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ABSTRACT:Submarine groundwater discharge (SGD)� ows into
coral reefs. In volcanically active areas, the incoming groundwater is
typically CO2-rich which can alter the carbon balance and views on how
coral reefs function at prevailing high CO2. We quanti� ed dynamic
hydrothermal SGD and CO2 � uxes to a Philippine coral reef over a
spring-neap tidal cycle. SGD rates, with mean of 35 cm d� 1 and 5� 95%
range of 0� 147.8 cm d� 1. The groundwater-CO2 � uxes (266 mmol m2

d� 1; range: 0� 1111 mmol m2 d� 1) were up to� 300-fold larger than
evasion of CO2 to the atmosphere. The reef seawater pCO2 (493� atm;
range: 421� 680� atm) remained above atmospheric values and spanned
the upper end of the range of atmospheric levels (400� 500 � atm)
expected for the next century. Because of the hydrothermal SGD, the
reef has prevailing above-atmospheric CO2 and is a source to the
atmosphere and nearby waters.
KEYWORDS:submarine groundwater discharge, carbon dioxide, coral reef, radon, Philippines

� INTRODUCTION

Submarine groundwater discharge (SGD) throughout the
world’s coastlines1,2 is an important driver of coastal water
quality.3 SGD can bring naturally occurring solutes and
contamination from land to sea and modify seawater chemistry
and alter coastal ecology.4� 8 SGD occurs in many forms within
diverse environments. Depending on its origin and scale, SGD
can be fresh and terrestrial or it can be saline seawater that has
been recirculated through beach or coastal sediments. SGD is
present in diverse geologic settings and coastal ecosystems
including coral reefs, estuaries, mangroves, lagoons, or
mud� ats.9

SGD into coral reefs has been quanti� ed only on a few
occasions10� 16 despite decades of research on submarine and
coastal hydrogeology. Because of this limited attention, the
in� uences of SGD on coral reef ecology and biogeochemistry
are mostly unknown. The most iconic of the coral reefs are
found in the Coral Triangle where they sometimes fringe
volcanoes (Supporting Information (SI) Figure S1). In this
setting, the permeable young volcanic rocks can rapidly
transmit groundwater through cracks and conduits.17 The
volcanic activity in such areas may be associated with
hydrothermal processes18 and the release of volcanic gases
such as CO2.

19 We refer to this type of SGD as hydrothermal
SGD (HSGD). The unique chemistry of HSGD may be
dramatically di� erent to fresh groundwater found in non-
volcanic coastal aquifers. Hydrothermally a� ected groundwater

has a high temperature and usually acidic with high
concentrations of CO2, two major stressors for coral
ecosystems. Germane to coral reefs is whether SGD is
delivering CO2, altering the carbon balance and potentially
driving acidi� cation. The potential cascading impacts of
groundwater-derived CO2 � uxes in coral reefs is hitherto
unknown.20

It is challenging to directly measure SGD because it can be
di� use in nature, is temporally and spatially varying, and has
multifaceted hydrogeological forcing.21 SGD has both dynamic
marine and terrestrial drivers. However, time-varying nature of
SGD o� ers advantages. Temporal variations of SGD enrich
water with tracers, such as silica15,22 or radioactive elements.9

Tracers such as radon (222Rn) can be continuously monitored,
concurrently with tides. The tracer concentration can be used
to quantify temporally resolved, areal-averaged SGD.23

Coupled measurement systems for radon and pCO2 have
been developed within the past decade,24 creating oppor-
tunities to assess linkages between SGD and the aquatic carbon
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cycle. This is especially relevant in areas with potentially
signi� cant but unquanti� ed CO2 sinks and sources.

It has been recently shown that aquatic CO2 emissions may
be enhanced or driven by SGD24,25 with large and often
unaccounted implications on regional and global marine
carbon budgets.26 Higher CO2 concentrations in seeping
groundwater than in surface waters24,26 can modify seawater�
carbon chemistry around coral reefs27 and change the sink or
source function of the ecosystem. CO2 inputs can impact coral
reef function and health by decreasing pH and the aragonite
saturation state and ultimately slowing down the accretion of
CaCO3

15,28,29 and changing biological communities.28� 30Most

nearshore and coral reef environments act as sources of CO2 to
the atmosphere. Though these water-to-atmosphere� uxes are
typically attributed to biotic respiration and/or substantial
land-sourced riverine carbon transport,27,31 the role of
groundwater is often overlooked. SGD is not necessarily
detrimental. Similar to rivers, SGD can alter coral reef
chemistry and ecology by reducing salinity,13 stimulating
productivity via nutrient addition or creating thermal refugia,12

reducing seawater pH via CO2 inputs19,32 and driving large
variations in alkalinity.14 While biological productivity and tidal
pumping are the major natural drivers of nearshore coral reef
CO2 variability,14 the CO2 source or sink state of a coral reef

Figure 1.Location and pictures of the study site and monitoring and sampling locations. The top row shows where the site is within the Coral
Triangle (A) and the Verde Island Passage (B). Red triangles in (B) denote active volcanoes and orange triangles mark inactive volcanic cones. The
middle row shows (C) where discrete groundwater samples (GW samples) were collected and where the time-series stations (TS1 and TS2) were
located (C). TS2 is about 10 m south of the two rock pillars covered with corals which the Twin Rocks marine protected area is named for. These
pillars are shown in D and F. Photo Credit: Ram Yoro, Mabini, Batangas. The marine protected area extends beyond the area depicted in (C).The
bottom row (E) shows a photograph and thermal infrared image of the beach right in front of Twin Rocks. Photo Credit: Raymond Rodolfo,
Ateneo de Manila University. The thermal image shows hot springs exposed during low tide.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.1c00104
ACS EST Water2021, 1, 1756� 1764

1757

https://pubs.acs.org/doi/10.1021/acsestwater.1c00104?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00104?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00104?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00104?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.1c00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


may also depend on the spatial and temporal variability of
SGD and its related carbon� uxes.20 Assessing HSGD over a
range of environmental conditions at di� erent temporal scales
could therefore improve predictions of how ocean acidi� cation
might a� ect coral ecosystems.33

Here, we sought to determine the magnitude and extent of
hydrothermal SGD and the CO2 delivered into a vibrant
fringing coral reef. In doing so, we e� ectively establish if the
reef is thriving under relatively and persistently high CO2
conditions. We build on earlier work by quantifying HSGD
within a global hotspot of marine biodiversity34,35 � the Verde
Island Passage (VIP) in the Philippines. We address the
speci� c questions of how is the HSGD a� ecting CO2 in coral
reef waters? In the presence of HSGD, is the reef a net source
or sink of CO2? We focus on the continuous monitoring of
222Rn and CO2 over multiple tidal cycles to quantify SGD
� uxes using a nonsteady state mass balance approach.23

� MATERIALS AND METHODS
Study Area. This study took place at a marine protected

area and� sh sanctuary in Mabini, Batangas, Philippines. The
town of Mabini is within a volcanic region and is next to one of
the Philippines’ most active volcanoes, Taal Volcano. Mabini’s
coasts border the VIP. The study site in Mabini is called Twin
Rocks (Figure 1) which is named after two prominent rock
pillars found at the reef crest. The substrate at Twin Rocks is
comprised of 28.7% live hard coral, 12.3% live soft coral, 7%
other organisms (algae, sponges, seagrass, etc.), and 52.0%
nonliving substrate.36 The fringing reef covers roughly the area
that is within 50� 70 m of the shoreline and has an average
depth of between 5 and 10 m. It runs across much of the coast,
albeit with intermittent breaks in dense coral cover. The Twin
Rocks marine protected area extends beyond the aerial
photograph shown inFigure 1C.

Mabini is a high-relief peninsula with air temperatures that
range between 22 and 34°C. Average annual rainfall is 1761
mm with monthly rainfall ranging between 50 and 275 mm.
The region surrounding the study site is composed of fractured
quaternary volcanic rocks associated with a volcanic belt
(Figure 1B). Hot springs have been observed along the
shorelines and o� shore within the VIP. The combination of
high relief, fractured volcanic rocks, and high rainfall is ideal for
transporting vast amounts of groundwater.17,19 Groundwater
traveling through fractured rocks warm up due to high pressure
and geothermal energy associated with regional volcanic
activity.37 These higher pressures and temperatures can
increase the capacity of groundwater to transport gases,
including CO2. The fractures that enable groundwater
dischrage at Twin Rocks are part of the fracture complex
known as the Macolod Corridor and the Bataan Lineament
with a NE to SW orientation.38 Recent investigations in the
region have reported high222Rn activities (up to 2460 dpm
m� 3) in nearshore waters indicating potential fresh and
recirculated groundwater� owing into the reefs,18,19 but so
far none have been observed within and near Twin Rocks.
There are no detailed maps of coral reef community
composition or estimates of coral reef calci� cation or
production, preventing the exploration of direct links between
SGD quanti� ed via radon or mapped with thermal images and
coral distribution.

Field Measurements.At two di� erent locations in Twin
Rocks, we monitored the concentration of222Rn, the partial
pressure of carbon dioxide (pCO2) and ancillary information at

a detailed temporal resolution (30 min time steps) over 8 days
and 11 tidal cycles in January 2019 (Figure 1). The � rst
location which was at the middle of the reef was monitored
from January 13� 20, and we refer to results from this station
and period as TS1 (i.e.,“time-series 1”). The second
monitoring station, referred to as TS2, was roughly at the
reef crest and was set up from January 17� 19. The time-series
observations were conducted using a coupled system for
measuring222Rn and pCO2.

24 This method requires con-
tinuous pumping of seawater at an approximate rate of three
liters per minute. The pumps were located about 10 cm above
the sea� oor, to avoid clogging with sediments. Water was
pumped onshore and directed to a gas exchanger (Durridge
Rad Aqua) allowing the headspace to equilibrate with seawater.
The air from the headspace was recirculated in a closed loop
with two gas measurement instruments, variations in222Rn and
pCO2 were measured with a radon detector (Durridge RAD7)
and a CO2 gas analyzer (LICOR 830 with an accuracy of 3%
between 0 and 20 000 ppm). Radon concentrations and pCO2
values in water were calculated as a function of water
temperature, salinity and equilibrated air values. While the
monitoring was ongoing, we collected� ve shallow hydro-
thermal groundwater samples along the intertidal zone during
low tide (Figure 1C). These shallow hydrothermal ground-
water samples were used as endmembers in our estimation of
SGD� uxes.

Depth, conductivity (or salinity), and temperature were
measured with a Solinst Levelogger Edge 3001 placed at the
pump intake. Dissolved oxygen was measured using a
miniDOT Logger (PME). Sensors were logged at 30 s time
steps. The data were aggregated into 30 min time intervals to
match the222Rn and CO2 measurements. Five groundwater
samples were collected by hand-digging bore holes (� 50 cm
deep) in the seepage face at low tide (Figure 1C and1E). After
digging the holes, sediment was allowed to settle before using a
peristaltic pump to slowly collect water from the bottom of the
open hole into 1.5 L bottles. The samples were then connected
to a separate coupled RAD7-LICOR system for measuring
222Rn and pCO2 for at least 100 min. A separate set of seawater
and groundwater samples were analyzed for nutrients. This
shallow hydrothermal groundwater samples were used as
endmembers in our estimation of SGD� uxes. While a number
of earlier studies revealed coral reef distribution patterns
around other shallow hydrothermal sites30,39,40 we have not
collected biological observations and focus on quantifying the
CO2 � uxes via hydrothermal groundwater to the coral reef.

Airborne imagery qualitatively revealed temperature anoma-
lies caused by SGD in the Mediterranean Sea.41 High-
resolution thermal sensors can locate SGD sources but do
not quantify� uxes. Here, we used thermal imagery to map the
footprint of the thermal springs and we used radon as a
quantitative tracer. We used a FLIR ThermaCAM SC640 to
collect the thermal images, as done elsewhere.42,43

Laboratory Measurements. We also collected nutrient
samples (NH4

+, PO4
3� and NO2

� + NO3
2) at TS1 (n = 50)

and TS2 (n = 24). We also collected nutrient samples for the
� ve groundwater sampling locations. Samples consisted on 40
mL of water syringed through 0.45� m cellulose acetate� lters
(Nucleopore). The samples were stored into 10 mL plastic
vials and frozen. The laboratory analysis were performed by
using a Lachat� ow injection analyzer with analytical
uncertainties better than 5%.
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Calculation of Dynamic SGD and CO2 Fluxes to the
Atmosphere. We used a transient radon mass balance box
model23 to calculate SGD at 30 min time intervals:

I

t
F F F F F

d

d
excess

SGD atm tide mix diff= + + + +
(1)

where I

t

d

d
excess (in dpm m� 2 hr� 1 when divided by the water

depth of the station representing one square meter of area) is
the incremental change over time of the excess radon inventory
normalized to water level.23 Iexcessof the area is represented by
the monitoring station,FSGDis the radon� ux due to submarine
groundwater discharge,Fatm is the radon loss to the
atmosphere,Ftide is the dilution due to tidal variations,Fmix is
the loss due to mixing with nearshore waters next to the coastal
domain, andFdiff is the di� usive � ux from the benthic
materials. The key assumptions of the model are (1) the radon
supported by decay from its parent226Ra is equal to the lowest
radon concentration measured (120 dpm m� 3) and is
subtracted out to give the excess inventory; (2) the same
supported radon is added to giveFtide during� ood tide; (3)
lateral mixing is consider a loss when it is negative orI

t

d

d
excess< 0;

(4) that Fdiff is negligible compared to the other terms,
particularlyFSGD. Fatm was calculated as a function of wind
speed and air-sea concentration gradients. Thus, dynamicFSGD
can be quanti� ed since it is the only unknown term in (1). By
dividing by a known or representative groundwater radon
concentration,FSGD (dpm m� 2 hr� 1) can be converted to
groundwater� ux (cm day� 1).

SGD-delivered CO2 � uxes were determined by simply
multiplying the SGD� ux by the representative CO2
concentration for groundwater. The CO2 water-atmosphere
exchange rates (FCO2 in mmol m2 hr� 1, eq 1) were estimated as
follows:

F k pCOCO2 2�= � (2)

where� is the solubility coe� cient of the respective gas (mol
kg� 1 atm� 1), � pCO2 is the di� erence between the partial
pressure of the gas between water and air (� atm) andk is the
gas transfer velocity (cm h� 1) estimated using two di� erent
piston velocity models:44

k u
Sc

0.31
660

2
0.5

=
Š�L

�N
�M�M�M

�\

�^
�]�]�] (3)

k u
Sc

0.0283
660

3
0.5

=
Š�L

�N
�M�M�M

�\

�^
�]�]�] (4)

whereScis the Schmidt number andu is the wind speed at 10
m (m s� 1). The two di� erent piston velocity models use a
quadratic and a cubic relationship between gas exchange and
wind speed. With the cubic relationship, gas exchange is weak
at low wind speed. We used both equations to determine a
potential range of air� water� uxes at di� erent wind speeds; the
same procedure was used for calculating the evasive� ux of
radon (Fatm).

In the succeeding sections, we refer to the range as the 5th�
95th percentiles, whereas the use of± (number) refers to the
standard deviation. These statistics represent the natural
dynamic variability of“instantaneous” estimates (30 min
time steps) over 8 days.

� RESULTS AND DISCUSSION
Time-Series Observations and Radon Mass Balance

Modeling. Groundwater samples were enriched in all
measured water quality parameters, except salinity (seeSI
Table S1). Groundwater temperature was on average 10°C
warmer than in surface waters. In fact, thermal infrared images
of the beach at low tide revealed warm waters seeping out
(Figure 1E). Salinity in groundwater averaged 21± standard
deviation of 9 PSU. Radon and CO2 were higher in
groundwater by 77- and 66-fold, respectively, relative to
seawater (discussed below), indicating that groundwater is a
major source of these gases. The average groundwater radon

Figure 2.Time series for measured variables at site TS1 (left) and site TS2 (right). Variability of CO2 was usually the inverse of oxygen saturation
(proxy of respiration and photosynthesis) during the� rst nine tidal cycles. During the last two tidal cycles when tidal ranges were greater, the
variability of CO2 more closely matched radon-derived SGD.
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concentration was 231 959 dpm m� 3 (after excluding one
outlier), which was used to estimate SGD. The average
groundwater pCO2 was 32 420� atm. Groundwater was low in
nitrate+nitrite (10.4± 8.2 � mol L� 1) and phosphate (3.3±
0.5 � mol L� 1), but high in ammonium (296.2± 67.6� mol
L� 1).

Tidal ranges averaged 0.38 m for the TS1 campaign and 0.44
m for the TS2 campaign (Figure 2; see alsoSI Tables S2 and
S3). The maximum tidal amplitude was 1.7 m during the last
observed tidal cycle, and a minimum of 0.1 m in the earliest
tidal cycle. Salinity and temperature were consistent between
sites, averaging 33.7± 0.5 PSU and 25.9± 0.3°C. Radon in
water at nearshore TS1 (16 749± 20 812 dpm m� 3) was� 46
times higher than radon at the 45 m o� shore TS2 (361± 184
dpm m� 3). The pCO2 of seawater was higher than the
atmospheric CO2 at the Mauna Loa observatory in January
2019 (410.8� atm) by 82 � atm and also higher than
atmospheric CO2 observed in other places, such as Cape
Grim, Australia (403� atm) and Christmas Island (411
� atm).45 TS1 it was pCO2 493 ± 83 � atm and at TS2 it
was 481± 66 � atm. The temporal variation of CO2 was
inversely proportional to oxygen saturation for most of the
tidal cycles with the exception of the� nal two cycles when
CO2 variations where higher than O2 variations (Figure 2).

Estimates of SGD� ux from the radon mass balance averaged
35.4 cm d� 1 and had the following percentile values: 5th = 0.0,
50th = 48.3, and 95th = 147.9 cm d� 1 (Figure 2andSI Table
S2). Higher SGD rates were estimated for the last two tidal
cycles (means of 55 and 44 cm d� 1) when the tidal ranges were
greatest (Figure 2 and SI Table S2). The salinity of
groundwater samples taken at low tide was 29± 5. With a
seawater average salinity of 34, our groundwater samples imply
that SGD was on average 15% fresh and 85% recirculated
seawater.

Water� atmosphere CO2 emissions exhibited minor di� er-
ences between the two piston velocity models (0.9 and 2.0
mmol m� 2 d� 1; SI Table S4). The potential SGD-derived CO2
� ux obtained by multiplying SGD rates by the groundwater
average CO2 concentration of 266.5 mmol m� 2 d� 1 (range:
0.0� 1111.3 mmol m� 2 d� 1) from TS1 observations (Figure
4D) and 113.8 mmol m� 2 d� 1 (range: 0.0� 212.7) from TS2
observations (Figure 2) were 2 orders of magnitude larger than
CO2 evasion to the atmosphere. SGD appears to be focused
along a narrow nearshore band within 45 m o� the low tide
mark as implied from much lower radon and pCO2 at TS2
(Figure 2), while CO2 emission to the atmosphere likely
continues until further o� shore.

The Importance of SGD and CO2 Fluxes and
Comparison with Previous Studies. While there have
been only a few studies concurrently quantifying transient
SGD and SGD-delivered CO2 � uxes into coral reefs, our
estimates appear to be the highest reported so far in the
literature. For comparison, SGD o� Rarotonga in the South
Paci� c (volcanic geology) and o� Heron Island in the Great
Barrier Reef (reef platform geology)14 were 16.7± 4.7 and
29.7± 10.3 cm d� 1, respectively. These values are smaller than
the average rates we estimated (35± 48 cm d� 1) and vastly
smaller than the peak discharge (286 cm d� 1) during spring
tide. More locally in the Philippines, there has been an
increasing number of quantitative and qualitative SGD studies.
This is important because the Philippines has the sixth longest
coastline in the world, and within the tropics its coastline
length is second only to neighboring Indonesia. In Manila Bay,

SGD rates estimated with seepage meters were on average 5.1
cm d� 1, reaching a maximum of 26 cm d� 1.46 In Bolinao
(northern part of Luzon Island, Philippines),222Rn-based SGD
� ux ranged between 7 and 16 cm d� 1.47 Thus, our estimated
synoptic SGD� uxes at Twin Rocks is much higher than the
previously reported values for other parts of the country. These
comparisons are fair when the same method is used, but are
subject to artifacts when multiple methods for estimating SGD
are used.9

A few other volcanic locations where SGD to coral reefs
were estimated are at Sanya Bay o� Hainan Island with values
of 15± 10 cm d� 17 and in Hawaii where SGD ranged between
11 and 69 cm d� 1 at six di� erent locations.48 Our SGD rates
overlap with but are at the higher end of these ranges. The
rates at Twin Rocks are most comparable with the relatively
high � uxes estimated for Maunalua Bay which had a peak of
230 cm d� 1,49 but even this maximum from Hawaii is still
slightly lower than our observed maximum (286 cm d� 1). Our
estimates appear to be high for SGD estimations in coral reefs.
This could mean that any nutrients in groundwater could have
also large� uxes. However, as we found, measured nutrient
concentrations were relatively low (seeSI Table S5), indicating
that groundwater is not necessarily transporting a wide variety
of substances.

Nutrients are usually the main cause for concern regarding
SGD,1,3� 6,8,21 especially in places where human activities have
polluted coastal groundwater,50,51 it does not appear to be a
problem at Twin Rocks where the seawater was found to have
typically low levels of nutrients. What makes the SGD to Twin
Rocks novel, aside from its� ow magnitude, is that it also
delivers among the highest concentrations of groundwater CO2
observed in coastal systems worldwide; the pCO2 was 32 420
± 3275� atm. This results in very high CO2 � uxes from SGD
and it is likely important to the reef carbon budget.

Coral reef waters tend to be at a dynamic equilibrium in
terms of CO2 emissions and carbon uptake.31,52 Respiration,
production, carbonate precipitation, and dissolution are
continually and dynamically changing. The alternating balance
between respiration and photosynthesis often makes coral reef
waters a CO2 sink during the day and a source at night, with
net atmospheric emissions approaching zero but are usually
positive52,53 Our estimates of air� water exchange indicate that
the seawater at Twin Rocks was mostly a source of CO2 to the
local atmosphere, with an e� ux of 3± 2 mmol m2 d� 1. This is
comparable with the global average of CO2 e� ux from coral
reef waters (4.1 mmol m2 d� 154); and fringing reefs (2.2 mmol
m2 d� 153).47,48 Even daytime CO2 emissions were positive
practically all of the time due to SGD inputs. This is not
unique to Twin Rocks. It has been noted that nearshore
environments are more likely to act as a source of CO2 to the
atmosphere due to intense� uxes at the land� ocean interface.54

Moreover, reefs that are actively calcifying are typically net
CO2 sources.53 However, at Twin Rocks, the potential input of
CO2 from SGD into the nearshore reef of 266.5 mmol m2 d� 1

with a maximum of 2153 mmol m2 d� 1 (Figure 2D) is � at
least 2 orders of magnitude higher than the predicted air�
water CO2 � uxes (seeSI Table S4). This suggests that SGD is
predominantly the source of CO2 which mixes with o� shore
waters and outgasses to the atmosphere. This is supported by a
strong linear correlation between SGD� ux and pCO2 (see
Figure 3A, with a� tted line with R2=0.462, p-value <0.001).
SGD can explain 46% of the variation in reef water pCO2, and
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thus evasion. The remaining 54% would be mostly explained
by respiration.

The carbon balance of a coral reef systems is complex and
constantly changing with multiple factors responsible for the
resulting CO2 dynamics.27 We cannot quantify net ecosystem
calci� cation and production with our observations. However,
some insight on the relative importance of processes can still
be gleaned. At a diurnal scale, the CO2 saturation had a
negative trend with dissolved oxygen (DO) saturation and a
positive trend with SGD rates (Figures 2C, 3B and4). Overall,

pCO2 and DO were inversely correlated, although the
relationship between the two was weaker (R2 = 0.3) compared
to that between pCO2 and radon. The CO2-DO relations were
also di� erent during the day and during the night and whether
neap or spring tide occurred (Figure 4). In general, the
negative trend was more apparent over a spring tide cycle,
whereas pCO2 tended to be less variable over a neap tidal cycle
(Figure 3B). The negative trend is usually explained by
photosynthesis consuming CO2 and producing DO during the
day (Figure 3). However, we observed a progression of
increasing DO along with somewhat stable pCO2 in the
morning, which was then followed by slightly decreasing pCO2
later in the day (afternoon); this was observed during both
neap (Figure 4C) and spring (Figure 4G) tidal cycles. This
suggests that there must be a source of CO2 that was initially
being consumed through photosynthesis which then poten-

tially becomes more depleted later in the afternoon. After 6
pm, CO2 increased accompanying a DO decrease. For the neap
tide night time period, the CO2 and DO appear to stabilize
later in the evening (Figure 4D) whereas during the spring
tide, CO2 kept on increasing while DO decreased through the
following morning (Figure 4H). Thus, while the pCO2-DO
diurnal cycles manifest the production-respiration diurnal
cycle, other overlapping factors and processes are clearly in
play since these cannot entirely explain the trends found here.
The most plausible reason for this is SGD.

Over spring tide, SGD� uxes remained relatively small
(Figure 4A,B). However, in the morning of the neap tide
(Figure 4A), SGD increased through the early morning,
peaked at around 9 am, and then decreased until there was
none at high tide (� 2 pm). During this period, pCO2 was
constant, and after this period it started decreasing until 6 pm.
This suggests delivery of CO2 by SGD in the morning which
was depleted later in the day due to photosynthesis, mixing or
emissions to the atmosphere. The unequivocal signal of SGD
a� ecting the carbon balance was observed in the evening of the
spring tide cycle (Figure 4F). SGD increased substantially and
continually throughout the spring ebb tide. This drove the
increase in pCO2 and a decrease in DO (Figure 4H). This
implies that the groundwater was also low in DO. Indeed, the
DO for the intertidal groundwater at Twin Rocks of 2.9 mg
L� 119 was much lower than the reef seawater DO observed
throughout this study.

Broader Context, And Implications on Coral Reef
Carbon Budgets and Ecology.There are several active and
inactive volcanoes within the Verde Island Passage (Figure 1B)
which means that the site may be similar to other areas in the
region. The association between volcanic SGD and reefs may
apply to other parts of the Philippines which has simulta-
neously among the highest density of coral reefs and active
volcanoes in the world (SI Figure S1B). Furthermore, the
general association between coral reefs and volcanoes is found
throughout the Coral Triangle and a few other places on Earth
such as the Caribbean, the Red Sea, and the chain of hotspot
volcanic islands in the Paci� c Ocean (SI Figure S1A).

A key question for areas with hydrothermal SGD and corals
reefs is whether the CO2 delivered by SGD in� uences the coral
reef carbon dynamics. Some comparisons to estimates from
other places help constrain how important SGD might be.
SGD delivers on average 266 mmol m� 2 d� 1 of CO2 to Twin
Rocks, with a peak of 2153 mmol m� 2 d� 1 at low spring tide
(Figure 2D). This � ux is higher than net ecosystem
calci� cation rates in various parts of the Great Barrier Reef
which ranges from 73 to 160 mmol m� 2 d� 1 in healthy reefs
(see refs20 and55 and references therein). Except for a reef
� at o� Davies Reef, our SGD CO2 � uxes are also higher than
Great Barrier Reef production rates (� 876 to +285 mmol m� 2

d� 1, where negative values correspond to night time
production).29 The SGD CO2 � uxes are also higher than
most net calci� cation and production rates reported for several
reefs distributed across the globe (see Table 3 of ref56). To
better understand how corals adapt to elevated CO2, we should
combine ecological and biogeochemical assessments. For
example, corals from Papua New Guinea exposed to volcanic
submarine CO2 vents had reduced biodiversity30 but SGD
� uxes were not quanti� ed. Here, we quanti� ed SGD� uxes but
did not assess coral cover and biodiversity. Interdisciplinary
research is required to reveal ecological response to SGD-
derived CO2 inputs.

Figure 3.Scatter plots showing the correlation between pCO2 with
groundwater� ux and dissolved oxygen concentration. The light blue
circles are from the� rst monitoring period (TS1) and the orange
circles are from the second monitoring period and location (TS2).
The results of linear regression (blue line and equation andR2) for the
� rst monitoring period are also shown.

Figure 4. Connection between pCO2 with groundwater� ux and
dissolved oxygen. Two diurnal cycles (split between daytime (6 am to
6 pm) and night time (6 pm to 6 am)) representing a neap tide
(January 14� 15, top row) and spring tide (January 18� 19, bottom
row) are shown.
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A basic mass balance calculation for CO2 of a coastal wedge
of the study site o� ers additional insights. Assuming a wedge
that has a width of 50 m from shore (the rough distance of the
twin rock pillars from shore, seeFigure 1), a depth of 10 m at
the reef edge (the average depth of the TS2 location which is
within the reef and close to where the reef drops o� past the
twin rocks), and an alongshore length of 100 m (the
approximate alongshore distance from TS1 to the twin
rocks), the SGD CO2 � ux averaged between TS1 and TS2
(190 mmol m� 2 d� 1) and calculated over a day would result in
a CO2 concentration of� 38 � M (or a pCO2 of � 1400� atm).
This is if other� uxes and sinks and sources are ignored. This
calculated concentration is the increment that would be added
to the background, that is, the level at atmospheric equilibrium.
Bearing in mind that evasion is only roughly a hundredth of
the SGD� ux, the observed high pCO2 in the reef is consistent
with the simple mass balance calculation. Given comparisons
to literature focusing on di� erent aspects of coral reef carbon
cycling and the estimate above, we surmise that at Twin Rocks
the CO2 from groundwater is a large factor in its carbon
budget and has tipped the balance toward the reef acting as a
CO2 source.

The VIP was identi� ed as one of seven highest priority areas
within the Coral Triangle after an analysis superposing many
biodiversity criterion.34 In 1991, Twin Rocks became one of
the � rst marine protected areas declared within the VIP. It is
an exemplar success story in terms of biophysical improvement
and conservation.57 The 41% coral cover at Twin Rocks is
similar to many other marine protected areas in the Philippines
which were found to have an average coral cover of 36%.58 For
comparison, the coral cover in the Great Barrier Reef in 2011
ranged from roughly 3� 30% with a median of� 12%.59 The
substrate composition in Twin Rocks is more comparable to
the Ko� au and Boo Islands marine protected area of the Raja
Ampat Islands in Indonesia. The Raja Ampat Island group,
touted as the heart of the Coral Triangle, is thought to be the
most biodiverse region of Earth’s oceans and it is also one of
the seven designated highest priority areas.34 The substrate
consisted of 30% live hard coral and 13% soft coral in 201160

around Raja Ampat. Fish surveys conducted in Twin Rocks
revealed that on average there are 432 individuals comprising
19 target species and 2143 individuals comprising 49 total reef
species within a 500 m2 area.36 Fish surveys in Ko� au and Boo
Islands had numbers that were much smaller than at Twin
Rocks.60 By biodiversity and abundance metrics, Twin Rocks is
as important as the reefs in the Raja Ampat Islands and is
certainly faring better than several nearshore reefs in the Great
Barrier Reef. Our� ndings of high SGD-CO2 � uxes at Twin
Rocks are therefore counterintuitive and unexpected. The
average observed pCO2 was 493� atm near the shore and 481
� atm closer to the reef edge. The expected atmospheric pCO2
in the next century ranges between 400 and 500� atm.61 These
CO2 levels are what coral reefs will likely experience in the near
future and not the typically higher levels imposed in many
controlled laboratory studies.61 The average pCO2 at Twin
Rocks is at the top of the next-century range. Twin Rocks is
likely a bright spot among the reefs of the Coral Triangle, one
that is seemingly thriving in spite of continually receiving warm
hydrothermal groundwater delivering large inputs of CO2.

If the VIP coral reefs are resilient to high CO2 inputs, they
may represent an example of“Super Corals”. This term super
corals has been used to describe corals that remain healthy
under impacts of climate change39,40 and could be more

resilient to future climate change impacts. Identifying these
systems has been described as an urgent priority for global
conservation.39 While we have focused on quantifying CO2
� uxes, further ecological research is required to fully assess if
this corals have evolved to live in high CO2 conditions.
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