH as the rate of PCO2
increase slows, with future-relevant rate of PCO2 increase showing a
diagonal trajectory from top left to bottom right, whereas slow PCO2
increases result in an almost horizontal trajectory toward lower pH
with very little saturation change. All plots are color-coded from red
(“fast”) to blue (“slow”). These model results include both climate
and long-term (silicate) weathering feedback. See (2) and fig. S1 for
the role of these and other feedbacks.
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Ridgwell	and	Zeebe,	2005	
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Acid	Tolerance	

Average	range	

Marine	Algae	 6.8-9	

Eelgrass	 7.8-10.1	

Molluscs	 7.3-8.5	

Arthropods	 (4.7-7.4)-8.5	

Cephalopods	 6.0-9.5	

Bony	fishes	 (4.5-6.5)-8.7	

Locke,	2008	

Corals	vary	greatly,	some	thrive	in	low-pH	
evnrionments	(Palau)	and	others	fail	quickly	



Economic	Impact	(USWC)	

Hauri,	2012	

3.5. Integrated effects 43

Figure 3.5 U.S. West Coast commercial fishing ex-vessel revenue for 2007 (adapted from Cooley
and Doney 2009, using NOAA National Marine Fisheries Service statistics), including California,
Oregon, Washington, and Pacific, and at sea. Colors indicate which form (if any) of calcium car-
bonate these groups contain. Based on present understanding, organisms containing aragonite are
most likely to be affected by ocean acidification. .

are found at very low or mid-trophic food levels. To what extent this indirect effect of ocean acid-
ification will impact predators and thus the remaining CCS catch will strongly depend on whether
other prey are available and whether the predators can switch prey.

The problems associated with ocean acidification provoke discussions and raise questions
for the fishing industry (Warren, 2009). Supporting sustainable fish stocks is no longer just a
matter of resilient catch quantity but also of maintaining suitable habitat. Ocean acidification is a
problem of habitat degradation. Knowledge about the impact of ocean acidification on fish stocks
and total financial loss is thus crucial to managing fisheries in a changing ocean and to driving
policies that can protect the ocean.

3.5 Integrated effects

Ocean acidification is just one of several stress factors, which include hypoxia, anomalous sea
surface temperatures, pollution, and overfishing, that are challenging CCS ecosystems. Although
overfishing and marine pollution are two independent problems that are manageable at the lo-
cal scale, global warming and ocean acidification are directly linked and can only be addressed
globally.



The	current	rate	of	CO2	release	stands	out	as	capable	of	
driving	a	combina+on	and	magnitude	of	ocean	
geochemical	changes	poten+ally	unparalleled	in	at	least	
the	last	300	My	of	Earth	history,	raising	the	possibility	
that	we	are	entering	an	unknown	territory	of	marine	
ecosystem	change	

Ridgwell	and	Zeebe,	2005	



Mi+ga+on	

•  Decrease	carbon	dioxide	emissions.	
•  Anything	that	decreases	atmospheric	pCO2	



Mi+ga+on	

•  Add	powdered	limestone	to	upwelling	regions	

to restore the original mixed layer pCO2 value, but in so
doing, the pH and degree of saturation are largely restored
to the values prior to addition of limestone powder. In
reality, absorption of CO2 from the atmosphere would
reduce the atmospheric pCO2, so that a smaller increase in
mixed layer TDIC is required to restore the original differ-
ence between atmospheric and mixed layer pCO2. This
would result in a larger net increase in pH and in the degree
of supersaturation. The decrease in atmospheric pCO2

would cause outgassing of CO2 in regions not subject to
addition of limestone powder, leading to an increase in pH

and in supersaturation in these regions as well, but the
outgassing would increase the atmospheric pCO2 and hence
the required increase in TDIC in the regions subject to
addition of limestone powder, thereby reducing the pH and
supersaturation benefits in those regions.
[33] To analyze this behavior, a simple perturbation

analysis can be performed. Two domains will be consid-
ered: domain 1, in which limestone powder is added, which
produces an initial perturbation in mixed layer pCO2 des-
ignated as (DpCO2)p and a subsequent adjustment in pCO2

designated as (DpCO2)1, and domain 2, which experiences

Table 4. Number of Columns Chosen From Each Combination of Total Application Rate and Upwelling Time Bina

Application
Rate, gm m!2 a!1

Upwelling Time, years

0–10 10–20 20–30 30–40 40–50 50–60 60–70 70–80 80–90 90–100 All Times

Analysis After 50 Years
100 16 94 144 145 123 0 0 0 0 0 522
200 247 147 53 88 93 0 0 0 0 0 628
400 267 34 107 44 10 0 0 0 0 0 462
600 38 38 28 16 30 0 0 0 0 0 150
800 16 12 2 13 0 0 0 0 0 0 43
1000 5 2 4 5 0 0 0 0 0 0 16
1200 16 7 6 4 0 0 0 0 0 0 33
All rates 605 334 344 315 256 0 0 0 0 0 1854

Analysis After 100 Years
100 78 150 157 154 118 110 95 118 189 20 1189
200 264 112 76 64 111 121 109 75 0 0 932
400 162 27 45 25 22 25 23 0 0 0 329
600 53 6 16 7 3 2 0 0 0 0 87
800 30 2 7 0 0 0 0 0 0 0 39
1000 4 2 1 0 0 0 0 0 0 0 7
1200 11 5 0 0 0 0 0 0 0 0 16
All Rates 602 304 302 250 254 258 227 193 189 20 2599

aApplication rate is given as different rows, and upwelling time bin is given as different columns, subject to a total rate of addition of CaCO3 of 4 Gt a
!1.

Figure 8. Distribution of the rate of addition of limestone powder (gm m!2 a!1) that maximizes the
total absorption of CO2 in year 50, subject to a total application rate of 4 Gt a!1.
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Varia+ons	on	a	theme	

•  Add	fine	silicate	powders	along	coastlines	
•  Add	calcite	to	unsaturated	benthic	regions	
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