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ABSTRACT: Submarine groundwater discharge (SG&ys into
coral reefs. In volcanically active areas, the incoming ground Tt E
typically C@-ich which can alter the carbon balance and views orEBEFEN S i
coral reefs function at prevailing high,.O@e quantied dynamic e
hydrothermal SGD and GOuxes to a Philippine coral reef ove
spring-neap tidal cycle. SGD rates, with mean of 35 anddb 95%
range of 0147.8 cm d. The groundwater-GOuxes (266 mmol

114 SGD CO: fluxes 266+363 Vv
(mmol/m?d)

T 96 pCOz (uatm) 487:81 TS1
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Fractured volcanic
the upper end of the range of atmospheric levels 5@00atm) bedrock
expected for the next century. Because of the hydrothermal S
reef has prevailing above-atmospheric 8@ is a source to the

atmosphere and nearby waters.
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INTRODUCTION has a high temperature and usually acidic with high

Submarine groundwater discharge (SGD) throughout thgPncentrations of GO two major stressors for coral
worlds coastlinég is an important driver of coastal water €COSystems. Germane to coral reefs is whether SGD is
quality} SGD can bring naturally occurring solutes andielivering CQ altering the carbon balance and potentially
contamination from land to sea and modify seawater chemis€jving acidication. The potential cascading impacts of
and alter coastal ecol8gySGD occurs in many forms within groundwater-derived GOuxes in coral reefs is hitherto
diverse environments. Depending on its origin and scale, s@pknowrt.”
can be fresh and terrestrial or it can be saline seawater that hdtis challenging to directly measure SGD because it can be
been recirculated through beach or coastal sediments. SGiigise in nature, is temporally and spatially varying, and has
present in diverse geologic settings and coastal ecosystemudtifaceted hydrogeological foréi§GD has both dynamic
including coral reefs, estuaries, mangroves, lagoons, n@érine and terrestrial drivers. However, time-varying nature of
mud ats’ SGD oers advantages. Temporal variations of SGD enrich
SGD into coral reefs has been quedtonly on a few  ater with tracers, such as $iticeor radioactive elemefits.
occasioriS *° despite decades of research on submarine anflacers such as radd#gn) can be continuously monitored,
coastal hydrogeology. Because of this limited attention, thgncyrrently with tides. The tracer concentration can be used
in uences of SGD on coral reef ecology and biogeochemisjy o,antify temporally resolved, areal-averaged?*SGD.
?re gqstl)t/hunlénowln.TT_he Tnosth|con|tchof the cotr_al reeffs_ a oupled measurement systems for radon and pb&@
ound in the toral friangie wnere they Somemes iingfeq, developed within the past detadeeating oppor-

volcanoes Jupporting Information (SI) Figure)SIh this - . :
setting, the permeable young volcanic rocks can rapicﬂfﬁmesm assess linkages between SGD and the aquatic carbon

transmit groundwater through cracks and conduitse
volcanic activity in such areas may be associated witt¢ceived: March 25, 2021
hydrothermal procest¥esind the release of volcanic gasesRevised: July 27, 2021
such as CO'° We refer to this type of SGD as hydrothermal”ccepted: July 28, 2021
SGD (HSGD). The unique chemistry of HSGD may bePublished: August 4, 2021
dramatically derent to fresh groundwater found in non-

volcanic coastal aquifers. Hydrothermadlgted groundwater
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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.
middle row shows (C) where discrete groundwater samples (GW samples) were collected and where the time-series stations (TS1 and TS2) w
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. Thes
pillars are shown in D and F. Photo Credit: Ram Yoro, Mabini, Batangas. The marine protected area extends beyond the area depicted in (C).T
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.

cycle. This is especially relevant in areas with potentialiearshore and coral reef environments act as sourcesoof CO
signi cant but unquanted CQ sinks and sources. the atmosphere. Though these water-to-atmospiteseare

It has been recently shown that aquatiggddssions may typically attributed to biotic respiration and/or substantial
be enhanced or driven by S&D with large and often land-sourced riverine carbon transpoft,the role of
unaccounted implications on regional and global maringroundwater is often overlooked. SGD is not necessarily
carbon budgefS. Higher CQ concentrations in seeping detrimental. Similar to rivers, SGD can alter coral reef
groundwater than in surface watéfsan modify seawater ~ chemistry and ecology by reducing salihiggimulating
carbon chemistry around coral féefsd change the sink or productivity via nutrient addition or creating thermal réfugia,
source function of the ecosystem, i@futs can impact coral reducing seawater pH via Ci@puts®*? and driving large
reef function and health by decreasing pH and the aragonitariations in alkalinity While biological productivity and tidal
saturation state and ultimately slowing down the accretion pimping are the major natural drivers of nearshore coral reef
CaCQ***%2% and changing biological communttie€ Most CO, variability:* the CQ, source or sink state of a coral reef
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may also depend on the spatial and temporal variability afdetailed temporal resolution (30 min time steps) over 8 days
SGD and its related carbamxes?’ Assessing HSGD over a and 11 tidal cycles in January 20d@ufe ). The rst
range of environmental conditions ag¢mdint temporal scales location which was at the middle of the reef was monitored
could therefore improve predictions of how oceancatidn from January 120, and we refer to results from this station
might aect coral ecosysteffs. and period as TS1 (i.€time-series "L The second
Here, we sought to determine the magnitude and extent afonitoring station, referred to as TS2, was roughly at the
hydrothermal SGD and the C@elivered into a vibrant reef crest and was set up from Januard@l The time-series
fringing coral reef. In doing so, weatively establish if the observations were conducted using a coupled system for
reef is thriving under relatively and persistently high COmeasuring®Rn and pC@>* This method requires con-
conditions. We build on earlier work b (i’;antifying HSGRinuous pumping of seawater at an approximate rate of three

within a global hotspot of marine biodiv the Verde  |iters per minute. The pumps were located about 10 cm above
Island Passage (VIP) in the Philippines. We address thge seapor, to avoid clogging with sediments. Water was
specic questions of how is the HSGI2eting CQin coral  pumped onshore and directed to a gas exchanger (Durridge

reef waters? In the presence of HSGD, is the reef a net soufggy Aqua) allowing the headspace to equilibrate with seawater.
or sink of CG? We focus on the continuous monitoring of The ajr from the headspace was recirculated in a closed loop
Rn and CQ over multiple tidal cycles to quantify SGD yjth two gas measurement instruments, variatferirand
uxes using a nonsteady state mass balance approach.  pCO, were measured with a radon detector (Durridge RAD7)
and a CQ gas analyzer (LICOR 830 with an accuracy of 3%
MATERIALS AND METHODS between 0 and 20 000 ppm). Radon concentrations and pCO
Study Area. This study took place at a marine protectedvalues in water were calculated as a function of water
area andsh sanctuary in Mabini, Batangas, Philippines. Themperature, salinity and equilibrated air values. While the
town of Mabini is within a volcanic region and is next to one ahonitoring was ongoing, we collected shallow hydro-
the Philippinésnost active volcanoes, Taal Volcano. Mabini thermal groundwater samples along the intertidal zone during
coasts border the VIP. The study site in Mabini is called Twippw tide Eigure C). These shallow hydrothermal ground-

Rocks Figure ) which is named after two prominent rock water samples were used as endmembers in our estimation of
pillars found at the reef crest. The substrate at Twin Rocksd$sp yxes.

Comprised Of 28.7% live hard Coral, 12.3% live soft Coral, 70/Depth, Conductivity (Or saiinity), and temperature were
other organisms_(algae, sponges, seagrass, etc.), and 52@¥%sured with a Solinst Levelogger Edge 3001 placed at the
nonliving substraté The fringing reef covers roughly the areapymp intake. Dissolved oxygen was measured using a
that is within 5070 m of the shoreline and has an averageninipoT Logger (PME). Sensors were logged at 30 s time
depth of between 5 and 10 m. It runs across much of the coagfeps. The data were aggregated into 30 min time intervals to
albeit with intermittent breaks in dense coral cover. The Twigatch the??Rn and CQ measurements. Five groundwater
Rocks marine protgcted area extends beyond the aer, mples were collected by hand-digging bore hésih
photograph sho_wn Iﬁgure l:_. . deep) in the seepage face at low fittpi(e C andlE). After

Mabini is a high-relief peninsula with air temperatures thgfiqing the holes, sediment was allowed to settle before using a
range between 22 and 32 Average annual rainfall is 1761 o jqtaitic pump to slowly collect water from the bottom of the
mm with monthly rainfall ranging between 50 and 275 m en hole into 1.5 L bottles. The samples were then connected

The region surrounding the study site is composed of fracturga separate coupled RAD7-LICOR system for measuring

uaternary volcanic rocks associated with a volcanic b -
?Figure B}/) Hot springs have been observed along the n and pCQfor at least 100 min. A separate set of seawater

shorelines and shore within the VIP. The combination of and groundwater samples were analyzed for nutrients. This

high relief, fractured volcanic rocks, and high rainfall is ideal fpallow hydrqthermal .grogndwater sample_s were used as
transporting vast amounts of groundwat&iGroundwater ~ €ndmembers in our estimation of S@kes. While a number
traveling through fractured rocks warm up due to high pressuﬁ‘fe earlier studies revealed coral reef glstrlbutlon patterns
and geothermal energy associated with regional volca@found other shallow hydrothermal Sites” we have not
activity’” These higher pressures and temperatures capllected blo.IoglcaI observations and focus on quantifying the
increase the capacity of groundwater to transport gasé<D» UXes via hydrothermal groundwater to the coral reef.
including CQ. The fractures that enable groundwater Airborne imagery qualitatively revealed temp?ratgre anoma-
dischrage at Twin Rocks are part of the fracture compldigs caused by SGD in the Mediterraneart* Seigh-
known as the Macolod Corridor and the Bataan Lineamergsolution thermal sensors can locate SGD sources but do
with a NE to SW orientatidi.Recent investigations in the Not quantify uxes. Here, we used thermal imagery to map the
region have reported higHRn activities (up to 2460 dpm footprint of the thermal springs and we used radon as a
m 3) in nearshore waters indicating potentia| fresh anduantitative tracer. We used a FLIR ThermaCAM SC640 to
recirculated groundwateowing into the reef§!® but so  collect the thermal images, as done elselfiere.
far none have been observed within and near Twin Rocks.Laboratory Measurements. We also collected nutrient
There are no detailed maps of coral reef communitgamples (Nk, PO® and NG + NO;?) at TS1 f = 50)
composition or estimates of coral reef caton or and TS2 f = 24). We also collected nutrient samples for the
production, preventing the exploration of direct links betweerve groundwater sampling locations. Samples consisted on 40
SGD quantied via radon or mapped with thermal images andnlL of water syringed through 0.45 cellulose acetatiters
coral distribution. (Nucleopore). The samples were stored into 10 mL plastic
Field Measurements.At two di erent locations in Twin  vials and frozen. The laboratory analysis were performed by
Rocks, we monitored the concentratiof?®8in, the partial  using a Lachatow injection analyzer with analytical
pressure of carbon dioxide (pénd ancillary information at uncertainties better than 5%.

1758 https://doi.org/10.1021/acsestwater.1c00104
ACS EST Wat2021, 1, 1756 1764


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

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

Figure 2.Time series for measured variables at site TS1 (left) and site TS2 (right). VariabjlivasfuSQally the inverse of oxygen saturation
(proxy of respiration and photosynthesis) duringrgtenine tidal cycles. During the last two tidal cycles when tidal ranges were greater, the
variability of C@more closely matched radon-derived SGD.

Calculation of Dynamic SGD and CQ Fluxes to the where is the solubility coecient of the respective gas (mol
Atmosghere. We used a transient radon mass balance boxg ! atm?l), pCO, is the dierence between the partial
modef* to calculate SGD at 30 min time intervals: pressure of the gas between water anda&in) andk is the

gas transfer velocity (cmbhestimated using two dirent

dl i i .
excesss £ LB 4 Rt Fok Fur piston velocity mije‘ié.
dt (1) o o5
k= 0.317 Mi i
whered';ifess (in dpm m?2 hr * when divided by the water 60 ®)
depth of the station representing one square meter of area) is c 05
the incremental change over time of the excess radon inventoryk = 0.02837 Msa)i 7

normalized to water lev@l,,...of the area is represented by
the monitoring statiofggpis the radonux due to submarine  whereScis the Schmidt number ands the wind speed at 10
groundwater discharg€,,, is the radon loss to the m (m s?). The two dierent piston velocity models use a
atmospherds;. is the dilution due to tidal variatioRg;, is guadratic and a cubic relationship between gas exchange and
the loss due to mixing with nearshore waters next to the coastahd speed. With the cubic relationship, gas exchange is weak
domain, andFg; is the diusive ux from the benthic at low wind speed. We used both equations to determine a
materials. The key assumptions of the model are (1) the radpotential range of aiwater uxes at dierent wind speeds; the
supported by decay from its paféiRa is equal to the lowest same procedure was used for calculating the euasivie

radon concentration measured (120 dpni) mand is radon Eay)-

subtracted out to give the excess inventory; (2) the sameln the succeeding sections, we refer to the range as the 5th
supported radon is added to diyg during ood tide; (3) 95th percentiles, whereas the use (olumber) refers to the

lateral mixing is consider a loss when it is negaﬁvesgrO' standard deviation. These statistics represent the natural
_ - dt ' dynamic variability ofinstantaneolisestimates (30 min
(4) that Fy is negligible compared to the other terms,time steps) over 8 days.

particularlyFsgp Fim Was calculated as a function of wind

speed and air-sea concentration gradients. Thus, dygagmic RESULTS AND DISCUSSION

can be quanted since it is the only unknown term in (1). BY  1ime_series Observations and Radon Mass Balance
dividing by a known or representative groundwater radofogeling. Groundwater samples were enriched in all

concentrationFsgp (dpm m? hr %) can be converted 0 moasyred water quality parameters, except salinitgl (see
groundwaterux (cm day'). _ _ Table S). Groundwater temperature was on averag€ 10
SGD-delivered GO uxes were determined by simply yarmer than in surface waters. In fact, thermal infrared images
multiplying the SGD ux by the representative €O 4t the beach at low tide revealed warm waters seeping out
concentration for groundwater. The ,G@ater-atmosphere (Figure E). Salinity in groundwater averaged 2tandard
exchange rateB,in mmol nt hr %, eq 1) were estimated as  Jeviation of 9 PSU. Radon and ,C®ere higher in

follows: groundwater by 77- and 66-fold, respectively, relative to
F =k bC seawater (discussed below), indicating that groundwater is a
coz2~ pCQ (2 major source of these gases. The average groundwater radon
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concentration was 231959 dpm? rtafter excluding one SGD rates estimated with seepage meters were on average 5.1
outlier), which was used to estimate SGD. The averagen d!, reaching a maximum of 26 cnt.d In Bolinao
groundwater pCQwas 32 420atm. Groundwater was low in  (northern part of Luzon Island, Phili%piné?éxn-based SGD

nitrate+nitrite (10.4 8.2 mol L %) and phosphate (38 ux ranged between 7 and 16 ci*dThus, our estimated
0.5 mol L %), but high in ammonium (29622 67.6 mol synoptic SGDuxes at Twin Rocks is much higher than the
L b. previously reported values for other parts of the country. These

Tidal ranges averaged 0.38 m for the TS1 campaign and Ocnparisons are fair when the same method is used, but are
m for the TS2 campaigRigure 2see als&| Tables S2 and  subject to artifacts when multiple methods for estimating SGD
S3. The maximum tidal amplitude was 1.7 m during the lasire used.
observed tidal cycle, and a minimum of 0.1 m in the earliesta few other volcanic locations where SGD to coral reefs
tidal cycle. Salinity and temperature were consistent betwegare estimated are at Sanya Bayainan Island with values
sites, averaging 33 0.5 PSU and 2589 0.3°C. Radon in  of 15+ 10 cm d*’ and in Hawaii where SGD ranged between
water at nearshore TS1 (16 2420 812 dpm i) was 46 11 and 69 cm d at six dierent locatior Our SGD rates
times higher than radon at the 45 rstwre TS2 (36% 184  overlap with but are at the higher end of these ranges. The
dpm m?®). The pCQ of seawater was higher than the rates at Twin Rocks are most comparable with the relatively
atmospheric CQat the Mauna Loa observatory in Januaryhigh uxes estimated for Maunalua Bay which had a peak of
2019 (410.8 atm) by 82 atm and also higher than 230 ¢m d.*° but even this maximum from Hawaii is still
atmospheric COobserved in other places, such as Capgjightly lower than our observed maximum (286 Y@

Grim, Australia (403 atm) and Christmas Island (411 estimates appear to be high for SGD estimations in coral reefs.
atm).” TS1 it was pCO493+ 83 atm and at TS2 it Thjs could mean that any nutrients in groundwater could have

was 481+ 66 atm. The temporal variation of C@as also large uxes. However, as we found, measured nutrient

inversely proportional to oxygen saturation for most of thgyncentrations were relatively low &éeable Spindicating

tidal cycles with the exception of tial two cycles when hat groundwater is not necessarily transporting a wide variet
CO, variations where higher thapv@riations Kigure 2. 8f sugbstances. y P g y

Estimates of SGIx from the radon mass balance averaged \ents are usually the main cause for concern regarding
35.4 cm d* and had the following percentile values: 5th = 0.0ggpte 6821 especially in places where human activities have

50th = 48.3, and 95th = 147.9 cm (Figure 2andSI Table -
. ' . .. polluted coastal groundwat&t: it does not appear to be a
S2. Higher SGD rates were estimated for the last two tid roblem at Twin Rocks where the seawater was found to have

C¥gﬁse§;n§?n5rgf gSa?]rgjd S4|4 ({?hﬁ'geg);h?rﬂialggﬂﬁﬁs vgef,:re typically low levels of nutrients. What makes the SGD to Twin
9 9 y Rocks novel, aside from isw magnitude, is that it also

groundwater samples_ 'gaken at low fide was Z9With a . dqlivers among the highest concentrations of groundwater CO
seawater average salinity of 34, our groundwater samples in %

o o . erved in coastal systems worldwide; the w&$32 420
?e?wiﬁa? was on average 15% fresh and 85% recwcula_ 275 atm. This results in very high £@xes from SGD

Water atmosphere CQemissions exhibited minor et and it is likely important to the reef carbon b_udget._. . .
ences between the two piston velocity models (0.9 and 2.0Coral reef waters tend to be at a dynamic eq'U|I|.br|um n
mmol m2d % S| Table S4 The potential SGD-derived €O (€MS of CQ emissions and carbon uptdké.Respiration,

ux obtained by multiplying SGD rates by the groundwaté?rOd_UCtion’ carbonate_ precipitat?on, and dissol_ution are
average COconcentration of 266.5 mmol 4 * (range: continually an.d d.ynam|cally changlng..The alternating balance
0.0 1111.3 mmol nf d %) from TS1 observationigure between respiration gnd photosynthesis often makes cora}I reef
4D) and 113.8 mmol M d ! (range: 0.0212.7) from TS2 waters a C@sink during the day and a source at night, with

observationsH(gure }were 2 orders of magnitude larger than N€t atmospheric emissions approaching zero but are usually
CO, evasion to the atmosphere. SGD appears to be focus%%s't'v’gz Our estimates of aiwater exchange indicate that
along a narrow nearshore band within 45 fthe low tide ~ the Seawater at Twin Rocks was mostly a source @f (h®

mark as implied from much lower radon and,p@Q’S2 local atmosphere, with anux of 3+ 2 mmol md L This is
(Figure }, while CQ emission to the atmosphere likely comparable with the global average of&@x from coral
continues until further shore. reef waters (4.1 mmoPh >%; and fringing reefs (2.2 mmol

Comparison with Previous Studies. While there have Practically all of the time due to SGD inputs. This is not
been only a few studies concurrently quantifying transieHfiique to Twin Rocks. It has been noted that nearshore
SGD and SGD-delivered £Quxes into coral reefs, our €nvironments are more likely to act as a source,db @@
estimates appear to be the highest reported so far in ti@mosphere due to intensexes at the landcean interfacé.
literature. For comparison, SGDRarotonga in the South Moreover, reefs that are actively calcifying are typically net
Pacic (volcanic geology) and #leron Island in the Great CO; sources? However, at Twin Rocks, the potential input of
Barrier Reef (reef platform geoldgyyere 16.% 4.7 and CO, from SGD into the nearshore reef of 266.5 mmdln

29.7+ 10.3 cm d, respectively. These values are smaller thawith a maximum of 2153 mmof th* (Figure D) is  at

the average rates we estimatedt(38 cm d?¥) and vastly  least 2 orders of magnitude higher than the predicted air
smaller than the peak discharge (286 dnddring spring  water CQ uxes (se&l Table Sy This suggests that SGD is
tide. More locally in the Philippines, there has been apredominantly the source of O@hich mixes with shore
increasing number of quantitative and qualitative SGD studiggaters and outgasses to the atmosphere. This is supported by a
This is important because the Philippines has the sixth longsttong linear correlation between SGR and pCQ (see
coastline in the world, and within the tropics its coastlin€igure &, with a tted line with R=0.462, p-value <0.001).
length is second only to neighboring Indonesia. In Manila Ba$GD can explain 46% of the variation in reef water a@D
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tially becomes more depleted later in the afternoon. After 6
pm, CQ increased accompanying a DO decrease. For the neap
tide night time period, the G@nd DO appear to stabilize
later in the evening-i{gure D) whereas during the spring
tide, CQ kept on increasing while DO decreased through the
following morning Kigure #). Thus, while the pCeDO
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, SGDuxes remained relatively small
Figure 3.Scatter plots showing the correlation between p@i® (Figure #A,B). However, in the morning of the neap tide
groundwaterux and dissolved oxygen concentration. The light blugFigure A), SGD increased through the early morning,
c!rc:es are Irom ttrk:erst monditoring_tpe_riod (T_Sé) ar(‘jdlthet_ora'z_?_gz eaked at around 9 am, and then decreased until there was
circles are from the second monitoring period and location one at high tide (2 pm). During this period, pGQvas
Trif :ﬁgﬁ::g rci)rf1 gnpeee::c:gg;reess;gg (sbrLLcjsvlrI\ne and equatiBf) éthe . cant and after this period it started decreasing until 6 pm.
' This suggests delivery of {8y SGD in the morning which
Was d_epleted later in the day due to photo_synthes_is, mixing or
by respiration. emissions to the atmosphere. The unequivocal signal of SGD

The carbon balance of a coral reef systems is complex gh§cting the carbon balance was observed in the evening of the
constantly changing with multiple factors responsible for tP!ing tide cycle(gure #). SGD increased substantially and
resulting CQdynamic&’ We cannot quantify net ecosystem continually throughout the spring ebb tide. This drove the

calci cation and production with our observations. However‘:,ncrease in pCQand a decrease in D®igure #). This

some insight on the relative importance of processes can %ﬂgl;i? f{ﬂgt imgr%a%llmg%\gj;edrvvv;?;aallfql'\ll(\;ivr\ll Ilgol?:(k)s; Ionfdze%d'n:ge
be glc_aaned. At a du_JrnaI scale, the €auration hgd a 1% was much lower than the reef seawater DO ot;served
negative trend with dissolved oxygen (DO) saturation andi%

itive trend with SGD ratés ¢, 3B and4). Overall, roughout this study.
POSILIVE frend wi ratésdures and). Overa Broader Context, And Implications on Coral Reef

Carbon Budgets and Ecology.There are several active and
inactive volcanoes within the Verde Island Passage (B)
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 worldBi( Figure SI)B 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 PacDcean $1 Figure S1A

A key question for areas with hydrothermal SGD and corals
reefs is whether the G@elivered by SGD inences the coral

Figure 4.Connection between pG@vith groundwaterux and : . :
dissolved oxygen. Two diurnal cycles (split between daytime (6 am!'t ef carbon dynamics. Some comparisons to estimates from

6 pm) and night time (6 pm to 6 am)) representing a neap tideOtN€r places help constrain how important SGD might be.
(January 1415, top row) and spring tide (January I bottom SGD delivers on average 266 mmdldnt of CG, to Twin
row) are shown. Rocks, with a peak of 2153 mmof th ! at low spring tide

(Figure D). This ux is higher than net ecosystem
calcication rates in various parts of the Great Barrier Reef
pCO, and DO were inversely correlated, although thevhich ranges from 73 to 160 mmoFmh * in healthy reefs
relationship between the two was we&ker 0.3) compared  (see reff0 and55 and references therein). Except for a reef

to that between pCand radon. The C£DO relations were at o Davies Reef, our SGD £Qixes are also higher than
also dierent during the day and during the night and whethefreat Barrier Reef production rate876 to +285 mmol

neap or spring tide occurreBigure % In general, the d ', where negative values correspond to night time
negative trend was more apparent over a spring tide cygepduction).’ The SGD CQ@ uxes are also higher than
whereas pCQended to be less variable over a neap tidal cycl@most net calccation and production rates reported for several
(Figure B). The negative trend is usually explained byeefs distributed across the globe (see Table 356§.r&b
photosynthesis consuming &@d producing DO during the better understand how corals adapt to elevatgdv€®hould

day Figure 3 However, we observed a progression ofcombine ecological and biogeochemical assessments. For
increasing DO along with somewhat stable, p@Qhe example, corals from Papua New Guinea exposed to volcanic
morning, which was then followed by slightly decreasing pC@ubmarine COvents had reduced biodiverSitgut SGD

later in the day (afternoon); this was observed during bothuxes were not quargd. Here, we quantid SGD uxes but

neap Figure €) and spring Kigure &) tidal cycles. This  did not assess coral cover and biodiversity. Interdisciplinary
suggests that there must be a source ptHaOwas initially  research is required to reveal ecological response to SGD-
being consumed through photosynthesis which then potederived CQ@inputs.

thus evasion. The remaining 54% would be mostly explain
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A basic mass balance calculation foroa€® coastal wedge resilient to future climate change impacts. Identifying these
of the study site @rs additional insights. Assuming a wedgeystems has been described as an urgent priority for global
that has a width of 50 m from shore (the rough distance of theonservatioit. While we have focused on quantifying CO
twin rock pillars from shore, $égure ), a depth of 10 m at uxes, further ecological research is required to fully assess if
the reef edge (the average depth of the TS2 location whichtlgs corals have evolved to live in high @ditions.
within the reef and close to where the reef dropast the
twin rocks), and an alongshore length of 100 m (the ASSOCIATED CONTENT
approximate alongshore distance from TS1 to the twiR gypporting Information

rocks), the SGD CO ux averaged between TS1 and TS21he gypporting Information is available free of charge at

(190 mmol m?d *) and calculated over a day would result in https://pubs.acs.org/doi/10.1021/acsestwater.1c00104
a CQ, concentration of38 M (or a pCQ of 1400 atm).

This is if other uxes and sinks and sources are ignored. This ~ Supporting Figure S1: Maps showing distribution of
calculated concentration is the increment that would be added ~ ¢oral reefs and Holocene volcanoes. Table S1:
to the background, that is, the level at atmospheric equilibrium. ~ Chemistry of groundwater samples from dug_holes in
Bearing in mind that evasion is only roughly a hundredth of  the beacfzw. This includeé$Rn, NH,", PO’ ,
the SGD ux, the observed high pgi® the reef is consistent NO, +NG5", salinity, pCg) and temperature. Table
with the simple mass balance calculation. Given comparisons S2: Results of time-series monitoring from station TS1.
to literature focusing on drent aspects of coral reef carbon Table S3: Results of time-series monitoring from station
cycling and the estimate above, we surmise that at Twin Rocks ~152. Table S4: Results of calculateglév@sion uxes.
the CQ from groundwater is a large factor in its carbon Table S5: Nutrient concentrations in_water samples
budget and has tipped the balance toward the reef acting as a ?nocl:ﬁgfg ;S"ert?nzl(;}bﬁé‘r’gggg Eigﬁéazﬁbgeﬁ)ihifa
CO, source.

The VIP was identd as one of seven highest priority areas ~ Separate tab and can be downloadedo@084/m9.
within the Coral Triangle after an analysis superposing many ~ 9share.120851Q2DF)
biodiversity criteriotf. In 1991, Twin Rocks became one of
the rst marine protected areas declared within the VIP. Itis AUTHOR INFORMATION
an exemplar success story in terms of biophysical improveméﬂhesponding Author

and conservatidi. The 41% coral cover at Twin Rocks is Rogger E. CorreaNational Marine Science Centre, Southern
similar to many other marine protected areas in the Philippines Cross University, Earbour, New South Wales 2450
which were found to have an average coral cover Gffa§%. Australia; CorporétiMerceditas - Merceditas Corporation,

comparison, the coral cover in the Great Barrier Reef in 2011 Medeih 050021 Colombia: Forestr .
. ! , ; y Corporation of New
ranged from roughly 30% with a median 0f12%.° The South Wales, 2450 €dlarbour, Australie;orcid.org/

substrate composition in Twin Rocks is more comparable to 0000-0002-4585-25&mail:rescobarcorrea@gmail.com
the Ko au and Boo Islands marine protected area of the Raja ’ '

Ampat Islands in Indonesia. The Raja Ampat Island grouputhors
touted as the heart of the Coral Triangle, is thought to be the M. Bayani CardenasDepartment of Geological Sciences, The
most biodiverse region of Earthceans and it is also one of University of Texas at Austin, Austin, Texas 2275, United
the seven designated highest priority &rddme substrate States
consisted of 30% live hard coral and 13% soft coral fi 2011 Raymond S. Rodolfo Department of Environmental
around Raja Ampat. Fish surveys conducted in Twin Rocks Sciences, Ateneo de Manila University, Quezon City 1108,
revealed that on average there are 432 individuals comprising Philippines; Agricultural Sustainability Initiatives for Nature,
19 target species and 2143 individuals comprising 49 total reef Inc., Quezon City 1100, Philippines
species within a 506 are&’® Fish surveys in Kau and Boo Mark R. Lapus Agricultural Sustainability Initiatives for
Islands had numbers that were much smaller than at Twin Nature, Inc., Quezon City 1100, Philippines
Rocks? By biodiversity and abundance metrics, Twin Rocks is Kay L. Davis National Marine Science Centre, Southern
as important as the reefs in the Raja Ampat Islands and is Cross University, €dlarbour, New South Wales 2450,
certainly faring better than several nearshore reefs in the Great Australia
Barrier Reef. Oumdings of high SGD-GOuxes at Twin Anna B. Giles National Marine Science Centre, Southern
Rocks are therefore counterintuitive and unexpected. The Cross University, €d1arbour, New South Wales 2450,
average observed pG@as 493 atm near the shore and 481 Australia

atm closer to the reef edge. The expected atmosphesic pCO Jose C. Fullon Planet Dive Resort, Anilao, Batangas 4202,
in the next century ranges between 400 anda5i90" These Philippines
CO, levels are what coral reefs will likely experience in the neamMithra-Christin Hajati Landesamtrfiergbau, Energie
future and not the typically higher levels imposed in many und Geologie, 30655 Hannover, Germany
controlled laboratory studfésThe average pGQat Twin Nils Moosdorf Department of Biogeochemistry and Geology,
Rocks is at the top of the next-century range. Twin Rocks is Leibniz Centre for Tropical Marine Research (ZMT), 28359
likely a bright spot among the reefs of the Coral Triangle, one Bremen, Germany; Institute of Geosciences, Kiel University,
that is seemingly thriving in spite of continually receiving warm 24118 Kiel, Germang;orcid.org/0000-0003-2822-8261

hydrothermal groundwater delivering large inputs of CO Christian J. SandersNational Marine Science Centre,

If the VIP coral reefs are resilient to high @©@uts, they Southern Cross Universitys Barbour, New South Wales
may represent an exampléafper CordlsThis term super 2450, Australia
corals has been used to describe corals that remain healthysaac R. Santos National Marine Science Centre, Southern
under impacts of climate chafig®and could be more Cross University, €tlarbour, New South Wales 2450,
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