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ABSTRACT: We identified a barely noticed contributor, submarine
groundwater discharge (SGD), to acidification of a coastal fringing reef |'’ | China,
system in Sanya Bay in the South China Sea based on time-series ;¢
observations of Ra isotopes and carbonate system parameters. This
coastal system was characterized by strong diel changes throughout the |!5']
spring to neap tidal cycle of dissolved inorganic carbon (DIC), total
alkalinity, partial pressure of CO, (pCO,) and pH, in the ranges of
1851—2131 umol kg™', 2182—2271 umol kg™, 290—888 patm and
7.72—8.15, respectively. Interestingly, the diurnal amplitudes of these
parameters decreased from spring to neap tides, governed by both tidal — T T T T T T T
pumping and biological activities. In ebb stages during the spring tide, we
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observed the lowest salinities along with the highest DIC, pCO, and Ra

isotopes, and the lowest pH and aragonite saturation state. These observations were consistent with a concurrent SGD rate up to
25 and 44 cm d7, quantified using Darcy’s law and 226Ra, during the spring tide ebb, but negligible at flood tides. Such tidal-
driven SGD of low pH waters is another significant contributor to coastal acidification, posing additional stress on coastal coral
systems, which would be even more susceptible in future scenarios under higher atmospheric CO,.

1. INTRODUCTION

The atmospheric carbon dioxide (CO,) concentration has been
increasing over the past 260 years from approximately 280 ppm
in the preindustrial time to nearly 400 ppm at present.' Due to
the rapid air-sea exchange of CO,, the concentration of CO, in
the surface ocean has also risen, resulting in a shift in its
chemical equilibrium® and an unprecedented rapid decline in
surface seawater pH, referred to as ocean acidification.” Marine
calcifying organisms can be adversely impacted by the decrease
in seawater pH along with decreases in carbonate ion
concentration and production of calcium carbonate
(CaCO;).* Corals, which form reefs from aragonite, are well
recognized to be threatened by ocean acidification due to
decreased skeletal formation in reef-building corals under lower
pH conditions.> On average, a doubling of preindustrial
atmospheric CO, concentration is expected to result in about
a 10—50% decrease in the calcification rate of reef-building
corals.*

Coastal coral systems may also be affected by acidification
due to seasonal upwelling of undersaturated waters onto
continental shelves® and release of CO, from volcanic vents
under the sea.® Moreover, local land-based forcing may affect
coastal coral systems through nutrient loading from watershed
fertilization and sewage discharge.” One pathway of these
inputs is via submarine groundwater discharge (SGD).®

Owing to microbial respiration in coastal aquifers where
meteoric groundwater and seawater that has infiltrated the
aquifer mix, SGD is commonly characterized by high
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concentrations of dissolved inorganic carbon (DIC), high
partial pressure of CO, (pCO,), and low pH compared with
the receiving coastal water bodies.” "> SGD has also been
shown to be a major source of alkalinity to a fringing coral reef
lagoon, which may potentially buffer against ocean acid-
ification.”> However, tidally driven seawater recirculation (a
type of SGD'?) in carbonate sands'* is demonstrated to drive
down the pH in coral reefs.” Significant correlations between
SGD signals and pH values have been demonstrated, with the
contribution of SGD to a coral reef system estimated based on
SGD end-member values.”"> Due to the complexity of pH
changes in coastal reef systems, which are affected by multiple
drivers, our mechanistic understanding remains limited with
only a few studies conducted in a limited number of reef
types.”' !> Moreover, quantitative studies have been partic-
ularly lacking.

Through time-series observations of carbonate system
parameters, this study sought to examine if SGD contributes
to acidification of a coastal fringing reef setting characterized by
insignificant river runoff during a dry season. Naturally
occurring radium isotopes were applied as SGD tracers to
quantify the SGD rates. We showed that tidal-driven SGD was
the main driver of coastal acidification in the fringing reef

Received: June 27, 2014

Revised:  October 13, 2014
Accepted: October 22, 2014
Published: October 22, 2014

dx.doi.org/10.1021/es5026867 | Environ. Sci. Technol. 2014, 48, 13069—13075


pubs.acs.org/est
http://pubs.acs.org/action/showImage?doi=10.1021/es5026867&iName=master.img-000.jpg&w=202&h=114

Environmental Science & Technology

system, which could make the reef system more susceptible to
increasing atmospheric CO,.

2. MATERIALS AND METHODS

2.1. Study Area. Our coastal time-series station CT is
located at the Luhuitou fringing reef, situated along the west
coast of the Luhuitou Peninsula in southeast Sanya Bay of
Hainan Island in the northern South China Sea (Figure 1). It is
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Figure 1. Study area. (a) Map of Sanya Bay showing the sampling
stations. Inserted are (b) the map of the northern South China Sea,
showing the location of Sanya Bay at the southern tip of Hainan
Island, and (c) Stations CT and GW. The green dots are mapping
stations in Sanya Bay, the red star represents the coastal time-series
station CT, and the blue triangle is the groundwater station GW. The
blue lines are the isobaths, and the black areas are the fringing coral
reefs.

about 60 m away from the onshore sampling platform with an
average water depth of 1.80 m. The groundwater monitoring
station GW, a domestic well 2.05 m deep with a 1 m radius, is
~100 m away from Station CT. The Luhuitou fringing reef is a
leeward coast with low wave energy. It is ~3 km long and 250—
500 m wide."® This coral system is economically important to
the region, but has been experiencing rapid degradation since
the 1960s. In 2009, the mean coral cover was 12% as compared
to 90% in the 1960s."” The reason for such a dramatic decline
in corals is unclear, but likely due to both anthropogenic
activities in the region and climate change.'® The ecosystem is
dominated by coralline algae with lower diurnal ranges in
pCO,, pH and DO in winter than in the other seasons."”

The annual mean sea surface temperature (SST) in Sanya
Bay is 26.8 °C, and the annual precipitation is around 1600—
1800 mm.*® Irregular diurnal tides dominate, with a mean tidal
range of 0.90 m and the largest of 2.14 m."® To the north of the
Luhuitou fringing reef, the Sanya River discharges into Sanya
Bay with an annual average discharge of 5.86 m* s7'.>° 95% of
the rainfall occurs in May to October.”' The Bay is oligotrophic
because of the influence of the northern South China Sea,
which is known for oligotrophy.”” The Sanya River is the main
nutrient source for the Bay, leading to the highest
phytoplankton and bacterioplankton biomass near the estuary
and decreasing seaward.”> Multiple habitats (coral reefs,
mangroves, mudflats, rocky and sandy beaches) occur in the
Bay, with coral reefs accounting for 30% of the coastline.”*
Holocene deposits of coral debris, sand and silt surround the
coast,”® forming the surficial unconfined aquifer.”®

2.2. Sampling and Measurements. Time series observa-
tions of temperature, salinity, water depth, DIC, total alkalinity

(TA), pH (in total scale), dissolved oxygen (DO) and dissolved
radium were carried out during February 6—13, 2012 at
Stations CT and GW. Well water was pumped at the fastest
rate possible at Station GW to estimate hydraulic parameters
from the recovery of water in the well. A mapping cruise in
Sanya Bay (Figure 1) was carried out during February 2-3,
2012 to evaluate the influence of the Sanya River and to
constrain the end-member of the offshore water. Details of the
deployments of sampling, analytical methods and carbonate
chemistry calculations are provided in the Supporting
Information (SI).

2.3. SGD Rate Estimation Using 2?°Ra Time-Series
Observations. The discharge rate from the coastal aquifer was
estimated using a nonsteady state procedure with ***Ra time-
series data. Briefly, changes in the “**Ra inventories with time
were converted to fluxes after taking account of tidal effects and
mixing with offshore waters, which were then divided by the
concentration of ?*Ra in the groundwater to obtain a discharge
rate (See SI).

3. RESULTS

3.1. Environmental Parameters in Sanya Bay. Surface
seawater salinity varied within a small range, 33.60—33.89,
slightly lower in the north and northeast off the Sanya River
mouth than in southern Sanya Bay (Figure Sla, SI). Such
differences in salinity were also observed from the vertical
profiles measured at Stations P1, L1, L2, L3, W1, and W4,
which demonstrated again slightly lower salinity at Stations P1
and W1 (Figure Slc, SI), indicating weak influence of the Sanya
River plume. The salinity at river-influenced stations, P1 and
W], seemed to be separated from that around Station CT (i.e.,
Stations L1—3) by the offshore salinity at W4. Note that all of
the vertical profiles shown in Figures S1b-c (SI) suggested that
water in Sanya Bay near Luhuitou fringing reef, especially
around Station CT, was relatively homogeneous in February
with the vertical differences in temperature less than 0.10 °C
and in salinity less than 0.10 except at Station L1, where a 0.20
°C lower temperature and 0.20 greater salinity were found at
the surface than at the bottom. Note also that the north of the
Bay was investigated on February 2 and the south of the Bay on
February 3, both of which covered an ebb-flood tidal cycle with
the maximum salinity on both days coincident with the lowest
tides. This indicated that the salinity variation was not caused
by tides, and the Sanya River plume was confined in the
northern part of the Bay.

At offshore stations around CT (i.e., Stations L1—S5), the pH
and concentrations of DIC and TA were nearly constant at 8.07
+ 0.00, 1942 + 1 umol kg™" and 2219 + 2 ymol kg~' (n=10)
during our sampling period, respectively (Table S1, SI). Station
CT seemed to be unaffected by the river plume water that was
slightly higher in DIC and lower in TA and pH (Figure S2,
Table S1, SI). There was no difference in these parameters
between sites north (Stations L1—3) and south (Stations L4—
5) of Station CT.

3.2. Time-Series Observations at the Coral Reef
Station CT. During the week-long observations, Station CT
had an irregular diurnal tide, with a daily tidal range decreasing
from 1.40 m during the spring tide to 0.65 m during the neap
tide (Figure 2a). Temperature varied with a solar radiation-
dominated diurnal trend, with peak temperatures appearing in
the middle of the day. The average temperature was 23.00 °C
and a maximum diel variation of 1.55 °C was observed during

the spring tide. The salinity dropped sharply during the ebb
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Figure 2. Time series observations at Station CT in the Luhuitou
fringing reef of Sanya Bay, China during February 6—13, 2012. (a)
Water depth and temperature (Temp), (b) salinity (Sal), ***Ra and
26Ra, (c) DO and pCO,, (d) pH, DIC and TA. Lines connecting the

symbols are to show trends.

flow of the spring tide, from 33.67 to 33.43, whereas during the
neap tide the diurnal variation was from 33.65 to 33.54 (Figure
2b). pH and DO showed similar trends to salinity during the
spring tide, with pH dropping from 8.15 during the flood tide
to a minimum of 7.72 during the ebb flow and DO
concentration decreasing from the maximum of 286 umol
kg™' during the flood tide to the lowest of 135 umol kg™'
during the ebb flow (Figures 2c-d). During the neap tide, pH
and DO followed more of a diel pattern, with much less diurnal
variations (from 0.17 to 0.20 for pH and from 89 to 112 ymol
kg™' for DO). Meanwhile, during the spring tide pCO,, DIC
and TA reached their peak values of 888 yatm, 2131 ymol kg™
and 2271 pmol kg ™', respectively during the ebb flow and their
minima, 290 yatm, 1851 ymol kg™" and 2182 pmol kg™ during
the flood tide. During the neap tide their diurnal variations
were relatively small, 100 yatm for pCO,, 104 umol kg™ for
DIC, and 32 pmol kg™ for TA. DIC varied more with tides
than TA (Figure 2d). The activities of ***Ra and ***Ra were
higher during ebb flows than during flood tides with the
maxima, 20.8 Bq m™> and 3.8 Bq m™, appearing during the
spring tide. The diurnal variations were 16.5 Bq m™> for ***Ra
and 2.1 Bq m™ for *Ra during the spring tide and were about
half as much during the neap tide (Figure 2b). Using the
maximum **’Ra activity in the well of 61 Bq m™ (Table S2, SI),
SGD into Station CT was calculated to vary in the range of 0—
44 cm d™' (0—5.1 X 107° m s7*) with an average of 15 + 10 cm
d™! (Figure S3, SI), comparable to discharge rates in other coral
reef systems.'*'> The highest SGD rate appeared during the
spring tide. The rates correlated with salinity and tidal height:
lower salinity and tidal height coincided with greater ground-
water seepage rate.

3.3. Observations at the Groundwater Station. From
the spring to neap tide, diurnal variations in the water level and
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temperature were relatively small, at most 0.60 m for water
level and 0.20 °C for temperature, and had no obvious trends
when the recovery periods were not considered (Figure S4,
Table S3, SI). Salinity had no apparent trend in its diurnal
variation during the spring tide (Table S2, SI) with an average
of 19.95 + 0.25. The average temperature in the well was 26.80
+ 0.06 °C (the uncertainty represents one standard deviation),
with the recovery periods included. These results indicated that
groundwater properties were relatively constant with time,
without apparent tidal resonances. Diel variations of DIC and
TA in the well during the spring tide were 229 ymol kg™' and
114 pmol kg™' (Figure SSa, SI), smaller than their variations
measured at Site CT. The average DIC and TA values of the
groundwater during the spring tide were 5764 + 98 umol kg™
(n =12) and 5589 + 39 pumol kg™" (n = 13). The pH ranged
from 7.13 to 7.16 with an average of 7.14 + 0.01 (n = 13). DO
varied from 78 to 111 umol kg_1 with an average of 104 + 9
umol kg™ (n = 12) (Figure SSb, SI), about half of the DO
concentration at Site CT. Activities of Ra were relatively
constant except for the sample GW1, 104 + 4 Bq m ™ for ***Ra
and 41 + 2 Bq m™® for **Ra with GW1 excluded.

4. DISCUSSION

4.1. What Affects Diurnal and Tidal Variations in the
Parameters at the Coastal Reef Site? The daily minimum
salinity at Station CT appeared during the ebb flow, as low as
33.43 during the spring tide and 33.54 during the neap tide.
This suggests that more freshwater input into the fringing reef
environment occurs during the ebb flow of the spring tide than
during that of the neap tide. The Sanya River plume affected
the northeast of the Bay with little impact on Station CT.
Precipitation would unlikely cause spring-neap changes in
salinity. The only other source of fresh water at this site would
be groundwater discharge. The coincidence of the peaks of DIC
and TA with the daily minima in salinity, DO and pH indicate
that the freshwater end-member was of low salinity, pH and
DO, and of high DIC and TA, which were characteristics of the
nearby groundwater. In addition, the daily minimum salinity
and maximum activities of ***Ra and ?*Ra co-occurred during
the spring tide. This suggests that the highest SGD occurred
during the ebb flow of the spring tide, bringing more
groundwater into the coastal fringing reef system.

Under the influence of tidal-driven SGD, variations in pH,
DO, pCO,, DIC and TA during the spring tide could be as
large as 0.43 pH units, 154 umol kg™!, 598 patm, 179 umol
kg™' and 82 umol kg™', respectively and followed a tidal
pattern. However, around the neap tide, when salinity stayed
almost constant, pH, DO, pCO,, DIC and TA showed less, but
distinct, diurnal variability over a day-night cycle. The pH
varied from 7.97 to 8.16, and DO from 183 umol kg™' to 275
umol kg™". Both pH and DO increased during the daytime with
the maximum occurring around 18:00, and decreased at night
to a minimum at 08:00. The pCO,, DIC and TA varied
inversely with pH and DO in range of 280—420 patm, 1882—
1979 pmol kg™' and 2198—2220 umol kg™, respectively. This
diel cycle reflected biological dominance on DO and the
carbonate system during the neap tide. Such great diel changes
are commonly observed in other coral reef systems. For
example, in the coral reef system at Xishan Island in the South
China Sea, the diurnal variation in pCO, is as high as 608 patm,
which is dominated by biological metabolism.”” In Nanwan
Bay, a fringing reef system in Taiwan, diurnal variations are 96—
234 pmol kg™' for DIC, 89—422 patm for pCO,, and 37—239
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umol kg™' for DO, which are driven mainly by the net
ecosystem production.”® The broadest diel ranges, DO: 28—
463 and pH: 7.69—8.44, are found in a reef lagoon in the Great
Barrier Reef, which are driven by SGD and biological
metabolism.”

Biological controls on the carbonate system and oxygen in
coral reef sgstems include organic and inorganic carbon
metabolism.”® During organic carbon metabolism, photosyn-
thesis consumes DIC and releases oxygen at a Redfield ratio of
106:138, with TA decreasing by a ratio to DIC of 17:106, so
that DO increases in the surrounding water, while respiration
causes DO to decrease and DIC and TA to increase
proportionally. During inorganic carbon metabolism, calcifica-
tion by corals decreases DIC and TA at a ratio of 1:2 and
increases pCO, in the surrounding water, but it has no effect on
DO. Therefore, in the daytime, photosynthesis caused the
maximum DO and a lower DIC, and respiration at night
resulted in the minimum DO and a higher DIC. The slope of
linear regression between DO and DIC during the neap tide
was —0.98 with r* of 0.91 (Figure S6, SI), indicating that DO
and DIC changed by a ratio lower than the Redfield ratio of
138:106. This implied that, besides organic carbon metabolism,
calcification might also be involved in regulating the carbonate
system.

Overall, the carbonate system parameters in this coastal coral
reef system showed distinct diurnal variations from spring to
neap tide, with more pronounced diurnal variations during the
spring tide. In contrast, diurnal variability in the reef system in
Nanwan Bay, Taiwan is predominantly controlled by the net
ecosystem production of the benthic-dominated nearshore
ecosystem, and diminishes toward the sprin% tide owing to
intensified dispersion from tidal advection.”® The greater
diurnal variations in our study, however, were associated with
more groundwater inputs into the coastal coral reef system
during the ebb flows of the spring tide. Diurnal variability
observed in two coral reef lagoons at Rarotonga, Cook Islands
and Heron Island, Great Barrier Reef was explained similarly by
both biological and SGD drivers, but at Rarotonga SGD with
high concentrations of carbonate species was the dominant
driver and at Heron Island biological activities stimulated by
high nutrient and organic loads from SGD played the
predominant role."®

4.2. Quantify Different Contributors to the Variations
in the Carbonate System. To differentiate contributions of
SGD and biological activities to the carbonate system, a closer
look was taken at the DIC, TA and salinity during the falling
and rising phases of the spring tide. The DIC and TA showed
different behavior during these two phases. During the ebb
flow, with a faster falling speed characterized by a shorter ebb
time, both DIC and TA behaved conservatively (Figure 3),
showing mixing between the offshore water with a salinity of
33.67 and SGD with a salinity of ~19.95. The offshore water
end-member had DIC and TA values of ~1942 ymol kg™" and
2219 pmol kg™', which were designated as DIC, and TA,.
During the spring tide, DIC and TA of the groundwater almost
linearly varied with salinity in the range 5594—5905 pmol kg™*
and 5531—5636 umol kg™', respectively (Figure S7a, SI). At
flood tide in the daytime during the spring tide, however, both
DIC and TA showed a strong removal signal (Figure 3), and
the offsets of DIC and TA between conservative mixing lines
and observations were as large as 172 ymol kg™ and S0 umol
kg™!, respectively. This consumption of DIC and TA was most
likely caused by strong photosynthesis and calcification in the
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Figure 3. Behaviors of DIC and TA with salinity during the ebb flow
and flood tide of the spring tide at Station CT. (a) DIC, the linear
regression between DIC and salinity was y = —1047.39 x + 37184 with
1* of 0.96, (b) TA, the linear regression equation was y = —273.16 x +
11408 with * of 0.92.

daytime. Consequently, contributions of SGD and biological
activities and of inorganic and organic carbon metabolisms to
the carbon system parameters were quantitatively differentiated
using a mixing model (see SI).

Biological activities and SGD regulated the carbonate system
differently in the coral reef system. TA and DIC contributed by
SGD, ATAggp and ADICggp, showed significant tidal
variations, greater during the spring tide than during the neap
tide, ranging from —7 to 88 umol kg™' and from —24 to 237
umol kg™!, respectively (Figure 4a). The ratio of change, that is,
the regression slope, between TA and DIC due to SGD inputs
was 0.37 with r* of 1.00 (Figure S8, SI). This ratio was very
close to the slope of linear regression between TA vs DIC in
the groundwater, 0.35 (Figure S7b, SI), and confirmed the
validity of the mixing calculations. Most ADICgp and ATAggp
were positive with spring-neap and ebb-flood tidal signals,
indicating net inputs of DIC and TA via SGD induced by tidal
pumping. The few negative values, which occurred during flood
tides, indicated seawater intrusion into the coastal aquifer, that
is, negative SGD rates. The TA and DIC impacted by biological
activities, TAy;, and DICy;,, were linearly correlated with a slope
of 0.25 and r* of 0.74 (Figure S9, SI), indicating that organic
metabolism, or photosynthesis/respiration, but not inorganic
metabolism, or calcification/dissolution, was the major bio-
logical activity affecting the carbonate system with calcification
accounting for about 12.5% of biologically impacted DIC. TA
and DIC contributed by biological activities, ADICy;, and
ATAy;,, ranged from —210 to 101 umol kg™" and from —52 to
25 umol kg~!, respectively, mostly negative in the daytime and
positive at night with smaller magnitudes (Figure 4a), reflecting
strong photosynthesis and calcification in the daytime. Besides
the day-night cycle, daily minima of ADIC,;, and ATAy;, were
a little lower around the spring tide than around the neap tide,
demonstrating tidal effects most likely associated with SGD
inputs. The highest consumption of DIC by biological activities
coincided with the greatest amount of DIC input by SGD on
February 9. This enhanced production was likely induced by
higher nutrient inputs via SGD. Under the highest
consumption, even assuming that all DIC consumed was
from SGD, there would still be excess DIC of 26 umol kg™" in
the system due to SGD. Therefore, during the spring tide, SGD
mainly induced by tidal pumping played a predominant role in
regulating variations of carbonate parameters in this coastal
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Figure 4. Diurnal variations of calculated DIC, TA, AOU, pH, and
aragonite saturation state (Q) in a spring-neap tidal cycle during
February 6—13, 2012 at Station CT in the Luhuitou fringing reef. (a)
DIC and TA contributed by groundwater discharge (SGD) and
biological activities (bio), (b) AOU and water depth, (c) biologically
contributed DIC (ADICy,,), which is the sum of that contributed by
organic metabolism (ADICqcy) and that by inorganic metabolism
(ADIC,cyy), (d) pH measured (pH,,), pH calculated from DIC,;, and
TAy;, (pPHy;), and pH calculated from DIC,, and TA,;, (pHu), ()
Q and water depth. Lines connecting the symbols are to show trends.

coral reef system. During the neap tide, biological activities
were the major drivers controlling the carbonate parameters.
Changes in DIC due to photosynthesis/respiration could be
estimated using the apparent oxygen utilization (AOU). The
AOU showed a day-night cycle with bigger diel variations
during the spring tide, from —72 to —84 ymol kg™, than during
the neap tide, from —64 to —52 umol kg™' (Figure 4b). AOU
was positive at night, indicating oxygen consumption by
respiration, while in the daytime AOU was negative, implying
much greater photosynthetic rates than respiration rates.
Accordingly, the DIC produced by organic carbon metabolism,
ADICgcy;, showed similar diurnal and tidal patterns (Figure
4c¢), varying from —56 to 65 umol kg™' during the spring tide
and from —49 to 40 umol kg™' during the neap tide. The DIC
produced by inorganic carbon metabolism, ADIC;¢y,, however,
was mostly negative, with a minimum of —178 umol kg™,
indicating uptake of DIC by calcification in the system. During
the spring tide there seemed to be more calcification going on
with more negative ADIC;cy; than during the neap tide. The
highest DIC consumption on February 9 was due to the
greatest calcification, since ADICpcy was almost the same as

that at the same time on the other days. A few positive
ADICc); values appeared at night or in early mornings,
representing dissolution of CaCOj at these times.

4.3. SGD Rates at Station CT Estimated Using Darcy'’s
Law. The estimated SGD rates using ***Ra and the nonsteady
state technique were always O or positive because of the
assumption of the most negative flux as the mixing flux. At
Station CT, however, negative ADICgsgp during high tides
implied negative SGD rates. An attempt was made using
Darcy’s law to capture these negative SGD (see SI). The
estimated seepage rate at Station CT was 11 &+ 6 cm d™, on
average, almost the same as the average rate estimated using
6Ra, 15 + 10 cm d™'. The seepage rate mirrored the water
depth very well and was negatively correlated with salinity
around the spring tide, while there was no apparent trend with
salinity around the neap tide (Figure S12, SI). The maximum
rate, 25 cm d™!, occurred at the lowest water depth during the
spring tide on February 7. Our study indicated that even in the
dry season the effect of tidal pumping on SGD was striking
during the spring tide in coastal fringing reefs.

4.4. Impacts of SGD on the Coastal Coral Reef System.
During the spring tide pH was predominantly affected by SGD
input during ebb flows and mainly controlled by biological
activities during flood tides (Figure 4d), while during the neap
tide pH was affected mostly by biological activities with a 100%
contribution on February 12. The pH was as low as 7.72 during
the spring tide, which was due to SGD inputs into the coral reef
system. This implied that SGD might pose a potential threat to
this coral reef system. Such low pH is severely detrimental to
calcifier recruitment and reef builders.* Our study revealed
quantitatively how SGD and biological activities affected pH on
diel and tidal scales. In coral lagoons at Rarotonga, SGD was
the dominant driver of pH at low tides, while at Heron Island
biological activities were predominant in the afternoons.'®
SGD-derived high fluxes of free CO, are a positive feedback to
ocean acidification in coral reef systems," even though SGD
often has high TA concentrations. In our reef system SGD
actually lowered the buffering capacity as reflected by the
Revelle Factor (Figure S13, SI).

The aragonite saturation state (Q), the ratio of the ion
product to the solubility product constant, in this coral reef
system varied with tides (Figure 4e), with the lowest value of
1.77 during the spring tide, corresponding to the minimum pH
of 7.72. The community calcification rate has been demon-
strated to drop to 0 when Q,,oonee = 1.7 £ 0.2.* Although at
Station CT this low Qo did not last long in a spring-neap
tidal cycle, periodic acidification during the spring tide due to
SGD input might impede calcification of the community in the
long run.

4.5, Future Scenarios under Higher Atmospheric CO,.
In the global context of increasing atmospheric CO,, it is
expected that surface seawater pH will further decrease by 0.3—
0.4 pH units, if atmospheric CO, concentrations reach 800
ppmv by the end of the century.” Coastal fringing reef systems,
under the influence of tidal-driven SGD, would be more
vulnerable to this atmospheric CO, rise. Assuming that the
fraction of SGD water, the SGD inputs of DIC and TA, and the
biologically contributed DIC and TA stayed unchanged, the
saturation state of aragonite and pH would drop significantly
when being equilibrated with increasing atmospheric CO,
(Figure S). At the minimum depth during the spring tide
when the atmospheric CO, concentration increases to 436
ppmv (a value reached in 20 yrs considering a very conservative
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Figure S. Predicted diurnal changes in the saturation state of aragonite
(ngmte) and pH in a spring-neap tidal cycle in scenarios of
increasing atmospheric CO, at concentrations of 436 ppmv, 650 ppmv
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rate of increase, 1.9 ppm yr ', the average rate in 1995—
2005%), the saturation state of aragonite would decrease from
1.77 to 1.47 and pH would decrease from 7.72 to 7.64. When
the atmospheric CO, reaches 650 ppmv, the predicted value in
2060 under the worst case emission scenario,>! the saturation
state of aragonite would reach 0.95 at the minimum water
depth during the spring tide and the undersaturation (Q <1)
would last for at least an hour with the lowest pH of 7.44. The
scenario would become even worse at the end of the century, if
atmospheric CO, reached 800 ppmv. In a spring to neap tidal
cycle, with pH <7.81 Q would be less than 2 for most of the
tidal cycle. Around the spring tide, pH would be as low as 7.18
and aragonite would be undersaturated for 8 h. Corals exposed
to undersaturated waters around springs were already observed
to decrease in skeletal density and increase in susceptibility to
bioerosion.”

Besides increasing atmospheric CO,, sea-level rise and
potential changes of water head in coastal aquifers due to
climate change may affect the magnitude of SGD* through
changing the hydraulic gradient. In addition, thermal stress on
fringing reefs due to global warming may cause reef bleaching."”
Along with the anticipated increase of nutrient loads to
watersheds, organic loading would also be expected to
continually grow in the shallow groundwater, which would
inevitably make the groundwater more acidic. Therefore, coral
reef systems under the influence of SGD will most likely be
more susceptible to climate change than those with no or
minimal SGD inputs.
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