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Basin-scale calcification rates are highly important in assessments
of the global oceanic carbon cycle. Traditionally, such estimates
were based on rates of sedimentation measured with sediment
traps or in deep sea cores. Here we estimated CaCO3 precipitation
rates in the surface water of the Red Sea from total alkalinity de-
pletion along their axial flow using the water flux in the straits of
Bab el Mandeb. The relative contribution of coral reefs and open
sea plankton were calculated by fitting a Rayleigh distillation
model to the increase in the strontium to calcium ratio. We esti-
mate the net amount of CaCO3 precipitated in the Red Sea to be
7.3 ± 0.4·1010 kg·y−1 of which 80 ± 5% is by pelagic calcareous
plankton and 20 ± 5% is by the flourishing coastal coral reefs.
This estimate for pelagic calcification rate is up to 40% higher
than published sedimentary CaCO3 accumulation rates for the
region. The calcification rate of the Gulf of Aden was esti-
mated by the Rayleigh model to be ∼1/2 of the Red Sea, and
in the northwestern Indian Ocean, it was smaller than our de-
tection limit. The results of this study suggest that variations
of major ions on a basin scale may potentially help in assessing
long-term effects of ocean acidification on carbonate deposition
by marine organisms.

CaCO3 precipitation | alkalinity | Sr/Ca | Rayleigh distillation | Red Sea

The anthropogenic CO2 accumulating rapidly in the atmo-
sphere acidifies the ocean surface waters at an increasing rate

(1). Ocean acidification lowers the saturation state of CaCO3
minerals, making it harder for calcifying organisms to build their
skeletons (2). The actual effect of ocean acidification on biogenic
CaCO3 precipitation rates is highly variable and species specific
(3). Since this issue is of considerable importance to the func-
tioning of many marine ecosystems, it has been intensively
studied during recent years (4, 5). Most field studies are, how-
ever, site specific, conducted separately on marginal and pelagic
environments. Here we provide a basin-scale (the whole Red
Sea) approach to assess simultaneously the overall calcification
rates of coral reefs and pelagic plankton communities using
nonconservative geochemical trends.
The Red Sea (RS) is a long (∼2,250 km) and narrow (maxi-

mum width ∼350 km) embryonic ocean basin extending from
12.5°N to 30°N (Fig. 1). It is connected to the Gulf of Aden
(GoAd) and the Indian Ocean (IO) by the shallow and narrow
straits of Bab el Mandeb (BeM) (6). The excess evaporation
(over precipitation) is ∼2 m·y−1 (7), and the absence of any
significant river entering the RS drives a northward thermoha-
line flow of surface water from the GoAd into the RS against the
prevailing northern winds during winter (8). A series of meso-
scale eddies along the RS (9) increases the horizontal mixing.
During June−September, the northeast monsoon is reversed
toward southwest over the IO, inverting the direction of surface
water flow in the northern IO, GoAd, and southern RS. The flow
reversal induces intense upwelling and very high productivity
along the western coasts of these regions (10). Surface water flow
in the central and northern RS maintains its south-to-north di-
rection throughout the year (11).

Average water exchange between the RS and GoAd through
the straits of BeM is 0.4 Sv (1 Sv = 106 m3·s−1) (6). The shallow
sill (137 m deep) at the straits separates between the deep water
of the two basins. RS deepwater forms in the northern Red Sea
(NRS), in complete isolation from oceanic deep water (12), as
shown by the general circulation scheme (Fig. 1B). This setting
leads to a unique phenomenon, homogenous bottom water tem-
perature of above 21 °C (13), which maintains calcite and aragonite
oversaturation at all depths (14). The warm surface water
temperature in the RS is an important factor for the flour-
ishing coral reefs that fringe much of its coasts (Fig. 1). In the
NRS, the coral reefs band is almost continuous along its
coasts, while further south, coral reefs extend offshore due to
the wide and shallow shelf (15). The estimated total reef area
in the RS is ∼17·103 km2 (16). In the GoAd, strong wave en-
ergy and upwelling of high-nutrient water limit coral habitat to
5% of the Yemenite coast (15). The calcareous plankton
population in the pelagic RS and western IO comprises coc-
colithophores, planktonic foraminifera, and pteropods in varying
proportions (17, 18).
The clear south−north salinity gradient along the RS (refs. 8

and 13 and Fig. 1C) is expected to produce a relative increase in
the concentrations of all conservative dissolved ions. The con-
centrations of the major elements, Ca, Sr, Mg, and total alka-
linity (AT), however, may deviate from this conservative behavior
(as do many trace elements) because they coprecipitate with
biogenic CaCO3 formed by either pelagic calcareous plankton or
coral reefs on the margins. The deviation of Ca and AT from
conservative behavior depends on the amount of CaCO3 de-
posited. The deviation of Sr and Mg depends also on their
partitioning into the major CaCO3 minerals, calcite and arago-
nite. The Sr/Ca and Mg/Ca ratios along the RS should there-
fore vary according to their distribution coefficients in the
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This approach of estimating basin-scale calcification rates and
the relative role of margins (reefs) versus pelagic carbonate
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precipitated mineral phases. The distribution coefficient of
either Sr or Mg in CaCO3, KD, is defined as:

KD =

mS
M

mS
Ca2+

msw
M

msw
Ca2+

; [1]

where m denotes the concentration of the metal ion, the sub-
script M denotes either Sr2+ or Mg2+, and the superscripts S and
sw denote the solid phase (CaCO3, either aragonite or calcite)
and seawater, respectively.

According to Eq. 1, when seawater flow unidirectional within
an enclosed basin while CaCO3 is continuously precipitated,
then, if KD = 1, the ratio msw

M =msw
Ca2+

will not change; if KD < 1,
the ratio msw

M =msw
Ca2+

will increase; and if KD > 1, the ratio
msw

M =msw
Ca2+

will decrease.

Results and Discussion
Nonconservative Trends Along the Red Sea Transect.Details of IO to
RS sampling locations and water analyses are provided in Table
S1. As indicated above, due to excess evaporation over pre-
cipitation in the RS, surface seawater salinity (SSS) increases
northward (Fig. 1C). The SSS trend is accompanied by a conser-
vative increase northward in the concentrations of part of the
major ions and nonconservative decrease in others (Table S1).
Specifically AT, Ca, Sr, and Mg show a clear northward decrease
when normalized to constant salinity according to the equation:
CN = 35·CM/salinity, where CN is the normalized concentration
and CM is the measured concentration (Table 1). For example, the
clear increase in AT when plotted versus salinity (Fig. 2A) trans-
lates to a northward decrease when AT is normalized to a constant
salinity (Fig. 2B). Recalculation of earlier AT data collected in the
RS (13, 14, 19, 20) shows that the normalized AT below the pyc-
nocline is constant and lower than the surface values.
Average CaCO3 precipitation (G) within the RS was calcu-

lated by G = ρ·F·ΔAT, where ρ is the average seawater density
(1,025 kg·m−3), F is the water flux through BeM [0.4 Sv (6)], and
ΔAT is the difference between the AT of western GoAd (station
SY35 in Table S1) and average Gulf of Aqaba (GoAq). This
calculation assumed that RS surface water is losing alkalinity due
to CaCO3 deposition during its “journey” northward within
the RS. The equation above yields a CaCO3 precipitation rate for
the RS of 1.45 ± 0.07·1012 eq·y−1. It is reassuring that this calci-
fication rate falls right between two earlier estimates, 1.65·1012

eq·y−1 based on fluxes in the Strait of BeM (21) and 1.2·1012

eq·y−1 based on a RS box model (13). This estimate is probably
affected by vertical mixing of surface water with AT depleted in-
termediate water. The maximum effect of this vertical mixing on
the calcification rate estimate is in the range of 5–15% as calcu-
lated from residence time of water in the RS and diapycnal mixing
(see SI Text for citation and explanation).

Long-Term Steady State of the System. The isotopic composition
of seawater hydrogen and oxygen reflects the balance between
water evaporation, precipitation, and water−rock interactions.
Measured δD versus δ18O slope for the RS and GoAd in No-
vember 1998 was 6.0 (Fig. S1), identical to the slope measured by
Craig during the early 1960s (22). The constancy of the RS δD−
δ18O slope over a time interval similar to the residence time of
water in the RS (12, 23) suggests that over this period, the water
balance in the RS was fairly constant. This is corroborated by the
long-term similarity (within analytical error) of normalized AT
data collected by the expeditions of GEOSECS 1977 (20), Merou
II 1982 (13), and the present study (Fig. 2B). Constancy in CaCO3
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Fig. 1. Location map of the sampling stations (white dots) presented on a
Google Earth image. (A) A zoom-in to the Gulf of Aqaba. (B) A scheme of the
general circulation in the Red Sea (RS). Modified with permission from ref. 12.
Arrows represent themain flowpatterns, and the green area at the bottomof RS
illustrates the hot brines. BeM, Bab el Mandeb. (C) A plot of sea surface salinity
(SSS) versus the northward distance from BeM toward the RS. The coral reefs
along the RS are drawn in red using themap in ref. 56. Thewhite solid lines in the
main image are the borders between the different geographical regions as de-
fined in this study: CRS, Central Red Sea (16°N−23.5°N); GoAd, Gulf of Aden;
GoAq, Gulf of Aqaba; IO, Indian Ocean; NRS, North Red Sea (Straits of Tiran to
23.5°N); SRS, South Red Sea (Bab el Mandeb to 16°N).

Table 1. Averaged concentrations of the alkaline earth metals, AT, and water isotopic composition for all regions
considered in this study

Region
Mg2+

meq·kg−1
Ca2+

meq·kg−1
Sr2+

μeq·kg−1
AT

μeq·kg−1
δ18O
‰

δD
‰

Gulf of Aqaba 103.6 ± 0.2 20.2 ± 0.2 167.6 ± 0.6 2141 ± 1 2.03 ± 0.10 12.3 ± 0.6
Northern Red Sea 103.5 ± 0.1 20.3 ± 0.3 167.9 ± 0.8 2147 ± 5 1.95 ± 0.11 11.4 ± 0.7
Central Red Sea 103.8 ± 0.1 20.5 ± 0.3 168.5 ± 0.7 2174 ± 8 1.55 ± 0.10 9.8 ± 0.6
Southern Red Sea 104.1 ± 0.1 20.7 ± 0.2 170.2 ± 0.5 2234 ± 19 1.16 ± 0.12 6.8 ± 0.9
Gulf of Aden 104.0 ± 0.2 20.7 ± 0.3 169.7 ± 0.7 2272 ± 8 0.98 ± 0.11 5.7 ± 1.0
Western Indian Ocean 104.0 ± 0.2 20.8 ± 0.3 168.9 ± 0.8 2281 ± 5 0.76 ± 0.08 4.9 ± 0.8

Ionic concentrations and AT were normalized to salinity of 35‰. The error bars represent the average deviations from the mean of
all measurements in each region.
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deposition rate between the 1940s and 1998 was previously dem-
onstrated in a coral colony from the central Red Sea (CRS) (24).

The Contributions of Coral Reefs and Pelagic Plankton to Calcification
on a Basin Scale. The ratio between the amounts of Sr and Ca
removed from the water along the RS allows estimation of the
relative contributions of the pelagic system and coral reefs to
CaCO3 production in the basin. The major three calcareous
plankton communities have low KD for Sr in their CaCO3 skel-
etons: fresh pteropod tests have KD ≈ 0.12 (25), the average KD for
planktonic foraminifera is the same (26), and for coccolithophores,
KD ≈ 0.3 (27−29). Recent sediments from intermediate depths
at the CRS contain equal abundance of pteropods and plank-
tonic foraminifers (17). Sediment trap data from the western
Arabian Sea show that annual average mass accumulation ratio
of planktonic foraminifera to coccolithophores is 1.24, with very
high temporal variability (30). This flux ratio is compatible with
the foraminifera/coccolithophore standing stock ratio of 5 in sur-
face water along the RS, GoAd, and Arabian Sea (31) (note that
the reproduction rate of coccolithophores is an order of magnitude

faster than that of foraminifera and pteropods). Accordingly,
the average distribution coefficient of Sr in calcareous plankton,
Kplankton
D , is 0.17 ± 0.03 (assuming that coccolithophore comprise

10–40% of the total CaCO3 flux of calcareous plankton in the RS
and northwestern IO).
Aragonite corals have KD > 1 for Sr, much higher than that of

calcareous plankton. The Sr/Ca ratio in Porites coral skeletons is
9.04 ± 0.17 mmol·mol−1 at 25 °C, as calculated from 37 Sr/Ca
versus temperature relations (32). Considering a global average
Sr/Ca ratio in seawater of 8.52 mmol·mol−1 (33), this yields an
average KD of 1.06 ± 0.02 for coralline aragonite. A similar value
of 1.04 ± 0.03 was measured in Porites corals from the GoAq (34)
and was used here to represent the KD of average reef, K reef

D .
Precipitation of CaCO3 is expected to change the Sr/Ca ratio of

RS water during its northward travel according to the weighted
(average) distribution coefficient of Sr in CaCO3 precipitated by
pelagic plankton and coral reefs as described by the classic
Rayleigh distillation model (35):

Rw

R0
= f KD−1; [2]

where KD is the weighted distribution coefficient of Sr in bio-
genic (plankton + reef) CaCO3, Rw is the Sr/Ca concentration
ratio at a certain location within the region, R0 is the Sr/Ca
concentration ratio at the point of highest surface water Ca con-
centration, and f is the fraction of remaining normalized Ca (f =
[Ca]w/[Ca]0). For nutrient poor waters, AT decrease due to
CaCO3 precipitation can also be described by Eq. 2.
A best fit to the RS data plotted in the form of Eq. 2 yields

a power (KD−1) of -0.65 for remaining Ca (Fig. 3A) or -0.66 for
remaining AT (Fig. S2) that translate to very similar overall KD
for Sr: 0.35 and 0.34 based on Ca and AT, respectively. Assuming
that all CaCO3 within the RS is biogenic and formed by calcar-
eous plankton and marginal reefs, their relative amounts can be
estimated from the average KD by the equation:

KD = Kplankton
D ·Xplankton + K reef

D ·
�
1−Xplankton

�
; [3]

where Xplankton is the proportion of CaCO3 precipitated by pe-
lagic plankton. Eq. 3 yields an Xplankton = 0.80 ± 0.05, meaning
that calcareous plankton produced ∼80% of the CaCO3 in the
RS and coral reefs produced ∼20%. Applying a Rayleigh distil-
lation model is valid for the surface water of the RS because
CaCO3 precipitation proceeds while the water travels northward.
The precipitated CaCO3 sinks down and leaves the system and
hence does not back-react with the seawater. The same approach
was used to estimate the average KD for Sr for the GoAd
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was observed in the southern Red Sea, between latitudes 14°N and 16°N
(150–500 km north of Bab el Mandeb) where coral reefs are abundant.
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(KD = 0.28, Fig. 3B) and northwestern IO (KD = 0.14, Fig. 3C).
Substituting these values into Eq. 3 yields Xplankton of 0.87 ± 0.07
for the GoAd and ∼1 for the northwest IO. This means that coral
reefs precipitated 13 ± 7% of the CaCO3 in the GoAd while
their effect in the northwest IO is below the detection limit of
this method. The value of the average KD for the northwest IO
suggests that foraminifera and pteropods are responsible for al-
most all CaCO3 production (∼90%) in this region, while the role
of coccolithophores (∼10%) is within the estimation error.
A similar calculation of the average Mg distribution coefficient

in CaCO3 using Eq. 2 provides another tool to distinguish be-
tween CaCO3 precipitation by pelagic plankton and benthos.
The highest biogenic KD for Mg is 0.03, which is typical for
calcite precipitated by echinoderms and a few other inverte-
brates (36). In foraminifera, benthic shallow species generally
build their shells from high-Mg calcite with an average Mg KD =
0.01 (37), while planktonic forms precipitate low-Mg calcite with
an average KD = 0.001 (38). Coral aragonite also contain very
low Mg with an average KD = 0.001 (39). In the RS, deep sea
sediments contain significant amounts of high-Mg calcite with
a nearly uniform Mg content of 12 mol % (KD = 0.024) (40). All
these KD values for Mg are far lower than the apparent average
KD for Mg of 0.10 ± 0.02 calculated by fitting Eq. 2 for the entire
RS (Fig. 4). This means that processes other than precipitation
of calcite and aragonite may be responsible for the Mg decrease
along the RS. A possible low-Mg source in the RS is the sub-
marine hot brine “lakes” filling large portions of its deep basin
(Fig. 1B) (41). These brines have extremely low Mg and may mix
turbulently with the surface water to lower their Mg/Ca ratio.
The effect of these brines on the RS Sr/Ca ratio (and hence on
our estimate of the apparent Sr KD) is negligible because their
Sr/Ca ratio is much closer to that of RS deepwater (41). If the
0.5% Mg decrease observed in the RS resulted solely from
mixing of hot brines, its total effect on decreasing RS Sr would
amount to <4% of the observed Sr depletion. It is possible that
the Mg deficiency we report in the RS was previously recorded as
an Mg minimum at 800 m depth in the northwest Arabian Sea
that was attributed to the influx of Mg-poor RS waters (42).

Red Sea Calcification Rates in a Global Context. The RS CaCO3
precipitation rates as calculated above in eq·y−1 units translate to
mass units of 7.3 ± 0.4·1010 kg·y−1, of which, pelagic plankton
precipitated 5.8 ± 0.4·1010 kg·y−1 (80 ± 5%) and coral reefs

precipitated 1.5 ± 0.4·1010 kg·y−1. Dividing the reef estimated
rate by the total RS reefs area yields a CaCO3 deposition flux in
RS reefs of 0.9 kg·m−2·y−1. This rate is in excellent agreement
with the average CaCO3 deposition rate of a “complete reef
system” of 1 kg·m−2·y−1 compiled by Kinsey (43) for different
Pacific and Indian Ocean coral reefs.
A recent compilation of numerous alkalinity−salinity rela-

tionships for the global ocean reveals an outstanding, very low,
alkalinity to salinity ratio for the western IO and RS, suggesting
that this is a high CaCO3 production oceanic region (44). The
net RS pelagic CaCO3 export production estimated in the cur-
rent study is 1.35 ± 0.15 mol·m−2·y−1 (calcareous plankton cal-
cification rate divided by the RS area of 440·103 km2 minus the
reef area). This value is more than tenfold the global average
sedimentation rate at 2,000 m measured from sediment traps and
threefold the oceanic maximum measured in the Arabian Sea
(45) (Fig. 5). This high-alkalinity-based estimate of calcification
rates relative to sediment traps suggests that either sediment
traps collect material that has already undergone significant
dissolution or that the high temperature and salinity of the RS
induces extremely high calcification rates. Indeed, it was calcu-
lated that more than 60% of the exported CaCO3 in the oceans
dissolves between 200 m and 1,500 m (45, 46). The calculated
dissolution rates in the IO were particularly high (46, 47), and,
when added to the trap data, they close the gap between Arabian
and Red Sea calcification rates.
The calcification rates calculated in this study are very similar

to, yet slightly higher than, the sedimentary CaCO3 accumulation
rates from northern GoAq and SRS cores (Fig. 5). At the same
time, they are about twice the CaCO3 accumulation rates from
northern and central RS cores. The latter cores were collected
under deeper water column with slower sedimentation rates that
may allow more time for CaCO3 dissolution induced by oxygenic
remineralization of organic matter (40, 48). The comparison with
sedimentary CaCO3 accumulation rates strongly supports that
our calculated calcification rates represent export production of
CaCO3 and that lower accumulation rates at several sites rep-
resent dissolution. Another line of evidence to support dissolu-
tion in the RS is the observation that most of the pteropod
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global sedimentation (45) at 2,000 m. Calculations of NRS and CRS accu-
mulation rates assumed a porosity of 0.5 and average solids density of
2.7 g·cm−3. The sedimentary record of the narrow GoAq and SRS regions
may include a significant terrigenous component.
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aragonite is not preserved in deep RS cores (17, 40, 49). It is
clear that basin-scale estimates based on water chemistry work on
very different spatial and temporal scales than sediment cores, yet
the effect of ocean acidification is expected to lower calcification
rates. Hence, export production in the past should have been
similar to or higher than the current rates. These results strongly
support the claim presented by Milliman et al. (50) that 40–80%
of the surface-produced CaCO3 dissolves above the chemical
lysocline at the upper 800–1,000 m of the ocean. It should, how-
ever, be noted that our analyses were not sensitive to high-Mg
calcite precipitated by the abundant shallow water echinoderms,
which may account for part of the calculated gap between pelagic
sedimentation and accumulation rates.

Implication for Evaluating the Effect of Ocean Acidification. Here we
established a 1998 baseline for the total CaCO3 precipitation
rate in the Red Sea and the relative proportions of coral reefs
and calcareous plankton in three oceanic regions, based on
a single oceanographic transect. During the 16 y elapsed since
these data were collected, the atmospheric pCO2 rose by more
than 30 ppmv (51). The calculated effect of ocean acidification
resulting from this rise in atmospheric CO2 is a decrease in
surface water degree of saturation for aragonite, Ωaragonite, of 0.2
and for calcite, Ωcalcite, of 0.3. According to the empirical re-
lationship between coral calcification and aragonite saturation
developed by Silverman et al. (52), a Ωaragonite decrease by 0.2
reduces reef calcification rate by 12%, which up to date should
have increased the GoAq AT by 3 μeq·kg−1. A detailed study on
long-term calcification rates of Great Barrier Reef corals found
that calcification rates slightly increased from 1900 to 1970 and
decreased sharply after 1990 (53). In the RS, a sharp decrease in
the calcification rates of single colonies was observed after 1998
(24, 54). If calcification rates of calcareous plankton decreased
as well, the increase in normalized alkalinity along the RS should
at present be larger than the analytical uncertainty.
This study demonstrates the importance of conducting ocean-

ographic transects similar to that of 1998 in selected basins once
every several years to build regional-scale databases for assessing
the threat posed by ocean acidification to calcifying organisms.

The approach presented here is applicable for open ocean settings
and is particularly useful for regions with high calcification rates.

Methods
Sampling. RS and IO surface waters were sampled between October 23 and
November 6, 1998, during a cruise of R/V Sea Surveyor from Eilat, northern
GoAq, to the Seychelles archipelago (Fig. 1). In parallel, water samples from
the GoAq and NRS were collected between November 2 and 6, 1998, during
a cruise of a chartered vessel, Queen of Sheba. The samples on the R/V Sea
Surveyor were all surface water collected underway every ∼100 km using
a specially designed water sampler.

Analytical Methods. Salinity was measured using an AGE Minisal 2100 sali-
nometer (internal precision of ±0.003 practical salinity units). Total alkalinity
(AT) was measured by Gran-type titration and calculation (precision of ±1 μeq)
after filtering the water samples through 0.45-μm Millipore filter. Na, Ca, Sr,
and Mg were analyzed in triplicate by inductively coupled plasma optical
emission spectrometry (ICP-OES) on a fully automated Perkin-Elmer Optima-
3000 radial ICP system, using the Na589.592, Ca396.847, Sr407.771, and
Mg280.270 spectral lines. The samples were filtered through 0.45-μm Millipore
filter and diluted with deionized water (18.3 MΩ cm−1) to optimal analytical
ranges before the measurement. The internal precision of the ICP analysis
was typically better than 0.3% (relative standard deviation). Concentrations
of blanks were negligible relative to sample concentrations. Much of the
analytical instability originated in the sample introduction system; hence
the precision of ion ratios was much better than that of the individual ions
(55). We corrected this error by normalizing the concentrations of all mea-
sured ions to salinity of 35 using the measured Na concentrations. Calibration
solutions for ICP runs were prepared from Merck single-element standard
solutions. Instrument drift was monitored by running calibration stan-
dard sets after every 10-sample batch and was corrected by an off-line,
in-house program.
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