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ABSTRACT 

 

     This study presents the first extensive examination of the optical properties of chromophoric 

dissolved organic matter (CDOM) including spectral slope ratios (SR) and change in spectral 

slope ratios during microbial degradation ( SR). Study sites included the optically thick Cape 

Fear, Gulf Stream, and CDOM extracted from high-energy beach sand.  SR values increased in 

surface waters progressing along the salinity gradient (Freshwater = 0.8; Gulf Stream = 5.2).  SR 

values revealed biological alteration of CDOM within the Cape Fear River estuary that was not 

discernable with either DOC concentration measurements or spectral slope (S) values. SR varied 

greatly in CDOM extracted from sandy beach sediments with values ranging from 0.12-2.7.  In 

Gulf Stream depth profiles, SR values were high in surface waters (5.2) and low at depth (1.5).  

These values likely reflect low molecular weight (LMW) DOM from recent primary productivity 

in the surface waters and high molecular weight (HMW) DOM at depth either from refractory 

terrestrial DOM and/or humification of marine DOM.   

SR values from a previous study showed decreases with microbial decomposition in 

estuarine waters.  In the current study it was shown that SR values decrease during microbial 

decomposition of the small bioavailable fraction of terrestrial HMW DOM but increased when 

chlorophyll-a concentrations were high reflecting high levels of phytoplankton primary 

productivity and LMW DOM.  The inflection point described in previous studies as a result of 

photobleaching may actually result from a combination of CDOM photobleaching, and this 

microbial decomposition of phytoplankton.  This provides new insight into the usefulness of 

these optical properties into understanding the cycling, fate and transport of CDOM to the 

coastal ocean.   
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CHAPTER 1 

Introduction 

     Oceanic dissolved organic matter (DOM) is the largest active pool of organic matter in the 

biosphere (Menzel, 1974; Williams, 1975; Duce and Duursma, 1977; Mopper and Degens 1979; 

Hedges, 1992).  The properties of DOM are varied and dependent upon their source; e.g., 

terrestrial (allochthonous or terrigenous) vs. aquatic (autochthonous or in-situ microbial).  Within 

the past decade, there has been renewed interest in the properties and distribution of the major 

light absorbing fraction of DOM in natural waters.  This material is chromophoric and is known 

as chromophoric dissolved organic matter (CDOM).  CDOM is an important component of 

DOM because is an easily measured fraction of the total dissolved organic matter that effects 

underwater solar radiation (Del Vecchio and Blough, 2005; Hargreaves, 2003), including UV 

(ultraviolet) and PAR (photosynthetically active radiation) which deters or stimulates biological 

activity respectively (e.g. Mopper and Kieber, 2002).  CDOM is also an important component of 

remotely sensed ocean color (Siegel et al., 2002), it plays a key role in marine photoreactions 

(Cooper et al., 1989; Whitehead and De Mora, 2000; Del Vecchio and Blough, 2005; Mopper 

and Kieber, 2002; Zepp, 2003; Kieber et al., 2003) and is extensively used to characterize and 

study absorbance in the surface water (Green and Blough, 1994; Nieke et al., 1997; Ferrari et al., 

1996; Kowalczuk, 1999; Helms et al., 2008).  Every year substantial amounts of terrestrial 

CDOM are introduced into the oceans, but on average the oceans remain relatively optically 

clear. Current imbalances in the global carbon budget may result from uncertainties within 

oceanic DOC budgets, CDOM is critical in understanding factors that affect the sources and 

sinks of DOC as well as its cycling.   The constituents of CDOM are either refractory or labile 
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and the bioavailability of this material determines whether CDOM will enhance secondary 

production or represent storage of reduced carbon in the oceans.   

     One way to track the fate of CDOM in aquatic environments is to utilize differences in its 

optical properties.  In coastal areas, many possible sources of CDOM, such as rivers, sewage, 

phytoplankton, bacteria, and sediments, may contribute to the overall CDOM concentration in 

the water column, while several processes such as mixing, photodegradation, and biodegradation 

affect CDOM composition and properties.  Although multiple sources exist for CDOM within 

coastal areas, the majority of CDOM within the coastal ocean is dominated by terrestrially 

derived riverine inputs (Comny et al., 2004).  The geographical extent of terrestrially-dominated 

coastal regions is dependent on the amount of freshwater inputs (Blough et al., 1993).  Extending 

past coastal waters, into the open ocean, CDOM is presumably created in situ even though 

CDOM absorption does not correlate with chlorophyll-a (Kowalczuk et al., 2003).  Since there is 

a lack of correlation between CDOM and chlorophyll-a it can be assumed that phytoplankton do 

not produce CDOM but instead act as a source of biomass that is converted to CDOM through 

microbial processes (Kowalczuk et al., 2003).  An intricate balance exists between 

photosynthesis and respiration, and algal byproducts are only available for microbial 

communities as DOM (Dittmar and Paeng, 2009).  Most DOM is utilized within hours to days 

after production (Dittmar and Paeng, 2009).  CDOM distribution and optical properties are 

greatly influenced by chemical, physical and biological processes throughout aquatic 

environments.  These processes further contribute to CDOM formations, transformation and 

degradation within the rivers, estuaries and surrounding coastal waters. 

     In this study spectral slopes (S275-295) and slope ratio‟s (SR) are used to describe the 

differentiation in CDOM pools.  The absorption spectrum, the absorption of radiation over a 
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wavelength interval, of CDOM samples are broad (range of hundreds of nanometers) and the 

absorbance typically decreases within increasing wavelength in an exponential fashion 

(Twardowski et al., 2004).  The relationship between S and humic substances can be summarized 

as followed: (1) S is larger for fulvic acids than for humic acids; (2) S increases with decreasing 

molecular weight; (3) S increases with decreasing aromaticity (Blough and Green, 1995).  Lower 

S values associated with humic substances generally have higher aromatic content and higher 

molecular weight (Green and Blough, 1995).  These lower S values arise from enhanced 

absorption at lower wavelengths, which may be due to the presence of distinct chromophores 

which have extended aromatic systems that absorb at lower wavelengths (Blough and Green, 

1995).  Based on the properties of humic substances, increases in S seen in marine environments 

are due to a loss of aromaticity and a decrease in the average molecular weight of the CDOM 

either due to photobleaching or in-situ production (Vodacek et al., 1997; Schmitte-Koppolin et 

al., 1998; Moran et al., 2000; Nelson et al., 1998).  The parameter S is the slope of the absorption 

coefficient for the wavelength interval of 275-295 (Helms et al., 2008) and is referred to in units 

of nm
-1

.  The spectral slope defines the spectral dependence of the CDOM absorption coefficient 

and thus provides further insights into the average characteristics (chemistry, source, diagenesis) 

of the CDOM chromophores.  S varies with the source of CDOM and can also be altered through 

biological (microbial activity) and chemical processes (photobleaching) (Kieber and Mopper 

1987).  In this study, the dependence of S on wavelength intervals is addressed by examining S 

using a broader wavelength interval (240-400 nm) and over two narrow wavelength intervals 

(275-295 nm and 350-400 nm) (Marakager & Vincent 2000; Twardoswki et al., 2004; Helms et 

al., 2008).  The intervals, 275-295 nm and 350-400 nm, were chosen because the first derivative 

of the natural-log spectra indicated that the greatest variations in S from a variety of samples 
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(marsh, riverine, estuarine, coastal, and open ocean) occurred within these narrow bands (Helms 

et al., 2008).  Another way of using absorption spectra was developed by Helms et al. (2008) and 

is a dimensionless parameter called „„slope ratio‟‟ or SR.  By calculating the ratio of the slope of 

the shorter wavelength interval (275–295 nm) to that of the longer wavelength interval (350–400 

nm), SR can be obtained (Helms et al., 2008). This approach avoids the use of spectral data near 

the detection limit of the instruments used, and focuses on absorbance values that shift 

dramatically during estuarine transit and photochemical alteration of CDOM (Helms et al., 

2008).   

     In previous studies S was used for characterizing DOM, but its usefulness is limited because 

the value obtained for S depends on the wavelength interval over which it is calculated (Helms et 

al., 2008).  The value for S is not only dependent on the wavelength interval chosen, but also on 

the method used for its calculation.  There is not a standardized mathematical or operational 

definition for S (i.e., linear vs. nonlinear regression) and there is no specific wavelength interval 

for its calculations.  Throughout the literature S is calculated using a wide array of wavelength 

intervals even though similar samples types are being compared (Helms et al., 2008; Carder et 

al., 1989; Stedmon et al., 2000; Twardowski et al., 2004).  The lack of uniformity in S makes 

comparing published work difficult since there is no standard method; for example using a 

narrow interval range versus a broad interval range to calculate S provides different results 

(Twardowski et al., 2004).  Furthermore it was determined that the slopes of two wavelength 

intervals, 260-330 nm and 330-410 nm, described log-transformed absorption spectra of 

seawater far better than a single broad wavelength interval (Sarpel et al., 1995).  They also 

suggested that the use of S over narrow wavelengths may be useful is discerning subtle 

differences in the shape of spectra, which may provide further compositional information.  It is 
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widely accepted that S can be used as a proxy for the composition of CDOM, but recently the 

use of SR has been shown to provide strong differentiation between open ocean, coastal ocean, 

estuarine and riverine samples (Helms et al., 2008).  Based on the finding in Helms et al., (2008) 

the use of narrow wavelength interval S275-295 and SR describes HMW fractions (terrestrial-like 

samples) being generally lower than those for corresponding LMW (marine-like samples) 

fractions.  The results from Helms et al. (2008) provide further evidence that S275-295 and SR may 

be related to CDOM source and MW. 

     The study site chosen for the current study was the Cape Fear River.  The Cape Fear River 

differs from most other major estuaries in North Carolina in that it is open to the sea, has a 

significant tidal effect, and drains broad areas of the coastal plain, making it largely a blackwater 

system (Mallin et al., 2000).  The dynamics of CDOM distribution within the Cape Fear River 

and Cape Fear River estuary and surrounding coastal waters is unique.  The river is rich in 

organic matter, has a high particulate content, CDOM, suspended sediment content, and has low 

phytoplankton growth; while the coastal ocean water consists of optically clear waters with low 

organic matter, suspended particulate content, and high phytoplankton levels (Kowalczuk et al., 

2003).  Dissolved organic carbon (DOC) is conservatively mixed within the estuary with no 

apparent sources or sinks (Avery et al., 2003).  Ten percent of this DOC is bioavailable, 

indicating that the majority of DOC is refractory and not available for biological consumption 

sinks (Avery et al., 2003).  Within this fairly small area (tens of km) CDOM absorption varies 

greatly covering the entire range reported in the literature (Hojerslev 1988; Blough and Del 

Vecchio 2002 and references therein).  The highly absorbing CDOM found in the Cape Fear 

River estuary are similar to the maximum CDOM absorption levels found in the vicinity of river 

outlets (Kowalczuk, 1999; Stedmon et al., 2000, P. Kowalczuk et al. 2003) while the least 
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absorbing samples are similar to those reported in the Sargasso Sea and Gulf Stream (Nelson et 

al., 1998; Nelson and Guarda 1995).   

     Within the Cape Fear River and Cape Fear River estuary there are different pools of CDOM.  

There is a riverine/terrestrial pool, a marine pool produced from offshore waters, and finally a 

third pool which has been altered by photochemistry, mixing and microbial processes 

(Kowalczuk et al., 2003).  Plankton production, grazing and microbial humification within 

surface waters are all known processes that produce CDOM (Rochelle-Newall and Fisher, 

2002a; Stedmon and Markager, 2005).  It is reasonable to conclude that these processes are 

influencing the surface waters and therefore influencing the S and SR values.  If conservative 

mixing was the only variable affecting the mixing of CDOM and its optical properties, than S 

and SR values could be predicted based on a two end-member model, but any autochthonous 

production of CDOM that occurs in surface water along with photobleaching could alter the 

signal and increases variability, making end-member models only viable if microbial activity, 

photobleaching and mixing do not occur.  Along the river transect, the marine CDOM signal is 

inundated by the high concentrations of riverine/terrestrial CDOM and it isn‟t until considerable 

dilution of the riverine/terrestrial signal (movement to offshore waters) that the autochthonous or 

marine CDOM signals can be detected (Kowalczuk et al., 2006).  The optical characterization of 

waters within the Cape Fear River, Cape Fear River estuary and coastal ocean water have been 

used to compare physicochemical processes exchange between the Cape Fear River and 

surrounding coastal waters.  Kowalczuk et al., (2003) used optical properties to determine where 

conservative mixing no longer dominates and where sufficient dilution of the terrestrial carbon 

signal occurs; therefore allowing the marine carbon signal to inundate the water (Kowalczuk et 

al., 2003).   
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     In the current study variability in CDOM was characterized in the Cape Fear River, Cape Fear 

River estuary, Gulf Stream and seawater extracted from sandy beach sediments.  With the Cape 

Fear River and coastal marine water serving as end-member water bodies; it is possible to 

observe a strong gradient of CDOM absorption traveling downriver into the estuary and even 

further out into the Gulf Stream.  The main objective of this study was to address the factors that 

effect CDOM cycling.  This project utilized a combination of field measurements and laboratory 

experiments to determine the variability of DOC, S240-400, S275-295, and SR.  An objective of this 

study was to determine the impact of chosen wavelength intervals (a narrow interval wavelength 

and broad interval wavelength) and their sensitivity in terms of CDOM characterization.  This 

study is the first to observe SR values on the Cape Fear River and Cape Fear River estuary and it 

should shed further light onto CDOM composition within the river and estuary as well as the 

usefulness of this parameter for this system.  The importance of S and SR on characterization of 

CDOM for the river and coastal water end-members is vital to understanding and characterizing 

estuarine water since they are impacted by both.  Another objective of this project was to assess 

the usefulness and sensitivity of the various optical measurements above in discerning processes 

occurring in the Cape Fear River estuary and nearby coastal waters.  The methods that were 

deemed most sensitive to processes occurring in the estuary were then used to extend our 

understanding of CDOM cycling within this system.  SR results from this study provide new 

insight into processes that were previously unobtainable by simple measurements of DOC and S 

alone.     
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Methods 

     Study Site  

     Thirty nine samples were collected for CDOM absorption and DOC in the Cape Fear River 

and Cape Fear River estuary between September 2007 and February 2009.  The sites sampled 

within the Cape Fear River started at a freshwater site known as Horseshoe Bend (HB) and 

continued down river decreasing in number from M61 to M18 (Figure 1.1), these sites spanned a 

salinity range of 2-36.  Salinity values for the Cape Fear River estuary typically range from 0-

33.2 (Hackney et al., 2002).  Salinity values for the Cape Fear River and Cape Fear River estuary 

during the fall of 2007 were notably different than previous years.  Salinity values ranged from 

19-36, which is an exceptionally narrow range for the Cape Fear River estuary.  The narrow and 

high salinity ranges were due to drought conditions during the fall of 2007.  During the fall of 

2007 total rainfall was 7.37 inches which is 5.89 inches below the normal amount of 13.26 

inches (National Weather Service).  Although in the fall of 2007 salinity values were high 

because of the lack of rainfall, in 2008 salinity returned to normal values as previously recorded 

for the Cape Fear River. The grid sampled was designed to describe the temporal and spatial 

extent of the Cape Fear River and Cape Fear River estuary.  Gulf Stream depth profiles were 

taken during two cruises, one in June 2008 and the other in October 2008.  CDOM absorption 

and DOC values were collected for both.  A depth of 230m was reached during the cruise in June 

2008 and a depth of 149m was reached during the cruise in October 2008.   

     Twenty five samples were taken from high energy sandy beach sediments from Wrightsville 

Beach, NC and were used for the extraction experiments.  The high energy beach is typical of 

exposed sandy beaches along the coast that are directly exposed to swell in a surf zone.  Samples 

were collected between September 2007 and September 2008. 

http://www.erh.noaa.gov/
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Figure1.1 Cape Fear River, Beach Sands and Gulf Stream study site. 

 
Figure 1.2: Seawater samples for beach sand extraction experiments were collected along the 

ocean of Wrightsville Beach, NC. 
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     Cape Fear River and Gulf Stream Water Collection 

     At the end of each collection period, samples were immediately filtered on the ship or 

returned to the laboratory and filtered under low vacuum through 0.2μm, acid-washed Gelman 

Supor® polysulfonone filters enclosed in a muffled glass filtration apparatus. All glassware in 

contact with samples was soaked in a 10% HCl solution for at least two hours and then muffled 

in an oven of 550°C for at least four hours. Samples were stored in pre-cleaned amber glass vials 

with Teflon coated lids at 4°C in the dark. Optical measurements were generally conducted 

within hours of sample collection.  Other analysis and extractions were generally completed 

within days of collection.  Surface salinity was measured using a YSI handheld CT meter and 

expressed in practical salinity units (PSU).  

     Coastal Water Collection 

     Sandy beach sediment samples were collected along a beach transect just prior to low tide.  

The top 5 cm of sand was collected with a muffled beaker.  The most seaward sample location 

was at the low tide shoreline and continued up the beach landward at 25 ft and 50 ft.  The three 

transect locations were referred to as low, mid and high.  All glassware in contact with samples 

was soaked in a 10 % HCl solution for at least two hours and then muffled in an oven of 550°C 

for at least four hours.  

     Coastal seawater was also collected in a 350 mL BOD glass bottle and stored in the 

refrigerator for the sediment extraction experiments.  Sandy beach sediments were collected (0 to 

5 cm depth) from each site. Samples were collected from September 2007 to September 2008.  

Surface salinity was measured using a YSI handheld CT meter and expressed in practical salinity 

units (PSU).  
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     Beach Sand Extraction Experiments  

     Glass columns (100 ml) with a fritted glass base were used for extraction experiments. Two 

extractions were performed on each sand sample and the results were averaged. A measured 

volume of sandy beach sediment was added to each column. Unfiltered seawater was added to 

the sediments until they were saturated. Additional unfiltered coastal seawater equal to the 

amount needed to saturate the sand was added onto each sediment–water column and allowed to 

incubate for 1 hour at 25°C. The sediment column was then drained to the surface of the sand 

and the seawater was immediately filtered through a 0.2 lm acid washed Supor membrane disc 

filter.   

     Samples were immediately filtered through 0.2 lm acid washed Supor membrane 

disc filters to remove microorganisms. Samples were then used for analytical analysis or 

laboratory experiments. All glassware in contact with samples was soaked in 10% HCl for at 

least 2 hours, rinsed with deionized water (Milli-Q plus ultra pure water), covered with 

aluminum foil, and baked in a muffle furnace at 550°C for at least 4 hours to remove organics. 

     DOC Analysis 

     Dissolved organic carbon was determined by high temperature combustion (HTC) using a 

Shimadzu TOC 5050A total organic carbon analyzer equipped with an ASI 5000 autosampler 

(Shimadzu, Kyoto, Japan) (Avery et al., 2003).  Standards were prepared using reagent grade 

potassium hydrogen phthalate (KHP) in Milli-Q Plus Ultra Pure Water.  Both samples and 

standards were acidified by addition of hydrochloric acid (HCl) and sparged with carbon dioxide 

free carrier gas for 5 minutes maintaining a flow rate of 125 mL min
-1

 to effectively remove 

inorganic carbon prior to injection onto a heated catalyst bed (0.5 % Pt on alumina support, 680  

C, regular sensitivity).  A nondispersive infrared detector measured carbon dioxide gas from the 
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combusted carbon.  Each sample was injected three times.  The detection limit for this 

instrument is 5 M (Avery et al., 2003).  

     Optical Analysis 

     Absorbance scans were made from 240 to 800 nm using 1 cm or 10 cm Suprasil cuvettes on a 

Varian Cary 1E dual-beam spectrophotometer (2 nm slit width).  Samples for optical analysis 

were brought to room temperature before absorbance was measured versus filtered (0.2μm) 

deionized water in the reference cell.  Absorbance measurements at each wavelength (λ) were 

baseline corrected by subtracting the average absorbance at 675-695nm.  CDOM absorption 

coefficients (aCDOM λ , m
-1

) at each wavelength (λ) were calculated according to: 

aCDOM λ = 2.303 Aλ / l 

     Where Aλ is the corrected spectrophotometer absorbance reading at wavelength λ and l is the 

optical pathlength in meters (Kirk, 1994).  A detection limit of 0.023 m
-1

, corresponding to 0.001 

abs. units on the spectrophotometer using a 10 cm cell, was estimated from 3 x standard 

deviation of a deionized water blank processed as a sample.  The detection limit corresponds to 

sample absorption coefficients at wavelengths in the range of 240 to 400 nm (Marakager & 

Vincent 2000).  Because the wavelength range used in the regression can influence the calculated 

spectral slope, this fixed wavelength range was used for all samples so that the upper wavelength 

absorbance readings would be above the detection limit (Keiber et al., 2006). 

     Spectral slope (S) is a term used to parameterize featureless absorbance spectra according to 

their shape. A simple method of spectral analysis was to compare the spectral slopes obtained 

from two distinct regions of the UV spectra of aquatic dissolved organic matter (Helms et al., 

2008).  Spectral slopes reported here for the intervals of 240-400 nm (S240-400), 275–295 nm 

(S275–295) and 350–400 nm (S350–400) were calculated using linear regression of the 
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logtransformed α spectra.  Slopes are reported as positive numbers.  Thus, higher (or steeper) 

slopes indicate a more rapid decrease in absorption with increasing wavelength. The ranges, 

275–295 nm and 350–400 nm, were chosen because the first derivative of natural-log spectra 

indicated that the greatest variations in S from a variety of samples (marsh, riverine, estuarine, 

coastal, and open ocean) occurred within the narrow bands of 275–295 nm and 350–400 nm 

(Helms et al., 2008). By calculating the ratio of the slope of the shorter wavelength interval 

(275–295 nm) to that of the longer wavelength interval (350–400 nm), a dimensionless 

parameter called „„slope ratio‟‟ or SR is defined (Helms et al., 2008). 

 

Results & Discussion 

     Wavelength Interval Sensitivity for Spectral Slope Coefficients (S) 

     In this study S was calculated for two wavelength intervals, 275-295nm and 240-400nm.  The 

two wavelength intervals were chosen to assess the sensitivity for each chosen wavelength 

interval to CDOM variations.  In table 1.1, S275-295 range for CDOM along the Cape Fear River 

estuary salinity gradient was similar to that observed by Helms et al., (2008) and Kowalczuk et 

al., (2003).  In this study S275-295 (Fig. 3A) showed more sensitivity to CDOM variations along a 

salinity gradient when compared to S240-400 (Fig. 1.4 and Table 1.1).  The shorter wavelength 

intervals were more sensitive to shifts in spectra when compared to broader wavelength intervals.  

The range of S240-400 in the current study exhibited little variability with the use of this 

wavelength interval even though salinities ranged from 2-36.  This range was similar to that 

reported by Kowalczuk et al., (2003) for S300-500 on the Cape Fear River and Cape Fear River 

plume (Table 1.1).  The difference in chosen wavelength range to determine spectral slopes only 

reiterates that a consistent set of guidelines for describing the shape and wavelength interval of 
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log-transformed CDOM spectra is needed.  In this study the use of shorter wavelength intervals 

(S275-295) is recommended for determining CDOM composition because it appears to be more 

sensitive to changes in CDOM composition.  Therefore S for this study will be considered 

between wavelength interval 275-295nm. 

 

 Wavelength Interval 

(nm) S (nm
-1

) Reference 

Cape Fear River 275-295 0.013-0.021 Present Study 

Cape Fear River 240-400 0.013-0.018 Present Study 

Cape Fear River 300-500 0.015-0.018 

Kowalczuk et al. 

(2003) 

Delaware River 275-295 0.016-0.021 Helms et al. (2008) 

Mississippi & 

Atchafalaya River 280-312 0.011-0.050 Conmy et al. (2004) 

Table 1.1: S values (nm
-1

) for the Cape Fear River, Delaware River and Mississippi and 

Atchafalaya River. *Values based on figures in text 
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Figure 1.3: (A) Comparison of S275-295 versus salinity and (B) S350-400 versus salinity. 
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Figure 1.4: S240-400 nm
-1

 along a salinity gradient in the Cape Fear River and Cape Fear River 

estuary for September & October 2007, October & November 2008 and February 2009. 
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     Comparison of S275-295 and S350-400 

     The use of two wavelength intervals, S275-295 and S350-400, were used to calculate the 

dimensionless parameter SR.  These two wavelength intervals were compared in this study to 

determine if they behaved in the same manner as seen in Helms et al., (2008) (Fig. 3A and 3B).  

There are visible differences between the slopes for these two regions, depending on whether the 

sample is marine or terrestrial in nature (Helms et al., 2008).   Helms et al., (2008) concluded 

that the down estuary increase in SR was mainly due to the increase in S275-295.  They further 

contribute the sensitivity of S275-295 to corresponding decreases of the slope in the long-

wavelength region, S350-400.  The range of S275-295 values along the estuary salinity gradient in the 

current study were similar to that observed in the Delaware River by Helms et al., (2008) (Table 

1.1).  The increase in SR values from fresh to more marine waters seen at the more saline sites 

(Figure 1.5) are associated with an increase in S275-295, which corresponds to the same trend in 

Helms et al., (2008) (Figure 1.3A).  In this study, unlike Helms et al., (2008), there was no 

consistent decrease in S350-400 of long-wavelength region (Figure 1.3B).  S350-400 decreased along 

the salinity gradient for September 2007, October 2007 and October 2008 and showed little 

variation during November 2008 and February 2009.   Although the findings in this study for 

S350-400 did not correlate with the decrease in S350-400 that was reported in Helms et al., (2008) the 

overall trend in SR values were consistent for both the Cape Fear River and Delaware River 

estuary.  This study further concludes that in terms of calculating SR, wavelength interval 350-

400nm appears to not be as definitive as 275-295nm in terms of its effects on SR values for the 

Cape Fear River.  Changes in wavelength interval 275-295 are more apparent than changes in the 

wavelength interval 350-400, further illustrating that the shorter wavelength interval is the 
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dominating force behind the overall SR value obtained regardless of the trend seen in the broader 

wavelength interval.  This further concludes that although S275-295 is more sensitive to shifts in 

CDOM than S350-400, SR is still a more valuable tool in characterizing CDOM composition.   
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Figure 1.5: Slope ratio (SR) versus salinity for the Cape Fear River and Cape Fear River estuary.  
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     S & SR variability within the estuary 

     S and SR values increase gradually within the estuary as salinity increases Figure 1.3A, 1.4, 

and 1.5).  In previous studies this has been described as conservative mixing of the S or SR signal 

within this section of the estuary (Kowalczuk et al., 2003; Conmy et al., 2004; and Del Castillo 

et al., 2000).  When viewed in context of the entire salinity range, including the marine end-

member which exhibits high variability in SR values, the SR values within the estuary appear to 

be conservatively mixed in the current study.  However, upon closer inspection of figures 1.6 

through 1.10, several different patterns of variability in SR values are evident within the 

terrestrial end-member estuarine section of the salinity range.  During February 2009, 

conservative mixing appears to describe the in-situ variations of SR within the estuary based on a 

simple mixing model of the two end-members (Figure 1.6).  This was the sampling time with the 

lowest solar activity and the lowest microbial activity due to decreased sunlight and low 

temperatures respectively.  During October 2008 and November 2008, the variation in SR with 

salinity within the estuary has higher variability and cannot be described by the simple mixing 

model (Figure 1.7 and Figure 1.8).  In both cases the SR values fall below what would be 

predicted based on simple mixing of the end-members.  This higher variability in SR values 

likely result from a combination of increased photochemical transformations and biological 

activity during October and November when temperatures and solar activity are significantly 

higher.  During September 2007 and October 2007, a more pronounced pattern was observed 

(Figure 1.9A, Figure 1.9B, Figure 1.10A and Figure 1.10B).  In both of these months SR values 

display an obvious decrease in SR between the two end-members.  This strongly suggests 

biological activity was impacting the CDOM and the associated SR values.  In previous studies 

(Helms et at., 2008; Moran et al., 2000; Vähätalo and Wetzel 2004) and in the current study 
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(Chapter 2) biological activity decreases S and SR values. The two sampling times when SR was 

impacted by biological activity were unique in that they were during drought conditions.  During 

these times the river flow was extremely low and the residence time of the riverine CDOM is 

much higher.  This increased residence time would allow longer periods of time for biological 

activity and/or primary productivity to impact SR values within the estuary.  During average flow 

periods, the biological activity would not be observed due to faster flushing times (Table 1.2).  

This is consistent with previous studies of the Cape Fear River where ~10% of DOC is 

bioavailable yet during normal riverine flow the DOC appears to be conservatively mixed 

(Avery et al., 2003).  The sensitivity of the SR value to observe both bioavailability and 

photodecomposition within the estuary suggest it may be a powerful tool in observing estuarine 

processes not discernable by concentration data alone. 

River Discharge       

Cape Fear River ft
3
/s Delaware River ft

3
/s 

Average River Discharge 

(Dec. 1999 - April 2009) 4578 

Average River Discharge (Dec. 

1912 - Sept. 2008) 11,696 

Sept. 2007 Average 686 Spring Average 18726 

Oct. 2007 Average 1115 Summer Average* 7421 

Oct. 2008 Average 1916 Winter Average 12569 

Nov. 2008 Average 2155 Fall Average 7925 

Feb. 2009 Average 2752 
*Sampling period for Delaware 

River   

Table 1.2: River Discharge for the Cape Fear River and Delaware River. 

     Salinity and DOC ranges were significantly narrower during this study relative to previous 

years; however they still appear to be conservatively mixed for September and October 2007 

(Fig. 11A and 11B).  Concentrations of DOC and S values for these months are not sensitive 

enough to provide information about the bioavailable fraction of DOC within the Cape Fear 

River.  The SR values for this study during September 2007 and October 2007 displayed an 
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obvious decrease in SR between the two end-members and do not reflect the same “conservative” 

mixing pattern as described by DOC concentrations and S.  This finding illustrates that SR is 

more sensitive to CDOM changed along the estuary and provides more information than DOC 

concentration data and S about the mixing patterns of estuarine systems. 
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Figure 1.6 – The Cape Fear River during February 2009.  Salinity versus SR values for in-situ 

data and simple mixing model calculation 
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Figure 1.7 – The Cape Fear River during October 2008.  Salinity versus SR values for in-situ data 

and simple mixing model calculation. Figure 1.7A is over the entire salinity gradient and figure 

1.7B is over the estuarine section of the Cape Fear River. 
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Figure 1.8 – The Cape Fear River during November 2008.  Salinity versus SR values for in-situ 

data and simple mixing model calculation.  Figure 1.8A is over the entire salinity gradient and 

figure 1.8B is over the estuarine section of the Cape Fear River. 
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Figure 1.9 – The Cape Fear River during September 2007.  Salinity versus SR values for in-situ 

data and simple mixing model calculation. Figure 1.9A is over the entire salinity gradient and 

figure 1.9B is over the estuarine section of the Cape Fear River. 
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Figure 1.10 – The Cape Fear River during October 2007.  Salinity versus SR values for in-situ 

data and simple mixing model calculation.  Figure 1.10A is over the entire salinity gradient and 

figure 1.10B is over the estuarine section of the Cape Fear River 
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Figure 1.11 - Cape Fear River DOC values along a salinity gradient during (A) September 2007 

and (B) October 2007. 
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     S & SR Variability at Higher Salinities    

     Within the Cape Fear River estuary; shelf waters are easily inundated by the Gulf Stream 

which further impacts high energy sandy beach sediment within the same area (Avery et al., 

2008).  Both of these systems have been sources of marine CDOM found with the estuary 

(Avery et al., 2008).  Gulf Stream depth profiles, illustrated by figure 1.12, show increased SR 

values in surface waters with decreasing SR values with depth.  These surface SR values are 

significantly higher than the terrestrial end-member SR values found in the Cape Fear River.  SR 

values as high as 5.2 are seen in surface waters of the Gulf Stream and SR values as low as .8 

were seen in terrestrial surface waters of the Cape Fear River.  What is interesting to note is that 

at depth, Gulf Stream SR values resemble values seen in the Cape Fear River.  SR values reached 

as low as 1.1 at depths of 230m in the Gulf Stream, which are well in the range of the terrestrial 

SR values seen for the Cape Fear River.  High energy sandy beach sediment has previously been 

determined to release significant amounts of nutrients off of surface sands during tidal exchange 

further implying that these beaches may be important to primary and secondary production along 

the coast (Avery et al., 2008).  The microbial communities found within the beach sand may be 

responsible for the marine CDOM signal associated with tidal exchange from the beaches.    

     The chemical composition of terrestrial and marine humics from which CDOM is derived 

differs greatly.  Marine and estuarine humic substances composing marine CDOM appear to be 

highly aliphatic, branched alkyl chains with very little aromaticity and have similar chemical 

composition as marine phytoplankton (Francois, 1990).  It has been widely accepted that in 

oligotrophic waters marine CDOM is formed in-situ from degradation of products of marine 

plankton (Nissenbaum and Kaplan 1972).  Phytoplanktons have been shown to release both 

HMW (low SR value) and LMW (High SR value) DOM during photosynthetic extracellular 
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release.  The LMW labile fraction is in turn a primary source for bacterial growth (Obernosterer 

and Herndl, 1995).  Recent literature (Nelson et al., 1998; Rochelle-Newall et al., 1999; 

Rochelle-Newall and Fisher, 2002b) has shown that CDOM does not correlate with chlorophyll-

a content; therefore it has been proposed that phytoplankton do not produce CDOM directly, but 

act as a source of biomass that is transformed to CDOM via microbially-mediated processes 

(Tranvik, 1993; Tranvik and Bertilsson, 2001; Rochelle-Newall and Fisher, 2002a).  It has 

recently been discovered marine bacteria rapidly consume labile DOM and produce DOM that is 

relatively resistant to decomposition (HMW DOM) which would be equivalent to low SR values 

(Ogawa et al., 2001; Helms et al., 2008).  Components of bacterial cells are released into the 

surrounding waters as DOM through a variety of biological processes such as; direct release, 

viral lysis, and grazing (Ogawa et al., 2001).  Increasing absorption values were seen during 

incubation experiments on coastal seawater, which indicate that heterotrophic microbial 

populations producing HMW CDOM (Lonborg et al., 2009).  Another process for DOM 

production in marine environments is due to viral lysis that leads to eruption of bacterial cells 

upon infection and labile DOM (LMW DOM) is released into surrounding waters (Middelboe 

and Jørgensen, 2006).  The labile material released into the surrounding waters would have high 

SR values since its LMW DOM (Helms et al., 2008).   
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Figure 1.12: Gulf Stream Depth profiles of SR values representing the marine end-member water 

body 
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     At salinities greater than those discussed in the previous sections; high variability was 

observed in S and SR values over a small range of salinity (Figure 1.13A & 1.13B).  Previous 

studies have referred to this as the “inflection point”.  Inflection points have been observed for 

optical measurement in previous studies including S (Conmy et al., 2004; Kowalczuk et al., 

2003; Del Castillo et al., 1999), SR (Helms et al., 2008), and fluorescence (Del Castillo et al., 

2000).  The position of the inflection point is variable on the salinity scale because it is 

dependent on the initial CDOM concentration of the freshwater end-member and is associated 

with a sudden change in CDOM optical properties (Kowalczuk et al., 2003).  The inflection point 

can therefore be observed at higher salinities for rivers with high CDOM concentrations, and at 

lower salinities for rivers with lower CDOM concentrations (Del Castillo et al., 2000).  

Generally, SR values appear to me more sensitive to determining the inflection point. In the 

current study, an inflection point was observed in all sampling periods where full salinity end-

members were measured (i.e., all transects except February 2009) (Figure 1.6-1.10).  S and SR 

are defined as the change in S and SR during incubation experiments (final S and SR value minus 

the initial S and SR value).  The magnitude of S and SR over a small range of salinity at the 

inflection point was at least double the S and SR determined over the entire remaining salinity 

range from below the inflection point toward the freshwater end-member (Table 1.3). 
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Figure 1.13: (A) SR and (B) S275-295 versus salinity for the Cape Fear River (CF), Gulf Stream 

(GS) surface samples, and Wrightsville Beach sand exposure experiments (SSL, SSM, SSH). 
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Above 

Inflection 

Point 

Reference  Site Inflection Point ΔS ΔSR 

Current Study Cape Fear River (Sept. 07) 35‰ 0.002 0.35 

Current Study Cape Fear River (Oct. 07) 35‰ 0.002 0.25 

Current Study Cape Fear River (Oct. 08) 25-30‰ 0.013 0.14 

Current Study Cape Fear River (Nov. 08) ~30‰ 0.001 0.11 

Current Study Cape Fear River (Feb. 09) na na na 

Helms et al., (2008) Delaware River 30‰ na 0.70 

Kowalczuk et al., 

(2003) Cape Fear River 35.5‰ 0.014 na 

Conmy et al. (2005) 

Mississippi & Atchafalaya 

River 25‰ 0.034 na 

Del Castillo et al., 

(1999) Orinoco River Plume 30‰ 0.008 na 

     

Below 

Inflection 

Point 

Reference  Site Inflection Point ΔS ΔSR 

Current Study Cape Fear River (Sept. 07) 35‰ 0.001 0.18 

Current Study Cape Fear River (Oct. 07) 35‰ 0.003 0.12 

Current Study Cape Fear River (Oct. 08) 25-30‰ 0.005 0.06 

Current Study Cape Fear River (Nov. 08) ~30‰ 0.001 0.04 

Current Study Cape Fear River (Feb. 09) na 0.001 0.2 

Helms et al., (2008) Delaware River 30‰ 0.005 1.31 

Kowalczuk et al., 

(2003) Cape Fear River 35.5‰ 0.003 na 

Conmy et al. (2005) 

Mississippi & Atchafalaya 

River 25‰ 0.012 na 

Del Castillo et al., 

(1999) Orinoco River Plume 30‰ 0.002 na 

Table 1.3: Overall comparison of ΔS and ΔSR values for the Cape Fear River, Delaware River, 

Orinoco River Plume, and Mississippi and Atchafalaya River.  ΔS and ΔSR value ranges are 

listed for above and below the inflection point observed in each study. 
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     In previous studies the inflection point has been attributed to terrestrial CDOM within the 

river becoming diluted resulting in a more optically clear water column where photobleaching of 

CDOM occurs more rapidly (Del Castillo et al 2000) causing both S and SR values to increase 

(Helms et al., 2008).  In the current study microbial activity and biodegradation decrease both S 

and SR in the estuarine section of the Cape Fear River. However, microbial decomposition 

studies conducted on the marine end-member samples of the Cape Fear River and CDOM 

extracted from nearby high energy beach sands showed an increase and decrease in S and SR 

(Chapter 2).  These samples had high levels of phytoplankton, based on chlorophyll-a values, 

compared to the estuarine samples of the Cape Fear River. This suggests decomposition of the 

phytoplankton may be the reason S and SR increased due to microbial activity when compared 

the low phytoplankton waters of the estuary.  In addition, Gulf Stream depth profiles collected in 

June 2008 and October 2008 displayed an increase in S and SR below the thermocline 

immediately below the chlorophyll max, also supporting the idea that decomposition of marine 

phytoplankton increases S and SR (Chapter 2). Therefore, the high variability in S and SR in the 

marine end-member of the Cape Fear River estuary (Figure 1.12A and 1.12B) is likely due to 

microbial decomposition of CDOM as well as photobleaching.  

     

Implications 

     This study presents the first extensive examination of the optical properties of S and SR values 

along a salinity gradient in the optically thick blackwater estuary in the South Eastern United 

States.  These optical properties were examined for samples from Cape Fear River Estuary 

samples, low chlorophyll coastal water at the mouth of the Cape Fear River Estuary, CDOM 

from a nearby high energy beach, and the Gulf Stream.  SR values showed increased sensitivity 
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to in-situ processes such as photobleaching, microbial activity and microbial decomposition on 

CDOM composition within the estuary.  SR values demonstrated the consumption of the 

bioavailable DOC fraction through microbial activity progressing down the estuary that was not 

discernable with either DOC measurements or S values.  SR values for this study during 

September and October 2007 displayed an obvious decrease in SR between the two end-members 

water bodies and do not reflect the same “conservative” mixing pattern of the Cape Fear River as 

described in previous studies.  SR values further illustrated the affects of microbial 

decomposition of phytoplankton; demonstrating that the decomposition of phytoplankton within 

high chlorophyll waters increases SR values, which is the same trend seen in waters exhibiting 

photobleaching.  The inflection point described in previous studies as photobleaching may 

actually result from a combination of CDOM photobleaching, and this microbial decomposition 

of phytoplankton.  This provides new insight into the usefulness of these optical properties into 

understanding the cycling, fate and transport of CDOM to the coastal ocean.  This study further 

addresses the fate of terrestrial CDOM upon entering the open ocean and its cycling.  SR values 

for the Cape Fear River at the terrestrial end-member were .8, these values increased to 5.2 in the 

Gulf Stream.  Depth profiles in the Gulf Stream show increasing SR values in surface waters 

becoming as high as 5.2, and decreases in SR values with depths of 230m reaching values of 1.1.  

This cycle is either representative of SR values that reflect HMW DOM being made in surface 

waters which is eventually sinking with time or is illustrating the HMW DOM fraction from the 

original terrestrial source becoming apparent again because the labile LMW fraction that was 

made in the surface marine water has been used up or a combination of both.  Although there is a 

multitude of mechanisms that are linked to creating DOM and CDOM in marine surface waters, 

HMW DOM from terrestrial sources cannot be ignored as a potential precursor in the marine 
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DOM fraction.  HMW DOM undergoes photochemical and microbial transformations within the 

estuary.  These transformations in turn selectively remove the HMW DOM resulting in the 

majority of the remaining fraction consisting of LMW DOM. Although these removal 

mechanisms result in an abundant amount of LMW DOM, the HMW DOM still persists in the 

marine environment even though it has been inundated by the biological and chemical processes 

listed above.  A recent discovery, identifying lignin, shows that the existence of a terrigenous 

component in deep sea DOM (Meyers-Schulte et al., 1986; Opsahl and Benner, 1997).  Lignin is 

only produced by vascular plants on land, but not by algae, and was determined to be a source 

for oceanic DOM (Meyers-Schulte et al., 1986; Opsahl and Benner, 1997).  This finding further 

establishes that HMW DOM from freshwater riverine sources is persisting in the deep oceanic 

DOM pool.  
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CHAPTER 2  

Introduction 

     Oceanic dissolved organic matter (DOM) is the largest active pool of organic matter in the 

biosphere.  The properties of DOM are varied and dependent upon their source; e.g., terrestrial 

vs. marine.  Within the past decade, there has been renewed interest in the properties and 

distribution of the major light absorbing fraction of DOM in natural waters.  This material is 

chromophoric and is known as chromophoric dissolved organic matter (CDOM).  The 

constituents of CDOM are either refractory or labile and the bioavailability of this material 

determines whether CDOM will enhance secondary production or represent storage of reduced 

carbon in the oceans.   

     The optical properties of CDOM can provide vital source information for an important pool 

ocean DOM; dissolved organic carbon (DOC) (Brown 1977).  These properties have proved 

useful in distinguishing between terrestrial and marine carbon on the continental margins were 

terrestrially derived organic matter is deposited in the coastal oceans (Helms et al., 2008).  

Diagenetic transformations of these optical properties can be problematic in determining source 

information if the signal is altered photochemically or by microbial activity within the aquatic 

systems.  However, sufficient understanding of how these in-situ processes affect the optical 

properties can provide important information on CDOM source, molecular weight or both. 

     A recently reported treatment of CDOM absorption data used the dimensionless parameter 

feature SR (Helms et al., 2008).  It is a highly promising approach to obtaining CDOM source 

information and characterization in natural waters (Helms et al., 2008).  Helms et al., 2008 

showed that SR values vary depending on whether the sample is mainly terrestrial or marine.  SR 

values are higher for samples with a marine origin and lower for those with a terrestrial origin 
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(Helms et al., 2008).  Although Helms et al., 2008 addressed the question of SR changes 

associated with photochemical decomposition, there is minimal data regarding the affect of 

microbial decomposition on SR in natural waters.  Helms et al., (2008) performed incubation 

experiments on Elizabeth River water (salinity=19) in order to determine the effects of microbial 

communities on SR values.  They further determined that SR values decreased; either due to 

microbial production or selective preservation of long-wavelength absorbing substances.  Helms 

et al., (2008) findings where consistent with previous works by Moran et al., (2000) and 

Vähätalo and Wetzel (2004) that found that microbial processes shift spectral slopes opposite to 

those shifts caused by photobleaching.  The purpose of the current study was to determine the 

changes in SR upon microbial decomposition of several important sources of CDOM to the 

coastal ocean including; riverine, estuarine, continental shelf and Gulf Stream water.  In addition 

to these well known sources of CDOM we also included experiments on CDOM released from 

nearby high energy beaches which have recently been shown to supply significant amounts of 

CDOM to the coastal ocean.  CDOM SR values were determined before and after dark whole-

water incubations to determine the changes in the parameter SR due to microbial decomposition.  

This in the first in-depth study to determine how SR varies with microbial decomposition for a 

variety of aquatic systems and provides new insight into how these changes can actually provide 

new source information for CDOM.        

Methods 

     Study Site  

     Thirty nine samples were collected for CDOM absorption and DOC in the Cape Fear River 

and Cape Fear River estuary between September 2007 and February 2009.  The sites sampled 

within the Cape Fear River started at a freshwater site known as Horseshoe Bend (HB) and 
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continued down river decreasing in number from M61 to M18 (Figure 2.1), these sites spanned a 

salinity range of 2-36.  Salinity values for the Cape Fear River estuary typically range from 0-

33.2 (Hackney et al., 2002).  Salinity values for the Cape Fear River and Cape Fear River estuary 

during the fall of 2007 were notably different than previous years.  Salinity values ranged from 

19-36, which is an exceptionally narrow range for the Cape Fear River estuary.  The narrow and 

high salinity ranges were due to drought conditions during the fall of 2007.  During the fall of 

2007 total rainfall was 7.37 inches which is 5.89 inches below the normal amount of 13.26 

inches (National Weather Service).  Although in the fall of 2007 salinity values were high 

because of the lack of rainfall, in 2008 salinity returned to normal values as previously recorded 

for the Cape Fear River. The grid sampled was designed to describe the temporal and spatial 

extent of the Cape Fear River and Cape Fear River estuary.  Gulf Stream depth profiles were 

taken during two cruises, one in June 2008 and the other in October 2008.  CDOM absorption 

and DOC values were collected for both.  A depth of 230m was reached during the cruise in June 

2008 and a depth of 149m was reached during the cruise in October 2008.   

     Twenty five samples were taken from high energy sandy beach sediments from Wrightsville 

Beach, NC and were used for the extraction experiments.  The high energy beach is typical of 

exposed sandy beaches along the coast that are directly exposed to swell in a surf zone.  Samples 

were collected between September 2007 and September 2008. 

http://www.erh.noaa.gov/
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Figure 2.1. Cape Fear River and Gulf Stream study site. 

 
Figure 2.2: Seawater samples for beach sand extraction experiments were collected along the 

ocean of Wrightsville Beach, NC. 
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     Cape Fear River and Gulf Stream Water Collection 

     At the end of each collection period, samples were immediately filtered on the ship or 

returned to the laboratory and filtered under low vacuum through 0.2μm, acid-washed Gelman 

Supor® polysulfonone filters enclosed in a muffled glass filtration apparatus. All glassware in 

contact with samples was soaked in a 10% HCl solution for at least two hours and then muffled 

in an oven of 550°C for at least four hours. Samples were stored in pre-cleaned amber glass vials 

with Teflon coated lids at 4°C in the dark. Optical measurements were generally conducted 

within hours of sample collection.  Other analysis and extractions were generally completed 

within days of collection.  Surface salinity was measured using a YSI handheld CT meter and 

expressed in practical salinity units (PSU).  

     Coastal Water Collection 

     Sandy beach sediment samples were collected along a beach transect just prior to low tide.  

The top 5 cm of sand was collected with a muffled beaker.  The most seaward sample location 

was at the low tide shoreline and continued up the beach landward at 25 ft and 50 ft.  The three 

transect locations were referred to as low, mid and high.  All glassware in contact with samples 

was soaked in a 10 % HCl solution for at least two hours and then muffled in an oven of 550°C 

for at least four hours.  

     Coastal seawater was also collected in a 350 mL BOD glass bottle and stored in the 

refrigerator for the sediment extraction experiments.  Sandy beach sediments were collected (0 to 

5 cm depth) from each site. Samples were collected from September 2007 to September 2008.  

Surface salinity was measured using a YSI handheld CT meter and expressed in practical salinity 

units (PSU).  
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     Beach Sand Extraction Experiments  

     Glass columns (100 ml) with a fritted glass base were used for extraction experiments. Two 

extractions were performed on each sand sample and the results were averaged. A measured 

volume of sandy beach sediment was added to each column. Unfiltered seawater was added to 

the sediments until they were saturated. Additional unfiltered coastal seawater equal to the 

amount needed to saturate the sand was added onto each sediment–water column and allowed to 

incubate for 1 hour at 25°C. The sediment column was then drained to the surface of the sand 

and the seawater was immediately filtered through a 0.2 lm acid washed Supor membrane disc 

filter.   

     Samples were immediately filtered through 0.2 lm acid washed Supor membrane 

disc filters to remove microorganisms. Samples were then used for analytical analysis or 

laboratory experiments. All glassware in contact with samples was soaked in 10% HCl for at 

least 2 hours, rinsed with deionized water (Milli-Q plus ultra pure water), covered with 

aluminum foil, and baked in a muffle furnace at 550°C for at least 4 hours to remove organics. 

     DOC Analysis 

     Dissolved organic carbon was determined by high temperature combustion (HTC) using a 

Shimadzu TOC 5050A total organic carbon analyzer equipped with an ASI 5000 autosampler 

(Shimadzu, Kyoto, Japan) (Avery et al., 2003).  Standards were prepared using reagent grade 

potassium hydrogen phthalate (KHP) in Milli-Q Plus Ultra Pure Water.  Both samples and 

standards were acidified by addition of hydrochloric acid (HCl) and sparged with carbon dioxide 

free carrier gas for 5 minutes maintaining a flow rate of 125 mL min
-1

 to effectively remove 

inorganic carbon prior to injection onto a heated catalyst bed (0.5 % Pt on alumina support, 680  

C, regular sensitivity).  A nondispersive infrared detector measured carbon dioxide gas from the 
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combusted carbon.  Each sample was injected three times.  The detection limit for this 

instrument is 5 M (Avery et al., 2003).  

     Optical Analysis 

     Absorbance scans were made from 240 to 800 nm using 1 cm or 10 cm Suprasil cuvettes on a 

Varian Cary 1E dual-beam spectrophotometer (2 nm slit width).  Samples for optical analysis 

were brought to room temperature before absorbance was measured versus filtered (0.2μm) 

deionized water in the reference cell.  Absorbance measurements at each wavelength (λ) were 

baseline corrected by subtracting the average absorbance at 675-695nm.  CDOM absorption 

coefficients (aCDOM λ , m
-1

) at each wavelength (λ) were calculated according to: 

aCDOM λ = 2.303 Aλ / l 

     Where Aλ is the corrected spectrophotometer absorbance reading at wavelength λ and l is the 

optical pathlength in meters (Kirk, 1994).  A detection limit of 0.023 m
-1

, corresponding to 0.001 

abs. units on the spectrophotometer using a 10 cm cell, was estimated from 3 x standard 

deviation of a deionized water blank processed as a sample.  The detection limit corresponds to 

sample absorption coefficients at wavelengths in the range of 240 to 400 nm (Marakager & 

Vincent 2000).  Because the wavelength range used in the regression can influence the calculated 

spectral slope, this fixed wavelength range was used for all samples so that the upper wavelength 

absorbance readings would be above the detection limit (Keiber et al., 2006). 

     Spectral slope (S) is a term used to parameterize featureless absorbance spectra according to 

their shape. A simple method of spectral analysis was to compare the spectral slopes obtained 

from two distinct regions of the UV spectra of aquatic dissolved organic matter (Helms et al., 

2008).  Spectral slopes reported here for the intervals of 240-400 nm (S240-400), 275–295 nm 

(S275–295) and 350–400 nm (S350–400) were calculated using linear regression of the 
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logtransformed α spectra.  Slopes are reported as positive numbers.  Thus, higher (or steeper) 

slopes indicate a more rapid decrease in absorption with increasing wavelength. The ranges, 

275–295 nm and 350–400 nm, were chosen because the first derivative of natural-log spectra 

indicated that the greatest variations in S from a variety of samples (marsh, riverine, estuarine, 

coastal, and open ocean) occurred within the narrow bands of 275–295 nm and 350–400 nm 

(Helms et al., 2008). By calculating the ratio of the slope of the shorter wavelength interval 

(275–295 nm) to that of the longer wavelength interval (350–400 nm), a dimensionless 

parameter called „„slope ratio‟‟ or SR is defined (Helms et al., 2008). 

     Bioavailability Experiment 

     Bioavailability experiments on river water and seawater were conducted using methods 

described by Avery et al., (2003); Avery et al., (2004).  Initial concentrations were determined on 

river, seawater and seawater extracted from sandy beach sediment samples shortly after 

collection.  Samples were placed in the dark and incubated at in situ room temperature for 28 

days.  Final concentrations were determined at the end of the incubation period.  Bioavailable 

concentrations were considered to be the loss during the incubation.    

 

Results & Discussion 

     Changes in SR from biodegradation 

     During incubation experiments of estuarine waters where microbial degradation was allowed 

to occur, the change in slope ratios ( SR values) generally showed more positive increases with 

increasing marine influence and decreasing terrestrial influence (Figure 2.3).   SR values were 

relatively small and increased significantly with increasing salinities towards the marine end-

member (P<.001, Figure 2.3).  The only other study to report diagenetic changes in SR was 
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Helms et al., (2008).  They showed that bacterial decomposition of CDOM in the Elizabeth River 

Estuary at a salinity of 19 resulted in a decrease in SR while photodecomposition of Dismal 

Swamp water caused increases in SR.  The results of the Cape Fear River transects in the current 

study show that SR values can both increase and decrease due to microbial remineralization.  

This has important implications because increases in SR values along the salinity gradient 

heading towards marine waters has been attributed to photobleaching of the CDOM due to the 

presence of a more optically clear water column as the riverine water is diluted  by more 

optically clear marine waters.  The results of the current study indicate that in addition to 

photobleaching, microbial remineralization of CDOM at higher salinities also results in positive 

SR values likely contributing to the trend of increasing SR with increasing salinity.   
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Figure 2.3: SR values for the Cape Fear River. 
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     In order to explore the cause of both higher SR values and the positive SR in higher salinity 

estuarine waters, SR values and SR values from remineralization incubation experiments were 

determined on a variety of CDOM sources to the marine end-member of the Cape Fear River 

Estuary (Figure 2.4).  This included Gulf Stream samples as well as a CDOM from high-energy 

beach sands.  These high energy beach sands have recently been shown to release DOC and the 

associated CDOM during tidal exchange and therefore likely contribute CDOM to the nearby 

coastal waters.  The SR values for these samples were much higher than that observed in the 

estuary.  Large increases in SR values as well as high SR variability were reported by Helms et 

al., (2008) at high salinities.  The results of CDOM remineralization experiments in the current 

study showed very large positive SR values for both the surface Gulf Stream samples as well as 

the CDOM released from the high energy beach sands (Figure 2.5 and Figure 2.6).  These SR 

values were orders of magnitude larger than those observed in even the most marine influenced 

waters of the estuary.  Therefore it is likely that in addition to photobleaching, microbial 

remineralization of the CDOM may be an important reason why marine CDOM has higher SR 

values compared with terrestrial CDOM.   
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Figure 2.4: SR values over a broad salinity gradient. 
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Figure 2.5: SR values from depth profiles of the Gulf Stream. 
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Figure 2.6: SR values from extracted coastal water from high-energy beach sands exhibiting 

seasonality. 

 

     Ancillary data that was collected for these samples was then examined for the cause of high 

SR values for these two marine waters and the lower SR values for the estuarine waters.  

Chlorophyll a concentrations explains these differences well.  Chlorophyll a concentrations were 

an order of magnitude higher in the high energy beach sand (20-125 µg/ L) and Gulf Stream (5-

73 µg/ L) samples compared to the estuarine samples (1.5-8.5 µg/ L).  Careful inspection of the 

chlorophyll data revealed that variations in chlorophyll a concentration within each water sample 

type could also explain variations in SR.  For example, the slight increase in SR values along 

the salinity gradient in the Cape Fear River estuary correlated well with increases in Chlorophyll 

a concentrations (Figure 2.7 P<.001).  Furthermore, the inflection point observed in the marine 

end-member waters and attributed to photobleaching in the more optically clear waters likely 
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also results from increased primary productivity due to increased light penetration (Figure 2.4).  

Spatial variations in SR values associated with depth profiles in Gulfstream samples can also be 

explained by chlorophyll a concentrations. In surface samples near the chlorophyll max (Chl. a, 

73 µg/L) large positive SR values were observed while Gulf Stream sample taken below the 

thermocline (Chl. a 0.05 µg/l) had negative SR values.  Temporal variations in SR values 

observed in remineralization experiments with the high-energy beach sand CDOM can also be 

explained by variations in chlorophyll a concentrations as well. SR values were positive during 

months with high chlorophyll a concentrations and negative or showed smaller positive increases 

during months with low chlorophyll a concentrations (Figure 2.6).  Chlorophyll a concentrations 

in the extracted beach sand experiments ranged from 10 to 150 µg/L with lower values during 

months with lower primary productivity (November-April) and higher chlorophyll a 

concentrations during months with higher primary productivity (May-September) (Avery et al., 

2008).   

     These results clearly show that in waters with high chlorophyll a concentrations and therefore 

high phytoplankton levels SR values resulting from biodegradation are likely to be positive and 

relatively large.  On the other hand, in light limited dark-water systems such as the Cape Fear 

River Estuary where phytoplankton activity is low,  SR  values will likely be smaller and either 

positive or negative depending on the location within the estuary.   
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Figure 2.7: SR values for the Cape Fear River during October and November of 2008 versus 

salinity. 

      

     To fully understand the effects of microbial activity and chlorophyll-a content on CDOM SR 

and SR values, the chemical composition of both terrestrial and marine DOM needs to be 

addressed to illustrate the predominant differences between them.  The chemical composition of 

terrestrial and marine humics from which CDOM is derived differs greatly.  Marine and 

estuarine humics are highly aliphatic, branched alkyl chains with very little aromaticity resulting 

in high SR values (Helms et al., 2008).  This is in contrast to terrestrial humics which are strongly 

aromatic and contain a lower hydrogen/carbon ratio and correspond to low SR values (Harvey et 

al., 1983; Francois, 1990; Wershaw, 1985; Helms et al., 2008).  The chemical differences 

between marine and terrestrial CDOM results from differences in sources.  The presence of 

terrestrial humic material in surface waters is a direct result from either interstitial leaching of 

soils containing vascular plant detritus with high lignin content (aromatic) or from discharge of 

kerogen (Francois, 1990; Thurman, 1985; Millero and Sohn, 1992).  The formation of marine 
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humics on the other hand is not as clear and many pathways seem to be contributing to its 

formation.  The chemical composition of marine humic material is similar to the chemical 

composition of marine phytoplankton (Francois, 1990).  Therefore suggesting that phytoplankton 

provide the precursor to marine humics material (Francois, 1990).  Phytoplanktons have been 

shown to release both HMW (low SR value) and LMW (High SR value) DOM during 

photosynthetic extracellular release.  The LMW labile fraction is in turn a primary source for 

bacterial growth (Obernosterer and Herndl, 1995).  Recent literature has shown that CDOM 

absorption does not correlate with chlorophyll-a content (Nelson et al., 1998; Rochelle-Newall et 

al., 1999; Rochelle-Newall and Fisher, 2002b); therefore it has been proposed that phytoplankton 

do not produce CDOM directly but act as a source for biomass that is transformed to CDOM via 

microbially-mediated processes (Tranvik, 1993; Tranvik and Bertilsson, 2001; Rochelle-Newall 

and Fisher, 2002a).  It has recently been shown that marine bacteria rapidly consume labile 

DOM and produce DOM that is relatively resistant to decomposition (HMW DOM) which 

would be equivalent to low SR values (Ogawa et al., 2001; Helms et al., 2008).  Components of 

bacterial cells are released into the surrounding waters as DOM through a variety of biological 

processes such as; direct release, viral lysis, and grazing (Ogawa et al., 2001).  Increasing 

absorption values were seen during incubation experiments on coastal seawater, which indicate 

that heterotrophic microbial populations producing HMW CDOM (Lonborg et al., 2009).  

Another process for DOM production in marine environments is due to viral lysis that leads to 

eruption of bacterial cells upon infection and labile DOM (LMW DOM) is released into 

surrounding waters (Middelboe and Jørgensen, 2006).  The labile material released into the 

surrounding waters would have high SR values since its LMW DOM (Helms et al., 2008).  The 

highly labile DOM released is utilized by other bacteria having significant impacts on the cycling 
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of organic matter in the ocean (Middelboe and Jørgensen, 2006).  Either through the degradation 

of phytoplankton, remineralization via bacteria or through viral cell lysis; marine CDOM is 

being altered to reflect the same trend of increasing SR values as seen during photobleaching.  

Further research into the processes effecting CDOM composition (LMW, HMW or both) during 

decomposition experiments is necessary before any conclusions can be made about the MW of 

the CDOM at hand.  Therefore SR values are more indicative of CDOM source than specific MW 

values in coastal and open ocean samples.   

 

Implications 

     This study presents the first extensive examination of the optical properties SR and 

SR (change in SR during microbial decomposition experiments) in optically thick blackwater 

estuarine waters, Gulf Stream water and for CDOM extracted from a high-energy beach sand. 

These optical properties of CDOM were shown to provide information relating to source and 

transformation of the CDOM from these varied environments.  High SR values were associated 

with low molecular weight marine and estuarine humic substances which is highly aliphatic 

containing branched alkyl chains with very little aromaticity (Francois, 1990).  Lower SR values 

were associated with high molecular weight terrestrial CDOM derived from the leaching of soils 

containing vascular detritus or from the leaching of kerogen into surface or ground waters 

(Francois, 1990; Thurman, 1985; Millero and Sohn, 1992).  Terrestrial CDOM is strongly 

aromatic and contain a lower hydrogen/carbon ratio (Harvey et al., 1983; Francois, 1990; 

Wershaw, 1985).  SR values demonstrated that microbial activity not only decreases SR as 

reported by Helms et al., 2008, but also causes increase in SR upon microbial degradation.  SR 

values were positive when chlorophyll-a concentrations were high reflecting high levels of 
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phytoplankton primary productivity.  SR values were negative when chlorophyll a 

concentrations were low likely due to the microbial decomposition of the bioavailable fraction of 

older more refractory DOM.  The inflection point described in previous studies as 

photobleaching may actually result from a combination of CDOM photobleaching and this 

microbial decomposition of phytoplankton.  This provides new insight into the usefulness of 

these optical properties into understanding the cycling, fate and transport of CDOM to the 

coastal ocean.   
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Appendix A- Cape Fear River and Cape Fear River estuary initial raw data. 

 

 Samples Salinity A/M A/C S240-400 SR 

DOC 

( M) 

Chl-A 

( g/L) 

Sept. 

2007 M18S 35.3 2.5 3.3 0.016 1.43 190.15 4.6 

 M18D 35.7 2.5 3.3 0.015 1.35 162.65 2.1 

 M23S 34.7 2.5 3.1 0.016 1.22 221.6 3.5 

 M23D 35.4 2.5 3.1 0.016 1.07 203.05 5.9 

 M33S 31.9 2.4 3.0 0.016 0.99 274.4 7.9 

 M33D 32.5 2.5 3.0 0.015 1.07 244.2 1.5 

 M42S 28.1 2.3 2.9 0.016 0.90 440.8 7.2 

 M42D 29.5 2.4 3.0 0.016 0.94 331.35 6 

 M54S 25.4 2.4 3.0 0.016 0.91 449.1 8.1 

 M54D 26.9 2.4 2.9 0.016 0.89 410.9 5.2 

 M61S 23.9 2.4 2.9 0.016 0.90 475.3 3.4 

 M61D 24.6 2.4 2.9 0.016 0.89 482.9 4.5 

 HBS 19.0 2.4 2.9 0.016 0.98 580.5 2.1 

Oct. 2007 M18S 35.7 2.6 3.2 0.017 1.46 128.6 3.8 

 M18D 35.7 2.5 3.1 0.016 1.40 118.9 1 

 M23S 35.1 2.6 3.1 0.017 1.27 125.3 3.6 

 M23D 35.5 2.5 3.1 0.018 1.21 138.9 3.5 

 M35S 32.3 2.5 3.0 0.016 1.08 240.1 2.9 

 M35D 32.7 2.5 3.0 0.017 1.00 189.7 2.5 

 M42S 30.7 2.5 3.0 0.016 0.96 227.8 2.4 

 M42D 31.9 2.5 3.0 0.017 0.96 262.7 3.4 

 M54S 26.0 2.5 3.0 0.016 0.93 355.7 2.5 

 M54D 30.2 2.5 3.0 0.016 0.93 283.8 2.3 

 M61S 19.1 2.3 2.8 0.016 0.88 590 2.4 

 M61D 23.4 2.4 2.9 0.016 0.89 378.3 3.2 

 HBS 19.8 2.4 2.9 0.016 0.97 568.5 2.3 

 HBD 22.7 2.5 3.0 0.013 1.06 510.9 5.1 

Oct. 2008 M18S 29.1 2.5 2.8 0.016 1.05 196.3 8.5 

 M18D 29.1 2.5 2.9 0.016 1.01 181.2 8 

 M23S 26.7 3.1 3.2 0.015 0.91 321.4 6.1 

 M23D 26.7 2.6 2.9 0.015 1.11 187.2 7.9 

 M33S 22.7 2.5 2.7 0.015 0.86 651.4 2.9 

 M33D 22.7 2.6 2.7 0.015 0.86 498.7 5.9 

 M42S 17.6 2.5 2.6 0.014 0.86 703.8 2.3 

 M42D 17.6 2.5 2.7 0.015 0.87 555.7 4 

 M54S 16.0 2.4 2.6 0.015 0.84 900.3 2 
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 M54D 16.0 2.6 2.7 0.014 0.88 680.6 4.2 

 M61S 14.0 2.5 2.6 0.014 0.81 1009 1.5 

 M61D 14.0 2.5 2.6 0.014 0.84 905.6 1.5 

 HBS 9.9 2.5 2.6 0.014 0.81 1161 1.6 

 HBD 9.9 2.5 2.5 0.014 0.81 1157 2 

Nov. 2008 M18S 34.0 2.6 3.1 0.016 1.05 207.05 6.6 

 M18D 34.0 2.5 3.1 0.017 0.94 238.1 7.5 

 M23S 33.2 2.6 2.7 0.016 0.97 235.25 6.8 

 M23D 33.2 2.5 3.0 0.016 1.00 272.95 7.2 

 M35S 24.5 2.5 2.8 0.016 0.87 460.8 4.6 

 M35D 24.5 2.4 2.7 0.015 0.90 506.2 5.3 

 M42S 18.7 2.5 3.0 0.015 0.90 646.8 3.5 

 M42D 18.7 2.5 2.7 0.015 0.89 531.4 4.7 

 M54S 14.1 2.4 2.6 0.015 0.86 829.15 3.7 

 M54D 14.1 2.5 2.7 0.015 0.87 586 3.6 

 M61S 11.1 2.5 2.5 0.015 0.85 976.75 3 

 M61D 11.1 2.5 2.7 0.015 0.88 663.75 5.5 

 HBS 9.9 2.4 2.5 0.015 0.87 946.35 2.7 

 HBD 9.9 2.5 2.5 0.015 0.86 952.1 3.2 

Feb. 2009 M18S 28.0 6.6 7.3 0.016 0.98 na na 

 M18D 28.0 2.3 2.7 0.016 1.02 na na 

 M23S 24.0 2.5 2.7 0.015 1.02 na na 

 M35S 19.5 2.6 2.7 0.016 0.94 na na 

 M42S 17.5 2.6 2.6 0.015 0.90 na na 

 M54S 13.0 2.5 2.6 0.015 0.89 na na 

 M54D 13.0 2.6 2.6 0.015 0.90 na na 

 M61S 7.5 2.5 2.5 0.015 0.87 na na 

 HBS 2.0 2.6 2.5 0.015 0.82 na na 
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Appendix B- Cape Fear River and Cape Fear River estuary final raw data. 

 

 Samples Salinity 

Final 

A/M 

Final 

A/C 

Final 

S240-400 

Final 

SR 

Final DOC 

( M) 

Oct. 

2008 M18S 29.1 2.56 2.96 0.02 1.03 163.7 

 M18D 29.1 2.57 2.82 0.02 1.04 155.4 

 M23S 26.7 2.63 2.85 0.01 0.90 319.3 

 M33S 26.7 2.55 2.44 0.01 0.85 632.1 

 M33D 22.7 2.62 2.68 0.01 0.86 482.9 

 M42S 22.7 2.55 2.54 0.01 0.85 792.4 

 M42D 17.6 2.59 2.61 0.01 0.86 596.1 

 M54S 17.6 2.62 2.58 0.01 0.83 888.6 

 M54D 16 2.68 2.64 0.01 0.86 690.6 

 M61S 16 2.59 2.53 0.01 0.79 975.5 

 M61D 14 2.63 2.53 0.01 0.81 935.3 

 HBS 14 2.42 2.19 0.01 0.78 1139.0 

 HBD 9.9 3.63 3.41 0.01 0.78 1133.5 

Nov. 

2008 M18S 9.9 2.47 2.94 0.02 1.06 130.3 

 M18D 34 2.45 2.91 0.02 0.97 124.2 

 M23S 34 2.40 2.92 0.02 0.97 140.0 

 M23D 33.2 2.46 2.94 0.02 1.00 141.0 

 M35S 33.2 2.56 2.77 0.02 0.87 305.4 

 M35D 24.5 2.51 2.74 0.01 0.89 304.4 

 M42S 24.5 2.54 2.76 0.01 0.90 409.4 

 M42D 18.7 2.54 2.76 0.02 0.88 332.0 

 M54S 18.7 2.53 2.66 0.01 0.86 551.2 

 M54D 14.1 2.57 2.71 0.02 0.87 435.4 

 M61S 14.1 2.53 2.59 0.01 0.82 733.9 

 M61D 11.1 2.54 2.68 0.01 0.84 513.7 

 HBS 11.1 2.51 2.57 0.01 0.82 721.2 

 HBD 9.9 2.54 2.60 0.02 0.81 699.1 
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Appendix C- Cape Fear River and Cape Fear River estuary delta raw data. 

 

 Samples Salinity A/M A/C S240-400 SR  DOC

Oct. 

2008 M18S 29.1 0.10 0.15 0.0028 -0.014 -32.7 

 M18D 29.1 0.03 -0.05 0.0004 0.027 -25.8 

 M23S 26.7 -0.47 -0.32 0.0001 -0.013 -2.1 

 M33S 26.7 0.04 -0.25 0.0000 -0.010 -19.3 

 M33D 22.7 0.04 0.00 0.0002 -0.008 -15.9 

 M42S 22.7 0.02 -0.09 -0.0002 -0.011 88.6 

 M42D 17.6 0.09 -0.07 0.0002 -0.013 40.3 

 M54S 17.6 0.18 -0.03 0.0000 -0.010 -11.8 

 M54D 16 0.11 -0.03 0.0005 -0.016 9.9 

 M61S 16 0.07 -0.07 0.0002 -0.027 -33.5 

 M61D 14 0.09 -0.07 0.0003 -0.039 29.7 

 HBS 14 -0.11 -0.38 0.0004 -0.038 -22.0 

 HBD 9.9 1.11 0.87 0.0002 -0.031 -23.5 

Nov. 

2008 M18S 9.9 -0.11 -0.13 0.0011 0.002 -76.8 

 M18D 34 -0.08 -0.14 0.0001 0.031 -114.0 

 M23S 34 -0.18 0.18 0.0004 0.000 -95.3 

 M23D 33.2 -0.08 -0.05 0.0001 -0.001 -132.0 

 M35S 33.2 0.07 0.02 -0.0003 -0.002 -155.5 

 M35D 24.5 0.07 0.02 -0.0005 -0.006 -201.9 

 M42S 24.5 0.00 -0.20 -0.0012 -0.009 -237.5 

 M42D 18.7 0.02 0.03 -0.0001 -0.008 -199.4 

 M54S 18.7 0.12 0.06 -0.0005 -0.007 -278.0 

 M54D 14.1 0.05 0.03 -0.0001 -0.006 -150.7 

 M61S 14.1 0.06 0.06 -0.0001 -0.038 -242.9 

 M61D 11.1 0.05 0.01 -0.0007 -0.044 -150.1 

 HBS 11.1 0.08 0.08 -0.0001 -0.044 -225.2 

 HBD 9.9 0.08 0.06 -0.0001 -0.049 -253.0 
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Appendix D- Wrightsville Beach seawater extracted from sandy beach sediment initial raw data. 

 

 Sites Salinity A/M A/C S240-400 SR 

DOC 

( M) 

Sept. 07 SSL 37.7 2.50 3.08 0.021 1.25 141.8 

 SSM 37.7 2.57 3.09 0.021 1.43 114.2 

 SSH 37.7 2.50 3.04 0.023 0.81 151.8 

Oct. 07 SSL 37.3 2.34 3.22 0.017 1.24 189.8 

 SSM 37.3 2.45 3.00 0.017 1.30 120.7 

 SSH 37.3 2.43 2.95 0.018 1.37 134.5 

Nov. 07 SSL 35.9 2.02 3.03 0.015 2.67 147.2 

 SSM 35.9 2.48 2.95 0.017 1.77 134.9 

 SSH 35.9 2.20 2.86 0.016 1.80 172.6 

Jan. 08 SSL 36.3 2.83 2.69 0.020 1.16 63.2 

 SSM 36.3 2.60 3.02 0.020 0.83 50.3 

 SSH 36.3 2.54 2.94 0.017 1.15 58.5 

July. 08 SSL 37.5 1.58 2.98 0.022 0.48 166.7 

 SSM 37.5 2.25 2.89 0.019 0.76 214.6 

 SSH 37.5 1.70 2.86 0.015 0.12 591.0 

Sept. 08 SSL 37.5 2.17 2.98 0.017 0.65 162.6 

 SSM 37.5 2.30 2.94 0.018 0.71 178.8 

 SSH 37.5 2.34 2.94 0.018 1.01 216.0 
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Appendix E- Wrightsville Beach seawater extracted from sandy beach sediment final raw data. 

 

 

 Sites 

Final 

A/M 

Final 

A/C 

Final      

S240-400 

Final 

SR 

Final DOC 

( M)  

Sept. 07 SSL 2.31 2.82 0.02 1.52 137.3 

 SSM 2.48 3.04 0.02 1.44 171.5 

 SSH 2.33 2.78 0.02 1.56 214.1 

Oct. 07 SSL 2.41 2.90 0.02 2.13 111.7 

 SSM 2.57 2.95 0.02 1.51 136.9 

 SSH 2.43 2.89 0.02 1.34 144.4 

Nov. 07 SSL 2.56 3.06 0.02 2.20 70.9 

 SSM 2.49 2.91 0.01 1.75 60.4 

 SSH 2.44 2.89 0.02 1.33 60.1 

Jan. 08 SSL 2.56 3.14 0.02 1.18 42.3 

 SSM 2.50 2.98 0.02 1.04 56.1 

 SSH 2.44 2.94 0.02 1.09 61.0 

July. 08 SSL 2.26 2.74 0.02 1.07 116.0 

 SSM 2.32 2.78 0.02 2.03 139.9 

 SSH 2.41 2.72 0.02 1.40 198.2 

Sept. 08 SSL 2.44 2.88 0.02 1.26 113.2 

 SSM 2.44 2.90 0.02 2.44 195.4 

 SSH 2.32 2.85 0.02 2.47 152.4 
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Appendix F- Wrightsville Beach seawater extracted from sandy beach sediment delta raw data. 

 

 Sites A/M A/C S240-400 SR DOC ( M) 

Sept. 

07 SSL -0.19 -0.26 -0.0051 0.27 -4.6 

 SSM -0.09 -0.05 -0.0049 0.01 57.3 

 SSH -0.17 -0.26 -0.0062 0.75 62.3 

Oct. 07 SSL 0.07 -0.33 -0.0012 0.89 -78.1 

 SSM 0.12 -0.05 0.0000 0.22 16.2 

 SSH 0.00 -0.06 -0.0007 -0.03 9.9 

Nov. 

07 SSL 0.54 0.02 0.0005 -0.46 -76.4 

 SSM 0.01 -0.04 -0.0024 -0.02 -74.5 

 SSH 0.25 0.03 0.0015 -0.47 -112.5 

Jan. 08 SSL -0.27 0.45 -0.0038 0.03 -20.8 

 SSM -0.10 -0.04 -0.0052 0.21 5.7 

 SSH -0.11 0.01 -0.0008 -0.05 2.5 

July. 

08 SSL 0.68 -0.24 -0.0042 0.59 -50.7 

 SSM 0.07 -0.11 0.0000 1.28 -74.7 

 SSH 0.71 -0.14 0.0033 1.28 -392.8 

Sept. 

08 SSL 0.27 -0.10 0.0008 0.61 -49.4 

 SSM 0.14 -0.03 -0.0019 1.73 16.6 

 SSH -0.02 -0.09 -0.0019 1.46 -63.6 
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Appendix G- Gulf Stream initial raw data. 

 

 Depth (m) Salinity A/M A/C S240-400 SR DOC ( M) 

GS June 0 36.5 3.62 5.08 0.02 3.26 121.1 

 -6 36.5 3.79 5.18 0.02 3.35 64.7 

 -10 36.5 3.95 5.48 0.02 3.26 66.8 

 -20 36.5 3.92 5.30 0.02 3.00 64.8 

 -40 36.5 3.15 3.96 0.02 2.87 63.2 

 -60 36.5 3.04 4.21 0.02 2.34 52.2 

 -80 36.4 2.77 3.78 0.02 2.13 76.2 

 -100 36.2 2.57 3.52 0.02 2.47 61.5 

 -120 35.9 2.80 3.57 0.01 2.17 48.1 

 -140 35.6 2.76 3.41 0.01 2.22 51.0 

 -160 35.4 3.40 4.40 0.01 1.78 49.5 

 -180 35.4 2.67 3.37 0.02 1.72 55.3 

 -200 35.3 2.62 3.25 0.02 1.90 54.5 

 -213 35.3 2.65 3.44 0.03 1.53 52.3 

GS Oct 0 36.0 2.94 4.36 0.02 2.56 83.2 

 -9.7 36.1 3.59 4.87 0.02 5.32 90.1 

 -19.9 36.1 2.84 4.18 0.02 4.27 86.3 

 -29.5 36.1 2.08 3.69 0.02 2.16 123.1 

 -40.1 36.1 1.79 4.78 0.02 2.67 108.1 

 -62.5 36.3 2.56 3.82 0.02 2.06 97.6 

 -86.1 36.4 2.20 3.55 0.02 1.93 79.0 

 -95.3 36.3 2.45 3.42 0.01 3.15 67.1 

 -105.9 36.3 2.36 3.33 0.01 2.27 70.3 

 -120.4 36.1 2.28 3.56 0.02 2.23 69.4 

 -140.2 36.1 2.34 3.01 0.01 2.12 65.1 

 -141.1 36.1 2.00 2.99 0.02 1.51 75.4 

 -149.3 36.1 2.41 3.25 0.01 2.68 64.1 
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Appendix H- Gulf Stream final raw data. 

 

 

Depth 

(m) Salinity 

Final 

A/M 

Final 

A/C 

Final         

S240-400 

Final      

SR 

Final      

DOC ( M) 

GS June 0 36.5 2.1 3.5 nd nd 85.3 

 -6 36.5 2.9 4.6 nd nd 79.6 

 -10 36.5 3.3 4.3 nd nd 77.4 

 -20 36.5 3.4 4.2 nd nd 73.7 

 -40 36.5 2.5 3.3 nd nd 83.6 

 -60 36.5 2.4 3.7 nd nd 77.1 

 -80 36.4 2.5 3.5 nd nd 66.8 

 -100 36.2 2.4 3.3 nd nd 65.7 

 -120 35.9 2.4 3.4 nd nd 64.5 

 -140 35.6 2.3 3.4 nd nd 50.0 

 -160 35.4 2.3 3.4 nd nd 54.6 

 -180 35.4 2.5 3.5 nd nd 59.2 

 -200 35.3 2.1 3.4 nd nd 76.0 

 -213 35.3 2.3 3.3 nd nd 60.4 

GS Oct -9.7 36.1 2.7 3.6 0.016 nd 81.2 

 -19.9 36.1 2.6 3.3 0.018 nd 74.0 

 -29.5 36.1 2.1 3.1 0.016 nd 90.2 

 -40.1 36.1 2.4 3.4 0.019 2.9 72.3 

 -62.5 36.3 2.0 3.3 0.022 2.5 82.5 

 -86.1 36.4 2.4 3.5 0.017 2.8 78.1 

 -95.3 36.3 2.4 3.3 0.016 nd 63.3 

 -105.9 36.3 2.5 3.4 0.015 nd 60.9 

 -120.4 36.1 2.3 3.3 0.030 0.97 57.0 

 -140.2 36.1 2.3 3.0 nd nd 52.2 

 -141.1 36.1 2.3 3.3 0.017 nd 55.5 

 -149.3 36.1 2.3 3.1 0.014 nd 72.2 
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Appendix I- Gulf Stream delta raw data. 

 

 Depth (m) Salinity A/M A/C S240-400 SR DOC ( M)

GS June 0 36.5 -1.5 -1.6 nd nd -35.7 

 -6 36.5 -0.9 -0.6 nd nd 14.9 

 -10 36.5 -0.7 -1.1 nd nd 10.6 

 -20 36.5 -0.5 -1.1 nd nd 8.9 

 -40 36.5 -0.6 -0.7 nd nd 20.4 

 -60 36.5 -0.7 -0.5 nd nd 24.9 

 -80 36.4 -0.3 -0.3 nd nd -9.4 

 -100 36.2 -0.1 -0.2 nd nd 4.1 

 -120 35.9 -0.4 -0.2 nd nd 16.4 

 -140 35.6 -0.5 0.0 nd nd -1.1 

 -160 35.4 -1.1 -1.0 nd nd 5.1 

 -180 35.4 -0.1 0.1 nd nd 3.9 

 -200 35.3 -0.5 0.1 nd nd 21.5 

 -213 35.3 -0.3 -0.1 nd nd 8.2 

GS Oct -9.7 36.1 -0.9 -1.3 0.001 nd -9.0 

 -19.9 36.1 -1.0 -0.9 0.002 nd -12.3 

 -29.5 36.1 -0.7 -0.6 -0.004 nd -32.9 

 -40.1 36.1 0.3 -1.4 0.001 0.2 -35.8 

 -62.5 36.3 0.2 -0.6 0.003 0.4 -15.1 

 -86.1 36.4 -0.2 0.0 0.000 0.9 -1.0 

 -95.3 36.3 0.2 -0.2 0.002 nd -3.9 

 -105.9 36.3 0.0 0.0 0.002 nd -9.4 

 -120.4 36.1 -0.1 -0.3 0.015 -1.3 -12.4 

 -140.2 36.1 0.0 0.0 nd nd -12.9 

 -141.1 36.1 0.0 0.3 0.001 nd -19.9 

 -149.3 36.1 0.3 -0.1 -0.00002 nd 8.1 
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