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ABSTRACT 

 
Polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins/dibenzofurans 

(PCDD/Fs) are pollutants of global concern.  Though their industrial histories differ, they both 

represent large classes of chemicals (209 PCBs and 210 PCDD/Fs) that are known for their 

persistence, bioaccumulative, and toxic (PBT) potentials.  Both classes of pollutants are 

hydrophobic (log Kow > 4.5) and therefore exhibit low water solubility.  As a corollary to their 

strong hydrophobicity, they exhibit high sorptive affinity for biolipids and abiotic organic carbon, 

both critical environmental matrices which affect overall water quality, ecological risk, and human 

health. 

PCBs and PCDD/Fs have been monitored semi-continuously in the Houston Ship Channel 

for the last ten years because of their higher concentrations in many media.  This dissertation 

examines much of the gathered data in this study and prior studies (more for PCBs than 

PCDD/Fs) in water, fish, and bed sediment in great detail both spatially and temporally.  What is 

most specifically in view through the analysis is a richer understanding of the role of sediments, in 

both bed and suspended sediment forms, towards contaminant fate-and-transport and an 

examination of the differing partitioning behavior between PCDD/Fs and PCBs. 

Bed and suspended sediment-mediated PCB contamination is examined according to a 

few major themes--water column suspended to dissolved partitioning, truly dissolved 

concentrations of PCBs in sediment pore  water, contaminant flux of PCBs from a large mass 

repository in the sediment bed, and detailed  and relatively short (1-2 years) fate-and-transport 

modeling using a developed EFDC model of the estuary.  Water column partitioning analysis 

showed that though PCBs and PCDD/Fs have similar hydrophobicities, PCDD/Fs partition 

quantitatively higher to suspended particles than PCBs.  Another significant finding is that PCBs 

in a freely dissolved phase, considered to be more of a bioavailable measure of contaminants, 

can be modeled with reasonable accuracy thus increasing our understanding of environmental 

risk and the ultimate fate of  PCBs currently residing in HSC bed sediment. The developed EFDC 

model, when combined with the characterized partitioning behavior of PCB congeners in the 

estuary and the prediction of freely dissolved concentrations will be a key decision-making tool for 

developing remediation and management strategies.  
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Chapter 1. Introduction and research hypotheses 

The industrial history of the developed world has left a legacy of harmful environmental 

effects that have manifested in a wide range from habitat destruction and alteration, to resource 

mismanagement, to public health dangers, and lastly to the contamination of air, water, soil, 

sediment, and wildlife.  Yet out of all of these concerns, one of the greatest challenges, and likely 

one of the greatest environmental challenges of the 21st century, is that of contaminated aquatic 

sediments.  Our understanding of contaminated sediment has been increased dramatically over 

the last two decades especially with regard to persistent organic pollutants (POPs) such as 

polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated 

dibenzo-p-furans (PCDFs), and polychlorinated biphenyl ethers (PBDEs) to name but a few.  It is 

fairly well understood that these compounds persist for decades, are generally hydrophobic, are 

preferential to organic carbon in bed and suspended sediment, bioaccumulate and biomagnify [1], 

are probably carcinogens [2], and are still entering the biosphere from waste areas and legacy 

materials that contain them or serve to generate them [3, 4].  For all of these pollutant qualities, 

many wetland, riverine, limnologic, and marine aquatic environments are potentially in the path of 

toxic risk often originating from the POPs contained within bed sediment.  Unfortunately, for these 

aquatic environments, there is not yet an obvious engineering solution, or suite of solutions to 

mitigate the toxic risk to human and aquatic biota receptors in the vicinity of contaminated 

sediment. 

 In many ways, the problem of contaminated bed sediment is a global problem [4-6]. Many 

environments around the world have found POPs-contaminated sediment at levels sufficient to 

present toxic risk to biota [7-10], and there are yet many more that provide contaminant loading to 

aquatic biota that are not yet known.   Despite being a global problem, the negative effects of 

contaminated sediment are often local in nature, and these effects in combination with a local 

industrial history create what is sometimes seen as a uniquely local contamination problem.  In 

this case, the global problem of contaminated sediment is studied from the locally unique 

perspective provided by the Houston Ship Channel.  The Houston Ship Channel as it exists today 

is one of the largest examples of an area known for high concentrations of industrial activity, both 

historically and contemporarily that exists in a coastal-navigational area.  Beginning with the Port 

of Houston, 13 km east of downtown Houston, the Channel winds a circuitous path through what 
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was once only a small bayou that ultimately emptied into Galveston Bay (Figure 1.1).  The HSC 

as it exists today is dredged to a depth sufficient for the deepest draft vessels from near 

downtown Houston, through Galveston Bay and then exits at the Galveston jetties into the Gulf of 

Mexico, a total length of approximately 90 km.  Along its upstream length, it is lined with industrial 

facilities and plants specializing in many chemical operations such as refining, monomer 

production, fuel terminals, plastics, fertilizers, pesticides and herbicides, food processing, and 

hazardous waste treatment and disposal [11].  The activities at these facilities and their 

predecessors have contributed to water quality contamination with PCBs and PCDD/Fs to such a 

degree to cause the issuance of several seafood consumption advisories [12-15].   

 

Figure 1.1. The Houston Ship Channel system.  The channel proper begins at the ship 
Turning Basin (15 km) and extends as a dredged subchannel out into Galveston Bay.  All 
distances with reference to Buffalo Bayou at Shepherd Drive. 

 Monitoring of water, sediment, fish, and crab for PCBs and PCDD/Fs for the last decade 

has outlined fairly well where much of the contamination is, how it has trended in time, in what 

media it resides, and what might be said of its character or source type based on congener 

patterns and signatures [16-23].  The gathered data have prompted the current research to 

ascertain the role of suspended and bed sediments in the HSC both in recent history (the last 

decade) and in the future.  The specific research questions that are to be addressed in this 

dissertation include: 
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 Why are PCDD/Fs preferentially sorbed to larger particulates (> 1 μm) in the HSC in 

contrast with PCBs often found primarily in submicron water fractions? 

 Do the observed differences in water column partitioning for PCBs and PCDD/Fs, to the 

degree that they indicate differences in bioavailable concentrations, translate to 

differences in bioaccumulation? 

 Can 3- or 4- sorption compartment models explain the higher PCB content in the 

dissolved phase? 

 To what extent do PCBs in bed sediment replenish PCBs (via pore water diffusion) 

flushed from the estuary? 

 Is the movement of PCBs on resuspended bed sediment a significant mechanism for 

redispersal of PCBs to a bioavailable form, or does bed sediment resuspension ultimately 

serve to remove PCBs from the estuary? 

 What roles do the different forms of organic carbon play in the fate and transport of PCBs 

in the HSC system? 

 What is the residual water quality effect of large PCB runoff loads from upstream urban 

watersheds to the HSC? 

 What is the additional fate-and-transport and environmental forensic value of additional 

(non 2378 substituted) PCDD/F congener concentrations? 

 Does the current fate-and-transport scenario suggest that the HSC is losing or gaining 

bioavailable PCBs? 

The fundamental hypotheses driving this research are: 

1) The HSC is not a closed system for the contaminated bed sediment, but the sediment 

moves seaward out of the most highly contaminated areas very slowly (decades).  The 

largest movements occur during high flow events though this is not enough to flush PCBs 

out of the estuary to appreciably lower the concentrations in fish tissue.  The rate of 

sediment deposition is not necessarily enough to mitigate the contaminated sediment 

through burial (i.e., clean sediment deposition is not sufficient to remove contaminated 

sediment from the upper 5-cm active layer).  Part of the difficultly in burial as a risk 

reduction mechanism is that upstream sediments, sourced from urban runoff and 

industrial effluents, are also contaminated with PCBs though the congener fingerprint of 

these sediments is, at times, different from the more historical PCB patterns in the bed 
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sediment.  In this way, deposition sometimes creates only a different PCB congener 

profile in the bed sediments rather than appreciably diluting the total PCB concentration. 

2) The POPs contaminant risk from the bed sediment and suspended sediments is not as 

simple as looking at concentrations (even TOC-normalized concentrations) because this 

is not enough of a proxy for chemical activity.  The most effective way to examine 

chemical activity is through the freely dissolved phase of pore and overlying water.  It is 

possible to simulate what the freely dissolved concentrations in the HSC will be spatially 

and temporally, and the knowledge gained from the simulation will inform decision-

makers as to what the best course of action is for PCB risk reduction—monitored natural 

attenuation, sequestering of sediment through capping or carbonaceous sorbent mixing, 

or targeted or widespread removal.  In the end, if the bed sediment risk (especially from 

the highest chemical activity zones) is removed, the current external sources will not be 

enough to maintain high tissues concentrations.  With these high tissue concentrations 

no longer present, the fishing advisory will be no longer necessary. 

3) The contamination scenarios are somewhat different for PCBs and PCDD/Fs.  PCDD/Fs 

in the HSC are not as bioavailable (in freely dissolved form) as PCBs, and so they do not 

present as great a risk.  Because PCBs have a higher relative fraction in the freely 

dissolved phase, their toxic potency is far more significant than PCDD/Fs.   The 

bioaccumulation potential is thus greater for all PCB congeners compared to PCDD/F 

congeners with similar hydrophobicity.  PCBs are also more spatially widespread and 

have significant continuing sources making them a more difficult kind of environmental 

risk to reduce.  PCBs are, however, on smaller-sized particles than PCDD/Fs, which may 

allow them to be flushed from the estuary more readily. 

The research approach includes data gathering of water quality measurements and 

geospatial information, statistical analysis of spatial and temporal trends, and fate-and-transport 

modeling of PCB congeners and PCB-influencing metrics such as suspended sediment and 

organic carbon.  The next chapter (Chapter 2) will provide the research background that was 

relied upon in developing the approach and methodology in this dissertation.  This chapter will 

also provide the context for the value and usefulness of the research hypotheses to the general 

fields of POPs in the aquatic environment and water quality modeling.  Chapter 3 provides an 

analysis of historical data for PCBs from 2002-2009 with focus primarily on environmental 
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analytes in the water column and sediment bed.  Chapter 4 focuses on the role of the freely or 

truly dissolved phase for POPs in pore water and the water column by looking at it spatially and 

according to differences between PCB congeners of different relative hydrophobicities.  Chapter 5 

examines the functionality of several water column chemical partitioning models for PCB and 

PCDD/F congeners with an emphasis on trying to resolve issues related to PCB and PCDD/F 

partitioning differences.  Multiple organic sorbent types are considered in the formulations 

including dissolved organic carbon (DOC), particulate organic carbon (POC), particulate black 

carbon (PBC), and particulate amorphous organic carbon (PAOC).  Chapter 6 presents sediment 

bed flux calculations for particular PCB congeners according to a conceptual model of the 

sediment-water column interface as a diffusive wall boundary with a stagnant mass transport 

boundary layer.  Chapter 7 outlines the development of a detailed finite-volume model using 

Environmental Fluid  Dynamics Code (EFDC).  The model simulates hydrodynamics, salinity, and 

sediment transport conditions, and model results are analyzed for their implications for PCBs 

fate-and-transport in Chapter 8.  Finally, the findings of all chapters are summarized in Chapter 9. 
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Chapter 2. Background 

2.1 Hydrophobic Organic Pollutants (HOP) and Water Quality 

2.1.1 WaterBased Contaminant Partitioning in Abiotic Media 

 PCBs are highly hydrophobic compounds with log Kow ranging from 4.5-11, and this 

translates to low solubility (5 (PCB 1)- 10-7 (PCB 209) mg/L) and in many congeners low vapor 

pressures (10-8-10-1 Pa) as well [24].  In surface water systems, it is often supposed and 

observed that PCBs, like other hydrophobic organic contaminants, are disproportionately 

associated with suspended sediments and small particles rather than truly dissolved [25].  

Generally this is expressed as dry solid-aqueous partition coefficient [26], 

 , 1

 

where Kp is the partition coefficient generally in kg dry weight/L, Cp and Cd the volumetric 

concentration of contaminant (e.g.,  ng/L), and S is the concentration of suspended sediment in 

water (g/L).   

 The Kp approach is attractive because it is generally simple, requiring only co-sample 

concentrations of PCBs in suspended and dissolved phases and suspended solids concentration 

to generate.  There are, however, several problems with the approach.  The problems are related 

to both concepts in the approach itself as well as in issues related to sampling and quantification. 

 This partition coefficient assumes that a dynamic equilibrium exists between PCBs as 

suspended particles sorbed and as dissolved phase such that their respective phase fugacities 

are equal.  In short, transport considerations are not a controlling factor and a fugacity-based 

model appears as was given in Mackay and Paterson  [27], 

 ,  2
 , 3

 , 4

 

where C is the chemical concentration (mol/m3), Z is the fugacity capacity (mol/Pa-m3), fi is 

the fugacity in phase i (Pa), H is Henry’s law constant (Pa-m3/mol), Koc is the equilibrium water-

organic carbon partition coefficient (L/Kg OC), foc is the fraction of organic carbon in the sediment 
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by weight (g OC/g dry), and ρp is sediment particle density. When fd is equal to fp, the PCB 

phases are equal in fugacity (equal “escaping tendency”) so that dynamic equilibrium is 

established.  The Kp is contained within equation 4 in the Koc terms resulting in Kp multiplied by 

ρp/H.  If equations 3 and 4 are set equal to one another (as in a contaminant equilibrium state), 

then Henry’s law constant is removed such that the only terms of any consequence are Kp and 

ρp.  In this case, Kp is then certainly an equilibrium quantity. 

 Laboratory studies [28, 29] can and have been conducted to quantify not only what a 

partition coefficient would be for particular PCBs but also what the time of equilibration is.  That 

time in various particle and particle-like media ranges from days to weeks, and the release rates 

may be slower in field contaminated sediments due to contaminant aging effects [29].  Field 

conditions, especially estuarine field conditions have many varying influences that alter either the 

suspended or dissolved concentrations of PCBs such as time-varying air sources, tides, passing 

vessels, flow increase/decrease from rain or lack of rain, wastewater flows, and continuously 

eroding sediment beds. The timescale of concentration variation is much smaller than the time 

observed to truly equilibrate thus making field-measured Kp taken at a single point in time highly 

questionable.  Multiple samples can be taken to try and arrive at a distribution for the value of Kp, 

but such values, though they vary (doing so based on changing field conditions) are still short of 

equilibration times needed.  The degree of equilibration can be calculated based on Koc predicted 

from log Kow-log Koc linear regression equations or from laboratory measured values, but there is 

variation in these methods as well. 

 A practical method of dealing with the lack of or at least uncertainty of achieving field 

equilibrium is to use field measured suspended and dissolved concentrations and call the 

quotient a distribution coefficient (Kd).  Kd is a better quantity to use if the intent is to characterize 

the particular surface water system.  Thinking of partitioning in this way provides a means to 

characterize the water body in terms of its degree of equilibrium as well as to characterize source 

and transport influences.  For example, one could imagine the possibility where a surface water 

system is simply not at equilibrium.  If bed sediment was expelling pore water, the water that 

exists in the spaces between bed sediment particles, that is highly concentrated in PCBs into an 

area where suspended solid concentration is not extremely high, then PCB disequilibrium would 

exist with net transport to the suspended phase from the dissolved.  Such an imbalance is 

possible in the HSC where historical deposits of PCB remain.  If water quality modeling is in view, 
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then Kd may also be useful because it describes dissolved-suspended partitioning that actually 

occurs rather than what would occur given enough time and under stable environmental 

conditions. Water quality models often use a partitioning coefficient to describe sediment-water 

contaminant relationships (in the sediment bed and in the water column), and this coefficient may 

be used as a calibration parameter that, when the model is calibrated, represents the field-based 

(i.e., observable) disequilibrium.  As suspended and dissolved phases come into equilibrium, the 

observed Kd becomes the Kp, a quantity often obtained by laboratory measurements and 

partitioning theory.  

 Also critical to understanding, predicting, and quantifying sediment-water partitioning of 

PCBs is what particle phase actually controls or contains the sorption.  Karickhoff [30] proposed 

that organic carbon (OC) is what quantitatively controls the sorption of hydrophobic contaminants 

on soils and sediments.  Studies of PCBs and other HOCs in surface water and sediments [31] 

during the last ten years have seemingly made it clear that OC alone and as a bulk quantity is not 

enough to predict or describe particle-dissolved partitioning, and research in the HSC has shown 

this as well. Figure 2.1 presents an example from HSC PCB sediments collected in 2009 (conger 

concentration vs. TOC), and as can be seen in the figure, the general Pearson correlation 

between concentration and TOC is not high.  While the use of OC normalized particle PCB 

concentrations can limit the variation seen in PCB partition coefficients (compared to a dry mass 

basis), it does not explain enough of it to consider it to be the controlling influence.  Arp et al. [31] 

also showed that even field measurements with OC normalization have enormous variation 

between locations and even at the same location.  Figure 2.2 presents the variability as it relates 

to models of partition coefficients from their study.  The use of a Kp implies that the mass of 

sediment is the controlling parameter while a Koc chooses OC as a method of normalization.   

Neither of these approaches seems mechanistically accurate as evidenced by their inability to 

describe and predict pore water-sediment relationships. 
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Figure 2.1. Sediment PCB concentration (ng/g dry wt) versus TOC (%) for selected 
congeners.  All values are 2009 sediment data, and extreme PCB outliers were removed 
from view (though not from shown regressions) on a few plots for ease of viewing. 

 

Figure 2.2. Measured pore water-bed sediment OC normalized partition coefficients versus 
poly-parameter linear free energy relationship (PP-LFER) predict partition coefficients.  As 
predictors, the PP-LFER used forms of organic carbon in this case coal and tar.  In 
addition to their being disagreement between the approaches (measurement versus 
modeling), there is also wide variation that can be seen in field-measured PCB KOC values 
for each congener.  Taken from Arp et al. [31]. 

 Particle size is a factor not well understood in terms of partitioning either.  Many studies 

[32-34] have been conducted on water column PCB data that allow for field partitioning to be 

calculated but few, if any, have examined the effect that particle size has on the sorption.  
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Sorption is often correlated to area depending on the mechanism of sorption, and smaller 

particles will have more surface area per unit volume which generally translates to more surface 

area per unit mass (assuming density is relatively constant) between particle sizes.  Additionally, 

sorption may occur on the surface external or the surface internal to the particle.  Smaller 

particles will potentially have smaller pores within the particle and different tortuosity, which can 

also affect the ability of intra-particle surfaces to absorb in the same matter between particles 

sizes.  Particle size is complex because it can also be somewhat correlated with other 

parameters related to sorption.  Two of those parameters are clay and organic content.  Clay 

content has, at times, been observed to correlate with total PCB concentration in sediments, and 

organic content can be increasingly concentrated on smaller sediments.  Smaller sediments are 

increasingly mineralogical clayey.  Since clays are charged, they can sorb charged portions of 

organic carbon compounds though there may be other mechanisms for clay-OC associations.  

Smaller particles (silts and clays) are also often more loaded with OC because these particles 

represent the size of dead planktonic organisms, their waste, or breakdown products of terrestrial 

OC sources [35].  Tracking the fate and transport of OC itself is a technical challenge [36], which 

may be useful for tracking hydrophobic pollutants.   

 The final difficulty with Kp as described is with sorption isotherms.  Isotherms are models 

of sorption that characterize the relationship between sorbed and desorbed phases of the 

contaminant at a single temperature.  There are three that are often used in water quality 

modeling:  linear, Langmuir, Freundlich [37] conceptually presented in Figure 2.3.  The 

partitioning model of Kp takes the ratio of solid-sorbed to dissolved contaminant concentration as 

constant, which makes it the linear distribution model.  All of these models have the general trait 

of reversible sorption.  If dissolved concentration were gradually increased from zero, the 

isotherm predicts that the sediment would be loaded up with PCBs in some increasing fashion 

(not necessarily linear).  Then as dissolved concentration is decreased and given enough time to 

equilibrate at each successive change, the isotherm would be followed exactly back down to zero 

dissolved concentration.  The degree to which this does not happen (a form of hysteresis) as 

during a decrease in dissolved concentration can describe the amount of contaminant which is 

irreversibly or resistantly sorbed.  The two effects of non-linear sorption and difficult desorption 

are not accounted for by the simple partitioning model. 
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Figure 2.3. Idealized adsorption isotherms. Taken from Goldberg et al. [38]. 

 

2.1.2 SamplingRelated Difficulties to the Equilibrium Partitioning Model 

 The largest and most discussed sampling-related difficulties for PCB partitioning 

measurement is that of the sizes of particles on which PCBs are measured and the truly 

dissolved state.  One of the most often used methods of surface water sampling for PCBs and 

other low level HOCs is filtration.  This can occur either as a lower volume sample (≤ 40 L) or high 

volume sampling (80-1500 L).  In filtration-based sampling, a filter of some prescribed size is 

used to operationally demarcate what portion of the contaminant concentration is dissolved and 

which is particulate or suspended.  A very good early study of the effect of filtration method on 

sampling result was conducted by Hermans et al. [39].  The researchers examined the 

differences seen in concentrations when particulate-dissolved separation was performed by 

filtration (on glass fiber filters (GFFs) and membranes) and by continuous-flow centrifugation.  For 

filtration, they determined that direct PCB sorption was only significant for membranes and not for 

GFFs.  Also measured was the amount of clogging that occurred to effectively lower the nominal 

pore size of the filters.  Using successive 10-L fractions of filtrate, the second filtrate was lower in 

PCBs than the first especially in five chlorinated species and above (the more hydrophobic PCB 

congeners) indicating that smaller particles containing PCB were held up on the GFFs as the total 

sampled volume progressed.  What the Herman et al. study illustrates is that the dissolved filtrate 

collected from a standard PCB water sample does not contain only dissolved species because 

some of that “dissolved” concentration was retained on the GFF.  The presence of submicron 

particles and colloids, which sorb PCBs was suggested. 
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 Related to the issue of small particle inclusion in the dissolved sampled fraction is the 

role of dissolved organic matter (DOM).  DOM is a dissolved component and should rationally be 

incorporated into any water sampling scheme that divides waters into dissolved and particulate.  

Butcher et al. [40] provided a three-component water column PCBs distribution model for 

freshwater that shows that while DOM is a justifiably a dissolved component, PCBs which are 

associated with that DOM should not be considered to be “truly dissolved.”  They provide the 

following linear free energy relationship (LFER) partition model, 

1  , 5
 

where Ct is the total PCB water concentration, Cdoc and Cpoc are the PCB concentrations 

associated with dissolved organic carbon (DOC) and particulate organic carbon (POC), 

respectively, Kdoc and Kpoc are the partition coefficients between DOC and POC, respectively, and 

dissolved PCB, and [DOC] and [POC] are the concentrations of those organic carbons.  

Combined with the colloid fraction already discussed, there are then four major PCB phases 

listed generally in increasing size order: (1) the truly dissolved defined generally as PCBs which 

pass through a 0.45 μm filter and is not DOM-associated, (2) the DOM-associated, (3) the colloid, 

submicron, unsettleable [41] phase which is PCB contained on particles within a size range of 

0.45-1.0 μm, and (4) what might be called the “truly particulate” phase defined as PCBs which are 

sorbed to particles 1 μm and larger.  These four fractions do preclude the possibility of PCBs 

bound to particles that are less than 0.45 μm, a region where the distinction between DOC and 

colloid is not always clear.  Different filters used in PCB sampling for the suspended phase may 

cause some equivocation around classes 3 and 4 (usually filtered somewhere between 0.7and 

1.0 μm), but the concept is still mostly the same.  The standard PCB water column sampling 

filtration method generally combines classes 1-3 as “dissolved” and class 4 as “suspended”.  

Sometime these two fractions are referred to as operationally dissolved and suspended as well 

because the filtration method defines the fraction rather than something more fundamental.   

 Further complications in measurement may arise if the various sorbed phases (2-4) are 

divided according to the type of organic carbon present (e.g., black carbon, tar, coal, amorphous, 

humic).  The measurement of types of OC is used as means to improve LFER models of 

partitioning so that they better describe physical measurements in the water column and 

sediment pore water.  Many studies have attempted to describe, especially pore water-bed 
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sediment relationships, with LFERs using different forms of OC, with only limited success [31].  

Filtration sampling methods generally must quantify OC and OC types as a separate sample 

collection than the sample that will be used for PCBs though examples do exist where, for 

example, enough suspended sediment was held up on a filter to get TSS and TOC 

measurements [42].  If different forms of OC are important for properly characterizing the 

behavior of solid-water partitioning of PCBs, then it would be difficult to do that with current 

sampling technologies using a three-phase or four-phase model because the more the water is 

physically fractionated, the smaller the amount of sample there is to measure TOC or a subclass 

of OC. 

 The way that PCB data is used for partitioning calculations is one final sample related 

problem in equilibrium partitioning.  One way to obfuscate the results of field-based distribution 

coefficients is to calculate them based on total concentrations of PCBs.  The first problem with 

this is that not every PCB congener is always quantified, or some congeners that are quantified 

are not used in the totaling.  Incomplete totals, when they are incomplete by conscious exclusion 

of congeners, introduce an arbitrary element into the partition coefficient.  Even if the totals are 

complete totals using all congeners quantified, the result of a total PCBs suspended divided by 

total PCB dissolved combines the partitioning results of every congener into a single result.  The 

effect of scale of concentration is generally removed (because the overall level of dissolved is 

fairly correlated with suspended), but the fingerprint of individual samples is an influence.  For 

example, if two samples have the same total PCB concentration in the suspended phase, their 

total PCB partition coefficients will and should be different if their particular congener makeup 

(fingerprint) is different.  If these samples were combined into a dataset that attempts to ascertain 

the general partition coefficient in PCBs, these fingerprint differences will introduce variation into 

the result, which is not actually related to partitioning at all.  The other data use confusion that can 

happen with field-based PCB partitioning calculation is the presence of significant quantities of 

non-detect sample results for congeners.  Non-detects in either dissolved or suspended 

effectively remove quantitative information from the lower quadrant of the sorption isotherm.  If 

extra data in that lower concentration region would help better characterize sorption relations, the 

data will not be quantitatively available to improve the characterization.  An example where this 

might occur is there is an outlier in the lower concentration region which was detected, it will be 
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difficult to define it as an outlier because there would not be enough other data points to 

characterize how the lower concentration population behaves with regard to sorption. 

2.1.3 Bioavailability and the Greater Purposes of Water Column Sampling for PCBs 

 Bioavailability describes the ability a pollutant has for being available for uptake into an 

organism.  It can be used to describe terrestrial or aquatic organisms and can describe mammals 

all the way down to bacteria.  In aquatic systems, it usually refers to the availability of a pollutant 

to a benthic species (e.g., oyster, crab, copepod, or polychaete) or to a species in the water 

column such as fish or planktonic organisms. 

 It has been argued that the amount of contaminant that is bioavailable to an aquatic 

organism is what is most critical to quantify and that measurement of less or non-bioavailable 

contaminant is not as relevant [43].  Many aquatic environmental matrices, biotic and abiotic, 

have been sampled for PCBs in order to assess the toxicological risk to organisms and humans.  

The most common abiotic examples are water column water, pore water, effluent water, 

wastewater sludge suspended sediment, and bed sediment of various depths.  The most 

common method of PCBs quantification in these matrices is some kind of pretreatment such as 

filtration or homogenization (if necessary), extraction to an organic solvent, reduction in solvent 

volume through vaporization, and final quantification from a subsample of the extract using 

column chromatography.  For example EPA method 1668A, analysis of PCB congeners in water, 

soil, sediment, and tissue, follows this general protocol [44].  The preparation process is fairly 

effective at extracting a significant portion of PCBs from the sample for quantification.  Sample 

spiking with isotopic PCB surrogates provides removal efficiency information which is usually in 

the range of 80-120% for QA/QC acceptability.  These procedures are different from the way that 

PCBs leave abiotic media and are taken up by aquatic organisms.  The natural release steps are 

usually sediment desorption (partitioning), diffusion-dispersion, advection, and dissolved-lipid 

partitioning.  Alternatively, sediment-laden PCB may be ingested directly by lower trophic and 

bottom-dwelling organisms. 

 The assumed in situ bioavailable PCBs are generally considered to be those that are 

truly dissolved [40, 45, 46].  The reason for this assumption is that that mechanism of biouptake 

in aquatic organisms is diffusion across cell membranes once water has entered the gills of the 

animal [47].  If the main mechanism for biouptake/bioconcentration is through gill respiration, then 

the only contaminant that is available for this mechanism is that which is truly dissolved.  It is true 
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that there are labile PCBs associated with DOC, colloids, and aquatic particles, but the uptake 

rate of most PCBs is likely too low to affect the local concentration (in the gills) such that 

partitioning will adjust to lower the concentration of particle-bound PCB to accommodate a lower 

dissolved concentration.  This partitioning adjustment would seem to be the only way that 

particle-bound PCBs could have a direct effect on fish concentrations; they would become 

bioavailable through desorption to the truly dissolved phase.  The other mechanism for biouptake 

into an aquatic organism is through what is bioavailable in the prey of a higher trophic organism.  

It stands to reason, however, that for the contaminant to enter the food web in the first place, it 

had to be respired in the lowest trophic species.  Indeed for a low trophic species in the benthos, 

a deposit-feeding oligochaete Ilyodrilus templetoni, the freely dissolved pore water concentrations 

were shown to be a better indicator of bioaccumulation than any bulk sediment concentration 

[46]. 

 The emphasis on the bioavailability of PCBs and other hydrophobic pollutants in the truly 

dissolved phase is warranted, but it is not the only important abiotic concentration.  Lohmann and 

Muir [48] have argued for a global passive sampling network to provide long-term monitoring of 

POP levels, and this will be helpful.  Yet for locally impacted water bodies, the fate-and-transport 

of the contaminant cannot be elucidated from the truly dissolved phase alone.  The truly dissolved 

phase represents the final stage before introduction into biota, but it is not necessarily the way 

that it is introduced to the water body.  Therefore, an understanding of particle and colloid 

sources and carriers of PCBs (from resuspension, dry deposited particles, surface runoff 

particles, and effluents) is significant to understand transport patterns and loadings in time.  

These patterns and loadings will be what determine the freely dissolved concentration of PCBs. 

 In summary, partitioning of POPs between particulate and dissolved phases and with 

respect to different types of organic carbon is important to the overall research goals of this 

dissertation because it informs considerations regarding sampling of PCBs and PCDD/Fs in water 

and sediment.  These concepts are also significant because they are a major component of more 

mechanistic and accurate water quality model.   As will be seen in Chapter 3, this research 

includes quantification of PCBs in sediment pore water and the water column.  These 

concentrations may help to determine the most effective partition model from those discussed 

above.  
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2.2 Field Sample Collection Methods 

2.2.1 Water Column Sampling 

 There have likely been at least 50 major studies that involve ultra-trace level (parts per 

billion or lower) quantification of PCBs in surface water to date, and some of those studies, 

especially those with major implications to understanding of PCB surface water quality or 

sampling methods, have been included in Table 2.1.  Each study has different purposes, but a 

good way to classify them is by their sampling methodology.  The reason is that the sampling 

method determines the type of water column PCB concentrations that are obtained, which 

enables some data uses and eliminates others.  



 

 

17 

 

Table 2.1. PCB water column sampling studies. 

Authors  Location 
Water 
Type 

Sampling 
Method  Sampling Details 

Analysis 
Method  Sampling Purpose  No of Congeners 

Concentration
s 

Adams et 
al.[49] 

Boston Harbor, 
USA 

Coastal 
harbor 

Polyethylen
e Devices 
(PEDs) 

PEDs were attached to buoys 
using stainless steel wire.  
Performance reference 
compounds (PRCs) added to 
determine the level of 
equilibrium achieved in the 
field. PEDs retrieved after 15 
days. 

PED extracted 
and then run 
on GC‐ECD 

Demonstrate use 
of PEDs to 
measure truly 
dissolved 
concentrations 

1 (PCB 52) 
0.06‐0.07 ng/L 
(truly 
dissolved) 

Bamford 
et al.[50] 

Northern 
Chesapeake Bay 
and Baltimore 
Harbor 

Estuary 
High 
Volume 
Sampling 

18‐L samples collected in 
stainless steel tanks and filtered 
into particulate and dissolved 
back at a lab 

Soxhlet 
extraction with 
GC‐ECD 

PCB air‐water 
exchange fluxes 

83 
0.1‐1.52 ng/L 
(dissolved) 

Barra et 
al. [51] 

Laja River Basin, 
Chile 

Mountain 
river 

Grab  None given  LLE with GC‐MS 

Influence of 
anthropogenic 
activities on a 
suite or persistent 
substances 

7 
n.d.‐1.01 ng/L 
(total water) 

Bergqvist 
et al. [52] 

STP 
influent/effluen
ts in Sweden 
and Lithuania 

Sewage 
treatment 
plants 

Semi‐
permeable 
Membrane 
Devices 
(SPMDs) 

SPMDs were placed at plant 
influent and effluent for 
approximately 30 days with 
estimated water extraction of 
150‐300 L. 

HRGC/LRMS 

Calculate 
treatment 
efficiencies at 
municipal sewage 
plant for PAHs and 
PCBs 

10 
0.3‐34 ng/L 
(truly 
dissolved) 

Booij and 
van 
Drooge 
[53] 

Western 
Wadden Sea, 
Netherlands 

Sea 

Semi‐
permeable 
Membrane 
Devices 
(SPMDs) 

Low density polyethylene 
tubing was filled with triolein 
and sealed.  PRCs added for in 
situ level of equilibrium 
determination.  SPMDs 
retrieved after 12 or 20 days. 

LLE on the 
triolein with 
GC‐ECD 

Determine PCB 
concentrations in 
atmosphere and 
the sea surface 
microlayer (SSM) 

20  n.g. 

Butcher et 
al. [40] 

Hudson River, 
USA 

Freshwate
r river 

Grab 

17‐L collected amongst 4 pre‐
cleaned 4.25 L bottles.  Samples 
were filtered on 0.7 um GFF at 
laboratory into dissolved and 
suspended 

Soxhlet 
extraction 
(GFFs) and LLE 
(dissolved) 
with dual GC‐
ECD 

Characterizing 
water column 
partitioning 
behaviors 

90  n.g. 
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Authors  Location 
Water 
Type 

Sampling 
Method  Sampling Details 

Analysis 
Method  Sampling Purpose  No of Congeners 

Concentration
s 

Callieaud 
et al. [54] 

Seine Estuary, 
France 

Estuarine 
river 

Grab 

4‐L glass bottles 1 meter below 
water surface at beginning of 
ebb tide.  Filtration later 
conducted on 0.7 um GFFs. 

LLE (dissolved) 
and microwave 
assisted 
extraction 
(suspended) 
with HPLC 

Characterize 
seasonal water 
column variation 
and contaminant 
transfer to 
copepods 

27 
14.1‐55 ng/L 
(total water) 

Castro‐
Jimenez et 
al.  [55] 

Etang de Thau, 
France 

Coastal 
lagoon 

High 
Volume 
Sampling 

120‐L samples collected by boat 
in stainless steel tanks and later 
filtered on GFF. 

Accelerated 
solvent 
extraction 
(ASE) coupled 
to HRGC/HRMS 

Understand fate, 
transport, and 
current 
distribution of 
POPs in the 
lagoon 

7 
0.14‐0.71 ng/L 
(total water) 

Dachs et 
al. [56] 

Western 
Mediterranean 
Sea 

Ocean 
waters 

High 
Volume 
Sampling 

300 L in‐line filtered on 0.7 um 
GFF (suspended).  50‐100 L 
collected on XAD2 resin 
(dissolved). 

Liquid 
extraction and 
GC 

Discovers sources 
of 
organochlorines, 
assess water 
column processes, 
and perform 
contaminant 
budgeting 

12 
n.d.‐0.026 

ng/L 
(suspended) 

Fang et al.  
[57] 

Kaohsiung 
Harbor, Taiwan 

Coastal 
harbor 

Grab 

Collected in 20 L stainless steel 
can and pressure pushed 
through a GFF (suspended) 
followed by an XAD2 resin. 

Soxhlet 
extraction with 
GC‐ECD 

Quantify seasonal 
trends in air‐water 
fluxes of PCBs 

69 
0.52‐1.13 ng/L 
(dissolved) 

Gomez‐
Gutierrez 
et al. [58] 

Ebro River, 
Spain 

Large river 
system 

Grab 

2.5 L glass amber bottles 
collected the sample at a 
prescribed depth, and it was 
subsequently filtered on 0.7 um 
GFF.  Dissolved used 2 L. 

Sonication 
(suspended) or 
solid‐phase 
(dissolved) 
extraction with 
GC‐ECD 

Load estimation 
to the 
Mediterranean 
Sea 

9 

0.3‐2.5 ng/L 
(suspended), 
2.2‐18.1 ng/L 
(dissolved) 

Guerzoni 
et al.[59] 

Venice Lagoon 
Coastal 
lagoon 

High 
Volume 
Sampling 

Up to 35 L of water pumped 
through glass wool filter and 
XAD2 resin. 

Liquid solvent 
extraction with 
HRGC‐HRMS 

Load estimation 
and contaminant 
pathways 
between regions 
around the lagoon 

n.g. 
4‐397 ng/L 
(total water) 
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Authors  Location 
Water 
Type 

Sampling 
Method  Sampling Details 

Analysis 
Method  Sampling Purpose  No of Congeners 

Concentration
s 

Hornbuckl
e et al. 
[60] 

Lake Superior, 
USA 

Inland sea 
High 

Volume 
Sampling 

Continuous flow XAD2 resin 
and LLE.  Suspended filtration 
on 0.7 um GFF. 

Soxhlet 
extraction with 
GC‐ECD 

Quantify air‐water 
PCB fluxes and 
seasonal trends in 
congeners 

69 
0.11‐0.34 ng/L 
(dissolved) 

Jeremiaso
n et al. 
[61] 

Lake Superior, 
USA 

Inland sea 
High 

Volume 
Sampling 

Continuous flow XAD2 resin 
and LLE.  Suspended filtration 
on 0.7 um GFF. (Volume range 
476‐952 L) 

Soxhlet 
extraction with 
GC‐ECD 

Mass balance of 
PCBs in Lake 
Superior 

27‐82 (Different 
amounts used 1980‐

1992) 

0.18‐0.80 ng/L 
(total water, 
sample event 
averages 

1980‐1992) 

Kobayashi 
et al. [62] 

Tokyo Bay, 
Japan 

Ocean bay  Grab 

5‐L samples collected in amber 
glass bottles were separate 
with a pressurize filtration 
system that employed a 0.3 um 
GFF. 

Soxhlet 
extraction with 
HRGC‐HRMS 

Investigate 
vertical (2 levels) 
and horizontal 
distribution of 
PCBs 

209 
0.12‐1.1 ng/L 
(total water) 

Lohmann 
et al. [63] 

Massachusetts 
Bay, USA 

Bay and 
estuarine 
areas 

Polyethylen
e Devices 
(PEDs) 

PEDs deployed for about four 
weeks per sample by some 
method of suspension in water 
column. 

GC‐MS 

Understand 
bioaccumulation 
of hydrophobic 
organic 
compounds 
(HOCs) and 
evaluate 
extraction‐based 
versus passive 
sampling HOCs in 
water methods. 

4 
0.21‐0.24 ng/L 

(truly 
dissolved) 

Persson et 
al. [64] 

Grenlandsfjords
, Norway 

Marine 
fjord 
system 

High 
Volume 
Sampling 

600‐1400 L pumped on board a 
ship through a GFF (suspended) 
and then through a 
polyurethane foam (PUF) 
sorbent cylinder (dissolved) 

Soxhlet 
extraction with 
HRGC‐HRMS 

Study interactions 
of PCBs and PCNs 
with soot carbon 
and other organic 
matter to see if 
similar to PAHs in 
water column 

3 planar PCBs 

2.0 x 10
‐5 ‐

0.0017 ng/L 
(suspended), 
3.6x10

‐5‐
0.00046 ng/L 
(dissolved) 

Rissato et 
al. [65] 

Sao Paolo State, 
Brazil 

Riparian 
forest 
rivers 

Grab 

2 L polyethylene bottles were 
filled to overflowing and 1 L 
was filtered through 0.45 um 
GFF. 

LLE with GC‐MS 

Persistent 
pollutant survey in 
the region with 
implications for 

7 
20‐580 ng/L 
(dissolved) 
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Authors  Location 
Water 
Type 

Sampling 
Method  Sampling Details 

Analysis 
Method  Sampling Purpose  No of Congeners 

Concentration
s 

source types 

Rowe et 
al.  [66] 

Delaware River 
and Estuary, 
USA 

Coastal 
river 

High 
Volume 
Sampling 

Pumps were use to move 12‐40 
L of water through 0.7 um GFF 
and XAD2 resin. 

Soxhlet 
extraction 
followed by LLE 
and finally GC‐
ECD 

Estimate of air‐
water exchange 
fluxes for PCBs 

117 
1.97‐4.9 ng/L 
(total water) 

Wang et 
al. [67] 

Three Gorges 
River Reservoir, 
China 

Reservoir 

Semi‐
permeable 
Membrane 
Devices 
(SPMDs) 

Low density polyethylene 
tubing was filled with triolein 
and sealed.  PRCs added for in 
situ level of equilibrium 
determination.  SPMDs 
retrieved after 5‐24 days.  Each 
sampler was in a stainless steel 
cage. 

Extraction with 
GC‐MS 

Determine PAH, 
PCB, and 
organochlorine 
pesticide 
concentrations in 
Three Gorges 
River and effect of 
Three Gorges Dam 

18 
0.081‐0.508 
ng/L (truly 
dissolved) 

Zeng and 
Noblet. 
[42] 

San Diego Bay, 
USA 

Ocean bay 
High 

Volume 
Sampling 

2500 L of water were collected 
over 3‐4 days and run through 
GFFs and XAD2. 

Extraction with 
GC‐MS 

Examination of 
surface water 
concentrations to 
regulatory 
discharge limits 
on the coast 

27 
n.d.‐0.42 ng/L 
(total water) 
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 There are two main classes of surface water sampling: active and passive, and they are 

given with their sub-classifications in Table 2.2.  Active methods follow the general pattern of 

water collection followed by filtration.  Whatever the method of filtration, the retentate is generally 

analyzed as suspended PCBs and the filtrate as dissolved PCBs.  Use of active methods  is 

immediately problematic as previously discussed through the studies of Hermans et al.[39] and 

Butcher et al. [40].  Passive methods require the deployment of a device into the surface water 

environment that, over time, uptake PCBs into a hydrophobic substance which can later be 

extracted to get a total quantity of PCBs.  Passive samplers have some relationship that is 

already known describing PCB-internal solvent equilibrium, or the PCB congener uptake rates are 

tracked through the use of what are called “performance reference compounds” (PRCs) loaded 

into the solvent before use.   

Four major distinctions in sampling methods are time of sampling, sample period of 

observance, target of sampling, and quantification ability.  Active sampling methods (grab and 

high volume) require anywhere from a few minutes of actual time of collection to as long as 12 

hours in most cases.  Passive sampling campaigns require that the sampler is deployed and then 

left in the field for anywhere from a week to a year depending on the level of detection required.  

Sample period of observance is different between the methods because the time of collection is 

different.  Since active methods generally collect the sample over a short time, they are more akin 

to a point-in-time measurement while passive methods provide a long-term average 

concentration.  Some phenomena can be observed on the time scales of day- to week-averaging 

while others cannot.  A common example germane to the HSC is tidal exchange.  The tidal 

exchange is diurnal with a complete cycle occurring approximately every 8-9 hours (2008 data for 

NOAA station 8770743 Battleship, TX).  Active sampling methods, because they are often less 

than this time, will measure a portion of the tidal phase while passive sampling methods will be 

far less affected by differences in PCB concentrations that occur between high and low tides.   

The target of the sampling for passive sampling is generally the truly dissolved phase while 

that of active sampling is the two phases of “suspended” and “dissolved” operationally defined at 

some particle size threshold.  Proponents of passive sampling methods would point out that the 

method is useful because toxicologically the truly dissolved phase is what is bioavailable and thus 

is the most (and potentially the only) relevant fraction of contaminant that is important.  Active 

sampling, while it generally does not physically separate the truly dissolved phase from any other 
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phase, does at least allow a total water concentration for PCBs to be determined.  In addition, the 

knowledge of at least two fractions and their PCB quantities is helpful for understanding fate and 

transport. 
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Table 2.2. PCB ultra-trace water column sampling method types. 

Method  Description  Sampling Basis 
Time of Collection 

for PCBs 
Equipment 
Required 

Advantages  Disadvantages 

Semi‐
Permeable 
Membrane 
Devices 

Membrane bags that contain 
the triglyceride triolein.  

Hydrophobic contaminants 
transport through the 

membrane and are dissolved 
into the oily substance. 

Equilibrium 

As long as the time‐
averaging needs to 
happen, but 21 days 
has been used [53]. 

The SPMDs and a 
means to suspend 
them safely for at 
least a month. 

Inexpensive, used in 
several studies past. 

Time‐averaged concentration, 
only measures the freely 
dissolved concentration, 

requires the use of 
performance reference 

compounds (PRCs) to evaluate 
the SPMD update rate and a 

long sample period can 
exhaust the PRC to below 

detection. 

High 
Volume 
Pumping 

A pumping system takes large 
volumes of ambient water 
and pumps through various 
filters or adsorptive resin to 
trap contaminant and put 

water back in the water body. 

Volume  3 hours 

Pump, tubing, place 
on the apparatus to 
house the filter and 

resin. 

Point in time 
measurement, 
conventional 

analytical chemistry 
for quantification. 

Loss of contaminant onto 
pumping equipment including 
dissolved contaminant on 

filters. 

Simple 
Grab 

Using mechanical pump or 
sample container, a small 
volume of water sample is 
returned from the field for 

subsequent analysis. 

Volume  1‐15 minutes 

Cleaned sample 
container large 

enough for the sample 
and small enough to 
be able to keep 

refrigerated, pump 
and pump tubing 

(optional). 

Very short sampling 
time, point in time 
measurement, 
conventional 

analytical chemistry 
for quantification. 

Low detection limits 
potentially problematic due to 

low volume 

Plastic 
Strips 

Thin (10‐100 um) strips of 
plastic placed in the part of 
the water column to be 

sampled.  Once a sufficient 
equilibration time is reached, 
the freely dissolved water 
concentration is deduced 

from pre‐determined plastic‐
water partition coefficients. 

Equilibrium 
28 days [68, 69], 
100+ days[70] 

Plastic strips (cleaned 
by sampling team or 
by a lab), a way to 
deploy the strips for 
long periods of time 
suspended in the 

water. 

Inexpensive, 
measurements in 

aquatic biota nearby 
seem to correlate well 

with the 
concentration [69], 

PED strips are 
inexpensive and can 
be thrown away [49]. 

Time‐averaged concentration, 
only measures the freely 

dissolved concentration, time 
of exposure to equilibration 
does not seem clear in the 

literature. 
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 Quantification ability between these two methods refers to how many congeners can be 

detected in water samples.  Active sampling methods, if high enough volumes are collected, can 

generally detect individual congeners down to 0.1 pg/L.  In the field, it is impossible to know what 

level is sufficiently low to detect what is there and label it as an effective “zero” or not detected.  

For the studies given in Table 2.1, it was seen that congener values are reported for greater than 

120 congeners in many cases with at least one example of all 209 congeners quantified [71].  

Passive sampling methods require the use of PRCs or sampler-water partition coefficients, which 

are not always available for every congener.  Furthermore,  Lohmann and Muir [48], while making 

the case for using passive sampling devices such as polyethylene devices (PEDs) in a global 

monitoring network, show that for PCBs of chlorination greater than six, the percentage of 

equilibrium reached after two months is 32% for 50 um thickness and 16% for 100 um thickness.   

PRCs would be positively required to get an accurate measurement of concentration for hexa-

chlorinated and higher PCB species if using PEDs for these time periods.  If enough PRCs that 

correspond to all of the congeners that need to be quantified are not available or are not practical, 

then quantification is limited at best. 

2.2.2 Observed PCB Water Column Fractionation between Suspended and Dissolved 

 It is generally considered both unusual and unexpected that PCBs would be present in 

the dissolved phase in greater proportion than the suspended phase in any system.  The 

expectation is that their hydrophobicity would drive them to the more similar environment of 

particle rather than a water phase.  The partitioning scenario of PCBs in the HSC behaving 

opposite of this expectation is not a fluke, a sampling error, or an experimental error because it 

has been observed that PCDD/Fs in the HSC do behave as expected according to hydrophobicity 

[21].  Furthermore, multiple sampling events for PCBs have produced the same result of 

increased preference for dissolved (< 1 μm) fraction of the dry weather surface water [22, 23].  

Wet weather surface samples often exhibited a greater volumetric concentration of PCBs in the 

suspended phase over the dissolved phase in contrast to the dry weather samples [20].   

 There are at least five possible reasons for the observed HSC PCBs suspended-

dissolved fractionation.  The most obvious possibility is the inclusion of submicron particles in the 

operationally dissolved phase of the sample according to the current high volume sampling 

methodology.  The 1-μm GFF may exclude particles of a lower size than 1-μm at later times in the 

sampling when clogging occurs.  Even so, there would be a size of exclusion that is still larger 
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than what is normally thought of as the barrier for truly dissolved of 0.7, 0.45 or 0.1 μm.  

Whatever the actual cutoff in situ, it can be imagined that the small particles carrying PCBs pass 

into the XAD2 resin column.  XAD2 resin has a hydrophobic portion on the surface of the 

microsphere that absorbs PCBs but may not absorb submicron particles well due to a mean pore 

diameter of 90 Angstroms [72].  Thus, if there is a submicron particle effect that is being observed 

in the HSC samples, then it is likely from the partitioning of PCBs from the particles to the XAD2 

resin as it flows through the sampler.  The degree to which this occurs would depend on the 

relative affinity increase in XAD2 for a PCB congener versus the organic matter that it is 

presumably associated with submicron particles. 

 Another cause of the effect seen may be the presence of DOM or DOC in samples.  As in 

any body of surface water, DOC is present, and it has been suggested that DOC may cause a 

“solubility enhancement” of hydrophobic pollutants [73, 74].  At times, the enhanced solubility is 

glaringly evident because observed field solubilities are greater than lab measured and 

theoretical solubilities allow.  The presence of DOC-sorbed PCBs represents one of the three 

water phases of equation [5], and would likely deliver PCBs to XAD2 resin in a similar fashion as 

the submicron particles.  If, however, the DOC is small enough, it may be able to penetrate the 

pore size in the microspheres and sorb onto the resin possibly taking PCBs with it.  It is this 

second mechanism of action that may make it a larger source of PCBs to the reported dissolved 

fraction over the submicron particles. 

 Organic matter of some form is the conceptual reason why PCBs would associate with 

submicron particles or DOC, and this is also the reason why PCBs should associate with the 

suspended 1 micron and above particles.  The cause of increased dissolved fraction PCBs may 

be the quality or type of carbon found in the suspended phase.  If carbon content is low, or the 

quality of the carbon for partitioning is poor, the amount of PCBs that can be stored on those 

particles is diminished.  The 2009 sampling campaign in the HSC attempted to characterize 

particulate organic carbon (POC) to contrast it with DOC in a < 1 μm form.  The method for 

measurement of POC was to measure water TOC (unfiltered) and subtract DOC from it.  The 

method was largely ineffective because the DOC was either nearly the same as reported TOC or 

was greater than TOC.  The use of a subtraction method to arrive at POC concentration may 

have been ill-advised simply because the POC concentration could be within the experimental 

error of OC measurement.  This possibility is the primary hypothesis for why POC was unreliably 
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measured in this fashion.  If POC is much less than DOC, sorption potential would certainly be 

affected.  One reason why it might be supposed that POC << DOC could be simply that the 

amount of material in the suspended phase is less by mass than what exists below 1 μm.  This 

possibility is also a hypothesis yet to be tested with certainty though it is generally seen that POM 

and DOM are fairly equal in quantity in rivers and estuaries while POM is very low in the open 

ocean [75]. 

 Competitive sorption is a more distant possibility that may be occurring in the HSC.  

There are many other pollutants in the HSC besides even PCBs and PCDD/Fs since it is an 

urban area of great size and with many kind of human activity.  Natural biogenic or geologic 

sorbates may exist as well that compete with sorption with particles of all sizes.  If competitive 

sorption is preventing PCBs from being found on > 1 μm particles, then this should happen to < 1 

μm particles as well.  If the effect is fairly indiscriminate towards the size of the sorbent particle, 

then it cannot explain why PCBs are observed in greater concentration in the dissolved phase. 

 A final cause for the greater percentage of PCBs in the dissolved phase is the source of 

the PCBs.  PCBs are both historically and contemporarily sourced.  Historically sourced PCBs 

would either come in the form of Aroclor oils, original PCB formulations manufactured by 

Monsanto, released directly to the environment or through products that used PCBs.  In both 

cases, PCBs would be in some other phase, become dissolved, and then transport throughout 

the HSC by advection, partitioning in and out of different phases along the way according to local 

chemical activity differentials.  One source of contemporary PCBs is incineration sources that 

distribute PCBs atmospherically [76-78].  The atmospheric PCBs either deposit directly onto 

water surfaces or are later taken there as storm water runoff.  Another contemporary source is 

effluents, which are regulated for total suspended solids (TSS) usually defined in the range of 1-3 

μm minimum.  PCBs coming from municipal, industrial, or storm water outfalls can therefore have 

submicron material present in them in potentially greater quantity than larger particles; such a 

scenario being more likely for industrial effluents than municipal or runoff.  In either contemporary 

source, a critical vehicles for these PCBs are particles.  If these particles are submicron in size 

and enter surface waters with PCBs in tow, then they may retain those PCBs as they move 

through the system.  In this way, both the source and age of the PCBs can factor into their 

greater representation in the dissolved phase. 
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2.2.3 The Role of Natural Organic Matter (NOM) 

 NOM is important ecologically regardless of its association with any kind of pollutant 

because it provides carbon source to the aquatic food chain.  In coastal areas, NOM can differ 

depending where along the salinity gradient from riverine to estuarine to coastal ocean the NOM 

is found.  NOM may be delivered to surface water allochthonously, which is to say that it comes 

from processes occurring in and near terrestrial soils, or it may have its genesis autochthonously 

as formed by plankton and through the breakdown of plant materials in the water.  Comparison 

between these two types of carbon in a global sense generally reveals that the greatest 

contribution to the ocean system is from allochthonous NOM as opposed to autochthonous [75]. 

 Aquatic NOM is a mixture of many different substances including many biopolymeric 

substances (polysaccharides, proteins), small organic molecules (reducing sugars, phenols, 

esters, alcohols), and humic substances (humic acids, fulvic acids, and humins).  Figure 2.4 is a 

van Krevelen plot of the various compounds often found in coastal area DOM.  As PCBs, 

PCDD/Fs, and other POPs are hydrophobic, it is the hydrophobic portion of NOM that is most 

critical to understand for the purposes of fate-and-transport. 

 

Figure 2.4. A van Krevelen diagram of DOM from the Chesapeake and surrounding areas 
generated using Fourier transform ion cyclotron resonance mass spectrometry (ESI-
FTCIR-MS).  The various ordered pairs of element ratios (O/C, H/C) provide a general 
classification scheme for the compound present in the DOM [79]. 
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 Humic substances (HS), one component of aquatic NOM, are not entirely hydrophobic, 

but they do have hydrophobic portions.  They are complex mixtures of large and small organic 

compounds derived from the breakdown of plant and microbial remains.  The organic precursor to 

most humic substances is considered to be plant lignin [80].  Humic substances do not comprise 

all of DOM, especially  to the degree that the DOM is autochthonous, but at least in riverine DOM, 

it is the majority component with concentrations generally 30-100 times higher than all other 

components [81].  Considering all types of natural waters, humic substances make up one third to 

one half  of all DOM [82].  HS are also distinct from other organic components in water because 

they are refractory decomposition products and are even sometimes referred to as refractory 

organic substances (ROS) [83] 

 Components of humic substances as understood classically are humic acids, fulvic acids, 

and humins.  These components are not necessarily chemical components unto themselves but 

are rather more like broad chemical classes that humic materials can be broken into according to 

their solubility at various pH.  Abdoul-Kassim and Simoneit [84] provided a good elemental 

comparison (Figure 2.5) of the various fractions and make the point that common biological 

components in water such as amino acids can each fall into one of the various fractions.  The 

distinction between humic fractions is chemical behavior and elemental composition, not 

compound class per se.  When progressively adding base to humic substances, humic acids 

precipitate first, and then fulvic acids.  Humins are the component that is not soluble in water at 

any pH, and so in terms of the current discussion, they would be considered NOM but not DOM.  
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Figure 2.5. Elemental composition of various humic substances from different source of 
organic matter.  Image taken from Abdoul-Kassim and Simoneit [84]. 

 The International Humic Substances Society (IHSS) was formed in 1981 as a group of 

900 scientist-researchers bound together to study HS for a variety of applications [80].  From that 

time and earlier, there have been hundreds of studies that have attempted to characterize, 

quantify, and observe the behavior of HS in the environment.  The most relevant studies here are 

those that provide information on methods of their study, isolation, and characterization and those 

that examine their role in pollutant fate-and-transport. 

 The IHSS provided one of the first methods for HS isolation that gained widespread 

acceptance.  The basic procedure for the method is to acidify the sample to separate a precipitate 

that represents the humic acid fraction from the supernatant, which represents the fulvic acid 

fraction.  Then the supernatant is run through an XAD8 column and back eluted repetitively.  It is 

finally freeze dried to recover the fulvic acid [85].  Many variants of this method exist.  The results 

of the isolation are masses of fulvic or humic acids.  Though the method is widespread and fairly 

simple to perform, it is reported to have only a 40-60% yield [86].  Variations on this method have 

been attempted to try and improve total recoveries as well as to get particular components of HS.  

Esteves et al. [87] experimented with using XAD8 and XAD4 individually and in series.  Using 

fluorescent organic matter (FOM) as their metric, they determined that XAD4 resins could be 

added to increase the recovery of smaller molecular weight humic substances.  The two resins in 
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series increased total HS recovery by at least 20% at all ionic strengths.  A widely cited study by 

Ma et al. [88] further improved the isolation methodology by adding an easier field collection 

procedure to concentrate the NOM using portable reverse osmosis (RO) system.  They then used 

successive XAD8 extractions to separate humic, fulvic, and hydrophilic (Hyl) acid fractions taking 

care to desalt all extracts using cation exchange resin.  Abbt-Braun et al. [83] acknowledged that 

RO and other concentration procedures can be helpful when DOM is lower, but there is a risk that 

interferences from inorganic ions may concentrate as well.  These examples are by no means an 

exhaustive listing of all humic substance isolation and fractionation.  Most procedures do, 

however, seem to follow some variant of the acid precipitation-XAD extraction scheme.  A good 

example of the results using the scheme of Ma et al. [88] is shown in Figure 2.6.  This 

representation seems to be more concerned with the relative comparison of various forms of HS, 

but there is no reason why they could not be converted to concentrations as long as original total 

sample volumes are recorded. 

 

Figure 2.6. DOC fractionation results of DOM for various sites in the eastern and sourthern 
US.  The far right sample (WW) is from a wastewater facility is characteristically distinct.  It 
is noted here that this method appears to give results to account for every portion (100%) 
of DOC in one of these three classes [88].   

 Two studies by van Zomeran et al. [89, 90] have recently attempted to make 

quantification of HS more accurate with a view towards environmental applications.  They appeal 

to practicality in noting that the most common HS isolation procedures previously described 

require 40 hr/sample for analysis, and usually samples cannot be processed in parallel.  Their 
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procedure provides ways to quantify recovery using standards obtained from IHSS, and sample 

analysis can be conducted in parallel at around 1.5-hr/sample, a significant improvement.  The 

practicality of the method highlights the focus that different researchers have on HS analysis 

according to their field.  Research on HS has often been conducted for the purposes of 

fundamental understanding of aquatic and soil chemistry, geochemical understanding and carbon 

budgets, and in drinking water purification.  HS interaction in environmental fate-and-transport 

has been less studied.  Nor have quantitative concentrations of HS fractions been used 

specifically for large surface water fate-and-transport contaminant models.  van Zomeran and 

Comans [89] provide a focus on quantitation, standardization, and increased analytical 

throughput, which may allow spatial distinctions in total carbon, OM fraction, flows, and pollutant 

patterns to be interpreted together. 

 Characterization of NOM and the HS in NOM is the process of attempting to identify the 

various components and functionalities within total HS or HA-HF fractions.  Many different 

methods have been employed to characterize organic matter according to the following 

properties:  individual component molecular structures, size of structures, type of OM, double 

bond equivalents (DBEs), aromaticity and aliphaticity, polarity, hydrophobicity, protonation ability, 

and acid capacity.  A thorough examination of these property characterization and various types 

of methods to perform the characterization are given in the review article by Abbt-Braun et al. 

[83]. 

 It is not certain which of these NOM properties will be most relevant and useful for 

environmental fate-and-transport, but some examples are worth examination nonetheless.  One 

of the richest methods of analysis has been developed by Sleighter et al. [79, 91].  They used 

ESI-FTICR-MS to resolve thousands of individual molecular fragments in DOM samples from the 

Chesapeake Bay (Figure 2.4).  By examining the data output and employing multivariate 

techniques, they gathered valuable conclusions about the transition OM as it moves from inland 

waterways and out to the open ocean.  The onshore and offshore samples of DOM both showed 

large quantities of lignin components, but they were different in that offshore DOM had more 

heteroatom (P, N, S) components and lower aromaticity.  These findings generally agree with the 

concept of higher allochthonous DOM inshore that decreases in favor or autochthonous DOM 

towards the offshore.  Akkanen et al. [92] used many of the DOM characterization techniques to 

determine what the effects of various separations procedures were for DOM sampling and 
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chemical analysis.  Specific UV-absorbance (SUVA) of the DOM is the absorbance of the sample 

at 254 nm divided by DOC, and it is a measure of the degree of aromaticity.  The parameter is 

valuable because it has been shown to correlate to the ability of the DOM to sorb organic 

contaminants [93, 94].  Akkanen et al. also used size exclusion chromatography (SEC) on various 

filtered and unfiltered water samples to see what was truly lost during separations.  Finally, what 

is often considered one of the most basic analytical characterizations of DOM is the elemental 

composition either on whole samples or on HA-FA fractions.  Ma et al. [88] make mention of it as 

one of the simplest methods of characterization because ratios of the elements are purported to 

indicate something unique about the sample.  As can be seen in the van Krevelen plot of 

Sleighter and Hatcher [79], the ordered pair of H/C and O/C can place OM according to a generic 

type.  H/C by itself is an indication of relative aromaticity-aliphaticity, N/C is a means to compare 

various forms of HA and FA, and (N+O)/C is an indicator of polarity. 

 What is perhaps most critical to PCBs in the HSC are research developments that relate 

hydrophobic organic pollutant interaction to humic substances.  Some of this research is focused 

more on pore water and others on surface water, but both kinds of waters are relevant here.  One 

of the first studies that investigated the possibility of contaminant-humic substance interaction 

was an oft-cited work by Landrum et al. [95].  They developed a method to separate humic acid-

bound pollutants from the freely dissolved using a reverse phase column at high pH.  Their 

method does not state specifically if the DOM-associated measured concentration of contaminant 

is exclusively humic acid or includes fulvic acid as well.  McCarthy and Jimenez [96] performed a 

similar experiment with various PAHs with a dialysis separation technique.  The separation was 

quantitatively assessed using radio-labeled PAH tracers.  They made the valuable conclusion that 

the PAHs studied were reversibly bound to HS and that this binding and release happens faster 

than to sediment particles.  In both of these experiments, the humic acid that was used was 

provided by SigmaAldrich “Aldrich humic acid” and was thus not field-derived providing a source 

of error for observed Kdoc [97].  Baker et al. [32] performed one of the first studies in field-

contaminated water samples that tried to examine the applicability of a two-phase partition.  They 

determined that since an inverse relationship between suspended solid concentration and Kd 

existed, colloid influences were present.  They did not effectively determine whether those 

influences were DOC or colloid mediated or investigate the nature of the NOM through any kind 

of fractionation. 
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 Following these initial studies, there were a number of studies that focused on the ability 

of DOM to create solubility enhancement of pollutants [97, 98] and to relate that effect to 

bioavailability [34, 99-106].  Once it was established that organic matter was having an effect on 

pollutant levels in water and to bioavailability, it became important to quantitatively predict and 

characterize that distribution as well as to understand the mechanisms involved.  Gauthier et al. 

[107] determined Kdoc’s in various humic materials (marine HA, soil HA, and soil FA) and also 

characterized the humic material according to bond equivalents and aromaticity.  They 

determined that for pyrene, the Kdoc was significantly correlated with aromaticity of the humic 

material, and a similar relationship was found with benzo(a)pyrene (BaP) [108].  DePaolis and 

Kukkonen [109] isolated fulvic and humic acids to compare them separately on their interaction to 

BaP and polychlorinated phenol (PCP).  They determined that HA, because it has greater 

aromaticity and lower amount of functional groups, was a stronger binding agent for HOCs than 

FA. 

 Efforts to model the relationship between pollutants and DOM have been made; some 

with a view towards the components that make up the DOM and some meant to be merely 

descriptive of what is observed.  When modeling efforts are attempted with HOCs, there are two 

main sources of variability to be addressed.  The first is the variability in the NOM, and the 

second is the variability in the chemical constituents because most HOCs exist as a suite of 

several variants/congeners.  Sabljic et al. [110] focused primarily on the chemical variant nature 

of PCBs in developing a Quantitative Structure-Activity Relationship (QSAR) model to describe 

previously experimentally derived marine HS Kdoc values with the significant model factors of 

congener size (molecular connectivity) and degree of ortho substitution.  More recently, Burkhard 

et al. [111] performed a literature survey to try and ascertain what the Kdoc for various HOCs 

should be in light of all measurements available.  They determined a relationship of Kdoc = 

0.08Kow, but the 95% confidence limits around the relationship span two orders of magnitude per 

chemical because a significant amount of the variation is unaccounted for by hydrophobicity (Kow) 

alone.  Other sources of variation offered are differences in structure and composition of DOC as 

well as in measurement techniques. 

2.2.4 The Role of Black Carbon (BC)   

 Black carbon (BC) is a form of carbon that is produced by incomplete combustion of plant 

material and fossil fuels.  It exists in the environment in soils and sediments and spans the forms 
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of charred material to graphite to soot.  Transported globally by water and winds, it is ubiquitous 

[112].  It is generally considered a negative environmental influence due its atmospheric 

greenhouse potential and as a component of particulate matter pollution, but it is also a reservoir 

for nutrients in the global soils contributing 30% of the total soil budget [113]. 

 Recent work has brought additional environmental significance for BC because it has 

been observed to be a unique and often superior sorbent for organic contaminants than any other 

form of carbon in the environment.  PAHs are a natural choice for study with BC because they 

often have the same original combustion source [114].  Studies in PAHs led to knowledge that BC 

is a cause of non-linear environmental contaminant isotherms, and that understanding extends to 

other HOCs including PCBs [64, 115-118]. BC may be an extremely effective environmental 

geosorbent, but it is not the only sorbent available.  Other forms of OM are still important and are 

employed in HOC partition models [31]. Furthermore, recent work by Hawthorne et al. [119] has 

cast some doubt on how effective a two-carbon model (natural organic matter carbon-black 

carbon) may be compared to models using coal-tar as a sorbent and a factor to account for 

contaminant weathering. BC and its role in environmental fate-and-transport has been examined 

in field studies more in bed sediments than in the water column though valuable water column 

studies do exist.  Persson et al. [64, 120] provide one example of water column BC.  They 

collected samples using a high volume sampling method obtaining enough volume in a coastal 

area to quantify soot carbon directly from polyurethane foam (PUF) filter.  One method that may 

be used to quantify BC is provided for sediments by Gustafsson et al. [121].  The method 

essentially determines BC in a fashion similar to standard DOC or TOC whereby the inorganic 

carbon is first removed by acid, and then the sample is put in a CHN analyzer.  BC separation 

from NOM occurs using optimal temperature controls (375 ˚C in excess oxygen) that remove 

NOM without removing BC. 

2.2.5 Pore Water Sampling 

 Bed sediment pore water is a sought after media to sample PCBs and other POPs 

because it is often through pore water that contamination spreads from sediment to biota and 

from sediment to the water column, where it is then dispersed throughout the water body.  There 

have been numerous studies that have obtained pore waters with various aims.  Rather than 

discuss them individually, they have been summarized according to what is relevant in Table 2.3.   
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 The difficulty in pore water sampling arises from two main issues: quantity of pore water 

obtained and alteration of the pore water.  Quantity of pore water, as with any environmental 

matrix, is critical because of detection limit concerns.  PCBs in pore water are expected to be at 

ng/L or pg/L levels, and thus require low detection.  Obtaining enough sample volume is not 

always easy because the pore water is retained in the pores both in situ and ex situ.  Whether the 

pore water is obtained by way of either form, the volume may be low.  Ex situ methods often 

require a large and impractical amount of sediment to get a sufficient pore water yield.  In situ 

methods present difficulty with sample volume due most often to access to the environment. 

 The second problem with many pore water extraction strategies is pore water alteration.  

Intuitively, it might be thought that in situ methods alter pore water the least, and this is generally 

true.  There are, however, instances where pore water withdrawal through suction-filtration draws 

pore water from outside of the immediate sample location creating undesirable mixing between 

locations and depths.  Ex situ methods suffer from issues with storage and sediment-pore water 

separations. Pore water can be extracted in the field either by being removed directly from bed 

sediments at the sediment bed or by withdrawing sediment and then removing the pore water 

onboard a boat.  Pore waters are then stored in plastic or glass containers (similar to surface 

water samples) and may later be analyzed.  There is concern that the pore water will be altered 

during storage, and so storage of pore water in sediments is recommended and practiced more 

often.  It is thought that removal of sediments from pore water and chemical analysis shortly 

thereafter yields a more accurate result consistent with field conditions.  Sediment-pore water 

separation for ex situ methods must happen in order for chemical analysis to be conducted 

without interference from native sediments.  Active separation methods such as suction, 

squeezing, and centrifugation-filtration all put sufficient forces into the sediments, and it has been 

said that some of the pore water removed in this way was tightly bound in intra-particle voids and 

thus may not be as available in the environment.
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Table 2.3. Pore water collection and extraction methodologies and the studies that have used them. 

Method  Centrifugation Only (Possible Flocculation)  Centrifugation‐Filtration 

Description 

Cores or grabs from sediment are collected and sectioned (sometimes) into 
groups that can be either analyzed separately or combined as equal 
aliquots.  After 20‐60 minutes of centrifuging, the supernatant is simply 
removed by pipette.  The ability to remove the suspended particles by 
centrifugation alone is often called a "centrifugation efficiency" [122] 

Cores or grabs from sediment are collected and sectioned (sometimes) into 
groups that can be either analyzed separately or combined as equal 
aliquots.  After 20‐60 minutes of centrifuging, the supernatant is filtered at 
some filter size and analyzed.  Sometimes a combination filter centrifuge 
tube called a "basal cup" can be used to centrifuge and filter in a single step. 
[123] 

In Situ/Ex Situ  Ex Situ  Ex Situ 

Equipment 
Required 

Coring or sediment grab device, centrifuge, centrifuge tubes, and pipettes.  Coring or sediment grab device, centrifuge, centrifuge tubes, and filter. 

Applications / 
Target Analyte 

(1) PAH toxicity [122], (2) PAHs (alum flocculation used) [124] , (3) PCBs 
(alum flocculation used) [125] 

(1) Chlorides, bromides, ammonium (filter size 0.45 um) [126], (2) Trace 
metals [123], (3) PAH toxicity (Carr and Chapman 1995), (4) Heavy metals in 
marine sediments [127], (5) Uranium toxicity assessment (filter size 0.45 
um) [128], (6) PAHs and PCBs [129], (7) PAHs, PCBs, insecticides in harbor 
sediments [130], (8) Pore water studies of sediment from an mine waste 
acidified pit lake [131]. 

Advantages 

No in the field wait time required, sediment can be in refrigerated storage 
until ready for pore water separation or pore water can be separate and 
frozen for storage instead, simple procedure with no specialized apparatus 
construction, contact with other sorptive surfaces is minimized, achieves 
high yield of pore water in clay or clayey sediments, using subtraction of 
whole vs. flocculated samples the concentration in colloids can be known 

No in the field wait time required, sediment can be in refrigerated storage 
until ready for pore water separation or pore water can be separate and 
frozen for storage instead, simple procedure with no specialized apparatus 
construction, contact with other sorptive surfaces is minimized, achieves 
high yield of pore water in clay or clayey sediments,  using subtraction of 
whole vs. filtered samples the concentration in colloids can be known 

Disadvantages 
Cannot be performed in the field,  if non‐disposable centrifuge tubes are 
used cleaning can be time‐consuming  [122]  

Requires extra processing step in filtration which could introduce error, 
cannot be performed in the field, if non‐disposable centrifuge tubes are 
used cleaning can be time‐consuming [122]  
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Method  In‐Situ Dialysis (Peepers)  Plastic strips‐Polymeric coated fibers 

Description 

Multiple Plexiglas chambers are open on one side.  The open side has a 
membrane fastened across it that only allows water and dissolved 
substances to pass through.  If the peeper is inserted vertically into the 
sediment bed, then it will obtain a vertical pore water profile in the 
different cells throughout the depth. Chambers are initially filled with 
nitrogen‐scrubbed DI water.  There is also a design that uses dialysis "bags" 
only (Schults et al. 1992) 

Thin (10‐100 um) strips of plastic or SPME fibers are placed near or in 
sediment beds.  Once a sufficient equilibration time is reached, the freely 
dissolved pore water concentration is deduced from strip‐contaminant 
partition coefficients. 

In Situ/Ex Situ  In Situ  In Situ (Can be used Ex Situ) 

Equipment 
Required 

Plexiglas and two membranes of polysulfone and polycarbonate. 
Plastic strips or solid phase microextraction (SPME) fibers (cleaned by 
sampling team or by a lab), a way to deploy the strips for long periods of time 
in sediment 

Applications / 
Target Analyte 

(1) Trace Metals and dissolved organic carbon. (Carignan et al. 1985, 
Bufflap and Allen 1995, Schults et al. 1992, Serbst et al. 2003), (2) 
Biogeochemically relevant solutes (Brandl and Hanselmann 1991), (3) 
Nitrate (Herzsprung 2005), (4) Acid sulfate soil characterization (Johnston 
et al. 2009), (5) Mercury and methylmercury in estuarine PW (Mason et al. 
1998), (6) Trace metals in humic‐rich bog pore waters (Rausch et al. 2006), 
(7) Uranium toxicity assessment (Robertson and Liber 2009), (8) PAHs and 
PCBs (Schults et al. 1992) 

(1) Six native PAHs in Boston Harbor using polyethylene (PE)  (Fernandez et 
al. 2009), (2) PCBs using reference compounds in tidal mudflats using PE 
(Tomaszewski and Luthy 2008), (3) PCBs in freshwater sediments using 
polyoxymethylene (POM) (Hawthorne et al. 2009), (4) PCBs and PCDD/Fs 
water column waters (surface and bottom) and in pore water by first 
removing the sediment to a laboratory (Cornelissen et al. 2008),  (5) Testing 
of silicone rubber as a passive sampler for hydrophobic organics (Yates et al. 
2007), (6) PCBs, PAHs, and hexachlorobenzenes in harbor sediments (Booij et 
al. 2003), (7) Comparison of polychaete and polyethylene (PE) PCB uptake 
rates (Friedman et al. 2009), (8) Prediction of the bioavailability of PCBs and 
PAHs for a deposit feeding oligochaete [46], (9) Tumbled polymers and 
passive sampling using PDMS fibers agreed with air bride pore water 
measurements of PCBs with errors of 20 and 200%, respectively [132]. 

Advantages 
Can be placed in situ and then analyzed directly from the peeper, 
technology has been use for at least 30 years, Have been used successfully 
at in very deep locations (290m, Brandl and Hanselmann 1991) 

Does not appreciably deplete the contaminants in pore water thereby 
altering the true field concentration with the presence of the sampler, small 
quantity of "sample" needed to preserve from the field 

Disadvantages 

No example of PCBs, PCDD/Fs, or any other ultra‐trace organic 
contaminant used with peepers in literature, requires divers to place in 
sediment beyond ~5 feet depth,  sturdiness of sampler under tidal and 
ship traffic forces, filtrate would require further separation for truly 
dissolved and DOM fractions of contaminant, vertical profiles in a pore 
water throughout the sediment bed can be distorted if the vertical scale of 
change is small (Harper et al. 1997), time of deployment has been as high 
as 38 days (Johnston et al. 2009), excessive variability in sample results can 
be due caused by  peeper contamination (Serbst et al. 2003) 

Studies must be conducted to determine the strip‐water partition coefficient 
for all congeners of interest before sampling, strips would likely need to 
remain deployed for 28 days (Hawthorne et al. 2009), 70 days (Cornelissen et 
al. 2008), or about a month for PDMS fibers [46] which may be difficult to 
ensure at depth. 
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Method  Sediment Decanting‐Filtration  Squeezing  Suction Filtration 

Description 

Take a grab sample of sediment 
and decant the water into sample 
container.  Subsequently filter the 
sample to appropriate size 
exclusion. 

A large mass of sediment is placed in a chamber that is "squeezed" 
using increased pressure from an inert gas such as nitrogen.  The pore 
water leaves at an exit port where it can be collected. 

A hollow tube probe device is place in the 
sediment at a single level or multi‐levels 
(requires multiple probes), and then suction 
is applied on the tube to draw out pore 
water and into a sample container.  In‐line 
filters may be used to exclude entrained 
particles. 

In Situ/Ex Situ  Ex Situ  Ex Situ  In Situ 

Equipment 
Required 

Grab sediment sampler and filter 
setup. 

Grab sediment sampler or corer and one of the many different kinds of 
sediment squeezers. 

Volumetric pipettes or an aquarium "air 
stone" for suction, tubing, sample 
container, in‐line filter, and vacuum source 
(e.g., syringe plunger, vacuum pump). 

Applications / 
Target Analyte 

(1) Organotin compounds in 
riverine sediments (Ansari et al. 
1998) 

(1) Trace metal toxicity (Carr and Chapman 1995, Bufflap and Allen 
1995), (2) PAH toxicity (Carr and Chapman 1995), (3) Copper and 
organophosphate pesticide (Lopes and Ribiero 2005), (4) Heavy metals 
and methyl mercury (Mason et al. 1998), (5) PCBs, PAHs, Alkylphenols, 
bisphenol A, and organochlorine pesticides in bay sediment (Khim et al 
2001),  (6) PCDD/Fs, PCBs, alkylphenols, OC pesticides (Koh et al. 2004), 
(7) PAHs and PCBs (Schults et al. 1992), (8) Oxidative on DOM as it 
relates to PCB partitioning (Pedersen et al. 1999) 

(1) Trace metals (Bufflap and Allen 1995), 
(2) PCBs and mercury near chlor‐alkali plant 
affected sediments (Winger et al. 1993), (3) 
Metal and PAH toxicity testing in sea urchins 
(Carr and Chapman 1995) 

Advantages 

Extremely simple, can be done in 
the field and thus does not 
require storage of large sediment 
volumes 

Simple and inexpensive and includes filtration in process 

Potentially high yield of PW (e.g.,  4 L 
sediment gave 500‐1500 mL, Winger and 
Lasier 1991), once installed particle‐free 
sample is fairly easy to achieve, easy to use 
with all disposable materials (Winger and 
Lasier (1991) device) 

Disadvantages 

Pore water yield is uncertain as 
some water is not easily decanted 
from sediments, depending on 
how decanting is done water 
column water could be included 
in the sample 

Shown to give the lowest concentration for PCBs and PAHs compared 
with centrifuging, vacuum filtration, and dialysis possibly due to 
retention of humic materials on squeezer filter (Schults et al. 1992), 
can lose hydrophobic organic chemicals due to large amount of 
internal surface area for sorption (Carr and Chapman 1995) 

Sometimes complicated apparatus to 
construct, may find it difficult to achieve 
sufficient suction from a boat, placement 
may require divers at deep locations, 
difficult to extract pore water from clay 
minerals (Carr and Chapman 1995),  

Table literature list in order of appearance:  Carr and Chapman [122], Hawthorne et al. [124], Bufflap and Allen [123], Angelidis [126], Mason et al. [127], 
Robertson and Liber [128], Schults et al. [129], Zhou et al. [130], Herzsprung et al. [131], Carignan et al. [133], Serbst et al. [134], Brandl and Hanselmann [135], 
Johnston et al. [136], Rausch et al. [137], Harper et al. [138], Fernandez et al. [139], Tomaszewski and Luthy [70], Hawthorne et al. [68], Cornelissen et al. [140], 
Yates et al. [141], Booij et al. [142], Friedman et al. [143], Ansari et al. [144], Lopes and Ribeiro [145], Khim et al. [146], Koh et al. [147], Pedersen et al. [148], 
Winger et al. [149]
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2.2.6 Measuring PCBs in Various Water Fractions 

 Much of the research in this dissertation relates to quantifying PCBs in phases of water 

that have not been done so before in the HSC.  The focus is on quantification of colloids, DOC, 

suspended, and truly dissolved phases.  A large list of studies that have quantified PCBs in water 

in some form is provided in Table 2.1, but there are fewer studies that have quantified PCBs in 

fractions outside of the traditional suspended-dissolved split or in the freely dissolved phase only.  

Burgess et al. [150] examined colloid-bound PCBs in New Bedford Harbor pore waters using a 

reverse phase chromatographic process on a column packed with C18 media.  The operationally 

dissolved phase in this case (< 1.2 um) was passed through the column.  The truly dissolved 

phase of PCBs, in theory, adhered to the C18 while the colloidal matter passed through.  In 

principle this separation is not that different from high volume samplings that use XAD2 to 

separate truly dissolved from colloids.  The difference is that Burgess et al. saved the water 

passing through the separation medium (C18) for analysis while high volume field sampling places 

that water back into the environment.  Detection limits were fairly high on a per congener basis in 

the study (100 ng/L), but they were able to show that PCBs in the operationally dissolved phase 

were 40 and 60% colloidally bound for di- and tri-chlorinated PCBs.  Colloidal bound PCBs were 

80% of the operational dissolved phase for tetra and higher chlorinated species.  They noted that 

relationship with colloids according to carbon content was not linear and suggested disequilibrium 

as the reason.  It is possible, however, that the nonlinearity may be explained by differences in 

the type of OC present in the samples.  Burgess et al. did not make the distinction between 

colloid-bound PCBs and DOC-bound PCBs.  It is likely that what they measured as colloids was 

the sum of the two.  Burgess and Ryba [151] later optimized this method of separation to suggest 

that using C18 particles of 0.075 mm is preferable to the larger 3 mm size.  Another finding of 

interest in the study was that the use of PCB-spiked fulvic and humic acids compared with pore 

water analysis revealed that fulvic acids may interact differently with PCBs than humic acids and 

the examined pore water.  Brown and Peake [152] used a similar C18 method to examine colloidal 

partitioning on PAHs, but the analysis was only done on Aldrich humic acid and not on field-

derived organic matter. 

 Marvin et al. [153] conducted a very original study on various sizes of particulate matter 

with analysis of PAHs and PCBs for each fraction.  They used a sequential sediment and 

sequential centrifugation to separate water samples into size fractions of >80 um, 40-80 um, 20-
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40 um, 10 -20 um, 2-10 um, and < 2 um supernatant.  Fractionation results from the study are 

reproduced from the paper in Figure 2.7.  As is the case with many samples from the HSC, the 

smallest size fraction (< 2 um in this case) is a large percentage of total PCBs though still less 

than half of the total water sample quantity.  Presumably the < 2 um fraction in the study includes 

DOC- and colloidal-bound PCBs as well as the truly dissolved because no submicron filtration or 

flocculation was used.  Indeed Marvin et al. used electron microscopy (EM) to confirm that 

colloids were present, and they identified the colloid as humic fractals. 

 

Figure 2.7. Relative percentages of selected polycyclic aromatic compounds in particle 
size diameter subfractions in a surface water sample from Hamilton Harbor processed. 
The sixth size range denotes particle-free fractions), prepared using ultracentrifugation. 

 PCB water sampling by Rowe et al. [66] recently investigated the effects of colloids by 

adapting a three-phase partitioning model to suspended-dissolved PCB data separated by 0.7 um 

threshold.  They arrived at what a Kdoc should be by taking observed suspended-dissolved 

partitioning relationships and calculating what the contribution of colloids would have to be to for a 

log Koc vs. log Kow to have a slope of 1.  This is equivalent to finding a new constant for the 

Burkhard [111] formula.  Their data showed that while Burkhard predicted a constant of 0.08, 

PCBs in the Delaware River estuary should have a constant of 0.06. 
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 Hawthorne et al. [124, 125] were concerned with better measuring Kdoc within pore 

waters, and they developed a thorough protocol for obtained truly dissolved Kdoc-associated PCBs 

and PAHs using solid phase microextraction (SPME).  Samples used to demonstrate the method 

showed that DOM (< 0.45 um) contained 10-25% of tetrachlorobiphenyls and up to 60% of 

hexachlorobiphenyls.  Individual congener Kdoc’s spanned an order of magnitude within the 

sample set. 

 This section examined various ways to sample surface water and sediment pore water 

for POPs and relevant components of organic matter, both natural and anthropogenic.  The 

sample collection method depends on many factors such as analyte detection requirements, 

potential alteration of the medium sampled, the phases of interest within the medium, the duration 

of the sampling, and the types of carbon which may affect observed POPs concentrations.  The 

research questions given in Chapter 1 relate to many aspects of POPs in various abiotic phases 

which concern their bioavailability and their fate-and-transport, and the data needed to investigate 

these questions can only be obtained with the appropriate sampling methodologies.  

2.3 Fate and Transport Modeling 

 Given the complexity of quantifying PCBs, their sources, and ultimate fate-and-transport 

in a natural water system, many studies have relied on models to understand the behavior of 

POPs in these systems. Fate-and-transport modeling in surface water is a wide field of research, 

and an effective reference on the subject is the book by Chapra [37].  What is relevant here are 

fate-and-transport models seen in the literature that relate to PCBs or other hydrophobic organic 

pollutants and that relate to hydrodynamic processes in estuarine and cohesive sediment 

environments. 

 Table 2.4 provides a listing of eighteen modeling studies that involve hydrodynamic 

modeling with environmental purposes.  These modeling studies were reviewed to examine (1) 

where the state of hydrodynamic-based modeling has come from and is now and (2) what 

lessons might be instructive when designing and implementing such models.  Important 

distinctions between the models are dimensionality of the simulation, type of sediment simulated 

(if simulated at all), and the particular purpose.   Many more studies have been conducted 

beyond what is in this list, especially in the last decade, however the studies presented in Table 4 

were selected because they have some relevance to hydrodynamic-based fate-and-transport 
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toxicant modeling in the HSC.  The general characteristics of the setting in the HSC are that it 

experiences microtidal forcings (tidal range < 2 m), exhibits bidirectional flows, involves a major 

river confluence, consists primarily of fine-grained cohesive sediment, experiences frequent high 

flow events, depends on reservoir freshwater releases for upstream flows (Lake Houston), 

contains a deep, central sub-channel for navigation, and experiences contamination which is 

significantly contained on easily suspendable sediments.  The following discussion does not seek 

to outline all of the theoretical particulars for all components of combined hydrodynamic, sediment 

transport, toxicant models, but rather highlight was has been achieved with such models as it 

relates to the HSC system.
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Table 2.4. Literature review of hydrodynamic environmental models, some that include sediment transport, and the purpose for which the modeling was conducted. 

Site 
Site 
Type  Sediment Type  Contaminant/Model Purpose  Dimension 

Representative 
Grid Size (meters) 

Hydrodynamic 
Model 

Sediment 
Transport 
Model 

Water Quality 
Model 

Similarities to 
Proposed Model  Additional Notes 

Lake Elsinore, CA, USA 
(Anderson, 2010) [154] 

Lake 
(polymic
tic) 

Non‐Cohesive 
Evaluate water quality impacts of pump‐
storage reservoir used in power 
generation. 

3D  100  EFDC  EFDC  None  Dimensionality 

As the dominant effects of interest were water levels and vertical 
stratification related to temperature, these became the variables by 
which hydrodynamic calibration‐validation was performed.  Model 
outputs from sediment, velocity, and flow were used, but they were 
not specifically measured for purposes of assessing accuracy. 

Douro Estuary, Portugal 
(Azevedo et al., 2010) [155] 

Estuary  None 

Evaluate water quality impacts and the 
dispersion of known contaminant loads 
with changing upstream freshwater dam 
flows. 

3D  75  EcoDynamo  None 
EcoDynamo 
(tracer 
analysis) 

Dimensionality, Site 
type, Tidal influence 

They found that the choice of the model downstream boundary 
(estuary mouth) may have limited the amount of momentum from 
downstream of the estuary that should have entered the domain.  It 
might have been better to move the model downstream boundary 
further downstream than the mouth. 

Savannah River Estuary, 
GA, USA (Blanton et al., 
2009) [156] 

Estuary  None 
An accidental release of tritiated water 
(3HOH) was used as conservative tracer 
to analyze estuary flushing. 

3D  300  ALGE
1  None  ALGE1 

Dimensionality, Site 
type 

Had limited bathymetry on several marsh and small tidal creeks and 
approximated them as "sheet flow" with relative success at 
reproducing concentrations.  Both the actual tidal creeks and the 
sheet flow act as diffusers for the tracer but by slightly different 
mechanisms. 

The Berau system, 
Kalimantan, Indonesia 
(Buschman et al., 2010) 
[157] 

Tidal 
River 
Junction 

None 
To understand flow dynamics around a 
bifurcated river junction. 

2D  200  Delft3D  None  None 
Tidal influence, river 
junctions 

Authors found that there was an interaction between tide and river 
flow such that flows could be higher in a channel which had higher 
bottom roughness compared to another channel at a junction. 

Lower Saginaw River 
(Cardenas and Lick, 1996) 
[158] 

River  Non‐Cohesive 
PCBs fate and transport out of river to a 
bay. 

Flow 2D, Sediment 
Bed 3D 

100 m 
(longitudinal), 25 
m (transverse) 

Author 
Developed 

Author 
Developed 

Simple two‐
phase 
partitioning 

Sediment type, 
contaminant type 

Large storm events (25‐year events or less frequent) were the only 
times when PCB‐contaminated sediment was resuspended, and this 
was often because PCBs were only found in sediments which were in 
shallow (< 3 meters) deposition‐dominant zones. 

Tanshui River Network, 
Taiwan (Chen and Kuo, 
2002) [159] 

Tidal 
River 

Cohesive and 
non‐Cohesive 

PAHs fate‐and‐transport from urban 
influences in the surrounding 
watersheds. 

1D  1000 m 
Author 
Developed 

Author 
Developed 

Author 
Developed 

Site type, sediment 
type, contaminant 
type 

The method of simulating cohesive and non‐cohesive sediments was 
different from other studies involving cohesive sediments.  The 
presentation of that method was a little unclear, but the result was 
that it allowed four different sizes of sediment to be simulated fairly 
independently. 

Danshuei River, Taiwan 
(Chen et al., 2011) [160] 

Estuary  None  DO depletion related to high urbanization  3D  < 50 m at places  ELCIRC‐3D  ELCIRC‐3D  CE‐QUAL‐ICM 
Site type, sediment 
type 

Tracked many water quality related variables and sounds like 
thorough validation was performed. 

Upper Hudson River, NY, 
USA (Connolly et al., 2000) 
[161] 

River 
Cohesive and 
non‐Cohesive 

PCBs fate and transport explanation over 
short and long time‐scales for remedial 
planning purposes. 

1D  3000 m 
Author 
Developed 

Author 
Developed 

Author 
Developed 

Sediment type, 
contaminant type 

This model was quantitatively accurate in terms of sediment 
movement and PCBs.  It benefited from having a long history of 
monitoring in the area.  This long and detailed history allowed PCB 
concentration calibration on event‐sized time scales as well at 
decadal scales. 

Gold Coast Tidal 
Waterways, Australia 
(Davies et al., 2009) [162] 

Estuary  Non‐cohesive 
Water planning and use needs (e.g.,  
recycled water discharge) 

3D  < 50 m at places  MIKE21 FM  MIKE21 FM  ECOLab 
Site type, 
dimensionality 

Authors actually released rhodamine dye into the estuary system so 
that they could monitor advection‐dispersion directly. 

Ispra Bay (Lake Maggiore), 
Italy (Dueri et al., 2009) 
[163] 

Lake 
(subalpin
e) 

Unknown 
PCBs fate and transport specifically 
through a dynamic modeling approach. 

1D  Unknown  COHERENS  COHERENS  COHERENS  Contaminant type 
The generation of particulate matter from biological activity was 
included so that it might interact with PCBs properly. 

Hartwell Lake, South 
Carolina (Elci and Work, 
2003) [164] 

Reservoi
r 

Cohesive 
PCBs fate and transport through the 
study of long‐term depositional zones. 

3D  150 m  EFDC  EFDC  EFDC 

Dimensionality, 
model code, 
contaminant 
sediment type 

The greatest areas of deposition were the thalwag of the lake, 
presumably where the river existed before the building or the 
original dam. 

Danshui River, Taiwan 
(Etemad‐Shahidi et al., 
2010) [165] 

Estuary  Cohesive 
Understand the effect of changing river 
discharge on sediment transport. 

1D  Unknown  Mike11  Mike11  None 
Site type, sediment 
type 

Calibrated the suspended sediment concentration as well as velocity, 
water surface, and salinities. 
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Site 
Site 
Type  Sediment Type  Contaminant/Model Purpose  Dimension 

Representative 
Grid Size (meters) 

Hydrodynamic 
Model 

Sediment 
Transport 
Model 

Water Quality 
Model 

Similarities to 
Proposed Model  Additional Notes 

Suisan Bay, CA, USA (Ganju 
and Schoellhamer, 2009) 
[166] 

Bay 
Cohesive and 
non‐cohesive 

Modeling of sediment transport more 
accurate to hindcast geomorphic trends 
over decadal timescales. 

3D  200 m  ROMS  ROMS  None 
Site type, sediment 
type, dimensionality 

In addition to suspended sediment concentrations, they also 
calibrated to known sediment fluxes over two cross‐sections where 
data had been measured over several years. 

Ribble Estuary (Gleizon et 
al., 2003) [167] 

Estuary 
Cohesive and 
non‐Cohesive 

Design of a computationally efficient 
estuarine sediment transport model. 

2D  Unknown  VERSE  VERSE  None 
Site type, sediment 
type 

This model uses a "vertical slice" 2D longitudinal‐vertical modeling 
method.  They claim that this is a better balance for engineering 
efficiency for what is needed in the case of deep high tidal range 
estuary.  

Blackstone River, MA, USA 
(Ji et al., 2002) [168] 

Non‐
Tidal 
River 

Cohesive 

Assess the relative importance of point 
sources, non‐point sources, and sediment 
resuspension on metal (Cd, Cr, Cu, Ni, Pb) 
and sediment water concentrations. 

1D  300 m  EFDC  EFDC  EFDC 
Sediment type, model 
code 

This was the first case of using EFCD in 1D mode.  Authors contend 
that often 1D is all that is needed for some flow situations.  The 
model was further simplified by not considering the aquatic 
chemistry of the metals as a previous neglect of these processes in 
studies in San Francisco Bay and Lavaca Bay produced good results 
without them. 

Athabasca River 
(Krishnappan, 2000) [169] 

Non‐
Tidal 
River 

Cohesive 
Provide a better model formulation for 
cohesive sediment deposition and 
erosion. 

1D (could be made 
multidimensional) 

Unknown  COHERENS  COHERENS  WASP5  Sediment type 
Sediment model made based on annular flume studies that erosion 
and deposition cannot happen simultaneously for the same sediment 
class. 

Po River Estuary (Leupi et 
al., 2008) [170] 

Estuary  Cohesive 
Provide a better for complex multiphase 
flows in estuaries. 

3D  25 m 
Author 
Developed 

Author 
Developed 

Author 
Developed 

Dimensionality, site 
type, sediment type 

This model was unique because it was able to deal with separate 
stratified flows, and it allowed an aggrading and degrading (mobile) 
sediment bed. 

Rhone River (Perianez, 
2005) [171] 

Tidal 
River 

Cohesive 
Understand the transport dynamics of 
radionuclides as mediated by suspended 
cohesive sediments. 

3D  1000 m 
Author 
Developed 

Author 
Developed 

Author 
Developed 

Dimensionality, 
sediment type 

Computes transport of four particle size classes of mean size values 
3, 7, 20, and 40 μm. 

1Developed by Savannah River National Laboratory (SRNL). 
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2.3.1 Hydrodynamics 

 Surface water hydrodynamics consist of the fluid dynamics experienced in the water body 

related to water surface elevations, velocities, flow, turbulence, waves, circulation, buoyancy, 

density currents, and stratification.  Not all of these measures and phenomena are important at 

every location, but most locations exhibit most of them.  All hydrodynamic models calculate these 

parameters as model outputs, some internal and some external, using fundamental fluid 

equations.  These equations generally include conservation of momentum (Navier-Stokes), 

conservation of mass (continuity, advection-dispersion (salinity)), and conservation of energy 

(turbulent kinetic energy).  

 Gravity flow non-tidal river systems have often been hydrodynamically simulated for 

environmental purposes, and they present a somewhat easier scenario in some respects 

because flow is generally fairly constant.  Most upland rivers are also fairly narrow which often 

allows lateral velocity gradients to be minor thus allowing a simplification to 2D or 1D models.  

Examples of such 1D models are PCBs in the Upper Hudson River [161] and metals in the 

Blackstone River [168].  What was clear from a hydrodynamic viewpoint was that large flow 

events were scattered in statistically with average low flow scenarios, and the model needed to 

be able to generate both conditions reasonably well in order to say that the hydrodynamic 

behavior was truly captured. 

 For estuaries specifically, the main forcing factors which control circulation and salinity 

distribution in estuaries are freshwater inflow,  tidal action, and weather events [172].  Azevedo et 

al. [155] chose to examine the aspect of freshwater inflow specifically in the Douro Estuary in 

Portugal.  The estuary was once limited to freshwater flows as they were fed in from upstream 

waters, but in recent decades, a hydroelectric dam was placed at the head of the estuary, which 

completely controlled the freshwater inflow.  Azevedo et al. understood that in the Douro not only 

were flow magnitudes changing, but their variability was changing as well.  In order to examine 

the interplay of the tide with the variability of the freshwater inflow, they converted daily dam 

release flows into monthly and constant flows, and they then subjected their model to all three 

types of flow variability.  By examining the dispersion of a simulated tracer dye released at 

various points in local tributaries (where contamination might likely enter the estuary), they were 

able to determine what freshwater inflow variability conditions provided the most overall estuary 

dilution by dispersive mixing. 
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 Another characteristic of estuaries specifically, which is also relevant to the HSC, is the 

existence of adjacent small tidal creeks and marshes.  These natural hydraulic structures may not 

necessarily deliver large flows to the estuary, but they can still be important for estuary mixing 

processes and small time-scale dynamics.  Blanton et al. [156] used an accidental release of 

tritiated water in the Savannah River Estuary (SRE) to examine its dispersion dynamics, and the 

SRE was an estuary that had many tidal marshes and small tidal creeks.  Their original grid 

spacing was 50-300 m to try and match the proportioning that would be intuitive in consideration 

of the transition of tidal creek to open coastal waters.  But because the bathymetric information in 

many of the small channel level areas was unavailable, the accuracy of the model was no more 

accurate than approximating these smaller channel areas with 300-m cells.  In the process of 

coarsening the model grid in this way, many of the tidal creeks (which had lateral dimensions far 

less than 300 m) were effectively removed or averaged out into minor depressions in the bottom 

elevation.  The result of this coarsening was that the small tidal creeks did not receive enough 

flow during the simulation as was known to exist.  The authors added initial water mass to 

compensate, which in effect turned the flow regime in that area to one of sheet/overland flow 

(shallow wide area flows).  This created the same overall dispersive effect of the tidal creek 

without the true velocities being reflected in the sheet flow (the tidal creeks would actually have 

much higher velocities).  Comparisons to observed concentrations of HTO and salinity indicate 

that this sheet flow approximation underestimated mixing. 

 Buschman et al. [157] examined the effect of tidal river junctions within an estuary  by 

creating an idealized bifurcated tidal river model whereby the upstream river flows are directed 

into two channels connected to a tidal boundary.  They were investigating when and how the flow 

division occurs in a proportion which is not the same as the cross-sectional area ratio between 

the two channels.  When examining the length and depth of one of the channels, they found that 

if the flow was preferential to that channel in the absence of tide, that the presence of tide only 

increased the unequal flow amount to that channel (i.e., increasing tidal range enhances the 

disproportionate flows) .  Contrastingly, increasing the roughness in one channel would cause it 

to receive less of the flow, which is intuitive because overall flow resistance is thus increased  

This effect only held to a point, however, as above a certain roughness, the higher roughness 

channel would receive more of the flow at the bifurcation.  Buschman et al. explain this 
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phenomenon by noting that the smoother channel has a higher tidal range and small phase lag 

between flow velocity and water surface elevation.  

2.3.2 Sediment Transport 

 In instances where water quality is of greatest concern, Connolly et al. [161] described 

how many fate-and-transport models had used sediment transport as a means to calibrate water 

quality conditions assigning arbitrary deposition and resuspension rates at specific locations to 

match water quality variables.  The harm in such an approach is not readily apparent if the final 

water quality state variable (in the case of Connolly et al., PCBs) is correctly predicted.  Yet, it is 

difficult to understand the effect of changing flows and active remediation efforts involving bed 

sediment if this is done.  The studies presented in this section modeled sediment transport as 

mechanistically as was possible at the time, and they provide a good basis for fate-and-transport 

modeling currently in use that does allow for a truer picture of sediment transport processes 

relevant to water quality. 

 Sediment transport in environmental models is dependent on the flow field generated 

from hydrodynamic model outputs, but it also can feed back into hydrodynamics as well.  The 

interplay between sediment transport and hydrodynamics, whether they are connected in both 

feed-forward and feed-back directions or in feed-forward only, is a fundamental distinction in 

sediment transport modeling.  Feed-forward only modeling is considered to be decoupled.  The 

manner in which sediment transport is determined is that essentially the hydrodynamics are 

determined according to bathymetries; boundary condition flows, elevations, and winds; and 

density according to temperature, salinity, and suspended sediment concentration.  The flow field 

then leads to a shear stress at the sediment bed, which determines erosion and deposition at the 

sediment bed.  Whatever is suspended is then advected and dispersed in the water column 

according to modeled velocities, eddy diffusivities, and stratification.  The difference with a 

coupled hydrodynamic-sediment transport model is that the hydrodynamics interact far more 

dynamically with fluid properties that may be influenced by sediment, namely the bathymetric 

boundaries and water density.  Coupled models can more easily deal with high suspended solids 

concentrations that may appreciably alter density, the sediment bed may be mobile (rising and 

falling, advecting through some form of bed load), or bottom roughness may be altered from the 

way sediment has deposited or eroded.  For many environmental applications of sediment 

transport models, a decoupled model is sufficient because either the time scales are too small to 
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see appreciable changes in bathymetry from sediment fluxes, or the water quality processes of 

interest will not be significantly altered from a mobile sediment bed or even from density changes 

resulting from high suspended solids concentrations as might exist during high flow events or in 

an estuary turbidity maximum. 

 Much of the literature related to the application of sediment transport models in estuaries 

is dedicated to the treatment of cohesive sediment.  The practical differences between cohesive 

and non-cohesive sediment for the purposes of environmental models have primarily been in the 

onset and cessation of motion—resuspension and deposition.  Non-cohesive sediment on a 

sediment bed is stabilized primarily by the immersed weight of the particle and its position relative 

to the other grains.  Cohesive sediments are stabilized more so by intra-particle adhesion and 

organic binding between particles [26].  This distinction is significant at the sediment bed because 

it means that for cohesive sediments, the length of time during which it has been in the bed, as 

well as its particle size can determine its material yield stress.  What this means for the net flux of 

sediment at the bed is that critical shear stress for erosion is not necessarily one and the same as 

the critical shear stress for deposition (as is most often the case with non-cohesive sediments). 

 One method for examining bed sediment erosion-deposition fluxes was provided by 

Krishnappan [169]  in a model that they created for Athabasca River (non-tidal) sediment.  They 

used the sediment from the Athabasca in a circular flume and were able to extract critical erosion 

(0.10 N/m2) and deposition stresses (0.20 N/m2) in a controlled environment.  The definition of the 

critical shear stress for deposition is the shear stress at which no sediment remains in 

suspension.  Based on this data, Krishnappan argued that cohesive sediment flux processes at 

the bed, both in reality and in models, should occur in a manner where deposition and erosion are 

mutually exclusive (Figure 2.8). The formulation of this concept is given in equations [6] and [7] 

for specification of cohesive sediment deposition and erosion, respectively 
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1.0 32.0 1
.

 for 1 6 ,  6

1.0   for   1  

0   for   6 

0.32 2
.

 for  2 12 , 7

0   for   2 

1   for   12 

where fd and fe are the fractions of sediment bed deposited and eroded, τo is the bed shear 

stress, τcd is the critical depositional stress.  The critical shear stress for the deposition term in 

equation [7] (erosion) must be modified to be the actual shear stress at which a sediment was 

deposited when it is not the same as the critical shear stress for deposition (i.e., when 1 <  τo/ τcd 

< 6 at the time of deposition).  In those cases, the limits for fe of zero and one should not be 

altered.  Thus, the amount of sediment which is eroded depends upon the shear stress at which 

the sediment was deposited, and this is reflected in the model in an interesting way.  The model 

divided every sediment cell coincident with a water cell into compartments for deposited sediment 

according to the depositional shear stress at which the sediment was deposited.  As shown in his 

experimental results, this “binning” of sediments by shear stress at deposition and with these 

shear stress cutoffs prevents sediment deposited at one shear stress from being resuspended 

except when the bed shear stress exceeds twice the actual stress at the time of deposition.  In 

this way, sediments that deposit at a higher shear stress require a higher shear stress to 

resuspend. 
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Figure 2.8. Experimental data for rotating flume experiments with Athabasca cohesive 
sediments [169].  The critical shear stress at which sediment begins to deposit is greater 
than the critical shear stress at which sediment begins to erode.  Yet the  critical erosional 
shear stress is higher than the critical shear stress for deposition (unity on the x-axis), the 
shear stress at which all sediment in suspension will deposit. 

 Cardenas and Lick [158] presented an important equation for cohesive sediment 

resuspension that was employed in their model and is similar in principal to that used by 

Krishnappan [169], 

, 8

 
where ε is the net amount of resuspended sediment per unit area, ao is constant, td is the time 

after deposition in days, n is constant (in the range of 1 to 2), τ is the bed shear stress, τo is the 

critical erosion shear stress (varies depending on when the sediment was deposited up to one 

day at which point is constant), and m is a constant equal to approximately three.  They varied 

the erosional stress as low as 0.01 N/m2 (freshly deposited sediment) to 0.1 N/m2 (deposited ≥ 1 

day).  What is significant is that the sediment resuspension rate is dependent on the amount of 

time since the sediment was deposited (reflecting consolidative strength effects in cohesive 

sediment), which is similar to the sediment compartments for sediment deposited used by 
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Krishnappan [169].  The difference is that while Cardenas and Lick [158] used the amount of time 

the sediment was in the bed to adjust the amount of sediment resuspended, Krishnappan 

captures this idea by adjusting the critical shear stress according to the bed shear stress that 

existed when the sediment was originally deposited. A further difference between the two 

approaches is that while Krishnappan’s model assumes that deposition and erosion are mutually 

exclusive, Cardenas and Lick allow for them to happen simultaneously.  The simultaneous 

approach then calculates the net bed sediment flux to be the difference between resuspension 

and deposition.  

  It is conceivable that one could use either sediment bed-water column flux model (or 

others that exist) to simulate the same conditions.  Viewed in this way, perhaps it is most 

important that the mechanisms are generally represented in a consistent fashion that produces 

the correct amount of sediment loads to and from the sediment surface.  Yet at the same time, 

water quality might be affected differently if one views erosion and deposition as mutually 

exclusive processes as compared to simultaneous processes with a net total flux of sediment.  If 

contaminant concentrations are different between resuspended and deposited sediment or the 

sorption capacity of the sediments in either mode is different, then the methods might predict 

different contaminant fluxes possibly even in different directions. 

 Regarding the particulars of various areas studied, it was seen that in the Saginaw River 

modeling study [158] , which was examining cohesive sediment transport of PCBs to Lake Huron,  

it was known that under average flows (which are low), no net resuspension would occur—only 

deposition.  The shear stresses at the shallow regions where most of the contamination existed 

never exceed the critical shear stress for erosion.  It was then important to make sure that 

simulations included high flow events though not necessarily for the particular year in which they 

occurred.  The authors in this case attempted to make sure that the return of various high flow 

events was statistically consistent with what had occurred over a 48-year historical period.  The 

accuracy of the hydrodynamic component of this model, which was effectively achieved with a 

2D-depth averaged formulation, was paramount so as to generate the correct shear stress at high 

flow events. 

 In slight contrast  to the cohesive sediment only models of Cardenas and Lick and 

Krishnappan , Chen and Kuo [159] modeled a mixture of cohesive and non-cohesive sediments 

near Taipei using four different sediment size classes.  They knew from observations at many 
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points along a longitudinal salinity gradient that some of the classes would be primarily cohesive 

and some non-cohesive.  The approach they used to deal with this was to assign a single critical 

erosion and deposition shear stress, but they had a variable suspended sediment concentration 

(SSC) and resuspension velocity for each sediment class.  The SSC and resuspension velocities 

were combined with the critical deposition and erosion stresses and the current shear stress to 

generate effective settling and resuspension velocities.  A model in Suisan Bay near San 

Francisco also used multiple classes of modeled sediment for cohesive and non-cohesive 

sediments [166].  Their reasoning was that they needed to have a class that was weak to erosion 

and one that was strong (armored) to erosion in order to predict long term trends in bay 

bathymetric morphologies.  In their work, observational evidence of a delta that allowed net 

deposition provided justification for the classification. 

2.3.3 Water Quality 

 The water quality component of hydrodynamic environmental models depends 

significantly on the water quality application in view.  In some cases, the prediction of sediment 

fluxes and suspended sediment concentrations is sufficient for an application if the concern is 

primarily the burial of a habitat through siltation or the decrease in the penetration of sunlight by 

way of its extinction in increased turbidity.  There is also what might be called a toxicant 

application where any number of toxic constituents are supplied to a model domain from outside 

sources (e.g.,  upstream flows, surface runoff, atmospheric deposition, wastewater effluents) and 

inside sources (e.g.,  the sediment bed, a source region, or toxic degradation products of less 

toxic species).    In these cases, the primary objective is to correctly model the entrance of the 

constituent to the water column and sediment bed, disperse it within the domain, alter it according 

to chemical and biochemical reactions, and allow it to leave by the correct mechanism.  Yet a 

third application is that of eutrophication modeling.  In these applications, what is at issue is a 

more general understanding of the interaction of many constituents in the estuary which by 

themselves may or may not be pollutants.  An example of such a scenario is when dissolved 

oxygen is low due to anthropogenic increases of nutrients and other oxygen depleting 

substances.  The substances may not deplete oxygen directly but rather through a cascade of 

aquatic and diagenetic reactions which are both abiotically and biotically mediated.  This section 

discusses some of the findings related to water quality studies conducted for these kinds of 

applications. 
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 Azevedo et al. [155], previously discussed with regard to flow variability, used a modeled 

conservative tracer at 100 uM for particular tributaries to examine contaminant dispersion.  They 

observed that the most favorable dispersion scenario (lowest mean concentration of tracer) was 

at the highest river flow tested and when the flow variability was constant.  Most of the effects 

related to tracer dispersion were attributed to dilution from increased freshwater flows, a location 

from which tracer did not originate.  What is significant in analyzing both the tracer dispersion, 

overall salinity, and salinity indicating stratification is that the estuary contaminant handling ability 

was highly dependent on both the magnitude and variability from the dam releases.  This finding 

provides a situation where the management of the dam can be an effective way to control the 

effects of potential pollutants, which is not related to source or load control.  Blanton et al. [156]  

conducted a slightly similar application as Azevedo et al. but using an actual release (accidental) 

of tritiated water (HTO) as a conservative tracer to look at estuary flow and mixing characteristics.  

The half-life of the HTO was 12.3 years, and < 2% of the original release was degraded during 

the 2-month measurement phase of the study.  They observed an effect of “tidal trapping” which 

can occur in tidal marshes.  The vegetation in the marshes severely limits the flow and hinders 

the spread of contaminants, which in this case are represented by the HTO tracer.  In the Douro 

Estuary [155], a controlling force behind the overall dispersive ability of the estuary was the 

magnitude and variability of freshwater flows while in the Savannah River Estuary [156], it was 

seen that the dispersion was highly influenced by low-lying tidal marshes and creeks whose 

vegetation and bathymetry provide a unique “trapping” effect. 

 Cardenas and Lick [158] note that previous fate and transport modeling of PCBs in the 

Lower Saginaw River were problematic because there was complete vertical mixing of sediment 

and contaminants within the sediment when in fact, even with bioturbation, only the top 10 cm will 

mix to various degrees.  An effective bed sediment dilution occurred, and the significance for 

hydrophobic contaminants is great because such dilution removes a significant amount of the 

contaminant load from active transport in the model.  They also used a fairly simple partition 

model in the water column for PCBs.  The model assumed equilibrium between only two 

phases—organic carbon and truly dissolved.  Thus, the model did not include highly sorbent 

organic carbon in the form of black carbon or dissolved organic carbon (DOC).  Furthermore, they 

assumed a constant fraction of organic carbon per mass of suspended sediment (2%), which is a 

reasonable assumption since location specific data was not available. 
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 Cardenas and Lick also discovered that the timing of large flow events (25-year flood or 

less frequent) was very critical for net sediment resuspensions and bed thicknesses.  This was 

significant for water quality because of the level of access to highly contaminated sediments that 

might be buried slightly under a more active layer.  If a high flow event happened earlier in the 

simulation, it would have a greater chance of redistributing contaminated sediments because 

those sediments were more recently deposited and would thus erode under weaker shear 

stresses compared to situations where they would have more time to consolidate. 

 Other important findings by Cardenas and Lick [158] were that deep parts of the river (> 3 

m) were always net erosion zones.  They assumed then that sediment would never deposit here 

and thus PCB contaminated sediment was not there.  The fact that these were erosion only 

zones was a result of high bed shear stresses in these locations.  Such high shear stresses 

would resuspend PCB-contaminated sediment if it was present, but it was not.  The model 

assumed highly contaminated sediment in shallow areas on the edges of the deeper dredged 

sections, but these sediments did not represent a large PCB flux except during high flow events 

and even if there was up to 5 years of clean sediment deposited on them.  The reason for this is 

that the shear stresses were so much lower that deposition happened most of the time.  What 

can be learned from this is that it is important to accurately get a sense of the shear stresses 

according to areas of varying bathymetry and to know what amounts of contamination may exist 

in those sediments for initial model conditions. 

 Chen and Kuo [159] ultimately determined that for PAHs in the Tanshui River, there were 

a decent number of larger particles which would not resuspend or would only resuspend during 

some parts of ebb tide.  When they resuspended, the concentration of most of the seven PAHs 

they examined did not drastically change the water column concentration (dissolved) because the 

partition coefficient for most was so high (sorbed phase dominant).  It did not seem like normal 

tidal river flows would remove the contamination very effectively. 

 Important water quality processes of note for the Upper Hudson River model [161] are (1) 

that longitudinal dispersion was neglected in light of its small importance relative to river velocity-

based advection, (2) partitioning to dissolve organic carbon was neglected due to previous 

measurements [40], (3) transfer of PCBs between sediment pore water and the overlying water 

column was modeled as a diffusion process, which assumes limited vertical advection or pore 

water out of the sediment bed, and (4) net deposition or erosion of the sediment bed causes 
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vertical migration of PCBs within the sediment bed.  The authors only modeled PCBs with three 

or more chlorines due to PCBs of lower chlorination representing only a minor concentration of 

the total.  Partition coefficients used in their model were location specific and taken from 

measured data in the water column.  The same linear based partition coefficients were used for 

the sediment bed and the water column.  Use of the same coefficients is questionable, however, 

considering that their data showed bed sediment PCBs which had undergone dechlorination.  

These bed PCBs were resistantly sorbed and so exhibited little linear partitioning behavior.  The 

results of the Hudson River model indicated that non-cohesive sediments were a greater source 

of PCBs to the water column than cohesive sediments because cohesive sediments had a 

smaller overall surface area and were buried more effectively than non-cohesive sediments.  

  Etemad-Shahidi et al. [165] showed fairly convincingly that the location of the turbidity 

maximum for cohesive sediments in the Danshui River Estuary was dependent on the location of 

the edge of saltwater intrusion.  They also determined that during the stronger tides seen in 

spring tide, the salt water moves further up the estuary, and so the turbidity maximum does so as 

well. In any estuary which has significant quantities of contaminant in bed and suspended 

sediments, predicting the location of a turbidity maximum, if it exists, would be important to overall 

contaminant flux out of the estuary. 

 Ji et al. [168] in the Blackstone River were able to satisfactorily model the concentration 

of five metal contaminants during storm events in 1D with accuracies of about 20% relative root 

mean square error.  The results of their study showed that different sources explained the 

observed concentrations seen in different metals, specifically for the case of lead (primarily 

sourced by nonpoint sources) contrasted with cadmium (sourced primarily by upstream point 

sources and sediment resuspension during high flows). 

2.3.4 Calibration, Validation, and Sensitivity 

 For the application of a water quality hydrodynamic model, the purpose of model 

development is not primarily to calibrate the model for accuracy and understand its sensitivity.  

Rather it is to use the model’s outputs to understand the water quality dynamics in the real world.  

Yet in order to make justifiable conclusions from the model’s predictions, it must be first calibrated 

to obtain reasonable values for parameters that are difficult or impossible to measure, second 

validated to demonstrate that the calibration is robust beyond the calibration dataset, and finally 

sensitized according to calibration parameter perturbations so that the uncertainty in a particular 
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parameter can be propagated as uncertainty in the model results.  Guidelines and expectations 

for hydrodynamic, sediment transport, and water quality variable calibration, validation, and 

sensitivity are highlighted in this section from the modeling studies reviewed. 

 Azevedo et al. [155] calibrated Douro Estuary model for correct water surface elevation, 

velocity, and salinity by changing the value of the horizontal diffusion coefficient and the 

maximum vertical diffusivity.  They were aided by surveys of temperature, salinity, and velocity 

with depth during flood and ebb tides.  The procedure was to obtain values for horizontal diffusion 

coefficient and maximum vertical diffusivity from flood tide data and then compare the model 

results against values measured during ebb tide.  They evaluated their calibrations by examining 

the Nash-Sutcliffe criterion (NSC) and the index of agreement (d) against ranges described by 

Henriksen et al. [173] for a hydrologic model involving groundwater heads (> 0.85 = Excellent, 

0.65 – 0.85 = Very good, 0.50-0.65 = Good, 0.20-0.50 = Poor, and < 0.20 = Very Poor).  It is 

important to note that Henriksen et al. used these classifications with the correlation coefficient 

(R2) and not with either the NSC or the index of agreement (d).  As such, it is unclear why the 

ranges from the Henriksen et al. study on groundwater modeling were applied directly to surface 

water using a different model accuracy statistic. 

 One specific issue Azevedo et al. noted with calibration was that they had difficulty 

getting the correct saltwater intrusion for the bottom layer of the model.  It was consistently 

underestimated by the model.  When dealing with issues of salinity matching and stratification 

related to salinity, they examined the influence of the horizontal and maximum vertical 

diffusivities.  Though these parameters had some effects on the observed salinities at various 

layers, it was only 4% for a 100% change in the parameter.  Another point of note with regard to 

poor salinity movement to the head of the estuary (as was observed in their measurements) was 

the location of the downstream model boundary being at the estuary mouth.  Momentum enters 

the downstream due to the forcing function of the tidal height only in the model.  In reality, 

however, velocities far from the estuary mouth may generate momentum which enters at the 

model boundary. This momentum input is not necessarily captured by the estuary mouth water 

elevations alone. 

 The quality of a calibration and verification is highly dependent on what the model is to be 

used for and the quality and availability of input data.  Blanton et al. [156] had detailed information 

on the concentration of the conservative tracer HTO in their simulation within the Savannah River 
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Estuary, but they did not have bathymetry data on the many small tidal creeks within the adjacent 

tidal marshes.  Their ability then to predict the overall trend at various locations was acceptable 

and useful, but they did not capture many of the finer aspects of the actual concentrations.  Chen 

et al. [160] calibrated their Danshuei River model for hydrodynamics primarily to water surface 

elevations only and ended up with a bottom roughness for all areas of 0.005 meters.  The area is 

an estuary that moves from a zone of almost no salinity and tidal influence up to several 

kilometers out into the coastal ocean.  RMSEs for the water surface elevations at multiple stations 

were all in around 0.40 meters.  They did endeavor to measure velocities as well, and the velocity 

RMSEs were in the range of 0.05 – 0.2 m/s. 

 Connolly et al. [161] in their model for the Hudson River needed to be able to accurately 

predict with the correct processes the fate and transport PCBs from bed sediments on an event 

time scale (a large storm) and over decades.  In order to make sure that their model could do 

both, they performed calibrations using detailed datasets for individual flood events as well as 

over a two-decade time period.  Generally the predictions of concentration in the water column 

and the sediment were within the 95% confidence intervals for the mean of samples collected at a 

location, which puts the model prediction error within the measurement uncertainty—a very good 

prediction.  However, the level of data that was available to Connolly et al. is not likely to be 

available at all sites and thus such accurate predictions cannot always be expected.  The 

Connolly et al. study shows marked improvement in the general predictive capability of fate-and-

transport hydrodynamic, sediment transport models involving toxicants even over a 10 year 

period.  One of the earliest studies of sediment-laden contaminant in a fate-and-transport model 

was conducted by Thomann et al. [174] in the Lower Hudson River Estuary, and the best match 

that could made between modeled and observed data was within 1-2 orders of magnitude.  This 

accuracy was, however, high enough accuracy to make quality conclusions about how well 

reductions in upstream PCB loads to the estuary would improve water quality.  It should also be 

noted that modeling fate-and-transport for cohesive sediments in a non-tidal river segment will 

generally have better predictive capabilities if for no other reason than the hydrodynamics are 

much easier to calculate more accurately and often with less computation resources. 

2.3.5 Equilibrium and FugacityBased Models as Compared to HydrodynamicallyDriven Models 

 One point should be added with regards to POPs modeling in surface water using 

hydrodynamics models, and that is that hydrodynamic-based models do not necessarily have to 
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be used.  There were many instances in the literature where fugacity, equilibrium-based models 

were used.  These types of models make predictions primarily based on the thermodynamics of 

chemical equilibrium, phase transfer, dilution, and reaction rates rather than placing as much 

emphasis on accurate prediction of variable flow fields.  A few examples of such models are 

presented here to give a sense of how they might be used. 

 An example of fugacity-based modeling was employed by Wang et al. [175] when looking 

at the exchange between the sediment bed and seawater in northeast coastal China for PAHs.  

They included soot carbon as a consideration, and they found that according to the molecular 

weight of the PAH (2-3, 4-5, and 5-6 rings), there was a distinction in the general transport 

tendency around the sediment bed.  Some were at equilibrium with the sediment, some used the 

sediment as source, and some used the sediment as sink. 

 Breivik et al. [176] used a quantitative, water-air-sediment interaction (QWASI) model 

originally designed by Mackay et al. [177] which operates primarily on fugacity-based 

contaminant transfer relationships that occur between media compartments.  Stratified layers are 

in separate compartments with transfer happening between them, and climactic conditions are 

reflecting primarily through the formulation of partition and degradation constants as a function of 

local temperature in the compartment.  Flows, stratified layer-thicknesses, wind speeds, and 

other generally dynamic inputs were calculated elsewhere and were input as a seasonal type 

influence.  This approach can be fairly effective for two reasons.   The first is that the water body 

is a fjord which is hydrodynamically not that different from a large lake.  Flows are not large and 

are less dynamic in general.  The exact prediction of within-fjord flows and water surface 

elevations are not as critical as in estuaries, bays, and lagoons.  The second is that the time scale 

of the model is very large.  Breivik et al. were seeking to explain through simulation the trends 

and patterns found in deep sediment cores with time scales going back to the 1920s. 

 The Breivik et al. model was also interesting because it identified four main mechanisms 

of PCB loss from the fjord.  They were in descending order sediment burial, flushing out of the 

fjord, degradation in seawater and sediment, and volatilization.  The flushing and degradation 

were nearly equal.  They state that their greatest source of uncertainty was in estimating the 

source quantities from air, industry, and tributaries for decades past when PCBs were not 

measured.  They also acknowledge uncertainty from the use of only one organic carbon particle 

phase, total organic carbon, and would have preferred to have included soot carbon as well. 
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 In summary, and as presented in the discussion above, hydrodynamic and water quality 

models have aided in our understanding of the complex interactions between water and sediment 

within natural water systems that affect the fate and transport of POPs. Thus, and as will be seen 

in Chapter 7-8, a hydrodynamic, sediment transport model is developed for the HSC estuary. 
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Chapter 3. Contaminant trends in the HSC 

PCB sampling in the HSC has been conducted during four different sampling campaigns in 

water, bed sediment, and biota.  The four campaigns were 2002-2003, 2008, 2009, and 2011 with 

the last three being conducted as part of this research.  The 2002-2003 campaign was unique in 

that the sampling measured PCBs and PCDD/Fs in fish and crab (as well as sediment and bulk 

water) while later campaigns measured PCBs in only fish though the measurements were in fish 

of multiple species.  The 2008 campaign was different because it included a spatially detailed 

sampling of bed sediment in the upper more industrialized half of the HSC while the campaign of 

2009 was unique because in addition to water samples collected in dry weather conditions, 

samples were also collected directly from wastewater effluents of various industries as well as 

from wet weather (runoff samples).  The 2011 campaign includes water, sediment, and fish 

samples of several species from the same general HSC region as in the previous three 

campaigns, but it also includes all major areas within the Galveston Bay System including upper 

and lower Galveston bays, Trinity Bay, East Bay, and West Bay. 

Abiotic media concentration results are all that is considered in this analysis, and so those 

field collection and analytical chemistry methods are what is summarized here.  Water was 

sampled for PCBs and PCDD/Fs using a high volume sample method.  The high volume method 

does not collect water to be analyzed by traditional extractions.  Rather solid media are placed 

inside stainless steel containers, which are part of a pumping system.  That solid media is later 

extracted and represents the analytes that were present in the sample water.  Surface water is 

pumped through the sample media (using the Axys Technologies Infiltrex™ 300 sample sytem), 

the volumes are recorded, and the contaminant mass found on the media is divided by the total 

volume to arrive at a time-averaged concentration during the sample period.  Two types of media 

are used. First, a 1 μm glass fiber filter (GFF) receives the sample water and nominally filtrates all 

particles 1 μm or above.  Then the filtered sample water enters a stainless steel column with 

XAD2 resin.  The XAD2 resin is a strong sorbent that removes hydrophobic contaminant from 

both small particles that make it through the GFF and from the truly dissolved phase.  Sample 

media were prepared by solvent cleaning and proofing (testing for PCBs and PCDD/Fs using 

USEPA methods 1668A or 1613B, respectively), and the pumping system itself is 

decontaminated using deionized water, soap, and acetone before use.  At each sample 
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collection, the pumping system is purged with the sample location surface water for at least 5 

minutes before the solid sample media is installed.  The flow rates (1.1-1.5 L/min) used for 

sample are kept sufficiently low to ensure that the XAD2 resin sufficiently captures all of the 

analyte in the sample water, and the sample volumes (200-1000 L)were chosen to ensure that 

the analytical chemistry methods would be able to detect and quantify PCB and PCDD/F 

congeners, 

Total suspended solids, total organic carbon, and dissolved organic carbon were sampled 

differently from organic contaminants. Water for these analyses was obtained in bulk at various 

points throughout the high volume sampling to make time composite.  Each aliquot was placed in 

a stainless steel bucket which was kept on ice until the end of the sampling.  The sample water at 

the end of the sampling was stirred vigorously to equal disperse any solids, and then the water 

was syringed into appropriate sample containers for the bulk water analyses. 

Bed sediment samples were collected using a stainless steel petite Ponar dredge 

(weighing about 11 kg) that will collect only up to the top 5-cm of sediment (surficial sample).  

Each sample location was sampled by using multiple drops (3-5) of the dredge that would obtain 

sediment aliquots of equivalent volume in a drop pattern that was represented the geographic 

and hydraulic conditions of the site.  Before each sample was collected, the stainless steel 

sample bucket, trowel, and dredge were decontaminated by scrubbing with surface water 

followed by rinse with deionized water.  All of the equipment was free of any visual traces of 

sediment beforehand.  All grabs were placed a stainless steel bucket, excess surface water was 

decanted, and the grabs were homogenized with a hand trowel.  The sediment was ladled into 

pre-cleaned amber glass jars with a Teflon lined screw top lid before being placed on ice for 

transport back to a storage facility. 

The bulk water parameters were analyzed by methods Standard Method (SM) 2540D 

(TSS) and SM 5310B (TOC,DOC) while bulk sediment parameters were analyzed by SM 2540B 

(moisture content), American Society of Testing and Materials (ASTM) D422 (grain size), and the 

Lloyd Khan method  (TOC).  PCBs and PCDD/Fs were analyzed by EPA methods 1668A and 

1613B, respectively.  The analyses were completed by a commercial laboratory using high 

resolution gas chromatography/mass spectrometry (HRGC/HRMS).  XAD2 resins were pre-

spiked with 13C-labeled PCB and PCDD/F congeners (Cambridge Isotope Labs) that was then 

later used to verify analyte recovery.  GFFs were cleaned and proofed before use.  All sample 
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media (XAD2 resin, GFFs, and sediment) was analyzed by Soxhlet extraction in dichloromethane 

(DCM) for a minimum of 16 hours, followed by back-extraction with sulfuric acid, and finally the 

extract was cleaned up (after rotary evaporation) with a silica column before injection on a 

HRGC/HRMS.  All analytical chemical work including both field QA/QC samples (trip blanks, field 

duplicates, and equipment rinse blanks) as well as lab-based QA/QC samples (lab duplicates, 

limit of quantification (LOQ) check standards, laboratory control samples (spiked media), and 

method blanks). 

 Much of the information has been published or is in the publication process.  The PCB 

2002-2003 dataset is presented with general interpretation in Howell et al. [22], and the same 

PCB data is presented in contrast to PCDD/F data taken from the same period in Howell et al. 

[21].  The 2008 PCB sampling campaign results are presented with particular contrast to temporal 

changes since the 2002-2003 time period in Lakshmanan et al. [23].  The 2009 wet weather PCB 

sampling is highlighted specifically and in contrast to dry weather samples from the same 

locations in Howell et al. [20].  A computational chemistry modeling study using density functional 

theory (DFT) was undertaken to study PCBs and OC interactions from a fundamental chemistry 

perspective in Howell and Shoeib [178].  The remainder of this chapter will highlight the data that 

have not been presented in the aforementioned publications or data that are particularly relevant 

to the dissertation. 

3.1 PCB Spatial and Temporal Trends 

 Total PCBs (sum of 209 congeners) shown in space for all three sampling campaigns are 

provided for sediment in Figure 3.1 and in water in Figure 3.2.  One trend in the sediment profiles 

for the three campaigns (2002-04, 2008, and 2009) is that the special profile along the main 

channel flow line (blue line) gives a reasonably similar general shape.  Whether presented as 

ng/g dry wt or as ng/g TOC wt of sediment, the upper 40 km of the HSC is generally higher than 

the lower 40 km.  These regions can be referred to as Upper and Lower HSC even without 

pollutant examination because at 40.4 km, the San Jacinto River (SJR) confluences with the 

HSC.  After the confluence, the sediment concentration in all sampling years exhibits a visual 

decline.  Side bay concentrations are often higher than their nearby main channel bed sediment 

concentrations, and the largest concentrations are found in the Patrick Bayou tributary (36 km) in 

2009.  Various peaks in the main channel lines of different campaigns correspond generally to 
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major geomorphologic features such as the ship turning basin (15 km), Vince Bayou (20 km), 

Greens Bayou (29.5 km), and Patrick Bayou (36 km).  Despite the similarities, there are certainly 

changes that appear to have occurred in time in the profiles and for specific stations.  From 2002-

2003 to 2008, the concentration averages for all stations decreased from 170 ng/g dry to 26 ng/g 

dry (85% decrease), and moving further in time, the concentrations increased in 2009 to 620 ng/g 

dry (2300% increase).  On an organic carbon basis, the mean concentrations from 2002-2003 to 

2008 decreased by 78% and then increased from there in 2009 by 2900%.  On a paired sample 

basis, the decreases of 2002-2003 to 2008 were statistically significant, and the increase from 

2008 to 2009 was only significant on an OC-normalized basis.  Figure 3.3 presents TOC 

concentrations in time and space, and 2009 has a noticeable decrease in TOC as compared with 

the sampling campaigns of 2002-2003 and 2008.  Mean percent TOC ± 95% confidences for the 

2002-03, 2008, 2009 campaigns are 1.3±0.2%, 1.4±0.2%, and 0.65±0.14%, respectively.
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Figure 3.1. Total PCB concentration profiles as dry weight and TOC weight basis for the three HSC PCB sampling campaigns.  The 
extremely high tributary samples at 36 km are from Patrick Bayou, a Superfund site.  The confluence of the HSC with the San Jacinto 
River (SJR) is at ~40 km. 
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Figure 3.2. Water based PCB profiles in the HSC.  Patrick Bayou (tributary at 36.4 km 
distance in the figure) samples were excessively high in 2008 and 2009 and were removed 
for ease of viewing.  Patrick Bayou samples were 29 (2008) and 160-187 (2009) for total 
water (ng/L).  The suspended (ng/g dry) concentrations for the Patrick Bayou samples 
were 330 (2008) and 890-2900 (2009). 
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Figure 3.3. Variation in percent TOC in time and space.  OM stands for outside “Outside 
Main”.  Water data spatial-temporal examinations are summarized as total PCBs (sum of 
209 congeners) for the dissolved (< 1 um) and suspended (> 1 um) fractions. 

 Three comparisons between sampling seasons were made for the bulk water results 

collected by high volume samplings (Figure 3.2).  The first is the variation in the main channel 

only for the suspended and dissolved fractions.  In all three sampling campaigns, main channel 

samples had a greater proportion of total PCBs in the operationally dissolved rather than in the 

suspended fraction.  Dissolved percentages of total PCBs for 2002-2003, 2008, and 2009 were 

(mean±95% cl) 61±4%, 75±6%, and 78±4%.  Individual fractionation values in absolute and 

relative measure are presented in Figure 3.4.  As can be seen in the figure, in almost all 

instances with few exceptions, the dissolved fraction was equal to or greater than the suspended 

at all stations.  The 2002-03 dissolved fractions were in general smaller than their 2008 and 2009 

counterparts. 

The second row of Figure 3.2 provides a comparison of total water PCB concentrations in 

the main channel, side bays, and tributaries.  The side bays generally exhibit lower or equal 

concentrations to the main channel in all sampling campaigns, but tributaries have a few locations 

that are higher than the main channel, sometimes extremely so.  At 26 km, Hunting Bayou 

concentrations are higher than main channel concentrations, and Patrick Bayou water samples 

are much higher than all other concentrations.  Both bayous represent possible localized sourcing 

of PCBs by advective transport.  The final row of the figure is the spatial variation in the 

suspended PCB fraction normalized by TSS, which should remove the effect of varying quantities 
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of suspended solids within the sample volume and give a measure of contamination per mass of 

particle.  Each sampling campaign exhibits a dominant peak in the spatial series, and none of the 

three peaks are coincident.  In 2002-2003, the peak is at an area between just downstream from 

the mouth of Greens Bayou.  The 2008 peak is at the mouth of Patrick Bayou, and the 2009 peak 

is at the mouth of the SJR.   All three peaks are in a 200-400 ng/g dry range despite their 

difference in location. 

DOC and TSS are bulk water parameters collected at the same time as each of the high 

volume water samples that were analyzed for PCBs.  They can help give context to the 

concentrations observed, and they are presented spatially in Figure 3.5 (DOC as mg/L) and 

Figure 3.6 (TSS as mg/L).  It is very noticeable that the results for 2002-2003 DOC are so much 

higher than what is seen in 2008 and 2009, and this may relate to differences in method.  Nearly 

all of the 2002-2003 samples measure as 26 mg/L DOC or greater, and only one from 2008-2009 

is above that value.  The difference in DOC concentrations does not explain why Figure 3.4 

shows that the operationally dissolved fractions in 2002-03 are noticeably lower (around 50% 

operational dissolved) than what was found in 2008 and 2009 (often greater than 60% operational 

dissolved).  If DOC concentrations decreased in the later years, then one would expect that the 

operationally dissolved fraction would decrease rather than increase as was found to be the case.  

Spatially, the 2008 and 2009 sampling campaigns have the similar trend of exhibiting higher DOC 

in upstream tributaries and in the upstream reaches of the HSC.  Samples from 2009 are 30±10% 

higher in DOC as compared with 2008 samples though the spatial patterns are similar.  A 

procedural change in the collection of DOC was instituted in 2009, which was to change the field 

filtration size of raw water samples before acid preservation and subsequent carbon analysis.  In 

2008 and earlier, the cutoff for DOC was 0.45 μm as is standard practice, but in 2009 the cutoff 

was increased in size to 1 μm so as to match the threshold of measure used to fractionate 

suspended and dissolved PCBs in water sampling.  While the change in procedure limits the 

spatial comparisons between the years to some degree, it provides a way to get  some sense of 

the order of magnitude of carbon in the water column that is 0.45-1 μm, the size range where 

organic matter is not likely to be truly dissolved nor easily settleable, the colloid region (0.001 – 1 

μm [179]).  The 30% increase likely represents the amount of organic matter that exists in 

colloidal form in many samples from the HSC, but the range of the increase is not precise.  The 
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interquartile range (IQR) spans anywhere from 4.7-55% of total DOC below 1 μm, and the 

absolute DOC value of that IQR was 0.28-3.4 mg/L.  
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Figure 3.4. Total PCB fractionation between suspended (> 1 um) and dissolved (< 1 um) in all PCB sampling campaigns at absolute and 
relative scales.  Two outliers exist in the 2009 data at Patrick Bayou stations 16877 and 17149, which are at total water concentrations of 
190 and 160 ng/L, respectively.  
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Figure 3.5. Dissolved Organic Carbon (DOC) in the HSC in 2002-2003, 2008, and 2009.  Filtrations in 2008 and 2009 were slightly different 
in that they were conducted at 0.45 μm and 1.0 μm, respectively. 
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Figure 3.6. Total suspended solids (TSS) measurements in 2002-2003, 2008, and 2009.  All filtrations were performed at 1 μm. The exact 
values of the DOC-dissolved phase PCB partition coefficient (Kdoc) are not known because only the apparently dissolved (< 1 μm) 
fraction was sampled. 
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 Spatial examination of TSS for all three campaigns shows the same general trend, which 

is mostly the reverse of the DOC.  Moving upstream to downstream, the measured TSS generally 

increases.  What is also true is that salinity increases during this process, and since salinity can 

often increase the degree of flocculation in DOC and clays, some of the perceived increase in 

TSS may be a change in size of the suspended matter from below 1 μm to above.  HSC bed 

sediment resuspended under controlled turbulence conditions has already shown that floc size 

and flocculation rate increases with increasing salinity as long as the shear is kept below a critical 

value [180].  Since DOC seems to behave in the reverse from TSS, the DOC may diminish in 

lower reaches as it is converted to larger organic matter. Regression coefficients of determination 

(r2) show a degree of statistically significant (p < 0.05) inverse relationship between DOC and 

TSS in both 2008 (0.40) and 2009 (0.47).  There may be other reasons for an observed inverse 

relationship besides the conversion of DOC to TSS (e.g.,  if flows from the SJR were larger in 

later years, such flows would likely be higher in TSS from sand and the same time lower in DOC).  

Mean ± 95% confidence TSS values for 2002-2003, 2008, and 2009 were 27±5, 56±12, and 31±6 

mg/L, respectively.  Differences do exist in the different campaigns, but it is not clear how much of 

these differences are reflective of overall change in the water body as compared with slight 

differences in the sampling season, rainfall differences, and the amount of ship traffic at the time 

of sampling.  For example, 2009 sampling occurred after Hurricane Ike (late summer 2008), and 

2009 was also a much drier year than normal. 

 The results shown include that which is truly dissolved, DOC-bound, and colloidally 

bound.  Burkhard [111] surveyed the literature and provided a workable relationship for Kdoc that 

estimates it to be Kdoc=0.08Kow.  A Kow value for a representative set of 18 PCB congeners1 was 

found using Mackay et al. [24], and the Burkhard relationship was used to convert the measured 

two-phase model results of Figure 3.4 into a three-phase model shown in Figure 3.7.  A four-

phase model (truly dissolved, DOC, colloids, suspended particles) may be a more accurate way 

to conceptualize the water column PCBs concentrations, but for now the three-phase model is a 

good approximation and includes colloids and DOC associated PCBs together.  Burkhard noted 

that there were two orders of magnitude variance in the equation due to uncertainties in the 

nature of the organic matter.  That uncertainty was applied to the three-phase model estimation.  

                                                      
1  PCBs  8,  15,  26/29,  28/20,  31,  52,  61/70/074/076,  105,  113/090/101,  118,  138/163/129, 
153/168, 155, 193/180, 194, 206, 209. 



 

 

73 

 

The results of the calculation show a fair amount of agreement in the fractional amount of 

colloidal-DOC bound PCBs across all 2009 samples.  The colloid PCB fraction range for the low 

Kdoc case was 0.02-0.20 with a mean of 0.08 while the high Kdoc case gave a range of 0.19-0.78 

with a mean of 0.47.  The mid Kdoc case, which is the value from the Burkhard equation, gave a 

range 0.09-0.54 with mean 0.24.   The low value mean of 0.08 is of fairly small consequence 

compared with PCBs in the whole water sample, but anything about 0.15, as in the mid-level 

case, is likely to be significant to the overall fate-and-transport picture. 

 

Figure 3.7. Estimated partitioning between the truly dissolved, colloidal/DOC bound, and 
suspended phases in the 2009 water samples collected at 48 locations.  Fractions are 
based on the sum of 18 congener/congener co-elute groupings (i.e., not the sum of 209 
congeners).  The three panels correspond to three different scenarios for the estimation of 
the Kdoc partition coefficient.  The “MID” case used the exact Kdoc=0.08Kow provided by 
Burkhard [111] while the “LOW” and “HIGH” cases vary the “MID” value up or down an 
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order of magnitude.  Two orders of magnitude was the general variation observed by 
Burkhard. 

 Figure 3.8 presents a final calculation of known and estimated PCB components of water 

compared with estimated pore water concentrations using a bed sediment to pore water 

partitioning (Koc) relationship provided by Seth et al. [25], 

log 1.03 log  0.61.     (6) 

The differences between the Seth et al. and Burkhard equations imply that OC partitioning 

within the bed sediment are quantitatively different.  The spatial plotting of estimated pore water 

PCBs concentrations (sum of 18 PCBs) makes it evident that PCBs in pore water may occur at 1-

2 orders of magnitude higher than PCBs in the dissolved phase. The differences in 

concentrations were taken a step further in the right panel of Figure 3.8 where the sum of 18 

PCBs repository was calculated between dissolved and pore water phases.  Significant 

uncertainties exist in the calculation, but the figure shows the predicted amount of total PCBs per 

meter of river in pore water and water column dissolved with changes in river width. It is generally 

shown that as the river widens, so does the gap between PCBs in the apparently dissolved and 

pore water phases.  The increasing gap is a result of the observation that as the area of 

estimation increases, the volume of water above the sediment increases faster than the volume 

of water contained in the active layer (first 5 cm) of bed sediment.  Depending on the statistic 

used, these estimations predict that the apparently dissolved fraction of the water column 

contains approximately 10,000 times more mass of PCB than the neighboring pore water, but the 

pore water concentration is 5-20 times higher than the apparently dissolved. 
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Figure 3.8. Plot comparisons of estimated concentrations and repository quantities of 
PCBs (sum of 18 congeners/congener groups) using 2009 co-located water column and 
bed sediment samples for calculation basis.  Apparently dissolved and suspended PCB 
concentrations were actually measured.  All other concentrations used were estimated 
with the Burkhard [111] model for Kdoc (water column) or the Seth et al.[25] model for Koc 
(bed sediment pore water).  Both models begin with the use of Kow’s, which were obtained 
from literature values compiled in Mackay et al. [24].  Error bars reflect the interquartile 
range of estimations using the entire set of water and sediment concentrations collected 
in 2009. 

 This data analysis was performed in order to incorporate some of the more recent data 

into the context of this research along with what has already been published.  The declines in 

sediment PCBs between 2002-2003 and 2008 were to be expected generally.  Sources of PCBs 

should generally be declining over time, and degradation, volatilization, and burial should all be 

mechanisms of removal from the HSC estuary system.  Sediment TOC would not likely change 

much in time since TOC in a water body as large as the HSC is linked more specifically to 

biogeochemical cycles than anything anthropogenic.  Yet both TOC and PCBs changed 

substantially in quantity and to some degree in spatial pattern from 2008 to 2009, a span of only a 

year and for some sampling locations less than a year.  There are two possible reasons for the 

observed results.  The glaring event of environmental significance in 2008 was the arrival of 

Hurricane Ike in the Houston-Galveston area in September of that year.  Hurricanes generate 

enormous velocities in surface water from wind-induced waves and storm surge.  The shear 

stress at the sediment water interface determines if sediment will mobilize and then be 

transported in water bodies, and large amounts of sediment were likely transported during the 

storm.  Also, there may be some areas were PCBs were collected from a historical release, and a 

large storm event can disperse such a repository out into the greater HSC.  Such a situation 
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happened in the upper Hudson River in the early 1990s when a dam owner removed a dam 

which had high quantities of sediment and organic material containing PCBs.  The materials had 

accumulated behind the dam for decades [161].  Another possible reason for the 2008 to 2009 

change is simply the total amount of rainfall.  Judging by rain gauges near the turning basin of the 

HSC, Houston received 43 inches of rainfall in 2009 compared with 57, 70, and 50 inches in 

2006, 2007, and 2008, respectively.  Variations in sediment transport in time as related to 

contamination are also implied by the movement of high mass basis suspended sediments seen 

in the water profiles (Figure 3.2) from different years. 

 Analysis of TSS, DOC, and the estimation of PCBs according to various forms of OC in 

the water column and bed sediments reveal that organic matter will need to be better 

characterized in order to answer ultimate questions related to PCB fate-and-transport.  In the bed 

sediments, it will be important to know what the PCB concentrations are in pore water to 

determine what their flux is out of the bed sediments and into the water column.  Fluxes for 

hydrophobic compounds have been recently measured directly [181], but many measurements of 

this type would be required for use in a water quality model.  In the water column, it was shown 

that if the partition coefficient from water to DOC is not known with precision, then estimates of 

partitioned PCBs can vary widely.  It is significant to know exactly what phase PCBs are in 

because the truly dissolved phase is what is considered to be bioavailable.  Beyond toxicity 

concerns, it is important to know what part of the dissolved phase PCBs are in because they may 

behave differently during transport.  If PCBs are partitioned to DOC or colloids, there is potential 

for them to flocculate and have competing transport mechanisms of settling and advection.  There 

is generally large uncertainty concerning the exact amounts of PCBs in pore water, suspended 

particles, DOC, colloids, and freely dissolved fractions of water.  It is difficult to accurately 

describe and predict PCB fate-and-transport without bracketing or better defining these 

uncertainties. 

3.2 Linkages to Greater Galveston Bay 

 All PCDD/F and PCB sampling campaigns conducted since 2002 have included at least 

the upper portion of Galveston Bay to understand the effect of washout of contaminants from the 

estuary to the larger Bay system.  The Bay system is far more important in many respects 

because of its larger biological productivity, its importance to recreation, and the value of oysters, 
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shrimp, and crab harvested by fisherman with commercial value in the hundreds of millions of 

dollars [182].  Fishing consumption advisories which once only spanned the areas of the HSC 

itself now cover the entire Galveston Bay System because of the combined toxicity found in 

catfish and spotted sea trout from PCBs and PCDD/Fs [12].  The realization of unacceptable 

dioxin-like risk to human health in the greater bay system led to the expanded sampled 

geographic area of summer 2011.  The results from 2011  are analyzed in the context of other 

PCB and PCDD/F data from previous sampling to understand at least two major aspects of fate-

and-transport.  The first is what may be said about the spatial trends and between media 

comparisons throughout the bay only.  The second aspect is to understand more of how the HSC, 

which likely contains far more abiotic POPs by both mass and concentrations, influences the 

concentrations found in Galveston Bay.  It will be particularly important to try and discern if the 

local Galveston Bay sediments present much of a risk to aquatic biota in their immediate vicinity 

or if perhaps the reason for unacceptable toxicity in Galveston Bay fish is that a portion of their 

life cycle is spent in the HSC where the exposure can be so much greater. 

Figure 3.9 presents the total PCBs and total PCDD/Fs (17 2378-substituted congeners 

only) for the summer of 2011.  The sampling area was much wider than previous sampling events 

covering the entire geographic area of Galveston Bay including upper and lower Galveston Bay, 

Trinity Bay, West Bay, and East Bay.  A visual inspection of the data shows that concentrations in 

total PCBs diminish drastically even before lower HSC is reached.  The highest concentrations 

are before the HSC confluence with SJR, and this is not exceedingly different from what the data 

from other sampling years has shown.  The ability of bed sediment concentrations to remain high 

in PCBs in upper HSC and not appreciably influence downstream bed sediment concentrations 

remains true.  Total PCDD/Fs are high throughout a good deal of the HSC especially so in upper 

HSC, the SJR Superfund location, and in Burnett Bay.  PCDD/F bed concentrations in Galveston 

Bay are still relatively elevated with reference to more known contaminated sediments in the 

HSC.  Such was not the case with PCBs.  In Galveston Bay, total PCBs in bed sediment appear 

relatively clean with respect to known industrial areas of contamination.  It is difficult to say that 

the higher sediment concentrations of PCDD/Fs in Galveston Bay are related to bed sediment 

transport because PCBs are not also higher.  Instead it is more likely that the sources are 

different between the two POPs.  PCDD/Fs have been shown previously to accumulate in the 

HSC from dry deposition [183], and this deposition occurs over a larger area than the presumed 
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legacy and industrial sources of PCBs.  These more local sources with local actions for PCBs do 

not appear to be able to continue their influence out into Galveston Bay, at least with what can be 

determined through bed sediment sampling.  It is highly possible that PCBs move in the 

operationally dissolved phase (where they have a higher fraction anyway), advect out into Lower 

HSC and Galveston Bay, and there provide a larger enough bioavailable source to partition into 

fish lipids.
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Figure 3.9. Total PCB and PCDD/F organic carbon-normalized bed sediment concentrations obtained from the 2011 summer sampling. 
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Chapter 4. Freely dissolved estimations of PCBs in surface water 

and bed sediment 

4.1 Purpose and meaning of the freely dissolved phase 

The previous chapter dealt with spatial and temporal trends of PCBs in directly measured 

concentrations which are aggregated.  This is to say that the concentrations were obtained from 

field samples that were quantified by a commercial laboratory.  It is certainly valuable to use 

concentration data in their more direct state because there are fewer errors that can be 

introduced through data manipulations.  Aggregating PCB congeners is useful as well because it 

is difficult to interpret the 209 congeners individually.  It is, however, valuable to examine PCB 

concentrations at the congener level when considering partition calculations and estimations of 

the freely dissolved phase concentrations because the congeners behave quantitatively different 

due to significant variation in chemical structure leading to observable differences in the 

environment. 

This chapter examines the spatial and temporal variations of the freely dissolved phase in 

the water column and in pore water.  The freely dissolved phase is important for several reasons.  

The first is that the freely dissolved phase exhibits some unique characteristics related to 

chemical transport.  In contrast to DOC-associated and particle-sorbed PCBs, the freely dissolved 

phase cannot deposit to the sediment bed.  Particle-sorbed PCBs have some submerged weight 

that can lead to deposition or fluid drag, both of which act to slow the overall motion of the 

contaminant in the water column.  DOC-associated PCBs might properly be considered to be on 

colloidal matter, and this matter can, given the right conditions of shear stress and salinity, 

flocculate into larger particles which can then settle.   

Also related to transport, is the unique ability of the freely dissolved phase to volatilize at 

the water surface or to diffuse across the sediment bed and into the water column or vice versa.  

In both interfacial crossing, if a PCB is sorbed onto a particle, it has to desorb and enter the freely 

dissolved phase to make the transition.  The second reason that the freely dissolved phase is 

important is that it is an indicator of chemical activity anywhere in the water body.  In most-

multimedia situations, the freely dissolved phase is the phase that is in contact with all other 

phases at the same time.  For example, if a sediment bed has DOC in the pore water, amorphous 
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organic carbon on particles, black carbon on particles, and perhaps even a free phase oil all 

mixed into the solid matrix, the freely dissolved phase is in contact with all these phases though 

none of the other phases may interact with each other directly.  If the total contaminant mass is in 

equilibrium with all of the phases, then the freely dissolved phase concentration, because it is in 

contact with all of them at the same time, is an indicator of the overall chemical activity of the 

system locally.  This chemical activity indicator is valuable because it can be a consistent metric 

to look at contaminant strength in other parts of the water body even if the type and amount of 

sorbing phases are not the same.  And if there are two systems near each other, such as the 

benthic water column and the bed sediment, the system with the higher concentration of freely 

dissolved PCBs will have a higher chemical activity.  The system with the higher chemical activity 

should over time attempt to equilibrate with the system of lower chemical activity by transferring 

PCBs from one to the other. 

The last major use of the freely dissolved phase is that it indicates how much of the total 

contaminant mass is bioavailable.  PCBs, being hydrophobic, concentrate in lipid tissues of 

aquatic biota, and these lipids are also in chemical equilibrium with the freely dissolve phase in a 

similar manner to organic phases in bed sediment.  Thus, if the lipid-water partition coefficient is 

known and the freely dissolved concentration is known, it is possible to estimate how much of the 

contaminant mass will be able to enter the biota.  Using this logic, it is possible to understand the 

ecological risk of a contaminated area.  Two contaminated regions of a water body may not 

represent the same ecological risk, even if they have the same total concentration, because the 

one with the higher freely dissolved concentration has more bioavailable contaminant. 

Much of the goal of this chapter is to understand how to interpret the directly measured 

concentrations of PCBs in the water column and sediment in time and space on a chemical 

activity basis.  Figure 3.1 and Figure 3.2 showed what appear to be significant variations in total 

PCBs concentration through the length of the main flow line in the HSC and between tributaries 

and side bays.  These variations may be muted in some places and amplified in others when 

examining them according to their freely dissolved concentrations since the freely dissolved 

concentration is in an indicator of chemical activity.  For instance, an area of bed sediment may 

have a high total PCBs concentration, which at first glance appears to be significant in overall 

contamination terms, but if that location also has unusually high amounts of organic material, then 

the concentration peak in that region may have more to do with the particular sediment transport 
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and diagenetic processes that encourage high concentrations of organic carbon to reside there 

rather than having to do with that area being a source zone.  Thus, it is valuable to at least 

examine estimates of the freely dissolved phase concentrations as well as the more “bulk” style 

concentrations to understand contaminant fate-and-transport.  It is not often easy to measure 

freely dissolved concentrations directly, but many chemical partitioning models exist which will 

provide an estimate of freely dissolved by which to compare with the bulk chemical 

measurements. 

4.2 Data setup and calculation methods for freely dissolved estimations 

Between 2002 and 2011, there were approximately 170 and 230 surficial bed sediment 

(top 5 cm) and high volume water column samples (analyzed in operationally suspended and 

dissolved fractions), respectively.  Each bed sediment measurement for PCBs was co-sampled 

for grain size, moisture content, and total organic carbon (TOC), while each high volume water 

sample was co-sampled for DOC and TSS.  The data from the last 10 years was organized to 

match all of these parameters in time and space.  PCBs were selectively excluded if they were 

not detected above the limit of quantitation (LOQ).  Samples were also removed if their moisture, 

TOC, DOC, or TSS did not meet quality assurance criteria.  The resulting dataset is still large, but 

these exclusions mean that (1) not every PCB congener has the same number of sample results 

and (2) any sum of PCBs type calculation is biased towards low quantitation because the 

congeners either not detected or detected below LOQ are effectively considered to be zero. 

Estimates of the freely dissolved concentration require all of the above mentioned 

parameters as well bulk parameters that were not measured.  These additional parameters 

include the fraction of organic carbon on suspended solids (fpoc), DOC in bed sediment pore water 

(DOCpw), and the black carbon content of suspended and bed sediments.  Reasonable values 

were chosen for these parameters and were kept constant for all samples.  The other values 

needed for the calculation are the partition coefficients to all pertinent sorbents, namely DOC, 

POC, and black carbon.  There are many models for most of these parameters, and one linear 

free energy relationship (LFER) model was chosen for each.  These models were the PCB-

specific model for DOC from Burkhard [111], the general hydrophobic Koc model from Seth et al. 

[25], and the simple linear partitioning black carbon model from Werner et al. [184].  These 
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models are discussed with more detail and compared to other potential partition models in 

Chapter 5.  

The freely dissolved fraction of the total contaminant concentration in the water column 

was found according to equation [9] and [10] for POC only and black carbon-amorphous organic 

carbon (BC-AOC) sorbent situations, respectively 

 

   , [9]

   , [10]

 

where Ki/fi is the equilibrium partition coefficient/suspended sediment fraction for sorbent phase i 

= DOC, POC, particulate black carbon  (PBC), or particulate amorphous organic carbon (PAOC).  

In equation [10], the BC-AOC equation, the fraction of particulate black carbon and amorphous 

organic carbon sum to particulate organic carbon (fpoc = fpbc + fpaoc).  In a similar way, the freely 

dissolved fractions in sediment pore water can be found as shown in equation [11] and [12] (for 

POC only and BC-AOC systems, respectively) with the differences in their formulation relating to 

the fact that sediment is a form of porous media rather than a dilute liquid system,  

   , [11]

   , [12]

 

where all terms are defined as before with the exception of the solid-to-water ratio (rsw [=] kg 

sediment/L water). The solid-to-water ratio is found according to the porosity and sediment 

particle density (2.65 kg sed/L sed assumed, rsw = (1-φ) φ-1ρparticle, φ being porosity (void volume 

divided by total volume). 

4.3 Freely dissolved estimation results and analysis 

As mentioned previously, between 2002 and 2011, there were several unique sampling 

campaigns, and they were organized into the years 2002-04, 2008, 2009, and 2011.  The 

campaign groups are spatially plotted in Figure 4.1 and Figure 4.2 for sediment bed freely 

dissolved pore water and freely dissolved water column estimations, respectively.  Figure 4.1 

shows three different values for the total PCBs in each of the four sampling campaigns.  The first 

row indicates the total PCBs concentration in bed sediments on total volume basis (i.e., ng total 
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PCBs/L total volume (pore water+sediment particles).  The first row is essentially a direct 

measurement.  The second row presents the estimated freely dissolved total PCBs concentration 

in sediment pore water using equation [11] on a scale of 0.068-2100 ng/L pore water.  The third 

row shows estimated freely dissolved pore water concentrations according to equation [12] using 

the same scale as the second row. 

Looking at only the bed sediment total volume concentration, it is clear that the Upper HSC 

(downtown Houston to the SJR confluence) has elevated sediment concentrations in 2002-04 

and 2009 but not as much in 2008.  Both years also show extreme concentrations in excess of 

770 μg/L total volume in and around Patrick Bayou (small tributary with red and orange dots).  

The POC only freely dissolved pore water estimate does show subtle differences in the spatial 

trend compared with the bulk sediment sorbed total PCBs concentration.  There are wide 

variations in bed sediment bulk concentrations in the first row for 2002-04 and 2008, and the 

freely dissolved POC only concentrations also show variations, but they are not the same 

variations.  Two examples should illustrate this point fairly well.  The first is the three stations 

immediately upstream from Patrick Bayou in 2002-04 (the orange dot).  In the bed sediment 

concentration plot, the two locations that are in the main channel are in a lower concentration 

group than the sample in the nearby tributary (Greens Bayou, green dot in most upper left plot).  

However, when those same three sample locations are viewed on the second row plot (truly 

dissolved POC only), they are all in the same concentration group.  The POC for the three 

samples ranges from 1.2-1.7%, which is enough variation to influence the overall trend when 

converting to a freely dissolved/chemical activity type of metric.  The second example is the 

location on the SJR that is a red dot in the 2009 Truly Diss POC only plot.  While this location is in 

the same concentration group for freely dissolved total PCBs as the very high samples in Patrick 

Bayou, looking at the concentration on a bed sediment basis, would not put them together.  The 

SJR location has a fairly low fpoc (< 1%) which means that high concentrations of PCBs on a bulk 

basis there will have higher pore water concentration because there is not as much organic 

sorbent to hold them in the sediment. 

A comparison in the estimation method for truly dissolved total PCBs shows that the choice 

of method can significantly affect the analysis.  Compared to the POC only type estimations, the 

black carbon freely dissolved estimates are much lower and seem to show less variation.  This 

results from the much higher sorptive strength of the black carbon as least as modeled by the 
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Werner et al. equation.  The black carbon fraction was estimated as 10% of POC which translates 

to fractions ranging 0.01-0.3% g black carbon/g sediment.  This is an extremely small fraction of 

the total sediment mass, but because the sorptive strength of black carbon is 1-1.5 magnitudes 

higher than POC and 2-2.5 magnitudes higher than DOC, it does not take large quantities of it to 

reduce the freely dissolved pore water concentrations and thus the chemical activities.  

Unfortunately, none of these samples were co-sampled for black carbon.  It is likely that the true 

concentration of freely dissolved total PCBs lies somewhere in the range of what is shown in 

Figure 4.1, but this is likely not high enough precision for quality modeling estimates and 

assessments of ecological risk. 
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Figure 4.1. (Upper row) Total PCB sediment bed concentration as ng/L total. (Middle row) Total PCB concentrations in the truly dissolved phase of pore water when considering only POC to exist in the sediment bed as 
ng/L pore water.  (Lower row) Total PCB concentrations in the truly dissolved phase of pore water when considering black carbon to be present at 10% of POC.  All non-detects were excluded from the analysis. 
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Figure 4.2. (Upper row) Total PCB total water (dissolved+suspended) concentration as ng/L total. (Middle row) Total PCB concentrations in the truly dissolved phase of the water column when considering only POC to 
exist in the sediment bed as ng/L pore water (POC assumed to be a constant fraction of 0.015 g POC/g sed).  (Lower row) Total PCB concentrations in the truly dissolved phase of the water column when considering 
black carbon to be present at 10% of POC.  All non-detects were excluded from the analysis.
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Figure 4.2 presents a spatial examination of total PCBs freely dissolved concentration 

estimates in the water column similar to what was done for pore water.  The top row is a direct 

measurement of total water (operationally dissolved and suspended fractions) concentration of 

total PCBs.  The second and third row estimate the fraction of that total water concentration which 

is freely dissolved using the POC Only and black carbon water column equations [9] and [10], 

respectively.  The total water concentrations temporally do not show as much of diminished 

concentration in 2008 as was seen in the bed sediment data.  Also the bed sediment data 

showed elevated concentration primarily in Upper HSC and SJR while the total water 

concentrations are elevated all throughout the HSC in all years.  They diminish only out in 

Galveston Bay and in upper reaches of SJR.  In comparing the freely dissolved estimates to the 

total water concentrations, it is seen that while concentrations are generally elevated all 

throughout the HSC in total water, the freely dissolved concentrations are only elevated in the 

Upper HSC for the most part.   

There are at least two possible explanations for the differences in spatial distribution 

between the total water and freely dissolved concentrations.  The first is the concentration of 

organic sorbents in the water column.  Increased suspended solids or DOC will take a larger 

fraction of the total water concentration as compared with locations that are lower in those 

sorbents.  Figure 3.5 and Figure 3.6 showed spatial concentrations of DOC and TSS, 

respectively, and it can be seen that Lower HSC generally has lower DOC than further up in the 

watershed, but TSS is higher.  Thus, it is likely that the weight fraction of POC on the suspended 

sediment combined with the amount of suspended sediment elevates the total water 

concentration of PCBs in the lower HSC, but this does not translate to higher truly dissolved 

concentrations.  One could speculate that if more of the total PCBs was on the suspended 

particles in the Upper HSC, then these particles will either (1) settle and continue to hold PCBs so 

that they are not as bioavailable or (2) continue to move on out into Galveston Bay (lighter 

particles) and effectively be diluted by cleaner sediment whenever they do deposit.  The second 

reason for the lower freely dissolved concentration in Lower HSC could be that the actual 

congener makeup in the total water PCBs concentrations are different.  If Lower HSC waters 

exhibit more chlorinated, more hydrophobic congeners, these constituents will nearly always have 

a lower fraction of their total mass in the freely dissolved phase.  Differences in congener makeup 
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between Upper and Lower HSC point to different sources and/or a congener “sorting” effect to 

higher chlorination species that may occur in the transition between Upper and Lower HSC. 

The distinction between the two freely dissolved estimation models (POC only vs. BC-

AOC) is not great for the water column as it was for the pore water in bed sediment.  Indeed, the 

concentration groupings between the two methods are hardly different at all visually.  The 

strength of black carbon on a per mass basis is at least theoretically just as strong in the bed 

sediment as the water column, and mathematically in this case it has to be because the same 

LFER was used in both compartments. The difference between bed sediment and the water 

column in this regard is that there is so much less sediment per volume in the water column than 

the sediment bed which translates to lower black carbon mass per volume.  It would take much 

more than 10% BC/POC to see the difference in the water column whereas even a small amount 

can allow black carbon to take over sorption phenomena in the sediment bed.  Put another way, if 

both the water column and the bed sediment are viewed as porous media, the water column 

would have a porosity that is virtually 1.0 while bed sediment usually varies in the range of 0.4-

0.8.  Such high porosity creates less potential for freely dissolved concentrations to be diminished 

by particulate sorbents.  DOC sorbents, on the other hand, can exert larger control.  DOC on a 

per volume basis is much higher in the water column than bed sediment pore waters because 

DOC is effectively directly proportional to porosity while POC and PBC are not. 

A direct compartment to compartment chemical activity comparison for the water column 

and the bed sediment is presented in Figure 4.3.  Here, the estimated freely dissolved total PCBs 

concentrations are presented by sampling term and with distance down the main channel flow 

line (i.e., side bays and tributaries excluded).  Whether the freely dissolved concentration is 

modeled with or without black carbon, the total PCBs freely dissolved concentration is nearly 

always higher in the bed sediment compared to the water column.  This trend indicates that the 

driving force for contaminant transport will be from the sediment bed to the water column though 

the trend for some particular congeners may be reversed (water to sediment).  The mean values 

for 2002-04, 2008, and 2009 (respectively) for pore water minus water column freely dissolved 

concentrations are 16, 2.5, 38 ng/L water for the POC only method are 4.7, 0.14, 12 ng/L water 

for the black carbon method.  Though some locations were slightly negative, the overall trend is 

still for greater sediment freely dissolved concentrations. 
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 The extremely high freely dissolved pore water concentrations at 24 km and 39 km in the 

2009 sampling are curious.  The 24 km location is right at the mouth of Vince Bayou and the 39 

km location is near the Battleship Texas near where Carpenters Bayou enters the HSC.  Both of 

these locations are in the highly industrial area yet neither exhibited extremely high bed sediment 

or freely dissolved pore water concentrations in 2002-04 or 2008.  It is certainly possible that 

these very large freely dissolved estimated concentrations are a result of large scale sediment 

movement during Hurricane Ike at the end of summer 2008.  The 24-km location at Vince Bayou 

had 32 PCB analytes with POC only estimated truly dissolved concentrations above 0.8 ng/L, and 

the mean log Kow for them was 6.0.  Thus, the extremely high truly dissolved concentration here 

was a combination of generally high sediment dry weight concentrations and a congener profile 

high in lighter congeners, which partition more effectively to the truly dissolved phase by their 

chemical nature. 

The last analysis for freely dissolved water phase estimation is shown in Figure 4.4.  Here, 

the mean ± 95% confidence freely dissolved concentrations per congener are shown for pore 

water and water column data from 2002-11 organized by increasing log Kow.  There are 

differences in the statistics for the POC-based and BC-based estimates, but on a log scale, they 

are hard to discern.  What can be seen are that (1) there is far more variation in freely dissolved 

concentrations per congener for bed sediment and (2) that, while PCBs in the water column are 

at around the same level at log Kow ≤ 7.5, after 7.5, the freely dissolved water column estimates 

are often higher by 0.5-1.0 orders of magnitude.  The reason for greater variation is likely related 

to the structure of the equations for freely dissolved estimations.  In bed sediment, the ratio 

between solid and water (rsw) is analogous to TSS.  They both effectively measure the mass of 

sediment per volume of water.  The coefficient of variation (CV) for rsw in the data was 85% while 

it was 75% for TSS in the water column.  This difference is amplified by the much greater 

magnitude of rsw which likely produced the wide swings in freely dissolved sediment pore waters 

(3 - 4 orders of magnitude in pore water compared with < 0.5 for the water column).  It is also 

possible that the overall sediment contamination levels vary more as well. 

 It is curious that PCBs are on average higher in the freely dissolved phase in the water 

column for more chlorinated congeners as compared to the pore water.  This is especially odd 

after what was seen in Figure 4.3 where the trends in total PCBs freely dissolved seemed so 

much higher in pore water compared to the water column.  The reason that the total PCBs don’t 
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show these differences is that the magnitude of the differences is small, being that the overall 

concentration of both water column and pore water freely dissolved concentration of high 

chlorinated PCBs are 0.01 ng/L or less.  But the total PCBs masking of the differences still does 

not explain the differences.  One thing to note is that while water column PCBs at log Kow of 7 and 

higher seem greater than pore water, there are at least a few congeners in the pore water that 

are about the same freely dissolved concentration.  It is possible that these concentrations are 

similar because the congeners are similar.  If they are the same congeners, then it is likely that 

the water column and the bed sediment are exchanging them back and forth often.  If that is the 

case, then they would necessarily be at similar levels.  Generally, the combination of 

thermodynamics and diffusive kinetics would not allow a gap of two orders of magnitude in freely 

dissolved concentration between pore water and the water column for the same congener.  Most 

gaps seen in Figure 4.3 were 1.5 orders of magnitude or less. 

What has been gained from this analysis are some important realizations about the 

interplay between bulk concentrations of PCBs and freely dissolved concentrations, the variation 

in modeling freely dissolved concentrations, and the comparison of freely dissolved 

concentrations between environmental compartments.  Bulk sediment and water concentration 

are useful because they describe the total mass of contaminant movement, they are connected to 

freely dissolved concentrations, and they are traditionally fairly easy to measure accurately and 

consistently.  Bulk concentrations, however, do not necessarily describe the variation in chemical 

activity and thus contaminant driving force.  What may at first seem like large variations in 

concentration in space and time may simply be changes in other parameters such as organic 

carbon quantity, organic carbon quality (black, dissolved, amorphous), or sediment quantity.  

Modeling freely dissolved concentrations is not as good as actually measuring them, but 

sometimes there is no other way to get an idea of their magnitude.  The choice of model can 

affect the estimate to a significant degree (e.g., enough to potentially predict contaminant flux in 

the wrong direction), but the model choice seems to matter more in the HSC for bed sediment 

than for the water column because what is often at issue in modeling is how to deal with very 

strong carbonaceous sorbents like black carbon.  The total solid concentration is not as high at 

least in an estuary environment like the HSC, and so freely dissolved estimations in the water 

column are more robust to uncertainties in properties of the solids than the bed sediment.  The 

difference between freely dissolved concentration in bed sediment and the water column and 
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other compartment comparisons are important.  In the HSC, the differences found in total PCBs 

seem to indicate that from 2002-2011, sediment has been sourcing the water column.  The age of 

the PCBs in the bed sediment is not entirely clear, but it is likely that much of it was deposited 

over 30 years ago coincident with the time period when PCB production and use was significantly 

curtailed.  Though this much time may have passed, the concentrations in the sediment are 

sufficient to keep influencing the water column, and if the water column has no other sources 

besides the sediment (e.g.,  direct deposition, outfalls, and urban runoff), much of that load is only 

going to be added to what is already coming from the sediment bed.  The concentrations in the 

water column, though elevated at levels sufficient to build up in aquatic biota, are not enough to 

drive the PCBs into the bed sediment for storage.  It would appear that PCBs in the water column 

must either move out to Galveston Bay or volatilize in order to be effectively mitigated by natural 

fate-and-transport mechanisms in the HSC.
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Figure 4.3. Main channel trends in freely dissolved pore water and water column total PCB concentrations according to three-
phase POC and four-phase BC-AOC partition models.  Though water and sediment were sampled in 2011, only one of the 
sample locations was in the main channel.  That location was at 15 km (Turning Basin). The pore water minus water column 
difference in POC and BC+AOC was 67 and 21 ng/L, respectively. 
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Figure 4.4. Mean PCB congener freely dissolved concentrations in the water column and pore water trended with log Kow.  Error 
bars are 95% confidence limits. Statistics covers all samples collected between 2002 and 2011.  Congeners were excluded if they 
had less than six usable results.
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Chapter 5. Water column PCB and PCDD/F partition modeling 

using operationally dissolved and suspended concentrations  

5.1 Introduction 

It was seen in previous work that there was an observable distinction in the split between 

operationally dissolved and operationally suspended fractions for PCBs as compared with 

PCDD/Fs for data in 2002-2004 [21], and the observations persisted in data from 2008 [23].  The 

difference between the two compound classes was that PCBs seem to be found in greater 

concentration in the operationally dissolved submicron fraction while PCDD/Fs are found more in 

the operationally suspended fraction.  The data from 2002-2004 described this statistically as 

suspended fractions (fsusp, mean ± 95% conf) of 90±1% for PCDD/Fs and 37±4% for PCBs on a 

total congener basis (Σ17 2378-substittued PCDD/Fs and Σ209 PCBs).  It was also noteworthy to 

find that total PCB (Σ209) fsusp in-stream concentrations during nine rain events in 2009 was 

69±47% compared with 29±35% for dry weather samples collected in the same locations during 

that period [20].  One of the likely reasons for the difference between wet and dry weather PCB 

fractionations was that there was simply a much higher concentrations of suspended sediments 

in the water columns during wet weather compared to dry, and this was indeed the case with 

mean observed increase in total suspended solids at 5.5 times higher in wet weather than in dry 

weather. 

Even without the comparison of PCDD/Fs to PCBs, it is somewhat counterintuitive to find 

that the dissolved PCB concentration (even the operationally dissolved concentration) would be 

higher than the operationally suspended concentration.  PCBs, being hydrophobic, seemingly 

should not be observed to be so high in the operationally dissolved fraction, and yet they 

generally are substantially higher in operationally dissolved over suspended by a factor of about 

2.3.  It might not seem as odd of a finding if it were not that PCDD/Fs do not also behave in this 

fashion.  The high volume sampling method itself has specificities to it such that the results from 

the measurement are somewhat method dependent as can be seen even in the use of the terms 

“operationally” dissolved and suspended.  (These are not fundamental quantities of measurement 

per se as there is nothing particularly significant about a 1-um demarcation in the water column 

other than it is a common nominal filtration size to manufacture.) Other studies such as Hwang 
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and Foster [185] have found similar fractionation results for PCBs in dry and wet weather also 

using a high volume method.  Furthermore, sampling conducted in the HSC and Galveston Bay 

has shown the higher operationally dissolved fraction effect for many sampling campaigns 

conducted between 2002 and 2011.  Thus, it seems likely that if the result is an error of 

measurement, that it is being made by multiple institutions (George Mason and University of 

Houston) and by different sampling teams within the same institution (University of Houston). 

As was discussed in Chapter 2, in reality there are many fractions within the operationally 

dissolved and suspended fractions including the truly dissolved, DOC-associated (also dependent 

on the operational definition of “dissolved”), particulate amorphous organic carbon (PAOC) from 

natural organic matter (NOM), and particular black/hard carbon (PBC).  It is not entirely clear 

whether these fractions fall completely within the operational dissolved and suspended fractions 

measured by the high volume sampling method.  For example, if one measures operationally 

dissolved as everything below one micron, one could filter water at that same level and measure 

it for organic carbon.  While, such an analysis would often be called “dissolved” organic carbon 

(DOC), some of the organic carbon below one micron might actually be dissolved while some is 

actually a particle that is not dissolved but is smaller than one micron.  Practically this distinction 

may not be significant when conceptualizing fate-and-transport of POPs because submicron 

particles generally do not settle out of the water column and are so small that particle fluid effects 

(e.g., drag, lift, and wake formation) will not differ greatly from truly dissolved organic carbon.  

They may be treated as a “passive scalar” in the same way that salinity or tracer dye might be.  

Beyond the physical motion of submicron particles, there is one distinction related to partitioning, 

and that is the quality of the organic carbon on a submicron particle compared with truly dissolved 

organic carbon.  Burkhard [111] found a single parameter LFER for DOC which was quantitatively 

different than what is seen in sediment particles.  Thus, the manner that DOC interacts with POPs 

is different than what has been observed in POC. 

In addition to the simplification of water column contaminant fractions created by high 

volume sampling, analyses with HSC data to this point regarding partitioning [20-23] have 

simplified the contaminants themselves—PCB as the sum of 209 congeners and PCDD/Fs as the 

sum of 17 congeners.  These congener concentration aggregates are sometimes both necessary 

and helpful to understand the overall behavior of sediment, water, and tissue data because (1) 

the concentrations of many congeners are often highly correlated (Pearson r > 0.8) and (2) 
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analyzing contaminant spatio-temporal trends for over 200 unique constituents with multiple 

concentration bases (e.g., dry wt, lipid wt, wet wt, volumetric) can create more complication than 

is valuable for many research questions.  However, in the case of partitioning between abiotic 

phases in the water column (and in bed sediment as well), the congener behavior, as determined 

by varying chemical activities and hydrophobicities often represented by only the log Kow, can be 

quantitatively very different.  If the congener profiles (relative congener fractions) do not vary 

greatly between samples, then the collective hydrophobicity also does not vary greatly, and a 

total congeners partitioning approach should not create gross errors.  Very often, however, the 

constant congener profile condition is not met, and this is certainly true in the HSC because there 

are many different PCB and PCDD/F sources of varying ages [20, 21]. 

In light of current observations in the HSC, there are a few major questions with regard to 

water column contaminant abiotic partitioning that need to be addressed.  They are 

1) Do PCBs and PCDD/Fs actually behave differently both qualitatively (e.g., 

dissolved-dominated vs. particulate-dominated) and quantitatively (e.g., fsusp 90% 

vs. 80%) when examined according to individual congeners (i.e., no aggregations 

used)? 

2) How can the operational dissolved and suspended congener concentrations for 

PCBs and PCDD/Fs be explained in terms of water column contaminant fractions 

that are “finer” than simple suspended and dissolved?  What partition models are 

appropriate for this conceptualization, and how well can models actually describe 

HSC data? 

3) Can consistent, reliable PCB partition coefficients be determined for use in a 

larger scale fate-and-transport model, and how much error will such coefficients 

introduce to the overall modeling framework?  

5.2 Dissolvedsuspended analysis setup and sample selection 

The first part of this analysis concerns how the observed operational dissolved and 

suspended concentrations of PCBs and PCDD/Fs trend together according to increasing 

hydrophobicity (as measured by log Kow).  The concentrations of all PCB and PCDD/F congeners 

were organized from the last nine years of data from the HSC 2002-2011.  Some of the samples 

were analyzed for both PCBs and PCDD/Fs and some only for one of the POPs classes, but all 
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samples were run at high volume in the range of 200-1000 L at a nominal size separation 

(suspended-dissolved) of one micron. 

The data had to first be screened to allow only positively quantified results (above the limit 

of detection (LOD) and above the limit of quantification (LOQ)) for both operational suspended 

and dissolved fractions.  The screening process yielded a total of 233 field samples most of which 

were in the HSC, but some (17) were also from greater Galveston Bay (collected in 2011). The 

total number of usable analytical results between the 17, 2378-substituted PCDD/Fs from EPA 

1613B and the 209 PCBs from EPA 1668A in all samples was 56,800 which amounts to an 

average of 243 results per sample (results for operational dissolved and suspended for each 

sample yielding a maximum possible number of results of 452).  No individual samples were 

excluded.  Only individual sample results that did not have definitive quantitation in operationally 

dissolved and suspended were excluded. 

For most analyses and figures that involve observed sample data (i.e., not modeled), the 

results were grouped and summarized according to the same congener or coelute group, and the 

value assigned to the group was the mean.  Uncertainty for these statistics was estimated as the 

95% confidence limit around the mean using a t-distribution unless stated otherwise.  Coeluting 

PCBs were not separated in any way.  Only the coelute group analytical result as reported by a 

commercial laboratory was used, and coelute groups were not combined in any statistics unless 

they represented the exact same group of congeners   (i.e., a single congener difference in the 

coelute group created a new statistical grouping). 

Much of the analyses involve the modeling of the data according to linear free energy 

relationship (LFER) equations that rely on the octanol-water distribution coefficient (Kow).  There is 

a fair amount of uncertainty even in this commonly used parameter as evidenced by the larger 

number of results given in literature reviews found in Mackay et al. [24].  The variation in reported 

values results from different measurement methods, advances in analytical chemistry that 

depend on when studies were performed, and whether the reported Kow‘s were measured directly 

or modeled using methods such as quantitative structure-activity relationships (QSARs).  Other 

problems with choosing reasonable Kow‘s are that even if a single study or research source is 

used, not all of the congeners for PCBs or PCDD/Fs are necessarily included in the source.  The 

incomplete results for all congeners in each study create the need to mix results from multiple 

studies, and this too can create problems of Kow trends that are not necessarily consistent enough 
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between studies to justify combining them into a single Kow list.  And it is often the case that a 

researcher was examining Kow in PCBs or PCDD/Fs but not both.  The Kow’s used in these 

analyses were all taken from a single modeling source, the SPARC Performs Automated 

Reasoning in Chemistry (SPARC) model, maintained by USEPA [186, 187].  Kow’s and other fate-

and-transport relevant properties are estimated in SPARC using only the molecular structure of 

the compound.  The accuracy of these estimations will not always be as high as directly 

measured data, but the trend in Kow with changes in arrangement and quantities of chlorines on 

the PCB and PCDD/F skeletons should be generally correct.  SPARC provides compound 

estimates of properties for only single compounds and not coelute groups.  Coelute properties for 

PCBs were estimated by averaging all of the individual congener parameters from SPARC.  A full 

list of all parameters obtained from SPARC is in Appendix A. 

5.3 Comparison of suspendeddissolved partitioning behavior in PCBs and PCDD/Fs 

5.3.1 Water column partitioning behavior according to current theoretical models with empirical 
coefficients 

Before applying models to help interpret the data from the 233 high volume water samples 

of the last nine years, it is helpful to examine the models’ behaviors in general and compared to 

each other.  There are two different types of models that are used together to provide the results 

of water column partitioning to compare to measured values.  First there are the equilibrium water 

column phase models which explain and conceptualize the water column according to particular 

fractions of the water column (e.g., DOC, POC, and truly dissolved).  There are three models 

used in this analysis-a “three-phase” model, a “four-phase” linear black carbon model, and a 

“four-phase” Freundlich black carbon model.  The three-phase model used two forms of organic 

carbon sorbents, DOC and POC, with the remainder of the total water contaminant concentration 

as truly dissolved (already given in equation [5]).  Equations [13] and [14] are the basis for the two 

four-phase models with linear black carbon or Freundlich black carbon sorption behavior, 

1 , [13]

1 C 1
, , [14]

 

where Cd, Cdoc, Cpaoc, and Cpbc are the water concentrations in pg/L of the compound in the truly 

dissolved, dissolved organic carbon, particulate amorphous organic carbon (i.e., natural organic 
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matter), and particulate black carbon, respectively.  Kdoc, Kpaoc, Kpbc, and Kf,pbc are the solid to 

water equilibrium partition coefficients for dissolved organic carbon, particulate amorphous 

organic carbon (PAOC), particulate black carbon (linear sorption), and particulate black carbon 

(Freundlich sorption).  The Freundlich exponent, nf, has a value of 0.7 in all Freundlich models 

used in these analyses.  The fourth phase in both models is the black carbon component.  For the 

purposes of modeling and comparing with actual HSC data, what is done practically to obtain the 

value for [PBC] (mg/L) and [PAOC] (mg/L) is to estimate the black carbon as a fraction of POC, 

usually in the range of 0.1-50%.  PAOC is estimated as the percentage of POC that is not black 

carbon. 

The second group of models concerns how the partition coefficients involved in the water 

column contaminant fractionation calculations are estimated for each compound.  In all cases, 

these are estimated from the log Kow values that were obtained from SPARC.  The partition 

coefficients with respect to each type of organic carbon sorbent all follow the general form of 

Equation [15], 

bKaK owi  loglog
, [15]

 

where Ki is the partition coefficient between water and organic carbon phase I, a is the log-log 

slope, and b is the log-log intercept.  Table 5.1 provides a summary of the slope and intercept 

values for some common partition coefficients for DOC, POC, and PBC.  These equations were 

selected from literature sources that used PCBs or other hydrophobic substances.  Many of the 

equations were designed with respect to bed sediment to pore water partitioning, but they should 

apply equally as well to water column partitioning.
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Table 5.1. Log-log single parameter linear free energy relationship values for equilibrium partition coefficients used in modeling. 

Model 
Name 

Study  Pollutant  Sorbent 

High 
volume 
sampling 
fraction 

Data Input  Data Output 
Model 
Form 

a  b  nf 

Kpoc Seth 
Seth et al. 1999 
[25] 

Hydrophobics 
Amorphous 
OC 

Suspended 
Kow 
(Lwater/LC8) 

Kaoc 
(Lwater/kgAOC) 

log‐log 
linear 

1.03  ‐0.61  ‐ 

Kpoc 
Schwarz 

Schwarzenbach 
et al. 2003 [1] 

Hydrophobics 
Amorphous 
OC 

Suspended 
Kow 
(Lwater/LC8) 

Kaoc 
(Lwater/kgAOC) 

log‐log 
linear 

0.74  0.15  ‐ 

Kpoc 
Nguyen 

Nguyen et al. 
2005 [188] 

Halogenated 
hydrocarbons 

Amorphous 
OC 

Suspended 
Kow 
(Lwater/LC8) 

Kaoc 
(Lwater/kgAOC) 

log‐log 
linear 

0.99  ‐0.74  ‐ 

Kdoc 
Burkhard 

Burkhard 2000 
[111] 

PCBs, no 
SimgaAldrich 
humic acid 

Dissolved 
OC 

Dissolved 
Kow 
(Lwater/LC8) 

Kdoc 
(Lwater/kgDOC) 

log‐log 
linear 

0.85  ‐0.25  ‐ 

Kbc Werner 
Werner et al. 
2010 [184] 

PCBs 
Black 
carbon 

Suspended 
Kow 
(Lwater/LC8) 

Kbc 
(Lwater/kgBC) 

log‐log 
linear 

0.912 1.37  ‐ 

Kf,bc 
Moermand 

Moermand et 
al. 2005 [189] 

Unclear 
Black 
carbon 

Suspended 
Kow 
(Lwater/LC8) 

Kf,bc (μg/kg 
bc)*(μg/L)‐0.7 

log‐log 
Freundlich

0.98  ‐2.209  0.7

Kf,bc 
Koelmans 

Koelmans et al. 
2006 [190] 

PCBs 
Black 
carbon 

Suspended 
Kow 
(Lwater/LC8) 

Kf,bc (μg/kg 
bc)*(μg/L)‐0.7 

log‐log 
Freundlich

1.016 0.2469 0.7
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The high volume sampling process that obtains contaminant concentrations in 

operationally suspended and dissolved can be conceptualized as a three-phase model as in 

Equation [5].  If this equation is used, then the operationally suspended phase can only exist in 

the POC because the DOC and truly dissolved phases are part of the operationally dissolved 

fraction.  If Equation [5] is rearranged to solve for the fraction of operationally dissolved 

contaminant (Cd/Ct = fsusp(>1 μm)), then Equation [16] results.  Equation [17] takes Equation [16] and 

converts the water quality site-specific values of POC and DOC to be in terms of DOC and the 

ratio of POC to DOC or POC as a fraction of DOC,   

 
][][1)1( POCKDOCK
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poc
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,

 [16] 
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.

 [17]

 

These equations are entirely independent of local water column conditions except for the 

volumetric concentrations of POC and DOC because the partition coefficients are determined 

only by the molecular structure either as directly measured through octanol-water distribution 

coefficient experiments or by molecular models.  POC is more properly thought of as a 

suspended sediment parameter because it is the amount of organic carbon on suspended 

particles greater than one micron.  Thus, a more fundamental way to think of POC is on a dry 

weight fraction basis (g POC/g dry sediment).  When the POC dry weight fraction is multiplied by 

the suspended sediment concentration (SSC) or total suspended solids (TSS) concentration 

(used here synonymously), then the volumetric POC (mg POC/L water) results.  The volumetric 

POC concentration as used in Equations [16] and [17] is then as much a function of the local TSS 

as it is the actual carbon content on any one sediment particle.  If the POC dry weight fraction 

remains the same but TSS increases (e.g., from sudden sediment resuspensions or storm 

runoff), then POC volumetric concentration increases. These volumetric POC increases will 

necessarily be able to sorb more hydrophobic contaminants from the increased TSS alone 

despite a constant value of POC dry weight fraction. 

 Intuitively it is seen in Equations [16] and [17] that DOC and POC compete with each 

other for hydrophobic compounds to one degree or another.  If DOC increases at any location 

more than POC, then more contaminant will begin to sorb to DOC because there is simply more 
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of the material.  The terms in both the numerator and denominator of equations [16] and [17]are 

both unitless, and the denominator terms arise from the various water column phases as 

originally expressed in Equation [5] either truly dissolved (1), DOC (Kdoc[DOC]), or POC 

(Kpoc[POC]).  The DOC and POC terms are comprised of a partition coefficient (expresses the 

strength of the compounds affinity for the organic carbon sorbent) and the volumetric 

concentration of the sorbent.  Taken together, they can be viewed as a numerical value of the 

sorption capacity in the water column.  The sorption capacity (Kioc[IOC]) is not an expressly 

absolute quantity for how much contaminant the phase can uptake.  Rather it allows a relative 

comparison of contaminant fractionation between water column phases all scaled to the truly 

dissolved sorption capacity (not actually sorption when applied to the truly dissolved phase), 

which has a value of unity. 

One way to examine a system’s potential for sorption to DOC and POC for a particular 

contaminant is to ratio the POC and DOC partition coefficients.  If the organic carbon partition 

coefficients are both estimated through a single parameter LFER using log Kow, then a single 

expression results that is a function of only log Kow.  The LFERs for DOC and POC as provided 

by Burkhard [111]and Seth et al. [25], respectively, yield an LFER-type expression for Kpoc/Kdoc as 

shown in Equation [18] and visualized in Figure 5.1, 

]36.0log18.0exp[  ow
doc

poc KK
K

.
 [18]
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Figure 5.1. Ratio of POC partition coefficient to DOC partition coefficient according to 
single parameter LFER models developed by Seth et al. [25] for POC and Burkhard [111] 
for DOC. 

What can be seen from the equation and the plot is that at log Kow equal to 2, the two partition 

coefficients are equal to each such that if [POC] = [DOC], then the fsusp =  fdoc.  For a contaminant 

to be truly “hydrophobic,” it needs to be at a log Kow more in the range of at least log Kow = 4.  The 

lowest log Kow for PCBs and 2378-substituted PCDD/Fs is around 4.6.  At that minimum log Kow, 

Kpoc is 1.6 times greater than Kdoc, and then for fsusp to equal fdoc, DOC would have to be 1.6 times 

the POC concentration.  What is clear from the figure is that due to the stronger affinity of POC 

for contaminants than DOC, especially at increasing hydrophobicity, the potential for POC to sorb 

more contaminant (and thus control overall water column partitioning) is high. 

Equation [19] shows the formulation for the ratio of POC to DOC unitless sorption capacity, 

and Figure 5.2 plots the equation using the modified LFER of Equation [18] with varying 

POC/DOC ratios, which are possible in the HSC, 

][

][

DOCK

POCK
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doc

poc
CapSorb 

.
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Figure 5.2. Unitless sorption capacity ratio of POC to DOC (unitless/unitless) according to 
constant POC to DOC ratios (mgL-1/mgL-1). 

The effect of the relative amount of POC to DOC can be seen in how rapidly the sorption 

capacity ratio changes with increasing log Kow.  At lower POC/DOC ratios of 5-10%, no PCB or 

PCDD/F congeners (represented by log Kow 4-12 for all congeners) will ever exhibit a greater 

sorption capacity in POC compared to DOC.  Despite the fact that at log Kow =12, the Kpoc/Kdoc 

ratio is strongly in favor or POC (6.05 times greater Kpoc), the amount of POC is simply too small 

to play as much of a role in overall three-phase partitioning compared to DOC.  Reasons for such 

low volumetric POC could be either that the dry weight fraction of POC is low or that TSS is low, 

but it is likely that low suspended sediments are at least part of the low POC to DOC ratio.  

Contrastingly, POC/DOC ≥ 25% show that at log Kow = 7 the sorption capacity of POC begins to 

equal and exceed that of DOC.  For POC/DOC ≥ 50%, the sorption capacity of POC is greater 

than DOC at log Kow = 6.  At all POC/DOC ratios shown, for any PCB or PCDD/F congeners that 

are less hydrophobic than log Kow = 6-7, the DOC will play a larger role in the partitioning such 

that the operationally dissolved phase will have a larger portion of the less hydrophobic (and likely 

less chlorinated) congeners.  If a particular location is known to have POC relative to DOC, then it 
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can be expected that POC will contain a far greater fraction of the total water concentration of 

POPs if they are greater than log Kow =6. 

Figure 5.3 and Figure 5.4 show how the fraction in the operationally suspended phase 

changes with log Kow, POC/DOC, and DOC by holding either POC/DOC or DOC constant.  

Equation [16] and [17] provide the basis for each of these curves.  Figure 5.3 explores how the 

fraction of operationally suspended phase (POC-associated fraction) changes with the POC to 

DOC ratio while holding the DOC concentration constant at 2, 5, 10, and 25 mg/L.  As would be 

expected from the sorption capacity ratio curves (Figure 5.2), varying the POC/DOC from 1-40% 

dramatically alters the operationally suspended fraction.  The greatest distinctions are at the 

range of log Kow that correspond to the region where the POC to DOC sorption capacity ratios 

become of equal magnitude (log Kow 7-8).  For example, the upper left plot showing a constant 

DOC concentration of 2 mg/L shows the fraction of suspended at 10% for 1% POC/DOC 

compared with a fraction suspended of 80% at 40% POC/DOC.  There does not appear to be as 

much change in the fsusp as a function of log Kow with increasing DOC concentration, especially at 

larger POC/DOC ratios.  The upper light blue line in all four curves (POC/DOC=40%) is nearly the 

same no matter the DOC concentration, and this is because the POC, being more strongly 

sorptive, only needs to be at 40% the level of DOC to nullify most of the sorption potential of 

DOC. 

Figure 5.4 presents results similarly to Figure 5.3 except that DOC concentration is varied 

while POC/DOC is held constant.  The most readily apparent observation is that in all four curves, 

whether at a POC/DOC of 1% or 25%, all of the curves collapse onto each other at about log Kow 

= 8.  Again, at this level of hydrophobicity, the Kpoc/Kdoc is so much in favor of Kpoc (3 times greater 

in Figure 5.1) that the water concentration changes in DOC do not do as much to effect the 

overall partitioning, at least from the perspective of the fraction of contaminant in the operationally 

suspended phase.  This result can be inferred from Equation [17] as well where it is seen that 

Kpoc(POC/DOC)[DOC] terms become so large that the other terms do not exert as much of an 

effect.  Below log Kow = 8, there can be some variation in the operationally suspended fraction 

with the concentration of DOC because its relative sorption capacity is higher.  The variation in 

fsusp can be as much as 20-40% with varying DOC depending on the POC/DOC ratio. 

Figure 5.5 - Figure 5.10 explore how three-phase, four-phase linear black carbon, and four-

phase Freundlich black carbon behave with changing log Kow by plotting the relative fraction of 
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each phase individually.  Figure 5.5 examines the changes in the fractions of the three-phase 

model of Equation [17] with a DOC concentration of 8.5 mg/L (common HSC value) as POC/DOC 

is varied from 2-45%.  The “Part_AOC” (dark green) represents the same estimations as the fsusp 

in Figure 5.3 and Figure 5.4.  As was the case in Figure 5.3 and Figure 5.4, the POC phase 

becomes increasingly dominant in the overall partitioning with increasing POC/DOC ratio.  In 

each plot, log Kow increases, and increasing hydrophobicity continually drives down the fraction of 

the compound that is in the truly dissolved phase.  In all plots, by log Kow 7-8, there is almost 

none of the compound that is truly dissolved.  And as the truly dissolved decreases, the fraction 

of DOC increases until it reaches at maximum at which point the POC takes over thus enriching 

the operationally suspended phase at the expense of the operationally dissolved (DOC+truly 

dissolved). 

The effect of a linear black carbon model is shown in Figure 5.6 where the Werner et 

al.[184] LFER is used to estimate the effect of increasing amounts of black carbon on overall 

partitioning (BC/POC 0.0-25%).  The common phases from the three phase model (truly 

dissolved, DOC, and PAOC (formerly POC)) behave relatively the same as before except that 

each phase is increasingly muted at lower Kow (relative to a no BC scenario) with increasing 

particulate BC concentration.  At 5% BC/POC, the fpbc and fpaoc (together now representing the 

operationally suspended) are relatively equal from log Kow 4-6.  After log Kow = 6, the PAOC 

outstrips the fraction in black carbon.  By the time that BC/POC reaches 25%, however, the black 

carbon fraction dominates the partitioning in the entire system at log Kow 6.5 and higher. 
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Figure 5.3. Fraction of contaminant in operationally suspended fraction according to a three-phase model where DOC is constant and 
POC is varied as a percentage of DOC.  
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Figure 5.4. Fraction of contaminant in operationally suspended fraction according to a three-phase model where POC/DOC is constant 
and DOC (mg/L) is varied.
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 The difference in the four-phase models of Moermond et al. [189] and Koelmans et al. 

[190] from linear black carbon and three-phase models are that the affinity of the contaminant for 

black carbon is now dependent on the truly dissolved concentration.  The Freundlich isotherm 

model used in these formulations predicts that black carbon will have higher affinity as truly 

dissolved concentrations decrease.  Part of the reason that Werner et al. [184] justified their use 

of a linear black carbon model (in contrast to how most authors view field sorption phenomena in 

black carbon) by stating: 

It is logical that the BC sorption isotherm should eventually become more linear 

in the very low free aqueous PCB concentration range, since there must be a 

finite limit to the affinity of PCBs for any type of adsorption site, and the BC 

sorbent strength for PCBs cannot increase indefinitely with decreasing free 

aqueous PCB concentrations. 

Werner et al. implicitly acknowledged what has been conceptualized as a mechanism of surface 

adsorption [191] compared with solid phase absorption in natural organic matter.  Their intuition 

(supported by sediment sorption data) that PCBs (and PCDD/Fs), which exist at very low freely 

dissolved concentrations, should exhibit a limit to adsorption affinity for black carbon is not 

unreasonable.  Nonetheless, the quantitative behavior of POPs to black carbon in soils, bed 

sediment, and suspended sediment in the water column is not completely understood.  It is still 

valuable to look at Freundlich based models. 

The difference between the Moermand et al. and Koelmans et al. models can be seen by 

the values for their respective LFERs in Table 5.1.  Koelmans et al. has a slightly higher slope 

indicating greater change in the Freundlich black carbon partition coefficient (Kf,bc), and it has a 

higher intercept.  The result of the two equation parameters is the Kf,bc for Koelmans et al. is 13-

18 times higher than that of Moermond et al. for log Kow 4-12.  The greater Freundlich affinity in 

the Koelmans et al. equation will transfer to unitless black carbon sorption capacity comparisons 

because the truly dissolved concentration factor in both four-phase models (Cd
nf-1) is the same.  

 The analyses for the two models were run in the same way with the Cd concentration 

held constant (at either 1 ng/L or 1 pg/L) while the black carbon was varied (BC/POC 0.0-25%). 

The Moermond et al. model results (Figure 5.7 and Figure 5.8) generally show almost no 

influence of black carbon at 1 ng/L truly dissolved concentration and very little (10% or less) at 1 

pg/L Cd. The stronger adsorption affinity of black carbon as modeled by the Koelmans et al. 
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equation shows very high influence of black carbon on overall partitioning at Cd of 1 ng/L and 

complete dominance of particulate black carbon at Cd of 1 pg/L (at log Kow > 6, fpbc >80%). 
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Figure 5.5. Changes in phase fractionation with increasing log Kow using Seth et al. [25] for Kpoc and Burkhard for Kdoc [111].  DOC is 
held constant (8.5 mg/L) at values relevant to the HSC while POC/DOC is varied from 0% to 45%.  
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Figure 5.6. Changes in phase fractionation with increasing log Kow using Seth et al. [25] for Kpoc, Burkhard for Kdoc [111], and Werner et 
al. [184] for linear Kbc.  DOC and POC/DOC are held constant at values relevant to the HSC while BC/POC is varied from 0% to 25%.
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Figure 5.7. Changes in phase fractionation with increasing log Kow using Seth et al. [25] for Kpoc, Burkhard [111] for Kdoc, and Moermond 
et al. [189]for Freundlic Kbc (nfreund = 0.7).  DOC, POC/DOC, and Cdiss (1 ng/L) are held constant at values relevant to the HSC while 
BC/POC is varied from 0% to 25%.  
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Figure 5.8. Changes in phase fractionation with increasing log Kow using Seth et al. [25] for Kpoc, Burkhard [111] for Kdoc, and Moermond 
et al. [189]for Freundlic Kbc (nfreund = 0.7).  DOC, POC/DOC, and Cdiss (1 pg/L) are held constant at values relevant to the HSC while 
BC/POC is varied from 0% to 25%. 
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Figure 5.9. Changes in phase fractionation with increasing log Kow using Seth et al. [25] for Kpoc, Burkhard [111] for Kdoc, and Koelmans 
et al. [190] for Freundlic Kbc (nfreund = 0.7).  DOC, POC/DOC, and Cdiss (1 ng/L) are held constant at values relevant to the HSC while 
BC/POC is varied from 0% to 25%. 
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Figure 5.10. Changes in phase fractionation with increasing log Kow using Seth et al. [25] for Kpoc, Burkhard [111] for Kdoc, and Koelmans 
et al. [190] for Freundlic Kbc (nfreund = 0.7).  DOC, POC/DOC, and Cdiss (1 pg/L) are held constant at values relevant to the HSC while 
BC/POC is varied from 0% to 25%. 
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The theoretical partitioning analysis with various three-phase and four-phase models 

demonstrates a few key or significant observations concerning partitioning in the water column in 

general: 

1. Compound hydrophobicity as represented by log Kow is very important when 

considering that it will partition amongst the truly dissolved and organic carbon 

phases. The log Kow ranges over eight orders of magnitude for all chlorination 

levels, and this is enough to put nearly all of the compound in the truly dissolved 

phase at the low end of log Kow or all of it in the operationally suspended phase 

(either as POC or PAOC+PBC) at the high end log Kow. 

2. To understand how partitioning theory effects partitioning measurement for high 

volume sampling (operationally dissolved and suspended), one has to understand 

the difference between sorbent strength, sorbent quantity, and sorbent capacity.  

POC, at least as modeled in the literature, has higher sorbent strength than DOC 

at most hydrophobicities, but if its quantity is not high compared to DOC, then not 

much of a compound will partition to it.  Black carbon, according to some models, 

has extremely high sorbent strength, and so it may not need a high sorbent 

quantity to achieve a high relative sorbent capacity. 

3. The transition from generally hydrophobic compounds (log Kow 4-7) to highly 

hydrophobic compounds (log Kow 8-12) is where the largest swings in partitioning 

fractionation occur as measured by the fraction on suspended sediments.  PCBs 

and PCDD/Fs in this region (log Kow 6.5-8.0) are more affected by changes in the 

relative amounts of POC and DOC than at other hydrophobicities.  Above log Kow 

8, the amount of DOC does not affect partitioning much at all, at least at the levels 

seen in the HSC. 

4. Black carbon quantitative sorption behavior is probably not understood well 

enough to be definitive, but the models generated from black carbon sorption 

studies indicate that it can have a powerful influence on partitioning.  If the fraction 

of black carbon in the water column starts to reach 10-20% of POC, then it can 

dramatically influence the overall partitioning such that almost nothing exists in 

either the truly dissolved or DOC-associated phase.  If the truly dissolved phase 

fraction is substantially reduced, then the effective bioavailable concentration of 
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PCBs or PCDD/Fs is also reduced.  Thus, it is important to know if and how much 

black carbon is present in any sediment-water system. 

5.3.2 PCBs and PCDD/Fs water column partitioning according to trends in Kow 

To examine the water column partitioning trends in real data with Kow, it is helpful to 

understand all of the equations by which the data might be modeled as seen in the last section, 

but it is also important to know what parameters are relatively fixed and what parameters are free.  

Part of the difficulty in looking at trends with log Kow in the water column partitioning data for 

2002-2011 is that it is already understood that the data do not vary only with log Kow.  As shown in 

Equations [5], [13], and [14], the partitioning is also affected by the volumetric concentrations of 

the organic carbon sorbents and the suspended sediment concentration.  Not all of these 

concentrations are known exactly, and even if they were, it is not a simple matter to normalize 

high volume water sampling data to the sorbent concentrations.  The high volume sampling data 

comes in the form of operationally dissolved and suspended fractions, and those fractions, 

depending on how they are conceptualized, are actually combinations of water column phases 

that do not sorb/dissolve contaminants equally.  The result of this line of thought is that the 

partitioning data can be normalized to the total concentration of contaminant (i.e., as fractions of 

operationally suspended or dissolved phases), but variation will occur along the axis of increasing 

log Kow because real environmental factors (not just modeling or measurement factors) create 

such variation. 

There are three main sorbent concentrations that are most important for modeling the 

actual water concentration measurements—DOC, POC, and PBC.  DOC was measured with 

every sample that was taken from 2002-2011.  POC was not measured with most samples, but 

TOC was measured with most samples.  PBC was not measured for any samples.  Black carbon 

is more difficult to successfully model properly since there is less agreement in the literature 

about how to do it. The three-phase model sorbents, DOC and POC, are generally better 

understood.  So to fit the operational suspended and dissolved data to at least a three-phase 

model, one would need the DOC and POC concentrations.  The DOC concentrations are known 

for all samples, but the POC concentrations are estimated as shown in Figure 5.11.  POC was 

measured in 2008 only:  these data were used to try and describe POC generally for the HSC.  

The figure shows three panels that from left to right demonstrate POC variation with TSS, POC 

variation with DOC, and DOC variation with TSS.  From the far left panel, it is fairly clear that 
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volumetric POC increases with TSS as would generally be expected.  This behavior implies that 

the POC dry weight fraction is fairly constant in all 2008 samples, and a line at 2.3% POC dry 

weight fraction seemed to fit the data the best.  Clearly, the POC dry weight fraction is not 

constant, but a single value was desired to be able to apply to samples which did not have a 

direct POC measurement.  The POC/DOC ratio was very important in the theoretical partitioning 

analysis, but the data from the HSC (middle panel) show that this ratio is not very constant at all.  

The constant with the data is that DOC is generally always higher than POC, and the ratio itself 

varied in the range of 1-172% with 75% of the samples below POC/DOC 93%.  And lastly in the 

far right panel, it is seen that unlike POC, DOC may tend to generally decrease with increasing 

TSS.  The data are fairly scattered, however, and so it is difficult to make many definitive 

statements about the DOC-TSS relationship.  It was decided that for log Kow analysis going 

forward, generally the POC value to be used would be the dry weight fraction constant of 2.3% 

with the 2008 median TSS value of 53 mg/L.  These values yield a POC concentration of 1.22 

mg/L (POC/DOC range of 13-86% for 2008 data). 

The data for the various sampling campaigns were organized by timeframe into five 

groups—2002-04 (PCBs & PCDD/Fs), 2008 (PCBs), 2009 (PCBs), 2011 (PCBs & PCDD/Fs), and 

2002-2011 (PCBs & PCDD/Fs).  The mean operationally suspended fraction for each timeframe 

was plotted against the log Kows of the congener or coelute group, and then model lines were 

either placed on the data or fit to the data as shown in Figure 5.12, Figure 5.13, Table 5.2, and 

Table 5.3, .  The first model lines fit were three-phase lines which use the constant value of POC 

(1.22 mg/L) and the mean DOC concentration for the time period (dark orange).  Additional three-

phase lines were added that correspond to upper and lower bound DOC uncertainty as 

represented by 95% confidence intervals (dashed orange).  Finally, a best fit line (purple dash) 

was added that minimized overall root mean square error (RMSE) by adjusting the POC 

concentration from its constant value. 

From these plots, it can be seen even without performing any partition modeling that it 

appears that in the years where both PCBs and PCDD/Fs were sampled (2002-04, 2011) that 

PCDD/Fs show a noticeably higher operationally suspended fraction than PCBs for congeners at 

the same log Kow. This idea was noted in general for total PCBs and total PCDD/Fs for the 2002-

04 dataset previously [21], but it has not been analyzed on a congener level basis until now.  It is 

not clear what causes an apparent increase on the suspended phase over the dissolved phase 
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between PCBs and PCDD/Fs.  They have very similar chemical structures and should, at least in 

theory, behave similarly towards organic carbon sorbents as suggested by similar ranges of log 

Kow.   
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Figure 5.11. Particulate organic carbon data as measured in this work and by others at UH compared against TSS and DOC quantified 
by outside laboratories.  The far left figure compared POC with TSS using different fit lines corresponding to dry weight fractions of 
organic carbon.  The middle plot compares POC to DOC with a one to one line, and shows that in nearly all cases DOC is greater than 
POC (on average two time larger), and the right plot examines the relationship of DOC to TSS.  While there appears to be some potential 
relationship of DOC to TSS, generally they are not well correlated.
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Figure 5.12. Statistics (mean±95% confidence, vertical error bars) for observed suspended 
fractions for PCBs and PCDD/Fs for individual sample periods from 2002-2011 organized 
by hydrophobicity (log Kow, horizontal error bars show 0.5 log Kow uncertainty).  The 3-
Phase (time period) line (solid orange) shows the trend in suspended fraction with 
changes in log Kow with freely chosen variables (DOC, POC) selected according to central 
statistics for the entire sample set.  Lower and upper lines (orange dashed) indicate the 
expected range of the freely chosen variables according to how they may change the 
suspended fraction curve.  The best fit line (dashed purple) fixes one variable (POC or 
DOC) while the other is varied in such a way as to minimize the root mean square error of 
the fit. 
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Figure 5.13. Statistics (mean±95% confidence, vertical error bars) for observed suspended 
fractions for PCBs and PCDD/Fs for all samples collected by high volume in 2002-2011 
organized by hydrophobicity (log Kow, horizontal error bars show 0.5 log Kow uncertainty).  
The 3-Phase (time period) line (solid orange) shows the trend in suspended fraction with 
changes in log Kow with freely chosen variables (DOC, POC) selected according to central 
statistics for the entire sample set.  Lower and upper lines (orange dashed) indicate the 
expected range of the freely chosen variables according to how they may change the 
suspended fraction curve.  The best fit line (dashed purple) fixes one variable (POC or 
DOC) while the other is varied in such a way as to minimize the root mean square error of 
the fit. 
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Table 5.2. Three-phase model parameters used per data time period. 

 

 

Table 5.3. Three-phase model best fit equation values and fit statistics. 

 

Since no particularly compelling chemical structure reasons for the difference observed in 

PCDD/F-PCB partition behavior exist, two other potential, not necessarily mutually exclusive 

explanations are offered.  The first is that somehow the differences might be related to the 

measurement method.  When PCBs and PCDD/Fs are sampled by a high volume methodology, 

Years 2002‐2004 2008 2009 2011 2002‐2011

POPs Sampled PCDD/Fs, PCBs PCBs PCBs PCDD/Fs, PCBs PCDD/Fs, PCBs

Values used for middle estimate

DOC (mg/L) 19.3 4.1 6.2 5.9 13.5

POC (mg/L) 1.2 1.2 1.2 1.2 1.2

POC/DOC 6.3% 29% 20% 21% 9.0%

Values used for lower estimate

DOC (mg/L) 17.8 3.4 5.6 5.4 12.2

POC (mg/L) 0.87 1.2 1.2 1.0 0.72

POC/DOC 4.9% 34.2% 20.9% 17.9% 5.9%

Values used for upper estimate

DOC (mg/L) 20.9 4.9 6.8 6.4 14.8

POC (mg/L) 1.6 1.3 1.3 1.5 1.7

POC/DOC 7.5% 26% 19% 23% 12%

Value Sources

DOC (mg/L) Time period mean Time period mean Time period mean Time period mean 9‐year mean

POC (mg/L)
2008 POC data 

best fit

2008 POC data 

best fit

2008 POC data 

best fit

2008 POC data 

best fit

2008 POC data 

best fit

DOC uncertainty
95% confidence of 

DOC values

95% confidence of 

DOC values

95% confidence of 

DOC values

95% confidence of 

DOC values

95% confidence of 

DOC values

POC uncertainty

95% confidence of 

DOC values 

subtracted from 

95% confidence of 

TOC values (2002‐

04 data)

95% confidence of 

DOC values 

subtracted from 

95% confidence of 

TOC values (2009 

data, TOC not 

sampled in 2008)

95% confidence of 

DOC values 

subtracted from 

95% confidence of 

TOC values (2009 

data)

95% confidence of 

DOC values 

subtracted from 

95% confidence of 

TOC values (2011 

data)

Used a reasonable 

value of 40% of 

POC (mg/L) = 0.5

Years 2002‐2004 2008 2009 2011 2002‐2011

POPs Sampled PCDD/Fs, PCBs PCBs PCBs PCDD/Fs, PCBs PCDD/Fs, PCBs

DOC (mg/L) 19.3 4.1 6.2 5.9 10.8

POC (mg/L) 3.7 0.4 0.7 1.4 1.2

POC/DOC 19.3% 10.6% 11% 23% 11.3%

r
2

0.71 ‐ ‐ 0.84 0.77

RMSE 12% ‐ ‐ 11% 25%

r
2

0.65 0.85 0.87 0.84 0.83

RMSE 16% 8.7% 10% 14% 9.1%

r
2

0.63 0.85 0.87 0.83 0.76

RMSE 14% 8.7% 10% 13% 9.1%

PCDD/Fs (17)

PCBs (209)

All (226)

Values used 

for best fit
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the volumes that are obtained to sample them are generally not the same.  PCBs exist in the 

environment usually 100-1000 times higher in concentration than PCDD/Fs, and so not as much 

volume needs to be sampled to quantify them.  It not clear why additional sample volume for 

PCDD/Fs would cause them to artificially appear to be higher in the suspended phase (or 

alternatively cause PCBs to be artificially lower), but it is a slight difference in method which 

should be mentioned.  Another possibility related to measurement is possibility of loss of 

PCDD/Fs from the sampling system.  To sample for either contaminant, the particles are 

collected on a filter inside the pumping system.  The operationally dissolved phase is determined 

by the filtrate passing through a stainless steel column containing XAD2 amberlite polymeric 

resin.  A recent “recovery” column placed in series after the sample column revealed that, at least 

for one sample in 2011, that PCDD/Fs appeared to be lost slightly more out of the sample column 

than did PCBs for the same sample (see Appendix B).  If the greater loss of PCDD/Fs was a 

systemic problem in sampling, then the result would be to under measure the total PCDD/Fs 

concentration (dissolved + suspended).  Presumably, however, the under measurement of 

PCDD/Fs only would happen to the operationally dissolved phase, which would have the overall 

effect of artificially over measuring the operationally suspended fraction.  It is also noted that 

visually the difference in PCBs and PCDD/Fs in the operationally suspended fraction do not 

appear as large in 2011 as they do in 2002-04. 

The second potential explanation for the observed differences assumes that what is 

observed is fairly representative of what is actually in the water (i.e., measurement errors may be 

present but they do not have a large impact).  If the differences between the contaminants are 

real, then one explanation for the differences is that they are a reflection of differences in source. 

PCDD/Fs are often conceptualized as being sourced by air deposition which has the effect of 

spreading their concentrations fairly evenly over a large area such as the many watersheds 

surrounding the HSC system [183].  PCBs in the HSC have shown that they vary spatially more 

than PCDD/Fs in bed sediment and in the water column [21].  Moreover, they have also been 

shown to vary more on a watershed to watershed basis than PCDD/Fs [18, 20], and this may 

reflect the more unique and distinct source types for PCBs in the HSC generally.  If PCDD/Fs 

were to come more originally from particles during dry weather air deposition, then it is possible 

that those particles, being air sourced, have more black carbon which would increase their 

sorption capacity over particles that contain PCBs.  It is also possible that the PCDD/Fs were 
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created during some of the same combustion processes that created black carbon in the air 

particles, and this kind of co-combustion generation process could occlude the PCDD/Fs such 

that they are inaccessible to water-sediment partitioning but are accessible to the solvents used 

the analytical laboratory. 

The three-phase model lines in each of the analyses follow the general shape of the data 

for the various time periods, but the data is not contained very well in the upper and lower three-

phase lines.  The difficulty of both getting the three-phase to match well without fitting and to span 

the breadth of the data is not surprising.  The way that the three-phase model was generated was 

to pick the median DOC value and combine it with a best estimate of the overall POC 

concentration from the 2008 data set.  These are both rough ways to get at the central tendency 

of the POC and DOC concentrations.  Visually the best fit lines do a better job of matching the 

trend in the data with log Kow. The RMSE statistics in Table 5.3 are all about a 10% error from the 

observed operationally suspended fractions.  As the variation of each individual value is usually at 

least 10%, the best fit line could not be expected to do a better job of representing the data.  And 

though each individual congener varies about 10% on the suspended fraction, the variation 

between congeners/coelute groups that have about the same log Kow varies even more.  This 

larger variation is the case between PCDD/Fs and PCBs but also within each compound class as 

well.  While this variation may relate to measurement or source factors, it also reflects the fact 

that log Kow cannot explain all of the organic carbon-water partitioning behavior of the 

compounds.  The interaction between an organic carbon sorbent and a congener is highly 

individual because structural differences create differences in sorbent to congener affinities.  

These differences may not always manifest as strongly in solvent-solute interactions such as 

octanol and water but would in sorbent-sorbate interactions [188].  Additionally, octanol is merely 

a surrogate for organic carbon, which is not only different from octanol but can also be different 

both in time and in space in natural waters. 

The four-phase modeling analysis (shown in Figure 5.14 - Figure 5.19) was conducted 

using the same linear and non-linear Freundlich black carbon models that were described in the 

previous section—Werner et al.[184], Moermond et al.[189], and Koelmans et al.[190].  Black 

carbon modeling was only done on the entire dataset 2002-2011, and the same best fit values for 

DOC and POC on the three-phase model were used in the calculations.  The fraction of black 
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carbon (BC/POC) was allowed to vary to minimize RMSE, and the final RMSEs for Werner et al., 

Moermond et al., and Koelmans et al. were 12%, 13%, and 13%, respectively. 

 

 

Figure 5.14. Three-phase best model for 2002-2011 data compared to the linear black 
carbon best fit (BC = 0.71% of POC) model using the single parameter LFER of Werner et 
al. [184] 
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Figure 5.15. Comparison of three-phase and four-phase linear black carbon model water phase fractional changes with log Kow.  Values 
in plots correspond to best fits for 2002-2011 PCDD/F-PCB data.
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Figure 5.16. Three-phase best model for 2002-2011 data compared to the Freundlich black 
carbon best fit (BC = 10% of POC, Cdiss = 1 pg/L) model using the single parameter LFER 
of Moermond et al.  [189].
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Figure 5.17. Comparison of three-phase and four-phase Freundlich black carbon model  (Moermond et al.) water phase fractional 
changes with log Kow.  Values in plots correspond to best fits for 2002-2011 PCDD/F-PCB data.
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Figure 5.18. Three-phase best model for 2002-2011 data compared to the Freundlich black 
carbon best fit (BC = 0.10% of POC, Cdiss = 25 pg/L) model using the single parameter 
LFER of Koelmans et al.  [190].
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Figure 5.19. Comparison of three-phase and four-phase Freundlich black carbon model  (Koelmans et al.) water phase fractional 
changes with log Kow.  Values in plots correspond to best fits for 2002-2011 PCDD/F-PCB data.
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 From the black carbon modeling, it is seen that using a single parameter to do the fitting 

means that the best fit line can be made to fit the data nearly as well as the three-phase model 

which does not use black carbon.  In order to make the four-phase model fit the data as well, the 

black carbon content also had to be made very low (0.10-10% of POC), and the end result on the 

individual fraction plots (Figure 5.15, Figure 5.17, Figure 5.19) appears visually to be almost the 

same.  The combination of model differences in the inherent sorbent strength was moderated by 

the amount of black carbon chosen such that the overall sorption capacity at each log Kow was 

relatively the same.  This fitting procedure in effect created nearly the same fraction suspended 

line for all four-phase results regardless of the model particulars. 

In summary, this modeling analysis demonstrates a few themes.  The first is that the use of 

a single line equation that keeps the sorbent concentrations constant and only allows log Kow to 

vary cannot represent the entire data spread because there are impactful differences in DOC and 

POC for every sample.  Also, log Kow is only a surrogate for organic carbon, and so, even if all 

DOC and POC differences were accounted for, there are compound particulars that would allow 

variation.  The second theme is that it appears that when PCDD/Fs and PCBs were sampled 

together, they showed differences in partitioning behavior as observed in measured results (not 

modeled).  The models used would not necessarily expect such differences to arise, but these 

are different compound classes that vary slightly in their base skeleton.  So it is possible that that 

a different LFER would need to be used for POC, DOC, and BC for PCDDs, PCDFs, and PCBs.  

This specialization has been seen in some studies, but it is rare because of the difficulty to do so 

not sure what you mean by this sentence.  And finally, it is seen that for both a three-phase or 

four-phase model, a fit which has no more error than the general spread in the data can be 

obtained.  The variables used to fit the model (only one used in each case) have enough flexibility 

and control over the model to create an equally good fit.  Thus, it is hard to determine for certain 

what models and values really apply best to this data both in terms of actual mechanism and 

practical use.  It does seem likely, however, that the black carbon content in suspended 

sediment, if it were measured directly, would not be exceedingly high because the four-phase 

models all had to parameterize the BC content to very low values to match the suspended 

fraction trend. 
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Chapter 6. PCB sediment to overlying water flux calculations 

6.1 Major contaminant transport process in and around the sediment bed 

A major objective of determining the role of bed and suspended sediment as well as their 

interaction for purposes of PCB fate-and-transport is the role of the sediment bed as source or 

sink for PCB congeners.  The physical transport of sediment causes PCB transport to track 

wherever sediments move; the PCBs will repartition according to local suspended sediment, 

dissolved organic carbon, and total water PCB concentrations that they encounter.  Contrastingly, 

bed sediment for the most part does not move at all (assuming no significant bed load of the clay-

silt sediments of the HSC), but, while residing at the bottom of the water column, bed sediment 

can greatly influence PCBs fluxing into or out of the sediment according to some of the same type 

of partitioning phenomena seen in water column suspended sediments.  The difference is that on 

the volume-based concentration of bed sediment is so much higher than in the water column, and 

carbonaceous sorbent found in the bed sediment, will also be much higher. 

There are three primary mechanisms that affect the concentration in the water column and 

the freely dissolved concentration everywhere---sediment resuspension and deposition, burial of 

PCBs into less active layers, and diffusive fluxing across the sediment-water interface.  In many 

ways, PCB transport by way of resuspension and deposition is a fairly physical process.  PCB-

laden suspended sediment settles into the sediment bed taking its entire PCB burden with it.  The 

settled grain of sediment will likely not remain at its original concentration when it consolidates 

with the rest of the sediment bed because of repartitioning processes, but most the PCB load on 

the particle should remain in the neighborhood of the sediment bed where it was deposited.  

PCB-laden resuspended sediment follows a similar pathway of transport from the sediment bed 

rather than to it with one important difference.  In most cases, the freely dissolved concentration 

of PCBs in the bed sediment pore water will be much higher than in the water column because 

the overall sediment concentration in the bed is much higher.  A deposited sediment particle will 

often be “cleaner” in PCBs than what is in the bed, and PCBs in the freely dissolved pore waters 

will partition to make it similar in concentration to surrounding particles.  When a sediment particle 

resuspends, the reverse will likely occur.  The lifted particle will be in a lower concentration freely 

dissolved phase environment, and so it, being at a chemical activity commensurate with PCB 
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pore waters, will shed some of its PCB load to the freely dissolved and DOC phases thus itself 

becoming “cleaner”.   

PCB burial in the sediment bed occurs when gradual net deposition effectively raises the 

sediment bed over time or at least puts more mass on top of the surface layer (i.e., if the bed 

consolidates, the actual change in bottom elevation may not be that great).  There is an “active” 

layer of sediment in the bed that is normally 4-8 cm in depth.  It is in this region that cycling 

resuspension-deposition activities (small net change in sediment material if any) and bioturbation 

from benthic organisms occurs.  The result of the mixing is that most indicators of sediment depth 

including grain size sorting, organic carbon mineralization, porosity, salinity, radiologic elements 

used for dating, and contaminant concentrations do not exist with much vertical spatial gradients.  

As net sediment deposition occurs at the sediment-water interface, areas which were at the 

bottom of the active layer effectively leave the active layer and enter a more stabilized region of 

the deeper sediment bed.  In the lower sediment bed, PCBs still can move upward according to 

concentration gradients, but the rate of the transport will be diminished because there are few 

other mechanisms which might enhance the transport other than molecular diffusion in porous 

media.  The deeper sediment layer will become cleaner as PCBs leach from it and diffuse into the 

upper pore water even as the sediment is moved deeper by successive depositional episodes.  

Eventually, the sediment either becomes so clean or the distance for diffusion becomes so great 

that the PCBs on the sediment are for the most part removed from the overall contaminant 

balance between sediment, water column, air, and biota. 

The third mechanism of PCB transport via the sediment bed, diffusive fluxing across the 

sediment-water interface, is the primary subject of this chapter.  PCBs are constantly diffusing via 

the sediment pore water though there may not be a net movement of PCB mass if the chemical 

activity throughout the bed is relative constant.  The upper sediment layer, however, represents a 

significant change in phase, from a porous medium to a bulk fluid.  Chemical activities are rarely 

equal between such different phases with the result that there will be a resultant PCB flux per unit 

area to or from the bed sediment.  This diffusion is mediated by concentrations on either side of 

the interface (which are affected by PCB sources to the water column and local flushing rates), 

concentrations and types of organic carbon, the porosity, the time over which diffusion has been 

occurring (a surrogate for the age of the PCBs in the environment), the distance over which the 

contaminants must travel to reach the lower water column, and the chemical particulars of each 
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congener.  As long as a gradient in chemical activity exists between the sediment bed and the 

overlying water, transport will continue to occur in one direction of the other regardless of 

sediment movement and the flow rate of the water column.  A large absolute difference in 

chemical potential generally indicates that contaminant fluxes will occur for many years, even 

decades because the diffusive transfer may be the only mechanism for realizing thermodynamic 

equilibrium for PCBs.  As they are persistent and resistant to biodegradation, the PCBs will often 

remain in the sediment bed for as long as it takes to bury them, resuspend them, or diffuse them 

away. 

6.2 Data manipulation and mathematical setup for sediment bed flux calculations 

As previously stated, there are several mechanisms that provide an effective mass flux of 

PCBs to or from the sediment bed.  The following discussion considers only diffusive flux, which 

must acknowledge a few simplifications.  The first is that the sediment bed is considered to be 

fairly static internally.  No bioturbation or mechanical mixing will disperse pollutants by actually 

moving sediment particles such that homogenization might occur.  The second simplification is 

that it is assumed that PCBs are generally not removed in a net transport from the sediment bed 

surface via resuspension and deposition processes.  The fluxing in view here is that which occurs 

in the sediment pore space and immediate overlying benthic water column by means of molecular 

diffusion only. 

The background and setup for most of the flux calculations can be found in 

Schwarzenbach et al. [1], but the important elements for conceptual understanding and the 

justification of choices/assumptions is outlined here.  The set up for the calculation begins with a 

conceptual diagram of the important processes and quantities in Figure 6.1  The sediment to 

water interface is presented as a wall boundary between two differing phases.  The system is 

presented as if the bed sediment concentration is higher than that of the bulk overlying water 

column, but it could just as easily be reversed. On the far left is the open water column where 

high velocities and turbulence generate a well-mixed system with a very large effective diffusion 

coefficient Dwc,bulk and a constant contaminant concentration that is for the total water--suspended 

particles, DOC, and truly dissolved phases.  Moving from the open water column and in towards 

the sediment-water interface, a boundary layer is encountered.  The boundary layer represents a 

thin strip of water at the sediment bed that is nearly still water due to the usual “no slip” condition 
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in fluid near a solid boundary.  In the conceptualization of this layer, mass transport happens by 

molecular diffusion only, and the diffusion coefficient (Dbl) has a value equivalent to measured or 

modeled molecular diffusion of the contaminant in pure water.  Mass transport is very slow in this 

boundary layer due to the limited transport mechanisms available, and so a linear concentration 

gradient exists.  The concentration at the water-side interface (Cwc/sed) is lower than the bulk water 

column concentration leading to a negative concentration gradient (because x is positive going 

from left to right).  Cwc/sed is in equilibrium with the total sediment (dissolved + sediment particle) 

concentration by way of the distribution coefficient (Ksed/wc) that converts the water column 

concentration to equivalent the sediment concentration (Csed/wc).  The Csed/wc sediment 

concentration is higher than the bulk sediment concentration, and the concentration decreases 

exponentially from the interface to the ultimate bulk sediment concentration according to the 

effective porous media diffusivity in the bed sediment, Dpm.  Finally, there is a somewhat 

hypothetical concentration, Cwc
eq that is the water column concentration which would correspond 

to the bulk sediment concentration, Csed˚ concentration if Csed˚ were to equal Csed/wc, a situation 

where the sediment would be mixed completely to contaminant homogeneity. 

Most of the equations that describe this system are well-known and will not be derived but 

rather presented with a view towards application.  It is helpful to first start with what is already 

known from measured values.  Field sampling provides the following values: the bulk sediment 

concentration (Csed˚), the fraction of sediment particulate organic carbon (fsed
poc), the mass 

fraction of sediment solids (fsolids), the total bulk water column concentration 

(suspended+dissolved) (Cwc˚), bulk water dissolved organic carbon (DOCwc), and bulk water 

suspended solids concentration (SSC).  These values will allow for the determination of the 

interfacial sediment to water distribution coefficient (L water/L sediment) according to equations 

[20]-[21], 

, [20]

/ , [21]

 

where fw
sed represents the contaminant fraction in the pore water (truly dissolved + pore water 

DOC) and φsed is the sediment porosity.  With the Ksed/wc obtained, the wall boundary flux 

equation (natural direction water to sediment) is obtained through equations [22] - [23], 
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Ψ
/

/
 , [22]

 , [23]

 

where ψ is a dimensionless function, Dpm/Dbl is the diffusivity in porous media/boundary layer 

(Dpm=Dbl/τ’, τ’ is tortuosity, Dbl = diffusivity of congener in pure water), Fwc-sed is contaminant mass 

flux from water to sediment, and vbl is the boundary layer transfer velocity (cm/s) defined as Dbl/δ. 

The functionality of equation [23] is such that there are different behaviors for the mass flux when 

ψ(t) is greater than or less than unity.  The time at which ψ(t) = 1 is the critical time, tcrit as defined 

in equation [24].  When t << tcrit, equation [25] shows that flux is still controlled in part by the slow 

diffusion at the benthic boundary layer while when t>>tcrit, equation [26] shows that the flux related 

to the porous media diffusivity, the interfacial distribution coefficient, and the bulk sediment water 

concentrations.  The critical time at which this occurs, tcrit, is when ψ(tcrit) =1,  

/ , [24]

 (t << tcrit), [25]

/

/  (t >> tcrit). [26]

 

The critical time indicates when the diffusion across the boundary layer is still a controlling 

element in the overall flux.  Conceptually, as long as the concentrations on either side of the 

boundary layer are different, then a slow, net diffusion will occur, and this slow diffusion will 

heavily influence the overall mass flux.  However, at some point the interfacial concentration in 

the water column will be equal to the bulk water column concentration.  Also, at this point since 

the concentration is the same as the bulk throughout the boundary layer, the sediment interface 

still represents a wall boundary but there is no transition layer between the bulk water column and 

the sediment for the purposes of mass transport.  The flux still changes in time after tcrit, but it 

changes in response to the concentration profile in the sediment bed between the bulk sediment 

and the interface and not because of a stagnant water boundary layer.  The exponential profile 

shown conceptually between the bulk sediment and the sediment at the interface will become 

flatter and flatter until the bulk sediment concentration is the same throughout, and the resulting 
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bulk sediment concentration will be in chemical equilibrium with the overlying water concentration.  

When all of this occurs, there will be no more diffusive mass flux (sediment transport flux can still 

occur) as the chemical activity is the same everywhere. 

 

 

Figure 6.1. Flux across the sediment-water interface conceptualized as a wall boundary.  
Figure was adapted from Schwarzenbach et al. [1].
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6.3 Examining the fluctuation in sediment bed contaminant mass flux for hypothetical 

hydrophobic component 

The flux calculation for HSC data was first set up on a more hypothetical basis whereby 

some common parameters for HSC bed sediment and water column samples were selected or 

calculated.  The flux estimation was checked for its sensitivity to various parameters to assess 

uncertainty and to better understand what most influenced mass flux.  The values for a general 

HSC water column, sediment, and hydrophobic contaminant are given in Table 6.1.  Values for 

water diffusivity and log Kow were taken from the SPARC model database while many physical 

water and bed sediment values were chosen according to typical values in the HSC.  One 

important point of note is the calculation of the boundary layer thickness at the sediment-water 

interface.  There are two different types of boundary layers at the sediment bed.  One is for 

momentum transport (i.e., fluid flow) while the other is for mass transport (i.e., contaminant 

fluxing).  The boundary layer thicknesses are not necessarily the same or even close, but the 

mass transport boundary layer thickness can be derived from the momentum boundary layer 

using the Schmidt number [179].  In the HSC, the two boundary layers are quite different because 

the mass transport boundary layer is only 5% of the momentum boundary layer.  A boundary 

layer that is twenty times too large could introduce larger errors into the flux calculation especially 

with regard to the important transfer velocity parameter (vbl = Dw/δmass). 

Figure 6.2 examines the effect of some conditions that were more assumed or simply 

assigned on the critical time for transition from boundary layer flux control to no boundary layer 

control.  The parameters that were varied were the sediment solid weight fraction, the sediment 

POC fraction, and the pore water DOC.  Before looking at how these parameters change the 

critical time, it is first valuable to note that the critical time can vary widely according to chemical 

hydrophobicity (log Kow).  The least hydrophobic congeners have critical times on the order of 

hours.  Log Kows that are slightly higher at a value of six have times in the months to year, and 

anything above log Kow of 6 have critical times of a year to a century.  From equations [22] and 

[23] it is seen that ψ only increases with time, and as ψ increases, the mass flux decreases.  

Thus, flux decreases with time.  Less hydrophobic congeners are found in higher concentration in 

the sediment pore water, and so their flux is naturally larger than less hydrophobic congeners.  

They are then quicker to remove the concentration gradient across the boundary layer resulting in 

a smaller critical time.  Applied to the HSC, it is likely that few PCBs are less than 60 years old, 
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and most are more probably as old as 30-40 years.  For higher chlorinated, more hydrophobic 

species, they have not surpassed the critical time and may have not reached the more steady 

mass flux that results from nullifying the mass transport boundary layer.  It is reasonable to 

expect that, all else being equal, higher chlorinated congener diffusive fluxes may still decrease 

over time. 

The effect of solids and POC weight fractions is fairly similar on the critical time for a 

particular log Kow.  The POC fraction has a greater effect, but they both produced parallel curves.  

An increase in solids fraction effectively causes a net increase in the water column distribution 

coefficient (Ksed/wc).  With a large distribution coefficient, the water side sediment-water interfacial 

concentration is lowered resulting in a sharper concentration gradient across the boundary layer.  

More time will be required for this gradient to be resolved, and hence a larger critical time.  An 

increase in sediment POC decreases the pore water contaminant fraction, which also increases 

Ksed/wc, but the increase is more sensitive to POC than solids fraction, at least for typical values.  

Thus, there is a larger response in the critical time increase from increased POC than increased 

solids content.  Changes in pore water DOC effectively raise the pore water contaminant fraction, 

leading to a lower Ksed/wc leading to faster mass transport.  The reason that the effect is not even 

across the range of low Kow is a result of the fact that at lower log Kow (≤ 5.5), the DOC fraction of 

the total pore water fraction is not as high because log Kdoc is not as high as at higher log Kow. 

Many factors that may influence the interfacial contaminant flux were examined in Figure 

6.3 - Figure 6.5 including pore water DOC, sediment POC, solids fraction, time normalized by the 

critical time (t/tcrit), the water column contaminant concentration, and the bed sediment dry mass 

concentration.  Many of these plots show almost no change in the mass flux at all across all log 

Kow (pore water DOC, solids fraction, and water column concentration).  The other three 

parameters (fpoc, t/tcrit, and Csed (ng/kg sed)) show variation in mass flux but only at lower low Kow 

(≤ 5.0-5.5).  The reason for an increase in mass flux with fpoc was discussed previously with 

respect to variation in tcrit.  The variation in fluxes with t/tcrit, though minor, is interesting because it 

demonstrates that the time that the PCBs were deposited in bed sediment makes some 

difference though for lighter chlorinated congeners only.  Variations in higher chlorinated 

congeners exist, but they are fairly insignificant.  By far, the largest influence on mass flux was 

the dry mass concentration of PCBs in the bed sediment.  Though the conceptualization of the 

wall boundary with boundary layer in Figure 6.1 is formulated in a water to sediment mass flux 
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direction, these figures show that values in the HSC will almost result in a net sediment to water 

column flux.  As such, and as demonstrated by the flux formulation in equation [23], the 

concentration differential is determined by the bed sediment bulk concentration to a larger 

degree.  Being that PCB concentrations in bed sediment vary more in time and space than water 

concentrations generally, these concentrations will be the natural drivers of contaminant flux 

variation across the sediment bed.
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Table 6.1. Typical values and calculation methods for sediment-water flux calculation parameters. 

Parameter  Symbol  Unit  Value  Source 

Contaminant Data             

Octanol‐water partition coefficient  log Kow  L water/L C8  4.0‐9.0  Assigned from general range for PCBs in SPARC model 

DOC‐water partition coefficient  log Kdoc  L water/kg doc  3.2‐7.4  Burkhard DOC LFER equation 

POC‐water partition coefficient  log Kpoc  L water/kg poc  3.5‐8.7  Seth et al. POC LFER equation 

Pure water diffusivity  Dw  cm2/sec  5.0E‐06  General magnitude of Dw found for PCBs in SPARC 

Sediment Bed             

Solid fraction  fsolids  g sed/g total  0.35  Typical value in HSC sediments 

Sediment particle density  ρparticle  kg sed/L sed  2.65  Conventional value for sediment 

Porosity  φ  L pore water/L sed  0.83  Calculated from ρparticle and fsolids 

Sediment bulk density  ρbulk  kg sed/L total  0.45  Calculated from ρparticle and fsolids 

Sediment to water ratio  rsw  kg sed/L water  0.54  Calculated from ρparticle and fsolids 

Bed sediment POC mass fraction  fpoc
sed  g poc/g sed  0.02  Typical value in HSC sediments 

Bed sediment DOC pore water concentration  DOCsed  mg DOC/L pore water  5.0  Assigned based on speculation 

Contaminant sed concentration  Ctox
sed  mg PCB/kg sed  300  Typical value in HSC sediments for single congener 

Tortuosity  τ'  ‐  1.5  Typical value in sediment generally 

Diffusivity in porous media  Dpm  cm2/sec  3.3E‐06  Dpm = Dw/τ' 

Water Column             

Water density  ρwater  kg water/L water  1.000  Measured pure water density at 25 ˚C 

Water kinematic viscosity  νwater  cm2/sec  0.010  Measured pure water kinematic viscosity at 25 ˚C 

Suspended sediment POC mass fraction  fpoc
wc  g poc/g sed  0.015  Typical value in HSC waters 

Water column DOC concentration  DOCwater  mg DOC/L total  10  Typical value in HSC waters 

Suspended sediment concentration  SSC  mg sed/L total  25  Typical value in HSC waters 

Total water contaminant concentration  Ctox
water  ng PCB/L total  0.50  Typical value in HSC waters 

Sediment bed shear stress  τb  N/m2  0.10  Average value from EFDC model at Lynchburg Ferry 

Sediment friction velocity  u*  cm/s  1.00  u* = (τb/ρwater)^0.5  [192] 

Laminar boundary layer thickness  δlam  cm  0.12  δlam = 11.6*(ν/u*) [192] 

Schmidt number  Sc  ‐  2000  Sc = ν/Dw [179] 

Mass transport boundary layer thickness  δmass  cm  0.0055  δmass = 0.6 Sc
‐1/3δlam [179] 

Transfer velocity  vbl  cm/s  0.00091  vbl = Dw/δmass 
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Figure 6.2. Variation in the critical time from boundary layer diffusion control to sorption control for contaminant fluxes at the sediment-
water interface. 
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Figure 6.3. Variations in contaminant flux across the sediment-water interface with variations in DOC in sediment pore water and the 
fraction of particulate organic carbon in the bed sediment. 
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Figure 6.4. Variations in contaminant flux across the sediment-water interface with variations in the mass fraction of sediment solids 
and the fraction of time to the critical time for which sediment flux is no longer controlled by a laminar flow boundary layer. 
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Figure 6.5. Variations in contaminant flux across the sediment-water interface with variations in the mass fraction of sediment solids 
and the fraction of time to the critical time for which sediment flux is no longer controlled by a laminar flow boundary layer. 
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6.4 Sedimentwater column interfacial contaminant fluxes in the HSC 

To examine diffusive fluxes from the sediment using real data from the HSC, it was helpful 

to first decide on what congeners to examine.  All of the congeners could have been chosen, but 

it would have been difficult to interpret that much information.  Aggregation of the fluxes into a 

single total PCBs flux would obfuscate important details because, as the congeners are 

chemically different, their fluxes are in a sense thermodynamically independent of each other.  

The first analysis examines main channel flux variations by congener for three data time 

periods—2002-04, 2008, and 2009 (Figure 6.6).  Twenty-six congeners of the thirty chosen for 

the water column partitioning analysis (Chapter 5.  were used because these congeners were 

often detected in co-located bed sediment and water column samples collected around the same 

time. 

As was the case in the hypothetical analysis of section 6.3, nearly all fluxes were negative 

(sediment to water column) and sometimes very highly so.  The 2002-04 time period shows that 

the mass fluxes are much higher in Upper HSC than in Lower HSC and Galveston Bay though 

Lower HSC showed higher fluxes in some congeners than Galveston Bay.  The largest flux seen 

in 2002-04 was at distance 15 km, the HSC Ship Turning Basin with an especially high 

contaminant flux of 10 pg/m2-s sediment bed to water column for PCB-147/149.  Other areas of 

higher flux are in the most industrialized part of the Upper HSC from Greens Bayou to SJR.  This 

area contains the mouth of Patrick Bayou, which shows the highest sediment and freely dissolved 

pore water concentration in all of the HSC (Figure 4.1).  Contaminant movement from sediment 

transport or dissolved phase advection has likely influenced the nearby bed sediment resulting in 

fairly large contaminant fluxes.  There are two noticeable instances of water column to sediment 

fluxes in 2002-04 for PCB-011 and PCB-209.  The presence of higher chemical activity in the 

water column as compared to bed sediment may indicate that these congeners are sourced more 

contemporarily (e.g., runoff or wastewater) rather than existing within legacy sediment 

respositories. 

Contaminant fluxes are still generally in the sediment to water column direction for 2008 

with the highest fluxes in Upper HSC, but the degree of the fluxes are much less than in 2002-04.  

In general, these fluxes are about 10 times less. What is consistent from 2002-04 is that the 

Turning Basin still serves as high flux area for PCB-147/149, PCB-066, and lower chlorinated 
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species.  It also true that in 2008, PCB-209 still fluxes from the water column to the sediment bed 

an even higher rate than in 2002-04 (1.0 pg/m2-s in 2002-04 compared with 1.5 pg/m2-s in 2008). 

 In 2009, after Hurricane Ike, it would appear that maximum contaminant flux area has 

shifted from the Turning Basin to about 24 km, the confluence with Vince Bayou.  Vince Bayou is 

highly industrialized like other bayous in Upper HSC and so could be a source, but it is also 

possible that enough sediment was moved from the Turning Basin down to Vince Bayou because 

of the hurricane that the large spike in contaminant flux from the sediment bed has resulted.  Also 

different in 2009 is the status of PCB-209.  While in 2008, it was fluxing from the water column to 

the bed sediment at about 1.5 pg/m2-s, in 2009, PCB-209 is fluxing from the sediment to the 

water column in the same general area of the HSC at about the same rate.  The bed sediment 

could have stored up PCB-209 from years of it fluxing to it from the water column, but if that were 

the main reason for the difference going from 2008 to 2009, then the flux would be approximately 

zero.  There is likely a more complex explanation for the change in flux direction than simply 

diffusive flux itself. 

Figure 6.7 - Figure 6.10 show some of the same data for PCB fluxes but in a statistically 

aggregate form and in view of not just the main channel but also the side bays that flank the 

Lower HSC and the tributaries that flank Upper HSC.  As would be expected, for many of the 

congeners examined, the Upper HSC had the highest mean sediment to water column flux 

though it also seen that tributaries had high fluxes as well.  Sometimes the tributary fluxes were 

substantially higher than those in the Upper HSC.  One potential effect from this situation is that 

the tributaries can flux PCBs to the water column, and then once they are there, the water from 

the tributaries feeds into Upper HSC.  Thus, contaminated bed sediment in the tributaries may be 

sourcing PCBs to Upper HSC through the mechanism of diffusive sediment to water transport 

without sediment from the tributaries ever being physically moved by sediment transport 

mechanisms. 

These plots also bring into a better light just how different the contaminant flux picture was 

in 2008 compared with 2002-04 and 2009.  For many congeners, the flux direction was negative 

(water column to sediment), which did not occur near as often any other time.  This trend was 

especially noticeable in higher chlorinated congeners starting with PCB 171/173 which represent 

log Kow 8 and higher. 
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Figure 6.11 and Table 6.2 are an attempt to assess what the practical impact of particular 

bed sediment contaminant fluxes might be on the water column and for potential sediment 

remediation.  Figure 6.11 examines three stations in the HSC, two in Upper HSC (Battleship and 

Turning Basin) and one in Lower HSC (Lynchburg Ferry), and demonstrates what their effect 

might be on the water column concentration. Using velocities obtained from EFDC modeling and 

channel geometries, loads were calculated entering a controlled volume in these areas by using 

water concentrations and sediment fluxes from the three locations.  Residence times for water 

moving at a constant flow rate through the known volume were obtained, and the total mass of 

PCBs from the sediment bed was obtained for the estimated residence time.  When the amount 

of PCBs fluxing from the bed sediment is added to the total mass that is present in the controlled 

volume of water already, a new, higher concentration is obtained.  The figure compares the 

percentage change in concentration that would occur from sediment flux additions to the water 

column.  At Lynchburg, the change is concentration is not even noticeable while at Battleship, the 

change is noticeable but generally less than 1%.  Turning Basin, already noted for fairly high 

fluxes shows 2.5-8% concentration increases in 2002-04 and 0.1-2.5% concentration increases in 

2009.  This approach is semi-quantitative at best (because there are many fate-and-transport 

dynamics that it cannot capture), but it does indicate that fluxes that are as high as what was 

seen in the Turning Basin (0.5 – 7.0 pg/m2-s) have the potential to raise the total water 

concentration.  And if the water concentrations are raised, then the freely dissolved concentration 

will also be raised leading to increased bioavailability of water column PCBs. 

The final analysis in Table 6.2 attempts to examine how much bed sediment 

concentrations would have to change in order to achieve a zero diffusive contaminant flux 

scenario at the sediment bed.  As would be expected, 2008 shows that for most of the congeners 

examined, the sediment as sampled was clean enough that no reduction would have been 

necessary.  However, very large reductions are predicted (70-98% and 25-99% in 2002-04 and 

2009, respectively) to cease net contaminant flux out of the sediment bed. It is very curious that 

the bed sediment appeared to be low enough in concentration in 2008 so as to eliminate diffusive 

bed fluxing but the case was very different in 2009.  One would not expect such annual variations 

to be a natural pattern.  If Hurricane Ike redistributed contamination in a manner to cause such 

large required reductions in only a year’s time, then it is clear that a highly contaminated coastal 
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area can suffer as much from water quality consequences as the physical damage from wind and 

storm surge. 
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Figure 6.6. Estimated water to sediment fluxes at locations where both water column and bed sediment concentrations were measured concurrently in 2002-04 (multiple samples at same station averaged), 2008, and 2009 
sampling periods.  Negative values indicate net sediment to water fluxing.  Trend lines between sample points are linearly interpolated.  Note that vertical scales are not consistent between panels.  They are scaled to allow 
spatial trends to be better seen.
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Figure 6.7. HSC area mean regional fluxes for PCB-001 to PCB-056.  Fluxes shown are values in the sediment to water direction.  Mean fluxes which were either negative (water to sediment) or did not have enough data for a 
mean were not displayed on the log vertical scale.  Upper HSC is downtown Houston through the SJR confluence.  Lower HSC is the SJR confluence until Galveston Bay.  Side bay represents any of the side bays along the 
Lower HSC, and tributaries are any tributaries along the Upper HSC and SJR fluxes. 



 

 

155 

 

  

Figure 6.8. HSC area mean regional fluxes for PCB-060 to PCB-134/143.  Fluxes shown are values in the sediment to water direction.  Mean fluxes which were either negative (water to sediment) or did not have enough data for a 
mean were not displayed on the log vertical scale.  Upper HSC is downtown Houston through the SJR confluence.  Lower HSC is the SJR confluence until Galveston Bay.  Side bay represents any of the side bays along the 
Lower HSC, and tributaries are any tributaries along the Upper HSC and SJR fluxes. 
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Figure 6.9. HSC area mean regional fluxes for PCB-136 to PCB-187.  Fluxes shown are values in the sediment to water direction.  Mean fluxes which were either negative (water to sediment) or did not have enough data for a 
mean were not displayed on the log vertical scale.  Upper HSC is downtown Houston through the SJR confluence.  Lower HSC is the SJR confluence until Galveston Bay.  Side bay represents any of the side bays along the 
Lower HSC, and tributaries are any tributaries along the Upper HSC and SJR fluxes. 
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Figure 6.10. HSC area mean regional fluxes for PCB-196 to PCB-209.  Fluxes shown are values in the sediment to water direction.  Mean 
fluxes which were either negative (water to sediment) or did not have enough data for a mean were not displayed on the log vertical 
scale.  Upper HSC is downtown Houston through the SJR confluence.  Lower HSC is the SJR confluence until Galveston Bay.  Side bay 
represents any of the side bays along the Lower HSC, and tributaries are any tributaries along the Upper HSC and SJR fluxes.
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Figure 6.11. Predicted percent change in water column concentration that would occur from sediment bed flux of PCBs during a single residence time.
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Table 6.2. Fraction and absolute average bed sediment concentration reductions required for zero flux out of the sediment bed.  NRR 
indicates “no reduction required”, a situation where flux is either already zero or is net negative from the water column to the sediment 
bed. 

PCB Analyte 

2002‐2004  2008  2009 

n 
Percent 
reduction 

Absolute Sed 
Concentration 
Reduction 
(mg/kg dry) 

n 
Percent 
Change 

Absolute Sed 
Concentration 
Reduction 
(mg/kg dry) 

n 
Percent 
Change 

Absolute Sed 
Concentration 
Reduction 
(mg/kg dry) 

PCB‐001  19  98%  430  21  79%  70  28  98%  2800 

PCB‐003  19  99%  260  21  77%  27  23  99%  1300 

PCB‐011  32  87%  120  22  38%  22  16  90%  590 

PCB‐017  27  83%  460  25  NRR  NRR  29  76%  5300 

PCB‐025  15  91%  240  25  36%  60  27  93%  1200 

PCB‐031  32  88%  1100  25  15%  370  34  86%  16000 

PCB‐044/047/065  32  59%  1800  25  NRR  NRR  29  66%  25000 

PCB‐056  26  85%  830  25  NRR  NRR  29  78%  12000 

PCB‐060  23  84%  310  24  NRR  NRR  25  83%  5500 

PCB‐061/070/074/076  32  77%  2900  25  NRR  NRR  29  77%  41000 

PCB‐066  31  80%  1400  25  10%  425  32  75%  17000 

PCB‐077  21  93%  230  19  47%  60  24  92%  2000 

PCB‐105  26  86%  840  24  NRR  NRR  31  61%  5900 

PCB‐128/166  26  83%  590  24  NRR  NRR  28  42%  2000 

PCB‐130  22  88%  350  25  NRR  NRR  27  51%  880 

PCB‐134/143  18  83%  330  21  NRR  NRR  15  63%  1300 

PCB‐136  25  79%  790  25  NRR  NRR  30  35%  1300 

PCB‐144  14  82%  180  20  NRR  NRR  16  76%  900 

PCB‐147/149  32  56%  3600  25  NRR  NRR  31  41%  8400 

PCB‐156/157  23  88%  590  20  NRR  NRR  24  59%  1600 

PCB‐167  17  88%  250  18  NRR  NRR  23  71%  570 

PCB‐171/173  22  86%  560  25  NRR  NRR  20  39%  840 

PCB‐178  21  87%  460  25  NRR  NRR  26  42%  530 

PCB‐187  27  73%  1800  25  NRR  NRR  31  25%  2200 

PCB‐196  22  84%  450  23  NRR  NRR  22  26%  510 

PCB‐209  29  17%  1200  25  NRR  NRR  27  NRR  NRR 
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One topic that has not been considered in this diffusive flux analysis is the role of highly 

sorptive organic carbon such as black carbon. Black carbon would influence the contaminant 

fraction in sediment pore water in a way that would effectively lower the flux rate even if the 

sediment dry mass concentration were the same.  Thus, if black carbon is present at even 5% of 

POC, these fluxes would be overstated, and if a highly sorptive material like black carbon were 

ever intentionally inserted into bed sediment, this would also have a flux limiting effect. 

In summary, this chapter showed the value of understanding diffusive bed sediment flux 

separately from other contaminant transport mechanisms in bed sediment.  There are many 

variables that influence the flux rate and possibly the flux direction such that examining 

concentrations in bulk water and sediment are not enough to assess how much contaminant 

mass is moving between the phases and what effect that this mass movement might have.  

Spatial, temporal, and congener level sediment bed flux analysis showed that there is large 

variation in all aforementioned three dimensions.  Spatially, the Upper HSC and tributaries 

showed the highest fluxes while Lower HSC, Galveston Bay, and Side Bays often showed an 

almost net zero or net negative flux (water to sediment) indicating that these lower reaches are in 

a more equilibrium state.  PCB-011 and PCB-209 at times showed distinct reversals in 

contaminant flux direction compared to other congeners.  Their net movement of water to bed 

sediment may indicate that they are sourced more contemporarily.  In time, it was curious that 

samples collected in 2008 indicated that contaminant fluxes from the sediment were diminished 

or negligible compared to time periods before and after 2008.  A possible explanation for this 

observation is that Hurricane Ike at the end of summer 2008 disrupted what would have 

otherwise been a gradually decreasing sediment concentration and gradually decreasing 

contaminant flux.  Data from after 2009 have not been sufficiently analyzed to see if the elevated 

fluxes in 2009 have remained beyond one year after the storm.  And finally reductions in bed 

sediment concentrations were predicted which should yield an effective zero flux into or out of the 

bed sediment.  Some of these concentration reductions were at levels as high as 70-99%.  Such 

high reductions may not be practical, but concentration reductions are not the only way to limit the 

diffusive flux from the bed sediment.  Anything that will decrease the pore water contaminant 

fraction in the bed sediment can also diminish flux possibly even to near zero levels.  Such 

augmentations could include simple sediment dilutions by mixing with clean sediment, or more 

highly sorptive species could be added to the sediment bed that would essentially slow the 
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release of PCBs from bed sediment particles to pore water and then to overlying water.  

Examples of highly sorptive species are black carbon, activated carbon, biochar, lignin, and other 

“carbonaceous geosorbents” [193].



 

 

162 

 

Chapter 7. EFDC model development and setup 

7.1 Modeling Goals 

 The development of a PCB fate-and-transport model has two main goals, which relate to 

the research hypotheses.  These two goals are: 

1. To understand the importance of sediment as a PCB pollution vector in the Houston Ship 

Channel (HSC) by assessing the relative importance of specific sediment-related 

mechanisms-- sediment lateral movements, PCB absorption-desorption, sediment 

resuspension-deposition, sediment pore water diffusion, and external sediment loads.   

2. To understand the role of PCB-contaminated sediment in the current state of the HSC 

and into the future.   

The HSC has varied bed and suspended PCB sediment concentrations, organic carbon 

amounts and types, and grain size distribution throughout the major areas of the “channel 

proper,” the San Jacinto River, and tributary loading points until the estuary system empties and 

exchanges materials with upper Galveston Bay.   This detailed information in time and space 

allows and even necessitates a modeling effort that will spatially resolve PCB concentrations in 

time and under various outside hydrodynamic and pollutant forcings.  Thus, the creation of an 

Environmental Fluid Dynamics Code (EFDC) model was undertaken for this purpose.   

 The model in its final state will essentially be an accountant for many of the temporal, 

spatial, and mechanistic considerations that occur in the actual HSC system with regard to PCB 

fate-and-transport.  This chapter is intended to provide details of the model setup, conditions, and 

performance at achieving accuracy and trend of water surface elevations (WSEs).  It will also 

examine water volume is conservation throughout the modeling period.  Both WSEs and volume 

must be fairly accurate before the model can be further extended to simulate other vectors and 

scalars. 

7.2 Model data sources 

 A water quality model covering an area this large requires observed measurements on 

many parameters from many regions within and near the model domain.  Not all of the data 

sources are of equal accuracy, data quality, or time resolution.  Each data source was examined 

in its raw format and filtered for obvious errors (spikes, impossible values (e.g., negative salinity), 
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large shifts indicating a gauge reset).  All time series data were generally converted to hourly 

values either by averaging all measurements within an hour (if less than hourly time resolution) or 

interpolated between measured values (if greater than hourly time resolution). Data that are not 

generally temporal (or were not used in a temporal fashion) had their values generally averaged 

in such a way as to provide single values for each grid cell.  Most grid cells were chosen to best 

fit the geometry of the estuary as determined by aerial photos and what is known from prior field 

investigations and experience.  Observed data were then aggregated to provide values for the 

spatial discretization, which was determined independent of any spatial scales inherent to 

parameter observations. 

7.2.1 The Grid 

 The model grid was chosen first to achieve the spatial resolution consistent with the 

ultimate goal of the model—to understand PCB fate-and-transport through realistic water surface 

elevations and velocities which can accurately determine sediment transport resuspension and 

deposition.  However, the need to spatially resolve PCB concentrations in multiple media and the 

sediment that they are often carried on was balanced against computational efficiency.    The 

model is intended to look at multi-year trends and to cover the period between major PCB 

sampling events (summer 2003 – summer 2008, a five year gap), and so grid cells cannot be so 

small as to unrealistically increase model runtimes. 

 The model grid was constructed according to particular needs that are listed below.  

Figure 7.1 presents the model grid according to areas of the domain with relevant cell dimension 

statistics.  The primary means of actually constructing the grid was to use detailed orthorectified 

aerial photos (1-ft resolution) from 2006 to get a channel outline. 

1) Use the cell aspect ratio (length-to-width) to reflect dominant flows:  There are 

many areas of the HSC which are essentially rivers under tidal influence (bidirectional 

flow).  These areas flow primarily upstream and downstream.  In this instance, the 

velocity should not change rapidly with longitudinal distance.  Areas of riverine cells are 

long in the longitudinal flow direction.   

2) Provide spatial resolution when depth changes rapidly:  The HSC bathymetry, 

especially in the lower portion, varies rapidly within a width transect due to navigational 

dredging.  In most cases, at least five cell widths were used to span these transects. 
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3) Higher spatial resolution in areas of flow-mixing:  Large flows come together at the 

HSC confluence with Greens Bayou and SJR.  The grid resolution increases substantially 

(30-100m compared to 100-400 m in model generally) in these areas to accommodate 

the likelihood that velocities will be highly variable in these areas.  

4) Inclusion of shallow and intertidal areas:  There are many areas that are on average 

0.2-0.5 m in depth.  During the tidal cycle, the tidal range frequently allows them to 

become dry or nearly dry.  Using the aerial photo as a guide, any area that appeared to 

be very shallow or previously wet was included. 

5) HSC islands:  There six small islands which are either completely or partially contained 

in the model domain.  They were included in the model according to aerial photo 

boundaries that indicate areas that are generally not inundated except during high flow 

events. 

6) Internal no-flow boundary:  A small earthen wall exists between Crystal Bay (the bay 

between Scotts and Burnett Bays), and a no-flow condition was specified here. 

7) Small tributaries included:  The inclusion of tributaries can be problematic due to lack 

of data on their bathymetry, their tortuosity, and the small cell sizes that must be created 

to accommodate their shape.  To be more accurate and to allow boundary flows to enter 

into the model closer to where those flows were actually measured, tributary cells were 

included.  The general extent of the tributaries was limited by the cell size because the 

time step must be decreased to accommodate the increase in the Courant number.  Cells 

that extend further upstream into the watershed affect model stability.  If the tributary 

upstream boundary is further up in the watershed, the channel bottom elevation begins to 

increase more rapidly, and this is more difficult to resolve so close to a boundary. 
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Figure 7.1. Model cell dimension statistic according to the model region.  Cell length 
dimensions were calculated as one fourth of the cell perimeter (a square equivalent). 

7.2.2 Grid Bathymetry 

 There were three main sources of information used to determine the ultimate bottom 

elevation of each grid cell.  These were the US Army Corps of Engineers (USACE) Galveston 

District hydrographic surveys online data files (http://usacegalveston.caris.com), NOAA Raster 

Navigation charts, and Harris County Flood Control District (HCFCD) channel transects collected 

by LiDAR for the Tropical Storm Alison Recovery Project (TSARP). The USACE data is 

continually collected all along the HSC from slightly upstream of the Turning Basin (a light draft 

channel) all the way to the Galveston Island jetties.  It is collected to assess the need to dredge 

new areas for navigation, to evaluate the navigational channel after dredging, and for special 

large scale sediment transport conditions such as Hurricane Ike.  It is collected by multi-beam 

sonar at extremely high spatial resolution (1-ft) from a vessel that runs a transect primarily over 

the part of the HSC that is regularly navigating by deep draft vessels (i.e., not on the farthest 

edges towards the shoreline).  The NOAA Raster Navigational charts are charts which are 
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actually displayed on board vessels in GPS systems.  Boat position is matched to known water 

depths referenced to mean low water (MLW).  HCFCD channel transects cover primarily 

tributaries and parts of SJR.  The HCFCD data was collected to help develop FEMA flood maps 

and for hydrologic flood modeling in response to Tropical Storm Alison. 

 The general process of converting bathymetric data points to cell bottom elevations was 

as follows.  First all data had to be converted to point GIS files referenced to North American 

Vertical Datum 1988 (NAVD88).  USACE multi-beam data was fairly easy to bring in to GIS using 

XYZ coordinates, but the HCFCD transects and NOAA charts had to be marked into point files by 

hand.  Once all of the data was in the form of points relative to NAVD88, the points from all data 

sources within each cell boundary were averaged.  Cells which had no data points within their 

boundaries were interpolated from cells which had bottom elevations. 

 The resultant bathymetry per model cell is displayed geographically in Figure 7.2 - Figure 

7.5.   The greater depth of the navigational channel and Barbours Cut stand in stark relief to 

nearby elevations directly off the channel, in tributaries, and in side bays.  Figure 7.6 and Figure 

7.7 provide a sense of the overall bathymetric trend with elevation along two different drape lines 

that stay very near the center of the riverine sections of the estuary.  One extends from Buffalo 

Bayou at downtown Houston to Morgan’s Point (50 km) while the other begins at SJR just south 

of the Lake Houston dam and also extends to Morgan’s Point.  What is fairly clear from the 

Buffalo Bayou line is that (at least by the center of the channel trend) the elevation of the natural 

bayou is about -5 meters (0 – 6 Km).  The channel bottom then begins to drop fairly rapidly over a 

distance of 9 km to about -13 meters (average bottom slope 0.00075).  The profile is fairly flat and 

remains at -13 m until the Shell Barge Cut (just west of Patrick Bayou confluence) at which point 

it drops to an average elevation of -14.2 meters.  The -14.2 meters continues until the Lynchburg 

Ferry (just downstream of SJR).  From there the profile rises about a meter back to -13 m and 

remains until Scotts Bay where it again drops to -14 m. Then the bottom elevation oscillates 

between -14 and -9 meters until Morgan’s Point.  The SJR covers much of the same territory, but 

it is interesting in that the bottom elevation remains much higher (-5 m) than the HSC until right at 

the confluence.  The bottom elevation actually rises to a shallow bed (-1 to -2 meters) just before 

the intersection.  This last section of the SJR is the highly tidal arm of the SJR just before 

connecting to the HSC, and this reach is much wider possibly to accommodate the shallower 

bottom elevation. 
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Figure 7.2. Bathymetric representation per EFDC grid cell.  All elevations are relative to 
NAVD88. 
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Figure 7.3. Bathymetric EFDC cell grid detail at upper HSC and Buffalo Bayou. 

 

Figure 7.4. Bathymetric EFDC cell grid detail at the San Jacinto River Confluence with the 
Houston Ship Channel. 
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Figure 7.5. Bathymetric EFDC cell grid detail at lower HSC near Morgan’s Point. 

 

Figure 7.6. Bathymetry profile drapelines for Buffalo Bayou to Morgan's Point and SJR to 
Morgan's Point.
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Figure 7.7. Bathymetry profiles for centerlines extending from Buffalo Bayou at downtown Houston to Morgan's Point (left) and SJR at 
US90 to Morgan's Point (right).  ‘X’ location is where the profiles connect at the HSC-SJR confluence.  Red dots indicate the location of 
tributaries and their elevation as they join the HSC.
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7.2.3 Flows, Water Surface Elevations, Salinity, and Sediment 

 Flow and WSEs were needed in the model for boundary conditions and as observed data 

by which to calibrate channel bottom roughness (WSEs).  The gauges and other data sources 

from which the data were obtained are summarized in Table 7.1 and shown by physical location 

of the measurement point in Figure 7.8.  Figure 7.9 and Table 7.2 indicate the model boundary 

locations where the gauge was used.  Nearly all flow information was obtained either directly from 

USGS gauges (flow or reservoir height) or by modifying USGS data from gauges to fit at model 

boundaries in ungauged watersheds.  The exception to this general trend is the 69th St 

wastewater treatment plant (WWTP) in east Houston.  Flows here were estimated from monthly 

self-reported flows to USEPA.  Flows into the upstream boundary at SJR and US90 were taken 

from a rating curve developed by the Texas Water Development Board to estimate flows directly 

out of Lake Houston (see Figure 7.10). 

Special consideration was needed to obtain flows at the Buffalo Bayou upstream boundary 

in downtown Houston.  The nearest Buffalo Bayou flow gauge is at Shepherd Drive approximately 

6 Km upstream.  The location is not so far from the model boundary as to prevent flows 

measured there to be used directly, but the flow record is poor as the gauge has many data gaps.  

There is another gauge farther upstream in west Houston at Piney Point where the flow record is 

highly regular and continuous.  Most of the time, the flows are not greatly different in Buffalo 

Bayou over these distances.  The differences in time seen can be hypothesized to be due 

primarily to water travel time.  Thus, a multiple linear regression (MLR) was developed (Table 7.3) 

to estimate flow at Shepherd drive using time periods where both Piney Point and Shepherd 

Drive had continuous flow records.   The resultant MLR uses Piney Point flows forward lagged by 

0-6 hours.  The calibration was not perfect (Figure 7.11), but the low flows were matched fairly 

well.  The higher flows (>90 m3/sec) were underestimated by 25±7% (mean±sd) on average.  The 

general trend is followed fairly well, and the flow duration curve matches well indicating that the 

general flow distributions between predicted and observed are consistent. 
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Table 7.1. Gauges from the model region from which data was obtained. 

Gauge ID  Location Description  Gauge Measure 
Gauge 
Institution  Latitude  Longitude 

Horizontal 
Datum 

08067525  Goose Creek at W. Baker Rd  In‐stream flow  USGS  29.77056  ‐94.99944  NAD27 

08072000  Lake Houston Dam Outlet  Reservoir stage  USGS  29.91611  ‐95.14111  NAD27 

08072050  San Jacinto River Near Sheldon, TX  Tidal stage  USGS  29.87611  ‐95.09361  NAD27 

08073700  Buffalo Bayou at Piney Point  In‐stream flow  USGS  29.74667  ‐95.52333  NAD27 

08074000  Buffalo Bayou at Shepherd Dr  In‐stream flow  USGS  29.76000  ‐95.40833  NAD27 

08074500  White Oak Bayou at Heights Rd  In‐stream flow  USGS  29.77500  ‐95.39694  NAD27 

08075000  Brays Bayou at S. Main  In‐stream flow  USGS  29.69694  ‐95.41194  NAD27 

08075400  Sims Bayou at Hiram Clarke St  In‐stream flow  USGS  29.61861  ‐95.44583  NAD27 

08075730  Vince Bayou at W. Ellaine Ave  In‐stream flow  USGS  29.69444  ‐95.21611  NAD27 

08075770  Hunting Bayou at IH610  In‐stream flow  USGS  29.79306  ‐95.26778  NAD27 

08076700  Greens Bayou at Ley Rd  In‐stream flow  USGS  29.83694  ‐95.23306  NAD27 

8770613  Morgan's Point, TX  Tidal stage  NOAA  29.68167  ‐94.98500  Unknown 

8770777  Manchester, TX  Tidal stage  NOAA  29.72500  ‐95.26500  Unknown 

87707431  Battleship Texas State Park  Tidal stage  TCOON  29.75583  ‐95.09028  Unknown 

Discharge 1  69th St WWTP  Effluent flow  USEPA  29.75447  ‐95.29822  Unknown 

Discharge 2  69th St WWTP  Effluent flow  USEPA  29.75592  ‐95.31933  Unknown 
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Figure 7.8. Locations of gauges for data used in the EFDC model.  Unlabelled boundary areas represent different watersheds.  Not all 
flow gauges were coincident with model boundaries and adjustments to the input data were made as needed. 
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Table 7.2. Data input and calibration locations for the HSC model. 

Water Body  Location  Use 
Gauge Type 
Used 

Gauge 
Institution
1 

Gauge ID(s)  Data Method 

Buffalo Bayou 
Allen's Landing‐Downtown 
Houston 

Flow Boundary  Flow  USGS  08073700+08074500 
Statistical model and direct 
use

3 

Buffalo Bayou  69th St Wastewater Plant  Flow Boundary  EPA PCS2  USEPA  Discharge 1 & 2  Constant mean flow4 

Brays Bayou  Lawndale  Flow Boundary  Flow  USGS  08075000 Direct use 

Sims Bayou  Interstate 45  Flow Boundary  Flow  USGS  08075400  Direct use 

Vince Bayou  West Ellaine  Flow Boundary  Flow  USGS  08075730  Direct use 

Little Vince Bayou  Just North of SH225  Flow Boundary  Flow  USGS  08075730  Adjust by watershed size5 

Hunting Bayou  2 Km Upstream of Federal Rd  Flow Boundary  Flow  USGS  08075770  Direct use 

Greens Bayou  Normandy St  Flow Boundary  Flow  USGS  08076700  Direct use 

Patrick Bayou  Just North of SH225  Flow Boundary  Flow  USGS  08075730  Adjust by watershed size5 

Carpenters Bayou  Interstate 10  Flow Boundary  Flow  USGS  08076700  Adjust by watershed size5 

San Jacinto River  US Highway 90  Flow Boundary 
Reservoir 
Stage 

USGS  08072000  TPWD rating curve6 

Goose Creek  State Spur 201  Flow Boundary  Flow  USGS  08067525  Direct use 

Houston Ship 
Channel 

Morgan's Point  Head Boundary  Tidal Stage  NOAA  8770613  Direct use 

Tabbs Bay  Morgan's Point  Head Boundary  Tidal Stage  NOAA  8770613  Direct use 

Houston Ship 
Channel 

Port of Houston I‐610 
Water Surface 
Calibration 

Tidal Stage  NOAA  8770777  Direct use 

Houston Ship 
Channel 

Battleship Texas 
Water Surface 
Calibration 

Tidal Stage  TCOON  87707431  Direct use 

San Jacinto River  US Highway 90 
Water Surface 
Calibration 

Tidal Stage  USGS  08072050 
Direct use after datum 
adjust7 

1Institution acronyms:  USGS = United States Geological Survey, USEPA = United States Environmental Protection Agency, NOAA = National Oceanic and Atmospheric 
Administration, TCOON = Texas Coastal Ocean Observation Network. 
2EPA’s Permit Compliance System (PCS) is a regulatory framework that allows EPA to meet its National Pollution Discharge Elimination System (NPDES) obligations. 
3The Buffalo Bayou gauge at Shepherd drive is much closer to the model domain than the gauge at Piney Point, but the flow record for that gauge is very sparse.  A time lag 
model was developed to use Piney Point flows to estimate flows downstream. 
4Monthly effluent statistics were generated and a constant mean flow from those statistics was used as model flow input at this location. 
5Flows at these locations were prorated (fractional decrease) to the flows measured at gauges nearby the location according to the watershed size ratio between the gauged and 
ungauged locations. 
6Texas Water Development Board (TPWD) developed a rating curve in 1996 for Lake Houston. 
7Stage at this location was adjusted from NGVD1929 to NAVD1988 with some (but not complete) success. 
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Figure 7.9. The EFDC model grid with model data entry points for boundary conditions and water surface calibrations.  The model 
begins very near downtown Houston in Buffalo Bayou to the west, just south of the Lake Houston Dam on the San Jacinto River to the 
north, and has an open boundary at the south along Tabbs Bay and Morgan's Point where the HSC empties into Galveston Bay.
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Figure 7.10. Lake Houston rating curve developed by the Texas Water Development Board. 
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Table 7.3. Multiple linear regression model values used to convert Piney Point at Buffalo 
Bayou flows to Buffalo Bayou at Shepherd flows using times when both gauges had flow 
measurements in a continous series.  The Piney Point flows were forward time lagged to 
create multiple time series for the regression.  Though many regression variables did not 
pass standard significance thresholds (p < 0.05), the model was used nonetheless 
because it is meant to be only predictive, not explanatory. 

Piney Point Flow 
Value Hourly 
Time Lag 

Associated 
Flow 
Variable 

Regression 
Variable 

Unit  Values 
Regression 
Significance 
Value (p) 

PP+0 hr  Qobs+0
piney  m+0  Unitless  ‐0.283  0.0000001 

PP+1 hr  Qobs+1
piney  m+1  Unitless  0.602  0.121 

PP+2 hr  Qobs+2
piney  m+2  Unitless  0.054  0.142 

PP+3 hr  Qobs+3
piney  m+3  Unitless  0.524  0.909 

PP+4 hr  Qobs+4
piney  m+4  Unitless  ‐0.477  0.265 

PP+5 hr  Qobs+5
piney  m+5  Unitless  0.848  0.237 

Intercept  ‐  bcfs  cfs  83.902  0.0000019 
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Figure 7.11. (a) One to one plot of multiple linear regression model of flows using Buffalo 
Bayou at Piney Point USGS flow gauge as compared with the gauge at Shepherd Drive. (b) 
Flow duration curve for modeled and observed flows at Buffalo Bayou at Shepherd Drive.
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 Figure 7.12 and Figure 7.13 compare the flows ultimately used in a 60-day calibration 

simulation (04/10/2003 – 06/10/2003) according to time series trends and general magnitude.  

Both plots seem to indicate the same general trend of flow magnitude into the model domain.  

SJR is the most significant of these flows (consistently 30 m3/sec) followed by the 69th St WWTP, 

Buffalo Bayou, Greens Bayou, and Brays Bayou (3-9 m3/sec).  These large flows are followed by 

smaller but still significant flows at Carpenters, Hunting, and Sims Bayous (0.2-1 m3/sec).  All 

other flows are < 0.10 m3/sec and are mostly insignificant in terms of total water input affecting 

overall water levels and velocities.  It is also valuable to note the general similarities in flow as 

related to hydrologic condition.  Despite the differences in flow magnitude, the storm events at 

280, 400, and 1350 hours are fairly consistent.  One oddity in the flow data observed is that the 

USGS gauge on Greens Bayou at Ley Rd seems to show regular oscillations in flow which are 

greater than those observed at other gauges.  An examination of the oscillation frequency shows 

that the period is 0.5-1.0 days.  Such a period could be reflective of tidal influences or consistent 

variations in upstream wastewater flows. 

Water surface elevations were generally taken from current or historical NOAA gauges 

(Morgan’s Point, Battleship, Port of Houston) or from current USGS stage gauges (SJR at US90).  

The gauge at Morgan’s Point was to provide specified WSEs at the mouth of the HSC at Tabbs 

Bay for the open boundary.  Data from the other three gauges was intended to be used for model 

calibration and eventually validation.  Figure 7.14 and Figure 7.15 visualize the water surface 

elevation time series for the 60-day model period.  What is observed is that all stations measured 

WSEs that are fairly similar in shape and are not greatly displaced by time shifts.  It would be 

generally supposed that the water surface elevation, though similar in shape between stations, 

would rise a slight amount moving up the estuary from Morgan’s Point as a consequence of the 

gradual downward slope of the channel bottom moving out into Galveston Bay.  The plots 

indicate that this is so for Battleship and the Port of Houston WSE observations, and statistics 

support that as well (median increase in WSE of 4 and 10 mm for Battleship and Port of Houston, 

respectively). This trend is, however, not the case for the observations for the USGS stage gauge 

at upstream SJR.  The WSE profile here seems to show a greater range of oscillation and 

elevations that are noticeably lower than at the upstream HSC stations.  Even the mean 

difference between this profile and that measured at Morgan’s Point is an overall decrease of 4 

mm.  This gauge likely suffers from some errors in the datum used and possibly other problems in 
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measurement accuracy.  The data had to be adjusted to match the vertical datum, but this 

apparently was not enough to provide a reasonable WSE time series with respect to the NOAA 

gauges. 

 Besides water surface elevations, the NOAA gauge at Morgan’s Point also continuously 

collects specific conductivity and water temperature data.  These two parameters together can be 

used to calculate the salinity, and the salinity time series is shown as compared with WSE in 

Figure 7.16.  The calculated salinity series became the only source of salinity to the model other 

than what was provided for in the initial conditions.  All flow input boundary conditions were 

specified as completely fresh water. 

Sediment data specifications included information to initialize the sediment bed, to provide 

initial conditions for the water column, and to properly specify boundary concentrations for 

suspended sediment.  A decision had to be made how best to represent all of the different sizes 

and types of sediment in the HSC.  Detailed grain size data has been collected by UH for many 

years, but it would be too cumbersome to have such specific size classes.  Thus, four size 

classes of sediment were chosen—two cohesive classes and two non-cohesive classes.  

Effectively they represent clay, silt, fine sand, and medium sand with particle size ranges 1-3.9, 

3.9-62.5, 62.5-250, and 250-500 μm, respectively.   The actual concentration values for the 

boundaries and initial conditions were taken from the TCEQ monitoring stations as shown with 

mean TSS concentrations for 2002-2009 in Figure 7.17.  The sediment was initialized using bed 

sediment samples collected by UH for the 2002-04 sampling period. 
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Figure 7.12. Model flow input time series.  Most flows were obtained as at a 15 minute resolution and were averaged to an hourly flow 
value. 
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Figure 7.13. Input flows compared to each other using the mean flow value over the 60-day 
modeling period.  Error bars are 95% confidence intervals. 
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Figure 7.14. Water surface elevation (WSE) time series used for model boundary conditions (Morgan's Point) and calibration (Battleship, 
Manchester, and SJR at US90).  The dashed gray line is the mean WSE for Morgan’s Point during the 60-day period.  All elevations are 
relative to North American Vertical Datum 1988 (NAVD88).  Time series ends at 60 days (1440 hours). 
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Figure 7.15. Time series of water surface elevation differences between the three upstream water surface gauges (Battleship, Port of 
Houston, and San Jacinto River) and Morgan's Point.  Time series ends at 60 days (1440 hours). 
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Figure 7.16. Morgan's Point water surface elevation and salinity series for the 60-day modeling period.
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Figure 7.17. Mean TSS (mg/L) values for 2002-09 at TCEQ stations used to define model 
boundary and initial conditions.
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7.3 Model setup 

 The model grid, boundary conditions, and calibration datasets have already been 

discussed in some detail.  The various model options and parameters chosen comprise the 

remainder of the model definition.  The parameters chosen for the base case as model calibration 

was examined are given in Table 7.4.  Some important choices made in this base case 

formulation were the vertical layering, the hydrodynamic parameters, and the scalars made 

available for transport. 

 EFDC was written originally to be 3D in such a way as to provide true dimension 

coordinates in x and y but a scaled z coordinate.  The z coordinate is sigma scaled such that the 

zero is always the channel bottom of the cell and 1.0 is always the current water surface elevation 

in that cell.  This was the vertical coordinate style use for the base case as well.  Also important to 

the vertical layering is how many layers to use and according to what proportion of the total 

depth.  The considerations involved in the vertical discretization are in some ways similar to the 

choice of lateral cell dimension and count in that the needed spatial resolution should be matched 

with computational efficiency (i.e., reasonable model run times).  Five layers were chosen for the 

base condition with a vertical proportionally that is very small near the bed (5% of total depth) and 

gradually rises to (30% of total depth) in the upper layer.  In regards to the number of layers, it is 

hoped that this will be sufficient to capture vertical velocity gradient well enough to model overall 

water flow correctly.  The number of vertical layers has not yet been examined to see if the 

vertical velocity profile is resolved with sufficient detail.  The vertical fractionation of the five layers 

was chosen in this way because the velocity near the sediment bed is extremely critical to 

determining the bottom shear stress, which ultimately governs the sediment resuspension-

deposition process.  As this mechanism will be particularly important for fate-and-transport of 

PCBs, it needed to be modeled at a fairly high resolution.  

 Important hydrodynamic parameter choices that were made in the base run include the 

channel bottom roughness, the influence of winds on turbulence, the Coriolis factor, and the 

minimum kinematic eddy viscosity-minimum eddy diffusivity.  These last two terms are the 

minimum allowable acting fluid viscosity and scalar diffusivity generated from turbulence.  They 

govern the transport of momentum and mass/temperature through diffusion-type mechanisms 

(i.e., product of viscosity or diffusivity and the spatial gradient).  Bottom roughness was eventually 

found to be the most influential parameter to control the modeled WSEs to observed WSEs.  This 
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roughness as included in the EFDC model, encompasses grain roughness and bed form related 

roughness.  Grain roughness can be estimated using grain size data which is already available, 

but since bed form roughness is virtually unknown, it is just as effective to use reasonable ranges 

of total bottom roughness to calibrate.  In this calibration phase, the same bed roughness was 

used for every cell in the model domain.  The other hydrodynamic parameters mentioned were 

not used in the base case but were included as the change element in certain model runs to 

gauge what effect their use might have on WSEs.   

There are many scalar transports (e.g., temperature, salinity, sediment, toxicants) which 

can be turned on or off in EFDC. For the early stages of model development, only salinity was 

used.  Salinity is a conservative scalar that is fairly simple to include in the model, and it is 

important in determining water density which affects internal buoyant forcing especially as density 

changes in the vertical.  Temperature, sediment, and toxics should not affect the hydrodynamics 

much if at all.  Thus, whether they are used or not used as this stage will have little bearing on 

calibration efforts primarily related to flows, velocities, and water surface elevations. 

Sediment transport setup is extensive just as the hydrodynamic and salinity setups were.  

The most important parameters to specify are fall velocity and critical erosional/depositional 

parameters for each of the four sediment classes.  Indeed, mathematically there is little difference 

between the sediment classes other than class type (cohesive or non-cohesive), fall velocity, and 

critical stresses.  All other distinctions that might otherwise be unique to clays, silts, and sands 

(e.g., asphericity) are not considered in the model nor are they generally required for the 

sediment transport equations.  A summary of the sediment conditions for each size class is 

provided in Table 7.5. 
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Table 7.4. EFDC model run settings for Run002, which was used as a base case for the 
purposes of comparing model performance for water surface elevation calibration and 
mass balances (domain-wide and local area).  Nearly all other runs changed only one 
parameter from this list or a boundary condition value. 

Model Parameter  Setting Unit/Explanation

Geometry and run options    
Lateral cells  2649 count
Vertical Layers  5 count
Vertical Coordinate  Sigma coordinate convention
Top to Bottom Vertical Proportioning 35%:30%:20%:10%:5% fractionation
Dry depth threshold  0.10  meters 
Rewet depth threshold  0.11  meters 
Minimum water depth allowance 0.10 meters
Numerical solution residual maximum 1.00E‐09 unitless
Internal buoyancy forcing option  Internal pressure gradient formulation
Momentum equation solver  Explicit method
Model calendar period  04/10/2003 ‐ 06/09/2003  dates 
Model duration  60  days 
Spin‐up time used  20 days
Time step method  Constant method
Time step size  8 seconds
Computation run time  2.08 hours

Hydrodynamics and transport    
Wall roughness  0.002 meters
Bottom roughness  0.01 meters
Wave turbulence  No wind‐wave effects allowed  setting
Coriolis factor  0.00 setting
Background vertical eddy viscosity 1.00E‐05 m2/s
Background vertical molecular diffusivity  1.00E‐05  m2/s 
Minimum kinematic eddy viscosity  1.00E‐05 (minimum not used)  m2/s 
Minimum eddy diffusivity  1.00E‐05 (minimum not used)  m2/s
Salinity transport  Used setting
Temperature transport  Not used setting
Sediment transport  Not used setting
Toxics transport  Not used  setting 

Initial and boundary conditions    
Flow boundary cells  12 count
Head boundary cells  12 count
Constant temperature value  20 ˚C 

Salinity initial condition method 
Linear decrease Morgan's Point to 
upstream boundary 

interpolation method 

Initial salinity at Morgan's Point  15.0 psu 
Initial salinity at upstream boundaries  0.0  psu 

Water surface initial condition method 
Linear decrease Morgan's Point to 
upstream boundary 

interpolation method 

Initial WSE at Morgan's Point  ‐0.27  meters 
Initial WSE at upstream SJR  0.5 meters
Initial WSE at upstream Buffalo Bayou 0.4 meters

Acronyms:  psu = practical salinity units, SJR = San Jacinto River 
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Table 7.5. Sediment class EFDC specifications. 

Name  Clay  Silt  Fine Sand  Medium Sand 

Type  Cohesive  Cohesive  Non‐cohesive  Non‐cohesive 

Physical Parameters             

Size Lower (μm)  1  3.9  62.5  250 

Size Upper (μm)  3.9  62.5  250  500 

Representative Diameter (μm)  2.45  33.2  156.25  375 

Sediment particle density (g/cm3)  2.65  2.65  2.65  2.65 

Fall Velocities             

Stokes Fall Velocity (m/s)  0.000054  0.001  0.22  1.26 

Ferguson and Church Fall Velocity (m/s) [194]  0.0000054  0.00095  0.016  0.052 

Strom and Keyvani Fall Velocity (m/s) [195]  ‐  0.000069  ‐  ‐ 

Final Fall Velocity Chosen (m/s)  0.000054  0.000069  0.016  0.052 

Erosion/Deposition             

Critical erosional stress (N/m2)1  0.15  0.15  0.101  0.303 

Critical depositional stress (N/m2)1  0.05  0.05  ‐  ‐ 

Reference surface erosion rate (g/m2‐s)  0.00084  0.00084  ‐  ‐ 
1Values based on field data collected by Salehi and Strom [196].
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7.4 Model calibration and mass balance checking 

 Table 7.6 outlines the variation conditions which were altered from the base run conditions 

(Run002).  Other than the adjustment to the bottom roughness, other elements which were changed to 

examine their effect include:  better time resolution on boundary condition flows and WSEs, full vertical 

distribution of 69th St WWTP effluent flows (the base run put all of this flow in the top vertical layer), 

addition of wind effects, changes in boundary flows, increases in vertical layering from five to eight, and 

the use of minimum kinematic eddy viscosity and diffusivity.  These changes resulted in additional 23 

model runs beyond the base case. 

 Not all model run data were examined in equal detail, but they were all evaluated in terms of 

performance statistics for WSEs at the three stations internal to the model domain.  Those statistics are 

compiled in Table 7.7 - Table 7.9 with model runs ranked in order of lowest root mean square error 

(RMSE).  In deciding how to best to evaluate the modeled WSEs to observed, it was seen that the WSE 

data at SJR at US90 were different from the other three WSE profiles during the modeling period.  Thus, 

the least amount of weight was given to the model performance statistics generated at this location.  As 

for the other two stations (Battleship and Port of Houston) it is seen that the RMSEs for Battleship range 

6-15 cm (5.2-13.5% of observed data tidal range) while that at Port of Houston ranges 11-17 cm (8.9-14% 

of observed data tidal range).  Errors less than 10% generally seem acceptable though it was hoped that 

fits could made that were RMSE < 5 cm.   

 It was observed that generally the best model runs came from variations in bottom roughness.  

This trend fits well with intuition on hydrodynamic models in general, and it fits well with this model’s 

formulation.  Bottom roughness is one of the only hydrodynamic parameters of any kind for which there is 

little to no directly observed data by which to guide the choice of the value.  The bottom roughness 

adjusted runs were examined in greater detail beginning with visual WSE time series comparisons to 

measured data (Figure 7.18 – Figure 7.23, ordered by increasing bottom roughness).  As expected, the 

match to the SJR at US90 data, though good at some points, is very poor at others.  This may further 

indicate the questionable validity of the observations at this location.  The modeled-observed data 

comparisons at Battleship all seem fairly equivalent except for bottom roughness 0.005 m, and the model 

performance statistics are also fairly close.  The model performance statistics at Port of Houston indicate 

that the higher roughness values (0.03-0.06 m) have the lowest RMSE, the highest index of agreement, 

the highest Nash-Sutcliffe criterion, and the highest Pearson correlation.  Though these statistics indicate 
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better accuracy to observed results, it is difficult to see large visual differences in the time series 

comparisons in the Port of Houston figures.
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Table 7.6. Model run record.  Each run used the same grid but under different model conditions. 

Model 
Run 

Days 
Run 

Bottom 
Roughness 
(meters) 

Wind Status 

Minimum 
eddy 
viscosity/dif
fusivity 

Description/Change 

Run002  60  0.01  No Wind  Not used  Base Run (roughness 0.01 m) 

Run003  60  0.001  No Wind  Not used  Roughness 10x less (0.001 m) 

Run004  60  0.01  No Wind  Not used  Bathymetry +0.6 meters everywhere 

Run005  60  0.01  No Wind  Not used 
Higher boundary condition resolution (15‐min interpolations) on flows and tidal 
elevations 

Run006  60  0.01  No Wind  Not used 
69th St WWTP flow distributed evenly to all vertical layers (rather than in top 
layer only) 

Run007  60  0.01 
Wind with wave effects‐
boundary layers 

Not used 
Wind data added from IAH and Morgan's Point stations and wave effects‐
boundary layers allowed. 

Run008  60  0.01  No Wind  Not used 
69th St WWTP flows reduced from 9.27 cms to 5.3‐5.7 cms depending on the 
month.  Flows distributed in top two layers 0.9:0.1 top to bottom. 

Run009  60  0.01  No Wind  Not used  Buffalo Bayou‐White Oak upstream flows INCREASED by 50%. 

Run010  60  0.01  No Wind  Not used  Buffalo Bayou‐White Oak upstream flows DECREASED by 50%. 

Run011  60  0.01  No Wind  Not used  Changed model to 8 layer (layer ratio ~1:2.5:10.75:10.75:10.75:10.75:2.5:1) 

Run012  60  0.01  No Wind  Not used  SJR upstream flows INCREASED by 25% 

Run013  60  0.01  No Wind  Not used  SJR upstream flows DECREASED by 25% 

Run014  60  0.01  No Wind  Used  Minimum eddy viscosity and eddy diffusivity turned ON 

Run015  60  0.01 
Wind with no wave 
boundary effects 

Not used 
Wind data added from IAH and Morgan's Point stations and wave effects‐
boundary layers NOT allowed (i.e., not wind turbulence). 

Run016  60  0.01 

Wind with wave effects‐
boundary layers and 0.5 
sheltering coefficient 
everywhere 

Not used 
Wind data added from IAH and Morgan's Point stations and wave effects‐
boundary layers allowed.  All cells have a sheltering coefficient of 0.5. 
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Model 
Run 

Days 
Run 

Bottom 
Roughness 
(meters) 

Wind Status 

Minimum 
eddy 
viscosity/dif
fusivity 

Description/Change 

Run017  60  0.03  No Wind  Not used  Roughness increased to 0.03 m 

Run018  60  0.005  No Wind  Not used  Roughness increased to 0.005 m 

Run019  60  0.01  No Wind  Not used 

69th St WWTP flows reduced from 9.27 cms to 5.3‐5.7 cms depending on the 
month.  Flows distributed in top two layers ONLY.  Buff+WO flows increased by 
15% assuming that some WW flows from Piney Point on BB to downtown are 
not covered. 

Run020  60  0.05  No Wind  Not used  Roughness increased to 0.05 m 

Run021  60  0.04  No Wind  Not used  Roughness increased to 0.04 m 

Run022  60  0.06  No Wind  Not used  Roughness increased t0 0.06 m 

Run023  60  0.05  No Wind  Used  Roughness increased to 0.05 m and minimum viscosity and diffusivity ON 

Run024  60  0.015  No Wind  Not used  Roughness increased to 0.015 m 

Run025  60  0.0075  No Wind  Not used  Roughness decreased to 0.0075 m 
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Table 7.7. Battleship station water surface elevation performance statistics for all models runs using data from 20 to 60 days.  Model 
runs are sorted in order of ascending RMSE.  Blue highlighted model runs were later chosen for detailed graphical analysis and local 
area water volume balance. 

Model 
Run 

Description 
BATTLESHIP 

Nash‐
Sutcliffe 

d 
index 

Pearson 
r 

RMSE 
(meters) 

RMSE/Tidal 
Range 

Abs % Loss/Gain (WC 
Basis) 

Run004  Bathymetry +0.6 meters  0.93  0.91  0.98  0.059  5.2%  2.8% 

Run017  Roughness 0.03 m  0.93  0.91  0.98  0.059  5.2%  1.5% 

Run020  Roughness 0.05 m  0.93  0.91  0.98  0.059  5.2%  0.3% 

Run022  Roughness 0.06 m  0.93  0.91  0.98  0.059  5.2%  2.2% 

Run025  Roughness 0.0075 m  0.93  0.91  0.98  0.059  5.2%  3.0% 

Run011  8‐layer vertical  0.93  0.90  0.98  0.060  5.3%  2.7% 

Run021  Roughness 0.04 m  0.93  0.91  0.98  0.060  5.3%  1.1% 

Run023  Minimum eddy visc‐ diffus ON and Rough 0.05 m  0.93  0.91  0.98  0.060  5.3%  1.7% 

Run009  BB‐WO increased by 50%  0.93  0.90  0.97  0.061  5.4%  4.6% 

Run005  Higher BC time resolution  0.92  0.90  0.97  0.062  5.5%  6.0% 

Run024  Roughness 0.015 m  0.92  0.89  0.97  0.063  5.6%  0.9% 

Run002  Base (roughness 0.01 m)  0.92  0.89  0.97  0.064  5.6%  12.3% 

Run003  Roughness 0.001 m  0.92  0.89  0.97  0.064  5.6%  2.8% 

Run012  SJR flow increase by 25%  0.63  0.38  0.85  0.137  12.1%  3.2% 

Run008  69th WWTP reduced  0.62  0.38  0.85  0.139  12.2%  9.2% 

Run016  Wind data with boundary effects 0.5 shelter  0.62  0.39  0.85  0.139  12.2%  12.0% 

Run019  69th WWTP reduced BB‐WO +15%  0.62  0.35  0.86  0.139  12.2%  7.3% 

Run007  Wind data and wave boundary effects  0.61  0.35  0.83  0.142  12.5%  4.3% 

Run010  BB‐WO decreased by 50%  0.59  0.29  0.83  0.145  12.8%  3.2% 

Run013  SJR flow decrease by 25%  0.59  0.27  0.83  0.145  12.8%  1.6% 

Run015  Wind data no boundary effects  0.59  0.32  0.83  0.145  12.8%  6.2% 

Run014  Minimum eddy viscosity and diffusivity ON  0.58  0.32  0.85  0.147  12.9%  0.3% 

Run018  Roughness 0.005 m  0.57  0.25  0.83  0.149  13.1%  5.0% 

Run006  69th WWTP to all layers  0.54  0.26  0.82  0.153  13.5%  5.5% 

RMSE = Root Mean Squared Error; d index = Index of Agreement; Pearson r = Pearson correlation coefficient; WC = Water Column; BC = Boundary condition; 
WWTP = Wastewater Treatment Plant; BB = Buffalo Bayou; WO = White Oak Bayou; SJR = San Jacinto River 
RMSE = (Σ(Obs‐Pred)2)0.5/n; Nash‐Sutcliffe = 1‐ Σ(Obs‐Pred)2/ Σ(Obs‐Obsmean)

2; d index = 1‐ Σ(Obs‐Pred)2/ Σ(|Obs‐Obsmean|+|Pred‐ Obsmean|)
2    
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Table 7.8. Port of Houston (Manchester) station water surface elevation performance statistics for all models runs using data from 20 to 
60 days.  Model runs are sorted in order of ascending RMSE.  Blue highlighted model runs were later chosen for detailed graphical 
analysis and local area water volume balance. 

Model 
Run 

Description 

PORT OF HOUSTON

Nash‐
Sutcliffe 

d 
index 

Pearson 
r 

RMSE 
(meters) 

RMSE/Tidal 
Range 

Abs % Loss/Gain (WC 
Basis) 

Run020  Roughness 0.05 m  0.80  0.66  0.96  0.105  8.9%  0.3% 

Run017  Roughness 0.03 m  0.79  0.64  0.96  0.107  9.1%  1.5% 

Run022  Roughness 0.06 m  0.78  0.62  0.96  0.108  9.2%  2.2% 

Run023  Minimum eddy visc‐ diffus ON and Rough 0.05 m  0.76  0.61  0.94  0.113  9.6%  1.7% 

Run004  Bathymetry +0.6 meters  0.76  0.58  0.94  0.115  9.8%  2.8% 

Run021  Roughness 0.04 m  0.74  0.56  0.95  0.118  10.0%  1.1% 

Run025  Roughness 0.0075 m  0.73  0.55  0.93  0.122  10.4%  3.0% 

Run009  BB‐WO increased by 50%  0.72  0.56  0.92  0.123  10.5%  4.6% 

Run005  Higher BC time resolution  0.70  0.47  0.91  0.127  10.8%  6.0% 

Run024  Roughness 0.015 m  0.70  0.47  0.92  0.127  10.8%  0.9% 

Run003  Roughness 0.001 m  0.68  0.48  0.89  0.131  11.1%  2.8% 

Run002  Base (roughness 0.01 m)  0.68  0.45  0.91  0.132  11.2%  12.3% 

Run012  SJR flow increase by 25%  0.68  0.47  0.91  0.132  11.2%  3.2% 

Run014  Minimum eddy viscosity and diffusivity ON  0.68  0.48  0.91  0.132  11.2%  0.3% 

Run016  Wind data with boundary effects 0.5 shelter  0.67  0.45  0.91  0.134  11.4%  12.0% 

Run013  SJR flow decrease by 25%  0.67  0.41  0.91  0.135  11.5%  1.6% 

Run006  69th WWTP to all layers  0.65  0.39  0.91  0.138  11.7%  5.5% 

Run008  69th WWTP reduced  0.64  0.38  0.90  0.139  11.8%  9.2% 

Run010  BB‐WO decreased by 50%  0.64  0.39  0.90  0.140  11.9%  3.2% 

Run015  Wind data no boundary effects  0.63  0.40  0.90  0.141  12.0%  6.2% 

Run018  Roughness 0.005 m  0.63  0.35  0.90  0.141  12.0%  5.0% 

Run019  69th WWTP reduced BB‐WO +15%  0.64  0.35  0.89  0.141  12.0%  7.3% 

Run007  Wind data and wave boundary effects  0.60  0.31  0.89  0.147  12.5%  4.3% 

Run011  8‐layer vertical  0.48  0.08  0.82  0.169  14.4%  2.7% 

RMSE = Root Mean Squared Error; d index = Index of Agreement; Pearson r = Pearson correlation coefficient; WC = Water Column; BC = Boundary condition; 
WWTP = Wastewater Treatment Plant; BB = Buffalo Bayou; WO = White Oak Bayou; SJR = San Jacinto River 
RMSE = (Σ(Obs‐Pred)2)0.5/n; Nash‐Sutcliffe = 1‐ Σ(Obs‐Pred)2/ Σ(Obs‐Obsmean)

2; d index = 1‐ Σ(Obs‐Pred)2/ Σ(|Obs‐Obsmean|+|Pred‐ Obsmean|)
2    
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Table 7.9. SJR at US90 station water surface elevation performance statistics for all models runs using data from 20 to 60 days.  Model 
runs are sorted in order of ascending RMSE.  Blue highlighted model runs were later chosen for detailed graphical analysis and local 
area water volume balance. 

Model 
Run 

Description 
SJR AT US90

Nash‐
Sutcliffe 

d 
index 

Pearson 
r 

RMSE 
(meters) 

RMSE/Tidal 
Range 

Abs % Loss/Gain (WC 
Basis) 

Run004  Bathymetry +0.6 meters  0.82  0.68  0.91  0.119  6.7%  2.8% 

Run006  69th WWTP to all layers  0.81  0.66  0.91  0.122  6.9%  5.5% 

Run022  Roughness 0.06 m  0.81  0.66  0.91  0.122  6.9%  2.2% 

Run008  69th WWTP reduced  0.81  0.66  0.91  0.123  6.9%  9.2% 

Run010  BB‐WO decreased by 50%  0.81  0.66  0.91  0.123  6.9%  3.2% 

Run012  SJR flow increase by 25%  0.81  0.66  0.91  0.123  6.9%  3.2% 

Run013  SJR flow decrease by 25%  0.81  0.65  0.91  0.123  6.9%  1.6% 

Run014  Minimum eddy viscosity and diffusivity ON  0.81  0.66  0.91  0.123  6.9%  0.3% 

Run016  Wind data with boundary effects 0.5 shelter  0.81  0.65  0.91  0.123  6.9%  12.0% 

Run018  Roughness 0.005 m  0.81  0.65  0.91  0.123  6.9%  5.0% 

Run019  69th WWTP reduced BB‐WO +15%  0.81  0.66  0.91  0.123  6.9%  7.3% 

Run020  Roughness 0.05 m  0.81  0.65  0.91  0.123  6.9%  0.3% 

Run021  Roughness 0.04 m  0.81  0.65  0.91  0.123  6.9%  1.1% 

Run023  Minimum eddy visc‐ diffus ON and Rough 0.05 m  0.81  0.65  0.91  0.123  6.9%  1.7% 

Run024  Roughness 0.015 m  0.81  0.65  0.91  0.123  6.9%  0.9% 

Run002  Base (roughness 0.01 m)  0.81  0.65  0.91  0.124  7.0%  12.3% 

Run005  Higher BC time resolution  0.81  0.64  0.91  0.124  7.0%  6.0% 

Run009  BB‐WO increased by 50%  0.81  0.64  0.91  0.124  7.0%  4.6% 

Run017  Roughness 0.03 m  0.81  0.65  0.91  0.124  7.0%  1.5% 

Run007  Wind data and wave boundary effects  0.80  0.62  0.91  0.126  7.1%  4.3% 

Run015  Wind data no boundary effects  0.80  0.62  0.91  0.126  7.1%  6.2% 

Run025  Roughness 0.0075 m  0.80  0.63  0.90  0.126  7.1%  3.0% 

Run003  Roughness 0.001 m  0.80  0.63  0.90  0.127  7.2%  2.8% 

Run011  8‐layer vertical  0.80  0.63  0.90  0.127  7.2%  2.7% 

RMSE = Root Mean Squared Error; d index = Index of Agreement; Pearson r = Pearson correlation coefficient; WC = Water Column; BC = Boundary condition; 
WWTP = Wastewater Treatment Plant; BB = Buffalo Bayou; WO = White Oak Bayou; SJR = San Jacinto River 
RMSE = (Σ(Obs‐Pred)2)0.5/n; Nash‐Sutcliffe = 1‐ Σ(Obs‐Pred)2/ Σ(Obs‐Obsmean)

2; d index = 1‐ Σ(Obs‐Pred)2/ Σ(|Obs‐Obsmean|+|Pred‐ Obsmean|)
2    
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Figure 7.18. Battleship station location modeled and observed water surface elevations 
time series after 20 day spin-up period.  (First five runs of lower roughness chosen for 
more detailed analysis:  0.001 – 0.015 meters).   
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Figure 7.19. Battleship station location modeled and observed water surface elevations 
time series after 20 day spin-up period.  (Second five runs of higher roughness chosen for 
more detailed analysis:  0.03 – 0.06 meters). 
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Figure 7.20. Port of Houston (Manchester station) modeled and observed water surface 
elevations time series after 20 day spin-up period.  (First five runs of lower roughness 
chosen for more detailed analysis:  0.001 – 0.015 meters). 
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Figure 7.21. Port of Houston (Manchester station) modeled and observed water surface 
elevations time series after 20 day spin-up period.  (Second five runs of higher roughness 
chosen for more detailed analysis:  0.03 – 0.06 meters). 
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Figure 7.22. San Jacinto River at US90 station location modeled and observed water 
surface elevations time series after 20 day spin-up period.  (First five runs of lower 
roughness chosen for more detailed analysis:  0.001 – 0.015 meters). 
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Figure 7.23. San Jacinto River at US90 station location modeled and observed water 
surface elevations time series after 20 day spin-up period.  (Second five runs of higher 
roughness chosen for more detailed analysis:  0.03 – 0.06 meters). 
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 Bottom roughness influences the WSE and its ability to match observed data as has 

been shown both in model performance statistics and modeled-observed comparative time 

series.  These analyses, however, do not speak to the question of water volume (and assuming 

relatively constant water density, mass) conservation during the simulation period.  Even though it 

would appear that at higher bottom roughness lengths, the WSE and thus overall depth is not 

greatly altered, the water velocity will be altered according to the natural log of the inverse of the 

roughness length (for rough turbulent flows), 

2.5 6.0 , [27]

   
where V+ is dimensionless depth averaged velocity, H is the water depth, and k is the bottom 

roughness.  In 10 m of water depth, the change in depth averaged dimensionless velocity as 

ratios is 1.14:1.08:1.04:1.00 for roughness in meters 0.03:0.04:0.05:0.06.  These are not extreme 

changes in depth-averaged velocity but they may be enough to affect a volume balance. 

Table 7.10 and Figure 7.24 - Figure 7.35 examine the water volume balance over the 

entire model domain and in six small regions (most containing < 150 cells). These six small 

regions were chosen to provide a diversity of velocity situations including confluences, deeper 

channel flow, extreme river bends, and open bays.  All volume balances were performed only on 

the last 40 days of the simulation data since a 20 day spin-up time was assumed.  
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Figure 7.24. Model sections used for local volume balance examinations.  Dark lines 
indicate lines through which volumetric flows in and out of the segments were calculated.
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Table 7.10. Entire model domain water volume balance statistics for day 20 through day 60.  Net gains are denoted positively (+) and net 
losses negatively (-).  Water column (WC) volume as shown is the mean volume during the 40 day period.  Blue highlighted model runs 
were later chosen for detailed graphical analysis and local area water volume balance. 

Mass 
Conserve
d Ranking 

Model 
Run 

Run Description 

Millions m3  Percent (%)

 WC 
Volume 

Flow 
In 
 

Flow 
Out 

Gain‐ 
Loss 

Gain‐Loss 
(Input 
Basis) 

Gain‐Loss 
(WC 
Basis) 

Abs Gain‐
Loss(Inpu
t Based) 

Abs Gain‐
Loss (WC 
Basis) 

1  Run014  Minimum eddy viscosity and diffusivity ON 289 196  ‐196 ‐0.6 ‐0.3% ‐0.2% 0.3% 0.2% 
2  Run020  Roughness 0.05 m  289  196  ‐195  0.7  0.3%  0.2%  0.3%  0.2% 

3  Run024  Roughness 0.015 m  289  196  ‐194  1.8  0.9%  0.6%  0.9%  0.6% 

4  Run021  Roughness 0.04 m  289  196  ‐194  2.1  1.1%  0.7%  1.1%  0.7% 

5  Run013  SJR flow decrease by 25%  289  174  ‐177  ‐2.7  ‐1.6%  ‐0.9%  1.6%  0.9% 

6  Run017  Roughness 0.03 m  289  196  ‐193  3.0  1.5%  1.0%  1.5%  1.0% 

7  Run023  Minimum eddy visc‐ diffus ON and Rough 0.05 m  289  196  ‐192  3.3  1.7%  1.2%  1.7%  1.2% 

8  Run022  Roughness 0.06 m  289  196  ‐191  4.4  2.2%  1.5%  2.2%  1.5% 

9  Run011  8‐layer vertical  289  181  ‐176  4.9  2.7%  1.7%  2.7%  1.7% 

10  Run010  BB‐WO decreased by 50%  289  181  ‐175  5.9  3.2%  2.0%  3.2%  2.0% 

11  Run025  Roughness 0.0075 m  289  196  ‐190  5.9  3.0%  2.1%  3.0%  2.1% 

12  Run003  Roughness 0.001 m  255  196  ‐201  ‐5.5  ‐2.8%  ‐2.2%  2.8%  2.2% 

12  Run004  Bathymetry +0.6 meters  255  196  ‐201  ‐5.5  ‐2.8%  ‐2.2%  2.8%  2.2% 

14  Run012  SJR flow increase by 25%  289  217  ‐224  ‐6.9  ‐3.2%  ‐2.4%  3.2%  2.4% 

15  Run007  Wind data and wave boundary effects  289  196  ‐204  ‐8.4  ‐4.3%  ‐2.9%  4.3%  2.9% 

16  Run009  BB‐WO increased by 50%  289  211  ‐201  9.6  4.6%  3.3%  4.6%  3.3% 

17  Run018  Roughness 0.005 m  289  196  ‐186  9.7  5.0%  3.4%  5.0%  3.4% 

18  Run006  69th WWTP to all layers  289  196  ‐206  ‐10.7  ‐5.5%  ‐3.7%  5.5%  3.7% 

19  Run005  Higher BC time resolution  289  196  ‐184  11.6  6.0%  4.0%  6.0%  4.0% 

20  Run015  Wind data no boundary effects  289  196  ‐208  ‐12.1  ‐6.2%  ‐4.2%  6.2%  4.2% 

21  Run019  69th WWTP reduced BB‐WO +15%  289  187  ‐174  13.6  7.3%  4.7%  7.3%  4.7% 

22  Run008  69th WWTP reduced  289  183  ‐199  ‐16.8  ‐9.2%  ‐5.8%  9.2%  5.8% 

23  Run016  Wind data with boundary effects 0.5 shelter  289  196  ‐219  ‐23.5  ‐12.0%  ‐8.1%  12.0%  8.1% 

24  Run002  Base (roughness 0.01 m)  289  196  ‐220  ‐24.0  ‐12.3%  ‐8.3%  12.3%  8.3% 
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Figure 7.25. Model Run003 water volume balance time series.  Note the excessively large negative cumulative mass balance as depth 
axis (cm) which does not match with other plots in the series. 
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Figure 7.26. Model Run018 water volume balance time series. 
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Figure 7.27. Model Run025 water volume balance time series. 
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Figure 7.28. Model Run002 water volume balance time series. 
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Figure 7.29. Model Run024 water volume balance time series. 
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Figure 7.30. Model Run017 water volume balance time series. 
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Figure 7.31. Model Run021 water volume balance time series. 
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Figure 7.32. Model Run020 water volume balance time series.  
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Figure 7.33. Model Run023 water volume balance time series.  
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Figure 7.34. Model Run022 water volume balance time series.  
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Figure 7.35. Median value of absolute and signed water volume balance residuals per local balance area and per model run (2-hr 
snapshot data points).  All residuals were converted to an equivalent depth of water according to the lateral area of all cells in the 
volume balance region.  This assumes that all cells in these areas are wet most of the time.
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 The most useful way to examine overall model domain volume balance was to look at the 

percent gain or loss of water volume compared to the mean water column volume during the final 

40 days of simulation.  On this basis, the overall volume loss or gain was 2% or less for most 

roughness conditions except for 0.001, 0.005, and 0.0075 m.  These roughness values were not 

as desirable from a WSE performance statistic value anyway, and it may be that their poorer fit to 

the observed data may be in part due to a poorer mass balance. 

 The local area mass balances were performed by using 2-hr model snapshots of WSEs 

for each cell in the local region and volume flow rates at the boundaries.  A comparison of the 

change in the areas water volume over the two hour period compared with the interpolated 

difference in inflow and outflow generates a residual volume difference.  The difference can be 

converted to an equivalent depth of water in centimeters using the lateral area of all cells in the 

local area.  Gain (+)/Loss (-) equivalent depth and absolute equivalent depth residual volumes 

were the most preferred metrics in these analyses.  The absolute and signed individual 2-hr 

residuals were all fairly low ( ≤ 10 cm) for the higher roughness values 0.03-0.06.  However, 

examination of the cumulative signed volume balance residual over a 40-day period (post-spin up 

time) as equivalent depth shows that the SJR-HSC and Greens-HSC confluences are somewhat 

problematic (e.g., cumulative volume moving towards larger gains or losses in later times) for all 

roughness parameters in this range except for 0.03 m and 0.05 m (no minimum viscosities used 

model run).   

 Of all of the roughness parameters attempted, two values (0.03 and 0.05 m) appear to be 

the most promising for a reasonable model calibration in terms of matching water surface 

elevations while preserving volume balance.  Other examinations need to be made into vertical 

velocity profiles to ensure that the velocity values are both generally reasonable and that they 

generally agree with velocity data collected by UH in spring 2005.  It is also possible that a 

roughness height near these values which was not tested may give a slightly better fit to 

observed WSE profiles and for volume balance.  Furthermore, bottom roughness influences the 

eddy viscosity uniquely calculated at every time step, which in turn affects the mixing of scalars in 

the water column.  When the salinity outputs are examined against salinities obtained by UH (also 

in spring 2005), it may become clear that one of the roughness heights is most appropriate. 
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7.5 Model spinup time determination 

In order to judge how much the initial conditions influence model results and how long, a 

spin up exercise was conducted on EFDC Grid03 for 200 days.  The general conditions for the 

run were as follows 

 Constant boundary condition flows:  USGS gauges, which are used to provide flows 

for time-dependent model runs, were analyzed with a data record of at least 7 years 

corresponding to the years 2002-2009.  The constant flow chosen from the analysis for 

the spin up run was the median of the historical record. 

 Constant boundary salinities:  In all time-dependent model runs, the salinity is given as 

zero at all model boundaries except at the mouth of the HSC to Galveston Bay.  

Historical data for the years 1991-2009 were analyzed at Morgan’s Point.  The median 

salinity here was about 18 g/L (ppt), and this is what was used as a constant 

concentration during flood tide inputs. 

 Constant boundary TSS concentrations:  These concentrations correspond to the 

median for the historical record 1991-2009 at nearby TCEQ stations. 

 Varying boundary water surface elevations (WSEs:  The measured water surface 

elevation at the NOAA Morgan’s Point station is very complexhighly variable because it is 

influenced by freshwater inputs from the upper estuary as well as at least 12 significant 

tidal constituents which together make up 95% of the observed tidal range.  Of all tidal 

constituents, only the K1 lunar diurnal constituent (tidal period 23.935 hrs) was used for 

spin-up to simplify the analysis.  NOAA reports a phase shift from equilibrium of 114.6˚ 

and an amplitude of 0.144 meters.  However since this one constituent is intended to 

represent the entire tidal forcing (but as a simplified signal), the amplitude used for the 

forcing was arbitrarily set at 0.200 meters.  This is a value that is very close to the 

average tidal range (0.4 meters) observed at Morgan’s Point. 

 Cohesive sediment parameters:  Critical erosion and depositional stress were set at 

0.15 and 0.05 N/m2, respectively.  These are critical stresses measured by the Strom 

research group at UH near Scotts Bay.  All other sediment parameters while important 

are not as influential as these. 
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Six stations were created within the model domain to examine the spin-up effect as shown 

in Figure 7.36.  The stations are at important model stream junctions, bends in the channel, and 

near model boundaries.   

Most of the water surface elevations stabilize very early in the 200-day period as seen in 

Figure 7.37-Figure 7.39.  It would be conservative to conclude that at the upstream Buffalo 

Bayou, the Sims Bayou, the SJR at Banana Bend, and the Tabbs Bay locations, the water 

surface elevation is in synchronization with the input downstream boundary forcing conditions by 

the time two days have passed.  The data from Lynchburg Ferry and HSC at Greens Bayou show 

no difficulty in matching the general frequency of the downstream WSE signal (highs and low are 

not phase shift much if at all), but there is much variation within that signal (i.e., the transition from 

high to low tide is not smooth).  The ragged response tidal signal is likely the result of high flows 

from one reach (either Greens Bayou or SJR) meeting flows at the main channel.  To properly 

resolve the differences in momentum (both in magnitude but especially in direction (i.e., nearly 

perpendicular flows are joining together), a larger number of small dimension lateral cells are 

required.  When Grid03 was developed (the grid used in this research), it was already known that 

a higher cell concentration would be needed to resolve the higher velocity gradients that would 

undoubtedly develop.  At Lynchburg, it would appear that the signal is ragged but still close to the 

model downstream input.  The addition of a few more cells would likely smooth out the 

confluence dynamics as observed in the local WSE.  As for Greens Bayou, the signal is 

extremely ragged.  The number of cells at this location would likely need to be doubled in order to 

smooth out the WSE. 

The salinity and TSS time series show a much longer spin-up period to come to a relatively 

constant or at least constantly oscillating value.  Salinity outputs shown in Figure 7.40 are 

compared with the input WSEs at the Galveston Bay boundary.  All stations show an oscillating 

pattern corresponding to increase during flood tide and decrease (sometimes very rapidly) during 

ebb tide.  The amplitude of the oscillation and the mean salinity both decrease with increasing 

distance from the estuary mouth.  The salinity spin-up time for all stations is about 20 days.  

Some stations showed a little more drift from the post-20 day value but not much.   

The TSS time series also show oscillation with the tide.  Tabbs Bay shows the most 

change with the tide.  During the flood tide, the velocity at the bed steadily increases which 

increases bed shear.  The suspended sediment concentration rise steadily until it plateaus just 
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after high tide.  The decrease in the sediment concentration happens rapidly at that point as the 

water slackens.  The minimum sediment concentration then occurs again just past low tide when 

the flood has begun again.  So the sediment concentration oscillates, though not as a simple 

sinusoid, and with a slight lag behind high and low tides.  At the upstream stations, practically no 

oscillation is observed though sediment concentrations are still high.  Water surface elevations 

showed that clearly the tide has an influence at these areas, but the bed shear stress does not 

vary greatly due to tide because the sediment concentration reaches a virtually constant value.  It 

is fair to say that in this simulation there are no observable spin-up related effects after 100 days.  

It is interesting to note how much longer the suspended sediment takes to come to an equilibrium 

function compared with water surface elevation and salinity.  The reason for the longer time is 

that sediment is entering and leaving the water column only at particular points during the tidal 

cycle whereas water surface elevations, as propagated by momentum, and salinity, as 

propagated by advection, are constantly occurring and moving towards steady-state more rapidly.  

Deposition and erosional fluxes take some time to equalize even after the hydrodynamics driving 

the fluxes have come to equilibrium. 

 

 



 

222 

 

 

Figure 7.36. Locations within the model from which to extract data for spin up time 
determinations. 
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Figure 7.37. Water surface elevation time series for spin up day 0 to day 30. 
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Figure 7.38. Water surface elevation time series for spin up day 170 to day 200. 
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Figure 7.39. Detail water surface elevations for three stations for 3-day period (day 150-
153). 
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Figure 7.40. Salinity during first 30 days of the spin up run plotted against the input water 
surface elevation forcing at the mouth of the HSC.  Note that the stations at Buffalo Bayou 
upstream and Banana Bend have shorter salinity scales (0.0 – 0.5 ppt).
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Figure 7.41. TSS concentrations developing through a 100-day spin up period.  The Sims Bayou and Greens-HSC stations take the longest to develop.  They are relatively stable by day 100.
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Chapter 8. PCB FateandTransport Modeling 

To fully model PCB fate-and-transport in a reasonably accurate way, the modeling effort 

must essentially be built in layers.  First the hydrodynamics must be solved to ensure that proper 

velocities, flows, and elevations are being simulated.  Salinity must be shown to mimick real 

conditions so that the advective and turbulent diffusive mixing is simulated relatively accurately.  

These two processes work somewhat in tandem because salinity can affect local density which in 

turn can affect buoyancy and alter water velocities and surface elevations.  Next the sediment 

motion must be accurately represented, and the fluid variable influences how this occurs through 

suspended sediment mixing and advection as well as sediment bed shear stresses that 

determine if and how much sediment will erode or deposit.  Lastly, PCB congeners need to be 

specified in terms of their behavior (e.g., partition coefficients, sediment bed diffusion coefficients) 

and also in terms of important initial and boundary conditions.  Important for PCBs is not only the 

specification of the actual PCB concentrations in bed sediment, the water column and at 

boundaries but also the specification of dissolved and particulate organic carbon in the water 

column and the bed sediment. 

While the model has been set for the same thirty PCB congeners used for the operationally 

dissolved-suspended partitioning analysis in Appendix C, the modeling discussed in this chapter 

will focus on the sediment transport modeling, applying the model with a view towards 

understanding its potential impact on PCB fate-and-transport.  Figure 8.1 shows stations that 

were chosen for data extraction from the EFDC model that are related to sediment transport.  

These locations are both important in general characterization of fate-and-transport process in 

the estuary, and they have been sampled many times in the last twenty years by UH and others 

such that measured data can be examined against modeled data.  The sediment transport model, 

while not specifically calibrated, was run for a two-year period after 120 days of spinup time using 

the conditions given in Table 7.5.  The results from the model seem intuitively reasonable, but 

nevertheless, serve to illustrate the system wide and localized sediment behavior within the 

estuary. 
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Figure 8.1. EFDC model data monitoring locations for water surface elevations (WSEs), 
salinities, and suspended sediment. 

Regions around each of the stations shown in Figure 8.1 were defined to include about 15-

70 cells for the examination of flows and sediment loads into and out of the areas.  The loads 

were obtained as one hour frequency snapshots from the model, and the sediment was mass 

balanced such that the residual was converted to a net mass flux of sediment to or from the 

sediment bed.  The only processes that transport sediment into or out of a water column reach 

are exchange with the sediment bed and advective flows.  No decay, biological breakdown, or 

volatilization of sediments was simulated in the model.  Thus the mass balance for sediment in 

each area follows from Equation [28], 

1 - 1  , [28]

 

Fbed and Abed are the sediment mass flux and area of the sediment bed.  TSS and water column 

volume (Vwc) are evaluated at each hourly snapshot and subtracted to get the accumulation or 
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loss during the hour.  msed
mean is the net (in-out) mass rate from flow at the area boundaries, and it 

is multiplied by the area of flow Aflow and by an hour since the calculation is a one hour period. 

Figure 8.2 presents the results of the calculation for a 652 day period after model spinup to 

determine the sediment bed mass exchange flux using mass balance.  The top two plots show 

input boundary flows and sediment loads in time at the two biggest inputs to the HSC system, 

upstream Buffalo Bayou and upstream SJR, which is essentially outflow from the Lake Houston 

dam.  The flow and sediment load plots show that there are intermittent high flow events which 

sometimes coincide at SJR and Buffalo Bayou but not always.  Within the EFDC model, there is a 

different concentration at the boundary for dry and wet weather flows.  The concentration was 

determined using historical data and was normally the 80-90th percentile TSS concentration of the 

dataset.  The wet-dry determination was made using the 85th flow percentile for USGS gauge 

flows and judgment made by graphical analysis.  The result of this type of formulation is that 

higher flows generate higher suspended solid loads for reasons of increased flow and increased 

concentration.  Thus, the flow profile will not exactly follow the sediment load profile. 

The Upper HSC plot shows that in general, the Turning Basin and the Greens Bayou 

confluence were net depositional zones (positive cumulative bed sediment values) while HSC at 

the Battleship and the Patrick Bayou confluence were net erosional.  Also interesting to note is 

that the Battleship and Patrick Bayou both track each other well and lose sediment at a relatively 

slow and constant rate in time.  Greens Bayou and Turning Basin, however, are more upstream 

and can be more influenced by high flow dynamics.  The channels there are narrower, and so 

when flows increase, velocity increases more than at the wider part of the HSC at Battleship and 

Patrick Bayou confluence.  The Turning Basin and Greens Bayou essentially show one major 

shift in sediment, and it is a large net gain of sediment at about 380 model days.  The largest flow 

and sediment load at the boundary occurs at this time such that a near step change is seen.  For 

the remainder of the model period, the sediment accumulation and loss is relatively flat. 
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Figure 8.2. Sediment bed mass gains and losses during a 652 day period.  Boundary flows 
and total suspended sediment loads are provided for context.
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This entire analysis provides a general trend that is somewhat counterintuitive for several 

locations in the HSC.  One would suppose that storm flows, being larger, would produce higher 

velocities which lead to sediment erosion from increased bed shear stress.  The model results do 

not support this supposition.  Instead, what occurs is that upstream suspended solids loads 

increase dramatically from the dual effect of more flow and higher concentrations.  These 

upstream loads are delivered to the HSC, but it would appear that the velocities are slow enough 

(and possibly even the tidal exchange period velocities are muted from increases freshet) that the 

increased sediment deposits wherever it is.  Some of the reason for this in the model is likely that 

fine and medium sands, with zero concentrations at model boundaries during dry periods, have 

some concentration during wet weather.  Because of their much higher fall velocities, it is 

possible that much of the increased deposition in the wake of a storm is these heavier sediments. 

Because of what appeared to be a fairly unique storm event during the model period at 

around 378-381 days, this period was inspected in more detail for the Turning Basin to better 

understand system behavior.  Figure 8.3 presents the time series data for several variables 

related to sediment transport and loading during the storm even of days 378-381 that correspond 

to 11/15/2003-11/18/2003.  The rainfall for the period as recorded was directly at that location and 

was a total 8.2 cm (3.2 in) over the 3-day period.  Below the rain plot is a time series of the 

bottom layer (lower 5% of depth) velocity and the bed shear stress in N/m2.  The cohesive 

sediment critical erosional and depositional stresses are provided for reference.  It is clear that 

leading up to the storm, velocities and shear stress (directly related) began to increase before any 

actual rain was recorded at the location.  This pattern likely indicates that rain was occurring in 

the upper watershed before it actually fell at the Turning Basin.  Other than right around this 

period of increased bottom velocity, the shear stress remained in the depositional state (below 

depositional critical stress) or it was between the critical stresses where nothing will deposit or 

erode at least as far as how the model is presently formulated.  In fact this time series shows that 

in only 5% of the time, the shear stress was high enough to cause erosion while it was in between 

the stresses 13% of the time.  The majority of the time (82%), it was in a depositional state. The 

maximum shear stress was near 1.0 N/m2 which is nearly seven times the critical erosion stress 

of 0.15 N/m2.  Since the resuspension mass rate is proportional to the difference between actual 

stress and critical erosional stress, the resuspension mass rate would be expected to be high at 

least for this very short period.
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Figure 8.3. Sediment and flow related variables for the water column and sediment bed at the Turning Basin during some clustered rain 
events from 11/15/2003-11/18/2003 (model days 378-381) with total rainfall approximately 8.2 cm (3.2 in).  The upstream boundary 
concentration for dry and wet time periods is 24 and 100 mg/L, respectively, with fine and medium sands at zero boundary 
concentration during dry weather. 
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The right side plots of Figure 8.3 show how the sediment responded to the flow and rain 

conditions.  The flow coming into Turning Basin shows a marked response to the storm, but it 

does not do so until well after the increased lower velocity and shear stress occur.  The ability of 

the HSC to respond in this way to a storm shows that it is not so tidally influenced that the amount 

of water from the freshet is negligible compared to tidal exchanges.  Turning Basin is about 40 km 

upstream from the HSC entrance into Galveston Bay at Morgan’s Point.  The top plot shows net 

sediment load into Turning Basin from flows while the middle plot shows the load of sediment 

from the sediment bed due to resuspension.  It is only for a brief period that both are elevated.  

For the advective-based sediment transport, the net load is only high for a short period, and 

presumably the total sediment inflow may still be high coming into Turning Basin.  However, both 

the inflow and outflow sediment load are high such that net accumulation is minor.  As for the 

sediment bed based sediment mass load, it is high for only a short period because the shear 

stress is only elevated for a short period (12-24 hrs).  And finally the bottom plot shows an 

elevated concentration of suspended sediment from both watershed loads and sediment 

resuspension which last a little longer than the load spikes but not much longer.  It would appear 

that this portion of the estuary is fairly effective at flushing out sediment concentration slugs 

relatively quickly (on the order of less than a day). 

These analyses have some important implications for PCB fate-and-transport as mediated 

by the movement of sediment into and out of the water column and into and out of the estuary.  

The first is that for many of the Upper HSC locations, where the sediment PCB concentration is 

the highest, the rate of accumulation or loss of sediment seems fairly slow.  If one PCB that was 

important in the diffusive flux discussion of Chapter 6, PCB 147/148, is analyzed. It can be seen 

that the ratio of bed sediment to suspended sediment concentration for 2002-04 (ng/kg dry basis) 

was such that bed sediment is usually 30-100 times higher than suspended sediments sampled 

from the same period.  The input load from flow (not net input-output), however, was for the time 

period in Figure 8.3 at a median level around 10,500 times higher than the load from bed 

sediment mass exchange.  The resultant load ratio is still 100-200 times higher in flow into and 

out of the segment compared to PCB load from sediment bed resuspension and deposition.  For 

further understanding, the PCB load for PCB-147/149 is calculated for bed sediment 

resuspension, and is found to be at a median of  51 pg/m2-sec (absolute magnitude regardless of 

sign) or -22 pg/m2-sec (watersediment) taking the direction of flux into account. The diffusive 
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flux of PCB-147/149 in 2002-04 (Figure 6.6) was about 10 pg/m2-sec (sedimentwater).  It would 

then appear that the fluxes are on the same general order of magnitude, but the sediment 

resuspension flux constantly changes direction as sediment resuspension changes direction.  

The diffusive flux is constantly going in one direction according to the overall concentration 

gradient, which is much more stable than sediment transport dynamics.  If the PCB 147/149 

fluxes are summed over the entire period  in the figure (120 days), the result is that the net 

resuspension/deposition flux is -1.64 ug/m2 (watersed) while the interfacial diffusive flux is 104 

ug/m2. In this case, though the magnitude of sediment resuspension-deposition fluxes are often 

much greater than the diffusive fluxes, the net result is not as much overall mass of PCBs as a 

constant uni-directional diffusive flux across the sediment-water interface. 

A second major point of emphasis is the general fate of suspended sediment PCBs that 

come in from the watershed which can often be much higher in concentration and load than dry 

weather suspended sediment [20].  The patterns of the sediment bed mass gains and losses 

(Figure 8.2) seem to indicate that when high suspended sediment loads come down from the 

watershed, they do temporarily increase the suspended sediment concentration and by extension 

the suspended concentration of PCBs.  But it would appear that the sediments are not flushed out 

of the estuary but rather when they reach the slower velocities inherent to the deep and wide 

sections of the HSC (e.g., dredged Turning Basin and Greens Bayou), they deposit possibly to 

remain there for some time.  In these situations, it may be that only extremely powerful flow and 

shear stress events (e.g., Hurricane Ike flux change in Figure 6.6) can disrupt these high PCB, 

watershed-sourced sediments. The only way that the watershed-sourced particulate PCBs will be 

removed is likely by very large events, by slow burial, or by gradual concentration reductions from 

the leaching to the overlying water column.  Unfortunately, this last reduction mechanism would 

only likely be effective if the sediments being deposited are cleaner than those that are being 

buried.  If they are the same, the diffusive fluxes will remain the same regardless of how much 

burial occurs. 

Lastly, it should be mentioned that there is one source of sediment transport that can affect 

PCB distribution which is less simple to understand through modeling.  That is the location, 

frequency, and quantity of navigational channel dredging and the disposal of dredge material.  

The main central channel in the HSC is dredge annually, and contaminated sediment are likely 
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part of the dredged material.  This type of dredging can represent large scale sediment 

movement and PCB redistribution, which EFDC  model development did not specifically address. 
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Chapter 9. Summary and Conclusions 

This dissertation examined the relationship that bed sediment and suspended sediment 

have to the overall fate-and-transport of persistent organic pollutants of the HSC, namely PCBs 

and PCDD/Fs.  Sediments and contaminants are somewhat dynamic, though not necessarily on 

the same timescales, and the interaction amongst these variables with flow conditions in an 

estuary as large and diverse as the HSC is not trivial.  There is no standard model by which to 

provide values for key variables and then be able to explain all of nuances of dynamic fluxing, 

partitioning, and contaminant mass balance.  These questions were the main driver in this 

dissertation because it is vital to have an understanding of the role of sediment is for PCB 

contamination in the HSC.  Understanding the sediment’s role in partitioning, diffusion, and 

sediment transport are vital for determining where the problems actually lie, where remedial 

efforts should be directed, and how long should one expect that abiotic PCB concentrations will 

continue to excessively load up fish tissue to levels deleterious to human health. 

Temporal and spatial trends of PCBs in the HSC over the last 10 years proved effective at 

setting the stage for what issues might require additional investigation to better characterize the 

role of sediment-mediated contaminant transport.  The analysis showed that PCB concentrations 

in bed sediment were high early in last decade, were reduced over a 5 year period, but returned 

to high concentrations again in 2009.  It was supposed that the large flows and power in 

Hurricane Ike in later summer 2008 may be responsible for the larger increase and even 

redistribution of contaminant spatial trends.  The historical analysis also showed that PCBs 

appear to be abnormally high in the operationally dissolved phase, a parameter somewhat 

particular to the high volume water sampling technique, when it would be expected that PCBs, 

being hydrophobic, should be preferential to bed and suspended particles.  Appeals to different 

forms of natural organic matter (DOC, POC) and common partition model relationship did not 

seem to satisfactorily close the contaminant  mass balance according to what was actually 

measured versus what partition models predict should occur. 

The same partition models introduced in the historical analysis were useful to examine 

temporal and spatial concentration of PCBs in what is referred to as the “truly” or “freely” 

dissolved phase.  This phase represents the part of the total water PCB concentration that is 

literally dissolved by an enclosure of water molecules (as opposed to simply passing through a 
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filter for which all filtrates are deemed “dissolved”).  The freely dissolved phase is important 

because it is a surrogate for chemical activity, and thus it can be used to look at contaminant 

trends on a more equal footing and examine partitioning more accurately, which is important both 

for partitioning to sediments and to biolipids.  The freely dissolved analysis confirmed what was 

supposed by the historical analysis of bulk concentrations; a decrease in contaminant chemical 

activity did occur in 2008 but rebounded by 2009.  It was also seen that generally PCBs in freely 

dissolved pore water have been higher than freely dissolved PCBs in the water column.  This 

suggests that despite any reductions in PCBs over the last 10 years, the sediment bed, which 

contains a large total mass of PCBs some likely very old, has sourced and will continue to source 

the water column.  The exact comparison between water column and bed sediment is 

unfortunately made difficult by the fact that there are many partition models to choose from, and 

their results can vary widely. 

Water column concentrations of operationally dissolved and operationally suspended 

fractions were examined according to common partition models and general functionality 

according to PCB hydrophobicity and bulk water parameters (e.g., TSS, DOC, POC).  The 

analysis examined both PCB and PCDD/F data because PCDD/Fs appeared to behave 

functionally different than PCBs in that PCDD/Fs with similar log Kow to some PCBs were higher 

in the operationally suspended fraction.  A comparative analysis using both a three-phase 

(dissolved, DOC, POC) and four-phase (dissolved, DOC, BC, AOC) showed that the difference 

between them appears to be real.  PCBs in actuality are noticeably higher in the truly 

dissolved+DOC phase than PCDD/Fs, and this may have important fate-and-transport 

implications because suspended sediment can eventually deposit and resuspend while the truly 

dissolved and DOC phases generally cannot.  A comparison of the black carbon and no black 

carbon models seemed to show that black carbon, if it is present in the water column on 

suspended sediment, likely does not have a major role in water column partitioning.  This result 

was demonstrated in that black carbon models that were fit to the measured data generally fit 

best when the fraction of black carbon was extremely low and near zero. 

The freely dissolved idea was embedded within diffusive transport of PCBs across the 

sediment-water interface.  The interface was conceptualized as a diffusive wall boundary that had 

a still, thin boundary layer that served as a mass transport bottleneck, which potentially controls 

the overall flux from sediment to water or vice versa.  The calculations showed that many factors 
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can affect both the direction of the flux and the magnitude, but the greatest influencers (for values 

that could actually exist in the HSC) were sediment pore water DOC concentrations and overall 

bulk sediment PCB concentrations.  The two factors influenced primarily lower chlorinated PCBs 

for which a critical time, the time about which the boundary layer no longer controls mass 

transport, had often passed.  PCB fluxes based on real HSC data revealed that fluxes, like bulk 

sediment concentrations and freely dissolved pore water concentrations, have changed 

significantly over time.  Yet congener level analysis of fluxes revealed that the fluxes can vary 

widely as a result of chemical distinctions primarily related to the POC partition coefficient (Kpoc).  

Most of the time in the last 10 years, PCB fluxes were from sediment to water, except for a few 

congeners (PCB-209 and PCB-011) which may have more contemporary sourcing.  Spatially the 

fluxes are the highest in the most upper part of the HSC, where industry is most concentrated, 

diminish in lower HSC, and become almost net zero in Galveston Bay.  All other things being 

equal, it was found that if one could simply change sediment bed bulk PCB concentrations at will 

that to reduce fluxes to zero or near zero would require PCB reductions from 30-99% of the 

current concentrations.  Such reductions would be no doubt difficult, and thus other strategies for 

removal, dilution, or mass flux mitigation may be required. 

The large scale fate-and-transport model of PCBs, developed for the HSC, included 

components for hydrodynamics, salinity, sediment transport, and PCB contaminant transport.  

The model covered a fairly large area with relatively high model cell density.  Using data from 

public sources and from what was measured over the last 10 years at the University of Houston, 

the model was setup, calibrated, checked for appropriate spinup time, and run for a period of two 

years for hydrodynamics, salinity, and sediment transport.  Model post-analysis was conducted 

on the sediment transport output from a 2-year model run.  An interesting finding from this effort 

was that areas of the lower HSC experience net erosion in a general constant sense but are 

rebuilt every time a large rain comes and brings more settleable solids with it.  A look into a single 

storm at the Turning Basin revealed that even during large flow events, the shear stress at the 

sediment bed is generally not sufficient to resuspend sediments for very long.  Conversion of the 

resuspension/deposition rates to estimates of PCB flux showed that the magnitude of these 

exchanges can be large, but they often cancel each other out as resuspension and deposition 

cycle back and forth often.  These cancellations mean that the sediment diffusive flux is often 

greater in a net sense that the flux from particle motions because the diffusive is always 
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happening in the same direction and generally without as much dynamics as other contaminant 

transport processes. 
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Appendix A. Chemical parameters per congener from the epa sparc model 

The EPA SPARC model uses the molecular structure or organic compounds to predict 

many chemical properties which would normally need to be extensively measured for each 

compound individually.  All log Kow shown and used to estimate partition coefficients were 

obtained from SPARC for PCBs and PCDD/Fs, and molecular diffusivities used for sediment bed 

flux estimations were also taken from SPARC.  The SPARC predicted values for the 17 2378 

substituted PCDD/Fs and all 209 PCBs are provided in Table A.1.  In instances where there were 

coeluting PCBs, the SPARC values were simply averaged for all of the values of the individual 

congeners in the coelute group.
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Table A.1. SPARC POPs estimated chemical properties. 

Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

4  2378‐TCDD  1  6.49  5.15E‐06  424.5  6.21E‐06  1.68  ‐2.590  191.3  6.39E‐03 

5  12378‐PeCDD  1  7.19  3.94E‐07  469.5  6.00E‐06  1.76  ‐2.740  202.7  7.56E‐04 

6  123478‐HxCDD  1  7.95  1.58E‐08  508.2  5.81E‐06  1.83  ‐2.960  213.8  5.64E‐05 

6  123678‐HxCDD  1  7.92  2.25E‐08  509.9  5.81E‐06  1.83  ‐2.940  214.1  7.55E‐05 

6  123789‐HxCDD  1  7.91  2.59E‐08  507.8  5.81E‐06  1.83  ‐2.910  214.1  8.14E‐05 

7  1234678‐HpCDD  1  8.64  1.71E‐09  510.1  5.63E‐06  1.89  ‐3.050  225.6  8.06E‐06 

8  OCDD  1  9.35  1.27E‐10  501.2  5.46E‐06  1.94  ‐3.160  237.1  8.43E‐07 

4  2378‐TCDF  1  6.46  4.33E‐05  408.1  6.20E‐06  1.59  ‐2.000  192.2  1.33E‐02 

5  12378‐PeCDF  1  7.15  3.65E‐06  433.4  5.98E‐06  1.67  ‐2.160  203.6  1.79E‐03 

5  23478‐PeCDF  1  7.14  3.56E‐06  433.6  5.98E‐06  1.67  ‐2.180  203.6  1.83E‐03 

6  123478‐HxCDF  1  7.87  2.32E‐07  468.9  5.79E‐06  1.74  ‐2.360  215.1  1.99E‐04 

6  123678‐HxCDF  1  7.87  1.98E‐07  472.6  5.79E‐06  1.74  ‐2.430  215.0  1.97E‐04 

6  123789‐HxCDF  1  7.86  2.33E‐07  469.1  5.79E‐06  1.74  ‐2.380  215.0  2.06E‐04 

6  234678‐HxCDF  1  7.85  2.22E‐07  469.4  5.79E‐06  1.74  ‐2.420  215.0  2.16E‐04 

7  1234678‐HpCDF  1  8.55  1.86E‐08  497.3  5.61E‐06  1.81  ‐2.540  226.5  2.63E‐05 

7  1234789‐HpCDF  1  8.56  1.91E‐08  498.1  5.61E‐06  1.81  ‐2.520  226.5  2.57E‐05 

8  OCDF  1  9.27  1.17E‐09  518.7  5.45E‐06  1.86  ‐2.720  238.0  2.71E‐06 

1  PCB‐001  1  4.65  0.85  280.4  6.82E‐06  1.15  ‐0.320  163.7  3.27E+00 

1  PCB‐002  1  4.59  0.55  288.2  6.84E‐06  1.16  ‐0.530  163.0  3.50E+00 

1  PCB‐003  1  4.60  0.52  288.7  6.84E‐06  1.16  ‐0.550  163.0  3.40E+00 

2  PCB‐004  1  5.17  0.16  302.0  6.52E‐06  1.26  ‐0.420  176.4  9.00E‐01 

2  PCB‐004/010  2  5.24  0.135  307.9  6.54E‐06  1.265  ‐0.425  175.8  7.75E‐01 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

2  PCB‐005  1  5.27  0.0529  322.3  6.55E‐06  1.27  ‐0.720  175.2  6.10E‐01 

2  PCB‐006  1  5.10  0.0775  311.5  6.54E‐06  1.27  ‐0.740  175.8  9.40E‐01 

2  PCB‐007  1  5.22  0.1  315.0  6.53E‐06  1.27  ‐0.550  176.0  7.90E‐01 

2  PCB‐008  1  5.11  0.0726  311.7  6.54E‐06  1.27  ‐0.760  175.8  9.10E‐01 

2  PCB‐008/005  2  5.19  0.06275  317.0  6.55E‐06  1.27  ‐0.740  175.5  7.60E‐01 

2  PCB‐009  1  5.20  0.11  311.7  6.54E‐06  1.27  ‐0.560  175.8  8.90E‐01 

2  PCB‐009/007  2  5.21  0.105  313.4  6.54E‐06  1.27  ‐0.555  175.9  8.40E‐01 

2  PCB‐010  1  5.30  0.11  313.8  6.55E‐06  1.27  ‐0.430  175.1  6.50E‐01 

2  PCB‐011  1  5.05  0.0499  317.8  6.55E‐06  1.28  ‐0.950  175.0  9.90E‐01 

2  PCB‐012  1  5.20  0.0379  327.1  6.57E‐06  1.28  ‐0.910  174.2  6.80E‐01 

2  PCB‐012/013  2  5.13  0.0423  322.6  6.56E‐06  1.28  ‐0.940  174.6  8.20E‐01 

2  PCB‐013  1  5.05  0.0467  318.1  6.55E‐06  1.28  ‐0.970  175.0  9.60E‐01 

2  PCB‐013/012  2  5.13  0.0423  322.6  6.56E‐06  1.28  ‐0.940  174.6  8.20E‐01 

2  PCB‐014  1  5.18  0.0917  316.7  6.55E‐06  1.27  ‐0.630  175.2  8.70E‐01 

2  PCB‐015  1  5.06  0.0437  318.5  6.55E‐06  1.28  ‐0.990  175.0  9.40E‐01 

3  PCB‐016  1  5.80  0.0102  339.8  6.28E‐06  1.37  ‐0.810  187.9  1.70E‐01 

3  PCB‐017  1  5.77  0.0252  330.4  6.26E‐06  1.36  ‐0.540  188.7  2.20E‐01 

3  PCB‐018  1  5.74  0.0214  331.4  6.27E‐06  1.37  ‐0.660  188.6  2.50E‐01 

3  PCB‐018/030  2  5.85  0.02165  336.5  6.28E‐06  1.37  ‐0.520  188.1  1.95E‐01 

3  PCB‐019  1  5.80  0.0124  339.7  6.28E‐06  1.37  ‐0.730  187.7  1.70E‐01 

3  PCB‐020  1  5.74  0.00496  349.2  6.29E‐06  1.38  ‐1.130  187.3  1.70E‐01 

3  PCB‐020/028  2  5.72  0.006945  346.2  6.29E‐06  1.375  ‐1.055  187.7  1.95E‐01 

3  PCB‐021  1  5.90  0.00492  353.1  6.30E‐06  1.38  ‐0.950  186.9  1.10E‐01 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

3  PCB‐021/033  2  5.81  0.005235  351.3  6.30E‐06  1.38  ‐1.035  187.0  1.50E‐01 

3  PCB‐021/033/020  3  5.79  5.14E‐03  350.6  6.30E‐06  1.38  ‐1.067  187.1  1.57E‐01 

3  PCB‐022  1  5.74  0.00492  349.2  6.29E‐06  1.38  ‐1.140  187.3  1.70E‐01 

3  PCB‐023  1  5.87  0.0103  349.3  6.29E‐06  1.37  ‐0.760  187.6  1.50E‐01 

3  PCB‐024  1  5.91  0.0114  341.7  6.31E‐06  1.38  ‐0.670  186.6  1.40E‐01 

3  PCB‐025  1  5.69  0.00954  343.5  6.28E‐06  1.37  ‐0.970  188.1  2.30E‐01 

3  PCB‐026  1  5.67  0.0106  340.9  6.28E‐06  1.37  ‐0.980  187.9  2.60E‐01 

3  PCB‐026/029  2  5.77  0.008875  347.1  6.29E‐06  1.37  ‐0.940  187.6  2.00E‐01 

3  PCB‐027  1  5.76  0.0103  341.1  6.30E‐06  1.38  ‐0.850  187.2  1.90E‐01 

3  PCB‐027/024  2  5.84  0.01085  341.4  6.31E‐06  1.38  ‐0.760  186.9  1.65E‐01 

3  PCB‐028  1  5.69  0.00893  343.2  6.28E‐06  1.37  ‐0.980  188.1  2.20E‐01 

3  PCB‐028/020  2  5.72  0.006945  346.2  6.29E‐06  1.375  ‐1.055  187.7  1.95E‐01 

3  PCB‐029  1  5.86  0.00715  353.2  6.29E‐06  1.37  ‐0.900  187.3  1.40E‐01 

3  PCB‐030  1  5.95  0.0219  341.5  6.29E‐06  1.37  ‐0.380  187.6  1.40E‐01 

3  PCB‐030/018  2  5.85  0.02165  336.5  6.28E‐06  1.37  ‐0.520  188.1  1.95E‐01 

3  PCB‐031  1  5.67  0.00988  340.6  6.28E‐06  1.37  ‐1.000  187.9  2.50E‐01 

3  PCB‐032  1  5.77  0.00906  341.1  6.30E‐06  1.38  ‐0.880  187.2  1.80E‐01 

3  PCB‐032/016  2  5.79  0.00963  340.5  6.29E‐06  1.375  ‐0.845  187.6  1.75E‐01 

3  PCB‐033  1  5.72  0.00555  349.5  6.30E‐06  1.38  ‐1.120  187.1  1.90E‐01 

3  PCB‐034  1  5.70  0.0135  339.9  6.28E‐06  1.37  ‐0.840  188.1  2.40E‐01 

3  PCB‐034/023  2  5.79  0.0119  344.6  6.29E‐06  1.37  ‐0.800  187.9  1.95E‐01 

3  PCB‐035  1  5.67  0.00351  355.2  6.31E‐06  1.38  ‐1.330  186.3  1.90E‐01 

3  PCB‐036  1  5.65  0.00863  345.5  6.29E‐06  1.37  ‐1.050  187.3  2.50E‐01 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

3  PCB‐037  1  5.67  0.00328  355.1  6.31E‐06  1.38  ‐1.350  186.3  1.90E‐01 

3  PCB‐038  1  5.84  0.00496  354.7  6.32E‐06  1.39  ‐1.020  185.9  1.30E‐01 

3  PCB‐039  1  5.65  0.00807  345.2  6.29E‐06  1.37  ‐1.070  187.3  2.40E‐01 

4  PCB‐040  1  6.44  0.000715  375.5  6.06E‐06  1.46  ‐1.190  199.5  3.23E‐02 

4  PCB‐040/041/071  3  6.44  0.001375  369.7  6.05E‐06  1.46  ‐0.977  199.6  3.46E‐02 

4  PCB‐040/057  2  6.41  0.00075  375.1  6.06E‐06  1.46  ‐1.210  199.6  3.54E‐02 

4  PCB‐041  1  6.46  0.00128  366.1  6.05E‐06  1.46  ‐0.940  199.7  3.25E‐02 

4  PCB‐042  1  6.41  0.00182  367.3  6.04E‐06  1.46  ‐0.920  200.3  4.40E‐02 

4  PCB‐043  1  6.44  0.00163  365.5  6.04E‐06  1.46  ‐0.910  200.4  3.82E‐02 

4  PCB‐043/049  2  6.40  0.002525  362.7  6.04E‐06  1.455  ‐0.855  200.7  5.03E‐02 

4  PCB‐044  1  6.37  0.00155  368.5  6.05E‐06  1.46  ‐1.040  200.2  4.91E‐02 

4  PCB‐044/047/065  3  6.44  0.00236  365.0  6.05E‐06  1.46  ‐0.823  199.9  4.31E‐02 

4  PCB‐045  1  6.42  0.00134  366.9  6.06E‐06  1.46  ‐0.980  199.3  3.65E‐02 

4  PCB‐045/051  2  6.42  0.001645  367.0  6.06E‐06  1.46  ‐0.925  199.7  3.93E‐02 

4  PCB‐046  1  6.44  0.000865  376.0  6.06E‐06  1.47  ‐1.110  199.3  3.25E‐02 

4  PCB‐047  1  6.38  0.00402  358.7  6.03E‐06  1.45  ‐0.680  201.1  5.58E‐02 

4  PCB‐047/075/048  3  6.40  2.63E‐03  364.3  6.04E‐06  1.456667  ‐0.797  200.3  4.53E‐02 

4  PCB‐048  1  6.41  0.00187  367.3  6.05E‐06  1.46  ‐0.890  200.1  4.21E‐02 

4  PCB‐049  1  6.35  0.00342  359.9  6.03E‐06  1.45  ‐0.800  201.0  6.23E‐02 

4  PCB‐049/069  2  6.39  0.002775  363.7  6.04E‐06  1.455  ‐0.800  200.4  5.07E‐02 

4  PCB‐050  1  6.46  0.00256  366.4  6.04E‐06  1.46  ‐0.690  200.3  3.60E‐02 

4  PCB‐050/053  2  6.42  0.00211  367.3  6.05E‐06  1.46  ‐0.840  200.1  4.15E‐02 

4  PCB‐051  1  6.41  0.00195  367.1  6.05E‐06  1.46  ‐0.870  200.1  4.21E‐02 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

4  PCB‐052  1  6.30  0.00329  362.8  6.03E‐06  1.45  ‐0.890  200.8  7.33E‐02 

4  PCB‐052/073  2  6.34  0.002525  365.9  6.05E‐06  1.455  ‐0.925  200.2  6.01E‐02 

4  PCB‐053  1  6.38  0.00166  368.2  6.05E‐06  1.46  ‐0.990  199.9  4.69E‐02 

4  PCB‐053/050  2  6.42  0.00211  367.3  6.05E‐06  1.46  ‐0.840  200.1  4.15E‐02 

4  PCB‐054  1  6.44  0.000929  375.9  6.07E‐06  1.47  ‐1.060  198.9  3.10E‐02 

4  PCB‐055  1  6.38  0.000466  378.8  6.07E‐06  1.47  ‐1.370  199.0  3.13E‐02 

4  PCB‐056  1  6.36  0.000382  386.3  6.07E‐06  1.47  ‐1.500  198.6  3.46E‐02 

4  PCB‐056/060  2  6.37  0.000409  382.6  6.07E‐06  1.47  ‐1.440  198.8  3.25E‐02 

4  PCB‐057  1  6.37  0.000785  374.6  6.05E‐06  1.46  ‐1.230  199.7  3.85E‐02 

4  PCB‐058  1  6.34  0.000951  377.1  6.06E‐06  1.46  ‐1.220  199.6  4.56E‐02 

4  PCB‐059  1  6.38  0.00111  368.4  6.07E‐06  1.47  ‐1.090  198.8  3.96E‐02 

4  PCB‐059/062/075  3  6.47  1.69E‐03  367.8  6.07E‐06  1.466667  ‐0.840  199.0  3.35E‐02 

4  PCB‐060  1  6.38  0.000435  378.9  6.07E‐06  1.47  ‐1.380  199.0  3.03E‐02 

4  PCB‐061  1  6.58  0.000562  379.6  6.07E‐06  1.47  ‐1.060  198.7  1.85E‐02 

4  PCB‐061/070/074/076  4  6.43  0.00102  375.6  6.06E‐06  1.465  ‐1.103  199.2  3.33E‐02 

4  PCB‐062  1  6.60  0.00196  368.3  6.08E‐06  1.47  ‐0.610  198.6  2.30E‐02 

4  PCB‐063  1  6.38  0.000733  374.4  6.05E‐06  1.46  ‐1.250  199.7  3.73E‐02 

4  PCB‐064  1  6.39  0.00103  368.4  6.07E‐06  1.47  ‐1.110  198.8  3.84E‐02 

4  PCB‐065  1  6.57  0.00151  367.9  6.08E‐06  1.47  ‐0.750  198.4  2.45E‐02 

4  PCB‐066  1  6.30  0.000793  383.7  6.06E‐06  1.46  ‐1.320  199.4  4.74E‐02 

4  PCB‐067  1  6.33  0.000685  380.4  6.06E‐06  1.46  ‐1.310  199.5  4.09E‐02 

4  PCB‐068  1  6.30  0.00163  372.5  6.04E‐06  1.46  ‐1.080  200.4  5.68E‐02 

4  PCB‐069  1  6.42  0.00213  367.5  6.05E‐06  1.46  ‐0.800  199.7  3.91E‐02 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 
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log Henry 
constant 
(atm/mol‐L) 
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Water 
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(mg/L) 

4  PCB‐069/049  2  6.39  0.002775  363.7  6.04E‐06  1.455  ‐0.800  200.4  5.07E‐02 

4  PCB‐070  1  6.42  0.00213  367.5  6.05E‐06  1.46  ‐0.800  199.7  3.91E‐02 

4  PCB‐071  1  6.42  0.00213  367.5  6.05E‐06  1.46  ‐0.800  199.7  3.91E‐02 

4  PCB‐071/064/072/068  4  6.35  0.001708  370.1  6.05E‐06  1.4625  ‐1.015  199.8  5.07E‐02 

4  PCB‐072  1  6.27  0.00204  371.8  6.04E‐06  1.46  ‐1.070  200.3  6.86E‐02 

4  PCB‐073  1  6.37  0.00176  369.0  6.06E‐06  1.46  ‐0.960  199.5  4.69E‐02 

4  PCB‐074  1  6.34  0.00064  379.7  6.06E‐06  1.46  ‐1.330  199.5  3.97E‐02 

4  PCB‐074/061  2  6.46  0.000601  379.7  6.07E‐06  1.465  ‐1.195  199.1  2.91E‐02 

4  PCB‐075  1  6.42  0.00199  366.8  6.05E‐06  1.46  ‐0.820  199.7  3.79E‐02 

4  PCB‐076  1  6.37  0.000747  375.4  6.07E‐06  1.47  ‐1.220  198.8  3.58E‐02 

4  PCB‐076/080  2  6.31  0.001154  375.7  6.06E‐06  1.465  ‐1.185  199.3  5.00E‐02 

4  PCB‐077  1  6.28  0.000285  394.2  6.09E‐06  1.48  ‐1.680  197.6  3.93E‐02 

4  PCB‐078  1  6.31  0.000469  381.6  6.08E‐06  1.47  ‐1.430  198.1  3.67E‐02 

4  PCB‐079  1  6.26  0.000715  386.3  6.07E‐06  1.47  ‐1.400  198.7  5.20E‐02 

4  PCB‐080  1  6.25  0.00156  376.0  6.05E‐06  1.46  ‐1.150  199.7  6.41E‐02 

4  PCB‐081  1  6.32  0.000438  380.8  6.08E‐06  1.47  ‐1.450  198.1  3.56E‐02 

5  PCB‐082  1  7.09  9.05E‐05  399.5  5.85E‐06  1.55  ‐1.320  211.3  6.12E‐03 

5  PCB‐083  1  7.06  0.000149  404.2  5.84E‐06  1.54  ‐1.230  211.9  8.14E‐03 

5  PCB‐083/099  2  7.04  0.000227  399.7  5.84E‐06  1.54  ‐1.130  212.2  9.32E‐03 

5  PCB‐084  1  7.06  9.42E‐05  401.0  5.86E‐06  1.55  ‐1.350  210.9  6.89E‐03 

5  PCB‐084/101/090/092  4  7.03  0.000227  396.7  5.84E‐06  1.54  ‐1.163  212.2  1.00E‐02 

5  PCB‐085  1  7.07  0.000207  390.6  5.84E‐06  1.54  ‐1.080  212.1  8.04E‐03 

5  PCB‐085/116/117  3  7.16  1.56E‐04  394.1  5.86E‐06  1.546667  ‐1.020  210.9  5.76E‐03 
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Chlorines  Analyte 
Number of 
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Vapor 
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5  PCB‐086  1  7.13  0.000151  390.6  5.85E‐06  1.54  ‐1.050  211.5  5.46E‐03 

5  PCB‐086/087/097/108/119/125  6  7.04  1.45E‐04  400.7  5.85E‐06  1.543333  ‐1.232  211.3  7.84E‐03 

5  PCB‐086/087/097/109/119/125  6  7.06  1.54E‐04  398.3  5.86E‐06  1.545  ‐1.173  211.2  7.40E‐03 

5  PCB‐086/125/117  3  7.07  0.000129  395.2  5.86E‐06  1.546667  ‐1.190  210.8  6.41E‐03 

5  PCB‐087  1  7.02  0.000211  393.3  5.84E‐06  1.54  ‐1.150  212.0  9.71E‐03 

5  PCB‐088  1  7.13  0.000182  390.0  5.85E‐06  1.55  ‐0.970  211.3  5.47E‐03 

5  PCB‐088/091  2  7.08  0.000199  391.2  5.85E‐06  1.545  ‐1.040  211.5  7.26E‐03 

5  PCB‐089  1  7.10  9.67E‐05  399.3  5.86E‐06  1.55  ‐1.270  211.0  5.85E‐03 

5  PCB‐090  1  7.05  0.000265  391.9  5.83E‐06  1.53  ‐1.050  212.7  9.52E‐03 

5  PCB‐090/101/113  3  7.01  0.000255  395.2  5.84E‐06  1.54  ‐1.120  212.1  1.07E‐02 

5  PCB‐091  1  7.03  0.000215  392.3  5.85E‐06  1.54  ‐1.110  211.7  9.05E‐03 

5  PCB‐092  1  7.01  0.000255  394.9  5.83E‐06  1.54  ‐1.130  212.6  1.12E‐02 

5  PCB‐093  1  7.09  0.000179  390.9  5.86E‐06  1.55  ‐1.050  211.1  6.48E‐03 

5  PCB‐093/098/100/102  4  7.08  0.000231  398.2  5.85E‐06  1.5425  ‐1.040  211.8  7.54E‐03 

5  PCB‐094  1  7.08  0.000125  399.9  5.85E‐06  1.54  ‐1.240  211.7  6.97E‐03 

5  PCB‐095  1  6.99  0.000207  395.0  5.85E‐06  1.54  ‐1.200  211.6  1.06E‐02 

5  PCB‐095/093  2  7.04  0.000193  393.0  5.86E‐06  1.545  ‐1.125  211.4  8.54E‐03 

5  PCB‐096  1  7.06  0.0001  400.9  5.87E‐06  1.55  ‐1.300  210.5  6.54E‐03 

5  PCB‐097  1  7.05  0.000134  403.7  5.85E‐06  1.54  ‐1.270  211.7  8.07E‐03 

5  PCB‐098  1  7.09  cord><rec4 402.8  5.84E‐06  1.54  ‐1.070  211.8  6.86E‐03 

5  PCB‐098/102  2  7.07  0.000168  403.6  5.85E‐06  1.54  ‐1.140  211.7  7.39E‐03 

5  PCB‐099  1  7.02  0.000304  395.1  5.83E‐06  1.54  ‐1.030  212.5  1.05E‐02 

5  PCB‐100  1  7.07  0.000411  394.5  5.83E‐06  1.54  ‐0.830  212.6  8.91E‐03 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

5  PCB‐100/093/102/098  4  7.08  0.000231  398.2  5.85E‐06  1.5425  ‐1.040  211.8  7.54E‐03 

5  PCB‐101  1  6.98  0.000293  398.8  5.83E‐06  1.54  ‐1.120  212.4  1.24E‐02 

5  PCB‐102  1  7.05  0.000153  404.4  5.85E‐06  1.54  ‐1.210  211.5  7.92E‐03 

5  PCB‐103  1  7.02  0.000395  398.1  5.83E‐06  1.54  ‐0.910  212.5  1.05E‐02 

5  PCB‐104  1  7.10  0.000194  402.9  5.85E‐06  1.54  ‐1.020  211.5  6.55E‐03 

5  PCB‐105  1  6.99  3.84E‐05  414.1  5.87E‐06  1.55  ‐1.710  210.4  6.38E‐03 

5  PCB‐105/127  2  6.96  6.27E‐05  411.4  5.87E‐06  1.55  ‐1.620  210.5  7.96E‐03 

5  PCB‐106  1  7.05  5.41E‐05  402.9  5.86E‐06  1.55  ‐1.470  210.9  5.17E‐03 

5  PCB‐107  1  6.99  0.000066  412.5  5.86E‐06  1.55  ‐1.580  211.1  8.03E‐03 

5  PCB‐107/108  2  6.98  8.17E‐05  409.3  5.86E‐06  1.545  ‐1.505  211.3  8.29E‐03 

5  PCB‐107/124  2  6.97  9.05E‐05  408.6  5.86E‐06  1.55  ‐1.510  211.1  9.22E‐03 

5  PCB‐108  1  6.97  9.74E‐05  406.0  5.85E‐06  1.54  ‐1.430  211.4  8.55E‐03 

5  PCB‐108/124  2  6.96  0.000106  405.4  5.86E‐06  1.545  ‐1.435  211.3  9.48E‐03 

5  PCB‐109  1  7.09  0.000151  391.4  5.86E‐06  1.55  ‐1.080  210.7  5.91E‐03 

5  PCB‐109/119/086/097/125/087  6  7.06  1.54E‐04  398.3  5.86E‐06  1.545  ‐1.173  211.2  7.40E‐03 

5  PCB‐110  1  7.00  9.36E‐05  405.1  5.87E‐06  1.55  ‐1.440  210.1  8.29E‐03 

5  PCB‐110/115  2  7.05  0.000117  398.4  5.87E‐06  1.55  ‐1.270  210.4  7.01E‐03 

5  PCB‐111  1  6.96  0.000186  408.2  5.84E‐06  1.54  ‐1.270  212.1  1.12E‐02 

5  PCB‐111/087/115/116  4  7.11  0.000165  398.1  5.85E‐06  1.545  ‐1.080  211.2  7.27E‐03 

5  PCB‐112  1  7.05  0.000149  392.3  5.86E‐06  1.55  ‐1.160  210.6  7.01E‐03 

5  PCB‐113  1  6.99  0.000207  395.0  5.86E‐06  1.55  ‐1.190  211.2  1.03E‐02 

5  PCB‐113/090/101  3  7.01  0.000255  395.2  5.84E‐06  1.54  ‐1.120  212.1  1.07E‐02 

5  PCB‐114  1  7.06  5.05E‐05  403.3  5.86E‐06  1.55  ‐1.490  210.9  5.01E‐03 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

5  PCB‐115  1  7.10  0.000141  391.6  5.86E‐06  1.55  ‐1.100  210.7  5.73E‐03 

5  PCB‐116  1  7.35  0.000121  399.4  5.87E‐06  1.55  ‐0.800  210.0  2.44E‐03 

5  PCB‐117  1  7.05  0.000139  392.4  5.86E‐06  1.55  ‐1.180  210.6  6.80E‐03 

5  PCB‐117/116/085  3  7.16  1.56E‐04  394.1  5.86E‐06  1.546667  ‐1.020  210.9  5.76E‐03 

5  PCB‐118  1  6.95  5.74E‐05  420.4  5.86E‐06  1.55  ‐1.660  210.9  8.48E‐03 

5  PCB‐118/106  2  7.00  5.58E‐05  411.7  5.86E‐06  1.55  ‐1.565  210.9  6.83E‐03 

5  PCB‐119  1  7.03  0.000181  407.9  5.86E‐06  1.55  ‐1.150  211.1  8.25E‐03 

5  PCB‐119/109  2  7.06  0.000166  399.7  5.86E‐06  1.55  ‐1.115  210.9  7.08E‐03 

5  PCB‐120  1  6.94  0.000128  411.1  5.84E‐06  1.54  ‐1.410  211.9  1.07E‐02 

5  PCB‐121  1  7.02  0.000396  398.1  5.84E‐06  1.54  ‐0.900  212.1  1.02E‐02 

5  PCB‐122  1  7.01  0.000052  410.3  5.87E‐06  1.55  ‐1.600  210.4  6.64E‐03 

5  PCB‐123  1  6.96  9.66E‐05  406.2  5.85E‐06  1.55  ‐1.440  211.2  8.69E‐03 

5  PCB‐124  1  6.94  0.000115  404.7  5.86E‐06  1.55  ‐1.440  211.1  1.04E‐02 

5  PCB‐125  1  7.04  9.79E‐05  402.6  5.87E‐06  1.55  ‐1.340  210.3  6.98E‐03 

5  PCB‐126  1  6.94  3.41E‐05  416.6  5.88E‐06  1.56  ‐1.810  209.5  7.08E‐03 

5  PCB‐127  1  6.92  0.000087  408.7  5.87E‐06  1.55  ‐1.530  210.5  9.53E‐03 

6  PCB‐128  1  7.74  1.23E‐05  421.7  5.67E‐06  1.62  ‐1.430  223.1  1.19E‐03 

6  PCB‐128/166  2  7.78  1.18E‐05  420.1  5.68E‐06  1.62  ‐1.330  222.7  9.33E‐04 

6  PCB‐129  1  7.77  1.07E‐05  421.0  5.66E‐06  1.62  ‐1.430  223.1  1.02E‐03 

6  PCB‐129/138/163  3  7.71  1.39E‐05  424.1  5.67E‐06  1.62  ‐1.440  222.9  1.35E‐03 

6  PCB‐130  1  7.72  0.000016  422.6  5.66E‐06  1.61  ‐1.400  223.8  1.43E‐03 

6  PCB‐131  1  7.77  1.27E‐05  420.9  5.67E‐06  1.62  ‐1.350  222.9  1.01E‐03 

6  PCB‐131/132/133  3  7.72  1.63E‐05  424.0  5.66E‐06  1.616667  ‐1.387  223.3  1.39E‐03 



 

276 

 

Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

6  PCB‐132  1  7.70  1.28E‐05  423.3  5.67E‐06  1.62  ‐1.470  222.7  1.34E‐03 

6  PCB‐133  1  7.69  2.34E‐05  427.7  5.65E‐06  1.61  ‐1.340  224.4  1.81E‐03 

6  PCB‐134  1  7.72  1.27E‐05  422.4  5.67E‐06  1.62  ‐1.430  222.7  1.21E‐03 

6  PCB‐134/142  2  7.79  1.36E‐05  419.2  5.67E‐06  1.62  ‐1.265  222.7  9.28E‐04 

6  PCB‐134/143  2  7.75  1.21E‐05  421.6  5.67E‐06  1.62  ‐1.405  222.8  1.09E‐03 

6  PCB‐135  1  7.70  1.47E‐05  423.5  5.66E‐06  1.62  ‐1.460  223.4  1.52E‐03 

6  PCB‐135/144  2  7.70  2.17E‐05  418.8  5.66E‐06  1.615  ‐1.325  223.5  1.56E‐03 

6  PCB‐135/151  2  7.68  2.15E‐05  420.0  5.66E‐06  1.62  ‐1.365  223.4  1.71E‐03 

6  PCB‐136  1  7.68  1.17E‐05  424.4  5.68E‐06  1.62  ‐1.530  222.2  1.42E‐03 

6  PCB‐137  1  7.74  2.47E‐05  411.9  5.65E‐06  1.61  ‐1.180  223.9  1.35E‐03 

6  PCB‐138  1  7.70  1.84E‐05  425.6  5.66E‐06  1.61  ‐1.380  223.5  1.58E‐03 

6  PCB‐138/163/129  3  7.71  1.39E‐05  424.1  5.67E‐06  1.62  ‐1.440  222.9  1.35E‐03 

6  PCB‐139  1  7.74  2.95E‐05  412.2  5.66E‐06  1.61  ‐1.110  223.7  1.35E‐03 

6  PCB‐139/140  2  7.74  2.71E‐05  418.6  5.66E‐06  1.61  ‐1.145  223.7  1.35E‐03 

6  PCB‐140  1  7.74  2.47E‐05  424.9  5.66E‐06  1.61  ‐1.180  223.6  1.34E‐03 

6  PCB‐141  1  7.70  2.39E‐05  413.6  5.65E‐06  1.61  ‐1.270  223.8  1.60E‐03 

6  PCB‐142  1  7.86  1.44E‐05  416.0  5.67E‐06  1.62  ‐1.100  222.7  6.45E‐04 

6  PCB‐143  1  7.78  1.14E‐05  420.8  5.67E‐06  1.62  ‐1.380  222.9  9.70E‐04 

6  PCB‐144  1  7.70  2.86E‐05  414.1  5.66E‐06  1.61  ‐1.190  223.6  1.59E‐03 

6  PCB‐145  1  7.77  1.35E‐05  420.9  5.67E‐06  1.62  ‐1.300  222.5  9.65E‐04 

6  PCB‐146  1  7.67  2.69E‐05  432.7  5.65E‐06  1.61  ‐1.320  224.2  2.00E‐03 

6  PCB‐147  1  7.70  2.93E‐05  414.1  5.66E‐06  1.61  ‐1.190  223.5  1.61E‐03 

6  PCB‐147/149  2  7.69  2.32E‐05  420.4  5.66E‐06  1.615  ‐1.315  223.3  1.65E‐03 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

6  PCB‐148  1  7.71  3.61E‐05  432.5  5.65E‐06  1.61  ‐1.120  224.3  1.69E‐03 

6  PCB‐149  1  7.67  0.000017  426.6  5.66E‐06  1.62  ‐1.440  223.1  1.69E‐03 

6  PCB‐149/139  2  7.71  2.33E‐05  419.4  5.66E‐06  1.615  ‐1.275  223.4  1.52E‐03 

6  PCB‐150  1  7.70  2.56E‐05  428.4  5.66E‐06  1.62  ‐1.220  223.1  1.50E‐03 

6  PCB‐151  1  7.66  2.83E‐05  416.5  5.66E‐06  1.62  ‐1.270  223.4  1.90E‐03 

6  PCB‐151/135  2  7.68  2.15E‐05  420.0  5.66E‐06  1.62  ‐1.365  223.4  1.71E‐03 

6  PCB‐152  1  7.73  1.35E‐05  422.4  5.68E‐06  1.62  ‐1.380  222.4  1.15E‐03 

6  PCB‐153  1  7.66  2.44E‐05  431.6  5.65E‐06  1.61  ‐1.360  224.0  1.98E‐03 

6  PCB‐153/168  2  7.67  2.65E‐05  432.8  5.66E‐06  1.615  ‐1.290  223.5  1.84E‐03 

6  PCB‐154  1  7.71  3.26E‐05  431.3  5.65E‐06  1.61  ‐1.160  224.1  1.68E‐03 

6  PCB‐155  1  7.77  3.42E‐05  425.3  5.65E‐06  1.61  ‐1.020  224.1  1.27E‐03 

6  PCB‐156  1  7.67  4.48E‐06  433.6  5.68E‐06  1.62  ‐1.820  222.3  1.05E‐03 

6  PCB‐156/157  2  7.66  4.87E‐06  434.8  5.68E‐06  1.62  ‐1.815  222.3  1.14E‐03 

6  PCB‐157  1  7.64  5.26E‐06  435.9  5.68E‐06  1.62  ‐1.810  222.2  1.22E‐03 

6  PCB‐158  1  7.70  1.28E‐05  423.4  5.68E‐06  1.62  ‐1.430  222.1  1.22E‐03 

6  PCB‐159  1  7.64  1.23E‐05  425.7  5.66E‐06  1.62  ‐1.520  223.3  1.47E‐03 

6  PCB‐160  1  7.68  1.05E‐05  424.2  5.68E‐06  1.63  ‐1.550  222.0  1.34E‐03 

6  PCB‐160/158  2  7.69  1.17E‐05  423.8  5.68E‐06  1.625  ‐1.490  222.1  1.28E‐03 

6  PCB‐161  1  7.69  2.85E‐05  414.3  5.66E‐06  1.62  ‐1.180  223.1  1.54E‐03 

6  PCB‐162  1  7.63  1.03E‐05  437.0  5.67E‐06  1.62  ‐1.650  222.9  1.64E‐03 

6  PCB‐163  1  7.66  1.27E‐05  425.7  5.68E‐06  1.63  ‐1.510  222.0  1.46E‐03 

6  PCB‐163/138/129  3  7.71  1.39E‐05  424.1  5.67E‐06  1.62  ‐1.440  222.9  1.35E‐03 

6  PCB‐164  1  7.66  1.15E‐05  425.4  5.68E‐06  1.63  ‐1.570  222.0  1.51E‐03 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

6  PCB‐164/163/138  3  7.67  1.42E‐05  425.6  5.67E‐06  1.623333  ‐1.487  222.5  1.52E‐03 

6  PCB‐165  1  7.65  2.83E‐05  416.6  5.67E‐06  1.62  ‐1.260  223.0  1.84E‐03 

6  PCB‐165/168  2  7.66  2.84E‐05  425.3  5.67E‐06  1.62  ‐1.240  223.0  1.77E‐03 

6  PCB‐166  1  7.82  1.12E‐05  418.5  5.68E‐06  1.62  ‐1.230  222.2  6.75E‐04 

6  PCB‐167  1  7.61  7.01E‐06  440.0  5.67E‐06  1.62  ‐1.790  222.7  1.54E‐03 

6  PCB‐167/162  2  7.62  8.66E‐06  438.5  5.67E‐06  1.62  ‐1.720  222.8  1.59E‐03 

6  PCB‐168  1  7.67  2.85E‐05  433.9  5.67E‐06  1.62  ‐1.220  222.9  1.69E‐03 

6  PCB‐169  1  7.59  4.68E‐06  438.5  5.69E‐06  1.63  ‐1.910  221.3  1.35E‐03 

7  PCB‐170  1  8.42  1.45E‐06  440.0  5.49E‐06  1.68  ‐1.540  234.9  1.96E‐04 

7  PCB‐170/190  2  8.43  1.17E‐06  441.7  5.50E‐06  1.685  ‐1.560  234.3  1.64E‐04 

7  PCB‐171  1  8.41  1.72E‐06  440.1  5.50E‐06  1.68  ‐1.460  234.7  1.95E‐04 

7  PCB‐171/173  2  8.45  1.36E‐06  441.0  5.50E‐06  1.685  ‐1.470  234.5  1.56E‐04 

7  PCB‐172  1  8.39  2.15E‐06  441.7  5.48E‐06  1.68  ‐1.480  235.6  2.51E‐04 

7  PCB‐172/192  2  8.41  2.22E‐06  437.3  5.49E‐06  1.685  ‐1.395  235.1  2.16E‐04 

7  PCB‐173  1  8.49  9.93E‐07  441.8  5.50E‐06  1.69  ‐1.480  234.3  1.16E‐04 

7  PCB‐174  1  8.39  1.33E‐06  441.0  5.50E‐06  1.69  ‐1.600  234.6  2.08E‐04 

7  PCB‐175  1  8.38  2.55E‐06  442.9  5.49E‐06  1.68  ‐1.400  235.3  2.50E‐04 

7  PCB‐176  1  8.38  1.57E‐06  441.2  5.50E‐06  1.69  ‐1.530  234.2  2.07E‐04 

7  PCB‐177  1  8.37  1.72E‐06  442.5  5.50E‐06  1.69  ‐1.540  234.5  2.34E‐04 

7  PCB‐178  1  8.34  2.56E‐06  446.0  5.49E‐06  1.68  ‐1.480  235.2  3.00E‐04 

7  PCB‐179  1  8.34  1.58E‐06  443.6  5.50E‐06  1.69  ‐1.600  234.0  2.48E‐04 

7  PCB‐180  1  8.38  1.94E‐06  441.6  5.49E‐06  1.68  ‐1.510  235.4  2.48E‐04 

7  PCB‐180/193  2  8.35  1.75E‐06  443.1  5.50E‐06  1.685  ‐1.575  234.6  2.56E‐04 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

7  PCB‐181  1  8.47  2.35E‐06  432.0  5.49E‐06  1.68  ‐1.240  235.1  1.58E‐04 

7  PCB‐182  1  8.41  3.11E‐06  442.8  5.48E‐06  1.68  ‐1.270  235.5  2.29E‐04 

7  PCB‐182/187  2  8.38  2.71E‐06  444.2  5.49E‐06  1.68  ‐1.395  235.3  2.63E‐04 

7  PCB‐183  1  8.38  2.31E‐06  442.6  5.49E‐06  1.68  ‐1.440  235.1  2.47E‐04 

7  PCB‐183/185  2  8.40  2.3E‐06  437.5  5.49E‐06  1.68  ‐1.380  235.1  2.18E‐04 

7  PCB‐184  1  8.44  2.39E‐06  438.7  5.49E‐06  1.68  ‐1.300  235.1  1.86E‐04 

7  PCB‐185  1  8.42  2.29E‐06  432.4  5.49E‐06  1.68  ‐1.320  235.0  1.88E‐04 

7  PCB‐186  1  8.50  1.05E‐06  442.0  5.51E‐06  1.69  ‐1.430  233.9  1.10E‐04 

7  PCB‐187  1  8.34  2.31E‐06  445.5  5.49E‐06  1.68  ‐1.520  235.0  2.97E‐04 

7  PCB‐188  1  8.40  2.39E‐06  441.5  5.49E‐06  1.68  ‐1.380  235.0  2.23E‐04 

7  PCB‐189  1  8.33  5.41E‐07  452.7  5.50E‐06  1.69  ‐1.950  234.1  1.87E‐04 

7  PCB‐190  1  8.44  8.8E‐07  443.4  5.51E‐06  1.69  ‐1.580  233.6  1.32E‐04 

7  PCB‐191  1  8.36  1.56E‐06  442.7  5.51E‐06  1.69  ‐1.560  233.9  2.20E‐04 

7  PCB‐192  1  8.42  2.28E‐06  432.8  5.50E‐06  1.69  ‐1.310  234.6  1.81E‐04 

7  PCB‐193  1  8.32  1.55E‐06  444.6  5.51E‐06  1.69  ‐1.640  233.8  2.64E‐04 

7  PCB‐193/180  2  8.35  1.75E‐06  443.1  5.50E‐06  1.685  ‐1.575  234.6  2.56E‐04 

8  PCB‐194  1  9.09  1.81E‐07  456.0  5.33E‐06  1.74  ‐1.630  246.8  3.28E‐05 

8  PCB‐195  1  9.14  1.32E‐07  456.7  5.34E‐06  1.75  ‐1.590  246.1  2.20E‐05 

8  PCB‐196  1  9.08  2.14E‐07  456.0  5.34E‐06  1.74  ‐1.550  246.5  3.27E‐05 

8  PCB‐197  1  9.08  2.22E‐07  456.0  5.34E‐06  1.75  ‐1.510  246.1  3.06E‐05 

8  PCB‐197/200  2  9.10  1.72E‐07  457.3  5.35E‐06  1.75  ‐1.585  245.9  2.70E‐05 

8  PCB‐198  1  9.11  2E‐07  455.0  5.33E‐06  1.74  ‐1.530  246.8  2.86E‐05 

8  PCB‐198/199  2  9.08  2.08E‐07  456.7  5.34E‐06  1.74  ‐1.580  246.6  3.40E‐05 
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Chlorines  Analyte 
Number of 
congeners  log Kow 

Vapor 
pressure 
(Pa) 

Boiling 
point (˚ 
C) 

Water 
molecular 
diffusivity 
(cm2/sec) 

Density 
(g/cm3) 

log Henry 
constant 
(atm/mol‐L) 

Molar 
volume 
(cm3/mol) 

Water 
solubility 
(mg/L) 

8  PCB‐199  1  9.04  2.16E‐07  458.3  5.34E‐06  1.74  ‐1.630  246.4  3.94E‐05 

8  PCB‐200  1  9.11  1.21E‐07  458.6  5.35E‐06  1.75  ‐1.660  245.6  2.33E‐05 

8  PCB‐201  1  9.04  2.24E‐07  458.3  5.34E‐06  1.75  ‐1.590  246.0  3.68E‐05 

8  PCB‐202  1  9.01  1.99E‐07  459.4  5.34E‐06  1.75  ‐1.690  245.9  4.17E‐05 

8  PCB‐203  1  9.11  1.8E‐07  455.6  5.34E‐06  1.74  ‐1.570  246.6  2.82E‐05 

8  PCB‐203/196  2  9.10  1.97E‐07  455.8  5.34E‐06  1.74  ‐1.560  246.6  3.05E‐05 

8  PCB‐204  1  9.16  1.84E‐07  454.7  5.34E‐06  1.74  ‐1.430  246.5  2.10E‐05 

8  PCB‐205  1  9.09  1.2E‐07  459.0  5.35E‐06  1.75  ‐1.680  245.4  2.47E‐05 

9  PCB‐206  1  9.81  1.63E‐08  469.7  5.19E‐06  1.8  ‐1.680  258.0  3.60E‐06 

9  PCB‐207  1  9.81  1.68E‐08  469.8  5.20E‐06  1.8  ‐1.640  257.6  3.37E‐06 

9  PCB‐208  1  9.78  1.49E‐08  471.0  5.20E‐06  1.8  ‐1.750  257.4  3.82E‐06 

10  PCB‐209  1  10.54  1.15E‐09  481.0  5.06E‐06  1.85  ‐1.790  269.0  3.46E‐07 
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Appendix B. Operationally dissolved phase recovery column data analysis 
from summer 2011 

The recovery XAD2 column data for summer 2011 was analyzed for PCBs and PCDD/Fs.  

During that sampling period a separate recovery column (placed after the primary sample XAD2 

column) was used for each type of POP.  The analysis of the recovery column data is important 

because it allows one to determine an optimum sampler flow rate such that the field sample is 

sure to capture all of the analyte in the sample water while still remaining practical for the time of 

collection. 

In summer 2011, the sample team  had allowed up to a pumping rate of about 1.8 L/min or 

so to speed things up.  Sampling conducted in 2002-2004 for PCDD/Fs only used rates that were 

this high and even as high as 2 L/min.  However, it was important to make completely sure that 

recovery column data completely supported using a rate that is 1.8 L/min, or perhaps it would 

allow a rate that is even higher than that.  Figure shows the recovery and parent sample data 

from the one recovery sample taken in summer 2011 at 20574 Hunting Bayou at Wallisville Rd for 

both PCBs and PCDD/Fs.  The PCBs and PCDD/Fs sample recovery and parent columns were 

taken with two different high volume samplers and different total volumes.  The total volume and 

time-weighted mean flow rate for PCBs was 519 L and 1.688 L/min, respectively, and   for 

PCDD/Fs it was 704.7 L and 1.681 L/min.  The flow rates were not that different for the two 

samplers though the total volume was, and the total volume targets last summer were 700L for 

PCDD/Fs and 500 L for PCBs as previous data suggested these would be good volumes to for 

appropriate detection at HSC environmental concentrations. 

The metric in the figure is the percentage of the total operationally dissolved concentration 

for each congener that was not captured by the parent XAD2 column as shown in Equation B-1, 

 

  100%.    [B-1] 

 

The percent not captured is expressed as a cumulative percentile curve.  For PCBs, the 

effective percent not captured seems fairly acceptable for 80% of the congeners and 20% or less.  

The congeners above the 20% mark are congeners with hepta-chlorination or higher.  For 

PCDD/Fs, only about 10% are less than a 20% not captured mark, and at least half of the 17 
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quantified PCDD/F congeners lost 35% or more of the operationally dissolved concentration.  

PCDD/F congeners at 35% loss or greater all contained five chlorines or more.  There were five 

PCDD/F congeners that were not detected in the recovery sample, the parent sample, or both 

and so were not included in the analysis. 

 

Figure B.1. Cumulative percentile plot of PCB and PCDD/F congener parent XAD2 resin 
concentrations compared with recovery column cocentrations in recovery columns used 
in the summer of 2011.  If the two concentrations are summed, then this should represent 
the total concentration of the congener in the operationally dissolved phase.   

It is not completely clear what an acceptable loss out of the parent column is acceptable.  

One could compare the loss percentage to the general precision found in field duplicates.  The 

relative percent difference between field duplicates is considered acceptable if it is within 50%.  

However, this form of field QA/QC is only a measure of precision.  It is not difficult to imagine that 

a field parent and field duplicate might sample the same water at relatively the same intake flow 

rates.  The two might agree with each other very well, but this agreement might simply be a 

reflection of a consistent loss of PCBs or PCDD/Fs when pumping conditions are approximately 

the same.  Such a situation is better than a random variation in the percent not captured by the 

parent column, but it still reflects a systematic inaccuracy. 

There are at least two possible mechanistic explanations for the loss of analyte through the 

XAD2 resin columns.  The first is that the polymeric XAD2 resin may at some point become 
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saturated with analytes or other hydrophobic compounds in the filtrate (from the 1-μm GFF) such 

that whatever enters the column at or near saturation is simply passed through or is not captured 

efficiently (i.e., < 100% captured).  Whether the mechanism of XAD2 capture is adsorption or 

absorption is somewhat irrelevant.  In the case of adsorption, there is a limited amount of surface 

area to sorb the analyte (or other hydrophobic compounds which in this case would effectively 

become sampling interferences).  In the case of absorption, the overall concentration of analyte 

per mass of XAD2 resin would increase throughout the sampling event until it reaches 

thermodynamic equilibrium with the operationally dissolved concentration.  In either case the 

result is that there is a threshold amount of analyte that will be sorbed by the resin and then the 

rest will pass on through column and not be captured. 

The second possible mechanism is the time of interaction the analyte has with the resin, 

and this is quantitated effectively by the residence time.  The residence time can generally be 

seen to be proportionate to the flow rate.  If the flow rate increases, residence time decreases, 

and the capture may be inefficient.  It is likely that there is a threshold maximum flow rate in most 

instances that, if exceeded, will allow analyte to not be captured completely.  Presumably the 

greater the flow rate is above the maximum, the more the analyte will be lost.  Ideally, one would 

know what this maximum flow rate for 100% capture is and would stay below it.  If one could stay 

below that threshold, then the only mechanism causing less than 100% capture would be the 

resin sorption capacity being exhausted as described previously. 

For the recovery and parent column pairing in the figure, it is not clear which mechanism is 

more responsible for breakthrough to the recovery column, and we do not know what the 

maximum allowable sampling flow rate would be to achieve the minimum residence time.  What is 

known is that PCBs generally occur at least ten times higher in concentration than PCDD/Fs for 

most locations.  And yet in the analysis PCDD/Fs have a greater fraction not captured than PCBs.  

This result suggests that the mechanism causing XAD2 column breakthrough is the flow rate 

being used and not that the sorption capacity of the resin is exhausted.  (If the mechanism was 

sorption capacity exhaustion, then PCBs being greater in concentration, would show greater 

column breakthrough.)  If excessive flow is the mechanism, it is curious that PCBs would be 

different than PCDD/Fs.  The reason is that in terms of hydrophobicity, generally PCBs and 

PCDD/Fs are in the same general range of log Kow.  It is fair to eliminate the possibility that the 

differences in PCBs and PCDD/Fs are because of differences in sampling flow rates (different 
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samplers were used for each compound class) because the time-averaged flow rates in the 

sampling event at 20574 are nearly the same.  The PCBs measured by EPA method 1668A 

includes all PCBs while for PCDD/Fs, there are only 17.  It is  true that more of the less 

hydrophobic PCBs (1-3 chlorines) are included in the analysis while 1-3 Cl PCDD/Fs are not (the 

lowest used is 2378-TCDD and –TCDF).  Yet the XAD2 resin is a hydrophobic polymeric resin.  

Such a resin would imply greater capture of more hydrophobic compounds (the PCDD/Fs at least 

the ones quantified by EPA 1613B) compared with less hydrophobic compounds (some of the 

PCBs quantified by 1668A).  Put together, the evidence is somewhat puzzling and inconclusive. 

It does seem clear that practically speaking, lower flow rates should increase the fraction 

captured on XAD2 columns.  It also seems possible that some high volume sampling flow rates 

suffer measurement inaccuracies more for PCDD/Fs than PCBs.  It is not totally clear what an 

acceptable fraction not captured should be, but 10% or less seems generally reasonable.  If 10% 

were to be used as a guideline, then the analysis indicates that the sampling flow rate should be 

less than 1.68 L/min.  How much less should it be?  It is difficult to say because the critical 

residence time is not known, and calculating the theoretical residence time at various flow rates 

would require additional analysis anyway.  The other concern in choosing the proper sampling 

rate is the amount of time for which sampling crews must remain in the field.  If the 100% capture 

flow rate were 0.8 L/min, then to achieve 700 L, one would have to pump for 14.6 hours.  

Generally, this is not practical.  For now, a balance has been struck using a flow rate that is 1.5-

1.6 L/min.  For a 700 L sample, this will require 7.8 hours of sampling, which is a long amount of 

time, but it still achievable in a single sampling day. 

Of course, this entire discussion unearths a larger issue related to analyte detection.  The 

desired detection limits are decided by the concentration that was previously measured in surface 

water.  Put simply, if one knew that the concentration in the water was on the order of 1 pg/L, 

then a detection limit should be around 0.1-0.2 pg/L.  But those concentrations themselves may 

not be accurate because oftentimes fairly high sampling flow rates were used (1.8-2.0 L/min) to 

obtain them in the first place.  Such high rates may increase the percent not captured much 

higher than 35%.  When this occurs, the concentration would appear to be lower than it actually 

is, and this would lead one to mandate higher total volume to detect the under-measured 

concentration.  This situation, however, perpetuates the problem of using too high a flow rate 

because higher target sample volumes promote the practice of using higher flow rates in order to 
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finish the sample in a practical time of sampling.  Thus, what may be the best recommendation 

would be to sample at a lower rate of flow and target a smaller overall sample volume.  In the 

end, this might increase both detection limits and accuracy.  When detection limits are known 

accurately based on concentrations that are themselves more accurate, then real increases in 

quantitation occur.  But until it is certain that column breakthrough is happening only at 

insignificant levels (e.g., < 10% not captured), apparent gains in detection and water 

concentrations themselves may only be apparent and not actual.



 

286 

 

Appendix C. Operationally suspended and dissolved partitioning in select 
PCB congeners 

In this appendix, 30 PCB congener or congener coelutes were selected from all of the high 

volume water samples collected from 2002-2011.  Some samples were quantified for both PCBs 

and PCDD/Fs, and some were quantified for both.  From those samples (n=157), 30 PCB 

congeners were detected often in both operationally dissolved and suspended fractions and with 

a high degree of confidence in their accuracy.  Those 30 PCB analytes are shown in Table  with 

their detection rates.  Also in the table is the screening level for each PCB analyte used to 

eliminate outliers.  The resultant dataset was plotted in Figure C.1.  The plots show each PCB 

analyte with operationally dissolved concentration vs. operational suspended concentration.  A 

gray dashed one to one line provides context for the concentration scale and allow the relative 

fractions of the water phases to be better understood.  The data viewed in this raw form may help 

provide more insight into the particular partitioning variation and complexity in HSC high volume 

water samples. 
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Table C.1. Outlier screening levels and comparison to theoretical solubility for 30 PCB 
analytes chosen for detailed partitioning analysis.  Detection rates are in reference to 157 
field PCB high volume water samples spanning 2002-2011.  “Diss” and “Susp” refer to 
operationally dissolved and suspended as separated by 1 μm filtration. 

PCB Analyte 

Detection 
rates 

Parameters 
estimated by 

SPARC 
Upper Screening 

Limit (ng/L) 
Solubility/Screening 

Level (unitless) 

Diss  Susp 
log 
Kow 

Water 
solubility 
(ng/L)  Diss  Susp  Diss  Susp 

PCB‐001  100%  80%  4.65  3,270,000  0.2000  0.020  1.6E+07  1.6E+08 

PCB‐003  86%  73%  4.60  3,400,000  0.0500  0.006  6.8E+07  5.7E+08 

PCB‐011  97%  83%  5.05  990,000  0.2500  0.050  4.0E+06  2.0E+07 

PCB‐017  100%  91%  5.77  220,000  0.2000  0.010  1.1E+06  2.2E+07 

PCB‐025  99%  85%  5.69  230,000  0.0500  0.005  4.6E+06  4.6E+07 

PCB‐030/018  95%  92%  5.85  195,000  0.4000  0.020  4.9E+05  9.8E+06 

PCB‐031  100%  96%  5.67  250,000  0.3000  0.060  8.3E+05  4.2E+06 

PCB‐044/047/065  99%  100%  6.44  43,133  0.5000  0.125  8.6E+04  3.5E+05 

PCB‐056  100%  99%  6.36  34,600  0.1200  0.080  2.9E+05  4.3E+05 

PCB‐060  99%  91%  6.38  30,300  0.0500  0.012  6.1E+05  2.5E+06 

PCB‐061/070/074/076  100%  99%  6.43  33,275  0.4000  0.100  8.3E+04  3.3E+05 

PCB‐066  100%  99%  6.30  47,400  0.2000  0.060  2.4E+05  7.9E+05 

PCB‐077  94%  85%  6.28  39,300  0.0100  0.010  3.9E+06  3.9E+06 

PCB‐083/099  100%  98%  7.04  9,320  0.0800  0.050  1.2E+05  1.9E+05 

PCB‐105  97%  99%  6.99  6,380  0.0300  0.030  2.1E+05  2.1E+05 

PCB‐108/124  86%  75%  6.96  9,475  0.0025  0.004  3.8E+06  2.4E+06 

PCB‐128/166  92%  90%  7.78  933  0.0120  0.025  7.8E+04  3.7E+04 

PCB‐130  90%  90%  7.72  1,430  0.0060  0.010  2.4E+05  1.4E+05 

PCB‐134/143  85%  81%  7.75  1,090  0.0060  0.006  1.8E+05  1.8E+05 

PCB‐136  98%  96%  7.68  1,420  0.0200  0.013  7.1E+04  1.1E+05 

PCB‐144  89%  77%  7.70  1,590  0.0050  0.005  3.2E+05  3.2E+05 

PCB‐147/149  100%  100%  7.69  1,650  0.1000  0.100  1.7E+04  1.7E+04 

PCB‐156/157  94%  93%  7.66  1,135  0.0060  0.012  1.9E+05  9.5E+04 

PCB‐167  76%  83%  7.61  1,540  0.0030  0.005  5.1E+05  3.1E+05 

PCB‐171/173  90%  93%  8.45  156  0.0030  0.010  5.2E+04  1.6E+04 

PCB‐178  89%  92%  8.34  300  0.0030  0.006  1.0E+05  5.0E+04 

PCB‐187  98%  99%  8.34  297  0.0200  0.040  1.5E+04  7.4E+03 

PCB‐193/180  95%  95%  8.35  256  0.0300  0.060  8.5E+03  4.3E+03 

PCB‐196  75%  90%  9.08  33  0.0025  0.008  1.3E+04  4.1E+03 

PCB‐209  75%  83%  10.54  0.346  0.0600  0.300  5.8E+00  1.2E+00 



 

288 

 

 

 

 

 

 

Figure C.1. Operationally dissolved and suspended concentrations for individual PCB congeners plotted against each other.  One to one concentration lines are shown in the dashed gray, and number at particular points 
indicate stations in the HSC from which the samples were collected. 
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Figure C.1. (continued) Operationally dissolved and suspended concentrations for individual PCB congeners plotted against each other.  One to one concentration lines are shown in the dashed gray, and number at particular 
points indicate stations in the HSC from which the samples were collected. 
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Figure C.1. (continued) Operationally dissolved and suspended concentrations for individual PCB congeners plotted against each other.  One to one concentration lines are shown in the dashed gray, and number at particular 
points indicate stations in the HSC from which the samples were collected. 
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Figure C.1. (continued) Operationally dissolved and suspended concentrations for individual PCB congeners plotted against each other.  One to one concentration lines are shown in the dashed gray, and number at particular 
points indicate stations in the HSC from which the samples were collected. 
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