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Summary 

Submarine Groundwater Discharge (SGD) is an important pathway of terrestrial nutrients to the 

coastal ocean. The influence of SGD on the carbon cycle in coastal zones and the relationship 

between SGD-borne carbon and other macronutrients remains uncertain. I used a combination of 

in-situ sampling techniques, experiments with defined conditions and modelling to identify, 

quantify and characterise SGD-derived carbon and nutrients and assess their biogeochemical 

importance within coastal zones, using Kinvara Bay, Western Ireland as a case study. 

 

Firstly, I used the LOICZ water/salt budget models, and radon analysis where possible, to 

determine the seasonal SGD rates into the bay. Quantitative nutrient (nitrogen, phosphorus and 

silica) and carbon budgets were then closed in Kinvara Bay for four sampling campaigns (July 

2013, January 2015, June 2015 and January 2016). Across all campaigns, of the three 

allochthonous carbon and nutrient sources (SGD, raw sewage and wet deposition), SGD was the 

largest source of carbon and oxidised nitrogen but the lowest source of ammonium and phosphorus 

into Kinvara bay. Dissolved organic nitrogen (DON) fluctuated significantly from season to season 

but was highest during the wettest campaign (January 2015). A portion of DON is bioavailable and 

the DON delivered via SGD contributed to productivity within Kinvara Bay. In terms of whole-

system N metabolism, the bay was net autotrophic during July 2013, June 2015 and January 2016 

but net heterotrophic during January 2015 (the wettest campaign).  

 

SGD was the major allochthonous contributor of C to Kinvara Bay. Freshwater SGD delivered 

elevated concentrations of DIC and comparable concentrations of DOC in comparison to seawater. 

Whole core sediment incubation experiments confirmed sediment acted as a sink of DOC and as a 

source of DIC to the bay during June 2015. Closure of the nutrient and carbon budgets confirmed 

higher primary productivity during July 2013, June 2015 and January 2016 regarding N and C 

metabolism. Kinvara Bay was net autotrophic and sink for carbon during July 2013, June 2015 and 

January 2016 but net heterotrophic during January 2015, which was the wettest month and acted as 

a source of CO2. Ocean acidification is one of the most serious consequences of rising CO2 levels 

in the atmosphere. The pH of SGD was consistently lower (7.07 – 7.47) than that of oceanic waters 

(8.1). The role of SGD and its influences on acidification within coastal zones has remained an 

open question. SGD in karst regions transports large quantities of total alkalinity, which may buffer 

against acidification but also contains high levels of DIC, which may accelerate acidification. 

Quantification of the DIC and total alkalinity delivered via SGD to Kinvara Bay indicated that 

SGD buffered against ocean acidification in Kinvara Bay due to the higher TAlk loading in each 

sampling campaign. During June 2015, the biological to geochemical ratio was 2.03, calculated 

from the equation of the line from the plot of TAlk versus DIC. Therefore, SGD may buffer against 

ocean acidification due to higher TAlk levels in combination with increased metabolism associated 
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with high DIN influxes. Closure of the nutrient and carbon budgets confirmed a productivity-

respiration annual cycle in Kinvara Bay, with primary productivity dominating in July 2013, June 

2015 and January 2016. Kinvara Bay is currently mesotrophic, however, as future scenarios may 

lead to eutrophic conditions, continual monitoring of the system is vital as many people rely on it 

for their livelihoods.  

 

SGD delivered a substantially higher N:P ratio than the Redfield Ratio of 16 whilst sewage inputs, 

although volumetrically small (286 m3 d-1) accounted for 74% of allochthonous P inputs. 

Mitigation plans for removal of raw sewage may, therefore, further alter the molar and nutrient 

availability ratios within the bay. As a result, I investigated a future ‘what-if’ scenario whereby the 

suspended particulate matter structure within Kinvara Bay changes. A land use change resulting in 

increased N:P imbalances may lead to a change in the suspended particulate matter within the bay 

as algae adapt. Species that survive better at altered N:P ratios would be expected to dominate. In 

this study, Fucus vesiculosus was the dominant macroalgae species at the SGD springs, followed 

by Enteromorpha intestinalis. Near the sewage outflow point, Ascophyllum nodosum was the 

dominant species, and both Ascophyllum nodosum and Fucus vesiculosus were found to be 

significant at the mouth of the bay. These species had high N:P ratios suggesting that they have 

adapted to survival in an SGD disturbed area. In future scenarios, particularly when Enteromorpha 

dominated, there was an increased flux of labile materials from the sediment to the water column. 

As algae function as high-quality food for consumers, productivity within Kinvara Bay would be 

expected to rise as a result. Increased population and tourism pressures were investigated through 

increased plastic pollution but did not produce increased refractory or labile components within the 

water column. This may be due to the types of compounds present in plastic, long organic 

polymers, which may not be susceptible to degradation or due to the incubation time of five days. 

Thus, plastic pollution may pose greater influence in the open ocean.  

 

A combination of Excitation-Emission Matrix Fluorescence coupled with Parallel Factor Analysis 

(EEMF-PARAFAC) and Fourier-Transform Ion Chromatography Mass Spectrometry (FT-ICR-

MS) was employed to characterise chromophoric dissolved organic matter (CDOM) delivered via 

SGD and its subsequent degradation processes within the coastal zone. SGD was responsible for 

the delivery of predominately humic-like substances, which were highly refractory. Peak T, a 

protein-like component, was validated as a secondary component in the 3-component model but 

with low intensity (0.005 R.U.) This bioavailable component corresponded to spring and was 

attributed to fertiliser use. In fact, approximately 1% of SGD-borne DOM transported to Kinvara 

Bay was typically labile, and SGD-borne DOM mainly contributed to C storage within the coastal 

ocean or was exported to the wider Galway Bay. This pathway may relocate C stocks on land to the 

sea over time.  
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1.1 Coastal zones 

1.1.1 Functions of the coastal zone  
The coastal ocean is the intersection between land, ocean and atmosphere and is defined as the area 

between the tidal limits as well as the continental shelf and coastal plain (Viles and Spencer, 2014). 

Coastal zones are areas of particular interest in carbon and nutrient studies globally as they act as 

connecting zones between land and the open ocean (Sabine et al., 2004). In this capacity, they 

serve as filters, as natural and anthropogenic inorganic and organic material transported from the 

continents is trapped here before it can reach the ocean (Ortega et al., 2008). 

 

The world coastline extends over 350,000 km and exhibits a broad range of geomorphological 

types and ecosystems (Bianchi 2006) including bays, lagoons, estuaries, beaches, and wetlands. 

The biogeochemical and physical characteristics of these regions vary significantly as they are 

strongly affected by their surrounding bodies, continents, oceans and the atmosphere (Ortega et al., 

2008). This zone is shallow, <200 m, and covers an approximate area of 26 x 106 km2, accounting 

for approximately 7% of the surface of the global ocean (Gattuso et al., 1998). Although relatively 

small, it is a critical area of the Earth's surface due to the supply of terrestrial organic matter and 

nutrients and accounts for as much as 10 – 15% of global primary production and greater than 40% 

of carbon sequestration in the ocean (Muller-Karger et al., 2005). Therefore the coastal zone plays 

an important part in determining heterotrophy or autotrophy in the ocean as a whole (Smith and 

Hollibaugh, 1997). 

1.1.2 Pressures facing the coastal zone 
It is a challenge to manage this spatially and temporally dynamic area and to measure and model its 

function due to its heterogeneous nature (Bianchi, 2006), which may vary daily, seasonally, 

annually, and over decadal or even on glacial-interglacial scales (Buddemeier et al., 2002). As 50% 

of the world's human population live near the coast, and growing by 1.5% each year, there is a 

great strain on the natural functioning of coastal regions due to anthropogenic pressures (Golberg 

1994; Buddemeier et al., 2002). Many people rely on the coastal zone for their livelihoods. 25% of 

global biological production and 90% of fisheries are within this area (Buddemeier et al., 2002). 

Coastal oceans and their respective ecosystems are subject to further anthropogenic pressures 

through riverine inputs, runoff, sewage inputs and submarine groundwater discharge (SGD). These 

influxes can carry significant levels of terrestrial materials including nutrients and carbon.  

1.2 The coastal zone hydrologic cycle  
The hydrologic cycle describes the continuous movement of water above and below the surface of 

the Earth. When precipitation occurs over land, it can follow three routes. Firstly, it can evaporate 

returning to the atmosphere; secondly, it can become surface water and travel to the ocean via 

rivers and streams; and thirdly, it can seep into the ground and travel to the ocean via submarine 
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groundwater discharge. Therefore, freshwater can flow above or below land for great distances 

before discharging to the coastal ocean (Zektser and Loaiciga, 1993; Vörösmarty et al., 2000).  

 

Freshwater inputs have long been recognised as an important pathway for nutrients to the coastal 

zone. Nutrient contamination of freshwater has been shown to cause a reduction in aquatic 

biodiversity, food web alteration, eutrophication, and increased respiration rates in response to 

rapid organic matter production (Moyle and Leidy, 1992; Capriulo et al., 2002). Much is known 

about the precise quantitative nutrient loadings from surface flow and atmospheric deposition 

globally due to ease of sampling. However, less is known about subterranean sources due to 

difficulty in detection and quantification of such sources as they emerge in the coastal ocean 

(Moore et al., 2006; Burnett et al., 2008; Moore, 2010; Porubsky et al., 2014). Among the 

components of the hydrologic cycle, groundwater is perhaps the most difficult to quantify (Zektser 

and Loaiciga, 1993). 

1.3 SGD inputs into the coastal zone 
SGD has long been recognised with accounts dating back to the Roman period. However, it 

remained a hydrologic ‘curiosity' and was widely understudied as a result (Kohout, 1966). This 

perception has changed over the last two decades with more and more studies conducted in 

recognition that SGD is almost ubiquitous in coastal zones throughout the globe (Johannes, 1980; 

Moore, 1999) and can transport significant terrestrial loads to the coastal ocean (Corbett et al., 

1997; Moore, 1999; Burnett et al., 2003; Moore, 2010).  

 

SGD is consensually described as any and all flow of water on continental margins from the seabed 

to the coastal ocean (Figure 1.1), regardless of fluid composition or driving force (Burnett et al., 

2003), acting on scale lengths of meters to kilometres (Moore, 2010b). It, therefore, represents a 

direct discharge to the ocean wherever the coastal aquifer is connected to the sea and hence 

transports water and associated constituents from land to sea. 

1.3.1 Modes of SGD 
Water moves through permeable rocks and sediments in response to pressure and density gradients. 

Hydraulic gradients on land result in groundwater seepage near shore and may even extend beyond 

the shoreline from confined aquifers (Burnett et al., 2003). While hydrothermal vents and coastal 

submarine springs represent visible discharge to the sea, the exchange through permeable coastal 

sediments is subtle and occurs in response to weaker gradients (Burnett et al., 2003). With these 

complexities in mind, the main modes of SGD may be divided into (1) shoreline flow, in which 

fresh groundwater is driven by an inland hydraulic gradient to the sea causing water to flow 

through the aquifer, and (2) deep pore water upwelling, in which advection of water through 

permeable shelf sediments and rocks occurs beyond the shoreline (Moore, 2010).  
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Bratton, (2010) defined the scale to three distinct spatial scales for consideration, (1) The nearshore 

scale, approximately 0 - 10m offshore including the unconfined surficial aquifer, (2) The 

embayment scale from 10m as far as 10 km offshore and includes the first confined aquifer and its 

terminus, and (3) The shelf: a decline that spans the width and thickness of the aquifers of the 

entire continental shelf. 

 
Figure 1.1: Schematic depiction of submarine groundwater discharge and recharge processes at the land-sea boundary. 
Terrestrial and oceanic forces influence the movement of SGD. Arrows represent fluid movement (Moore, 2010)  

Figures 1.1 and 1.2 highlight the movement of groundwater from land to sea. Groundwater from 

unconfined aquifers in the littoral zone tends to discharge close to the shore due to salt wedge 

intrusion beneath the freshwater aquifer (Johannes, 1980). On the other hand, submarine 

groundwater recharge (SGR) can occur in marine environments due to oceanic processes, such as 

tides, waves, currents, sea level fluctuations, and density differences, which may cause negative 

potential and force sea water into the sea floor. These two processes do not necessarily balance 

volumetrically as SGD often contains a portion of terrestrially recharged water, and also, SGR may 

penetrate the aquifer and raise the water table as opposed to discharging as SGD (Burnett et al., 

2003). As a result, SGD can comprise of fresh groundwater, re-circulated seawater or a brackish 

mixture of the two with varying salinity (Burnett et al., 2003).  
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Figure 1.2. Schematic of submarine groundwater discharge flow, illustrating fresh intertidal SGD transported from land and 
brackish SGD from recirculated seawater, taken from Cook (2005). 

1.3.2 Method of measurement 
In contrast to rivers, SGD often has low flow rates that make source detection more difficult 

(Burnett et al., 2003). SGD is spatially and temporally variable, making quantification an arduous 

task often incurring significant errors (Moore et al., 2006; Burnett and Dulaiova, 2003; Moore, 

2010). There have been a number of methods employed to quantify SGD inputs including direct 

measurements using seepage meters have been employed worldwide (Taniguchi et al., 2002). 

However, this method is labour intensive and only practical over small scales (Leote et al., 2008). 

 

Water balance approaches have been a traditional method for determining freshwater influxes to 

the coastal zone due to the simplicity of sampling (Gordon et al., 1996). However, the magnitude 

of fresh SGD is often within the uncertainty of the water balance parameters, resulting in SGD 

estimates being incorrect by several orders of magnitude (Burnett and Dulaiova, 2003; Moore, 

2010). Therefore these methods are often shown to be unreliable, and justification for their use 

must be examined (Corbett et al., 1997; Schubert et al., 2015).  

 

Modelling approaches have been undertaken to examine SGD (e.g., McCormack et al., 2014). 

These models often incorporate Darcy’s Law to describe interfacial flow dynamics and therefore 

usually fail to include seawater recirculation into total SGD (Rocha et al., 2016). 

 

Naturally occurring radionuclides from the uranium decay series have been successfully employed 

as SGD tracers. These estimates provide a spatially integrated flux and are therefore useful in SGD 

studies that vary both spatially and temporally (Burnett et al., 2006). Radon (222Rn) in particular, 

has proven to be an excellent tracer as it is highly enriched in groundwater relative to surface water 
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(typically 1000-fold or greater), is chemically inert (a noble gas), and has a short half-life (t1/2 = 

3.83 days) (Cable et al., 1996; Corbett et al., 1997; Burnett and Dulaiova, 2003; Burnett et al., 

2006; Cook et al., 2008; Schubert et al., 2015). Radon is produced from the radioactive decay of 
226Ra in the subsurface. When SGD discharges into the coastal ocean, radon activities begin to 

decrease due to atmospheric gas exchange and radioactive decay. Hence, a mass balance approach 

can be employed to account for all inflows and outputs of radon in the system, permitting 

calculation of the groundwater inflow (Cook et al., 2008), which increases the accuracy associated 

with SGD quantification (Corbett et al., 1997).  

  

Radium isotopes, namely 226Ra, are also employed in SGD studies to determine brackish SGD 

(Webster et al., 1995) and to quantify the residence time of groundwater within the coastal ocean, 

using mass balance approaches (Moore and Wilson, 2005; Moore et al., 2006). Ra isotopes are 

continuously produced by the decay of their thorium parents that are bound onto sediment. Radium 

isotopes are separated into both long-lived (228Ra T1/2 = 5.75 y; 226Ra T1/2 = 1600 y) and short-lived 

(224Ra T1/2 = 3.66 d; 223Ra T1/2 = 11.4 d) isotopes. Radium is not generally present in groundwater or 

seawater. As seawater recirculates in the aquifer, Ra isotopes desorb and are mobilised from 

sediment particles into the recirculated seawater compartment. Ra isotopes mix conservatively 

once released and thus the residence time of SGD can be calculated by comparison of the short and 

long-lived isotope activities (Rodellas et al., 2017). 

 

A combination of several tracers, particularly the use of naturally occurring tracers, such as radon, 

silicate, and salinity (Schubert et al., 2015) allows detection of SGD with reduced errors.  

1.3.3 Global estimates of SGD  
The length of coastline over which SGD may occur is vast and thus may deliver large quantities of 

freshwater to the marine environment, especially in the littoral zone (Taniguchi et al., 2002a; 

Burnett et al., 2003). Global SGD rates have been hard to quantify due to the variability and 

limitations of SGD data from country to country, with limited data from India, South America or 

Africa (Zektzer et al., 1973; Taniguchi et al., 2002a; Moore, 2010b). Globally, direct terrestrially 

derived fresh groundwater discharge is said to account for between 6 (Zektser and Loaiciga, 1993) 

and 10 %  (Johannes 1980) of surface water inputs into coastal waters, although this is evaluated 

with low precision (Burnett et al., 2003). However, the total SGD, incorporating the recycled 

seawater component, accounts for a much larger proportion. This portion may be 3 to 4 times 

higher than river water fluxes to the Atlantic and Indo-Pacific Oceans (Kwon et al., 2014).  
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Table 1.1: SGD rates examples from across the world, detailed in the relevant literature referenced in the table. Modes of 
measurement and units of SGD differ between studies. 

Name Location SGD Rate Method Reference 

Fukae Osaka Bay, 

Japan 

9.62 x 10-5 – 4.04 x 10-

4 cm s-1 

Seepage Meter Taniguchi, 2002 

 

Cockburn 

Sound 

 

Australia 

 

0.92 – 3.6 cm d-1 

 

Seepage meter 

 

Taniguchi et al., 

2003 

 

Northeast Gulf 

of Mexico 

 

 

Florida, 

USA 

 

5 – 50 cm d-1 

 

Radon 

 

Lambert and Burnett, 

2003 

Ubatuba Brazil 1 – 29 cm d-1 

 

Radon Burnett et al., 2008 

Kinvara Ireland 10.4 x 104 m3 d-1 Radon Rocha et al., 2015 

South-eastern 

Sicily 

 

Sicily 60 m3 s-1 km-1 Radium  Povinec et al., 2006 

Northeast Gulf 

of Mexico 

Florida, 

USA 

1.5 m3 min-1 Radionuclides/ 

Seepage meter 

 

Moore, 2003 

South Sea Korea 50 – 300 m yr-1 

1.5 × 109 m3 yr-1 

 

Radionuclides Kim et al., 2003 

Indian River 

Lagoon 

streams 

Florida, 

USA 

117 m3 d-1 m-1 of 

shoreline (marine)  

0.02 – 0.9 m3 d-1 m-1 of 

shoreline (terrestrial) 

 

Seepage 

meters 

Martin et al., 2007 

Chesapeake 

Bay 

 

USA 1 x 106 m3 d−1 

 

Radon Charette and 

Buesseler, 2004 

Mediterranean 

Sea 

 

 0.3-4.8 x 1012 m3 yr-1 

 

Radium Rodellas et al., 2015 

Marine Cove Cape Cod 4.3 – 5 m3 d-1 Seepage Meter  Giblin and Gaines, 

1999 
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Measurement units of SGD vary between studies based on the parameters available and the 

requirements of each study (Table 1.1). Measurement units include (1) volume per unit time (m3 d-

1), (2) volume per unit time per unit length of shoreline (m3 d-1 m-1), and (3) volume per unit time 

per unit area (m3 s-1 m2). For many studies the areal extent of SGD offshore is unknown (Taniguchi 

et al., 2002a), therefore making these values incompatible. This is a confounding factor in 

integrative studies to understand the impact of SGD globally. A lack of consensus of SGD terms, 

acronyms and discharge units causes difficulty in comparing studies, likely due to the fast growing 

nature of the field (Bratton 2010).  

1.3.4 Comparison of riverine and SGD hydrological inputs  
Because locally SGD may act as a point or diffuse source to the coast (Burnett et al., 2003), 

discharge rates may vary spatially and temporally and are known to vary widely depending on 

many factors including location, weather and aquifer type (Taniguchi et al., 2002a). Within the 

nearshore scale, which is the most often reported (Bratton, 2010), SGD might account for anything 

from an insignificant contribution to almost 100 % of the total water influx to a particular coastal 

zone (Taniguchi et al., 2002). Total SGD has been shown to be a major contributor to coastal seas 

worldwide. For example, Rodellas et al., (2015) compared SGD inputs into the Mediterranean Sea 

to those of atmospheric deposition and riverine flow and found that SGD inflows (0.3 - 4.8 x 1012 

m3 yr-1) were equal to or are indeed larger by a factor of 16 than riverine inputs depending on the 

section of coastline studied.  The annual SGD fluxes associated with the South Atlantic Bight have 

been shown to be three times higher than that of rivers (Moore, 2010a). Moore et al., (2008) 

estimated the SGD flux into the Atlantic Basin accounts for 80 - 160 % of riverine inputs in the 

entire Atlantic Ocean using a 228Ra tracer approach. Moore (1996) documented that SGD 

contributed 40 % of the river flow into the southeast coast of the US. SGD contributed up to 56.9% 

of riverine inputs and up to 77 % of nutrient inputs in the Jiulong River Estuary (Guo et al., 2011). 

Martin et al., (2007) studied both the fresh and marine sources of SGD and concluded that marine 

SGD represented inputs that were four times greater than surface inflows. 

 

Using freshwater SGD measurements only, Taniguchi et al., (2008) identified SGD as contributing 

4.5 - 7 % of the river discharge in the Yellow River Delta. Karstic and alluvial aquifers are 

expected to have the highest potential for SGD due to their high permeability. Additionally, karst 

aquifers have a large hydraulic conductivity, and therefore large volumes of groundwater discharge 

can be expected under the right hydraulic gradients (Taniguchi et al., 2002a). For example, SGD 

accounts for up to 100% of freshwater inputs in Kinvara Bay, Ireland during summer (Rocha et al., 

2015). 

1.3.5 SGD in karst regions 
Karst and carbonate systems, which have a higher propensity to transport large fluxes of fresh 

groundwater and dissolved constituents compared to other hydrogeological settings, account for 
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25% of the world’s coastline (Ford and Williams, 2007). Pathways created by limestone dissolution 

allow rapid infiltration and relatively unrestricted conduit flow of groundwater in karst aquifers. 

These natural channels provide focused, defined coastal entry points rendering karst-channelled 

SGD a ‘point’ rather than ‘diffuse’ delivery mode of SGD. Large volumes of fresh SGD can be 

rapidly transported to the coastal zone via these point entries (Drew, 2008), varying the 

effectiveness of tidal dilution in the receiving environment.  

 

Furthermore, surface-groundwater interactions dominate in karst catchments. Karstic features 

promote contaminant transport more than other hydrogeological settings (Coxon, 2011). Karst 

aquifers typically have thin soils and subsoils, and rapid conduit groundwater flow. Conduit flow 

results in a short residence time and fast transport of groundwater to the sea. Additionally, karst 

aquifers commonly exhibit well-oxygenated conditions which reduce the capacity for nutrient 

modification and removal during transit (Slomp and Van Cappellen, 2004). These characteristics 

minimise opportunities for attenuation via absorption, ion exchange, chemical breakdown, 

microbial die-off, or removal processes. Contamination may derive from both diffuse (fertiliser 

spreading) and point (leaking of stored animal waste and septic tank effluent) sources (Coxon, 

2011).  

1.4. The role of SGD in coastal biogeochemical budgets 
SGD has been shown to influence the geochemical cycles of major and minor elements either 

through direct discharge of fresh groundwater or by seawater recirculation through coastal aquifers 

(Moore 1999). Although SGD is a natural phenomenon, it has become of concern due to 

anthropogenic pressures. SGD provides an additional pathway for terrestrial contaminants, 

including carbon (Wassenaara et al., 1991; Fiebig 1995; Pabich et al., 2001), metals  (Christensen 

and Christensen, 2000; Kim and Kim, 2014; Rodellas et al., 2014) and nutrients (Slomp and Van 

Cappellen, 2004; Hwang et al., 2010; Lee et al., 2012; Ibánhez et al., 2013; Ji et al., 2013) to 

marine ecosystems. Other environmental factors such as pH, temperature, turbidity and substrate 

also influence the receiving coastal ecosystem (Bulger et al., 1993). Hence, SGD is a major player 

in the solute budgets of the world’s oceans (Zektser and Loaiciga, 1993). 

1.4.1 The subterranean estuary 
Moore (1999) coined the term ‘Subterranean Estuary' (STE) to highlight the importance of the 

mixing zone between groundwater and the coastal ocean. He describes it as an area where 

groundwater derived from recharge on land measurably dilutes seawater that has invaded the 

aquifer through a free connection to the sea. Freshwater inputs, the permeability of the aquifer, sea 

level, and tidal dynamics determine the location and width of this mixing zone. These vary both on 

geological and shorter timescales due to seasonal effects, sea level changes and groundwater 

extraction inland (Slomp and Van Cappellen, 2004).  
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SGD composition differs from that of rivers due to this subterranean pathway, which results in 

slower flows, and chemical reactions occurring in the STE. Chemical reactions occur between the 

mixed waters and aquifer solids within the aquifer (Burnett et al., 2003) often mediated by bacteria, 

modifying the chemistry of the discharging water. Hence, the composition of water in the STE will 

differ from that predicted by simple mixing (Rocha et al., 2009) and will be chemically distinct 

from the groundwater and seawater endmembers (Beck et al., 2007; Santos et al., 2008; Santos et 

al., 2009). The most important chemical reactions occurring at this reactive node include (1) 

desorption of ions from adsorbed sites (Dulaiova et al., 2008) due to increases in ionic strength, (2) 

dissolution and precipitation of carbonates (Cyronak et al., 2013), (3) remineralisation of organic 

matter leading to carbon, metal and nutrient release (Santos et al., 2009), and (4) redox reactions 

that produce and consume metal oxides (Beck et al., 2010; O’Connor et al., 2015), which may 

release or sequester other ions (Moore, 2010). The recirculated compartment can transport 

oxygenated seawater, dissolved substances, fine particles, bacteria, viruses and phytoplankton into 

sediments, and release previously bound nutrients, refractory particles, and organisms from 

sediments (Boehm et al., 2006; Moore, 2010; Santos et al., 2012). Consequently, this may lead to 

the release and regeneration of nutrients, carbon and metals (Moore 1999) and mixing of elements 

is therefore more likely in the coastal ocean compared to riverine inputs (Moore and Shaw, 1998). 

1.5 SGD-borne nutrients 
Many studies conducted to date highlight the importance of SGD-derived nutrient loading to 

coastal zones worldwide (e.g. Burnett et al., 2003; Slomp and Van Cappellen, 2004; Leote et al., 

2008; Lee et al., 2012; Hwang et al., 2010; Ibánhez et al., 2013a; Ji et al., 2013; 2014; Ibánhez and 

Rocha, 2014; Rocha et al., 2015). Anthropogenic pressures, such as the use of fertilisers, industrial 

waste and sewage disposal, have led to an increase in concentrations of inorganic nutrients, carbon 

and suspended matter being transported via SGD to the coastal ocean (Burnett et al., 2003). In fact, 

groundwater may have nutrient concentrations several orders of magnitude greater than those of 

corresponding surface waters (Beck et al., 2007; Moore et al., 2008; Null et al., 2012; Porubsky et 

al., 2014). Thus SGD has the potential to alter the chemical balance of the receiving surface water 

and may cause the ecosystems to which they discharge to deteriorate (Corbett et al., 1997). Indeed, 

many studies emphasise the importance of SGD as a driver for eutrophication (Hwang et al., 2005; 

Kim et al., 2005; Lee et al., 2009; Lee et al., 2012). 

1.5.1 SGD flow path 
Due to the subterranean nature of the flow path, the concentration of nutrients delivered by SGD 

may differ from that of surface flow. The main difference is the presence of nutrient assimilating 

primary producers in surface estuaries and their absence in subterranean estuaries and the influence 

of the aquifer on nutrient attenuation/removal for SGD-borne nutrients. In river systems, primary 

producers remove nutrients, particularly nitrogen and phosphate along the flow path, substantially 
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reducing nutrient concentrations (Paerl, 2009). This mechanism of nutrient removal is absent in 

subterranean estuaries, leading to elevated nutrient concentrations relative to surface estuaries. 

1.5.2 Sources of nutrients 
The SGD nutrient fluxes are determined firstly by the nutrient loading to the aquifer from terrestrial 

sources and secondly by the subterranean transit path and aquifer characteristics. The primary 

considerations controlling the flux of nutrients to the coastal zone via SGD are (1) the groundwater 

residence time within the aquifer, i.e., the amount of time the groundwater is in contact with the 

aquifer solids. This is a result of flow path and discharge rate (2) The types and amount of Si, N 

and P made available from natural and anthropogenic sources, and (3) redox conditions in the 

subsurface, which affect the transformation processes in-loco, which in turn control mobility of 

compounds within the aquifer (Moore, 1999; Bouwman et al., 2013; Slomp and Van Cappellen, 

2004).  

 

Contamination of the coastal zone via SGD, therefore, depends on the conditions in which the 

groundwater has travelled before discharge and the presence of potential contaminants (Kačaroğlu, 

1999). Fresh SGD represents a source of biogeochemically important new nutrients to the ocean, 

especially in the intertidal zone (Burnett et al., 2003). Anthropogenic sources of nutrients to 

groundwater include fertilisers applied on land, manure and wastewater. Natural sources of these 

materials are much smaller and may include downward leaching of N and P released from soil 

organic matter, in-situ release from organic matter in the aquifer, and weathering of mineral phases 

(Lapointe and Clark, 1992; Slomp and Van Cappellen, 2004; Moore, 2010b). Recirculated 

seawater can release previously bound autochthonous ions in the aquifer including nutrients 

(nitrate, ammonia, phosphate) and thus can significantly alter the chemical composition of the 

discharging water (Moore, 1999; Slomp and Van Cappellen, 2004). 

 

Groundwater-borne nutrients, including nitrate, have been shown to have a significant impact on 

water quality in surface estuaries (Reay et al., 1992). It is unclear how an estuarine or coastal 

system will respond to nutrient enrichment as different systems exhibit different responses (Bricker 

et al., 2008). Potential ecosystem responses to coastal nutrient enrichment are complex but include 

altered nutrient ratios (DRSi:N and N:P), altered structure and composition of the primary producer 

community and modified sedimentation of organic matter, changes in water transparency, habitat 

quality and diversity, and community structure (Cloern, 2001).  

 

Horizontal transport determines the residence time of water, and thus nutrients within the coastal 

environment. The amount of horizontal transport modulates the effect of nutrient enrichment, as the 

balance between nutrient loading and removal via transport processes controls primary production 

processes. Coastal systems with slow transport rates and long residence times tend to retain 
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exogenous nutrients and therefore are less efficient filters than those systems with shorter residence 

times (Cloern, 2001). 

1.5.3 Eutrophication 
Nutrient loading via freshwater SGD has been suggested as a driver of potentially significant 

coastal ecological alterations (Taniguchi et al., 2002) including the onset and development of 

eutrophication (Valiela et al., 1990; Hwang et al., 2005; Lee et al., 2012), harmful algal blooms 

(Paerl, 2009) and changes to species diversity (Kamermans et al., 2002). Eutrophication enhances 

net ecosystem production (NEP) (Gattuso et al., 1998). Nixon (1995) defined eutrophication as ‘an 

increase in the rate of supply of organic matter to an ecosystem’. The European Commission (EC) 

Nitrates Directive (91/676/EEC) defines coastal eutrophication as ‘the enrichment of water with 

nitrogen compounds causing accelerated growth of algae and higher forms of plant life to produce 

an undesirable disturbance to the balance of organisms present in the water and the quality of the 

water concerned’. A comprehensive definition includes both components - increased organic 

matter supply (either autochthonous or allochthonous), associated nutrient loading, and the 

subsequent ecosystem effects.  

 

The process of eutrophication is a major concern in Irish waters (EPA 2010). Over half of the 

coastal and estuarine water bodies assessed in the Irish Water Quality Status Assessment for the 

period 2007-2009 were impacted by eutrophication (O’Boyle et al., 2015). This issue is not unique 

to Ireland as many European coastal and estuarine systems exhibit eutrophic characteristics 

(Newton et al., 2003). In addition to nutrient concentration entering the coastal zone, the 

C:DRSi:N:P ratio associated with SGD is important, as this may determine the limiting nutrient for 

primary production. Nitrogen is usually the limiting nutrient in marine systems (Nixon, 1995; 

Howarth and Marino, 2006). Increases in those nutrients which are present in lower molar 

concentrations than C:Si:N:P 106:15:16:1 may result in stimulation of primary production and 

possibly the eventual onset of eutrophication (Howarth and Marino, 2006).  

1.5.4 Molar ratios 
On a global scale the average molar ratio of DIN:DIP riverine loading is approximately 18:1 

(Smith et al., 2003), which is closely linked to the Redfield Ratio of 16:1 (Redfield, 1958). 

However, N:P ratios may be altered from this ratio in groundwater as nitrogen and phosphorus are 

removed from groundwater via mechanisms not associated with primary producer assimilation. 

Microbially mediated groundwater nitrogen removal can occur in anoxic aquifers, mostly via 

denitrification (Slomp and Van Cappellen, 2004; Rocha et al., 2009), and possibly via dissimilatory 

nitrate reduction to ammonia (DNRA) and anammox pathways. Well-oxygenated aquifers, such as 

karstic aquifers, prohibit anoxia-dependent removal processes and favour relatively conservative 

nitrate transport (Slomp and Van Cappellen, 2004). As groundwater flows toward the coastline, 

dissolved phosphate may be removed via sorption to iron oxides or co-precipitation with dissolved 
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aluminium, calcium or iron to mineral phases (Slomp and Van Cappellen,2004). This phosphate 

removal occurs in both oxic and anoxic aquifers, though less efficiently in the latter (Slomp and 

Van Cappellen,2004). Thus, there is often near-conservative nitrate transport while phosphate is 

removed in karst systems (Kamermans et al., 2002; Slomp and Van Cappellen, 2004). 

Additionally, there is increased terrestrial derived N contamination of aquifers due to fertiliser use 

(Rocha et al., 2015). The differing behaviour of nitrate and phosphate in oxic groundwater systems 

typically results in a sharp increase in the N:P ratio along the groundwater flow path (Slomp and 

Van Cappellen,2004). This altered N:P ratio in groundwater may drive the coastal ocean towards 

P-limited from the current N-limited primary production state (Slomp and Van Cappellen, 2004).  

 

It is also important to consider dissolved reactive silica (DRSi) in nutrient ratios. DRSi:N:P ratios 

transport via terrestrial sources for productivity within the coastal zone (Redfield, 1958; Conley 

and Malone, 1992). DRSi:N ratios have been shown to be decreasing in riverine sources, such as 

the Mississippi River (Lane et al., 2004). Diatoms require silicon for the construction of their 

siliceous outer shell during growth. Increases in nitrogen or phosphorus without concomitant 

increases in silicon can cause a shift from diatom production toward the growth of dinoflagellate 

and flagellate taxa as these do not require silicon for growth (Sommer 1994; Cloern, 2001). DRSi 

is often enriched in SGD (Waska and Kim, 2011). In fact, Kim et al., (2005) demonstrated that 

SGD accounted for 20 – 100% of the riverine Si flux into the Yellow Sea, which represents a 

significant source of Si to the coastal zone and may be significant on a global scale, particularly in 

karst regions. 

1.6. Carbon cycle and the coastal reaction node 
Carbon cycles between the atmosphere, the terrestrial and marine biospheres (Berner, 2004). The 

carbon cycle is the flux of carbon between reservoirs including inorganic C in rocks, dissolved 

inorganic carbon (DIC) in seawater, organic C in rocks, organic and inorganic soil carbon. The 

contribution of any biological system to the global carbon cycle depends upon the balance between 

organic carbon production and consumption, and the balance between calcium carbonate 

precipitation and dissolution (Gattus et al., 1998). This cycle interconnects with nutrient cycles due 

to biological transfer. The link between land and marine systems has been described as an 

unreactive pipe in the global carbon cycle in the past (Cole et al., 2007). However, carbon budgets 

in global coastal zones are receiving increased attention, as they are now known to sequester 

substantial anthropogenic fluxes (Santos et al., 2009; Moore, 2010; Maher et al., 2013). Both 

biological and chemical pumps can occur in the coastal ocean. These pumps associated with the net 

uptake of CO2 by the coastal ocean are (Kempe, 1996): 

1. The chemical pump – the net CO2 uptake in the mixed surface layer by thermodynamic 

equilibration in response to rising pCO2 in the atmosphere and subsequent downwelling. 
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2. The biological pump – organic fixation of DIC by photosynthetic phytoplankton and the 

export of new primary production to sediments or deeper water. This pump may be 

enhanced by anthropogenic eutrophication of coastal seas. 

Many key studies have called for an improved understanding of carbon fluxes across land-ocean, 

air-sea, and coastal-open ocean boundaries while gaining an insight into factors that control 

biogeochemical transformation processes (Gordon et al., 1996; Doney et al., 2004; Denning et al., 

2005; Feely et al., 2009; Ramesh et al., 2015). SGD has been shown to be a major contributor of 

dissolved carbon to the continental shelf (Liu et al., 2012, 2014), intertidal flats (Moore et al., 

2011; Kim et al., 2012), bays (Stewart et al., 2015), estuaries (Santos et al., 2012) and lagoons 

(Cyronak et al., 2014).  

 

Zhang and Mandal, (2012) provided a crude estimate of the global SGD-C flux as 0.23 PgC yr-1. 

Szymczycha et al., (2013) concluded that the SGD-C load amounts to 25% of the riverine loading 

on a global scale. As studies in the field are limited, caution must be taken with these estimates 

(Cai et al., 2003a; Moore et al., 2006; Liu et al., 2012; Szymczycha et al., 2013, 2014), although 

they support SGD as a significant carbon supply source to the coastal ocean. Still, groundwater 

influxes are the least constrained components of coastal nutrient and carbon budgets despite 

significant methodological advances (Porubsky et al., 2014).  

 

Swaney and Giordani, (2011) concluded that ‘efforts must be made to determine site-specific 

groundwater flux estimates', and also that budgets are needed from a broader range of watershed 

and catchment basin sizes and in the nearshore coastal zone. This research will help bridge this gap 

by determining the nutrient and carbon fluxes transported through SGD in a karstic aquifer.  

1.6.1 Dissolved organic matter (DOM)  
Organic matter (OM) can be broken down into particulate organic matter (POM) and dissolved 

organic matter (DOM), according to a size threshold of 0.45 µm, by consensus, although this 

classification is somewhat arbitrary (Zsolnay et al., 1999). DOM is an active and dynamic 

component of the carbon and nitrogen biogeochemical cycles playing an important role in marine 

and coastal ecosystems globally (Mopper et al., 1991). DOM is a complex, heterogeneous mixture 

of organic molecules, derived mainly from terrestrial plant matter, decaying organisms, such as 

algae, bacteria and higher plant material, or excreted in-situ by microorganisms, and is ubiquitous 

in coastal ecosystems (Baker and Spencer, 2004; Cory and McKnight, 2005; Chen et al., 2010; 

Nelson and Coble, 2010). DOM inputs into the coastal compartment may occur from multiple 

sources, including allochthonous inputs such as terrigenous compounds exported from land by 

rivers and groundwater or marine materials transported through tidal action. Autochthonous 

materials are produced by excretion from primary producers, cellular lysis, and release from 
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sediments (Coble, 1996; Rochelle-Newall and Fisher, 2002; Bertilsson and Jones, 2003; Zonneveld 

et al., 2010).  

 

DOM consists of a continuum of bioavailability within the coastal zone. The labile material may 

have a turnover period of less than a day compared to refractory DOM that may persist for 

millennia (Jiao et al., 2010). 95% of the world's oceanic DOM pool is due to autochthonous 

production (Kowalczuk et al., 2005). However, terrestrially derived DOM has an average marine 

residence time of between 21 and 132 years compared to DOM in the deep ocean which has a 

residence time of thousands of years (Hansell and Carlson, 2014). The turnover time of SGD-borne 

DOM depends on age and composition of groundwater fluxes (Kim et al., 2013). Rapid cycling of 

terrestrial DOM may enhance primary productivity in the coastal ocean where it is most prominent. 

Decomposers process significant amounts of bioavailable OM and return inorganic nutrients to 

ecosystems, which are then taken up by primary producers. 

 

The properties of DOM are diverse and depend on DOM source (terrestrial vs. aquatic) and 

diagenetic state (Helms et al., 2008). Gaining an understanding of the processes and mechanisms 

that regulate the amount of DOM entering the sea and the biogeochemistry of the terrestrial 

fraction is, therefore, critical to better constrain the global carbon cycle of coastal zones. The fate 

of terrestrial organic matter within the coastal zone and its subsequent delivery to the open ocean is 

crucial to understanding the global carbon cycle (Hedges et al., 1997). This study aims to 

characterise terrestrial CDOM transported via SGD in a karstic region to better constrain the types 

of components delivered via SGD.  

1.6.1.1 SGD-borne DOM 
Organic matter content in SGD varies widely depending on the geological and hydrological factors 

defining groundwater catchments (Nelson et al., 2015). SGD passes through the subterranean 

estuary which modifies DOM (Benner 2002; Tedetti et al., 2011; Nelson et al., 2015). The 

biogeochemical processes occurring in the STE alters solutes (Kim et al., 2012) while changes in 

salinity due to mixing influence the local physicochemical conditions through processes such as 

adsorption, desorption, flocculation, and aggregation which, in turn, affect DOM behaviour in the 

discharging mixture (Benner, 2002). Furthermore, the increased loads of nutrients associated with 

SGD, may, in fact, drive carbon loss and increase turnover of DOM in the STE and permeable 

sediments in general (Ibánhez and Rocha, 2014a).  

 

Considering the ubiquitous nature of DOM and its ability to accumulate in groundwater, studies to 

determine the SGD-derived DOM characteristics are critical to understanding the potential impact 

on the coastal C cycle. In this study, DOM delivered to the coastal ocean via SGD will be 



Chapter 1   General Introduction 

 15 

determined in Kinvara bay, which has point discharge and minimal surface flow. Thus, SGD-borne 

DOM can be characterised with minimal interference from surface flow.  

1.6.1.2 Chromophoric DOM (CDOM) 
The fraction of DOM that absorbs in the UV and the short-wavelength visible range of the 

electromagnetic spectrum is referred to as chromophoric or coloured DOM, CDOM (Helms et al., 

2008; Nelson and Coble, 2010). This pool is used as a precursor for the wider DOM pool (Coble, 

1996) and was initially referred to Gelbstoff (yellow substance) (Kalle, 1938, 1949, Kirk, 1976, 

Bricaud et al., 1981). Traditional methods for DOM characterisation, including extraction and 

derivatisation, required large sample volumes, which may not be possible in SGD analysis. 

Additionally, these methods had complicated and lengthy handling procedures, which may increase 

the uncertainty associated with quantification or even result in chemical alteration of the original 

sample (Chen and Bada, 1992; Coble, 1996). CDOM is now characterised by multiple 

spectroscopic methods, including UV-visible absorption spectroscopy and fluorescence 

spectroscopy (Nelson and Coble, 2010) as DOM includes organic molecules with chromophoric 

(light absorbing) and fluorophoric (light emitting) moieties (Her et al., 2003). Recent advances in 

fluorescence spectroscopy allow for the rapid detection of CDOM (approximately one minute) at a 

wide range of both excitation and emission wavelengths requiring relatively small sample volumes 

and minimal handling. In particular, the use of Excitation-Emission Matrix Fluorescence (EEMF) 

is a very useful tool incorporated into DOM studies. EEMF studies are now extensive in the 

literature (Coble, et al., 1990; Coble, 1996; Baker and Spencer, 2004; Guo et al., 2010; Singh et al., 

2010; Tedetti et al., 2011; Bieroza et al., 2012) with each study typically containing more than 

3000 fluorescence intensities. Excitation-Emission Matrices (EEMs) can be used to infer the 

sources, composition, relative concentrations and biogeochemical cycling through transformations 

of DOM (Murphy et al., 2010).  

 

DOM from marine sources has been shown to be enriched in aliphatic structures causing blue-

shifted spectra in fluorescence while DOM from terrestrial sources has higher aromaticity and 

conjugation of double bonds resulting in red-shifted spectra (Maie et al., 2005). These 

characteristics have been used to differentiate between terrestrial/higher plant and marine/microbial 

origins (Coble, 1996; McKnight et al., 2001; Lapworth et al., 2008). CDOM absorbance or 

fluorescence is variable as a function of DOC concentration. Hence, there is no current definitive 

expression able to link the CDOM optical properties to the DOC concentration. In fact, a high 

proportion of the DOC present may not significantly absorb in the UV-Vis range (Ferrari et al., 

1996). Any such relationships derived from CDOM optical activity and DOC concentration tend to 

be localised in space and time due to chemical reactions, source material, diagenetic processes, 

degradation, which alter DOM structure and composition (Nelson and Coble, 2010). However, 

clear CDOM:DOC relationships have been found in some large river systems worldwide. For 
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example, Kowalczuk et al., (2010) determined a significant linear relationship (R2 = 0.87) between 

fluorescence intensity and CDOM absorption coefficient aCDOM (370 nm) measured in the southern 

Baltic over different seasons. They also found a significant relationship (R2 = 0.76) between 

aCDOM (370 nm) and DOC concentration. Del Castillo and Miller (2008) developed a method to 

estimate DOC transport from large rivers providing there is data available for the relationship of 

CDOM, DOC and salinity in the plume. Ferrari (2000) found a significant correlation between 

aCDOM and DOC in river plumes discharging to the North Sea and concluded that 46 – 60% of 

DOC is non-absorbing in the visible range. Ferrari et al., (1996) showed a good correlation 

between CDOM optical properties and DOC in the southern Baltic Sea, however, approximately 

70% of DOC did not absorb in the UV-visible range.  

 

Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) is a powerful 

technique now employed to characterise DOM on a molecular level (Koch et al., 2008). Currently, 

only ~25% of DOM is well described on this level, which has been shown to comprise of amino 

acids, nucleic acids, carbohydrates, hydrocarbons, fatty acids and phenolic compounds (Coble, 

1996; Rochelle-Newall and Fisher, 2002; Bertilsson and Jones, 2003; Zonneveld et al., 2010). FT-

ICR-MS allows for the elucidation of indicators, such as amino acids and lignin, on a molecular 

scale (Koch et al., 2005). FT-ICR-MS studies utilise molar ratios, specifically H/C, O/C and 

aromaticity, to evaluate DOM in terms of its biogeochemical availability. A clear understanding of 

the composition of the DOM pool within Kinvara Bay will support efforts to better understand the 

diagenetic status and biogeochemical and degradation processes occurring in the coastal zone as a 

result of SGD-borne DOM. 

1.6.1.3 CDOM classification 
Allochthonous DOM transported from the catchment to the water body is derived from and 

influenced by the geology, nature of the soil, land use and hydrogeology of the region (Hudson et 

al., 2007; Rochelle-Newall and Fisher, 2002). CDOM is often classified into two broad groups as 

(1) humic-like components and (2) protein-like (biogeochemically non-humic substances) 

components (Chen et al., 2010). Protein-like peaks, namely amino acid-like peaks, tryptophan and 

tyrosine, have been used as biogeochemical tracers (Fellman et al., 2009). These amino acids 

compose of an indole group and is thus a DON compound (Coble, 1996; Yamashita and Tanoue, 

2004). Protein fluorescence has been associated with biological production in surface waters 

(Determann et al., 1994; ,Coble, et al., 1998). Cammack et al., (2004) identified this fraction as 

being highly dynamic. They suggested that tryptophan-like CDOM represents a product of 

bacterial activity and a bioavailable substrate. The protein peaks are common in waters subject to 

anthropogenic influence (Hudson et al., 2007) as well as areas of high productivity and pore waters 

(Coble, 1996). Thus, protein-like peaks are derived from products of microbial activity (Cammack 

et al., 2004; Yamashita and Tanoue, 2004) and constitute bioavailable, labile organic fractions 
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(Hudson et al., 2007). These are often found in freshwaters of urbanised areas of increasing 

anthropogenic pressures.  

 

Humic substances are a heterogeneous mixture of high molecular weight aliphatic and aromatic 

organic compounds, that are often rich in oxygen-containing functional groups, such as the 

carbonyl functional group (C=O) (Mobed et al., 1996; Hessen, 1998; Sleighter and Hatcher, 2007). 

These are a key component, accounting for approximately 60 - 70% of total organic carbon (TOC), 

in soils (Mobed et al., 1996) and can be released from the soil/subsurface matrix, and consequently, 

may accumulate in groundwater (Artinger et al., 2000; Kim et al., 2012). In natural waters deemed 

to be non-contaminated, humic and fulvic acids are the most common fluorophores present 

(Mudarra and Andreo, 2011). Humic substances can be composed of at least three distinct stages of 

humification, although in reality, a continuum of all three exists. Humification causes the N-

containing functional group content, the carboxyl acid content and the total exchangeable acidity to 

increase, which in turn, may enhance DOM interaction with ionic constituents, protonation, ligand 

exchange and cation bridging (Ohno, 2002). Therefore, the degree of humification associated with 

SGD-borne DOM will determine, to a large extent, its effects in the coastal zone. These stages are 

given as active, passive and intermediate, which are dependent on the turnover time of the organic 

matter in each pool (Ohno, 2002). The active pool has a turnover time of less than one year, while 

the intermediate fraction may turnover in years to centuries but the passive OM will persist for 

millennia (Carlson and Ducklow, 1996). Passive OM is highly refractory and may contribute to 

oceanic C storage. The microbial C pump regulates recalcitrant DOM through in-situ microbial 

production. The entire recalcitrant C inventory in storage in the ocean is 624 Gt C (Jiao et al., 

2010). This store may be an essential mechanism for long-term storage of fixed atmospheric carbon 

by the ocean. 

1.6.1.4 Properties of CDOM 
From its initial production within the soil until it discharges as a component of SGD, DOM 

undergoes physical transport and geochemical reactions within the aquifer, including transport, 

sedimentation, and reactions with aquifer materials, such as carbonate solids (Mudarra and Andreo, 

2011). DOM itself is non-chlorophyllous, but it plays a vital role in allowing photochemically-

induced transformations in surface waters (Singh et al., 2010). CDOM is one of the controlling 

factors for light attenuation. Suspended sediment also acts as a control for light absorption within 

the water column. Slowly setting particulate organic matter contributes greatly to suspended solids, 

which greatly increases light attenuation in the water column (Duin et al., 2001). These factors 

control the extent of photosynthetically active radiation penetrating through the water column and 

hence, the size of the euphotic zone. The size of the euphotic zone defines the depths of particular 

wavelength availability to organisms (Chen et al., 2003, 2010; Baker and Spencer, 2004; Cory and 

McKnight, 2005). Absorption and refraction by water, and dissolved and suspended matter 
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determine the spectral quality of light within the photic zone (Jerlov, 2014). Solar radiation is 

removed by absorption within the water column due to the water itself, CDOM, phytoplankton 

pigments or non-algal particulate matter (Murray et al., 2015). Murray et al., (2015) showed that 

CDOM was responsible for 6 – 13% of the absorption in a Greenlandic Fjord.  

 

DOM acts as the primary source of energy for heterotrophic bacteria through the microbial loop 

(Azam et al., 1983) and hence, also has an impact on secondary production (Chen et al., 2010). 

DOC is returned to higher trophic levels due to its incorporation into bacterial biomass, such as 

phytoplankton-derived DOM that supports bacterioplankton production, a portion of which may be 

transferred to the traditional grazing food chain (Hagström et al., 1988). Murray et al., (2007) 

reported a direct link with the domination of bacterial growth and large shifts in community 

composition with utilisation of DOC. Linkages between specific organisms and important 

ecosystem processes such as carbon utilisation. The community composition, for example 

phytoplankton composition, may shape the structure and function of the microbial loop (Passow et 

al., 2007). Much of the flux of C, N and P in coastal waters can be attributed to organic matter 

(OM) production and consumption (Gordon et al., 1996).  

 

The effect of CDOM on primary and secondary productivity continues beyond the microbial loop 

and light availability controls, as it provides a direct source of carbon and nutrients to the aquatic 

food web (Qualls and Haines, 1991). It also acts as a pH buffer and can influence metal speciation 

and bioavailability (Cory and McKnight, 2005) due to the many complexes that may be present in 

DOM. Some DOM components may act as electron shuttles or as terminal electron acceptors, 

which can directly or indirectly affect microorganism-catalysed redox reactions. This characteristic 

has been attributed to quinone moieties of humic and fulvic acids. Quinones are a group of 

biomolecules which cycle between three redox states (oxidised, the semiquinone radical and 

reduced) and can be found in living cells, extracellular material, and in detrital organic material 

(Cory and McKnight, 2005). As a result, the presence of microorganisms may alter the 

fluorescence characteristics of DOM due to increased biological activity (Parlanti et al., 2000). The 

interaction of DOM with anthropogenic pollutants, such as pesticides, fertilisers and metals, also 

influences their bioavailability, transport and fate. Humic materials may have varying sorption 

capacities for pollutants, and therefore, affect the fate, exposure and potential effects of different 

pollutants to varying degrees (Thomsen et al., 2002).  

 

DOM is closely linked to the carbon and nitrogen cycles of coastal oceans as it provides a direct 

energy source to fuel productivity and its chemical characteristics might influence both light 

availability and electron transfer. Therefore, this could be a factor in determining net ecosystem 

metabolism (NEM) in coastal regions, which in turn, determines the contribution as a source or 
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sink of the system within the context of carbon turnover and hence the C cycle in coastal areas 

(Gordon et al., 1996).  

1.6.2 DOC  
Fresh SGD has been shown to account for 5 - 10% of the world's DOC influx to the coast, 

delivering 11 - 22 Tg C yr-1 as DOC (Dai et al., 2012). Although this is within the 30% error 

estimate of total DOC transport, it still represents a significant DOC flux. The DOC flux associated 

with total (fresh + recirculated seawater) SGD may represent a significantly larger proportion of 

that reported here. In spite of this, there is limited data quantifying DOC concentrations in 

subterranean estuaries globally (Dai et al., 2012). Thus, groundwater inputs are often the least 

constrained components of carbon budgets of coastal oceans worldwide (Porubsky et al., 2014), 

although a plethora of studies show that groundwater transports high DOC fluxes to the coast 

(Fiebig and Lock, 1991; Swarzenski et al., 2006; Dai et al., 2012; Ibánhez and Rocha, 2014). 

 

DOC concentrations in groundwater fluctuate depending on location, season, changes in 

groundwater flow rate (Montluçon and Sañudo-Wilhelmy, 2001; Ibánhez and Rocha, 2014), 

seawater mixing in the subsurface (Goñi and Gardner, 2003) and with microbial activity (Pabich et 

al., 2001). Thus, groundwater has variable DOC concentrations both geographically and temporally 

ranging from 156 to 1,200 µmol L-1 (Grøn et al., 1992; Ibánhez and Rocha, 2014). A given 

groundwater body may support larger DOC concentrations than a given river (Table 1.2). This 

applies in particular in karst regions, which have the ability to carry relatively large fluxes of 

groundwater with minimal surface flow (Schubert et al., 2015). Therefore, the local importance of 

groundwater DOC influxes is dependent on the particular system in question due to discharge 

magnitude, land use practices, reactivity in the STE, the catchment type amongst others. 
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Table 1.2: Mean DOC concentrations found in the main rivers in Europe and DOC concentrations found in groundwater 
samples globally, as referenced in the cited literature. 

 

 
Most DOC is derived from soil and can play a significant role in redox processes and solute 

transport (Stuart and Lapworth, 2016). Global climate change has been linked to an increase in the 

export of DOC from land due to rising temperatures and land use change (Baker and Spencer, 

2004). Therefore, if global temperatures continue to increase, the terrestrial carbon store may partly 

relocate to the oceans, causing an increase of terrestrial C stored in the ocean (Sabine et al., 2004). 

Given the ability of DOC to be incorporated into SGD (Maher et al., 2013; Szymczycha et al., 

2014; Szymczycha et al., 2016), this unquantified contribution to the DOC transfer flux may 

become even more important. Therefore, it is essential to evaluate the current fluxes associated 

with SGD to have a thorough understanding of the processes by which DOC may enter the ocean. 

This study will contribute to the current knowledge by determining current DOC fluxes associated 

with SGD in a karstic aquifer.   

 

DOC often displays conservative behaviour in estuaries. However, this is often due to 

contemporary sources and sinks that result in small net changes in bulk concentration (Cifuentes 

and Eldridge, 1998). Sinks include microbial utilisation (Raymond and Bauer, 2000), 

biodegradability and flocculation of humic substances (Abril et al., 2002). These sinks may 

experience constraints such as temperature and residence time which result in a flux of 

allochthonous labile DOC transported through the coastal zone to the ocean (Raymond and Bauer, 

2000). Sources include tidal flushing and desorption processes (Miller, 1999). 

River DOC  
[µmol L-1] 

Reference 

Scheldt 566   
 
 
 
(Abril et al., 2002) 

Rhine 242  
Gironde 258  
Thames 483  
Sado 383  
Elbe 566  
Ems 566  
Douro 208  
Loire 325  

 
Groundwater 

DOC  
[µmol L-1] 

 
Reference 

Northern Jylland, 
Finland 

1,200  (Grøn et al., 1992) 

Breitenbach, Germany 475  (Fiebig, 1995) 
Ria Formosa, Portugal 156 – 500  (Ibánhez and Rocha, 2014a) 
Hampyeong Bay, South 
Korea 

185  (Kim et al., 2012) 

North Inlet, USA 500-1000  (Goñi and Gardner, 2003) 
Kinvara Bay, Ireland 200 - 600 (Smith and Cave, 2012) 
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1.6.3 The importance of SGD-borne dissolved inorganic carbon (DIC)  
DIC is a biogeochemically important component of estuarine and coastal waters globally. Total 

DIC (TDIC) is defined as the sum of H2CO3* (H2CO3 and dissolved CO2), HCO3
- and CO3

2- (Cioni, 

Gambardella and Marini, 2007; Cai et al., 2008), as shown in Eqn (1): 

DIC = H2CO3* + HCO3
-  + CO3

2- (1) 

Figure 1.3 provides a box model to illustrate inputs and outputs of DIC in the coastal zone. The 

major processes contributing to DIC levels within coastal aquatic ecosystems are photosynthesis, 

in-situ respiration (Cole et al., 2001; Cole et al., 2007), driven by organic matter oxidation in soils 

and sediments (Brunet et al., 2005) inputs of organic matter, pCO2 exchange between the 

atmosphere and coastal zone (Zhai et. al, 2005), as coastal zones may act as a sink of 

anthropogenic CO2  released into the atmosphere (Sabine et al., 2004a) SGD (Jiang et al., 2008; 

Dorsett et al., 2011; Atkins et al., 2013), runoff from surface waters (Frankignoulle et al., 1998; 

Raymond et al., 2000; Hélie et al., 2002) and precipitation of aquifer materials, such as carbonate 

or silicate minerals (Berner et al., 1983; Berner, 1992).  

  

Figure 1.3: Schematic box model of processes affecting the aquatic DIC pool, including inputs from land and atmosphere and 
outputs to the atmosphere (after Atekwana and Krishnamurthy, 1998) 

1.6.3.1 SGD-borne DIC 
SGD has been shown to transport large fluxes of dissolved inorganic carbon to coastal zones 

worldwide (Cai et al., 2003a; Basterretxea et al., 2010; Atkins et al., 2013; Maher et al., 2013). In 

fact, Dorsett et al., (2011) estimated that 7 – 11 % of global coastal water DIC derives from SGD 

associated with karst and other carbonate systems alone. SGD accounted for approx. 30% of the 

DIC load carried by the Pearl River in the South China Sea (Liu et al., 2012). While Moore et al., 

(2006) concluded that SGD was comparable to riverine inputs regarding DIC in marshes around 
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the Okatee estuary, USA. In the South Atlantic Bight, SGD-borne DIC and surface waters were 

also comparable (Cai et al., 2003a). Groundwater transports DIC through CaCO3, CO2, and DOC 

production. Reactions between the solutes contained in groundwater and seawater will determine 

the fluxes of DIC across the boundary to the open ocean. The fluxes of DIC may be subject to 

modification within the coastal zone through speciation of organic and inorganic compounds, 

physicochemical gradients, high biological activity, and intense sedimentation and resuspension 

(Frankignoulle et al., 1998; Gattuso et al., 1998; Abril and Borges, 2005).  

 

Studies have shown that coastal waters, which are SGD influenced, are often a net source of 

inorganic carbon (Fagan and Mackenzie, 2007; Chen and Borges, 2009; Dorsett et al., 2011). 

Previous studies have reported SGD to be a significant source of DIC and CO2 to the coastal zone 

(Gagan et al., 2002; Cai et al., 2003a; Atkins et al., 2013; Sadat-Noori et al., 2016). As such, SGD 

may be a primary source to the atmosphere as pCO2 in groundwater can be three times higher than 

atmospheric CO2 (Gagan et al., 2002; Cai, 2011).  

1.6.3.2 SGD-borne CO2  
Substantial evidence shows that burning fossil fuels, deforestation and land use change, have 

increased CO2 levels in the atmosphere (McCarthy 2001; Chen et al., 2006; IPCC 2007, 2014). 

Atmospheric CO2 levels have increased by nearly 40% since preindustrial levels of approximately 

280 ppmV (parts per million by volume) to almost 384 ppmV in 2007 (Solomon et al., 2007) and 

are expected to continue to rise by about 1% per year into the future (Houghton, 2001). As a direct 

result, global warming has become a serious global issue (McCarthy, 2001). Roughly 30% of 

anthropogenically produced CO2 has been absorbed by the oceans. The accumulation of CO2 in 

seawater changes the overall composition of DIC species and lowers the pH (Feely et al., 2004; 

Feely and Doney, 2011). Carbonate and silicate minerals are the major components of karstic 

aquifers. When CO2 in water comes into contact with CaCO3 in the aquifer it promotes dissolution 

of calcite as hydrogen ions are produced (Equation 2). The reverse reaction shows how lower pH in 

groundwater can promote precipitation by reaction of the hydrogen ions with bicarbonate. This, in 

turn, contributes to CO2 in groundwater. As groundwater has been shown to have lower pH, 

transport through karstic aquifers may lead to higher CO2 levels as calcium carbonate is 

precipitated. This is also true for silicate minerals; however, the global silicate-weathering rate is 

lower than carbonate weathering (Cai et al., 2008).  

  

  CaCO3 + CO2 + H2O ↔ H+ + HCO3 - (2) 

It remains uncertain as to whether coastal zones act as a source or sink of atmospheric CO2 (Chen 

and Borges, 2009; Cai, 2011). Carbon dioxide is closely linked to the organic carbon pool through 

metabolism (Cai and Wang, 1998). Photosynthesis in aquatic systems is a fundamental component 

of the C cycle, acting as a C sink (Gu et al., 2004). Respiration will be the primary metabolic 
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process if light is limited in the upper part of the water body (Equation 3). The forward reaction 

represents a simplification of primary production, while the reverse reaction represents aerobic 

respiration.  

CO2 + H2O ↔ CH2O + O2 (3) 

Many European estuaries are vulnerable to intense anthropogenic pressure due to high loadings of 

detrital organic matter which leads to high respiration rates causing pronounced dissolved CO2 

concentrations (Frankignoulle et al., 1998). Terrestrial nutrient loads act as the controlling factor as 

to whether the coastal zone will be net heterotrophic or autotrophic. Coastal seas can only be 

heterotrophic if the liberated CO2 is not subsequently consumed by photosynthesis, which is, 

fuelled by nutrients (Smith and Mackenzie, 1987). A significant portion of DOC is decomposed 

and released back to the atmosphere as CO2 through microbial respiration. Most estuarine systems 

are net heterotrophic (Smith and Hollibaugh, 1997; Gattuso et al., 1998) and therefore experience 

an overall increase in pCO2 within the water column (Abril et al., 2000).  

 

The major processes contributing to CO2 enhancement in coastal zones are in-situ respiration 

driven by OM inputs, both natural and anthropogenic (Cole et al., 2001b), SGD (Maher et al., 

2013), terrestrial surface water runoff (Raymond, Bauer and Cole, 2000), and precipitation of 

carbonate and silicate minerals (Hagedorn and Cartwright, 2010). Carbonate minerals are more 

reactive and soluble than silicate minerals. Carbonate and silicate minerals are precipitated by 

marine organisms, such as coral and molluscs, that need the materials to build their shells (Feely et 

al., 2009). CO2 is a by-product of this reaction, as below: 

Ca+ + 2HCO3
- ↔ CaCO3 + CO2 + H2O (4) 

 

Dissolved CO2 may be highly enriched in groundwater (Macpherson, 2009; Dorsett et al., 2011) 

due to microbial decomposition of organic carbon (Gagan et al., 2002) and the subsequent build-up 

of CO2. In fact, groundwater is often supersaturated with respect to CO2, only equilibrating upon 

discharge (Atkins et al., 2013), and ergo, may be a significant source of carbon to the coastal 

environment and atmosphere (Cai and Wang, 1998; Raymond et al., 2000; Jiang et al., 2008). SGD 

not only transports DIC to the coastal zone, but SGD also acts as a source of OM and nutrients 

(Santos et al., 2008; Chen et al., 2010). High productivity stimulated by increased nutrient 

concentrations may result in increased autotrophy in these regions. Autotrophic activities may 

utilise DIC that creates an intense but localised sink for atmospheric CO2 (Chou et al., 2009). A 

shift towards organic matter with higher C:N ratios at high CO2 has been shown in mesocosm 

experiments (Doney et al., 2009) and could degrade the quality of food for consumers. The altered 

C:N ratio would also make the biological pump more efficient and cause increased carbon export to 

depth.   
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In conclusion, SGD-borne DIC transported to the coast is largely understudied and hence, little is 

known about its effect on the global carbon cycle of coastal areas. pCO2 can be determined using 

DIC and TAlk and the first and second dissociation constants of carbonic acid (Dickson and Riley, 

1978; Dickson and Millero, 1987; Lueker et al., 2000). Many studies have shown that SGD is an 

important pathway for DIC in many systems (Johannes, 1980; Cai et al., 2003b; Dorsett et al., 

2011; Atkins et al., 2013; Szymczycha et al., 2014). In this study, SGD-borne DIC and TAlk will 

be studied to draw conclusions about the carbonate system of a karstic aquifer where SGD is the 

dominant freshwater source.  

1.6.3.3 Ocean acidification (OA) 
Seawater carbonate chemistry is governed by the below equilibrium reactions: 

CO2(atm) ↔ CO2(aq) +H2O ↔ H2CO3 ↔ H+ + HCO3
- ↔ 2H+ + CO3

2- (5)  

 
Figure 1.4: Relationship of DIC species with pH. Modern seawater has a pH of approximately 8.1, as highlighted in the figure. 
At this pH, HCO3

- is dominant (after Holmén, 2000). 

At surface seawater of pH 8.1, these reactions are reversible and near equilibrium (Millero et al., 

2002) resulting in approximately 90% of inorganic carbon being in the bicarbonate form with only 

9% as carbonate and 1% as CO2 ions (Dickson, 2010). Physical uptake of anthropogenic CO2 

lowers the pH (Zeebe and Wolf-Gladrow, 2001) as CO2 is hydrolysed to form carbonic acid. A 

decrease in pH results in a reduction of carbonate ion concentrations while bicarbonate and 

carbonic acid are produced (Figure 1.4) (Doney et al., 2009). This is the dominant driver of 

acidification in the open ocean (Dickson, 2010; Cyronak et al., 2014; Doney et al., 2009) and has 
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been occurring at a faster rate in recent years due to anthropogenic pressures (Cyronak et al., 2013). 

Acidification causes a lowering of the pH due to higher hydrogen ion concentration. Increased H+ 

promotes CaCO3 dissolution as per equation 6. The pH of the open ocean has decreased by 0.1 pH 

units since pre-industrialised times (Doney et al., 2009). Further pH reductions of approximately 

0.002 pH y-1 are predicted to cause further acidification (Feely et al., 2004; Doney et al., 2009).  

CaCO3 + H+ è  Ca2+ + HCO3
-  (6) 

 

Acidification can have drastic effects on biological processes and the biogeochemistry of marine 

ecosystems (Cyronak et al., 2013). High CO2 concentrations and lower pH promote CaCO3 

dissolution (Gonfiantini and Zuppi, 2003). Mineral CaCO3 derives from shells and skeletons of 

marine organisms. Studies show that some organisms, in particular warm-water corals and 

coccolithophorid algae, will exhibit reduced calcification in ocean acidified scenarios, (Feely et al., 

2004; Kleypas et al., 2005; Doney et al., 2009). These calcifiers need to either adapt to the 

changing chemistry, migrate to carbonate-rich regions or suffer adverse impacts (Doney et al., 

2009). In contrast, some planktonic calcifiers were shown to flourish under acidification conditions 

(Bown et al., 2004). Specie-specific responses vary as some species of coccolithophores were 

found not to be sensitive to elevated pCO2 (Langer et al., 2006). Fabry et al., (2008) reviewed 

available data at that time and concluded that OA and the synergistic impacts of other 

anthropogenic stressors has far reaching yet varied specie-specific responses. Understanding the 

impact of OA on organisms is particularly relevant in areas such as Kinvara Bay where 

shellfisheries are a source of revenue for the region. The oceans long-term ability to absorb 

atmospheric CO2 is dependent on the extent of CaCO3 dissolution in the water column and the 

sediment.  
 

Alkalinity is an important component of the carbonate system and must be considered in OA 

studies (Dickson, 2010). Alkalinity is a measure of the water's ability to resist changes in pH, i.e., 

its buffering capacity (Wong, 1988; Howland et al., 2000; Abril and Frankignoulle, 2001). TAlk 

can also be described as a measure of the proton deficit of a solution relative to an arbitrary defined 

zero level of protons (Dickson, 1981). Total alkalinity (TAlk) enhances the ocean's ability to buffer 

against pH changes while taking up more CO2 (Zeebe and Wolf-Gladrow, 2001). TAlk in coastal 

zones can be described by equation (7). TAlk can be altered by the dissolution or precipitation of 

carbonate minerals. There is also evidence that dissolution rates of carbonates will increase in 

response to CO2 forcing. 

TAlk = HCO
3 + 2CO

3
2− + B(OH)

4 + OH- +HPO
4

3− + 2PO
4 + H3SiO

4 +[NH3] +
 
HS

− 
− H

+ 
− HSO

− 
− 

[HF]4 −[H3PO4] − [HNO2]  (7) 
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Total alkalinity responds to calcification, such that TAlk decreases as HCO3
- is consumed in the 

ratio ΔTAc = 2ΔDICc (Gordon et al., 1996). DIC, however, contributes CO2 upon discharge to the 

coastal ocean. Calcification increases CO2 through changes in carbonate chemistry, as ~0.6 moles 

of CO2 are released for each mole of CaCO3 formed (Frankignoulle et al., 1994). Therefore, the 

rates of production, respiration, and calcification in benthic communities determine their influence 

on water column pCO2. Mineral weathering is a primary regulator of atmospheric CO2 

concentrations over geological timescales (Berner et al., 1983), but studies have shown that the 

weathering rates may change over shorter timescales in response to land use change and global 

warming (Cai et al., 2003; Raymond and Cole, 2003). In general, carbonate materials have a lower 

resistance to weathering than silicate materials, and hence, a higher weathering rate under the same 

environmental conditions (Cai et al., 2008). Biogeochemical reactions have a significant impact on 

the TAlk in coastal regions. For example, Frankignoulle et al., (1996) observed a significant 

decrease of alkalinity with nitrification in the water column of the Scheldt basin. Further studies 

showed that there was highest alkalinity and NH4
+ associated with the lowest nitrate and oxygen 

(Abril and Frankignoulle, 2000). Brewer and Goldman (1976) showed that an uptake of nitrate by 

three marine phytoplankton species caused an increase in alkalinity whereas an uptake of ammonia 

resulted in a decrease in alkalinity as NH4
+ assimilation leads to strong acid production. This 

relationship is very important in nutrient enriched waters, as there is a large influx of these 

nutrients to the system.  

 

Groundwater, worldwide, contains a broad range of TAlk from 90 to 23,300 mol L-1, which is often 

higher than corresponding oceanic waters (Moore et al., 2011; Schopka and Derry, 2012) while at 

the same time providing a source of DIC. High concentrations of TAlk exported from limestone 

aquifers have been reported in Ireland (McGrath et al., 2015). Factors that contribute to the 

variations in DIC and TAlk in coastal zones include the mineralogy of the drainage basin, 

freshwater discharge, weathering intensity, estuarine mixing and biogeochemical reactions (Guo et 

al., 2010). TAlk is an important parameter for ocean acidification studies as Cyronak et al., (2013) 

illustrated, in their study at Heron Island, Australia, that enhanced alkalinity can partially buffer 

against ocean acidification on a local scale. Determining the balance between DIC and TAlk and 

the subsequent impact on the carbonate chemistry of coastal ecosystems is important in 

constraining whether groundwater sources act as a positive or negative feedback to OA (Cyronak, 

2013).  

1.7 Impacts and management issues 
Coastal environmental governance should be concerned with SGD contaminant loading. Scientific 

understanding has increased dramatically in recent years, and this should be incorporated into all 

coastal management strategies globally, although this has been largely ignored in the United States 

(McCoy and Corbett, 2009) and elsewhere. The most common concern deals with nutrient loading 
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due to fertilisers and sewage. However, all forms of contamination are possible (Taniguchi et al., 

2002a), particularly in vulnerable karst aquifers (Drew and Coxon, 1988; Coxon, 2011). Ecological 

effects in the coastal zone depend on water quality, which is affected by the level of terrestrial 

nutrients, organic matter, and metals, which may contribute to the degradation of surface waters 

(Corbett et al., 2000; Taniguchi et al., 2002a; Rocha et al., 2015). Management plans should also 

aim to protect the resource for human use in agriculture and industry as well as for drinking water. 

Therefore, the use of groundwater, groundwater-surface water interactions, and the chemical input 

into the coastal ocean via SGD must be researched and implemented into management strategies to 

establish sustainable strategies that add to the social, economical, environmental and biological 

fulfilment of coastal systems.  

1.8 Synopsis 
SGD may deliver substantially elevated material fluxes to the coastal zone (Liu et al., 2012; 

Szymczycha et al., 2014), including dissolved inorganic and organic nutrients, DOC, DIC and 

TAlk (Shaw 2003; Burnett et al., 2003; Moore, 2010; Liu et al., 2014; Szymczycha et al., 2014). 

SGD has been shown, in many cases, to be the dominant pathway of material exchange between 

terrestrial and oceanic eco-compartments and is widely unquantified and under-represented in the 

literature (Cai et al., 2003; Moore, 2010). While this introduction highlights the importance of SGD 

inputs in to the coastal zone, the contributions of SGD to coastal biogeochemical budgets are far 

from being understood (Moore, 2010).  

1.9 Study Site – Kinvara Bay, Co. Galway, Ireland 

1.9.1 Choice of study site  
Using thermal infrared imagery, research carried out by the Biogeochemistry Research Group 

(BRG) in Trinity College, Dublin highlighted 35 parts of the Irish coastline, including Kinvara 

Bay, that are potentially significantly influenced by submarine groundwater discharge (SGD) 

(Wilson and Rocha, 2012), outlined in Figure 1.5.  
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Figure 1.5: 35 potential SGD sites around the coast of Ireland identified using thermal infrared imagery (Wilson and Rocha, 
2012). Kinvara Bay is located above site 13 on this map.  

Kinvara Bay was chosen as a research site for four primary reasons. Firstly, the karstic nature of 

the aquifer allows for rapid transport of groundwater and associated constituents to the sea (Drew, 

2008). Therefore, attenuation within the aquifer is minimised, and near conservative transport of 

any contaminants from source to sea might be reasonably assumed. Secondly, SGD is the primary 

freshwater source to the bay and accounts for the majority of allochthonous nutrients and carbon. 

Thereby, any inferences drawn in regards to metabolism can be linked to SGD. Thirdly, the bay is 

easily accessible, and lastly, the land use within the catchment is agricultural. Thus, Kinvara Bay is 

a natural laboratory for the study of SGD. 

1.9.2 Irish karst aquifers  
Irish limestones predominantly belong to two geological periods: the Carboniferous (approx. 300-

340 million years B.P.) and the Cretaceous (approx. 70-120 million years B.P.). Carboniferous 

limestone is the most common rock type in Ireland (Karst Working Group, 2000) underlying 

approximately half the land surface (30,000 km2) (Figure 1.6). It is composed primarily of calcite 

(calcium carbonate) and to a lesser extent by dolomite (calcium and magnesium carbonate). 

Carboniferous limestone is found in almost every county in Ireland (excluding Antrim and 

Wicklow), these rocks are usually hard and grey/black, whereas, Cretaceous limestones are only 

found in Ulster (North) and are somewhat softer and usually white (Karst Working Group, 2000).  
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Figure 1.6: Distribution of Carboniferous limestones in Ireland (Drew, 2008). Kinvara Bay is situated in the major city of 
Galway, highlighted on map.  

Limestones in Ireland are often heavily karstified (Drew, 2008). Karstification has been episodic as 

it was confined to times when base levels were suitable and when limestone was exposed (Drew 

and Jones, 2000). Accordingly, karst features have been documented in 80-85% of limestone 

outcrops in Ireland (Drew, 1996), although the degree of karstification is spatially inconsistent as it 

is dependent upon the purity of the limestone, which is not uniform throughout the country (Drew, 

2008). Impure limestones commonly contain sand, clay and chert, which may be distributed 

throughout the rock or concentrated in distinct beds, such as beds of shale, and may be present in 

great proportions. Purer limestones are more susceptible to karstification, as they are more brittle 

allowing for fractures to form (Drew and Jones, 2000).  

 

Irish karst is predominately found in lowland regions. As a result, karst often underlies productive 

agricultural land as well as major centres of population (Drew, 2008). As a result, the vadose zone 

can be relatively shallow, and epikarst often develops within the phreatic zone. Hence, a significant 

portion of diffuse flow occurs through the epikarstic zone and, therefore, horizontal flow can occur 

within the epikarst as opposed to the more typical vertical flow of other karst systems. Karstic 

systems thus have the ability to transmit large volumes of groundwater through preferential flow 

paths, particularly in conduits, to karst springs that can discharge directly to the ocean (Fleury et 

al., 2007). Consequently, SGD acts as a direct link for terrestrial matter to the coast in these 
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aquifers. In fact, there is often near conservative transport of constituents such as nitrate through 

the subterranean path (Kamermans et al., 2002). SGD can have serious implications for the 

productivity of coastal zones of such regions as a result.  

1.9.3 The Gort Lowlands 
The Gort Lowlands catchment located in Galway, Western Ireland is categorised as a regionally 

important karstified aquifer (Drew, 2008). A defining feature of this catchment is that half of it is 

underlain by impermeable non-calcareous rocks, primarily Devonian sandstone found in the Slieve 

Aughty Mountains (Coxon and Drew, 1998). Deposits of glacial drift mantle the bedrock over most 

of the lowland regions of Ireland, but in the Gort Lowlands region glacial deposits tend to be less 

thick, and bedrock is often exposed (Drew and Coxon, 1988). Lowland systems are characterised 

by considerable surface-groundwater interactions, evident by the presence of karst features such as 

sinking and rising streams, swallow holes, estavelles, turloughs and springs. These karst landforms 

and features are a significant aspect of the Gort-Kinvara landscape.  

 

Turloughs are karst wetland ecosystems found in karst regions that are virtually unique to Ireland, 

due to the lowland nature of karst aquifers (Skeffington et al., 2006). A turlough is a topographic 

depression in karst, which is intermittently flooded on an annual cycle as the water table rises (Gill 

et al., 2013). Generally, turloughs in this region fill due to the insufficient capacity of the 

underground karst system to transport heavy flows due to increased precipitation. This causes the 

conduits to surcharge and turloughs then fill and drain through swallow holes, which have a rapid 

response to rainfall and short hydraulic residence times (Gill et al., 2013). They typically fill and 

empty once a year and are dry over the late spring/summer period in response to precipitation 

patterns. However, some turloughs do not follow this pattern and may fill and empty several times 

in one year (Pereira et al., 2011). This region still contains a significant number of natural 

turloughs, which have mostly been left untouched (Coxon and Drew, 2000; Karst Working Group, 

2000).  

1.9.4 Hydrogeology and climatology 
Ireland’s temperate maritime climate is moderated by the North Atlantic Drift oceanic current, 

which results in generally warm summers (18–20°C) and mild winters (8°C) (www.met.ie/climate-

ireland). In the West of Ireland, annual precipitation is approximately 1500 mm while 980 mm of 

this is not evapotranspired, thereby, leaving an effective rainfall of c. 520 mm (Drew, 1990). 

December and January are the wettest and evaporation is assumed to be minimal during winter 

months. Figure 1.7 shows the total rainfall and potential evapotranspiration for 2015. In this year, 

1,575 mm of rain fell with only 502mm of potential evapotranspiration. Rainfall can be rapidly 

incorporated into groundwater, as infiltration and mixing of surface and groundwater can happen 

quickly in karstic aquifers (Gill et al., 2013). The limestone aquifer is characterised by rapid 
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recharge, low storage and rapid transmission of water (Drew, 1990). As such, November-January is 

expected to have the highest levels of SGD flow. 

 

However, flooding in this region is common due to excessive precipitation events. There were four 

major flood events between 1989 and 1995. Then, in November 2009 there were record amounts of 

rainfall, with a monthly total of 329.4 mm. This major flooding event prompted an investigation, 

known as the Gort Flood Studies. The study concluded that the flow capacity of the underground 

system was exceeded which caused water levels to rise at Caherglassaun Lough and then Coole 

Lough. The head differential between Coole and Kiltartan decreased significantly which further 

reduced the capacity of the underground system (Jennings O’Donovan and Partners, 2011). Then, 

in 2015, there was more extreme flooding in the region. Rainfall of 297 mm and 437 mm was 

recorded in November and December 2015, respectively (McCormack and Naughton, 2016).   

 

 
Figure 1.7: Total rainfall (mm) and potential evapotranspiration (mm) for the year 2015, measured at the closest Met Eireann 
weather station, Athenry, 26.2 Km north of Kinvara town  (http://www.met.ie/climate/monthly-data.asp?Num=1875).  

The area is bounded by the Slieve Aughty Mountains to the east and the Burren to the west (Drew, 

1990). Three rivers, the Owenshree, the Ballycahalan and the Owendullullegh, drain northwest 

from the mountains and sink underground at the point or close to the point of geological contact 

and from the non-carbonate catchment to the lowlands, a carbonate aquifer. This allogenic recharge 

supplies chemically aggressive waters as it is relatively acidic due to the peaty catchment of the 

mountains and has aided the development of karstic features through the dissolution of calcium 

carbonate. Locally thick deposits of till may distort the behaviour of the allogenic recharge (Coxon 

and Drew, 1998).  

 

These three rivers converge at Kiltartan via two large conduits as Coole River. The Coole River 

flows into Coole Turlough, which is the largest turlough of this system and forms a part of the 

Coole-Garryland Special Area of Conservation (SAC). As the water drains from the Coole-

Garryland complex, it flows into Caherglassaun Turlough. This turlough is small with limited 

surface inflow and is last in the chain, located 5 km from the sea (Gill et al., 2013). The drainage 

from this point until Kinvara Bay is entirely subterranean and the landscape is devoid of surface 
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water. Tracer studies (Figure 1.8) illustrate the complex nature of the underground water flow 

(Drew, 2003).  

 
Figure 1.8: Tracer tests in the Gort Lowlands catchment showing the groundwater flows underground and its exit at Kinvara 
Bay carried out as part of the Gort Flood Studies Report (Drew, 2003). 

Water fed by the allogenic streams, in full or part, is generally sediment-rich, acidic, and has a 

variable temperature by comparison to water fed by epikarst waters (Coxon and Drew, 1998). 

Deposits are typically thin, patchy, liable to erosion (less than three metres thick) and in some areas 

rendzina soil overlies the pure limestone bedrock directly (Coxon and Drew, 1998). Glacial 

deposits, however, several metres thick and basin peats are common in the eastern section of the 

study site confined to the dolines, which are suitable for cultivation (Karst Working Group, 2000).  

The subsoils are predominantly till, covering approximately 50% of the area, with rock outcrop 

occupying a large proportion of the remainder. Their role is predominantly a local response, as 

their influence on the overall hydrologic response is low. Locally, they may be essential for 

groundwater storage and runoff rates. Their effect will depend upon their characterisation as they 
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may confine the limestone aquifer, or, at the other extreme, function as an aquifer with high 

storage, feeding water into the highly transmissive aquifer underneath (Drew, 2008).  

 

Karst aquifers are particularly vulnerable to contamination due to their high permeability, which is 

often found in combination with thin soil layers (Coxon, 2011). In addition to this, groundwater 

flow velocity is elevated, compared to alluvial aquifers, which doesn't allow sufficient time for 

self-purification (Kačaroğlu, 1999). Furthermore, sinking streams provide a direct entry point to 

groundwater and dolines provide a direct entry route through vertical shafts, both with little 

attenuation capacity (Karst Working Group, 2000) by adsorption, ion exchange, chemical 

breakdown or microbial interactions (Coxon and Drew, 1998). Conduit flow, thereby, allows rapid 

transfer of contaminants, resulting in short underground residence times and lack of natural 

filtration in these systems (Coxon and Drew, 2000). 

1.9.5 Kinvara Bay 
Kinvara Bay (53° 09' N, 8° 56' W) is elongated in the NNW-SSE direction and connects to the 

southern edge of Galway Bay, which opens to the Atlantic Ocean (Figure 1.9). The bay is 

approximately 4.5 km long and has a maximum submerged area of 5.97 km2, as determined by 

analysis of LANDSAT imagery, has an average depth of 4.2 m and a mean high tide water volume 

of approximately 21 x 106 m3 (Rocha et al., 2015). Tides are semi-diurnal with a range of 2 – 4.5 

m, with an average height of 3 m. Neap-spring tidal cycling and freshwater inputs can be seen in 

the bay (Cave and Henry 2011). It is the focal point for waters discharging from the Gort-Kinvara 

aquifer (Dobson and Laming, 1999; Cave and Henry, 2011; Gill et al., 2013), through the 

subterranean pathway as SGD and surface drainage in the form of runoff (Figure 1.10). This 

underground drainage system has a total zone of contribution area of 483.41 km2 (EPA, 2011), in 

which two major (located in the SSE limit of the bay) and possibly other minor SGD points 

discharge land-borne water directly into the coastal zone. Periodically, there may be shallow 

rivulets entering the bay at times of high discharge. These are fed by seeping groundwater from the 

karstic subsurface into open wetlands that are attached to the bay's shoreline. Schubert et al., (2015) 

showed that this water discharge exhibits groundwater characteristics, as indicated by pH and EC 

data. 

 

At the time of this study, Kinvara Bay did not have a wastewater treatment plant. Instead, sewage 

is delivered to a collection system which provides approximately 70,000 gallons of untreated 

sewage to Kinvara Bay daily through a marine outfall pipe (Ciaran Cannon, 2010; Galway County 

Council, 2013). The discharge point is 100 m northeast of the pier head of Kinvara town (see 

Figure 1.9). Sewage composition is a combination of ‘dark water' (raw sewage), ‘grey water' 

(general household bath and cleaning water) and storm water. SGD represents the major freshwater 

input to the bay, but sewage may deliver significant concentrations of nutrients and carbon. 
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Therefore, evaluation of both sources, SGD and sewage, regarding biogeochemistry must be 

conducted. 

  

Figure 1.9: Map of Kinvara Bay highlighting the main sampling sites. These sampling locations were selected as a continuum of 
groundwater from land discharging into Kinvara Bay and exiting into the open ocean at Parkmore Pier. Kinvara Bay is a semi-
enclosed system, and these sampling locations represent the boundaries of the system in terms of box model studies. These sites 
are represented by stars on the map, Loughcurragh South (inland borehole) represented by the yellow star, Dunguaire Castle 
(the major spring for SGD) represented by red star, the sewage outfall point represented by the green star, the sediment 
collection points in the intertidal zone represented by the blue star and Parkmore Pier (exit point for waters discharging to 
Galway Bay) represented by the orange star.   
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Figure 1.10: A photograph of Kinvara Bay taken from the entrance to Dunguaire Castle highlighting the main SGD and 
intertidal sampling sites. These sampling locations were selected as the main SGD springs and an undisturbed location to take 
sediment samples. These sites are represented by circles on the map, Dunguaire Castle (the major spring for SGD) represented 
by a green circle, the Arch SGD springs represented by a red circle and the sediment collection points in the intertidal zone 
represented by the purple circle.  

1.9.6 Human ecological and economic importance 
The population of Kinvara town itself was 620 and including the surrounding rural areas was 

1,351, according to the 2011 Census (CSO, 2012). Kinvara is a mainly rural town consisting of 

residential and small business properties. The focus for employment has been in the agriculture, 

fisheries and forestry industries as well as tourism (Galway County Council, 2012). Galway Bay is 

designated as a Shellfish Water Area under the European Shellfish Water Directive (2006/113/EC) 

(EPA, 2006). There are numerous commercial shellfisheries including natural oyster beds. Within 

Kinvara Bay itself, there is a blue mussel (Mytilus edulis) shellfish farm (Cannon, 2010). 

Therefore, the Kinvara Bay ecosystem is an important socio-economic site as it, directly and 

indirectly, provides employment, recreation, goods and services to the local population. As 

highlighted above, the catchment forms a part of a SAC in the form of the turloughs. Additionally, 

however, the bay also forms part of the Galway Bay Complex SAC, the Inner Galway Bay Special 

Protection Area (SPA) and is protected under the Ramsar Convention (EPA, 2006). 

 

SGD is responsible for delivering carbon and nutrients and thereby influencing the ecological 

status of the bay, which may threaten the commercial fish and shellfish activities (Schubert et al., 

2015). Any changes in these inputs will affect the composition and productivity of the ecosystem. 

The ecological status of the Bay has been classified as poor in the past (EPA, 2012) but is currently 

classified as ‘Good' (EPA, 2015). Periodically the bay has been shown to fail the WFD 
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requirements for dissolved inorganic nitrogen thresholds in winter and shows moderately high 

biochemical oxygen demand (BOD) levels (2 - 4 mg L-1), with episodes of low water column 

oxygen concentration observed in summer (O’Boyle et al., 2009).  

 

The quality of discharged water is dependent on practices within the catchment area (Schubert et 

al., 2015). Practices including fertiliser spreading, forestry and septic tank discharges influence the 

chemical input to the coast via SGD and may lead to contamination and in the extreme case, 

eutrophication. Agricultural sources of pollution include badly maintained farm wastes; unmanaged 

farm runoff and disposal in swallow holes. Over the last few decades, the use of inorganic 

fertilisers on agricultural lands has increased globally (Matson et al., 1997). This increase has led to 

implications for groundwater quality, particularly that of nitrate concentration (Kroeger and 

Charette, 2008; Ibánhez et al., 2013; Ji et al., 2013). The use of organic materials such as 

agricultural wastes (manure, slurry, silage effluent and agricultural runoff) has also increased 

dramatically. In Gort-Kinvara catchment, key swallow holes are overgrown, with floating debris 

that could potentially block the entrance. Many swallow holes are not secured from animals, which 

could lead to disturbance of the area and the possible entry of contaminants to the underground 

system (Southern Water Global, 1998). Dry turloughs provide rich grazing land for domestic 

livestock during the drier summer months. Different grazing regimes may be utilised as fields are 

often under different management both between and within turloughs (Skeffington and Gormally, 

2007). Grazing may impact the flora and fauna of the turlough but also acts as a source of carbon 

and nutrients through manure. Turloughs are host to a low number of specialised flora and fauna, 

which may grow from the turlough edge to its base. Species are divided into two groups, 

amphibious species that can withstand flooding and those that can quickly colonise after emptying  

(Goodwillie, 2003).   

 

The catchment has been classified primarily as grassland (agricultural land) with sizeable forest 

and peat coverage. Therefore, pollution associated with agriculture such as leaching of fertiliser 

may occur. Other pollution sources include disposal of wastes such as household wastes and dead 

animals into natural depressions. Leaking fuel storage tanks, both domestic (above ground) and 

commercial (underground), and septic tank effluent pose a severe water pollution risk (Karst 

Working Group, 2000; Coxon, 2011). Approximately 6,000 septic tanks are used to store domestic 

sewage throughout 900 km2 of Hydrometric Area 29, which is mostly consisted of the Gort-

Kinvara aquifer. Many of these tanks have been sited on unsuitable land with thin soil due to poor 

regulation (Smith and Cave, 2012). This land-borne N and dissolved organic matter (DOM) 

contamination may be rapidly transferred into the littoral zone with little mitigation available en 

route to discharge in the bay due to the low residence time and well-oxygenated conditions of the 

karstic aquifer. Theses conditions prevent anoxia-dependent removal processes such as 

denitrification, DNRA and anammox (Slomp and Van Cappellen, 2004). However, karst systems 
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favour P removal via sorption to iron oxides. Thus, there is an expected increase in the C:N:P ratio 

of SGD (Slomp and Van Cappellen, 2004).  

 

The bay is a natural oyster bed (Cannon, 2010), the site of mussel aquaculture industry and the 

focus of recreational activities vital to tourism in the region. Tourism (~18,000 people per season) 

is the main tertiary industry in the region and provides the main source of employment (Gallagher 

et al., 2010) and brings a concomitant influx of pollution to the area, transferred into the bay as 

sewage. This is seasonally derived as tourism numbers peak during the summer months.  

1.9.7 Previous studies 

1.9.7.1 Hydrological studies 
One of the earliest hydrochemical studies of the region was carried out to determine the hardness of 

water as it discharges out at Kinvara Bay (Williams, 1964). The region has remained an area of 

research interest with many studies conducted here throughout the years (Coxon and Drew, 1998; 

Dobson and Laming, 1999; Deakin, 2000; Einsiedl, 2005; Kilroy and Coxon, 2005; Sheehy 

Skeffington et al., 2006; Cave and Henry, 2011; Coxon, 2011; Pereira et al., 2011; Petrunic et al., 

2012; Naughton et al., 2012; Smith and Cave, 2012; Premrov et al., 2012; Gill et al., 2013; Gill et 

al., 2013; McCormack et al., 2014; Rocha et al., 2015; Schubert et al., 2015) as the catchment has 

seen relatively little human impact on the natural drainage system which includes surface to 

groundwater interactions and many karst features, including several turloughs. Most of these 

studies have concentrated on the flow and movement of water underground before discharge, with 

a particular interest in turloughs and their filling/emptying regimes (Skeffington et al., 2006; 

Coxon, 2011; Pereira et al., 2011; Gill et al., 2013).  

1.9.7.2 SGD studies 
The two springs, known as the Castle (Kinvara West) and the Arch (Kinvara East) are located in 

the lower intertidal zone and discharge chemically distinct waters. It is understood that the Castle is 

the main discharge point for the Gort Lowlands system drawing from a deeper source than the 

Arch (Cave and Henry, 2011). 

 

Cave and Henry, (2011) estimated SGD flows of up to 80 - 100 m3 s-1 using a whole catchment 

hydrological balance method. However, this value may exaggerate the true discharge flow, as all 

freshwater entering the bay was associated with SGD, not accounting for direct precipitation, 

runoff and sewage inputs, which may also contribute to the freshwater flux to the bay and removal 

on land through abstraction and evapotranspiration. Other studies aimed at estimating the SGD 

flow rate may reflect a truer representation; Coxon and Drew, (1998) quote flows typically 5-10 m3 

s-1 and increasing beyond 20 m3 s-1 during high winter flow. Drew, et al., (1997) estimated mean 

water flux through the aquifer as 4–5 m3 s-1 with high winter flows exceeding 15 m3 s-1 and 

McCormack et al., (2014) estimated an average flow rate of 8.7 m3 s-1. Schubert et al., (2015) 
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recently used Kinvara Bay as a case study for determining the effectiveness of electrical 

conductivity (EC), pH and radon as tracers of SGD in the coastal zone. This study revealed that 

radon was the most sensitive indicator for SGD, but in fact, the combined evaluation of radon, EC 

and pH can separate the groundwater contribution from that of surface water. SGD has been 

calculated as 10.4 ± 6.3 x 104 m3 d-1 (Rocha et al., 2015) using radon from an average of four 

summer (low flow) campaigns. However, winter (high flow) SGD rates may be significantly 

higher. 

 

Discharge into the bay is pulsed and modulated by the tide. Therefore, SGD estimates have been 

scaled using the tidal cycle to times of peak discharge. Thus, SGD rates of 0.5 – 6.8 m3 s-1 have 

been calculated for summertime (Rocha et al., 2015). This range has good agreement with the 

lower end estimates of previous studies (Drew, 2008). Exchange of water between Kinvara Bay 

and Galway Bay occurs due to tidal flushing. Therefore, the residence time of water within the bay 

is heavily influenced by wind speed and direction along the wave height, tidal phase and volume of 

freshwater discharge (Smith and Cave, 2012; Rocha et al., 2015). The measured residence time 

using radium was found to be 6.8 ± 1.7 days (Rocha et al., 2015). With this, it can be seen that 

Kinvara is not well mixed horizontally or vertically and there is slow tidal exchange resulting in a 

portion of groundwater being retained within Kinvara Bay.  

1.9.7.3 Carbon and nutrient studies 
There have been numerous studies conducted in Kinvara measuring nutrient concentrations (Smith 

and Cave, 2012; McCormack et al., 2014; Rocha et al., 2015). The nutrient concentrations 

determined by Rocha et al., (2015) are outlined in Table 1.3. Nitrate was the dominant form of DIN 

whereas total dissolved phosphate (TDP) concentrations were low.  
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Table 1.3: Summary of measured water nutrient concentrations in SGD endmember (mean salinity = 0.61 ppt), measured at the 
Kinvara Springs located within the bay over the course of four sampling campaigns during summer. Data are the result of the 
mean of several replicates plus or minus the standard error of the mean (± SE) (Rocha et al., 2015). 

Parameter 
Concentration  

(µmol L-1) 

NO3
- 79.4 ± 5.6 

NH4
+ 0.5 ± 0.15 

NO2
- 0.3 ± 0.15 

TDP 1.4 ± 0.03 

Si(OH)4  75.8 ± 2.61 

 

The EPA monitor groundwater flows and nutrient concentrations at Kinvara Bay from the Kinvara 

Springs. Their long-term average nutrient values for SGD samples taken at the Springs from 2007-

2010 were higher than those recorded by Rocha et al., (2015) but the EPAs period includes a 2009 

flood event. Ammonia concentrations were low, close to zero but nitrate concentrations were 112.9 

µmol L-1 reaching as high as 250 µmol L-1. In addition, three spot samples taken by the EPA in 

2009 had an average nitrate concentration of 92.7 µmol L-1. Smith and Cave, (2012) also measured 

TOxN (total oxidised nitrogen, nitrate plus nitrite) from the two SGD springs (fresh SGD) and 

found levels of 52.8 µmol L-1 at the Castle and 23.6 µmol L-1 at the Arch. They concluded that the 

Castle discharge point draws from a deeper water source and maintains a strong flow year round. 

The mean N concentration measured by McCormack et al., (2014) was 75 µmol L-1 at the Arch and 

142 µmol L-1 at the Castle.  

 

Phosphate concentrations in SGD were very low amounting to less than 5 µmol L-1 at all sampling 

times (Rocha et al., 2015). N:P availability ratios of 173 and Si:P of 503, greatly exceed the 

Redfield ratio (Rocha et al., 2015). P limitation of primary producers is a concern in SGD 

influenced areas across the globe (Slomp and Van Cappellen, 2004) due to this imbalance in 

concentrations transported via SGD. Smith and Cave, (2012) also determined that SGD is not a 

source of DIP to Kinvara Bay. Carbon studies are scarce in the region, with only one study of DOC 

published to date (Smith and Cave, 2012). DOC concentrations of SGD taken during 2009 floods 

were 200 - 300 µmol L-1 compared to higher salinity sample concentrations of 50 - 100 µmol L-1. 

Concentrations reached as high as 600 µmol L-1 during autumn. This agrees well with the TOC 

concentrations published by the EPA in 2009 of 290 - 400 µmol L-1. There is no study outlining 

dissolved inorganic carbon (DIC) and alkalinity (TAlk) within the bay. EPA monitoring data 

recorded alkalinity as 230-344 mg L-1 HCO3 for the period 2007 to 2010 at the SGD springs in the 

bay. Sources of DIC to groundwater in this region may include meteoric recharge (including 
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weathering reactions), limestone dissolution, sediment diagenesis and, within the estuary, 

exchanges with the atmosphere and seawater intrusion (Dorsett et al., 2011). As this is a karst 

region, concentrations of DIC may be significant.  

1.10 Research questions and hypotheses 
The overarching research objective of this study was to characterise the sources, quantities and 

biogeochemical significance of C, in the forms of DOC, DIC, DOM, TAlk, and inorganic nutrients 

(N, P and DRSi) transported via SGD to the coastal zone in Kinvara Bay. This objective was 

pursued with a basis on the following research hypotheses: 

 

1. SGD is the main source of nutrients to Kinvara Bay, irrespective of flow regime (i.e., dry, wet). 

The three allochthonous sources of nutrients to the bay were sewage, atmospheric deposition and 

SGD at the time of this study. SGD was expected to be the highest contributor of nutrients due to 

the large daily discharge into the bay.  

 

2. SGD contributes to P limitation in Kinvara Bay irrespective of flow regime. The high fluxes of 

DIN associated with SGD have been shown to cause P limitation in Kinvara Bay during summer 

(Rocha et al., 2015). Although DIN concentrations were expected to be lower during winter 

compared to summer due to seasonal land use within the catchment, it was hypothesised that DIN 

fluxes were still comparatively larger than P due to the karstic nature of the aquifer and the fresh 

characteristic of SGD.   

 

3. Nutrients are retained within the bay during summer but are exported to Galway Bay during 

winter. It was hypothesized that nutrient fluxes delivered via SGD were retained within the bay 

during low flow (Rocha et al., 2015) due to high productivity fuelled by longer sunlight hours and 

higher temperatures. Nutrients were expected to be transported to the larger Galway Bay during 

winter due to lower productivity.   

 

4. Kinvara Bay is eutrophic in summer compared to mesotrophic in winter due to higher nutrient 

loading and resultant productivity. 

 

5. CDOM delivered via SGD is labile in summer but refractory in winter due to the agricultural 

land use within the catchment. 

 

6. Increased levels of SPM cause labile CDOM to be effluxed from sediments. It was hypothesised 

that the presence of high DIN will cause further productivity and fuel labile CDOM to be effluxed 

from the sediments.    

 



Chapter 1   Research Aims 

 41 

7. Kinvara Bay acts as a net sink of CO2 in summer due to productivity fuelled by SGD-borne 

nutrients.  

 

8. SGD contributes to coastal ocean acidification due to the naturally lower pH of discharging 

waters and high DIC loading, although this is in combination with high TAlk loads.  

 

9. Experiments conducted by Linh Trieu (2015) and Manaswi Raghurama (2015) examined future 

‘what-if’ scenarios of the impact of plastic pollution and a change in suspended particulate matter 

on the nutrient fluxes in Kinvara Bay. Using these experiments, I examined the impact of CDOM 

efflux from sediments under these future scenarios. The hypothesis of this experiment was that 

plastic pollution causes further recalcitrance of the CDOM within Kinvara Bay. Due to the 

chemical makeup of plastic fragments, it was expected that breakdown processes would contribute 

refractory CDOM.  

1.11 Chapter summaries 

Chapter 2 – Quantitative nutrient budgets 
The aim of this chapter was to build on work by Rocha et al., (2015), who conducted a summer N, 

P and DRSi budget over the course of 4 years and Smith and Cave, (2012) who conducted an 

annual N, P and DOC study in Kinvara Bay. In this study, I developed quantitative N (DIN and 

DON), P and DRSi budgets based on the two primary flow regimes characteristic of karstic 

regions, high and base flow. The fluxes associated with terrestrial groundwater were examined by, 

firstly, determining the SGD volume by use of water/salt budgets and natural tracers (222Rn) where 

possible, and secondly, determination of N, P and DRSi loading. Internal processes affecting the 

biogeochemical cycling within the bay and the net export/import of inorganic materials with the 

open ocean were examined. Furthermore, the molar ratios of DRSi:N:P in SGD were investigated 

as SGD has been shown to contribute to P limitation of primary productivity in coastal ecosystems. 

  

SGD was the largest source of oxidised nitrogen but the lowest source of ammonium and 

phosphorus across all campaigns. Dissolved organic nitrogen (DON) fluctuated significantly from 

season to season but was highest during the wettest campaign (January 2015). SGD delivered a 

substantially higher N:P ratio than the Redfield Ratio of 16 due to the high dissolved inorganic 

nitrogen (DIN) flux compared to P. Sewage accounted for 74% of allochthonous P inputs. A 

wastewater treatment plant came into operation in Spring 2017 and hence raw sewage input has 

been removed from the bay and now P limitation may become an even more substantial issue. 

Nutrients were retained within the bay during all sampling time campaigns. The bay was net 

autotrophic during July 2013, June 2015 and January 2016 but net heterotrophic during January 

2015 (the wettest campaign) regarding N metabolism. 
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Chapter 3 – Evaluation of the importance of SGD-borne carbon in the coastal zone 
SGD in karstic systems contribute significant fluxes of DOC, DIC and total alkalinity to the 

receiving water body. The contribution of pCO2 associated with SGD inputs was assessed to 

determine whether Kinvara Bay acted as a sink or a source of CO2 in the local C budget. Kinvara 

Bay was net autotrophic and sink for carbon during July 2013, June 2015 and January 2016 but net 

heterotrophic during January 2015 and acted as a source of CO2, which corresponded to the wettest 

month. Elevated CO2 fluxes could have serious implications for ocean acidification. This is 

particularly important in regions such as Kinvara Bay that rely on shellfish farms as a source of 

revenue. Quantification of the DIC and total alkalinity delivered via SGD to Kinvara Bay indicated 

that SGD buffered against ocean acidification in Kinvara Bay due to the higher TAlk loading. pH 

within the bay was higher in summer campaigns due to increased seawater mixing but also 

corresponded to higher dissolved oxygen and temperature. 

Chapter 4 – Determination of SGD-borne CDOM in Kinvara Bay  
Chapter 4 assessed the SGD-borne CDOM to the coast by use of EEMF-PARAFAC modelling. 

SGD was responsible for the delivery of predominately humic-like substances, which were highly 

refractory. Peak T, a protein-like component, was validated as a secondary component in the 3-

component model but with low intensity (0.005 R.U.) Groundwater was shown to carry mainly 

refractory CDOM in relatively pristine conditions due to the humic nature of the aquifer. 

Anthropogenic pressures can cause pollution of groundwater with more labile materials transported 

in late spring and autumn through the use of fertilisers and septic tank leakage. The karstic 

character of the aquifer allows for fast-flowing groundwater with little time for modification in-

land. Therefore, any anthropogenic labile material would be expected to be present in the CDOM 

signature of SGD.  

Chapter 5 – Future scenarios of CDOM efflux 
Chapter 5 investigated realistic future scenarios of both land-use change (leading to higher N:P 

ratios) and anthropogenic pressure, regarding plastic litter, in terms of the CDOM fluxes to the 

water column. The effect of these future scenarios on the relatively pristine CDOM components 

present in Kinvara Bay was analysed during the summer, as this was considered worst case. Fucus 

vesiculosus and Enteromorpha intestinalis were the dominant macroalgae at the SGD outflow and 

were selected for further analyses. In future scenarios, particularly when Enteromorpha dominated, 

there was an increased flux of labile materials from the sediment to the water column. Plastic 

pollution was not significantly different from the control for CDOM efflux. This may be due to the 

types of compounds present in plastic, long organic polymers, which may not be susceptible to 

degradation or due to the incubation time of five days. Thus, plastic pollution may pose greater 

influence in the open ocean. 
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Chapter 6 – Characterisation of SGD-borne DOM using FT-ICR-MS Analysis 
CDOM investigated using EEMF-PARAFAC was predominantly refractory in nature (Chapter 4), 

with minor seasonally derived secondary labile peaks. Therefore, an incubation study was 

conducted to analyse the possible influences of bio- and photo-degradation on allochthonous DOM 

in Kinvara Bay. Studies have shown that refractory DOM may become more bioavailable after 

exposure to light (Moran et al., 2000) or may be susceptible to bacterial degradation at low 

concentrations (Moran and Hodson, 1990). This study further aimed to obtain a chemical 

fingerprint of the DOM before and after the incubation experiments in September 2014 using FT-

ICR-MS as EEMF-PARAFAC may not be sensitive enough to determine small, yet significant, 

changes in the DOM pool. 1% of DOM was considered ‘typically-labile’, while highly unsaturated 

compounds, polyphenols, unsaturated aliphatics and black carbon accounted for more than 95% of 

DOM compounds in SGD. 
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2. Determining Submarine Groundwater Discharge (SGD)-borne 
Nutrients and their Fate in Kinvara Bay, Co. Galway 
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2.1 Introduction 
Human alteration of nutrient cycles, in particular, the Nitrogen and Phosphorus Cycles, has 

occurred at a rapid pace in recent times (Vitousek et al., 1997; Bouwman et al., 2009). 

Anthropogenic pressures including increased population, food production and energy consumption 

have increased dramatically over the past fifty years. These stresses have caused a massive 

mobilisation of bioactive nutrients from land (Seitzinger et al., 2005). In fact, N inputs to the 

coastal zone have increased 9-10 fold since pre-industrial times (Mackenzie et al., 2002). 

 

Anthropogenic nutrient inputs are disproportionately felt in coastal zones (Simpson and Rippeth, 

1998) as rivers, runoff and SGD deliver nutrients directly to this zone and are now considered one 

of the greatest threats to coastal ecosystems (Paerl, 2009). Particularly notable pressures include 

increased use of fertiliser on land, septic tanks, irrigation, pollution, litter and wastewater leaching 

into groundwater (Ji et al., 2013). SGD inputs of nutrients have been shown to be a significant 

factor in the deterioration of coastal zones globally (Paerl, 2009).  

2.1.1 Submarine groundwater discharge-borne nutrients 
The factors controlling nutrient fluxes associated with SGD are (1) the groundwater flow path 

through the aquifer, which in turn, controls the length of time that groundwater is in contact with 

aquifer solids, (2) nutrient sources to groundwater (natural and anthropogenic), and (3) redox 

conditions that control the transformation and mobility processes of solutes (Slomp and Van 

Cappellen, 2004). Factor 2 is particularly important in karstic regions, such as Kinvara, as surface-

groundwater interactions are prevalent, and therefore, entry to groundwater through sinking 

streams and turloughs is a natural flow path allowing for increased land-derived contamination 

through a large number of point sources (Coxon, 2011).  

 

Additionally, high transport rates, low retention times and well-oxygenated conditions in karst 

aquifers reduce the capacity for biogeochemical reactions and nitrogen removal within the flow 

path (Slomp and Van Cappellen, 2004) resulting in relatively conservative nitrate transport across 

the land-ocean boundary. As a result, nutrient concentrations in coastal groundwater may reach 

several orders of magnitude greater than corresponding surface waters. Thus, even small volumes 

of SGD can transport comparatively large nutrient fluxes to the coastal ocean and are very 

important in the oceanic budget of such materials (Moore, 1999; Burnett et al., 2006; Moore et al., 

2006; Street et al., 2008; Lee et al., 2009; Ji et al., 2013). SGD-influenced coastal zones, 

particularly in karstic aquifers, may have altered N:P ratios as P has lower mobility in aquifers 

compared to N (Fourqurean et al., 1993). This altered N:P ratio associated with groundwater may 

drive the coastal ocean towards P-limited from the current N-limited primary production state 

(Slomp and Van Cappellen, 2004) in areas influenced by SGD. 
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2.1.2 LOICZ biogeochemical modelling approach  
Gordon et al., (1996) developed a simple modelling approach for estimating freshwater sources, net 

ecosystem metabolism (NEM) and nitrogen metabolism. NEM describes the difference between 

primary production and respiration. Nitrogen metabolism can also be determined and is expressed 

as the net result of N-fixation and denitrification (nfix – denit) and can be derived by the difference 

between the non-conservative nitrogen flux and the expected nitrogen removal through biological 

uptake. In particular, this modelling strategy places a high emphasis on C:N:P stoichiometrically 

linked budgets (Smith, 2001). The Redfield Ratio of 106:16:1 is most often used to connect these 

budgets and determine NEM (Redfield, 1958; Gordon et al., 1996; Slomp and Van Cappellen, 

2004). Coastal areas influenced by SGD may have altered DRSi(Si(OH4)):N:P ratios and thus it is 

important to use a C:DRSi:N:P ratio suitable to the system under study in these areas (Redfield, 

1958; Gordon et al., 1996; Slomp and Van Cappellen, 2004). Using the wrong molar ratio can 

cause significant errors associated with this calculation as the method is dependent on a 

stoichiometric link (Gordon et al., 1996).  

2.2 Research aims 
This study aims to develop quantitative N (DIN and DON), P and DRSi budgets based on two 

hydrological conditions within Kinvara Bay, expected high (winter) and low (summer) SGD flow. 

As shown in Figure 2.1, precipitation in winter (November, December and January) was 

comparatively larger than the corresponding summer (May, June and July) over all years sampled 

in this study. Hence, SGD would be expected to be higher in winter campaigns in Kinvara Bay due 

to meteoric recharge during this time. This study will build on information gained by Rocha et al., 

(2015), who conducted summer N, P and DRSi budgets. This study also aims to determine the fate 

of SGD-borne nutrients in coastal systems over the course of the year. The analysis was conducted 

over four sampling campaigns across the two major flow regimes twice (summer: July 2013 and 

June 2015; winter: January 2015 and 2016) to constrain fluxes better and to assess the influence of 

SGD in Kinvara Bay fully. 
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Figure 2.1: Bar chart of total precipitation (mm) recorded at the Met Eireann station in Athenry, 26.1 km North of Kinvara Bay 
over the course of 2013 – 2016, including the times in which sampling took place (June 2013, January 2015, June 2015 and 
January 2016).  

2.3 Sampling strategy 
To close nutrient budgets and to quantify nutrient turnover within the bay, a sampling plan 

comprising of data acquisition over a representative timeframe was required. Bearing this in mind 

four sampling campaigns were conducted, two during winter (January 2015 and 2016) and two 

during summer (July 2013 and June 2015). Time-series sampling was performed at the major 

allochthonous input locations. Sampling was conducted during low tide at the SGD springs (every 

15 minutes) and during high tide at the sewage outflow point (every 15 minutes). Time-series 

sampling over the full tidal cycle at the inlet of Kinvara Bay, Parkmore Pier (every 30 minutes) 

was performed to determine nutrient exchange with the open ocean. Sediment cores were collected, 

and incubation experiments were conducted to determine autochthonous nutrient sources and their 

role in the biogeochemistry of the bay. 

2.4 Methodology 

2.4.1 Water collection 
Samples were filtered through pre-combusted GF/F filters and collected in pre-cleaned, acid-

washed 10 mL amber glass bottles (DON), in 9 mL non-addition Vaccutainer (DIN, DRSi and 

SRP) and 50 mL autoclavable bottles (TDP). All filters and containers were rinsed several times 

with the sample before filling. Collected samples were stored on ice in the dark and transported to 

the laboratory within three days for analysis.   

 

Samples for radon (222Rn) determination were collected after salinity and pH showed constant 

values. A portable continuous radon-in-air monitor, modified for radon-in-water (Rad7, Durridge; 

Burnett et al., 2001) was employed. For measuring 222Rn, water from the SGD springs at low tide, 
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sewage outfall at high tide and 24-hour cycling at the inlet of the bay was continuously pumped 

through the Rad7. The flowing water is equilibrated with a stream of air that is recirculated through 

an air-water exchanger and the Rad7. The detection limit was 125 Bq m-3 using this setup and had 

an analytical uncertainty of ± 12 %. Measurements of air temperature, wind speed and atmospheric 

radon activity concentration were taken to determine atmospheric evasion losses. The radon 

degassing fluxes were calculated to determine the terrestrial endmember (Burnett and Dulaiova, 

2003).   

 

In the field, at the same time water samples were collected, in-situ measurements of salinity, 

conductivity, temperature and pH were obtained using an Aquaread 1000 AP, calibrated prior to 

use with freshwater conductivity (Varian 12,800 µS cm-1), pH (Varian pH 4.00, 7.00 and 10.00) 

and ORP (+229 mV) standards. 

2.4.2 Sediment analysis 
Six undisturbed sediment cores were collected within the bay (Figures 1.9 and 1.10) using an HTH 

Renberg Corer fitted with 90 mm diameter polycarbonate core liners throughout the Bay in July 

2013 and June 2015. Local seawater was acclimatised for 12 hours before it was carefully removed 

and replaced with 2 L of filtered (GF/C filter) aged seawater. Surface sediment samples (n = 8) 

were was also taken at each site. Additionally, sediment cores were sliced into 1 cm samples for 

determination of grain size. Samples were stored frozen until analysed. Sediment size fractions 

were determined by laser diffractometry (Mastersizer, 2000). 

2.4.3 Dissolved inorganic nutrients 
Nutrient concentrations (NO2

-, NO3
-, NH4

+, DRSi) were measured using a LACHAT QuikChem 

8500 series 2 FIA System. Flow-through analysis is a continuous-flow method, which increases 

automation and sensitivity. The water sample is injected through a valve into the sample loop 

connected to the carrier system, containing the appropriate reagents. The sample and reagents react 

together and pass through the detection system (LACHAT, 2014).  

 

Standards (AccuIon Reference Standard 1000 mg L-1 Nitrite as N, Ammonium as N, Nitrite as N 

and Merck Silicon standard solution 1000 mg L-1 as Si) were run to determine the calibration 

curve. Quality control (QCs) samples (1000 mg L-1 nitrite as N made from sodium nitrite, HACH 

Ammonia Standard solution 1000 mg L-1 as NH3 (N), 1000 mg L-1 nitrate-N made from sodium 

nitrate Rieldel-De Haan AG Ref 13444, Merck silicon standard solution) ensured the accuracy of 

results. Each sample was run in duplicate, and the average result was taken to reduce analytical 

error. To facilitate data analysis, Limits of detection (LOD) and limits of quantification (LOQ) for 

each analyte were calculated using the US EPA method (Clayton et al., 1987). LOD defines the 

level at which the concentration of analytes can be detected with no guarantee as to the precision 

and accuracy of this measurement, whereas, the LOQ is the lowest concentration that can be 
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quantified, and therefore, include accuracy and precision (Shrivastava et al., 2011). A known 

standard of low concentration was analysed seven times. The standard deviation of this result was 

multiplied by 3.14 to determine the LOD. Levels recorded below this detection limit were recorded 

as ‘Below Detection Limit’ (BDL) and given a zero result. The LOQ was obtained by multiplying 

the standard deviation of the detection standards by 10. The percentage uncertainty was calculated 

by dividing the LOQ by the average of all seven readings and multiplying by 100. Blank samples 

were run every 10-12 samples to account for instrumental shift and experimental error. These were 

calculated as NO3
- (1.2 µg N L-1), NO2

- (0.9 µg N L-1) and NH4
+ (1.2 µg N L-1). Analytical 

uncertainties were ± 11% for ammonium (NH4
+) and silicate as DRSi and ± 12% for nitrate (NO3

-) 

and nitrite (NO2
-). 

2.4.4 Phosphate 
Total dissolved phosphate (TDP) was determined via a spectro-photochemical method. A digestion 

solution containing potassium persulphate and sulphuric acid was added and then autoclaved at 

121°C for 30 minutes. 5 mL of this solution was taken and added to a clean test tube. 1 mL of the 

colorimetric solution was added and vortexed. The colour was allowed to develop for 

approximately 30 minutes (Eisenreich et al., 1975). Samples were measured spectro-

photochemically at wavelength 885 nm using a HACH DR5000. Concentration was calculated 

according to Beers Law: 

 

A = εCl            (1) 

Where A is the absorbance (nm), ε is the molar absorptivity coefficient (L mol-1 cm-1), in this case, 

882 nm, and l measures the path length (5 cm). 

QCs were run with every batch to ensure the accuracy of results. The analytical uncertainty for 

TDP was ± 1% with LOD and LOQ better than 0.2 µM. 

2.4.5 DON measurements 
Samples were analysed by high-temperature catalytic oxidation (HTCO) using an Elementar Vario 

TOC cube. Total bound nitrogen (TNb) was measured by injecting the water sample into the cube; 

it was then aspirated and injected into the combustion tube. High-temperature digestion at 850°C 

(freshwater) or 680°C (brackish/seawater samples) in an air/O2 stream takes place. A 

chemiluminescence detector that determines NOx gases in the combustion exhaust measured TNb. 

DIN measurements can be subtracted from TNb results to estimate the organic portion, DON. 

Standards (Reagecon NO3
- and NO2

- standards 1000 ppm as N) were analysed in each run to 

determine the calibration curve. QCs were run with every batch to ensure the accuracy of results. 

The LOQ for TNb determination was found to be 0.5mg L-1 (14.6 µmol). 
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2.4.6 Mass balance calculations 
The total amount of freshwater flowing into Kinvara Bay was determined by developing mass 

budgets of salinity (all sampling campaigns) and radon (July 2013 and January 2016). Budget 

models were then built for nitrogen (DON and DIN = NH4
+, NO2

-, NO3
-), silica (DRSi) and 

phosphorus (TDP).  

 

Water and salt budgets: 

The total freshwater input was estimated by calculating the amount of water with salinity 

characteristic of terrestrial inputs needed to balance the net outflow of salt at the mouth of the bay 

(Parkmore Pier). Under steady state, the water balance of a brackish system receiving terrestrial, 

freshwater inputs and exchanging water with the outer marine system via tidal oscillation can be 

expressed as (Gordon et al., 1996): 

 

Vin – Vout = VR  = dV1/dt – VQ – VP – VG – VO + VE     (2) 

 

Where, Vin – Vout equals VR, the residual flow, VQ is runoff flow, VP is the volume of water 

associated with precipitation, VG is groundwater inputs, VO is any other inputs, such as sewage, and 

VE is the water loss due to evaporation. VE was estimated using equation (3) (Kokya and Kokya, 

2008): 

 

Qe = f(u) (XH2Oes – ea)                 (3)      

 

Where f(u) is the evaporation coefficient as a function of wind speed (υ, km h-1) taken as (1 + 

υ/16), XH2O is the water molar fraction for saline waters (0.98), es is the saturation vapour pressure 

(mmHg) and ea is the gas pressure in air (mmHg). 

 

In general, VQ is often the largest input term and can be measured to 90 - 95% accuracy. Any term 

that cannot be estimated within this 5% error bound can be ignored. In this case, the sewage inputs 

are approximately 286 m3 per day (EPA, 2010) and are below the 5-10% error bounds of the main 

freshwater input (SGD) and were not included in the water and salt budgets. This equation can thus 

be simplified to:  

 

VR = dV1/dt – VQ*       (4) 

 

Where, VQ* is all relevant freshwater inputs minus evaporation. 
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Figure 2.2: Water budget box model for Kinvara Bay representing freshwater inputs from SGD, tributaries, runoff and sewage, 
outputs as residual flow (exchange at Parkmore Pier) and evaporation losses and precipitation addition within the bay. 

 

 
Figure 2.3: Salinity budget box model for Kinvara Bay representing salinity inputs from SGD, tributaries, runoff and sewage, 
outputs as residual flow while evaporation and precipitation are expected to be zero within the bay. The difference between 
system salinity and ocean salinity determines the residual salt flux. 

The salinity of the residually advecting water is taken at the system boundary (S2) while the salinity 

of water within the boundary is S1. Applying these salinity values to the water balance (Figure 2.2) 

allows for closure of the salt budget (Figure 2.3). The volume and salinity of terrestrial inputs is 

represented by VQSQ, as below: 
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d(V1S1)/dt = VQ*SQ* + VinS2 – VoutS1    (5) 

 

Therefore, SlandVland = -S*Vnet     (6) 

And, Vland = -S*Vnet/Sland     (7) 

 

Where, Sland is defined as the salinity of terrestrial water inputs. The salinity of evaporated water is 

assumed to be equal to zero and is therefore excluded from the salinity box model (Gordon et al., 

1996).  

 

Non-conservative materials budgets: 

Materials, such as N, P and DRSi may not be conservative with respect to water and salt but can be 

assumed to have the same hydrological inputs and outputs. The net exchange of dissolved materials 

between Kinvara Bay and Galway Bay was calculated using data collected periodically over two 

complete sequential tidal cycles for each of the sampling campaigns. For water/salt budgets, the 

difference between the two consecutive tidal cycles represents the error of the estimate. Thus, the 

budgets derived above can be applied to such materials to yield the non-conservative box model 

(Figure 2.4).  

 
Figure 2.4: Non-conservative materials (Y) box model. Inputs of materials to Kinvara Bay due to runoff, SGD, sewage and 
tributaries. Within the bay, evaporation may remove materials while precipitation adds materials. The residual flux of materials 
is determined as the mean exchange at Parkmore Pier over two sequential tidal cycles.   

For any material Y, the below equation (8), assuming a steady state, can be derived: 

 

ΔY = V dY/dt + Y dV/dt – ΣVinYin + ΣVoutYout    (8) 
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ΔY may represent a net flux into or out of the system, as either a source or a sink depending on all 

inputs, outputs and processes within the system. Although sewage inputs can be ignored for water 

and salt budgets as it is within the 5% error bound, this is not the case for a materials budget as the 

associated flux may be important in the overall nutrient budget in the bay. 

 

Firstly, the instantaneous directional flux must be calculated, FSc(Δt).  

 

FSc(Δt) = (dh/dt)CSc(Δt)         (9) 

 

Where, CSc(Δt) is the concentration integrated over the sampling interval (Δt). FSc(Δt) was plotted 

against time, and the total flux of material in both directions can be calculated by integration of the 

instantaneous directional flux over the full tidal cycle. The net exchange flux and direction can be 

found for any given material (Rocha et al., 2015). 

 

Radon analysis: 

A mass balance approach can be employed to account for all inflows and outputs of radon in the 

system, thus, allowing for calculation of the groundwater flux (Cook et al., 2008). Full radon 

calculations for this study are provided in Rocha et al., (2015). 

 

Briefly, the change in inventory of radon in a known reservoir with exchange across one of its 

boundaries may be expressed as: 

dIRn/dt = Rndiff – Rndg – Rndy + (Rnimp – Rnexp) + Rnadv   (10) 

where, dIRn is the radon inventory measured within the domain, t is time, Rndiff is the radon flux 

across the sediment-water interface due to diffusion, Rndg is the radon degassing flux, Rndy is the 

radon decay within the domain, Rnexp is the export of radon and Rnimp is the import and Rnadv is the 

advective flux due to groundwater discharge (Burnett et al., 2001).  

This equation would equal zero assuming steady state. 

Therefore,  

Rnadv = Rndiff – Rndg – Rndy + Rnnet     (11) 

Where, Rnnet = (Rnimp – Rnexp), the residual radon exchange flux with Galway Bay.   

2.4.7 Primary productivity (PP) 
Nutrient transfer via primary production was estimated based on calculations detailed in Rocha et 

al., (2015). Nutrient tidal exchange values, determined by the difference of the ebb and flood, were 

added to the net loading of the particular nutrient in the bay. Allochthonous nutrient inputs to 

Kinvara Bay include SGD, sewage and wet deposition. Autochthonous fluxes associated with 

sediment exchange were added to the tidal exchange value. Preserving the sign of each term 

allowed for the net retention of that nutrient within the bay to be calculated. Negative values 
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represented decomposition and loss from the water column while positive values represented an 

addition of that nutrient to the water column. Multiplying the calculated net retention value by the 

residence time of SGD within the bay and dividing by the volume of the bay at mean tidal level 

(MTL) estimates the projected concentration of that nutrient in the absence of assimilation by 

primary producers. The difference between this projected concentration and the mean measured 

concentration within the bay will yield the transfer of nutrients through primary production. This 

value needs to be converted to a flux by multiplying it by the volume at MTL and dividing by the 

residence time within the bay.  

2.4.8 Propagation of uncertainty 
Uncertainty analysis was carried out by propagation of unknown uncertainties. In short, the 

standard deviation (±1σ) of an estimated mean value of each independent contributor, X, Y and Z, 

are ±1σx, ±1σy, and ±1σz, respectively. The relative uncertainty of each term is given as !!
!

, !!
!

, 

and !!
!

, which represents an upper bound of the uncertainty associated with each contributor. For 

the statistical uncertainty associated with the final result, σR (the combined standard uncertainty) 

can be calculated as (Taylor and Cohen 1998): 

 

σR = (R× !!
!

!
+ !!

!

!
+ !!

!

!
)                              (12) 

2.5 Results 

2.5.1 SGD inflows 
As predicted, the salinity of SGD was low under both high and low flow conditions with mean 

values of 0.52 ± 0.2 ppt (January 2015, 2016, n = 24) and 1.52 ± 0.1 ppt (July 2013 and June 2015, 

n = 22). An annual long-term average salinity value of 1.02 ± 0.7 ppt is consistent with those 

recorded by Rocha et al., (2015) of  0.46 – 0.95 ppt and the  long-term average of 0.59 ppt recorded 

by the EPA. Oxygen saturation was moderately low in SGD waters (Table 2.1; 34.4 – 83.5%). 

Lowest oxygen saturation corresponds to the warmest period (July 2013). Dissolved oxygen (DO) 

values recorded in each campaign at the SGD point, except July 2013, were higher than those 

calculated by the EPA of 47.6 ± 12.7 % for the 2007-2012 period. Water temperature showed a 

clear seasonal pattern, with higher values during summer (13.0 – 15.3°C) and lower temperatures 

in winter (6.7 – 9.2°C). pH of SGD was relatively uniform (n = 66) over all campaigns, 6.92 – 

7.93. ORP was similar between each of the sampling campaigns ranging from +144.0 to +227.4 

mV. The annual average ORP was +190.0 ± 48.3 mV.  
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Table 2.1: Summary of measured water parameters in the SGD endmember, measured at Castle Springs over the four sampling 
campaigns and meteorological conditions obtained from Met Eireann. Data is the result of an average of several replicates (11 < 
n < 15) plus or minus the standard error of the mean (± SE). See Appendix A for raw data measured in-situ. Meteorological 
information during the survey periods was obtained from the averages of Met Éireann weather stations Athenry, 26.2 Km north 
of Kinvara town, and Oranmore, 14.4 Km north of Kinvara town (http://www.met.ie/climate/daily-data.asp).  

Parameter July 2013 January 2015 June 2015 January 2016 

Water 

Temperature (°C) 
13.8 – 15.3 6.7 – 8.6 13.0 – 14.1 8.5 – 9.2 

Salinity (ppt) 1.84 – 3.67 0.52 – 0.60 0.50 – 0.56 0.51 – 0.56 

pH 6.92 – 7.57 7.12 – 7.85 6.96 – 7.93 6.99 – 7.15 

ORP (+mV) 144.6 – 207.5 196.1 – 227.4 144.0 - 199.1 193.3 – 216.9 

Dissolved 

Oxygen (%) 
34.4 – 44.7 67.6 – 83.5 63.5 – 82.9 62.6 – 72.6 

Air temp (°C) 18.9 5.5 15.3 8.0 

14-day 

cumulative 

precipitation 

(mm) 

 

16.8 

 

53.2 

 

20.1 

 

35.1 

 

The combined water and salt budgets (see calculation example in Appendix C) suggested that a 

total of 31.7 ± 8.4 x 104 m3 d-1 of freshwater entered the bay during the January 2015 campaign 

compared to 6.45 ± 6.14 x 104 m3 d-1 in the January 2016 campaign calculated from Radon 

analysis. However, groundwater discharge is modulated by the tide due to the location of the 

springs within the intertidal zone (Rocha et al., 2015). By scaling the SGD values to times when 

peak discharge occurs, when the tide is out, the peak outflow rate can be obtained. Kinvara Bay is a 

semi-diurnal tidal system and a tidal period of 1.91 was used to scale the peak discharge outflow 

rates. Thus, the peak discharge rate during January 2015 was 4.9 ± 1.4 m3 s-1. During the January 

2016 campaign, SGD was found to represent 5.32 ± 1.92 x 104 m3 d-1 of the freshwater flux of 6.45 

± 6.14 x 104 m3 d-1 using Rn tracers. Therefore, SGD represents 82.5% of freshwater entering the 

bay during this period. This flux equates to 1.24 ± 0.4 m3 s-1 during peak discharge.  

 

The SGD/FW ratio (Table 2.2) for the July 2013 campaign (Rocha et al., 2015) was 1.05 ± 0.50. 

The SGD/FW ratio was assumed to be equal to 1 for the June 2015 campaign as temperatures were 

relatively high (15.3°C), and precipitation in the 14-day period before sampling was low (16.8mm). 

SGD was found to contribute 2.43 ± 0.95 x 104 m3 d-1 of freshwater to the bay during the July 2013 

campaign using radon as a tracer (Rocha et al., 2015). Freshwater flux calculations based on 

salinity and water budgets for the June 2015 campaign were higher but agreed well with this 

estimate, given as 4.1 ± 2.7 m3 d-1, representing an average SGD flux of 3.26 ± 2.5 x 104 m3 d-1 

during the summer campaigns. This amounts to an SGD discharge rate of 0.28 ± 0.1 m3 s-1 (2013) 
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and 0.38 ± 0.3 m3 s-1 (2015) representing an average of 0.32 ± 0.3 m3 s-1. Again, accounting for 

pulsed modulation within the bay, peak discharges were found to be 0.55 ± 0.2 m3 s-1 (2013) and 

0.76 ± 0.6 m3 s-1 (2015), with a seasonal average of 0.65 ± 0.5 m3 d-1 for these two campaigns. 

 

SGD was the major contributor of freshwater to the bay during all sampling campaigns conducted 

during this study (Table 2.2). A mean annual SGD rate of 10.9 (± 9.6) x 104 m3 d-1 was calculated 

for these campaigns. However, there is a significant error associated with averaging across all 

campaigns. 
Table 2.2: SGD/FW ratios for all sampling campaigns. The proportion of SGD to other freshwater sources is represented by 
SGD/FW ratios. Aside from SGD, freshwater (FW) sources to Kinvara Bay enter by sewage, small tributaries and runoff. --- 
represents data not measured. *This value was determined using FW/SGD ratios determined using Rn222 for a period with 
similar rainfall in the 14-day period before sampling published in Rocha et al., (2015).  

Date SGD 

(x 104 m3 d-1) 

FW 

(x 104 m3 d-1) 

Ratio 

July 2013 2.43 ± 0.95 2.32 ± 1.87 1.05 ± 0.44 

January 2015 21.4 ± 8.4 31.7 ± 8.4 0.67 ± 0.32 

June 2015 4.1 ± 3.90 --- 1* 

January 2016 5.32 ± 1.92 6.45 ± 6.14 0.83 ± 0.82 

2.5.2 Nutrient analyses 
Dissolved nutrient budgets were estimated from water/salt budgets and nutrient concentrations in 

each input term. There were three main allochthonous nutrient influxes within Kinvara Bay at the 

time of this study; SGD, sewage and wet deposition, each will be discussed in detail below. 

2.5.2.1 SGD 
SGD-borne nutrient concentrations over the four sampling campaigns are outlined in Table 2.3.  

For each sampling campaign, nutrient concentrations were uniform per sampling site but differed 

greatly between sites. For example, the largest standard deviation for nitrate between samples taken 

on a given day was only 2.3 µmol L-1 (n = 12). 
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Table 2.3: Summary of nutrient concentrations in SGD endmember, measured at Castle Springs. Data is the result of an average 
of several replicates (11 < n < 15) plus or minus the standard error of the mean (± SE), units are µmol L-1. BDL = Below 
Detection Limit. July 2013 results have been published in Rocha et al., (2015). DON concentration was calculated by subtracting 
DIN from TNb. Refer to Appendix B for raw data measured in-situ. 

Parameter July 2013 

(µmol L-1) 

January 2015 

(µmol L-1) 

June 2015 

(µmol L-1) 

January 2016 

(µmol L-1) 

NO3
- 62.27 ± 2.1 157.2 ± 2.3 82.73 ± 1.2 98.35 ± 1.5 

NO2
- 0.24 ± 0.0 1.86 ± 0.0 0.21 ± 0.1 1.85 ± 0.4 

NH4
+ 0.63 ± 0.4 1.1 ± 0.1 BDL 0.17 ± 0.1 

N–DIN 63.1 ± 5.7 160.2 ± 1.7 82.9 ± 6.1 100.1 ± 24.5 

DRSi 58.6 ± 5.3 46.2 ± 0.2 44.83 ± 2.6 50.98 ± 0.5 

TDP 0.69 ± 0.1 0.23 ± 0.1 0.24 ± 0.02 1.05 ± 0.3 

TNb 88.6 ± 8.8 260.5 ± 2.73 92.7 ± 7.0 159.5 ± 6.9 

DON 25.5 ± 3.4 100.3 ± 23.2 9.8 ± 1.0 59.4 ± 14.8 

 

Ammonium results were not included in total DIN as they were close to/below the detection limit 

and as such associated uncertainty was high (Table 2.3). The variability associated with N-DIN for 

January 2016 is due to the large error associated with the measurement of both nitrite and 

ammonium, and therefore these were not included for further analysis.   

 

Nutrient loading for each campaign was calculated by multiplying the nutrient concentration by the 

SGD volume; as illustrated in Table 2.4.  

 
Table 2.4: Summary of SGD nutrient loads measured at the Castle Springs over the four sampling campaigns calculated by 
multiplication of the nutrient concentration in SGD by the SGD volume. Data is the result of an average of several replicates (11 
< n < 15) plus or minus the standard error of the mean (± SE). Units are mol per day. Negligible values are the result of 
concentrations that are close to or below the detection limit. July 2013 results have been published in Rocha et al., (2015). 

Parameter 

 

July 2013 

(mol d-1) 

January 2015 

(mol d-1) 

June 2015 

(mol d-1) 

January 2016 

(mol d-1) 

NO3
- 1.5 (±0.2) x 103 3.4 (± 0.4) x 104 3.4 (± 0.1) x 103 5.2 (± 0.1) x 103 

NO2
- 5.8 ± 0.6 4.0 (± 0.0) x 102 8.6 ± 3.2 88.3 ± 38.4 

NH4
+ 15.4 ± 7.6 2.4 (± 0.2) x 102 Negligible 8.9 ± 6.5 

N–DIN 1.5 (±0.8) x 103 3.5 (±0.4) x 104 3.4 (± 0.1) x 103 5.3 (± 4.5) x 103 

DRSi 1.1 (± 0.4) x 103 9.9 (± 0.1) x 103 1.8 (± 0.1) x 103 2.7 (± 0.0) x 103 

TDP 9.0 ± 1.1 99.8 ± 45.2 7.74 ± 0.6 56.1 ± 14.9 

TNb 2.1 (± 0.2) x 103 5.6 (± 0.1) x 104 3.8 (± 0.3) x 103 8.5 (± 0.3) x 103 

DON 6.2 (± 0.1) x 102 2.1 (± 0.5) x 104 4.1 (± 0.0) x 102 3.3 (± 0.3) x 103 



Chapter 2                                                   SGD-borne nutrients in Kinvara Bay 

60 

Nitrate was by far the dominant DIN species in SGD across all sampling campaigns. TDP was 

present in very low concentrations, close to and in the January 2015 campaign was below the 

detection limit. 

 

As seen in Table 2.3, January 2015 had the largest nitrate concentrations and as the volume of SGD 

was also the greatest; the SGD-borne nutrient flux was significantly higher than all other sampling 

campaigns. In terms of mass loading, there was a substantial increase in the nutrient mass loading 

of SGD in January 2015 compared to the other three sampling campaigns as shown in Table 2.5.  

 
Table 2.5: Estimates of SGD-borne nutrients in mass terms for winter (January 2015 and 2016) and summer (July 2013 and 
June 2015), measured at Kinvara Springs. Units are kg d-1, to the closest kg. 

 July 2013 

(kg d-1) 

January 2015 

(kg d-1) 

June 2015 

(kg d-1) 

January 2016 

(kg d-1) 

NO3
- 93 2,101 211 322 

NO2
- 0 18 0 4 

NH4
+ 0 4 0 0 

DRSi  72 476 87 130 

TDP  1 8 1 4 

DON 9 294 6 46 

 

Nutrient molar ratios: 

P concentrations were low in SGD during all campaigns but were highest during January 2015 and 

2016 campaigns. As nitrate concentration in SGD was highly variable and phosphate concentration 

was very low, the N:P ratios varied widely over the four campaigns, demonstrated in Table 2.6.  

 
Table 2.6: SGD molar ratios of DIN:P, TN:P and DRSi:DIN using measured parameters (DIN, TDP and DRSi) from SGD at 
Kinvara Springs for the four sampling campaigns, January 2015 and 2016, July 2013 and June 2015.  

 July 2013 January 2015 June 2015 January 2016 

DIN:P 169.4 440.1 347.1 94.4 

TN:P 238.3 493.1 557.5 153.2 

DRSi:DIN 1.0 0.3 0.5 0.5 

2.5.2.2 Sewage 
At the time of sampling, a sewage outfall pipe delivered between 286 m3 (EPA 2010) and 320 m3 

(Ciaran Cannon, 2010) of untreated effluent to the bay daily at the ebb of high tide. According to 

the wastewater licence application there is an annual discharge of 104,390 m3 and discharge occurs 

365 days of the year. The licence application does not express the maximum daily discharge  (EPA 

2010). In this study a figure of 286 m3 d-1 was used as the mean of the annual wastewater discharge 

over the course of the year. Using this average value introduced error as the population of Kinvara 



Chapter 2                                                   SGD-borne nutrients in Kinvara Bay 

61 

increases in summer due to a large number of tourists, therefore, sewage discharge would also 

increase. Solute concentrations measured at the sewage outfall location (Appendix B) were 

corrected for dilution using the salinity of the public water supply measured at Loughcurragh 

South, a borehole located 10 km inland (always <1ppt). There was high variability between these 

samples compared to published values for municipal wastewater (Henze, 2008) and septic tank 

effluent (Brandes, 1978). To be conservative, published values from municipal wastewater were 

used for further analysis (Table 2.7).  

 
Table 2.7: Sewage composition determined for sewage discharge to Kinvara Bay using values published in the literature (Henze, 
2008). Units are µmol L-1 for absolute concentrations and mol d-1 for sewage fluxes. Fluxes were calculated using an average flow 
rate of 286 m3 d-1 as determined in EPA (2010). * Measured as NO3

- + NO2
- 

Parameter Municipal wastewater 

(µmol L-1) 

Fluxes 

(mol d-1) 

NO3
- + NO2

- 35.7* 10.2 

        NH4
+ 3214 919.2 

N–DIN 3229 929.2 

DRSi - - 

TDP 193.7 55.4 

DON 1071 306.3 

2.5.2.3 Wet deposition 
The third and final input term was wet deposition of nitrogen. Aherne and Farrell, (2002) studied 

wet deposition of nitrogen and other solutes over Ireland for the period 1994-1998. Here, their 

reported five-year mean concentrations of nitrogen have been analysed for the closest stations, 

Cloosh and the Burren (Table 1 of their paper) and incorporated into the nitrogen budget of 

Kinvara Bay. Wet deposition of DIN was calculated based on the precipitation over the 14-day 

period before sampling (Table 2.8).  
 

Table 2.8: Wet deposition values calculated for DIN in Kinvara Bay for each sampling time point. Fluxes were calculated for the 
surface area of the Bay using the concentration of DIN determined by Aherne and Farrell, (2002) for the closest stations, Cloosh 
and The Burren, and the seasonal rainfall that occurred during the 14-day period prior to sampling divided by 14 to determine 
the flux per day. Units of wet deposition are mol d-1.  See example in Appendix C.  

 
NO3

- + NO2
- 

(mol d-1) 

NH4
+ 

(mol d-1) 

July 2013 39.3 71.2 

January 2015 124.3 225.3 

June 2015 45.0 85.1 

January 2016 82.0 148.7 
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2.5.2.4 Allochthonous loads 
SGD accounted for the majority, 97.6%, of nitrate (plus nitrite) loading while sewage accounted for 

the largest proportion of ammonium species (82.2%) over the four campaigns. However, SGD 

accounted for 75.9% of the total DIN loads within the bay. Regarding DON, SGD was the major 

contributor, accounting for 97.9% compared to sewage during this study. SGD accounted for only 

27.9% of TDP within Kinvara Bay, sewage, thus, accounted for the largest proportion, 72.2%. Wet 

deposition was a minor contributor of nitrogen species to Kinvara Bay (Table 2.8; Figure 2.5) 

despite relatively high precipitation (Table 2.1).  

 
Figure 2.5: Bar chart of percentage of allochthonous loading associated with each input: SGD, Sewage and Wet Deposition into 
Kinvara Bay annually. TDP and DON concentrations were not measured in wet deposition values, and therefore these values are 
only represented by SGD and sewage. 

2.5.3 Sediment analyses 
Kinvara Bay is comprised of two district regions: the intertidal and the subtidal regions. Different 

sediment typologies exist in both sites reflecting the different hydrological regimes. Sediment taken 

at the subtidal exhibits grain sizes predominately of very coarse sand (47%) while the intertidal 

region is dominated by fine (45%) to very fine sand (26%). Silt comprised 12% of the subtidal sand 

compared to 9% of the intertidal. The SGD springs are located in the intertidal zone. Thus this area 

receives large volumes of freshwater during low tide. Furthermore, tidal influences are dominant in 

this zone while they are lessened in the subtidal region. 

2.5.4 Nutrient budgets 
The mean measured tidal cycle exchange at Parkmore Pier (example provided in Appendix C) was 

highly variable across all campaigns, shown in Table 2.9. Negative values represent nutrient 

species exiting the bay through Parkmore Pier while positive values represent nutrients entering the 

bay from the seaward side.  
Table 2.9: Mean nutrient exchange at Parkmore Pier, the mouth of the bay over all sampling campaigns, negative values 
represent nutrient concentration flux out of the system, whereas, positive values equal nutrient fluxes into the system. Units are 
mol d-1. Time series every 30 minutes except July 2013 (20 minutes) analysis determined the nutrient concentration at Parkmore 
Pier over two full tidal cycles. The difference between the flood and ebb fluxes represents the nutrient exchange at Parkmore 
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Pier. See Appendix B for nutrient concentrations measured in-situ and Appendix C for an example of the calculation of tidal 
exchange.  

 July 2013 

(mol d-1) 

January 2015 

(mol d-1) 

June 2015 

(mol d-1) 

January 2016 

(mol d-1) 

NO3
- 14.7 -213.6 25.3 -6.1 

NO2
- -2.3 -2.1 -0.9 -14.0 

NH4
+ -24.0 -1.2 9.1 -1.22 

DON -322.0 -799.5 19.2 -863.3 

DRSi 10.0 -126.1 12.8 -9.9 

P - -0.4 37.1 0.5 

 

Projected concentrations were negative for NO2
-  during all sampling campaigns and for NO3

- 

during July 2013, June 2015 and January 2016 campaigns reflecting the removal of these species 

within the bay and therefore transfer via PP was given a value of zero (Rocha et al., 2015).  

 
Table 2.10: July 2013 net retention within Kinvara Bay was measured and used to calculate the projected concentration of the 
measured nutrients in the water column in the absence of assimilation by primary producers. The primary producer's transfer 
of nutrients was then estimated as the difference between the projected concentration and the actual measured concentration of 
the relevant nutrient within the bay as per calculations shown in Rocha et al., (2015).  

 Net Retention  

(mol d-1) 

Projected conc. 

(µmol L-1) 

Measured Mean 

conc. (µmol L-1) 

Transfer via PP  

(mol d-1) 

NO3
- -1.8 x 104 -10.0 1.7 0 

NO2
- -3.6 x 103 -2.0 0.7 0 

NH4
+ 2.1 x 104 11.4 2.4 1.6 x 104 

DIN -6.0 x 102 -0.62 4.8 -9.7 x 103 

DON 6.04 x 102 0.003 13.2 -2.4 x 104  

DRSi 3.8 x 104 21.2 5.7 2.8 x 104 

P --- --- --- --- 

 

Sediment exchange fluxes calculated in July 2013 (Rocha et al., 2015) were used for all sampling 

time points. 
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Table 2.11: January 2015 net retention within Kinvara Bay was measured and used to calculate the projected concentration of 
the measured nutrients in the water column in the absence of assimilation by primary producers. The primary producer's 
transfer of nutrients was then estimated as the difference between the projected concentration and the actual measured 
concentration of the relevant nutrient within the bay as per calculations shown in Rocha et al., (2015).  

 Net Retention  

(mol d-1) 

Projected conc. 

(µmol L-1) 

Measured Mean 

conc. (µmol L-1) 

Transfer via PP  

(mol d-1) 

NO3
- 1.6  x 104 8.6 3.6 9.1 x 103 

NO2
- -3.2 x 103 -1.79 1.9 0 

NH4
+ 3.3 x 104 12.37 1.2 1.9 x 104 

DIN 4.6 x 104 18.5 6.7 2.1 x 104 

DON 5.2 x 104 28.76 75.84 -8.5 x 104 

DRSi 3.8 x 104 21.45 2.5 3.4 x 104 

P 1.4 x 102 0.1 0.02 1.0 x 102 

 
Table 2.12: June 2015 net retention within Kinvara Bay was measured and used to calculate the projected concentration of the 
measured nutrients in the water column in the absence of assimilation by primary producers. The primary producer's transfer 
of nutrients was then estimated as the difference between the projected concentration and the actual measured concentration of 
the relevant nutrient within the bay as per calculations shown in Rocha et al., (2015).  

 Net Retention  

(mol d-1) 

Projected conc. 

(µmol L-1) 

Measured Mean 

conc. (µmol L-1) 

Transfer via PP  

(mol d-1) 

NO3
- -1.7 x 104 -8.97 2.4 0 

NO2
- -3.6 x 103 -2.01 0.4 0 

NH4
+ 2.1 x 104 11.4 1.4 1.8 x 104 

DIN 4.0 x 102 0.43 4.2 -6.8  x 103 

DON 7.3 x 102 0.41 8.9 -1.5 x 104 

DRSi 3.9 x 104 21.59 4.2 3.1 x 104 

P 1.0 x 102 0.06 0.2 -2.6 x 102 

 
Table 2.13: January 2016 net retention within Kinvara Bay was measured and used to calculate the projected concentration of 
the measured nutrients in the water column in the absence of assimilation by primary producers. The primary producer's 
transfer of nutrients was then estimated as the difference between the projected concentration and the actual measured 
concentration of the relevant nutrient within the bay as per calculations shown in Rocha et al., (2015).  

 Net Retention 

(mol d-1) 

Projected conc. 

(µmol L-1) 

Measured Mean 

conc. (µmol L-1) 

Transfer via PP 

(mol d-1) 

NO3
- -1.4 x 104 -7.9 2.1 0 

NO2
- -3.5 x 103 -1.9 1 0 

NH4
+ 2.1 x 104 11.4 0.8 1.9 x 104 

DIN 3.5 x 103 1.5 3.9 -4.3 x 103 

DON 2.7 x 103 1.53 64.4 -1.1 x 105 

DRSi 4.0 x 104 22.1 17.7 7.9 x 103 

P 1.1 x 102 0.06 0.8 -1.4 x 103 
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2.6 Discussion 
As SGD is temporally variable (Moore, 2010), studies only represent a snapshot in time; this study 

was conducted over two expected flow regimes twice to constrain this variability better. As SGD in 

karstic regions such as Kinvara Bay are highly dependent on meteoric recharge, it can be seen that 

SGD volumes may differ greatly during the expected high or low flow regimes. In particular, the 

January 2015 campaign had greater SGD volumes compared to the January 2016 campaign. 

Therefore, it is not appropriate to discuss seasonal variability based on these four campaigns alone 

and each campaign must be assessed independently.   

2.6.1 SGD volumes 
Due to the aquifer’s karstic nature, groundwater in transit from land to the coast undergoes 

significant interaction with surface waters (Coxon and Drew, 2000). Consequently, runoff from 

land will be fed in part by groundwater. Hence, the freshwater input may be comprised of a mixture 

of surface and groundwater dependent on the volume and intensity of rainfall, and the aquifer's 

capacity to transport this (Rocha et al., 2015). This suggests that the amount of SGD is 

substantially dependent on meteoric recharge. Therefore, it is expected that SGD in Kinvara Bay 

would be higher during winter (average precipitation ≈ 472 mm) compared to summer (≈ 264 mm) 

during this study period (Figure 2.1). 

 

During the summer campaigns SGD occurred in base-flow or low-flow conditions, with minimal 

surface runoff, as shown by elevated SGD/FW ratios, calculated in July 2013 (Rocha et al., 2015) 

and estimated in June 2015. The low flow values provided by this study of 2.43 – 4.1 x 104 m3 d-1 

were two orders of magnitude lower than estimates given by Cave and Henry, (2011). The latter 

study calculated freshwater discharge to the intertidal zone to be 1.2 – 2.7 x 106 m3 d-1, based on 

whole catchment water and salt budgets. However, SGD rates of this current study agree well with 

the lower range of estimates predicted by Rocha et al., (2015) for summer using radon tracers of 

10.4 (± 6.3) x 104 m3 d-1, which included the July 2013 campaign of this study.  

 

During the wettest campaign (January 2015), the peak SGD outflow rate of 4.9 m3 s-1 was similar 

to the range of intertidal flows of 3.5 - 5.9 m3 s-1 predicted by Cave and Henry, (2011).  It was also 

in the lower range of estimates of 5 - 30 m3 s-1 by Drew (2008) but was half the McCormack et al., 

(2014) hydrological modelling values of 9.75 - 10 m3 s-1. There was a marked difference between 

SGD volumes in the two winter campaigns (Table 2.2). Rainfall in the two-week period before 

sampling was approximately 64% lower in January 2016 (35.1 mm) compared to January 2015 (55 

mm). The residence time within the aquifer is about seven days (McCormack et al., 2014), and thus 

rainfall has a short-term impact on flow rates. Cave and Henry, (2011) did an extensive review on 

the flow of groundwater through the Gort-Kinvara catchment and the impact rainfall could have on 

SGD rates. They concluded that during high rainfall, discharge volumes could quickly ramp up as a 
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number of additional pathways come into use. The pattern of rainfall can have a large impact on 

the flow of the system as, if the system had time to empty between precipitation events then the 

system may take time to refill and cause a lag with discharge. However, if the system has not been 

able to empty between rainfall events then an episode in one part of the catchment may cause 

overflow to normally inactive channels causing an increased SGD outflow at the springs. SGD 

flows return to background levels after a number of consecutive dry days. This may account for the 

difference between the two winter sampling campaigns as the lower precipitation was combined 

with warmer temperatures in January 2016 compared to January 2015. Additionally, there was a 

higher level of error associated with water/salt budgets compared to radon analysis (Gordon et al., 

1996; Moore, 2010), which may have caused a higher SGD volume to be recorded in January 2015.  

An annual SGD rate of 10.9 ± 9.6 x 104 m3 d-1 was below estimates stated above but was consistent 

with that calculated by Rocha et al., (2015) for their summer budget of 10.4 ± 6.3 x 104 m3 d-1. It 

would be expected that an annual SGD budget would have higher fluxes than a summer budget due 

to the inclusion of winter. However, July 2010 had an SGD outflow rate of 30.4 ± 12.3 x 104 m3 d-1 

(Rocha et al., 2015), which was higher than any of the SGD flows calculated in this study and 

therefore was comparable with the annual budget.  

2.6.2 Allochthonous nutrient transport 
Groundwater throughout Kinvara was elevated in nutrients, particularly nitrogen, compared to 

surface waters (Kroeger and Charette, 2008; Ji et al., 2013; Erler et al., 2014; Null et al., 2014). 

Nitrate was the dominant nutrient in Kinvara Bay during all seasons. Nitrate is very soluble and is 

the most usable form of nitrogen for plants (Wakida and Lerner, 2005). Nitrate represents one of 

the most influential contaminants in karstic and porous groundwater systems worldwide (Johannes 

1980; Spalding and Exner 1993; Einsiedl et al., 2010; Rocha et al., 2015). It is generally more 

enriched in fresh groundwater compared to brackish SGD (Johannes, 1980; Santos et al., 2008; 

Santos et al., 2009; Waska and Kim, 2011).  

 

Nitrate concentrations were lowest in July 2013, while, the TDP concentration of 0.69 µmol L-1 was 

higher than the corresponding summer campaign in June 2015. As the salinity was brackish in the 

July 2013 campaign (Table 2.1) the presence of recirculated seawater may have accounted for the 

lower nitrate and higher P concentrations. Seawater is depleted in nitrogen during summer due to a 

high photosynthetic utilisation rate (Peng et al., 1987). Available P has been shown to increase in 

coastal marine ecosystems during summer as N declines and is not compensated by N2 fixation 

(Conley et al., 2009). Thus, recirculated seawater may have lowered the nitrate concentration, 

which resulted in increased P concentration of SGD in July 2013. The EPA monitors the Kinvara 

Springs for nutrient species. The available EPA data from 2007 – 2010, showed that the average 

nitrate concentration was 112.9 µmol L-1 with a maximum of 258.1 µmol L-1. NOx concentrations 

determined by Smith and Cave, (2010) ranged from 23.6 – 52.8 µmol L-1 in October 2009 while 33 
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µmol L-1 corresponded to a flood period (November 2009). The EPA data compares well with this 

study, which showed nitrate concentrations of 62.2 – 157.2 µmol L-1 (Table 2.3) while the values 

recorded by Smith and Cave, (2010) were lower. Ammonium concentrations measured by the EPA 

were low with an average of 1.7 µmol L-1 and a maximum of 3.3 µmol L-1. These values were 

larger than values recorded in this study of 0.2 - 1.1 µmol L-1 (Table 2.3). The average molybdate 

reductive phosphate was 0.8 µmol L-1 with a maximum of 4.9 µmol L-1 measured by the EPA while 

TDP measured in this study was also low with values of 0.23 – 1.05 µmol L-1, which is 

characteristic of SGD (Slomp Van Cappellen, 2004). Smith and Cave, 2012 also concluded that 

freshwater was not a source of P to the bay as salinity did not impact concentrations at Parkmore 

Pier over the tidal cycle. DRSi values were comparable over all campaigns (46.2 – 58.6 µmol L-1) 

in this study but lower than the EPA average DRSi concentration of 114.3 µmol L-1.  

 

DO levels in SGD reached as high as 82.3% over the course of this study and accounted for the 

dominance of nitrate in this region. Well-oxygenated karstic aquifers prohibit anoxia-dependent 

removal processes and favour relatively conservative nitrate transport (Slomp and Van Cappellen, 

2004). As groundwater flows toward the coastline, dissolved phosphate is removed via sorption to 

iron oxides or co-precipitation with dissolved aluminium, calcium or iron to mineral phases (Slomp 

and Van Cappellen, 2004). This phosphate removal occurs more efficiently in oxic aquifers. The 

different behaviours of nitrate and phosphate typically result in a steady increase in the N:P ratio 

along the groundwater flow path (Slomp and Van Cappellen, 2004). N:P ratios are a key factor in 

determining nutrient limitation for primary producers in coastal environments. Molar ratios are 

reflective of nutrient sources within the catchment and its biogeochemical history through the 

aquifer. N:P ratios greater than 16 indicate excess nitrogen, as phytoplankton typically assimilate 

nitrogen and phosphorus at an atomic ratio of near 16 (Redfield, 1958). Nutrient ratios differed 

significantly from that of the Redfield Ratio of 16 during all sampling campaigns. The critical N:P 

ratio for growth rates can be higher than the Redfield Ratio; estimates range from 20 to 45 mol N 

per mol P (Terry et al., 1985). The ratio of nutrients delivered to the aquatic environment is 

important in determining phytoplankton community and health. Shifts in this community structure 

have been documented in other studies and have been attributed to anthropogenic activities (e.g. 

Null et al., 2014). Due to the variable nature of SGD (Moore, 2010), there was no clear seasonal 

trend of the N:P ratio transported via SGD over these four campaigns (Table 2.6). However, the 

N:P ratios delivered via SGD were high during all campaigns. During the summer campaigns, 

when metabolism rates were expected to be highest, N:P ratios were 10 - 27 times greater than the 

Redfield Ratio and therefore supports the conclusion that SGD may drive the coastal zone toward P 

limitation of primary producers (Slomp and Van Cappellen, 2004).  
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Including DON in N:P molar ratios of all sampling campaigns increased them significantly in all 

cases suggesting SGD is an important vector for the transport of DON. Sewage accounted for over 

72% of allochthonous P loading during this study. An average value of 286 m3 d-1 This value was 

measured using literature sewage values and was higher than the sewage P flux estimated by Rocha 

et al., (2015) of 51% derived in-situ from the region of the bay where the sewage outflow pipe was 

located. Therefore, mitigation of this direct sewage source (Ciaran Cannon, 2010), which has now 

come into effect (as of spring 2017) may result in further primary production P limitation within 

the bay as the main allochthonous source has been removed. DRSi:N may also be important in 

structuring phytoplankton communities. DRSi:N ratios were in agreement with the literature value 

of 0.9 (Redfield et al., 1963) in the July 2013 campaign but below this value during all other 

campaigns. The oxidised forms of nitrogen present in high concentrations may alter the community 

structure and result in greater abundance of diatoms (Ghinaglia et al., 2004).  

 

The macroalgae most dominant in Kinvara Bay in June 2015 exhibited N:P ratios greater than the 

Redfield ratio of 16. Fucus vesiculosus had an average N:P of 51 and Enteromorpha intestinalis 

had an average N:P of 72 (Manaswi Raghurama, 2015; Linh Trieu, 2015). These species are 

adapted for survival under low P conditions and may result in a shift in algal cover within Kinvara 

Bay, as species that can survive in low P high N conditions will dominate; this is discussed in more 

detail in Chapter 7. SGD has also been shown to contribute to P limitation in other karstic aquifers 

(Slomp and Van Cappellen, 2004; Pavlidou et al., 2014). 

2.6.3 Autochthonous nutrient inputs 
Sediment incubation studies were only performed during July 2013 and these values were used to 

derive the N budgets over all sampling campaigns. This may have introduced an error, as sediment 

activity would differ between summer and winter. The main differences between summer and 

winter are decreased light availability, lower temperatures and lower oxygen levels during winter. 

Light regulates the metabolic status of sediments and, in turn, exerts strong control on sediment 

nitrogen dynamics and the fate of inorganic nitrogen (Porubsky et al., 2009).  While, increased 

temperatures have been shown to enhance DNRA and denitrification during summer, which 

increases sediment oxygen consumption (Giblin et al., 2013). In temperate estuaries, such as 

Kinvara Bay, where there is substantial nitrate loading over the course of the year, denitrification 

activity has been shown to correlate with ambient temperature (Herbert, 1999). Denitrification rates 

have been shown to be lower in winter than summer combined with lower oxygen consumption 

rates (Smith et al., 1985; Yoon and Benner 1992; Tuominen et al., 1998). Temperatures measured 

between 6.7 and 9.2 °C in the winter campaigns compared to 13.0 to 15.3 °C in the summer 

campaigns (Table 2.1). Thus, the rates associated with the summer sediment exchange in this study 

may decrease in winter and therefore may have overestimated benthic N removal during the winter 
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campaigns, which may explain the negative retention of nitrite in the January 2015 campaign and 

of nitrate and nitrite in the January 2016 campaign.   

 

Sediment fluxes acted as a significant source of DIN to the water column during the June 2015 

campaign (Manaswi Raghurama, 2015; Linh Trieu, 2015) but acted as a sink during the July 2013 

campaign. 3.70 ± 2.60 x 103 mol d-1 of DIN was lost through the seafloor during the July 2013 

campaign (Rocha et al., 2015), which accounted for 100% of the DIN allochthonous flux calculated 

during July 2013 and June 2015 campaigns and accounted for 11% of the allochthonous nitrate flux 

in the January 2015 campaign and 71% in the January 2016 campaign. However, in the June 2015 

campaign, there was a net gain of all DIN species into the water column from intertidal sediments. 

The benthic sediment added 2.6 ± 1.1 x 104 mol N d-1 to the water column during this period, 

accounting for more than the average allochthonous inputs of 4.9 ± 1.6 x 103 mol N d-1. Thus, they 

acted as a significant source of DIN. The incubation period of five days may not have been 

sufficient to reach steady state (Manaswi Raghurama, 2015; Linh Trieu, 2015) and may have 

accounted for the difference between the July 2013 and June 2015 campaigns. Net removal of 

nitrate within the bay was stronger than nitrate addition; therefore, there was N fixation within the 

system during the summer campaigns. Nitrification is important in mediating N export from land 

by linking mineralisation and denitrification (Tobias et al., 2001). Similarly, DIN was cycled 

through sediments through coupled nitrification-denitrification due to exposure to light and oxygen 

in the intertidal zone during low tide (Rocha et al., 2015). The fact that sediment acted as a source 

of nitrate in the subtidal in July 2013 and the intertidal in June 2015 indicate that the benthic 

sediment served as a link in nitrogen mineralisation within Kinvara Bay. 

 

Autochthonous production of P, measured in June 2015, was the largest input source to Kinvara 

Bay, accounting for 74.2% of the total P inputs (Manaswi Raghurama, 2015; Linh Trieu, 2015). 

The main allochthonous P source via sewage has been removed with the introduction of the 

wastewater treatment plant. Thereby, autochthonous production may mitigate against primary 

production P limitation associated with SGD.  

2.6.4 Nutrient budgets 

2.6.4.1 Exchange at Parkmore Pier 
Summer campaigns showed a net import of DRSi and NO3

- from the seaward side through the 

mouth of the bay while winter campaigns showed a net export (Table 2.9). NO2
- was exported from 

the bay during all campaigns. June 2015 showed a net import of NH4
+ and DON while all other 

sampling campaigns showed a net export of these nutrients. The net export of DON from Kinvara 

Bay was large in each sampling campaign except June 2015. The exchange at Parkmore Pier, 

however, accounted for less than 1% of the allochthonous load of DIN transported during all 

campaigns. There was a net export of DON of 1.5% during January 2015 and 24% during January 
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2016 increasing to 36% during July 2013. There was a net export of less than 1% TDP during 

January 2015 and an export of less than 1% during January 2016 rising to 59% during June 2015 

from Galway Bay. Allochthonous loading of TDP and DON were substantially higher during 

winter due to the larger SGD flux. These results were consistent with those of Rocha et al., (2015) 

who found 100% retention of DIN during summer (2009 – 2013) in Kinvara Bay. The export of 

DIN at Parkmore Pier was minuscule compared to the allochthonous and autochthonous fluxes to 

the bay, and thus SGD fluxes have minimal influence on the outer Galway Bay. Nutrient retention 

within Kinvara Bay was almost 100% for DIN and DRSi annually.   

2.6.4.2 DIN 
Net retention within the bay was negative for nitrite across all seasons and for nitrate in July 2013, 

June 2015 and January 2016 (Tables 2.10 - 2.13) showing the removal of N species through the 

benthic substrate. This was reflected in the sediment incubation experiments conducted during July 

2013 (Rocha et al., 2015). On a bay wide level the benthic sediment was a source of NH4
+ but a 

sink for NO3
- and NO2

-. A positive retention for nitrate in January 2015 was due to the 

comparatively larger DIN flux associated with the high SGD volume. Sediment was thus very 

active in nutrient transformation in Kinvara Bay over all campaigns. Based on the magnitude of 

allochthonous fluxes, SGD-borne nitrate was reduced by the benthic sediment except in January 

2015.  

 

Transfer of DIN via primary production (PP) accounted for 9.7 x 103 (July 2013), 6.2 x 103 (June 

2015), and 3.2 x 104 (January 2015) mol N d-1 suggesting a large flux associated with PP over the 

course of these campaigns. A denitrification flux of 3.7 ± 0.84 x 103 mol N day-1 was estimated by 

Rocha et al., (2015) during summer. PP accounted for 68% of the autochthonous released from 

sediments in July 2013 and June 2015. This flux was less than the biological nitrogen fixation flux 

during summer campaigns (Tables 2.10 and 2.13) suggesting the bay was net autotrophic. Primary 

production is typically a seasonal process driven by light and temperature conditions and varies 

greatly through the year (Dürr et al., 2011). Metabolism rates are expected to be higher in summer 

due to higher temperatures and longer sunlight hours. During the January 2015 campaign the PP 

transfer was positive (Table 2.11) suggesting that net removal of DIN was greater than fixation and 

thus the bay was net heterotrophic. Turnover rates might be lower in winter campaigns than 

calculated here from summer sediment incubation experiments. As a result, the net retention and N 

turnover calculated for the two winter campaigns may be overestimated. Nutrient values measured 

at Parkmore Pier exhibited highest concentrations during January 2015 and lower concentrations of 

DIN during all other campaigns. The low levels of inorganic nitrogen observed in these time points 

can be attributed to greater biological consumption within the bay. 
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Net losses of DIN and DIP within the system may support net primary production. Other studies 

have shown that most of the DIN influxes are removed within the water column due to active 

biological uptake, such as Gamak Bay in the southern sea of Korea (Hwang et al., 2010). DO 

fluctuations throughout the bay may be attributable to sea temperature and biological activity 

(Pavlidou et al., 2014). DO levels were consistently higher in the summer campaigns compared to 

winter campaigns at Parkmore Pier (Appendix A). 

2.6.4.3 DON 
The internal loading of DON (Tables 2.10 and 2.12) exceeded the DIN flux channelled into 

primary production by about 60% during summer campaigns. Therefore, in order to balance the 

DIN flux, it can be assumed that approximately 1.09 ± 2.2 x 104 mol N d-1 of the DON load was 

recycled into bioavailable forms and contributed to primary productivity within the bay. Rocha et 

al., (2015) also found that 48% of DON (1.08 ± 0.87 x 104 mol N d-1) was effectively contributed 

to primary production. Other studies have shown that there is a significant fraction of the DON 

pool that is labile and biologically available (Jackson and Williams, 1985; Thurman, 1985). 

Seitzinger and Sanders, (1997) showed that a portion of riverine DON was labile and contributed to 

estuarine productivity. In estuaries with a residence time of a week, there is a part of the DON that 

is utilised within the bay and more which is exported and used in the open ocean. The labile 

component of DON consists of low molecular weight compounds that can be assimilated by 

primary producers. The molecular characterisation of DOM that includes organic nutrients is 

described in detail in Chapter 8. Although this study concluded that DON in terrestrial groundwater 

was mainly refractory, there may be compounds in the 'typically recalcitrant' group of compounds 

that may be semi-labile and degraded (Seitzinger and Sanders, 1997).  
 

The sediment-water exchange budget indicated that 100% of the allochthonous oxidised nitrogen 

was recycled through the benthos and released back into the water column as ammonium during all 

campaigns. The internal sink of DON (Tables 2.11 and 2.13) was substantially higher during winter 

campaigns as a result of higher DON fluxes observed due to lower recycling rates through PP, high 

precipitation and subsequent SGD flow rates. During summer campaigns, there was rapid exchange 

between primary production and DON, suggesting a low burial rate. Thus, DON was an active 

component in the N Cycle. During winter campaigns, primary productivity decreased and there 

may have been a higher burial rate within coastal sediments than was measured in the July 2013 

incubation used for this study. The export of DON to Galway Bay was higher in the winter 

campaigns, which was consistent with lower recycling rates through primary productivity. 

 

The primary production carbon yield derived from the net nitrogen fixation was calculated for 

summer, using the C:N molar ratio of 13.5 ± 2.09, to be approximately 1.1 x 104 mol C day-1, 0.109 

kg C m-2 yr-1, classifying Kinvara Bay as mesotrophic (Nixon, 1995). Considering that 57% of 
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DON was channelled into PP and thus nearly half the DON was determined to be biologically 

available (Seitzinger and Sanders, 1997) within the residence time of 6.8 ± 1.7 days (Rocha et al., 

2015) of SGD in Kinvara Bay, the carbon yield in Kinvara Bay was determined to be 0.172 kg C 

m-2 yr-1. This was considered as mesotrophic for this dataset. Rocha et al., (2015) concluded that 

Kinvara Bay was eutrophic during summer, 0.313 kg C m-2 yr-1 for their dataset of four summers, 

which included July 2013. SGD-borne nitrate accounted for 1.93 ± 0.21 x 104 mol d-1 in their study 

and this was substantially larger than nitrate loading recorded in this study during summer 

campaigns. Therefore, Kinvara Bay was tightly bound by allochthonous loading of nutrients and 

may experience eutrophic conditions when SGD-borne DIN loads increase. DON, therefore, acted 

as a nutrient-loss pathway and as a source of N for productivity within Kinvara Bay, as seen in 

other studies (e.g. Neff et al., 2003). 

2.6.4.4 DRSi 
SGD transported a large amount of silicate into the bay due to the high concentration in the fresh 

groundwater endmember, which accounted for 100% of DRSi contributions compared to other 

DRSi input sources. This is in line with observations by Rocha et al., (2015) in Kinvara Bay. 

Enhanced DRSi has been recorded in other karstic systems such as the Caribbean coast of the 

Yucatan Peninsula (Null et al., 2014) and non-karst systems such as Laoye Lagoon, Hainan, China 

(Ji et al., 2013).  

 

Silica dissolution in the photic zone is controlled by temperature, zooplankton grazing, diatom 

aggregation and bacterial colonisation (Nelson et al., 1995). Bacteria-mediated silicon regeneration 

may critically control diatom productivity (Bidle and Azam, 1999). DRSi was added to the system 

via SGD and a high benthic efflux and regeneration over all campaigns (Tables 2.10 - 2.13). DRSi 

may be added to the system through remineralisation from the benthic community and the mussels 

being farmed within the bay. Diatoms have an absolute requirement for silicon (Bidle and Azam, 

1999) and are relatively high in food quality (Turner et al., 1998). SGD may thus support a stable 

community of diatoms while other types of algae may be highly dynamic depending on the 

bioavailable N:P ratios, which were highly variable. Phytoplankton in summer contained a mix of 

diatoms and dinoflagellates with 94 species recorded in 2012, but the most frequent genus was the 

diatom Pseudo-nitzschia (MI, 2015). Diatom and dinoflagellate blooms were common during 

summer. The number of diatoms decreased in winter due to light availability while there have been 

occasional blooms of microflagellates detected in Kinvara (MI, 2015). The removal of DRSi has 

also been associated with benthic eutrophication in coastal embayments of Hwasun Bay and 

Bangdu Bay, Korea (Kim et al., 2011). 

2.6.4.5 TDP 
Regeneration production of P may occur within the water column (Hwang et al., 2010). In fact, 

autochthonous production of P accounted for 600 mol d-1 (Manaswi Raghurama, 2015; Linh Trieu, 
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2015) while there was a net removal of 100 - 260 mol d-1 over all campaigns. Combining this with 

the N:P ratios provided by SGD supports the assertion that primary production P-limitation 

occurred within Kinvara Bay during these sampling campaigns. 

2.7 Synopsis 
Of the allochthonous sources to Kinvara Bay at the time of the study; sewage, wet deposition, 

runoff and SGD, SGD accounted for more than 65% of freshwater inputs across all campaigns. 

During summer campaigns, SGD occurred in base-flow conditions and accounted for 100% of 

freshwater inputs. SGD rates in Kinvara Bay were highly linked to meteoric recharge and were 

thus significantly higher in winter campaigns compared to summer.  

 

Nutrient molar ratios (N:P) associated with SGD far exceeded that of the Redfield ratio of 16. 

Altered N:P ratios apply in particular in karst aquifers due to the well-oxygenated conditions that 

prevent anoxia-driven removal processes of N while P has an affinity for removal along the karstic 

flow path. N:P ratios were highly variable during this study. SGD accounted for almost 98% of 

nitrate loading and 76% of total DIN loads over the course of this study. Sewage delivered 82% of 

the ammonium and 72% of the TDP loads to Kinvara Bay during these campaigns. Therefore, 

treatment of sewage discharging directly into the bay to drinking water standards recently 

introduced will unlikely mitigate the high DIN loads associated with SGD. Removal of the TDP 

source from sewage may further drive Kinvara Bay to P-limited primary production. This could 

have significant implications for the algal cover and community structure living in this zone. 

Although there was an autochthonous release of P from sediments within the bay, there was net 

removal within the water column due to productivity. 

 

Sediment incubation experiments showed that Kinvara Bay acted as a sink for nitrate and nitrite but 

a source of ammonia (Rocha et al., 2015). A portion of the DON transported via SGD was labile 

and was recycled into biologically available forms. A biologically available nutrient budget must 

include both the inorganic and organic portions of N (Seitzinger and Sanders, 1997). This study 

showed that almost 100% of DIN was retained within the bay. The bay switched from net 

autotrophic in the July 2013, June 2015 and January 2016 campaigns to net heterotrophic in the 

January 2015 campaign. Only a small proportion (1%) of the exogenous TDN load was exported to 

the wider Galway Bay due to tight benthic-pelagic coupling across all campaigns. 
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3. Investigation of Submarine Groundwater Discharge-borne Carbon 
(DIC, DOC and TAlk) and their Circulation in Kinvara Bay, Co. 
Galway 
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3.1 Introduction 
The link between terrestrial and marine carbon cycles is not fully understood and has remained a 

poorly constrained component of the global carbon cycle (Maher et al., 2013). Submarine 

groundwater discharge (SGD) is now known to be a major pathway for terrestrial nutrients, metals 

and carbon to the coastal zone on a global scale (Moore, 2010) and may better elucidate the link 

between the terrestrial and marine cycles. Still, groundwater influxes are often the least studied 

components of coastal nutrient and carbon budgets (Porubsky et al., 2014). SGD has not been 

included in the global carbon cycle to date (Szymczycha et al., 2014) despite potential fluxes to the 

Atlantic Ocean equaling that of riverine inputs (Moore et al., 2008). 

 

Most estuarine systems worldwide are net heterotrophic (respiration exceeds gross primary 

production) resulting in an overall increase in pCO2 within the water column and a CO2 source to 

the atmosphere (Gattuso et al., 1998; Abril et al., 2000; Cai et al., 2003; Zhai et al., 2005). Carbon 

budgets usually ignore groundwater as a potential driver of CO2 build up in surface waters even 

though dissolved CO2 may be highly enriched in groundwater (Macpherson, 2009; Dorsett et al., 

2011). The major processes contributing to CO2 enrichment within coastal aquatic systems are in-

situ respiration driven by natural and anthropogenic organic matter inputs (Cole and Caraco, 2001; 

Richey et al., 1988), groundwater discharge (Jiang et al., 2008; Maher et al., 2013), terrestrial 

surface water runoff (Raymond et al., 2000) and precipitation of carbonate or silicate minerals 

(Hagedorn and Cartwright, 2010).  

 

Rising anthropogenic CO2 levels in the atmosphere have decreased the pH of the surface ocean by 

0.1 pH units in the last 250 years (Cao and Caldeira, 2008). Acidification impacts fundamental 

processes that influence the overall structure and functioning of marine ecosystems (Duarte et al., 

2013). Significant changes associated with acidification could have far-reaching consequences both 

for the marine environment and ecosystems, but also for the millions of people depending on these 

ecosystems and resources. The Kinvara Bay surface water systems are designated as Shellfish 

Waters, and acidification could have detrimental effects for the economy of the region. 

Due to high concentrations of CO2 and DIC, groundwater has naturally lower pH (6.70–7.30) and 

lower saturation states (Ω ~ 0.5) than corresponding surface waters (Crook et al., 2012). SGD may 

therefore accelerate ocean acidification in coastal zones due to the delivery of low pH, high DIC 

waters. For example, de Weys et al., (2011) linked groundwater discharge to severe estuarine 

acidification in Tuckean Swamp, Australia. On the other hand, SGD has also been shown to 

transport large fluxes of total alkalinity (TAlk) to coastal zones, which then might buffer against 

acidification. Therefore, the relationship between TAlk and DIC within SGD is important for 

determining the impact of SGD on ocean acidification (OA). However, little is known about 

whether biogeochemical processes may provide feedbacks to ocean acidification (Santos et al., 

2011) and what the role of SGD might be. 
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3.2 Sampling plan 
To close carbon budgets and to further evaluate the role of SGD in ocean acidification dynamics in 

Kinvara Bay, a sampling plan was devised along the flow path from an inland borehole to the SGD 

springs in the intertidal zone and then the mouth of Kinvara Bay (Parkmore Pier). Four sampling 

campaigns were conducted, two during winter (January 2015 and 2016) and two during summer 

(July 2013 and June 2015). Time-series sampling was performed during low tide at the SGD 

springs (every 15 minutes); at the sewage outflow location in the bay during high tide (every 15 

minutes) and over the full tidal cycle at Parkmore Pier (every 30 minutes). Sediment cores were 

collected (June 2015), and incubation experiments were conducted to determine autochthonous 

sources of carbon species and their role in the biogeochemistry of the bay. 

3.3 Aims and hypotheses 
Because carbonate aquifer systems, such as those connected to Kinvara, have a high propensity to 

transport large DIC and TAlk concentrations; this study seeks to gain a better understanding of the 

influence of SGD on the coastal carbon cycle. Particular attention will focus on determining DOC, 

DIC and TAlk loading and evaluating CO2 fluxes within the bay, in order to assess the impact of 

SGD on ocean acidification (OA) in karstic regions. These studies are particularly important for 

understanding whether predicted ocean acidification in the future will be buffered by watershed 

inputs via SGD and shellfish culture can be sustained, or, alternatively, if SGD might accelerate 

acidification, in which case there will be drastic effects on the ecosystem and economy of Kinvara. 

Explicit null hypotheses are outlined below. 

 

The Null hypothesis 1, Ho, states that Kinvara Bay acts as a net source of CO2 to the atmosphere 

The alternate hypothesis states that Kinvara Bay acts as a net sink of CO2 from the atmosphere  

The Null hypothesis 2, Ho, states that SGD-borne influxes can buffer the coastal ocean against 

acidification  

The alternate hypothesis states that SGD-borne influxes will be a positive feedback on coastal 

acidification over the short term 

3.4 Methods 
Samples were syringe filtered through pre-combusted GF filters and collected in pre-cleaned, acid-

washed 10 mL borosilicate amber glass bottles (DOC/DIC). Water was pulled into the syringe in-

situ and then passed through a GF filter into the glass bottles. All filters and containers were rinsed 

several times with the sample before filling and samples were overfilled to ensure no headspace in 

the bottle. TAlk samples were collected unfiltered in tall narrow-necked borosilicate amber 

borosilicate glass bottles (Howland et al., 2000). Care was taken not to expose the samples to the 

atmosphere, as CO2 exchange can occur quite rapidly. The bottles were overfilled by twice their 

volume to minimise contact with air and filled to the brim. The lids were closed tightly to remove 

any headspace or escape of gases to the atmosphere and then sealed. The analyses were carried out 
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as soon as possible. As a precautionary measure, collected samples were stored on ice in the dark 

and transported to the laboratory within three days for analysis.  

 

In the field, at the same time water samples were collected, in-situ measurements of salinity, 

conductivity, temperature and pH were obtained using an Aquaread 1000 AP, calibrated prior to 

use with a freshwater conductivity (Varian 12,800 µS cm-1), pH (Varian pH 4.00, 7.00 and 10.00) 

and ORP standards. 

3.4.1 DOC/DIC measurements 
Samples were analysed by high-temperature catalytic oxidation (HTCO) using an Elementar Vario 

TOC cube. Total dissolved carbon (TDC) was measured by injecting the water sample into the 

cube; it was then aspirated via a dosage syringe and directly injected into the combustion tube 

where catalytic oxidation takes place. High-temperature digestion at 850°C (freshwater) or 680°C 

(brackish/seawater samples) in an air/O2 stream takes place converting total bound C to CO2. Water 

vapour was removed from the sample by a drying process. CO2 is then quantitatively determined 

by non-dispersive infrared (NDIR) giving the TDC concentration based on the calibration curve. 

DIC was determined automatically after acidification and purging in the sparger by treatment with 

phosphoric acid. This method is automated and very sensitive (Elementar, 2014). Non-purgable 

DOC was determined directly after external DIC had been removed. Care was taken to minimise 

exposure to avoid loss of CO2 by covering the samples with a tin sheet. 

 

Standards (Reagecon TOC and TIC standards 1,000 ppm as C) were tested with each run to 

determine the calibration curve and set the concentrations for the system; this allows a 

concentration value (mg/L) to be calculated for each sample. Quality control (QC's) samples were 

also run with every batch to ensure the accuracy of results. For DOC analysis, the limit of detection 

(LOD) was found to be 0.5 mg L-1 and limit of quantification (LOQ) was 0.6 mg L-1 (41.63 µmol 

L-1). For DIC, the LOQ and LOD were 0.1 mg L-1 (8.3 µmol L-1).  

3.4.2. Sediment 
Three undisturbed sediment cores were collected in June 2015 within the bay using an HTH 

Renberg Corer (Chapter 2). Whole core incubation studies by following the time-dependent gain or 

loss of DOC and DIC in the overlying water column at a constant temperature of 13°C (Allert and 

Mackin, 1989) and an overlying water height of 33 cm.  

3.4.3 Total alkalinity (TAlk) 
The samples were analysed by acidimetric titration (Gran procedure) (Wong, 1988; Howland et al., 

2000; Abril and Frankignoulle, 2001). The pH meter and electrode were calibrated using standards 

(Varian pH 4, 7 and 10). The electrode was rinsed with milliQ water and allowed to equilibrate in a 
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sample for several minutes following calibration. The sample was titrated to pH 4.5 in less than 2 

minutes using 0.01M sulphuric acid. 

The plot of TAlk versus DIC allows for separation of the effects of biological (metabolism) and 

geochemical processes (CaCO3 precipitation and dissolution) on the carbonate system (Andersson 

and Gledhill, 2013).  

3.4.4. pCO2 calculations 
TAlk and pH measurements from the SGD springs, sewage location and Parkmore Pier were used 

to calculate pCO2 values in the CO2SYS program (Lewis et al.,1998) using the set of constants (K1 

and K2) from Mehrbach, (1973) refit by Dickson and Millero, (1987). Although this is considered 

a robust method for pCO2 determination, associated errors do exist. The largest error source in this 

calculation is the accuracy of the pH measurements. pH for this study was determined in-situ and 

allowed to reach a steady reading before recording. The alkalinity titrations were conducted as 

quickly as possible post sample collection. This reduces the amount of precipitation of carbonate 

salts due to degassing (Macpherson, 2009). This procedure results in reported uncertainties of 

~11% for the final CO2 concentration in groundwater according to Atkins et al., (2013). 

 

The flux of CO2 across the air-sea boundary depends on the two parameters, firstly, the 

concentration gradient between the surface water and the air and, secondly, the physical transfer at 

this interface (MacIntyre et al.,1995). pCO2 fluxes were calculated as: 

 

F = - k α (pCO2 (W) – pCO2 (A))         (1) 

 

Where, k is the wind speed-dependent CO2 gas transfer velocity coefficient (Wanninkhof, 1992, 

2014), α is the solubility coefficient for CO2 in water (Weiss, 1974), (pCO2 (w) – pCO2 (a)) is the 

difference in partial pressure of CO2 between the water and air. Atmospheric pCO2 (380 ppmV) 

was assumed constant over all campaigns, although studies at Mace Head, Ireland, have shown that 

there may be a seasonal variation of 15.1 ± 1.1 ppmV (Bousquet et al., 1996). 

 

pCO2 fluxes have been computed using pCO2 of water calculated by CO2SYS and k was derived 

using wind speed data collected by Met Eireann from the closest weather stations, Athenry, 26.2 

Km north of Kinvara town, and Oranmore, 14.4 Km north of Kinvara town 

(http://www.met.ie/climate/daily-data.asp). Positive CO2 fluxes represent fluxes from the bay into 

the atmosphere, while negative fluxes represent fluxes into the bay water from the atmosphere. 
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3.5 Results  

3.5.1 SGD-derived inputs 
Table 3.1: Summary of measured water parameters and carbon concentrations in the SGD endmember, measured at Castle 
Springs over the four sampling campaigns. Data are the result of the mean of several replicates (11 < n < 15) plus or minus the 
standard error of the mean (± SE). Meteorological information during the survey periods was obtained from the averages of Met 
Éireann weather stations Athenry, 26.2 Km north of Kinvara town, and Oranmore, 14.4 Km north of Kinvara town 
(http://www.met.ie/climate/daily-data.asp). N/A represents samples not analysed for this parameter. See Appendix D for in-situ 
measurements.  

Parameter July 2013 January 2015 June 2015 January 2016 

Water Temperature 

(°C) 
13.8 – 15.3 6.7 – 8.6 13.0 – 14.1 8.5 – 9.2 

Salinity (ppt) 1.84 – 3.67 0.52 – 0.60 0.50 – 0.56 0.51 – 0.56 

Dissolved Oxygen 

(%) 
34.4 – 44.7 67.6 – 83.5 63.5 – 82.9 62.6 – 72.6 

pH 6.92 – 7.57 7.12 – 7.85 6.96 – 7.93 6.99 – 7.15 

14-day cumulative 

precipitation (mm) 
16.8 53.2 20.1 35.1 

DOC 

(µmol L-1) 
381.0 – 623.6 291.6 – 330.2 355.3 – 385.8 240.2 – 270.6 

DIC 

(µmol L-1) N/A 4340.6 – 4693.6 3789.4 – 4148.7 4431.1 – 4940.6 

TAlk 

(µmol L-1) 4709.6 - 4716.8  4688.0 – 4813.6 4509.6 – 4648.0 5099.2 – 5192.7 

 

Table 3.1 highlights the water chemistry records detailed in Chapter 2 and the C species 

concentrations taken over four campaigns during winter (January 2015, 2016) and summer (July 

2013 and June 2015). DOC concentrations were higher in both summer campaigns compared to 

winter. Although there was only one set of DIC samples taken during summer, the concentration of 

DIC in SGD during June 2015 was lower than both winter campaigns. The mean of TAlk was 

higher in winter compared to summer but considering the variability did not exhibit a clear pattern 

of seasonality. January 2016 had the highest TAlk of all campaigns.  

 

DOC, DIC and TAlk fluxes associated with January 2015 (Table 3.2) were the highest due to the 

high volume of SGD during that campaign (Chapter 2). 
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Table 3.2: Summary of SGD DOC, DIC and TAlk loads measured at the Castle Springs over the four sampling campaigns 
calculated by multiplication of the carbon specie concentration in SGD by the fresh SGD volume. Data are the result of the mean 
of several replicates (11 < n < 15) plus or minus the standard error of the mean (± SE). N/A represents samples not analysed for 
this parameter.  

Parameter July 2013 

(x 104 mol d-1) 

January 2015 

(x 104 mol d-1) 

June 2015 

(x 104 mol d-1) 

January 2016 

(x 104 mol d-1) 

DOC 1.0 ± 0.21  6.5 ± 0.14  1.5 ± 0.36 1.4 ± 0.06 

DIC N/A 97.6 ± 0.67  16.6 ± 0.41 25.6 ± 0.01 

TAlk 11.5 ± 0.03 101.9 ± 0.87  18.7 ± 0.02 27.4 ± 0.24 

 
Table 3.3: Estimates of SGD-borne carbon (DIC and DOC) and alkalinity in mass terms annually and for winter (January 2015 
and 2016) and summer (July 2013 and June 2015), measured at Kinvara Springs. . --- data not measured 

Parameter July 2013 

(kg d-1) 

January 2015 

(kg d-1) 

June 2015 

(kg d-1) 

January 2016 

(kg d-1) 

DOC 125 780 185 168 

DIC --- 1.2 x 104 2.0 x 103 3.1 x 103 

TAlk 1.0 x 104 1.0 x 105 2.7 x 104 2.5 x 104 

 

Mass loadings for DOC, DIC and TAlk were higher in January 2015 compared to the other three 

sampling campaigns (Table 3.3), due to larger SGD volumes. The DIC and DOC fluxes via SGD to 

Kinvara Bay were estimated to be 2.0 ± 1.4 kt C yr−1 and 0.1 ± 0.08 kt C yr−1, respectively. Thus 

the DIC fluxes were approximately 20 times larger than the DOC fluxes. The total carbon flux via 

SGD, therefore, amounted to 2.1 kt C yr−1. 

 
Table 3.4: SGD molar ratios of TDC:TDP, DOC:TDN, DIC:TDN and TDC:TDN using measured parameters (DIN, DOC and 
DIC) from SGD at Kinvara Springs for winter (January 2015 and 2016) and summer (July 2013 and June 2015). --- Sample not 
measured. *TDC:TDP ratio calculated using DOC only as DIC was not measured at the SGD springs during July 2013. 

 July 2013 January 2015 June 2015 January 2016 

TDC:TDP 1,158.1* 10,430.9 23,426.7 4,812.9 

DOC: TDN 6.8 1.9 4.5 2.6 

DIC: TDN --- 28.2 48.7 48.3 

TDC:TDN --- 30.1 53.2 50.9 

 

The C:N ratios in SGD in this study were highly variable. During the winter campaigns, the C:N 

ratio of 1.9 - 2.6 was significantly lower than the summer campaigns C:N ratios. This was in line 

with higher DOC concentrations in the summer campaigns. The DIC:TDN and TDC:TDN ratios 

for January 2015 were lower than the June 2015 and January 2016 campaigns (Table 3.4). 

3.5.2 Sewage inputs 
Untreated effluent is discharged from the sewage outfall pipe into the bay at the ebb of high tide. 

Therefore, sewage had mixed with bay water, as shown by the variable salinity data (Table 3.5). 
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Solute concentrations were corrected by dilution back to the salinity of an inland borehole, 

Loughcurragh South (0.51 ppt). 

 
Table 3.5: Summary of relevant water parameters and solute (DOC, DIC and TAlk) concentrations associated with sewage 
inputs. Data are the result of the mean of several replicates (11 < n < 15) plus or minus the standard error of the mean (± SE), 
adjusted for dilution with seawater back to the salinity of an inland borehole of 0.3 ppt. --- represents samples not analysed for 
this parameter. See Appendix D for in-situ values 

Parameter July 2013 January 2015 June 2015 January 2016 

Salinity (ppt) 20.6 – 23.4 0.6 – 1.5 6.3 – 12.4 0.1 – 2.4 

pH 7.6 – 8.3 7.4 – 7.8 8.2 – 8.7 7.3 – 8.2 

DOC  

(µmol L-1) 
124.4 – 305.6 619.6 – 685.9 446.8 – 532.5 477.5 - 588.0 

DIC  

(µmol L-1) 
2,020.4 – 2,199.9 1,720.7 – 2,001.3 2,603.7 – 3,096.7 2,620.7 – 2,745.5 

TAlk  

(µmol L-1) 
--- 2,427.2 – 2,717.6 2,887.2 – 2,967,2 2,809.6 – 2,878.4 

Measured fluxes of TAlk and DIC were relatively uniform over the four sampling campaigns. 

However, there was a high variability in the DOC fluxes, from a minimum of 124.4 µmol L-1 to a 

maximum of 685.9 µmol L-1. These values were lower than literature values of 5,828.5 µmol, 

provided by Katsoyiannis and Samara, (2007). To be conservative, this literature DOC flux value 

(1.67 x 103 mol d-1) was incorporated into budgetary analyses. 

3.5.3 Wet deposition 
Iavorivska et al., (2016) studied 22 coastal/island locations and determined the mean flux of 

organic carbon in rainwater to be 2.48 ± 2.1 mg C L-1. 22 of these sites were located in Europe and 

had a mean DOC concentration of 2.60 ± 2.4 mg C L-1, 216 ± 199.8 µmol L-1. DIC inputs to 

Kinvara Bay via deposition were devised based on the values calculated by Worrall et al., (2003) 

for a British upland peat catchment, the North Pennines and are provided in Table 3.6. They 

estimated that 1.1 g C m-2 yr-1 of DIC is due to dry and wet deposition.  

 
Table 3.6: Wet deposition values calculated for DOC and DIC in Kinvara Bay for each sampling time point. Fluxes were 
calculated for the surface area of the Bay using the concentration of DOC in precipitation determined by Iavorivska et al., 
(2016) for European coastal/island locations and the DIC calculated by Worrall et al., (2003) for a British upland peat 
catchment, the North Pennines. This was scaled using the seasonal rainfall that occurred during the 14-day period prior to 
sampling divided by 14 to determine the flux per day. See example in Appendix C.  

 
DOC 

(mol d-1) 

DIC 

(mol d-1) 

July 2013 1.1 x 103 1.4 x 104 

January 2015 3.5 x 103 4.6 x 104 

June 2015 1.3 x 103 1.7 x 104 

January 2016 2.3 x 103 3.0 x 104 
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3.5.4 Allochthonous loads 
Table 3.7: Percentage of allochthonous loading associated with each input: SGD, Sewage and Wet Deposition into Kinvara Bay 
over the course of the four campaigns. --- represents parameters not analysed in this study.  

 SGD 

(%) 

Sewage 

(%) 

Wet Deposition 

(%) 

DOC 89.5 5.7 4.8 

DIC 99.4 0.3 0.3 

TAlk 99.8 0.2 --- 

SGD accounted for over 99% of the allochthonous loading of DIC and TAlk (Table 3.7); this is not 

surprising considering the karstic nature of the aquifer. SGD accounted for 89.5% of DOC inputs, 

while sewage and wet deposition accounted for the remaining 10.5%. In most cases, the sewage 

inputs were within the error of the estimates and were non-significant. SGD was the primary source 

of carbon to the bay, in turn; any such exchange with the open ocean was also due to the presence 

of SGD within the coastal zone. 

3.5.5 Sediment analyses 
Other important C sources/sinks to consider within the coastal zone include diffusion from 

sediments (Null et al., 2014). According to sediment incubation experiments, sediment acted as a 

source of DIC and a sink of DOC during the June 2015 incubation experiments, shown in Table 

3.8.  

 
Table 3.8: Measured sediment DIC and DOC exchange fluxes by incubation core experiments measured in June 2015, close to 
Kinvara Springs. 

Treatment n C Flux 

(mmol m-2 d-1) 

Bay C Fluxes  

(mol d-1) 

DIC 27 9.07 ±0.08 3.9 (±1.5) x 104 

DOC 34 -0.81 ±0.27 -2.6 (±1.1) x 103 

3.5.6 Fate of carbon species within the bay 
 
Table 3.9: Mean DOC and DIC exchange at Parkmore Pier, the mouth of the bay over all sampling campaigns, negative values 
represent carbon flux out of the system, whereas, positive values equal carbon fluxes into the system. Time series analysis every 
30 minutes except July 2013 (20 minutes) determined the DOC and DIC concentration at Parkmore Pier over two full tidal 
cycles. The difference between the flood and ebb fluxes represented the nutrient exchange at Parkmore Pier. See Appendix D for 
DOC and DIC concentrations measured in-situ and Appendix C for an example of the calculation of tidal exchange. 

 July 2013 

(mol d-1) 

January 2015 

(mol d-1) 

June 2015 

(mol d-1) 

January 2016 

(mol d-1) 

DOC -655.0 -2160.0 -37.9 -296.9 

DIC -971.5 240.0  -900.3 -1450.8 

There was net export of DOC over all campaigns, while there was a net import of DIC during 

January 2015 (Table 3.9). 
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Figure 3.1: A plot of DOC versus salinity for samples taken at the SGD point, sewage point and within the bay over all sampling 
campaigns, n = 253, SGD (n = 42), sewage (n = 42), Parkmore Pier (n = 169) 

As shown in Figure 3.1, DOC concentrations in SGD were variable between the three sampling 

locations. SGD-borne DOC was often lower than corresponding sewage and Parkmore Pier DOC 

concentrations.  

 
Figure 3.2: A plot of DIC versus salinity for samples taken from the SGD point, sewage outflow point and within the bay over all 
sampling campaigns, n = 206, castle (n = 34), sewage (n = 32), Parkmore Pier (n = 140) 

 

As per Figure 3.2, the highest DIC concentrations were found close to shore, in SGD. The DIC 

values were relatively uniform at intermediate salinities, following a sharp decline from the SGD 

point.  
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Figure 3.3: A plot of TAlk versus salinity for samples taken at the SGD point, sewage point and within the bay over all sampling 
campaigns, n = 167, SGD (n = 24), sewage (n = 23), Parkmore Pier (n = 119) 

TAlk at the site of discharge was elevated compared to samples taken at intermediate to high 

salinities (Figure 3.3). These graphs support SGD as an important source of TAlk and DIC to the 

bay. 

 

  

Figure 3.4: DOC concentration (µmol L-1) versus salinity (ppt) measured at Parkmore Pier over two sequential tidal cycles every 
30 minutes during January 2015 (n = 45) and January 2016 (n = 47).  

DOC decreased with salinity during the January 2015 campaign but did not appear to have the 

same pattern in January 2016, as shown in Figure 3.4. Regression analysis for the decreasing trend 

in January 2015 had an R2 value of 0.77. 
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Figure 3.5: DOC concentration (µmol L-1) versus salinity (ppt) measured at Parkmore Pier over two sequential tidal cycles 
during July 2013 (n = 73, samples every 20 minutes) and June 2015 (n = 49, samples every 30 minutes).  

There was no clear pattern of mixing of DOC with salinity at Parkmore Pier during the summer 

campaigns (Figure 3.5). The salinity range during time series analysis in July 2013 was narrower 

due to the lower SGD volumes.  

 
Figure 3.6: DIC concentration (µmol L-1) versus salinity (ppt) measured at Parkmore Pier over two sequential tidal cycles every 
30 minutes during January 2015 (n = 45) and January 2016 (n = 47).  

 

Figure 3.6 shows that there were two water masses mixing at Parkmore Pier during January 2015. 

This period corresponds to the highest SGD inflows and shows that SGD may not be sufficiently 

mixed during high flows. DIC concentrations did not largely change over the course of the tidal 

cycle during the January 2016 campaign but higher salinity samples had higher DIC 

concentrations.  
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Figure 3.7: DIC concentration (µmol L-1) versus salinity (ppt) measured at Parkmore Pier over two sequential tidal cycles during 
July 2013 (n = 73, samples every 20 minutes) and June 2015 (n = 49, samples every 30 minutes).  

Figure 3.7 illustrates a negative trend of DIC with salinity at Parkmore Pier during the June 2015 

campaign but no obvious trend for the July 2013 samples. Regression analysis had an R2 value 0.77 

for the June 2015 samples.  

 

 
Figure 3.8: Mixing plots of pH versus salinity at Parkmore Pier during all sampling campaigns Samples were taken every 20 
minutes in July 2013 (n = 72) and every 30 minutes during January 2015 (n = 51), June 2015 (n = 46) and January 2016 (n = 48). 

Figure 3.8 illustrates the mixing curves of pH with salinity over each sampling time point. This 

graph shows that there was no clear trend of pH with salinity over all campaigns. The salinity range 

was narrower in summer (July 2013 and June 2015) compared to the winter campaigns (January 

2015, 2016). Peaks correspond to high tide while troughs correspond to low tide.  
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3.5.7 pCO2 calculations 
 
Table 3.10: pCO2values calculated using CO2SYS software for allochthonous sources using inputs of TAlk, pH and DIC; 
submarine groundwater discharge, sewage water and Parkmore Pier, collected across all sampling campaigns. --- Represents 
data not analysed. 

Sample date SGD 

(µatm) 

Sewage 

(µatm) 

Parkmore Pier 

(µatm) 

July 2013 8370.5 – 15502.3 --- --- 

January 2015 6046.8 – 7122.2 1304.7-2483.7 500.3 – 1177.8 

June 2015 777.8 – 16205.2 148.0 – 339.1 37.4 – 67.3 

January 2016 17800.2 – 24494.8 49.3-243.5 49.3 – 243.5 

pCO2 levels at the SGD point far exceeded those at the sewage discharge point or Parkmore Pier. 

Dilution of SGD with seawater upon discharge may account for the decrease in pCO2 levels within 

the bay in combination with SGD-driven pCO2 degassing upon release and exposure to the 

atmosphere for each sampling time point, as shown in Table 3.10. CO2 concentrations at the SGD 

discharge point in the intertidal zone were also calculated using CO2SYS (Table 3.11). CO2 levels 

during winter were highly variable due to the large differences between January 2015 and January 

2016 regarding SGD volumes and loading (Chapter 2) while summer concentrations were more 

uniform relative to each other. 

 
Table 3.11: CO2 concentrations (µmol L-1) ranges calculated using the CO2SYS software for submarine groundwater discharge 
collected across each sampling campaign. 

 

 

A positive CO2 flux was determined in January 2015 while there was a negative CO2 flux from the 

water column to the atmosphere in June 2015 and January 2016 (Table 3.12).  
  

Sample date CO2 conc. 

(µmol L-1) 

July 2013 295.8 – 621.2 

January 2015 229.3 – 271.1 

June 2015 303.6 – 627.8 

January 2016 779.3 – 1074.1 
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Table 3.12: pCO2 fluxes calculated using equation (1) and CO2 fluxes determined by CO2SYS software for allochthonous 
sources; submarine groundwater discharge, sewage point and Parkmore Pier, collected across all sampling campaigns. --- 
Represents data not analysed.  

Sample date SGD 

(mmol m-2 d-1) 

Sewage 

(mmol m-2 d-1) 

Parkmore Pier 

(mmol m-2 d-1) 

July 2013 -142.9 --- --- 

January 2015 -355.4 -85.8 -25.2 

June 2015 -102.8 1.4 2.2 

January 2016 -1278.9 -30.0 15.6 

 

 
Figure 3.9: A graph of TAlk versus DIC for time-series sampling at Parkmore Pier over the course of two sequential cycles 
during January 2015 (n = 47), June 2015 (n = 48) and January 2016 (n = 23) sampling campaigns. TAlk data was not available 
for the July 2013 sampling campaign  

During the January 2015 campaign there was two water masses mixing and no clear pattern for 

DIC versus TAlk. In the June 2015 campaign there was an increasing trend of DIC versus TAlk 

which had an equation of the line of y = 0.463x +1386.1, R2 = 0.6,but the January 2016 campaign 

had no clear DIC versus TAlk relationship (Figure 3.9).  

3.6 Discussion 

3.6.1 Allochthonous carbon transport 
Of the three allochthonous DIC and TAlk sources, SGD represented the highest concentrations and 

fluxes of DIC and TAlk. The higher DIC concentration in groundwater resulted in high loads that 

can be attributed to the geological structure of the Gort-Kinvara aquifer, as found in other studies 

(eg. Szymczycha et al., 2014). HCO3
- in a karstic region may be due to weathering of carbonate 

minerals and atmospheric CO2 (Cai et al., 2008). Absolute concentrations of DOC were higher in 

sewage and wet deposition compared to SGD in each campaign. However, sewage discharge and 

precipitation constituted a minor component of the hydrological budget, and therefore carbon 

fluxes associated with these inputs were small compared to SGD influxes. SGD accounted for 
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89.5% of the allochthonous loading of DOC and over 99% of DIC and TAlk inputs to the bay 

across all campaigns.  

 

SGD has been shown to be the primary driver of DOC in many coastal aquatic ecosystems 

worldwide (e.g. Maher et al., 2013; Liu et al., 2014; Szymczycha et al., 2014; Stewart et al., 2015). 

The DOC concentrations of approximately 260 – 430 µmol L-1 in SGD measured here are 

consistent with those previously determined in Kinvara Bay by Smith and Cave, (2012) of 200 – 

600 µmol L-1. The latter study found that lower DOC values were associated with summer and 

coincided with lower discharge rates and therefore they concluded that SGD was not a significant 

source of DOC to the bay. This trend was found in other study locations (e.g. Maher et al., 2013). 

However, in this current study SGD had the highest DOC concentrations in the summer campaigns. 

During the winter campaigns, the DOC levels were lower and similar to oceanic values (Table 3.1; 

Figure 3.1). This pattern has also been reported previously: for example, groundwater was found to 

be a significant source of DOC and DIC to the Baltic Sea during summer and autumn (Szymczycha 

et al., 2014). Bacterial and chemical breakdown of organic matter within the aquifer or in surface 

streams may lead to a continuous production of DOC in summer due to higher temperatures (Cadée 

1982). Significantly higher water fluxes coincided with the January 2015 sampling campaign 

(Chapter 2) and therefore corresponding DOC fluxes were higher during this period. During all 

other periods, SGD-borne DOC fluxes into the bay were similar. SGD was considered a significant 

source of DOC to the coastal region of Kinvara Bay at all sampling time points. DOC 

concentration at Parkmore Pier showed a negative trend with salinity during January 2015, which is 

consistent with the findings of Smith and Cave, (2012). At the other sampling time points, the DOC 

concentrations had high variability and DOC-salinity relationships could not be established. SGD-

borne DIC was larger in both winter campaigns compared to samples taken in June 2015. The 

relatively low SGD DOC:N ratios of this study (2 – 5) were consistent with those found by Smith 

and Cave, (2012) previously. Smith and Cave, (2012) also showed that Kinvara Bay had lower C:N 

ratios observed during winter compared to summer in their study. 

 
DIC analysis was not conducted for samples taken in July 2013 due to unforeseen circumstances. 

Nevertheless, this observation was consistent with that of Wang et al., (2015), who studied a 

subterranean estuary (STE) on the Jiulong River estuary, China. Tidal exchange samples taken at 

Parkmore Pier and DIC mass balance measurements indicate that a slight fraction of the 

allochthonous load of DIC (less than 1%) and DOC (less than 6%) into Kinvara Bay was exported 

to Galway Bay. The net export of DOC is consistent with Smith and Cave, (2012) who showed that 

Kinvara Bay exported DOC to Galway Bay during wet periods. Thus, SGD does not appear to have 

a significant impact on the carbon cycle of Galway Bay since nearly 100% of allochthonous and 

autochthonous carbon is retained within the bay across all campaigns.   
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The mixing plots showed that TAlk and DIC followed a similar trend with salinity. SGD, which 

has the lowest salinity, exhibited highest concentrations, and there were relatively uniform 

concentrations across intermediate to high salinities of sewage and Parkmore Pier. The opposite 

trend was observed for DOC (Figure 3.1), in which SGD had the lowest concentrations of DOC. 

Mixing plots at Parkmore Pier showed two distinct water masses during the January 2015 

campaign due to higher SGD volumes. Vertical stratification has been shown at Parkmore Pier 

previously (Rocha et al., 2015). During June 2015, DIC mixed relatively conservatively at 

Parkmore Pier (R2 = 0.77) with DIC decreasing with salinity. However, during all other sampling 

campaigns, there was no clear relationship between salinity and DIC. Therefore Null Hypothesis 2 

cannot be accepted, as DIC did not mix conservatively within Kinvara Bay over the course of these 

four campaigns. In general, nonlinear concentration-salinity relationships reflect the existence of 

in-situ addition or removal of chemical species (Cai and Wang, 1998). The DIC and nutrient 

depletion found at intermediate salinities may be explained by CO2 degassing and productivity 

(Guo et al., 2012).  

3.6.2 Autochthonous carbon transport 
Sediment incubation experiments were conducted during the June 2015 campaign based on the 

assumption that the benthic compartment reached steady state and therefore the fluxes measured 

across the sediment-water interface were considered representative of the bulk exchange (Capone 

et al., 2008). Organic carbon burial is a known sink of C in the ocean. The difference between 

delivery and burial is an estimate of net oceanic metabolism (Smith and Hollibaugh, 1993). The 

DOC sediment incubation experiments showed that the sediment within Kinvara Bay acted as a 

sink for DOC in the June 2015 campaign. The net loss of DOC (2.6 ±1.1 x 103  mol C d-1) through 

the seafloor accounted for up to 3.8% of the allochthonous DOC inputs during the January 2015 

campaign and 14 – 20% of DOC inputs of the three other campaigns. It is important to note that 

sediment incubation experiments were only conducted in June 2015 and remineralisation rates of 

OM are highest during summer in other studies (Jahnke et al., 2005) and therefore burial may have 

increased during winter campaigns due to increased loading and lower productivity. The sediment 

sink and the increase in absolute concentrations suggest that the bay itself may be acting as a 

source of DOC through sloppy feeding or cell breakdown, as seen in Kinvara Bay previously using 

a N:P model (Rocha et al., 2015) and in other study sites (Møller et al., 2003; Møller 2007).). 

Mussels are filter feeders, Kinvara Bay has approximately 300 tonnes of commercially rope-grown 

and an unknown number of wild mussels at any time. These may be responsible for filtering 2 – 

10% of the tidal prism volume (Smith and Cave, 2010). Mussels excrete particles as pseudofaeces, 

which may fuel benthic activity and increase the release of dissolved end products of OM 

mineralisation (Arnott and Vanni, 1996). DOC benthic flux has been shown to represent a 

significant source of DOC to the oceans. Global benthic flux has been shown to be comparable to 
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the riverine input of OC to the oceans (Burdige et al., 1992). These fluxes have been shown to play 

a significant role in marine biogeochemical cycles (Martens et al., 1992). 

 

Benthic OM mineralisation, measured by incubation experiments, indicates that there was a net 

flux of 3.9 (±1.5) x 104 mol DIC d-1 to the water column across the entire bay. Hence, benthic 

release of DIC is the ultimate product from organic carbon mineralisation. This flux was on par 

with SGD fluxes and two factors greater than sewage influxes. The inputs associated with SGD 

accounted for 89.5% of allochthonous inputs and were 2.6 ± 0.7 x 104 mol d-1, suggesting that 

release from sediments acted as an important part of the DIC budget particularly at intermediate 

salinities. Degradation of sedimentary organic matter produced by benthic microalgae may have 

accounted for the DIC effluxes, as seen in other studies during summer (e.g. Bertuzzi et al., 1997). 

The observed net loss of DIC from the sediments corresponded to 66.7% of the carbon taken up in 

the form of DOC, suggesting that carbon is efficiently recycled within surface sediments, which 

shows that sediments were important in the total metabolic carbon turnover in Kinvara Bay, as seen 

in other study locations (Jahnke et al., 2005). 

3.6.3 pCO2 

The influence of the local karst geology plays a large factor in determining the carbonate chemistry 

of the groundwater and therefore the DIC and TAlk transported via SGD. Due to the high pCO2 in 

fresh groundwater globally, SGD acted as a delivery mechanism of CO2 to the water column in the 

bay as well as to the atmosphere. CO2 fluxes in coastal zones are driven by biological productivity, 

hydrological factors (fresh-seawater mixing), and physical processes (wind-driven evasion) 

(Borges and Abril 2010; Maher et al., 2015). The CO2 efflux is a likely sink of DIC that would 

balance some subterranean export (Wang et al., 2015). 

 

The pCO2 levels at the sewage point, located within the bay, were higher than the corresponding 

mouth of the bay during all measured campaigns (Table 3.12). The global average pCO2 in upper 

estuaries is estimated to be 3,033 ± 1,078 µatm (Chen et al., 2012). pCO2 fluxes associated with 

SGD far exceeded these global averages while levels at the sewage point within the bay were lower 

than these values. The corresponding atmospheric CO2 flux associated with SGD during the winter 

campaigns was greater (355.4 – 1,278.9 mmol m-2 d-1) than the global average of 188 ± 70 mmol m-

2 d-1 (Chen et al., 2012). However, during the June 2015 campaign, this value significantly 

decreased to 102.8 – 142.9 mmol m-2 d-1. SGD-borne DIC not released as CO2 can be consumed by 

biological production stimulated by the high level of nutrients transported via groundwater (Liu et 

al., 2012). The bay acted as a source of CO2 during January 2015 and a sink during June 2015 and 

January 2016 (Table 3.12) representing a drawdown of CO2 into the water column. During the June 

2015 campaign there was the greatest drawdown of pCO2 found in this study. pCO2 during this 

period fell below 250 µatm at the sewage point and below 60 µatm at Parkmore Pier. This period 
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corresponded to greater DO levels, in fact, DO was supersaturated, during both summer campaigns, 

and also corresponded to the highest pH levels. Heterotrophy in January 2015 was supported by 

large fluxes of organic carbon and CO2 rich SGD. Thus, SGD-driven pCO2 may have equilibrated 

with the atmosphere upon discharge in the January 2015 campaign but may have been channelled 

into primary production in the other campaigns. Hence, there was a respiration-production cycle on 

an annual scale. pCO2 measurements support the findings of Chapter 3 that Kinvara Bay was net 

autotrophic in June 2015 and January 2016 but net heterotrophic in January 2015. January 2015 

also corresponded to lower DO and pH levels. High primary production during spring and summer 

blooms has been shown in Bothnian Bay, which has reduced the annual net heterotrophy (Algesten 

et al., 2006). In oligotrophic North Atlantic waters, primary productivity was shown to be highly 

variable. In fact, Arstegui and Harrison, (2002) showed that PP controlled the transition of a system 

from net heterotrophy to net autotrophy.  

 

There is a debate on the trophic status of coastal zones as a whole, as to whether these are net 

autotrophic or heterotrophic. Coastal seas, on the whole, have been categorised as net heterotrophic 

(Smith and Mackenzie, 1987; Smith and Hollibaugh, 1993) and net autotrophic (Mackenzie et al., 

2000). Over the course of these three sampling campaigns, Kinvara Bay was shown to switch from 

net heterotrophic to net autotrophic depending on the conditions within the bay. During the wettest 

campaign, the bay was net heterotrophic and thus SGD had a great influence on the autotrophy of 

the system. 

 

3.6.4 Ocean acidification 

Ocean acidification is one of the leading anthropogenic problems of this century (Doney et al., 

2009). Although pH is decreasing in the open ocean, this trend has not been observed in coastal 

ecosystems (Provoost et al., 2010). Coastal zones are more complex than the open ocean in terms 

of biogeochemical processes, anthropogenic inputs and impacts. pH dynamics in coastal zones 

cannot be adequately modelled to project changes in the future (Duarte et al., 2013). Therefore, 

predictions of pH trajectories remain uncertain. SGD delivered lower pH waters to the coastal zone 

in Kinvara Bay during all campaigns. The minimum pH associated with SGD was 6.9 in July 2013 

and thus may accelerate OA based on these inputs alone. The buffering capacity of SGD is 

dependent on the DIC:TAlk ratio. Systems which have a DIC:TAlk ratio of near 1 and a pH of 

approximate 7.5 represent the minimum buffering capacity due to the carbonate system (Egleston 

et al., 2010). The DIC:TAlk in SGD was 0.9 over all campaigns, which is close to 1, while the pH 

of SGD was between 7.1 – 7.5. Therefore, TAlk delivered via SGD is at a minimum in terms of 

buffering capacity based on TAlk and DIC fluxes. During low tide at Parkmore Pier the pH was 

consistently lower than corresponding high tides over all campaigns (Appendix A) and may be 

attributed to the presence of SGD exiting the bay. Increasing pH trends toward the seawater end-
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member due to the buffering of the marine carbonate system has been noted in previous studies of 

SGD in karst aquifers (e.g. Cai and Wang, 1998). Buffering capacity increases with increasing 

temperature due to shifts in acid-base dissociation constants (Egleston et al., 2010), which may 

account for seasonality effects. Other factors that may influence pH within the bay include 

variation in photosynthesis-respiration, diffusion of nutrients, CO2 from bottom sediments, and 

CaCO3 production-dissolution (Feely et al., 2009; Lee and Kim, 2015).  

 

Metabolic activity has been shown to play a significant role in the pH control of coastal systems 

(Gattuso et al., 1998; Anthony et al., 2011). When in balance, primary production and respiration 

processes result in large diel variability but are essentially CO2-neutral. Coastal phytoplankton 

blooms can modify pH significantly (Dai et al., 2008) while benthic microbial processes influence 

pH and alkalinity through sediment-water exchange in coastal zones (Cyronak et al., 2013). Algal 

beds have been shown to draw CO2 down potentially offsetting the impacts of ocean acidification 

by increasing pH (Anthony et al., 2011). As CO2 was metabolised within Kinvara Bay, there was a 

corresponding decline in DIC concentrations from source to sea. The plot of TAlk versus DIC 

allows for separation of the effects of biological (metabolism) and geochemical processes (CaCO3 

precipitation and dissolution) on the carbonate system (Andersson and Gledhill, 2013). As samples 

measured in June 2015 were the only samples to exhibit a linear pattern, analysis will be conducted 

for this campaign only. Geochemical processes affect TAlk and DIC concentrations in a ratio of 

DIC:TAlk of 2. Biological processes only affect DIC and thus the slope of the curve can provide 

information about the carbonate system of the bay (Cyronak et al., 2014). Equation of the line was 

determined as TAlk = 1.3009x – 936.47. The contribution of inorganic carbon metabolism on DIC 

was 65% as 1 mol of CaCO3 is precipitated when TAlk decreases by two equivalents (Gattuso et 

al., 1996). Therefore, the biological to geochemical ratio of DIC flux was 2.03, as per calculations 

by Cyronak et al., (2013). This value was lower than those previously reported for water column 

measurements. As SGD is in close contact with the karstic aquifer, the non-organic carbonates may 

decrease this ratio (Gattuso et al., 1996; Cyronak et al., 2013a).  

 

These results showed that production exceeded respiration during July 2013, June 2015 and 

January 2016, and there was enhanced CO2 uptake from primary production associated with 

nutrient inputs delivered via SGD (Chapter 2). This was in direct correlation to higher pH and DO 

(supersaturated) measured during the summer campaigns. pH increase caused by enhanced 

biological production, resulting from SGD-driven nutrient inputs has been shown previously in 

Kinvara bay (Rocha et al., 2015) and other systems (e.g. Lee and Kim, 2015). SGD has been 

demonstrated to be a primary vector for solute transport to coastal zones and may contribute to 

buffering due to increased nutrients leading to higher productivity. Hence, mitigating activities to 

reduce the nutrient export from land may reduce the buffer within coastal zones and lead to 
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decreasing pH and ocean acidification. Naturally low saturation state (Ω < 0.6) was measured in 

groundwater discharging to Kinvara Bay. The impact that the low saturation state combined with 

ocean acidification could have on calcifying organisms grown within Kinvara Bay are not yet 

known and is an important area for further research.  

Null Hypothesis 3 cannot be rejected. SGD may buffer against ocean acidification due to higher 

TAlk levels in combination with increased metabolism associated with high DIN influxes. 

3.7 Synopsis 
While sewage and wet deposition had the greatest absolute concentrations of DOC, SGD delivered 

larger quantities of carbon, both DOC and DIC, which accounted for greater than 90% of 

allochthonous inputs due to sheer volume. C:N:P ratios far exceeded the Redfield Ratio confirming 

the limiting nutrient in Kinvara Bay to be P. Net retention of DOC and DIC within the bay was 

nearly 100% over all sampling campaigns. Sediments were an active link in the carbon cycle as 

they acted as a sink of DOC and a source of DIC in incubation studies performed for the June 2015 

campaign. Net loss of DIC from the sediments corresponded to 66.7% of the carbon taken up in the 

form of DOC. The bay was net heterotrophic during January 2015 but net autotrophic in June 2015 

and January 2016. Losses of DIC during the June 2015 campaign were primarily due to biological 

uptake, which in turn draws down pCO2 and provides an associated enhancement of dissolved 

oxygen and pH at intermediate salinities (Dai et al., 2008). This study showed that SGD delivers 

low pH waters to the coastal zone in conjunction with high fluxes of DIC and TAlk, which have a 

critical role in the carbonate system of coastal zones. pH increased with distance from shore and  

can be attributed to seawater mixing and productivity within the bay associated with SGD-borne 

DIN loading.  
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4. Characterisation of Submarine Groundwater Discharge (SGD)-borne 
Dissolved Organic Matter (DOM) in a Karstic Aquifer, Ireland 
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4.1. Introduction 
Dissolved organic matter (DOM) is an important part of the carbon cycle, and its biogeochemical 

fate in the ocean is critical to fully understand climate change (Jiao et al., 2010) as well as 

elemental cycling (Chen and Jaffé, 2014). The three leading roles played by DOM in coastal 

biogeochemistry are 1) acts as a vehicle for nutrient mobility and might control the balance and 

accumulation of N and P in coastal areas; 2) it acts as a binding agent for metals and thus increases 

metal toxicity and mobility, and 3) controls pH, which influences availability of toxic metals. 

Consequently, its presence and dynamics potentially affect the physical, chemical and biological 

properties of ecosystems worldwide. Autochthonous production has been shown to be the primary 

source of DOM (95%) to the world's oceans with terrestrial DOM representing only 2 - 3% (Opsahl 

and Benner, 1997; Stedmon and Markager, 2005a). However, terrestrial-derived DOM may be 

significant in coastal zones due to larger freshwater and associated material influxes. Fresh SGD 

has been estimated to account for 5 - 10% of the world's DOC influx into coastal oceans (Dai et al., 

2012), yet few studies have been conducted to determine the biogeochemical properties of the 

DOM pool.  

 

Due to its complex nature, DOM is classified into two broad groups, humic-like and protein-like 

components ( Coble, 1996; Parlanti et al., 2000; Yamashita et al., 2008). Humic substances (HS) 

are among the most widely distributed organic materials on the planet (Murphy et al., 2008). HS 

are key components in soil. Subsurface microbial activity can release organic matter from soils 

(Longnecker and Kujawinski, 2011) that can be incorporated into groundwater as it percolates from 

land to the subsurface. There are many possible sources of dissolved HS in aquatic environments 

including partially degraded material from plants and algae such as lignin, tannins and flavonoids, 

microbial products and structural polymers of vascular plants known as lignocellulose (Moran and 

Hodson, 1990; Osburn and Morris, 2003). These vary in concentration and composition from 

environment to environment. HS are often thought of as refractory, and therefore, assumed to be 

largely resistant to bacterial degradation (MacCarthy, 2001; Moran and Hodson, 1990). However, 

it is possible that a fraction of this pool may be biologically available for consumption as a primary 

substrate for bacterial communities, making it also important in supporting bacterial secondary 

production in aquatic ecosystems (Moran and Hodson, 1990). Studies show that HS moderate 

bacterial activity through trace metal chelation, P cycling and enzymatic activity effects (Stewart et 

al., 1982; Visser, 1985). Numerous studies also show that sunlight-mediated reactions can convert 

refractory DOM into more labile material (De Haan, 1993; Moran and Zepp, 1997; Moran et al., 

2000; Amado et al., 2006; Stubbins et al., 2012). Photodegradation of HS can increase the turnover 

rates of DOM by converting it to inorganic nutrients, which may act as bacterial substrate (Miller 

and Moran, 1997). Protein-like peaks are thought to be derived from microbial activity (Cammack 

et al., 2004; Yamashita and Tanoue, 2004) and constitute bioavailable, labile organic fractions 
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(Hudson et al., 2007). Due to the number of sunlight hours and temperature, photobleaching of 

CDOM may be seasonal, increasing during summer months. Additionally, CDOM plays a key role 

in light penetration in surface waters, which will modify the behaviour of autotrophs and 

subsequently heterotrophs in both positive and negative ways (Moran and Zepp, 2000). 

 

EEMF-PARAFAC is the widely accepted method for DOM analysis (Fellman et al., 2010) and has 

been applied in many environments, including lakes (Cory and McKnight, 2005; Yao et al., 2011), 

estuaries (Bertilsson and Tranvik, 2000; Stedmon and Markager, 2005), rivers (Mostofa et al., 

2010) and bays (Yamashita et al., 2008; Singh et al., 2010). CDOM, however, has only been used 

as a natural tracer of groundwater in a few studies ( Baker and Genty, 1999; Baker and Spencer, 

2004; Lapworth et al., 2007; Lapworth et al., 2008; Chen et al., 2010; Mudarra and Andreo, 2011), 

with little focus on the discharge of this water directly to the coastal ocean.  

 

Kim et al., (2012) highlight that SGD-driven DOM plays a significant role in coastal carbon cycles 

and more studies need to be conducted in this field. Furthermore, SGD, both fresh and brackish, 

were characterised by relatively high CDOM and DOC in the subterranean estuary (STE) of a 

volcanic island, Jeju (Kim et al., 2013). Yang et al., (2015) compared DOC and DOM 

concentration, composition and bioavailability in two subterranean estuaries (STEs) of southwest 

Taiwan with contrasting pollution levels. They found that groundwater DOM was highly non-

conservative and that DOM composition can be modified within the STE. They also found a direct 

correlation between CDOM and pollution, as the highly polluted STE had corresponding higher 

fluorescence intensities compared to the STE experiencing lower pollution. Thus, to better 

constrain the sources and importance of SGD-borne DOM in coastal oceans, various 

hydrogeological, oceanic and biogeochemical conditions must be studied. 

4.2. Sampling site and strategy 

4.2.1 Sampling site 
Possible DOM sources to SGD in Kinvara include (1) groundwater recharge throughout the 

catchment, (2) groundwater flow from upstream, (3) desorption from soils as water percolates 

through and (4) possible seawater intrusion. Sources to surface water in the region may include (1) 

oxidation of soil organic matter, (2) autochthonous production by organisms, (3) precipitation, and 

(4) exchange with underlying groundwater. The interaction of surface and groundwater is critical in 

this aquifer, and therefore, surface DOM may also be transported through the subterranean pathway 

to the coastal zone, allowing for modification on land. 

 

The null hypothesis (H0) states that SGD transports bioavailable materials (protein-like peaks) to 

Kinvara Bay. 
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The alternate hypothesis (H1) is that SGD-borne DOM is refractory, representing humic-like 

material, in Kinvara. 

4.2.2 Sampling procedure 
Groundwater from wells, boreholes and the submarine groundwater discharge springs (known as 

the Castle and the Arch) was collected over nine sampling campaigns from November 2012 to June 

2014. Surface samples were collected from streams, rivers and turloughs throughout the catchment 

area. Sampling was conducted over two full tidal cycles during summer and winter at Parkmore 

Pier. Samples were filtered through pre-combusted GF filters and collected in pre-cleaned, acid-

washed amber glass bottles. All filters and containers were rinsed several times with the sample 

before filling. A flow through cell was used, and wells purged, where appropriate. Collected 

samples were stored on ice in the dark and transported to the laboratory within three days for 

analysis.  

 

At the same time water samples were collected, in-situ measurements of salinity, conductivity, 

temperature, pH and GPS coordinates were obtained using an Aquaread 1000 AP, calibrated prior 

to use with a freshwater conductivity (Varian 12,800 µS cm-1), pH (Varian pH 4.00, 7.00 and 

10.00) and ORP standards (+129 mV). 

4.3. Methodological principles 
There have been significant improvements in DOM characterisation techniques over the last 25 

years due to advances in spectroscopic techniques such as absorbance and fluorescence. These 

methods provide a better alternative to traditional approaches which were labour intensive, 

specialised and required large quantities of sample (Coble et al., 1990; Coble, 1996; McKnight et 

al., 2001) Now, Chromophoric DOM (CDOM), the optically active fraction acts as a tracer for the 

wider DOM pool. Fluorescence characterisation allows for the elucidation of the biogeochemical 

fate of DOM in coastal zones by incorporating a routine, fast, reliable method for analysis. 

4.3.1 Principles of fluorescence 
Molecular absorbance occurs when a molecule exposed to light of a given wavelength (equal to the 

energy gap between the ground and excited states, termed energy levels) is promoted to an 

electronically excited state. The amount of light absorbed is proportional to the concentration of the 

absorbing molecule. The Beer-Lambert Law describes this proportionality between absorbance and 

concentration (Osburn and Morris, 2003): 

 

A = εCl = log10 (Io/I)  (1)       

Where, A = absorbance, I0 and I = the intensity of incoming and transmitted light, respectively, ε = 

molar absorptivity coefficient (L mol-1 cm-1), C = concentration (mol L-1) and l = path length (cm).  
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Absorbance describes the transition of the fluorophore from the ground state (S0) to an 

electronically excited state, S* (Osburn and Morris, 2003). In most molecules, the electron 

undergoes radiationless deactivation and relaxes to the lowest energy level of S1 (Lakowicz 2006). 

In fluorophores, fluorescence emission then occurs through relaxation from the lowest energy level 

of S1 (Kasha’s Rule) through emission of light. A Jablonski diagram is incorporated below (Figure 

4.1) to illustrate the possible processes involving the absorption and emission of light.  
 

 
Figure 4.1: A simplistic Jablonski Diagram      

The emission spectrum is independent of the excitation wavelength, and therefore, the emission 

spectra of a given fluorophore at different excitation wavelengths will vary in intensity but not 

shape. The opposite is also true; the excitation spectrum is independent of the emission 

wavelength. In Excitation-Emission Matrix (EEM) spectroscopy, the fluorescence spectrum is 

measured as a function of these two factors (excitation and emission wavelengths), which allows 

the spectra of specific chemical compounds to be assigned (Coble, 1996). EEMs are collected by 

measuring several emission spectra over a range of shifting excitation spectra (Coble et al., 1990; 

Kim et al., 1990; McKnight et al., 2001; Singh et al., 2010) to produce a matrix and increase 

selectivity and sensitivity. EEMs provide the wavelength-independent fluorescence maximum 

(Exmax/Emmax) (Coble, 1996). 

 

Fluorophores are typically compounds that readily absorb sunlight and contain functional groups, 

such as aromatic rings, conjugated double bonds or some rigid structure (C=C, C=O), which 

prevents relaxation through torsional energy. The aromatic amino acids, tyrosine, phenylalanine 

and tryptophan, the coenzymes NADH, NADPH and vitamins (A, B, D and E) are examples of 

fluorophores. Relevant to this study is the evaluation of humic and fulvic acids, containing multiple 

bonds from the aromatic, aldehyde and ketone functional groups (Osburn and Morris, 2003).  

The local environment surrounding a fluorophore can affect the fluorescence signal. Factors such 

as pH, temperature, concentration and polarity can influence the emission of a given fluorophore. 
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Factors such as pH and temperature were measured in-situ for every sample and then subsequently 

controlled.   

4.3.2 Methodology employed 
Samples were analysed by high-temperature catalytic oxidation (HTCO) using an Elementar Vario 

TOC cube (detailed in Chapter 4).  

 

4.3.2.1 Absorption spectroscopy 

Absorbance was measured using a HACH spectrophotometer zeroed using MilliQ water at 350 nm 

to determine the presence of inner filter effects. The Beer-Lambert Law described above is not 

valid for samples at high concentrations due to quenching, known as inner filter effects. Part of the 

excitation and/or emitted light is reabsorbed by the sample, and the measured intensity of the 

fluorescence is thus quenched. At α350, an absorbance reading of less than 0.8 is believed that inner 

filter effects are not interfering. Above 0.8, inner filter effects can be minimised by reducing the 

absorbance of the sample by appropriate dilution using MilliQ water (Guo et al., 2010). 

Absorbance readings at 275 – 295 nm and 350 – 400 nm were read to determine the slope ratio 

(Helms et al., 2008). Spectral slopes, S, were calculated according to the linear regression of the 

log-transformed α spectra. Absorbance units were converted to absorption coefficients as follows: 

 

α = 2.303A/l   (2)        

Where α = Napierian absorption coefficient (m-1), A = absorbance, and l = path length (0.01 m).  

 

This was then log transformed, and linear regression was carried out using the equation below 

(Twardowski et al., 2004): 

 

α(λ) = Ae-Seλ   (3) 

Where α = Napierian absorption coefficient (m-1), λ = wavelength, A = amplitude, and Se = 

spectral slope parameter (nm-1).     

 

This ratio can be related to DOM molecular weight. It can be measured with high precision and 

allows for comparison between dissimilar water bodies, as it is largely independent of CDOM 

concentration. 

 

Also, the average sample absorbance between 700 - 800 nm was measured to account for offsets 

due to drift, temperature, scattering and refractive indices differences (Green and Blough, 1994).  

SUVA254 was determined by measuring the absorbance at 254 nm and converted using equation 

(3) to α254 (m-1) values were then normalised using the DOC concentration (mg L-1). 

 



Chapter 4         SGD-borne CDOM in Kinvara Bay 

104 

4.3.2.2 EEMF spectroscopy 

Fluorescence was measured using a Varian Cary Eclipse Luminescence Spectrophotometer with a 

150 W continuous output Xe arc lamp. EEMs were generated for each sample over excitation 

wavelengths between 220 - 500 nm in 5 nm intervals and emission wavelengths between 280-620 

nm in 2 nm intervals, with 5 nm bandwidths on both excitation and emission modes.  

 

The instrument was calibrated before use using sealed diffuser and pure water cells according to 

the manufacturer's guidelines. This calibration carried out six tests to ensure that the 

spectrofluorometer was operating accurately. These tests checked the wavelength accuracy 

emission monochromator (Xe arc lamp), the spectral bandwidth accuracy for both the excitation 

and emission slits, stray light and the Raman water sensitivity at excitation 350 nm and 500 nm. 

Daily Raman calibration was also conducted by collecting the water Raman peak of distilled water 

before each experiment to monitor instrument stability. No apparent variation was found in the 

water Raman intensity during this investigation.  

 

The quartz sample allows for UV fluorescent measurements. Cuvettes were stored in 10% 

hydrochloric acid (HCl) under a fume hood and flushed extensively with MilliQ water before 

analyses to minimise the presence of interferants. The instrument was run at room temperature to 

prevent condensation on the cuvette walls. Samples were stored in the dark and remained sealed to 

prevent quenching by O2 exposure and photodegradation. Prior to analysis samples were kept at a 

steady temperature of 20°C in a water bath to minimise temperature effects. All fluorescence 

signals were acquired in signal over reference ratio mode (S/R) to eliminate potential fluctuation of 

the Xe lamp. All samples from a given experiment were analysed on the same day, where possible, 

to avoid the small error associated with day-to-day variability. 

 

4.3.2.3 PARAFAC modelling  

The output from the EEMF was modelled using parallel factor analysis (PARAFAC), a statistical 

tool based on alternating least square algorithm to minimise the sum of squared residuals across the 

dataset and from this the underlying structure of the EEMs (Stedmon and Bro, 2008). PARAFAC 

can statistically decompose EEMs into groups of covarying analytes, known as components 

(Stedmon et al., 2003; Stedmon and Bro, 2008) for which a standard terminology is now widely 

accepted (Coble et al., 1993; Coble, 1996; Stedmon et al., 2003). Since PARAFAC was first used 

to characterise CDOM fluorescence, it has become a widely accepted and indeed the standard 

technique in the field (Stedmon and Bro, 2008; Fellman et al., 2010).  

 

Before modelling, Rayleigh scatter was eliminated and Raman scatter was removed by subtracting 

a daily MilliQ blank from each EEM. Additionally, a calibration of the fluorescence intensity using 

the integrated area of a water Raman peak was performed. This calibration allows for inter-
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laboratory comparison as instrumental differences have been removed using the Arp method 

(Lawaetz and Stedmon, 2009). A PARAFAC model was then created and validated in MATLAB 

2012 (Mathworks) using the DOMFluor toolbox (Stedmon and Bro, 2008) using a large number of 

samples (n = 305) with non-negativity constraints applied on all modes (Andersen and Bro, 2003). 

No obvious residues were found using split-half validation after fitting the component model. 

Furthermore, random initialisation (n = 10) was conducted to ensure the fit (sum of squared error) 

was not, in fact, a local minimum.  

 

4.3.2.4 Indicator parameters 

The below indicator parameters have been used in many studies to extract more information from 

these spectra and are incorporated into this investigation. These ratios are largely independent of 

CDOM concentration (Helms et al., 2008), which is important in SGD zones due to the spatial and 

temporal variation associated with these systems. 

 

SUVA254 is a measure of the dissolved aromatic content (Weishaar et al., 2003). 

 

The Fluorescence Index (F.I.) is a two-dimensional index of the ratio of fluorescence emitted at 

two wavelengths (450/500 nm at 370 nm excitation) and has been used as a precursor for organic 

matter source identification (McKnight et al., 2001). Essentially, this is the relative contribution of 

aromatic DOM vs. non-aromatic DOM. Microbially derived sources exhibit a greater ratio (≈1.9) 

than that of terrestrially derived sources (≈1.4).  

 

The Humification Index (HIX) is used to determine the degree of humification within a natural 

system. Ohno, (2002) found it statistically advantageous to define the HIX as the fluorescence 

intensity in the 300-345nm region divided by the sum of the fluorescence intensity in the 300-345 

and 435-480nm regions. This statistic is based on the idea that the emission spectra of fluorescence 

will shift towards longer wavelength as humification of DOM proceeds due to lower H:C ratios 

(Zsolnay et al., 1999). Less humified material is expected to be more labile, as these materials have 

lower aromaticities (higher H:C ratios) making them more susceptible to microbial degradation. 

The use of the ratio allows for the primary inner filter effect to be ignored (Ohno, 2002).  

 

Spectral Slope is determined by calculating the ratio of the slope at the shorter wavelength region 

(275-295 nm) to that of the longer wavelength region (350-400 nm) and is related to DOM 

molecular weight (Helms et al., 2008).  



Chapter 4         SGD-borne CDOM in Kinvara Bay 

106 

4.4. Results and discussion 

4.4.1 Hydrochemical parameters 
Surface and groundwater sampled inland throughout the catchment were fresh as indicated by low 

salinity values (<0.3 ppt). While SGD primarily exhibited fresh characteristics, there were two 

sampling campaigns, whereupon it was brackish, September 2014 (7.65 ppt) and July 2013 (2.49 

ppt). Therefore, there was low variation in the salinity data, ranging from 0.21 – 7.65 ppt over the 

sampling period. The higher salinity may be due to seawater intrusion into the aquifer attributed to 

reduced precipitation during these times. At all other times, SGD represented meteoric recharge, as 

indicated by its fresh characteristic. 

 

Parkmore Pier had salinity lower than 35 ppt at low tide for all sampling campaigns, highlighting 

the presence of freshwater exiting the bay. Salinity showed a clear seasonal pattern. During high 

flow campaigns, the presence of freshwater at the mouth of the bay was more pronounced and 

salinity fluctuations were connected to the tidal cycle, ranging from 5 – 28 ppt, compared to low 

flow conditions where salinities were more uniform, 33 – 36 ppt (Appendix E). The salinity of 

samples collected at the sewage outflow point was fresh to brackish (0.26 – 8.13 ppt) with a clear 

seasonal trend. Fresh salinity was recorded during high SGD flow, while brackish salinity was 

measured during base flow. The brackish salinity suggests rapid dilution with bay water, as 

expected, because sewage is discharged during the ebb of high tide. During winter, there was lower 

salinity in the bay as a whole. As shown in the Table 4.1, SGD had a relatively stable temperature 

profile (taken over all seasons) compared to sewage or seawater due to the thermo-insulating effect 

of the aquifer.  

 
Table 4.1: Ranges of in-situ monitoring parameters at input locations (SGD and Sewage) and the mouth of Kinvara Bay 
(Parkmore Pier), over all sampling campaigns, includes seasonal variability during high and low flow conditions 

Parameter SGD  Sewage Parkmore Pier 

Temperature (°C) 8.6 – 15 7.5 – 18.0 7.7 – 18.6 

pH 6.3 – 7.8 7.7 – 8.5 8.0 – 8.5 

DO (%) 34.4 – 79.8 88.3 – 102.8 88.8 – 111.4 
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4.4.2 SGD-borne DOC 
Table 4.2: Summary of measured DOC concentration in SGD endmember, measured at Castle Springs over the nine sampling 
campaigns. Data are the result of the mean of several replicates (11 < n < 15) plus or minus the standard error of the mean (± 
SE).  

Sampling Campaign DOC  

(µmol L-1) 

March 2013 725.7 ± 32.8 

July 2013 429.2 ± 11.3 

May 2014 721.5 ± 36.0 

August 2014 304.9 ± 2.6 

September 2014 475.2 ± 11.0 

January 2015 303.7± 6.4 

March 2015 386.1 ± 8.4 

June 2015 379.9 ± 12.2 

January 2016 261.1 ± 2.8 

DOC concentrations were not available for the October 2012 dataset (Table 4.2), but these samples 

have been included in the overall CDOM analysis. DOC concentrations taken from inland 

boreholes were larger (Appendix E) and therefore, indicate possible removal or dilution processes 

occurred within the aquifer. Such processes include absorption by aquifer materials, biodegradation 

processes or dilution by lower DOC water due to surface-groundwater interactions in the aquifer, 

which may result in dilution due to rainfall and mixing of rivers and groundwater. 

4.4.3 SGD-borne DOC seasonal variation 
Both SGD and its solute content are known to be highly variable both spatially and temporally 

(Moore, 2010). DOC was normally distributed as evidenced by the Shapiro-Wilk normality test p-

value of 0.136, df = 7, chi-squared = 7.  

 

The DOC concentration was variable over the sampling period, with no clear pattern emerging. 

ANOVA analyses (Table 4.3) showed that March 2013 and May 2014 had the highest DOC 

concentrations and were statistically greater than all other sampling campaigns but not from each 

other as indicated by their respective p values (Table 4.4; Appendix E). For all other sampling 

campaigns, p values were greater than 0.05 and therefore cannot be statistically separated from one 

another. During very low SGD flow, as indicated by brackish salinities, DOC concentrations 

cannot be statistically separated from high flow conditions, when salinity was near-zero, excluding 

times when fertilisation runoff occurs.  
Table 4.3: ANOVA results after testing the null hypothesis that H0: Mean DOC concentration, measured at Castle Springs, over 
eight sampling campaigns is the same for all seasons.  

 
Df Sum Sq Mean Sq F Value Pr(>F) 

Seasons 7 562219 80317 17.69 3.42e-06 
Residuals 15 68094 4540  
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Table 4.4: Summary p values based on Tukey's Honest Significance Difference (HSD), following ANOVA analysis, for DOC 
concentrations in the SGD endmember, measured at Castle Springs over the eight sampling campaigns. Highlighted results are 
significant as p<0.05 at significance level, α = 0.05. 

 
Jan-15 Jan-16 Jul-13 Jun-15 Mar-13 Mar-15 May-14 

Jan-16 0.99 
      Jul-13 0.48 0.18 

     Jun-15 0.94 0.63 0.97 
    Mar-13 0.00 0.00 0.01 0.00 

   Mar-15 0.87 0.50 0.99 0.99 0.00 
  May-14 0.00 0.00 0.00 0.00 0.99 0.00 

 Sep-14 0.46 0.17 1.00 0.97 0.01 0.99 0.00 

4.4.4 EEMF-PARAFAC 
EEM data were fitted to a 3-component model (Figure 4.2; Appendix F). No obvious residues were 

obtained from this model for this dataset after it was validated by split-half analysis and random 

initialisation (n = 10). The fluorescence signal remaining in the residuals was non-systematic and 

represented instrument noise (Stedmon et al., 2003; Stedmon and Bro, 2008). When more than 

three components were modelled, the result from the two split data arrays was not validated as the 

model was attempting to model instrument noise. 
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Figure 4.2: EEM Components from the validated annual three-component EEMF. Component 1, 2 and 3, n = 305, measured 
over ten sampling campaigns. Samples were collected based on a continuum of water flow which includes inland, the SGD 
springs, sewage outflow location within the bay, Parkmore Pier and Galway Bay.    

The three components identified represent the majority of samples. Hence, each component may 

not be found in every sample, and some samples may have peaks not designated as a part of the 

overall model (Stedmon and Bro, 2008). Due to the complex nature of DOM, it is likely that each 

component represents a group of fluorophores with similar fluorescence properties and variability 

as opposed to an individual fluorophore (Stedmon and Markager,  2005b). 

 

Visual analysis of the identified components (Figure 4.2) highlights fluorescence maxima 

characteristic of organic fluorophores with multiple excitation and emission maxima. The spectral 

features and contours of the modelled PARAFAC components fit well with components identified 

previously by other authors (Table 4.5). Each component in this model represents a mixture of 

fluorophores that the model was unable to separate out because they co-vary within the dataset, 

resulting in secondary peaks (Stedmon and Markager,  2005).  
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Figure 4.3: Pie chart of the percentage of each component (C1, C2 and C3) in the overall validated annual three-component 
EEMF model, measured over ten sampling campaigns, n = 305. Samples were collected based on a continuum of water flow 
which includes inland, the SGD springs, sewage outflow location within the bay, Parkmore Pier and Galway Bay.    

 

C1 represents 60.9%, C2 represents 14.2%, and C3 represents 24.8% of the score intensities of the 

combined model. Therefore, C1 is the dominant component of the system, representing close to 

two-thirds of the overall intensities (Figure 4.3). C3 is the second most intense followed by C2.   

 

The number of components identified in the literature using EEMF-PARAFAC from different 

aquatic environments has ranged between 3 to 13 to date (Coble, 1996; Yamashita and Tanoue, 

2004; Cory and McKnight, 2005; Stedmon and Markager, 2005; Yamashita et al., 2008; Murphy et 

al., 2008). Identification by peak position and shape may vary from study to study depending on 

the number of samples analysed, sources and types of CDOM, processes that control CDOM 

variability and mixing in the environment from which the study was conducted (Coble, 1996; 

Stedmon and Markager, 2005; Singh et al., 2010). Bearing this in mind, comparison of spectral 

characteristics of each component with those reported in previous studies was conducted. 

Components 1, 2 and 3 are predominantly similar to ubiquitous humic-like peaks previously 

reported (Coble, 1996). Broad excitation spectra are characteristic of higher plant origin and may 

be due to overlapping chromophores (Coble, 1996). However, secondary peaks within the 

components yield more information and may indicate more diverse sources. 

 

C1 has been shown to be a photoproduct of soil-derived DOM, which results in a photorefractory 

component (Chen et al., 2010). C1 has a secondary peak resulting from Peak C, visible humic-like 

material. C2 is also representative of Peak C, a humic-like material with a secondary peak of 

unknown source. C3 has the longest emission wavelength maximum among the components 

identified, which has been linked to soil fulvic acid and suggests it may have the highest degree of 

aromaticity. Component 3 is, therefore, a mixture of Peak A/C and soil fulvic acid. This may be 

60.9	14.3	

24.8	

%C1	

%C2	

%C3	
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derived from agricultural catchments as described in Stedmon and Markager,  (2005) and is known 

to be rapidly produced and removed making its identification difficult (Singh et al., 2010).   

 

However, a minor secondary peak indicative of tryptophan-like components indicates a more 

biologically available component within SGD, which has been associated with amino acids free or 

bound in proteins. This peak represents a source of autochthonous DOM and has been linked to 

recent biological production and has previously been identified in fresh and marine environments 

(Chen et al., 2010; Fellman et al., 2010). The secondary peak of 200/600 has very low intensity 

(0.005 R.U.). As this peak has emission greater than 550 nm, it was removed from data analysis as 

it is most likely associated with instrument artefacts and insufficient elimination of secondary 

Raman and Rayleigh scatter in the EEMs during the post-processing stage (Murphy et al., 2008; 

Kowalczuk et al., 2009). 

 

In some studies, the DOC concentration has been shown to be strongly correlated with DOM 

intensity, as there are only humic and fulvic acids present (Wu et al., 2007). For this study, it could 

be assumed that DOM is made up of primarily humic substances for July 2013, August 2014, 

September 2014, January, March, and June 2015. This is not the case for March 2013 and May 

2014, which had peak intensities indicative of protein-like materials. Anthropogenic influence may 

have increased during these periods as they correspond to fertilisation seasons and agricultural 

wastes may percolate into groundwater. These two sampling campaigns also corresponded to 

maximum concentrations of DOC, 725.7 ± 32.8 µmol L-1 (March 2013) and 721.5 ± 36.1 µmol L-1 

(May 2014).  
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Table 4.5: Fluorescence characteristics of validated annual three-component EEMF model: excitation and emission maxima, 
compared with previously identified components. Bold Q components indicative of Quinone-like moieties (Cory and McKnight, 
2005), n = 305 over ten sampling campaigns. Samples were collected based on a continuum of water flow which includes inland, 
the SGD springs, sewage outflow location within the bay, Parkmore Pier and Galway Bay.    

Kinvara Model 

Ex/Em (nm) 

Previous Model 

(literature) 

Description  References 

C1: 240/425 

 

 

C1: 320/425 

 

 

C1: 230/600 (minor) 

 

 

250 – 450 

 

 

320/415 

 

 

Unidentified in the 

literature 

Humic-like/ Photorefractory 

product Q1 

 

Microbial degradation 

product 

Chen et al., 2010 

 

 

Chen et al., 2010 

C2: 350/ 460 

 

 

C2: 210/460 

 

 

350/420 – 480 

 

 

Unidentified in the 

literature 

Peak C – Humic-like material 

SQ1 

 

 

Coble, 1996 

C3: 260/500 

 

 

C3: 260/520, 550 

 

 

C3: 260/340 (minor) 

 

 

 

C3: 460, 500/525 

(minor) 

260-380/ 490 

 

 

<250/520 

 

 

275/340 

 

 

 

455/521 

Peaks A/C – Terrestrial 

humic-like 

 

Soil Fulvic acid 

Q3 

 

Tryptophan-like 

 

 

 

Soil Fulvic like 

Murphy et al., 

2008 

 

Coble, 1996; 

Stedmon et al., 

2003  

Coble, 1996; 

Yamashita et al., 

2008 

 

Stedmon and 

Markager,  2005b 

Quinone moieties were detected within the HS outlined in Table 4.5. Quinones are biomolecules 

found in living cells, extracellular material and detrital organic material. Quinone moieties are 

known to affect the electron shuttling ability of humic and fulvic acids (Fimmen et al., 2007). 

Quinones have been shown to contribute to the optical properties of humic DOM, and research 

shows that more than 50% of CDOM fluorescence is potentially as a result of these structures 

(Cory and McKnight, 2005). Thus, quinone-like moieties within the humic substances are 

ubiquitous to the EEM of every sample as they are present in each of the components to some 
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degree. Quinone-like components are involved in redox reactions (Leenheer and Croué, 2003). 

SQ1 is associated with humic substances from higher plant material and may be as a result of lignin 

breakdown, which causes enrichment of higher aromatic carbon fractions (Cory and McKnight, 

2005). Q1 and Q3 represent oxidised components. Q3 has been linked to microbial precursor 

material and may be associated with the T peak. 

4.4.5 CDOM absorbance in Kinvara Bay 
CDOM absorbance values exhibited non-conservative mixing with salinity measured at each 

sampling location during the course of this study (Figure 4.4). There was no clear relationship of 

CDOM absorbance with salinity in Kinvara Bay over the course of this study. However, SGD 

absorbance was higher in summer compared to winter (Appendix E), which is comparable to the 

EEMF-PARAFAC model (Figure 4.2). In general, higher salinity samples during summer at 

Parkmore Pier and seawater samples had lower absorbance than lower salinity samples. Hence, the 

larger proportion of SGD mixed with bay water at Parkmore Pier increased the absorbance 

readings. However, there were an insufficient number of samples to create a clear relationship 

between CDOM absorbance and salinity in this study.  

 
Figure 4.4: An annual mixing curve of CDOM absorbance values (aCDOM) vs. salinity (ppt) measured at all locations, inland, 
SGD springs, sewage outflow location within the bay, Parkmore Pier and Galway Bay over the course of the sampling 
campaigns, n = 216  

4.4.6 Modelled CDOM scores in Kinvara Bay 
Kinvara Bay is fed by sinking rivers, streams, and turloughs through SGD, and the acquired EEMs 

reflect their influence as mainly terrestrial humic and fulvic acids are transported to the coastal 

ocean via SGD. The catchment land use is dominated by agriculture, while fisheries are important 

within the coastal zone (Einsiedl 2005; Schubert et al., 2015). The three endmembers considered in 

Kinvara Bay are SGD and sewage from the landward side and import of seawater from the ocean. 

0.00	

0.02	

0.04	

0.06	

0.08	

0.10	

0.12	

0.0	 5.0	 10.0	 15.0	 20.0	 25.0	 30.0	 35.0	 40.0	

aC
D
O
M
		

Salinity	(ppt)	

Groundwater	

SGD	

Sewage	

Parkmore	Pier	

Seawater	



Chapter 4         SGD-borne CDOM in Kinvara Bay 

114 

Considering the CDOM score, the input factors from SGD (0.58 ± 0.2, n = 92) and sewage (0.60 ± 

0.3, n = 20) were higher that Parkmore Pier (0.27 ± 0.1, n = 31). The high variation was due to 

mixing of SGD within the bay, and therefore Parkmore Pier will include a portion of terrestrial-

derived CDOM. Before discharge, as the groundwater flows through the catchment, there was 

slightly higher humic-like material intensity and some labile peaks. Therefore, there may be 

removal processes occurring within the subterranean pathway. This applies in particular to samples 

taken near the peaty areas as these contain protein-like components. Turloughs, including Coole 

and Ballinduff, also had protein-like components, which may be due to the filling/drainage system 

within these zones and the fact that these have the greatest interaction with humans and agriculture, 

and therefore, experience higher anthropogenic pressures. In fact, during low flow when the 

turloughs were empty, these were used as grazing land. These protein-like peaks are considerably 

removed due to conservative mixing before discharge except during March 2013 and May 2014. 

 

Humic substances are thought to account for 60 - 70% of the total organic carbon in soils and 40 - 

60% of DOC in natural waters (Mobed et al., 1996). HS may have been introduced into percolating 

groundwater as a result of soil lixiviation within the watershed and from microbial action on the 

sedimentary organic matter (Artinger et al., 2000). Soils are by far the primary source of organic 

carbon to groundwater. However, there appear to be minor peaks indicative of photodegradation 

(C1) and more labile materials (C3). The components show that both bio- and photo- degradation 

pathways exist to some degree within the coastal zone.  

 

Soil-derived DOM and photo-induced transformations of biomass have been shown to be critical 

degradation pathways in previous studies (Maie et al., 2007; Chen et al., 2010). Degradation 

pathways may exist within Kinvara Bay due to a residence time of approximately seven days 

(Rocha et al., 2015), and within the flow path as groundwater travels above the surface for 

extended periods en route to the SGD springs, which allows for photo-degradation (Chen et al., 

2010). The presence of protein-like substances implies autochthonous production and active 

microbial processing of DOM. This was a weak secondary peak (fluorescence intensity = 0.005) in 

groundwater of this region, suggesting that the combination of the high humification index, high 

aromaticity and the rapid transport of water allows for little microbial modification within the 

aquifer for most of the year. The T peak has been linked to increasing anthropogenic inputs and 

urbanisation (Hudson et al., 2007; Guo et al., 2010) such as wastewater effluents and fertiliser 

runoff (Ibánhez and Rocha 2014), which are both present in this catchment. Peak T was visually 

identified as a secondary component in SGD samples in March 2013 and May 2014, and also, in 

some inland samples outlined above. In the overall model, the intensities were subtle (0.005 R.U.) 

due to the absence of this component in the majority of samples and therefore, were not validated 

as a 4-component model. Thus, the presence of the T peak in this model was assumed to be as a 
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result of fertiliser runoff due to the time of year it was present and the fact that it was not detected 

in the samples taken near the sewage outflow pipe during high or low SGD flow conditions.  

 

The seasonal mean SGD CDOM score was higher in spring/summer (0.71 ± 0.1, n = 22) than in 

autumn/winter (0.28 ± 0.0, n = 20). Significant seasonal trends were experienced for CDOM at the 

discharge point for all components. Highest intensities of all components were associated with low 

flow discharge rates. This may be due to the greater residence time within the aquifer, allowing for 

interaction between SGD and aquifer solids, which, in turn, may mobilise DOM within the soil 

enabling it to be delivered to the coastal zone via SGD. This explains the increase in humic and soil 

fulvic-like components during this time. Therefore, the production of protein-like CDOM in 

Kinvara Bay reflects the seasonal production of both autochthonous and allochthonous DOM. Peak 

T has been shown to be more intense in summer due to reduced base flows and lower dilution in a 

river in N.E. England (Baker 2002; Baker et al., 2003).  

 

Sewage is composed of a heterogeneous mixture of organic compounds including fulvic acids, 

proteins, carbohydrates, lipids surfactants (Ahmad and Reynolds, 1999). Generally, wastewater 

CDOM is composed of humic-like materials and highly labile components consisting of protein-

like fractions (Guo et al., 2010). The composition will vary depending on the age and type of 

sewage system as well as how and when it discharges into the coastal zone. In Kinvara Bay, 

sewage comprised a combination of domestic waste, industrial wastes, surface runoff and storm 

flow. Sewage inputs exhibited very low-intensity tyrosine-like (B) peaks. The B peak was not 

included in the overall model of the bay suggesting that sewage inputs were not a primary source of 

CDOM to the coastal zone in this study. This may be due to the small volumes discharged daily 

(286 m3 d-1) resulting in rapid dilution with bay water and/or rapid turnover of the relatively low 

fluxes. Tyrosine fluorescence has been shown to be inhibited through energy transfer to tryptophan 

and quenching by neighbouring groups (Lakowicz, 1983). Chapter 2 of this study demonstrated 

that Kinvara Bay was autotrophic during the summer campaigns and December 2016. Rocha et al., 

(2015) in their recent publication also showed tight benthic-pelagic coupling and eutrophic 

conditions during summer. This may have caused rapid turnover of any labile materials present in 

sewage and, therefore, only humic-like materials remained for identification. Additionally, this 

peak has also been shown to be masked by the first order Raman scatter band (Mayer et al., 1999), 

and therefore, identification is difficult. 

 

On the contrary, higher CDOM intensities were observed at Parkmore Pier during winter compared 

to summer. This observation is in line with studies carried out previously linking high intensities to 

high precipitation rates (Stedmon and Markager, 2005; Kowalczuk et al., 2009). Differences 

between Parkmore Pier (0.219 R.U.) and the SGD site (0.695 R.U.) were larger during the summer 

campaigns and may be due to higher temperatures and longer sunlight hours resulting in increased 
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productivity and removal of CDOM within the transit path. Kinvara Bay has been shown to switch 

from autotrophic to heterotrophic (Chapter 2 and 3) depending on SGD conditions. Thus, some of 

this refractory DOM may in fact support primary and secondary production. Fluorophores can also 

be removed at intermediate salinities, through the mixing path of the bay, due to photobleaching, 

adsorption to particles and/or flocculation (Benner, 2002).  

 

CDOM was more persistent during winter as the differences between SGD (0.381 R.U.), and 

Parkmore Pier (0.304 R.U.) were smaller. This is in direct correlation with DOC concentrations, 

which were also reduced between the SGD site and Parkmore Pier during these campaigns 

(Chapter 3). Importantly, the M peak, known to be from a marine source (Coble, 1996), was not 

present in the 3-component model and also was not a major peak at Parkmore Pier. Therefore, 

terrestrial CDOM dominated the coastal zone of Kinvara Bay. Therefore, it can be concluded that 

CDOM contributed to coastal and oceanic carbon storage and was not utilised within the bay. 

Photodegradation of CDOM is expected to be higher in summer due to longer sunlight hours and 

increased temperatures compared to winter. This may act as an important removal pathway during 

summer contributing to the larger difference between SGD and Parkmore Pier during summer.  

4.4.7 Relationship of CDOM optical properties and salinity 

The CDOM scores exhibited non-conservative mixing behaviour with salinity (Figure 4.5). Since p 

was less than the alpha value of 0.05, data was not normally distributed for CDOM vs. Salinity. 

This may be due to the high seasonal variability of CDOM in SGD and indeed the high variability 

of SGD (Chapter 2) on an annual scale. Brackish SGD had intensities lower than those of fresh 

SGD. Variability in CDOM scores decreased as salinity increased. Negative correlation with 

salinity indicates that terrestrial discharge is the primary source of CDOM within the bay (e.g., 

Kowalczuk et al., 2009). 

 

However, at times of peak CDOM intensity (summer 0.71 ± 0.1 R.U.), there was removal within 

Kinvara Bay as CDOM scores at intermediate to high salinities were relatively uniform throughout 

the year. Groundwater gains autochthonous CDOM from being in direct contact with soil and 

sediments en route to the coastal zone. During winter, the CDOM score was low (0.28 ± 0.0 R.U.) 

resulting in humic-like, non-bioavailable CDOM. However, SGD may have contributed to 

productivity during the summer when protein-like peaks were observed. During summer there is an 

increase in the fertilisation of agricultural land as well as an increase in population due to tourism. 

Anthropogenic pressures have been shown to have a direct link with protein-like peaks (Yang et 

al., 2015). While, in addition, sunlight hours are longer, and metabolism rates are expected to be 

highest during summer. Photodegradation of CDOM releases a source of nutrients to the water 
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column (Stedmon et al., 2007). This was coupled with high levels of DIN (Chapter 2, Rocha et al., 

2015). Therefore, any bioavailable material can be quickly utilised (Rocha et al., 2015).  

By comparison, SGD-borne CDOM scores were relatively uniform with intermediate to higher 

salinities during winter, and therefore CDOM material transported through Kinvara Bay and 

contributed to oceanic carbon storage. Humic-like DOM in this analysis was highly resistant to 

degradation, and important processes may include accumulation in the sediment and/or export to 

deeper waters. The export of DOM to deeper waters as a result of mixing and downwelling of 

water parcels is an essential part of the DOM cycle (Jiao et al., 2010). 

 
Figure 4.5: An annual mixing curve of CDOM Scores (R.U.) vs. salinity (ppt) measured at all input locations and through 
Kinvara Bay over the course of the nine sampling campaigns, n = 335. Samples were collected based on a continuum of water 
flow which includes inland, the SGD springs, sewage outflow location within the bay, Parkmore Pier and Galway Bay.    

4.4.8 Spectral indices 
There are a variety of diagnostic indices used in conjunction with EEM analysis to better quantify 

fluorescence sources and properties. Average values were calculated annually at the discharge 

point, the sewage point and Parkmore Pier (Table 4.6). The fluorescence index (F.I. ≈ 1.4) and 

spectral slope (S275-295 < S350-400) at both the discharge site and Parkmore Pier indicate that DOM 

transported through Kinvara Bay is terrestrial in origin.  
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Table 4.6: Summary of measured indicator parameters in SGD and sewage endmembers, measured at the sewage outfall pipe 
located within the bay and Kinvara Springs compared to the mouth of the bay, Parkmore pier over the course of the ten 
sampling campaigns. Data is provided as a range of the lowest to highest measured data as the result of several replicates (20 < n 
< 100).  

Parameter SGD Sewage 

Point 

Interpretation Parkmore 

Pier 

Interpretation 

Fluorescence 

Index (F.I.) 

1.1 – 1.8 0.9 – 1.6 Terrestrial/ Aquatic 

signature 

0.95 – 1.99 Terrestrial/ Aquatic 

signature 

Humification 

Index (HIX) 

0.90 – 

0.96 

0.83 – 0.95 Humified, dependent 

on high and low flows 

 

0.75 – 0.92 Humified 

Spectra Slope, S, 

at 275-295 nm 

 

0.012 0.012  0.013  

Spectra Slope, S, 

at 350-400 nm 

0.016 0.017 S275-295 < S350-400 

indicative of terrestrial 

material 

0.015 S275-295 < S350-400 

indicative of 

terrestrial material 

 

Spectral Slope 

Ratio (Sr) 

0.68 – 

0.74 

 

0.70 Terrestrial signature 

 

0.75 – 0.91 

 

Increased 

SUVA 254 

(L mg-1 cm-1) 7.1 – 

22.4 

8.25 – 9.42 
High aromaticity 3.3 – 14.6 Lower aromaticity 

 

For this study, the annual average F.I. values for all groups were approximately 1.4 for each 

season, indicating a terrestrial origin of CDOM (McKnight et al., 2001). Some samples over the 

course of the study experienced F.I. higher than 1.4, this could be due to temporary microbial 

activity at these sites (Singh et al., 2010). Parkmore Pier also had an F.I. of approximately 1.4, 

showing that this was mainly dependent on terrestrial sources of DOM, as a result of the high SGD 

fluxes. There was variability in the low salinity samples due to periodic microbial activity within 

the aquifer (Singh et al., 2010). At higher salinities, there may be variability with tidal fluctuations 

as seawater may dominate at high tide and cause the F.I. to increase during these times (Figure 

4.6).  
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Figure 4.6: Measured Fluorescence Index (F.I.) variability with salinity fluctuations measured in the SGD, sewage and marine 
endmembers and throughout the bay, over the course of the sampling campaigns (n = 333). An F.I. of 1.4 represents terrestrially 
borne CDOM and of 1.9 represents microbially derived CDOM. 

The average annual HIX was found to be 0.90 – 0.96 for all groundwater and SGD samples; this is 

highly humified material and therefore has low biological availability (Ohno, 2002). High HIX 

values were also recorded at the sewage outflow site, which had an HIX of 0.83 – 0.95. The HIX 

was large due to the influence of SGD within the bay and the area in which sewage discharge 

occurred. However, the HIX at Parkmore Pier was reduced to 0.75 – 0.92, suggesting possible 

degradation leading to higher biologically available material and/or dilution of terrestrial CDOM 

with marine CDOM (Figure 4.7). HIX was largely dependent on tides and SGD flow conditions. 

During low tide and at high SGD flow, the HIX was at the upper range representing samples 

similar to groundwater samples, whereas, the lower value was found during low flow and high tide 

conditions. Therefore, this suggests the greatest removal of the highly humified CDOM was due to 

seawater mixing. Thus, the vast majority of this material was not mineralised within the coastal 

zone and was transported to the Atlantic Ocean, where, it may have contributed to global C storage. 

As HIX has been shown to exhibit conservative behaviour, its identification within seawater 

environments may be used as a tracer for terrestrial DOM.  
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Figure 4.7: Mixing curve of Humification Index (HIX) and Salinity (ppt). Samples were collected based on a continuum of water 
flow which includes inland samples, the SGD springs, sewage outflow location within the bay, Parkmore Pier and Galway Bay,    
n = 201. 

The SUVA254 data, although only conducted using a subset of samples, confirmed that the 

groundwater was characterised by high aromaticity in accordance with its terrestrial/aquatic origin 

(Weishaar et al., 2003), although there is a large range associated with the variability of SGD. The 

decrease in this value at Parkmore Pier indicates possible dilution with seawater as the somewhat 

lower aromatic material was periodically detected at the SGD point and at Parkmore Pier. The high 

variability associated with the SUVA values at Parkmore Pier may be due to tidal fluctuations 

within the bay, whereupon higher SUVA is associated with the low tide freshwater influences and 

the lower values associated with the high tide seawater dominance.  

 

The spectral slope information further supports the terrestrial origin of CDOM within the bay 

(Helms et al., 2008; Helms et al., 2013). The Sr for SGD was 0.68 – 0.74. In Parkmore Pier, this 

was again significantly dependent on the flow regime with the greatest similarity recorded during 

high SGD flow conditions when the salinity within the bay was substantially reduced due to the 

high volumes associated with SGD. During low flow conditions, the Sr was increased, however 

still representing a terrestrial signature. Higher S values may be due to preferential sorption of the 

high molecular weight hydrophobic DOM components to soil en route or photodegradation of the 

high molecular weight fraction upon discharge during summer (Osburn et al., 2009). Due to the 

limited photo-exposure between discharge and sampling, the more likely scenario is that there was 

sorption of the CDOM components due to longer residence times within the aquifer.  

4.4.9 Anthropogenic pressures and CDOM components in Kinvara Bay 
Anthropogenic CDOM including sewage inputs was not a significant CDOM source to the bay. 

Protein-like components have been shown to be an effective environmental quality indicator of 
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anthropogenic pressures (Ibánhez et al., 2017). In this study anthropogenic influences appeared to 

be minimal due to the low intensity of the T peak (R.U. = 0.005), which was only seasonally 

derived. CDOM was intrinsically linked to critical biogeochemical processes including primary 

production and organic matter mineralisation. 

 

Continual analysis of Kinvara Bay is imperative as population growth, increased demand for food 

and global warming are significant problems for the future on a global scale. Increased 

temperatures cause a lowering of the water table, which in turn, permits the bacterial breakdown of 

peat (Baker and Spencer, 2004). Therefore, global warming has been shown to increase DOC 

released from land, linked with increased agriculture and subsequently increased fertiliser; this 

could potentially lead to increased anthropogenic pressures causing higher proportions of protein-

like components to enter the coastal zone and cause an increase in productivity, which may result 

in eutrophication and algal blooms. Humic-like materials, therefore, may be taken as a baseline for 

the evaluation of anthropogenic pressures. Presently, Kinvara Bay can be deemed to be relatively 

pristine regarding CDOM inputs. Hudson et al., (2007) stated that the study of OM in freshwaters 

was not yet as widespread as that in marine sciences and that continual analysis needs to be 

implemented.  

4.4.10 Further statistical analysis 
CDOM represents a sub-fraction and therefore only describes a portion of the dynamics of the total 

DOM pool. It is not currently possible to determine how much of the total DOM pool is 

represented by CDOM. Therefore, this technique (EEMF-PARAFAC) is a useful tool for tracing 

the dynamics of DOM in natural ecosystems, but the exact, chemical make-up of the DOM is not 

determined (Stedmon et al., 2003; Stedmon and Markager, 2005; Stedmon and Bro, 2008). In 

addition to EEMF-PARAFAC, FT-ICR-MS analysis was conducted on a subset of samples and a 

further incubation study to determine the elemental makeup of compounds entering the coastal 

zone as a result of SGD (Chapter 6).  

4.5 Synopsis 
SGD transported terrestrial humic-like compounds to the coastal ocean of Kinvara Bay, supported 

by the validation of a 3-component model that showed HS including visible humic acids and soil 

fulvic acids dominated. This material was highly humified and was transported through Parkmore 

Pier to Galway Bay, and subsequently, the Atlantic Ocean where it may have contributed to global 

carbon storage during winter and any protein-like components observed during summer were 

quickly removed from the coastal ecosystem. 

Transformations and/or dilution may have occurred during transport as spectral indices showed a 

reduction in humification (SGD, 0.94 ± 0.02 and Parkmore Pier, 0.83 ± 0.05) and aromaticity. 

Seasonal effects show that DOM was largely depleted during summer months at Parkmore Pier, 

highlighting possible removal processes within the bay such as photodegradation due to longer 
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sunlight hours and higher temperatures and due to biodegradation resulting from greater 

productivity. 

 

The null hypothesis that SGD transported biologically available CDOM to Kinvara Bay cannot be 

rejected as there was a low intensity Protein peak observed in the 3-component model. The rapid 

transport capacity of the karstic aquifer has the potential to provide a direct channel for low 

humified, labile material as shown due to the presence of such peaks seasonally.  

  



 

123 

5. The Potential Effects of Increased Anthropogenic Pressures on the 
Inferred Dissolved Organic Matter (DOM) Concentrations in Kinvara 
Bay 
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5.1 Introduction 
Multiple stressors can affect natural coastal ecosystems. Anthropogenic pressures are becoming 

increasingly critical due to population growth. Shallow coastal bays and estuaries are, in particular, 

vulnerable to such pressures (McGlathery et al., 2007). Studies have been conducted to determine 

particular stressors on coastal zones globally, but studies of cumulative effects of multiple stressors 

are less frequent (Crain et al., 2008). Cumulative interaction effects may be additive, synergistic or 

antagonistic.  

 

Anthropogenic pressures have led to significant consequences threatening the marine environment 

such as increased productivity and eutrophication (McQuatters-Gollop et al., 2009). Understanding 

eutrophication, what causes it, its effects on the coastal zone and its interaction with the open ocean 

on a long-term scale are key topics in addressing these issues (Jessen et al., 2015). The focus of 

eutrophication studies has largely been on examining nutrient inputs (Moore, 2010; Lee et al., 

2012; Ibánhez et al., 2013; Ibánhez and Rocha 2014; Rocha et al., 2015), as the definition typically 

used in these studies is the enrichment of an aquatic environment by nutrients. However, another 

definition based on organic loads has been proposed, which defines eutrophication as the increase 

of organic matter supplied to an ecosystem (Nixon 1995). DOM drives productivity and 

biogeochemical cycles in the coastal zone by acting as a substrate for the detritus-based food webs, 

characteristic in many of these coastal regions (Goñi et al., 2003). In addition, DOM is consumed 

by microbial activities (Ibánhez and Rocha 2014; Jiao et al., 2010). It, also, plays a vital role in the 

mobilisation and availability of nutrients, metals and pollutants, which mediates biogeochemical 

cycles on a global scale (Kujawinski, 2011; Baker and Spencer, 2004; Benner, 2002). Therefore, in 

addition to the well-documented water quality parameters (nutrient concentrations, oxygen, 

biological oxygen demand and chlorophyll), and organic matter loads should also be studied in 

strategic plans for coastal zone monitoring.  

 

The quality of SGD entering the coastal zone is an important issue regarding the trophic status of 

coastal regions (Moore, 2010). It is critical to gain an understanding of carbon and nutrient 

biogeochemistry to sustain coastal water resources for the future. Notably, shellfish and 

aquaculture industries have increased in recent years throughout the world (Gyllenhammar and 

Håkanson, 2005; Dalsgaard and Krause-Jensen, 2006; Hwang et al., 2010), including in Kinvara 

Bay. This sector of the economy needs high-quality water to be sustainable in the long-term. The 

growth of marine organisms is largely dependent on inorganic nutrients, but often overlooked is the 

importance of DOM on community structures and ecosystem functioning (Nixon, 1995). A good 

cultivation region is maintained by a balance of nutrients, as too low will not provide sufficient 

growth, but high concentrations may result in eutrophication and hypoxia, which in turn, destroys 

shellfish growth and, hence, this industry. This study focused on the impact of two prominent 
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anthropogenic pressures, land use and plastic pollution, on CDOM and DOC concentrations and 

predicts two future scenarios where these forms of pollution have increased and accumulated due 

to population growth.  

5.1.1 Future scenario 1: land use alteration 
SGD has been shown to deviate from the Redfield Ratio as SGD often has higher N:P ratios due to 

land use within catchments (Chapter 2; Slomp and Van Cappellen, 2004). The addition of 

inorganic fertilisers in agricultural regions increases the concentration of nitrogen in the coastal 

zone (Pavlidou et al., 2014; Spalding and Exner 1993). The C:N:P ratio of biomass in the coastal 

areas is significant in many ecological processes. Higher N:P ratios could result in a shift of algal 

species and cover. SGD has been shown to contribute to algal dominance as nitrification of the 

coastal body proceeds via this pathway (Semple 1997; Costa Jr. et al., 2008).  

 

Currently, Kinvara Bay is periodically eutrophic during summer, and SGD-borne N loading is the 

primary driver in the Bay (Rocha et al., 2015). This study combines this with a potential future 

scenario, in which there is a shift in land use toward intensive agriculture. Increased demand for 

food may lead to intense agricultural activities, which will cause further contamination of SGD and 

a further change in the N:P loading. Increased fertiliser application results in higher productivity 

and a subsequent increase in suspended particulate matter (SPM) (Slomp and Van Cappellen, 2004; 

Rocha et al., 2009; Lee et al., 2012; Ji et al., 2013; Rocha et al., 2015). A shift in SPM within the 

coastal zone may result in a change in primary production affecting DOM dynamics. Therefore, 

studies are critical to determining the current and possible future forecasts of the effects of SGD-

borne DOM on coastal environments regarding ecological status.  

5.1.2 Future scenario 2: biodegradable microplastic pollution  
In addition to the anthropogenic stressors outlined above, which may cause an increase in nutrients 

and DOC exported from land, another marine pressure that has been receiving attention in recent 

years is plastic litter. The accumulation and fragmentation of plastics represent a long-term change 

that is ubiquitous globally (Barnes et al., 2009; Imhof et al., 2012). Plastics are lightweight, 

versatile, durable, strong and cheap. These characteristics make them very suitable for a broad 

range of industries (Andrady, 2003; Andrady, 2011). Plastic production has reached volumes of 

thirty million tonnes in the US alone and is continuing to grow due to its significant contribution to 

output and economy on a global scale (Derraik, 2002). Ivar do Sul and Costa, (2014) reviewed 101 

works on microplastic pollution and concluded that microplastics were widespread in oceans and 

sediments as over several million tonnes of plastics have been produced since the middle of the last 

century (Barnes et al., 2009). Green et al., (2015) estimated that 5% of all plastic produced enters 

the marine environment. The growth of this industry and its subsequent pollution can have 

detrimental effects on the coastal zone as plastics are highly persistent (Gall and Thompson, 2015). 

Marine litter comprises 60 - 80% plastic and in some cases may even be as high as 90 - 95% 
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(Moore, 2008). Marine plastic is known to have major effects on marine biota, including ingestion 

of plastics and entanglement in larger fishing nets and tangled ropes (Derraik, 2002; Gregory, 

2009; Gall and Thompson, 2015).  

 

This section of the study focused on the increased loading of biodegradable microplastics in the 

coastal zone and the effects it may have on DOM released to the water column. Microplastics are 

small pieces of plastic debris, less than 5 mm, and have been accumulating in coastal zones all over 

the world for many years (Moore, 2008). Microplastics consist of two types of particles, (1) larger 

portions broken into fragments and (2) resin pellets and powders. Due to their small size they can 

be easily ingested by marine organisms, which may cause physical harm. Ingestion of such 

materials is not unique to the marine environment as many birds, and land-based mammals are also 

threatened (Gregory, 2009). Ingestion may also cause toxicity problems due to the manufacturing 

process and chemical properties of such materials. Chiefly, Persistent Organic Pollutants (POPs) 

are of great concern. These can be found universally in low concentrations in seawater and as their 

name suggests they are highly persistent (Andrady, 2011). These are hydrophobic pollutants and 

can concentrate up in microplastics to several orders of magnitude higher than the surrounding 

seawater. Therefore, ingested materials pose severe consequences as POPs enter the food web. 

 

Oil-based polymers are virtually non-degradable, difficult to reuse and lead to serious 

environmental concerns (Song et al., 2009). Biodegradable plastics are now in everyday use and 

compose of polymeric materials that decompose through chemical processes carried out by 

microorganisms into carbon dioxide, water, methane, inorganic compounds and biomass in the 

environment. Photo-oxidative degradation is the primary breakdown process for many polymers, 

including HDPE and nylon in the marine environment. Significant uncertainties exist around 

degradability of such materials in marine environments. Most studies have focused on the 

ecological consequences of such debris (Derraik, 2002; Andrady, 2011; Gall and Thompson, 2015; 

Green et al., 2015). For example, Green et al., (2015) showed that the presence of a biodegradable 

plastic bag, in widespread use today, in a benthic ecosystem created anoxic conditions in sediment, 

which altered marine assemblages and reduced primary productivity. However, Guzman et al.'s 

(2010) research showed that increased polymer blend could lead to increased productivity and 

subsequent algal blooms. The coastal zone may encounter substantial levels of plastic pollution as 

waves and tides tend to wash up plastic waste to the shoreline (Tosin et al., 2012) while rivers and 

SGD may transport land-derived pollution (Moore, 2010). As biodegradable plastics break down 

due to processes in the marine environment, higher concentrations of CDOM are expected to be 

present due to the organic nature of such materials. 
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5.2 Specific hypotheses of this experiment 
The overarching hypothesis of this research was to determine whether future scenarios of both 

land-use changes (leading to higher N:P ratios) and plastic pollution could have an effect on the 

relatively pristine CDOM components present in Kinvara Bay (Chapter 4). To determine this, six 

specific hypotheses are described below: 

 

Null Hypothesis 1, H0: Biodegradable plastic marine pollution does not alter the types of CDOM 

components effluxed from the sediment cores compared to the control 

Alternative Hypothesis 1, H1: Biodegradable plastic marine pollution alters the CDOM components 

effluxed producing highly refractory materials compared to the control 

 

Null Hypothesis 2, H0: The DOC/CDOM fluxes from the sediment to the water column increase 

with an increase in plastic pollution 

Alternative Hypothesis 2, H1: The DOC/CDOM fluxes remain unchanged with an increase in 

plastic pollution 

 

Null Hypothesis 3, H0:  The sediment-water DOM fluxes will shift to a more labile fraction with an 

increase in Kinvara Bays SPM 

Alternative Hypothesis 3, H1: The sediment-water DOM flux will remain unchanged despite an 

increase of SPM  

 

Null Hypothesis 4, H0: The DOC/CDOM fluxes increase with an increase in Kinvara Bays SPM 

Alternative Hypothesis 4, H1: The DOC/CDOM fluxes remain unchanged with an increase of the 

SPM 

 

Null Hypothesis 5, H0: Biodegradable plastic marine pollution in combination with increasing SPM 

has a synergistic effect on the CDOM present. 

Alternative Hypothesis 5, H1: Biodegradable plastic marine pollution has no CDOM combination 

effect with SPM 

5.3 Sampling procedure 
16 undisturbed sediment cores (methodology described in Chapter 2) were collected from the 

intertidal zone near the SGD discharge point and from Parkmore Pier in June 2015. At the same 

time, SGD and seawater were sampled. Water samples were filtered through pre-combusted GF 

filters and collected in pre-cleaned, acid-washed 10 mL amber glass bottles. All filters and 

containers were rinsed several times with the sample before filling. Samples were stored on ice in 

the dark and transported to the laboratory within three days for analysis. 
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In the field, at the same time water samples were collected at the SGD springs, in-situ 

measurements of salinity, conductivity, temperature and pH were recorded using an Aquaread 1000 

AP, calibrated prior to use with a freshwater conductivity (Varian 12,800 µScm-1), pH (Varian pH 

4.00, 7.00 and 10.00) and ORP (+229 mV) standards. Higher salinity measurements were taken 

manually using a refractometer and confirmed using conductivity readings.  

5.4 Methodology 

5.4.1 Sediment flux analysis 
The following sampling strategy was devised to determine the impact of SPM and biodegradable 

microplastic and their combined effect (Table 5.1). Sediment corers had an inner diameter of 6.4 

cm. Approximately 10 cm of sediment was collected in each core, resulting in a sediment core 

volume of 100.5 cm3. The sediment cores were covered with bay water for transport. Cores were 

allowed to aerate for two days to allow full equilibration of the sediment-water fluxes and settling 

of sediment before water was removed. A future scenario in which nitrogen enrichment has caused 

a shift and an increase in macroalgae growth, and hence, SPM in the bay was predicted. To achieve 

this SPM, 1 g of dried and ground Fucus (n = 3) and Enteromorpha (n = 3) was added to the cores. 

1 g equates to inputs of 4.8 g N m-2 Fucus and 10.9 g N m-2 Enteromorpha, which is equivalent 

approximately to 25 - 50% of the summer N loadings of 25.9 g N m-2 yr-1 (Rocha et al., 2015). In 

terms of current biomass (Manaswi Raghurama, 2015), this equates to a 42% increase in Fucus. 

During the time of this study, Enteromorpha growth was at a seasonal high and therefore the 

current biomass was used in the experiment. Microplastics were then added to determine the 

combined effect of both scenarios and also added to another set of cores (n = 3). Microscopic (< 

150 µm) poly(lactic) acid (PLA), a biodegradable aliphatic polyester (Shah et al., 2008) was added 

to the cores at a dose of 59 g m-3. The dosage level chosen was on the basis that sediment anoxia is 

problematic above this dose. Filtered aged seawater (300 cm3) was added to create a concentration 

gradient between the sediment and water to allow DOC and CDOM fluxes to be calculated. 

Control cores (n = 3) were utilised to determine the present sediment-water carbon fluxes, in 

which, no OM or biodegradable microplastics were added. Cores were aerated for five days with a 

pump and air stone and a plastic funnel were placed on the top opening to prevent evaporation. Day 

and night conditions were simulated naturally by placing the cores on a windowsill. Therefore, the 

cores were exposed to natural daylight in June 2015 (sunshine duration is between 5 and 6.5 hours; 

www.met.ie/climate/sunshine.).  
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Table 5.1: Experimental Design of core incubation experiment conducted in June 2015 from cores collected in the intertidal zone 
at Kinvara Springs.  

Identification Treatment added Replicates 

C (Control) None 3 

CMP (Microplastics) Microplastics  3 

MA (Macroalgae A) Fucus vesiculosus 3 

MB (Macroalgae B) Enteromorpha intestinalis 3 

MAMP Fucus vesiculosus + Microplastics 3 

MBMP Enteromorpha intestinalis + Microplastics 3 

5.4.2 Water analysis 
Time series (104 hours) of CDOM (n = 338) and DOC concentrations (n = 145) were determined 

by EEMF-PARAFAC analysis (Chapter 4) and High-Temperature Catalytic Oxidation (HTCO) 

analysis (Chapter 3), respectively. At each time point, 20 mL of water was collected from each core 

and filtered immediately through Whatman GF filters and stored in VaccutainerTM vials. The 

collected water samples were stored frozen until analysis.  

5.4.3 Flux estimation 
DOC flux was determined according to Forja and Gómez-Parra, (1998), using the below equation 

derived from a flux equation based on Fick’s first law of diffusion: 

C = α – b*exp(-kt)          (1) 

Where C is the concentration at time t, α is the concentration at steady state, and b is the 

concentration at steady state minus concentration at time zero. K is a parameter related to benthic 

activity, the coefficient of the species under study, porosity and thickness of the sediment-water 

interface and the ratio between volume and surface area of the overlying water. K was estimated 

using the Solver tool in Microsoft Excel. This tool minimises the total sum of squares between 

experimental concentration data and theoretical concentration based on equation 1. 

Flux was then calculated by: 

J = R*b*k              (2) 

Where J is the flux, R is the ratio of the volume of overlying water to sediment surface area, and k 

is the coefficient estimated as above. 

5.4.4. Statistical analyses 
Statistical analyses was conducted using the R software package (R Development Core Team 

2008) and MathWorks software package, Matlab. In determining the significance of the treatments 

from the control boxplots and two-way analysis of variance (ANOVA) was employed using R. The 

assumptions of ANOVA are 1) normally distributed data, 2) independent samples, 3) common 
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variance between samples and 4) randomly and independently selected samples within the group. 

The assumptions that the samples are independent of one another and taken randomly within the 

group are satisfied due to the design of the experiment. Normality was assessed within R using Q-

Q plots and the Shapiro-Wilk normality test. The Sharpio-Wilk tests the Null hypothesis that the 

samples came from a normal distribution. Therefore, for p values < 0.05, the null hypothesis is 

rejected, and samples are not normally distributed. For treatments that displayed significant effects, 

Tukey's Honest Significance Difference (HSD) test was conducted for further evaluation of the 

differences between treatments. CDOM analyses were carried out using the CDOM toolbox in 

Matlab, and validation was ensured using random initialization and split-half validation (Stedmon 

and Bro, 2008).  

5.5 Results 

5.5.1 Current status of Kinvara Bay 
Linh Trieu, (2015) identified and quantified microplastic concentration in bay water and sediment 

samples. About seven particles per litre were present in SGD and Parkmore Pier waters, while the 

sewage outfall site had significantly less. The higher concentrations of microplastics at these 

locations were attributed to anthropogenic activity. The SGD site is located beside Dunguaire 

Castle, which is a popular tourist attraction and Parkmore Pier supports water activities such as 

fishing and sailing. The majority of particles identified were plastic fragments and then plastic 

fibres at all locations. The percentage of plastic beads was 10% at Parkmore Pier and 0% at the 

SGD and sewage sites. Microplastics in the sediment collected at the SGD site was determined to 

be 674 ± 83 particles/kg. 

 

Fucus vesiculosus was the most dominant macroalgae species at the SGD springs, followed by 

Enteromorpha intestinalis. Near the sewage point, Ascophyllum nodosum was the dominant 

species. Ascophyllum nodosum and Fucus vesiculosus were found to be dominant at Parkmore Pier. 

At the time of the study, untreated sewage was discharged into the bay at high tide, however plans 

were in place to treat sewage to drinking water standard (Ciaran Cannon, 2010), and therefore, 

future scenarios did not consider this a critical element and were conducted using SGD inputs 

alone. 

5.5.2 DOC  
Due to unforeseen circumstances, DOC concentrations were not determined for every sample 

taken. 152 representative samples were analysed for DOC flux concentration and were conducted 

across all treatment types. Results outlined in Table 5.2 provide the number of samples analysed 

(n) for each treatment. The treatment containing the Fucus species released the highest DOC 

concentration, the control, as expected, had the lowest DOC concentration.  
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Table 5.2: Summary of measured DOC concentration flux (µmol cm-1 hr-1) from the incubation sediment cores from each 
treatment type. See Appendix H for raw data.  

Treatment n 
DOC 

(µmol cm-1 hr-1) 

Control 34 0.302 

Microplastics 35 0.402 

Fucus  17 3.013 

Microplastics + Fucus 19 1.662 

Enteromorpha 15 1.132 

Microplastics + Enteromorpha 32 0.914 

 

The assumptions of ANOVA were satisfied. The data was normally distributed as the Shapiro-Wilk 

test had a p-value of 0.327 and the Q-Q plot did not exhibit significant deviations from the line. 

Many of the treatments were statistically significant compared to one another (Tables 5.3 and 5.4). 
 

Table 5.3: ANOVA results after testing the null hypothesis that H0: Mean DOC concentration measured at Castle Springs over 
eight sampling campaigns is the same for all seasons.  

 
Df Sum Sq Mean Sq F Value Pr(>F) 

Seasons 5 128.52 25.704 98.59 2e-16 

Residuals 139 36.24 0.261  

  
Table 5.4: p values based on Tukey's Honest Significance Difference (HSD), following ANOVA analysis, evaluating differences 
between each treatment type values in bold indicate a significant difference between two values (p < 0.05) at significance level, α 
= 0.05. 

Control Microplastics Fucus 
Microplastic+ 

Fucus 
Enteromorpha 

Microplastics+ 

Enteromorpha 

Control 0.999 0.000 0.000 0.007 0.000 

Microplastics  0.000 0.000 0.008 0.000 

Fucus   0.041 0.000 0.000 

Microplastics+ 

Fucus 
   0.000 0.000 

Enteromorpha     0.964 

5.5.3 CDOM 
CDOM data were fitted to a 5-component model. Split-half validation and random initialisation 

were performed, and no obvious residues were obtained for this dataset. Visual identification of the 

five components identified showed fluorescence maxima characteristic of organic fluorophores 

with multiple excitation maxima and a single emission maximum for each component. As such, 

each peak represents a mixture of covarying fluorophores due to the complexity of natural DOM. 

Comparison of spectral characteristics observed in this study with those components previously 

identified by other authors fit well and are outlined below (Table 5.5). These five components were 
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classified into two groups, three are humic-like materials characteristic of terrestrial inputs, and two 

are protein-like components, indicative of anthropogenic stresses.  

 
Table 5.5: Fluorescence characteristics of validated 5-component EEMF model: excitation and emission maxima, compared with 
previously identified components. n = 338 for all treatment groups. See Appendix G for model output. 

This model 

Ex/Em 

Previous Model 

(Literature) 

Source and description Reference 

C1: 225/315 

275/315 

 

 

275/310 

Peak B – tyrosine-like Coble 1996 

C2: 230/425 

350/425 

260/380-460 

350/420-480 

UV humic-like 

Peak C – humic-like 

Stedmon et al., 

2003; Coble 1996 

    

C3: 245/460 

350/460 

260/380–460 

350/420-480 

Peak A – humic-like 

Peak C – humic-like 

 

Coble 1996 

C4: 220/360 

275/360 

 

275/340 

Peak T – tryptophan-like 

Derived from algal 

exudation 

 

Coble 1996; 

Stedmon and 

Markager 2005 

 

C5: 275/490 

350/490 

460/490 

260-380/490 

260-380/490 

 

Peak A/C – terrestrial 

humic-like 

Murphy et al., 

2008 
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Figure 5.1: Pie chart of the percentage of each component (C1-C5) in the validated annual 5-component EEMF model, measured 
over all treatment groups, n = 338. 

As shown in Figure 5.1, C1 accounted for 29.1%, C2 for 22.5%, C3 for 19.7%, C4 for 18.9% and 

C5 for 9.7% of the overall model. Therefore, humic-like materials accounted for 51.9%, whereas, 

protein-like components accounted for 41.4%. In particular, the tyrosine-like component accounted 

for the highest individual intensity, 29.1%. Therefore, protein-like components consisted of a 

significant portion of the CDOM fluxes.  

 
Table 5.6: Summary of measured CDOM score in each treatment group, measured from each core flux over the course of the 
incubation study.  

Treatment C1 C2 C3 C4 C5 

Control 0.055 0.087 0.074 0.051 0.037 

Microplastics 0.062 0.107 0.091 0.058 0.046 

Fucus 0.239 0.195 0.184 0.214 0.093 

Microplastics + 

Fucus 
0.266 0.215 0.199 0.225 0.104 

Enteromorpha 0.632 0.424 0.365 0.371 0.172 

Microplastics 

+Enteromorpha 
0.604 0.413 0.350 0.282 0.167 

 

  

29.2	

22.5	19.7	

18.9	

9.7	

%C1	

%C2	

%C3	

%C4	

%C5	
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 Figure 5.2: Bar chart of the EEMF-PARAFAC model output component 1-5 scores for each treatment group. C = control, CMP 
= Microplastics only, MA = Fucus treatment, MAMB = Fucus plus microplastics, MB = Enteromorpha treatment, MBMP = 
Enteromorpha plus microplastics  

Table 5.6 and Figure 5.2 illustrate the scores for each component (C1 – C5) for each treatment. For 

each component, there is an increasing trend from the control to the SPM added samples. The 

treatments containing the microplastic do not appear to differ substantially from their respective 

non-added sample. Significance was performed using analysis of variance (ANOVA) in R, after 

verification of the assumptions of Normality and sample independence. The Shapiro-Wilk test was 

conducted for each of the components (C1 – C5) identified, and p was greater than 0.05 in all 

cases. Therefore, the Null hypothesis that the data is normally distributed cannot be rejected. The F 

value of 9.67 exceeds the critical F value (5, 24) of 2.5207 at significance level α = 0.05 (Table 

5.7). Therefore, this indicates a significant difference between these groups of variables. The p-

value was used to determine which variables are significantly different from the control and each 

other (Table 5.8). 

 
Table 5.7: ANOVA results after testing the null hypothesis that H0: Treatment groups for each component of the validated 5-
component model are identical.  

 
Df Sum Sq Mean Sq F Value Pr(>F) 

Seasons 5 0.4931 0.09862 9.67 3.72e-05 
Residuals 24 0.2448 0.01020  
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Table 5.8: p values based on Tukey's Honest Significance Difference (HSD), following ANOVA analysis, of treatment groups for 
each component of the validated 5-component model (C1 – C5). Values in bold indicate a significant difference between two 
values (p < 0.05). MP = microplastics 

C1 MP Fucus MP + Fucus Enteromorpha 
MP + 

Enteromorpha 

Control 0.999 0.027 0.006 0.000 0.000 

MP  0.360 0.008 0.000 0.000 

Fucus   0.997 0.000 0.000 

MP + Fucus    0.000 0.000 

Enteromorpha     0.997 

C2 MP Fucus MP + Fucus Enteromorpha 
MP + 

Enteromorpha 

Control 0.888 0.000 0.000 0.000 0.000 

MP  0.000 0.000 0.000 0.000 

Fucus   0.818 0.000 0.000 

MP + Fucus    0.000 0.000 

Enteromorpha     0.985 

C3 MP Fucus MP + Fucus Enteromorpha 
MP + 

Enteromorpha 

Control 0.878 0.000 0.000 0.000 0.000 

MP  0.000 0.000 0.000 0.000 

Fucus   0.882 0.000 0.000 

MP + Fucus    0.000 0.000 

Enteromorpha     0.912 

C4 MP Fucus MP + Fucus Enteromorpha 
MP + 

Enteromorpha 

Control 0.999 0.000 0.000 0.000 0.000 

MP  0.000 0.000 0.000 0.000 

Fucus   0.980 0.000 0.000 

MP + Fucus    0.000 0.002 

Enteromorpha     0.000 

C5 MP Fucus MP + Fucus Enteromorpha 
MP + 

Enteromorpha 

Control 0.848 0.000 0.000 0.000 0.000 

MP  0.000 0.000 0.000 0.000 

Fucus   0.683 0.000 0.000 

MP + Fucus    0.000 0.000 

Enteromorpha     0.977 
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There was a significant difference for components 2 – 5 for Control<Fucus<Enteromorpha, this is 

not true for C1, where there was no significant difference between the Control and Fucus, but there 

was between the Control and Microplastics+Fucus. For all components, there was no significance 

between the plastic treatments component scores and the respective control. 

5.6 Discussion 

5.6.1 Justification of future scenario predictions 
Hejzlar et al., (2003) studied DOM concentrations from 1969-2000 and found that DOM increased 

by 7% related to future climate change scenarios on a global level.  Therefore, the future scenario 

where Fucus and Enteromorpha dominate and accumulate is a reasonable assumption as SGD 

inputs increase N concentrations, and these levels are expected to increase with increasing 

anthropogenic pressures and climate change due to land use change, population growth and greater 

release from sediments (Moore, 2010).  

 

Due to the low residence time and relatively well-oxygenated conditions in the subterranean 

estuary (STE), denitrification within the STE is not a dominant process (Slomp and Van Cappellen, 

2004) and NO3
- concentrations remain high at the discharge point. On the other hand, dissolved 

PO4
3- can be rapidly removed due to interaction with aquifer solids, in particular, sorption to Fe-

oxides and/or co-precipitation with dissolved Fe or Ca into mineral phases, or carbonate uptake. 

Hence, SGD has a high C:N:P ratio, which deviates from the Redfield ratio of 106:16:1 (Redfield, 

1958; Slomp and Van Cappellen, 2004). Deviations from the Redfield ratio are expected as this 

Ratio is based on marine phytoplankton and was calculated based on measurements from deep 

oceanic waters (Sardans et al., 2012). Deviations are used to determine the limiting nutrient in the 

growth of the plant. Therefore, areas dominated by SGD inputs have the potential to shift coastal 

ecosystems from N-limited to P-limited (Slomp and Van Cappellen, 2004). High N:P ratios are 

particularly true in regions, such as Kinvara Bay, where SGD is the primary freshwater source to 

the coastal zone with inputs as high as 21.4 (± 5.7) x 104 m3 d-1 during high flow (Chapter 2). 

Sewage accounted for more than 50% of the TDP delivered to the bay, at the time of this study. 

Sewage is not treated to drinking water standards, which will cause a reduction in the TDP 

concentrations causing further P limitation (Rocha et al., 2015). Thus, in the future scenario, there 

will be no mitigating factor for the high DIN loads associated with SGD. 

 

The critical C:N ratio of Enteromorpha spp., i.e. that's required for balanced growth, is ~9.6 

(Viaroli et al., 2005). Enteromorpha intestinalis had an average C:N:P of 736:72:1. While Fucus 

had a higher C:N:P ratio of 1291:51:1 and was the species most adapted for survival under SGD 

conditions (Linh Trieu, 2015; Manaswi Raghurama, 2015). The Ascophyllum, Fucus and 

Enteromorpha in Kinvara Bay appeared to be N-enriched and P-limited compared to ratios 

published by Atkinson and Smith, (1983) suggesting that they have adapted to survival in a high 
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SGD influenced area (altered N:P ratios). Atkinson and Smith, (1983) showed Enteromorpha spp., 

had an N:P ratio of 35:1 in Rhode Island. While Fucus and Ascophyllum were not studied by 

Atkinson and Smith, (1983) the mean N:P ratio was 35 and the median was 30 for all studied 

benthic species. These macroalgae have a higher tolerance for lack of P as they have a greater 

capacity for storing P. Therefore, these species were most tolerant to SGD conditions in which P is 

limited. The trend provided in this study was Fucus vesiculosus > Enteromorpha intestinalis > 

Ascophyllum nodosum. This trend was consistent with the dominant species in the bay. Where 

SGD was highest, Fucus and then Enteromorpha dominate and at the sewage outflow pipe (where 

N:P ratios were lower) Ascophyllum was dominant. At Parkmore Pier, both of these factors must 

have been influential, as Fucus and Ascophyllum were both present.  

 

Future scenario 2 was also realistic as increased dependency on industry to accommodate current 

lifestyle, increased population and increased industrial activities will lead to accumulation of 

plastics in the coastal zones due to waste and litter. In fact, 5% of plastics produced will eventually 

enter the marine environment (Green et al., 2015).  Jambeck et al., (2015) predicted that plastic 

pollution is expected to increase by an order of magnitude unless improvements to waste 

management are implemented. The SGD and Parkmore Pier sites had larger concentrations of 

microplastics compared to the sewage outfall zone. The level of microplastics at the SGD site (674 

± 83 particles kg-1) (Linh Trieu, 2015) was considerably greater than maximum levels (390 

particles kg-1) reported by Claessens et al., (2011) along the Belgian coast. The SGD springs are 

close to Dunguaire Castle, which hosts a large number of tourists every year. Also, the sinking 

rivers and streams inland are a direct link for microplastic contamination on land to be discharged 

to the coastal zone via SGD. Hence; microplastics may accumulate in groundwater due to the large 

catchment area (483.41 km2). Parkmore Pier supports water activities such as shellfish farming and 

fishing. These activities are higher during summer months, the time at which this study was 

conducted and result in increased litter. The status of Kinvara Bay has been worsening over recent 

years and was recently classified as ‘Bad’ according to the latest EPA water quality report (EPA 

2015). Therefore, prediction of future scenarios such as these is important to mitigate and 

understand the deterioration and detrimental effects this might have, to try to prevent further 

deterioration. 

5.6.2 Macroalgae cover 
Regions with increased nutrient supply show elevated nutrient uptake rates (Valiela et al., 1997). 

Many studies have shown that increased nutrient concentrations, in particular, nitrogen, strengthen 

macroalgae growth (Smith, 1981; Twilley et al., 1985; Taylor et al., 1995; Valiela et al., 1997). 

Therefore, different nutrient regimes may change the morphology of the macroalgae community. 

SGD regions, which have higher N:P ratios, will, therefore, have a direct impact on the macroalgae 

community in the relevant coastal zones. Studies of, and further predictions of, eutrophication in 
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shallow coastal bays support a shift from seagrass dominance to ephemeral, bloom-forming algae, 

and ultimately, to phytoplankton dominance in highly eutrophic systems (Duarte, 1995; 

McGlathery et al., 2007). Seagrasses are slow growing and dominate in systems with limited 

nutrients as they have low nutrient requirements. Macroalgae and phytoplankton are fast growing 

and have a higher nutrient requirement. SGD transports large fluxes of nutrients to the coastal zone, 

particularly DIN (Kroeger and Charette, 2008; Santos et al., 2008; Santos et al., 2009; Moore, 

2010). Additionally, in eutrophic coastal zones, light also becomes a limiting factor. These species 

are excellent competitors under low light conditions as they are positioned closer to the surface and 

can exploit light (Duarte, 1995).  

 

Although classically thought of as an estuarine species Fucus vesiculosus showed definite growth 

when transplanted to a marine environment (Lein, 1984). Enteromorpha intestinalis is tolerant of 

low salinities and is often found in areas where there is freshwater drainage (Fish and Fish, 2011). 

Enteromorpha intestinalis has the highest growth rates at salinities 15 – 20 psu. Enteromorpha 

have a broad temperature range of 10 – 20 °C for optimum growth conditions (Fortes and  Lüning, 

1980). Fucus also exhibits a broad range for growth, 10 – 24 °C, can survive from 5 – 26 °C 

(Graiff et al., 2015). This supports the findings of this species at both the SGD springs and the 

mouth of the bay. SGD is pulsed into Kinvara Bay due to the location of the springs in the 

intertidal zone. Therefore, Fucus vesiculosus can tolerate and proliferate in tidal-dominated SGD 

areas, which experience salinity fluctuations. Enteromorpha spp. is a thin blade macroalga and has 

been shown to dominate in a lagoon in Venice that is highly N-enriched (Sfriso et al., 1992). 

Valiela et al., (1990) also showed a dominance of Enteromorpha at Waquoit Bay, Cape Cod, a 

coastal zone influenced by SGD seepage with increased DIN inputs. SGD may have a heightened 

impact in shallow coastal zones due to their limited volume and restructured water exchange with 

the open ocean. Therefore, residence time may increase allowing modification of SGD-derived 

nutrients within the coastal zone.  

 

Enteromorpha spp. have been demonstrated to have high nitrogen requirements and a reduced 

ability to store nutrients (Lavery and McComb, 2009), such that when pulses of nutrients are of 

high concentration, E. intestinalis can delay growth in favour of saving energy to maximize 

nutrient uptake and storage (Fong et al., 2004). It can be used as an indicator of eutrophication and 

there is enhanced growth in areas of abundant nutrient supply (Fish and Fish, 2011). Low growth 

rates were observed for salinities of < 5 and > 25 psu (Martins et al., 1999). Enteromorpha spp. can 

be considered as an indicator of freshwater SGD input, thus, it is reasonable to expect increased 

growth of these species in areas of freshwater SGD input, due to their desired salinity range. Thus, 

it is competitively superior relative to less freshwater tolerant species in areas influenced by 

freshwater, particularly combined with high nitrate concentrations (Choi et al., 2010). Welsh, 
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(1980) showed that nutrient removal over a marsh-mudflat was due to uptake by the geochemical 

or biological activity of the sediments and the macrophyte, Enteromorpha lactuca.  

 

Sfriso et al., (1992) demonstrated the macroalgal community structure changed in The Lagoon of 

Venice as a result of increased pollution from land. The dominant macroalgae in the lagoon were 

Enteromorpha rigida, and they showed that the levels of plant nutrients and pollutants were 

influenced by the seasonal cycles of the macroalgae community. Seasonal cycles of Enteromorpha 

have been documented to have maximum biomass in spring and a die off period from late summer 

due to changes in temperature and nutrient concentration in the water column (Chávez-Sánchez et 

al., 2018). 

 

Nutrient assimilation capacities of the species present will determine the impact of nutrients in the 

coastal zone. R-selected species, such as Enteromorpha, have high absorption capabilities and 

therefore have rapid growth rates when nutrient concentrations are high. Sommer, (1984) proposed 

three nutrient assimilation strategies for phytoplankton: high maximum nutrient uptake rates 

coupled with high growth rates, species that have high uptake rates but lower growth rates, and 

therefore, have storage capacity and species adapted to limited nutrient scenarios (Litchman and 

Klausmeier, 2008). Fast growing macroalgae, such as Enteromorpha, have increased 

decomposition rates compared to perennial macroalgae, such as fucoids, and therefore, may release 

more OM to the system (Bergström, 2005). In this study, this is in agreement with this study, which 

showed cores treated with Enteromorpha released the largest proportion of CDOM. As macroalgae 

dominate the nutrient biogeochemical cycles of these ecosystems, they function as high-quality 

food for organism lower on the food chain, such as the microbial communities (Martins et al., 

1999). The OM produced from macroalgae can also move quicker through microbial and consumer 

food webs (Valiela et al., 1997). This is in direct correlation to the findings of this study, which 

shows an increased flux of labile materials increasing the productivity within Kinvara bay when 

Enteromorpha dominates.  

5.6.3 DOC 
Changes in carbon concentrations were due to the metabolism of the microbial community within 

the sediments. All cores acted as a source of DOC to the water column. There was a significant 

increase in DOC fluxes from the sediment under both future scenarios compared to the control 

experiments. The presence of microplastics alone did not alter these fluxes significantly compared 

to the control. In fact, the DOC fluxes were lower in the presence of both SPM and microplastics 

compared to the added SPM alone. This supports the conclusion that microplastics may not be a 

significant source of C to the coastal zone, either as refractory or labile materials. This may be due 

to the timeframe of the experiment, not allowing sufficient degradation of plastic fragments (Imhof 

et al., 2012). In the cases of added SPM, it can be seen that both Enteromorpha and Fucus released 
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DOC to the water column as they had C:N ratio of 10 and 25, respectively. Fucus released a higher 

concentration of DOC compared to the Enteromorpha treatment, possibly due to the higher C;N 

ratio of 25.   

5.6.4 CDOM 
Under control conditions, CDOM fluxes consisted of humic and protein-like components. Humic-

like components accounted for 65% of the overall control flux, while tyrosine-like peaks accounted 

for only 18%, compared to 29% when all the treatments were considered. Protein-like peaks were 

not identified in the water column (Chapter 4), suggesting that these peaks were quickly utilised 

and/or rapidly diluted with seawater under natural conditions. Studies have shown that there is tight 

benthic-pelagic coupling due to high DIN concentrations associated with SGD (Rocha et al., 2015). 

Future scenarios predict higher levels of these materials being transported and therefore would lead 

to greater productivity, which may have deleterious effects in the coastal zone, such as 

eutrophication and harmful algal blooms. Currently, humic-like materials transported to the open 

ocean contribute to carbon storage. Protein-like peaks were detected when DOC concentrations 

were highest due to increased anthropogenic activity on land (Chapter 4, March 2013 and June 

2015). If protein-like compounds become dominant in the coastal zone, the biological filter would 

lead to eutrophication within coastal waters, which would eventually lead to transport of labile 

materials to the outer Galway Bay.  

 

Increased nutrient and DOC concentrations have been shown to cause a change in phytoplankton 

community composition (Klug and Cottingham, 2001). Rochelle-Newall and Fisher, (2002) 

showed that phytoplankton was not a direct source of CDOM fluorescence in marine and estuarine 

environments. In fact, they showed that CDOM fluorescence is observed due to bacterial 

production using the phytoplankton's non-fluorescent organic matter. Bacteria dominate OM 

degradation (Lancelot et al., 1993; Jiao et al., 2010), and, they, themselves, are an important active 

pool of organic carbon in sediments. DOM released during bacterial degradation results in the 

release of OM specific to bacteria, such as D-alanine, which has been shown to be more refractory 

than plant-derived OM (Veuger et al., 2006). This recalcitrant DOM is an important biotic 

feedback as it allows for the retention of nutrients and OM during eutrophication (McGlathery et 

al., 2007). Nielsen et al., (2004) reviewed over 100 published studies and determined that all types 

of detritus contain some refractory pools that could contribute to long-term nutrient retention. In 

this study, it can be concluded that the presence of macroalgae caused an increase in each 

component, even if it was not a direct source of CDOM.  

 

There were no significant differences between the control and microplastic treatment suggesting 

that microplastic pollution is not as great a concern as a change in SPM resulting from land use 

change in terms of labile CDOM entering the water column. This may be due to the nature of 
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plastics, highly saturated polymeric materials, which are difficult to utilise as an energy source 

within an aquatic ecosystem. However, microplastics did not increase the intensity of refractory 

components either. Thus, the five-day evaluation period may not have provided a representative 

timeframe for such changes. Therefore, null hypothesis 1 cannot be rejected; there was no 

significant shift in the types of components entering the water column due to increased plastic 

pollution. However, plastic litter remains a serious issue as many species ingest these materials 

leading to increased incidences of fish kills. Plastic pollution represents a long-term environmental 

concern as the highly refractory material is slow to decompose (Imhof et al., 2012). 

 

The Fucus and Enteromorpha treatments were significantly different from the control and from 

each other. C4 has previously been identified in the literature as tryptophan-like derived from algae 

exudation (Coble 1996; Stedmon and Markager 2005). This component has also been documented 

in bacterial extracellular polymeric substances (Zhang et al., 2012), marine phytoplankton cultures 

(Romera-Castillo et al., 2011) and algal media (McIntyre and Guéguen, 2013). Enteromorpha 

produced scores for each component at a significantly higher level than Fucus treatments, although 

Fucus released more DOC to the water column. Fucus, therefore, released a larger proportion of 

non-fluorescing DOC that was not detected in EEMF-PARAFAC analysis. Hence, the null 

hypothesis 3 was accepted as a change in Kinvara's SPM; in particular, an increase in 

Enteromorpha will cause an increase in bioavailable CDOM entering the bay. These macroalgae 

thrive in N-enriched waters and can survive under the P-limiting capacity of SGD (Björnsäter and 

Wheeler, 1990). Climate change projections show significant global warming and alterations in the 

amount of precipitation, which will impact the hydrological cycle (Green et al., 2011). Hence, as 

SGD levels are expected to increase with climate change due to wetter weather, the macroalgae 

blooms may worsen. This will cause a large efflux of labile material to the water column; of 

particular interest are labile materials that add an energy source to the coastal zone, which in turn 

will fuel productivity.  

 

Therefore, coastal management strategies need to monitor the dominance of macroalgae in the 

region as both Fucus and Enteromorpha have been shown to increase the lability of CDOM, with 

an emphasis on Enteromorpha dominance due to their feeding strategies. Although, as blooms are 

prevalent due to Enteromorpha growth largely in summer and then subsequent die off in autumn, 

these two seasons will be affected the most. Therefore, the presence of either of these species of 

macroalgae can be used as a precursor of bioavailable CDOM. Anthropogenic activities and 

sewage impacted waters exhibit high protein-like fluorescence intensities (Baker 2002; Baghoth et 

al., 2008; Lapworth et al., 2008; Chen et al., 2010; Guo et al., 2010). An increase in protein-like 

components is not surprising as the algal material is mainly composed of proteins. With respect to 

protein-like components, tryptophan-like components have been documented to be more 

biodegradable than tyrosine-like components, which are more refractory in natural aquatic 
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environments (Yamashita and Tanoue, 2004; Maie et al., 2006) due to the more degraded peptide 

nature of tyrosine-like compounds (Fellman et al., 2010).  

 

In addition to the increase shown in this study attributable mainly to increases in N, resulting from 

anthropogenic pressures on land as well as global change. Climate change is also expected to 

increase temperature and in turn UV-B radiation. Concentration may increase, and chemical 

composition of DOM may be altered by future scenarios, as shown in this study, which 

subsequently influences the depth of penetration of radiation in natural waters (Häder et al., 2007).  

Null hypothesis 5 can be rejected as the combination of increased plastic pollution and a change in 

SPM does not have a multiplying effect. From ANOVA studies, it can be seen that plastic pollution 

is not significant, and therefore, null hypothesis 6 that a change in SPM is the primary driver for 

CDOM lability in the future is accepted. 

5.7 Conclusion 
The future scenarios highlighted here may become apparent if anthropogenic pressures increase, 

such as a change in land-use, population growth and global warming. These scenarios showed an 

increase in both refractory and biologically available materials, in the form of protein-like peaks, 

entering the bay through sediment-water fluxes. Changes on land will also cause pollution in the 

groundwaters transported below, particularly, in karst regions, as surface-groundwater interactions 

are prevalent. Given the enormous concentrations of nutrients entering the bay as a result of SGD, 

it is paramount that DOC and CDOM components be monitored to avoid extreme eutrophication 

and deterioration of this coastal zone, on which many people rely for their livelihoods.  
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6. Identification of Dissolved Organic Carbon (DOC) Complexes in an 
Incubation Study of Submarine Groundwater Discharge (SGD) using 
Solid-Phase Extraction (SPE) and Fourier-Transform Ion Cyclotron 
Resonance Mass Spectrometry (FT-ICR-MS) 
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6.1 Introduction 
Little is known about the sources, types and concentration of organic matter delivered to the coastal 

ocean as a result of SGD (Lapworth et al., 2008; Chen et al., 2010). Molecular characterisation of 

dissolved organic matter (DOM) is essential to bridge these gaps in our current knowledge and to 

understand the sources and fluxes of this organic carbon pool to the coastal zone. The complex 

nature of this pool has been the biggest obstacle associated with its characterisation (Stedmon et al., 

2003). Oceanic DOM contains humified products of plant decay dissolved in freshwater, as well as 

protein and polysaccharide components due to phytoplankton metabolism (Nebbioso and Piccolo, 

2012). Therefore, biogeochemical processes within the coastal zone influence oceanic DOM. There 

are four primary processes that remove DOM from the water column in coastal zones: (1) 

photochemical reactions (Moran and Zepp, 1997; Lange et al., 2003; Osburn et al., 2009); (2) 

aggregation of DOM due to changes in ionic strength when seawater and freshwater mix 

(Søndergaard et al., 2003; Stephens and Minor, 2010); (3) sorption to particles (Tremblay et al., 

2005); and (4) biodegradation (Guillemette et al., 2013). The reactions and subsequent breakdown 

of organic matter in the coastal zone are largely dependent on the lability of DOM. 

6.1.1 DOM lability  
DOM lability can be characterised as labile DOM (LDOM), semi-labile DOM (SLDOM) or 

recalcitrant DOM (RDOM) although, in reality, a continuum of biological activity exists along 

these categories (Carlson and Ducklow, 1996). The labile portion accounts for less than 20% of 

total DOC in the ocean but is bioavailable and turns over rapidly (Moran and Hodson, 1990; Gan et 

al., 2016), and therefore, contributes significantly to productivity. This pool plays a major role in 

the microbial loop and interacts with dissolved inorganic carbon (DIC) and DOC pools (Jiao and 

Azam, 2011; Gan et al., 2016). Labile materials are predominately in the form of lipids and 

proteins. Organic nutrients, including nitrogen and phosphorus, can be analysed directly using FT-

ICR-MS. DON has been shown to be an essential nutrient in coastal biogeochemical cycles and is 

elevated in SGD (Chapter 2). DON can contain a complex mixture of compounds including lipids, 

lignin, polyphenols and proteins with variable chemical structures and biodegradability (Benner 

and Kaiser, 2011). SLDOM can persist for months to years and accounts for a significant 

proportion of DOM exported from the euphotic zone to greater depths. RDOM is the most 

persistent as it is highly resistant to biological degradation and may be stored for millennia and 

leads to a fixed carbon pool in the ocean (Jiao et al., 2010). Notable refractory compounds include 

black carbon (BC) and highly unsaturated organic compounds. Over the last few centuries, 

production of black carbon has increased dramatically due industry combined with increased 

deforestation, agriculture shift, population growth and energy supply (Schmidt and Noack, 2000). 

Therefore, studies of this material are crucial to determine its entry in coastal zones worldwide.  

Of the four primary removal processes, photo- and bio- degradation were investigated in this study 

and are described in more detail in the following sections. 
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6.1.2 Photodegradation 
Numerous studies show that sunlight-mediated reactions convert refractory DOM into more labile 

material (De Haan, 1993; Allard et al., 1994; Salonen and Vähätalo, 1994; Moran and Zepp, 1997; 

Moran et al., 2000; Amado et al., 2006; Stubbins et al., 2012). Increased secondary production in 

microbial communities following photo-exposure of natural DOM has been documented (Miller 

and Moran 1997). Biologically available photo-products of DOM include a number of low 

molecular weight compounds, such as formic acid, citric acid, pyruvic acid, and acetic acid, and N-

rich compounds which can be more readily assimilated by the bacterial population (Bushaw-

Newton and Moran, 1999; Brinkmann et al., 2003; Bushaw-Newton et al., 2008). 

 

Photochemical degradation can, however, also produce substrates that resist further biodegradation 

(Anesio et al., 2005; Mopper et al., 2015). The mechanisms that lead to a photochemical decrease 

of bacterial DOC degradation are not yet clear. However, irradiation has been shown to result in 

photo-mineralisation, photo-ammonification, photo-bleaching, photo-humification and photo-

production of new DOM (Helms et al., 2013), as well as direct formation of DIC, CO and 

carbonyl-containing compounds (Valentine and Zepp, 1993; Zepp, 2003) and production of toxic 

compounds, such as H2O2 (Moran and Covert, 2003). 

 

DOC concentration and quality and the amount of sunlight energy are major factors that regulate 

DOC photo-degradation (Farjalla et al., 2009). Photochemical degradation of DOM is likely to 

have important effects on the biological productivity of many aquatic ecosystems in SGD-

influenced zones as the semi-labile and/or recalcitrant DOM transported through these aquifers 

may become biologically available upon discharge due to light exposure. Further to this, the loss of 

colour due to photobleaching of CDOM will have a strong effect on the optical properties of the 

coastal ocean (Moran et al., 2000) as it may allow penetration of UV and photosynthetically active 

wavelengths, and thus, promote productivity.  

6.1.3 Biodegradation 
In contrast, fewer studies have focused on biodegradation (Kujawinski et al., 2009), although, it has 

been shown to be a significant removal process within coastal systems worldwide (Moran and 

Hodson, 1990; Grøn et al., 1992; Yamashita and Tanoue, 2004; Guillemette et al., 2013). 
Guillemette et al., (2013) in their study of lakes evidenced a highly reactive terrestrial DOC pool 

that is processed due to interactions with nutrients. DOC turnover may almost exclusively be the 

result of degradation by microbes due to their large population and their efficiency at low substrate 

concentrations in groundwater systems (Moran and Hodson, 1990).  

 
The labile component of CDOM can be consumed by microorganisms and subsequently converted 

into DIC or transformed into refractory DOM (Yamashita and Tanoue, 2004; Lønborg et al., 2010). 
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Biodegradation may be primarily responsible for the overall remineralisation of DOC and losses of 

the amino acid component of DOM (Benner and Kaiser, 2011). Overall, biodegradation tends to be 

chemically selective during early stages of OM decomposition resulting in the gradual enrichment 

of resistant molecules in the remaining organic detritus (Hedges and Prahl, 1993). Nutrient 

concentrations, temperature, and the quality of the DOC pool are major factors that limit bacterial 

DOC removal in aquatic ecosystems (Farjalla et al., 2009). Terrestrial DOM, as such, likely 

supports high levels of bacterial metabolism and CO2 production globally but the bioavailability of 

DOM varies significantly, from <1% to >75%, depending on the molecular weight of fractions 

present (Sun et al., 1997). Therefore, bacterial respiration and DOC photochemical mineralisation 

play significant roles in the net heterotrophy pattern found in most aquatic ecosystems worldwide 

(Farjalla et al., 2009). Autochthonous DOC is considered more bioavailable than allochthonous 

DOC (Cauwet, 2002) while humic DOC is considered more susceptible to photodegradation due to 

its light absorbing characteristics (Bertilsson and Tranvik, 2000; Amado et al., 2006).  

6.2 Research aims 
To date, the molecular-level composition of SGD-derived DOM within coastal zones has eluded 

detailed description of mechanisms that add or remove compounds from the pool (Longnecker and 

Kujawinski, 2011). Understanding the degradation processes within the bay will allow for a greater 

understanding of the impacts of SGD-borne DOM on the carbon cycle. Labile degradation products 

may fuel productivity within the bay resulting in CO2 release, especially since SGD is accompanied 

by high concentrations of inorganic nutrients (Chapter 2) whereas recalcitrant products resist 

breakdown and contribute to C storage. As groundwater travels through the subterranean path, 

DOM accumulates; hence, over time SGD may relocate recalcitrant C stocks on land to the ocean. 

The study was conducted in September 2014, as DOC concentrations and metabolism rates are 

highest during summer (Rocha et al., 2015) and therefore influences within the bay are expected to 

be more pronounced. This study aims to determine the impact of SGD-derived DOM on the carbon 

cycle of Kinvara Bay by obtaining a chemical fingerprint of DOM using EEMF-PARAFAC 

combined with FT-ICR-MS analysis. This technique not only allows the types of components 

(terrestrial versus marine, labile versus refractory) to be inferred by EEMF-PARAFAC but also 

gives molecular information that can be used to determine degradation processes by analysis of 

indicator molecules and therefore their subsequent impact on the C cycle.  

 

EEMF-PARAFAC utilises chromophoric (CDOM) as a precursor for the wider DOM pool (Coble, 

1996). This method is useful for broad characterisation of sources and types of CDOM present 

(Green and Blough, 1994). FT-ICR-MS further advances knowledge on molecular-level details of 

DOM and allows for the elucidation of indicators, such as amino acids and lignin, on a molecular 

scale (Koch et al., 2005). FT-ICR-MS studies utilise molar ratios, namely H/C, O/C and 

aromaticity to evaluate DOM regarding its biogeochemical availability further. Increased mass 
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resolving power allows for identification of indicator molecules that may not be translated in 

EEMF-PARAFAC. Identification of low levels of labile materials using EEMF-PARAFAC may 

not be possible when refractory compounds dominate due to the least squares algorithm employed.  

 

The null hypothesis (H0) states that SGD-borne DOM degradation pathways produce labile 

materials  

The alternative hypothesis (H1) rejects this hypothesis and states that SGD-borne DOM 

degradation pathways result in further recalcitrance.  

Hypothesis 2: SGD-borne DOM in autumn contains a higher proportion of refractory compounds 

compared to winter SGD-borne CDOM 

6.3 Sampling protocol 
A continuum of SGD delivery was collected from an inland borehole (Loughcurragh South), the 

two largest springs (known as the Castle and the Arch), the mouth of the bay (Parkmore Pier) and 

seawater (at both high and low tide) in September 2014. An incubation study was conducted to 

determine the processes that SGD-borne DOM may undergo en route to the open ocean without the 

interference of autochthonous production.  

 

Winter SGD samples were taken in January 2015 to compare high and low flow SGD composition. 

Due to the slower flow of SGD during autumn, it is hypothesized that degradation may occur 

within the subterranean pathway and lead to higher recalcitrance. 

6.3.1 In-situ samples 
SGD samples (n = 12) were collected in-situ in pre-combusted 1L glass bottles. Samples were 

filtered through pre-combusted GF filters using an acid-rinsed vacuum pump into pre-cleaned, 

acid-washed (10% HCl followed by MilliQ water), pre-combusted (at 450°C for 4 hours) amber 

glass bottles (250 mL) in duplicate, rinsed with the sample several times before filling. 

 

In the field, at the same time, in-situ measurements of salinity, conductivity, temperature, total 

dissolved solids (TDS), dissolved oxygen (DO) and pH were obtained using an Aquaread 1000 AP, 

calibrated prior to use with freshwater conductivity (Varian 12,800 µS cm-1), pH (Varian pH 4.00, 

7.00 and 10.00), turbidity (0 NTU), DO (100% saturation) and ORP (+229 mV) standards. 

6.3.2 Incubation experiments 
In-situ SGD water samples (n = 16) were collected at time zero (T0) of the incubation study from 

the SGD springs. To study photo- and bio- degradation processes, a specific sampling strategy was 

devised (Figure 6.1).   
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A portion of samples (n = 8) were filtered (as above), and a portion remained unfiltered (n = 8) into 

pre-cleaned, acid-washed (10% HCl followed by MilliQ water), pre-combusted (at 450°C for 4 

hours) amber glass bottles (dark) and clear glass bottles (light) in duplicate, rinsed with the sample 

several times before filling. 

Samples (n = 16) 

 í   î 

Filtered (n = 8)                   Unfiltered (n = 8) 

    í î               í î 

Light (n = 4)     Dark (n = 4)     Light (n = 4)     Dark (n = 4) 
Figure 6.1: Incubation study sampling strategy for SGD collected from the Kinvara Springs in September 2014 

An incubation time of nine days was assigned to the experiment as the residence time of 

groundwater in Kinvara Bay is known to be 6.8 ± 1.7 days determined using naturally occurring 

radium isotopes, 224Ra and 223Ra (Rocha et al., 2015). Samples were submerged in a recirculating 

water bath maintaining a constant temperature of 16.5 °C (to maintain in-situ conditions). Samples 

were pumped with a peristaltic pump through circulating tubes (1.6 cc min-1) resulting in a sample 

turnover period of 2.5 hours inside the bottle, which was considerably lower than the residence 

time of the bay, and therefore, sufficient mixing was achieved. Samples were sealed with paraffin 

wax to remove any exposure interference; care was taken to place wax on the top layer of the water 

as to not contaminate the water sample below. A three-way valve was inserted for sample 

collection prior to sealing; by this means, individual samples were collected without opening or 

interfering with the remaining sample ensuring that the in-situ conditions were maintained. 

 

Sampling for DOM and DOC was conducted before (T0), on day five (T1) and upon completion, 

day nine (T2), of the incubation. Samples were filtered through pre-combusted (at 450°C for four 

hours) Whatman 0.45 µm GF filters and collected in 10 mL amber glass bottles. As the samples 

were not poisoned, it is noted that this filtration method does not remove the entire microbial 

community.  

 

6.3.2.1 Photobleaching protocol 

Samples were irradiated using natural light and an iodine super sunlight lamp (Photo Accessories 

LPL). Control samples were filtered through GFF filters to remove the bacterial community to 

ensure that any DOM degradation was due to photodegradation. Dark control samples were stored 

in amber glass bottles wrapped in tin foil to avoid any light exposure.  

 

6.3.2.2. Biodegradation protocol 

Samples were wrapped in tin foil to prevent irradiation of the samples. Control samples were 

filtered and stored at 4°C in the dark.  
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6.4 Methodology 

6.4.1 DOC analysis 
Samples were analysed for DOC concentration by high-temperature catalytic oxidation (HTCO) 

using an Elementar Vario TOC cube (Chapter 3). The DOC concentration determines the loading 

of the sample onto the PPL cartridges in FT-ICR-MS (Section 6.3.3) and was used to determine the 

percentage recovery to allow for further analysis.  

6.4.2 EEMF-PARAFAC analysis 
CDOM analysis was conducted using absorbance and EEMF-PARAFAC analyses. EEMs were 

generated for each sample over excitation wavelengths between 220 - 500 nm in 5 nm intervals and 

emission wavelengths between 280 - 620 nm in 2 nm intervals, with 5 nm bandwidths on both 

excitation and emission modes. 

6.4.3 FT-ICR-MS 
The application of soft ionisation techniques, such as electrospray ionisation (ESI), has further 

advanced the applicability of FT-ICR-MS for natural organic matter characterisation (Kujawinski 

et al., 2002) as humic substances can be ionised (Stenson et al., 2002).  

6.4.3.1 Extraction of DOM 
Before extraction, samples were filtered and acidified to pH 2 (HCl, MS grade). For electrospray 

ionisation, mass spectrometry concentrated salt-free samples are required for accurate analysis 

(Koch et al., 2005). In this study, DOM compounds were extracted and concentrated using 

reversed-phase SPE using commercially available PPL cartridges that have been shown to be the 

most efficient with an average 62% DOC (Dittmar et al., 2008). The extract does not include salt 

and other constituents, thereby allowing for a further range of analytical techniques (Dittmar et al., 

2008), including FT-ICR-MS. Subsamples were taken to account for functional groups, such as 

carboxyl, hydroxyl, amine and amide, which have acidic or basic characteristics, which increase 

their solubility in the aquatic environment due to the amphiprotic nature of water. However, the 

DOC concentrations in the subsamples for this experiment were too low to allow for direct 

injection into the FT-ICR-MS and, therefore, these functional groups could not be analysed 

directly.  

 

PPL cartridges (Varian 1G), were activated a day before extraction using methanol and acidified 

milliQ water (with HCl to pH 2) then left to soak in methanol overnight. The next day, cartridges 

were rinsed with MilliQ water, and the samples were passed through the cartridges using gravity at 

a flow rate of < 10 mL min-1 and then eluted with pure methanol (6 mL per 1g of PPL adsorber) 

and collected in pre-combusted 10 mL amber glass bottles. These were stored frozen in the dark 

until further analysis. The volume of each sample loaded onto the cartridge was adjusted according 
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to 1 mg of DOC per sample to avoid overloading the SPE cartridge. The samples had a range of 

DOC concentrations (Table 6.1). Samples and process controls were carried out in duplicate.  

For determination of extraction efficiencies, 100 µL subsamples of the extracts were transferred 

using a clean Hamilton glass syringe to pre-combusted 10 mL amber glass vials, covered loosely 

with pre-combusted aluminium foil, evaporated at 50°C overnight, and picked up in 10 mL of 

MilliQ water and acidified for DOC analysis. SPE-DOC was determined in the laboratory of the 

Research Group for Marine Geochemistry at the University of Oldenburg by high-temperature 

catalytic oxidation (HTCO) on a Shimadzu TOC-VCPH instrument equipped with a TDN unit. 

 

Extraction efficiencies were calculated by comparison of DOC concentration in the original sample 

to that in the SPE-DOM extract and were found to be between 50 – 80 % of all samples (n = 20, 

including replicates and seawater samples). The extracts were stored in the dark in the freezer until 

analyses. The DOC extraction efficiencies were carried out in duplicate for each sample and found 

to be highly reproducible with a coefficient of variance of <5% between duplicates. The DOC 

control value of 11.33 µmol L-1 (average, n = 2) was subtracted from each sample for final analysis. 

6.4.3.2 FT-ICR-MS protocol 
An ultra-high resolution Bruker solar8 15 Tesla FT-ICR-MS in the laboratory of the Research 

Group for Marine Geochemistry at the University of Oldenburg was employed for DOM 

characterisation. The instrument was calibrated with an internal standard comprising over 100 

known CxHyOz molecular formulae over the mass range of the samples. For each mass spectrum, 

500 scans were accumulated. Mass errors of <1 ppm for all spectra were achieved using this 

method. SPE-DOM methanol extracts were diluted with milliQ water and methanol (99.9% MS 

grade) to yield a methanol to water ratio of 1:1 v/v and a DOC concentration of 20 mg C L-1. 

Negative electrospray was used as the ionisation source. Ions were produced at atmospheric 

pressure by an external ESI ion source and entered the evacuated skimmer region of the 

spectrometer through a standard interface consisting of a heated metal capillary. This is selective 

for species that exist as ions in solution or those with acidic or basic functionality capable of 

donating or stabilising excess electrodes. The negative-ion ESI exhibited singly charged 

deprotonated species. A syringe pump at 0.5 µL min-1 maintained sample flow rate through the 

fused silica capillary. 

6.4.3.3 Data analysis 
The process control samples showed several peaks. The multitude of the molecular formulas in the 

samples was corrected for by the formulas found in the control. As such, any molecular formula 

present in either of the process control samples (S/N > 4) was deleted in each sample on a 

presence/absence basis. Therefore, sample handling and error have not contributed to the 

identification of DOM components.   
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The information contained in an ultra-high resolution FT-ICR-MS spectrum of natural OM is 

expansive and typically includes more than 10,000 signals, each having an m/z (mass-to-charge 

ratio) value and a corresponding measure of abundance. Ions generated fell within the range 250 < 

m/z < 800. The accurate m/z values were determined to 6 decimal places. Calibration of the mass 

spectra was carried out in the associated Bruker Software (DataAnalysis 4.0, SP 4) using an in-

house mass list of known compounds. The measurements were performed in duplicate for each 

sample to test the reproducibility of peak detection and molecular assignment methods. These were 

averaged before data analysis. The peak intensity of each identified molecular formula was then 

normalised to the sum of all peak intensities detected in that sample. Only compounds with a 

signal-to-noise ratio of 4 or higher were accepted and further analysed (Seidel et al., 2014). 

Although high and low molecular weight compounds have been found in DOM (Tremblay et al., 

2007), the number of elements present is very small. C, H and O are by far the most common 

elements and N, P and S may be present, but to a lesser degree (Koch and Dittmar, 2006). 

Consequently, formula assignment was conducted using only six elements; 12C1-50 1H1-150 16O1-70 
14N0-4 31P0-1

32S0-2, as other elements tend to be very rare.  

 

Samples were measured in negative ionisation mode, which preferably ionises acidic moieties (for 

example, carboxylate functional groups) predominantly found in solid-phase extracted DOM. Of 

the detected compounds, only those with unambiguously assigned monoisotopic molecular 

formulae were used for further investigation and analyses. The number of heteroatoms (C, H, N, O, 

P, S) assigned to each intensity-weighted, normalised, averaged molecular formula was used to 

calculate molar ratios, H/C and O/C, AImod, double bond equivalence (DBE) and compound groups.  

Compounds and compound groups in this study refer to a mixture of isomers. A molecular formula 

assigned from FT-ICR-MS may represent millions of constitutional isomers and therefore, does not 

necessarily describe a particular structural entity or functional group in the sample. Nevertheless, 

the elemental composition can be used to derive structural information, such as the degree of 

saturation and resemblance to known molecular building blocks like sugars and amino acids (Koch 

and Dittmar, 2006). As a result, the compounds identified and all subsequent interpretations are 

‘compound-like', which may be represented by a particular molecular formula and are useful for 

inferring structures and the processes occurring. Therefore, these are not unambiguous 

characterisations, and it should be kept in mind that alternative molecular structures may be 

possible. Molecular formulae may be assigned to more than one classification group and, thereby, 

the sum of all the relative abundances of all groups may be greater than 100%. This was not the 

case in this study, only one molecular group was assigned for each molecular formula, and the sum 

of all relative abundances equalled 100%.  

 

DBE is a well-established tool in mass spectrometry and describes the total number of double 

bonds plus aliphatic rings in a molecule. DBE is an indication of carbon saturation in any given 
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molecule, which in turn may describe the types of compounds present. A decreasing number of H 

atoms in a molecule represents increased unsaturation and results in higher DBE values.   

Double Bond Equivalence (DBE) is given by: 

 C – H/2 + N/2 + 1  (1) 

Where, C, H and N represent the number of their respective atoms in the molecule.  

 

The aromaticity of a compound was calculated and then expressed as the modified aromaticity 

index, AImod. It utilises an alternative double bond equivalence ratio, known as DBEAI/CAI, in which 

C is reduced by the total number of heteroatoms present. This alternative DBE is on the basis that 

DOM may contain heteroatoms that contribute to the number of double bonds but have no bearing 

on the aromaticity, condensation or the formation of rings within the molecules. This is the most 

conservative approach as it accounts for all heteroatoms present and therefore, aromaticity may, in 

fact, be higher than shown. Values with AImod > 0.5 indicate aromatic compounds and samples 

AImod ≥ 0.67 are clear indicators for condensed aromatic compounds. 

 

Van-Krevelen plots have been used extensively in the literature to assign distinct compound groups 

and allow comparison of samples both within and between experiments (Tremblay et al., 2007). 

These plots are essentially element-ratio plots, in which each dot represents a molar ratio of H/C on 

the y-axis as a function of the molar ratio of O/C on the x-axis. The position of the cluster of points 

may be used to determine patterns that are used to infer source material, degradation and changes 

in bulk material, as certain molecules occupy a unique space within the plot. Molecular 

classification can be conducted into broad compound groups based on their O/C, H/C and Almod 

relationships. Groups analysed in this study include (1) black carbon (Almod < 0.67), (2) 

polyphenols (0.5 > Almod > 0.67), (3) highly unsaturated organic compounds (Almod ≥ 0.5, H/C 

≥1.5, O/C ≥ 0.9), (4) unsaturated aliphatics (2 > H/C ≥ 1.5, O/C ≥ 0.9, N > 0), (5) saturated fatty 

acids (H/C ≥ 2, O/C ≥ 0.9), (6) sugars (O/C < 0.9), and (7) peptides (2 > H/C ≥ 1.5, O/C ≥ 0.9, N = 

0).  

 

All statistical calculations were performed using the R statistical platform version 3.2.1 (R 

Development Team 2008) and Matlab. To determine the statistical significance between treatments 

two-way analysis of variance (ANOVA) was conducted. For significant effects, Tukey's Honest 

Significance Difference (HSD) test was employed for further evaluation of the differences between 

treatments. CDOM analysis was conducted using the CDOM toolbox in Matlab to determine the 

CDOM components and validation was ensured using random initialization and split-half 

validation (Stedmon and Bro, 2008). 
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6.5 Results and discussion 

6.5.1 Hydrological parameters 
Table 6.1: Summary of measured water parameters and DOC concentrations in each sample group, measured in-situ 
throughout Kinvara Bay in September 2014 and at the Castle Springs in January 2015  

Sample Conductivity 

(mS cm-1) 

Salinity 

(ppt) 

pH DO 

(%) 

DOC 

(µmol L-1) 

Seawater high tide 51.70 35.5 8.42 103.6 248.61 – 256.32 

Parkmore Pier (PP) 48.44 33.1 8.51 104.3 269.87 – 274.32 

Seawater low tide 48.14 32.9 8.32 103.0 224.77 – 227.49 

Arch (SGD) 12.09 7.8 7.78 74.8 522.21 – 528.60 

Castle (SGD) 10.33 6.6 7.55 58.6 307.01 – 461.04 

Winter SGD (Castle) 0.49 0.4 7.47 77.7 291.57 – 330.19 

Loughcurragh South 

(Groundwater) 
0.36 0.2 7.24 41.2 637.53 – 642.37 

Unsurprisingly, groundwater and SGD exhibit lower conductivity, salinity, DO and pH than 

seawater, but higher DOC concentrations (Table 6.1). DOC concentrations at the Arch discharge 

point are due to a mixture of seawater and SGD; this is shown by the higher salinity and DOC 

values compared to the Castle. Cave and Henry (2011) showed that the Arch SGD flow may dry up 

during dry spells. They concluded that the Castle flow draws from a deeper source than the Arch. 

During September 2014, the Castle flow is approximately 20% seawater due to the brackish nature 

of SGD during this season. However, the Arch has a higher proportion of seawater mixing, shown 

by the higher salinity.      

6.5.1.1 SGD seasonal impacts  
Table 6.2: Summary of measured water parameters in the SGD endmember, measured at Castle Springs during autumn 
(September 2014) and winter (January 2015), taken as T0 of the incubation study. 

 September 2014 January 2015 

Conductivity 10.33 – 13.43 

(mS cm-1) 

570  

(µS cm-1) 

Salinity (ppt) 5.8 – 7.2 0.3 – 0.4 

pH 6.91 – 7.49 7.12 – 7.85 

DO (%) 41.2 – 67.4  67.6 – 83.8 

Temperature (°C) 14.6 – 15.5 6.7 – 8.6 

ORP (+mV) 139.6 – 180.5 196.1 – 227.4 

TDS (mg L-1) 8.014 – 8,729 23 - 315 

 

The autumn samples experienced longer sunlight hours and higher temperatures, but lower DO 

levels compared to winter samples (Table 6.2). Availability of light affects the degree of 

photodegradation that may occur in the coastal zone. In addition, higher temperatures in autumn 
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combined with longer sunlight hours allow for higher production rates within the coastal zone. DO 

is an essential molecule for productivity, and the lower DO value may inhibit biodegradation 

during autumn conditions within the incubation study. The autumn samples have brackish salinities 

of 5.8 – 7.2 ppt. In comparison, the salinity of the winter samples indicates fresh SGD is entering 

the bay. 

6.5.2 DOC 
DOC concentrations in the landward samples were two-fold higher than seawater samples. The 

inland borehole had the highest concentration of DOC at 641.9 ± 3.46 µmol L-1. The arch and 

castle represent the SGD springs, (386.4 ± 42.1 µmol L-1 Castle, 527.9 ± 7.4 µmol L-1 Arch). The 

DOC concentrations were reduced here due to mixing with seawater as the SGD was brackish 

during this sampling campaign. DOC at higher salinities (Parkmore Pier) was lower than DOC at 

the discharge point suggesting removal of land-borne DOC within the bay and/or mixing with 

seawater. During all seasons at intermediate salinities, there was a net increase in DOC; this is also 

reflected in the release of CDOM from sediments. The high variability associated with the lower 

salinities was due to the seasonal effects of SGD whereupon winter DOC concentrations in SGD 

were lower than those in summer (Chapter 3).  

 

A filtered control was analysed for DOC to determine the impact of experimental design, 

background contamination level and associated measurement error; this was found to be 35.39 ± 

4.66 µmol L-1 (within the error limit for many samples) and was subtracted from each sample.  
Table 6.3: Incubation DOC concentrations taken at T0 and the end of the SGD incubation experiment for all treatment groups 
in September 2014. Units are µmol L-1 

Sample DOC 

(µmol L-1) 

n Standard Error 

(µmol L-1) 

T0 245.9 4 42.12 

Filtered Light 266.4 4 81.93 

Filtered Dark 271.2 4 49.63 

Unfiltered Light 270.1 4 46.54 

Unfiltered Dark 261.5 4 37.22 

Accounting for the relatively large error associated with DOC measurement, there was no 

significant difference between T0 and the treatments (Table 6.3; Figure 6.2). This suggests that 

DOC is highly refractory and not susceptible to degradation within the timeframe of this 

incubation.   
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Figure 6.2: Bar chart of DOC concentrations taken at T0 (n =4) and the end (n = 4) of the incubation experiment for all 
treatment groups including error bars (Standard Error). Units are µmol L-1. 

6.5.3 EEMF-PARAFAC 
In total, 113 EEMs were combined and fitted to a 2-component model. No obvious residues were 

obtained after the model was validated by split-half analysis and random initialisation (Stedmon 

and Bro, 2008). The residual analysis confirmed that the 2-component model was adequate. The 

fluorescence signal remaining in the residuals was non-systematic and represented instrument 

noise. It was not possible to validate the two split data arrays with a higher number of components 

as the model was attempting to model instrument noise. 

 

Peak identification confirmed spectral characteristics of organic fluorophores with multiple 

excitation and emission maxima. Components are predominately of humic-like origin, due to the 

emission maxima > 400 nm in all cases (Table 6.4), which fit well with components identified 

previously by other studies (Coble, 1996; Stedmon et al., 2003). Both peaks A and C are present, 

representing humic-like fractions of CDOM present in fresh water and deep seawater, indicating 

terrestrial organic matter sources (Coble, 1996). However, components (Figure 6.3) have shifted 

from the original model (Chapter 4), which suggests biogeochemical processing. 
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Table 6.4: Fluorescence characteristics of validated annual two-component EEMF model: excitation and emission maxima, 
compared with previously identified components. Bold Q components indicative of Quinone-like moieties (Cory and McKnight, 
2005), n = 113 over the incubation period. 

Kinvara Model 

Ex/Em (nm) 

Previous Model 

(literature) 

Description and 

source 

References 

C1: 235/425 

 

 

C1: 235/475 

 

C1: 275/425 

 

C1: 275/475 

250/450 

 

 

 

 

260/380 - 460 

Humic-like/ 

Photorefractory 

product Q1 

 

 

 

Peak A - Visible 

Humic-like 

(Chen et al., 

2010) 

 

 

 

 

 

(Coble, 1996) 

 

C2: 250/ 460 

 

C2: 325/460 

 

260/380 - 460 

 

320 – 360/420 - 

460 

 

 

Peak A - Visible 

Humic-like 

Visible humic-

like 

 

(Coble, 1996) 

 

(Stedmon et al., 

2003) 

 

 

 

 
Figure 6.3: Component 1 and 2 EEM surface plots of the incubated SGD samples. 
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The original model (Chapter 4) consisted of 3 components. The components were predominately 

terrestrial humic-like material similar to the incubation results. It is important to note that Peak T 

was not present in T0 samples of the incubation. In the original model, Peak C and soil fulvic acid 

were the main components of SGD followed by Peak A, visible humic-like material. However, 

after the incubation, these peaks were no longer validated, and the samples consist of visible 

humic-like materials only. Previous studies have linked a large decrease in Peak C compared to a 

smaller decrease in Peak A with irradiation and subsequent photobleaching (Helms et al., 2013).  

 

The Humification Index, HIX, of T0 samples was 0.95 ± 0.01 and agrees well with the HIX of 0.94 

± 0.02 from the original model (Chapter 4). This suggests highly humified material associated with 

SGD; this decreased to 0.84 ± 0.03 over the course of the incubation study, which was comparable 

to the HIX found at Parkmore Pier (0.83 ± 0.05), suggesting the incubation study was reflective of 

natural conditions. Although an HIX of 0.84 ± 0.03 was still indicative of humified material, it may 

indicate some level of degradation or change in materials through the coastal zone.  

 

The incubation study EEMF-PARAFAC results showed that humic-like materials present in 

Kinvara Bay were highly resistant to degradation. There were no labile components (peak B or 

peak T) given in the EEMF-PARAFAC model. Therefore, bio- and/or photo- degradation do not 

produce bioavailable compounds, in the form of protein-like peaks, as shown in other studies 

(Mopper et al., 1991; Zepp, Callaghan and Erickson, 1995; Bertilsson and Tranvik, 2000; 

Rosenstock, Zwisler and Simon, 2005; Chen and Jaffé, 2014).  

 

EEMF-PARAFAC utilises CDOM as a precursor for the wider DOM pool. In this study, there was 

a net removal of SGD-derived DOC over the representative residence time within the bay, which 

has been shown to be due to seawater mixing (Chapter 3). EEMF-PARAFAC utilises an algorithm 

for least squares across the whole dataset and therefore may not be sensitive enough to detect low 

levels of labile materials produced from the incubation in the presence of the highly humified 

material. FT-ICR-MS analysis provided a molecular fingerprint of all DOM molecules present and 

therefore more detail about any degradation products that may be present in smaller amounts.  

6.5.4 FT-ICR-MS analysis 
DOM is a complex mixture of heterogeneous organic compounds, which in this study consisted of 

36,744 different compounds resolved with a mean mass ranging from 154.0510 to 1983.530145 

Da; of these, 11,242 had assigned formulae (30.6%). The highest assigned molecular mass was 

1036.3702 Da. The reliability of assigning formulae is higher at lower nominal masses and 

decreases with increasing nominal mass due to the larger number of possible elemental 

combinations for one detected peak (Koch et al., 2007). Therefore, higher masses (>1036.3702 Da) 

were not included for analyses to avoid false elemental conclusions. It should be noted that this 
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analysis is based solely on negative ion FT-ICR-MS, and as such, has a focus for compounds that 

can be detected in this mode. This applies to all samples so a comparison can be made between 

samples in this study. 

 

All designated formulae (11,242) contained at least one O compound due to the mixture of 

carboxyl and hydroxyl functional groups such as ketones, aldehydes, unsaturated ethers and 

alcohols found within DOM (Thurman, 2012). The masses detected across the range of samples 

fall into four main compound classes, outlined in Figure 6.4: (1) carbon, hydrogen and oxygen 

only, CHO (49 - 55%), (2) nitrogen containing compounds, CHON (24 - 37%), (3) sulphur 

containing compounds, CHOS (9.5 - 13%), (4) phosphorus-containing compounds, CHOP (2.5 - 

5%) and to a lesser degree S- and N- containing compounds, CHONS (0.1 - 1.5%). 

Figure 6.4: A pie chart outlining the relative abundance of compound classes (CHO, CHON, CHOS, CHOP, CHONS) in SGD 
endmember, measured at Kinvara Springs in September 2014.  

A typical mass spacing of 14.0156 Da was observed, which spanned the entire spectra. This mass 

difference is derived from an increasing number of -CH2- groups in a homologous series. 

Therefore, the composition of coastal DOM in Kinvara Bay was not completely random but instead 

exhibited a high degree of order (Appendix J). Molecules were a part of a chemically related family 

of compounds. This mass spacing has been observed in other studies (e.g. Koch et al., 2005).  

 

The signal intensities exhibit a high dominance of odd over even neutral nominal masses, which 

reflects the relatively low N content (<40% in this study) and low relative abundance of 13C in 

natural OM (Koch et al., 2007). Marine DOM is chemically distinct from freshwater DOM (Benner 

et al., 1992; Hedges et al., 1992). The differences in chemical composition of fresh and marine 

DOM arise due to differences in sources and formation processes in the two environments (Repeta 
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et al., 2002). Freshwater DOM is isotopically light, has a high C:N ratio (40 - 50), is rich in 

aliphatic, aromatic and carboxyl carbon (Hedges et al., 1992), and has strong absorption in the near 

UV (Stedmon and Bro, 2008). In contrast, seawater DOM has been shown to be isotopically 

heavier, has a low C:N ratio (15 - 20), is rich in alkoxy carbon and has weak absorption in the near 

UV. Nonetheless, 2,248 of assigned compounds were common to all samples, representing about 

20%. Therefore a fraction of freshwater DOM is indistinguishable from seawater DOM; this has 

been seen in high molecular weight (HMW)DOM previously (Repeta et al., 2002).  

6.5.4.1 Seasonal SGD-borne DOM loading 
During winter, the number of compounds transported via SGD increases and there was an 

additional 2,212 formulae identified compared to autumn (313 unique formulae). Using only 

formulae exclusive to both autumn and winter, the O/C and H/C ratios decreased from 0.5 and 1.1 

in winter samples to 0.3 and 0.9, respectively, in autumn samples. The average AImod for autumn 

was 0.5, indicating high aromaticity. This decreased to 0.37 during winter, indicating dilution with 

less aromatic compounds considering all nominal masses. However, the AImod for both was 

approximately 0.3, which was similar to seawater samples. The DBE was 12 for both seasons 

suggesting that there was a very high level of unsaturation under both flow regimes. Therefore, 

there was a high degree of recalcitrance. 

 

The largest proportion of assigned formulae in all sample groups was classified as CHO 

compounds. At the Castle SGD site, these compounds consisted of 55% of all assigned formulae 

during autumn, which was higher than the winter samples of 46%. This may be due to the slower 

motion of water through the subsurface during autumn, which may result in greater absorption 

capacity within the aquifer. The longer residence time within the aquifer allows for greater 

adsorption of aquifer solids. The proportion of charge-to-mass ratio values, m/z, assigned to CHON 

compounds was 32% in autumn and 37% in winter. This agrees well with other studies of 

groundwater (e.g. Longnecker and Kujawinski, 2011) which highlighted the fact that this level was 

higher than values recorded in marine and riverine samples (Kujawinski et al., 2009) and from 

inland riverine samples (Sleighter et al., 2009). Elevated levels of CHON suggest anthropogenic 

terrestrial contamination coupled with limited microbial remediation within the aquifer, which may 

be amplified due to the relatively fast flow of groundwater through this karstic aquifer (Gill et al., 

2013; McCormack et al., 2014).  

 

Black carbon (BC) was the most abundant unique DOM compound group in the SGD samples 

(Castle) accounting for just under half (49.5 %) of all unique compounds during autumn. However, 

during winter highly unsaturated compounds were the most abundant (62.5%), while BC accounted 

for only 8% of the unique compounds. BC accounted for 4 - 5 % of total DOM content in SGD at 

the Castle site and 12% at the Arch site. Higher temperatures and longer residence time, therefore, 
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increased the BC content and the refractory nature of DOM. BC is a continuum of terrestrial C 

compounds, rather than one particular compound and/or group of compounds and has low mass 

and high DBE values (Nguyen and Lehmann, 2009). The chemical structures of these compounds 

consist of multitudes of condensed aromatic rings, and fundamentally, are carbon-rich and 

hydrogen-poor (Goldberg, 1985; Kim et al., 2004). Therefore, these compounds may contribute to 

the humic-like components in EEMF-PARAFAC analysis as humic and fulvic acids are present. 

FT-ICR-MS allows BC to be distinguished from humic substances. Little evidence exists for the 

presence of black carbon in groundwater as its aqueous solubility is low (Kim et al., 2004). Kim et 

al., (2004) explained that hydroxyl groups can be substituted onto BC, which can then be oxidised 

to quinones or carboxylic acids. The addition of the polar group (hydroxyl) made it more soluble 

and allowed it to accumulate in SGD. The formation of this BC soluble entity removes carbon and 

oxygen that cycles through plant and animal biomass ordinarily (Goldberg, 1985; Kim et al., 2004). 

BC is relatively biochemically inert representing a significant sink as it accounts for an important 

fraction of carbon buried in soils and sediments (Schmidt and Noack, 2000). Turnover of BC 

occurs but at a much slower rate than that of other soil organic matter (Nguyen and Lehmann, 

2009). Decomposition transpires through microbial degradation (Baldock and Smernik, 2002) and 

abiotic oxidation (Cheng et al., 2006).  

6.5.4.2 Molecular ratios 
Van Krevelen plots illustrated the O:C molar ratio of the x-axis and the H:C molar ratio on the y-

axis. Major biogeochemical compound classes exhibited characteristic H:C and/or O:C ratios 

(Baldock and Smernik, 2002; Kim et al., 2004). Therefore, plotting these against one another 

allowed for visual examination of these ratios and for certain compound classes to be distinguished 

(Kim et al., 2003; Kujawinski et al., 2009). Van Krevelen plots must be interpreted with caution as 

ratios may vary within particular compound classes and the literature (Bhatia et al., 2010). 

However, they remain a useful tool as thousands of peaks identified in mass spectra can be visually 

depicted. Well defined trend lines have been established in the literature to explain reaction 

pathways among molecules and chemical transformations, such as methylation, hydrogenation, 

hydration, within DOM (Kim et al., 2003).  

 
  



Chapter 6                                                                                   DOM by FT-ICR-MS 

164 

 
Figure 6.5: Van Krevelen plot of DOM, presenting molecules identified in the SGD endmember (n = 2), taken from Kinvara 
Springs September 2014. 

The presence of proteins in the SGD-DOM signature suggests that SGD transports labile materials 

to the coastal ocean, albeit at low concentrations.  

 

 
Figure 6.6: Van Krevelen plot of DOM, presenting molecules identified in seawater samples only (n = 4), in September 2014. 

From a visual comparison of the two samples, it can be seen that there were a greater number of 

DOM molecules with greater variability in seawater samples. Variability represents the diverse 

sources contributing to the oceanic DOM pool due to many sources within Galway Bay including 

seawater, SGD, riverine flows and runoff from many different inlets (Smith and Cave, 2012; 

Schubert et al., 2015).  

0.00	

0.50	

1.00	

1.50	

2.00	

2.50	

0.00	 0.10	 0.20	 0.30	 0.40	 0.50	 0.60	 0.70	 0.80	 0.90	 1.00	

H
/C
	

O/C	

Lipids	

Suwannee	River	Fulvic	Acid	

Condensed	
Hydrocarbons	

Proteins	

Ligin	
Carbohydrates	

0.00	

0.50	

1.00	

1.50	

2.00	

2.50	

0.00	 0.10	 0.20	 0.30	 0.40	 0.50	 0.60	 0.70	 0.80	 0.90	 1.00	

H
/C
	

O/C	

Lipids	

Suwannee	River	Fulvic	Acid	

Condensed	
Hydrocarbons	

Proteins	
Ligin	 Carbohydrates	



Chapter 6                                                                                   DOM by FT-ICR-MS 

165 

The relatively narrow range of O:C and H:C ratios of identified molecules in SGD reflect the 

absence of labile components such as lipids, proteins and carbohydrates (Figure 6.5). The H:C 

ratios span a larger range of ratios reaching as high as 2.5 in seawater samples. Higher H:C ratios 

represent greater unsaturation within the molecules. Therefore, molecules may be more 

biologically available. Bhatia et al., (2010) analysed fulvic acid from the Suwannee River and 

concluded that this was represented by H:C ratios of 0.5 to 1.5. Therefore, the bulk of the cloud in 

the middle of both endmembers represented humic substances transported from land and is 

predominately refractory in nature. 

 

The region of O:C ratios of 0.25 - 0.5 and H/C ratios of 1.0 - 1.5 illustrated in the above Van 

Krevelen plots (Figures 6.5 and 6.6) represents lignin-type molecules (Kim et al., 2004). Lignin is 

an important tracer for terrestrial DOM as it is a plant-derived component. These are complex 

macromolecules consisting of phenylpropanoid which is randomly linked to each other by a variety 

of carbon-carbon and ether bonds (Nebbioso and Piccolo, 2012). Lignin may have entered 

groundwater through leaching from soil, and subsequently been delivered to the coastal zone via 

SGD. This branched macromolecular network provides chemical stability to lignin causing it to 

resist microbial degradation (Nebbioso and Piccolo, 2012). As this compound is solely land-

derived, it confirms that these compounds are highly recalcitrant in the flow path as this compound 

is present in seawater at high tide. Therefore, SGD-derived carbon is contributing to oceanic 

carbon storage. This may have important implications for the C cycle as land-based C stocks may 

relocate to the ocean. Baldock and Smernik, (2002) reported charred wood samples (thermally-

altered) had O/C ratios of 0.32 - 0.61 and H/C ratios of 0.46 -1.02. These types of compounds were 

evident in the groundwater of this region and therefore supported the findings that BC was present 

in SGD and was transported to the coastal ocean via this route. Condensed hydrocarbons are 

deficient in both oxygen and hydrogen and often contain aromatic ring structures. These may 

originate from BC-like molecules (Kim et al., 2004). Labile materials include proteins and lipids, 

which are derived from microbial activity (Bhatia et al., 2010). Higher microbial activity found in 

the seawater samples was likely derived from photosynthetic algae and bacteria communities 

present in the open ocean (Koch et al., 2008).   

6.5.4.3 Organic nutrients 
While compounds containing only C, H and O were the most prevalent elemental formula assigned 

in this study, 4,461 organic nitrogen compounds were also present in all samples. Management 

strategies of coastal zones have focused on inorganic nutrients, overlooking the potentially 

significant loads of nitrogen and phosphorus embedded in organic matter (Hwang et al., 2005; 

Santos et al., 2009; Rocha et al., 2015). Terrestrial DON sources in the region include septic tanks, 

human and animal wastes and organic components in fertilisers. The number of compounds 
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containing N in SGD during autumn was 1,644, increasing to 2,529 compounds in winter. This 

increasing winter trend was also observed for C, H, O, S and P compounds.  

N-containing compounds in SGD accounted for 32 - 37% of assigned formulae in SGD across 

autumn and winter. Organic N represented a higher number of designated formulae in winter 

samples, agrees well with direct DON measurements determined in Chapter 2. Higher DON 

concentrations may be due to soil lixiviation at higher groundwater volumes during winter. DON 

can contain a complex mixture of compounds including lipids, lignin, polyphenols and proteins 

with variable chemical structures and biodegradability. Polyphenols are complex compounds 

containing N that comprised the second most abundant compound class in SGD. DON associated 

with soil lixiviation is often thought of as refractory as DON can be present in high concentrations 

in lignin. However, a portion of DON has been shown to be biodegradable (Lusk and Toor, 2016). 

Labile DON is present in lipid and protein-like structures. DON is a potential source of reactive N 

in aquatic ecosystems (Seitzinger et al., 2002; Bradley et al., 2010; Jørgensen et al., 2014). DON 

can be rapidly recycled within Kinvara Bay into bioavailable forms. This has been shown to 

contribute up to 48% of local biological N fixation (Chapter 2; Rocha et al., 2015). Tight coupling 

of the DON pool between production and consumption may result in large fluxes in and out of the 

DON pool leading to constancy in concentration (Bronk et al., 2007). Therefore, the constancy in 

concentration is not necessarily due to a refractory nature of DON. Instead, there may be a 

bioavailable fraction. Seitzinger et al., (2002) showed that up to 73% of DON could be utilised by 

estuarine plankton. Agriculture is the dominant land use practice in this catchment and DON 

associated with this source had a proportion of about 30% being bioavailable.  

 

CHOP accounted for approximately 3% of assigned formulae. As TDP concentrations were very 

low across all seasons (Chapter 2), it can be concluded that inorganic P is not significant within 

SGD. P acts as the limiting nutrient in the bay as levels are very small, often close to the detection 

limit (Chapters 2 and 3). SGD was the principal source of carbon and nutrients to Kinvara Bay and 

was thus the primary driver for productivity within the bay. Therefore, N budgets based on DIN 

only may underestimate bioavailable N loading. In areas of high SGD, DON may constitute a 

significant portion of the total N flux and may represent a bioavailable pool.  

6.5.4.4 Incubation differences 
As shown above, SGD transported organic nutrients to the coastal ocean as well as high 

concentrations of inorganic nutrients (Burnett et al., 2003; Slomp and Van Cappellen, 2004; Rocha 

et al., 2015). Incubation experiments were conducted to determine the relative contribution of 

photo- and bio- degradation processes on allochthonous SGD within the coastal zone. 

Allochthonous humic DOC has been shown to be more photoreactive than algal DOC (Bertilsson 

and Tranvik, 2000).  
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Comparing the light and dark incubated samples yielded 531 unique formulae for the dark samples 

and 709 unique formulae for the light samples. Although, the unique formulae accounted for less 

than 15% of the original sample and the differences between these samples are small, comparison 

of these groups allows for distinctions between light and dark incubation.  The average O:C and 

H:C ratios were very similar between light and dark samples, 0.4 and 1.2 for dark samples, 

respectively, compared to 0.4 and 1.0, respectively for the light samples. Lower H:C ratios resulted 

in lower saturated compounds. Almod also differed between the two groups, with 0.32 observed for 

dark samples and 0.41 for light samples. The light samples had a higher abundance of unsaturated 

compounds in all groups 1 through 3. Dark samples were consistently greater in the saturated 

compounds of groups 4 through 7. The light samples had a higher abundance of unsaturated 

compounds (50.3%) compared to dark samples (42.1%); this was also the case for polyphenols, 

where they accounted for 22.6% of the light samples, compared to 13.7% of the dark samples.  

 

Degradation processes for SGD transported through Kinvara Bay resulted in highly saturated, 

refractory compounds. Highly saturated, aromatic molecules exhibit greater recalcitrance compared 

to molecules with low aromaticities and high unsaturation, which can contribute to productivity 

within the bay and therefore are labile. Highly degraded DOM in the deep ocean resists further 

degradation and may age to several thousand years (Koch and Dittmar, 2006). Highly unsaturated 

compounds comprised the vast majority (73%) of all common compound groups whereas, labile 

materials (saturated fatty acids, sugars and peptides) accounted for less than 1%. Therefore, SGD 

may contribute to transferring the carbon store on land to oceanic storage. 

 

All terrestrially-derived samples reflected this, including the incubated samples, as labile materials 

accounted for less than 1% of all assigned formulae, with the order of the most abundant samples 

being highly unsaturated compounds > polyphenols > black carbon.  

6.6 Fate of terrestrial DOM 
FT-ICR-MS is capable of resolving thousands of molecules associated with SGD-borne DOM. 

These analyses further confirmed that SGD-borne DOM transported through the Gort-Kinvara 

karstic aquifer was predominately refractory in nature, as highly unsaturated compounds, 

polyphenols, unsaturated aliphatics and black carbon accounted for more than 95% of compounds 

in SGD.                                                                            

 

H:C ratios for marine samples were relatively low, 1.3. As a result, DBE was relatively high, 8.5. 

The high degree of unsaturation in marine samples was surprising as marine DOM is known to 

have a lower proportion of aromatic carbon compared to terrestrially-derived DOM (Thurman, 

1985). A small O:C ratio of 0.5 suggested that carbonyl compounds cannot explain the high level 

of unsaturation alone and that some degree of carbon unsaturation and non-aromatic rings must be 
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present. Studies showed that only about 4 - 10% of DOC in the deep-sea is of terrestrial origin 

(Opsahl and Benner, 1997). An important question, therefore, arises; what happens to SGD-derived 

DOM? The fate of SGD-borne DOM remains largely unknown. This study has shown that SGD-

DOM in Kinvara was mostly composed of old refractory compounds that behaved conservatively 

for the most part over the transit path.  

 

Microbial remineralisation in marine surface waters was the most dominant removal process in 

many regions. This has been shown in the Arctic Ocean, where 11% of the initial carbon was 

consumed with a turnover time of 220 days (Bussmann, 1999). The residence time 6.8 ± 1.7 days 

in Kinvara Bay (Rocha et al., 2015) does not allow for consumption of this highly recalcitrant 

DOM within the bay and timeline of this study. Photo-humification may be an important 

degradation pathway while photobleaching may be an important removal process in the open 

ocean. This was expected to be more pronounced in September 2014 due to longer sunlight hours 

and increased irradiance. Additionally, adsorption to particles (Hedges and Keil, 1999) may explain 

the removal of DOM en route to the ocean through the coastal zone. Another explanation may 

include burial of DOC in sediments or substantial reworking of the DOM material, and therefore, 

was no longer identified as terrestrially-derived (Hedges et al., 1992). However, the vast majority 

of SGD-derived DOM was transported to the ocean, which acted as a sink and may contribute to 

carbon storage.  

 

The null hypothesis cannot be accepted; there is a small portion of DOM that is susceptible to 

degradation, but this only accounted for about 1% of identified DOM components, which is within 

the error of the experiment. The EEMF-PARAFAC method is not sensitive enough to detect low 

levels of labile components when humic substances dominate. The residence time in the coastal 

ocean was too short to allow for significant photo-transformations of DOM within this zone.  
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7.1 Karst-channelled SGD in Kinvara Bay 
SGD discharge from Karst aquifer systems can be greater than from other non-karst aquifers; this is 

largely because karst aquifers have a higher propensity to transport large fluxes of groundwater due 

to large channelled flow paths created by the dissolution of calcium carbonate rock (Ford and 

Williams, 2007; Fleury et al. 2007). For example, the ‘ojos’ (eyes, in Spanish) along the karstic 

Yucatan Peninsula (Mexico) coastline have been reported to discharge groundwater into the Gulf 

of Mexico on the order of 308 m3 d-1 m-1 with peak discharge volumes of 568 m3 d-1 m-1 (Null et al. 

2014). Gonneea et al., (2014) estimated, using radium tracer balances, that SGD rates from the 

Yucatan Peninsula amounted to a more conservative 40 - 95 m3 d-1 m-1, however, even the most 

conservative value -40 m3d-1m-1, as estimated by Gonneea et al., (2014), is still high relative 

compared to non-karst aquifers. Kinvara Bay and its associated catchment are relatively small in 

area with a total zone of contribution of 483.41 km2 compared to the Yucatan Peninsula (165,000 

km2). However, the SGD discharge rates were still elevated, reaching up to 15 m3 d-1 m-1 over the 

course of this study (Chapter 2) and may be attributed to the influence of meteoric recharge in 

combination with preferential flow paths in karst regions. Thus, this research provides further 

support for the capacity of karst aquifers to transport large fluxes of SGD to receiving water bodies.  

 

Kinvara Bay on the west coast of Ireland can be thought of as a natural laboratory for the 

evaluation of the effects of watershed inputs via SGD on nutrient and carbon cycles of coastal 

zones for the following reasons. High regional precipitation rates, well-drained soils (Finch et al. 

1971) and the absence of significant rivers or streams flowing into Kinvara Bay could render SGD 

the primary contributor of freshwater and associated materials to the coastal zone (Schubert et al. 

2015). This was confirmed by results of the present study using combined 222Rn and water and salt 

budgets to identify the loading of freshwater into the bay from all potential pathways as well as 

individual source contribution. During the high rainfall periods (i.e., January 2015), SGD 

accounted for 68% of freshwater discharge to the bay, but this increased to 100% during the 

summer low rainfall months (July 2013 and June 2015). Low variability of salinity was recorded 

over the full tidal cycle at the SGD springs in March 2015, indicating that the recycled seawater 

fraction in the SGD was low (between 0-6 ppt, c.f. Appendix E). A number of studies of 

groundwater discharge from karst systems have similarly observed a higher fraction of freshwater 

in SGD compared to non-karst systems. For example, fresh SGD accounted for 71 - 85 % of total 

SGD in a karstic coastal spring in Castello, Spain (Garcia-Solsona et al. 2010) and 75 ± 25% of the 

total SGD volume in Yucatan Peninsula, Mexico (Gonneea et al. 2014). Therefore, reactions with 

recirculated seawater within the subterranean estuary (Moore, 1999) are minimised and solutes 

may be transported directly to the coastal zone.  
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7.2 SGD-derived nutrient loading 
Nitrate (NO3

-) represents one of the most influential contaminants in karstic and porous 

groundwater systems (Einsiedl et al., 2010; Rocha et al., 2015). NO3
- was the dominant DIN 

species in SGD in each of the four sampling campaigns conducted over a two-year period in 

Kinvara Bay, overwhelming other nutrient delivery pathways, such as sewage and atmospheric 

deposition. During the survey period, the NO3
- concentration in the fresh groundwater endmember 

ranged from 62 µmol L-1 to 157 µmol L-1, being lower during summer and higher during winter 

campaigns. These data add to research conducted by Rocha et al., (2015) and Cave and Henry, 

(2010), who also analysed nutrient levels in both Kinvara Bay and the groundwater endmember. As 

suggested by Smith and Cave (2012), the higher NO3
- levels in groundwater during winter may be 

due to soil lixiviation under higher precipitation rates whilst a higher NO3
- removal rate within the 

aquifer would explain the lower concentrations found in summer campaigns.  

 

SGD as the primary source of allochthonous DIN loading to Kinvara Bay is in line with 

observations from other locations throughout the globe. For instance, Tait et al., (2014) conducted 

a nitrogen budget analysis of a tropical reef lagoon to assess the contribution arising from SGD, 

concluding that it accounted for the largest source of DIN to the lagoon, accounting for 81% of 

inputs. On a larger scale, Moore, (2010) shows how terrigenous NO3
- delivered via SGD might be 

responsible for 56% of total N inputs to the Atlantic Ocean, making it larger than the combined 

contributions from atmospheric deposition, surface water discharge and runoff. Based on time-

series monitoring at Parkmore Pier, the majority of allochthonous DIN was retained within the bay 

over all campaigns. SGD-borne DIN was thus intensively circulated on an annual basis. Sediment 

incubation experiments conducted in July 2013 in Kinvara Bay indicate that a significant 

proportion of the oxidised nitrogen may have been recycled through the benthos and released back 

into the water column in the reduced form, ammonia, via DNRA (Rocha et al., 2015).  The results 

obtained in this current study for summer and winter campaigns are in line with this observation as 

less than 1% of the allochthonous loads were exported to the wider Galway Bay. However, 

sediment incubation experiments were not conducted in the winter campaigns. The sediment 

activity would differ between summer and winter due to lower temperatures and oxygen levels and 

shorter days (Porubsky et al., 2009; Giblin et al., 2013). Therefore, further characterisation of the 

biogeochemical status of Kinvara Bay should include sediment studies from each season.  

 

The relationship between nutrients in solution (DRSi:N:P stoichiometric ratio) is important in 

ecological processes and greatly influences the structure, functioning and evolution of aquatic 

ecosystems (Turner et al., 1998; Sardans et al., 2012; Null et al., 2014). Variability in the 

stoichiometry of nutrient supply and the biological demand of a system are critical determinants of 

nutrient limitation for primary producers (Moore et al., 2013). Whether N or P is the limiting 

nutrient in the marine environment has been the subject of much debate (Smith, 1984; Howarth and 
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Marine, 2006). Some authors state that nitrogen is the limiting nutrient in marine primary 

productivity and is thus of great concern regarding eutrophication (Nixon, 1995; Gattuso et al., 

1998; Howarth & Marino, 2006). Other authors allude to phosphorus being potentially the limiting 

nutrient for marine primary productivity in systems affected by large SGD inputs (Slomp and Van 

Cappellen, 2004). However, coastal systems differ significantly from deep marine waters due to the 

supply of terrestrial organic matter and nutrients (Buddemeier et al., 2002). Coastal systems that 

have been heavily loaded with nutrients can display P limitation, N limitation or co-limitation 

(Conley et al., 2009).  

 

In areas of karst-channelled SGD, P limitation of primary production in receiving water bodies can 

occur due to the high absorption affinity of P for calcium carbonate (Slomp & Van Cappellen 

2004), while inorganic nitrogen travels through aquifers with minimal physical retention, 

particularly through well-oxygenated karst aquifers, where the dominant N species are nitrate and 

nitrite (Capone & Bautista, 1985; Slomp & Van Cappellen, 2004). In coastal zones where SGD is 

important, groundwater-borne nutrient inputs can enhance variability of nutrient resource ratios 

made available to phytoplankton significantly, as the solute N:P ratios in watershed inputs are very 

dynamic in time and space. Not only did SGD introduce high nutrient loads into Kinvara bay, but 

also significantly changed the nutrient availability ratios in the receiving watermass because of the 

high fluxes of both N and Si and correspondingly low P fluxes. Since this study was conducted, 

plans to treat sewage to drinking water standards have come into effect in Kinvara Bay (as of 

2017). Raw sewage accounted for 72% of allochthonous TDP inputs during this study, and hence, 

removal of the main allochthonous P source may further drive Kinvara Bay into a state of P 

limitation. This is in line with research in other karst systems (e.g. Garcia-Solsona et al., 2010), 

such as the aquifer to the Messiniakos Gulf, SE Ionian Sea (Pavlidou et al., 2014). Kim et al., 

(2011) measured high and variable N:P ratios in SGD delivered to coastal embayments of Hwasun 

Bay and Bangdu Bay, Korea.  

 

Nutrient enrichment may lead to altered biogeochemical functioning and biological community 

structure of coastal waters (Cloern, 2001) as high nutrient loading favours growth of phytoplankton 

that are capable of assimilating these nutrients efficiently. The biodiversity shift promotes the 

growth of opportunistic pelagic macroalgae, such as Enteromorpha. The dominance of algae can 

accumulate as thick mats over the sessile community or sediment surface which suppresses light 

availability to the underlying community (McGlathery et al., 2007). Low diversity algal or 

cyanobacterial blooms can then form which results in surface water hypoxia and release of toxic 

compounds. Therefore, there is a community shift to a lower number of tolerant species (Erisman 

et al., 2013). Mass accumulations of macroalgae have characteristic bloom and die-off cycles 

(Board et al., 2000). Eutrophication lowers the availability of Si, which results in a loss of diatoms 

from the community (Conley et al., 1993). The loss of diatoms has a profound effect on energy 



Chapter 7  General Discussion 

174 

flow through the food web (Turner et al., 1998). This biodiversity shift from benthic to pelagic 

primary production introduces significant diurnal variations in oxygen concentration in the water 

column (Herbert 1999) and is known to suffocate bivalves and cause die-off due to depleted 

oxygen levels (Dennison et al., 1993). As the solute and species composition of coastal ecosystems 

change, the biogeochemical function will also be altered. Nutrient limitation can eventually lead to 

growth constraints in the phytoplankton community and stoichiometric changes in phytoplankton 

biomass (Klausimeier et al., 2004). Thus, this would reduce the net retention and buffering capacity 

of the bay allowing more N to be transported downstream to the wider Galway Bay. Many studies 

have shown that a reduction in P has led to eutrophication problems downstream (Conley et al., 

2009). The consequences of removing the main allochthonous source of P in Kinvara Bay without 

concomitant N reduction in SGD on the makeup and structure of the autotrophic populations thus 

are not yet known (Rocha et al., 2015).  

 

In this study, nitrogen loading to Kinvara Bay was coupled with increased primary producer 

biomass at the SGD sites and may indicate early signs of the onset of eutrophication (Chapters 2 

and 5). As seen from the future scenarios (Chapter 5) an increase in macroalgae abundance may 

also result in larger fluxes of bioavailable CDOM effluxed to the water column from the benthos 

and the macroalgae itself. Combining this with N enrichment through SGD may have significant 

implications on the productivity within the bay. As eutrophication progresses, toxic algal blooms, 

in particular of dinoflagellates would likely increase in Kinvara Bay (Rocha et al., 2015). The 

accumulation of HAB-derived toxins may have serious adverse consequences on the shellfish 

harvested within the bay. This could have detrimental effects to the fishermen in Kinvara Bay who 

rely on shellfish farms for their livelihood. In order to protect the coastal zone, the appropriate 

nutrient management strategy must be developed. N and P are most often selected for dual-nutrient 

management strategies as they are both required to support plant growth and are key limiting 

nutrients (Howarth and Marino, 2006; Paerl, 2009). Dual-nutrient management strategies have 

been called for in the EU Water Framework Directive and for many coastal systems in the United 

States (NRC, 2000).  

7.3 Carbon inputs and circulation in Kinvara Bay  
SGD can export substantial carbon loads into receiving waters; for example, Dorsett et al., (2011) 

estimated that SGD associated with karst and other carbonate systems accounts for 7 - 11% of 

global coastal water DIC. However, this facet is frequently neglected by marine scientists 

(Porubsky et al., 2014).  The current study aimed to contribute to the current knowledge of carbon 

cycle dynamics by closing a data gap in understanding the impact of SGD on the carbon cycle of a 

small coastal embayment in Ireland that lacks significant surface water inputs. In Kinvara Bay, 

SGD accounted for more than 90% of allochthonous DOC and DIC inputs and was thus the 

dominant source of carbon into the system. DIC concentrations were elevated in groundwater 
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compared to seawater, but DOC levels were comparable, in line with observations in similar 

systems elsewhere (e.g. Cai & Wang 1998; Cai et al., 2003; Porubsky et al., 2014). Karst aquifers 

often have a higher porosity compared to non-karst aquifers due to calcium carbonate dissolution 

(Fleury et al., 2007). Dissolution from the low pH SGD causes elevated DIC loads associated with 

SGD from carbonate aquifers. As groundwater flows through the zone of contribution (483.41 km2) 

of the Gort-Kinvara aquifer, groundwater is in contact with the carbonate aquifer allowing for 

accumulation of DIC materials. Thus, higher DIC concentration in groundwater in Kinvara can be 

attributed to the karst geology of the Gort-Kinvara aquifer, as shown in other karst systems (e.g. 

Liu et al., 2014; Szymczycha et al., 2014).   

 

Anthropogenic loading of CO2 in the context of global warming has become a major concern in 

oceanic studies as the open ocean has been shown to act as a C sink (Doney et al., 2009). The rate 

of current and projected atmospheric CO2 increase is about 100 times faster than has occurred over 

the past 650,000 years and the rising atmospheric CO2 levels are irreversible on human timescales 

(Royal Society, 2005). Ireland ranks second in the E.U. and thirty-seventh in the world rankings of 

highest CO2 emission per capita (C.S.O., 2012). The first Land Ocean Interactions in the Coastal 

Zone (LOICZ) report asserted that whether coastal seas were net CO2 sinks or sources could not be 

determined (Kempe, 1995). Net ecosystem metabolism was shown to be a net CO2 sink through 

primary production in coastal zones worldwide (Smith and Hollibaugh, 1993), while organic matter 

discharging into the coastal zone may lead to increased respiration, acting as a net CO2 source 

(Hung and Kuo, 2002). There is now evidence supporting the theory that the open ocean is a net 

sink for CO2 (Chen and Borges 2009), while most estuaries and near-shore coastal areas are a net 

source of CO2 (Fagan and Mackenzie, 2007; Chen and Borges, 2009). On average, inner estuaries 

are said to be net heterotrophic and account for 0.36 Pg C yr-1 of CO2 emissions worldwide (Chen 

and Borges, 2009). However, the heterogeneity of the coastal ocean makes global estimates 

difficult and these often contain significant errors (Smith and Hollibaugh, 1993). Kinvara Bay was 

net heterotrophic during the wettest sampling campaign (January 2015) but net autotrophic for all 

other sampling periods reported on here. Most near-shore ecosystems act as CO2 sources due to the 

degradation of organic carbon (Gattuso et al., 1998).  However, OM inputs associated with SGD 

were largely refractory during this study. The net heterotrophy during the January 2015 campaign 

may have been sustained by elevated loading of dissolved organic matter (DOM) (Chen and 

Borges, 2009) associated with the highest fluxes of SGD (Chapter 4). However, anthropogenic 

pressure may cause an increased proportion of labile material to be incorporated in SGD-borne 

DOM (Ibánhez et al., 2017), which could switch Kinvara Bay to a heterotrophic dominated system. 

However, Ver et al., (1999) showed that DOM inputs may drive further production and storage, 

shifting the system to autotrophy. Thus, carbon cycle dynamics in Kinvara Bay may thus shift 

rapidly in terms of the autotrophy-heterotrophy pattern, which is in agreement with other study 

sites (Borges et al., 2010). 
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Groundwater is enriched in CO2 due to organic carbon degradation within the aquifer (Gagan et al., 

2002). The difference between atmospheric pCO2 and groundwater pCO2 may be in part due to 

DIC redistribution with CO2 degassing, CO2 trapping by carbonate mineral precipitation and other 

aquifer solids precipitation adjusting the pH (Macpherson, 2009). The pH of SGD in Kinvara Bay 

(7.07 – 7.47; Chapter 3) was consistently lower than oceanic pH, which allowed a greater potential 

for pCO2 efflux from this source. Due to the large temporal and spatial variations of pCO2, this 

study acts as a time stamp of the current impact of SGD on the carbon cycle under these sampling 

campaigns. Longer-term modelling of Kinvara Bay would be required to better constraint the 

carbon cycle.  

 

An increase of CO2 dissolved in the ocean may lower the pH, decrease the availability of carbonate 

ions and lower the saturation state of shell forming carbonate minerals, in a process known as 

ocean acidification (OA) (Kleypas et al., 2005). Studies conducted to date have opposing views on 

the effects of SGD on the acidification of coastal surface waters into which they discharge (Lee & 

Kim 2015; Liu et al., 2017). SGD delivers large quantities of DIC which may drive ocean 

acidification (Cyronak et al., 2014), although, this is in tandem with large fluxes of total alkalinity 

(TAlk), which buffer against acidification (Cyronak et al., 2013). Studies that monitor OA 

parameters in Irish estuarine and coastal waters and the likely effects of OA on local environments 

and ecosystems, as well as contribute to the global pool of inorganic carbon data are limited 

(McGrath et al., 2015). As Kinvara Bay hosts shellfish farms, a significant source of revenue to the 

local community, the importance of carbonate system studies cannot be overstated. The SGD-DIC 

flux was lower than the total alkalinity (TAlk) flux in each sampling campaign (Chapter 3) in 

Kinvara Bay, which indicates that SGD may act as a buffer against acidification in this system (Liu 

et al., 2017).  

 

Coastal phytoplankton blooms can modify pH significantly (Dai et al., 2008) while benthic 

microbial processes influence pH and alkalinity through sediment-water exchange in coastal zones 

(Cyronak et al., 2013). Eutrophication, due to high nutrient loading, enhances the growth of 

opportunistic algae. Algal beds draw down CO2, potentially offsetting the impacts of ocean 

acidification by increasing the pH (Anthony et al., 2011). Large inputs of nutrients from SGD 

impacted productivity within Kinvara Bay classifying the bay as mesotrophic. Rocha et al., (2015), 

however, classified the bay as eutrophic during their four summer campaigns due to higher N loads 

associated with their study. A linear relationship between TAlk and DIC showed that the biological 

to geochemical ratio of DIC flux was 2.03 and that metabolism accounted for 65% of DIC removal 

during the June 2015 campaign. Thus, pH increases in Kinvara Bay can be explained by biological 

production enhanced by SGD-driven DIN during this campaign, as observed by Lee and Kim, 

(2015) in Hwasun Bay, Korea. Other studies have also shown that metabolic activity plays a 

significant role in controlling the pH of coastal systems (Gattuso et al., 1998; Anthony et al., 2011) 



Chapter 7  General Discussion 

177 

as carbon can be cycled by means of the so-called "biological pump" (Kempe, 1996). Changes in 

the nutrient loading associated with SGD may thus lead to long-term changes in CO2 sequestration. 

Studies that incorporate both nutrient and carbon studies are required to provide a full picture of the 

impact of SGD on the carbon cycle.  

 

This study shows that during high SGD flows the pH in Kinvara Bay waters was lower due to the 

greater influence of low pH associated with SGD. As climate change will bring wetter seasons, 

SGD rates into Kinvara Bay are expected to increase, which may have important implications for 

the future evolution of the whole-system metabolism of Kinvara Bay and may have serious 

consequences on the economic value of the bay. Under wetter conditions, SGD may lower the pH 

of the bay during the growing season of summer and have a detrimental impact on shellfish 

growing here. Furthermore, the DIC in surface water may increase due to climate change (feely et 

al., 2004), causing further increases in DIC fluxes in karst regions such as Kinvara bay, which may 

lower the buffering potential of SGD. This may cause a decrease in CaCO3 saturation state, which 

may lead to carbonate shell dissolution, which is a serious consequence of acidification in a 

shellfish region, such as Kinvara Bay.  

 

Gazeau et al., (2007) studied calcification rates of shellfish; the edible mussel (Mytilus edulis) and 

Pacific Oyster (Crassostrea gigas), collected in the Scheldt estuary over a range of present and 

reduced pH conditions of 7.46 – 8.13. The calcification rates of these shellfish exhibited a strong 

decline as a function of decreasing pH, increasing pCO2 and decreasing [CO3
2-]. They concluded 

that mussels dissolve at pCO2 values exceeding 1,800 ppmV and that the calcification rates of 

mussels would decrease by 25% and of oysters of 10% under the IPCC IS92a future scenario of 

740 ppmV by 2100. Small changes in pH could have large impacts on the shellfish harvested in 

Kinvara Bay. In general, mussels and oysters are an important part of coastal ecosystems governing 

energy and nutrient flows (Gazeau et al., 2007). Thus, in order to assess the potential socio-

economic and ecological impacts of acidification within Kinvara Bay it is urgent to investigate the 

adaptive response of the Blue mussel (Mytilus edulis), the non-native Pacific oyster (Crassostrea 

gigas), the European flat oyster (Ostrea edulis) and clam (Ruditapes philippinarum), grown 

commercially in the bay, to long-term CO2 enrichment. A decline in these species may have 

serious consequences on Kinvara Bay in terms of coastal biodiversity and ecosystem functioning. 

This study informs coastal zone managers that monitoring of the pH level of the bay is a serious 

concern. This research suggests that it may be necessary for coastal zone managers to assess the 

current status of bays worldwide and the projected implications of global warming to implement 

meaningful carbon management strategies.  
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7.4 Further studies 
SGD acts as a link between the marine and terrestrial eco-compartments and understanding the 

current state of this transport link is vital to better evaluate CNP budgets in order to mitigate 

anthropogenic pressures in coastal zones. As karst and carbonate coastal systems constitute up to 

25% of the world's coastline (Williams and Ford, 2006), particular focus should be given to karst-

channelled SGD in the future. The remedial action of the aquifer is minimised due to the rapid 

transport afforded by these systems, and therefore studies of these systems are critical.  

7.4.1 CNP budgets 
There are many processes within the aquifer influencing the chemical makeup of SGD in terms of 

DIC and TAlk. Combining DIC concentration fluxes with stable isotope data would allow greater 

inference about the processes occurring en route to the coast that may influence the chemical 

makeup of SGD. In particular, sulphide reduction is known to increase TAlk concentrations (Wolf-

Gladrow et al., 2007). The uncoupling of sulphate reduction from sulphide oxidation would 

generate carbonate alkalinity with a depleted δ13C value due to the organic C source, perhaps 

accounting for the depleted δ13C DIC values found in the groundwater (Ku et al., 1999). Thus, 

isotope analysis may better elucidate carbon cycling in groundwater within the flow path. The 

relative contributions of DIC and TAlk to groundwater can determine the impact of SGD on 

acidification within the coastal zone. 

 

The budgets presented in this study were based on the two primary flow regimes characteristic of 

karst systems, which correspond to summer and winter. Obtaining quantitative budgets for the four 

seasons would provide information on the changes in land use and its impact on the composition of 

SGD. Agricultural activities increase during spring and summer, and fertiliser runoff may occur in 

autumn due to the higher precipitation rates. As highlighted in Chapter 4, labile materials in the 

form of protein-like components were transported to Kinvara Bay via SGD during late spring. An 

annual analysis would be appropriate to fully understand the effects of SGD-borne carbon and 

nutrients on the coastal zone. 

7.4.2 Component identification 
Black carbon (BC) has been shown to be a major compound group in groundwater of Kinvara Bay 

as it comprises 4 - 5% of SGD at the Castle and 12% at the Arch discharge sites measured using 

FT-ICR-MS in September 2014. Little evidence exists for the presence of BC in groundwaters 

worldwide; this may be due to difficulty in identification. Fourier-transform ion cyclotron 

resonance mass spectrometry (FT-ICR-MS) is a powerful technique that allows for elemental 

fingerprinting. However, EEMF-PARAFAC is the more common method used for CDOM 

analysis. Identification of the chromophoric properties regarding its peak position in EEMF would 

allow future studies to determine its presence in coastal zones globally more readily. Black carbon 
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is known to be a major sink in the C cycle. Therefore, it is essential that C cycle studies incorporate 

this compound group. 

 

Understanding the removal mechanisms for refractory carbon within the oceans is an important 

question globally. This pool is known to have longer residence times and be removed more slowly, 

the mechanisms of which are still unresolved (Kempe 1996). The residence time of SGD in 

Kinvara Bay is 6.8 ± 1.7 days (Rocha et al. 2015), and thus, these mechanisms may not occur 

during the transit path. Longer incubation studies under different natural conditions may elucidate 

degradation pathways of SGD-DOM in the ocean.  

7.4.3 Future CDOM scenarios 
Future scenarios outlined in this thesis highlight the importance of global warming and land use 

change on the functionality and quality of SGD within the coastal zone. In these future scenarios, 

more labile components may be released to the coast. Therefore, analysis and continual monitoring 

of Kinvara Bay and coastal zones worldwide are essential to prevent eutrophication and algal 

blooms. The Fucus treatment released more DOC than the Enteromorpha treatment but 

Enteromorpha released more CDOM. Therefore, it was concluded that a larger portion of the DOC 

released from Fucus was non-fluorescing. FT-ICR-MS analyses could be implemented in future 

scenario studies to determine how the type of DOC effluxed could be impacted.    

7.4.4 FT-ICR-MS 
This study focused on the impact of SGD within the coastal zone through in-situ sampling and 

incubation studies. Although the transport time through the aquifer is short, approximately one 

week (McCormack et al. 2014), studies of groundwater in transit may better elucidate the DOM 

components contained in SGD. During this study, some labile materials were present in peaty areas 

of the catchment. Studying groundwater in transit will determine if their removal is due to dilution 

or processes occurring along the flow path. 

 

Seasonally variability due to temperature and land use changes would allow precise identification 

of the annual processes impacting Kinvara Bay. EEMF-PARAFAC analysis showed that there are 

protein-like peaks in EEMs in late spring; this was attributed to fertiliser runoff. FT-ICR-MS of 

samples collected during this time would allow for identification of fertiliser peaks, which could be 

used as pointers for productivity within the bay as these labile components are quickly consumed 

and/or diluted as such peaks are not present at any time of the year at the exit point.  
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Appendix A – Important Hydrological Data - Raw Data measured in-situ 
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July 2013 

Collection 

Date 
Time Site ID 

Temperature 

[°C] 

Dissolved 

Oxygen [%] 

Cond 

[µS/cm] 

Salinity 

[ppt] 
pH 

22/07/13 11.00 Castle 14.7 44.7 73.69 3.67 6.92 

22/07/13 11.20 Castle 14.5 36.7 63.74 3.17 7.25 

22/07/13 11.40 Castle 15.3 41.4 59.57 2.96 7.40 

22/07/13 12.00 Castle 15.0 38.4 53.49 2.67 7.43 

22/07/13 12.20 Castle 14.4 35.6 48.06 2.31 7.52 

22/07/13 12.40 Castle 14.0 34.4 44.59 2.22 7.35 

22/07/13 13.00 Castle 14.4 36.8 39.31 1.90 7.42 

22/07/13 13.20 Castle 15.0 36.8 37.06 1.84 7.57 

22/07/13 13.40 Castle 13.8 34.9 37.33 1.86 7.37 

22/07/13 14.50 Sewage 21.3 124.1 44.42 22.2 7.57 

22/07/13 15.10 Sewage 21.4 116.0 42.93 21.8 7.85 

22/07/13 15.35 Sewage 21.7 108.1 41.12 20.58 7.93 

22/07/13 15.50 Sewage 21.5 110.4 44.25 22.15 8.09 

22/07/13 16.10 Sewage 21.1 110.9 44.05 21.9 8.18 

22/07/13 16.30 Sewage 20.8 108.0 46.79 23.4 8.22 

22/07/13 16.50 Sewage 21.0 107.0 46.21 23.3 8.24 

22/07/13 17.05 Sewage 21.0 106.0 46.57 23.3 8.25 

22/07/13 17.30 Sewage 21.1 104.9 46.66 23.36 8.28 

22/07/13 13.00 PP 20.2 115.3 44.58 31.58 7.85 

22/07/13 13.20 PP 20.1 123.9 45.16 32.03 7.54 

22/07/13 13.40 PP 20.7 123.7 44.42 31.46 7.51 

22/07/13 14.00 PP 20.5 145.5 44.89 31.82 8.03 

22/07/13 14.20 PP 20.1 121.1 45.01 31.92 7.92 

22/07/13 14.40 PP 20.1 123.6 45.2 32.07 7.98 

22/07/13 15.00 PP 19.5 110.5 45.9 32.61 8.14 

22/07/13 15.20 PP 20.5 120.3 43.98 31.11 7.94 

22/07/13 15.40 PP 19.6 121.2 45.39 32.21 8.09 

22/07/13 16.00 PP 20.2 111.7 45.46 32.27 8.16 

22/07/13 16.20 PP 19.9 120.9 44.87 31.81 8.05 

22/07/13 16.40 PP 20.1 118.6 45.16 32.03 8.16 

22/07/13 17.00 PP 20.1 121.5 45.35 32.18 8.14 

22/07/13 17.20 PP 19.8 123.6 43.51 30.75 8.03 

22/07/13 17.40 PP 20.1 129.3 45.44 32.25 8.26 

22/07/13 18.00 PP 20.8 120.5 44.89 31.82 8.11 
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22/07/13 18.20 PP 19.9 124.3 45.32 32.16 8.11 

22/07/13 18.40 PP 19.9 120.7 44.98 31.89 8.05 

22/07/13 19.00 PP 19.7 124.1 44.96 31.88 8.04 

22/07/13 19.20 PP 20.1 122.8 43.79 30.97 8.05 

22/07/13 19.40 PP 19.7 135.6 43.21 30.51 8.12 

22/07/13 20.00 PP 19.2 119.9 44.74 31.71 8.01 

22/07/13 20.20 PP 19.1 126.8 43.48 30.72 8.11 

22/07/13 20.40 PP 18.9 124.4 66.00 30.60 8.04 

22/07/13 21.00 PP 18.9 124.8 72.03 30.40 8.10 

22/07/13 21.20 PP 19.2 121.8 44.73 31.70 8.08 

22/07/13 21.40 PP 19.0 117.9 43.69 30.89 8.03 

22/07/13 22.00 PP 18.7 113.1 43.03 30.37 8.01 

22/07/13 22.20 PP 18.6 110.9 42.23 30.48 8.04 

22/07/13 22.40 PP 18.7 109.9 44.32 31.38 8.05 

22/07/13 23.00 PP 18.4 98.3 34.23 23.64 7.99 

22/07/13 23.20 PP 18.6 82.9 42.47 29.94 8.05 

22/07/13 23.40 PP 18.3 95.7 44.88 31.82 7.88 

23/07/13 00.00 PP 17.8 64.8 44.60 31.60 7.93 

23/07/13 00.20 PP 17.5 92.9 44.44 31.47 7.78 

23/07/13 00.40 PP 17.8 88.5 44.29 31.35 7.87 

23/07/13 01.00 PP 17.2 76.6 42.98 30.34 7.85 

23/07/13 01.20 PP 17.3 99.7 43.21 30.51 7.91 

23/07/13 01.40 PP 17.4 92.0 44.10 31.21 7.96 

23/07/13 02.00 PP 17.5 90.7 44.05 31.17 7.98 

23/07/13 02.20 PP 17.7 92.5 43.99 31.12 8.04 

23/07/13 02.40 PP 17.4 101.6 44.65 31.64 8.07 

23/07/13 03.00 PP 17.8 108.9 44.77 31.73 8.14 

23/07/13 03.20 PP 17.8 105.0 44.66 31.64 8.19 

23/07/13 03.40 PP 17.7 110.8 44.72 31.69 8.21 

23/07/13 04.00 PP 17.6 107.7 44.66 31.64 8.23 

23/07/13 04.20 PP 17.5 110.9 45.61 32.39 8.25 

23/07/13 04.40 PP 17.4 110.8 45.24 32.10 8.24 

23/07/13 05.00 PP 17.5 107.4 44.97 31.89 8.25 

23/07/13 05.20 PP 17.6 109.1 44.64 31.63 8.26 

23/07/13 05.40 PP 17.6 110.6 44.54 31.55 8.26 

23/07/13 06.00 PP 17.7 108.2 44.73 31.70 8.26 

23/07/13 06.20 PP 17.6 109.8 44.98 31.89 8.27 
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23/07/13 06.40 PP 17.8 111.2 44.51 31.53 8.25 

23/07/13 07.00 PP 17.9 108.7 44.49 31.51 8.26 

23/07/13 07.20 PP 17.9 111.0 44.61 31.60 8.26 

23/07/13 07.40 PP 17.9 112.3 44.62 31.61 8.26 

23/07/13 08.00 PP 17.8 112.5 44.52 31.53 8.26 

23/07/13 08.20 PP 17.9 113.1 44.54 31.55 8.26 

23/07/13 08.40 PP 18.0 108.4 44.48 31.50 8.25 

23/07/13 09.00 PP 18.0 110.8 45.21 32.07 8.28 

23/07/13 09.20 PP 17.8 112.1 43.81 30.98 8.25 

23/07/13 09.40 PP 17.8 110.0 44.58 31.58 8.25 

23/07/13 10.00 PP 18.0 107.0 44.31 31.37 8.26 

23/07/13 10.20 PP 17.9 110.8 43.53 30.76 8.21 

23/07/13 10.40 PP 17.9 108.7 44.39 31.43 8.18 

23/07/13 11.00 PP 18.0 107.2 43.48 30.72 8.17 

23/07/13 11.20 PP 18.0 110.5 43.18 30.49 8.17 

23/07/13 11.40 PP 18.1 102.6 43.68 30.88 8.11 

23/07/13 12.00 PP 18.6 110.6 43.95 31.09 8.12 

23/07/13 12.20 PP 19.1 115.9 43.7 30.90 8.16 

23/07/13 12.40 PP 19.2 115.1 47.87 34.16 8.15 
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January 2015 

Collection 

Date 
Time Site ID 

Temperature 

[°C] 

Dissolved 

Oxygen [%] 

Cond 

[µS/cm] 

Salinity 

[ppt] 
pH 

31/01/15 08.40 Castle 7.3 80.6 562 0.52 7.13 

31/01/15 09.00 Castle 6.9 83.8 565 0.52 7.41 

31/01/15 09.20 Castle 6.7 80.5 566 0.52 7.12 

31/01/15 09.40 Castle 6.7 80.4 561 0.52 7.38 

31/01/15 10.00 Castle 7.3 75.9 560 0.52 7.47 

31/01/15 10.20 Castle 7.5 77.7 562 0.52 7.52 

31/01/15 10.40 Castle 7.4 82.9 561 0.52 7.60 

31/01/15 11.00 Castle 7.8 72.0 566 0.52 7.47 

31/01/15 11.20 Castle 7.6 83.5 565 0.52 7.85 

31/01/15 11.40 Castle 7.5 79.4 647 0.60 7.85 

31/01/15 12.00 Castle 8.6 67.6 557 0.52 7.37 

31/01/15 15.00 Sewage 7.2 92.7 700 0.65 7.76 

31/01/15 15.20 Sewage 7.3 92.1 660 0.62 7.82 

31/01/15 15.40 Sewage 7.3 94.0 747 0.70 7.70 

31/01/15 16.00 Sewage 6.6 91.2 1578 1.54 7.70 

31/01/15 16.20 Sewage 8.3 91.0 887 0.84 7.72 

31/01/15 16.40 Sewage 8.5 84.4 642 0.60 7.64 

31/01/15 17.00 Sewage 7.5 89.6 963 0.91 7.76 

31/01/15 17.20 Sewage 7.5 85.7 903 0.85 7.62 

31/01/15 17.40 Sewage 7.9 74.2 966 0.92 7.44 

01/02/15 10.00 PP 5.6 95.0 4960 3.03 7.84 

01/02/15 10.30 PP 6.0 93.0 6510 4.05 7.85 

01/02/15 11.00 PP 6.1 96.5 17230 11.49 7.68 

01/02/15 11.30 PP 6.9 97.0 16600 11.03 7.93 

01/02/15 12.00 PP 7.5 96.1 24200 16.59 7.79 

01/02/15 12.30 PP 7.6 98.9 24700 16.96 7.73 

01/02/15 13.00 PP 7.0 101.1 27900 19.36 7.96 

01/02/15 13.30 PP 7.0 98.7 28500 19.81 8.10 

01/02/15 14.00 PP 7.0 113.8 26600 18.38 8.32 

01/02/15 14.30 PP 7.4 98.1 29300 20.42 8.19 

01/02/15 15.00 PP 6.7 108.8 29500 20.57 8.29 

01/02/15 15.30 PP 6.6 106.7 29500 17.58 8.32 

01/02/15 16.00 PP 6.5 91.7 21500 14.59 8.21 

01/02/15 16.30 PP 5.6 95.2 23700 16.22 8.22 
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01/02/15 17.00 PP 5.3 95.2 26800 18.53 8.17 

01/02/15 17.30 PP 4.5 89.1 6960 4.35 8.13 

01/02/15 18.00 PP 4.5 88.9 7390 4.63 8.12 

01/02/15 18.30 PP 5.7 93.3 10100 6.47 7.82 

01/02/15 19.00 PP 6.1 89.3 11780 7.63 8.06 

01/02/15 19.30 PP 5.9 88.1 10770 6.93 7.99 

01/02/15 20.00 PP 6.6 86.9 10720 6.90 7.84 

01/02/15 20.30 PP 6.4 86.6 11950 7.75 7.77 

01/02/15 21.00 PP 8.3 84.9 11910 7.72 7.62 

01/02/15 21.30 PP 8.3 83.7 14810 9.76 7.90 

01/02/15 22.00 PP 9.3 80.9 15270 10.09 7.83 

01/02/15 22.30 PP 8.9 82.1 18940 12.72 7.82 

01/02/15 23.00 PP 10.4 80.5 13150 8.59 7.80 

01/02/15 23.30 PP 8.6 84.7 23700 16.22 7.83 

02/02/15 00.00 PP 8.5 82.5 21000 14.22 7.94 

02/02/15 00.30 PP 9.1 87.6 28400 19.73 8.04 

02/02/15 01.00 PP 8.9 82.8 24500 16.81 7.95 

02/02/15 01.30 PP 10.9 82.9 26800 18.53 8.16 

02/02/15 02.00 PP 9.2 82.9 26100 18.00 8.21 

02/02/15 02.30 PP 10.3 85.2 27900 19.36 8.00 

02/02/15 03.00 PP 9.2 81.4 28000 19.43 8.00 

02/02/15 03.30 PP 8.3 80.9 30000 20.95 8.10 

02/02/15 04.00 PP 9.1 83.2 30400 21.25 8.06 

02/02/15 04.30 PP 8.4 85.8 29900 20.87 8.06 

02/02/15 05.00 PP 9.1 85.6 24700 16.96 8.03 

02/02/15 05.30 PP 8.1 81.8 16290 10.81 7.99 

02/02/15 06.00 PP 7.5 80.1 13740 9.00 7.99 

02/02/15 06.30 PP 7.8 80.5 14850 9.79 7.85 

02/02/15 07.00 PP 9.0 81.2 13960 9.16 7.83 

02/02/15 07.30 PP 9.6 79.9 16580 11.02 7.80 

02/02/15 08.00 PP 8.9 81.8 18910 12.70 7.81 

02/02/15 08.30 PP 6.8 80.6 17930 11.99 7.93 

02/02/15 09.00 PP 9.2 83.6 24800 17.03 7.86 

02/02/15 09.30 PP 7.9 83.5 21648 14.51 7.93 
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June 2015 

Collection 

Date 
Time Site ID 

Temperature 

[°C] 

Dissolved 

Oxygen [%] 

Conductivity 

[µS/cm] 

Salinity 

[ppt] 
pH 

11/06/15 18.45 Castle 14.1 73.2 582 0.54 7.93 

11/06/15 19.00 Castle 13.5 70.0 583 0.54 7.46 

11/06/15 19.15 Castle 14.1 82.9 584 0.54 7.20 

11/06/15 19.30 Castle 13.3 64.5 569 0.53 6.96 

11/06/15 19.45 Castle 13.4 72.8 605 0.56 7.18 

11/06/15 20.00 Castle 13.2 63.5 580 0.54 6.93 

11/06/15 20.15 Castle 13.0 66.5 555 0.51 6.99 

11/06/15 20.30 Castle 13.6 77.5 556 0.51 7.12 

11/06/15 20.45 Castle 13.8 78.9 558 0.52 7.17 

11/06/15 21.00 Castle 13.3 74.8 546 0.50 7.23 

11/06/15 21.15 Castle 13.7 79.7 564 0.52 7.29 

11/06/15 21.30 Castle 13.3 73.6 571 0.53 7.27 

11/06/15 13.05 Sewage 17.7 119.0 10710 11.81 8.41 

11/06/15 13.25 Sewage 19.3 120.5 10450 11.50 8.24 

11/06/15 13.40 Sewage 18.6 136.4 10180 11.18 8.60 

11/06/15 13.55 Sewage 17.9 127.6 9698 10.61 8.42 

11/06/15 14.15 Sewage 18.2 125.5 9980 10.95 8.39 

11/06/15 14.35 Sewage 19.5 119.3 11190 12.38 8.29 

11/06/15 14.55 Sewage 18.0 137.4 10400 11.44 8.54 

11/06/15 15.00 Sewage 18.1 134.8 10090 11.08 8.66 

11/06/15 15.15 Sewage 17.7 121.6 10750 6.92 8.60 

11/06/15 15.30 Sewage 17.8 123.1 9930 6.35 8.57 

11/06/15 15.45 Sewage 17.4 124.3 10090 6.46 8.70 

11/06/15 16.00 Sewage 17.2 120.6 42500 --- 8.72 

12/06/15 07.30 PP 16.3 98.0 40900 29.67 8.51 

12/06/15 08.00 PP 14.7 100.1 40900 29.51 8.62 

12/06/15 08.30 PP 14.6 102.0 40900 28.4 8.65 

12/06/15 09.00 PP 14.9 101.1 43200 28.4 8.63 

12/06/15 09.30 PP 14.9 101.7 44000 28.4 8.63 

12/06/15 10.00 PP 14.7 101.3 46400 30.22 8.65 

12/06/15 10.30 PP 15.3 98.6 45300 30.86 8.61 

12/06/15 11.00 PP 15.6 100.7 46700 32.78 8.66 

12/06/15 11.30 PP 16.8 100.8 47300 31.9 8.65 

12/06/15 12.00 PP 17.4 102.9 47000 33.02 8.83 
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12/06/15 12.30 PP 18.6 105.0 47700 33.51 8.79 

12/06/15 13.00 PP 17.8 109.6 47400 33.26 8.72 

12/06/15 13.30 PP 18.3 103.6 47400 33.83 8.71 

12/06/15 14.00 PP 18.4 113.7 48400 33.59 8.75 

12/06/15 14.30 PP 17.3 115.3 48800 33.59 8.81 

12/06/15 15.00 PP 18.0 108.0 49500 34.39 8.79 

12/06/15 15.30 PP 15.8 105.8 49600 34.72 8.74 

12/06/15 16.00 PP 15.7 108.1 48500 35.28 8.70 

12/06/15 16.30 PP 15.1 108.7 49500 35.37 8.77 

12/06/15 17.00 PP 15.6 107.8 49600 34.47 8.80 

12/06/15 17.30 PP 15.1 110.4 49600 35.28 8.79 

12/06/15 18.00 PP 15.4 108.5 48800 35.37 8.76 

12/06/15 18.30 PP 15.3 102.8 48900 35.37 8.74 

12/06/15 19.00 PP 15.2 103.4 47600 34.72 8.71 

12/06/15 19.30 PP 14.8 105.9 46300 34.8 8.76 

12/06/15 20.00 PP 14.8 104.7 44700 33.75 8.75 

12/06/15 20.30 PP 14.8 104.0 45500 32.7 8.75 

12/06/15 21.00 PP 14.7 104.6 45400 31.42 8.75 

12/06/15 21.30 PP 14.3 104.6 46000 32.06 8.74 

12/06/15 22.00 PP 14.3 103.6 46000 31.98 8.74 

12/06/15 22.30 PP 14.0 101.1 47300 32.46 8.71 

12/06/15 23.00 PP 13.8 100.5 46700 32.46 8.70 

12/06/15 23.30 PP 13.7 99.5 47100 33.51 8.69 

13/06/15 00.00 PP 13.2 96.4 48000 33.02 8.69 

13/06/15 00.30 PP 13.3 98.9 48100 33.34 8.73 

13/06/15 01.00 PP 13.4 99.4 48700 34.07 8.71 

13/06/15 01.30 PP 13.2 93.8 49600 34.15 8.62 

13/06/15 02.00 PP 13.2 96.3 49600 33.64 8.67 

13/06/15 02.30 PP 13.2 97.2 49600 34.37 8.69 

13/06/15 03.00 PP 13.1 98.6 49500 35.37 8.69 

13/06/15 03.30 PP 13.1 98.1 49800 35.37 8.69 

13/06/15 04.00 PP 13.2 102.4 49100 35.28 8.73 

13/06/15 04.30 PP 13.1 101.8 49800 35.53 8.73 

13/06/15 05.00 PP 13.3 101.3 48200 34.96 8.73 

13/06/15 05.30 PP 13.1 115.8 48400 35.53 8.74 

13/06/15 06.00 PP 13.1 116.2 48300 34.23 8.74 

13/06/15 06.30 PP 12.5 115.5 47300 34.39 8.73 
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13/06/15 07.00 PP 12.9 119.6 47100 34.31 8.72 

 

January 2016 

Collection 

Date 
Time Site ID 

Temperature 

[°C] 

Dissolved 

Oxygen [%] 

Conductivity 

[µS/cm] 

Salinity 

[ppt] 
pH 

30/01/16 14.00 Castle  8.6 67.5 600 0.56 6.99 

30/01/16 14.15 Castle  8.5 72.6 557 0.52 6.93 

30/01/16 14.30 Castle  8.7 72.7 572 0.53 7.15 

30/01/16 14.45 Castle  8.6 69.8 566 0.52 7.11 

30/01/16 15.00 Castle  8.8 63.9 550 0.51 7.11 

30/01/16 15.15 Castle  8.8 62.6 569 0.53 7.07 

30/01/16 15.30 Castle  8.8 68.4 568 0.53 7.12 

30/01/16 15.45 Castle  8.9 67.9 559 0.52 7.09 

30/01/16 16.00 Castle  9.2 66.3 560 0.52 7.10 

30/01/16 16.15 Castle  9.0 64.4 555 0.51 7.10 

30/01/16 08.00 Sewage  6.9 92.0 1213 1.16 7.34 

30/01/16 08.15 Sewage  5.8 98.7 1194 1.14 7.79 

30/01/16 08.30 Sewage  5.6 99.0 2150 2.13 7.78 

30/01/16 08.45 Sewage  6.3 98.0 2200 2.18 7.87 

30/01/16 09.15 Sewage  6.8 101.8 670 0.63 8.19 

30/01/16 09.30 Sewage  7.3 99.9 573 0.53 8.07 

30/01/16 09.45 Sewage  7.3 98.0 426 0.39 7.98 

30/01/16 10.00 Sewage  7.3 100.0 478 0.00 7.90 

30/01/16 10.15 Sewage  6.6 101.0 2360 2.35 8.09 

30/01/16 10.30 Sewage  6.5 101.1 2430 2.42 8.20 

30/01/16 18.15 PP  7.4 98.0 37400 34.66 8.21 

30/01/16 18.45 PP  7.7 97.6 38000 35.11 8.37 

30/01/16 19.15 PP  7.8 97.9 38100 35.33 8.36 

30/01/16 19.45 PP  7.7 97.1 37900 35.22 8.44 

30/01/16 20.15 PP  7.4 97.0 38000 35.11 8.50 

30/01/16 20.45 PP  7.7 97.8 36800 33.88 8.49 

30/01/16 21.15 PP  7.7 96.5 37100 34.32 8.57 

30/01/16 21.45 PP  7.6 96.5 37500 34.77 8.58 

30/01/16 22.15 PP  7.5 96.9 31800 31.85 8.59 

30/01/16 22.45 PP  7.3 95.8 22600 21.79 8.57 

30/01/16 23.15 PP  7.4 95.4 19350 18.40 8.51 

30/01/16 23.45 PP  7.4 92.8 13820 12.71 8.43 
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31/01/16 00.15 PP  7.5 93.9 14390 13.31 8.40 

31/01/16 00.45 PP  7.6 92.5 14220 13.07 8.38 

31/01/16 01.15 PP  9.0 92.2 14400 13.14 8.26 

31/01/16 01.45 PP  8.8 89.0 13770 12.59 8.41 

31/01/16 02.15 PP  8.8 90.2 16880 15.73 8.47 

31/01/16 02.45 PP  9.3 90.8 18080 16.95 8.48 

31/01/16 03.15 PP  8.8 90.3 17620 16.43 8.50 

31/01/16 03.45 PP  9.0 89.5 18080 16.90 8.48 

31/01/16 04.15 PP  8.7 90.2 19040 17.57 8.42 

31/01/16 04.45 PP  8.6 90.3 20700 18.92 8.46 

31/01/16 05.15 PP  9.5 91.9 25300 23.48 8.45 

31/01/16 05.45 PP  10.5 92.5 29300 27.26 8.44 

31/01/16 06.15 PP  9.8 92.5 33100 30.65 8.47 

31/01/16 06.45 PP  10.4 94.3 38500 36.31 8.50 

31/01/16 07.15 PP  10.6 95.7 29200 27.08 8.54 

31/01/16 07.45 PP  9.9 95.6 38800 34.63 8.54 

31/01/16 08.15 PP  10.3 94.9 39200 35.25 8.55 

31/01/16 08.45 PP  10.5 94.1 39100 33.94 8.55 

31/01/16 09.15 PP  10.4 95.5 40100 35.20 8.58 

31/01/16 09.45 PP  10.2 96.8 39700 34.78 8.57 

31/01/16 10.15 PP  10.4 96.7 40100 36.10 8.60 

31/01/16 10.45 PP  10.2 96.9 40000 34.89 8.61 

31/01/16 11.15 PP  10.2 99.1 39800 34.78 8.63 

31/01/16 11.45 PP  10.0 97.8 40100 35.10 8.61 

31/01/16 12.15 PP  10.2 97.1 39200 34.05 8.58 

31/01/16 12.45 PP  10.1 96.7 38700 33.63 8.60 

31/01/16 13.15 PP  10.4 98.0 39000 33.73 8.60 

31/01/16 13.45 PP  10.5 99.8 39700 34.47 8.57 

31/01/16 14.15 PP  10.8 96.4 39900 34.36 8.61 

31/01/16 14.45 PP  10.9 97.5 38800 33.32 8.61 

31/01/16 15.15 PP  10.6 98.4 39400 34.15 8.62 

31/01/16 15.45 PP  10.5 99.4 39100 35.74 8.64 

31/01/16 16.15 PP  10.6 98.2 39200 35.05 8.62 

31/01/16 16.45 PP  10.4 99.3 39000 35.73 8.63 

31/01/16 17.15 PP  10.3 96.9 38800 36.53 8.66 
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Appendix B – Measured Nutrient Concentrations for Budgetary Analysis 
(Chapter 2) - Raw Data  
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July 2013 

Collection 

Date 
Time Site ID 

Salinity 

(ppt) 

NO3
- 

(µmol L-1) 

NO2
- 

(µmol L-1) 

NH4
+ 

(µmol L-1) 

DRSi 

(µmol L-1) 

TDP 

(µmol L-1) 

22/07/13 11.00 Castle 3.67 60.8 5.5 0.3 51.1 N/A 

22/07/13 11.20 Castle 3.17 59.3 11.3 0.4 47.7 0.9 

22/07/13 11.40 Castle 2.96 57.6 9.7 0.4 48.0 0.7 

22/07/13 12.00 Castle 2.67 57.4 16.2 0.4 46.3 0.7 

22/07/13 12.20 Castle 2.31 58.4 11.7 0.4 46.1 0.7 

22/07/13 12.40 Castle 2.22 61.9 22.5 0.6 45.5 0.7 

22/07/13 13.00 Castle 1.90 60.6 22.3 0.7 46.4 0.7 

22/07/13 13.20 Castle 1.84 59.4 20.8 0.3 45.5 0.7 

22/07/13 13.40 Castle 1.86 59.1 14.8 0.6 46.9 0.7 

22/07/13 14.50 Sewage 22.2 0.1 0.4 3.2 4.3 0.4 

22/07/13 15.10 Sewage 21.8 0.5 0.4 0.5 4.8 0.2 

22/07/13 15.35 Sewage 20.58 3.1 1.9 46.8 8.8 0.5 

22/07/13 15.50 Sewage 22.15 1.9 0.5 14.2 5.2 0.8 

22/07/13 16.10 Sewage 21.9 0.9 0.5 17.5 2.8 0.5 

22/07/13 16.30 Sewage 23.4 0.1 0.4 7.6 2.1 0.2 

22/07/13 16.50 Sewage 23.3 0.5 0.4 1.2 2.2 0.1 

22/07/13 17.05 Sewage 23.3 2.1 0.4 2.5 2.4 0.2 

22/07/13 17.30 Sewage 23.36 31.7 0.4 9.5 1.8 0.5 

22/07/13 13.00 PP 31.58 3.2 0.7 2.3 5.4 0.8 

22/07/13 13.20 PP 32.03 41.5 0.7 0.8 1.2 0.5 

22/07/13 13.40 PP 31.46 4.6 0.7 0.8 5.7 0.4 

22/07/13 14.00 PP 31.82 4.2 0.7 2.9 9.0 0.7 

22/07/13 14.20 PP 31.92 4.1 0.8 1.3 8.9 0.7 

22/07/13 14.40 PP 32.07 2.6 0.6 0.8 2.7 0.5 

22/07/13 15.00 PP 32.61 2.9 0.7 0.9 3.2 0.4 

22/07/13 15.20 PP 31.11 1.7 0.6 0.8 2.4 0.5 

22/07/13 15.40 PP 32.21 1.8 0.8 0.9 2.7 0.5 

22/07/13 16.00 PP 32.27 3.4 0.7 1.1 2.6 0.4 

22/07/13 16.20 PP 31.81 1.7 0.6 0.8 1.8 0.4 

22/07/13 16.40 PP 32.03 1.5 0.8 0.9 2.1 0.3 

22/07/13 17.00 PP 32.18 0.9 0.6 0.8 1.7 0.3 

22/07/13 17.20 PP 30.75 0.5 0.9 0.7 4.9 0.4 

22/07/13 17.40 PP 32.25 0.1 0.8 3.2 3.1 0.2 

22/07/13 18.00 PP 31.82 4.4 0.9 6.1 6.8 0.2 
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22/07/13 18.20 PP 32.16 1.6 1.0 5.6 4.3 0.1 

22/07/13 18.40 PP 31.89 0.1 0.7 2.5 2.4 0.1 

22/07/13 19.00 PP 31.88 0.1 0.8 1.6 3.6 0.2 

22/07/13 19.20 PP 30.97 0.1 0.8 0.6 2.5 0.2 

22/07/13 19.40 PP 30.51 0.1 0.8 0.6 2.8 0.2 

22/07/13 20.00 PP 31.71 0.1 0.8 2.4 2.5 0.2 

22/07/13 20.20 PP 30.72 0.2 0.8 3.1 3.0 0.2 

22/07/13 20.40 PP 30.60 0.4 0.8 3.6 3.7 0.1 

22/07/13 21.00 PP 30.40 0.2 0.8 3.3 4.0 0.2 

22/07/13 21.20 PP 31.70 0.1 0.8 3.0 3.7 0.2 

22/07/13 21.40 PP 30.89 0.2 0.8 1.0 3.2 0.1 

22/07/13 22.00 PP 30.37 0.2 0.8 2.1 3.3 0.1 

22/07/13 22.20 PP 30.48 0.1 0.8 3.1 3.4 0.1 

22/07/13 22.40 PP 31.38 0.1 0.7 0.6 2.1 0.1 

23/07/13 23.00 PP 23.64 0.2 0.7 3.9 2.1 0.4 

23/07/13 23.20 PP 29.94 0.1 0.7 2.3 2.2 0.1 

23/07/13 23.40 PP 31.82 0.2 0.8 4.3 2.3 0.1 

23/07/13 00.00 PP 31.60 1.8 1.1 7.1 3.9 0.1 

23/07/13 00.20 PP 31.47 1.3 1.1 4.2 3.0 0.1 

23/07/13 00.40 PP 31.35 1.7 0.9 1.3 4.4 0.4 

23/07/13 01.00 PP 30.34 1.4 0.8 2.4 2.9 0.2 

23/07/13 01.20 PP 30.51 1.1 1.0 3.4 3.6 0.3 

23/07/13 01.40 PP 31.21 3.5 0.8 7.2 6.1 0.8 

23/07/13 02.00 PP 31.17 3.2 0.9 4.6 5.6 0.1 

23/07/13 02.20 PP 31.12 3.2 0.9 0.6 5.5 0.5 

23/07/13 02.40 PP 31.64 2.7 1.0 2.3 5.2 0.3 

23/07/13 03.00 PP 31.73 3.0 0.8 0.7 6.2 0.3 

23/07/13 03.20 PP 31.64 3.4 0.7 8.0 12.2 0.4 

23/07/13 03.40 PP 31.69 1.9 0.7 0.8 6.5 0.5 

23/07/13 04.00 PP 31.64 0.5 0.3 1.9 13.1 0.4 

23/07/13 04.20 PP 32.39 2.7 0.5 1.8 12.4 1.2 

23/07/13 04.40 PP 32.10 1.5 0.7 0.6 12.6 0.4 

23/07/13 05.00 PP 31.89 2.0 0.4 0.6 17.1 0.7 

23/07/13 05.20 PP 31.63 17.1 0.4 0.6 13.3 0.2 

23/07/13 05.40 PP 31.55 14.0 0.5 0.5 11.5 0.2 

23/07/13 06.00 PP 31.70 12.8 0.4 2.1 12.8 0.2 

23/07/13 06.20 PP 31.89 6.7 0.9 4.1 8.1 0.3 
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23/07/13 06.40 PP 31.53 6.0 0.7 1.1 10.0 0.2 

23/07/13 07.00 PP 31.51 0.5 0.8 9.2 3.1 0.1 

23/07/13 07.20 PP 31.60 0.4 0.7 1.5 3.0 0.2 

23/07/13 07.40 PP 31.61 0.4 0.7 1.9 3.0 0.1 

23/07/13 08.00 PP 31.53 0.3 0.8 2.2 3.0 0.1 

23/07/13 08.20 PP 31.55 0.4 0.9 3.9 3.0 0.1 

23/07/13 08.40 PP 31.50 0.1 0.7 2.2 2.4 0.1 

23/07/13 09.00 PP 32.07 0.2 0.7 2.7 2.3 0.5 

23/07/13 09.20 PP 30.98 0.1 0.7 0.9 3.0 0.2 

23/07/13 09.40 PP 31.58 0.2 0.6 2.5 2.4 0.2 

23/07/13 10.00 PP 31.37 0.1 0.6 0.5 2.5 0.3 

23/07/13 10.20 PP 30.76 0.1 0.6 1.2 2.7 0.2 

23/07/13 10.40 PP 31.43 0.1 0.5 3.1 3.0 0.2 

23/07/13 11.00 PP 30.72 0.4 0.6 2.8 6.9 0.2 

23/07/13 11.20 PP 30.49 0.1 0.7 3.4 7.6 0.3 

23/07/13 11.40 PP 30.88 0.2 0.6 3.7 10.1 0.7 

23/07/13 12.00 PP 31.09 0.1 0.6 1.1 8.9 1.1 

23/07/13 12.20 PP 30.90 0.1 0.6 1.0 6.0 0.2 

23/07/13 12.40 PP 34.16 0.1 0.6 0.7 6.3 0.1 
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January 2015 

Collection 

Date 
Time Site ID 

Salinity 

(ppt) 

NO3
- 

(µmol L-1) 

NO2
- 

(µmol L-1) 

NH4
+ 

(µmol L-1) 

DRSi 

(µmol L-1) 

TDP 

(µmol L-1) 

31/01/15 08.40 Castle 0.52 13.94 1.85 1.40 4.64 0.08 

31/01/15 09.00 Castle 0.52 13.92 1.86 1.12 4.68 0.06 

31/01/15 09.20 Castle 0.52 14.21 1.86 1.04 4.68 0.06 

31/01/15 09.40 Castle 0.52 13.99 1.86 1.06 4.57 0.08 

31/01/15 10.00 Castle 0.52 13.99 1.86 1.09 4.61 0.06 

31/01/15 10.20 Castle 0.52 13.92 1.86 1.15 4.61 0.07 

31/01/15 10.40 Castle 0.52 13.79 1.86 1.03 4.57 0.07 

31/01/15 11.00 Castle 0.52 13.64 1.86 1.02 4.64 0.08 

31/01/15 11.20 Castle 0.52 13.71 1.86 1.07 4.61 0.15 

31/01/15 11.40 Castle 0.60 13.85 1.86 1.05 4.57 0.07 

31/01/15 12.00 Castle 0.52 13.56 1.86 1.02 4.61 0.07 

31/01/15 15.00 Sewage 0.65 4.01 1.86 1.13 3.61 0.27 

31/01/15 15.20 Sewage 0.62 3.94 1.86 1.12 3.93 0.35 

31/01/15 15.40 Sewage 0.70 4.20 1.86 1.08 3.82 0.11 

31/01/15 16.00 Sewage 1.54 4.91 1.86 1.21 3.79 0.11 

31/01/15 16.20 Sewage 0.84 4.22 1.86 1.06 3.68 0.22 

31/01/15 16.40 Sewage 0.60 4.04 1.86 1.05 3.68 0.09 

31/01/15 17.00 Sewage 0.91 4.05 1.86 1.32 3.96 0.11 

31/01/15 17.20 Sewage 0.85 4.14 1.86 1.12 3.71 0.09 

31/01/15 17.40 Sewage 0.92 3.94 1.86 1.15 3.64 0.08 

01/02/15 10.15 PP 3.03 5.41 1.86 1.19 5.41 0.07 

01/02/15 10.45 PP 4.05 5.39 1.86 1.09 5.39 0.07 

01/02/15 11.15 PP 11.49 4.32 1.86 1.09 4.32 0.07 

01/02/15 11.45 PP 11.03 4.28 1.86 1.09 4.28 0.07 

01/02/15 12.15 PP 16.59 3.39 1.86 1.15 3.39 0.07 

01/02/15 12.45 PP 16.96 3.25 1.86 1.15 3.25 0.07 

01/02/15 13.15 PP 19.36 2.85 1.86 1.11 2.85 0.07 

01/02/15 13.45 PP 19.81 2.81 1.85 1.14 2.81 0.07 

01/02/15 14.15 PP 18.38 2.84 1.86 1.22 2.84 0.07 

01/02/15 14.45 PP 20.42 2.78 1.86 1.21 2.78 0.06 

01/02/15 15.15 PP 20.57 2.49 1.86 1.21 2.49 0.07 

01/02/15 15.45 PP 17.58 2.34 1.86 1.33 2.34 0.11 

01/02/15 16.15 PP 14.59 3.70 1.84 1.21 3.70 0.06 

01/02/15 16.45 PP 16.22 3.49 1.86 1.14 3.49 0.05 
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01/02/15 17.15 PP 18.53 3.19 1.86 1.15 3.19 0.06 

01/02/15 17.45 PP 4.35 5.03 1.86 1.12 5.03 0.05 

01/02/15 18.15 PP 4.63 5.09 1.86 1.21 5.09 0.08 

01/02/15 18.45 PP 6.47 4.80 1.86 1.16 4.80 0.08 

01/02/15 19.15 PP 7.63 4.76 1.86 1.11 4.76 0.07 

01/02/15 19.45 PP 6.93 4.63 1.86 1.16 4.63 0.07 

01/02/15 20.15 PP 6.90 4.51 1.86 1.21 4.51 0.07 

01/02/15 20.45 PP 7.75 4.39 1.86 1.14 4.39 0.06 

01/02/15 21.15 PP 7.72 4.36 1.86 1.16 4.36 0.06 

01/02/15 21.45 PP 9.76 4.06 1.87 1.23 4.06 0.08 

01/02/15 22.15 PP 10.09 4.15 1.86 1.15 4.15 0.06 

01/02/15 22.45 PP 12.72 4.00 1.86 1.11 4.00 0.06 

01/02/15 23.15 PP 8.59 3.42 1.86 1.14 3.42 0.08 

01/02/15 23.45 PP 16.22 3.22 1.86 1.08 3.22 0.08 

01/02/15 00.15 PP 14.22 3.49 1.86 1.11 3.49 0.07 

01/02/15 00.45 PP 19.73 2.71 1.86 1.19 2.71 0.07 

01/02/15 01.15 PP 16.81 2.90 1.86 1.14 2.90 0.07 

01/02/15 01.45 PP 18.53 2.79 1.86 1.15 2.79 0.14 

01/02/15 02.15 PP 18.00 2.86 1.86 1.13 2.86 0.21 

01/02/15 02.45 PP 19.36 2.52 1.86 1.23 2.52 0.07 

01/02/15 03.15 PP 19.43 2.25 1.88 1.11 2.25 0.05 

01/02/15 03.45 PP 20.95 2.26 1.86 1.10 2.26 0.06 

01/02/15 04.15 PP 21.25 2.22 1.86 1.09 2.22 0.06 

01/02/15 04.45 PP 20.87 2.17 1.86 1.06 2.17 0.05 

01/02/15 05.15 PP 16.96 3.01 1.86 1.14 3.01 0.05 

01/02/15 05.45 PP 10.81 4.29 1.86 1.56 4.29 0.10 

01/02/15 06.15 PP 9.00 4.36 1.86 1.21 4.36 0.06 

01/02/15 06.45 PP 9.79 4.29 1.86 1.07 4.29 0.06 

01/02/15 07.15 PP 9.16 4.13 1.86 1.39 4.13 0.04 

01/02/15 07.45 PP 11.02 3.90 1.86 1.27 3.90 0.06 

01/02/15 08.15 PP 12.70 3.21 1.86 1.21 3.21 0.04 

01/02/15 08.45 PP 11.99 3.48 1.86 1.11 3.48 0.04 

01/02/15 09.15 PP 17.03 2.74 1.86 1.11 2.74 0.07 

01/02/15 09.45 PP 14.51 2.41 1.78 1.40 2.41 0.05 
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June 2015 

Collection 

Date 
Time Site ID 

Salinity 

(ppt) 

NO3
- 

(µmol L-1) 

NO2
- 

(µmol L-1) 

NH4
+ 

(µmol L-1) 

DRSi 

(µmol L-1) 

TDP 

(µmol L-1) 

11/06/15 19.00 Castle  0.54 81.43 0.20 BDL 43.57 0.28 

11/06/15 19.15 Castle  0.54 80.71 0.15 BDL 43.57 0.21 

11/06/15 19.30 Castle  0.53 83.57 0.26 BDL 44.29 0.22 

11/06/15 19.45 Castle  0.56 82.86 0.99 BDL 43.57 0.26 

11/06/15 20.00 Castle  0.54 83.57 0.18 BDL 43.57 0.24 

11/06/15 20.15 Castle  0.51 84.29 0.01 BDL 44.29 0.24 

11/06/15 20.30 Castle  0.51 82.86 0.04 BDL 52.50 0.23 

11/06/15 20.45 Castle  0.52 85.00 0.11 BDL 44.29 0.27 

11/06/15 21.00 Castle  0.50 82.86 0.20 BDL 44.29 0.24 

11/06/15 21.15 Castle  0.52 82.14 0.20 BDL 45.71 0.24 

11/06/15 13.25 Sewage  11.50 13.21 0.29 0.86 20.07 0.21 

11/06/15 13.40 Sewage  11.18 13.29 0.82 10.21 19.71 0.15 

11/06/15 13.55 Sewage  10.61 14.00 0.34 0.89 21.71 0.21 

11/06/15 14.15 Sewage  10.95 14.07 0.25 2.02 21.54 0.33 

11/06/15 14.35 Sewage  12.38 12.07 0.21 0.97 21.57 0.31 

11/06/15 14.55 Sewage  11.44 12.36 0.32 2.85 20.21 0.27 

11/06/15 15.00 Sewage  11.08 13.57 0.49 0.96 20.39 0.35 

11/06/15 15.15 Sewage  6.92 9.57 0.23 1.71 20.64 0.20 

11/06/15 15.30 Sewage  6.35 13.29 0.16 2.26 20.82 0.16 

11/06/15 15.45 Sewage  6.46 12.01 0.22 2.14 21.75 0.63 

11/06/15 07.30 PP 29.67 3.21 0.37 0.43 5.34 0.23 

11/06/15 08.00 PP 29.51 3.30 0.32 1.21 5.12 0.20 

11/06/15 08.30 PP 28.4 5.14 0.33 1.21 6.23 0.21 

11/06/15 09.00 PP 28.4 4.47 0.31 0.74 5.91 0.18 

12/06/15 09.30 PP 28.4 4.35 0.46 3.12 6.05 0.17 

12/06/15 10.00 PP 30.22 4.10 0.34 2.17 5.98 0.21 

12/06/15 10.30 PP 30.86 4.27 0.35 3.40 7.26 0.25 

12/06/15 11.00 PP 32.78 4.59 0.43 2.86 6.62 0.25 

12/06/15 11.30 PP 31.9 3.89 0.38 0.51 5.27 0.21 

12/06/15 12.00 PP 33.02 2.72 0.38 2.90 4.07 0.23 

12/06/15 12.30 PP 33.51 1.55 0.49 1.22 3.40 0.24 

12/06/15 13.00 PP 33.26 2.08 0.49 2.43 6.19 0.27 

12/06/15 13.30 PP 33.83 2.46 0.65 5.26 4.09 0.20 

12/06/15 14.00 PP 33.59 2.09 0.39 1.84 4.16 0.25 
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12/06/15 14.30 PP 33.59 1.24 1.00 1.70 3.99 0.24 

12/06/15 15.00 PP 34.39 1.13 0.52 2.59 4.37 0.21 

12/06/15 15.30 PP 34.72 1.00 0.39 3.44 4.31 0.17 

12/06/15 16.00 PP 35.28 0.96 0.39 1.21 4.06 0.24 

12/06/15 16.30 PP 35.37 0.93 0.37 3.42 3.52 0.25 

12/06/15 17.00 PP 34.47 0.82 0.50 0.56 4.28 0.20 

12/06/15 17.30 PP 35.28 0.88 0.41 0.51 3.40 0.22 

12/06/15 18.00 PP 35.37 0.89 0.37 0.55 3.15 0.22 

12/06/15 18.30 PP 35.37 0.95 0.40 0.51 3.67 0.19 

12/06/15 19.00 PP 34.72 0.90 0.44 0.51 3.50 0.17 

12/06/15 19.30 PP 34.8 0.97 0.41 0.46 4.02 0.19 

12/06/15 20.00 PP 33.75 1.23 0.38 1.30 3.70 0.24 

12/06/15 20.30 PP 32.7 1.65 0.38 1.13 4.80 0.19 

12/06/15 21.00 PP 31.42 1.79 0.53 1.13 4.09 0.17 

12/06/15 21.30 PP 32.06 1.64 0.41 2.40 4.48 0.26 

12/06/15 22.00 PP 31.98 1.39 0.36 0.45 5.34 0.28 

12/06/15 22.30 PP 32.46 3.00 0.37 1.23 4.13 0.25 

12/06/15 23.00 PP 32.46 3.11 0.44 0.61 4.63 0.61 

12/06/15 23.30 PP 33.51 2.09 0.57 4.21 3.37 0.57 

12/06/15 00.00 PP 33.02 1.83 0.43 0.55 3.95 0.72 

12/06/15 00.30 PP 33.34 0.96 0.32 0.50 3.47 0.64 

12/06/15 01.00 PP 34.07 1.44 0.40 0.51 3.91 0.72 

12/06/15 01.30 PP 34.15 0.88 0.44 0.50 3.46 0.72 

13/06/15 02.00 PP 33.64 1.36 0.45 1.69 3.31 0.72 

13/06/15 02.30 PP 34.37 0.64 0.39 1.09 2.84 0.67 

13/06/15 03.00 PP 35.37 0.72 0.41 1.09 3.09 0.72 

13/06/15 03.30 PP 35.37 1.05 0.43 0.94 3.01 0.52 

13/06/15 04.00 PP 35.28 1.01 0.61 1.34 3.05 0.69 

13/06/15 04.30 PP 35.53 1.20 0.54 0.40 3.41 0.66 

13/06/15 05.00 PP 34.96 1.15 0.42 1.42 3.63 0.49 

13/06/15 05.30 PP 35.53 1.66 0.42 0.51 3.09 0.65 

13/06/15 06.00 PP 34.23 1.36 0.33 0.53 3.59 0.45 

13/06/15 06.30 PP 34.39 1.23 0.68 0.57 3.74 0.58 
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January 2016 

Collection 

Date 
Time Site ID 

Salinity 

(ppt) 

NO3
- 

(µmol L-1) 

NO2
- 

(µmol L-1) 

NH4
+ 

(µmol L-1) 

DRSi 

(µmol L-1) 

TDP 

(µmol L-1) 

30/01/16 14.00 Castle 0.56 99.46 1.61 0.41 51.96 1.77 

30/01/16 14.15 Castle 0.52 98.01 2.70 0.10 50.71 1.12 

30/01/16 14.30 Castle 0.53 94.80 1.49 0.11 50.18 1.13 

30/01/16 14.45 Castle 0.52 97.80 1.90 0.09 51.07 1.14 

30/01/16 15.00 Castle 0.51 98.46 1.52 0.03 50.89 0.91 

30/01/16 15.15 Castle 0.53 97.76 1.65 0.06 51.25 0.81 

30/01/16 15.30 Castle 0.53 99.77 1.47 0.17 51.61 0.96 

30/01/16 15.45 Castle 0.52 100.31 2.49 0.14 50.89 0.99 

30/01/16 16.00 Castle 0.52 98.22 1.77 0.33 50.54 0.88 

30/01/16 16.15 Castle 0.51 98.94 1.85 0.25 50.71 0.83 

30/01/16 08.00 Sewage 1.16 38.05 0.45 0.17 40.98 0.28 

30/01/16 08.15 Sewage 1.14 37.05 1.31 0.12 42.50 6.55 

30/01/16 08.30 Sewage 2.13 34.31 1.41 10.96 40.71 4.16 

30/01/16 08.45 Sewage 2.18 32.79 1.19 27.32 40.36 1.77 

30/01/16 09.15 Sewage 0.63 33.14 1.57 0.22 40.71 1.55 

30/01/16 09.30 Sewage 0.53 31.93 1.55 0.18 40.71 1.50 

30/01/16 09.45 Sewage 0.39 32.30 1.22 0.11 40.00 1.44 

30/01/16 10.00 Sewage 0.00 32.42 1.95 0.72 40.18 1.25 

30/01/16 10.15 Sewage 2.35 32.09 1.34 0.15 40.54 1.15 

30/01/16 10.30 Sewage 2.42 34.10 1.62 0.19 41.43 1.14 

30/01/16 10.30a Sewage 2.36 35.03 1.40 0.24 39.64 1.51 

30/01/16 18.15 PP 34.66 35.18 0.90 0.31 30.77 0.82 

30/01/16 18.45 PP 35.11 35.26 1.44 0.29 30.95 0.80 

30/01/16 19.15 PP 35.33 31.33 1.40 0.29 31.36 0.80 

30/01/16 19.45 PP 35.22 31.39 1.14 0.23 32.91 0.77 

30/01/16 20.15 PP 35.11 32.06 1.17 0.32 30.86 0.77 

30/01/16 20.45 PP 33.88 31.03 0.97 0.33 30.46 0.90 

30/01/16 21.15 PP 34.32 32.44 0.91 0.38 30.66 0.70 

30/01/16 21.45 PP 34.77 31.84 1.04 0.28 30.75 0.98 

30/01/16 22.15 PP 31.85 28.20 0.99 0.64 26.84 1.02 

30/01/16 22.45 PP 21.79 25.55 0.66 0.42 24.04 0.88 

30/01/16 23.15 PP 18.40 20.96 0.59 0.44 22.88 0.87 

31/01/16 23.45 PP 12.71 16.58 0.41 0.52 18.46 0.91 
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31/01/16 00.15 PP 13.31 15.39 0.93 1.72 16.91 0.81 

31/01/16 01.15 PP 13.14 15.81 1.00 0.74 13.30 0.77 

31/01/16 01.45 PP 12.59 15.60 0.70 2.36 12.75 0.70 

31/01/16 02.15 PP 15.73 15.82 0.83 0.74 12.25 0.73 

31/01/16 02.45 PP 16.95 15.87 0.43 0.79 13.11 0.78 

31/01/16 03.15 PP 16.43 15.32 0.42 0.62 11.34 0.78 

31/01/16 03.45 PP 16.90 15.47 0.67 0.00 10.70 0.69 

31/01/16 04.15 PP 17.57 14.92 0.39 0.41 10.05 0.71 

31/01/16 04.45 PP 18.92 15.36 0.57 0.41 12.73 0.74 

31/01/16 05.15 PP 23.48 17.96 0.47 0.75 13.63 0.73 

31/01/16 05.45 PP 27.26 15.19 0.32 0.71 13.41 0.70 

31/01/16 06.15 PP 30.65 16.43 0.64 0.52 14.30 0.75 

31/01/16 06.45 PP 36.31 14.41 0.92 0.68 13.88 0.71 

31/01/16 07.15 PP 27.08 16.24 0.75 1.11 13.48 0.79 

31/01/16 07.45 PP 34.63 15.93 0.98 1.87 11.02 1.01 

31/01/16 08.15 PP 35.25 16.91 0.58 1.20 11.84 0.80 

31/01/16 08.45 PP 33.94 17.63 0.43 0.75 13.11 0.76 

31/01/16 09.15 PP 35.20 19.00 0.38 0.74 14.27 0.82 

31/01/16 09.45 PP 34.78 18.51 0.48 0.68 15.16 0.89 

31/01/16 10.15 PP 36.10 18.20 0.43 1.08 14.09 0.78 

31/01/16 10.45 PP 34.89 18.67 0.42 0.77 13.07 0.82 

31/01/16 11.15 PP 34.78 17.71 0.48 1.44 12.50 0.69 

31/01/16 11.45 PP 35.10 17.32 0.40 0.51 12.73 1.00 

31/01/16 12.15 PP 34.05 16.53 0.97 0.55 10.68 1.11 

31/01/16 12.45 PP 33.63 16.07 0.58 0.57 13.13 0.93 

31/01/16 13.15 PP 33.73 18.07 0.50 0.87 14.20 0.82 

31/01/16 13.45 PP 34.47 18.72 0.50 0.78 15.30 0.78 

31/01/16 14.15 PP 34.36 16.27 0.43 1.01 13.34 0.82 

31/01/16 14.45 PP 33.32 21.15 0.39 1.87 14.61 0.94 

31/01/16 15.15 PP 34.15 21.71 0.34 0.87 14.04 0.81 

31/01/16 15.45 PP 35.74 30.22 0.39 0.70 15.96 0.79 

31/01/16 16.15 PP 35.05 33.82 0.37 1.79 15.18 0.76 

31/01/16 16.45 PP 35.73 21.49 0.39 1.28 18.79 0.82 

30/01/16 17.15 PP 36.53 33.82 0.58 1.75 23.46 0.81 

30/01/16 17.45 PP 34.66 32.19 1.02 0.41 29.02 0.82 
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Appendix C: Examples of Calculations 
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Water/Salt Budgets:  
Table C.1: Integrated Area of Flood Example from January 2015. The change in height of the tide (m) was multiplied by the 
change in time (hr), this was then multiplied by the salinity to determine the associated salt flux. The flood flux is represented by 
positive values as the salt is entering the bay while the ebb flux is negative as the tide is leaving the bay. The integrated area of 
the daily ebb tide is subtracted from the daily flood to determine the net exchange of salt (g m-2 d-1) with the open ocean.  

Time 

 

Tide 

Height 

(m) 

Change in 

height with 

time (m) 

Change in 

Time (hr) 

Change in height 

/Change in time  

dh/dt (m hr-1) 

Salinity 

(mg m-3) 

Flux = 

Salinity * 

dh/dt 

09.30 1.160      

10.00 1.200 0.040 0.5 0.08 3.03 0.24 

10.30 1.320 0.120 0.5 0.24 4.05 0.97 

11.00 1.530 0.210 0.5 0.42 11.49 4.82 

11.30 1.800 0.270 0.5 0.54 11.03 5.96 

12.00 2.100 0.300 0.5 0.6 16.59 9.95 

12.30 2.400 0.300 0.5 0.6 16.96 10.17 

13.00 2.740 0.340 0.5 0.68 19.36 13.16 

13.30 3.100 0.360 0.5 0.72 19.81 14.26 

14.00 3.480 0.380 0.5 0.76 18.38 13.97 

14.30 3.860 0.380 0.5 0.76 20.42 15.52 

15.00 4.120 0.260 0.5 0.52 20.57 10.70 

15.30 4.280 0.160 0.5 0.32 17.58 5.63 

16.00 4.290 0.010 0.5 0.02 14.59 0.29 

16.30 4.180 -0.110 0.5 -0.22 16.22 -3.57 

17.00 4.000 -0.180 0.5 -0.36 18.53 -6.67 

17.30 3.750 -0.250 0.5 -0.5 4.35 -2.17 

18.00 3.450 -0.300 0.5 -0.6 4.63 -2.78 

18.30 3.110 -0.340 0.5 -0.68 6.47 -4.40 

19.00 2.730 -0.380 0.5 -0.76 7.63 -5.80 

20.00 2.340 -0.390 0.5 -0.78 6.93 -5.41 

20.30 1.960 -0.380 0.5 -0.76 6.90 -5.24 

21.00 1.650 -0.310 0.5 -0.62 7.75 -4.80 

21.30 1.430 -0.220 0.5 -0.44 7.72 -3.40 

22.00 1.290 -0.140 0.5 -0.28 9.76 -2.73 

22.30 1.260 -0.030 0.5 -0.06 10.09 -0.61 
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Table C.2: SGD calculation from water/salt budgets from January 2015. The integrated area of the daily ebb tide is subtracted 
from the daily flood to determine the exchange of salt per m2 (g m-2 d-1) with the open ocean. This was then multiplied by the 
mean tidal level (m2) to determine the total exchange of salt with the open ocean. This value was then divided by the salinity of 
fresh groundwater from Loughcurragh South borehole located 10 km inland from the SGD springs to determine the water flux 
from land. This was then multiplied by the associated FW/SGD ratio determined for that sampling point to remove freshwater 
runoff from the SGD value.  

Flood flux  

mg m-2 

A 

Ebb flux  

mg m-2 

B 

Flood – Ebb  

(mg m-2 d-1) 

A - B 

C *MTL 

C * 1618 m2 

(mg d-1) 

D/Terrestrial FW 

Salinity  

(0.43 mg m-3) 

m3 d-1 

E*FW/SGD 

ratio 

m3 d-1 

(A) 219.82 (B) 135.52 (C) 84.3 (D) 136,391.1 (E) 317,187 215,687 
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Tidal Exchange of Nutrients:  
Table C.3: Integrated Area of Flood Example from January 2015. The change in height of the tide (m) was multiplied by the 
change in time (hr), this was then multiplied by the nutrient concentration (mol m-3) to determine the associated nutrient flux. 
The flood flux is represented by positive values as the salt is entering the bay while the ebb flux is negative as the tide is leaving 
the bay. The integrated area of the daily ebb tide is subtracted from the daily flood to determine the net exchange of nutrient 
(mol m-2 d-1) with the open ocean (Parkmore Pier Tidal Exchange). This is then multiplied by the mean tidal level (MTL) to 
determine flux over the area (m2) that this occurs (mol d-1).  

Time 

 

Tide 

Height 

(m) 

A. 

Change in 

height with 

time (m) 

B. 

(A2 – A1) 

Change 

in Time 

(hr) 

C. 

Change in 

height /Change 

in time  

dh/dt (m hr-1) 

D = B/C 

Nutrient (NO3
-) 

(mol m-3) 

E. 

Flux = 

[Nutrient]  

* dh/dt 

mol m-2 h-1 

F = D*E 

mol m-2 h-1 

*MTL(m2) 

mol d-1 

G = F*MTL 

09.30 1.160       

10.00 1.200 0.040 0.5 0.08 0.054 0.005 8.76 

10.30 1.320 0.120 0.5 0.24 0.054 0.016 26.00 

11.00 1.530 0.210 0.5 0.42 0.043 0.021 33.42 

11.30 1.800 0.270 0.5 0.54 0.043 0.027 43.34 

12.00 2.100 0.300 0.5 0.6 0.034 0.025 40.40 

12.30 2.400 0.300 0.5 0.6 0.033 0.026 42.07 

13.00 2.740 0.340 0.5 0.68 0.029 0.023 37.44 

13.30 3.100 0.360 0.5 0.72 0.028 0.022 35.34 

14.00 3.480 0.380 0.5 0.76 0.028 0.020 31.57 

14.30 3.860 0.380 0.5 0.76 0.028 0.016 25.18 

15.00 4.120 0.260 0.5 0.52 0.025 0.010 15.85 

15.30 4.280 0.160 0.5 0.32 0.023 0.005 7.73 

16.00 4.290 0.010 0.5 0.02 0.037 0.000 0.12 

16.30 4.180 -0.110 0.5 -0.22 0.035 -0.007 -11.42 

17.00 4.000 -0.180 0.5 -0.36 0.032 -0.013 -20.25 

17.30 3.750 -0.250 0.5 -0.5 0.050 -0.028 -45.40 

18.00 3.450 -0.300 0.5 -0.6 0.051 -0.035 -56.69 

18.30 3.110 -0.340 0.5 -0.68 0.048 -0.037 -60.11 

19.00 2.730 -0.380 0.5 -0.76 0.048 -0.039 -62.59 

20.00 2.340 -0.390 0.5 -0.78 0.046 -0.037 -59.91 

20.30 1.960 -0.380 0.5 -0.76 0.045 -0.033 -53.90 

21.00 1.650 -0.310 0.5 -0.62 0.044 -0.028 -44.56 

21.30 1.430 -0.220 0.5 -0.44 0.044 -0.021 -33.42 

22.00 1.290 -0.140 0.5 -0.28 0.041 -0.012 -19.96 

22.30 1.260 -0.030 0.5 -0.06 0.042 -0.004 -7.12 
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Flood NO3
- Flux – Ebb NO3

- Flux = sum(G) = -128.1 mol per one tidal cycle.  

Tidal Exchange of Nutrients:  
Table C.4: Wet deposition flux example for January 2015. The cumulative 14-day precipitation (mm) was determined from 
www.met.ie for the closest weather stations, Athenry and Oranmore. This was converted to m and then multiplied by the surface 
area of the bay (m2) to determine the volume (m3) of precipitation. The volume of precipitation (m3) was multiplied by the nitrate 
concentration (mol m-3) to determine the flux of nitrate in the 14 day period. This was then divided by 14 to determine the mol d-

1 flux.  

Cumulative 

14-day 

precipitation  

(mm) 

A. 

mm 

converted 

to m 

B. 

Rainfall*Surface 

Area of Bay (m2) 

C. = B*Area 

(m3) 

 

NO3
- conc 

(mol m-3) 

D. 

Flux = C*D 

mol in 14 

day period 

mol d-1 = 

E/14 

53.2 0.05 224504 0.0075 1739.9 124.3 

 

Primary Productivity Calculations:  
Table C.5: An example of the primary productivity calculations in Chapter 3. January 2015 net retention within Kinvara Bay 
was measured by adding the allochthonous loading (precipitation, sewage and SGD) to the sediment fluxes and tidal exchange at 
Parkmore Pier and retaining the signs. This was then used to calculate the projected concentration of the measured nutrients in 
the water column in the absence of assimilation by primary producers by converting this to a concentration value in µmol L-1. 
The primary producer's transfer of nutrients was then estimated as the difference between the projected concentration and the 
actual measured concentration of the relevant nutrient within the bay as per calculations shown in Rocha et al. (2015). This 
value was then converted back into a flux by reversing the calculations. 

Allochthonous Loading 

mol d-1 

Sediment Fluxes 

mol d-1 

Tidal Exchange 

mol d-1 

Net Retention  

D = A + B +C 

mol d-1 

D*Retention 

time (d) 

mol 

A.  3516 B. -19,600 C. -213.6 D. -16297 E. -110822 

E/Volume at MTL (m3) 

mol m-3 

Projected 

Concentration 

Convert to µmol 

L-1 

Actual Conc 

µmol L-1 

Difference 

(G-H)  

µmol L-1 

Reverse Flux 

calculation  

(E – G) 

F. -0.0091 G. -9.07 H. 3.6 I. -5.47 -9830 
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Appendix D: Measured Carbon Species (DOC, DIC, TAlk) 
Concentrations for Budgetary Analysis (Chapter 3) - Raw Data 
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July 2013 

Collection 

Date 
Time 

Site ID 

 

Salinity 

(ppt) 

DOC 

(µmol L-1) 

n = 3 

Standard 

Deviation 

(µmol L-1) 

DIC 

(µmol L-1) 

n = 3 

Standard 

Deviation 

(µmol L-1) 

TAlk 

(µmol L-1) 

22/07/13 11.00 Castle 3.67 445.77 8.53 --- --- --- 

22/07/13 11.20 Castle 3.17 425.08 4.61 --- --- --- 

22/07/13 11.40 Castle 2.96 378.26 3.77 --- --- --- 

22/07/13 12.00 Castle 2.67 425.41 4.04 --- --- --- 

22/07/13 12.20 Castle 2.31 554.86 8.97 --- --- --- 

22/07/13 12.40 Castle 2.22 587.45 4.34 --- --- --- 

22/07/13 13.00 Castle 1.90 353.52 1.23 --- --- --- 

22/07/13 13.20 Castle 1.84 334.34 3.80 --- --- --- 

22/07/13 13.40 Castle 1.86 358.39 3.26 --- --- --- 

22/07/13 14.50 Sewage 22.2 234.86 9.65  2,039.96  35.48 --- 

22/07/13 15.10 Sewage 21.8 273.13 19.43  2,193.32  9.80 --- 

22/07/13 15.35 Sewage 20.58 272.88 17.97  2,333.79  3.28 --- 

22/07/13 15.50 Sewage 22.15 209.00 7.36  2,199.90  6.21 --- 

22/07/13 16.10 Sewage 21.9 266.44 12.09  2,108.68  8.56 --- 

22/07/13 16.30 Sewage 23.4 305.59 8.53  2,050.09  7.20 --- 

22/07/13 16.50 Sewage 23.3 226.69 12.17  2,020.36  5.97 --- 

22/07/13 17.05 Sewage 23.3 178.34 3.85  2,033.02  4.64 --- 

22/07/13 17.30 Sewage 23.36 124.41 1.33  2,024.86  1.75 --- 

22/07/13 13.00 PP 31.58 249.42 24.27  1,918.92   28.35  --- 

22/07/13 13.20 PP 32.03 228.96 8.49  1,995.11   1.76  --- 

22/07/13 13.40 PP 31.46 207.31 13.36  1,997.65   6.46  --- 

22/07/13 14.00 PP 31.82 196.40 12.76  1,997.83   6.58  --- 

22/07/13 14.20 PP 31.92 198.39 8.83  1,999.76   6.35  --- 

22/07/13 14.40 PP 32.07 185.67 9.98  2,016.24   8.78  --- 

22/07/13 15.00 PP 32.61 197.99 6.83  2,003.99   6.06  --- 

22/07/13 15.20 PP 31.11 194.54 12.04  2,005.25   6.56  --- 

22/07/13 15.40 PP 32.21 196.27 5.84  1,995.85   5.10  --- 

22/07/13 16.00 PP 32.27 227.27 13.60  2,007.76   11.76  --- 

22/07/13 16.20 PP 31.81 211.82 11.10  1,976.48   27.09  --- 

22/07/13 16.40 PP 32.03 195.36 10.99  2,034.48   2.73  --- 

22/07/13 17.00 PP 32.18 215.70 16.31  2,053.86   10.16  --- 

22/07/13 17.20 PP 30.75 198.67 12.67  2,037.57   7.29  --- 

22/07/13 17.40 PP 32.25 178.05 3.98  2,066.48   1.12  --- 



 
 

252 

22/07/13 18.00 PP 31.82 226.29 14.52  2,027.33   9.41  --- 

22/07/13 18.20 PP 32.16 262.28 13.96  2,255.18   2.47  --- 

22/07/13 18.40 PP 31.89 201.96 14.13  2,196.36   8.74  --- 

22/07/13 19.00 PP 31.88 191.53 8.20  2,289.54   5.90  --- 

22/07/13 19.20 PP 30.97 276.33 19.90  2,280.89   12.89  --- 

22/07/13 19.40 PP 30.51 326.41 15.53  2,247.43   24.51  --- 

22/07/13 20.00 PP 31.71 196.91 8.08  2,321.63   10.16  --- 

22/07/13 20.20 PP 30.72 175.28 9.21  2,223.57   9.75  --- 

22/07/13 20.40 PP 30.60 191.25 14.58  2,243.73   5.53  --- 

22/07/13 21.00 PP 30.40 189.88 0.71  2,222.76   0.82  --- 

22/07/13 21.20 PP 31.70 199.78 2.46  2,084.45   3.29  --- 

22/07/13 21.40 PP 30.89 202.13 19.61  2,124.22   17.63  --- 

22/07/13 22.00 PP 30.37 202.05 9.22  2,108.54   8.97  --- 

22/07/13 22.20 PP 30.48 183.52 0.02  2,065.48   0.56  --- 

22/07/13 22.40 PP 31.38 191.84 14.01  2,086.90   5.64  --- 

23/07/13 23.00 PP 23.64 162.21 14.83  2,009.91   27.09  --- 

23/07/13 23.20 PP 29.94 145.27 5.45  2,103.77   1.49  --- 

23/07/13 23.40 PP 31.82 140.28 2.72  2,086.49   1.23  --- 

23/07/13 00.00 PP 31.60 171.79 4.15  2,070.17   6.05  --- 

23/07/13 00.20 PP 31.47 186.33 5.36  2,082.23   2.91  --- 

23/07/13 00.40 PP 31.35 195.39 19.25  2,083.39   7.17  --- 

23/07/13 01.00 PP 30.34 135.07 16.45  2,103.06   4.48  --- 

23/07/13 01.20 PP 30.51 163.87 6.19  2,077.91   6.80  --- 

23/07/13 01.40 PP 31.21 147.27 10.35  2,089.71   4.67  --- 

23/07/13 02.00 PP 31.17 142.22 13.77  2,099.49   3.85  --- 

23/07/13 02.20 PP 31.12 169.37 9.58  2,037.28   24.13  --- 

23/07/13 02.40 PP 31.64 114.11 7.43  2,127.76   0.67  --- 

23/07/13 03.00 PP 31.73 151.74 15.12  2,196.09   8.37  --- 

23/07/13 03.20 PP 31.64 166.80 7.05  2,155.04   1.94  --- 

23/07/13 03.40 PP 31.69 179.07 2.62  2,109.63   1.91  --- 

23/07/13 04.00 PP 31.64 146.32 3.70  2,093.57   2.84  --- 

23/07/13 04.20 PP 32.39 146.74 4.66  2,062.36   2.13  --- 

23/07/13 04.40 PP 32.10 137.22 1.21  2,066.82   3.44  --- 

23/07/13 05.00 PP 31.89 142.00 4.62  2,091.44   1.38  --- 

23/07/13 05.20 PP 31.63 147.71 16.09  2,052.78   26.12  --- 

23/07/13 05.40 PP 31.55 125.34 17.36  2,127.72   6.73  --- 

23/07/13 06.00 PP 31.70 127.21 9.72  2,121.73   5.08  --- 
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23/07/13 06.20 PP 31.89 146.42 7.67  2,110.76   3.25  --- 

23/07/13 06.40 PP 31.53 130.27 17.25  2,121.28   10.46  --- 

23/07/13 07.00 PP 31.51 133.90 0.57  2,140.00   0.78  --- 

23/07/13 07.20 PP 31.60 145.35 5.53  2,107.41   1.79  --- 

23/07/13 07.40 PP 31.61 134.11 1.74  2,107.48   2.24  --- 

23/07/13 08.00 PP 31.53 135.98 6.48  2,101.92   3.14  --- 

23/07/13 08.20 PP 31.55 192.09 24.27  1,918.92   28.35  --- 

23/07/13 08.40 PP 31.50 121.74 8.49  1,995.11   1.76  --- 

23/07/13 09.00 PP 32.07 122.45 13.36  1,997.65   6.46  --- 

23/07/13 09.20 PP 30.98 174.27 12.76  1,997.83   6.58  --- 

23/07/13 09.40 PP 31.58 163.85 8.83  1,999.76   6.35  --- 

23/07/13 10.00 PP 31.37 175.00 9.98  2,016.24   8.78  --- 

23/07/13 10.20 PP 30.76 183.80 6.83  2,003.99   6.06  --- 

23/07/13 10.40 PP 31.43 234.49 12.04  2,005.25   6.56  --- 

23/07/13 11.00 PP 30.72 146.18 5.84  1,995.85   5.10  --- 

23/07/13 11.20 PP 30.49 156.89 13.60  2,007.76   11.76  --- 

23/07/13 11.40 PP 30.88 184.07 11.10  1,976.48   27.09  --- 

23/07/13 12.00 PP 31.09 119.05 10.99  2,034.48   2.73  --- 

23/07/13 12.20 PP 30.90 114.88 16.31  2,053.86   10.16  --- 

23/07/13 12.40 PP 34.16 133.09 12.67  2,037.57   7.29  --- 

23/07/13 --- Marine 35.22 178.06 21.36 2,060.84 31.28 --- 
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January 2015 

Collection 

Date 

Time Site ID 

 

Salinit

y (ppt) 

DOC 

(µmol L-1) 

n = 3 

Std Dev 

(µmol L-1) 

DIC 

(µmol L-1) 

n = 3 

Std Dev 

 (µmol L-1) 

TAlk 

(µmol L-1) 

31/01/15 08.40 Castle 0.52 315.90 3.89 4,340.59 44.32 4,768.80  

31/01/15 09.00 Castle 0.52 303.01 5.63 4,594.39 1.50 4,756.80  

31/01/15 09.20 Castle 0.52 291.57 4.38 4,615.71 38.52 4,799.20  

31/01/15 09.40 Castle 0.52 300.14 3.53 4,554.38 0.19 4,813.60  

31/01/15 10.00 Castle 0.52 300.82 4.20 4,610.52 0.67 4,742.40  

31/01/15 10.20 Castle 0.52 294.66 2.93 4,693.56 2.62 4,803.20  

31/01/15 10.40 Castle 0.52 330.19 2.96 4,480.91 0.56  4,770.40  

31/01/15 11.00 Castle 0.52 301.88 1.60 4,536.26 66.35  4,810.40  

31/01/15 11.20 Castle 0.52 295.38 2.48 4,590.56 144.70  4,764.00  

31/01/15 11.40 Castle 0.60 298.50 2.65 4,483.53 2.54  4,688.00  

31/01/15 15.00 Sewage 0.52 640.87 4.10 1,720.73 120.77 2427.20 

31/01/15 15.20 Sewage 0.65 685.87 11.83 1,859.88 1.65 2518.40 

31/01/15 15.40 Sewage 0.62 647.33 2.35 1,876.13 3.99 2528.00 

31/01/15 16.00 Sewage 0.70 673.84 9.19 2,001.25 1.58 2717.60 

31/01/15 16.20 Sewage 1.54 642.39 5.41 1,913.03 0.72 2536.80 

31/01/15 16.40 Sewage 0.84 630.95 5.31 1,890.70 2.53 2527.20 

31/01/15 17.00 Sewage 0.60 653.12 2.59 1,895.23 1.47 2545.60 

31/01/15 17.20 Sewage 0.91 619.57 3.69 1,833.07 2.30 2556.00 

31/01/15 17.40 Sewage 0.85 642.90 0.10 1,856.87 0.66 2590.40 

01/02/15 10.15 PP 3.03 520.36 3.84 2,653.45   200.83  2835.20 

01/02/15 10.45 PP 4.05 516.30 4.49 2,901.10   8.53  2798.40 

01/02/15 11.15 PP 11.49 444.26 4.07 2,833.73   6.22  2711.20 

01/02/15 11.45 PP 11.03 446.87 5.17 2,830.21   4.49  2771.20 

01/02/15 12.15 PP 16.59 395.37 1.73 2,799.30   6.97  2699.20 

01/02/15 12.45 PP 16.96 380.18 3.82 2,731.43   5.21  2684.00 

01/02/15 13.15 PP 19.36 362.91 1.76 2,744.72   4.37  2705.60 

01/02/15 13.45 PP 19.81 374.33 1.46 2,713.76   5.46  2846.40 

01/02/15 14.15 PP 18.38 395.59 5.22 2,738.03   2.79  2707.20 

01/02/15 14.45 PP 20.42 353.75 8.52 2,694.30   5.09  2704.00 

01/02/15 15.15 PP 20.57 290.29 55.95 2,454.88   02.11  2699.20 

01/02/15 15.45 PP 17.58 451.46 47.80 2,807.57   14.67  2745.60 

01/02/15 16.15 PP 14.59 384.63 3.49 2,809.16   7.34  2699.20 

01/02/15 16.45 PP 16.22 376.55 7.25 2,790.60   5.82  2700.00 
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01/02/15 17.15 PP 18.53 342.35 6.60 2,935.94   13.46  2796.00 

01/02/15 17.45 PP 4.35 495.49 8.08 2,847.96   1.58  2816.00 

01/02/15 18.15 PP 4.63 555.71 4.66 2,744.68   13.16  2760.80 

01/02/15 18.45 PP 6.47 101.93 10.27 2,756.55   10.67  2771.20 

01/02/15 19.15 PP 7.63 674.16 11.17 2,817.65   7.22  2810.40 

01/02/15 19.45 PP 6.93 539.41 8.42 2,805.26   4.73  2804.80 

01/02/15 20.15 PP 6.90 520.05 4.64 2,955.79   9.88  2807.20 

01/02/15 20.45 PP 7.75 514.72 7.74 2,793.00   7.64  2799.20 

01/02/15 21.15 PP 7.72 506.59 4.88 2,765.94   5.76  2816.40 

01/02/15 21.45 PP 9.76 312.85 52.57 2,784.55   7.22  2841.60 

01/02/15 22.15 PP 10.09 574.06 37.46 1,985.32   63.07  2736.80 

01/02/15 22.45 PP 12.72 485.06 5.76 2,031.16   2.33  2720.00 

01/02/15 23.15 PP 8.59 425.66 6.06 2,071.29   3.51  2723.20 

01/02/15 23.45 PP 16.22 402.18 10.89 1,954.50   5.92  2700.00 

01/02/15 00.15 PP 14.22 428.73 1.65 1,978.07   4.08  2685.60 

01/02/15 00.45 PP 19.73 380.00 5.84 2,009.19   1.32  2720.00 

01/02/15 01.15 PP 16.81 404.60 6.32 2,021.87   1.44  2792.80 

01/02/15 01.45 PP 18.53 433.76 5.66 1,972.91   2.13  2707.20 

01/02/15 02.15 PP 18.00 430.62 5.93 1,994.28   0.11  2680.00 

01/02/15 02.45 PP 19.36 406.59 11.52 1,945.19   68.10  2666.40 

01/02/15 03.15 PP 19.43 464.57 2.65 1,979.83   1.01  2696.80 

01/02/15 03.45 PP 20.95 427.98 7.31 1,974.96   1.29  2639.20 

01/02/15 04.15 PP 21.25 388.71 0.51 1,987.58   0.75  2681.60 

01/02/15 04.45 PP 20.87 376.97 3.07 2,162.29   9.27  2623.20 

01/02/15 05.15 PP 16.96 421.48 1.92 2,089.92   2.15  2854.40 

01/02/15 05.45 PP 10.81 553.65 5.36 2,166.82   2.87  2835.20 

01/02/15 06.15 PP 9.00 562.12 5.94 2,090.89   1.75  2798.40 

01/02/15 06.45 PP 9.79 527.92 2.87 2,107.96   2.67  2711.20 

01/02/15 07.15 PP 9.16 616.46 3.50 2,012.85   7.01  2771.20 

01/02/15 07.45 PP 11.02 544.58 4.60 2,039.31   4.48  2699.20 

01/02/15 08.15 PP 12.70 520.10 3.69 1,954.52   4.91  2684.00 

01/02/15 08.45 PP 11.99 501.96 5.41 1,938.97   1.67  2705.60 

01/02/15 09.15 PP 17.03 467.49 3.40 2,653.45   200.83  2846.40 

01/02/15 09.45 PP 14.51 474.06 2.73 2,901.10   8.53  2707.20 
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June 2015 

Collection 

Date 

Time Site ID 

 

Salinity 

(ppt) 

DOC 

(µmol L-1) 

n = 3 

Standard 

Deviation 

(µmol L-1) 

DIC 

(µmol L-1) 

n = 3 

Standard 

Deviation 

 (µmol L-1) 

TAlk 

(µmol L-1) 

11/06/15 19.00 Castle 0.54 355.28 12.43  3,789.43   108.69   4,601.60  

11/06/15 19.15 Castle 0.54 373.05 10.46  4,103.66   7.16   4,535.20  

11/06/15 19.30 Castle 0.53 366.32 5.01  4,148.68   416.70   4,518.40  

11/06/15 19.45 Castle 0.56 381.62 14.60  4,069.80   400.44   4,557.60  

11/06/15 20.00 Castle 0.54 385.81 10.63  4,042.80   404.14   4,509.60  

11/06/15 20.15 Castle 0.51 375.34 16.47  3,986.21   1.94   4,598.40  

11/06/15 20.30 Castle 0.51 379.40 7.33  4,020.40   400.14   4,536.80  

11/06/15 20.45 Castle 0.52 378.51 8.49  3,947.12   401.76   4,554.40  

11/06/15 21.00 Castle 0.50 380.59 6.55  4,123.20   8.71   4,549.60  

11/06/15 21.15 Castle 0.52 366.88 8.17  4,064.95   402.56   4,552.00  

11/06/15 13.25 Sewage 11.50 588.00 7.17  2,649.94   1.17   2,860.80  

11/06/15 13.40 Sewage 11.18 526.66 8.65  2,623.27   0.69   2,863.20  

11/06/15 13.55 Sewage 10.61 533.80 6.36  2,651.08   1.11   2,860.80  

11/06/15 14.15 Sewage 10.95 498.76 10.11  2,644.05   1.74   2,852.80  

11/06/15 14.35 Sewage 12.38 477.48 5.45  2,621.22   1.22   2,809.60  

11/06/15 14.55 Sewage 11.44 490.96 5.91  2,656.50   1.54   2,872.80  

11/06/15 15.00 Sewage 11.08 479.29 3.72  2,644.92   2.52   2,878.40  

11/06/15 15.15 Sewage 6.92 490.21 11.20  2,745.48   0.83   2,859.20  

11/06/15 15.30 Sewage 6.35 495.49 1.10  2,718.65   1.03   2,856.80  

11/06/15 15.45 Sewage 6.46 485.41 1.68  2,627.81   1.36   2,842.40  

11/06/15 07.30 PP 29.67 211.71 8.78  2,432.91   82.24   2,468.80  

11/06/15 08.00 PP 29.51 357.98 8.22  2,338.37   3.96   2,480.00  

11/06/15 08.30 PP 28.4 283.93 4.15  2,381.85   0.88   2,521.60  

11/06/15 09.00 PP 28.4 282.12 3.41  2,366.93   2.92   2,524.80  

12/06/15 09.30 PP 28.4 294.82 17.93  2,383.40   0.46   2,528.00  

12/06/15 10.00 PP 30.22 270.13 2.55  2,361.63   1.81   2,496.00  

12/06/15 10.30 PP 30.86 311.85 21.96  2,351.20   1.73   2,498.40  

12/06/15 11.00 PP 32.78 227.10 28.13  2,300.68   0.92   2,299.60  

12/06/15 11.30 PP 31.9 227.24 21.41  2,285.03   2.46   2,464.80  

12/06/15 12.00 PP 33.02 306.10 20.44  2,220.35   0.62   2,376.80  

12/06/15 12.30 PP 33.51 230.48 1.00  2,083.74   68.91   2,402.40  

12/06/15 13.00 PP 33.26 283.61 10.30  2,190.75   1.35   2,433.60  

12/06/15 13.30 PP 33.83 349.25 8.46  2,208.28   1.46   2,424.00  
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12/06/15 14.00 PP 33.59 317.28 13.87  2,187.98   1.81   2,387.20  

12/06/15 14.30 PP 33.59 305.29 10.08  2,152.38   1.42   2,395.20  

12/06/15 15.00 PP 34.39 232.78 20.66  2,124.77   3.50   2,375.20  

12/06/15 15.30 PP 34.72 220.12 8.27  2,162.90   1.46   2,320.80  

12/06/15 16.00 PP 35.28 213.32 6.67  2,131.57   1.73   2,342.40  

12/06/15 16.30 PP 35.37 210.74 10.37  2,125.80   0.42   2,304.00  

12/06/15 17.00 PP 34.47 188.79 0.60  2,113.30   1.58   2,347.20  

12/06/15 17.30 PP 35.28 310.62 4.72  2,010.83   63.49   2,345.60  

12/06/15 18.00 PP 35.37 248.91 4.45  2,151.05   1.77   2,333.60  

12/06/15 18.30 PP 35.37 196.76 3.22  2,148.93   2.23   2,342.00  

12/06/15 19.00 PP 34.72 207.15 2.72  2,173.55   3.77   2,350.40  

12/06/15 19.30 PP 34.8 189.82 2.49  2,140.07   0.85   2,351.20  

12/06/15 20.00 PP 33.75 244.09 6.37  2,219.89   1.58   2,370.40  

12/06/15 20.30 PP 32.7 237.86 3.28  2,237.82   0.12   2,432.80  

12/06/15 21.00 PP 31.42 256.24 0.90  2,290.11   0.35   2,454.40  

12/06/15 21.30 PP 32.06 262.78 2.08  2,279.02   2.34   2,440.80  

12/06/15 22.00 PP 31.98 271.20 10.35  2,311.90   2.65   2,442.40  

12/06/15 22.30 PP 32.46 193.64 1.82  2,171.45   1.11   2,459.20  

12/06/15 23.00 PP 32.46 188.54 3.43  2,129.47   70.87   2,440.80  

12/06/15 23.30 PP 33.51 181.30 1.82  2,166.28   1.66   2,420.80  

12/06/15 00.00 PP 33.02 198.00 6.97  2,233.16   1.71   2,516.00  

12/06/15 00.30 PP 33.34 178.34 9.08  2,117.74   3.59   2,427.20  

12/06/15 01.00 PP 34.07 171.38 2.69  2,121.65   1.42   2,345.20  

12/06/15 01.30 PP 34.15 244.49 13.29  2,102.21   2.67   2,362.40  

13/06/15 02.00 PP 33.64 212.32 0.81  2,111.26   1.60   2,357.60  

13/06/15 02.30 PP 34.37 186.76 17.06  2,049.79   0.50   2,308.00  

13/06/15 03.00 PP 35.37 188.07 15.89  2,069.16   1.63   2,323.20  

13/06/15 03.30 PP 35.37 162.85 1.62  1,952.14   57.00   2,308.00  

13/06/15 04.00 PP 35.28 168.01 1.81  2,043.44   2.25   2,333.60  

13/06/15 04.30 PP 35.53 181.12 8.36  2,054.76   2.38   2,332.80  

13/06/15 05.00 PP 34.96 189.79 7.50  2,058.20   0.72   2,343.20  

13/06/15 05.30 PP 35.53 186.86 9.29  2,062.24   2.06   2,336.80  

13/06/15 06.00 PP 34.23 265.07 7.17  2,088.12   1.45   2,384.80  

13/06/15 06.30 PP 34.39 337.30 11.26  2,112.53   1.04   2,367.20  

13/06/15 07.00 PP 34.31 188.19 2.68  2,109.57   0.94   2,352.80  

13/06/15 --- Marine 36.93      
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January 2016 

 

Collection 

Date 
Time Site ID 

Salinity 

(ppt) 

DOC 

(µmol L-1) 

n = 3 

Standard 

Deviation 

(µmol L-1) 

DIC 

(µmol L-1) 

n = 3 

Standard 

Deviation 

 (µmol L-1) 

TAlk 

(µmol L-1) 

30/01/16 14.00 Castle  0.56 258.42 1.46 4771.86 3.53 5148.80 

30/01/16 14.15 Castle  0.52 267.44 2.75 4858.03 12.36 5099.20 

30/01/16 14.30 Castle  0.53 263.89 3.59 4863.70 0.71 5192.00 

30/01/16 14.45 Castle  0.52 255.15 3.57 4880.77 6.71 5146.67 

30/01/16 15.00 Castle  0.51 240.24 5.63 4940.63 18.13 --- 

30/01/16 15.15 Castle  0.53 260.98 6.46 4847.54 14.84 --- 

30/01/16 15.30 Castle  0.53 266.61 0.83 4849.17 31.26 --- 

30/01/16 15.45 Castle  0.52 258.59 1.25 4909.24 12.95 --- 

30/01/16 16.00 Castle  0.52 268.94 1.52 4807.95 1.47 --- 

30/01/16 16.15 Castle  0.51 270.55 0.98 4431.06 8.36 --- 

30/01/16 08.00 Sewage  1.16 489.12 0.79 2708.45 11.25 3063.20 

30/01/16 08.15 Sewage  1.14 473.44 1.81 2728.56 1.30 2887.20 

30/01/16 08.30 Sewage  2.13 476.55 5.71 2735.35 20.08 2967.20 

30/01/16 08.45 Sewage  2.18 484.10 7.37 2743.96 1.18 --- 

30/01/16 09.15 Sewage  0.63 485.51 4.49 2708.99 4.12 --- 

30/01/16 09.30 Sewage  0.53 485.12 3.13 2705.45 2.18 --- 

30/01/16 09.45 Sewage  0.39 479.60 1.98 2729.27 0.53 --- 

30/01/16 10.00 Sewage  0.00 532.56 4.37 2603.66 13.42 --- 

30/01/16 10.15 Sewage  2.35 491.95 8.00 2689.22 1.71 --- 

30/01/16 10.30 Sewage  2.42 446.79 5.37 3096.71 3.24 --- 

30/01/16 18.15 PP 34.15 359.09 3.51 2421.52 8.65 2626.40 

30/01/16 18.45 PP 34.66 370.86 2.04 2661.20 19.43 --- 

30/01/16 19.15 PP 35.11 350.76 4.34 2568.61 0.94 2711.20 

30/01/16 19.45 PP 35.33 364.53 9.55 2575.19 0.47 --- 

30/01/16 20.15 PP 35.22 348.49 2.79 2420.44 2.65 2684.30 

30/01/16 20.45 PP 35.11 331.67 7.51 2518.36 0.41 --- 

30/01/16 21.15 PP 33.88 343.19 10.48 2454.75 9.36 2602.40 

30/01/16 21.45 PP 34.32 321.09 4.43 2538.43 12.78 --- 

30/01/16 22.15 PP 34.77 325.28 7.46 2495.05 2.88 2669.60 

30/01/16 22.45 PP 31.85 318.15 4.77 1961.87 13.07 --- 

30/01/16 23.15 PP 21.79 304.30 4.36 2095.09 5.30 --- 

30/01/16 23.45 PP 18.40 246.60 6.26 2156.24 12.19 2692.00 
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31/01/16 00.15 PP 12.71 225.78 5.65 2182.51 177.57 --- 

31/01/16 00.45 PP 13.31 199.44 0.65 1715.32 3.77 2644.80 

31/01/16 01.15 PP 13.07 204.02 5.17 1859.99 44.45 --- 

31/01/16 01.45 PP 13.14 216.79 0.34 2337.93 3.36 2966.40 

31/01/16 02.15 PP 12.59 206.47 3.15 1752.75 2.06 --- 

31/01/16 02.45 PP 15.73 199.47 3.90 2019.36 2.18 2690.40 

31/01/16 03.15 PP 16.95 212.99 3.57 2148.42 7.24 --- 

31/01/16 03.45 PP 16.43 207.16 6.83 2244.50 1.59 2581.60 

31/01/16 04.15 PP 16.90 204.14 1.58 2177.23 10.19 --- 

31/01/16 04.45 PP 17.57 297.72 7.92 2157.08 7.12 2611.20 

31/01/16 05.15 PP 18.92 193.70 2.72 2212.74 1.88 --- 

31/01/16 05.45 PP 23.48 203.41 0.58 1942.55 1.18 2722.40 

31/01/16 06.15 PP 27.26 197.14 1.37 2011.12 3.00 --- 

31/01/16 06.45 PP 30.65 235.14 2.62 2042.55 47.69 2795.20 

31/01/16 07.15 PP 36.31 203.83 6.42 2152.41 7.71 --- 

31/01/16 07.45 PP 27.08 194.28 1.20 2180.60 0.24 2928.00 

31/01/16 08.15 PP 34.63 197.70 1.67 2184.93 0.24 --- 

31/01/16 08.45 PP 35.25 189.68 3.60 2175.02 0.59 2597.60 

31/01/16 09.15 PP 33.94 200.92 1.14 2198.17 2.24 --- 

31/01/16 09.45 PP 35.20 243.85 7.19 2191.59 0.71 3091.20 

31/01/16 10.15 PP 34.78 210.52 1.63 2255.70 15.78 --- 

31/01/16 10.45 PP 36.10 339.72 1.86 2271.90 21.02 3045.60 

31/01/16 11.15 PP 34.89 227.34 14.84 2390.01 9.07 --- 

31/01/16 11.45 PP 34.78 199.50 5.13 2195.63 0.53 2648.80 

31/01/16 12.15 PP 35.10 205.66 0.36 2038.22 2.12 --- 

31/01/16 12.45 PP 34.05 191.45 1.97 2078.18 8.01 2614.00 

31/01/16 13.15 PP 33.63 239.80 2.31 2127.73 12.25 --- 

31/01/16 13.45 PP 33.73 214.10 1.20 2122.61 14.42 2501.60 

31/01/16 14.15 PP 34.47 230.78 0.42 2035.89 13.31 0.82 

31/01/16 14.45 PP 34.36 251.48 3.25 2147.17 1.71 2887.20 

31/01/16 15.15 PP 33.32 252.48 3.58 2229.98 82.54 --- 

31/01/16 15.45 PP 34.15 321.12 3.48 2350.00 1.24 3076.00 

31/01/16 16.15 PP 35.74 351.62 5.85 2537.39 13.19 --- 

31/01/16 16.45 PP 35.05 359.09 3.51 2670.65 7.71 2488.40 

31/01/16 17.15 PP 35.73 370.86 2.04 2421.52 8.65 --- 

31/01/16 17.45 PP 36.53 350.76 4.34 2661.20 19.43 2901.60 

31/01/16 --- Marine 34.66 208.94 13.57 2084.68 12.75 2,369.60 
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Appendix E: CDOM 3-Component Model for Kinvara Bay (Chapter 4) – 
DOC Concentration, CDOM Scores and Indicator Parameters, where 
recorded.  
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The below tables detail the CDOM and DOC results, where recorded, for the model described in 

Chapter 4. --- represents data not recorded and SUVA254 was not recorded in many campaigns, 

this column has been removed from the relevant tables. 

 

October 2012: DOC not measured during October 2012 sampling campaign. 

Sample I.D. Salinity 
(ppt) 

CDOM 
Score FI HIX 

GW 24 0.33 0.677 1.54 0.90 
Castle 0.25 0.134 1.52 0.94 
GW KR 0.00 0.968 1.42 0.97 
GW1 0.20 0.237 1.30 0.95 
GW10 0.29 0.324 1.78 0.90 
GW12 0.30 0.170 1.76 0.86 
GW13 0.32 0.212 1.89 0.90 
GW14 0.31 0.081 2.02 0.72 
GW15 0.29 0.033 2.29 0.83 
GW16 0.33 1.073 2.37 0.94 
GW18 0.31 0.526 1.61 0.80 
GW19 0.09 1.076 1.25 0.96 
GW20 0.23 0.055 1.53 0.94 
GW21 0.11 0.014 1.48 0.96 
GW22 0.31 1.226 1.59 0.74 
GW23 0.28 0.411 1.46 0.81 
GW25 0.23 0.407 1.25 0.94 
GW26 0.26 0.901 1.45 0.96 
GW27 0.21 0.407 1.37 0.89 
GW28 0.24 0.597 1.77 0.96 
HT SGD 1.15 0.206 1.29 0.95 
Marine 29.80 0.264 1.39 0.91 
Bay Water Upper 30.00 0.442 1.62 0.78 
Bay Water Lower 24.30 0.840 1.66 0.84 
Sewage 1.95 0.780 1.32 0.95 
Castle 0.25 0.801 1.34 0.93 
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March 2013:  

Sample I.D. Salinity 
(ppt) 

Abs 
(360nm) FI HIX SUVA 

254 
CDOM 
Score 

DOC 
(µmol L-1) 

Standard 
Deviation 
(µmol L-1) 
n = 3 

Owenshree 
Upper 0.01 --- 1.27 0.96 --- 0.669 733.97 29.03 

Forest 0.03 --- 1.30 0.95 --- 0.993 864.59 45.97 
Peat 0.03 --- 1.17 0.97 --- 0.911 1,066.00 17.59 
Ballycahill 
River Upper 0.14 --- 1.21 0.96 --- 0.330 1,034.97 23.40 

GW3 0.23 --- 1.31 0.90 --- 1.181 476.63 23.63 
GW7 0.29 ---   --- 0.324 511.13 32.81 
Caherglassan 0.12 --- 1.32 0.95 --- 0.795 818.26 30.30 
Garryland 0.04 --- 1.35 0.94 --- 0.174 677.85 33.87 
Coole 0.11 --- 1.43 0.95 --- 1.237 931.97 21.17 
Coole GWS 0.30 --- 1.82 0.88 --- 1.074 796.03 24.05 
Lydacan 0.17 --- 1.39 0.86 --- 1.137 647.40 67.92 
BH11 0.25 --- 1.42 0.81 --- 0.308 551.24 24.20 
Ballinduff 0.21 --- 1.43 0.90 --- 0.936 724.76 69.13 
Coy 0.14 --- 1.28 0.96 --- 1.038 798.78 7.38 
Skehannagh 0.01 0.31 1.67 0.89 --- 0.079 909.94 79.73 
Blackrock 0.11 --- 1.41 0.96 --- 1.055 756.70 44.42 
Ballycahrun 
River 0.21 --- 1.24 0.96 --- 0.638 848.63 21.74 

Derrywee 0.02 --- 1.24 0.97 --- 0.136 1,131.09 3.49 
Derrywee 
Lower 0.03 --- 1.37 0.97 --- 0.839 976.77 7.13 

Pollhoish 0.04 0.14 1.61 0.91 --- 0.361 581.96 25.08 
Loughcurragh 
South 0.20 0.62 1.31 0.95 --- 0.576 684.04 38.67 

GW10 0.29 --- 1.40 0.92 --- 0.324 611.27 123.19 
GW12 0.30 --- 1.49 0.92 --- 0.170 807.99 28.82 
GW15 0.29 --- 1.57 0.87 --- 0.033 794.95 7.79 
GW22 0.31 ---  0.93 --- 1.226 380.29 29.82 
Farm GW20 0.39 --- 1.47 0.90 --- 0.923 599.64 47.65 
Castle 0.29 --- 1.32 0.92 --- 1.349 725.73 32.82 
Arch 1.67 ---   --- 0.772 664.70 13.96 
S3 0.29 0.71 1.35 0.93 ---  482.10 17.99 
GW16 0.35 0.42 1.74 0.91 --- 0.648 748.49 58.44 
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July 2013:  

Sample I.D. Salinity 
(ppt) 

Abs 
(360nm) FI HIX 

SUVA 
254 DOC 

(µmol L-1) 

Standard 
Deviation 
(µmol L-1) 
n = 3 

CDOM 
Score 

Castle 3.67 0.07 1.44 0.96 --- 454.59 16.43 0.663 
1100 3.17 0.08 1.44 0.95 --- 425.06 3.26 0.659 
1120 2.96 0.08 1.42 0.95 --- 382.12 7.20 0.673 
1140 2.67 0.08 1.30 0.96 --- 432.85 13.21 0.614 
1200 2.31 0.08 1.51 0.96 --- 567.13 22.17 0.611 
1220 2.22 0.07 1.28 0.96 --- 599.93 21.83 0.644 
1240 1.90 0.08 1.57 0.95 --- 360.05 11.34 0.630 
1300 1.84 0.08 1.43 0.96 --- 336.94 5.25 0.619 
1320 1.86 0.08 1.06 0.96 --- 363.22 8.68 0.774 
1340 1.91 0.06 1.29 0.94 --- 372.51 14.58 0.209 
Sewage          
1520 20.58 0.07 1.30 0.87 --- 260.84 9.32 0.406 
1540 22.15 0.07 1.34 0.87 --- 291.69 2.31 0.395 
1600 21.9 0.07 1.32 0.86 --- 347.41 4.05 0.198 
1620 23.4 0.07 1.38 0.83 --- 255.89 6.72 0.249 
1640 23.3 0.07 1.55 0.87 --- 212.71 2.65 0.138 
1700 23.3 0.08 1.45 0.85 --- 310.88 3.21 0.249 
1720 23.36 0.07 1.64 0.83 --- 340.14 7.96 0.169 
1740 3.67 0.07 1.41 0.83 --- 225.11 5.22 0.163 
1800 3.17 0.07 1.57 0.87 --- 280.54 6.53 0.240 
PP 1300 31.46 0.02 1.99 0.85 --- 249.42 0.78 0.120 
1320 30.30 0.02 1.28 0.83 --- 228.96 2.62 0.242 
1340 28.90 0.02 1.29 0.84 --- 207.31 8.48 0.170 
1400 31.32 0.02 1.39 0.85 --- 196.40 4.12 0.221 
1420 31.17 0.01 1.63 0.85 --- 198.39 5.86 0.122 
1440 33.31 0.02 1.13 0.92 --- 185.67 0.66 0.229 
1500 32.86 0.02 1.05 0.82 --- 197.99 2.21 0.157 
1520 33.14 0.01 1.65 0.82 --- 194.54 1.40 0.237 
1540 33.21 0.01 1.28 0.83 --- 196.27 0.25 0.164 
1600 31.58 0.01 1.38 0.85 --- 227.27 3.82 0.267 
1620 32.03 0.01 1.92 0.87 --- 211.82 20.00 0.236 
1640 31.46 0.00 1.41 0.85 --- 195.36 1.62 0.263 
1700 31.82 0.01 1.31 0.83 --- 215.70 2.74 0.213 
1720 31.92 0.01 1.34 0.80 --- 198.67 0.22 0.198 
1740 32.07 0.00 1.08 0.84 --- 178.05 1.05 0.134 
1800 32.61 0.01 1.29 0.84 --- 226.29 0.86 0.231 
1820 31.11 0.01 1.42 0.82 --- 262.28 1.37 0.314 
1840 32.21 0.01 1.54 0.83 --- 201.96 1.98 0.450 
1900 32.27 0.01 1.28 0.83 --- 191.53 2.08 0.155 
1920 31.81 0.01 1.16 0.79 --- 276.33 2.67 0.248 
1940 32.03 0.01 1.28 0.84 --- 326.41 3.27 0.228 
2000 32.18 0.02 1.63 0.81 --- 196.91 0.82 0.363 
2020 30.75 0.02 1.53 0.83 --- 175.28 3.72 0.201 
2040 32.25 0.02 1.41 0.83 --- 191.25 2.86 0.213 
2100 31.82 0.02 1.16 0.80 --- 189.88 4.21 0.154 
2120 32.16 0.03 1.29 0.75 --- 199.78 0.22 0.285 
2140 31.89 0.02 1.27 0.79 --- 202.13 2.82 0.271 
2200 31.88 0.04 1.22 0.83 --- 202.05 3.19 0.288 
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2220 30.97 0.03 1.60 0.80 --- 183.52 0.76 0.306 
2240 30.51 0.04 1.72 0.77 --- 191.84 2.97 0.287 
2300 31.71 0.04 0.95 0.81 --- 162.21 0.17 0.214 
2320 30.72 0.03 1.12 0.83 --- 145.27 1.45 0.243 
2340 48.86 0.02 1.18 0.85 --- 140.28 1.74 0.146 
0000 53.91 0.04 1.43 0.83 --- 171.79 9.95 0.228 
0020 31.70 0.04 1.86 0.84 --- 186.33 0.78 0.223 
0040 30.89 0.03 1.29 0.84 --- 195.39 2.62 0.250 
0120 30.37 0.04 1.28 0.84 --- 135.07 8.48 0.253 
0140 29.66 0.02 1.30 0.87 --- 163.87 4.12 0.197 
0200 31.38 0.02 1.57 0.89 --- 147.27 5.86 0.153 
0220 23.64 0.02 1.57 0.88 --- 142.22 0.66 0.342 
0240 29.94 0.02 1.60 0.87 --- 169.37 --- 0.174 
0300 31.82 0.01 1.17 0.87 --- 114.11 --- 0.202 
0320 31.60 0.03 1.41 0.85 --- 151.74 --- 0.185 
0340 31.47 0.02 1.04 0.84 --- 166.80 --- 0.191 
0400 31.35 0.01 1.73 0.84 --- 179.07 --- 0.313 
0420 30.17 0.02 1.36 0.82 --- 146.32 --- 0.168 
0440 30.34 0.02 1.64 0.82 --- 146.74 --- 0.140 
0500 30.51 0.01 1.74 0.84 --- 137.22 --- 0.232 
0520 31.21 0.02 1.45 0.80 --- 142.00 --- 0.123 
0540 31.17 0.01 1.13 0.82 --- 147.71 --- 0.206 
0600 31.12 0.02 1.31 0.79 --- 125.34 --- 0.140 
0620 31.64 0.02 1.24 0.85 --- 127.21 --- 0.242 
0640 31.73 0.02 1.61 0.83 --- 146.42 --- 0.112 
0700 31.64 0.02 1.30 0.82 --- 130.27 --- 0.187 
0720 31.69 0.02 1.20 0.84 --- 133.90 --- 0.222 
0740 31.64 0.01 1.30 0.82 --- 145.35 --- 0.339 
0800 32.39 0.02 1.69 0.81 --- 134.11 --- 0.223 
0900 32.10 0.03 1.43 0.79 --- 135.98 --- 0.311 
0920 31.89 0.05 0.97 0.83 --- 192.09 --- 0.225 
0940 31.63 0.04 1.35 0.82 --- 121.74 --- 0.201 
1040 31.55 0.04 1.32 0.84 --- 122.45 --- 0.164 
1100 31.70 0.03 1.27 0.86 --- 174.27 --- 0.265 
1120 31.89 0.02 1.38 0.84 --- 163.85 --- 0.168 
1140 31.53 0.01 1.04 0.83 --- 175.00 --- 0.198 
1200 31.51 0.02 1.34 0.84 --- 183.80 --- 0.118 
1220 31.60 0.01 1.41 0.84 --- 234.49 --- 0.801 
1240 31.61 0.01 1.35 0.85 --- 146.18 --- 0.987 
1300 31.53 0.00 1.34 0.86 --- 156.89 --- 0.816 
Arch  --- 1.33 0.90 --- --- --- 0.799 
Ballycahalan  --- 1.14 0.95 --- --- --- --- 
Ballycahill 
Upper 

 --- 
1.27 0.98 

--- --- --- --- 

Coole GWS  --- 1.64 0.91 --- --- --- --- 
Coole  --- 1.32 0.96 --- --- --- --- 
Coy  --- 1.15 0.98 --- --- --- --- 
Derrywee  --- 1.23 0.96 --- --- --- --- 
Forest  --- 1.18 0.97 --- --- --- --- 
Garryland  --- 1.51 0.95 --- --- --- --- 
GW10  --- 1.77 0.88 --- 174.68 12.3 --- 
GW16  --- 1.66 0.90 --- --- --- --- 
GW20  --- 1.22 0.82 --- 181.93 24.8 --- 
GW15  --- 1.94 0.85 --- 201.81 10.0 --- 
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Lydacan  --- 1.28 0.94 --- --- --- --- 
OL  --- 1.23 0.98 --- --- --- --- 
Pollhoish  --- 1.52 0.90 --- 161.93 32.6 --- 
S3  --- 1.35 0.96 --- --- --- --- 
SGD HT  --- 1.34 1.21 --- --- --- --- 
Skehannagh  --- 1.29 0.91 --- --- --- --- 

 

May 2014: DOC Concentrations measured in-situ at Kinvara Springs 

Sample 
I.D. 

Salinity 
(ppt) 

Abs 
(360nm) FI HIX SUVA 

254 
DOC 

(µmol L-1) 

Standard 
Deviation 
(µmol L-1) 

n = 3 

CDOM 
Score 

Castle 
1130 0.22 0.100 1.33 0.95 13.48 784.72 3.06 0.865 

1145 0.20 0.083 1.27 0.96 14.80 719.39 8.19 0.804 
1200 0.20 0.079 1.40 0.96 14.32 688.32 16.13 0.836 
1215 0.20 0.096 1.36 0.96 14.59 734.14 14.95 0.809 
1240 0.19 0.079 1.15 0.96 19.58 771.53 10.33 0.182 
1300 0.20 0.083 1.34 0.96 10.22 748.13 13.93 0.185 
1315 0.19 0.092 1.08 0.96 13.76 855.32 5.02 0.386 
1330 0.19 0.079 1.19 0.96 22.45 716.31 13.62 0.300 
1345 0.19 0.086 1.27 0.96 20.36 830.79 14.76 0.221 
1400 0.18 0.078 1.39 0.96 18.29 705.37 14.98 0.174 
Arch 0.32 0.062 1.33 0.93 7.93 600.30 13.54 0.254 
 

September 2014 DOC Concentrations measured in-situ at Kinvara Springs 

Sample I.D. Salinity 
(ppt) 

Abs 
(360nm) FI HIX SUVA 

254 
DOC 
(µmol L-1) 

Standard 
Deviation 
(µmol L-1) 
n = 3 

CDOM 
Score 

Castle 0740 7.49 0.048 1.34 0.94 13.69 267.36 5.74 0.704 
Castle 0755 7.72 0.043 1.27 0.96 14.99 217.61 3.82 0.731 
Castle 0805 7.62 0.045 1.28 0.94 14.68 266.52 9.37 0.706 
Castle 0820 7.29 0.041 1.45 0.96 16.55 223.49 37.51 0.767 
Castle 0840 7.19 0.049 1.31 0.96 17.07 210.60 43.63 0.720 
Castle 0900 7.53 0.043 1.55 0.95 11.39 330.29 48.25 0.760 
Castle 0915 7.12 0.045 1.32 0.95 17.73 282.89 89.73 0.705 
Castle 0930 7.34 0.062 1.36 0.95 15.86 139.23 25.85 0.899 
Castle 0940 7.30 0.047 1.31 0.94 7.58 167.67 61.44 0.344 
Castle 0955 7.33 0.041 1.45 0.96 12.07 167.74 19.61 0.477 
Castle 1005 6.24 0.040 1.40 0.95 22.04 432.39 51.83 0.704 
Arch 8.83 0.047 1.50 0.95 15.86 257.62 6.94 0.757 
Loughcurragh 
South 0.22 0.062 1.38 0.96 7.03 587.63 61.11 0.388 

Seawater (Low 
tide) 32.9 0.007 1.70 0.75 3.59 7.86 0.00 0.356 

Seawater 
(High tide) 35.5 0.005 1.48 0.74 3.34 14.11 0.51 0.336 

Parkmore Pier 33.1 0.014 1.35 0.85 3.86 19.85 4.63 0.310 
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January 2015: 

Sample 
I.D. 

Salinity 
(ppt) 

Abs 
(360nm) FI HIX SUVA 

254 
DOC 
(µmol L-1) 

Standard 
Deviation 
(µmol L-1) 
n = 3 

CDOM 
Score 

0830 0.52 0.033 1.32 0.96 8.32 445.77 3.89 0.663 
0850 0.52 0.032 1.18 0.95 8.29 291.57 5.63 0.659 
0910 0.52 0.030 1.50 0.96 8.42 300.14 4.38 0.673 
0930 0.52 0.033 1.38 0.96 8.43 300.82 3.53 0.614 
0950 0.52 0.037 1.62 0.96 8.10 294.66 4.20 0.611 
1020 0.52 0.033 1.25 0.95 7.87 330.19 2.93 0.644 
1040 0.52 0.032 1.38 0.96 7.09 301.88 2.96 0.630 
1100 0.60 0.038 1.47 0.96 8.19 295.38 1.60 0.619 
1130 0.58 0.034 1.44 0.94 8.57 302.48 2.48 0.774 
1145 --- 0.038 1.33 0.95 8.17 298.50 2.65 0.827 
Sewage 
1450 0.65 0.091 1.31 0.94 8.95 640.87 4.10 0.738 

1510 0.62 0.100 1.38 0.95 9.42 685.87 11.83 0.755 
1535 0.70 0.094 1.24 0.99 9.03 647.33 2.35 0.761 
1550 1.54 0.091 1.17 0.95 8.25 673.84 9.19 0.769 
1610 0.84 0.099 1.49 0.96 9.01 642.39 5.41 0.761 
1635 0.60 0.101 0.90 0.94 9.36 630.95 5.31 0.292 
1650 0.91 0.099 1.18 0.98 8.78 653.12 2.59 0.751 
1705 0.85 0.100 1.55 0.99 9.41 619.57 3.69 0.763 
1730 0.92 0.095 1.28 0.97 9.25 642.90 0.10 0.262 
PP 0000 3.03 0.048 1.42 0.94 7.96 428.73 1.65 0.268 
0030 4.05 0.049 1.37 0.95 6.51 380.00 5.84 0.290 
0100 11.49 0.048 1.15 0.91 6.73 404.60 6.32 0.398 
0130 11.03 0.051 1.57 0.89 6.19 433.76 5.66 0.402 
0200 16.59 0.044 1.17 0.93 6.28 430.62 5.93 0.311 
0230 16.96 0.051 1.33 0.93 6.41 406.59 11.52 0.385 
0300 19.36 0.046 1.32 0.91 5.53 464.57 2.65 0.279 
0330 19.81 0.052 1.37 0.92 6.18 427.98 7.31 0.374 
0400 18.38 0.040 1.23 0.91 6.27 388.71 0.51 0.286 
0430 20.42 0.038 1.22 0.93 6.15 376.97 3.07 0.325 
0500 20.57 0.045 1.17 0.92 6.92 421.48 1.92 0.291 
0530 17.58 0.066 1.21 0.90 6.72 553.65 5.36 0.301 
0600 14.59 0.074 1.57 --- 7.37 562.12 5.94 0.254 
0630 16.22 0.069 1.16 --- 7.70 527.92 2.87 0.422 
0700 18.53 0.070 1.18 --- 6.56 616.46 3.50 0.312 
0730 4.35 0.065 1.42 --- 7.01 544.58 4.60 0.365 
0800 4.63 0.054 1.24 0.95 6.45 520.10 3.69 0.383 
0830 6.47 0.059 1.25 0.94 7.33 501.96 5.41 0.376 
0900 7.63 0.046 1.42 0.96 6.28 467.49 3.40 0.290 
0930 6.93 0.043 1.36 0.93 10.21 474.06 2.73 0.287 
1000 6.90 0.083 1.38 0.96 9.69 520.36 3.84 0.234 
1030 7.75 0.082 1.37 0.94 9.71 516.30 4.49 0.360 
1100 7.72 0.061 1.50 0.94 9.27 444.26 4.07 0.165 
1130 9.76 0.068 1.58 --- 9.31 446.87 5.17 0.261 
1200 10.09 0.049 1.58 --- 8.93 395.37 1.73 0.304 
1230 12.72 0.052 1.06 --- 6.55 380.18 3.82 0.307 
1300 8.59 0.032 1.52 0.93 6.81 362.91 1.76 0.337 
1330 16.22 0.049 1.48 0.91 6.93 374.33 1.46 0.236 
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1400 14.22 0.044 1.61 0.94 6.72 395.59 5.22 0.359 
1430 19.73 0.043 0.95 0.94 6.60 353.75 8.52 0.307 
1500 16.81 0.042 1.39 0.93 5.35 290.29 55.95 0.314 
1530 18.53 0.045 1.45 0.94 8.08 451.46 47.80 0.318 
1600 18.00 0.047 1.56 0.94 8.05 384.63 3.49 0.293 
1630 19.36 0.042 1.37 0.92 9.02 376.55 7.25 0.302 
1700 19.43 0.083 1.79 0.96 9.83 342.35 6.60 0.276 
1730 20.95 0.076 1.24 0.95 9.18 495.49 8.08 0.338 
1800 21.25 0.077 1.38 0.95 9.41 555.71 4.66 0.259 
1830 20.87 0.067 1.59 --- 6.60 101.93 10.27 0.308 
1900 16.96 0.075 1.19 --- 8.14 674.16 11.17 0.292 
1930 10.81 0.068 1.48 --- 8.59 539.41 8.42 0.222 
2000 9.00 0.066 1.23 0.95 8.08 520.05 4.64 0.289 
2030 9.79 0.070 1.13 --- 8.59 514.72 7.74 0.658 
2100 9.16 0.066 1.66 --- 7.20 506.59 4.88 0.803 
2130 11.02 0.065 1.23 --- 6.95 312.85 52.57 0.347 
2200 12.70 0.053 1.21 0.94 8.46 574.06 37.46 0.402 
2230 11.99 0.061 1.24 --- 7.57 485.06 5.76 0.367 
2300 17.03 0.038 1.18 --- 6.72 425.66 6.06 0.723 
2330 14.51 0.048 1.34 0.94 10.21 402.18 10.89 0.262 

 

March 2015: Full Tidal Cycle at Kinvara Springs 

Sample 
I.D. 

Salinity 
(ppt) 

Abs 
(360nm) FI HIX DOC 

(µmol L-1) 

Standard 
Deviation 
(µmol L-1) 
n = 3 

CDOM 
Score 

1200 0.21 --- 1.34 0.94 316.59 5.12 0.438 
1240 0.25 --- 1.41 0.96 277.39 72.69 0.324 
1320 0.24 --- 1.39 0.93 536.52 14.79 0.471 
Arch 0.29 --- 1.36 0.95 525.85 14.11 0.305 
1400 0.46 --- 1.43 0.94 338.40 9.13 0.468 
1430 0.45 --- 1.53 0.96 369.83 4.00 0.307 
1450 0.69 --- 1.53 0.92 246.28 7.01 0.491 
1510 0.43 --- 1.48 0.92 315.80 3.41 0.357 
1545 0.64 --- 1.55 0.93 285.52 3.56 0.471 
1615 0.55 --- 1.40 0.93 479.21 2.09 0.240 
1625 0.68 --- 1.35 0.93 726.49 13.48 0.492 
1625 0.80 --- 1.65 0.92 406.41 9.96 0.505 
1635 1.21 --- 1.27 0.95 423.92 4.36 0.199 
1650 0.53 --- 1.37 0.94 463.53 4.26 0.478 
1710 1.01 --- 1.59 0.94 376.05 5.19 0.657 
1720 1.20 --- 1.43 0.95 325.99 6.18 0.430 
1735 1.35 --- 1.16 0.95 313.56 5.73 0.385 
1745 1.39 --- 1.33 0.95 268.12 6.06 0.628 
1800 1.53 --- 1.19 0.93 267.67 4.30 0.307 
1810 2.51 --- 1.27 0.94 388.38 6.02 0.725 
1820 2.43 --- 1.47 0.94 417.20 3.50 0.706 
1830 1.73 --- 1.46 0.94 490.00 6.40 0.557 
1840 1.86 --- 1.42 0.94 417.16 8.13 0.526 
1910 2.50 --- 1.41 0.94 410.74 5.11 0.342 
1925 3.62 --- 1.38 0.94 737.87 6.72 0.510 
1935 3.30 --- 1.30 0.93 455.84 8.49 0.436 
1945 3.39 --- 1.39 0.93 495.04 17.92 0.436 
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1955 2.92 --- 1.41 0.93 562.92 5.83 0.433 
2015 6.21 --- 1.52 0.93 350.44 20.23 0.426 
2025 5.38 --- 1.29 0.93 332.56 3.73 0.421 
2035 3.11 --- 1.44 0.93 244.48 5.81 0.445 
2045 1.70 --- 1.51 0.93 454.72 4.74 0.453 
2050 0.98 --- 1.41 0.93 241.42 6.90 0.437 
2100 0.76 --- 1.53 0.93 274.80 6.94 0.271 
2105 0.62 --- 1.36 0.93 227.46 3.49 0.371 
2115 0.63 --- 1.58 0.93 295.11 5.30 0.760 
2130 0.49 --- 1.46 0.93 233.77 5.38 0.785 
2200 0.46 --- 1.28 0.93 232.54 6.06 0.794 
2230 0.46 ---   236.57 2.66 0.757 
Pier  ---   367.54 11.39  
Bay 1 34.78 --- 1.31 0.90 287.08 8.52 0.370 
Bay 2 34.04 --- 1.53 0.90 464.99 3.43 0.315 
Bay 3 33.14 --- 1.36 0.91 406.93 6.67 0.261 
Bay 4 10.44 --- 1.50 0.91 546.01 7.77 0.444 
Bay 5 31.78 --- 1.21 0.85 427.50 3.35 0.434 
Bay 6 36.84 --- 1.36 0.74 316.32 12.20 0.469 
Bay 7 35.31 --- 1.21 0.75 317.40 6.49 0.468 
Bay 8 36.71 --- 1.43 0.84 306.98 5.62 0.447 
Shoreline 33.67 --- 1.26 0.93 307.43 6.17 0.752 

 

June 2015: 

Sample 
I.D. 

Salinity 
(ppt) 

Abs 
(360nm) FI HIX DOC 

(µmol L-1) 

Standard 
Deviation 
(µmol L-1) 
n = 3 

CDOM 
Score 

Castle 0.54 0.049 1.35 0.95 355.28 12.43 0.728 
Castle 0.54 0.042 1.31 0.95 373.05 10.46 0.713 
Castle 0.54 0.048 1.29 0.95 366.32 5.01 0.310 
Castle 0.53 0.044 1.24 0.96 381.62 14.60 0.775 
Castle 0.56 0.042 1.44 0.95 385.81 10.63 0.828 
Castle 0.54 0.044 1.80 0.95 375.34 16.47 0.792 
Castle 0.51 0.054 1.23 0.96 379.40 7.33 0.847 
Castle 0.51 0.058 1.32 0.96 378.51 8.49 0.809 
Castle 0.52 0.058 1.41 --- 380.59 6.55 0.807 
Castle 0.50 0.055 1.37 --- 366.88 8.17 0.793 
Castle 0.52 0.049 1.35 --- 377.46 5.06 0.808 
Castle 0.53 0.048 1.53 0.94 355.28 12.43 0.797 
Sewage 11.81 0.069 1.34 0.94 588.00 7.17 0.831 
Sewage 11.50 0.072 1.32 0.94 526.66 8.65 0.798 
Sewage 11.18 0.073 1.31 0.94 533.80 6.36 0.845 
Sewage 10.61 0.071 1.30 0.94 498.76 10.11 0.813 
Sewage 10.95 0.073 1.50 --- 477.48 5.45 0.831 
Sewage 12.38 0.073 1.22 --- 490.96 5.91 0.798 
Sewage 11.44 0.073 1.39 --- 479.29 3.72 0.845 
Sewage 11.08 0.073 1.35 --- 490.21 11.20 0.813 
Sewage 6.92 0.080 1.37 --- 495.49 1.10 0.831 
Sewage 6.35 0.074 1.17 --- 485.41 1.68 0.798 
Sewage 6.46 0.081 1.32 --- 499.17 4.95 0.845 
Sewage 30.67 0.074 1.28 --- 583.01 1.19 0.813 
PP07.30 29.40 0.021 1.64 0.88 211.71 8.78 --- 
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08.00 29.40 0.031 1.59 0.89 357.98 8.22 --- 
08.30 29.40 0.022 1.14 0.91 283.93 4.15 --- 
09.00 31.22 0.024 1.58 0.90 282.12 3.41 --- 
09.30 31.86 0.023 1.35 0.89 294.82 17.93 --- 
10.00 33.78 0.032 1.31 0.92 270.13 2.55 --- 
10.30 32.90 0.024 1.22 0.91 311.85 21.96 --- 
11.00 34.02 0.020 1.07 0.88 227.10 28.13 --- 
11.30 34.51 0.021 1.39 0.92 227.24 21.41 --- 
12.00 34.26 0.021 1.53 0.87 306.10 20.44 --- 
12.30 34.83 0.008 1.47 --- 230.48 1.00 --- 
13.00 34.59 0.007 1.30 --- 283.61 10.30 --- 
13.30 34.59 0.009 1.15 0.86 349.25 8.46 --- 
14.00 35.39 0.028 1.20 --- 317.28 13.87 --- 
14.30 35.72 0.006 1.25 --- 305.29 10.08 --- 
15.00 36.28 0.010 1.23 0.86 232.78 20.66 --- 
15.30 36.37 0.017 1.22 0.78 220.12 8.27 --- 
16.00 35.47 0.002 1.89 --- 213.32 6.67 --- 
16.30 36.28 0.025 1.69 --- 210.74 10.37 --- 
17.00 36.37 0.013 1.04 0.87 188.79 0.60 --- 
17.30 36.37 0.005 1.86 --- 310.62 4.72 --- 
18.00 35.72 0.008 2.14 0.79 248.91 4.45 --- 
18.30 35.80 0.009 1.15 0.82 196.76 3.22 --- 
19.00 34.75 0.020 1.26 0.80 207.15 2.72 --- 
19.30 33.70 0.023 1.46 --- 189.82 2.49 --- 
20.00 32.42 0.037 1.37 --- 244.09 6.37 --- 
20.30 33.06 0.035 1.49 --- 237.86 3.28 --- 
21.00 32.98 0.035 1.66 0.83 256.24 0.90 --- 
21.30 33.46 0.023 1.35 --- 262.78 2.08 --- 
22.00 33.46 0.026 1.33 --- 271.20 10.35 --- 
22.30 34.51 0.017 1.15 0.88 193.64 1.82 --- 
23.00 34.02 0.020 1.55 --- 188.54 3.43 --- 
23.30 34.34 0.018 1.36 --- 181.30 1.82 --- 
00.00 35.07 0.013 1.25 0.87 198.00 6.97 --- 
00.30 35.15 0.014 1.51 --- 178.34 9.08 --- 
01.00 35.64 0.019 1.01 --- 171.38 2.69 --- 
01.30 36.37 0.020 1.39 0.80 244.49 13.29 --- 
02.00 36.37 0.009 1.39 --- 212.32 0.81 --- 
02.30 36.37 0.014 1.67 --- 186.76 17.06 --- 
03.00 36.28 0.025 1.92 0.76 188.07 15.89 --- 
03.30 36.53 0.024 1.40 --- 162.85 1.62 --- 
04.00 35.96 0.013 1.12 --- 168.01 1.81 --- 
04.30 36.53 0.019 1.01 0.84 181.12 8.36 --- 
05.00 35.96 0.028 1.37 0.87 189.79 7.50 --- 
05.30 35.23 0.026 1.25 0.88 186.86 9.29 --- 
06.00 35.39 0.011 1.28 0.84 188.19 2.68 --- 
06.30 35.31 0.025 1.41 --- 196.74 10.00 --- 
07.00 34.51 0.021 1.36 --- 265.07 7.17 --- 
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Appendix F: EEMF-PARAFAC 3-Component Model for Kinvara Bay,  

n = 333 
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Figure F1: Split half validation of 3-component model shows that the sum of squares of the excitation and emission wavelengths 
split equally and therefore, the 3-componet model is validated.  

 

 
Figure F2: Least squares result of 10 Random Initialisation of 3-component model. Green ‘O’ represents the least square result. 
Thus, it is a true minima 
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Figure F3: Scores, Excitation and Emission Leverage and Loadings of 3-component model in Kinvara Bay. EEMs with high 
leverage were examined and deemed representative of the 3-component model.  
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Appendix G: EEMF-PARAFAC 5-Component Model for Kinvara Bay 
Sediment Incubation Experiment, n = 338 
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Figure G1: Split half validation of 5-component model shows that the sum of squares of the excitation and emission wavelengths 
split equally and therefore, the 5-componet model is validated.  

 
Figure G2: Least squares result of 10 Random Initialisation of the 5-component model. Green ‘O’ represents the least square 
result. Thus, it is a true minima 
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Figure G3: Scores, Excitation and Emission Leverage and Loadings of 5-component model in Kinvara Bay. EEMs with high 
leverage were examined and deemed representative of the 5-component model.  
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Appendix H: Whole Core Sediment Incubation DOC fluxes 
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C = Control, CMP = Addition of microplastics, MA = Addition of Macroalgae A (Fucus 

vesiculosus), MAMP = Addition of Macroalgae A and microplastics, MB = Addition of 

Macroalgae B (Enteromorpha intestinalis), MBMP = Addition of Macroalgae B and microplastics 

Sample Name 
 

DOC 

(µmol L-1) 

Standard Deviation 

(n=3) 

(µmol L-1) 

 

CDOM 

(a350) 

C1 13 1600 241.64 1.98  0.007 
C1 13 1800 247.15 0.52 0.009 
C1 13 2000 237.80 1.98 0.009 
C2 13 2000 258.45 6.22 0.009 
C1 13 2200 228.44 0.62 0.007 
C2 13 2200 233.63 6.00 0.012 
C3 13 2200 210.99 0.85 0.013 
C3 14 0800 221.79 0.17 0.008 
C2 14 0800 253.33 6.52 0.007 
C1 14 0800 262.68 3.58 0.007 
C3 14 1400 196.06 1.08 0.005 
C2 14 1400 217.10 2.64 0.006 
C1 14 1400 195.79 2.50 0.006 
C1 14 2200 229.20 0.28 0.005 
C3 14 2200 218.67 3.73 0.008 
C1 14 0000 224.20 3.42 0.005 
C2 14 0000 214.48 0.09 0.012 
C3 14 0000 188.31 1.87 0.012 
C2 15 0600 236.46 0.58 0.009 
C1 15 0600 191.77 2.31 0.006 
C2 15 2200 188.38 0.80 0.009 
C1 15 2200 195.20 1.47 0.005 
C3 16 0600 209.54 1.65 0.013 
C2 16 0600 235.55 14.59 0.009 
C1 16 0600 191.96 2.05 0.008 
C2 16 2200 220.93 2.36 0.018 
C1 16 2200 217.15 1.56 0.007 
C3 16 2200 213.10 0.27 0.001 
C2 17 0600 212.47 3.91 0.013 
C3 17 0600 220.42 1.82 0.009 
C1 17 0600 173.66 35.48 0.015 

  
  

C2MP 13 1600 195.73 1.37 0.008 
C2MP 13 1800 257.58 10.70 0.01 
C2MP 13 2000 188.91 1.73 0.006 
C3MP 13 2000 197.94 2.40 0.011 
C3MP 13 2200 193.66 0.71 0.005 
C2MP 13 2200 204.20 1.91 0.008 
C1 MP 13 2200 269.99 3.42 0.019 
C1MP 14 0200 305.62 2.03 0.009 
C1MP 14 0400 259.56 10.15 0.005 
C3MP 14 0600 248.33 2.12 0.012 
C2MP 14 0800 237.73 3.54 0.010 
C3MP 14 0800 217.05 0.48 0.007 
C1MP 14 1000 369.30 0.86 0.012 
C2MP 14 1000 252.66 4.62 0.007 
C2MP 14 1200 248.65 4.48 0.007 
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C3MP 14 1200 210.43 0.38 0.006 
C1MP 14 1400 205.53 1.08 0.005 
C3MP 14 1400 240.58 0.85 0.012 
C2MP 14 1400 257.47 2.64 0.007 
C2MP 14 2200 227.60 1.82 0.013 
C3MP 14 2200 237.60 0.93 0.008 
C1MP 14 2200 237.71 1.79 0.007 
C1MP 14 0000 238.70 0.53 0.024 
C3MP 14 0000 206.30 0.62 0.010 
C2MP 14 0000 212.18 0.04 0.009 
C2MP 15 0600 261.25 1.02 0.010 
C3MP 15 0600 185.20 1.91 0.009 
C3 MP 15 2200 212.84 1.33 0.011 
C2MP 15 2200 290.02 1.16 0.012 
C3MP 16 0600 204.16 1.42 0.012 
C2MP 16 0600 298.61 2.27 0.019 
C1MP 16 0600 212.66 4.27 0.025 
C1MP 16 2200 243.16 3.02 0.023 
C2MP 16 2200 295.21 1.82 0.028 
C3MP 16 2200 214.20 4.05 0.028 
C1MP 17 0600 237.31 1.87 0.018 

  
  

MA3 13 1600 3519.26 16.97 0.043 
MA3 13 1800 3611.13 67.50 0.050 
MA3 13 2000 3687.28 2.19 0.059 
MA2 14 0200 3989.23 30.09 0.066 
MA2 14 0400 4307.01 29.26 0.063 
MA1 14 0800 2594.19 45.18 0.038 
MA3 14 0800 2273.02 35.73 0.044 
MA2 14 1000 2929.03 33.49 0.031 
MA3 14 1200 4598.64 31.26 0.044 
MA3 14 1200 318.43 64.87 0.028 
MA3 14 1400 1278.56 54.89 0.022 
MA2 14 1400 2157.83 10.53 0.031 
MA1 14 1400 1695.25 15.33 0.043 
MA1 14 2200 2290.33 44.64 0.029 
MA2 14 2200 2580.46 64.86 0.021 

  
  

MA1MP 14 1400 2934.81 25.93 0.023 
MA3MP 14 0200 3906.93 35.65 0.052 
MA3MP 14 0400 3583.11 107.40 0.063 
MA2MP 14 0600 2932.45 38.38 0.054 
MA1MP 14 0600 3740.15 18.71 0.058 
MA1MP 14 0800 3444.64 8.11 0.042 
MA2MP 14 1200 2569.12 38.46 0.032 
MA1MP 14 1200 3226.49 69.02 0.031 
MA3MP 14 1200 2733.16 79.80 0.042 
MA3MP 14 1400 2641.42 10.94 0.028 
MA2MP 14 1400 2301.34 53.18 0.023 
MA2MP 14 2200 772.17 13.77 0.031 
MA1MP 14 2200 917.12 10.35 0.042 
MA3MP 14 2200 1438.47 32.94 0.039 
MA1MP 15 0600 1468.51 29.26 0.035 
MA2MP 15 0600 916.03 1.37 0.050 
MA1MP 15 2200 1605.44 49.37 0.045 
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MB1 13 2000 1724.46 23.60 0.061 
MB3 14 0800 905.00 9.01 0.051 
MB2 14 0800 830.85 9.81 0.057 
MB1 14 0800 880.85 2.64 0.077 
MB2 14 1200 676.47 47.74 0.026 
MB1 14 1200 637.56 7.35 0.024 
MB3 14 1200 685.14 4.12 0.024 
MB1 14 1400 646.88 7.44 0.032 
MB2 14 1400 656.71 7.53 0.036 
MB3 14 1400 647.00 7.95 0.026 
MB3 14 2200 667.00 3.05 0.037 
MB1 14 2200 863.83 32.59 0.064 
MB2 14 2200 806.02 8.62 0.077 

  
  

MB1MP 13 1600 1045.33 55.46 0.049 
MB2MP 13 1600 1045.26 41.80 0.056 
MB3MP 13 1600 901.57 72.98 0.078 
MB1MP 13 1800 1966.11 29.17 0.053 
MB3MP 13 1800 1975.67 31.83 0.063 
MB2MP 13 2000 1082.29 3.94 0.034 
MB3MP 14 0600 1165.56 39.04 0.062 
MB2MP 14 0600 1470.46 3.88 0.052 
MB1MP 14 0600 1408.54 7.26 0.044 
MB1MP 14 0800 1053.36 28.26 0.060 
MB2MP 14 0800 1159.37 4.73 0.055 
MB3MP 14 0800 936.29 7.14 0.056 
MB3MP 14 1200 1061.62 45.18 0.020 
MB2MP 14 1200 1030.88 40.80 0.020 
MB1MP 14 1200 1113.19 12.58 0.028 
MB3MP 14 1400 719.86 18.43 0.032 
MB2MP 14 1400 889.80 12.54 0.033 
MB1MP 14 1400 878.73 19.26 0.021 
MB3MP 14 2200 569.18 3.61 0.034 
MB3MP 14 2200 1398.65 35.69 0.031 
MB2MP 14 2200 731.56 92.20 0.026 
MB1MP 14 2200 774.30 89.52 0.034 
MB3MP 14 0000 1135.83 51.44 0.049 
MB2MP 15 0600 581.95 46.20 0.033 
MB1MP 15 0600 537.19 5.65 0.029 
MB3MP 15 0600 471.26 11.20 0.040 
MB2MP 15 2200 522.24 4.40 0.044 
MB3MP 15 2200 499.62 1.88 0.042 
MB1MP 15 2200 609.86 17.46 0.047 
MB1MP 16 0600 722.27 106.41 0.028 
MB1MP 16 2200 629.75 2.81 0.041 
MB3MP  17 0600 888.43 71.96 0.030 
MB1MP  17 0600 760.27 2.08 0.046 
MB1MP  17 2200 671.20 21.28 0.055 
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Appendix I: Sediment Incubation Setup 
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Figure I1: Experimental cores (Inner diameter = 6.4 cm, height = approx. 50 cm). Aeration was achieved with a pump and air 
stone. The funnel was to prevent evaporation. Cores were placed by a large window to simulate real conditions.  
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Appendix J: FT-ICR-MS Spectrum of SGD 
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Figure J1: FT-ICR-MS Spectrum of SGD collected at Kinvara Springs in September 2014, n = 2. m/z is the mass to charge ratio 

 

 


