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SUMMARY 

 

Continental margin sediments play an important role in marine biogeochemical 

cycles, partly due to high primary production rates and efficient export of organic matter 

to sediments in margin environments. This thesis presents studies of solute exchange in 

fine-grained sediments representative of slope and rise environments, and carbon and 

nitrogen cycling in sandy sediments dominant in continental shelves worldwide. Results 

of these studies advance understanding of the role of benthic processes on marine 

ecosystems. 

In fine-grained sediments, solute exchange by diffusion, biological mixing and 

bioirrigation can be quantified using in situ flux chambers with inert tracer additions. 

Mechanistic models of chamber tracer transport across the seabed indicate that in 

organic-rich sediments, bioirrigation and mixing dominate over a wide range of bottom 

water oxygen levels, reflecting the patchiness and versatility of benthic macrofaunal 

communities. Positive correlations between benthic oxygen and tracer fluxes appear site-

specific. Reliable chamber volume estimates derived from mechanistic models reveal that 

empirical fits to chamber tracer datasets may overestimate chamber volume and benthic 

solute fluxes.  

The biogeochemistry of sandy, highly permeable sediments that dominate 

continental shelves is largely unknown because of the difficulty in sampling and studying 

them under natural conditions. Novel sediment reactors were developed and used to 

mimic in situ porewater advection and natural sedimentary conditions. Compositional 

changes of natural seawater, with and without the addition of 15N-nitrate, pumped 



xxi 

through the reactors confirmed high remineralization rates despite low total organic 

matter content. Surprisingly,  high rates of N2 production and low release of other forms 

of N were observed in oxic and anoxic sands. Inferred denitrification was tentatively 

attributed to tightly coupled nitrification-denitrification in reactive microenvironments, 

although the significance of aerobic denitrification is unknown.  

The results obtained reveal that the benthic and pelagic sub-systems on 

continental shelves are more dynamically coupled than previously thought because of the 

rapid biogeochemical reactions and porewater transport rates that characterize most of the 

shelf seafloor. These findings reveal that a better mechanistic understanding of benthic 

carbon and nutrient cycling at continental margins is required to advance understanding 

of marine ecosystems and global biogeochemistry.  
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TA consumption was observed in oxic columns prior to the addition of Na15NO3, 

while increased anoxic respiration led to more positive fluxes in LCs in July and October 

2004 (section 5.5.2). Following spike addition, there was an overall increase in TA 

production in oxic columns (p ≤ 0.05), but not in columns with anoxic outflow (LCs in 

summer and fall; Fig. 6.1; Table 6.2). 

Consumption of NO3
- generally increased (p < 0.04) following the addition of 

Na15NO3 in all seasons (Table 6.2; Fig. 6.2). Highest NO3
- consumption rates were 

measured in columns that developed suboxic or anoxic effluent (LCs in summer and fall). 

While undetectable prior to spike addition (section 5.5.2), low but measurable NO2
- 

production was observed after Na15NO3 addition in summer and fall (Table 6.2; Fig. 6.2). 

The highest NO2
- production in each season was observed in columns with suboxic 

outflow (MCs in July 2004 and LCs in October 2004), while no NO2
- production was 

observed in April 2004 or March 2005.  

Production of NH4
+ (∆NH4

+) was undetectable prior to Na15NO3 addition (section 

5.5.2), but increased in some LCs (p < 0.05) after spike addition in summer (up to 2.6 

µM) and fall (up to 4.4 µM; Table 6.2). Appreciable 15NH4
+ production was only 

observed in LCs in fall, up to ∆15NH4
+ = 2.6 µM, or 0.11 nmol N cm-3 hr-1. This 

represents up to 25% of net 15NO3
- consumption, 9% of net N regeneration, and 13% of 

the total N (14N + 15N) released as N2. 

We observed no consistent trends in 28N2 production with time following the 

addition of Na15NO3 (Fig. 6.3). Following spike addition, large increases in 29N2 and 30N2 

production (∆29N2 and ∆30N2) were immediately observed in FTRs with anoxic effluent 
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(MCs and LCs in summer and LCs in fall; Fig. 6.3). In all other columns, ∆29N2 and 

∆30N2 always remained below 1 µmol N L-1 (Fig. 6.3; note difference in vertical axis 

scales). There was a small increase in production of 29N2 and 30N2 in oxic columns in 

summer and fall (p = 0.01 – 0.07), when respiration rates were highest (Table 6.2; Fig. 

6.3). The time lag before 15N was detected in effluent N2 in oxic columns was dependent 

on season and metabolic rates. The earliest appearance of 29N2 and 30N2 in oxic columns 

occurred in summer, with the highest metabolic rates. 

Maximum rates of DON consumption and production for replicate FTR averages 

ranged from -0.09 to 0.99 nmol N cm-3 hr-1 (Table 6.2). DON production was generally 

an order of magnitude below rates of N regeneration as 28N2. Few statistically significant 

trends could be detected in DON flux with time following the addition of Na15NO3. This 

is most likely due to the large background NO3
- concentration introduced by the spike, 

which decreases the absolute precision of measured TDN and calculated DON 

concentrations. The average variability between replicate measurements of DON on 

individual samples, representing average absolute DON measurement precision increased 

from 1.06 µM prior to Na15NO3 addition to 1.88 µM afterward, while conservative 

(maximum) estimates increased from 4.3 to 7.5 µM. N2O flux (data not shown) was 

generally below 0.01nmol cm-3 hr-1 and not significantly different from zero. 

Production of Mn2+ and Fe2+ (∆Mn2+ and ∆Fe2+; p < 0.05) in columns with 

suboxic or anoxic outflow declined with time following Na15NO3 addition in fall (p < 

0.03), with similar temporal declines in summer (Fig. 6.4; Table 6.2). Mn2+ and Fe2+ 

production were generally insignificant (p > 0.05) in March 2005. Dissolved sulfide 

production (∆S) also decreased with time in October 2004 LCs (p = 0.02), from 37 ± 3 
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µM before spike addition (Table 5.3) to 0.48 ± 0.63 µM after 12 days. Corresponding 

dissolved sulfide production rates declined from 1.52 (± 0.15) to 0.02 (± 0.03) nmol S 

cm-3 hr-1. 

6.4.2 Variable flow rate experiments 

Despite high rates of O2 consumption (p = 0.02) and ∑CO2 production (p = 0.05; 

Table 6.3), the bulk porewater in all variable flow rate columns remained oxic. Outflow 

O2 concentrations ranged from 25 to 150 µM. On sampling days 5 and 7, FTRs with 

slower flow rates showed higher O2 consumption (∆O2; p = 0.03), ∑CO2 production 

(∆∑CO2; p = 0.03 and 0.05 on days 5 and 7) and TA consumption (∆TA; p = 0.04 and 

0.06 on days 5 and 7; Fig. 6.5 and Table 6.3). The same trends are apparent on day 12 

(Fig. 6.5). However, four FTRs (one MF and all SFs) malfunctioned between days 7 and 

12, so for day 12, data from these columns are not reported and trends between the 

remaining five columns cannot be tested for statistical significance. Respiration rates 

were highly variable between sampling days (Table 6.3). 

NO3
- production was observed in all columns (p = 0.05; Table 6.3 and Fig. 6.6). 

No NO2
- production was detectable, and NH4

+ flux was at most 0.23 nmol N cm-3 hr-1. 

DON flux was low and variable, ranging from -0.45 to 0.39 nmol N cm-3 hr-1. Most N 

released in FTRs was measured as N2 (Table 6.3; Fig. 6.6). In addition to the exclusions 

listed above for day 12, N2 production in one replicate FF on day 7 is not reported. For 

this FTR, ∆N2 is >10 s.d. above the average of the other two replicates. N2 production 

rates observed on day 5 were more than double the values measured on other sampling 

days during the variable flow rate experiment (Table 6.3; Fig. 6.6). N2 measurements 

from day 5 were also much more variable than measurements on days 7 or 12. For  
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Table 6.3 Summary of average O2 consumption, and ∑CO2, TA, NO3
-, NH4

+, DON and 
N2 production rates (nmol cm-3 hr-1) in FTRs with varying flow rates and fluid residence 
times. On sampling days 5 and 7, rates for each set represent averages of three replicates 
± 1 s.d.. On day 12, there were 2 and 3 replicates for SRTs and MRTs, respectively, 
while all LRTs malfunctioned.  

 Sampling Day SRT MRT LRT 
5 16.20±1.27 14.03±1.24 17.81±2.46 
7 14.93±0.25 13.15±1.14 14.44±2.20 -O2 
12 18.83±0.24 12.83±0.89  
5 10.04±2.24 10.15±1.16 13.20±2.57 
7 14.13±1.35 10.36±0.73 11.63±1.87 ∑CO2 
12 15.45±0.63 10.91±1.31  
5 -1.28±0.72 -1.33±0.21 -2.52±0.63 
7 0.16±0.52 -0.81±0.52 -1.71±0.77 TA 
12 -1.28±0.67 -1.94±0.08  
5 0.58±0.04 0.64±0.01 0.37±0.07 
7 0.43±0.06 0.40±0.02 0.43±0.04 NO3

- 
12 0.39±0.12 0.31±0.09  
5 0.05±0.04 0.07±0.01 0.02±0.01 
7 0.13±0.01 0.15±0.07 0.07±0.01 NH4

+ 
12 -0.26±0.03 0.04±0.00  
5 -0.26±0.18 -0.38±0.04 -0.05±0.15 
7 -0.32±0.07 0.27±0.12 0.06±0.13 DON 
12 0.01±0.30 0.26±0.02  
5 5.28±0.58 3.13±0.12 2.56±0.34 
7 1.78±0.08 0.93±0.07 0.98±0.08 N2 -N 
12 0.93±0.42 0.82±0.22  
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Figure 6.5 Summary of (a) O2 consumption and (b) ∑CO2 and (c) TA production (∆C = 
Ceffluent – Cinfluent) in FTRs with multiple flow rates on sampling days 5, 7 and 12. Error 
bars represent variability between replicate FTRs. 

a 

b 

c 
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comparison, variability between replicate samples (average s.d. [min s.d., max s.d.]) was 

1.76 [0.44, 3.48], 0.86 [0.16, 1.54], and 0.60 [0.11, 1.76] µM N2 on days 5, 7 and 12, 

respectively. Variability between replicate columns was also much higher on day 5 (Fig. 

6.6). The implications of these differences are discussed in section 6.3. Since N2 

production (∆N2) did not differ significantly between reactor flow rate groups, volume-

normalized N2 production rates appear to decrease with decreasing flow rate, although 

this trend is only significant on day 5 (Kruskal-Wallis 3-group test; p = 0.04). 

 

6.5 Discussion 

 

6.5.1 Remineralization in FTR Sediments 

Prior to Na15NO3 addition, sediment community respiration was significant in all 

FTRs, with higher respiration rates in warmer months (sections 5.5.2 and 5.6.1) and an 

average C:N regeneration ratio slightly above Redfield (section 5.6.2). In oxic columns, 

the addition of Na15NO3 was followed by increased sediment community respiration 

(∑CO2 production and O2 consumption; Fig. 6.1; Table 6.2) and 15NO3
- consumption 

(Fig. 6.2), although production of 29N2 and 30N2 was low and delayed (Fig. 6.3). These 

results are consistent with N assimilation in a N-limited environment. The stimulation of 

heterotrophic microbial activity by the addition of NO3
-, an oxidant and macronutrient, 

has been well documented. The study of Cook et al. (submitted) has shown highly 

enhanced denitrification rates in sandy sediments following the addition of 250 µM NO3
- 

where background [NO3
-] @ 5 µmol L-1. Van Duyl et al. (1993) found evidence for 

increased heterotrophic bacterial production associated with enhanced microbial 
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Figure 6.6 Summary of N release rates measured in flow rate experiment. Error bars 
represent variability between replicate columns. The shaded area represents the range of 
N2 production rates reported by Rao et al. (submitted) in previous FTR experiments with 
SAB sediments prior to Na15NO3 addition (Table 6.2). 
 

uptake of nutrients (N and P) regenerated in sandy sediments following a sedimentation 

event. Similar increases in microbial activity following 15NO3
- addition in oxic SAB 

sediment columns suggest that these changes likely impact measurements of 

denitrification rates using the isotope pairing technique in permeable sediments on 

oligotrophic continental shelves. In FTRs with complete or nearly complete O2 

consumption, competition for porewater NO3
- by dissimilatory NO3

- reduction may have 

hindered NO3
- assimilation. 

The observed increase in TA production in oxic columns after 15NO3
- addition 

may be associated with NO3
- uptake. Since denitrification is associated with lower TA 

production per mole C oxidized than metal or sulfate reduction, an increase in TA 
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production in summer and fall LCs may have been counteracted by a shift from anoxic 

respiration to denitrification in these columns after spike addition. 

Previous studies have suggested that sediment community O2 consumption rates 

in permeable sediments are flow-dependent, most likely because higher flow rates and 

higher dispersion are associated with greater penetration of oxidants into deeper 

sediments and into suboxic or anoxic reactive microenvironments within oxic sediment 

layers (Reimers et al., 2004). Both of these effects yield larger fractions of sediment in 

oxic zones supporting aerobic respiration. However, flow rates applied in the variable 

flow rate experiment were high enough to maintain fully oxic bulk porewater throughout 

all FTRs, so that any differences in integrated O2 consumption rates between FTRs at 

different flow rates must result from differences in the penetration of oxidants into 

reactive microsites. 

Volume-normalized O2 consumption rates measured in this study increased with 

increasing flow rates from MFs to FFs (Mann Whitney U test; p = 0.05 on days 5 and 7), 

but decreased from SFs to MFs (p = 0.05 and p = 0.28 on days 5 and 7; Table 6.3). This 

observation suggests that the tendency for integrated FTR O2 consumption rates to 

increase at higher flow rates due to higher microzone penetration of O2 may be offset by 

an opposite trend, promoting higher O2 consumption rates at lower FTR flow rates. One 

possibility is that FTR respiration rates may decline somewhat with flushing due to the 

removal of particulate matter in influent seawater by filtration and the unsupported 

consumption of labile organic matter in FTRs. Lower initial degradation rates for labile 

organic material in columns with slower fluid flow are consistent with flow-dependent 

respiration rates (Reimers et al., 2004), and would result in a less refractory organic pool 
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and potentially higher respiration rates with time in these columns relative to those with 

faster fluid flow. The combination of shallower oxidant penetration into reactive 

microsites and slightly higher overall respiration rates due to less refractory organic 

matter in columns at slower flow rates may explain the opposite trends in O2 

consumption rates at high and low flow rates. 

Declining FTR respiration rates due to the unsupported degradation of labile 

organic matter, and the effect of flow rates on the availability of organic substrates may 

have been more evident in autumn due to a smaller initial pool of fresh organic matter 

available in sediments following the decline of summer phytoplankton blooms and the 

settling and decomposition of the associated particulate organic matter (POM) flux. 

Respiration rates in November 2005 FTRs were similar to those observed prior to 

Na15NO3 addition in the previous autumn (October 2004) and spring (April 2004), lower 

than summer (July 2004) respiration rates, but higher than those observed in late 

winter/early spring (March 2005; Tables 6.2 and 6.3). The similarity between respiration 

rates observed in mid-spring (April 2004) and autumn (October 2004 and November 

2005) is likely the result of similar temperatures and sediment organic content, 

intermediate between summer and winter. In mid- to late spring, the onset of vertical 

stratification in the SAB water column due to freshwater inputs and surface heating may 

permit periodic Gulf Stream intrusions, fueling nutrient inputs, early phytoplankton 

blooms and supplying POM to sediments.  

Calculated respiration ratios (∆O2:∆TIC) declined (Mann Whitney U test; p < 

0.01) from sampling day 5 (1.52 ± 0.23) to day 7 (1.23 ± 0.12), as a result of decreasing 

O2 consumption in all FTRs without a corresponding decline in observed ∑CO2 
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production (Fig. 6.5b). This apparent discrepancy may be an artifact of the larger relative 

uncertainty in ∑CO2 measurements, which may have obscured trends in ∑CO2 

production rates relative to the observed decline in O2 consumption rates with time. 

Alternately, decreasing FTR respiration ratios may have resulted from an increase in the 

oxidation state of the organic carbon remineralized (Cox) as decomposition proceeds. 

Similar results in sinking particles and surface sediments in the Equatorial Pacific and 

Arabian Sea have been attributed mainly to preferential loss of lipid and, to a lesser 

extent, protein content during decomposition of marine organic material (Baldock et al., 

2004). An increase in Cox during decomposition may also explain the discrepancy 

between measured and calculated ∑CO2 production rates observed in sediment column 

experiments prior to Na15NO3 addition (Rao et al., submitted; section 5.6.1). In that study, 

measured ∑CO2 production rates were higher than those calculated using measurements 

of O2 consumption and production of N2, Mn2+, Fe2+ and S2-, and assuming the traditional 

Redfield stoichiometric ratios for organic matter degradation. It is conceivable that this 

discrepancy is the consequence of preferential decomposition of reduced organic 

fractions in FTR sediments during equilibration periods prior to sampling, leaving behind 

a pool of substrates enriched in more oxidized fractions and consistent with lower 

respiration ratios during sampling. 

While FTR respiration ratios decreased from day 5 to day 7, the average 

respiration ratio remained nearly constant from day 7 to day 12 (1.24 ± 0.06) because of 

opposite trends in FFs and MFs, with respiration ratios increasing and decreasing with 

time, respectively. These discrepancies do not permit any conclusions regarding temporal 

trends in the availability and composition of FTR organic matter.  
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6.5.2 Evidence for mechanisms of N removal in oxic sands from 15NO3
- additions 

Prior to the addition of Na15NO3, >78% of N released in oxic FTRs was measured 

as 28N2, while the release of other dissolved N species could only account for up to 25% 

of the expected N regeneration based on measured ∑CO2 production and Redfield C:N 

regeneration ratios (section 5.6.2). The measurement of significant 28N2 production and 

the low NO3
- release observed in columns with oxic bulk porewater prior to spike 

addition may reflect aerobic microbial denitrification, although little is known about the 

significance of this process in natural sediments (section 5.6.3). Alternately, these results 

may indicate tightly coupled nitrification-denitrification within reactive microzones in 

SAB sediments (section 5.6.3). Steep redox gradients in microenvironments may 

simultaneously provide denitrifiers with isolation from porewater O2 and spatial 

proximity to NO3
- sources from nitrification in oxic zones. This mechanism can trap 

regenerated NH4
+ in sediments by promoting its conversion by nitrification-

denitrification. Nitrate produced in oxic layers of microzones may also be captured when 

denitrification in microzone interiors is rapid relative to nitrification rates, generating 

steep NO3
- concentration gradients toward the interior of microzones (Jahnke, 1985). 

When the ratio of rate constants of denitrification relative to nitrification exceeds a 

threshold value, all of the NO3
- produced by nitrification is reduced and microzone 

denitrification may even consume NO3
- diffusing inward from bulk porewater (Jahnke et 

al., 1982). The capture of regenerated NH4
+ and NO3

- is consistent with the low DIN 

fluxes observed in unamended column experiments with SAB sands (section 5.5.2) and 

the low concentrations of porewater NO3
- observed in situ (Marinelli et al., 1998; Jahnke 

et al., 2005).  
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Simultaneous O2 and NO3
- reduction due to microzone nitrification-denitrification 

is most pronounced when bulk porewater O2 and remineralization rates in particles are 

high, favoring shallow O2 penetration into discrete organic-rich particles (Jahnke, 1985). 

A model of spherical sediment microenvironments showed that the maximum bulk 

porewater O2 concentration at which suboxic conditions may form in particle centers is 

controlled by particle size, rates of microbial respiration and solute transport within 

particles (Jahnke, 1985). The implications of this model study suggest that for a given set 

of particle characteristics, there exists an optimal range of bulk porewater O2 

concentrations that will support the highest rates of microzone nitrification-

denitrification. Below this range, low levels of O2 limit nitrification rates, while at higher 

O2 concentrations, conditions in microzones are not reducing enough for denitrification to 

keep up with nitrification rates and much of the NO3
- produced escapes to the bulk 

porewater. The occurrence of optimal microzone denitrification rates in sediments with 

bulk porewater O2 concentrations between roughly 100 and 200 µM and the trends in N2 

production observed in FTRs prior to Na15NO3 addition are consistent with this model 

(section 5.6.3).  

The occurrence of denitrification in the presence of oxygenated bulk porewater 

was confirmed by the eventual appearance of 15N-labelled N2 in oxic column outflow 

following 15NO3
- addition. The low and delayed production of 29N2 and 30N2 after spike 

addition in these FTRs (Fig. 6.3) is consistent with a tight coupling between ammonium 

oxidation and denitrification. While the use of 15NO3
- additions helped to determine the 

connection between these two processes, isotope pairing (IPT) calculations based only on 

29N2 and 30N2 measurements during our incubations (up to 12 days after addition of 
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15NO3
-) would greatly underestimate FTR denitrification rates (Vance-Harris and Ingall, 

2005; Nielsen, 1992).  

The isotope pairing technique (IPT) was derived by Nielsen (1992) to quantify 

reduction rates of NO3
- from overlying water and in situ nitrification sources (see review 

by Steingruber et al., 2001). Central to these rate measurements is the assumption that a 

constant ratio of 15N–labeled to unlabeled species is achieved in the NO3
- reduction zone 

in the sediment of interest following the addition of a spike (Risgaard-Petersen et al. 

2003). This assumption is conceptually at odds with our proposed model of permeable 

sands as a heterogeneous matrix within which tightly coupled nitrification-denitrification 

occurs in isolated microzones in the oxic surface layer. The lag observed in this study 

between the addition of 15NO3
- and the appearance of 15N–labeled N2 in oxic column 

outflow (Fig. 6.3) is consistent with a separation between NO3
- in bulk porewater and that 

which is available for denitrification.  

In stirred core incubations with induced advective porewater flow, Cook et al. 

(submitted) observed similar but shorter lags, with N2 fluxes and denitrification rates 

approaching steady state following 15NO3
- additions within periods of up to 5 days of 

sediment flushing. These lags in achieving steady state conditions are likely the result of 

deep O2 penetration in an advective regime and the resulting delay in transport of 

overlying water NO3
- to suboxic and anoxic regions below this depth where 

denitrification of bulk porewater NO3
- is important. In contrast, previous studies using 

IPT in muddy sediments with shallow O2 penetration have demonstrated that in such 

environments, measured fluxes of 15N–labeled N2 can reach steady state shortly (within 

an hour) after spike addition (Nielsen, 1992). As indicated by the variability observed in 
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O2, ∑CO2, NO3
-, 28N2, 29N2 and 30N2 fluxes before and after 15NO3

- addition (Figs. 6.1 – 

6.3) in oxic FTRs sampled in this study (Fig. 6.3), it can be inferred that C and N 

recycling in our column experiments may not have been at steady state after equilibration 

times significantly longer than those suggested by Cook et al. (submitted). These 

unforeseen prolonged delays of equilibration in oxic FTRs emphasize the dominance of 

another mechanism in oxic SAB sands, in addition to the classical denitrification of 

porewater NO3
- at low O2 concentrations. While this traditional model can explain a lag 

resulting from a deep oxic layer separating influent NO3
- from denitrification in bulk 

suboxic or anoxic layers, the alteration of metabolic rates by NO3
- addition and the 

isolation of denitrification in microzones may explain longer delays observed in oxic 

sediment. Given the highly energetic conditions on the SAB continental shelf and the 

time required to achieve steady-state respiration and denitrification in oxic sands, it is 

likely that the in situ rates of these microbial processes in SAB sediments are highly 

variable both on temporal and spatial scales. 

Recent findings have motivated interest in the significance of anaerobic 

ammonium oxidation, or ANAMMOX, as an alternative pathway of N2 production in 

natural environments (Kuypers et al., 2003; Kuypers et al., 2005; Hulth et al., 2005 and 

references therein). Rates of ANAMMOX have been quantified from measurements of 

the evolution of 28N2, 29N2 and 30N2 in anaerobic sediment incubations amended with a 

combination of 15N–labeled and –unlabeled NO3
- and NH4

+ (Dalsgaard and Thamdrup, 

2002; Thamdrup and Dalsgaard, 2002). ANAMMOX rate measurements are based on 

IPT calculations in sediment incubations that may greatly underestimate denitrification 

coupled to in situ nitrification due to the assumptions invoked in IPT calculations and 
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because the necessary anaerobic conditions would inhibit nitrification. Therefore, while it 

is conceivable that anaerobic ammonium oxidation may be significant in SAB sands, it is 

unlikely that N2 production pathways can be distinguished in these sediments using IPT 

and anoxic incubations. 

In July and October 2004, suboxic and anoxic conditions developed in several 

MCs and LCs and stimulated the production of appreciable 29N2 and 30N2 immediately 

following the addition of 15NO3
-, resulting from reduction of 15NO3

- in the bulk porewater 

(Fig. 6.3). These observations revealed an increased dependence of denitrification on 

bulk porewater NO3
- relative to in situ nitrification at lower porewater O2 concentrations, 

as expected (Risgaard-Petersen et al., 1994). One caveat with respect to 15NO3
- additions 

in these columns is that the total 15NO3
- consumed cannot be balanced by the 15N 

measured in the 29N2 and 30N2 evolved, nor by the release of any other form of N in the 

column effluent. The discrepancy between N inputs and outputs likely reflects NO3
- 

assimilation and incorporation into microbial biomass (Fig. 6.2). This possibility is 

consistent with N limitation in oxic SAB sands, as discussed in section 6.5.1. Another 

possible explanation could be the production of 15NH4
+ from 15NO3

- by DNRA followed 

by its adsorption onto sediment. Although adsorbed 15NH4
+ was not measured, the low 

release of dissolved 15NH4
+ observed and the low adsorption capacity of sands suggest 

that this is an unlikely explanation.  

Following the addition of Na15NO3, temporal declines in anaerobic respiration in 

FTRs were likely due to increased NO3
- availability (Fig. 6.4 and Table 6.2). Previous 

research has demonstrated the inhibitory effect of NO3
- and NO2

- on anaerobic respiration 

(metal oxide and sulfate reduction), consistent with the decreasing energy yield 
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associated with the sequence of terminal electron acceptors used in organic matter 

oxidation (Sorensen, 1982, Froelich et al., 1979). Our results suggest that additions of 

even 20 µM NO3
- to shelf sands may be sufficient to suppress anaerobic respiration. 

Temporal declines in Mn2+ and Fe2+ production may also be due to the unsustained 

remobilization of solid Fe- and Mn-oxides by reductive dissolution in FTR sediments.  

6.5.3 N removal mechanisms – evidence from flow rate experiments 

In order to determine the significance of microzone denitrification in SAB 

sediments, links between integrated FTR N2 production rates (RN2) and O2 gradients 

(∆O2) were investigated in FTRs of equal length at different flow rates. As in previous 

experiments (Chapter 5), most remineralized N in these FTRs was measured as N2 (Fig. 

6.6). However, the rates of N2 release observed on sampling day 5 were more than double 

the rates observed in the same FTRs on days 7 and 12 (Table 6.3; Fig. 6.6). In principle, 

it can be argued that a decline in N2 production rates may have begun prior to day 5, and 

any N2 release observed in these oxic FTRs may represent an artifact of disturbances 

associated with the initial packing of sediment columns. Alternately, high initial rates of 

N2 release may be due to the degradation of a small pool of highly N-rich, labile 

particulate organic material. The remineralization of this labile organic fraction may be 

unsupported due to the removal of POM from FTR influent by filtration. The subsequent 

depletion of this N-rich organic fraction may result in more N-depleted organic matter in 

FTRs and lower N:C regeneration ratios with time. However, several lines of evidence 

indicate that the N2 production rates observed on day 5 in these FTRs were anomalously 

high, and that consistent temporal declines in FTR N2 production rates are not the norm. 

Notably, the rates of N2 production on day 5 were much greater than any previously 
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observed rates (Tables 6.2 and 6.3; Fig. 6.6). The agreement between N2 release rates 

measured previously and those observed in the variable flow rate experiment after day 5 

suggests that N2 production rates observed after day 5 are typical, whereas those observed 

on day 5 were exceptionally high (Tables 6.2 and 6.3; Fig. 6.6). High N2 release also 

contributed to very low C:N regeneration ratios on day 5 (3.11 ± 1.27; Fig. 6.7). 

However, results from subsequent sampling days (Fig. 6.7), previous experiments 

(11.49±8.43; Chapter 5) and earlier studies at the same site (eg. 7.2±2.7 and 11.1±6.2 in 

summer and winter; Jahnke et al., 2005) have all revealed C:N regeneration ratios near or 

even above Redfield (6.6).  

In view of the anomalously high N2 release and low C:N regeneration ratios 

observed on day 5, it seems unlikely that these measured N2 production rates are 

representative of average conditions in autumn. Furthermore, a consistent temporal 

decline in 28N2 production rates has not been observed previously (Fig. 6.3), either with 

the addition of Na15NO3 or before it, as in April 2004. While we do not have an 

explanation for the high N2 release observed on day 5, it seems credible that changes in 

N2 release of this magnitude are an exception, and not indications of a consistent trend in 

FTR experiments. The relatively large variability observed between replicate samples and 

replicate columns on day 5 in comparison to days 7 and 12 indicates that conditions in 

FTRs had not achieved steady state by day 5. This explanation is consistent with the long 

delays observed prior to achieving steady conditions in 15NO3
- addition experiments 

(section 6.5.2).  

According to the conceptual model described in section 6.5.2, highest rates of 

microzone denitrification occur in an optimal range of bulk porewater O2 concentrations, 
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Figure 6.7 Summary of C:N regeneration ratios on sampling days 5 (black symbols), 7 
(open symbols) and 12 (grey symbols) in November 2005. Squares, circles and triangles 
represent FFs, MFs and SFs, respectively. The solid line represents the Redfield 
regeneration ratio, 16 N : 106 C.  
 

dependent on the characteristics of reactive microenvironments present in the sediment. 

This model implies that at lower flow rates, the FTR sediment layer with optimal 

microzone denitrification rates may be narrower and closer to FTR influent due to steeper 

O2 gradients in FTRs (Fig. 6.5a). Hypothetical optimal denitrification zones were 

arranged by eye as shown in Figure 6.8 to describe the variations in FTR ∆O2 and ∆N2 

observed on sampling day 7 in the context of the microzone denitrification model. 

Conceptually, optimal microzone denitrification rates in this experiment may have 

occurred mostly or entirely in the highlighted regions between porewater concentrations 

of 150 – 200 µM O2. At higher flow rates, the expansion of this region likely resulted in  
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Figure 6.8 Conceptual model of remineralization and microzone denitrification in (a) 
FFs, (b) MFs and (c) SFs  on sampling day 7 in November 2005. Error bars represent 
variability between replicate columns. Hatched areas represent hypothetical optimal 
denitrification zones within a range of porewater O2 concentrations (150 – 200 µM O2). 
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Figure 6.9 28N2 production rates vs. total FTR O2 consumption (-∆O2) on days 5 (°) and 
7 (l) of sampling in November 2005.  
 

similar fluid residence times in FTR sediment layers with optimal microzone 

denitrification rates, despite lower overall FTR tres. This explanation can account for 

similar FTR ∆N2 observed at different flow rates (Fig. 6.8 and 6.9).  

The expansion of FTR sediment layers with optimal microzone denitrification at 

higher flow rates (Fig. 6.8) implies a greater fraction of FTR sediment with optimal 

denitrification rates and therefore higher FTR RN2, resulting from lower O2 gradients at 

faster flow. A weak inverse correlation between N2 production rates and FTR ∆O2 was 

observed on day 7 (Pearson coefficients -0.69; p = 0.06; Fig. 6.9). While a slightly 

stronger correlation was observed on day 5 (Pearson coefficient -0.71; p = 0.03), it was 

previously shown that N2 production rates on day 5 were anomalous. Therefore, these 

results cannot provide conclusive evidence for an inverse correlation between FTR RN2 
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and ∆O2, and further investigations will be necessary to determine the significance of 

microzone denitrification in SAB sands. 

A weak inverse correlation between FTR RN2 and ∆O2 may be observed if the 

optimal range of bulk porewater O2 concentrations for microzone denitrification is not 

confined to the range between FTR influent and effluent concentrations. The optimal 

range may be partially or entirely below the range of FTR O2 concentrations, such that 

FTRs at higher flow rates may contain a smaller fraction of the maximum sediment 

horizon with optimal denitrification rates. In this scenario, RN2 would be lower than 

expected at faster flow rates. It is conceivable that this effect may, in fact, produce a 

positive correlation between FTR RN2 and O2, although the exact outcome will depend on 

the distribution and variability in microzone characteristics between FTRs. 

On both day 5 and day 7, RN2 was highest at low O2 gradients and declined 

sharply between -∆O2 = 60 – 80 µmol L-1 (Fig. 6.9 and Table 6.3). However, RN2 

remained mostly constant at higher O2 gradients, contrary to the inference drawn from the 

microzone denitrification model that RN2 decreases as the sediment horizon with optimal 

microzone denitrification rates contracts at slower flow rates (Fig. 6.8). This discrepancy 

may be the consequence of flow-dependent respiration rates, as discussed in section 

6.5.1. It can be argued that after a long period of flushing with filtered seawater, FTRs at 

slower flow rates may support a different set of microzone characteristics relative to 

FTRs at higher flow rates. In columns with slower fluid flow, lower initial degradation 

rates due to more limited O2 penetration in microzones may have resulted in a slightly 

less N-depleted and less refractory organic pool, and potentially higher respiration rates 

and larger microzones with time relative to columns with faster fluid flow. In principle, 
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this effect may have offset a decline in RN2 at higher -∆O2 by supporting wider optimal 

microzone denitrification layers and/or higher denitrification rates in FTRs at slower 

flushing rates than would have been expected if microzone characteristics were 

equivalent in all FTRs.  

While temporal trends in respiration and denitrification may become important in 

sediment column experiments after long periods of flushing with filtered seawater, it is 

unlikely that these effects can cause the rapid changes observed between sampling days 5 

and 7 (section 5.6.1). These changes are more likely the result of non-steady state 

conditions, as discussed earlier in this section. Whatever the explanation, long term 

effects are not so relevant in natural SAB sediments, where mixing, flow reversal and 

ripple migration frequently reset porewater and solid phase distributions of bioactive 

elements. 

 

6.6 Conclusions 

 

High rates of N2 production have been observed in oxic SAB sands (Rao et al., 

submitted), but the addition of 15NO3
- at levels greatly in excess of natural concentrations 

resulted only in a small and gradual rise in 29N2 and 30N2 production in oxic sediment 

columns during incubations up to 12 days. While the eventual production of 29N2 and 

30N2 confirms the occurrence of N2 production in oxic columns, the lag in the appearance 

of these species suggests that this process does not rely on DIN in the bulk porewater. 

This could be due to tightly coupled nitrification-denitrification, possibly occurring 

across steep redox gradients in suboxic microenvironments or aerobic denitrification of 
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regenerated N. Results from flow rate experiments could not conclusively support the 

conceptual model of denitrification tightly coupled to nitrification and isolated from bulk 

porewater in reactive microenvironments.  

Prolonged delays in achieving steady state denitrification rates were observed 

following Na15NO3 additions and in repeated sampling events during flow rate 

experiments. Lags in obtaining stable conditions in oxic columns are likely associated 

with the isolation of respiration and denitrification in reactive microenvironments. Lags 

in FTRs with suboxic or anoxic outflow may be amplified by thick oxic sediment layers 

between influent NO3
- and denitrification in suboxic or anoxic layers. These observations 

are consistent with previous studies indicating that significant spatial and temporal 

variability are characteristic of benthic respiration and N cycling in SAB sediments. 

Delays in achieving steady-state conditions and the isolation of microzone 

denitrification in permeable sediments may invalidate a central assumption of the isotope 

pairing technique used to measure sediment denitrification rates, requiring a constant 

ratio of 15NO3
-:14NO3

- in the NO3
- reduction zone following Na15NO3 addition. As a 

result, denitrification rates estimated using IPT calculations based only on 29N2 and 30N2 

measurements may greatly underestimate actual denitrification rates. The addition of 

15NO3
- to porewater at levels significantly above natural concentrations also resulted in N 

assimilation and increases in sediment community respiration rates, characteristic of N-

limited environments. These influences may also significantly affect the accuracy of 

denitrification rate measurements in permeable sediments on oligotrophic continental 

shelves.  
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The immediate appearance of 29N2 and 30N2 in columns with anoxic outflow is 

consistent with the dependence of denitrification on porewater NO3
- in suboxic 

conditions. The availability of reduced metal and sulfide species observed in FTRs with 

anoxic outflow may facilitate alternative pathways of N removal, but the significance of 

these processes in SAB sediments is unknown. 
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CHAPTER 7 

CONCLUSIONS 

 

The studies discussed in this thesis have applied a variety of techniques to 

examine the mechanisms controlling benthic solute exchange and the regeneration of 

carbon and nitrogen in continental margin sediments. Valuable insights have been gained 

with respect to the capabilities and limitations of these techniques, links between benthic 

solute exchange mechanisms and elemental cycling in different margin environments, 

and directions for future research. 

 

7.1 Quantifying benthic solute exchange in fine-grained margin sediments using 

inert tracer flux measurements from benthic chamber studies 

 

7.1.1 Estimating solute exchange rates in flux chamber studies using mechanistic 

diagenetic models of tracer transport across the seabed 

An inert tracer (NaBr) was applied in benthic flux chamber experiments to assess 

benthic solute exchange rates and to estimate the volume of overlying water contained in 

flux chambers. Chamber volume is a key factor in calculating benthic fluxes from 

datasets of chamber water solute concentrations. Mechanistic diagenetic models 

including benthic solute exchange by diffusion, enhanced diffusion, and nonlocal 

exchange were applied to fit benthic chamber tracer measurements. Model simulations 

resulted in significantly lower chamber volume estimates, implying lower benthic solute 
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fluxes than those calculated in previous studies by fitting tracer datasets using linear 

regression.  

Assessment of model fits to benthic chamber tracer datasets demonstrated that the 

application of simple mechanistic models offers the ability to distinguish between 

diffusive and nonlocal solute exchange mechanisms, and to determine relative rates of 

benthic solute exchange in fine-grained sediments. While the model could not be used to 

determine the depth dependence of biological mixing or irrigation, it was shown that 

model-derived chamber volume and solute exchange parameter values are relatively 

insensitive to the vertical extent of nondiffusive solute exchange in sediments. 

7.1.2 Controls on benthic solute exchange rates in fine-grained margin sediments 

Solute exchange rates above molecular diffusion were demonstrated in tracer 

datasets from benthic flux chamber experiments in the North Carolina slope depocenter 

and Cape Verde plateau. Both sites have high levels of bottom water oxygen and 

sediment organic matter availability, which are two necessary conditions for the survival 

of the benthic macrofauna responsible for biological mixing and irrigation. However, low 

bottom water O2 concentrations have been reported in the northern California margin, 

where enhanced benthic chamber tracer exchange rates were attributed to high organic 

carbon availability. Additionally, enhanced solute exchange rates were occasionally 

demonstrated in tracer datasets from benthic flux chamber experiments in the Ceara Rise, 

with low organic matter availability. These observations reflect the patchy spatial 

distribution and versatility of benthic macrofaunal assemblages.  

Comparisons of trends in benthic fluxes of NaBr and dissolved oxygen showed 

some similarities between datasets at the same site, but not between regions and not at all 
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sites. Potentially confounding factors include differences in the availability of labile 

organic substrates and in the relative mobilities of O2 and Br- in different sediments.  

7.1.3 Recommendations for future research 

The results of this study have demonstrated that simple mechanistic models are 

essential to the interpretation of benthic flux chamber measurements of solute exchange. 

Chamber volume estimates obtained using empirical fits to benthic chamber tracer 

datasets may be erroneously high, resulting in similarly high calculated solute fluxes. 

Modeling of chamber tracer datasets also provides important insights on the rates and 

mechanisms of benthic solute exchange and relative exchange rates in replicate flux 

chamber experiments.  

Similar regional comparisons of benthic solute exchange may allow a greater 

understanding of the factors controlling exchange and links between solute exchange 

mechanisms and elemental cycling in sediments. Future work could extend comparisons 

of measured fluxes of artificial tracers and natural solutes, which may entail a detailed 

investigation of the relative mobility, reactivity, and sorption characteristics of solutes in 

sediments of varying composition. While earlier studies have begun to examine these 

differences (Hannides et al., 2005; Aller, 1983; Zorn et al., 2006), further efforts may 

provide insights on links between the effects of sediment composition and macrofaunal 

activities on carbon and nutrient cycling in sediments.  
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7.2 Laboratory studies of carbon and nitrogen regeneration in coarse-grained 

continental shelf sediments using flow-through sediment column experiments 

 

7.2.1 Sediment column experiments 

Sediment column reactors were developed for the investigation of rates and 

mechanisms of carbon and nitrogen regeneration in sandy continental shelf sediments 

from the South Atlantic Bight. This design mimics natural porewater advection rates 

qualitatively and facilitates the control of experimental conditions such as light, 

temperature, influent solute concentrations, and redox gradients, which can be regulated 

by varying fluid pumping rates and residence times. Analysis of inert tracer breakthrough 

curves demonstrated nearly ideal plug-flow conditions, with minimal channeling and 

dead zone effects. 

7.2.2 Rates and mechanisms of carbon and nitrogen cycling in sandy South Atlantic Bight 

sediments 

The results of sediment column experiments with unamended natural shelf 

seawater confirmed high rates of organic matter remineralization in sandy sediments 

from the South Atlantic Bight, with seasonal variations (maxima in summer, minima in 

winter) that may be driven by concurrent trends in organic matter availability and/or 

temperature-driven metabolic rates. While DIN production in sediment columns was 

minimal, most (78 – 100%) of the N regenerated in almost all cases, including oxic 

columns, was released as N2. Comparison of total N release in FTRs excluding N2 

relative to expected rates of N release based on measured ∑CO2 production and Redfield 

stoichiometry supports the conclusion that most of the regenerated N is denitrified.  
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Extrapolation of measured denitrification rates over the entire SAB shelf area reveals that 

benthic N removal may balance much of the total new N input to this region. 

Low DIN release observed in sediment column experiments and the stimulation 

of microbial activity following 15NO3
- additions are indicative of N limitation. Low DIN 

release and the low and delayed 29N2 and 30N2 production observed following 15NO3
- 

additions also indicate that N2 production in oxic SAB sands is tightly coupled to 

nitrification, and may occur in reactive microenvironments isolated from the bulk 

porewater. Alternately, fixed N removal in oxic sands may be mediated by aerobic 

denitrification, although the significance of this process in the natural environment is 

unknown. In suboxic and anoxic sands, N2 production relies on external sources of 

nitrate, and reduced metal and sulfide species are available to support lithotrophic 

nitrification and denitrification reactions linking N, Mn, Fe and S cycles.  

The application of 15NO3
- additions in sediment column experiments revealed 

valuable insights regarding the mechanisms of fixed N removal in sandy sediments. 

However, the findings of this study showed that the use of isotope pairing techniques 

(IPT) to estimate denitrification rates based solely on the measurement of 29N2 and 30N2 

production may significantly underestimate this process. This work also demonstrated 

that 20 µM NO3
- additions significantly enhance respiration rates in SAB sediments, 

which may interfere with the use of IPT to examine rates and mechanisms of fixed N 

removal in permeable shelf sediments in oligotrophic margin environments.  

7.2.3 Implications for the global marine fixed N budget 

As discussed in Chapter 4, recent estimates of global ocean fixed N budgets have 

indicated sediment denitrification sinks on the order of 300 Tg N yr-1, with total sink 
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terms greatly exceeding sources (Brandes and Devol, 2002; Middelburg et al., 1996; 

Codispoti et al., 2001; Codispoti, 2006). These calculations point to a budget imbalance 

and potential oscillations in marine fixed N levels on geologic timescales. Alternately, the 

discrepancy between marine fixed N sources and sinks may be due to underestimates in 

current measurements of global N2 fixation.  

The major sites of benthic denitrification are continental shelf and slope 

sediments (Christensen et al., 1987; Middelburg et al., 1996; Lehmann et al., 2005). A 

recent study by Galloway et al. (2004) suggested that shallow (< 200 m depth) shelf areas 

may represent a large fraction of the global sediment denitrification sink (287 Tg N yr-1). 

This estimate is in reasonable agreement with the value of 214 Tg N yr-1 derived by 

Seitzinger and Kroeze (1998). These two estimates indicate a global average areal shelf 

denitrification rate of 1.53 – 2.05 mmol N m-2 d-1 over a global shelf area of 27.4 ¥ 106 

km2, which is in the range of values calculated in this study (1.15 – 5.84 mmol N m-2 d-1; 

Chapter 5).  

The global ocean shelf denitrification rate calculated by Seitzinger and Kroeze 

(1998) is based on average shelf denitrification rates for three latitudinal regions, derived 

by Seitzinger and Giblin (1996) for North Atlantic continental shelves. The model 

developed by Seitzinger and Giblin (1996) estimates shelf sediment denitrification rates 

from measurements of primary production, based on correlations between primary 

production, sediment oxygen consumption and benthic denitrification in various 

continental shelf environments. Using this model, Seitzinger and Giblin (1996) calculated 

an average shelf denitrification rate of 4.68 mmol N m-2 d-1 for the southeastern United 
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States (Cape Hatteras to South Florida), which is also within the range of rates calculated 

in this study. 

Since permeable sediments occupy approximately 70% of global shelf areas 

worldwide, it follows that global average shelf denitrification rates and measured rates in 

sandy shelf sediments must be similar unless there is also a large (and opposite) 

difference between denitrification rates in fine-grained shelf sediments and the global 

average. The comparisons discussed above show that the sediment denitrification rates 

calculated in this study for SAB sands are consistent with current average shelf estimates 

applied in global budgets and regional models. 

7.2.4 Recommendations and future research directions 

Sediment column reactors have been used in previous studies of organic matter 

remineralization (e.g. Reimers et al., 2004), and the applications discussed in Chapters 4 

and 5 illustrate the potential of these techniques with respect to studies of biogeochemical 

processes in permeable sediments. Future work could extend the application of similar 

sediment column reactors to measure benthic denitrification in sandy sediments at other 

margin locations. Further studies of this kind may offer further insights on factors 

controlling N removal mechanisms in sandy sediments. Use of isotope pairing techniques 

based on 15NO3
- additions and measurements of 29N2 and 30N2 may not provide reliable 

estimates because of the stimulation of respiration rates by NO3
- addition and extended 

lags in the appearance of 15N in N2. As demonstrated in this thesis, the N2:Ar method 

provides a powerful alternative.  

Column experiments could easily be applied to examine the significance of 

temperature and organic matter availability on benthic respiration rates or the importance 
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of alternative N removal pathways (Chapter 4) in SAB sediments. While the presence of 

reduced Mn, Fe, and S species was demonstrated in these sediments due to high 

respiration rates in summer and fall, the significance of links between Mn, Fe, S, and N 

cycles in SAB sands is unknown.  

While denitrification in oxic SAB sands has been tentatively attributed to coupled 

nitrification-denitrification in reactive microenvironments or aerobic denitrification. 

Efforts to examine the potential of a diagenetic model with reactive microenvironments 

to reproduce the results observed in sediment column experiments are underway. 

While the controlled laboratory experiments discussed in this thesis offer many 

important insights on N transformations in sandy sediments, more extensive studies are 

needed to develop a complete understanding of the role of denitrification on in situ 

carbon and nutrient cycling in relict continental shelf sediments. Several questions remain 

regarding links between benthic primary production and denitrification, and the effect of 

topography-induced advection on benthic N cycling and on the role of permeable 

sediments as N sources or sinks, to name a few. 
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APPENDIX A 

DISSOLVED GAS ANALYSIS  

BY MEMBRANE INLET MASS SPECTROMETRY 

 

Membrane inlet mass spectrometry (MIMS) is used for high precision analyses of 

dissolved gas concentration ratios directly from water samples. The sample is pumped 

through a water line that is maintained at constant temperature (21˚C), leading into a 

semipermeable membrane of silicone tubing. Gases diffuse through the membrane, while 

the water sample exits downstream. The gases pass through a liquid N2 cryotrap, which 

removes compounds – such as water vapor, CO2, and N2O – which may interfere with the 

measurement of N2 (30N2, 29N2, and 28N2) using a quadrupole mass spectrometer (Fig. 

A.1; Kana et al., 1994).  

 

Figure A.1 Diagram of membrane inlet mass spectrometer used to measure dissolved gas 
ratios. 
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Standard air-equilibrated artificial seawater of constant salinity equal to the 

known sample salinity was held at two temperatures, 21˚C and 30˚C.  Dissolved gas 

concentrations in both standards were measured in duplicate following a constant number 

of measurements and at the beginning and end of each sample analysis.  Slopes and 

intercepts were obtained for regressions of standard signal ratio (28N2:Ar and O2:Ar) drift 

over the period of analysis.  Differences in measured signal ratios (∆) can be calculated 

for any sample time (in the middle of sample analysis, at time t1/2, for example) from 

regression slopes (mT) and intercepts (bT):   

† 

D = (m30t 1
2

+ b30) - (m21t 1
2

+ b21) (A.1) 

Differences in temperature-dependent concentration ratios can be estimated from T-S 

solubility relationships and calculated as a fraction (f) of differences in measured signal 

ratios (∆): 

† 

f =

[N2 ]
[Ar ]( )

30
- [N2 ]

[Ar ]( )
21

D
  (A.2) 

Excess signal ratios in samples (N2∆) are calculated relative to the signal ratio in the 

standard with the best-fit regression, at temperature T, and sample concentration ratios 

are then calculated from N2∆ and f.  

† 

N2D =
N2

Ar
Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

sample

- mTtsample + bT( )   (A.3) 

† 

[N2]
[Ar]

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

sample

=
[N2]
[Ar]

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

T

+ f ¥ N2D( )   (A.4) 

Sample 28N2 concentrations are then determined from concentration ratios and the wet air 

solubility of Ar at the temperature and salinity corresponding to sample equilibration. 
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Excess O2:Ar signal ratios (O2∆) are calculated as N2∆ (equation A.3) from 

sample signal ratios and regression parameters for best fit standard signal ratios (masses 

32:40) as a function of sample time.  Sample O2:Ar concentration ratios are calculated 

from the excess signal ratio as: 

† 

[O2]
[Ar]

=
[O2]
[Ar]

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

T

+ O2D ¥
[O2 ]
[Ar ]
O2
Ar( )

Ï 
Ì 
Ô 

Ó Ô 

¸ 
˝ 
Ô 

˛ Ô 

avg

 (A.5) 

where T is the temperature of the best fit standard regression, 

† 

[O2 ]
[Ar ]  is the calculated 

concentration ratio, 

† 

O2
Ar( )  is the measured signal ratio, and 

† 

[O2 ]
[Ar ]
O2
Ar( )

Ï 
Ì 
Ô 

Ó Ô 

¸ 
˝ 
Ô 

˛ Ô 

avg

is the ratio of 

concentration ratios to signal ratios averaged over all standards.  Sample O2 

concentrations are then determined by multiplying concentration ratios calculated from 

equation (A.5) by Ar solubility at the temperature and salinity corresponding to sample 

equilibration. 

 Concentrations of 29N2 are derived from the excess mass 29 signal relative to that 

expected from the standard 29:28 signal ratio.  The relationship between signals for 29N2 

and 28N2 in standard water is determined from the slope and intercept of a linear 

regression of standard signals for these two masses.  The expected mass 29 signal is 

calculated from these parameters and the measured sample a.m.u. 28 signal.  The excess 

29N2 signal is calculated relative to this expected signal: 

29N2∆ = 29N2 – (b + m ¥ 28N2)  (A.6) 

where 29N2 and 28N2 are the signals for masses 29 and 28, respectively.  29N2 

concentrations are then calculated from 29N2∆ and the ratio of calculated concentrations 

and measured signals of 28N2 for the best fit regression of 28N2 standard signals vs. time: 
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† 

[29N2]=29N2D ¥
[28N2]

28N2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

T

   (A.7) 

Sample concentrations of 30N2 are derived in the same manner as for 29N2, but the 

excess mass 30 signal is calculated relative to the signal expected from a regression of the 

30N2 signal as a function of the 

† 

28N2 ¥ O2  signal. 
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APPENDIX B 

MEASUREMENT OF DISSOLVED GAS FLUXES  

IN SEDIMENT COLUMN EXPERIMENTS:   

GAS EXCHANGE AND SOLUBILITY CONSIDERATIONS 

 

B.1 Overview and experimental design 

 

O2 consumption and N2 production in sediment column experiments were 

determined from sediment porosity, fluid residence time, and influent and effluent 

dissolved gas concentrations. A diagram of the experimental setup is shown in Figure 

B.1. As described in Appendix A, influent and effluent water samples were analyzed by  

 

Air pump Pump 

Influent jug Cooler;  Temperature bath 

inflow 
outflow 

Sample collection 

Countertop 

Tygon lab tubing (R-3603):  
ID 0.1588 cm; OD 0.3175 cm 
Max length downstream of pump: 3m 
Max length upstream of pump: 1.5 m 
 

Fluid Flow 
Rate:  
1 mL min-1 

Air flow 
rate: 
0.8 L min-1 

90 cm 

Bubbler 
Apr 2004: 
Ace glass frit,  
Por B, ASTM 
70-100 µm 
pores 
 
All other 
expts: 
thick (0.5 cm 
ID)  single 
glass tube 

P @  1.05 atm 

P @  0.95 atm 

P @  1.10 atm 

P @  1.00 atm P @  1.00 atm 

Figure B.1 Experimental setup. Approximate pressure (P) in the fluid is shown at each 
stage: in the influent jug, upstream and downstream of the pump, in the sediment columns, 
and at sample collection. Note that a bubbler frit was only used in April 2004. 



 168 

MIMS for dissolved gas concentrations, which were calculated by multiplying measured 

N2/Ar and O2/Ar ratios by Ar solubility at the salinity and temperature of sample 

equilibration. While only N2 and O2 are affected by biological activity, the concentrations 

of all gases in solution are controlled by the effects of pressure and temperature on gas 

solubilities and bubble injection. It was assumed that the role of these factors in altering 

dissolved gas concentrations and concentration ratios between influent and effluent 

sample collection points was negligible. Dissolved gas concentrations for all influent and 

effluent samples were calculated from N2/Ar and O2/Ar ratios using Ar solubilities at 

room temperature (RT; 23°C), assuming that re-equilibration of gases in solution with air 

bubbles or across tubing walls had a minimal effect on gas concentration ratios in the 

fluid between influent and effluent sample collection points. The implications and 

validity of these assumptions will be discussed in the following sections.  

 

B.2 The role of pressure and gas exchange across tubing walls 

 

As shown in Figure B.1, fluid flow along the course of sediment column 

experiments was accompanied by hydrostatic pressure changes, which cause gases to 

become supersaturated and undersaturated relative to the surrounding air as the pressure 

in the fluid rises and falls, respectively. While changes in hydrostatic pressure affect the 

degree of saturation for all gases equally, the rate of gas diffusion in response to gradients 

in partial pressures across tubing walls is proportional to the permeability of the tubing 

material, which differs for each gas. Therefore, it is important to consider the combined 
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effects of tubing permeability and changes in hydrostatic pressure on the concentration 

ratios of gases in solution along the flow path in these experiments. 

Since dissolved gas fluxes are calculated from the difference between influent and 

effluent concentrations, both of which were collected at the countertop downstream of the 

peristaltic pump (Fig. B.1), only pressure changes in the flow path downstream of the 

pump warrant consideration. Although significant pressure fluctuations may occur 

upstream and especially at the pump, the resulting changes in dissolved gas 

concentrations will affect both influent and effluent gas concentrations. The hydrostatic 

pressure between the pump and effluent sample collection is greater than atmospheric 

pressure, implying that the partial pressures of all gases in solution are greater than in the 

surrounding air (ie. gases in solution are oversaturated with respect to the surrounding 

air). This gradient in partial pressures is the driving force for gas diffusion across the 

tubing walls. While all gases will tend to diffuse out across the tubing and into the 

surrounding air, the rates of diffusion will be greater for N2 and O2 than for Ar because 

the permeability of Tygon lab tubing with respect to N2 and O2 are twice and four times 

as large as for Ar (Saint Gobain, personal communication). Therefore, gas diffusion 

across the tubing wall between the peristaltic pump and effluent sample collection will 

result in decreases in fluid N2/Ar and O2/Ar ratios. This effect may cause apparent O2 and 

N2 consumption in sediment column experiments. While it may artificially enhance the 

measured O2 consumption, it would result in underestimates of N2 production in sediment 

columns. 
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B.3 The role of bubble dissolution and cavitation in response to pressure and 

temperature changes 

 

Changes in dissolved gas concentration ratios between influent and effluent 

sample collection may also be associated with air bubble dissolution. Air bubbles or 

microbubbles introduced during the aeration of influent seawater contain N2, O2 and Ar 

in atmospheric ratios, which are not equal to the ratios of these gases in solution. For 

instance, while the ratio of N2/Ar in air is 83.597, this ratio in seawater at 22°C is 37.678. 

Therefore, the dissolution of air bubbles would result in an increase in the N2/Ar ratio in 

solution. While kinetic effects associated with partial air bubble dissolution cause 

changes in dissolved gas solubilities and solubility ratios distinct from those resulting 

from complete air bubble dissolution, these two processes have very similar effects on 

N2/Ar ratios in solution because of the similarity in diffusivities for these two gases (1.85 

¥ 10-5 cm-2 s-1 at 35 psu and 25˚C). 

Bubble dissolution and cavitation occur in response to variations in gas solubility 

due to changes in temperature and pressure. While increasing gas solubilities due to 

increasing pressure or decreasing temperature are associated with air bubble dissolution, 

decreasing solubilities due to decreasing pressure or increasing temperature may cause 

bubble cavitation. Temperature changes also affect the solubility ratios of different gases, 

as the solubilities of heavy gases are more sensitive to temperature than those of lighter 

gases. This effect is responsible for the increase in the N2/Ar solubility ratio at higher 

temperatures.  
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We will again consider only those changes occurring in the experimental flow 

path downstream of the peristaltic pump (see section B.2; Fig. B.1). When the 

temperature bath is held at temperatures below RT, both the increase in pressure and the 

decrease in temperature between influent and effluent sample collection points support 

air bubble dissolution. If the volume of air bubbles available for dissolution is not 

sufficient for the solution to completely re-equilibrate with respect to N2 and Ar, then the 

N2/Ar in solution may increase despite a lower N2/Ar solubility ratio at the lower 

temperature. When the bath is held at temperatures above RT, increases in temperature 

and pressure have opposite effects on gas solubilities. However, an increase in N2/Ar in 

solution is favored upon air bubble equilibration in this scenario due to the increase in 

N2/Ar solubility ratios at higher temperatures. 

 

B.4 Summary and other considerations 

 

The discussion above illustrates the potential effect of air bubble dissolution in 

raising N2/Ar ratios in solution between influent and effluent sample collection points in 

winter and summer, which may result in apparent increases in measured N2 production in 

sediment columns. However, several lines of evidence suggest that these effects may 

have been minimal. First, the formation of air bubbles during the aeration of influent 

seawater may have occurred in April 2004, but this effect was minimized in subsequent 

experiments due to the elimination of the aerator frit or sparger, as discussed in section 

5.4.1 (Fig. B.1). Note that if the use of a sparger produced significantly more bubbles, 

apparent N2 production in April 2004 should have been higher in this experiment than in  
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subsequent experiments. The similarity of N2 production in SCs in all experiments 

suggests that the use of a sparger had little effect (Fig. 5.6). Secondly, air bubble 

dissolution would likely result in large variability in N2/Ar ratios between replicate 

samples due to a nonhomogeneous distribution of bubbles in the fluid. However, the 

variability (s.d.) in N2 concentrations between replicate samples was small, averaging 

1.34, 0.82, 0.33, and 1.12 µM N2 in April, July, and October 2004 and March 2005, 

respectively. Corresponding sample variabilities in O2 concentrations are even lower. 

Thirdly, as discussed in section 5.6.2, sediment column N budgets provide independent 

support for the observed production of N2. 
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APPENDIX C 

BENTHIC FLUX CHAMBER EXPERIMENT DATASETS 

 

Table C.1 In situ benthic flux chamber datasets from the Northern California margin. 
Excess Br-  represents the difference between sample Br- tracer concentrations and the 
seawater background concentrations. Time and solute concentrations are listed in hours, 
mmol L-1 Br-, µmol L-1 Si(OH)4, and µmol L-1 O2. 
 

CA1    
Time Excess Br- Si(OH)4 O2 

0  93.5  
3  142.8  

4.5   20.3 
6 4.32 107.7  

7.5 4.35 113.7  
9   21.8 

10.5   28.6 
12 4.11 123.2  

13.5 4.12 126.9  
15   15.25 
18  146.5  

19.5  143.2  
16.5   13.7 
21   13.4 

22.5   16.7 
24 3.21 134.2  
27   13.1 

    
CA2    
Time Excess Br- Si(OH)4 O2 

0  93.5  
2.4 3.64 108.4  
3.6   23.0 
4.8 3.68 116.3  
6 3.60 122.3  

7.6   15.5 
9.6 3.63 127.6  

10.8 2.97 146  
12.6   13.6 
14.4  87.9  
15.6 2.21 141.6  
17.4   11.3 
19.2 1.53 129.1  
20.4 1.94 143.4  
21.6   11.0 
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Table C.1 (Continued). 

CA3    
Time Excess Br- Si(OH)4 O2 
6.6 1.18 139.6  
8.8   28.6 
11   26.7 

13.2 3.29 149.1  
15.4 3.25 151.4  
17.6   24.9 
19.8   21.2 
22 2.56 154.5  

24.2 1.25 156.5  
26.4   23.4 
28.6   20.1 
30.8 0.70 158.1  
33 0.00 151.6  

35.2   24.9 
37.4   20.1 
39.6 0.00 158.1  
41.8 0.00 154.3  

    
CA4    

Time Excess Br- Si(OH)4 O2 
6.3 2.81 103.0   
8.4   21.5 

10.5   15.6 
12.6 1.25 110.5   
14.7 0.91 111.4   
16.8   13 
18.9   9.3 
21 0.84 122.0   

23.1 0.70 121.8   
25.2   8.5 
27.3   7.8 
29.4 0.54 126.5   
31.5 0.52 130.1   
33.6   7.4 
35.7   7.8 
37.8 0.11 119.7   
39.9 0.01 117.9   
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Table C.1 (Continued). 

CA5    
Time Excess Br- Si(OH)4 O2 

0  93.9  
6 2.18 109.8   
8   14.5 

10   7.8 
12 1.42 123.6   
14 1.29 127.9   
16   2.6 
18   3.7 
20 1.05 138.3   
22 0.79 141.0   
24   1.5 
26   3 
28 0.56 150.0   
30 0.40 151.3   
32   0 
34   0 
36 0.16 153.4   
38 0.00 154.3   
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Table C.2 In situ benthic flux chamber datasets from the Cape Verde plateau. Excess Br-  
represents the difference between sample Br- tracer concentrations and the seawater 
background concentrations. Time and solute concentrations are listed in hours, mmol L-1 
Br-, µmol L-1 Si(OH)4, and µmol L-1 O2. 
 

CV1    

Time Excess Br- Si(OH)4  
9.4 0.949 41  

28.2 0.995 42.8  
47 0.9105 43.9  

65.8 0.9053 44.8  
    

CV2    

Time Excess Br- Si(OH)4 O2 
5.6 1.09 40.1  
8.4 0.908 41.5  

11.2   232 
14   233 

16.8 0.603 43.5  
19.6 0.497 43.8  
22.4   227 
25.2   225 
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Table C.3 In situ benthic flux chamber datasets from the North Carolina slope 
depocenter. Excess Br-  represents the difference between sample Br- tracer 
concentrations and the seawater background concentrations. Time and solute 
concentrations are listed in hours, mmol L-1 Br-, µmol L-1 Si(OH)4, and µmol L-1 O2. 
 

NC1   
Time Excess Br- Si(OH)4 
5.4 2.34 19.2 

13.5 2.21 28.6 
16.2 2.21 32.4 
24.3 2.16 40.3 
27 2.07 42.7 

35.1 1.99 50 
37.8 1.93 52.6 
45.9 1.9 59.2 
48.6 1.94 61.6 

   
NC2   

Time Excess Br- Si(OH)4 
5.4 1.82 17.3 

13.5 1.84 27.3 
16.2 1.86 29.6 
24.3 1.79 37.9 
27 1.75 39.8 

35.1 1.72 47.6 
37.8 1.78 50.2 
45.9 1.69 56.1 
48.6 1.68 59.2 

   
NC3   

Time Excess Br- Si(OH)4 
8.6 2.52 20.8 

21.5 2.7 23.3 
25.8 2.61 24.5 
38.7 2.54 26 
43 3.01 28.5 

55.9 3.06 28.6 
60.2 2.87 29.1 
73.1 3.17 31.5 
77.4 3.14 32 

   
NC4   

Time Excess Br- Si(OH)4 
2.6 5.34 31.1 
6.5 5.54 39.6 
7.8 5.56 42.5 

11.7 5.03 54.2 
13 5.1 56 

16.9 5.03 66.1 
18.2 5.23 67.9 
22.1 4.66 77.5 
23.4 4.45 77.2 
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Table C.3 (Continued). 
 

NC5    
Time Excess Br- Si(OH)4  
4.4 2.63 27.7  
11 2.72 36.8  

13.2 2.75 40.7  
19.8 2.46 53  
22 2.62 56.7  

28.6 2.6 68  
30.8 2.48 68.2  
37.4 2.35 80.7  
39.6 2.47 84.2  

    
NC6    

Time Excess Br- Si(OH)4  
2.4 2.4 21.5  
6 2.89 28.4  

7.2 2.97 29.6  
10.8 2.57 36.8  
12 3.25 37.2  

15.6 3.12 44.7  
16.8 2.84 44.5  
20.4 2.74 54.2  
21.6 2.87 54.6  

    
NC7    

Time Excess Br- Si(OH)4  
5.4 4.02 31.49  

13.5 4.48 32.45  
16.2 4.12 33.33  
24.3 4.35 38.36  
27 3.74 40.6  

35.1 3.58 45.78  
37.8 3.41 48.93  
45.9 3.4 51.39  
48.6 2.91 54.89  

    
NC8    

Time Excess Br- Si(OH)4 O2 
0  12.56 238 
3   232.9 

4.5 no sample   
6   227.8 

7.5 3.090 22.73  
9   217 

10.5 2.890 29.49  
12   211.9 

13.5 2.650 31.71  
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Table C.3 (Continued). 
 

NC9    
Time Excess Br- Si(OH)4 O2 

0  12.25 247.1 
3   231.3 

4.5 3.030 27.34  
6   220.1 

7.5 3.000 39.78  
9   195.2 

10.5 2.280 46.87  
12   182.8 

13.5 2.245 64.82  
    
    
NC10    

Time Excess Br- Si(OH)4 O2 
0  12.56 234.5 
3   204 

4.5 2.970 26.31  
6   192 

7.5 3.110 35.87  
9   162 

10.5 2.980 42.83  
12   153 

13.5 2.870 50.41  
    
    
NC11    

Time Excess Br- Si(OH)4 O2 
0  12.58 237.5 
3   215 

4.5 3.560 29.26  
6   167 

7.5 3.200 39.91  
9   165 

10.5 2.860 46.87  
12   147 

13.5 2.905 58.64  
    
NC12    

Time Excess Br- Si(OH)4 O2 
0  11.87 252 
3   226 

4.5 2.055 18.78  
7.5 2.890 30.09  
9   191 

10.5 2.710 38.05  
12   168 

13.5 2.385 43.64  
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Table C.3 (Continued). 
 

NC13    
Time Excess Br- Si(OH)4 O2 

0  11.87 249 
3   225 

4.5 3.18 21.52  
6   207 

7.5 2.95 28.93  
9   189 

10.5 2.63 34.65  
12   173 

13.5 2.59 42.86  
 



 181 

Table C.4 In situ benthic flux chamber datasets from the Ceara Rise. Excess Br-  
represents the difference between sample Br- tracer concentrations and the seawater 
background concentrations. Time and solute concentrations are listed in hours, mmol L-1 
Br-, µmol L-1 Si(OH)4, and µmol L-1 O2. 
 

CR1    
Time Excess Br- Si(OH)4 O2 

0  39.1  
14.4  39.8  
21.6 2.53  253 
28.8   252 
36  40.9  

43.2 2.01 40.5  
50.4 2.04  248 
57.6   248 
64.8  41.4  
72 1.64 42  

79.2 1.66  242 
86.4   244 
93.6  42.3  
100.8 1.36 43.4  
108 1.35  241 

115.2   229 
122.4  43.9  
129.6 1.07 42.5  
136.8 1.00   

    
CR2    

Time Excess Br- Si(OH)4  
0  32.8  

14.6 3.18 32.6  
36.5 3.10 35.5  
43.8 3.10 36.2  
65.7 2.89 38.2  
73 2.91 37.8  

94.9 2.72 39.8  
102.2 2.72 40  
124.1 2.77 41.4  
131.4 2.67 41.8  
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Table C.4 (Continued). 
 

CR3   
Time Excess Br- Si(OH)4 

0  79.7 
13.4 3.38 85.1 
33.5 3.12 88.5 
40.2 3.20 89.9 
60.3 3.12 91.9 
67 2.95 92 

87.1 2.92 94.4 
93.8 2.73 95.4 
113.9 2.51 95.2 
120.9 2.59 93.3 

   
CR4   

Time Excess Br- Si(OH)4 
0  79.7 

14.6 3.45 82.9 
36.5 3.04 88.1 
43.8 3.09 89 
65.7 2.82 90.4 
73 2.87 90.6 

94.9 2.55 87.6 
102.2 2.64 90.8 
124.1 2.56 92.9 
131.4 2.56 92.6 
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APPENDIX D 

SEDIMENT COLUMN EXPERIMENT DATASETS 

 

Table D.1 Average (± 1 s.d.) measured concentrations (µmol L-1) of dissolved 
constituents in column influent and effluent samples in April 2004. Samples were 
collected on four consecutive days after 7 days of equilibration. A continuous spike of 
Na15NO3 was added to the influent solution after day 8. Sampling days 7, 8, 9 and 10 
were labeled unamended (U1 and U2) and amended (A1 and A2), respectively. Each 
value represents an average  of 3 replicate samples. Concentrations of NO2

- were 
undetectable. NM = Not measured. 
 

ID U1 U2 A1 A2 
O2     

Influent 214.37 (0.50) 213.84 (0.41) 213.62 (0.54) 212.45 (0.78) 
Effluent:     

SC1 143.58 (0.34) 141.33 (1.12) 132.92 (0.82) 122.58 (1.05) 
SC2 144.99 (0.27) 142.50 (0.99) 135.45 (1.74) 130.22 (1.54) 

     
∑CO2     

Influent 2080.17 (51.54) 2074.36 (23.24) 2135.11 (26.29) 2140.88 (16.21) 
Effluent:     

SC1 2167.12 (27.07) 2228.08 (26.86)a 2240.06 (32.53)a 2201.86 (66.13) 
SC2 2153.53 (13.47) 2161.47 (18.54) 2213.54 (2.23)a 2229.25 (7.19)a 

     
TA     

Influent 2392.08 (13.98) 2437.71 (5.22) 2417.80 (1.76) 2433.78 (2.00) 
Effluent:     

SC1 2416.77 (24.22) 2434.80 (7.60)a 2504.38 (1.87)a 2474.88 (79.52) 
SC2 2412.30 (41.62) 2402.56 (7.99) 2478.63 (27.46)a 2514.30 (5.22)a 

     
pH     

Influent 8.07 (0.11) 8.14 (0.03) 8.02 (0.05) 8.03 (0.03) 
Effluent:     

SC1 7.95 (0.09) 7.87 (0.07) 7.98 (0.04) 7.99 (0.01) 
SC2 7.97 (0.08) 7.94 (0.03) 7.99 (0.04) 7.99 ( 0.03) 

     
NO3

-     
Influent -0.11 (0) -0.11 (0) 20.86 (0) 19.86 (0.66) 
Effluent:     

SC1 2.50 (0) 2.07 (0) 21.00 (0.25) 20.14 (0.12) 
SC2 2.07 (0) 2.07 (0) 21.72  (0.43) 20.79 (0.12) 

     
NH4

+     
Influent 0.26 (0.18) 0.14 (0.15) 0.07 (0.08) 0 (0.05) 
Effluent:     

SC1 0.26 (0) 0.15 (0.09) 0.10 (0.05) 0 (0) 
SC2 0.26 (0.05) 0.14 (0.06) 0.03 (0.11) 0.09 (0.15) 
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Table D.1 (Continued). 
 

ID U1 U2 A1 A2 
N2O     

Influent 0.05 (0.01)a NM 0.08 (0) a 0.06b 

Effluent:     
SC1 0.03 (0.05) a NM 0.06 (0) a 0.07 (0.01) a 
SC2 0.03 (0.04) a NM 0.07 (0.02) a 0.07 (0) a 

     
28N2     

Influent 411.91 (0.51) 414.27 (0.62) 413.16 (1.61) 414.20 (1.41) 
Effluent:     

SC1 419.46 (2.16) 423.55 (1.54) 428.08 (4.79) 426.36 (3.98) 
SC2 416.14 (2.45) 419.53 (0.73) 422.58 (3.07) 422.12 (4.84) 

     
29N2     

Influent 0 (0) 0 (0) 0 (0) 0 (0) 
Effluent:     

SC1 0 (0) 0 (0) 0 (0) 0 (0) 
SC2 0 (0) 0 (0) 0 (0) 0 (0) 

     
30N2     

Influent 0 (0) 0.01 (0) 0 (0) 0 (0) 
Effluent:     

SC1 0.01 (0) 0.01 (0) 0 (0) 0 (0) 
SC2 0.01 (0) 0.01 (0) 0 (0) 0 (0) 

 

a n=2. 
b n=1. 
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Table D.2 Average (± 1 s.d.) measured concentrations (µmol L-1) of dissolved 
constituents in column influent and effluent samples in July 2004. Samples were 
collected on four occasions after 6 days of equilibration. A continuous spike of Na15NO3 
was added to the influent solution after day 6. Sampling days 6, 8, 10 and 12 were labeled 
unamended (U) and amended (A1, A2 and A3), respectively. Unless otherwise stated, 3 
replicate samples were collected on day 6 (n=3), while only single samples were 
collected after spike addition (n=1). NM = Not measured. 
 

ID U A1 A2 A3 
O2     

Influent 208.94 (4.01) 212.77 212.81 213.56 
Effluent:     

SC1 98.38 (1.00) 93.20  69.36 53.04 
SC2 110.95 (2.34) 105.84 84.81 61.08 
SC3 104.42 (1.09) 91.02 80.33 69.99 
MC4 30.56 (1.26) 52.83 53.59 48.91 
MC5 11.75 (3.43) 31.73 28.16 34.10 
MC6 9.03 (0.68) 19.32 27.49 26.64 
LC7 3.79 (1.34) 6.93 6.69 11.99 
LC8 7.17 (1.22) 8.69 9.11 8.03 
LC9 5.24 (1.79) 14.04 7.57 9. 

     
∑CO2     

Influent 2061.75 (23.71) 2086.74 2092.19 2013.59 
Effluent:     

SC1 2199.45 (19.51) 2238.76 2271.28 2275.41 
SC2 2193.84 (15.77) 2208.76 2260.07 2245.80 
SC3 2198.64 (19.68) 2236.10 2263.56 2236.53 
MC4 2273.30 (26.49) 2253.35 2294.54 2267.96 
MC5 2331.18 (20.13) 2277.62 2299.12 2267.28 
MC6 2344.42 (19.77) 2304.50 2315.78 2257.83 
LC7 2725.81 (34.80) 2657.66 2530.14 2441.24 
LC8 2632.71 (2.56) 2607.77 2553.56 2458.84 
LC9 2723.43 (34.37) 2683.21 2621.48 2507.16 

     
TA     

Influent 2455.44 (6.40) 2463.21 2474.12 2454.97 
Effluent:     

SC1 2437.45 (7.25) 2477.49 2483.42 2471.02 
SC2 2445.32 (12.22) 2460.61 2480.13 2458.34 
SC3 2448.99 (15.65) 2471.62 2462.14 2460.13 
MC4 2430.32 (7.63) 2435.81 2456.45 2456.78 
MC5 2440.23 (16.82) 2446.01 2449.82 2454.26 
MC6 2452.72 (10.69) 2453.74 2460.80 2447.87 
LC7 2691.46 (8.38) 2670.11 2670.63 2607.95 
LC8 2574.05 (25.84) 2602.18 2644.03 2599.34 
LC9 2642.57 (5.09) 2656.04 2723.10 2658.69 
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Table D.2 (Continued). 
 

ID U A1 A2 A3 
pH     

Influent 8.17 (0.03) 8.15 8.15 8.24 
Effluent:     

SC1 7.92 (0.03) 7.92 7.87 7.83 
SC2 7.95 (0.03) 7.94 7.88 7.87 
SC3 7.94 (0.04) 7.91 7.84 7.89 
MC4 7.75 (0.05) 7.81 7.76 7.82 
MC5 7.64 (0.05) 7.78 7.74 7.82 
MC6 7.64 (0.03) 7.73 7.72 7.82 
LC7 7.26 (0.07) 7.38 7.70 7.76 
LC8 7.19 (0.07) 7.33 7.58 7.70 
LC9 7.14 (0.07) 7.27 7.60 7.72 

     
NO3

-     
Influent -0.02 (0.11) 18.89 18.19 17.95 
Effluent:     

SC1 2.78 (0.00) 19.83 16.78 16.57 
SC2 2.41 (0.13) 19.60 17.02 14.20 
SC3 0.84 (0.34) 17.95 15.86 14.45 
MC4 0.61 (0.34) 22.88 18.21 17.31 
MC5 0.01 (0.06) 18.91 18.96 18.06 
MC6 -0.02 (0.00) 10.51 12.00 15.24 
LC7 -0.10 (0.06) -0.71 -0.82 -0.82 
LC8 -0.10 (0.06) -0.71 -0.71 -0.82 
LC9 -0.06 (0.06) -0.71 -0.71 -0.82 

     
NO2

-     
Influent -0.09 (0.00) 0.68 0.68 0.68 
Effluent:     

SC1 -0.09 (0.00) 0.68 0.68 0.90 
SC2 -0.09 (0.00) 0.68 0.68 0.68 
SC3 -0.09 (0.00) 0.68 0.90 0.90 
MC4 -0.09 (0.00) 0.68 0.90 1.32 
MC5 -0.09 (0.00) 0.90 1.32 1.75 
MC6 -0.09 (0.00) 1.32 2.18 1.75 
LC7 -0.09 (0.00) 0.68 0.68 0.68 
LC8 -0.09 (0.00) 0.68 0.68 0.68 
LC9 -0.09 (0.00) 0.68 0.68 0.68 

     
NH4

+     
Influent 0.33 (0.45) 0.20 0.31 0.31 
Effluent:     

SC1 0.40 (0.19) 0.21 0.28 0.82 
SC2 0.57 (0.61) 0.89 0.38 0.01 
SC3 0.36 (0.58) 0.21 0.85 1.31 
MC4 0.27 (0.22) 0.54 0.64 0.30 
MC5 0.39 (0.37) 0.74 1.02 0.98 
MC6 0.14 (0.10) 0.65 0.63 0.42 
LC7 0.14 (0.10) 0.24 0.27 2.80 
LC8 0.12 (0.08) 0.25 0.86 1.05 
LC9 0.28 (0.29) 0.83 0.14 0.20 
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Table D.2 (Continued). 
 

ID U A1 A2 A3 
N2O     

Influent 0.04 (0.00)a 0.02 NM 0.02 
Effluent:     

SC1 0.03b 0 NM 0.03 
SC2 0.03 b NM 0.02  
SC3 0.03 b NM NM 0.03 
MC4 0.06 b NM NM 0.03 
MC5 0.04 b NM NM 0.03 
MC6 0.03 (0.01)a 0.04 NM 0.03 
LC7 0.03 (0.01)a 0.03 NM 0.02 
LC8 0.01 b 0.03 NM 0.01 
LC9 -0.01 b 0.02 0.02 NM 

     
DON     

Influent 14.47 (3.05) 8.98 11.24 8.15 
Effluent:     

SC1 10.31 (1.82) 10.53 17.94 15.17 
SC2 11.24 (0.85) 6.75 8.47 16.92 
SC3 12.40 (2.15) 15.17 12.54 11.83 
MC4 11.87 (2.05) 5.76 7.90 18.13 
MC5 12.87 (5.57) 5.02 20.33 9.06 
MC6 12.48 (0.58) 11.56 6.08 22.69 
LC7 14.88 (2.16) 16.14 14.97 15.50 
LC8 14.91 (1.40) 15.75 21.38 24.92 
LC9 17.05 (7.57) 19.26 20.71 19.13 

     
Mn2+     

Influent 0.11 (0.13) 0.02 0.02 0.02 
Effluent:     

SC1 0.15 (0.17) 0.02 0.15 0.15 
SC2 0.11 (0.13) 0.15 0.28 0.02 
SC3 0.07 (0.19) 0.15 0.15 0.02 
MC4 0.15 (0.06) 0.02 0.15 0.15 
MC5 0.36 (0.13) 0.15 0.15 0.02 
MC6 0.40 (0.18) 0.15 0.15 0.15 
LC7 1.61 (0.29) 0.91 0.79 1.17 
LC8 1.61 (0.29) 0.91 0.66 0.53 
LC9 1.82 (0.26) 1.04 0.79 0.66 

     
Fe2+     

Influent 0.07 (0.00) -0.01 -0.01 -0.01 
Effluent:     

SC1 0.05 (0.02) -0.01 -0.01 -0.01 
SC2 0.04 (0.02) -0.01 0.03 -0.01 
SC3 0.04 (0.02) -0.01 -0.01 -0.01 
MC4 0.38 (0.11) -0.01 -0.01 -0.01 
MC5 0.96 (0.08) 0.15 0.03 0.03 
MC6 1.79 (0.09) 0.57 0.36 0.15 
LC7 8.36 (0.45) 4.98 4.23 6.27 
LC8 8.73 (0.20) 5.77 3.98 3.90 
LC9 9.21 (0.47) 6.10 4.35 4.44 
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Table D.2 (Continued). 
 

ID U A1 A2 A3 
28N2     

Influent 404.60 (2.94) 405.04 406.41 403.84 
Effluent:     

SC1 412.43 (0.47) 412.38 410.55 411.42 
SC2 411.50 (1.10) 412.77 413.91 412.19 
SC3 410.81 (0.43) 411.44 412.91 410.48 
MC4 414.42 (0.38) 413.38 412.46 412.17 
MC5 408.15 (0.18) 410.83 411.45 410.77 
MC6 416.34 (0.99) 414.02 411.25 409.36 

     
29N2     

Influent 0.00 (0.00) 0.00 0.00 0.00 

Effluent:     
SC1 0.00 (0.00) 0.01 0.03 0.13 

SC2 0.00 (0.00) 0.00 0.00 0.01 

SC3 -0.01 (0.00) 0.00 0.13 0.12 

MC4 0.00 (0.00) 0.08 0.23 0.33 

MC5 0.00 (0.00) 0.47 0.31 0.34 

MC6 -0.01 (0.00) 1.36 1.09 0.82 

LC7 -0.01 (0.00) 3.36 3.30 2.92 

LC8 -0.01 (0.00) 3.83 3.72 3.47 

LC9 -0.01 (0.00) 3.70 3.07 2.83 

     
30N2     

Influent 0.00 (0.00) 0.00 0.00 0.00 

Effluent:     
SC1 0.01 (0.00) 0.02 0.04 0.15 

SC2 0.01 (0.00) 0.01 0.01 0.03 

SC3 0.01 (0.00) 0.01 0.16 0.16 

MC4 0.01 (0.00) 0.10 0.20 0.31 

MC5 0.01 (0.00) 0.42 0.24 0.28 

MC6 0.01 (0.00) 1.20 0.89 0.65 

LC7 0.01 (0.00) 3.03 2.69 2.90 

LC8 0.01 (0.00) 3.41 2.86 2.88 

LC9 0.01 (0.00) 3.19 2.50 2.86 

 

a n=2. 
b n=1. 
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Table D.3 Average (± 1 s.d.) measured concentrations (µmol L-1) of dissolved 
constituents in column influent and effluent samples in October 2004. Samples were 
collected on four occasions after 7 days of equilibration. A continuous spike of Na15NO3 
was added to the influent solution after day 7. Sampling days 7, 9, 14 and 19 were labeled 
unamended (U) and amended (A1, A2 and A3), respectively. Unless otherwise stated, 
triplicate samples were collected on day 7 (n=3), while duplicate samples were collected 
after spike addition (n=2). NM = Not measured. BD = Below detection. 
 

ID U A1 A2 A3 
O2     

Influent 217.69 (0.42)a 217.42 (0.46) 217.42 (0.46) 217.42 (0.46) 

Effluent:     
SC1 153.04 (2.15)a 134.94 (0.11) 127.66 (1.68) 112.70 (3.35) 

SC2 152.88 (1.95)a 127.37 (0.21) 119.75 (1.17) 115.97 (2.27) 

SC3 151.60 (1.06)a 128.02 (1.26) 119.52 (3.09) 122.85 (1.83) 

MC4 74.32 (7.38)a 71.83 (3.86) 75.63 (0.99) 86.42 (0.92) 

MC5 93.94 (0.16)a 68.94 (2.53) 71.64 (2.89) 81.65 (0.07) 

MC6 84.23 (3.62)a 65.72 (2.70) 73.47 (1.41) 79.72 (0.23) 

LC7 10.11 (1.06)a 10.62 (1.48) 11.06 (2.10) 20.94 (1.23) 

LC8 8.02 (1.29)a 9.57 (0.24) 15.69 (3.70) 24.89 (0.22) 

LC9 8.33 (0.92)a 4.77 (0.14) 9.26 (2.52) 26.01 (2.25) 

     
∑CO2     

Influent 2220.85 (3.47) 2192.43 (26.76) 2245.00 (19.11) 2200.99 (5.44) 
Effluent:     

SC1 2273.83 (31.88) 2299.97 (3.99) 2343.54 (22.60) 2369.81 (25.94) 
SC2 2276.26 (17.99) 2304.00 (17.91) 2366.10 (18.79) 2338.96 (4.17) 

SC3 2289.30 (5.95) 2317.79 (33.35) 2374.01 (37.80) 2338.63 (8.04) 
MC4 2334.17 (5.08) 2359.18 (16.05) 2412.07 (41.46) 2358.30 (1.38) 
MC5 2334.75 (8.04) 2354.20 (12.78) 2420.82 (33.65) 2366.86 (8.75) 
MC6 2353.80 (18.15) 2387.74 (18.51) 2405.05 (38.87) 2397.71 (26.31) 
LC7 2485.94 (29.72) 2502.66 (3.09) 2437.32 (34.03) 2417.12 (1.98) 
LC8 2486.78 (24.07) 2498.23 (3.96) 2455.22 (19.10) 2438.92 (14.74) 
LC9 2573.09 (7.18) 2551.95 (0.71) 2459.64 (44.09) 2426.12 (19.26) 

     
TA     

Influent 2605.29 (6.28) 2608.88 (3.37) 2618.54 (3.71) 2600.57 (6.74) 
Effluent:     

SC1 2586.88 (6.73) 2607.37 (7.23) 2609.74 (15.61) 2623.65 (22.18) 
SC2 2579.87 (6.22) 2602.21 (20.68) 2624.26 (8.44) 2601.18 (1.93) 
SC3 2587.05 (5.29) 2610.76 (26.68) 2625.36 (16.89) 2602.48 (1.04) 
MC4 2537.71 (14.69) 2596.64 (15.20) 2611.72 (11.33) 2576.81 (13.52) 
MC5 2573.54 (10.85) 2592.90 (19.73) 2624.52 (12.12) 2584.84 (10.37) 
MC6 2555.51 (5.66) 2611.00 (27.66) 2605.62 (11.88) 2587.58 (13.33) 
LC7 2614.32 (10.91) 2669.40 (7.97) 2573.81 (21.38) 2571.25 (6.95) 
LC8 2608.39 (28.56) 2660.38 (11.34) 2589.73 (0.25) 2580.31 (13.61) 
LC9 2593.11 (12.75) 2658.72 (12.98) 2585.49 (15.53) 2577.47 (2.98) 
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Table D.3 (Continued). 
 

ID U A1 A2 A3 
pH     

Influent 8.14 (0.01) 8.18 (0.04) 8.12 (0.02) 8.16 (0.02) 

Effluent:     
SC1 8.03 (0.04) 8.02 (0) 7.95 (0.01) 7.93 (0.01) 
SC2 8.02 (0.04) 8.01(0) 7.94 (0.02) 7.95 (0.01) 
SC3 8.01 (0.01) 8.00 (0.01) 7.92 (0.04) 7.95 (0.02) 
MC4 7.84 (0.04) 7.90 (0) 7.83 (0.06) 7.87 (0.02) 
MC5 7.91 (0.01) 7.91 (0.01) 7.83 (0.04) 7.87 (0.00) 
MC6 7.84 (0.05) 7.87 (0.01) 7.83 (0.05) 7.81 (0.03) 
LC7 7.67 (0.05) 7.75 (0.02) 7.70 (0.03) 7.74 (0.01) 
LC8 7.66 (0.04) 7.75 (0.01) 7.69 (0.04) 7.71 (0.06) 
LC9 7.40 (0.05) 7.62 (0.03) 7.67 (0.07) 7.73 (0.04) 

     
NO3

-     
Influent -0.08 (0.00) 17.15 (0.00) 17.70 (0.97) 17.60 (0.56) 
Effluent:     

SC1 0.12 (0.00) 14.49 (0.58) 15.49 (1.18) 15.31 (0.14) 
SC2 1.19 (0.36) 13.36 (0.72) 15.24 (0.96) 15.70 (0.14) 
SC3 0.16 (0.06) 12.75 (0.43) 15.19 (0.75) 17.02 (0.14) 
MC4 0.09 (0.16) 13.77 (0.73) 17.10 (0.95) 19.23 (0.48) 
MC5 0.54 (0.18) 14.62 (0.58) 16.85 (1.01) 19.52 (0.07) 
MC6 2.24 (0.26) 13.66 (0.58) 17.95 (0.90) 19.62 (0.21) 
LC7 -0.01 (0.12) -0.27 (0.00) -0.20 (0.27) 7.73 (0.00) 
LC8 -0.01 (0.12) -0.27 (0.00) 0.38 (0.26) 6.76 (0.04) 
LC9 -0.08 (0.00) -0.27 (0.00) 0.21 (0.09) 7.06 (0.33) 

     
NO2

-     
Influent -0.21 (0.00) -0.13 (0.12) -0.04 (0.00)  
Effluent:    

SC1 -0.21 (0.00) -0.13 (0.12) 0.23 (0.00) 
SC2 -0.21 (0.00) -0.06 (0.22) 0.23 (0.00) 
SC3 -0.21 (0.00) -0.13 (0.12) 0.10 (0.00) 
MC4 0.07 (0.20) -0.13 (0.12) 0.03 (0.10) 
MC5 0.07 (0.00) 0.01 (0.12) 0.03 (0.10) 
MC6 0.21 (0.00) 0.01 (0.12) 0.03 (0.10) 
LC7 -0.21 (0.00) 0.43 (0.11) 3.39 (0.00) 
LC8 -0.21 (0.00) 1.76 (0.18) 3.87 (0.10) 
LC9 

BD 

-0.21 (0.00) 0.08 (0.22) 2.98 (0.19) 
     

NH4
+     

Influent -0.02 (0.05) 0.00 (0.08) 0.29 (0.41) 0.09 (0.04) 

Effluent:     
SC1 0.09 (0.19) -0.06 (0.08) 0.15 (0.37) 0.17 (0.00) 
SC2 0.16 (0.03) 0.09 (0.04) 0.23 (0.24) 0.15 (0.04) 
SC3 0.38 (0.46) 0.06 (0.08) 0.09 (0.04) 0.12 (0.00) 
MC4 0.14 (0.16) 0.23 (0.41) 0.06 (0.08) 0.00 (0.08) 
MC5 0.22 (0.22) 0.06 (0.00) 0.00 (0.08) 0.20 (0.04) 
MC6 0.13 (0.20) -0.06 (0.08) 0.17 (0.00) 0.12 (0.08) 
LC7 0.02 (0.03) 0.03 (0.04) 1.07 (0.37) 0.58 (0.16) 
LC8 0.02 (0.03) -0.03 (0.04) 1.24 (0.12) 1.18 (0.04) 
LC9 0.06 (0.03) -0.06 (0.00) 1.42 (0.45) 4.50 (0.57) 
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Table D.3 (Continued). 
 

ID U A1 A2 A3 
N2O     

Influent 0.04b 0.03 (0.01)a 0.04 (0.01)a 0.05 (0.00)a 
Effluent:     

SC1 0.06 (0.01)a 0.11b 0.02 (0.01)a 0.04b 
SC2 0.05b 0.03b 0.04b 0.03 (0.04)a 
SC3 0.06b 0.09b 0.03b 0.03b 
MC4 0.10b 0.04b 0.03b 0.04 (0.01)a 
MC5 0.05b 0.04 (0.04)a 0.04b 0.04b 
MC6 0.05 (0.02)a 0.05b 0.04b 0.09b 
LC7 0.06 (0.01)a 0.08b 0.05 (0.01)a 0.05b 
LC8 0.05b 0.04 (0.00)a 0.07b 0.06b 
LC9 0.04b 0.12b 0.04b 0.05b 

     
DON     

Influent 12.73 (0.33) 8.50 (0.07) 6.21 (1.82) 9.11 (1.08) 
Effluent:     

SC1 12.31 (0.63) 8.25 (0.13) 8.50 (1.03) 11.09 (1.43) 
SC2 12.18 (0.74) 9.71 (0.79) 8.36 (1.52) 10.12 (0.61) 
SC3 12.01 (1.11) 12.11 (2.76) 8.61 (0.10) 9.88 (0.72) 
MC4 12.48 (1.73) 11.53 (2.35) 7.04 (0.59) 7.81 (0.38) 
MC5 12.68 (0.91) 6.71 (0.16) 8.85 (1.68) 8.08 (1.19) 
MC6 14.38 (3.16) 7.29 (0.27) 6.99 (0.89) 8.07 (0.19) 
LC7 12.26 (0.88) 11.23 (0.47) 12.00 (1.09) 9.49 (0.16) 
LC8 13.00 (1.36) 11.56 (0.00) 10.83 (1.06) 10.82 (0.23) 
LC9 13.01 (0.31) 12.16 (0.00) 10.34 (1.14) 10.41 (0.30) 

     
Mn2+     

Influent 0.13 (0.19) -0.11 (0.00) -0.05 (0.09) -0.05 (0.09) 

Effluent:     
SC1 0.30 (0.48) 0.02 (0.00) -0.05 (0.09) -0.05 (0.09) 
SC2 -0.04 (0.00)a -0.05 (0.09) -0.05 (0.09) -0.05 (0.09) 
SC3 0.00 (0.07) 0.02 (0.00) -0.05 (0.09) -0.05 (0.09) 
MC4 0.09 (0.00) 0.08 (0.09) 0.01 (0.00) 0.01 (0.00) 
MC5 0.00 (0.07) 0.02 (0.00) 0.08 (0.09) 0.01 (0.00) 
MC6 0.00 (0.07) -0.05 (0.09) 0.01 (0.00) 0.01 (0.00) 
LC7 1.01 (0.07) 0.77 (0.18) 0.14 (0.00) 0.01 (0.00) 
LC8 0.97 (0.00) 0.52 (0.00) 0.20 (0.09) 0.14 (0.00) 
LC9 1.01 (0.07) 0.40 (0.00) 0.14 (0.00) 0.08 (0.09) 

     
Fe2+     

Influent -0.14 (0.24) 0.03 (0.00) 0.03 (0.00) -0.02 (0.00) 

Effluent:     
SC1 -0.09 (0.19) 0.03 (0.00) 0.03 (0.00) 0.00 (0.03) 
SC2 -0.10 (0.28) 0.05 (0.03) 0.03 (0.00) -0.02 (0.00) 
SC3 -0.13 (0.25) 0.03 (0.00) 0.05 (0.03) 0.00 (0.03) 
MC4 -0.03 (0.20) 0.09 (0.09) 0.03 (0.00) 0.00 (0.03) 
MC5 -0.14 (0.24) 0.07 (0.06) 0.03 (0.00) 0.00 (0.03) 
MC6 -0.09 (0.26) 0.05 (0.03) 0.03 (0.00) -0.02 (0.00) 
LC7 7.05 (0.40) 5.35 (0.03) 1.40 (0.12) 0.31 (0.00) 
LC8 6.68 (0.36) 4.59 (0.12) 1.09 (0.03) 0.62 (0.03) 
LC9 6.62 (0.41) 4.05 (0.18) 0.67 (0.09) 0.10 (0.00) 
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Table D.3 (Continued). 
 

ID U A1 A2 A3 
S2-     

Influent 0.09b 0.05 (0.06) 0.17 (0.00) 0.09 (0.00) 

Effluent:     
SC1 0.17b 0.01 (0.00) 0.05 (0.06) 0.01 (0.00) 
SC2 0.09b 0.01 (0.00) 0.05 (0.06) 0.01 (0.00) 
SC3 0.17b 0.01 (0.00) 0.05 (0.06) 0.01 (0.00) 
MC4 0.26b 0.05 (0.06) 0.01 (0.00) 0.05 (0.06) 
MC5 0.01b 0.01 (0.00) 0.13 (0.06) 0.05 (0.06) 
MC6 0.17b 0.01 (0.00) 0.01 (0.00) 0.01 (0.00) 
LC7 34.26b 33.64 (5.53) 5.69 (0.12) 0.34 (0.12) 
LC8 36.32b 27.30 (5.53) 3.67 (0.17) 1.28 (0.17) 
LC9 40.52b 65.88 (3.38) 4.70 (0.35) 0.09 (0.00) 

     
28N2     

Influent 402.05 (0.22)a 401.69 (0.26) 401.69 (0.26) 401.69 (0.26) 

Effluent:     
SC1 407.73 (0.08)a 407.81 (0.02) 407.33 (0.09) 405.51 (0.33) 
SC2 417.40 (0.94)a 414.21 (0.04) 408.97 (0.17) 406.75 (0.31) 
SC3 407.85 (0.18)a 407.45 (0.31) 407.37 (0.11) 405.51 (0.27) 
MC4 409.68 (0.50)a 410.41 (0.48) 409.09 (0.11) 407.70 (0.50) 
MC5 409.61 (0.57)a 409.95 (0.26) 408.04 (0.02) 407.05 (0.38) 
MC6 409.67 (0.12)a 410.73 (0.01) 409.35 (0.62) 408.57 (0.12) 
LC7 408.94 (0.28)a 410.88 (0.17) 410.30 (0.22) 408.82 (0.41) 
LC8 410.32 (0.17)a 410.68 (0.23) 410.04 (0.20) 408.64 (0.15) 
LC9 408.76 (0.24)a 410.95 (0.45) 411.78 (0.09) 408.90 (0.11) 

     
29N2     

Influent 0.00 (0.00)a 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

Effluent:     
SC1 0.00 (0.00)a 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
SC2 0.00 (0.00)a 0.00 (0.00) 0.00 (0.00) 0.06 (0.02) 
SC3 0.00 (0.00)a 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
MC4 0.00 (0.00)a 0.06 (0.01) 0.18 (0.00) 0.05 (0.00) 
MC5 0.00 (0.00)a 0.02 (0.00) 0.00 (0.00) 0.00 (0.00) 
MC6 0.00 (0.00)a 0.34 (0.03) 0.25 (0.01) 0.10 (0.00) 
LC7 0.00 (0.00)a 2.82 (0.00) 2.94 (0.03) 1.97 (0.03) 
LC8 0.00 (0.00)a 3.13 (0.01) 2.86 (0.05) 2.04 (0.02) 
LC9 0.00 (0.00)a 2.93 (0.02) 2.74 (0.04) 1.36 (0.00) 

     
30N2     

Influent 0.00 (0.00)a 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

Effluent:     
SC1 0.00 (0.00)a 0.01 (0.00) 0.01 (0.00) 0.02 (0.00) 
SC2 0.00 (0.00)a 0.00 (0.00) 0.02 (0.01) 0.16 (0.03) 
SC3 0.00 (0.00)a 0.01 (0.00) 0.00 (0.00) 0.00 (0.00) 
MC4 0.00 (0.00)a 0.09 (0.01) 0.21 (0.00) 0.07 (0.00) 
MC5 0.00 (0.00)a 0.03 (0.00) 0.01 (0.00) 0.02 (0.00) 
MC6 0.00 (0.00)a 0.26 (0.02) 0.23 (0.00) 0.12 (0.00) 
LC7 0.01 (0.00)a 2.47 (0.08) 2.79 (0.04) 1.82 (0.03) 
LC8 0.01 (0.00)a 2.57 (0.06) 2.54 (0.05 1.77 (0.03) 
LC9 0.00 (0.00)a 2.72 (0.05) 2.52 (0.07) 1.19 (0.01) 

 

a n=2. 
b n=1. 



 193 

 Table D.4 Average (± 1 s.d.) measured concentrations (µmol L-1) of dissolved 
constituents in column influent and effluent samples in March 2005. Samples were 
collected on four occasions after 6 days of equilibration. A continuous spike of Na15NO3 
was added to the influent solution after day 6 and removed after day 19. Sampling days 6, 
9, 14, 19, and 22 were labeled U1, A1, A2, A3, and U2, respectively. Unless otherwise 
stated, triplicate samples were collected on days U1 and U2 (n=3), while duplicate 
samples were collected on days A1-A3 (n=2). NO2

-, Mn2+, and Fe2+ concentrations were 
below detection, while S2- concentrations were not measured. 
 

ID U A1 A2 A3 U2 
O2      
Influent 218.04 (1.51)a 213.58 (0.05) 215.43 (0.70) 216.74 (0.06) 218.54 (0.55) 
Effluent:      

SC1 189.31 (2.34) 181.64 (0.44) 169.55 (2.22) 148.60 (3.43) 169.43 (1.68) 
SC2 185.45 (1.41) 178.58 (0.20) 172.53 (3.04) 152.31 (2.29) 170.76 (1.43) 
SC3 183.34 (1.41) 172.07 (0.40) 159.46 (5.91) 139.32 (1.35) 157.65 (0.97) 
MC4 156.46 (1.09) 145.55 (2.98) 147.64 (1.69) 135.02 (1.98) 148.14 (0.68) 
MC5 158.84 (1.98) 147.94 (3.74) 142.52 (2.75) 126.46 (1.23) 136.46 (1.66) 
MC6 161.15 (1.92) 152.38 (4.11) 149.67 (2.15) 139.59 (1.46) 148.16 (0.95) 
LC7 122.56 (2.41) 120.27 (2.44) 115.91 (1.77) 95.34 (2.35) 111.17 (0.86) 
LC8 137.26 (0.15) 133.43 (0.43) 131.90 (1.21) 120.90 (4.10) 129.27 (2.76) 
LC9 133.40 (0.76) 131.72 (3.05) 126.72 (2.73) 107.09 (2.08) 122.36 (0.89) 

      
∑CO2      
Influent 2189.40 (10.15) 2177.06 (13.80) 2157.91 (1.73) 2194.35 (37.43) 2181.63 (15.19) 
Effluent:      

SC1 2207.35 (10.07) 2205.79 (2.99) 2209.53 (3.40) 2264.09 (31.35) 2246.82 (10.16) 
SC2 2206.47 (7.17) 2213.45 (4.80) 2202.97 (3.64) 2292.46 (26.45) 2245.15 (17.68) 
SC3 2213.37 (2.92) 2247.68 (29.50) 2227.72 (18.40) 2289.62 (11.59) 2261.75 (14.78) 
MC4 2238.94 (1.70) 2259.49 (5.76) 2226.59 (1.14) 2303.79 (7.60) 2273.34 (32.22) 
MC5 2248.42 (10.06) 2244.65 (1.29) 2234.22 (17.37) 2337.33 (16.90) 2315.37 (69.85) 
MC6 2245.11 (6.71) 2240.18 (14.43) 2227.62 (14.77) 2271.77 (57.40) 2276.05 (20.35) 
LC7 2266.65 (3.15) 2247.84 (13.30) 2260.08 (0.42) 2342.25 (13.83) 2288.84 (31.65) 
LC8 2249.05 (11.00) 2273.06 (23.20) 2238.27 (2.78) 2413.58 (181.02) 2284.14 (8.96) 
LC9 2246.02 (3.40) 2228.20 (0.39) 2237.56 (0.04) 2320.26 (17.46) 2286.82 (27.41) 

      
TA      
Influent 2527.75 (1.46) 2516.83 (0.41) 2526.68 (8.13) 2514.90 (7.76) 2528.42 (12.03) 
Effluent:      

SC1 2515.12 (4.78) 2522.27 (6.16) 2535.52 (13.60) 2534.33 (18.44) 2528.36 (11.73) 
SC2 2515.72 (4.97) 2523.58 (5.69) 2535.05 (11.37) 2534.15 (16.26) 2530.75 (19.43) 
SC3 2515.10 (3.11) 2525.16 (8.72) 2533.19 (17.07) 2538.13 (7.11) 2534.51 (17.29) 
MC4 2503.73 (14.90) 2515.95 (12.36) 2503.43 (2.93) 2522.87 (25.27) 2510.40 (21.47) 
MC5 2511.36 (13.40) 2516.80 (9.87) 2509.64 (3.19) 2528.66 (38.15) 2515.41 (16.01) 
MC6 2502.89 (8.74) 2514.09 (16.46) 2506.79 (8.10) 2522.71 (33.88) 2521.82 (27.62) 
LC7 2466.74 (6.84) 2482.87 (12.30) 2493.59 (12.17) 2506.99 (9.03) 2501.09 (2.35) 
LC8 2471.60 (4.25) 2486.56 (0.62) 2485.28 (14.55) 2501.82 (9.06) 2506.14 (4.65) 
LC9 2473.14 (0.97) 2478.38 (5.46) 2477.87 (9.18) 2499.02 (7.24) 2502.85 (6.14) 
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Table D.4 (Continued). 
 

ID U A1 A2 A3 U2 
pH      
Influent 8.10 (0.01) 8.10 (0.02) 8.14 (0.01) 8.07 (0.07) 8.11 (0.03) 
Effluent:      

SC1 8.05 (0.01) 8.06 (0.01) 8.08 (0.01) 7.99 (0.03) 8.01 (0.03) 
SC2 8.05 (0.01) 8.05 (0.02) 8.09 (0.01) 7.93 (0.08) 8.01 (0.03) 
SC3 8.04 (0.01) 8.00 (0.04) 8.05 (0.00) 7.95 (0.01) 7.99 (0.00) 
MC4 7.98 (0.02) 7.96 (0.03) 8.00 (0.00) 7.89 (0.06) 7.93 (0.08) 
MC5 7.98 (0.01) 7.99 (0.01) 8.00 (0.03) 7.83 (0.11) 7.84 (0.18) 
MC6 7.97 (0.02) 8.00 (0.00) 8.01 (0.01) 7.95 (0.05) 7.94 (0.03) 
LC7 7.86 (0.01) 7.93 (0.00) 7.92 (0.02) 7.78 (0.05) 7.88 (0.06) 
LC8 7.91 (0.02) 7.89 (0.05) 7.95 (0.02) 7.56 (0.48) 7.90 (0.02) 
LC9 7.91 (0.00) 7.96 (0.01) 7.94 (0.02) 7.81 (0.05) 7.89 (0.05) 

      
NO3

-      
Influent -0.15 (0.00) 16.73 (0.70) 16.53 (0.98) 18.87 (0.15) -0.10 (0.00) 
Effluent:      

SC1 -0.15 (0.00) 16.23 (0.00) 12.58 (2.37) 13.89 (0.30) -0.10 (0.00) 
SC2 -0.15 (0.00) 16.53 (0.14) 14.46 (1.39) 13.89 (0.00) -0.10 (0.00) 
SC3 -0.15 (0.00) 15.05 (0.28) 13.18 (2.09) 13.46 (0.30) -0.10 (0.00) 
MC4 -0.15 (0.00) 15.84 (0.28) 16.04 (0.28) 15.16 (0.30) -0.10 (0.00) 
MC5 0.27 (0.00) 16.82 (0.28) 16.13 (0.14) 15.16 (0.30) -0.10 (0.00) 
MC6 0.55 (0.06) 16.82 (0.28) 16.33 (0.14) 15.80 (0.30) 0.17 (0.12) 
LC7 0.38 (0.10) 17.32 (0.14) 17.91 (0.14) 16.96 (0.15) 1.82 (0.31) 
LC8 2.02 (0.12) 18.30 (0.14) 18.60 (0.28) 18.98 (0.60) 1.48 (0.12) 
LC9 1.88 (0.12) 18.70 (0.14) 18.90 (0.14) 18.13 (0.30) 1.68 (0.12) 

      
NH4

+      
Influent -0.11 (0.00) -0.11 (0.00) -0.02 (0.12) 0.08 (0.11) -0.01 (0.03) 
Effluent:      

SC1 -0.11 (0.00) -0.08 (0.04) -0.11 (0.00) -0.02 (0.04) 0.00 (0.00) 
SC2 0.15 (0.34) -0.08 (0.04) 0.04 (0.12) 0.62 (0.88) 0.08 (0.12) 
SC3 -0.01 (0.17) -0.08 (0.04) -0.08 (0.04) 0.08 (0.04) 0.02 (0.03) 
MC4 -0.11 (0.06) -0.02 (0.04) -0.02 (0.04) 0.08 (0.19) -0.05 (0.09) 
MC5 -0.11 (0.00) 0.01 (0.08) -0.05 (0.08) -0.02 (0.04) -0.12 (0.03) 
MC6 -0.01 (0.07) 0.16 (0.29) -0.05 (0.00) 0.03 (0.04) 0.04 (0.06) 
LC7 -0.05 (0.06) 0.01 (0.00) -0.08 (0.04) 0.03 (0.19) 0.13 (0.06) 
LC8 -0.01 (0.12) 0.01 (0.08) -0.08 (0.04) 0.03 (0.04) -0.01 (0.08) 
LC9 0.01 (0.06) -0.02 (0.04) -0.08 (0.04) -0.05 (0.08) -0.12 (0.06) 

      
N2O      
Influent 0.03 (0.02) 0.01 (0.00) 0.00 (0.00) 0.01 (0.01) 0.01 (0.01)c 

Effluent:      

SC1 0.05b 0.01b 0.07b -0.01b 0.01 (0.01)c 
SC2 0.05b 0.01b 0.00b 0.02b 0.01 (0.00) 
SC3 0.04b 0.01 (0.00) 0.00 (0.00) 0.01 (0.02) 0.02b 

MC4 0.05b 0.02b 0.02b 0.02b 0.03b 
MC5 0.03b 0.01b 0.00b 0.02b 0.02b 
MC6 0.04b 0.01b 0.01b 0.01b 0.01 (0.01) 
LC7 0.03 (0.02) 0.00b 0.00 (0.00) 0.01 (0.02) 0.01b 
LC8 0.04b 0.01 (0.01) 0.04b -0.01b 0.02b 
LC9 0.06 (0.05) 0.00b 0.02b -0.01b 0.05b 
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Table D.4 (Continued) 
 

ID U A1 A2 A3 U2 
DON      
Influent 10.96 (1.11) 10.35 (0.29) 9.22 (1.38) 6.98 (0.36) 10.86 (0) 
Effluent:      

SC1 10.96 (1.11) 9.13 (0.40) 9.14 (1.29) 10.94 (0.09) 11.21 (0.30) 
SC2 11.49 (0.81) 8.55 (0.14) 9.49 (0.77) 10.60 (0.09) 11.84 (0.64) 
SC3 11.07 (1.01) 9.75 (0.12) 9.57 (0.42) 10.73 (0.05) 11.54 (0.81) 
MC4 11.85 (1.07) 8.67 (0.27) 7.21 (0.07) 8.73 (1.72) 11.02 (0.32) 
MC5 12.10 (1.01) 8.51 (0.98) 7.87 (0.13) 8.11 (1.05) 10.34 (1.05) 
MC6 11.63 (0.52) 8.07 (0.78) 7.68 (0.58) 7.98 (1.09) 12.23 (0.90) 
LC7 11.48 (0.40) 8.61 (0.26) 7.12 (0.58) 10.48 (0.27) 12.59 (2.11) 
LC8 11.32 (0.20) 7.88 (1.00) 7.44 (0.44) 10.11 (1.31) 11.12 (0.93) 
LC9 11.65 (0.43) 8.66 (0.68) 7.40 (0.22) 7.27 (0.45) 11.98 (1.23) 

      
28N2      
Influent 402.51 (1.36)d 408.10 (2.03) 398.23 (0.02) 395.72 (0.72) 393.71 (0.60) 
Effluent:      

SC1 405.68 (6.01) 413.39 (3.32) 401.22 (0.12) 409.39 (0.05) 397.58 (2.44) 
SC2 404.90 (1.90) 427.80 (1.93) 417.87 (0.14) 408.59 (0.35) 392.24 (0.96) 
SC3 414.19 (2.24)  425.15 (6.59) 408.63 (0.18) 393.17 (1.18) 
MC4 403.26 (1.19) 411.67 (1.20)  408.76 (0.11) 394.99 (0.12) 
MC5 403.86 (1.95) 415.30 (5.38) 411.56 (2.16) 411.11 (3.18) 396.37 (0.51) 
MC6  428.32 (2.76) 411.74 (2.33) 408.20 (0.01) 395.95 (0.34) 
LC7 406.89 (4.17) 409.98 (0.69) 409.86 (0.47) 408.03 (0.18) 396.26 (1.57) 
LC8   417.50 (1.60) 407.85 (0.13) 402.16 (2.59) 
LC9 412.46 (5.09) 414.38 (0.02) 413.46 (0.55) 407.99 (0.38) 405.97 (0.85) 

      
29N2      
Influent 0.18 (0.01)a -0.01 (0.00) -0.01 (0.00) 0.00 (0.00) -0.01 (0.00) 
Effluent:      

SC1 0.22 (0.03) -0.01 (0.00) 0.00 (0.00) 0.26 (0.00) -0.01 (0.00) 
SC2 0.23 (0.01) -0.01 (0.00) 0.00 (0.00) 0.24 (0.00) -0.01 (0.00) 
SC3 0.29 (0.01) -0.01 (0.00) 0.00 (0.00) 0.24 (0.01) -0.01 (0.00) 
MC4 0.21 (0.01) 0.00 (0.00) 0.00 (0.00) 0.23 (0.00) -0.01 (0.00) 
MC5 0.22 (0.01) 0.00 (0.00) 0.00 (0.00) 0.26 (0.05) 0.00 (0.00) 
MC6 0.35 (0.07) 0.00 (0.00) 0.00 (0.00) 0.20 (0.00) -0.01 (0.00) 
LC7 0.23 (0.02) 0.00 (0.00) 0.01 (0.00) 0.19 (0.01) -0.01 (0.00) 
LC8 0.61 (0.01) -0.01 (0.00) 0.00 (0.00) 0.19 (0.00) 0.00 (0.00) 
LC9 0.27 (0.02) 0.00 (0.00) 0.00 (0.00) 0.19 (0.01) 0.00 (0.00) 

      
30N2      
Influent 0.00 (0.00)a 0.00 (0.00) 0.01 (0.00) 0.00 (0.00) 0.00 (0.00) 

Effluent:      

SC1 -0.01 (0.00) -0.01 (0.00) 0.01 (0.00) 
SC2 -0.01 (0.00) -0.01 (0.00) 0.01 (0.00) 
SC3 0.00 (0.00) 0.01 (0.00) 0.00 (0.00) 
MC4 0.00 (0.00) -0.01 (0.00) 0.00 (0.00) 
MC5 0.09 (0.00) 0.01 (0.00) 0.00 (0.00) 
MC6 0.00 (0.00) -0.01 (0.00) -0.01 (0.00) 
LC7 0.01 (0.00) 0.01 (0.00) 0.01 (0.00) 
LC8 0.00 (0.00) -0.01 (0.00) -0.01 (0.00) 
LC9 

0.00 (0.00) 

0.00 (0.00) -0.01 (0.00) 0.01 (0.00) 

0.00 (0.00) 

 

an=6; bn=1; cn=2; dn=5
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Table D.5 Averages and standard deviations of measured concentrations (µmol L-1) of 
dissolved constituents in column influent and effluent samples in November 2005. 
Samples were collected on three occasions after 5 days of equilibration. Sampling days 5, 
7, and 12 were labeled U1,  U2, and U3, respectively. Unless otherwise stated, triplicate 
samples were collected (n=3). NO2

- concentrations were below detection. 
 

U1 U2 U3 ID 
ave s.d. ave s.d. ave s.d. 

O2       
Influent 223.84a 1.91a 216.96b 1.12b 218.24b 0.78b 
Effluent:       

SF1 74.47 1.69 96.83 1.55   
SF2 53.51 1.35 84.47 1.52   
SF3 30.52 2.91 61.37 1.91   
FF4 142.27 2.19 139.98 0.43 117.03 0.68 
FF5 136.19 1.26 140.20 1.17   
FF6 141.94 1.91 140.67 1.77 119.74 1.05 
MF7 108.37 1.17 116.81 0.89 114.06 1.24 
MF8 104.11 1.38 103.94 1.38 108.71 2.68 
MF9 122.51 0.75 121.45 1.10 123.40 0.78 

       
∑CO2       

Influent FF 1970.31c 12.02c 1979.63c 11.68c 1955.70c 15.55c 
Influent MF, SF 1973.31d  1975.82d  1981.65d  

Effluent:       
SF1 2081.07 5.90 2071.60 9.86   
SF2 2093.52 9.67 2082.57 6.59   
SF3 2125.22 8.06 2102.14 3.20   
FF4 2010.49 37.53 2059.94 13.59 2040.33 5.00 
FF5 2030.36 4.94 2051.20 6.95   
FF6 2025.49 8.17 2045.48 12.50 2034.90 12.53 
MF7 2057.19 7.53 2052.97 15.29 2073.76 3.16 
MF8 2061.88 11.53 2063.74 3.37 2076.37 7.25 
MF9 2044.25 12.16 2054.00 3.35 2057.21 2.07 

       
TA       

Influent FF 2267.42c 6.26c 2271.22c 4.39c 2268.36c 4.87c 
Influent MF, SF 2270.43d  2265.70d  2280.95d  

Effluent:       
SF1 2249.83 4.68 2248.63 11.47   
SF2 2238.18 5.12 2241.89 6.76   
SF3 2250.19 5.07 2257.60 1.44   
FF4 2256.50c 4.45c 2273.56 12.29 2264.08 10.57 
FF5 2263.95 1.27 2273.57 8.56   
FF6 2261.83 5.18 2268.96 12.62 2259.15 7.08 
MF7 2258.78 2.89 2256.24 4.36 2265.34 1.81 
MF8 2261.75 7.21 2257.87 5.38 2264.75 7.30 
MF9 2258.95 9.83 2263.94 6.06 2266.15 4.61 



 197 

Table D.5 (Continued). 
 

U1 U2 U3 ID 
ave s.d. ave s.d. ave s.d. 

pH       
Influent FF 8.07c 0.01c 8.06c 0.01c 8.10c 0.02c 

Influent MF, SF 8.06d  8.05d  8.08d  
Effluent:       

SF1 7.82 0.02 7.84 0.02   
SF2 7.76 0.01 7.80 0.01   
SF3 7.71 0.01 7.78 0.01   
FF4 7.94 0.02 7.91 0.00 7.93 0.02 
FF5 7.95 0.01 7.93 0.00   
FF6 7.96 0.01 7.93 0.01 7.93 0.02 
MF7 7.89 0.02 7.89 0.03 7.87 0.01 
MF8 7.88 0.02 7.87 0.01 7.86 0.01 
MF9 7.92 0.01 7.90 0.00 7.90 0.01 

       
NO3

-       
Influent FF  -0.56c 0.04c  -0.51c 0.06c  -0.41c 0.21c 

Influent MF, SF  -0.59d   0.27d   -0.26d  
Effluent:       

SF1 3.40 0.15 3.96 0.46   
SF2 2.27 0.14 4.95 0.34   
SF3 3.11 0.15 4.15 0.39   
FF4 2.26 0.17 1.43 0.15 1.21 0.10 
FF5 2.26 0.17 1.93 0.20   
FF6 2.74 0.17 1.78 0.27 2.08 0.25 
MF7 4.53 0.16 3.58 0.40 2.60 0.29 
MF8 4.53 0.16 3.45 1.07 2.71 0.14 
MF9 4.62 0.18 3.25 0.33 1.46 0.13 

       
NH4

+       
Influent FF 0.27c 0.11c 0.19c 0.15c 1.85c 0.15c 

Influent MF, SF 0.13d   -0.03d  0.13d  
Effluent:       

SF1 0.26 0.22 0.72 0.19   
SF2 0.26 0.17 0.65 0.38   
SF3 0.49 0.33 0.61 0.16   
FF4 0.35 0.19 0.85 0.22 0.33 0.03 
FF5 0.51 0.14 0.86 0.22   
FF6 0.74 0.26 0.81 0.29 0.60 0.11 
MF7 0.60 0.08 0.92 0.16 0.44 0.08 
MF8 0.67 0.16 1.79 1.53 0.44 0.08 
MF9 0.70 0.16 0.79 0.26 0.42 0.08 
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Table D.5 (Continued). 
 

U1 U2 U3 ID 
ave s.d. ave s.d. ave s.d. 

DON       
Influent FF 13.84c 2.00c 13.08c 1.53c 14.98c 1.02c 

Influent MF, SF 14.21d  10.69d  13.69d  
Effluent:       

SF1 13.69 1.94 11.08 2.00   
SF2 15.28 1.66 10.05 1.01   
SF3 12.33 0.95 12.53 2.79   
FF4 12.59 0.87 10.96c 0.44c 12.00 2.99 
FF5 13.36 3.39 11.68 0.56   
FF6 11.43 1.05 11.62 2.19 14.25 1.85 
MF7 10.96 1.31 13.74 3.73 12.60 1.76 
MF8 11.16 1.58 11.92 1.88 12.74 2.26 
MF9 11.49 0.63 12.70 0.61 12.94 1.60 

       
28N2       

Influent 397.48e 1.3e 401.99b 1.70b 402.36b 1.01b 
Effluent:       

SF1 410.88 3.36 406.68 0.45   
SF2 408.27 2.47 406.39 0.19   
SF3 410.10 2.86 406.70 0.57   
FF4 410.60 2.67 406.78 0.86 404.05 0.75 
FF5 409.61 7.23 406.34 1.49   
FF6 413.31c 2.25c   405.61 1.70 
MF7 410.38 0.50 405.73 0.65 404.75 0.14 
MF8 409.97 0.42 405.33 0.15 405.60 0.18 
MF9 409.59 0.50 405.81 0.17 406.60 0.10 

 
an=4 
bn=6 
cn=2 
dn=1 
en=5 
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Table D.6 Replicate measurements of porosity. 
 

sample Jul 2004 Oct 2004 Mar 2005 Nov 2005 
1 0.36 0.36 0.39 0.39 
2 0.37 0.36 0.38 0.41 
3 0.37 0.36 0.38 0.41 
4    0.40 
5    0.42 
6    0.39 
     
     
     

average 0.37 0.36 0.38 0.40 
s.d. 0.00 0.00 0.01 0.01 

 
 
 
Table D.7 Rhodamine tracer breakthrough measurements for SCs in March 2005. The 
time elapsed since initial tracer injection is represented by dT. A represents effluent 
rhodamine absorbance in each sample, corrected for sample dilution (n = 1). Influent 
rhodamine absorbance, corrected for dilution, is 378 (n = 10). 
 

dT (min) SC1 A SC2 A SC3 A 
-3 0.167 0.178 0.184 
17 0.174 0.177 0.175 
28 0.163 0.172 0.184 
42 0.172 0.212 0.188 
57 0.166 0.429 0.19 
72 0.174 0.99 1.26 
90 0.72 2.69 35 

102 2.62 6.8 79.9 
117 18.4 12.9 145 
132 76 38.9 181 
147 162 85 200 
162 222 140 228 
177 280 226 263 
192 326 313 289 
207 335 349 302 
222 363 350 321 
237 375 363 326 
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Table D.8 Rhodamine tracer breakthrough measurements for MCs in March 2005. The 
time elapsed since initial tracer injection is represented by dT. A represents effluent 
rhodamine absorbance in each sample, corrected for sample dilution (n = 1). Influent 
rhodamine absorbance, corrected for dilution, is 387 (n = 3). 
 

dT (min) MC4 A MC5 A MC6 A 
40 0.001 0 0.001 
75 0.019 0.001 0.001 

120 0.326 0 0.001 
136 0.79   
145 1.38   
155 2.79  0.002 
165 4.02 0.02 0.001 
180 6.98 0.02  
195 9.91 1.41 0.007 
205 13.2 5.1 0.01 
215 15.3 14.4 0.055 
225 21.5 30.1 0.366 
242 30 64.7 3.85 
255 43.3 96 17.1 
265 61.9 123 42.3 
280 97 148 80 
295 139 184 134 
310 221 216 189 
325 235 247 245 
340 255 271 290 
355 303 277 323 
370 330 302 349 
385 353 311 358 
400 358 330 376 
415 370 344 377 
430 369 351 372 
445 396 362 379 
460 380 350 374 
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Table D.9 Rhodamine tracer breakthrough measurements for LCs in March 2005. The 
time elapsed since initial tracer injection is represented by dT. A represents effluent 
rhodamine absorbance in each sample, corrected for sample dilution (n = 1). Influent 
rhodamine absorbance, corrected for dilution, is 378 (n = 10). 
 

dT (min) LC7 A LC8 A LC9 A 
-12 0.24 0.254 0.275 
48 0.238 0.247 0.272 

108 0.231 0.244 0.259 
170 0.214 0.226 0.245 
220 0.215 0.218 0.242 
283 0.204 0.217 0.223 
350 0.195 0.203 0.217 
405 0.822 0.192 0.206 
420 1.77   
435 3.75   
450 7.48   
465 16.2 1.55 1.17 
480 26.2 3.54 3.77 
495 41.9 7.39 11.4 
510 51 12.6 17.4 
525 90 23.7 43.2 
540 110 42 52 
555 140 69 72 
570 160 112 90 
585 200 170 106 
600 257 235 134 
620 296 297 163 
640 334 334 274 
660 345 367 316 
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Table D.10 Rhodamine tracer breakthrough measurements for SCs in October 2004. The 
time elapsed since initial tracer injection is represented by dT. A represents effluent 
rhodamine absorbance in each sample, corrected for sample dilution (n = 1). Influent 
rhodamine absorbance, corrected for dilution, is 36 (n = 6). 
 
 
 

dT (min) SC2 A dT (min) SC3 A 
1 0 0 0.056 

11 0 22 0.363 
21 0.001 32 0.692 
31 0.001 42 0.848 
41 0.001 52 1.056 
51 0 62 1.18 
61 0 72 1.442 
71 0 82 2.02 
81 0 92 2.55 
91 0 102 3.12 

101 0.02 112 4.26 
111 0.432 122 5.64 
121 1.642 132 7.27 
131 4.5 142 9.6 
141 8.35 152 12.3 
151 13.15 162 16.85 
161 17.25 172 20.2 
171 22.4 182 23.3 
181 25.1 192 25.55 
191 27.8 202 28.85 
201 28.9 212 30.6 
211 31 222 32.45 
221 31.5 232 33.7 
231 32.75 242 34.1 
241 33.15 252 34.55 
251 33.35 262 35 
261 34.2 272 35.55 
271 34.35 282 35.35 
281 34.4 292 35.4 
291 34.85 302 36 
301 35.55 312 35.5 
311 35.7   
321 35.5   
331 35.4   
341 35.7   
351 35.95   
361 36.3   
371 36.1   
381 36.4   
391 36.3   
401 36.15   



 203 

Table D.11 Rhodamine tracer breakthrough measurements for MCs and LCs in October 
2004. The time elapsed since initial tracer injection is represented by dT. A represents 
effluent rhodamine absorbance in each sample, corrected for sample dilution (n = 1). 
Influent rhodamine absorbance, corrected for dilution, is 334 (n = 4) and 349 (n = 5) for 
LCs and MCs. 
 

dT (min) MC4 A dT (min) LC7 A LC9 A 
4 0.002 310 0.01 0.001 

24 0.002 330 0.012 0.004 
44 0.003 350 0.013 0.024 
64 0.003 370 0.013 0.141 
84 0.003 390 0.013 0.446 
104 0.003 410 0.013 1.34 
124 0.003 430 0.016 2.91 
149 0.003 450 0.115 5.85 
169 0.003 470 1.98 11.8 
189 0.04 490 7.11 21.1 
199 0.282 510 22.3 49.8 
209 2.37 530 64.4 76.6 
219 6.58 550 137.6 117.8 
229 19.8 570 177.6 210.9 
239 34.6 590 226 252 
249 60.6 610 263 292 
259 93 630 291 300 
269 126 650 321 330 
279 156 670 321 345 
289 185    
299 215    
314 237    
324 264    
334 269    
344 284    
354 280    
364 313    
374 316    
384 307    
394 322    
404 335    
414 327    
424 320    
434 324    
444 326    
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Table D.12 NaBr tracer breakthrough measurements for SCs in July 2004. The time 
elapsed since initial tracer injection is represented by dT. Excess Br-  (n = 1) represents 
the difference between sample Br- and the seawater background concentrations. Influent 
excess Br- is 2.90E-03 (n = 1). 
 
 

 

dT (min) SC1                      
Excess Br (mol L-1) 

SC2                     
Excess Br (mol L-1) 

SC3                     
Excess Br (mol L-1) 

92.5 1.90E-05 -3.42E-05 -1.10E-04 
102.5 6.45E-05 -1.90E-05 -1.02E-04 
112.5 7.60E-05 -1.90E-05 -1.35E-04 
122.5 1.50E-04 5.69E-05 -8.90E-05 
132.5 2.81E-04 2.09E-04 -2.66E-05 
142.5 3.89E-04 4.90E-04 2.40E-04 
152.5 6.49E-04 9.07E-04 5.65E-04 
162.5 9.79E-04 1.32E-03 1.04E-03 
172.5 1.35E-03 1.76E-03 1.56E-03 
182.5 1.68E-03 2.12E-03 1.99E-03 
192.5 1.97E-03 2.36E-03 2.30E-03 
202.5 2.24E-03 2.52E-03 2.48E-03 
212.5 2.37E-03 2.64E-03 2.60E-03 
222.5 2.46E-03 2.71E-03 2.65E-03 
232.5 2.60E-03 2.65E-03 2.71E-03 
242.5 2.69E-03 2.68E-03 2.76E-03 
252.5 2.73E-03 2.79E-03 2.81E-03 
262.5 2.67E-03 2.90E-03 2.83E-03 
272.5 2.66E-03 2.90E-03 2.84E-03 
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Table D.13 NaBr tracer breakthrough measurements for MCs in July 2004. The time 
elapsed since initial tracer injection is represented by dT. Excess Br-  (n = 1) represents 
the difference between sample Br- and the seawater background concentrations. Influent 
excess Br- is 2.83E-03 (n = 3). 
 

dT (min) MC4                      
Excess Br (mol L-1) 

MC5  
Excess Br (mol L-1) 

MC6  
Excess Br (mol L-1) 

272.5 2.33E-04 1.03E-03 5.48E-04 
282.5 4.35E-04 1.26E-03 7.64E-04 
292.5 6.44E-04 1.49E-03 1.08E-03 
302.5 8.67E-04 1.76E-03 1.23E-03 
312.5 1.04E-03 1.91E-03 1.44E-03 
322.5 1.34E-03 2.06E-03 1.64E-03 
332.5 1.47E-03 2.18E-03 1.80E-03 
342.5 1.60E-03 2.29E-03 1.94E-03 
352.5 1.90E-03 2.39E-03 2.07E-03 
362.5 1.90E-03 2.49E-03 2.20E-03 
372.5 2.06E-03 2.50E-03 2.31E-03 
382.5 2.29E-03 2.55E-03 2.37E-03 
392.5 2.27E-03 2.60E-03 2.48E-03 
402.5  2.60E-03 2.52E-03 
412.5 2.43E-03 2.90E-03 2.57E-03 
422.5 2.44E-03 2.71E-03 2.60E-03 
432.5 2.46E-03  2.63E-03 
442.5 2.52E-03  3.07E-03 
452.5 2.54E-03  2.69E-03 
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Table D.14 NaBr tracer breakthrough measurements for LCs in July 2004. The time 
elapsed since initial tracer injection is represented by dT. Excess Br-  (n = 1) represents 
the difference between sample Br- and the seawater background concentrations. Influent 
excess Br- is 2.77E-03 (n = 2). 
 

dT (min) LC7  
Excess Br (mol L-1) 

LC8  
Excess Br (mol L-1) 

LC9  
Excess Br (mol L-1) 

632.5 1.85E-03 1.34E-03 2.25E-03 
642.5 1.97E-03 1.52E-03 2.46E-03 
652.5 2.11E-03 1.77E-03 2.46E-03 
662.5 2.27E-03 2.04E-03 2.55E-03 
672.5 2.17E-03 2.20E-03 2.61E-03 
682.5 2.43E-03  2.70E-03 
692.5 2.49E-03 2.49E-03 2.73E-03 
702.5 2.54E-03 2.55E-03 2.70E-03 
712.5 2.60E-03 2.62E-03 2.73E-03 
722.5 2.63E-03 2.69E-03 2.79E-03 
732.5 2.70E-03 2.72E-03 2.76E-03 
742.5 2.69E-03 2.76E-03 2.81E-03 
752.5 2.70E-03 2.73E-03 2.90E-03 
762.5 2.77E-03 2.75E-03  
772.5 2.78E-03 2.76E-03  
782.5 2.80E-03 2.79E-03  
792.5 2.86E-03 2.77E-03  
802.5 2.83E-03 2.82E-03 2.84E-03 
812.5  2.82E-03  
822.5 2.75E-03 2.85E-03  
832.5 2.77E-03 2.90E-03  
842.5 2.75E-03 2.94E-03 2.80E-03 
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Table D.15 NaBr tracer breakthrough measurements for SCs in April 2004. The time 
elapsed since initial tracer injection is represented by dT. Excess Br-  (n = 1) represents 
the difference between sample Br- and the seawater background concentrations. Influent 
excess Br- is 2.71E-03 (n = 1). 
 
 

dT (min) SC1                      
Excess Br (mol L-1) 

SC2                      
Excess  Br (mol L-1) 

67.5 -5.59E-05 -3.35E-05 
97.5 -4.82E-05 2.11E-05 
127.5 1.36E-04 2.89E-05 
152.5 1.49E-03 1.33E-03 
157.5 1.84E-03 1.74E-03 
162.5 2.20E-03 2.10E-03 
167.5 2.31E-03 2.27E-03 
172.5 2.46E-03 2.51E-03 
177.5 2.55E-03 2.58E-03 
182.5 2.56E-03 2.60E-03 
187.5 2.60E-03 2.61E-03 
192.5 2.63E-03 2.69E-03 
197.5 2.64E-03 2.62E-03 
202.5 2.62E-03 2.69E-03 
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Table D.16 Measured flow rates (mL min-1) in sediment columns during unamended, 
amended, and tracer sampling days. 
 

April 2004      
ID U1 U2 A1 A2 tracer 

SC1 1.08 1.07 1.06 0.99 1.03 
SC2 1.02 1.02 1.02 1.03 1.03 

      
July 2004      

ID U A1 A2 A3 tracer 
SC1 0.93 0.92 0.95 0.93 0.93 
SC2 1.00 0.92 0.91 0.89 0.99 
SC3 0.94 0.92 0.83 0.94 0.92 
MC4 0.97 1.00 1.03 0.94 0.96 
MC5 0.95 0.99 1.01 1.02 1.02 
MC6 0.93 0.95 0.97 0.98 0.97 
LC7 0.99 0.99 0.97 0.97 1.01 
LC8 0.97 0.95 0.91 0.92 0.96 
LC9 0.93 0.94 0.93 0.96 1.03 

      
October 2004      

ID U A1 A2 A3 tracer 
SC1 1.00 0.97 0.96 0.98  
SC2 1.00 0.99 0.98 1.00 0.98 
SC3 1.00 1.00 0.99 1.00 1.05 
MC4 1.04 1.01 0.98 1.00 1.00 
MC5 1.00 1.00 0.99 1.00  
MC6 1.01 0.96 0.98 1.00  
LC7 1.00 0.98 0.98 1.00 1.05 
LC8 1.00 1.00 1.00 1.02  
LC9 1.00 1.00 1.00 1.04 1.09 
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Table D.16 (Continued). 
 

March 2005       
ID U1 A1 A2 A3 U2 tracer 

SC1 0.97 1.00 0.99 1.02 0.99 1.00 
SC2 1.03 1.04 1.00 1.00 0.98 0.98 
SC3 0.96 1.01 1.00 1.03 1.00 1.02 
MC4 1.00 0.98 0.99 1.02 1.00 0.99 
MC5 1.01 0.99 1.00 1.00 0.98 0.96 
MC6 0.99 0.99  1.00 1.00 0.99 
LC7 1.02 1.01 1.01 1.03 1.00 1.04 
LC8 0.98 0.96 0.99 1.00 0.98 1.02 
LC9 1.00 1.00 1.00 1.03 1.00 0.99 

       
November 2005       

ID U1 U2 U3 tracer   
SF1 2.53 2.6 2.61 2.56   
SF2 2.42 2.42 2.46 2.39   
SF3 2.55 2.62 2.54 2.54   
FF4 4.58 4.62 4.51 4.55   
FF5 4.84 4.76 4.61 4.69   
FF6 4.51 4.65 4.55 5.00   
MF7 3.03 3.09 3.06 3.09   
MF8 2.99 3.06 2.94 2.99   
MF9 2.99 3.06 2.99 3.06   
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