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ABSTRACT 

Submarine groundwater discharge (SGD) is a major pathway for nutrient 

transport in coastal marine systems. There are indications that SGD may also release 

large amounts of dissolved organic matter (DOM) to the coastal ocean and thus impact 

coastal ecosystem functioning. DOM is usually quantified as dissolved organic carbon 

(DOC), which requires discrete sampling. Therefore, detailed time series on tidally

driven SGD cannot easily be obtained for DOC. The chromophoric component ofDOM 

(CDOM) can be monitored via specific fluorescence in high temporal resolution and in 

situ. Here we hypothesize that SGD is a significant source of CDOM to the coastal ocean, 

impacting optical properties and biogeochemical cycles of coastal waters. In this context 

we also evaluated the possibility of using CDOM as a proxy for DOC in a subterranean 

estuary. 

To test our hypothesis, a case study was performed in a shallow bay in the 

Northern Gulf of Mexico. CDOM was continuously monitored in situ for approximately 

three weeks in a groundwater well on a beach and 300 m offshore in the adjacent bay. 

The radon isotope 
222

Rn was also continuously measured as a conservative tracer for 

submarine groundwater in the bay. Discrete samples for DOC analysis and associated 

variables were collected to cover one tidal cycle (15 hours). 

In a simple SGD model, CDOM concentrations in the bay were predicted by 

multiplying 
222

Rn concentrations in the bay (as a measure for SGD) with CDOM 

concentrations in the well (as the groundwater endmember). This was done for each hour 

during the entire sampling period. If a lag-time of one hour between groundwater and bay 

was considered, the predicted CDOM significantly correlated (p<O.Ol) with the measured 

CDOM in the bay. Independent statistical tests, including chlorophyll a, salinity and 

water level data, confirm this finding and demonstrate that CDOM in the bay is mainly 

driven by freshwater SGD. More detailed analysis of the time series data show that short

term time series of24 hours or less can lead to erroneous results in estimating SGD. 

CDOM and DOC significantly correlated for the groundwater endmember, and CDOM 

could thus be transformed into DOC concentrations. It was estimated that at least 0.6 
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Mega-mole DOC are delivered to the entire Gulf Coast of Florida in a day via SGD 

which is similar in order of magnitude as riverine fluxes. 

Keywords: submarine groundwater discharge, chromophoric dissolved organic matter, 

CDOM, subterranean estuary 
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INTRODUCTION 

Groundwater discharge is considered to be a significant source of nutrients to the 

coastal ocean, and a large fraction of these nutrients reach the sea in form of dissolved 

organic matter (Santos et al., 2008b). This process may considerably impact coastal 

ecosystem functioning. Therefore, the quantitative determination of the nutrient and 

dissolved organic matter (DOM) release through submarine groundwater discharge 

(SGD) is essential for the closing of coastal nutrient budgets and for coastal management. 

This study investigates the use of chromophoric dissolved organic matter (CDOM) as a 

proxy for DOMin a subterranean estuary in the Northeastern Gulf of Mexico. 

Globally, subterranean estuaries may contribute as much water as 40% of the total 

river flow to the coastal ocean. Contrary to rivers, however, submarine groundwater 

discharge (SGD) can be fresh or saline (Moore, 1996). Valiela et al. (1990) emphasized 

that nutrient concentrations in coastal groundwater can be several orders of magnitude 

greater than in surface waters, which highlights the potential role of SGD as significant 

source of nutrients to coastal oceans, possibly affecting element cycles on the global 

scale. 

The coastal groundwater aquifer functions as a biogeochemical reactor mobilizing 

nutrients and releasing DOM from sedimented particles. Where freshwater and seawater 

in the aquifer mix, biogeochemical processing of organic matter and inorganic 

constituents is accelerated. Redox processes in the sediment (Riedl et. al., 1972), the 

release of trace elements (Shaw et. al., 1998), and the processing of nutrients, metals, and 

carbon (e.g. Slomp and Cappellen, 2004; Cai and Wang, 1998; Moore, 1999) have been 

described in the literature. The comparatively long residence time of water in 

subterranean estuaries increases the effectiveness of material exchange between water 

and solids. Advective and diffusive transports disperse these solutes, thereby supporting a 

broad range of microbial activities. 

Because of anthropogenic influences on the nutrient composition in many 

subterranean estuaries (e.g. through excessive fertilizer application), coastal zones may 

change from N-limited toP-limited systems (Slomp and Van Cappellen, 2004). 

Compared to inorganic nutrients, our knowledge on the cycling of organic constituents in 
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subterranean estuaries is scarce. Especially where the aquifer is relatively close to the 

surface, DOM from continental runoff can reach the groundwater and high concentrations 

ofDOM have been observed in shallow subterranean estuaries (e.g. Santos et al., 2008a). 

It is likely that this DOM contains degradable substrates that support growth of 

heterotrophic microbes in the sediment. DOM is often quantified as dissolved organic 

carbon (DOC). However, the analysis ofDOC requires discrete samples and detailed time 

series cannot easily be obtained. This is problematic, because subterranean estuaries are 

strongly affected by tidal fluctuations (Santos et al., 2008a). On the other hand, CDOM, 

the chromophoric component ofDOM, can be determined in situ via fluorescence 

detection, and detailed time series can be obtained. In the coastal aquifer, freshwater 

CDOM mixes with seawater CDOM and is then discharged to the coastal ocean. Possible 

sources ofCDOM in the coastal aquifer are the decomposition of terrestrial plant 

materials (Nakane et al. 1997; Yolk et al., 1997; Uchida et al., 2000), anthropogenic input 

(Derbalah et al., 2003; Azevedo et al., 2000; Mostofa et al., 2005), and by-product of 

primary or bacterial production stimulated by nutrients and the availability of organic 

matter (Carder et al., 1989; Del Castillo et al., 2000). 

The experimental site of this study was located on the northeastern coast of the 

Gulf of Mexico (Turkey Point, Florida). Several studies on SGD have been conducted in 

this area (Burnett and Dulaiova, 2003; Cable et al., 1996; Lambert and Burnett, 2003) 

including studies of the biochemistry of nutrients in the subterranean estuary (Santos et 

al., 2008a; Santos et al., 2008b ). In the latter study, it was concluded that nutrient 

concentrations in waters discharging into the coastal ocean are altered significantly by 

biogeochemical processes in the subterranean estuary. It was found that even though 

fresh water accounts only for ｾＵＥ＠ of the total SGD; it is an important pathway of 

nutrients as a result of the biogeochemical processes in the subterranean mixing zone 

(Santos et al., 2008a; Santos et al., 2008b ). Also the concentrations of dissolved organic 

nitrogen (DON) and DOC were high in the shallow aquifer (Santos et al., 2008a). DOM 

was possibly produced from degrading organic materials from pine woods located 

landward of the beach that seeped into the subterranean estuary. Moreover, it was also 

noticed that there was seagrass debris accumulation on top of the sand at the high tide 

line. Stabenau et al. (2004) concluded in their lab experiment that seagrass can be a 
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source of CDOM. Phytoplankton, filtered into the beach sand by waves may be another 

source of the CDOM found in the shallow aquifer. 

The objective of this study was to quantify the CDOM flux of a subterranean 

estuary to the coastal ocean as a proxy for the DOM release, and to determine the role of 

the submarine groundwater discharge as source of CDOM and DOM to the coastal ocean. 

To this end, a time series study was conducted in the Northeastern Gulf of Mexico. Over 

a time period of three weeks, CDOM was monitored in a well in a subterranean estuary 

and in the adjacent bay, along with radioisotope groundwater tracers and other variables, 

such as salinity, water level and chlorophyll a. In support of the CDOM monitoring, 

discrete water samples were taken for chemical analysis. Our results demonstrate that 

CDOM is a valuable proxy for DOM discharge and that in the northeastern Gulf of 

Mexico SGD contributes significantly to the coastal DOM pool. 
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MATERIALS AND METHODS 

The Study Area 

For details on the study site refer to the previous studies performed at Turkey 

Point (see above). Briefly, the subterranean estuary in this area combines diffuse seepage 

via tidal pumping near the shore from an unconfined shallow aquifer and submarine 

springs from the deeper, confined Floridan Aquifer. In this area, the annual precipitation 

is ｾ＠ 150 em on average with maximum rainfall occurring between June and October. The 

water depth is only ｾＲｭ＠ as far as 1,000 m offshore (Lambert and Burnett, 2003) and the 

average tidal range is 1.0 m (Santos et al., 2008b ). The types of sediment at our study site 

have been characterized in previous studies. Sand lies on the upper meter and mud 

beneath it until carbonate rock substrate is reached at around 5 m below surface. 

Groundwater temperature in the shallow subterranean estuary slightly fluctuates between 

seasons with a minimum of 21 °C in winter, and 25°C in fall. The seawater temperature is 

highest in summer (30°C), twice as high as in the winter (14°C). Average groundwater 

concentrations (Santos et al., 2008a) in fall and winter in the upper sediment (0-2 m) 

were 620 !J.M and 952 !J.M for DOC, 28 !J.M and 20 !J.M for dissolved organic nitrogen, 54 

!J.M and 5 !J.M for dissolved inorganic nitrogen, 2.8 !J.M and 3.8 !J.M for phosphate, and 49 

!J.M to 55 !J.M for silicate, respectively. 

Sampling and analysis 

Sampling. Groundwater in the subterranean estuary and water of the adjacent bay 

was continuously monitored over a three-week period from 22 Sep. to 13 Oct. 2007 for 

CDOM, radon e22
Rn) and other parameters as described below. In addition to this 

automated monitoring, discrete water samples were taken hourly over one tidal cycle on 

28 September 2007 for analysis of DOC and total dissolved nitrogen (TDN). 

Groundwater samples were drawn from a 0.5 m deep well which was located 2.3 m 

inshore the high tide mark It was noticed in previous studies (Santos et al. 2008a, Santos 

et al. 2008b) that this is the most dynamic location of the subterranean estuary in terms of 

biogeochemical reactions and salinity fluctuations. About 80% of fresh groundwater 

discharges to the adjacent bay are derived from the upper meter (Santos et al., 2008b). 
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Seawater samples were collected from the bay through a pipe through which water was 

continuously pumped from 300m offshore and 1.6 m depth into the marine laboratory 

located at Turkey Point. 

CDOM Measurements. Two CDOM sensors were deployed over the three-week 

period. One was installed in the well (hereafter referred to as CDOM groundwater) and 

one connected to the seawater line in the marine laboratory (hereafter referred to as 

CDOM seawater). CDOM groundwater was measured with a Wetlabs ECO 3 sensor that 

simultaneously determines CDOM fluorescence and chlorophyll a fluorescence. This 

sensor was attached to a rope and lowered into the pre-installed PVC well until the water 

level was reached and the sensor was submerged. CDOM in seawater was measured by a 

Wetlabs ECO Fluorometer, equipped with a copper wiper to avoid biofouling. The 

sensors were calibrated by the manufacturer using quinine dihydrate and the CDOM 

concentration is expressed in ppb quinine. The excitation I emission wavelengths used in 

these devices are 370/460 nm for CDOM and 470/695 nm for chlorophyll a. Both sensors 

were configured to measure CDOM (and chlorophyll in the well) in 5 minute time 

intervals. 

Physicochemical and physical parameters. A CTD (conductivity, temperature 

and depths) probe was deployed in the well and in the baywater outlet to continuously 

measure salinity and temperature, and water level in the well. Precipitation data were 

obtained online (www.wunderground.com) from a weather station located at Alligator 

Point, about 1 0 km away from our study site. In addition to continuous in situ monitoring, 

salinity, temperature, and pH were measured with a YSI™ probes immediately after 

collection ofthe samples. 

Radon. The radon isotope 
222

Rn is an excellent tracer for SGD in coastal waters 

(e.g. Burnett et al. 2006), because it is continuously released from sediments through the 

radioactive decay of
226

Ra, which in tum is derived from the longer-lived antecedent 

238
U. The short half-life of

222
Rn (3.8 days) makes it a good tracer for short-term mixing 

processes in coastal waters. The concentration of 
222

Rn was continuously measured with 
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a sampling rate of 1 hour with a Rad -7 device in the baywater outlet in the marine 

laboratory. For details refer to Santos et al. (2008b ). 

DOC and TDN Measurement. Samples for DOC and TDN (total dissolved 

nitrogen) were collected hourly from the well and bay over a 15-hour period. Water was 

drawn from the well through acid-cleaned Teflon® tubing using a polyethylene syringe. 

The tubing was thoroughly flushed with groundwater before sampling. Samples from the 

bay were directly taken from the seawater outlet in the laboratory through which seawater 

was continuously flowing. Immediately after sampling the water was filtered through 

disposable 0.7 !J.m Whatman® GF/F syringe filters, acidified with HCl to pH 2, to remove 

inorganic carbon, and fire-sealed into pre-muffled (500°C) glass ampoules. DOC and 

TDN were analyzed using a Shimadzu TOC-V cPH total organic carbon analyzer equipped 

with a TNM-1 total nitrogen measuring unit. Analytical errors for DOC and TN were 

<5%. 
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RESULTS AND DISCUSSION 

Submarine groundwater discharge of CDOM 

DOM concentrations in groundwater were much higher than that in baywater 

(Table 1 ). The mean CDOM concentrations for groundwater and seawater were 156.3 

ppb and 28.1 ppb, respectively (Table 1 ). Also DOC and TDN concentration in 

groundwater were higher than those in the bay. Precipitation at the beginning of the 

three-week period had dropped salinity in the groundwater to almost fresh (Fig 1 ). This 

freshening of the groundwater at the beginning of the sample period was associated with 

a maximum in CDOM concentration in the groundwater. After this initial period, no 

major rainfall event was observed. In the well, salinity ranged from 2.5 to 35.4 while 

salinity in seawater was more stable ranging from 33.8 to 36.4. The average temperature 

in the groundwater was only slightly different than that in the seawater (Table 1 ). Kieber 

et al. (2006) suggested CDOM sources related to rainfall which is consistent with our 

observations. Also for the entire sampling period CDOM negatively correlated with 

salinity in the groundwater (Fig 2, Pearson correlation, p<0.01 ). Consistently, CDOM in 

the seawater also correlated significantly with salinity at the 0.01 level (Fig 3, correlation 

not shown). These negative linear relationships point towards a conservative mixing 

between fresh groundwater (high CDOM) and seawater (low CDOM) in the subterranean 

estuary and the bay. Furthermore, the correlations indicate groundwater as a potential 

source of CDOM to the bay. 

This explanation is consistent with a negative correlation between CDOM 

concentration and water level, both in the well and bay. The higher the water level, the 

more saline the groundwater and baywater were. Consistently, the higher the water level 

the lower the CDOM concentrations. This is reasonable, because at high tide, seawater 

penetrated into the aquifer leading to low concentrations of CDOM in the groundwater. 

The correlation between water level and the other parameters, however, is comparably 

weak (p<0.05 for the well, and p<0.01 for the bay), indicating that water level itself is not 

the driving force for fluctuations in salinity and CDOM. CDOM and salinity are both a 

function of mixing between seawater and freshwater which is controlled mainly by tides 

but also by precipitation and runoff 
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These general observations indicate a flux of CDOM via SGD into the bay. In 

order to test this hypothesis, we used radon as a conservative tracer for groundwater in 

the bay. The respective CDOM concentrations in the well served as an endmember 

concentration for groundwater at any time point. Groundwater-related fluxes of CDOM 

are a function of this endmember concentration and SGD. The quantitative estimate of 

SGD with help of radon can be complicated by the fact that 
222

Rn (as an inert gas) can be 

released to the atmosphere and water body during water transfer through the subterranean 

estuary. Furthermore, the residence time of water in the bay and mixing rates influence 

222
Rn concentrations. To circumvent these and related potential problems, we tested our 

hypothesis by using original 
222

Rn, and not estimated values ofSGD. 

If SGD is a major source of CDOM to the bay, the mathematical product of 
222

Rn 

concentrations in the bay and CDOM in groundwater should correlate with CDOM 

concentrations in the bay. The product of
222

Rn in the bay and CDOM in the groundwater 

is referred to as predicted CDOM (CDOM*). CDOM* was obtained by multiplying 1-

hour averages of CDOM groundwater with the respective 
222

Rn in the bay and was then 

correlated with CDOM in the bay. The most significant correlation (p<0.01) was obtained 

if a lag time of 1-hour was assumed between bay and groundwater concentrations (Fig 4). 

A shorter or longer lag-time, or inversed lag-times decreased the significance of the 

correlation between CDOM* and CDOM in the bay. This correlation shows that CDOM 

in the bay is mainly a function ofSGD. Our simple SGD model could reproduce actual 

CDOM concentrations in the bay. Even the time lag between SGD and water composition 

in the bay could be identified. 

It should be noted that the SGD considered here, includes both freshwater and 

seawater that cycles through the subterranean estuary. In our system, about 95% of
222

Rn 

is released from saline water instead of fresh water (Santos et al., 2008a). During passage 

through the subterranean estuary CDOM is involved in a manifold of biogeochemical 

processes in the sediment (Santos et al., 2008a), and when released to the surface, 

photo bleaching will degrade CDOM (e.g. Del Vecchio and Blough, 2002). These factors 

probably contributed to the scatter in our CDOM* versus CDOM correlation but did not 

dominate the main picture in the bay that was clearly driven by SGD of CDOM. 
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Another factor that can impact our simple SGD model is lateral transport from 

water through the bay. Because the bay is not a closed system, the intrusion of water from 

outside the bay could impact CDOM concentrations in the bay. Our groundwater 

sampling site may not be representative for these sites outside the bay. To test for this 

possibility we removed long-term trends and restricted our correlation analysis to tidal 

fluctuations in the bay, without including the local groundwater data. For this purpose we 

calculated one-day moving averages for CDOM in the bay and 
222

Rn in the bay and 

subtracted these "background" concentrations from the respective hourly data. These 

background -corrected concentrations of CDOM and 
222

Rn concentrations highly 

significantly correlated (p<O.OOI ), whereas the original raw data did not show any 

correlation. This correlation is independent evidence that CDOM in the bay is mainly 

driven by local tidally-driven SGD and by larger-scale processes outside the bay. 

Potential sources and biogeochemical properties of CDOM 

The maximum CDOM concentrations were found in the groundwater at brackish 

salinity. There are at least two major potential sources for CDOM in this salinity range, 

either terrigenous humic substances, especially from soils of the adjacent pine forest, and 

marine sources. Soil-derived humics contain more aromatic moieties and therefore 

exhibit a stronger fluorescence than marine DOM. Accordingly, the carbon-normalized 

CDOM (CDOM/DOC) was consistently higher in the groundwater than in the bay (Fig 5, 

6, and 7). This indicates a major terrigenous component in groundwater DOM, and a 

CDOM-poor background in the bay. The low CDOM/DOC ratio in the bay may be 

attributed to a primarily marine source ofDOM or to photodegradation, which can be a 

major sink ofCDOM (e.g. Andrews et al., 2000). In addition to CDOMIDOC ratios, the 

C/N ratio can be helpful to differentiate these DOM sources, because terrigenous DOM 

usually has lower C/N ratios compared to marine sources (e.g., Mantoura and Woodward, 

1983). Perdue and Koprivnjak (2007) pointed out that instead ofC/N ratios, N/C ratios 

should be used to estimate source terms on a carbon basis. Interestingly, DON/DOC 

ratios did not show the same pattern as CDOM/DOC (Figs. 7 and 8). DON/DOC was 

consistently high in the bay, indicating a primarily marine source of DOM, but in the 

groundwater a wide range of values was observed. Santos et al. (2008a) suggested an 
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intensive cycling of nitrogen in the subterranean estuary, including mineralization of 

organic nitrogen, which may contributed to the wide range ofDON/DOC values 

observed in this study. 

Marine and groundwater sources ofDOM could be clearly distinguished with 

help of CDOM/DOC, while the differences in element ratios are comparably small, 

making DON/DOC a weak tracer for groundwater DOM in this system. Mixing diagrams 

of DON/DOC and CDOM/DOC do not indicate significant deviations from conservative 

mixing, which is a prerequisite for these parameters as source tracers. 

A positive correlation was observed between CDOM and chlorophyll a in the well 

(p<0.05). Though only a weak correlation, it indicates a common source of chlorophyll a 

and CDOM. Chlorophyll a itself does not produce CDOM fluorescence, but intrusion of 

labile, algal-derived DOM into the subterranean estuary can increase chlorophyll a and 

CDOM at the same time. Terrigenous humic substances, on the other hand, do not 

contain chlorophyll, but have strong CDOM fluorescence. The observed relationship 

between CDOM and chlorophyll therefore indicates the presence of labile algal-derived 

biomass also in the groundwater. 

More detailed analysis of the 15-hour time series confirms this complex picture of 

several DOM sources in the groundwater. The two observed maxima of CDOM 

concentrations in the well took place at low tide and accordingly minimum salinity. The 

first maximum of CDOM concentration was associated with high DOC/DON ratios, low 

chlorophyll, and low pH This is consistent with a primarily freshwater source carrying 

terrigenous DOM. The second maximum in CDOM concentration, however, coincided 

with low DOC/DON ratios, high chlorophyll, and high pH, which indicates the presence 

of algal-derived DOM. It is possible that diurnal cycles of photosynthesis and respiration 

in the bay were responsible for these fluctuations also in the groundwater, 

CDOM as a proxy ofDOC 

CDOM appears a powerful tracer for groundwater DOM in the studied coastal 

system, because it shows strong gradients between sources and does not show non

conservative properties on the studied scale. CDOM can be easily monitored in high 

temporal resolution, while DOC, even possible, requires extensive funds and availability 
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of human resources. If the study were performed in a short time (24 hour or less), it 

would lead to erroneous results in estimating the flux. Table 3 shows comparison 

between 3 weeks sampling and 15 hours sampling, where the latest data was randomly 

picked from the original data, and it is clear that the slopes and intercepts (C*) for 15 

hours sampling are greatly vary with that for 3 weeks sampling. Not only can the 

intercepts be 3 times higher, the slope can also be shifted from negative to positive. 

To obtain DOC concentration, it would therefore be desirable to establish a 

quantitative relationship between CDOM and DOC. If CDOM could be used as a proxy 

for DOC, SGD ofDOM could be studied in far greater detail. As also observed in this 

study, CDOM/DOC ratios are source-specific and photodegradation and seasonality can 

cause modifications. Nevertheless, some researchers reported significant correlations 

between CDOM fluorescence and labile DOC concentration (Ferrarri et al., 1996), and 

conservative and non-conservative DOC concentration (Rochelle-Newall and Fisher, 

2001 ). For our system, CDOM and DOC significantly correlated in the bay and 

groundwater (p<0.01 ). Therefore, there is a possibility to estimate DOC concentrations 

simply from fluorescence measurements (Vodacek et al., 1995). 

To estimate CDOM fluxes to the coastal ocean, we use the same approach as in 

Santos et al. (2008a). The effective freshwater CDOM concentration (C*=216.6 ± 0.95 

ppb) is the intercept of the linear trend between CDOM and salinity. Multiplying this 

number with the average DOC/CDOM ratio in groundwater (4.8 ± 0.24 !J.Mippb) results 

in an effective freshwater DOC concentration of 1040 ± 0.23 !J.M. This is similar to the 

estimates in Santos et al. (2008b) that was based on a small number of direct DOC 

measurements, confirming the assumption made in the present study. Using a freshwater 

SGD value of0.5 m
3
.m-

1
.day-

1 
for this area (Santos et al., 2008b), the DOC flux would be 

at least 519.84 mmol.m-
1
.dai

1 
because it is assumed that 2 end-members (fresh and 

saline water) are mixed conservatively. If the flux is representative for the whole Gulf 

Coast ofFlorida (shoreline is 1200 km), the fresh DOC flux would be 0.6 Mmol.dai
1
. 
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CONCLUSION 

Subterranean estuaries have been recognized to deliver significant amounts of 

nutrients to the coastal ocean. Our investigation showed that subterranean estuaries can 

also be important in discharging CDOM to the coastal ocean. The CDOM concentration 

and its tidal fluctuations were clearly a function of SGD in the shallow bay in the 

Northern Gulf of Mexico. A simple SGD model using 
222

Rn as a tracer for SGD in the 

bay and CDOM measurements in a well on the adjacent beach could significantly 

reproduce the actual CDOM concentrations measured in the bay. Optical properties in 

this bay are therefore mainly controlled by SGD. We also found a significant correlation 

between CDOM and DOC, which highlights the importance of SGD for continental 

runoff of DOC and suggests a close link between SGD and biogeochemical cycles in the 

bay. CDOM can be used as a proxy to estimate the SGD of DOC making it possible to 

use long-term data sets that can be obtained at high temporal resolution. 
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TABLES 

Table 1: Average (Avg) ±standard deviation (St. Dev.) CDOM concentration, 

temperature, salinity, chlorophyll concentration, water level, and radon concentration in 

groundwater and seawater during long-term time series 

Groundwater Seawater 

CDOM, ppb Avg. ±St. Dev 156.3± 19.2 28.1 ±1.9 

Min.- Max. 97.6-233.5 21.6-34.0 

DOC, 11M Avg. ±St. Dev 718.9±41.7 294.2±41.7 

Min.- Max. 634.1-777.3 271.5-340.2 

TDN, 11M Avg. ±St. Dev 93.0± 15.2 26.2±1.6 

Min.- Max. 66.0-115.3 23.7-28.5 

Temp, °C Avg. ±St. Dev 26.3±0.6 29.2±1.5 

Min.- Max. 24.4-27.4 24.8-32.8 

Salinity Avg. ±St. Dev 28.0±5.7 35.1 ±0.5 

Min.- Max. 2.5- 35.4 33.8-36.4 

Chi-a, mg.L-1 
Avg. ±St. Dev 6.8± 1.6 na 

Min.- Max. 3.4- 12.2 

Water Level, em Avg. ±St. Dev 27.8± 11.5 16.5±27.7 

Min.- Max. 10.5-65.0 -70.9-72.7 

Rn, dpm.m-3 
Avg. ±St. Dev na 4843±1005 

Min.- Max. 2013-6935 

13 



Table 2: Pearson correlation between variables in groundwater and seawater for the 15-

hour time series. Bold and underlined numbers mean significant correlation (p<0.01 ). 

Groundwater (n=16) 

pH Silicate DOC TDN CDOM Chi 
Salinity 0.67 -0.78 -0.39 0.76 -0.55 0.54 

pH -0.56 -0.07 0.91 -0.37 0.84 

Silicate 0.53 -0.58 0.28 -0.52 

DOC -0.04 0.52 -0.06 

TDN -0.48 0.82 

CDOM -0.17 

Seawater (n=16) 

pH Silicate DOC TDN CDOM Rn 

Salinity -0.15 -0.22 0.29 0.01 0.32 0.07 

pH -0.01 -0.30 -0.33 -0.73 -0.42 

Silicate -0.05 -0.17 -0.10 0.02 

DOC 0.50 0.58 0.34 

TDN 0.57 0.42 

CDOM 0.69 
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Table 3: Comparison of slopes and intercepts for linear regression of different sampling 

period 

Sampling Period 

3 weeks (9/21/07 16:47-10/15/07 9:39) 

15 hours (9/22/07 5:37- 9/22/07 20:37) 

15 hours (9/25/07 3:22- 9/25/07 18:22) 

15 hours (1 0/10/07 8:32- 10/10/07 23:32) 

15 hours (1 0/14/07 6:42 - 10/14/07 21 :42) 

during DOC sampling (9/28/07 8:38-9/28/07 22:44) 

15 

n 

5978 

181 

181 

181 

181 

171 

slope 

-2.1558 

-4.0338 

0.3968 

-17.241 

-7.5756 

-2.1409 

intercept (C*) 

216.6 

253.35 

119.05 

713.82 

407.25 

204.46 
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