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Abstract We investigated submarine groundwater discharge (SGD) in a volcanic coastal area that hosts
the world's most biodiverse reefs. Measurements of 222Rn activity in coastal seawater, a tracer for
groundwater, indicated prevalent SGD. In areas where seawater 222Rn activity was generally higher, we
discovered hydrothermal springs emitting acidic waters (pH ~5.4–6.0) and venting magmatic CO2 that
brought local pCO2 levels up to 95,000 ppm. The collection of vents raised CO2 and lowered pH over 1–2 km
of coastline. The hydrogen and oxygen isotope compositions of water and chloride concentration revealed
that the springs discharge recirculated seawater mixed variably with terrestrial groundwater. Shallower
springs and pore water have a higher proportion of terrestrial groundwater than deeper springs, which emit
mostly recirculated seawater. This suggests that different SGD mechanisms are present. The SGD could be
contributing to the evolution and function of the biodiverse ecosystem, but it also represents myriad
pathways for contamination.

Plain Language Summary Groundwater flow from land to sea could have important coastal
impacts but it is usually unrecognized. Delicate reefs may be particularly sensitive to groundwater
inputs. Yet few studies have made connections between groundwater and reefs. We investigated
submarine groundwater in a volcanic coastal area that hosts the world's most biodiverse reefs. By
measuring 222Rn activity in seawater as a tracer for groundwater, we found that groundwater discharge is
prevalent throughout the coast. In areas where seawater 222Rn activity was higher, we discovered
hydrothermal springs emitting acidic waters (pH ~5.4–6.0) and venting volcanic CO2 that brought local
pCO2 levels up to 95,000 ppm. The collection of vents raised CO2 and lowered pH over 1–2 km of
coastline. The composition of water samples indicates that the springs discharge recirculated seawater
mixed variably with terrestrial groundwater. Shallower springs and pore water from the seabed have a
higher proportion of terrestrial groundwater than deeper springs, which emit mostly recirculated seawater.
These waters also interact more with the aquifer matrix. Because different mechanisms of groundwater
flow from land to sea are taking place, the groundwater flow could be contributing to the evolution
and functioning of the ecosystem. However, groundwater also represents potential pathways for
contamination released from land.

1. Introduction and Background on the Site

Coastal ecosystems are critical to society (Barbier et al., 2011). Understanding their resilience and vulnerabil-
ities in the face of climate change and human disturbance is necessary for their sustainable management
(Hughes et al., 2003). They are vulnerable to degradation caused by land‐derived inputs such as sediment
and solutes delivered by rivers (Barbier et al., 2011). Submarine groundwater discharge (SGD) has been
recognized as a pathway for solutes to enter coastal waters (Moore, 1996), suggesting an additional but
unseen input and vulnerability originating from land (Sawyer et al., 2016).
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Coral reefs are a critical feature of coasts that provide ecosystem services to hundreds of millions of people
(Barbier et al., 2011; Spalding & Brown, 2015). In the Philippine marine biodiversity epicenter (Roberts et al.,
2002) where this study was conducted, each square kilometer of reef provides $140K of economic value per
year (Tamayo et al., 2018). Reefs are a threatened coastal resource with some potentially facing extinction
(Carpenter et al., 2008). In addition to direct human disturbance, harm to reefs can come from the effects
of increasing atmospheric CO2 levels, which causes acidification. The negative effects of reef acidification
have been studied by taking advantage of shallow‐water vents that emit CO2 (Fabricius et al., 2011;
Goffredo et al., 2014; Inoue et al., 2013; Munday et al., 2014). Even in places with no CO2 vents, acidification
can be due to discharging acidic groundwater (Crook et al., 2013). These studies all show that hydrogeologic
processes can have an impact on coral reefs. The recognized threats to coral reefs originating from land
(Roberts et al., 2002) have excluded SGD however. This is a critical gap especially since it has been shown
through global analysis of coastal watershed hydrologic budgets that SGD is pronounced, if not highest, in
areas with thriving coral reefs, particularly along the active plate boundaries in Southeast Asia and the
Coral Triangle (Zhou et al., 2019). In fact, historical increases in groundwater nutrient concentrations
from agricultural development have been recorded in coral skeleton in degraded reefs (Erler et al., 2018).
This problem may be more common than recognized.

We studied an area that is at the center of what has been referred to as the “center of the center of marine
biodiversity” in the world (Carpenter & Springer, 2005)—the Verde Island Passage in the Philippines. The
region's geology, tectonic setting, and hydroclimatology are representative of many parts of the
Philippines and are similar to other islands in Southeast Asia. The study area—Calumpan Peninsula
(Figure 1a and supporting information Figure S1)—separates Balayan Bay to its west from Batangas Bay
to the east. The peninsula, which hosts the town of Mabini, has: Miocene to Pleistocene age, fractured
and thus potentially highly permeable volcanic rocks (del Rosario & Oanes, 2010); numerous faults includ-
ing its linear coastline that could serve as fluid pathways; high rainfall of 1,800–2,000 mm/year (Funk et al.,
2014), which promotes high rates of groundwater recharge and downgradient discharge; relatively small
watersheds that funnel water into ephemeral rivers; and high relief. The site is within the so‐called
Macolod Corridor volcanic rift center (Forster et al., 1990) that includes a major active volcano (Taal
Volcano) and is geothermally active (del Rosario & Oanes, 2010). There are two major faults near the site
—the Verde Island Passage Fault and its splay, the Lubang Fault. The favorable combination of factors above
led us to postulate that SGD is significant throughout the peninsula and that it may have different drivers
including volcanic‐hydrothermal phenomena.

Mabini has many long‐established marine protected areas along its coast. Recreation and tourism, particu-
larly catering to scuba divers, have become the main driver of its economy and an alternative source of
income for many locals who used to be fishers (Christie, 2005; Samaniego & Rebancos, 2019). The boom
in tourism could harm the reefs if the terrestrial‐marine connections are not adequately recognized, under-
stood, and included in management and policy decisions. While nutrient‐poor reefs may receive more of
their needed nutrient inputs from groundwater than rivers (Kim et al., 2011), with contamination of aquifers
near the coast, this could lead to damaging eutrophication of reefs that lasts over decades (Tait et al., 2014).
The extent to which groundwater inputs and hydrogeologic processes are actively occurring and whether
they are good or bad for the reefs and shores of the study site in the Philippines are largely unknown. We
sought to determine the presence of coastal and SGD to identify the different forms or mechanisms of their
occurrence and its impacts on coastal waters.

2. Methodology

This study was conducted over a period of 3 years (2016–2019). The field effort included exploration for sub-
marine springs and on‐land springs and wells, development of techniques, collection of samples, and in situ
measurements. First we determined the presence of SGD (representing both fresh groundwater from land
and saline groundwater recirculating through the coastal sediment and aquifer) by measuring 222Rn activity
in coastal seawater around the peninsula. Complementing this are 222Rn activity measurements of discrete
water samples from domestic wells and from springs on‐land and offshore. Water from the same locations
were also analyzed for major ion chemistry and isotopic composition (2H/1H, 18O/16O, and 17O/16O), and
their pH and specific conductivity were measured on‐site. Sources of the water samples analyzed were
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determined by visualizing along a binary mixing line. Finally, upon discovering shallow hydrothermal vents
at a few locations, we also measured in situ pH and pCO2 of surface and bottom seawater with a submersible
infrared CO2 analyzer. Underwater in situ measurements were done through scuba diving along the seabed
at a fixed depth or at specific sites, that is, right at the springs and vents. The vents included bubbles of gas
seeping from the seafloor. Gas samples were thus collected in situ by scuba divers and then analyzed for their
chemical and carbon isotopic (13C/12C) composition. The underwater measurements and exploration are
presented in Movies S1–S4. The suite of approaches allowed for simultaneous characterization of SGD
across the region and right at and near the points of discrete discharge. It led to a conceptual picture for
SGD and the hydrogeology of the site. Further details on the methods are provided in the
supporting information.

3. Groundwater Tracing Reveals the Prevalence of Discharge Along the Coast
With Some Hot Spots

We found that coastal seawater has a persistent signal of groundwater, with 222Rn activities ranging from 0.8
to 41.8 Bq/m3 with an average of 11.1 Bq/m3 (Figures 1b and 1c). Open seawater had no measurable 222Rn.
Groundwater samples from domestic wells in the peninsula have expectedly high 222Rn activity, from 781 to
9,899 Bq/m3 with an average of 4,107 Bq/m3 (Figure 1d), and water from two submarine springs have even
higher concentrations (7,092 and 14,947 Bq/m3; Table S1). The seawater 222Rn signals were present during
the different times we conducted synoptic measurements. 222Rn hotspots (strong signals) are always present
along the coast (Figures 1b and c), with higher activities generally found in the southeastern coast of the
peninsula. We found shallow‐water hydrothermal vents (SHVs) releasing thermal waters through discrete
submarine springs and gases through bubble plumes (Figure 2) at the southeastern coast.

Figure 1. Key geologic features at the study site and results of 222Rn and pCO2 measurements. Panel a shows the main geologic formations in the area, which are
mostly volcanic rocks. It also shows several faults and lineaments. Several popular dive sites are denoted by red squares. Panels b and c show results of
underway 222Rn measurements at different locations denoted by dots; the surveys were conducted in April 2016 (panel b), April 2017 (white dots in panel c), and
July 2017 (blue dots in panel c). Panel d shows measured 222Rn concentrations in groundwater taken from on‐land wells. Panels e and f show measured in situ
pCO2; the results in panel e are from underway measurements of seawater conducted from a boat, and the results in panel f are from in situ bottom‐water
measurements conducted while scuba diving along the 15‐m isobathymetric line.
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4. Carbon Dioxide Vents and Acidification of Coastal Waters

The SHVs in the southeastern coast were typically identified by dramatic gas vents or sometimes by the
presence of pockmarks and repeating conical mounds (Figure 2). Bubbles were usually seen first and then
thermal springs were often found upon closer inspection. Samples of gas from the vents were found to be com-
posed of more than 90% CO2. The δ

13C values of these samples ranged from −6.8 to −7.3‰ (see Table S1).
Biogenic CO2 can be ruled out as a source since these are isotopically much lighter (δ13C of −23‰
following Sharp, 2006). Our measured δ13C is consistent with observed and theoretical δ13C values for CO2

degassed from magma in Kilauea Volcano, which varied from −7.8 to −3.4‰ (Gerlach & Taylor, 1990).
The average for reported CO2 δ13C of approximately −4‰ (Chiodini et al., 2008) from the Solfatara in
Pozzouli Volcano is also near our values. Thus, the CO2 at the site is most likely of magmatic origin and
ultimately sourced from mantle materials, both of which have δ13C of approximately −6‰ (Sharp, 2006).

Figure 2. Panels a–i shows results from some in situ pCO2 measurement transects throughout Mabini, Batangas,
Philippines. The map shows the location of the sites, denoted by dots. The sites are connected by the red lines to their
corresponding pictures that show the pCO2 (ppm) ranges. Panel h shows results of continuous, in situ pCO2 measure-
ments and some in situ pH measurements from dive traverses along the 15‐m isobathymetric line. The two main areas
with dramatic shallow hydrothermal vents are in Secret Bay and Bubbles Point. The points in Figure 1f are a subset
of the points presented in panel h. Most of the thriving reefs are found in the west (a–c) where pCO2 is more typical,
whereas the seabed tends to be comprised of sediment and patchy reefs in the east (d–h) where the springs and CO2 vents
are present. The pictures in a, b, c, g, and h show a diver with the in situ, real‐time CO2 sensor.
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Since the CO2 vents and groundwater discharge are connected, we later surveyed the concentration of CO2

(or partial pressure pCO2) in surface seawater through underway measurements with an infrared CO2

analyzer. Additionally, the pCO2 of bottom water at a depth of 15 m was measured in situ using the same
instrument operated in autonomous mode. The latter measurements are referred to as “bottom water” to
distinguish them from surface seawater. Hotspots of seawater pCO2 were found in roughly the same loca-
tions as the 222Rn hotspots in the southeastern part of the peninsula (Figure 1e). Seawater pCO2 reached
as high as 1,200 ppm near a 222Rn hotspot area (Figures 1c and 1e). From the southern tip of Calumpan
Peninsula, which is called Mainit Point, seawater pCO2 remained at around and over 430 ppm over roughly
a kilometer‐long section of the coast going to the east (Figure 1E). The bottom‐water pCO2 was similarly
high over the same area (Figure 1F). In the west and north of Mainit Point, seawater and bottom‐water
pCO2 were always lower compared to the east of it.

We identified two major areas where gas vents are concentrated. One area is at the locale called Secret Bay
that is immediately east of Mainit Point. Another is a dive site further to the east referred to fittingly as
Bubbles Point or “Bubbles” for short (Figure 2h). The bottom‐water dive transects (shown in Figures 1f
and 2h) did not purposely overlap with any SHVs; divers carrying the CO2 sensor swam at a constant pace
along the planned depth following the seabed while ignoring the presence or absence of seeps and SHVs. The
bottom‐water transect therefore measured the ambient pCO2 levels in the area. There is a clear increase in
bottom‐water pCO2 transitioning from west to east of Mainit Point, from about 420 to 450 ppm (Figure 2h).
The bottom‐water pCO2 remained above 420 ppm across the Secret Bay area. Further eastwards, across the
Bubbles Point area, the bottom‐water pCO2 ranged from approximately 450 to 675 ppm. The increase in
pCO2 in Bubbles was accompanied by a drop in in situ measured pH of 0.25 units, from 7.91 to 7.66
(Figure 2h). pH was measured separately by a submersible sensor with a pH electrode.

Taking the CO2 sensor to the discharge points revealed what are likely the highest local pCO2 values
measured in coastal waters. The most dramatic levels were found in an area with relatively deep bubble
vents. This area, hereafter named Soda Springs, is at a water depth of 55 m and is within Secret Bay
(Figure 2d and Movies S1 and S2). pCO2 ranged from 60,000 to 95,000 ppm right at Soda Springs. A few tens
of meters away from Soda Springs and toward the shore is a broad sandy area at a depth of 50mwith curtains
of bubble streamers (Figure 2e and Movies S1 and S2). The pCO2 at this site ranged from 4,000 to 6,000 ppm
(Figure 2e). The pH of a water sample collected at this site was 6.65. Closer to the coast, about 100 m going
toward land from Soda Springs, the pCO2 of bottom water at 15‐m depth across Secret Bay ranged from
420 to 450 ppm (Figure 2h). At the surface in Secret Bay, no bubbles are visibly obvious, and most of the
gas bubbles have redissolved before reaching the surface. The pCO2 in an area with SHVs and lots of bubble
streamers in Bubbles Point, which gives the site its name, ranged between 600 and 620 ppm (Figure 2f). On
the western side of the peninsula, the pCO2 of both surface seawater and bottom seawater are more typical of
nonacidified seawater, with levels staying below 420 ppm (Figures 1 and 2).

5. Acidic Thermal Springs and Subsurface Mixing of Discharged Groundwaters

The SHV springs emit acidic thermal waters with a measured pH range of 5.42–6.85 (Table S1), which is
much lower compared to open seawater with a pH of 8.11 measured hundreds of meters offshore. In situ
temperatures measured with conductivity–temperature–depth probes range from 50 °C to 55 °C at the point
of discharge. Discrete samples of the coastal seawater within a few tens of meters off the coast and where
SHVs are present have a pH of 6.50–7.90. The samples from the submarine springs are all Na‐Cl‐SO4 waters
(like seawater) and have a specific conductivity very close to seawater (Table S1).

The source of SHV spring waters was determined through visualization along a binary mixing line using
what is postulated as a pure groundwater sample as one end‐member and open water seawater as the other.
The groundwater end‐member is a sample taken from a shallow open domestic well. This water was the
freshest sample we encountered (see sample GW in Table S1 and well location in Figure S2). Its isotopic
composition also shows that it is recharged precipitation. GW falls directly on the global meteoric water line
(Figure 3a), and its deuterium excess (d = δ2H‐8·δ18O; Figure 3d) of 10.28‰ is similar to precipitation; from
Global Network of Isotopes in Precipitation stations, the d for rainfall in the Philippines is 12.8 ± 2.3‰ (the
Manila station nearest to our site has d = 8.8‰). δ2H, δ18O, and chloride were considered in the mixing line
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calculation; the proportion of groundwater versus seawater is readily apparent based on visual inspection of
a sample's location along this line. The samples fell to the right of the mixing line in δ2H‐δ18O mixing space
(Figure 3a). This shift might either be due to evaporation or geothermal fluid‐rock interactions (Sharp, 2006)
or mixing with magmatic waters (Yardley, 2009). However, all samples fell closely along the conservative
mixing line in δ2H‐Cl space (Figure 3b). This suggests that some samples have experienced an 18O shift,
which might be explained by geothermal processes (Sharp, 2006).

The location of the samples along a binary mixing line revealed that the SHV spring waters are mostly of sea-
water composition (50% or more) but with some mix of terrestrial groundwater. The water samples show a
clear progression of mixing (Figure 3; see Table S1 for complete description, and see Figure S2 for sampling
locations). A sample discharging from a groundwater well close to the coast whose water is used to fill a hot
spring pool at Sea's Spring Resort (sample A) and a sample from a hot spring located at the beach in front of
Planet Dive Resort, which gets exposed during very low tides (sample B; see Figure S3 for a picture of the
site), have the highest proportions of mixed‐in groundwater. These are then followed by samples from sub-
marine springs that are relatively shallow (6–9 m of water depth; samples C and D; see Figure 3 for pictures).
Pore water samples (samples E–H; see Figure S5 for pictures) showed a clear progression of having more
groundwater mixed‐in with increasing depth within the sandy seabed. This progression was accompanied

Figure 3. Panels a, b, d, and e show the isotopic and chloride composition of water samples; panel d shows the deuterium
excess (d), and panel e shows the 17O excess (Δ17O). The horizontal bars in panel e denote the analytical error. The
letter labels denote the following: GW, terrestrial groundwater; a to d, on‐land and shallow submarine springs; e to h, pore
water from seabed sand; and i to l, relatively deep submarine springs. Panel c shows a conceptual interpretation of the
hydrogeology of the study area based on locations of water samples and their seawater proportions (i.e., the decimal values
along the mixing line in panel b). Note that the diagram is conceptual and not necessarily to scale. Table S1 provides
further details on the sample location and chemistry. The locations where the samples are from and pictures of the sites are
found in the supporting information figures.
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by decreasing specific conductivity (Table S1). Water from deeper submarine springs had seawater fraction
of upwards of 85%. Deeper springs at Bubbles (samples J and K in figures and tables; see Figure S6 for
pictures) were discharging water that was more than 90% seawater. However, water discharging from a very
deep spring at Soda Springs (sample I; see Figure 2d) had relatively and slightly more groundwater mixed‐in
with it, with 88–90% seawater fraction.

The clustering of water samples is also apparent in their isotopic composition (Figure 3). The d of samples A
to D, whose order also follows increasing seawater fraction, progressively became more different from GW,
and the d of samples I–L progressively became more similar with SW. Samples A–D, which have higher
fractions of terrestrial groundwater also exhibit strong 18O shifts relative to the conservative mixing line
(Figure 3a), indicating more extensive geothermal water‐rock interactions. With the exception of sample
H, samples E–L have δ18O similar to SW, indicating little to no water‐rock interactions. A positive shift in
18O results in smaller (more negative) d. The expected pattern in d associated with a positive 18O shift is seen
in Figure 3d—samples A–D have the smallest d, whereas samples I–L have d values that become
progressively similar to SW. Sample H is unique among all samples in that it is similar to both GW and
SW. In terms of δ2H and Cl, it is like seawater but in its d and 17O excess (or Δ17O, see Figure 3e and
supporting information), it is closest to GW. The 17O excess of the samples, except for GW andH, which have
high Δ17O that are more similar to precipitation (Luz & Barkan, 2010), are close to that of SW (Figure 3e).

The submarine spring waters also contribute dissolved CO2 to the coast. Spring waters were analyzed for
pCO2 using the same sensor that was used for the in situ measurements. The submarine spring waters from
Bubbles, the source of samples J and K in Figure 3, had a pCO2 of 29,550 and 38,364 ppm, respectively. Pore
water samples collected from the seabed at Bubbles had even higher pCO2 levels of 76,876 and 78,679 ppm.
Water from a beach spring (sample B) and water from a deep domestic well at the Planet Dive Resort had a
pCO2 of 8,767 and 8,842 ppm, respectively.

6. Comparison With Other Similar Areas With CO2 Seeps and Vents

Other studies of reefs with CO2 seeps have also reported high pCO2. In Milne Bay in Papua New Guinea,
pCO2 approached ~1,000 ppm (Fabricius et al., 2011). Higher values reaching 1,465 ppm were found off
Iwotorishima Island, Japan (Inoue et al., 2013). Values as high as 52,000 ppm were found for some seawater
samples near Ischia Island in Italy (Hall‐Spencer et al., 2008). There, the investigators also reported that gas-
tropod shell dissolution took place at such high pCO2 levels. The highest pCO2 we measured at Soda Springs
is almost double that of the highest reported in Hall‐Spencer et al. (2008). The rest of the coast of Calumpan
Peninsula just east of Mainit Point, which has a pCO2 range between 400 and 600 ppm, is ideal for investi-
gating a reef whose CO2 levels are what are expected for the next century (Hughes et al., 2017). Previous stu-
dies on coastal CO2 vents did not simultaneously analyze groundwater discharge and thus did not explicitly
make a connection between terrestrial and submarine hydrogeologic processes and flow paths. An exception
is a study on the natural acidification around the submarine springs in Puerto Morelos, Mexico, which dis-
charge acidic groundwater (pH of 6.70–7.30) (Crook et al., 2013). Very near (fewmeters) these springs where
reduced coral calcification was observed, the pHwas monitored to range from 7.15 to 8.05. In comparison, at
the eastern side of Calumpan Peninsula where we observed springs, vents and higher 222Rn activities, the pH
ranged from 7.65 to 7.9 over about a kilometer of coastline. Model calculations have shown that the pH of the
ocean can drop by 0.77 by the year 2300 (Caldeira & Wickett, 2003)—this would lead to the pH values we
observed near the springs.

7. Conceptual Picture for SGD at the Site and its Implications

Different local and regional SGDmechanisms have been shown in different parts of the Philippines. As typi-
cal in other places, SGD can be driven by seaward water table gradients present in coastal unconfined aqui-
fers comprised of unconsolidated alluvium (Cardenas et al., 2015), resulting in discharge across the intertidal
to shallow subtidal zone. However, terrestrial SGD may extend offshore through faults and fractures
(Cantarero et al., 2019) and exit through discrete openings that are either directly open to the sea or buried
under sediment (Zamora et al., 2017). In addition to these mechanisms, SGD may be due to recirculation of
seawater through sediment driven by wave and tidal pumping and through density‐driven convection
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(Santos et al., 2012). In volcanically active areas where pronounced geothermal gradients are present,
thermal convection of groundwater near coasts and just beneath the sediment‐water interface can be
dramatic and lead to springs with high flow rates as found in the crater lake of Taal Volcano near the study
site (Cardenas et al., 2012). We surmise that all the groundwater flow mechanisms described above are
taking place around Calumpan Peninsula.

The results are synthesized into the conceptual interpretation depicted in Figure 3h that illustrates the SGD
mechanisms and points to the specific water samples and their relative locations where the mechanisms
manifest. Even if some of the SGD occurs through discrete features, mixing calculations show that some
submarine spring waters could have as much as 45% terrestrial groundwater. This implies that although
there is substantial outflow of land‐derived groundwater, before being discharged into the ocean, these
mix with seawater. These waters also interact extensively with the aquifer matrix. Pore waters extracted from
0.3 to 1 m within the sandy seabed under a few meters of seawater are compositionally up to 15% terrestrial
groundwater. This high rate of mixing with seawater can be the result of density‐driven flow due to salinity.
That is, as focused terrestrial SGD flows through coastal sediment, it entrains some relatively dense seawater
that has infiltrated the sediment. Moreover, the mixing can be driven by thermal convection within the sedi-
ment. SGD discharging along beaches and the subtidal zone is also easily mixed with seawater because of
tidal and wave pumping.

The general increase in seawater proportion of the discharged spring waters with increasing depths indicates
that groundwater flow mechanisms are different between springs near and at the beach and those that are
deeper (>10 m). The deeper hot springs also have dramatic flow rates and are clearly coming out from dis-
crete openings rather than exfiltrating from porous and permeable sediment. If the subsurface plumbing of
the deep springs was perfectly connected to the aquifer on land, they should have relatively high proportions
of groundwater given the high discharge rates. This was not the case; the dramatic deep springs were
compositionally very similar to seawater. Given these observations, these deep springs are thus interpreted
to be forced by thermal convection whereby seawater infiltration and exfiltration define convective flow
paths that are then focused by discrete features such as fractures. The lower extent of water‐rock interaction,
indicated by smaller shifts in δ18O and d closer to seawater, suggests that these flow paths are over short dis-
tances, have high flow velocities, or both.

The volcanic degassing of CO2 in the region is driving the release of CO2 bubbles. However, at depth within
the aquifer, degassed volatiles from deep‐seated sources should also be dissolving in groundwater. This
would explain why all discrete groundwater samples analyzed for pCO2 exhibited very high levels.
Independent of free‐phase CO2 venting, groundwater is a source of CO2 and acidity.

The multiple previously unrecognized SGD pathways in the area are likely important for its ecology. These
pathways also represent an important vulnerability present throughout the peninsula. Development of
Calumpan Peninsula is concentrated along the coastal highway, which enabled the proliferation of resorts.
Mabini has no central sewage collection and treatment. Hence all infrastructures rely on septic tanks.
Because the aquifers of the area are comprised of permeable, fractured volcanic rocks, any introduced fluids
and solutes may reach the coast over short time scales. Given the prevalence of SGD at the site and its multi-
faceted nature, it is important that SGD be considered in the assessment, protection, and management of its
coastal ecosystems, as well as in other similar sites in the Philippines and throughout Southeast Asia and the
Coral Triangle.
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