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a  b  s  t  r  a  c  t

Study  region:  The  study  region  encompasses  the  nearshore,  coastal  waters  off  west
Maui,  Hawaii.  Here  abundant  groundwater—that  carries  with  it a strong  land-based
fingerprint—discharges  into  the  coastal  waters  and  over  a coral  reef.
Study  focus:  Coastal  groundwater  discharge  is a ubiquitous  hydrologic  feature  that  has  been
shown to  impact  nearshore  ecosystems  and  material  budgets.  A unique  combined  geo-
chemical  tracer  and  oceanographic  time-series  study  addressed  rates  and  oceanic  forcings
of submarine  groundwater  discharge  at a submarine  spring  site off  west  Maui,  Hawaii.
New  hydrological  insights  for  the region:  Estimates  of submarine  groundwater  discharge
were  derived  for a primary  vent  site and  surrounding  coastal  waters  off  west  Maui,  Hawaii
using  an  excess 222Rn (t1/2 =  3.8  d)  mass  balance  model.  Such  estimates  were  complemented
with  a  novel  thoron  (220Rn,  t1/2 =  56  s)  groundwater  discharge  tracer  application,  as  well  as
oceanographic  time  series  and thermal  infrared  imagery  analyses.  In combination,  this  suite
of  techniques  provides  new  insight  into  the connectivity  of  the coastal  aquifer  with  the  near-
shore  ocean  and  examines  the  physical  drivers  of  submarine  groundwater  discharge.  Lastly,
submarine  groundwater  discharge  derived  constituent  concentrations  were  tabulated  and
compared  to  surrounding  seawater  concentrations.  Such  work  has  implications  for  the
management  of  coastal  aquifers  and downstream  nearshore  ecosystems  that respond  to
sustained  constituent  loadings  via  this  submarine  route.

Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

. Introduction
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

Many islands in the Pacific Ocean are relatively small in size, which makes them especially vulnerable to ocean storms
Dollar and Tribble, 1993; Zhang and Sheng, 2015) as population centers and associated infrastructure align along coastal
orridors. Because many of these islands must rely heavily on groundwater as the main source of drinking water (Hunt and
osa, 2009; Gingerich, 2008; Gingerich and Engott, 2012), the coastal aquifers are particularly sensitive to both marine (i.e.,
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waves, sea-level rise, saltwater intrusion) and terrestrial (pollution, groundwater over-extraction) stressors (Ferguson and
Gleeson, 2012; Ketabchi and Behzad, 2015). Groundwater on tropical Pacific Islands is recharged seasonally by precipitation
that can be more intensive on the windward side of some high islands (Johnson et al., 2014). This poses challenging intra-
island water resources issues (Grubert and Webber, 2015), and as precipitation has also been shown to trend with longer-
term climate patterns such as the El Niño-Southern Oscillation (ENSO), climate is thus directly linked to island groundwater
resources and sustainability (Strauch et al., 2015).

The sea influences groundwater levels in many coastal aquifers (cf. Cooper et al., 1964) and can affect nearshore sediment
transport (Horn, 2006) and biogeochemical transformations (Beck et al., 2007; Rotzoll et al., 2010; Vallejos et al., 2015). The
dynamic hydraulic gradient between the sea and coastal groundwater changes in response to wave setup and run up, ocean
tides, currents, barometric pressure change, and sea level fluctuations. The tidal signal is attenuated in a coastal aquifer with
both distance from shore and depth, and this relation can be used to obtain hydraulic aquifer properties that are essential in
long term assessments of water availability and water quality (Rotzoll and Fletcher, 2013). The magnitude and direction of
coastal groundwater flow across the seabed can change with the tide; often the greatest submarine groundwater discharge
(SGD) rates occur just after low tide when the hydraulic gradients are steepest (Li et al., 1999; Burnett et al., 2001; Swarzenski,
2007; Swarzenski and Izbicki, 2009; Swarzenski et al., 2007; Charette et al., 2008; Moore, 2010; Santos et al., 2012). While
SGD can be a ubiquitous, albeit diffuse coastal feature that has been shown to be important in coastal material budgets
(Beck et al., 2007; Swarzenski et al., 2007; Slomp and Van Cappellen, 2004; Rodellas et al., 2015a,b; Tovar-Sanchez et al.,
2014), some high permeability environments yield abundant submarine springs, where the discharge of coastal groundwater
occurs through single or multiple vent features (Swarzenski et al., 2001; Kim et al., 2003; Gonneea et al., 2014; Bakalowicz,
2015; Parra et al., 2015).

Submarine springs have been much less studied than diffuse SGD, yet are important sources of ‘new’ water and associated
constituents to coastal ecosystems, such as coral reefs that typically occur in oligotrophic waters (Swarzenski and Kindinger,
2003; Fleury et al., 2007; Kim et al., 2011). The salinity of discharging groundwater can extend from near fresh to fully marine
and may  be strongly influenced by the tide and waves (Dimova et al., 2012). Nutrients, trace elements, and other constituents
discharged from submarine springs can reveal a direct connection back to the adjacent terrestrial watershed. Groundwater
residence times and the biogeochemical nature of a coastal aquifer can vastly transform terrestrial constituents en route to
the sea. Thus, submarine springs have been shown to play an important role in the health of coral reefs (Prouty et al., 2016).
New studies suggest that sites of sustained SGD, either conveyed by submarine springs or by diffuse flow, may  also influence
coral bio-erosion rates by altering the pH regime of coastal waters (Vega-Thurber et al., 2014; Evenhuis et al., 2015).

The focus of this paper is to utilize a suite of geochemical tracers and oceanic time-series measurements to examine
rates and scales of submarine groundwater discharge at a prominent submarine vent field located just off the coast of west
Maui, Hawaii. Here, persistent, focused groundwater discharges into very shallow coastal waters and presents an ideal
environment in which to set up in situ experiments on the marine drivers of submarine groundwater discharge and to test
the novel application of short-lived 220Rn as a SGD prospecting tool.

2. Study site

The target submarine springs occur in shallow (∼2–3 m)  waters just off the coast of west Maui, approximately 6.5 km
north of Lahaina in the Kahekili Beach Park area (Fig. 1). The island of Maui is the second largest of the Hawaiian Islands
and is composed of two  prominent shield volcanoes that influence much of the island’s tropical climate (Langenheim and
Clague, 1987). Whereas the climate of Maui is characterized by mild and generally uniform temperatures, mean annual
precipitation rates vary dramatically with altitude and distance from shore (Gingerich and Engott, 2012). Within just a few
kilometers from the coast, mean annual precipitation rates can reach close to 900 cm,  as observed on the summit of west
Maui at Pu‘u Kukui. This is in sharp contrast to precipitation rates that can fall below 50 cm yr−1 in the vicinity of the study site
(Giambelluca et al., 1986). The geologic features of west Maui have been studied extensively (Stearns and Macdonald, 1942;
Langenheim and Clague, 1987). Although Wailuku Basalt is the dominant rock type of west Maui, a veneer of unconsolidated
sedimentary deposits may  occur along the coast (Fig. 2). These sedimentary deposits and underlying weathered volcanic
rocks form a low-permeability confining unit (“caprock”), which restricts the flow of groundwater discharge at the coast
(Gingerich and Voss, 2005; Hunt 2007; Gingerich and Engott, 2012; Rotzoll and Fletcher, 2013).

2.1. Hydrologic and oceanographic setting

Groundwater in Hawaii occurs in the flank lavas as a thin, freshwater basal lens overlying seawater (Fig. 3), and farther
inland, in high-level water bodies impounded by much less permeable dykes (Stearns and Macdonald, 1942; Souza 1981;
Gingerich and Voss, 2005; Gingerich, 2008). Groundwater inputs occur as natural recharge from rainfall and infiltration from
streambeds, and as artificial recharge from irrigation and anthropogenic wastewater inputs. Natural recharge is greatest
in the interior mountains where rainfall is heaviest, but a legacy of large and smaller scale agriculture has dramatically
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

changed rates and magnitude of artificial groundwater recharge in lower elevation, agricultural areas (Shade, 1996; Johnson
et al., 2014). Almost 80 years of groundwater recharge for west Maui was estimated by Engott and Vana (2007), who
noted dramatic −40% declines in recharge rates during the period 1926–2004. Gingerich and Engott (2012) extended earlier
recharge estimates through 2008 and found that as reductions in irrigation and prolonged drought conditions continued for
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Fig. 1. Location map  of the primary vent site off west Maui, Hawaii. Also depicted are the locations of three adjacent 222Rn time-series moorings (A–C),
the  stationary FLIR camera, and the Lahaina Wastewater Reclamation Facility (LWRF). Note ADCP and ADV instruments and the 4 thermal arrays were all
deployed at the primary vent site D. All surface water and vent water sampling was conducted at the primary vent site.
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Fig. 2. Simplified surficial geologic map  of west Maui, Hawaii, showing the different sedimentary and volcanic deposits (modified from Gingerich and
Engott,  2012). The location of Kahekili Beach Park submarine springs are highlighted.
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ig. 3. Simplified hydrogeologic cross-section in the Kaanapali region of west Maui showing precipitation rates, the groundwater table, and likely ground-
ater  transport regimes (modified from Gingerich and Engott, 2012). The location of Kahekili Beach Park submarine springs are highlighted.

est Maui, the combined period 2000–2008 yielded the lowest recharge rates (∼3 × 105 m3 d−1) since 1926. For comparison,
he total recharge rate for the period 1926–1979 was  the highest and close to twice the 2000–2008 rate. The discharge of
roundwater occurs as direct extraction from wells, base flow to streams, and seepage to the ocean. While estimates of well
ithdrawals and base flow contributions to streams are quantifiable components of comprehensive water budget estimates

Souza, 1981; Gingerich and Engott, 2012), direct measurements of coastal groundwater discharge are still rare.
The flow of groundwater to the coast is controlled by hydraulic properties of aquifer material, such as porosity, dispersivity,

nd hydraulic conductivity and the anisotropy in these parameters. The geology of the area surrounding the study site is
ominated by Wailuku Basalt, a band of unconsolidated sediment along the coast, and a small outcrop of Lahaina Volcanics
o the south. In general, weathering reduces the permeability of all volcanics through the oxidation of Fe and Mn  bearing

inerals, thereby reducing porosity and increasing tortuousity. Permeability controls hydraulic conductivity (K), and as the
ank lavas exhibit such a high permeability, the water Table gradient (Gingerich and Engott, 2012) in the non-diked area is
enerally quite small (∼1 cm per 50 m).  The regional horizontal hydraulic conductivity of the dike-free volcanic rocks range
p to many hundreds of meters per day (Burnham et al., 1977; Rotzoll et al., 2010; Hunt, 2007). On Maui, estimates of the
atio of horizontal to vertical hydraulic conductivity in the water bearing units ranged from 200 to 800 to 1 (Gingerich,
008). In contrast, Gingerich (2008) had to use values ranging from ∼2–5 m d−1 for horizontal hydraulic conductivity and
0.1–0.2 m d−1 for vertical hydraulic conductivity of the sedimentary and valley-filling deposits to achieve satisfactory
odel results.
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

A MODFLOW groundwater modeling component (Glenn et al., 2013) contributed to the following general controls on
egional groundwater transport to the submarine springs of Kahekili Beach Park: (1) density differences between fresh
ater and seawater, (2) low hydraulic conductivities in the alluvium and weathered basalts associated with modern- and
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ARTICLE IN PRESSG Model
EJRH-220; No. of Pages 19

6 P.W. Swarzenski et al. / Journal of Hydrology: Regional Studies xxx (2016) xxx–xxx
Fig. 4. Photo illustration of the primary vent site D and some of the oceanographic time-series instruments deployed during July 2013. Note the presence
of  gas bubbles in the water column showing sustained submarine groundwater discharge (SGD) and associated N2 release. Photo credit: P.W. Swarzenski
(USGS).

paleo-channels of the Honokowai Stream form an effective hydraulic barrier to the north both on land and offshore, (3)
anisotropy with the dominant axis aligned north–south and perpendicular to the dip of the lava flows. These hydrologic
controls combine to convey groundwater in a southwesterly direction towards the submarine springs, as noted by Hunt and
Rosa (2009).

Groundwater discharged to the coastal waters is subject to mixing and dispersion by waves and currents. Storlazzi and
Field (2008), Storlazzi and Jaffe (2008) and Storlazzi et al. (2006) studied the circulation, residence times, currents, and
wave climate in the coastal waters of west Maui. Typically, in shallow (<10 m)  water, circulation is influenced by wave- and
wind-driven surface currents, while on the outer reef circulation is driven more by tidal forcings. Integrated along-shore
current speeds were typically an order of magnitude larger than cross-shore current speeds. Along the 5-m water depth
contour line, an observed mean flow of 0.10 m s−1 would yield a total water turn over time (replacement time) of just over
3 days, although such an estimate is likely long, as oscillatory tidal flows will enhance these mean flow speeds considerably
and reduce turn over times.

2.2. Kahekili Beach Park submarine springs

The studies of Dollar and Andrews (1997), Dollar et al. (1999), and Soicher and Peterson (1997) were among the first to
document anomalous nutrient concentration gradients in the coastal waters off Lahaina and inferred an enhanced terrestrial
nutrient source (including groundwater) as a likely cause of the water quality degradation. More systematic studies by
Smith et al. (2005), Dailer et al. (2008, 2010, 2012) and Hunt and Rosa (2009) used �15N in algae and an exhaustive suite
of water quality parameters (including pharmaceuticals), respectively, to delineate zones most likely influenced by sewage
injectate-impacted groundwater discharge. These and other studies including extensive SCUBA investigations (Glenn et al.,
2013) documented the occurrence of multiple submarine vents in the shallow waters north of Kahekili Beach Park that are
easy to detect as the discharging water is typically warmer than ambient seawater and rich in N2 gas bubbles (Glenn et al.,
2012), and may  create a surface water plume most noticeable at low tide.

A study of submarine groundwater discharge and associated constituent loadings was subsequently conducted in 2010 by
Swarzenski et al. (2012, 2013) who developed 222Rn-derived submarine groundwater discharge rates at the primary vent site
and in surrounding coastal waters. The Lahaina Wastewater Reclamation Facility (LWRF) is located less than 500 m inland
from the coast (Fig. 1) and ∼1 km from the primary vent site and uses several injection wells for treated wastewater effluent
disposal. A comprehensive suite of tracer studies including tracer dye injections by Glenn et al. (2012, 2013) established that
direct hydrologic, geochemical and thermal links existed between the warm, treated wastewaters effluent injected at the
LWRF and the groundwater emanating from the submarine vents. Dailer et al. (2012) observed that the coralline rubble and
rock surrounding the submarine vents was often coated with a black precipitate, indicative of a Fe- or Mn-oxide deposit.
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

Glenn et al. (2012) subsequently confirmed that these coatings were amorphous MnO2 that precipitated as low-oxygen
groundwater discharges into oxic bottom water. The well-known ability of these Mn-oxides to effectively scavenge (Moon
et al., 2003) dissolved Ra (a radiogenic parent of Rn) will prove useful in the application of thoron (220Rn, t1/2 = 56 s) as a very
short-lived submarine spring discharge ‘prospecting’ tracer (Section 4.5).

dx.doi.org/10.1016/j.ejrh.2015.12.056
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Fig. 5. Schematic diagram showing the optimized RAD7 configuration and sampling setup to analyze for both vent water and bottom water radon (t1/2 = 3.8
d)  and thoron (t1/2 = 56 s). Modified from pers. comm.  with Derek Lane-Smith, Durridge, Inc.

Table 1
Nutrient concentrations (�M) in near-shore bottom water and vent groundwater (2010, 2013) at the primary vent site and from the Lahaina wastewater
reclamation facility and a suite of upland groundwater production wells (State Well ID: HA2, KP3, KP1, KP2, KP5, and KP4).

Salinity Dissolved oxygen NH4
+ Silicate PO4

3− [NO2
− + NO3

−] DIN DON TDN
(mg  L−1) (�M)

Bottom water (July, 2010)
Mean 33.8 – 0.07 16.0 0.11 0.20 0.19 6.69 6.88
±  0.2 – – 5.93 0.06 0.15 0.14 1.20 1.22
Min  33.4 – 0.07 9.48 0.05 0.03 0.03 5.65 5.68
Max  34.1 – 0.07 25.4 0.23 0.40 0.40 9.30 9.48

Vent  groundwater (July, 2010)
Mean 2.8 1.2 0.09 629 12.1 41.3 41.4 10.5 51.9
±  0.8 0.3 0.04 139 0.60 1.24 1.25 1.21 1.78
Min  1.5 0.7 0.03 432 10.0 38.4 38.4 8.81 48.9
Max  4.4 1.9 0.17 814 13.1 42.2 42.3 12.8 54.7

Vent  groundwater (July, 2013)
Mean 7.4 1.0 0.31 581 9.08 72.3 72.6 98.4 148
±  3.7 0.6 0.18 35.8 1.12 15.0 15.0 59.5 56.3
Min  4.2 0.3 0.11 548 8.05 55.6 55.9 17.1 85.7
Max  12.3 1.6 0.60 633 10.5 91.5 91.8 148 240

Lahaina wastewater reclamation facility (LWRF, July 2013)
Mean 1.0 7.0 31.3 521 26.0 270.4 301.8 77.6 379.4
±  – – 6.30 24.3 1.56 37.8 44.1 34.4 78.6

Upland production wells (July 2013)
Mean 0.4 8.9 0.08 693 3.32 70.6 70.7 4.37 75.1
±  0.2 0.2 0.04 89.8 1.46 39.2 39.2 4.12 43.0
Min  0.2 8.7 0.01 576 1.79 34.1 34.1 0.77 35.7
Max  0.6 9.1 0.12 806 5.61 124 124 11.8 137

dx.doi.org/10.1016/j.ejrh.2015.12.056
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Table  2
Trace element concentrations (nM) in bottom water and vent groundwater (2010) at the primary vent site.

Bottom water

Mo  Ba V U Cr Mn
(nM)

Mean 106 30.2 39.2 11.0 59.6 112
±  2.9 0.30 5.80 0.3 60.8 98.0
Min  98.0 29.0 32.0 10.0 3.0 7.0
Max  110 30.0 51.0 11.0 178.0 320

Vent  groundwater
Mean 45.3 17.2 291 0.8 82.8 12,220

±  7.50 3.5 44.4 0.2 64.3 1,990
Min  30.0 11.0 200 0.6 1.0 8,355
Max  54.0 22.0 348 1.0 204 14,500

3. Methods

Initial field work at the Kahekili Beach Park submarine vent site was conducted 11–16, July 2010 and then revisited during
7–12 July 2013 to assess the marine forcings on SGD rates using a suite of oceanographic instruments and a combination of
both radon and thoron as SGD tracers (Fig. 1). Details of the sampling techniques used during the 2010 field campaign are
summarized in Swarzenski et al. (2012).

The 2013 fieldwork built on previous field experiments that utilized 222Rn mass balance calculations to derive SGD rates
at the primary vent site and in adjacent coastal waters. Briefly, a 3–4 tidal cycle time-series of 222Rn activities in vent and
coastal water was used to calculate SGD rates (Swarzenski et al., 2012). A suite of water samples was also collected from
the discharging vent and bottom water using trace element clean sample collection techniques. These water samples were
analyzed for dissolved nutrients (NH4

+, Si, PO4
3−, [NO3

− + NO2
−]), dissolved inorganic nitrogen (DIN), dissolved organic

nitrogen (DON), total dissolved nitrogen (TDN), and select dissolved trace elements (Mo, Ba, V, U, Cr, and Mn)  following
trace element clean sampling methods described in Swarzenski et al. (2007, 2009, 2012). Nutrients were analyzed at the
Woods Hole Oceanographic Institution (WHOI) nutrient laboratory via flow injection analysis for NH4

+, Si, PO4
3−, and

[NO3
− + NO2

−], with precisions of 0.6%, 0.8%, 0.9%, and 0.3% relative standard deviations, respectively. Select trace element
(Mo, Ba, Re, V, and U) concentrations were determined by high-resolution inductively coupled plasma mass spectrometry
(HR-ICP–MS) at the University of Southern Mississippi (USM Center for Trace Analysis).

For the 2013 field work, an inflatable boat was carefully anchored above the most prominent vent site D and was  used as
a mooring platform to house an array of instruments and detectors (Fig. 1). Because of the inherent difficulties in sampling
the discharge of any submarine spring before the groundwater discharge plume gets overwhelmed with ambient seawater,
a piezometer point was carefully inserted directly into the most active vent. A Teflon sampling tube was  connected to this
piezometer and routed to the moored inflatable. By continuously sampling from this piezometer, vent water with salinities
as low as 3 were obtained (ambient seawater salinities were ∼34–35).

During the 2013 deployment, the following oceanographic instruments were deployed in the shallow waters of the study
site (Figs. 1 and 4): an upward-looking 2-MHz Nortek Aquadopp acoustic Doppler current profiler (ADCP), a downward-
looking 6 MHz  Nortek Vector acoustic Doppler velocimeter (ADV) that was focused on the most active vent site, and four
vertical thermistor arrays that each consisted of 3 RBR Solo temperature probes tethered to a subsurface float and anchored
to the seabed. One temperature array was positioned directly above the vent site and the remaining three were positioned
at equal distances from the center array.

The ADCP collected data in 0.25-m bins from the seafloor up to the surface for 250 s at 2 Hz every 5 min. to allow calculation
of tidal height (m), mean current speeds (m s−1), and mean current directions (◦True). Directional wave data were recorded
for 1024 s at 2 Hz every hour; these data included wave height (m), wave period (s), and mean wave direction (◦True).
The ADV recorded high-precision, three-dimensional eastward, northward, and upward velocity point measurements and
pressure in hourly bursts of 1024 measurements at 2 Hz (17.1 min). The water pressure bursts were used to calculate the
spectral wave energy. The water column thermistor arrays each consisted of 3 RBR Solo (temperature) sensors (depth from
the water surface = −0.3 m,  −0.5 m,  and −1.3 m)  and set to sample at a frequency of 5 s. On the center, vent thermistor array,
an additional RBR Duo (pressure and temperature) was placed on the seabed anchor and also set to a sampling frequency of
5 s.

On the inflatable boat, three RAD7s radon detectors were setup to continuously sample for vent water and bottom water
222Rn (t1/2 = 3.8 d), and vent water 220Rn (t1/2 = 56 s). The following setup was optimized for both 222Rn and 220Rn analyses
(pers. comm.  Dr. Derek Lane-Smith, Durridge, INC.). Briefly, vent water was continuously pumped using a 12 V peristaltic
pump into an high-flow air/water exchanger fitted with a continuous temperature data logger (Fig. 5). Air from the exchanger
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

was directed through a water trap, an auxiliary variable-speed air pump, and a passive Drystik before being split into two
regulated lines that were directed into the 222Rn and 220Rn RAD7s. The 222Rn RAD7 was set up to acquire data at a 15 min.
sampling frequency, in continuous run time mode, and with an air flow rate of 0.2 L min−1. In contrast, the 220Rn RAD7 was
set up with a 5 min. sampling frequency, an intermittent run time (1 h on/2 h off/1 h on, etc) using an air flow rate = 2 L min−1.

dx.doi.org/10.1016/j.ejrh.2015.12.056
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ig. 6. Examples of true color (A) and night time uncorrected thermal infrared images (B, C) obtained from a stationary, hand-held FLIR camera positioned
bout  100 m away from the primary vent site.

irflow rates were precisely controlled using dedicated needle valves and flow meters. The exhaust air stream from both
AD7s was merged before being routed into the passive Drystik and then back to the exchanger. ‘Bottom’ water 222Rn
as continuously sampled at a depth of −0.5 m from the surface using a 12 V bilge pump and a dedicated RAD7 (15 min.

ampling rate) and exchanger. Rn-222 was quantified using the counts in Window A from the �-emitting radon daughter
18Po (t1/2 = 3.10 min), while 220Rn was analyzed using the counts in Window B from the �-emitting radon daughter 216Po
t = 0.15 s). The salinity and temperature of the vent water and bottom water were continuously recorded using calibrated
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

1/2
SI multi-probes.

The groundwater emanating from the west Maui submarine springs is warmer than ambient seawater (Swarzenski et al.,
012; Glenn et al., 2012, 2013). This is unlike many other coastal groundwater sites where the discharging water is usually

dx.doi.org/10.1016/j.ejrh.2015.12.056
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cooler than ambient seawater (Johnson et al., 2008; Kelly et al., 2013). To capitalize on this thermal anomaly, a fixed-position,
thermal infrared (TIR) camera was used to delineate the size and shape of the SGD-influenced surface plume over several
tidal cycles (Fig. 1). TIR imagery was obtained using a FLIR model SC660 handheld thermal imaging camera during the same
July 2013 sampling campaign. The camera was positioned on an ocean-facing, third story hotel balcony about 100 m inland
and an intervelometer captured imagery every 60 s. The FLIR camera has a resolution of 640 × 480 pixels, a spectral range
of 7.5–13 �m,  a sensitivity of 30 mK  at 30 ◦C, and a minimum accuracy of ± 1 ◦C.

4. Results and discussion

4.1. Nutrients and trace element concentrations

Select nutrient and trace element concentrations were analyzed in both the primary vent water and ambient seawater
to assess the scale of terrestrial inputs into nearshore seawater. Tables 1 and 2 present contrasting nutrient and trace
element concentrations of a suite of samples collected during July 2010, 2013 of submarine vent- and adjacent bottom-
water, respectively. In general, the groundwater discharging from the primary vent site had a lower pH (<7.5) than ambient
coastal water (∼8.0). In 2010, the mean salinity of the discharging vent water was  2.8 ± 0.8, while the mean bottom water
salinity was 33.8 ± 0.2. The mean dissolved oxygen concentration of the discharging vent water was consistently hypoxic
at 1.2 ± 0.3 mg  L−1. Dissolved nutrient concentrations of the discharging vent water were also quite different than observed
in bottom water. For example, the mean Si concentration in discharging vent water of 629 ± 139 �M was ∼39 times as
enriched relative to the bottom water mean concentration of 16.0 ± 5.9 �M.  Similarly, the discharging vent water was
more than 100 times (PO4

3−), 200 times ([NO2
− + NO3

−] and DIN = dissolved inorganic nitrogen), 1.5 times (DON = dissolved
organic nitrogen), and 7.5 times (TDN = total dissolved nitrogen) as enriched relative to bottom water concentrations. The
suite of trace elements also exhibited pronounced differences in the discharging vent water and in bottom water, with
concentrations reflecting the low dissolved oxygen content of the discharging groundwater. For example, the mean dissolved
Mn concentration in discharging vent water of 12,220 ± 1990 nM was enriched more than 100 times over the mean bottom
water mean concentration of 112 ± 98 nM.  Vanadium was also 7.4 times elevated in the discharging vent water (mean V
concentration = 291 ± 44.4 nM), while Mo  (0.4 times), Ba (0.6 times), and U (0.1 times) were all more enriched in the bottom
waters than in the reducing vent water.

Nutrient concentrations were also measured in July 2013 in the discharging vent water, the LWRF injectate, and in five
upland production wells removed from any marine influence. While the mean dissolved oxygen concentrations in vent
water were similar for 2013 (1.0 ± 0.6) and 2010 (1.2 ± 0.3), the mean salinity of the vent water was about 2.5 times higher
in 2013 (7.4 ± 3.7) than in 2010. The mean nutrient concentrations observed in 2010 and 2013 were generally on the same
order of magnitude, with the notable exception of DON, which was  enriched about 9-fold during 2013. The LWRF injectate
samples were enriched 0.9 times (Si), 2.5 times (PO4

3−), 4.8 times ([NO2
− + NO3

−]), 5.3 (DIN), 1.4 times (DON), and 3.8
times (TDN) relative to combined mean 2010 and 2013 vent water concentrations. For comparison, the upland production
well samples were all oxygenated (mean dissolved oxygen concentration 8.9 ± 0.2 mg  L−1), and while Si, [NO2

− + NO3
−],

and DIN concentrations were similar to the mean combined 2010 and 2013 vent water concentrations, DON and PO4
3−

concentrations were markedly lower (0.31 times and 0.08 times), respectively.
The findings of Glenn et al. (2012, 2013) indicate that while there are several hundred small vent features in the shallow

(<3 m)  waters off Kahekili Beach Park, larger, non-ephemeral submarine springs are rarer and can be grouped into two
N-S trending clusters. Dye tracer experiments and geochemical mixing models suggest that up to 96% (mean 62%) of the
discharging vent water can be sourced back to the LWRF injectate, although redox- and microbially-mediated biogeochemical
transformation reactions within the coastal aquifer modify constituent loads as they are transported to the sea. These
reactions reduce nitrogen via denitrification (Dailer et al., 2010, 2012; Hunt and Rosa, 2009; Glenn et al., 2012, 2013)
and also enrich phosphate (Swarzenski et al., 2012; Glenn et al., 2013), introducing some uncertainty into mixing-model
calculations.

4.2. Thermal IR imagery

As the discharging groundwater temperature at the primary submarine vent site is consistently warmer and more buoyant
than ambient seawater, the thermal signature of the surface water over time can provide an estimate of the groundwater-
influenced surface plume size and shape. A total of 2580 true color and infrared images of the primary vent site were collected
identically during the July 2013 fieldwork. Only night-time infrared data were used in assessments of SGD plume dynamics
to minimize the effects of solar heating. Without applying corrections to address the camera viewing angle (in this case
∼75◦) that affect how well an absolute water temperature can be inferred from TIR data (Duarte et al., 2006), each TIR image
was consistently processed to eliminate any intra-image variability and then grouped into user-defined temperature bins
to assess change over time.
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

As shown in Fig. 6B and C, the uncorrected FLIR data can be used in this manner to assess the relative change in surface
water temperature over time. Such analysis provides an easy way  to evaluate change in the surface water temperature
regime over time or tidal stage. Based on the these simple methods, a strong thermal front was most prominent during the
falling tide and reveals the width of a band of warm surface water most impacted from the discharging submarine spring;
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Fig. 7. Results from the four thermistor arrays that were located at the primary vent site (array D) as well as in the surrounding water column (array A–C).
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A)  shows the water level (tide), (B) shows the time-series, bottom water temperature record for each of the four arrays, and (C) shows a 2D image of the
ertical temperature distribution at the primary vent site (array D). Sustained, anomalous warm bottom water temperatures were picked up by array D,
nd  likely reflect a hydrologic response to a large swell event that just preceded the observational record.

he areal extent of waters greater than 22 ◦C and 23 ◦C each increased by more than an order of magnitude during the falling
ide. While Johnson et al. (2008) and Kelly et al. (2013) have clearly shown the utility of airborne IR imagery to identify
nd study sites of sustained surface water SGD expressions over large water bodies, the use of handheld TIR cameras shows
romise as a surveying tool to identify SGD sites and can also provide a rapid, cost-effective perspective on the presence,
cales, and dynamics of SGD (Duarte et al., 2006).

.3. Thermistor arrays
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

Heat carried by groundwater can be a powerful hydrologic tracer (Anderson, 2005) to study both infiltration and discharge
ates (Taniguchi, 1993; Banks et al., 1996; Constantz et al., 2002; Niswonger and Prudic, 2003; Taniguchi et al., 2003). The
our thermistor arrays deployed in the shallow waters at the primary vent site were not used to obtain rates of hydrologic
xchange—the water column is much too shallow and dynamic for such derivations—but rather to assess to what extent
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Fig. 8. Wave conditions during the experiment. (A) Mean and standard deviations of significant wave height (Hs) for hours of the day (HST), and (B) mean
and  standard deviations of significant wave height versus as a function of tidal height. Note that waves were largest in the afternoon due to sea breezes
and  during higher tides, demonstrating that this area is depth-limited for the wave heights and periods observed during the study.

the thermal signature of the discharging groundwater plume is visible in the adjacent water column. Scales of mixing can
be easily assessed from these temperature arrays. Temperatures at all three depths of each thermistor array ranged from a
low of about 25.5 ◦C to just above 27.0 ◦C, and showed little vertical structure at any of the four arrays (Fig. 7). Pronounced
anomalies in the temperature record were expressed primarily in the bottom waters at the primary vent site (site D), where
unusual spikes in temperature were most pronounced during a falling tide. These thermal anomalies lasted for a ∼12-h
period starting at 2100 on 9 July 2013, and capture the response of the hydrologic system at the primary vent site to a large
northeasterly swell event that occurred just before the sampling event rather than just ambient tidal forcings per se.

4.4. Winds and waves

The tides of west Maui are mixed, semi-diurnal and the tidal range during the deployment period in July, 2013 was
∼0.66 m.  Circulation patterns in the shallow coastal waters off west Maui are driven by wave- and wind-driven surface flows
(Storlazzi et al., 2003, 2006). During the July 2013 sampling period, wind speeds were generally <5 m s−1 in the mornings
and late evenings and peaked above 10 m s−1 in the early afternoons. The wind direction during this time of year was
predominantly southerly. Mean significant wave heights generally decreased from 0.5 m at the beginning of the experiment
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

to 0.3 m by the end of the study (Fig. 8), but were modulated by the sea breeze and tide, with slightly larger waves in the
afternoon when the winds were the strongest and the tides were higher, which allowed for larger depth-limited waves. The
dominant wave period was ∼14.5 s for much of time series and gradually decreased to ∼13.5 s by 12 July. The near-seabed and
near-surface current speeds ranged up to 0.19 m s−1 and 0.23 m s−1, with mean values of 0.06 and 0.07 m s−1, respectively. A
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Fig. 9. Map  showing ADCP-derived 3-h cumulative surface water flows during around successive low tide events at the primary vent site D. The cumulative
flow  vectors are colored relative to the date and time (top panel). Note that the current velocities and thus cumulative flow distances were greater and
oriented offshore when the tide dropped from the higher high to the higher low, whereas they were smaller and oriented onshore when the tide dropped
f

l
o
n
i
w
(
t
l

d
a
s
r
t
s

rom  the lower high to the lower low.

ow-tide snapshot (when groundwater discharge rates are greatest) revealed that surface currents were strong and directed
ffshore during the largest decrease in water depth when the tide dropped from higher high to higher low tide, resulting in
et derived cumulative flow carrying the groundwater-laden surface waters offshore (Fig. 9). During the smaller decrease

n water depth when the tide dropped from the lower high to the lower low, however, the currents and resulting mean flow
as weak and oriented onshore. As submarine groundwater discharge rates were generally highest just after low tide events

see Section 4.5), such results provide estimates into how the freshened SGD plume mixes with ambient seawater and is
ransported away from the primary vent site. Such transport processes have implications to coral health, as both constituent
oadings and contact or residence times affect exposure.

The 2 Hz ADV water pressure and vertical velocity records were analyzed to evaluate the effects of tides and waves on vent
ischarge. During high tides when waves were also larger, the change in water column depth (i.e., pressure) was greatest,
nd the vent showed a larger dynamic response (0.011 m s−1 upward dbar−1) than during lower tides, when the waves were
maller (0.007 m s−1 upward dbar−1); these relationships were significant above the 95th percentile. This greater dynamic
esponse to waves at high tide occurred despite the 2 ± 5 mm s−1 faster vertical flow out of the vent at low tide than at high
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

ide. Together, these show the influence of water levels and hydraulic gradients—both at wave and tidal frequencies—on
ubmarine groundwater discharge at the vent site.
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Fig. 10. (A) 2013 time-series record of the tide and vent groundwater salinity, (B) vent groundwater 222Rn activities. A mean vent water 222Rn activity of
25,200  dpm m−3 is used in the derivation of SGD rates at the primary vent site. (C) time-series water column 222Rn activities recorded over several tidal

cycles. A calculated 222Rn-derived SGD rate of 87 ± 45 cm d−1 multiplied by the area (70 m × 100 m;  Glenn et al., 2013) most influenced by the cluster of
discharging vents surrounding the primary vent site studied here yields a volumetric SGD rate of 6,100 m3 d−1.

4.5. Radon and thoron as submarine groundwater spring tracers

Radon-222 is a powerful naturally occurring tracer to study water transport processes, including combined (fresh and
saltwater) submarine groundwater discharge (Burnett and Dulaiova, 2003; Burnett et al., 2003, 2007a). The utility of the
isotope is that it has a short half-life (t1/2 = 3.8 days) that is closely matched to many hydrologic time scales of interest (∼4
times t1/2), is a noble gas and so chemically inert, and is usually much enriched in groundwater relative to surface water
(Swarzenski, 2007; Charette et al., 2008). Recent advances in the analyses of 222Rn have been simplified by a commercially
available RAD7 Rn-in-air monitor and a simple water-air exchanger that enables one to calculate the aqueous Rn activity
from the measured air activity using the temperature dependent partitioning coefficient (Burnett et al., 2001; Burnett and
Dulaiova, 2003; Dulaiova et al., 2006; Swarzenski et al., 2006; Schubert et al., 2012). This advance in instrumentation has
reinvigorated interest in 222Rn as a hydrologic tracer in lakes (Cartwright and Gilfedder, 2015), rivers (Atkinson et al., 2015;
Ortega et al., 2015), and the coastal ocean (cf. Rodellas et al., 2015a,b).

During July 2010, a groundwater and bottom water 222Rn time series was conducted at the primary vent site D (Swarzenski
et al., 2012) and also at three additional water column sites surrounding the primary vent site (Fig. 1). The three distal 222Rn
mooring sites were chosen based on bottom sediment type as well as distance away from the primary vent site D. Site A
targeted sand deposits south of the primary vent site, site B was located seaward of the primary vent site to discern the
offshore extent of the active submarine vents, and site C was  located north of the primary vent site and targeted volcanic
outcrops (Swarzenski et al., 2012). Rn-222 in the discharging vent site D showed a clear inverse relation with the tide. A
mean 222Rn activity in the discharging vent groundwater of 27,000 dpm m−3 was used in mass balance calculations to derive
SGD rates at all four surface water sites for July 2010. This groundwater endmember value agrees well with similar values
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

as reported in Peterson et al. (2009). By developing a mass balance for excess 222Rn in the surface waters, the following
SGD rates were derived: at the primary vent site D the SGD rate was highest (mean = 55 ± 56 cm d−1); at the peripheral sites
A, B, and C, Rn-derived SGD rates were 21 ± 36, 30 ± 41, and 22 ± 41 cm d−1, respectively. As site B may  be influenced by

dx.doi.org/10.1016/j.ejrh.2015.12.056


ARTICLE IN PRESSG Model
EJRH-220; No. of Pages 19

P.W. Swarzenski et al. / Journal of Hydrology: Regional Studies xxx (2016) xxx–xxx 15

   
 w

at
er

 c
ol

um
n 2

20
R

n
(a

rb
itr

ar
y 

un
its

 p
er

 m
-3
)

22
0 R

n 
in

ve
nt

or
y

(a
rb

itr
ar

y 
un

its
 p

e r
 m

-2
)

minutes

w
at

er
 d

ep
th

   
   

 (m
)

3.2

3.0

2.8

2.6

2.4

2.2

2.0

3.0

2.5

2.0

1.5

1.0

0.5

0.0

7.0

6.0

5.0

4.0

3.0

2.0
0 200

03:00 07:00 11:00 15:00

03:00 07:00 11:00 15:00

3-pt moving average

3-pt moving average

b = 0.057603
r2 = 0.90

low tide07/11/2013

slope
mean gw activitySGD = 

0.057603 units m-2  min-1

82 units m-3
= 

=  101 cm d-1

     =  area x SGD rate 

(A)

(B)

(C)=   7,070 m-3 d-1

F
p
e

t
p

p
2
d

ig. 11. (A) 2013 time-series record of the tide, (B) bottom water 220Rn activities (arbitrary units per m−3) and (C) using 220Rn inventories (arbitrary units
er  m−2) to derive an SGD rate of 101 cm d−1. Multiplying this 220Rn-derived SGD rate by the area most impacted by the submarine vents (7,000 m2; Glenn
t  al., 2013) yields a volumetric SGD rate of 7,070 m3 d−1.

ide-dependent offshore transport of surface water, the heightened SGD signal observed at this site may  be attributed in
art to Rn-rich vent water advected into deeper water.
Please cite this article in press as: Swarzenski, P.W., et al., Observations of nearshore groundwater discharge: Kahekili
Beach Park submarine springs, Maui, Hawaii. J. Hydrol.: Reg. Stud. (2016), http://dx.doi.org/10.1016/j.ejrh.2015.12.056

Acknowledging the assumptions inherent in such a 222Rn model that accounted for atmospheric radon evasion, in-situ
roduction from its radiogenic parent 226Ra, coastal mixing and tidal exchange (Burnett and Dulaiova, 2003; Burnett et al.,
001, 2003, 2006, 2007a; Dulaiova et al., 2006; Swarzenski et al., 2006, 2007, 2009), such results confirm that groundwater
ischarge was most pronounced at the primary vent site, but was still detectable at the distal 222Rn time series site B (Fig. 1).
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This implies that groundwater discharge is not just constrained to the shallow vent site D, but as modeling has also shown
(Gingerich and Engott, 2012), is much more regional in scale.

For the July 2013 field operations, 222Rn time-series measurements were again conducted in the groundwater and bottom
waters at the primary vent site to obtain combined SGD rates. Radon measurements were also expanded to also include
the very short-lived tracer thoron, 220Rn (t1/2 = 56 s). The premise for attempting to utilize 220Rn as an event submarine
groundwater tracer is two-fold; Glenn et al. (2012) documented the occurrence of Mn-oxide coatings on submarine vent
rocks which are well known to effectively concentrate parent Ra isotopes and thus provide an enriched source of localized
Rn isotopes, and 222Rn activities are considerably elevated in the discharging submarine groundwater (consistently above
25,000 dpm m−3 in waters with salinity <4) so the groundwater here is indeed rich in U/Th-series weathering products.

A 2013 time-series record of the tide versus vent groundwater salinities at site D shows that salinity measurements
were consistently below 5 except during high tide events, when the salinities increased to above 12 and revealed tidally-
forced seawater infiltration (Fig. 10a) . A mean groundwater (Fig. 10b) 222Rn activity of 25,200 dpm m−3 and water-column
222Rn activities that showed clear peaks during low tide events (Fig. 10c) were used in the derivation of SGD rates. A 222Rn-
derived SGD rate of 87 ± 45 cm d−1 multiplied by the area (70 m × 100 m;  Glenn et al., 2013) most influenced by the cluster
of discharging vents surrounding the primary vent site yields a volumetric SGD rate of 6,100 m3 d−1. This value compares
favorably with the total Rn-derived SGD rates obtained by Glenn et al. (2013) who also inferred that ∼3/4 of their total SGD
rate (6,300 m3 d−1) at this site consisted of fresh water. Both the 2010 and 2013 222Rn data illustrate that this groundwater
tracer, that was enriched at least 6-fold in vent groundwater relative to bottom waters, is effective at quantifying ground-
water discharge rates in the submarine vent field off Kahekili Beach Park. Such results provide an integrated perspective on
groundwater discharge which reflects the diffuse and widespread nature of SGD at this site.

Due to its 56 s half-life, the presence of any 220Rn in a water column must indicate a very nearby source of thoron, and thus
groundwater. Therefore, perhaps the best use of thoron might be as a prospecting tool for sites of significant groundwater
outflows. At the Kahekili Beach Park submarine vents, the 220Rn source stems from a prolonged buildup of radium by MnO2
deposits that have precipitated as reducing groundwater becomes oxidized during discharge. This is similar to what Burnett
et al. (2007b) observed in a New Jersey municipal water supply system where pipe scales effectively concentrated radium
isotopes, thus producing a ‘radon generator’. Chanyotha et al. (2014) used a similar RAD7 setup to prospect for 222Rn and
220Rn while underway in Bangkok canals and the analytical derivations to obtain thoron results presented here are identical.
The thoron activities shown in Fig. 11 are based on three-point averages since the thoron RAD7 was set to 5-min cycles
and the count rates were expectedly low. Assuming a low-tide mean 220Rn activity (n = 3) of 82 ± 3 arbitrary units (arbitrary
units are used here as the loss of 220Rn during sampling is difficult to constrain) in discharging groundwater, inventories of
220Rn over time are used to obtain an SGD rate of 101 cm d−1, which equals a volumetric rate of 7070 m3 d−1 if multiplied
by the SGD-influenced area of Glenn et al. (2013). This 220Rn-derived SGD rate is somewhat higher than the simultaneously
derived 222Rn SGD rate (87 ± 45 cm d−1). This may  reflect the much shorter integration time for thoron, which was confined
here to just one low tide event. Also, in the radon model the mixing losses are estimated based on the negative net Rn fluxes.
While this is inherently a conservative approach, the overall agreement between these two  methods is good.

5. Conclusions

Recent studies have highlighted the disproportionately large rates of submarine groundwater emanating from volcanic
islands (e.g. Garrison et al., 2003; Kim et al., 2003; Johnson et al., 2008; Street et al., 2008; Peterson et al., 2009; Cardenas et al.,
2010; Huang et al., 2011; Swarzenski et al., 2013). This study utilized a combination of oceanographic-, thermal infrared
imagery-, and 222Rn and 220Rn- time-series measurements, to study rates and scales of submarine groundwater discharge
at a nearshore underwater vent site off west Maui, Hawaii. At this site, groundwater with a salinity as low as 3 is discharged
into a coastal water column that is ∼2 m deep. Sustained SGD at this site introduces terrestrially derived nutrient and trace
elements, some of which are considerably elevated over ambient seawater values. SGD rates obtained in 2013 using thoron
(101 cm d−1) and radon (87 cm d−1) compared favorably, considering the differences in the half-life of these two  isotopes
and the method assumptions. Oceanographic and thermal infrared imagery time-series analyses showed that discharge
was modulated by tides and waves, and that mixing and advection of discharged groundwater also varied significantly
with tides, winds, and waves. The combination of naturally occurring SGD tracers (222Rn and 220Rn) with a compliment of
oceanographic time-series analyses provides new insight into how this coastal aquifer is connected to and interacts with
the near-shore ocean.
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