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ABSTRACT 

 

 

EFFECT CHARACTERIZATION OF SEDIMENT-ASSOCIATED NAPHTHALENE 

SULFONATES ON FRESHWATER BENTHIC INVERTEBRATES 

 

 

Kevin Matten       Advisors:  

University of Guelph      Ryan S. Prosser & Paul K. Sibley  

 

 

Naphthalene sulfonic acids (NSAs) are used extensively as anti-corrosive additives in fuels, 

coatings, and lubricants. However, very little data exist of their potential impact on aquatic 

ecosystems. The primary goal of this thesis was to evaluate the toxicity of three NSA congeners 

to aquatic biota. I began by investigating their toxicity in overlying water by observing the 

impact of chronic NSA exposure on Pimephales promelas eggs, and the acute responses of 

amphipods, gastropods, and larval mussels. I then compared the toxicological response of two 

benthic invertebrates, Hyalella azteca (amphipoda) and Tubifex tubifex (oligochaeta), exposed to 

NSA via spiked substrates containing 0% or 2% organic carbon. NSA toxicity was significantly 

decreased by the presence of organic carbon. I also assessed the potential for NSA to 

bioaccumulate in freshwater mussels and oligochaetes and observed minimal accumulation. This 

study concluded that environmentally relevant concentrations of NSAs pose minimal hazard to 

benthic biota.  
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CHAPTER 1 INTRODUCTION 

Organic chemicals are ubiquitous in everyday life as well as in industry, and often 

regardless of their application, are discharged into aquatic ecosystems through a variety of 

pathways. Understanding how these chemicals partition in ecosystems and the potential effects 

they can have on biota within these ecosystems is critical to assessing their risks.  

Naphthalene sulfonic acids 

Naphthalene sulfonic acids (NSAs) are a group of organic chemicals belonging to the 

aryl sulfonic acid family characterized by the presence of naphthenic aromatic rings and a 

sulfonic acid constituent. They are commonly used as corrosion inhibitor additives in fuel, 

coatings, gels, lubricants, resin packages, or sealants (Kennedy et al., 1970; Exponent, 2004), as 

metal extractants (Chaiko and Osseo-Asare, 2000), or as dispersants in dyes and pesticides 

(Wittich et al., 1988). In Canada, novel chemicals must currently go through an evaluation 

process for regulators to gain a better understanding of toxicological and physical properties 

prior to their use; however, this policy has not always been in place. The Domestic Substances 

List (DSL) was first developed in 1994 as a means of identifying every chemical that was being 

used, manufactured, or imported into Canada (Government of Canada, 1999). Many of these 

chemicals were poorly understood, and remain so to this day, as their use pre-dated the existence 

of adequate test standards and regulations. In 2006, the Chemicals Management Plan (CMP) was 

set into motion as a means to identify, prioritize, evaluate, and regulate the chemicals on the DSL 

that are most likely to cause harm to the environment and/or human health (Government of 

Canada, 2014). NSAs have been used regularly in North America since at least 1970, but are a 

group of compounds that are not well-understood. This is likely due to the less stringent 

approach to chemical use that was characteristic of the pre-DSL era. Our attention has therefore 
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been drawn to NSAs as a part of the Chemicals Management Plan (CMP): to elucidate their 

potential impact on aquatic ecosystems in Canada and to inform risk assessment and risk 

management decisions that ensure Canada’s continued progress towards safer chemical 

utilization. 

Not unlike many other groups of polyaromatic hydrocarbons, the NSA chemical family 

includes a large range of congeners, each with its own unique physicochemical properties. This 

class of chemical is considered to be a high production volume (HPV) chemical in Canada, 

defined by the Organisation for Economic Co-operation and Development (OECD) as any 

substance being manufactured or imported at volumes of at least 1000 tons annually. As such, 

NSAs have been prioritized for assessment based on their current use in Canada, the relative 

likelihood for environmental exposure, and the hazard associated with chemicals of similar 

structure.  

Very little is known about NSAs beyond their chemical structure and consequently many 

fundamental questions on fate and effect in the environment remain. Currently there is a lone 

study published by Dave et al. (1979) that has investigated the toxicity of the ammonium 

dinonylnaphthalene sulfonate salt to algae (Chlorella emersonii) and rainbow trout fry 

(Oncorhynchus mykiss), however only nominal measurements were reported, and the NSA used 

was blended 50:50 with kerosene. Questions regarding NSA half-lives and degradation pathways 

remain unanswered, as well as data describing how prevalent and persistent they are in aquatic 

systems. Addressing these issues will enable a more responsible usage of these compounds in 

industry or could facilitate an informed substitution process towards less harmful alternatives, if 

required. 



3 

 

Quantitative structure–activity relationships (QSARs) have been used for many years by 

the U.S. Environmental Protection Agency (U.S. EPA) (Cronin et al., 2003) and Environment 

Canada (MacDonald et al., 2002) as a means of predicting persistence, bio-accumulative 

tendency, and toxicity of unknown chemicals using estimative models based on the structure and 

mode of action of similar congeners. In the absence of measured data on physicochemical 

properties, QSARs are an acceptable means of estimating the potential ecological effects of a 

chemical for screening purposes (Cronin et al., 2003). An assessment by MacDonald et al. 

(2002) also concluded that QSARs are an acceptable initial means of estimating the persistence, 

bioaccumulation, and inherent toxicity of DSL-listed substances. Preliminary observations of 

NSAs in the laboratory indicate poor water solubility and a strong affinity for organic carbon. 

Physicochemical properties of three NSA congeners were modelled using the KOWWIN™ and 

KOCWIN™ QSAR models in EPI Suite™ (USEPA, 2018) (Table 1-1). These properties 

indicate that NSAs likely have a strong affinity for both organic carbon (log KOC) and lipids (log 

KOW), substantiating initial laboratory observations. The modeled values for the log KOC of three 

NSAs were used as the basis for the second component of this thesis; investigating the effect of 

organic carbon content of substrates on NSA bioavailability and toxicity to aquatic biota. 

Additionally, the log KOW values suggest that NSA affinity for lipids may lead to accumulation 

in biological tissue.  

The modeled physicochemical properties of NSAs indicate that this class of chemicals 

will likely partition into organic matter when released into aquatic systems. Due to the likelihood 

of NSAs eventually binding to the organic carbon of natural sediments, it will prove worthwhile 

to investigate the effect that sediment composition has on bioavailability and toxicity of NSAs. 

The organic matter content of aquatic substrates is an important aspect of bioavailability and 
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environmental mobility for organic contaminants (Word et al., 1987; Hoke et al., 1994). A wide 

range of toxicity values can often be observed when characterizing toxicological effects across a 

range of test sediments with distinct chemical and physical differences (Di Toro et al., 1991). 

These observations can be explained using the Biota-Sediment Accumulation Factor (BSAF), 

which functions based on the assumption that there is a steady state of concentrations between 

the organic carbon of the sediment, the lipids within an organism, and the overlying water of 

aquatic ecosystems. These factors warrant an investigation into the effects that NSAs might have 

on macroinvertebrates inhabiting the benthic zone, or sediments, of freshwater ecosystems, and 

observing how the responses change with sediment organic carbon content. Benthic organisms 

are of particular importance both because of the critical functions they perform within the system 

and the increased likelihood of exposure as indicated by NSA physicochemical properties. As 

such, benthos should be considered in the ecotoxicological assessment of NSAs. 

Importance of the benthic zone 

The ecological composition of freshwater systems is remarkably varied and deceptively 

complex. Aquatic systems are comprised of an often delicately-balanced community of plant and 

animal species, with many different species performing key functions that have a dramatic 

impact on the rest of the system. Termed the benthic zone, sediments of an aquatic ecosystem are 

an important and diverse habitat comprised of minerals, nutrients, organic material, and biota 

that play a critical role in the cycling and storage of the materials that are continually deposited 

into these systems (Covich et al., 2004). By facilitating litter decomposition, N and P cycling, 

and macrophyte production, benthic ecosystems of lakes, streams, and wetlands promote the 

flow of energy, significantly contributing to the healthy function of the aquatic ecosystem. 

Efforts to quantitatively relate ecosystem health to benthic function have been successful through 
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the measurement of benthic metabolic outputs (Bunn et al., 1999; Hill et al., 2000; Fellows et al., 

2006), benthic biodiversity (Covich et al., 2004; Giller et al., 2004) and nutrient cycling rates 

(Udy et al., 2006). Thriving benthic communities have been an effective assessment of watershed 

health, utilizing macroinvertebrate community metrics (Stainbrook et al., 2006) and 

macrozoobenthic community analysis (Roy et al., 2014).  

Key ecological functions performed by the organisms of the benthic zone have been 

found to be impaired by a loss of benthic biodiversity (Covich et al., 2004). Whether this loss of 

function is caused by a loss of biodiversity, or the loss of a few key benthic species, pressures on 

the benthic zone have the potential to cause degradation to the overall aquatic ecosystem. 

Aquatic ecosystems face many different anthropogenic pressures such as pollution from 

agricultural or industrial inputs, irregular changes in water flow, habitat destruction, and the 

introduction of non-native species (Pallottini et al., 2015). These pressures can play a significant 

role in biological loss and the associated loss of function in the benthic layer. Often overlooked 

due to its lack of intrinsic value, sediments are frequently managed solely as a means of 

protecting other facets of an ecosystem that hold aesthetic or socioeconomic value (Apitz, 2012). 

While sediment typically has a positive influence on aquatic ecosystems (habitat and nutrient 

provision), changes in anthropogenic pressures or the presence of invasive species (e.g., 

Cyprinus carpio) can cause sediment to act as a physical stressor (via excessive turbidity) or a 

potential source of persistent pollutants. The re-suspension of contaminated sediment facilitates a 

more rapid desorption of contaminants into the water column from sediment (Feng et al., 2007). 

Increased desorption from sediments will potentially also affect organisms occupying the 

overlying water. Moreover, the fraction that remains bound to sediment can significantly impact 

benthic biota as well. In aquatic systems, contaminants in the sediment can have a negative effect 
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on benthic invertebrate densities (Pallottini et al., 2015) as well as bacterial communities (Drury 

et al., 2013), which are both important for overall ecosystem function. Benthic organisms are 

often very sensitive to environmental changes whether they are caused by natural or 

anthropogenic sources (Jørgensen and Richardson, 1996). Remedial strategies that aim to protect 

benthic species, particularly those that are at-risk, are therefore warranted to benefit overall 

ecosystem health.  

Toxicity to aquatic biota 

Wastewater treatment plants (WWTPs) are a significant source of chronic chemical 

contamination in freshwater systems (Gillis, 2012; McCann, 2016) and the negative impact of 

effluents are well-documented (Chambers, 1997; Barber et al., 2011). Wastewater effluent can 

cause damage to aquatic ecosystems by changing the biological oxygen demand or changing 

food webs (Holeton et al., 2011). However, arguably the most significant problem associated 

with these effluents is often the anthropogenic chemicals contained within them. NSAs are an 

example of a chemical family that has the potential to be one of these anthropogenic 

contaminants introduced into the environment via the effluent from chemical producers, 

accidental spills, or as leachate from discarded formulated products, and it is their potential 

impact on freshwater organisms that will be the focus of this thesis.  

Overlying water 

There are many organisms that occupy the water column of freshwater systems that could 

be viable indicators of sediment toxicity in laboratory tests of a chemical’s impact on ecosystem 

health. One such species that is frequently used in sediment-spiked bioassays is the fathead 

minnow (Pimephales promelas). Early-life stage sensitivity of P. promelas and the diverse range 

of observable endpoints makes the use of this species in toxicity testing practical and highly 
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valuable (Parrott et al., 2016). The early-life stage bioassay that exposes fertilized P. promelas 

eggs to spiked sediments is often utilized to determine how sediment-associated contaminants 

affect the hatchability, growth, and offspring survival of this fish species (Parrott et al., 2016; 

Prosser et al., 2017a). These endpoints are used as indicators of ecosystem health in 

environmental risk assessments due to the heightened susceptibility of P. promelas during 

development.  

When investigating the impacts of a chemical or group of chemicals, it is best to cover a 

range of different species that represent a variety of potential exposure pathways (Awkerman et 

al., 2013). Two additional species that also occupy the water column are the freshwater 

amphipod Hyalella azteca and the fully-aquatic pulmonate gastropod Planorbella pilsbryi. These 

two species of aquatic invertebrate represent different pathways of potential contaminant 

exposure via differences in respiration (gill vs. lung). Hyalella azteca are frequently chosen for 

use in aquatic toxicology because of their relative sensitivity to aquatic contaminants and the 

ease of culture procedures (Borgmann et al., 1989). On the other hand, mollusks (and more 

specifically gastropods) can sometimes make up a significant portion of the aquatic biomass in 

an ecosystem and yet their representation in toxicity testing is disproportionately scarce (Prosser 

et al., 2017b), hence our inclusion of P. pilsbryi. Freshwater mussels are an additional group of 

mollusks that are particularly impacted by a range of human stressors in the water column such 

as road salt from ice melt runoff (Gillis, 2011; Gillis, 2012; Prosser et al., 2017c) or inputs from 

WWTPs (Gillis et al., 2017). The unique life cycle of a freshwater mussel can allow for an 

informative investigation into how stressors impact them throughout development in both 

pelagic (glochidia) and benthic (juvenile and adult) life stages. Freshwater mussels begin life as 

parasitic larvae attached to a host fish where they will remain until they metamorphose into 
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juveniles, at which point they detach from the host and bury into substrate (Wang et al., 2010; 

Lima et al., 2012).  

Aquatic substrate 

The toxicity of sediment-associated contaminants can also be investigated in a different 

exposure scenario that is sometimes more relevant to the way a chemical will behave in a natural 

ecosystem: introduced via spiked substrate (e.g., sand, sediment). Toxicity tests that involve a 

spiked substrate often also utilize the freshwater epibenthic amphipod H. azteca discussed earlier 

(Borgmann et al., 1989; Burton et al., 1996; Bartlett et al., 2005) or the endobenthic oligochaete 

Tubifex tubifex (Chapman et al., 1998; Tichy et al., 2010; Prosser et al., 2017d). These two 

invertebrates have been established as standard species used in the evaluation of contaminated 

sediments (United States Environmental Protection Agency (US EPA), 2000; ASTM 2010) and 

provide insight into the way contaminants can impact sediment-associated organisms due to the 

fundamental differences in their behaviour. Hyalella azteca are often found either partially 

buried beneath the sediment-water interface or swimming in the overlying water amongst 

vegetation (Thorp et al., 2010). Results from laboratory experiments where H. azteca had been 

exposed to contaminated sediments have been effectively correlated with a loss of diversity in 

aquatic systems containing those same contaminated sediments (Borgmann et al., 2005). 

Alternatively, the oligochaete T. tubifex remains buried within the sediment throughout its life 

cycle (Thorp et al., 2010). Because adult T. tubifex often display a significant tolerance to 

pollution, this species can be an integral part of risk assessments by allowing researchers to 

measure toxicity using non-lethal reproductive endpoints (Smutná et al., 2007). 

The toxicity of sediment-associated chemicals is measured as the quantity of chemical 

per gram of dry weight sediment that is observed to have a negative effect on an organism, 
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however this metric does not adequately provide the context of sediment composition. This is 

important because sediment-associated compounds are known to effect aquatic organisms in 

markedly different ways when the composition of sediment, and therefore bioavailability, is 

changed (Di Toro et al., 1991). Bioavailability is an important factor that influences the 

measured toxicity of hydrophobic organic compounds. When compounds are more biologically 

available in exposure media, they are more likely to interact with organisms to incite a 

toxicological response. Sediment composition has been shown to significantly impact the 

toxicity of both metals (Chapman et al., 1998; Custer et al., 2016) and hydrophobic organic 

compounds (Cano et al., 1996; Kukkonen et al., 2005) to benthic invertebrates. Hydrophobic 

organic compounds are often bound tightly to organic carbon, and within sediments rich in 

organic carbon, they are immobilized and less able to interact with biota. 

Risk assessment 

To model the cumulative effects of a given chemical in an ecosystem, risk assessors often 

produce species sensitivity distributions (SSDs). Many SSDs that are generated share a common 

weakness; a lack of taxonomic diversity (Newman et al., 2000). Moreover, many of these SSDs 

are often limited to only a select few commonly tested species (Awkerman et al., 2013). This 

means that some taxonomic groups are sometimes not represented in the data set that is used to 

derive water quality guidelines (Canada) and water quality criteria (U.S.). In comparison to other 

taxonomic groups, freshwater mollusks are often not studied in laboratory toxicological settings 

despite their significant contribution to the biomass in aquatic systems, with gastropod 

representation in the literature being especially scarce (Prosser et al., 2017b). The inclusion of 

species in SSDs that are not commonly used in laboratory testing, yet still contribute to an 

ecosystem’s function, will only serve to improve the SSD utility (Awkerman et al., 2013). 
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Freshwater mussels are an important part of Canadian stream and lake ecology, 

improving both water quality (via filtration) and sediment quality through burial activities that 

are responsible for sediment mixing and aeration (Salerno et al., 2018). They also serve as a 

useful model for other at-risk species. Adult bivalves are exposed to large volumes of water due 

to the nature of their filter feeding biology (0.91 – 1.72 L · h-1 · g-1 animal) (Mouabad et al., 2001), 

are in constant contact with the substrate in which they are buried, and can provide a relatively 

large mass of tissue for chemical analysis – making them ideal subjects to evaluate benthic 

bioaccumulation of sediment-associated pollutants (Naimo et al., 1992; Archambault et al., 2013; 

Prosser et al., 2018). These characteristics led to the third research chapter of this thesis; to 

evaluate the potential for bioaccumulation of NSAs in the benthic oligochaete T. tubifex as per 

standard guidelines (OECD, 2008) as well as bioaccumulation and depuration of NSAs in 

freshwater mussels. 

Bioaccumulation of contaminants 

Contaminant accumulation within aquatic organisms is generally defined as either 

bioconcentrative (where the source of contamination is coming solely from the water) or 

bioaccumulative (representing all relevant routes of exposure). The production and utilization of 

chemicals with physicochemical properties that can be identified as persistent or 

bioaccumulative has been a common occurrence throughout the industrial age, with widespread 

use of compounds such as DDT, PCBs, and halogenated flame retardants. Despite eventual 

production bans, these chemicals and their metabolites can persist for long periods of time in 

nature within sediments and possess the potential to inhibit organism growth or impair the 

reproductive ability of those that are exposed (Desmet et al, 2012; Lu et al, 2017). Once exposed, 

there are a few ways an organism can process organic toxicants; either metabolize and excrete 



11 

 

and/or incorporate the chemical into fatty tissue. When an organism is unable to eliminate a 

contaminant or its metabolites, and it instead remains within the organism, continued exposure 

will result in higher internal loadings. Species occupying higher trophic levels that rely on the 

now-contaminated organisms as a food source could be subject to increasingly greater exposures 

to the chemical. This biomagnification can cause significant problems for species at the top of 

the food chain, who may accumulate contaminants at concentrations that are orders of magnitude 

greater than biota at lower trophic levels. 

Bioaccumulation is an important component of the framework of aquatic contaminant 

risk assessment, whether organisms are subject to contaminants via water or sediment sources 

(Grapentine et al., 2002; Chapman and Anderson, 2005; Van Geest et al., 2010). However, a 

critical review by Van Geest et al. (2011) highlighted the need for better standardization of test 

methods in reference to freshwater bioaccumulation studies conducted in sediment and its 

organic carbon content. Results from bioaccumulation studies in sediments have been shown to 

be quite variable, and this could be due to the variability of total organic carbon (TOC) of the 

sediment, influencing bioavailability and increasing biota-sediment accumulation factor (BSAF) 

variability (Van Geest et al., 2011). The literature review of laboratory sediment 

bioaccumulation methods by Van Geest et al. (2010) revealed that critical experimental design 

choices were often quite varied across tests such as: static renewal vs. flow-through, the presence 

of a gut purging period post-exposure, or even in the way the data were represented (dry-weight, 

wet-weight).  
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Problem formulation and objectives 

Chapter 2 Investigative Purpose 

Industry currently utilizes NSAs in a wide variety of applications, but there are 

significant gaps in our understanding of what these chemicals could do in the environment. As 

such, the Government of Canada’s CMP has selected NSAs as priority chemicals for further 

environmental testing. The primary route for NSA entry into the environment is likely via 

wastewater effluent generated by industrial chemical producers, accidental spills in product 

formulation facilities, or gradual release from products that have been formulated with NSAs. 

These routes would theoretically release unknown quantities of this little-known chemical family 

directly into rivers and streams. Once introduced into the water, there is the potential to cause 

harm to organisms that inhabit the ecosystem if concentrations were to exceed species’ 

tolerances. The second chapter of this thesis investigates the impact of NSA concentrations in the 

water column on different life stages of a variety of aquatic organisms. Fathead minnow eggs, 

exposed to NSA in water via desorption from spiked substrates, were evaluated for hatchability 

and survivability. The response of juvenile amphipods (Hyalella azteca), adult gastropods 

(Planorbella pilsbryi), and larval mussels (Lampsilis cardium & Lampsilis siliquoidea) exposed 

to NSAs was also evaluated in acute water-only exposures. 

Chapter 2 Research Questions 

2.1 Do NSAs desorb from spiked substrates (sand or sediment) into water and affect the 

hatchability of eggs and larval survival of the pelagic freshwater species Pimephales promelas? 
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Null hypothesis:  

NSAs in the overlying water of exposure vessels are not detectable and do not impact the 

hatchability or survival of Pimephales promelas offspring.  

2.2 Does acute exposure of NSAs dissolved in water influence survival of the freshwater 

gastropod Planorbella pilsbryi and epibenthic amphipod Hyalella azteca or the viability 

(survival surrogate) of Lampsilis cardium & Lampsilis siliquoidea larvae (glochidia)? 

Null hypothesis:  

Acute aqueous exposures to NSAs will not affect survival of Planorbella pilsbryi and 

Hyalella azteca or the viability of larval freshwater mussels (Lampsilis cardium & Lampsilis 

siliquoidea). 

Chapter 3 Investigative Purpose 

It is important to the Government of Canada’s CMP that not only the toxicity of these 

compounds in overlying water are examined, but also the chronic toxicity of NSAs measured 

relative to their concentration in sediment, as they are likely to partition into sediment based on 

their modeled affinity for organic carbon. Furthermore, the organic carbon content of sediment is 

known to influence on the toxicity of these types of contaminants. It is therefore critical to 

examine aquatic species that naturally exist near or within sediment and how they respond to 

chronic NSA exposure in substrates that differ in organic carbon content. Organisms that are 

epibenthic (Hyalella azteca) or endobenthic (Tubifex tubifex) are in direct contact with aquatic 

sediments, and as such, the potential for exposure to sediment-associated contaminants is 
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evident. In Chapter 3, the toxicity of NSAs in substrates containing different levels of organic 

carbon will be addressed. 

Additionally, any chemical present in the environment has the potential to cause harm to 

biological life if the concentration is great enough. However different species will respond 

differently to similar conditions, and these exposure scenarios are not always relevant to how 

species are exposed in real-world environments. Using laboratory toxicological data and 

concentrations of a given contaminant in the environment, it becomes possible to identify which 

species are most at risk from organic pollutants such as NSAs. By comparing environmentally 

relevant NSA concentrations from a representative group of southern Ontario watersheds to 

laboratory data, it was hypothesized that their overall hazard could be assessed. This thesis will 

also examine sediment-associated NSA toxicity values for a range of aquatic invertebrates and 

evaluate the probability of sensitive species encountering a hazardous exposure scenario within 

chapter 3.  

Chapter 3 Research Questions 

3.1 Does chronic exposure to dinonylnaphthalene sulfonates cause adverse effects on the 

epibenthic invertebrate Hyalella azteca or endobenthic Tubifex tubifex? 

Null hypothesis:  

Chronic exposure to dinonylnaphthalene sulfonic acid, as well as the barium and calcium 

salts, does not cause an adverse effect on the epibenthic invertebrate Hyalella azteca. 

3.2 Does the organic carbon content of NSA-spiked substrates impact the survival of Hyalella 

azteca or the reproductive ability of Tubifex tubifex? 
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Null Hypothesis:  

The composition of NSA-spiked substrates does not affect the survival of Hyalella azteca or 

reproductive ability of Tubifex tubifex. 

3.3 Do environmental concentrations of NSAs in sediments sampled across Ontario exceed 

effect thresholds observed in laboratory exposures? 

Null hypothesis:  

Environmental concentrations do not exceed effect thresholds observed in laboratory 

exposures. 

Chapter 4 Investigative Purpose 

As NSAs have a theoretically strong affinity for organic carbon and the lipids within 

biotic tissue, it was hypothesized that they may accumulate in the tissues of aquatic organisms 

following exposure. If concentrations of NSAs within the tissue of an organism accumulate to 

sufficiently large concentrations, those organisms may be negatively impacted in some capacity. 

Alternatively, if organisms with high levels of NSA in their tissue are consumed, there is likely 

to be trophic transfer and potential for biomagnification. Based on QSAR data, the potential for 

NSA bioaccumulation is significant and warrants investigation. The fourth chapter of this thesis 

will examine the bioaccumulation & depuration of sediment-associated NSAs in adult freshwater 

mussels, as well as their bioaccumulation in an oligochaete worm. 

Chapter 4 Research Questions 

4.1 Do NSAs accumulate in the foot, gill, or remaining viscera of Lampsilis siliquoidea 

following exposure through an NSA-spiked sand substrate containing no organic carbon? 
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Null hypothesis:  

NSAs do not accumulate in the foot, gill, or viscera of Lampsilis siliquoidea when exposed 

through an NSA-spiked sand substrate containing no organic carbon.  

4.2 Is Lampsilis siliquoidea able to depurate NSAs that have accumulated in their tissue 

following a sublethal 28-d exposure? 

Null hypothesis:  

The concentration of NSAs accumulated in the tissue of Lampsilis siliquoidea following a 

sublethal 28-d exposure do not decrease when exposure is removed. 

4.3 Do NSAs accumulate in the tissue of the oligochaete worm T. tubifex when exposed through 

an NSA-spiked sediment containing 2% organic carbon?  

Null hypothesis:  

NSAs do not accumulate in the tissue of T. tubifex when exposed via spiked sediment 

containing 2% organic carbon.  
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Tables 

Table 1-1 Physicochemical properties of the three naphthalene sulfonic acids (NSAs) investigated in this study; barium 

dinonylnaphthalene sulfonate (BaDNS), calcium dinonylnaphthalene sulfonate (CaDNS), and dinonylnaphthalene disulfonic acid 

(DNDS). Physicochemical properties were modeled using USEPA EPI Suite. 

Name CAS # Chemical structure 
log 

KOW 

log 

KOC 

Solubility in 

water (25 

°C) (mg/L) 

Sorptive capacity of 

sediment with 2% OC  

(µg/g d/w) 

  

 

    

Barium 

dinonylnaphthalene 

sulfonate (BaDNS) 

25619-56-1 23.28 14.5 1.36x10-22 2.15x10-7 

 

   

 

      

      

  

 

    

Calcium 

dinonylnaphthalene 

sulfonate (CaDNS) 

57855-77-3 10.96 7.7 3.11x10-7 77.93 

     

      

      

   

 

 

 

 

 

 

    

Dinonylnaphthalene 

disulfonic acid 

(DNDS) 

60223-95-2 8.02 7.51 5.58x10-5 9028 
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CHAPTER 2 TOXICITY OF DIONONYLNAPHTHALENE SULFONATES ON 

PIMEPHALES PROMELAS AND EPIBENTHIC INVERTEBRATES 

Abstract 

Dinonylnaphthalene sulfonic acids are high production volume chemicals that are used primarily 

as additives in a wide range of industrial products (ie., coatings, sealants, fuels, metal-

extractants). This chemical family has been prioritized by the Government of Canada’s 

Chemicals Management Plan for further ecotoxicological investigation. Little is known about 

these compounds beyond their hydrophobicity and utility in industrial applications. This study 

examined the effect of 3 NSA congeners on freshwater organisms; barium dinonylnaphthalene 

sulfonate (BaDNS), calcium dinonylnaphthalene sulfonate (CaDNS), and dinonylnaphthalene 

disulfonic acid (DNDS). Chronic effects were characterized by exposing fertilized fathead 

minnow eggs to sediment-associated NSAs and measuring various developmental endpoints. No 

effects in hatchability and larval growth were observed when fathead minnow eggs were exposed 

to CaDNS & DNDS in spiked sediment. However, when NSAs were associated with substrate 

containing no organic carbon (sand), EC50s for hatch success, larval growth, and the production 

of biomass were 58.3, 18.8, and 15.5 µg/L, respectively for CaDNS. Acute effect 

characterization was also conducted in water-only exposures for the three NSA congeners using 

the freshwater amphipod Hyalella azteca, the pulmonate snail Planorbella pilsbryi, and larval 

freshwater mussels Lampsilis cardium and Lampsilis siliquoidea. The sulfonate salts were 

significantly more acutely toxic to all tested organisms than DNDS when present in the water 

column.  
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Introduction 

In 1994, the Government of Canada compiled a list of all chemicals that were actively 

being used, manufactured, or imported into Canada at the time. This list is known now as the 

Domestic Substance List (DSL), and its purpose is to act as a database that can be used to easily 

identify chemicals that are new to Canada and sets in motion a thorough evaluation prior to their 

use. Many of the 23,000 chemicals on the DSL are currently being used with little-to-no 

information regarding their toxicity to humans or the environment (Government of Canada, 

2014). The Chemicals Management Plan (CMP) was then established as a means of prioritizing 

the chemicals on the DSL for further evaluation of their potential toxicity and persistence in the 

environment. One class of chemicals that has been identified for further evaluation under CMP is 

naphthalene sulfonic acids (NSAs). NSAs have been identified for further toxicological 

characterization due to their physicochemical properties suggesting they could be potentially 

toxic, bioaccumulative, and/or persistent. 

NSAs are used in a range of industrial and commercial products as rust-preventative 

additives in coatings, gels, and sealants (Kennedy et al., 1970; Exponent, 2004), as dispersion 

agents in pesticides, thermoplastics, rubbers, and dyes, or as acidic carriers in metal-ion 

extraction processes (Chaiko and Osseo-Asare, 2000; Almeida et al., 2012). This chemical 

family is typically only used in formulations at mass percentages ranging from 0.5 – 3% of the 

total formulated product mass (Exponent, 2004). Additives contained within anthropogenic 

waste, such as NSAs, often end up in aquatic systems and have been documented to leach into 

aquatic ecosystems; emphasizing the need for further study of these chemicals (Hermabessiere et 

al., 2017). 
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Dinonylnaphthalene disulfonic acid (DNDS), barium dinonylnaphthalene sulfonate 

(BaDNS), and calcium dinonylnaphthalene sulfonate (CaDNS) are three dinonylnaphthalene 

sulfonate congeners that CMP has prioritized for further investigation (Table 1-1). These 

chemicals have been projected to be potentially hazardous to the environment based on the 

hazard posed by chemicals of similar structure (Hughes et al., 2009; Government of Canada, 

2016). This study examines how NSAs in the water column can affect aquatic biota. These 

chemicals are hydrophobic and primarily expected to be found within sediments but are also 

likely to still be present in the water column. The primary goal was to identify the impact of 

NSAs in water overlying spiked sediments on the hatchability and survival of fathead minnows 

(Pimephales promelas). Secondarily, this study aimed to determine how NSAs dissolved in 

water-only exposures could impact the survival of the freshwater amphipod Hyalella azteca or 

pulmonate snail Planorbella pilsbryi, as well as the viability of freshwater mussel larvae 

(glochidia). The data generated from this study are critical for effectively assessing the potential 

risk of NSAs to aquatic ecosystems. 

Methods 

Chronic substrate exposure 

Substrate preparation 

Two types of substrate (sand or sediment) were prepared for chronic P. promelas 

exposures. Reference sediment was collected from two locations in northern Lake Erie; Long 

Point Bay, (42.58472, -80.21806), and Long Point Marsh, (42.583683, -80.21806). Reference 

sediments were sieved (250-µm) to remove large debris prior to spiking. The organic carbon 

content of Long Point Bay and Long Point Marsh were 0.6 and 7.7% dry weight, respectively. 

These sediments were mixed in a 2:3 ratio by volume to be representative of the organic carbon 
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content of a larger range of Canadian sediments (∼2% organic carbon). The physicochemical 

properties of these sediments, both individually and after mixing, can be found in the 

supplemental information (SI) (Tables A3 and A4). Additional analysis was conducted on the 

mixed sediment to rule out the presence of common inorganic and organic contaminants, the 

results of which can be found in Table A5 of the SI. These sediment analyses were conducted by 

Environment and Climate Change Canada’s (ECCC) National Laboratory of Environmental 

Testing (NLET) (ECCC, 2016).  

The sand chosen for use in this study was CaribSea® Super Naturals brand ACS05820 

Premium Moonlight sand substrate. Typical particle size of this product is reported as 0.25-0.75 

mm in diameter and has an average density of 1521.75 kg/m3. This substrate was chosen as it is 

absent of organic material, which was hypothesized to play a role in limiting the amount of 

NSAs that would desorb from the spiked substrate to partition into the overlying water over the 

course of the experiment. 

To aid in the spiking process, NSAs were dissolved in methanol (DNDS: purity > 95%, 

BOC Sciences) or hexanes (CaDNS: purity > 95%, BOC Sciences) before their incorporation 

into the substrate. These compounds are highly viscous with very low solubility in water, and an 

absence of solvent would have inhibited the mixing process and homogeneity of exposure. In 1-

L amber glass jars, 50 grams of aquarium sand were first spiked with solutions of NSA and 

allowed to sit uncovered in a fume hood for 16 h. After evaporation of the solvent, the jars were 

topped off to a total of 375 g dry weight (dw) using the respective substrate (sand or sediment) 

and mixed on rollers for an additional 16 h until visibly homogenous. These jars were then stored 

in a fridge at 4 ± 2 °C for 21-d to reach equilibrium as recommended by the USEPA (2001) and 

is comparable to the sediment-associated toxicity testing protocol outlined by Prosser et al. 
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(2017a,d,e, 2018). Post-equilibration, sediments that were not used for the initial test vessel 

preparation were frozen at -20 °C until they were thawed as needed for fresh vessel preparation.  

Pimephales promelas 

Unfertilized eggs from ≥4 breeding groups were purchased from Aquatox Laboratories 

(Guelph, ON, Canada), and were handled according to ECCC animal use protocol 1509. The 

Animal Care Committee approved the handling and experimental procedures used for this test, 

which was conducted in ECCC’s Aquatic Life Research Facility (ALRF) in Burlington, ON, 

Canada. Eggs were fertilized 18 hours prior to test setup. Each replicate test vessel received 20 

eggs, analogous to exposures with azo dyes by Parrott et al. (2016) and substituted phenylamines 

by Prosser et al. (2017a). The methods for fathead minnows used in this test followed the OECD 

protocol TG 210 (OECD, 1992). 

Three separate exposure scenarios were tested as a part of this experiment; exposure to 

DNDS via spiked sediment, exposure to CaDNS via spiked sediment, and exposure to CaDNS 

via spiked sand. All three exposures utilized the same nominal treatments: 20, 63, 200, 630, or 

2000 μg/g dry weight. Three controls were included in each exposure; water-only, unspiked 

substrate, and substrate spiked with only the chosen solvent. Four test vessels were prepared for 

each treatment, consisting of 35 g wet weight (ww) of substrate with 700 mL overlying water in 

a 1-L glass beaker. Physicochemical properties of the water utilized for this test can be found in 

Table A1 of the SI. Test exposures were conducted within an environmental incubator set to 23.6 

± 0.5°C, and vessels were aerated throughout the experiment. Weekly measurements of water 

quality (temperature, conductivity, pH, dissolved oxygen, and ammonia) were recorded for each 

treatment and can be found in Table A6 of the SI. Eggs or hatched larvae were transferred to 

vessels containing freshly thawed spiked substrate (via a glass egg cup with a nylon mesh bottom 
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that contained the eggs within the test vessel). Subsamples of unused spiked substrate were kept 

frozen at -20 °C to avoid NSA degradation, which were thawed daily for test vessel renewals. 

This procedure ensured a consistent exposure throughout the test by mitigating day-to-day 

variation in NSA concentration that may be caused by NSA dissipation. On day 5 of the 

exposure, eggs had hatched, and the egg cups were removed. Subsequent days of the exposure 

period are referred to as days post hatch (dph). Exposures concluded after 21 total days of 

exposure, or 16 dph. Hatched larvae were culled from each vessel on day 9 post-hatch to create 

uniformity across treatments of only 10 larvae per vessel.  

Larvae feed consisted of a solution containing ∼15 nauplii/L of newly hatched brine 

shrimp. The feeding regimen from 0-8 dph consisted of two allotments of 5 μL brine shrimp 

solution per larvae per day; one feeding was conducted 2 h prior to vessel change and the second 

feeding occurred immediately after vessel change. The feed loading was doubled to two 

allotments of 10 μL brine shrimp solution per larvae per day for 9-16 dph, administered using the 

same timing as the first week. 

During daily vessel changes, embryos and larvae were also evaluated for mortality and 

deformities. If larvae were deemed to be immobilized or deformed, the type (e.g., edemas, 

behavioural abnormalities, fin morphology) and severity (normal, mild, moderate, severe) were 

recorded and the individual was euthanized. All remaining individuals at the conclusion of the 

test (day 21 of total exposure or 16 dph) were also euthanized. Euthanization was carried out 

through the immersion of individuals in a 250 mg/L solution of tricaine methanesulfonate. Other 

endpoints that were quantified throughout the exposure were hatchability (total number of larvae 

hatched/total number of eggs), time to hatch, survival (categorized by length of time survived), 

growth (total wet wt/surviving larvae), and biomass production (total wet wt/total number of 
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larvae), mirroring previously conducted exposures of P. promelas to sediment-based 

contaminants by Prosser et al. (2017a). 

Pooled water samples were collected for each treatment by removing overlying water 

from each replicate on days 3 (egg stage), 10 (early larval stage), and 17 (late larval stage). 

Water was sampled before the eggs or larvae were transferred into the test vessel and after the 

eggs or larvae were removed for transfer to a new test vessel. Sampling before and after removal 

of eggs/larvae was done to characterize how the concentration of NSA may have changed over 

the 24 h exposure in the test vessels. New test vessels with fresh spiked substrate were prepared 

each day of the test. Water, sediment, and sand samples were stored at -80 °C before being 

analyzed for NSAs. 

Acute water-only exposures 

Water preparation 

The acute toxicity of three NSAs (DNDS: purity > 95%, BOC Sciences; BaDNS: purity > 

95%, BOC Sciences; CaDNS: purity > 95%, BOC Sciences) to different epibenthic invertebrates 

was investigated. Test organisms included the freshwater amphipod Hyalella azteca, the 

freshwater gastropod Rams-horn snail Planorbella pilsbryi, and the larvae (glochidia) of two 

freshwater mussel species, Lampsilis cardium and Lampsilis siliquoidea. Prepared exposure 

solutions and control water used in the H. azteca and P. pilsbryi exposures utilized dechlorinated 

and ultraviolet sterilized City of Burlington tap water (i.e. ECCC’s ALRF culture water). For L. 

cardium and L. siliquoidea glochidia experiments, the control water was reconstituted 

moderately hard water (MHW), produced in accordance with the standard procedure detailed in 

ASTM (2006), and as outlined by Gillis et al. (2010). Physicochemical properties of the MHW 

utilized in these exposures can be found in Table A2 of the SI. Exposure solutions of NSA were 
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prepared by placing a small quantity of NSA in a stoppered 2-L volumetric flask of control water 

and mixed on a stir plate at room temperature for 16 h. Following mixing, undissolved NSA was 

removed and the remaining saturated solution was used in the preparation of treatment solutions. 

Exposure solutions in all of the following water-only treatments were prepared for each NSA by 

serial dilution of the initial exposure solution with control water as the diluent. Control water had 

been aerated for a minimum of 24 h prior to its use in the preparation of exposure solutions. 

Samples of each treatment were frozen (-80 °C) at the beginning and conclusion of the tests until 

samples could be analyzed to confirm the concentration of each NSA.  

Planorbella pilsbryi 

Planorbella pilsbryi individuals used in the following tests were taken from a continuous 

culture reared in ALRF culture water. The P. pilsbryi culture tanks are maintained at a 

temperature of 23 ± 2 °C and aerated continuously. Culture organisms are fed organic baby 

spinach ad libitum, and the dissolved calcium level in the tank water was monitored and 

supplemented via the addition of cuttlefish bone and calcium carbonate to maintain a Ca2+ 

concentration > 80 mg/L. 

Five treatments (n=3) received 220 mL of NSA exposure solution and a single spinach 

leaf per vessel (235-mL glass jar). Five snails with a measured shell diameter of approximately 

10 ± 1 mm were randomly placed into each test vessel. Shell size was measured as a proxy for 

organism age in order to standardize the life stage of the animals used in the experiment. Shell 

sizes across all exposures ranged from 8.0 – 12.0 mm, with a mean of 9.61 mm and standard 

deviation of 0.98 mm (Table A16). Vessels were gently aerated for the duration of the 

experiment. Evaporated water was replaced with deionized water at 60 h, and dead snails were 

removed to limit the impact of decay-related ammonia generation on surviving individuals. 
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Surviving organisms were counted upon completion of the 96-h exposure period, and the final 

water quality measurements were recorded (Table A7). 

Hyalella azteca 

Hyalella azteca used in this study were cultured at ECCC’s Canada Centre for Inland 

Waters in Burlington, ON as per the standard handling procedures described by Borgmann et al. 

(1989). Exposures were conducted using juveniles that were 7-11 d in age at test initiation. 

Juvenile H. azteca were exposed to NSAs for 96-h and were fed 2.5 mg of ground TetraMin® 

fish food at the initiation of the exposure. Five treatments (n=3) were produced wherein fifteen 

H. azteca juveniles were exposed per test vessel (235-mL Mason jar) within an environmental 

test chamber. The test chamber parameters were set to a 16 h light (approximately 200 lux) and 8 

h dark photoperiod, maintained at a constant temperature of 23 ± 2°C. Water quality was 

measured at the beginning and end of the 96-h exposure (Table A8). 

Freshwater mussel glochidia 

Gravid Plain Pocketbook mussels (L. cardium) were collected at the end of April and 

early May of 2018 from a site on the Maitland River (43.771813, -81.309155) in Southern ON, 

Canada. Gravid females were held at ECCC’s ALRF. The mussels were held in a flow-through 

system with ALRF culture water maintained at 14 ± 2°C. Acute NSA exposures were conducted 

for each of the three NSAs with larval L. cardium (glochidia). An additional exposure with 

DNDS was conducted using wild adult Fatmucket mussels (L. siliquoidea) that had been 

collected from the same site. 

These experiments were conducted using reconstituted MHW (ASTM 2006; Gillis et al. 

2010). Glochidia were harvested from three individual gravid mussels, and the viability of 
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glochidia from each female was determined to be >90% (ASTM, 2006) (Table A20). All 

harvested glochidia were then transferred into a single beaker containing 50:50 MHW and ALRF 

water at room temperature, and the viability of the pooled glochidia was again confirmed to be 

>90%. Five treatments (n=4) and controls (n=5) were created by adding 100 mL of NSA 

exposure solution or MHW into each replicate 250-mL glass beaker. Roughly 400–800 glochidia 

were then placed into each vessel and were incubated at 20 ± 2°C, at 16 h light (approximately 

200 lux) and 8 h dark for the duration of the test (48h). Subsamples of at least 100 glochidia were 

removed from each test vessel at 24h and at test completion (48h) to determine the viability. As 

per ASTM (2006), glochidia viability was assessed by counting the number of glochidia that 

respond to a sodium chloride stimulus (240 g/L). The number of glochidia that were open and 

closed prior to the addition of the stimulus was counted initially. Following the addition of the 

sodium chloride stimulus, the number of glochidia that closed in response to the salt, as well as 

the number that remained open following the salt stimulus, were counted. These numbers were 

then used to calculate viability based on equation (1). 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
(# 𝑐𝑙𝑜𝑠𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑁𝑎𝐶𝑙−# 𝑐𝑙𝑜𝑠𝑒𝑑 𝑝𝑟𝑖𝑜𝑟 𝑡𝑜 𝑁𝑎𝐶𝑙)

(# 𝑐𝑙𝑜𝑠𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑁𝑎𝐶𝑙+# 𝑜𝑝𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑁𝑎𝐶𝑙)
) 𝑥 100        (1) 

Water quality was measured for each treatment at the beginning (t = 0 h) and conclusion of each 

exposure (t = 48 h) (Table A9). 

Analysis of NSAs 

Water samples 

Aqueous samples were analyzed using a XEVO-TQS (Waters Corp., Milford, MA, USA) 

ultra-performance liquid chromatography and tandem triple quadrupole mass spectrometer 

(UPLC-TQMS). The UPLC-TQMS utilized a Z-spray electrospray ionization (ESI) source 
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operating in positive ion-mode. The mass spectrometer was connected to the UPLC via a 

Kinetex C18 column (2.1 mm × 100 mm, 2.6-μm pore; Phenomenex, Torrance, CA, USA) and 

operated using multiple reaction monitoring. A gradient elution was established using water 

(0.1% formic acid; pH 3) and methanol (0.1% formic acid) as mobile phase solvents. 

Frozen samples were thawed at room temperature prior to preparation. Samples 

submitted for UPLC-TQMS analysis contained the sample and 50-µL of 112-μg/L 

sulfadimethoxine (SDM) internal standard dissolved in methanol to normalize MS output with a 

final SDM concentration of 5.6 µg/L in sample vials. For those samples where the NSA 

concentration was outside the linear dynamic range of the instrument, the samples were diluted 

back into range using methanol. The method quantitation limits (MQLs) for BaDNS, CaDNS, 

and DNDS in water were 2.88, 5.40, and 0.497 µg/L, respectively. Method detection limits 

(MDLs) in water were 0.865, 1.62, and 0.149 μg/L for BaDNS, CaDNS, and DNDS, 

respectively. 

Substrate samples 

Substrate samples obtained from P. promelas exposures were also analyzed using UPLC-

TQMS. Freeze-dried substrate samples were portioned into 1.0 g sub-samples and mixed with 25 

mL acetone in a PFTE extraction thimble with a PFTE stir bar before undergoing extraction. 

These samples underwent microwave-assisted extraction (MAE) in an Ethos SEL Microwave 

Labstation (Milestone) for 1 h and 15 minutes, using acetone as the extraction solvent. When the 

extraction thimbles returned to room temperature, the contents were rinsed with methanol and 

filtered through a 1-cm bed of Celite 545 (Fisher Scientific) on a 0.70-µm Whatman GF/F filter 

(Fisher Scientific) and into a 500-mL round bottom flask. The filtrate was then rotary evaporated 

and quantitatively transferred into a 15-mL centrifuge tube calibrated to 1 mL. Samples were 
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then evaporated under nitrogen to a volume of < 1 mL before being reconstituted to 1 mL with 

50-µL of 112-μg/L internal standard SDM and methanol. Samples were then centrifuged at 2830 

Relative Centrifugal Force (RCF) for 0.5 h to remove solid material. Any necessary dilutions of 

the extracted samples were conducted with methanol before being analyzed with the UPLC-

TQMS. In sand, MQLs for CaDNS and DNDS were 1.78, and 2.58 ng/g, while in sediment they 

were 3.38, and 5.56 ng/g, respectively. The MDLs for CaDNS and DNDS were 0.533 and 0.773 

ng/g in sand, and 1.01 and 1.67 ng/g in sediment, respectively. 

Statistical analysis 

The acute water-only exposures were processed using non-linear regression to estimate 

the measured concentrations of NSA in water that led to a 10, 25, or 50% loss of viability in 

larval freshwater mussels (ECx) or mortality of amphipods and gastropods (LCx). These values, 

and their 95% confidence intervals and standard errors, were determined by fitting a 4-parameter 

log-logistic (LL.4) model to the data in RStudio (RStudio version 1.0.153; R version 3.4.1) (R 

Core Team, 2017). The dose-response analysis package (drc) used in this study to estimate effect 

concentrations was provided by Ritz and Streibig (2015). Measured concentrations of NSA were 

only recorded at test initiation and were used to estimate effect concentrations. Significant 

differences of EC/LC50s were determined by comparing the 95% confidence intervals, wherein 

the absence of overlap was deemed to be significantly different. In the instance that an EC/LC50 

that could not be estimated, a NOEC was established using a Kruskal-Wallis one-way analysis of 

variance (ANOVA) based on ranks to verify that the treatments were not different from the 

controls (α = 0.05). The Dunnett’s method was used to identify treatments that were significantly 

different from the controls. ANOVAs were done using SigmaStat software (Systat Software Inc., 

San Jose, CA, USA). 
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The same LL.4 model described above was used to estimate the mean concentrations of 

NSA in the overlying water of the P. promelas 25-d exposure that resulted in a 10, 25, or 50% 

reduction in effect endpoints. Measured concentrations of NSAs in the overlying water at the 

beginning of the exposure period were used to conduct the non-linear regression as 

concentrations did not change significantly over the duration of the experiment (Table A11).   

Statistical analysis of P. promelas deformity data was conducted in the same manner as 

described by Prosser et al., (2017a), wherein a Bray-Curtis dissimilarity index was applied (Fox 

and Landis, 2016). Severity of observed deformities across the different treatment concentrations 

were compared against the controls using the vegan package in R (Oksanen, 2015). Severity 

scores of any deformities observed in the controls were used as a baseline, assigning any 

treatment that had the same degree of deformity a default value of 0 on the dissimilarity index. 

As the degree of treatment deformity severity increased, relative to the controls, so too would the 

value for dissimilarity index. The Bray-Curtis dissimilarity index was used to determine the NSA 

concentration that resulted in a 10, 25, or 50% difference in deformity index score compared to 

the controls. Again, data were fitted to a non-linear regression LL.4 model in RStudio using the 

drc package. 

Results and Discussion 

Pimephales promelas 

When exposed to DNDS via spiked sediment, P. promelas egg hatchability, as well as 

larval growth, production of biomass, and overall survivability were not significantly different 

from the control groups (Tables A13 and A14) despite the measured DNDS in overlying water of 

the highest exposure treatments reaching concentrations as high as 58,945 µg/L (Table A11). 

Exposure to CaDNS via spiked sediment returned similar results, with no observed difference in 
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hatch success, growth, biomass production, or overall survivability (Tables A13 and A14), albeit 

the measured concentration of CaDNS in the overlying water was below the method quantitation 

limit of 5.40 µg/L for the duration of the exposure. This is likely due to sorption of CaDNS to the 

sediment (i.e., relatively large Koc, Table 1-1) and the daily vessel changes, which would serve 

to dilute the aqueous concentrations. Measured concentrations of NSA in the substrate can be 

found in Table A12 of the SI. The 21-d EC50s for P. promelas exposed to CaDNS via spiked 

sand were 58.3, 18.8, and 15.5 µg/L for hatch success, larval growth, and biomass production, 

respectively, while the 21-d LC50 was 13.8 µg/L (Table 2-1). 

There was no relationship observed between deformity severity or incidence and NSA 

concentration in any of the three exposure scenarios tested in this paper (Table A13). The 

relationship between CaDNS concentration in the overlying water of the sand exposure and the 

severity of observed deformities was investigated using a Bray-Curtis dissimilarity index, but 

ED50s were not able to be established from the resulting index. Concentrations of CaDNS in 

water were below the limit of detection in the lowest two treatments, which rendered the 

regression ineffective. A one-way ANOVA was then used to determine that the deformity 

indices of CaDNS treatments were significantly different from the controls (p < 0.01, F-statistic 

= 760.16). Nevertheless, the treatment with the largest concentration of NSA had a lower 

severity index than the second highest treatment (Table A15).  

Acute water-only exposures 

There are currently no studies available that investigate and contrast the effect that 

different NSA congeners have on the same aquatic organisms. The only piece of available 

literature that has investigated the effects of dinonylnaphthalene sulfonates in aquatic systems 

utilized a 50:50 blend of dinonylnaphthalene ammonia sulfonate (NHDNS) and kerosene (Dave 
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et al., 1979), which was tested against growth of the algae Chlorella emersonii and survival of 

rainbow trout fry (Oncorhynchus mykiss). The nominal EC50 of blended NHDNS:kerosene for 

inhibition of C. emersonii growth was 10 mg/L, and 120-h LC50s were reported for O. mykiss 

ranging from 0.3 – 0.9 mg/L (0.3 mg/L was measured at 20°C; the warmest conditions 

investigated) (Dave et al., 1979). However, the study by Dave et al. (1979) did not attempt to 

measure the effect of NSAs on benthic invertebrates, which may be the most at-risk group of 

species based on physicochemical properties modelled for NSAs. 

Hyalella azteca 

Due to the nature of the treatment preparation method, nominal concentrations were 

expressed as a percent of the saturated solution (Table A18). Measured concentrations of NSA in 

water were considerably larger in the DNDS exposure compared to BaDNS and CaDNS, as a 

direct result of a greater solubility in water compared to the two sulfonate salts (Table A19). 

Control and solvent control vessels did not contain any detectable NSA. The measured 

concentrations of all 3 NSAs are consistent between the H. azteca and P. pilsbryi exposures as 

they were conducted on the same day using the same stock solutions. The 96-h LC50s for 

juvenile H. azteca (7-11 d old) were 266.09, 4.00, and 1.41 mg/L for DNDS, BaDNS, and 

CaDNS, respectively (Table A24). It is not clear as to why the two sulfonate salts are so much 

more toxic than DNDS. The observed DNDS toxicity in water is however likely due to the 

dramatic pH decrease (e.g., control pH = 7.96; highest treatment pH = 3.02) observed at higher 

concentrations, as the sensitivity of H. azteca to acidic conditions is well documented (France 

and Stokes, 1987; Grapentine and Rosenberg, 1992). A pH of 3.02 was measured in the most 

concentrated treatment of DNDS (100% saturated solution) (Table A10), an observation that was 

not seen in the sulfonate salt treatments.  
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Planorbella pilsbryi 

Adult P. pilsbryi were less sensitive to all NSAs than H. azteca. The 96-h LC50 for 

BaDNS and CaDNS were 7.82 and 12.09 mg/L, respectively. An LC50 for DNDS could not be 

estimated as the treatment with the highest concentration did not cause ≤ 50% mortality (Table 

A17), but a NOEC of 661.6 mg/L could be reported (Table A24). As mentioned above when 

discussing the H. azteca exposures, DNDS solutions contained a higher concentration than the 

two sulfonate salts, which was a direct result of the greater solubility of DNDS in water 

compared to the two sulfonate salts. The two sulfonate salts, BaDNS and CaDNS, did not have 

any effect on the water chemistry, however larger concentrations of DNDS led to much more 

acidic treatment water (Table A10). The acidification of the exposure solution caused by the 

dissolved DNDS may have been the cause of mortality in the highest DNDS exposure (pH=3.02 

in the most saturated treatment). 

This study is one of very few that has examined the toxicity of aquatic contaminants to 

the freshwater pulmonate gastropod P. pilsbryi (Prosser et al., 2016). Furthermore, aquatic snails 

have largely been ignored in the toxicological literature (Johnson et al., 2013), especially when 

discussing non-metal stressors. Metal contaminants such as Pb and Cu have been consistently 

observed to have significant impacts on the survival and reproduction of pulmonate snails, and 

these studies often highlight gastropods as being especially sensitive to trace metals (Brix et al., 

2012; Gao et al., 2017). However, Nishiuchi and Yoshida (1972) tested the toxicity of 108 

pesticides to 4 species of freshwater snails, and in comparing their respective toxicities to that of 

the Common Carp (Cyprinus carpio) determined that there was no discernable pattern as to 

which taxon was more sensitive to pesticide groups. Freshwater snails appeared to only have a 

heightened sensitivity to cuprous and mercurial compounds, along with a select few phthalate 
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congeners (Nishiuchi and Yoshida, 1972). Similarly, De Silva et al. (2018) observed significant 

tolerance to Cd in the pulmonate snail Amphibola crenata, which suggested that not all 

pulmonate species have the same inherent sensitivity to trace metals. Despite the heightened 

sensitivity to some metal contaminants, the findings from this study suggest that P. pilsbryi are 

relatively tolerant of NSAs when compared to amphipod H. azteca. While snail sensitivity to 

certain metals is likely a result of receptor-mediated toxicity, the effect of NSAs could be due to 

non-receptor/narcosis toxicity. A possible explanation for the greater sensitivity of H. azteca to 

NSAs relative to P. pilsbryi could be the difference in life-stage that was tested as only juvenile 

H. azteca and mature P. pilsbryi were utilized, and earlier life stages are typically more sensitive 

to waterborne contaminants (Hutchinson et al., 1998). Additionally, the differences between 

these species’ mode of respiration may have impacted NSA toxicity. Pulmonate snails breathe air 

at the water surface, while amphipods facilitate aquatic respiration through the use of their gills.  

Freshwater mussel glochidia 

The viability of glochidia at 24 and 48 h of exposure are shown in Tables A22, and Table 

A23, respectively. Glochidia EC50s were estimated using the measured concentration of NSA at 

test initiation as the percent difference in concentrations from test conclusion ranged from 0 – 

31% over the 48-h exposure period (Table A21). The 48-h EC50s for L. cardium and L. 

siliquoidea glochidia when exposed to DNDS in MHW were 123.32 and 98.23 mg/L, 

respectively (Table A24). The DNDS EC50s for both species of glochidia were not significantly 

different from one another and indicates that the two species are relatively similar in terms of 

NSA sensitivity. The 48-h EC50s for viability of L. cardium glochidia when exposed to 

dinonylnaphthalene sulfonate salts, BaDNS and CaDNS, were 0.47 and 8.57 mg/L, respectively, 

a difference that was significant (Table A24).  
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The measured 48-h EC50s for BaDNS and DNDS glochidia viability is the lowest of all 

acute exposures observed in this study (Table 2-2). Alternately, the CaDNS EC50 for L. cardium 

glochidia was significantly greater than the LC50 of H. azteca, and less than the LC50 of P. 

pilsbryi. Across the three NSA exposures, the pulmonate snail P. pilsbryi was the least sensitive 

organism to NSA concentrations and the early life-stage mussel were the most sensitive. The 

snail’s ability to breathe air is distinct from the other biota tested and implicates that differences 

in exposure to gas exchange membranes may have a role in the observed range of toxicities. 

However, this trend in acute sensitivity was also observed between gilled Pleuroceridae snails 

and glochidia when exposed to a range of contaminants in wastewater treatment plant effluent 

(Goudreau et al., 1993).  

Conclusions 

Measured concentrations of NSA in the overlying water of test vessels indicate that the 

dinonylnaphthalene disulfonic acid (DNDS) is the most soluble in water of the three NSA 

congeners tested and may not be as persistent in aquatic sediments as the two sulfonate salts. 

This study has shown that CaDNS is slightly more soluble in water than BaDNS. 

Acute water-only exposures revealed that the two sulfonate salts are significantly more 

toxic to all biota tested. Hyalella azteca were the most sensitive to CaDNS, while freshwater 

glochidia were the most sensitive to BaDNS (L. cardium) and DNDS (L. cardium and L. 

siliquoidea). The two sulfonate salts were much more toxic to every species relative to DNDS, 

although the reason for this is unclear. Further research is needed to elucidate the specific 

mechanism(s) of toxicity for these compounds.  
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Based on the results from the chronic P. promelas experiments the conclusion can be 

drawn that NSAs are sorbed tightly to sediments that are rich in organic carbon and do not 

quickly desorb into the water column. Sediment appeared to be highly protective for P. 

promelas, likely due the reduction in bioavailability of NSAs. Despite very low measured 

concentrations of CaDNS in water, P. promelas were very sensitive when exposed via a substrate 

containing no organic carbon (Table 2-1). Chronic exposure of CaDNS spiked in a substrate low 

in organic material initiated a myriad of toxic responses in P. promelas in the form of reduced 

hatch success and stunted growth, in addition to an overall reduction in organism survivability. 

When present within natural sediments at low concentrations, desorbed NSAs can potentially 

still pose a hazard to aquatic organisms inhabiting the water column. Biota that inhabit and 

interact with the benthos of lakes and rivers may be at the greatest risk from NSAs released into 

aquatic systems as NSAs are most likely to partition into the sediment, particularly the sulfonate 

salts. Data describing the effect of NSAs on benthic organisms are needed to develop a more 

thorough understanding of how this chemical family could impact aquatic ecosystems. Further 

conclusions cannot be drawn about NSA hazard and risk due to the lack of information regarding 

environmentally relevant concentrations. Further efforts should be made to quantify the 

prevalence and magnitude of NSAs in aquatic ecosystems. 
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Tables 

Table 2-1 Measured concentrations of calcium dinonylnaphthalene sulfonate (CaDNS) in the overlying water that cause a 10, 25, and 

50% reduction in P. promelas hatch success, growth, production of biomass, and total survival. The numbers in brackets are standard 

errors (n=4), and the associated 95% confidence intervals are also included. Exposure of CaDNS via spiked sand (0% organic carbon) 

occurred over the course of a 21-d period. 

 

Matrix Endpoint EC/LC10* 95% CI EC/LC25 95% CI EC/LC50 95% CI 

Overlying water 

(µg/L) 

Hatch success 1.4 (1.7) -2.0–4.7 8.9 (6.5) -4.4–22.1 58.3 (21.3) 15.0–101.6 

Growth 3.9 (1.8) 0.2–7.7 8.6 (2.2) 4.2–13.0 18.8 (2.8) 13.1–24.5 

 Biomass production 4.9 (6.5) -8.3–18.2 8.7 (5.8) -3.1–20.6 15.5 (1.7) 12.0–19.0 

 Total survival 3.4 (4.6) -5.9–12.8 6.9 (5.1) -3.5–17.2 13.8 (2.8) 8.1–19.5 

 

* All EC/LC10 values were below the method quantitation limit of CaDNS in water (5.40 µg/L) 
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Table 2-2 Measured concentrations of naphthalene sulfonic acid in water-only exposures causing 50% mortality (LC50) in H. azteca 

and P. pilsbryi or a 50% reduction in larval viability of L. cardium and L. siliquoidea (EC50). The 95% confidence interval (CI) was 

determined for each effect concentration. Standard error is in brackets (96-h n=3, 48-h n=4). 

 BaDNS (mg/L) CaDNS (mg/L) DNDS (mg/L) 

Species EC/LC50 95% CI EC/LC50 95% CI EC/LC50 95% CI 

H. azteca (96-h) 4.0 (0.4) 3.2-4.8 1.4 (0.2) 1.0-1.8 266.1 (26.4) 214.3-317.9 

P. pilsbryi (96-h) 7.8 (0.3) 7.3-8.3 12.1 (1.5) 9.2-15.0 > 661.6 - 

L. cardium (48-h) 0.47 (0.05) 0.4-0.6 8.6 (2.0) 4.5-12.6 123.3 (9.9) 102.9-143.7 

L. siliquoidea (48-h) - - - - 98.2 (14.7) 67.8-128.6 

 

Note: The toxicity of BaDNS and CaDNS to L. siliquoidea glochidia was not tested due to the similarity in sensitivity observed 

between L. cardium and L. siliquoidea from the DNDS exposures. When exposed to DNDS in water, the viability EC50s were not 

significantly different between the two species of glochidia. 
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CHAPTER 3 THE INFLUENCE OF ORGANIC CARBON ON THE TOXICITY OF 

SEDIMENT-ASSOCIATED DINONYLNAPHTHALENE SULFONIC ACIDS TO 

BENTHIC INVERTEBRATES HYALELLA AZTECA AND TUBIFEX TUBIFEX 

Abstract 

Naphthalene sulfonic acids (NSAs) are used extensively in Canadian industries (e.g., dispersant 

in dyes, rubbers, pesticides or anti-corrosive agents in coatings, gels, sealants). Under the 

Government of Canada’s Chemicals Management Plan, a need has been identified to address 

gaps in our knowledge of how NSAs may affect aquatic biota upon their introduction to the 

environment. This study examined the toxicity of three priority NSA congeners; 

dinonylnaphthalene disulfonic acid (DNDS), barium dinonylnaphthalene sulfonate (BaDNS), 

and calcium dinonylnaphthalene sulfonate (CaDNS) to benthic species. Chronic effect 

characterization was done by exposing organisms via spiked substrates to relevant environmental 

exposure routes. Models suggest that these chemicals have a relatively large affinity for organic 

carbon (log Koc). The 28-d LC50s for juvenile Hyalella azteca measured in sand were 115.3, 

69.8, and 49.0 µg/g dry weight (dw), and in sediment were 627.3, 757.9, and 576.8 µg/g dw, for 

BaDNS, CaDNS, and DNDS, respectively. However, when LC50s were estimated based on 

concentrations of NSA measured in overlying water, BaDNS and CaDNS were significantly 

more toxic than DNDS. Mortality was not a sensitive indicator of toxicity for Tubifex tubifex, but 

juvenile production was a more sensitive endpoint. The 28-d EC50s for sand were < 18.2, 22.2, 

and 64.0 µg/g dw and for sediment were 281.3, 361.6, and 218.9 µg/g dw, for BaDNS, CaDNS, 

and DNDS, respectively. All endpoints from every exposure scenario indicated that the NSAs 

examined were significantly more toxic to aquatic biota when present in substrates of lower 

organic carbon (e.g., sand). The organic carbon content of the sediment (2% in the current study) 
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appears to have acted as a sink and reduced NSA toxicity by reducing bioavailability. 

Environmental sediment samples were collected from 12 river sites across southern Ontario 

watersheds, some of which are located downstream of wastewater treatment plants, and were 

compared to the toxicity observed in the laboratory tests. The results indicate that NSAs do not 

pose a hazard by providing environmental context to laboratory findings, and as such, this study 

will support the aquatic risk assessment of this group of chemicals.   
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Introduction 

Naphthalene sulfonic acids (NSAs) have been identified as priority chemicals under the 

Government of Canada’s Chemicals Management Plan (CMP) for further analysis of their 

toxicological properties (Government of Canada, 2016). These chemicals are often present in 

small quantities as additives within a wide range of industrial products (coatings, sealants, 

rubbers, plastics, fuels) or commonly used in polymer inclusion metal-ion extraction processes 

(Almeida et al., 2015). Structural and chemical models have predicted that NSA solubility is 

relatively low, and they are therefore likely to only be present at low aqueous concentrations in 

aquatic systems, partitioning instead into sediments (Table 1-1). This behaviour highlights that 

benthic organisms may be at greatest risk of NSA exposure, with sediment acting as a natural 

sink for chronic contamination. Significant CaDNS toxicity in the fathead minnow (Pimephales 

promelas) was reported in Chapter 2 when organisms were chronically exposed to NSAs in a 

sand substrate containing no organic carbon (OC), whereas no observable effects were noted 

when exposed through sediment rich in OC. However, no studies have been conducted that 

examine the chronic toxicity of sediment-associated NSAs on freshwater benthic invertebrates or 

how it may change with organic carbon content of the exposure media. 

The freshwater epibenthic (sediment surface) amphipod Hyalella azteca, and the 

endobenthic (within sediment) oligochaete worm Tubifex tubifex are two commonly used 

organisms in sediment toxicity testing and will be used to further investigate the influence of OC 

on the chronic toxicity of NSAs in sediments. Since the OC of natural sediments can vary 

widely, the organic composition of sediments is likely to influence the toxicity of sediment-

associated contaminants (Di Toro et al., 1991). The two benthic species utilized in this study 

were exposed via substrate-associated NSA that contained either 0% (sand) or 2% (sediment) 
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OC. Tubifex tubifex are primarily exposed to sediment-associated contaminants via direct 

ingestion of contaminants sorbed to sediment or through dermal contact with contaminants 

dissolved in interstitial pore water. While these exposure pathways may be applicable to H. 

azteca, the epibenthic amphipod is primarily exposed to sediment-associated contaminants via 

interaction with the sediment surface and desorbed contaminant in the overlying water (Prosser 

et al., 2017d). The unique tendency of H. azteca to burrow beneath the sediment surface paired 

with the significant amount of time they spend foraging at the water-sediment interface in natural 

ecosystems (Borgmann et al., 2005) makes them an ideal candidate to contrast the results of 

sediment toxicity observed in T. tubifex. In Chapter 2 the acute toxicity of three NSA congeners, 

dinonylnaphthalene disulfonic acid (DNDS), barium dinonylnaphthalene sulfonate (BaDNS), 

and calcium dinonylnaphthalene sulfonate (CaDNS), were examined. The effect of NSAs on 

benthic invertebrates has not been investigated within the scientific literature, or the impact of 

substrate organic carbon on NSA toxicity. In the present chapter, the chronic effects of these 

three chemicals on mortality, growth, and reproduction of freshwater benthic invertebrates, 

exposed via spiked substrates, are evaluated to assess the risk associated with continued use of 

NSAs. 

Methods 

Substrates 

The sand utilized in this test was CaribSea® Super Naturals brand ACS05820 Premium 

Moonlight sand substrate. The typical particle size is described as 0.25-0.75 mm in diameter with 

an average density of 1521.75 kg/m3. This substrate was chosen as it contains no OC. 

Sediments were collected from two different locations in northern Lake Erie that were 

chosen due to their varied compositions; Long Point Bay, (42.58472, -80.21806), and Long Point 
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Marsh, (42.583683, -80.21806) (Table A3). These locations are routinely used to provide 

reference sediments in sediment toxicity testing and for culturing benthic invertebrates by 

Environment and Climate Change Canada (ECCC). Upon collection, sediments were sieved to 

remove large debris using either a 500-µm (for H. azteca) or 250-µm screen (for T. tubifex) 

depending on the test organism that the sediment was going to be used for in testing. The 

sediments were then blended together 2:3 (Long Point Bay: Long Point Marsh) by volume to 

achieve an OC content of approximately 2%. (Table A4). This blend of natural sediments was 

analyzed for common organic and inorganic pollutants, and the results are detailed in Table A5.  

Chronic substrate exposures 

Long-term substrate exposures were conducted following the ASTM E1706-05 guideline 

(2010). Substrates were prepared in 1-L amber glass jars by first spiking 50 grams of sand with 

solutions of NSA (DNDS: purity > 95%, BOC Sciences; BaDNS: purity > 95%, BOC Sciences; 

CaDNS: purity > 95%, BOC Sciences) dissolved in methanol (DNDS) or hexanes (BaDNS and 

CaDNS) and allowing them to sit uncovered in a fume hood for 16 h. These solvents were 

chosen due to the relatively low solubility of NSAs in water and the degree of difficulty 

inherently associated with the accurate measurement of highly viscous chemicals. After the 

solvent had been allowed to evaporate, the jars were filled to a total of 375 g dw of their 

respective substrate (sand or sediment) and spun on rollers for an additional 16 h. Calculations 

for the nominal spiking of sediment were based on dry-weight substrate mass and utilized the 

approximation that the sediment contained 50% moisture (Table B1). These jars were then stored 

in a fridge at 4 ± 2 °C for a three-week equilibration period. At test initiation, 100 g dw of each 

treatment substrate was placed into 1-L mason jars before 750 mL of dechlorinated City of 

Burlington tap water was gently poured on top. Water utilized in these experiments had been 
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UV-disinfected in ECCC’s Aquatic Life Research Facility (ALRF) and the physicochemical 

properties can be found in Table A1 of the SI. These test vessels were then aerated and incubated 

in an environmental chamber at 23 ± 2 °C for an additional 7 d prior to the addition of organisms 

to allow for the NSAs to equilibrate between the spiked substrate and overlying water. The test 

vessels were monitored daily and any evaporated water was replaced with deionized water.  

Tubifex tubifex 

Tubifex tubifex cultured at ECCC’s Canada Centre for Inland Waters in Burlington were 

used in chronic sand and sediment exposures. Organisms were cultured in the same sediment as 

utilized in the sediment exposure mixtures; retrieved from Long Point Marsh and sieved with a 

250-µm screen. The T. tubifex culture was kept at 23 ± 2 °C, in darkness, and the overlying water 

was gently aerated. Tubifex tubifex culturing methods are described in greater detail by Milani et 

al. (2003).  

Four NSA treatments were used in each substrate exposure, as well as control and solvent 

control treatments. Five replicates were made for each treatment, with one vessel receiving no 

worms to measure NSA after 28-d. Samples of water and sediment were also taken from one 

replicate of each treatment for NSA analysis at test initiation. Four reproductively mature worms 

were placed into each test vessel. Overlying water was gently aerated for 7 d prior to the addition 

of T. tubifex, as well as for the entire duration of the 28-d test. Conditions of the environmental 

test chamber were set to 23 ± 2°C in complete darkness. Sand treatment vessels were initially fed 

80 mg of ground TetraMin® fish flakes at the beginning of the test to compensate for the lack of 

existing organic matter within the substrate. Sediment treatment vessels did not receive food as 

the substrate provided sufficient organic matter for the worms. 
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Following a 28-d exposure in complete darkness, test vessels were sequentially sieved 

through 500-µm and 250-µm screens. Adult worm survival, large juvenile worms (> 500 µm), 

cocoons (empty or full), and small juvenile worms (< 500 µm) in each test vessel were recorded. 

Empty cocoons were defined for the purpose of this experiment as those that contained less than 

two offspring. Observations on the presence of gonads in adult worms, overall body condition of 

the worms, and deformities were noted. Pertinent water quality measurements (e.g., pH, 

dissolved oxygen, conductivity, ammonia, chloride) were recorded from one vessel per treatment 

at test initiation and conclusion (Tables B2 and B3). Water and substrate samples were collected 

from chemical representation vessels at the initiation and conclusion of the experiments and were 

stored at -80 °C until chemical analysis could be performed.  

Hyalella azteca 

Hyalella azteca cultured at ECCC’s Canada Centre for Inland Waters in Burlington as 

per the standard procedures described by Borgmann et al. (1989) were utilized for testing in this 

study. All tests were run using juveniles that were 7-11 d in age at test initiation.  

Seven replicate test vessels were prepared for each of five treatments, as well as for 

control and solvent control groups. Of the seven replicates per treatment, two received no 

organisms and were not fed; these vessels were used for chemical analysis of NSA 

concentrations at the beginning and conclusion of the exposures. Fifteen H. azteca were placed 

into each remaining test vessel after an initial 7-d aeration period. Organisms were fed 2.5 mg of 

ground TetraMin® fish food twice a week for the first two weeks. In week 3, organisms were fed 

2.5 mg three times followed by three 5 mg feedings in the final week. Aeration, and therefore 

dissolved oxygen, was continuously monitored throughout the test. Environmental chamber 
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parameters were set to 23 ± 2°C with a photoperiod of 16-h light (approximately 200 lux) and 8-

h dark. 

After the 28-d exposure, surviving amphipods were removed, counted, and placed on pre-

weighed aluminum weigh dishes to determine their dry mass. The amphipods were dried in an 

oven at 60 °C for a minimum of 48 h before final dry mass values were recorded. Water quality 

was measured at the beginning and conclusion of each exposure (Tables B4 and B5). Chemical 

representation samples of substrate and water were taken at the beginning and end of tests to 

verify NSA concentration. All samples were stored at -80 °C until chemical analysis. 

Analysis of NSAs 

Substrate analysis 

Substrate samples were freeze-dried and portioned into 1.0 g dry weight sub-samples. 

Substrate samples were mixed with 25 mL acetone in a PFTE extraction thimble with a PFTE 

stir bar and then subjected to microwave-assisted extraction (MAE) using an Ethos SEL 

Microwave Labstation (Milestone) for 1h and 15 minutes. Following extraction, the contents of 

each extraction thimble was rinsed with methanol and filtered through a 1-cm bed of Celite 545 

(Fisher Scientific) on a 0.70-µm Whatman GF/F filter (Fisher Scientific) into a 500-mL round 

bottom flask. The filtrate was then rotary evaporated at 180 torr and 60 °C to an approximate 

volume of 1 mL using a Büchi RE 121 Rotavapor and then quantitatively transferred into a 15-

mL centrifuge tube that had been calibrated to 1 mL. Samples were then gently evaporated in a 

water bath (40 °C) under a constant stream of nitrogen gas to a volume of < 1 mL, and 

subsequently reconstituted with 50-µL of 112-μg/L internal standard sulfadimethoxine (SDM) 

and methanol to reach a total volume of 1 mL. The SDM internal standard was used as a method 

of normalizing the MS output through internal standard quantification. Solids were removed via 
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centrifugation at 2830 Relative Centrifugal Force (RCF) for 0.5 hr. Samples were diluted with 

methanol prior to analysis via a XEVO-TQS (Waters Corp., Milford, MA, USA) ultra-

performance liquid chromatography and tandem triple quadrupole mass spectrometer (UPLC-

TQMS). The UPLC-TQMS utilized a Z-spray electrospray ionization (ESI) source in positive 

ion-mode. The MS system was connected to the UPLC using a Kinetex C18 column (2.1 mm × 

100 mm, 2.6-µm pore; Phenomenex, Torrance, CA, USA) and operated with multiple reaction 

monitoring (MRM). A gradient elution was established using water (0.1% formic acid; pH 3) and 

methanol (0.1% formic acid) as mobile phase solvents. The analytical method for NSA 

quantitation in water and substrate is described in greater detail by Skanes et al. (2019). In sand 

and sediment, method detection limits (MDLs) for BaDNS, CaDNS, and DNDS were 0.640, 

0.533, and 0.773 ng/g and 0.537, 1.01, and 1.67 ng/g, respectively. The method quantitation 

limits (MQLs) in sand for BaDNS, CaDNS, and DNDS were 2.13, 1.78, and 2.58 ng/g, 

respectively, while in sediment they were 1.79, 3.38, and 5.56 ng/g, respectively. 

Water sample analysis 

Aqueous samples obtained from the overlying water of substrate exposures were also 

analyzed using UPLC-TQMS, under the same conditions as the extracted substrate samples. 

Frozen samples were thawed and allowed to come to room temperature (~23°C). Samples of 

CaDNS and BaDNS for UPLC-TQMS analysis contained 1000-µL undiluted water sample and 

an additional 50-µL of 112-μg/L SDM internal standard dissolved in methanol. Water samples 

from the DNDS experiments were found to contain concentrations of DNDS that were greater 

than the calibration curve range and were therefore diluted further using HPLC grade H2O. 

MDLs in overlying water were 0.865, 1.62, and 0.149 μg/L for BaDNS, CaDNS, and DNDS, 
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respectively. The MQLs for BaDNS, CaDNS, and DNDS in water were 2.88, 5.40, and 0.497 

µg/L, respectively. 

Statistical Analysis 

The concentrations of NSAs at the beginning and the conclusion of exposure periods 

were used to conduct non-linear regression to determine the concentrations of NSA that resulted 

in 10, 25, and 50% mortality (LC10, LC25, LC50) or reduction in a specified endpoint (EC10, 

EC25, EC50) compared to control treatments. The drc package in R (Ritz and Streibig, 2005, R 

Development Core Team, 2016) was utilized to calculate LC/EC values as well as the associated 

error and confidence intervals by implementing a 4-parameter log-logistic model (LL.4) with the 

data generated during the exposures. Continuous data (e.g., amphipod growth, juvenile 

oligochaete production) were fit to the LL.4 model with the minimum set to 0. Binomial data 

(e.g., mortality) were fit based on a binomial distribution where 0 indicated no mortality and 1 

indicated complete mortality. Determinations of the presented LCs and ECs were made in R 

using NSA concentrations measured at test initiation and test conclusion. The significance of 

differences between LC/EC values was evaluated by comparing the 95% confidence intervals; 

overlapping intervals would indicate a lack of significance in observed difference. 

Over the course of the H. azteca tests, overlying water concentrations increased, whereas 

the change in absolute concentration was relatively lesser for T. tubifex. The reason for this is 

unclear but could possibly be due to the activity of H. azteca on the sediment-water interface 

aiding the resuspension of NSA-spiked substrate. Concentrations of NSA measured within test 

substrates at test conclusion were used to estimate LCs and ECs for T. tubifex and H. azteca. 

Additionally, measured concentrations of NSA in the overlying water of exposure vessels were 

used to generate a second set of H. azteca LCs and ECs for comparative purposes.  
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Environmental relevance 

EC/LC50s estimated in laboratory exposures were compared to measured concentrations 

of CaDNS in samples taken from 12 sites in Southern Ontario. Hazard quotients (HQ) were 

calculated by dividing the exposure concentration (measured via environmental sampling) by the 

effect concentration. Adjusted HQs were calculated by first dividing the effect concentration of 

EC/LC50s by a factor of 10 (safety factor) before HQ calculation to increase the level of 

conservatism of reported HQs. 

Results and Discussion 

Chronic substrate exposures 

Tubifex tubifex 

Measured concentrations of NSA in the overlying water of T. tubifex 28-d exposures 

reduced slightly in water overlying sand (Table B11) but the same trend was not as pronounced 

in the water overlying sediment (Table B12). The absolute difference of NSA measured in the 

overlying water over a 28-d sand exposure was small, but the percent difference of the highest 

treatments of BaDNS and CaDNS were 64% and 31%, respectively. In sediment substrates with 

measurable concentrations there was little difference between test initiation and conclusion, with 

the highest treatment concentrations of BaDNS and CaDNS changing just 8% and 25%, 

respectively, over 28 d. Concentrations of DNDS in the overlying water of T. tubifex tests were 

only measured at test conclusion with the expectation being that the change in concentration over 

the course of the 28-d was negligible as per the trend in the DNDS exposures with H. azteca, 

which is discussed in greater detail in the following section. The mean concentrations of NSA in 

the overlying water of T. tubifex sand treatments were significantly greater than those measured 

in sediment treatments. It is likely that the OC content of the sediment decreased the ability for 
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NSAs to desorb from the substrate matrix. NSAs were undetected in the overlying water of 

control and solvent control vessels.  

Due to its entirely endobenthic life cycle, T. tubifex are exposed to aquatic contaminants 

primarily via ingestion of sediments or contact with interstitial pore water. Effect and lethal 

concentrations were therefore estimated based on the measured concentrations of NSA in the 

substrate matrices, as opposed to overlying water. The data on the change in concentration of 

NSA during the experiments suggested that NSA concentrations do not significantly change over 

the course of a 28-d test (Table B6), consequently, the NSA concentrations measured at test 

conclusion were used to estimate EC/LCxs. There was no significant difference in cocoon 

production or juvenile production between control and solvent control treatments for any NSA 

experiments in either substrate (p < 0.05) (Tables B7 and B8). Adult survival of control worms 

was 100% in all vessels except for 1 of the 24 control vessels and in 1 of the 16 solvent control 

vessels (Tables B7 and B8).  

Mortality of adult T. tubifex in sand was greater than sediment treatments for BaDNS, 

with an LC50s of 523.8 and 1092.1 µg/g dw, respectively (Table 3-1). Insufficient mortality was 

observed in exposures of CaDNS and DNDS in sand or any of the 3 NSAs in sediment exposures 

to estimate LC50s. Sublethal effects on reproduction were observed and were significantly more 

sensitive than mortality in the exposed T. tubifex adults. As such, reproductive inhibition was 

observed at much lower concentrations in both substrate types with smaller confidence intervals. 

The most sensitive endpoint was the production of juvenile worms, which coincides with a 

reduced likelihood that a juvenile can survive beyond simply hatching in a chronic exposure. 

EC50s for juvenile production for BaDNS, CaDNS, and DNDS in sand were < 18.2, 22.2, and 

64.0 µg/g dw and in sediment were 281.3, 361.6, and 218.9 µg/g dw, for each respective NSA. 
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For cocoon production, EC50s for BaDNS, CaDNS, and DNDS in sand were < 18.2, 50.1, and 

109.1 µg/g dw and in sediment were 518.1, 804.3, and 338.8 µg/g dw, respectively. Similarly, 

Prosser et al. (2017d) observed a greater sensitivity in T. tubifex reproductive endpoints, with 

juvenile production being most sensitive and cocoon production being the least variable when 

exposed to sediment-associated substituted phenylamines.  

In sand exposures, where desorption of all NSAs was significant, BaDNS was most toxic 

to T. tubifex for all measured endpoints, followed by CaDNS and then DNDS. The greater Kow 

of the sulfonate salts may explain the heightened sensitivity by allowing these contaminants to 

partition into, and inherently disrupt, the cellular membranes of the more-susceptible cocoons 

and juveniles (Veith et al., 1983; Prosser et al., 2017d). In sediment exposures, where the two 

sulfonate salts (BaDNS and CaDNS) had very little desorption, DNDS was the most toxic for all 

reproductive endpoints, followed by BaDNS and CaDNS. All LC and EC values that could be 

estimated were lower in sand than in sediment indicating that NSAs are more readily desorbed in 

substrates that contain less organic material. Due to the larger Koc of the sulfonate salts, it is 

likely that in sediment exposures these compounds are bound tightly to OC and are therefore far 

less bioavailable to T. tubifex than the DNDS congener. The bioavailability of hydrophobic 

organic contaminants found within sediment has been widely documented to influence observed 

toxicities of these compounds (Word et al, 1987; Chapman et al., 1998; Cano et al., 2016; 

Kukkonen et al., 2005; Custer et al., 2016). As the OC within sediments spiked with hydrophobic 

contaminants increase, less contaminant will be available to interact with benthos in the liquid 

phase (Di Toro et al., 1991). Acute studies of these NSAs have shown that when exposures are 

conducted in water only, DNDS is significantly less toxic than the two sulfonate salts (Chapter 

2). The data generated in this study suggest that, when exposed in sand, the same pattern of 
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relative toxicity is observed, but when exposed via sediment the trend is the opposite. Of these 

three NSA congeners, the environmental behaviour of BaDNS and CaDNS in both substrate 

types were comparable; significant desorption from sand and relatively little from sediment. 

DNDS however was measured in mg/L concentrations in the overlying water for both substrate 

types (a 1000-fold increase compared to the sulfonate salts). For this reason, the relative toxicity 

of the three NSAs differed depending on whether toxicity was measured based on the 

concentration of NSA in the overlying water or in sediment or sand. It highlights the importance 

of measuring the concentration of contaminants in the substrate and overlying water during 

sediment toxicity testing. 

Hyalella azteca 

Measured concentrations of NSA in overlying water from H. azteca exposures increased 

significantly over the course of the 28-d test when overlying a sandy substrate. The percent 

difference between mean BaDNS, CaDNS, and DNDS concentrations measured in the overlying 

water at the beginning and conclusion of exposures for sand treatments was 68%, 156%, and 

30%, respectively (Table B13), whereas they were 65%, 90%, and 21%, respectively, in 

sediment (Table B14). These data differ from the T. tubifex tests and suggest that H. azteca may 

have an impact on the ability for NSAs to desorb from substrate. Interspecies differences in 

bioturbative behaviour are known to have an influence on the environmental fate of sediment-

bound pollutants (Banta and Andersen, 2003). The fate of hydrophobic oil contaminants in 

aquatic sediments can be greatly influenced by keystone bioturbators (e.g., the lugworm, 

Arenicola marina) via distribution and degradation (Timmermann et al., 2011). The magnitude 

of pesticide remobilization from aquatic sediments has been documented as being affected by 

both bioturbation mode (bio-diffusor or bio-irrigation) and species density (Bundschuh et al., 
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2016). Nogaro et al. (2009) describe tubificids as upward conveyors (ejecting fecal matter 

towards the sediment-water interface) of sediment contamination and describe the activity of H. 

azteca (activity on the surface resulting in diffuse movements of sediment) instead as 

biodiffusors. Observed differences in the overlying water concentrations of NSA between 

species are most likely due to particle resuspension by the biodiffusion activity of H. azteca, 

which promoted NSA desorption. It was also observed during exposures to both species that 

larger concentrations of NSA were correlated with an increase in the length of time sediment 

particles remained suspended in the water column at test initiation, which potentially increases 

the desorptive potential of contaminant. When present in water, NSAs have been observed to 

aggregate into hydrophobic micelles (Kaufman and Singleterry, 1955) or monolayers (Chaiko 

and Osseo-Asare, 2000). Sulfonate aggregate size has been attributed to the unique geometry of 

the acid residue rather than the size of the cation (Kaufman and Singleterry, 1957). Dinonyl- 

chains may be forming large aggregates in solution that hinder particle settling. The 

concentration of NSAs in the overlying water for H. azteca exposures were significantly greater 

in sand than in sediment, matching observations made from T. tubifex exposures, and thus further 

supporting the influence of organic carbon content on the desorptive capacity of NSAs in an 

aquatic environment. NSAs were undetected the overlying water or substrates of control and 

solvent control vessels.  

  Control and solvent control mortality were not significantly different among the NSAs. 

Survival was ≥ 80% in solvent control and control vessels for all exposures. Sediment LC50s for 

BaDNS, CaDNS, and DNDS were 627.3, 757.9, and 576.8 µg/g dw respectively, but were not 

significantly different from one another. In sand, LC50s for BaDNS, CaDNS, and DNDS were 

estimated to be 115.3, 69.8, and 49.0 µg/g dw respectively, all of which were significantly 
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different from each other. However, the stark difference in desorptive behaviour of DNDS makes 

it difficult to infer its relative toxicity to the sulfonate salts. The difference is easily identifiable if 

LC50s are estimated based on concentrations in the overlying water. In the water overlying 

sandy substrate, LC50s for BaDNS, CaDNS, and DNDS were estimated to be 52.3, 43.4, and 

7.30 x 105 µg/L, respectively. In overlying water of spiked sediments, LC50s were estimated to 

be 42.0, 14.1, and 1.44 x 106 µg/L for BaDNS, CaDNS, and DNDS, respectively. LC50s 

estimated from the overlying water of sand exposures were significantly different, with CaDNS 

being the most toxic, followed by BaDNS and then DNDS. The LC50s generated from the 

overlying water concentrations of sediment exposures indicate that CaDNS and BaDNS are both 

significantly more toxic than DNDS. This heightened sensitivity to the CaDNS congener was 

also observed in Chapter 2 when the amphipod was exposed to NSAs only via water.  

Non-lethal endpoints were also observed in addition to mortality; growth of the juvenile 

amphipods (measured as g dw / live individual at test conclusion) and production of biomass (g 

dw / total juveniles per vessel at test initiation) (Tables B9 and B10). The EC10, 25, and 50s for 

these endpoints were estimated along with 95% confidence intervals, however conclusions could 

not be effectively drawn from these endpoints due to the large variation observed within 

treatments (Table 3-2). Prosser et al. (2017d) observed similarly large variability in the 

measurement of these non-lethal endpoints in H. azteca chronic sediment-associated contaminant 

exposures. 

Contrasting these observations with the mortality data of T. tubifex from this study 

indicates that H. azteca is the more sensitive organism. This could be due, in part, to the higher 

concentrations in water that H. azteca are exposed to, even when substrate concentrations are 

comparable. Hyalella azteca disturb the substrate and resuspend particles, aiding the desorption 
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of NSA into the water column. Furthermore, once particles are suspended in the water column, 

higher concentrations of NSA in sediment were associated with a greater length of time that the 

particles remained suspended as discussed above. Similar trends between these two species were 

found when another group of sediment-associated chemicals (substituted phenylamines (SPAs)) 

were investigated, wherein H. azteca were more sensitive than T. tubifex in the context of 

mortality vs. concentration in sediment (Prosser et al., 2017d). However, when sublethal 

reproductive endpoints for T. tubifex were compared to the mortality of H. azteca, T. tubifex 

were more sensitive to both SPAs (Prosser et al., 2017d) and NSAs.  

Environmental relevance 

Investigations from Chapter 2 also examined the effect of CaDNS, albeit through a water-

only exposure, and found acute LC/EC50s for H. azteca, P. pilsbryri (freshwater pulmonate 

snail), and larval freshwater mussels (L. cardium) to be 1,400, 12,100, and 8,570 µg/L, 

respectively. Using these data in addition to those generated by this study, ECs/LCs were cross 

referenced with concentrations of CaDNS measured from environmental samples to approximate 

the overall hazard NSAs may pose to aquatic systems (Table 3-3). Samples from 12 sites in 

southern Ontario watersheds were collected and measured for CaDNS contamination. The 

physicochemical properties of sediments were evaluated for carbon content and pH (Table B15). 

No CaDNS was measured in the sample taken from the site on the Credit river (43.547137, -

79.655942). Notwithstanding, trace levels of CaDNS were measured in every other 

environmental sample collected, however they were only present in concentrations that were far 

below any estimated EC/LC10s generated in this study or Chapter 2. 

The largest detected concentration was 2.75 µg/g dw found in the Speed River 

(43.451367, -80.298279), but with a sediment organic carbon content of 2.2%, very little CaDNS 
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would be expected to be biologically available. Sediments in laboratory exposures contained 

much larger concentrations of CaDNS than what was measured in natural sediments, and only 

minimal desorption was observed (Tables B12 and B14). This concentration was used in the 

calculation of hazard quotients (HQs) for natural sediment to quantify the potential for hazard in 

a natural ecosystem. A second set of HQs were also generated for exposures that were conducted 

in sand utilizing the same 2.75 µg/g dw environmental concentration, despite all environmental 

samples containing more organic carbon than that of the sand utilized in laboratory exposures. 

This is likely an overrepresentation of the concentration found within natural sands, as substrates 

containing little organic carbon are not likely to retain NSA. Low concentrations of NSA in the 

environment could be a result of bacterial breakdown; Wittich et al. (1988) isolated a Moraxella 

strain from industrial sewage sludge that was observed to catabolize naphthalene disulfonic acids 

via 1,2-dioxygenation of the aromatic rings.  

Of all the species evaluated in Table 3-3, only T. tubifex inhabiting sandy substrates face 

a potentially hazardous scenario based on the measured CaDNS in environmental sediments 

(safety factor-adjusted HQ = 1.27). This however is unlikely to be a realistic exposure scenario 

in an environmental context, as tubificid worms are usually found in sediments containing 

organic matter (Thorp et al., 2010). All other HQs are << 1, indicating the absence of hazard. It 

is also important to note that in all the natural sediments containing < 1% OC, < 0.1 µg/g dw 

CaDNS was measured.  

A range of natural sites were chosen for environmental sampling as a representation of 

Ontario watersheds, anticipating some sites might not have detectable levels of NSA. Future 

sampling should focus on the measurement of NSA concentrations directly in industrial and 



57 

 

municipal wastewater effluent or a wider suite of sediments that are directly impacted by 

wastewater treatment plant effluent to improve upon exposure characterization. 

Conclusions 

Over the duration of exposures, very little dissipation of NSAs in sediments was 

observed. In both substrate and overlying water, concentrations did not change significantly 

relative to other chemicals tested in similar exposure scenarios (Prosser et al., 2017d).  

Concentrations of NSA in the overlying water for H. azteca exposures were greater than the 

concentrations measured in T. tubifex exposures of comparable concentration indicating species 

behaviour is likely to influence NSA desorption rates due to particle resuspension. Interspecies 

differences in bioturbative behaviour could explain the observed differences in how overlying 

water concentrations change over a 28-d period.   

Juvenile H. azteca was more sensitive than T. tubifex when comparing NSA 

concentrations within substrates causing mortality. In contrast, data generated from the 

observation of sublethal effects for H. azteca were too variable to draw meaningful conclusions 

for comparison with the non-lethal effect measurements of T. tubifex. Nevertheless, reproductive 

endpoints for T. tubifex were the most sensitive for that species and were more sensitive than 

mortality of juvenile H. azteca. 

The relative toxicity of the three NSA congeners depends entirely on the chosen measure 

of exposure concentration (i.e. overlying water concentration vs. substrate concentration) and the 

OC of the exposure substrate. In substrate devoid of OC, the barium and calcium sulfonate salts 

were more toxic than DNDS on the reproductive ability of adult T. tubifex. In substrate rich in 

OC, BaDNS and DNDS were significantly more toxic to T. tubifex reproduction than CaDNS. 
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For H. azteca juveniles, the sulfonate salts were both significantly more toxic than DNDS when 

mortality was compared to NSA concentration in the overlying water, regardless of the OC of the 

substrate. However, when comparing mortality to the concentrations of NSA measured in sand, 

DNDS was most toxic followed by CaDNS and BaDNS, respectively. In sediment, none of the 

NSAs were significantly different. The observed heightened sensitivity of H. azteca to CaDNS in 

this study matches findings from Chapter 2, conducted in water-only exposures, wherein H. 

azteca were especially susceptible to the CaDNS congener. The OC content of aquatic substrates 

does have a significant impact on the resulting toxicities to both benthic organisms observed by 

this study. Sediment with 2% OC content also had much less desorption of NSA compared to the 

sand with no OC.  

Concentrations of CaDNS measured in the environmental samples were low relative to 

the concentrations that were observed in this study to cause an effect. The approach taken in this 

study was very conservative in that the largest concentration of NSA detected in natural 

sediments was used as a baseline exposure level (in a sediment that was comprised of 2.2% 

organic carbon, one of the highest measured in this study), and that this concentration was also 

compared with laboratory results that had been conducted in 0% organic carbon substrates. 

Based on the findings of this study, NSAs would be expected to pose minimal risk to aquatic 

biota in southern Ontario watersheds. 
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Tables 

Table 3-1 Measured concentrations of naphthalene sulfonic acids in substrate at the initiation of exposures causing 10, 25, and 50% 

mortality or inhibition of reproduction in adult Tubifex tubifex and the associated 95% confidence intervals in 28-day substrate tests. 

The number in brackets is the standard error for each LC/EC. 

 

NSA Matrix Endpoint LC/EC10 95% CI LC/EC25 95% CI LC/EC50 95% CI 

BaDNS Sand  

(μg/g dw) 

Adult mortality 434.1 (325.5) -204 - 1072 476.9 (126.0) 230 - 724 523.8 (121.3) 286 - 761 

 Juvenile production < 18.2 - < 18.2 - < 18.2 - 

  Cocoon production < 18.2 - < 18.2 - < 18.2 - 

         

 Sediment 

(μg/g dw) 

Adult mortality 419.1 (103.3) 217 - 621 676.5 (113.6) 454 - 899 1092.1 (190.9) 718 - 1466 

 Juvenile production 124.3 (34.3) 53 - 196 187.0 (33.6) 117 - 257 281.3 (33.8) 211 - 352 

  Cocoon production 277.1 (70.5) 130 - 424 378.9 (64.2) 245 - 512 518.1 (57.7) 398 - 638 

         

         

CaDNS Sand  

(μg/g dw) 

Adult mortality > 893.1 - > 893.1 - > 893.1 - 

 Juvenile production 8.4 (NA) NA 13.7 (NA) NA 22.2 (NA) NA 

  Cocoon production 17.1 (7.5) 1 - 33 29.2 (8.4) 12 - 47 50.1 (22.0) 4 - 96 

         

 Sediment 

(μg/g dw) 

Adult mortality 725.0 (103.0) 523 - 927 954.5 (93.1) 772 - 1137 1256.7 (119.3) 1023 - 1490 

 Juvenile production 260.7 (181.2) -116 - 638 307.0 (99.8) 99 - 515 361.6 (21.9) 316 - 407 

  Cocoon production 713.3 (87.5) 531 - 895 757.5 (55.4) 642 - 873 804.3 (23.6) 755 - 853 

         

         

DNDS Sand  

(μg/g dw) 

Adult mortality > 121.9 - > 121.9 - > 121.9 - 

 Juvenile production 17.8 (13.1) -10 - 45 33.7 (16.3) -1 - 68 64.0 (19.1) 24 - 104 

  Cocoon production 88.2 (5.9) 76 - 101 98.1 (4.3) 89 - 107 109.1 (3.3) 102 - 116 

         

 Sediment 

(μg/g dw) 

Adult mortality > 623.3 - > 623.3 - > 623.3 - 

 Juvenile production 89.4 (16.5) 55 - 124 139.9 (19.5) 99 - 181 218.9 (23.3) 170 - 268 

  Cocoon production 218.6 (71.1) 68 - 369 272.1 (64.2) 137 - 408 338.8 (50.5) 232 - 445 
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Table 3-2 Measured concentrations of naphthalene sulfonic acid in the overlying water and substrate matrix at test conclusion leading 

to 10, 25, and 50% mortality or reduction in growth (g dry weight (dw)/ amphipod) and the production of biomass (g dw / initial 

individual per vessel) in juvenile Hyalella azteca and the associated 95% confidence intervals in 28-day substrate tests. The number in 

brackets is the standard error for each LC/EC. 

NSA 
Exposure 

Substrate 
Matrix  Endpoint LC/EC10 95% CI LC/EC25 95% CI LC/EC50 95% CI 

BaDNS Sand Sand  

(μg/g dw) 

Mortality 79.9 (5.3) 70 - 90 96.0 (4.3) 87 - 104 115.3 (4.6) 106 - 124 

  Growth 19.4 (15.7) -13 - 51 38.9 (21.5) -5 - 83 78.1 (25.0) 27 - 129 

   Production 45.2 (34.0) -24 - 114 60.4 (29.7) 0 - 121 80.7 (19.2) 42 - 120 

          

  Overlying 

water (μg/L) 

Mortality 16.1 (3.2) 10 - 22 29.1 (4.1) 21 - 37 52.3 (6.7) 39 - 65 

  Growth 0.5 (1.0) -1 - 2 2.9 (4.0) -5 - 11 17.1 (14.4) -12 - 46 

  Production 2.8 (7.0) -11 - 17 7.0 (11.2) -16 - 30 17.1 (13.0) -9 - 44 

          

 Sediment Sediment  

(μg/g dw) 

Mortality 256.2 (26.5) 204 - 308 400.9 (29.7) 343 - 459 627.3 (41.7) 546 - 709 

  Growth 477.1 (727.1) -1004 - 1958 514.2 (574.0) -656 - 1684 554.2 (393.9) -248 - 1357 

   Production 469.8 (670.4) -896 - 1835 504.4 (547.0) -610 - 1619 541.6 (402.2) -278 - 1361 

          

  Overlying 

water (μg/L) 

Mortality 3.1 (1.0) 1 - 5 11.4 (2.6) 6 - 16 42.0 (8.0) 26 - 58 

  Growth 19.5 (94.1) -172 - 211 26.2 (92.5) -162 - 215 35.1 (79.1) -126 - 196 

  Production 17.7 (80.4) -146 - 181 23.5 (81.6) -143 - 190 31.3 (74.9) -121 - 184 

          

CaDNS Sand Sand  

(μg/g dw) 

Mortality 31.6 (3.0) 26 - 37 47.0 (3.2) 41 - 53 69.8 (4.0) 62 - 78 

  Growth 57.3 (102.4) -151 - 266 60.7 (71.4) -85 - 206 64.2 (36.5) -10 – 138 

  Production - - - - - - 

  Overlying 

water (μg/L) 

Mortality 4.5 (1.2) 2 - 7 14.0 (2.8) 8 - 19 43.4 (7.3) 29 - 58 

  Growth 21.4 (56.5) -94 - 137 27.0 (46.9) -69 - 123 34.0 (28.8) -25 - 93 

  Production 19.4 (48.7) -80 - 119 24.2 (43.4) -64 - 113 30.3 (32.8) -36 - 97 

          

 Sediment Sediment  

(μg/g dw) 

Mortality 300.9 (32.4) 237 - 364 477.6 (36.8) 405 - 550 757.9 (49.7) 660 - 855 

  Growth 181.0 (51.1) 77 - 285 299.4 (55.7) 186 - 413 495.0 (77.9) 336 - 654 

   Production 212.8 (46.5) 118 - 308 301.7 (38.8) 223 - 381 427.6 (37.9) 351 - 505 

          

  Overlying 

water (μg/L) 

Mortality 2.1 (0.5) 1 - 3 5.4 (0.9) 4 - 7 14.1 (1.8) 10 - 18 

  Growth 0.8 (0.5) 0 - 2 2.3 (1.0) 0 - 4 6.3 (1.9) 2 - 10 

  Production 1.1 (0.7) 0 - 3 2.4 (1.0) 0 - 4 5.3 (1.3) 3 - 8 
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Table 3-2 continued 

NSA 
Exposure 

Substrate 
Matrix  Endpoint LC/EC10 95% CI LC/EC25 95% CI LC/EC50 95% CI 

DNDS Sand Sand  

(μg/g dw) 

Mortality 10.8 (2.0) 7 - 15 23.0 (2.5) 18 - 28 49.0 (4.3) 41 - 57 

  Growth 8.4 (7.7) -7 - 24 9.8 (5.0) 0 - 20 11.5 (1.5) 8 - 15 

   Production - - - - - - 

          

 
 Overlying 

water (μg/L) 
Mortality 13,600 (2,800) 

8,000 - 

19,000 
31,500 (3,700) 

24,000 - 

39,000 
73,000 (7,100) 

59,000 - 

87,000 

 
 

Growth 3,600 (5,500) 
-8,000 - 

15,000 
6,900 (6,200) 

-6,000 - 

19,000 
13,400 (7,200) 

-1,000 - 

28,000 

  Production - - - - 16,700 (N/A) N/A 

          

 Sediment Sediment  

(μg/g dw) 

Mortality 69.9 (14.2) 42 - 98 200.8 (43.8) 115 - 287 576.8 (284.5) 19 - 1134 

  Growth 315.3 (N/A) N/A 391.4 (N/A) N/A 485.8 (N/A) N/A 

   Production 179.1 (20.6) 137 - 221 185.0 (8.6) 167 - 202 191.0 (7.1) 177 - 206 

          

 
 Overlying 

water (μg/L) 
Mortality 

51,500 

(16,900) 

18,000 - 

85,000 

271,900 

(97,100) 

82,000 - 

462,000 

1,437,000 

(1,182,000) 

-880,000 - 

3,754,000 

  Growth - - - - - - 

 
 

Production 
212,200 

(54,300) 

102,000 - 

323,000 

222,300 

(21,900) 

178,000 - 

267,000 

232,900 

(17,100) 

198,000 - 

268,000 
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Table 3-3 Assessment of the environmental hazard posed by calcium dinonylnaphthalene sulfonate (CaDNS), based on effect 

concentrations reported in the literature and those estimated within this paper, in the context of different exposure media. The highest 

concentration of CaDNS detected in collected environmental river sediments was used as the exposure concentration in Hazard 

Quotient (HQ) calculations. 

 

Exposure 

Matrix 
Species 

Duration 

of test 

Effect 

level 
Effect endpoint 

Effect 

concentration 

Exposure 

concentration 
HQ 

Safety 

factor 

Adj-

HQ 
Reference 

           

Sediment 

(µg/g dw) 

Tubifex tubifex 28 d EC50 juvenile production 281 2.8 0.01 10 0.10 Chapter 3 

Hyalella azteca 28 d LC50 mortality 758 2.8 0.004 10 0.04 Chapter 3 

Tubifex tubifex 28 d LC50 mortality 1257 2.8 0.002 10 0.02 Chapter 3 

 Pimephales promelas 21 d NOEC mortality 246 2.8 0.01 N/A N/A Chapter 2 

           

           

Sand  

(µg/g dw) 

Tubifex tubifex 28 d EC50 juvenile production 22 2.8 0.13 10 1.27 Chapter 3 

Hyalella azteca 28 d LC50 mortality 70 2.8 0.04 10 0.40 Chapter 3 

 Pimephales promelas 21 d LC50 mortality 130 2.8 0.02 10 0.22 Chapter 2 

           

           

Water 

(µg/L) 

Pimephales promelas 21 d LC50 mortality 14 - - 10 - Chapter 2 

Hyalella azteca 28 d LC50 mortality 14 - - 10 - Chapter 3 

 Hyalella azteca 4 d LC50 mortality 1410 - - 10 - Chapter 2 

 Lampsilis cardium 2 d EC50 viability 8570 - - 10 - Chapter 2 

 Planorbella pilsbryi 4 d LC50 mortality 12100 - - 10 - Chapter 2 
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CHAPTER 4 BIOACCUMULATION & DEPURATION OF SEDIMENT-ASSOCIATED 

DINONYLNAPHTHALENE SULFONATES IN THE FRESHWATER MUSSEL 

LAMPSILIS SILIQUOIDEA AND OLIGOCHAETE TUBIFEX TUBIFEX 

Abstract 

Naphthalene sulfonic acids (NSAs) are used primarily as additives in a wide range of industrial 

products (e.g., fuels, lubricants, coatings, etc.). Based on modelled physicochemical properties, 

NSAs would likely to partition into sediments or the tissues of biota if they were to enter an 

aquatic system. This study examined the potential for three NSAs, dinonylnaphthalene disulfonic 

acid (DNDS), barium dinonylnaphthalene sulfonate (BaDNS), and calcium dinonylnaphthalene 

sulfonate (CaDNS), to accumulate in the tissue of a freshwater oligochaete Tubifex tubifex) and 

the freshwater mussel (Lampsilis siliquoidea). The ability of L. siliquoidea to depurate 

accumulated chemical was also assessed. Worms were exposed to all three NSAs via spiked 

sediment for 28 d, whereas mussels were exposed via sand spiked with CaDNS for 25 d. Mussels 

were then removed from exposure to monitor their ability to depurate chemical over the 

preceding 28 d. NSA concentrations were measured in whole body tissue samples of worms and 

separately in gill, foot, and remaining soft tissues (viscera) for mussels. The DNDS biota-

sediment accumulation factor (28-d BSAF) for T. tubifex was the only value that exceeded the 

1.7-3.0 range of concern for biomagnification. The largest concentration of CaDNS was 

measured in the gill tissue of mussels compared to the foot and remaining viscera. Once removed 

from CaDNS exposure, mussels were able to depurate the chemical from their tissues. The 

magnitude of NSA in T. tubifex tissue was larger than that of L. siliquoida, most likely due to the 

endobenthic nature of the worms, their ingestion of sediment, and the ability for mussels to 

mitigate exposure by withdrawing their foot. The kinetic bioaccumulation factors (BAFK) and 
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bioconcentration factors (BCFK) measured in this study are much lower than what would be 

necessary to classify this chemical as bioaccumulative.  
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Introduction 

Naphthalene sulfonic acids (NSAs) are a family of chemicals that are widely used in a 

variety of Canadian industries despite our relative lack of understanding as to how they may 

interact with aquatic organisms in the natural environment. NSAs are frequently used in Canada 

as rust-preventative agents in coatings, gels, and sealants, as dispersion agents in pesticides, 

thermoplastics, rubbers, and dyes, and as metal-ion extraction reagents (Chaiko and Osseo-

Asare, 2000; Exponent, 2004). They have been identified as priority chemicals for further 

investigation of their toxicity, persistence, distribution, fate, and environmental mobility by a 

Government of Canada initiative titled the Chemicals Management Plan (CMP). This initiative 

was conceived to fulfill requirements under the Canadian Environmental Protection Act to assess 

commonly-used substances with insufficient data. A list of these chemicals to be tested further, 

called the Domestic Substance List (DSL), was created in 1994. Similar inventories have been 

developed by other governments, e.g., US (The Toxic Substances Control Act), and Europe (The 

European List of Notified Chemical Substances).  

Three NSA congeners listed on the DSL are the focus of this study; dinonylnaphthalene 

disulfonic acid (DNDS), barium dinonylnaphthalene sulfonate (BaDNS), and calcium 

dinonylnaphthalene sulfonate (CaDNS) (Table 1-1). In the absence of pertinent data on these 

chemicals within the scientific literature, structural and chemical models have been utilized as a 

means of predicting how they may behave in nature. Initial predictions suggest that they are 

unlikely to dissolve significantly in water, but instead are likely to bind to the organic carbon and 

lipids found in sediments and biota within aquatic ecosystems (Table 1-1). The large predicted 

values of KOC indicate that there is a strong likelihood for NSAs to partition into sediment if they 

were present in an aquatic ecosystem and therefore benthic organisms are most likely to be 
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exposed. The large predicted octanol-water partition coefficients (KOW) also implicates NSAs as 

having potentially strong bioaccumulative tendencies, which could facilitate the transfer of these 

chemicals to higher trophic levels. 

The primary objective of this study was to assess the potential for NSAs to bioaccumulate 

in benthic species by investigating uptake and depuration when exposed via spiked substrate. 

Bioaccumulation is an important component of understanding the fate of a chemical in the 

environment. The adult fatmucket mussel (Lampsilis siliquoidea) was identified as a suitable 

candidate for bioaccumulation testing given the expected exposure pathways and the relatively 

large size of individuals. Freshwater mussels are epibenthic filter feeders, and thus are 

continually buried either partially or completely within the substrate and exposed to large 

volumes of water that pass through their gills. Adult mussels can also provide relatively large 

tissue samples for chemical analysis. Conversely, Tubifex tubifex are endobenthic and remain 

within sediment for the duration of its life cycle, suggesting it has a high probability of being 

exposed and potentially affected by NSAs in natural sediment. This study first investigated the 

propensity of CaDNS to accumulate in L. siliquoidea tissue, and the individual’s subsequent 

ability to depurate the chemical following its removal from the source of exposure. CaDNS was 

the only NSA used in the mussel portion of this study. Investigations of NSA toxicity conducted 

in Chapters 2 and 3 suggest that the two sulfonate salts are more hydrophobic than DNDS in 

addition to DNDS being significantly more toxic to benthic invertebrates and the fathead 

minnow (Pimephales promelas) than CaDNS and BaDNS. Sand was chosen as the exposure 

vehicle for CaDNS to promote greater desorption into the water column and greater exposure to 

mussel gill tissue. Alternately, sediment was chosen to investigate the bioaccumulation of NSAs 

in T. tubifex as the worm primarily inhabits sediment rich in organic carbon (Thorp et al., 2010). 
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This oligochaete could potentially be in direct contact with contaminated sediments in a natural 

ecosystem and is also a food source for other organisms, which could facilitate trophic transfer of 

NSA and magnification in consumers. 

Methods 

Test organisms 

Lampsilis siliquoidea 

Adult fatmucket mussels (L. siliquoidea) were supplied for this study by Prof. 

Christopher Barnhart of Missouri State University (MSU), MO, USA. These mussels were 

laboratory cultured from the glochidia of wild gravid female mussels originally sourced from 

Missouri’s Silver Fork of Perche Creek. Glochidia were propagated in the MSU mussel culture 

facility using largemouth bass (Micropterus salmoides) obtained from the Chesapeake Fish 

Hatchery (Mount Vernon, MO, USA). Standard methods were utilized for propagation and 

culturing (Barnhart, 2006). The mussels were transferred upon arrival to a flow-through system 

of plastic bins lined with a bed of coarse gravel and held in Environment and Climate Change 

Canada’s (ECCC) Aquatic Life Research Facility (ALRF). The physicochemical properties and 

potential contaminants of the dechlorinated City of Burlington tap water used in the flow-

through system can be found in Tables C4 and C5. The approximate age of adult mussel used 

was 5 years, with a mean length of 81.2 mm (SD = 7.23) at their longest point, and a net wet 

mass (shell included) of 16.38 g (SD = 5.34) (Table C3). 

Tubifex tubifex 

Individuals were collected for use in this test from a continuous culture of T. tubifex, 

housed at the ECCC’s Canada Centre for Inland Waters in Burlington, Ontario. Originally 

sourced from the northern border of Lake Erie, the culture is maintained according to the 
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methods described by Milani et al. (2003). A 20-L aquarium consisting of ~50% sediment by 

volume from Long Point Marsh, and ~50% by volume overlying dechlorinated City of 

Burlington tap water (Table A1) was used. This sediment was sieved to 250 µm before it was 

used to culture the worms. The culture aquarium was aerated and held in complete darkness at a 

temperature of 23 ± 2 °C. 

Spiking of substrate 

Aquarium sand was spiked with CaDNS for the L. siliquoidea exposure. The sand used in 

this test was CaribSea® Super Naturals brand ACS05820 Premium Moonlight sand substrate. 

Typical particle size of this product is 0.25-0.75 mm in diameter with an average density of 

1521.75 kg/m3. This substrate was chosen as it contains a negligible amount of organic carbon, 

which should limit CaDNS sorption on the substrate (Chapters 2 and 3). 

Test sand was spiked with a single sublethal nominal concentration of 73 µg/g dw 

CaDNS. Hexanes were used to dissolve the highly viscous CaDNS (purity > 95%, BOC 

Sciences) to produce a concentrated stock solution. A 50-g sub-sample of sand was measured 

into a 1-L amber glass jar and spiked with 0.23 mL of 0.10 g/mL stock solution. Spiked sub-

samples of sand were then placed uncapped into a fume-hood for 24 h to allow for evaporation 

of the solvent. Following solvent removal, the remaining 265-g of sand was added to each 1-L 

amber glass jar to reach nominal concentrations in sand of 73 μg/g dw, and then thoroughly 

mixed on rollers (Wheaton Industries Inc., Millville, NJ, USA) for an additional 24 h. Jars of 

homogenous spiked sand, along with jars of control sand, were stored at 4 ± 2 °C for a period of 

three weeks to allow for CaDNS to equilibrate with the substrate.  

Sediment was spiked with NSA for the T. tubifex exposures. Sediment was a mixture of 

natural sediments collected from Long Point Bay and Long Point Marsh mixed 2:3 by volume. 
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This sediment mixture contained ~2% organic carbon and was spiked with BaDNS (purity > 

95%, BOC Sciences), DNDS (purity > 95%, BOC Sciences), or CaDNS for the T. tubifex 

exposures. A 50-g sub-sample of sand was measured into a 1-L amber glass jar and spiked with 

one of the respective NSAs. Solvent was allowed to evaporate by holding the open vessels in a 

fume hood for 24 h. Sediment was then added to the amber jars and they were mixed on rollers 

for additional 24 h. The sediment used in these exposures contained roughly 50% moisture by 

mass, so it was spiked with twice the volume of stock solution that would have been used in sand 

to achieve nominal concentrations of 200 μg/g dw for all 3 of the NSAs. The physicochemical 

properties of Long Point Bay and Long Point Marsh sediments were measured individually 

(Table A3) and after mixing (Table A4). Common organic and inorganic contaminants that could 

potentially be present within the sediments were measured prior to testing (Table A5). 

Physicochemical properties of culture water were also measured (Table A1) along with a group 

of potential water-borne inorganic contaminants (Table C1). 

Lampsilis siliquoidea experiments 

This experiment was designed based on the test method outlined in the United States 

Environmental Protection Agency’s (USEPA) guideline for determination of an oyster 

bioconcentration factor (BCF), OCSPP 850.1710 (USEPA, 2016). All exposed individuals 

received the same treatment concentration, determined with a preliminary range-finding toxicity 

test, and were dissected at clearly defined intervals to establish a kinetic biota-sediment 

accumulation factor (BSAFK). 

Uptake phase 

Forty-five test vessels were prepared by placing 100 g of sand, spiked to have a single 

nominal concentration of 73 μg/g dw, into clear 1-L mason jars. An additional five vessels were 



70 

 

prepared as solvent controls (sand spiked only with hexanes), and three more as controls 

(unspiked sand). Each test vessel received 750-mL of dechlorinated and UV-disinfected City of 

Burlington tap water from ECCC’s ALRF (i.e. ALRF culture water) and was aerated for 7 d in 

an environmental chamber at 20 ± 1 °C. The environmental chamber photoperiod was 16 h of 

light (~200 lux) and 8 h of dark. Following the initial 7 d of aeration, a single adult mussel was 

placed into each of the aforementioned fifty-two vessels to begin the test. One treatment vessel 

did not receive a mussel and samples were taken of the water and sand for NSA analysis, to have 

a measure of NSA concentration at test initiation. Vessels continued to be aerated for the 

duration of the test, and each vessel was fed 100-μL of algae solution daily. The algae solution 

contained 0.7 % (v/v) Nanno 3600™ (Nannochloropsis sp.) (Reed Mariculture Inc., San Jose, 

CA, USA) and 2.7 % (v/v) Shellfish Diet 1800™ (Isochrysis, Pavlova, Thalassiosira, and 

Tetraselmis sp.) (Reed Mariculture Inc. San Jose, CA, USA); 4.5 × 108 cells/mL Nanno 3600™ 

and 5.5 × 107 cells/mL Shellfish Diet 1800™.  

Three randomly selected treatment vessels were removed from the experiment on 2, 4, 7, 

14, 21, and 25 days following the initiation of exposure using the random number generator by 

Haahr (2018). Upon removal from the treatment vessels, the outside of each mussel was rinsed 

for 10 seconds with deionized water before being dissected and separated into three tissue 

samples; the gill, the foot, and the remaining viscera. In this study, the viscera includes a range 

of organs such as the heart, digestive gland, and the gonads. Mussels were not given a chance to 

clear their gut prior to dissection, as this served as a better model for understanding exposure to 

higher trophic levels. Gravid gills were separated from non-gravid gill tissue samples and 

analyzed separately to keep gill tissue samples as consistent as possible. The corresponding 

length, gender (based on external shell morphology), and burial status of each mussel at 24-h and 
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48-h was recorded and can be found in Table C2 of the supplemental information (SI). Burial 

status was defined in this study as the mussel’s ability to anchor their foot into the test substrate. 

Burial ability of adult mussels is an additional ecologically relevant sublethal effect that, when 

impaired, can hinder predator avoidance or drought survival (Naimo et al., 1992; Archambault et 

al., 2013). Overlying water and sand samples were collected for each test vessel at the time of 

organism removal and dissection. Biological and environmental samples were stored at -80 °C 

until preparation for chemical analysis. In addition to the three exposed mussels sampled at the 

end of the test (25 d), the three solvent control and five control mussels were also dissected and 

separated into samples of gill, foot, and the remaining viscera.  

Throughout the 25-d exposure, any water loss due to evaporation was replaced using 

deionized water. Water quality measurements for ammonia, chloride, dissolved oxygen, pH, 

conductivity, and temperature were taken at the beginning of the exposure, every intermediary 

takedown date (days 2, 4, 7, 14, and 21 of exposure), and upon completion of the 25-d exposure 

(Table C4). Overlying water renewals took place every four days in order to maintain water 

quality. The water renewals alternated between 40% and 80% renewals. On days 4, 12, and 20, 

300 mL of water was removed from every vessel and replaced with aerated ALRF culture water 

acclimated to 20 ± 1 °C. On days 8 and 16, 600 mL of water was removed from every vessel and 

replaced with the same water. Ammonia of 10 random vessels was measured before and after an 

80% water renewal on day 8 to verify renewals prevented ammonia buildup (Table C5). A 

salicylate-based API Ammonia Test Kit (Mars Fishcare, Inc., Pennsylvania, USA) was used to 

obtain ammonia concentrations. Each 5-mL sample of overlying water received 8 drops of a 

sodium salicylate solution, followed by 8 drops of a sodium hypochlorite solution. After 5 

minutes, the colour of treated sample water was visually assessed and compared against a 
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reference card depicting ammonia concentrations. Two random vessels were tested every 2-3 

days to monitor ammonia levels throughout the 25-d exposure. Water, sand, and tissue samples 

were then frozen at -80 °C until they could be freeze-dried and analyzed.  

Depuration phase 

Immediately following the 25-d exposure during the uptake phase, all remaining 

individuals were rinsed for 10 seconds each with deionized water and randomly placed into three 

separate holding bins in the ALRF. Bins and the coarse gravel substrate were rinsed with water 

and were left with control water running through the system for 2 days prior to the addition of 

NSA exposed mussels. The depuration bins were held at 20 ± 1 °C in a flow-through system 

receiving ALRF culture water. 

On day 14 of the depuration phase, each of the three holding bins and their coarse gravel 

substrate was thoroughly rinsed with dechlorinated water to remove any waste deposited by the 

mussels. Throughout this phase, each bin received 5 mL of algae solution containing 87.7 % 

(v/v) Instant Algae Shellfish Diet 1800™ and 12.3% (v/v) Instant Algae Nanno Diet 3600™, 

Reed Mariculture, Campbell, CA, USA), twice daily.  

Sampling occurred on days 2, 4, 7, 14, 21, and 28 of the depuration phase and consisted 

of the removal of one individual per holding bin (three mussels in total) on each sampling day. 

Water samples were taken from each bin during each mussel sampling event for analysis. Water 

chemistry parameters were measured on each test day (ammonia, chloride, dissolved oxygen, 

conductivity, and pH). Individuals from the depuration phase were also dissected and separated 

into three tissue types; gill, foot, and the remaining viscera. Water and tissue samples were kept 

at -80 °C until chemical analyses could be completed.  
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Tubifex tubifex experiments 

The bioaccumulative potential of sediment-associated contaminants is often tested by 

following guidelines outlined in OECD Test No. 315 utilizing sediment-dwelling benthic 

oligochaetes (OECD, 2008). This study utilized the standard 1:27 organism dry weight to 

sediment total organic carbon ratio outline by MOECC (2011) and used by Van Geest et al. 

(2011) and Prosser et al. (2018). NSA treatment sediments were spiked to a nominal 

concentration of 200 μg/g dw for either BaDNS, CaDNS, or DNDS. These chosen nominal 

concentrations were previously observed to have no effect on organism survival or reproduction 

(Chapter 3). Each NSA treatment comprised 6 replicate vessels containing approximately 1.0 g 

ww of T. tubifex tissue, with an additional 3 control vessels receiving clean reference sediment 

(Table C8). Each vessel (1-L glass jar) received 125 mL of 2% organic carbon sediment, and 500 

mL overlying water. Before addition to the test vessels, the mass of T. tubifex was measured on a 

weigh dish, with special care to remove as much excess water as possible using a disposable 

pipette. In addition to the treatment vessels, an extra 3 vessels per NSA were included to measure 

changes in concentration of NSAs over the course of the 28-d exposure in sediment (Table 4-4) 

or in the overlying water (Table C9). These vessels received no T. tubifex and were sampled at 

the beginning of the 7-d aeration period, test initiation, and test conclusion. Test vessels were 

maintained in an environmental chamber in total darkness at a temperature of 23 ± 2 °C. Vessels 

were gently aerated for the duration of the exposure, and any evaporated water was replaced with 

deionized water. No solvent-only treatments were included in this study because no adverse 

effects were observed in solvent controls undergoing the same spiking procedure as that one 

utilized in Chapter 3. Water quality parameters (pH, dissolved oxygen, conductivity, ammonia, 



74 

 

and temperature) were recorded at test initiation and conclusion (Table C7). Biomass of T. 

tubifex in each replicate vessel was recorded at test initiation (Table C8). Adequate nutrition was 

provided for T. tubifex by the organic matter in exposure sediments, and as such worms were not 

given any food throughout the test.  

Tubifex tubifex were separated from sediments at test conclusion using a 250-μm sieve 

and were not given an opportunity to clear their gut. Tissue was then frozen at -80 °C until they 

could be freeze-dried in preparation for chemical analysis. 

Assessment of bioaccumulation 

The quantification of NSA bioaccumulation in adult L. siliquoidea was measured by 

calculating a kinetic bioaccumulation factor (BAFK). BAFK values were established using the 

rate constant of chemical uptake in tissue from sand (k1s) and the rate constant of depuration (k2) 

(Eq. 1). A second measure was also established, kinetic bioconcentration factor (BCFK), using 

the rate constant of chemical uptake in tissue from water (k1w) and the rate constant of depuration 

(k2) (Eq. 2). The distinguishing factor between these two values, BAFK and BCFK, is that their k1 

values are calculated based on the CaDNS concentration in either the substrate (k1s) or the 

overlying water (k1w).  

𝐵𝐴𝐹𝐾 =  
𝑘1𝑠

𝑘2
        (1) 

or 

𝐵𝐶𝐹𝐾 =  
𝑘1𝑤

𝑘2
        (2) 
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First, the depuration rate constant (k2) was calculated using the mean concentration of 

CaDNS in mussel tissue at the end of the uptake phase (Cfm0), the mean concentration of CaDNS 

in mussel tissue at the end of the depuration phase (Cfm dep), and the length of time (in days) that 

mussels had been removed from exposure vessels (tfm dep = 28) when Cfm dep was measured (Table 

4-2) (Eq 3).  

ln 𝐶𝑓𝑚 𝑑𝑒𝑝 = ln 𝐶𝑓𝑚0 −  𝑘2 𝑥 𝑡𝑓𝑚 𝑑𝑒𝑝        (3) 

Second, two uptake rate constants were calculated (k1s and k1w) depending on the method 

used to quantify environmental concentration. The uptake rate constant from sand (k1s) was 

calculated using the measured concentration of CaDNS in sand (Cs), and the concentration of 

NSA measured in tissue (Cfm) at the smooth point of an uptake curve plotted log concentration 

versus time (tup) (Eq 4). The uptake rate constant from water (k1w) was calculated using the 

measured concentration of CaDNS in water (Cw), and the concentration of NSA measured in 

tissue (Cfm) at the smooth point of an uptake curve plotted log concentration versus time (tup) (Eq 

5). 

𝑘1𝑠 =
𝐶𝑓𝑚∙𝑘2

(𝐶𝑠∙(1− 𝑒𝑥𝑝(−𝑘2𝑡𝑢𝑝))
        (4) 

or 

𝑘1𝑤 =
𝐶𝑓𝑚∙𝑘2

(𝐶𝑤∙(1− 𝑒𝑥𝑝(−𝑘2𝑡𝑢𝑝))
        (5) 

The biota-sediment accumulation factors (BSAFs) of T. tubifex exposures were 

calculated based on the concentration of NSA measured in the sediment on days 0 and 28 and the 

measured NSA concentration in tissue after 28 d. BSAF were normalized to the lipid content of 
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the T. tubifex tissue and the organic carbon content of the sediment (Eq. 6). Lipid content of T. 

tubifex tissue was previously reported to be 7.4% in a similar bioaccumulation study of 

sediment-associated contaminants (Prosser et al., 2018) and was used here in calculating NSA 

BSAF values.  

𝐵𝑆𝐴𝐹 =
(

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁𝑆𝐴 𝑖𝑛 𝑡𝑖𝑠𝑠𝑢𝑒

𝐿𝑖𝑝𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑡𝑖𝑠𝑠𝑢𝑒
)

(
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁𝑆𝐴 𝑖𝑛 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
)
        (6) 

Analysis of naphthalene sulfonates 

The analysis of NSAs in water, sediment, and sand is described in greater detail by 

Skanes et al. (2019). Microwave-assisted extraction (MAE) was used to extract NSAs from 

exposure substrates and conducted with an Ethos SEL Microwave Labstation (Milestone). The 

method detection limit (MDL) and method quantitation limits (MQL) for CaDNS in overlying 

water were 1.62 and 5.40 µg/L, respectively, while in sand they were 0.533 and 1.78 ng/g, 

respectively. In sediment samples, MDLs and MQLs were 0.537, 1.01, and 1.67 ng/g, or 1.79, 

3.38, and 5.56 ng/g dw for BaDNS, CaDNS, and DNDS, respectively. 

Tissue samples from T. tubifex and L. siliquoidea were freeze-dried and sub-sampled into 

100 mg dw portions. Each sub-sample underwent ultra-sonication assisted extraction (UAE) after 

first mixing the tissue sample with 25 mL of extraction solvent (acetone for BaDNS and CaDNS, 

methanol for DNDS) in centrifuge tubes. Samples were vortexed in their centrifuge tubes at 30-

minute intervals during UAE to help with NSA extraction. Following 4 hours of UAE, the slurry 

of extraction solvent and tissue was filtered through a 1-cm bed of Celite 545 (Fisher Scientific) 

on a 0.70-µm Whatman GF/F filter (Fisher Scientific) into a 500-mL round bottom flask. Filtrate 

was then rotary evaporated, transferred to 1-mL calibrated centrifuge tubes, and evaporated to < 
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1 mL. Samples were reconstituted with 50-µL of 112-μg/L internal standard sulfadimethoxine 

(SDM) and methanol to reach a final volume of 1 mL. These samples were then centrifuged at 

2830 Relative Centrifugal Force (RCF) for 30 minutes to remove any insoluble particles. SDM 

was used as an internal standard to normalize the mass spectrometer output via internal 

quantification.  

Analysis was done via ultra-high-performance liquid chromatography with a tandem 

triple quadrupole mass spectrometer (UPLC-TQMS) (XEVO-TQS, Waters Corp., Milford, MA, 

USA). The UPLC-TQMS was operated in positive ion-mode with a Z-spray electrospray 

ionization source. The mass spectrometer was connected using a Kinetix C18 column (2.1 mm × 

100 mm, 2.6-μm pore; Phenomenex, Torrance, CA, USA) set to multiple reaction monitoring 

mode. The elution gradient was established with water containing 0.1% formic acid (pH 3) and 

methanol containing 0.1% formic acid as solvents for the mobile phase. The MDLs for BaDNS, 

CaDNS, and DNDS in mussel tissue were 0.0774, 0.165, and 0.845 ng/g dw, respectively, while 

MDLs for T. tubifex tissue were 0.707, 1.05, and 2.93 ng/g dw for BaDNS, CaDNS, and DNDS, 

respectively.  

Statistical analysis 

A one-way analysis of variance (ANOVA) (α = 0.05) with a post-hoc Tukey’s test was 

used to determine if differences between 28-d BSAFs calculated for whole body T. tubifex tissue 

samples were significant across the three NSAs tested. Shapiro-Wilk and Levene’s tests were 

first utilized to verify normality and equal variances, respectively, before the ANOVA was 

conducted. This ANOVA was conducted thrice; once utilizing the BSAFs calculated from the 

measured NSA at test initiation, once utilizing BSAFs calculated from the measured NSA 
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concentration at test conclusion, and a third time using the geometric mean of measured NSAs 

from test initiation and conclusion (Table C10).  

Results and Discussion 

Mussels 

Individual mussel size, gender, and burial ability during the first 24- and 48-h of exposure 

were recorded and can be found in Table C2 of the SI. No obvious trend in these parameters was 

observed within the first 48-h of CaDNS exposure.  

Uptake 

The mean concentration of NSA measured in treated sand was 74.3 (SD = 6.7) μg/g dw, 

with a difference from the nominal concentration of 10.2% at test initiation (Table 4-1). Over the 

course of the 25-d exposure period, the mean percent difference in measured CaDNS in sand was 

17.1% from day 0 to 25. CaDNS was not detected in solvent control and control sand or their 

respective overlying water samples.  

The mean concentration of CaDNS in the overlying water of test vessels of dissected 

individuals during the uptake phase was 5.86 ± 4.05 μg/L. Measured concentrations of CaDNS in 

the overlying water ranged from 2.5 – 12.3 μg/L (Table 4-1). There were likely several factors 

leading to the concentration of CaDNS being lower in the water column of this mussel exposure 

than the Chapter 3 NSA exposures via sand and sediment, tests which utilized other benthic 

invertebrates Hyalella azteca and Tubifex tubifex. Compared to Chapter 3, the frequency of water 

changes during the mussel uptake phase paired with the filtration behaviour of the adult mussels 

may have minimized the accumulation of CaDNS in the water column. Frequent water changes 

were conducted to mitigate ammonia accumulation in test vessels and were found to be an 

effective strategy when conducted at 4 day intervals (Table C5).  
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During the uptake phase, 18 mussels were dissected, and an additional 8 CaDNS-exposed 

individuals were found dead. Overlying water sampled from vessels containing mussels that died 

during the uptake phase had a much larger and variable measured concentration (454.1 ± 522.3 

μg/L) than living individuals that were dissected despite having comparable concentrations in 

sand (Table C6). The differences in length of time mussels remained in their vessels after dying 

is likely the most significant factor influencing the variability that was observed. An explanation 

for this difference is that live individuals were actively removing the contaminant from the water 

and began to passively release it back into the water after their death. Freshwater bivalves have 

been observed to remove particulate-sorbed contaminants or dissolved aqueous hydrophobic 

contaminants (PCBs, PBDEs, propranolol, and triclocarban) from overlying water (Ismail et al., 

2014).  

Concentrations of CaDNS measured in gill and visceral mass (Figures 4-1 and 4-2) 

increased during the uptake phase with exposure length until eventually plateauing around day 7, 

whereas the CaDNS concentration in foot tissue (Figure 4-3) increased over the first two days of 

exposure, plateauing after day 2 with a slight decrease (Table 4-2). The mean concentration of 

CaDNS in gill and visceral mass tissues increased 190% and 40% over 25-d of exposure and the 

mean concentration of CaDNS in foot tissue declined by 65% from days 2 - 25 (Figures 1, 2, and 

3). The increase in visceral mass CaDNS concentration variability, displayed in Figure 2, was 

likely due to the sub-sampling methodology employed for analysis of this tissue type. The 

viscera samples were comprised of a larger mass of tissue than the foot and gill tissues and 

contained of a range of organs that differ in both lipid content and tissue density (e.g., heart, 

digestive gland, gonads). During the uptake phase, the source of CaDNS was spiked sand, and 

the initial spike in foot tissue concentration between test initiation and day 2 was likely the result 
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of direct contact. Mussels extend their foot into aquatic substrate to orient themselves for proper 

filtering and to act as an anchor. However, many of the exposed mussels were observed to have 

removed their foot from the sand over the course of the exposure. This avoidance behaviour may 

explain the decrease in the concentration of CaDNS in the foot tissue beyond day 2 of the 

exposure that was observed.  

The rate constants of CaDNS uptake relative to the concentration of measured NSA in 

water (k1w) for gill and viscera, respectively, were 0.829 and 1.171 L · g-1 · day-1 (litres of 

CaDNS in water per gram of dry tissue mass per day). The rate constants of CaDNS uptake were 

much smaller when calculated using the concentration of NSA measured in the sand substrate 

(k1s) for gill and viscera, respectively, 0.067 and 0.094 μg · g-1 · day-1 (micrograms of CaDNS in 

sand per gram of dry tissue mass per day). The discrepancy between k1w and k1s values is due to 

the relatively high concentration of CaDNS measured in sand compared to water. Rate constants 

for CaDNS in mussel foot tissue could not be estimated. Analyzed tissue samples from mussels 

in control and solvent control vessels did not contain any detectable CaDNS (Table 4-2). 

Depuration 

The concentration of CaDNS measured in each tissue type decreased over the 28 days 

that followed the mussels’ removal from test vessels containing spiked sand (Table 4-3). There 

was an 83% and 73% reduction in the mean concentration of CaDNS measured in gill and 

viscera tissue samples over the 28-d depuration phase, respectively. Depuration rate constants 

(k2) of CaDNS in the gill and viscera were determined to be 0.048 and 0.064 d-1, respectively. 

(Figures 1, 2, and 3). 

Kinetic bioaccumulation factors 
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Two kinetic accumulation factors were calculated for each tissue type measured, BCFK 

and BAFK. The BCFK values were calculated using the measured CaDNS concentration in the 

surrounding water. For gill and the visceral mass, BCFKs were 14.07 and 16.39, respectively. 

When BAFKs were calculated, relative to CaDNS concentrations in sand, they were 1.11 and 

1.29 for gill and viscera tissues, respectively. All of these values are > 1, indicating that the 

uptake rate constant is larger than the rate constant of depuration. BCFs calculated using the 

concentration in water were considerably larger than the BAFs, but this was likely a result of 

experimental design. Frequent water changes during the uptake phase did not allow for CaDNS 

concentrations in sand and water to reach equilibrium. At lower concentrations of CaDNS 

measured in the water, the k1w becomes larger (Eq 5). While these values are not large enough 

for CaDNS to be deemed bioaccumulative according to definitions in Canada, Europe, and the 

United States (Arnot and Gobas, 2006), CaDNS is still taken into the tissue of L. siliquoidea at a 

greater rate than it can be depurated. Consumption of mussels by predators (e.g., muskrats, 

raccoons) may lead to NSA biomagnification. Direct comparison of the NSA bioaccumulation 

results from L. siliquoidea and T. tubifex in this study was not possible as BSAFs could not be 

established from the mussel tests due to the exposure substrate (i.e., sand) containing no organic 

carbon.  

Tubifex tubifex 

NSAs were detected at trace levels in the overlying water of sulfonate salt exposures and 

at much greater concentrations during DNDS exposure (Table C9). This observation corresponds 

to the solubility of each NSA in water and the sorptive behaviour of these compounds observed 

in Chapter 3. Over the course of the 28-d exposures, there was negligible dissipation of NSAs in 

water. The absolute differences in the concentration in water between the two sulfonate salts 
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over 28 d were only 4.0 and 15.5 μg/L for BaDNS and CaDNS, respectively. The percent 

differences measured between days 0 and 28 were 63%, 97%, and 8% for BaDNS, CaDNS, and 

DNDS, respectively. The percent differences were only large for the sulfonate salts because the 

absolute concentrations were relatively small. The concentration of NSA in sediment also 

remained relatively constant over the course of the 28-d exposures (Table 4-4), matching what 

was observed with CaDNS in the mussel exposure described above and previous studies that 

examined the behaviour of sediment-bound NSAs (Chapters 2 and 3). The concentrations of 

BaDNS and CaDNS in sediment were 24.4% and 16.9% different from the nominal 

concentrations at the beginning of the exposures, respectively, and DNDS was 97.3% different. 

Measured concentrations of NSA in sediments were all lower than the nominal values. This 

greater dissipation of DNDS from sediments was also observed in Chapter 3 and was likely due 

to the significantly greater solubility of DNDS in water compared to the sulfonate salts. 

The lipid-adjusted biota-sediment accumulation factor (BSAF) calculated based on the 

day 0 measured concentrations of NSA was greatest for DNDS (2.80–3.75), followed by CaDNS 

(0.83–1.09) and BaDNS (0.53–0.69). The BSAFs calculated for all three NSAs increased when 

calculated based on NSA concentrations measured on day 28 or the geometric mean of the 

concentrations of NSA at days 0 and 28 (Table 4-5). These observed increases in calculated 

BSAFs are directly related to the slight decrease in NSA concentrations measured on day 28 

compared to day 0 (Table 4-4). The BSAFs for all three NSAs were significantly different from 

each other (p < 0.05) when using day 0 sediment NSA concentrations. However, the two 

sulfonate salts were not significantly different (p = 0.236) when using the day 28 concentrations 

of NSA in sediment (Table C10). When using the geometric mean of NSA concentrations, 

DNDS was significantly different from both sulfonate salts (p < 0.05), but the sulfonate salts 
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were once again not significantly different from one another (p = 0.116). These data suggest that 

NSA affinity for organic carbon (KOC) has a significant role on the potential for bioaccumulation. 

The NSA with the smallest modelled KOC and smallest KOW, DNDS, was observed to be the 

most bioaccumulative in sediment. The weaker affinity for organic carbon likely made DNDS 

the most bioavailable. A greater amount of DNDS was available to T. tubifex to incorporate into 

their tissue, despite having a lesser modelled affinity for lipid than BaDNS and CaDNS. In 

Chapter 3 DNDS was found to be more toxic than BaDNS and CaDNS to T. tubifex when EC50s 

were estimated using measured NSA concentrations in sediment as opposed to overlying water. 

The sorptive behaviour of DNDS facilitates its movement out of sediment, making it much more 

bioavailable than the sulfonate salts. The bioavailability of DNDS compared to the sulfonate 

salts when sorbed to sediment is most likely the reason for the larger BSAFs calculated in this 

study for DNDS. BSAFs ranging from 1.7 – 3.0 indicate potential for biomagnification through a 

food web (ASTM 1997). BSAFs calculated for DNDS in this study exceed the range for 

biomagnification, which could be of concern if DNDS was found to be present in aquatic 

ecosystems. Notwithstanding, this conclusion assumes that biota will be under constant 

environmental exposure, and temporal data regarding the presence of NSA in the environment 

are currently lacking. No previous studies are known to have measured the concentration of NSA 

in the tissues of aquatic biota.  

The measured concentration of CaDNS in T. tubifex tissue was noticeably greater than 

what was observed in L. siliquoidea at the end of the mussel uptake phase (Tables 3 and 6). This 

difference is likely due to the consumption of sediment by T. tubifex. Similar to freshwater 

mussels, T. tubifex occupy a relatively low trophic level in aquatic food webs, however they are 

likely to be exposed to NSA at a greater rate than mussels due to sediment ingestion and 
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continual contact with potentially contaminated sediments. This increased exposure to sediment-

associated NSAs and their bioaccumulation in T. tubifex could lead to trophic transfer in 

organisms that consume benthos. 

Conclusions 

The results presented in this study suggest that NSAs are not likely to be described as 

bioaccumulative based on criteria for BAFs defined by regulatory agencies in Canada (≥ 5000), 

United Nations (≥ 5000), Europe (≥ 2000), or the United States (≥ 1000) (Government of 

Canada, 1999; Arnot and Gobas, 2006; Moermond et al. 2011; USEPA 2012). However, this 

study and the one discussed in Chapter 3 have observed considerable NSA persistence when 

contained in sediments containing 2% organic carbon. Alternatively, BSAFs calculated from the 

data generated in the T. tubifex exposure to DNDS indicate potential to biomagnify through the 

food web (BSAF > 3.0) (ASTM, 1997). The absolute concentration of CaDNS in T. tubifex 

tissue was considerably larger than what was measured in any tissue type of L. siliquoidea. This 

finding matched what was observed in similar exposures of these organisms to sediment-

associated substituted phenylamines (Prosser et al., 2018). Although the persistence of DNDS in 

substrates was much less of a concern than the two sulfonate salts (Chapter 3), the results from 

this study suggest that DNDS has the greatest potential to bioaccumulate in organism tissue. 
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Tables 

Table 4-1 Mean measured concentration of calcium dinonylnaphthalene sulfonate in the 

overlying water and sand of test vessels upon dissection day of adult Lampsilis siliquoidea tested 

during the bioaccumulation phase. Overlying water was renewed on days 4, 8, 12, 16, 20, and 

24. On day 4, samples of the overlying water were taken prior to water renewal. Standard 

deviations are shown in brackets. 

 

Treatment Exposure 

time 

(days) 

Overlying 

water 

concentration 

(μg/L) 

Percent 

difference 

in water 

day 0 - 25 

Sand 

concentration 

(μg/g dw) 

Percent 

difference 

from 

nominal 

Percent 

difference 

in sand day  

0 - 25 

       

 0 3.4 (NA)  81.2 (NA) 10.2%  

73  

(μg/g dw) 

2 5.3 (1.6)  82.6 (2.0) 11.9%  

4 12.3 (3.7)  73.7 (1.5) 0.5%  

 7 7.4 (4.0)  77.3 (4.3) 5.3%  

 14 3.8 (0.9)  75.0 (7.7) 2.3%  

 21 2.5 (0.4)  68.1 (2.0) 7.4%  

 25 4.0 (1.4) 16.2% 68.4 (5.8) 6.9% 17.1% 

       

Solvent 

control 

25 < 1.62 - < 5.33 x 10-4 - - 

       

Control 25 < 1.62 - < 5.33 x 10-4 - - 
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Table 4-2 Mean measured concentration of calcium dinonylnaphthalene sulfonate in tissues of 

adult Lampsilis siliquoidea during the bioaccumulation uptake phase. Standard deviation in 

brackets.  

 

Treatment Exposure 

time (days) 

Mean gill 

concentration 

(μg/g dw) 

Mean viscera 

concentration 

(μg/g dw) 

Mean foot 

concentration 

(μg/g dw) 

     

73  

(μg/g dw) 

2 12.4 (6.3) 17.0 (4.9) 9.8 (7.0) 

4 18.8 (5.8) 14.3 (8.2) 6.2 (2.3) 

 7 23.5 (9.9) 29.1 (22.1) 7.0 (5.4) 

 14 24.0 (8.9) 29.9 (26.1) 7.3 (1.4) 

 21 19.7 (12.0) 29.6 (18.1) 7.7 (3.3) 

 25 35.9 (16.9) 23.8 (18.3) 3.4 (1.2) 

     

Solvent 

control 

 < 1.65 x 10-4 < 1.65 x 10-4 < 1.65 x 10-4 

     

Control  < 1.65 x 10-4 < 1.65 x 10-4 < 1.65 x 10-4 
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Table 4-3 Mean measured concentration of calcium dinonylnaphthalene sulfonate in tissues of 

adult Lampsilis siliquoidea during the depuration phase. Standard deviation is reported in 

brackets. 

 

Treatment Time removed 

from exposure 

(days) 

Mean gill 

concentration 

(μg/g dw) 

Mean viscera 

concentration 

(μg/g dw) 

Mean foot 

concentration 

(μg/g dw) 

     

73 

(μg/g dw) 

1 39.7 (NA) 11.7 (NA) 2.7 (NA) 

2 25.1 (11.1) 15.2 (4.4) 3.1 (1.1) 

 4 10.0 (3.3) 11.3 (9.4) 6.2 (5.3) 

 7 10.3 (1.4) 13.6 (12.8) 10.8 (12.4) 

 14 7.2 (2.6) 9.4 (6.5) 1.7 (0.8) 

 21 5.5 (1.6) 13.6 (13.6) 0.6 (0.2) 

 28 6.6 (1.8) 3.1 (3.0) 1.4 (0.1) 

     

 

NA: This sample was taken from a mussel that died following removal from contamination and 

was sampled on its own on day 1 of depuration. 
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Table 4-4 Mean concentration of naphthalene sulfonic acids (NSAs) in sediment at the initiation 

and conclusion of 28-d exposures with Tubifex tubifex. Number in brackets represents one 

standard deviation (n = 3). 

 
NSA Nominal 

concentration 

in sediment 

(μg/g dw) 

Concentration 

in sediment–0 d 

(μg/g dw) 

Concentration in 

sediment–28 d 

(μg/g dw) 

Percent 

difference 

between  

nominal and 0 d 

Percent 

difference 

between  

0 d and 28 d 
      

BaDNS 200 156.5 (22.7) 140.9 (13.3) 24.4% 10.5% 

CaDNS 200 168.9 (16.8) 166.6 (4.0) 16.9% 1.4% 

DNDS 200 69.1 (10.3) 50.3 (2.2) 97.3% 31.5% 
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Table 4-5 Mean concentration of naphthalene sulfonic acids (NSAs) in the tissue of Tubifex 

tubifex exposed to sediment spiked with NSAs for 28 d and range of biota-sediment 

accumulation factors (BSAF) calculated based on the measured concentration of NSAs in 

sediment at 0 d, 28 d, or the geometric mean of the two concentrations. Number in brackets 

represents one standard deviation (n = 6). 

 

 

  

NSA Concentration in tissue 

(µg/g dw) 

BSAF-0 d BSAF-28 d BSAF-geometric 

mean 

BaDNS 364.6 (29.6) 0.53–0.69 0.59–0.76 0.56–0.73 

CaDNS 622.4 (54.3) 0.83–1.09 0.85–1.11 0.84–1.10 

DNDS 856.1 (91.4) 2.80–3.75 3.85–5.16 3.30–4.42 
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Figures 

Figure 4-1 Uptake and depuration profile of calcium dinonylnaphthalene sulfonate (CaDNS) in 

the gill tissue of adult Lampsilis siliquoidea over time (μg/g dw tissue). The uptake phase was a 

25-d exposure to 73 μg/g dw CaDNS via a sand substrate containing negligible organic carbon. 

The beginning of the 28-d depuration phase is denoted by a vertical red line, where individuals 

were removed from CaDNS exposure. The method detection limit (MDL) and method 

quantitation limit (MQL) are both marked as horizontal lines at 0.165 and 0.550 ng/g, 

respectively.  
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Figure 4-2 Uptake and depuration profile of calcium dinonylnaphthalene sulfonate (CaDNS) in 

the visceral mass of adult Lampsilis siliquoidea over time (μg/g dw tissue). The uptake phase 

was a 25-d exposure to 73 μg/g dw CaDNS via a sand substrate containing negligible organic 

carbon. The beginning of the 28-d depuration phase is denoted by a vertical red line, where 

individuals were removed from CaDNS exposure. The method detection limit (MDL) and 

method quantitation limit (MQL) are both marked as horizontal lines at 0.165 and 0.550 ng/g, 

respectively. 
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Figure 4-3 Uptake and depuration profile of calcium dinonylnaphthalene sulfonate (CaDNS) in 

the foot tissue of adult Lampsilis siliquoidea over time (μg/g dw tissue). The uptake phase was a 

25-d exposure to 73 μg/g dw CaDNS via a sand substrate containing negligible organic carbon. 

The beginning of the 28-d depuration phase is denoted by a vertical red line, where individuals 

were removed from CaDNS exposure. The method detection limit (MDL) and method 

quantitation limit (MQL) are both marked as horizontal lines at 0.165 and 0.550 ng/g, 

respectively. 
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CHAPTER 5 GENERAL DISCUSSIONS AND CONCLUSIONS 

 Investigation of naphthalene sulfonic acid desorption from substrate and the effect 

on aquatic biota in overlying water 

Organic contaminants contained within sediments of natural watersheds have the 

potential to desorb into the water column and impact aquatic biota. For some chemicals that are 

used frequently in Canada, very little is known about their fate in aquatic ecosystems or what 

impact they may have on biota. In this study, we examined a class of chemicals, the naphthalene 

sulfonates, for which little is known about their potential effects in the environment. The ability 

of three dinonylnaphthalene sulfonates to desorb from contaminated substrates (sand or 

sediment) into the water column was investigated, and the effects on a variety of organisms were 

observed.  

 Following acute exposures (48-96 h) to NSAs dissolved in the water column, larval 

freshwater mussels (glochidia) were generally the most sensitive, followed by the freshwater 

amphipod H. azteca and the pulmonate snail P. pilsbryi. Differences in observed species 

sensitivity are possibly the combined result of differences in exposure to gas exchange surfaces 

(gill vs. lung) and the life-stage tested. The differences in respiratory behaviour between P. 

pilsbryi (air-breathing) and H. azteca (aquatic respiration) may also have served to further 

separate their respective sensitivities to these aquatic contaminants. 

When CaDNS was associated with 2% organic carbon-containing sediment, there was no 

detectable desorption into the water column. Consequently, no observable effect on the 

hatchability or survival of fathead minnow fry was noted. However, when CaDNS was 

associated with a sand matrix containing no organic carbon, desorbed CaDNS was detected in 
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the overlying water and caused significant mortality and impairment of hatchability. Further, 

DNDS was tested via spiked-sediment comprised of 2% organic carbon, and unlike CaDNS, 

large amounts desorbed into the water column suggesting a greater potential for bioavailability. 

The bioavailability, and therefore aquatic toxicity, of NSAs is largely driven by their ability to 

partition from sediment to the water column. 

 Sensitivity of the epibenthic amphipod Hyalella azteca and the endobenthic 

oligochaete Tubifex tubifex to naphthalene sulfonic acids in aquatic substrates differing in 

organic carbon content 

The toxicity of sediment-associated contaminants has been known to be significantly 

altered by the type of sediments utilized as exposure media in sediment testing (Di Toro et al., 

1991). Hydrophobic organic contaminants can be found in natural sediments and are sometimes 

bound tightly to organic carbon, lowering their bioavailability and changing their toxicity 

depending on the makeup of the sediment. The hypotheses tested within this chapter were that 

the organic carbon content of substrate would not impact the toxicity of three 

dinonylnaphthalene sulfonic acids to the benthic organisms Hyalella azteca or Tubifex tubifex. 

 The three NSA compounds were all significantly more toxic when the substrate contained 

no organic carbon. This finding agreed with what was observed in Chapter 2, wherein no adverse 

effects occurred in fathead minnows when exposed via sediment, and significant effects were 

observed when exposed via sand. The barium and calcium sulfonate salts were far less soluble in 

water than DNDS, but all three NSAs desorbed from sand much more rapidly than from spiked 

sediment. In sand, these compounds became much more bioavailable and produced negative 

effects in exposed test organisms. The most sensitive endpoint for H. azteca was mortality, while 

for T. tubifex, reproductive endpoints were more sensitive than survival. 
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 The relative toxicity of NSAs changed for both organisms depending on compartment of 

the aquatic ecosystem selected for measurement. When measuring NSA concentration in the 

overlying water, the sulfonate salts were significantly more toxic than DNDS. However, when 

measuring toxicity based on concentrations measured in the sediments, there was no read-across 

trend as to which NSA was most toxic. This was due to immediately desorbing into the water 

column when introduced into aquatic systems via spiked substrate, leaving only a small 

substrate-bound fraction remaining.  

  Because these organisms are naturally present in sediments, it was important to 

determine environmentally relevant sediment concentrations. No measurements of NSA in the 

environment had been published prior to this study; wherein we detected trace amounts of NSA 

in the majority of southern Ontario sediments tested (0.1 – 2.7 μg/g dw). The greatest 

concentration measured in natural sediments was compared against effect concentrations from 

laboratory tests, but field concentrations did not approach or exceed concentrations that are likely 

to be hazardous. 

 Bioaccumulation of naphthalene sulfonic acids in the endobenthic oligochaete 

Tubifex tubifex and freshwater mussel Lampsilis siliquoidea and the ability of mussels to 

depurate contaminant 

Chemicals that display a strong affinity for organic carbon and lipids are often projected 

to be present at higher concentrations in the tissue of exposed biota relative to their surrounding 

environment. However, the tendency of naphthalene sulfonic acids to bioaccumulate has not 

been investigated. If these compounds are persistent in aquatic ecosystems, the potential for 

chronic exposure and bioaccumulation is significant. To address this research question, we tested 

the hypothesis that NSAs would accumulate in T. tubifex tissues. We also tested the hypothesis 
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that adult L. siliquoidea would accumulate during exposure and subsequently depurate CaDNS 

when removed from the source of exposure.  

 Tubifex tubifex were exposed to NSAs within sediment containing approximately 2% 

organic carbon for a total of 28 days. Concentrations of all three NSAs tested were greater in T. 

tubifex tissue post-exposure than the concentration of NSA in sediment at test initiation. When 

normalized to the lipid content of whole-body T. tubifex tissue and the organic carbon content of 

the exposure sediment, the resultant biota-sediment accumulation factors that were calculated are 

far below the standards of what the Canadian government defines as bioaccumulative (≥ 5000) 

(Government of Canada, 1999).  

 Over the course of a 25-day exposure to CaDNS in sand, adult fatmucket mussels L. 

siliquoidea accumulated the chemical in gill, foot, and remaining visceral tissues. Gill and 

visceral tissue concentrations increased exponentially until reaching a maximum, but the 

observed concentrations were not large enough to be deemed bioaccumulative by government 

standards (Government of Canada, 1999). Upon removal from the sand spiked with CaDNS, 

individuals were able to effectively depurate the chemical over the course of 28 days in clean 

flowing water. The concentration of CaDNS in L. siliquoidea tissue did not exceed the 

concentration measured in the surrounding water and sand. Based on the single-concentration 

exposures utilized in tests with both species, the data indicate that bioaccumulation may be a 

greater problem for the oligochaete T. tubifex. 

Concluding statement 

 Based on the data generated in these studies, NSAs can cause acute toxicity to a wide 

range of aquatic species when present in the water column. When present in sandy substrates, 
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NSAs cause a reduction in hatchability and survival of hatched fathead minnows, but this effect 

was not observed when NSAs were introduced via substrates containing organic carbon. After 

further investigation into the effect of organic carbon on toxicity, utilizing the endobenthic 

oligochaete T. tubifex and epibenthic amphipod H. azteca, NSA toxicity was significantly 

decreased when introduced via sediments rich in organic carbon. However, when effect 

concentrations were compared against Southern Ontario environmental concentrations, NSAs are 

not likely to be classified as hazardous.  

The bioaccumulative potential of NSAs in benthic invertebrates T. tubifex and L. 

siliquoidea was also tested, using concentrations exceeding those measured in natural sediment. 

For both organisms the resultant concentrations of NSA measured in tissue were too small to be 

deemed bioaccumulative as defined by Canada, the European Union, or the United States 

(Government of Canada, 1999; Arnot and Gobas, 2006; Moermond et al. 2011; USEPA 2012). 

The bioavailability of NSAs in aquatic ecosystems appears to have a dramatic effect on their 

ultimate toxicity, and as such are unlikely to cause toxicity at environmentally relevant 

concentrations. Future studies could aim to measure the accumulative potential of DNDS on 

adult mussels when exposed via sediments containing organic carbon in order to effectively 

compare the results between T. tubifex and L. siliquoidea. Additionally, expanding the scope of 

environmental samples to cover a larger sample size of industrial and municipal wastewater 

effluents in addition to sediments from areas downstream of wastewater inputs may improve the 

overall risk assessment for anthropogenically-impacted aquatic ecosystems. 
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Appendix A – Chapter 2 

Tables 

Table A1 Physicochemical properties of the Aquatic Life Research Facility (ALRF) water (i.e., 

dechlorinated city of Burlington (ON) tap water) (used in all testing (n = 4). Analyses were 

conducted by Environment and Climate Change Canada’s National Laboratory for 

Environmental Testing in Burlington, Ontario, Canada using standard methods.  

 

Physicochemical property Mean value (standard deviation) 

Ca2+ 35.7 (0.3) mg/L 

Mg2+ 9.0 (0.07) mg/L 

K+ 1.7 (0.02) mg/L 

Silica 1.3 (0.04) mg/L 

Na+ 15.5 (0.6) mg/L 

Cl- 26.5 (0.3) mg/L 

F- 0.7 (0.01) mg/L 

SO4
2- 26.9 (0.1) mg/L 

Dissolved inorganic carbon 21.6 (0.1) mg/L 

Dissolved organic carbon 0.9 (0.0) mg/L 

NH4
+ / NH3 0.017 (0.001) mg/L 

NO3
-/NO2

- 0.78 (0.23) mg/L  

Soluble reactive phosphorus 0.009 (0.006) mg/L 

Nitrogen, total Kjeldahl 0.16 (0.03) mg/L 

Alkalinity (CaCO3) 90.35 (0.64) mg/L 

pH 8.13 (0.28) 

Specific conductance (25 ºC) 316 (4) µS/cm 

Hardness 126 (0) mg/L 
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Table A2 Physicochemical properties of reconstituted moderately hard water (MHW) (n =7) 

used in toxicity testing with Lampsilis cardium and Lampsilis siliquoidea glochidia. Standard 

deviations (SD) are indicated in parentheses. Analyses were conducted by Environment and 

Climate Change Canada’s National Laboratory for Environmental Testing in Burlington, ON, 

Canada. 

 

Physicochemical property Mean value (mg/L) (SD) 

Ca2+ 16.6 (1.5) 

Mg2+ 13.1 (1.3) 

K+ 2.2 (0.2) 

Silica 0.5 (0.1) 

Na+ 32.2 (3.0) 

F- 0.01 (0.01) 

SO4
2- 91.1 (8.6) 

Dissolved inorganic carbon 17.0 (1.6) 

Dissolved organic carbon 0.7 (0.3) 

Alkalinity (CaCO3) 69.8 (5.6) 

Hardness 95.2 (8.5) 
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Table A3 Physicochemical properties of sediments collected from Long Point Marsh and Long 

Point Bay in Lake Erie located in ON, Canada (n = 4). Physicochemical properties were 

determined by standard methods developed by Environment and Climate Change Canada’s 

National Laboratory for Environmental Testing. 

  Long Point Marsh Long Point Bay 

    

Property Units Mean 
Standard 

deviation 
Mean 

Standard 

deviation 

      

Ammonium mg/kg dw 17.4 3.1 7.5 3.6 

Nitrate mg/kg dw 1.0 0.5 0.6 0.3 

Total nitrogen % dry 0.7 0.01 0.1 0.0 

Phosphorus mg/kg dw 12.7 0.4 6.1 0.3 

Total carbon % dry 10.4 0.2 2.8 0.5 

Inorganic carbon % dry 2.7 0.1 2.2 0.4 

Organic carbon % dry 7.7 0.1 0.6 0.1 

Organic matter % dry 14.8 0.4 1.2 0.3 

pH  7.6 0.0 7.7 0.1 

      

Texture      

Gravel % dry 0.0 0.0 0.0 0.0 

Sand % dry 6.3 1.4 29.7 0.1 

Very find sand % dry 4.2 0.8 13.1 0.1 

Fine sand % dry 0.7 0.2 16.4 0.1 

Medium sand % dry 0.6 0.5 0.1 0.1 

Coarse sand % dry 0.7 0.1 0.0 0.0 

Very coarse sand % dry 0.1 0.2 0.1 0.1 

Silt % dry 71.5 2.5 59.8 0.4 

Clay % dry 22.2 2.6 10.6 0.4 
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Table A4 Physicochemical properties of mixed sediment used (mixture of sediment from Long 

Point Marsh and Long Point Bay) in testing (n = 6). Physicochemical properties were determined 

by standard methods developed by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing in Burlington, ON, Canada using standard methods. 

  Mixed sediment 

   

Property Units Mean 
Standard 

deviation 

    

Ammonium mg/kg dw 8.6 3.1 

Nitrate mg/kg dw 0.4 0.5 

Total nitrogen % dry 0.2 0.01 

Phosphorus mg/kg dw 7.8 0.4 

Total carbon % dry 4.9 0.2 

Inorganic carbon % dry 2.9 0.1 

Organic carbon % dry 2.0 0.1 

Organic matter % dry 3.9 0.4 

pH  7.8 0.0 

    

Texture    

Gravel % dry 0.0 0.0 

Sand % dry 21.1 10.2 

Very find sand % dry 10.2 1.5 

Fine sand % dry 10.0 11.2 

Medium sand % dry 0.9 0.3 

Coarse sand % dry 0.2 0.2 

Very coarse sand % dry 0.0 0.0 

Silt % dry 66.4 10.3 

Clay % dry 12.6 0.3 
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Table A5 Concentration of potential inorganic and organic contaminants in mixed sediment used in naphthalene sulfonic acid toxicity 

testing (n = 4). Analyses were conducted using standard methods developed by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing in Burlington, ON, Canada using standard methods. 

Metals 

(µg/g dw) 
Mean 

Standard 

deviation 

Polycyclic aromatic 

hydrocarbons 

(ng/g dw) 

Mean 
Standard 

deviation 

Organochlorines 

(ng/g dw) 
Mean 

Standard 

deviation 

         

Aluminum 40200 1243 Acenaphthene <0.7 - Aldrin <0.003 - 

Antimony 0.2 0.0 Acenaphthylene <0.2 - alpha-BHC <0.01 - 

Arsenic 2.4 0.7 Anthracene 2.75 0.5 beta-BHC <0.01 - 

Barium 439 23.1 Anthanthrene <0.03 - gamma-BHC (lindane) <0.01 - 

Beryllium 1 0.1 Benzo(a)anthracene 4.85 0.9 delta-BHC <0.01 - 

Bismuth 0.07 0.0 Benzo(a)pyrene 2.8 1.0 alpha-Chlordane 0.024 0.004 

Cadmium 0.4 0.0 Benzo(a)acridine 0.096 0.00 gamma-Chlordane 0.027 0.006 

Calcium 88700 324 Benzo(c)phenanthrene 2.0 0.2 Captan <0.2 - 

Chromium 17.3 7.9 Benzo(b)fluoranthene 12 4.2 Chlorothalonil <0.002 - 

Cobalt 4.7 0.9 Benzo(e)pyrene 8.6 1.9 o,p'-DDD 0.19 0.06 

Copper 10.6 1.0 Benzo(g,h,i)perylene 9.6 2.1 o,p'-DDE 0.045 0.004 

Galllium 10.2 1.2 Benzo(j)fluoranthene 4.5 1.8 o,p'-DDT 0.09 0.02 

Iron 18300 439 Benzo(k)fluoranthene 4.0 5.0 p,p'-DDD 1.0 0.1 

Lanthanum 19.3 4.3 1-Chloronaphthalene <0.01 - p,p'-DDE 1.6 0.6 

Lead 8.8 3.0 2-Chloronaphthalene <0.01 - p,p'-DDT <0.2 - 

Lithium 13.7 1.3 Chrysene 10.1 1.3 Deltamethrine <0.1 - 

Magnesium 19800 234 Dibenzo(a,h)anthracene 1.2 0.6 Dieldrin 0.038 0.008 

Manganese 588 34.5 Dibenzo(a,j)anthracene 1.3 0.2 Endosulfan I <0.02 - 

Mercury <0.035 - Dibenzo(a,h)acridine <0.02 - Endosulfan II <0.03 - 

Molybdenum 0.8 0.3 Dibenzo(a,j)acridine <0.03 - Endosulfane sulphate <0.01 - 

Nickel 10.9 1.7 7H-Dibenzo(c,g)carbazole 9.2 0.0 Endrin <0.01 - 

Phosphorus 776 83 Dibenzo(a,e)fluoranthene 1.7 0.6 Endrin aldehyde <0.01 - 

Potassium 14800 329 Dibenzo(a,e)pyrene 1.7 0.5 Endrin ketone <0.1 - 

Rubidium 43 7.2 Dibenzo(a,h)pyrene <0.05 - Heptachlor <0.002 - 

Selenium 0.3 0.2 Dibenzo(a,i)pyrene <0.05 - Heptachlor epoxide (A) <0.02 - 

Sodium 12500 92 Dibenzothiophene <10 - Heptachlor epoxide (B) <0.004 - 

Strontium 271 53.2 
7,12-

Dimethylbenzo(a)anthracene 
2.55 1.9 Hexachlorobenzene 0.040 0.003 

Thallium 0.3 0.1 1,3-Dimethylnaphthalene 0.83 0.1 Hexachlorobutadiene 0.0083 0.0002 

Uranium 1.5 0.8 Fluoranthene 19 9.9 Hexachlorocyclopentadiene <0.001 - 

Vanadium 43 5.2 Fluorene 5.5 0.8 Metolachlor <0.01 - 

Zinc 36.9 5.9 Indeno(1,2,3-c,d)pyrene 7.1 3.0 Methoxychlor <0.01 - 
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Table A5 continued 

Metals 

(µg/g dw) 
Mean 

Standard 

deviation 

Polycyclic aromatic 

hydrocarbons 

(ng/g dw) 

Mean 
Standard 

deviation 

Organochlorines 

(ng/g dw) 
Mean 

Standard 

deviation 

         

   2-Methylchrysene 2.2 1.4 Mirex <0.001 - 

   3-Methylchrysene 1.3 0.6 trans-Nonachlor <0.012 - 

   Ʃ5- and 6-Methylchrysene <0.03 - cis-Nonachlor <0.02 - 

   2-Methylfluoranthene 1.4 0.4 Octachlorostyrene <0.002 - 

   1-Methylnaphthalene 3.0 0.4 Oxychlordane <0.01 - 

   2-Methylnaphthalene 3.8 0.4 Pentachloroanisole <0.004 - 

   1-Methylphenanthrene <0.3 - Pentachlorobenzene 0.022 0.001 

   1-Nitropyrene <0.3 - Permethrin <0.02 - 

   Naphthalene 7.1 0.7    

   Perylene 12.7 1.9    

   Phenanthrene 26.7 10.3    

   Pyrene 11.8 1.8    

   2,3,5-Trimethylnaphthalene 1.1 0.1    
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Table A6 Mean and standard deviation of water quality parameters of replicate test vessels for each treatment in early-life stage tests 

exposing Pimephales promelas to substrates spiked with naphthalene sulfonic acids. 

Experiment Treatment 

 
Conductivity 

(µS/cm) 
pH 

Dissolved 

oxygen 

(mg/L) 

Ammonia 

(mg/L) 

DNDS 

(exposed in 

sediment) 

Control (no sediment) Mean 376.88 8.57 8.01 0.01 

 Standard Deviation 14.25 0.02 0.16 0.01 

      

 Control (sediment) Mean 410.42 8.55 7.87 0.01 

  Standard Deviation 14.52 0.03 0.10 0.02 

       

 Solvent Control (sediment) Mean 411.88 8.57 7.84 0.03 

 Standard Deviation 16.95 0.03 0.09 0.03 

       

 20 µg/g dw Mean 409.28 8.54 7.82 0.01 

  Standard Deviation 14.84 0.03 0.13 0.02 

       

 63 µg/g dw Mean 410.62 8.52 7.68 0.00 

  Standard Deviation 15.16 0.13 0.38 0.00 

       

 200 µg/g dw Mean 403.38 8.56 7.80 0.00 

  Standard Deviation 25.79 0.03 0.07 0.01 

       

 630 µg/g dw Mean 410.76 8.54 7.71 0.04 

  Standard Deviation 15.76 0.02 0.15 0.04 

       

 2000 µg/g dw Mean 416.63 8.53 7.64 0.06 

  Standard Deviation 16.23 0.04 0.15 0.03 
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Table A6 continued 

Experiment Treatment 

 
Conductivity 

(µS/cm) 
pH 

Dissolved 

oxygen 

(mg/L) 

Ammonia 

(mg/L) 

CaDNS 

(exposed in 

sediment) 

Control (no sediment) Mean 332.92 8.48 7.88 0.00 

 Standard Deviation 5.62 0.02 0.06 0.00 

      

 Control (sediment) Mean 365.82 8.49 7.73 0.00 

  Standard Deviation 9.63 0.03 0.12 0.00 

       

 Solvent Control 

(sediment) 

Mean 365.53 8.51 7.65 0.00 

  Standard Deviation 9.36 0.03 0.12 0.00 

       

 20 µg/g dw Mean 377.78 8.51 7.74 0.00 

  Standard Deviation 10.08 0.02 0.05 0.00 

       

 63 µg/g dw Mean 379.67 8.51 7.70 0.00 

  Standard Deviation 10.25 0.03 0.04 0.00 

       

 200 µg/g dw Mean 377.02 8.50 7.72 0.01 

  Standard Deviation 8.20 0.04 0.04 0.02 

       

 630 µg/g dw Mean 377.78 8.50 7.73 0.01 

  Standard Deviation 8.60 0.02 0.06 0.01 

       

 2000 µg/g dw Mean 378.16 8.50 7.69 0.01 

  Standard Deviation 8.50 0.03 0.03 0.01 

 

  



116 

 

Table A6 continued 

Experiment Treatment 

 
Conductivity 

(µS/cm) 
pH 

Dissolved 

oxygen 

(mg/L) 

Ammonia 

(mg/L) 

CaDNS 

(exposed in 

sand) 

Control (no sand) Mean 352.65 8.54 7.95 0.00 

 Standard Deviation 9.34 0.02 0.09 0.00 

      

Control (sand) Mean 351.68 8.53 7.96 0.00 

  Standard Deviation 11.90 0.03 0.09 0.00 

       

 Solvent Control (sand) Mean 352.44 8.53 7.95 0.00 

 Standard Deviation 12.15 0.03 0.08 0.00 

       

 20 µg/g dw Mean 351.53 8.53 7.97 0.00 

  Standard Deviation 9.96 0.02 0.05 0.00 

       

 63 µg/g dw Mean 352.89 8.54 8.18 0.00 

  Standard Deviation 10.33 0.03 0.26 0.00 

       

 200 µg/g dw Mean 348.78 8.54 7.98 0.00 

  Standard Deviation 11.31 0.03 0.11 0.00 

       

 630 µg/g dw Mean 346.73 8.55 8.03 0.00 

  Standard Deviation 14.87 0.03 0.06 0.00 

       

 2000 µg/g dw Mean 346.07 8.56 8.03 0.00 

  Standard Deviation 11.40 0.02 0.07 0.00 
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Table A7 Mean, standard deviation, maximum, and minimum of water quality parameters in replicate test vessels across treatments at 

the initiation and conclusions of tests that exposed adult file rams-horn snails (Planorbella pilsbryi) to naphthalene sulfonic acids for 

96 h.  

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

BaDNS 
t = 0 h Mean 7.38 8.22 329 <0.01 22.0 30.1 

 Standard Deviation 0.34 0.83 20  0.3 3.6 

  Max. 7.90 9.18 364 <0.01 22.6 36.6 

  Min. 7.06 7.07 307 <0.01 21.8 26.5 

         

 t = 96 h Mean 7.89 7.28 470 5.7 21.6 54.0 

  Standard Deviation 0.16 0.39 78 2.7 0.4 9.6 

  Max. 8.12 7.72 547 8 22.0 72.6 

  Min. 7.70 6.80 359 2 20.3 46.3 

         

CaDNS 
t = 0 h Mean 8.40 7.86 326 <0.01 22.0 36.9 

 Standard Deviation 0.01 0.25 3  0.2 0.8 

  Max. 8.41 8.05 331 <0.01 22.3 38.3 

  Min. 8.38 7.51 323 <0.01 21.9 36.0 

         

 t = 96 h Mean 8.03 7.55 405 2 22.1 N/A 

  Standard Deviation 0.04 0.26 16 1.5 0.2  

  Max. 8.10 7.83 412 4 22.5  

  Min. 7.98 7.20 373 0.5 22.0  

         

DNDS 
t = 0 h Mean 6.86 7.46 321 <0.01 21.1 35.0 

 Standard Deviation 1.93 0.24 6  0.2 0.4 

  Max. 7.96 7.77 326 <0.01 21.4 35.8 

  Min. 3.02 7.19 310 <0.01 20.8 34.6 

         

 t = 96 h Mean 7.14 6.31 418 0.6 22.0 43.5 

  Standard Deviation 2.01 0.29 48 0.8 0.3 2.9 

  Max. 8.06 6.72 487 2 22.6 47.7 

  Min. 3.03 5.90 349 0.25 21.8 40.7 

: Observed pH variability is due to much lower values in the highest treatments. 

N/A: Measurements were not taken due to a faulty chloride meter.  
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Table A8 Mean, standard deviation, maximum, and minimum of water quality parameters in replicate test vessels across treatments at 

the initiation and conclusions of tests that exposed juvenile freshwater amphipods (Hyalella azteca) to naphthalene sulfonic acids for 

96 h.  

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

BaDNS 
t = 0 h Mean 7.38 8.22 329 <0.01 22.0 30.1 

 Standard Deviation 0.34 0.83 20  0.3 3.6 

  Max. 7.90 9.18 364 <0.01 22.6 36.6 

  Min. 7.06 7.07 307 <0.01 21.8 26.5 

         

 t = 96 h Mean 8.06 8.33 353 0.5 21.6 34.3 

  Standard Deviation 0.10 0.25 17 0.1 0.4 1.5 

  Max. 8.20 8.79 385 0.5 22.0 36.8 

  Min. 7.93 8.10 338 0.25 20.3 32.7 

         

CaDNS 
t = 0 h Mean 8.40 7.86 326 <0.01 22.0 36.9 

 Standard Deviation 0.01 0.25 3  0.2 0.8 

  Max. 8.41 8.05 331 <0.01 22.3 38.3 

  Min. 8.38 7.51 323 <0.01 21.9 36.0 

         

 t = 96 h Mean 8.02 7.68 308 <0.01 22.1 N/A 

  Standard Deviation 0.06 0.08 11  0.2  

  Max. 8.07 7.78 326 <0.01 22.5  

  Min. 7.91 7.56 295 <0.01 22.0  

         

DNDS 
t = 0 h Mean 6.86 7.46 321 <0.01 21.1 35.0 

 Standard Deviation 1.93 0.24 6  0.2 0.4 

  Max. 7.96 7.77 326 <0.01 21.4 35.8 

  Min. 3.02 7.19 310 <0.01 20.8 34.6 

         

 t = 96 h Mean 6.83 7.41 416 0.1 22.0 50.4 

  Standard Deviation 1.75 0.21 171 0.2 0.3 3.2 

  Max. 7.74 7.78 764 0.5 22.6 54.7 

  Min. 3.26 7.19 329 <0.01 21.8 47.1 

: Observed pH variability is due to much lower values in the highest treatments. 

N/A: Measurements were not taken due to a faulty chloride meter.  
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Table A9 Mean, standard deviation, maximum, and minimum of water quality parameters in replicate test vessels across treatments at 

the initiation and conclusions of tests that exposed glochidia of plain pocketbook mussels (Lampsilis cardium) and fatmucket mussels 

(Lampsilis siliquoidea) to naphthalene sulfonic acids for 48 h.  

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

L. cardium 

BaDNS 

t = 0 h Mean 8.03 8.47 263 <0.01 22.3 5.30 

 Standard Deviation 0.25 0.04 28  0.1 0.24 

  Max. 8.48 8.50 286 <0.01 22.4 5.73 

  Min. 7.85 8.39 212 <0.01 22.2 5.03 

         

 t = 48 h Mean 8.24 8.72 327 <0.01 21.7 N/A 

  Standard Deviation 0.02 0.10 14  0.1  

  Max. 8.26 8.92 348 <0.01 21.8  

  Min. 8.20 8.65 308 <0.01 21.5  

         

L. cardium 

CaDNS 

t = 0 h Mean 7.79 8.47 303 <0.01 22.3 13.7 

 Standard Deviation 0.04 0.05 21  0.1 7.0 

  Max. 7.82 8.55 338 <0.01 22.5 25.2 

  Min. 7.71 8.42 281 <0.01 22.2 6.39 

         

 t = 48 h Mean 8.24 8.74 355 <0.01 21.5 N/A 

  Standard Deviation 0.01 0.08 28  0.1  

  Max. 8.25 8.77 393 <0.01 21.6  

  Min. 8.23 8.66 328 <0.01 21.3  
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 Table A9 continued 

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

         

L. cardium 

DNDS 

t = 0 h Mean 6.03 8.78 364 <0.01 22.5 10.9 

 Standard Deviation 3.21 0.14 147  0.2 3.2 

  Max. 7.91 8.95 656 <0.01 22.8 16.1 

  Min. 2.98 8.56 273 <0.01 22.2 8.1 

         

 t = 48 h Mean 6.46 8.76 464 <0.01 23.1 21.8 

  Standard Deviation 2.36 0.09 110  0.1 3.6 

  Max. 8.11 8.83 677 <0.01 23.2 27.4 

  Min. 3.14 8.64 386 <0.01 23.0 17.2 

         

L. siliquoidea 

DNDS 

t = 0 h Mean 6.82 8.34 309 <0.01 23.2 31.5 

 Standard Deviation 1.68 0.05 46  0.2 15.6 

  Max. 8.23 8.40 245 <0.01 23.5 50.6 

  Min. 3.62 8.26 381 <0.01 23.1 13.2 

         

 t = 48 h Mean 7.57 8.66 448 <0.01 21.9 51.1 

  Standard Deviation 1.31 0.13 36  0.2 18.6 

  Max. 8.27 8.78 407 <0.01 22.1 72.5 

  Min. 4.93 8.45 494 <0.01 21.6 25.9 

: Observed pH variability is due to much lower values in the highest treatments. 

N/A: Measurements were not taken due to a faulty chloride meter 
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Table A10 Effect of dinonylnaphthalene disulfonic acid (DNDS) concentration on the pH of 

treatments in acute water-only exposures. Measurements taken at the initiation of tests. Hyalella 

azteca and Planorbella pilsbryi exposures were conducted simultaneously and utilized the same 

treatment solutions. 

Test species 
Measured DNDS 

concentration (mg/L) 
pH 

   

L. cardium 42.6 7.768 

 158.1 7.293 

 284.5 6.660 

 703.1 3.608 

 1138.7 2.977 

   

   

L. siliquoidea 42.1 7.911 

 70.3 7.540 

 169.3 7.124 

 316.3 6.487 

 648.3 3.620 

   

   

H. azteca / P. pilsbryi 2.1 7.94 

 119.4 7.89 

 217.7 7.52 

 661.6 6.80 

 1555.1 3.02 
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Table A11 Mean concentration of naphthalene sulfonic acids (NSAs) in overlying water of test vessels at the initiation and conclusion of 

exposures of Pimephales promelas on days 3, 10 and 17. The number in brackets is the standard deviation of triplicate samples. Percent 

difference between measured concentration at the initiation and conclusion of exposure on day 3, 10 and 17. 

  Mean concentration – overlying water (µg/L) 

   

  Egg stage – day 3 1st Larval stage – day 10 2nd Larval stage – day 17 

NSA 

Nominal 

concentration – 

sediment  

(µg/g dw) 

Pre-exposure Post-exposure 

Percent 

difference 

– pre- to 

post-

exposure 

Pre-exposure Post-exposure 

Percent 

difference 

– pre- to 

post-

exposure 

Pre-exposure Post-exposure 

Percent 

difference 

– pre- to 

post-

exposure 

CaDNS 

(sediment) 

Control < 5.40 - - - - - - - - 

Sediment Control < 5.40 - - - - - - - - 

 Solvent Control < 5.40 - - - - - - - - 

 20 < 5.40 < 5.40 - < 5.40 < 5.40 - < 5.40 < 5.40 - 

 63 < 5.40 < 5.40 - < 5.40 < 5.40 - < 5.40 < 5.40 - 

 200 < 5.40 < 5.40 - < 5.40 < 5.40 - < 5.40 < 5.40 - 

 630 < 5.40 < 5.40 - < 5.40 < 5.40 - < 5.40 < 5.40 - 

 2000 < 5.40 < 5.40 - < 5.40 < 5.40 - < 5.40 < 5.40 - 

           

CaDNS 

(sand) 

Control < 5.40 - - - - - - - - 

Sand Control < 5.40 - - - - - - - - 

 Solvent Control < 5.40 - - - - - - - - 

 20 < 5.40 < 5.40 - < 5.40 < 5.40 - < 5.40 < 5.40 - 

 63 < 5.40 < 5.40 - < 5.40 2.3 (0.4) - 2.0 (0.3) 1.8 (0.4) 11% 

 200 15.4 (7.4) 1.9 (2.0) 156% 17.0 (7.5) 53.5 (16.1) 104% 36.3 (13.6) 10.3 (4.2) 112% 

 630 224.0 (17.5) 20.6 (8.1) 166% 19.6 (2.7) 50.8 (18.5) 89% N/A N/A - 

 2000 200.9 (29.3) 47.6 (13.7) 123% 50.4 (6.7) 30.0 (18.9) 51% 259.6 (44.3) 25.2 (4.2) 165% 

           

DNDS  

(sediment) 

Control < 0.497 < 0.497 - - - - - - - 

Sediment Control - < 0.497 - - - - - - - 

 Solvent Control - < 0.497 - - - - - - - 

 20 729.0 (61.8) 677.2 (25.2) 7% 474.0 (17.4) 506.4 (26.3) 7% 462.1 (29.6) 484.4 (12.2) 5% 

 63 1574.7 (57.0) 2227.3 (222.0) 34% 1851.3 (160.8) 1718.0 (152.2) 7% 1708.0 (165.5) 1806.3 (116.5) 6% 

 200 5215.0 (257.8) 8476.7 (903.9) 48% 6703.3 (998.5) 6505.0 (510.3) 3% 6416.7 (323.7) 6540.0 (470.1) 2% 

 630 15193.3 (1392.0) 20706.7 (2631.9) 31% 17423.3 (1131.9) 16660.0 (1299.7) 4% 16376.7 (2305.0) 18350.0 (1384.9) 11% 

 2000 52613.3 (3984.6) 58944.4 (10205.1) 11% 56366.7 (4659.0) 49893.3 (3701.9) 12% 47966.7 (704.7) 57146.7 (4568.0) 17% 

           
 

N/A: Samples were lost and unrecoverable due to broken jars.  
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Table A12 Mean concentration of naphthalene sulfonic acids (NSAs) in substrate at the 

initiation of 21-day sediment exposures with Pimephales promelas. The number in brackets is 

the standard deviation of triplicate samples. Percent difference between nominal concentration in 

sediment and measured concentration in sediment at test initiation.  

NSA Nominal concentration 

(µg/g dw) 

Mean concentration 

(g/g dw) 

Percent difference 

from expected – 

nominal vs. measured 

    

CaDNS 

(sediment) 

Control < 3.38 x 10-3 - 

Sediment Control < 3.38 x 10-3 - 

 Solvent Control < 3.38 x 10-3 - 

 20 12.7 (7.8) 45% 

 63 11.2 (1.8) 140% 

 200 32.5 (2.3) 144% 

 630 75.7 (14.4) 157% 

 2000 246.2 (35.9) 156% 

    

CaDNS 

(sand) 

Control < 1.78 x 10-3 - 

Sand Control < 1.78 x 10-3 - 

 Solvent Control < 1.78 x 10-3 - 

 20 14.3 (2.0) 33% 

 63 44.1 (1.0) 35% 

 200 175.9 (69.9) 13% 

 630 486.5 (77.4) 26% 

 2000 2035.1 (413.1) 2% 

    

DNDS  

(sediment) 

Control < 5.56 x 10-3 - 

Sediment Control < 5.56 x 10-3 - 

 Solvent Control < 5.56 x 10-3 - 

 20 18.1 (13.9) 10% 

 63 19.4 (10.7) 106% 

 200 55.3 (10.8) 113% 

 630 152.2 (20.5) 122% 

 2000 798.0 (49.0) 86% 
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Table A13 Percent hatchability, percent successfully hatched, percent deformed at hatch, percent survival to 9 days post hatch (dph), 

percent survival from 9 to 16 dph and percent total survival for each replicate in experiments exposing Pimephales promelas to 

sediment or sand spiked with naphthalene sulfonates for 21 days. 

Experiment 
Nominal concentration 

in sediment (μg/g dw) 

% 

Hatchability 

%  

Hatch 

% Survival 

to 9 dph 

% Survival 

9 to 16 dph 

% Total 

survival 

% 

Deformed 
DNDS 

(Exposed via 

sediment) 

Control – water only 100.0 100.0 95.0 100.0 95.0 0.0 

Control – water only 95.0 90.0 100.0 100.0 90.0 5.3 

Control – water only 100.0 100.0 90.0 100.0 90.0 5.0 

 Control – water only 100.0 95.0 100.0 100.0 95.0 5.0 

 Control – water only 100.0 95.0 100.0 100.0 95.0 5.0 

 Control – water only 100.0 94.4 100.0 100.0 94.4 5.3 

 Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

 Control – water only 100.0 95.0 100.0 100.0 95.0 5.0 

 Sediment control 100.0 95.0 94.7 100.0 90.0 5.0 

 Sediment control 100.0 100.0 95.0 100.0 95.0 0.0 

 Sediment control 100.0 95.0 100.0 100.0 95.0 5.0 

 Sediment control 100.0 100.0 100.0 100.0 100.0 0.0 

 Solvent control 95.0 90.0 94.4 100.0 85.0 5.3 

 Solvent control 100.0 95.0 94.7 100.0 90.0 5.0 

 Solvent control 95.0 95.0 100.0 100.0 95.0 0.0 

 Solvent control 95.0 95.0 100.0 100.0 95.0 5.3 

 20 100.0 100.0 100.0 100.0 100.0 0.0 

 20 100.0 100.0 100.0 100.0 100.0 0.0 

 20 100.0 100.0 100.0 100.0 100.0 0.0 

 20 100.0 95.0 100.0 100.0 95.0 5.0 

 63 100.0 100.0 100.0 90.0 90.0 0.0 

 63 100.0 100.0 90.0 100.0 90.0 5.0 

 63 100.0 90.0 100.0 100.0 90.0 10.0 

 63 100.0 100.0 100.0 100.0 100.0 0.0 

 200 100.0 100.0 95.0 100.0 95.0 0.0 

 200 100.0 100.0 90.0 100.0 90.0 0.0 

 200 95.0 90.0 100.0 100.0 90.0 5.3 

 200 100.0 100.0 100.0 100.0 100.0 0.0 

 630 100.0 100.0 95.0 90.0 85.5 5.0 

 630 100.0 100.0 100.0 100.0 100.0 0.0 

 630 100.0 95.0 94.7 100.0 90.0 5.0 

 630 100.0 100.0 100.0 100.0 100.0 0.0 

 2000 100.0 100.0 90.0 100.0 90.0 5.0 

 2000 100.0 100.0 100.0 100.0 100.0 0.0 

 2000 100.0 95.0 100.0 100.0 95.0 5.0 

 2000 95.0 95.0 100.0 100.0 95.0 0.0 
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Table A13 continued  

Experiment 
Nominal concentration 

in sediment (μg/g dw) 

% 

Hatchability 

% 

Hatch 

% Survival 

to 9 dph 

% Survival 

9 to 16 dph 

% Total 

survival 

% 

Deformed 
CaDNS 

(exposed via 

sediment) 

Control – water only 100.0 95.0 100.0 100.0 95.0 5.0 

Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

 Control – water only 95.0 90.0 94.4 100.0 85.0 5.3 

 Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

 Control – water only 95.0 95.0 100.0 100.0 95.0 0.0 

 Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

 Control – water only 100.0 95.0 100.0 100.0 95.0 5.0 

 Sediment control 100.0 95.0 100.0 100.0 95.0 5.0 

 Sediment control 100.0 100.0 100.0 100.0 100.0 0.0 

 Sediment control 100.0 100.0 100.0 100.0 100.0 0.0 

 Sediment control 100.0 100.0 100.0 100.0 100.0 0.0 

 Solvent control 100.0 95.0 100.0 100.0 95.0 5.0 

 Solvent control 100.0 100.0 100.0 100.0 100.0 0.0 

 Solvent control 100.0 100.0 100.0 100.0 100.0 0.0 

 Solvent control 100.0 100.0 100.0 100.0 100.0 0.0 

 20 95.0 95.0 100.0 100.0 95.0 0.0 

 20 100.0 100.0 100.0 100.0 100.0 5.0 

 20 100.0 100.0 100.0 100.0 100.0 5.0 

 20 95.0 85.0 100.0 100.0 85.0 0.0 

 63 95.0 90.0 100.0 100.0 90.0 5.3 

 63 100.0 100.0 100.0 100.0 100.0 0.0 

 63 100.0 100.0 95.0 100.0 95.0 0.0 

 63 95.0 95.0 89.5 100.0 85.0 15.8 

 200 95.0 95.0 94.7 100.0 90.0 0.0 

 200 95.0 80.0 100.0 100.0 80.0 15.8 

 200 100.0 100.0 100.0 100.0 100.0 0.0 

 200 100.0 100.0 100.0 100.0 100.0 0.0 

 630 70.0 70.0 92.9 100.0 65.0 0.0 

 630 90.0 90.0 100.0 100.0 90.0 0.0 

 630 100.0 100.0 100.0 100.0 100.0 0.0 

 630 80.0 80.0 100.0 100.0 80.0 0.0 

 2000 65.0 65.0 100.0 100.0 65.0 0.0 

 2000 90.0 90.0 100.0 100.0 90.0 5.6 

 2000 90.0 90.0 100.0 100.0 90.0 0.0 

 2000 95.0 80.0 100.0 100.0 80.0 15.8 
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Table A13 continued  

Experiment 
Nominal concentration 

in sand (μg/g dw) 

% 

Hatchability 

% 

Hatch 

% Survival 

to 9 dph 

% Survival 

9 to 16 dph 

% Total 

survival 

% 

Deformed 
CaDNS 

(exposed via 

sand) 

Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

Control – water only 95.0 95.0 100.0 100.0 95.0 0.0 

Control – water only 100.0 80.0 93.8 100.0 75.0 20.0 

 Control – water only 100.0 85.0 82.4 100.0 70.0 15.0 

 Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

 Control – water only 95.0 95.0 94.7 100.0 90.0 0.0 

 Control – water only 100.0 95.0 100.0 100.0 95.0 5.0 

 Control – water only 100.0 100.0 100.0 100.0 100.0 0.0 

 Sand control 100.0 100.0 100.0 100.0 100.0 0.0 

 Sand control 100.0 80.0 100.0 100.0 80.0 20.0 

 Sand control 94.7 94.7 94.4 100.0 89.5 5.6 

 Sand control 100.0 100.0 100.0 100.0 100.0 0.0 

 Solvent control 100.0 100.0 94.7 100.0 94.7 5.3 

 Solvent control 100.0 85.0 94.1 100.0 80.0 20.0 

 Solvent control 100.0 100.0 100.0 100.0 100.0 0.0 

 Solvent control 100.0 100.0 95.0 100.0 95.0 0.0 

 20 100.0 100.0 100.0 100.0 100.0 0.0 

 20 100.0 85.0 100.0 100.0 85.0 15.0 

 20 100.0 100.0 100.0 100.0 100.0 0.0 

 20 100.0 95.0 100.0 100.0 95.0 5.0 

 63 95.0 95.0 100.0 100.0 95.0 0.0 

 63 100.0 80.0 100.0 100.0 80.0 25.0 

 63 85.0 80.0 93.8 100.0 75.0 11.8 

 63 70.0 70.0 100.0 100.0 70.0 0.0 

 200 85.0 85.0 64.7 90.0 49.5 0.0 

 200 80.0 75.0 80.0 90.0 54.0 12.5 

 200 63.2 63.2 100.0 100.0 63.2 0.0 

 200 52.6 52.6 40.0 75.0 15.8 0.0 

 630 55.0 40.0 0.0 0.0 0.0 0.0 

 630 70.0 60.0 0.0 0.0 0.0 14.3 

 630 55.0 50.0 0.0 0.0 0.0 18.2 

 630 20.0 15.0 0.0 0.0 0.0 25.0 

 2000 80.0 45.0 0.0 0.0 0.0 0.0 

 2000 65.0 0.0 0.0 0.0 0.0 N/A 

 2000 50.0 45.0 33.3 66.7 10.0 10.0 

 2000 70.0 0.0 0.0 0.0 0.0 100.0 
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Table A14 Growth (total wet weight / surviving larvae) and biomass production (total wet weight / total larvae) of Pimephales 

promelas exposed to naphthalene sulfonic acids via spiked substrates for 21 d.  

Nominal concentration 

of DNDS in  

sediment (µg/L) 

Growth 

(mg) 

Biomass 

(mg) 

Nominal concentration 

of CaDNS in sediment 

(µg/L) 

Growth 

(mg) 

Biomass 

(mg) 

Nominal concentration 

of CaDNS in  

sand (µg/L) 

Growth 

(mg) 

Biomass 

(mg) 

         

Water-only control 13.3 13.3 Water-only control 15.2 15.2 Water-only control 17.0 17.0 

Water-only control 13.3 13.3 Water-only control 15.2 15.2 Water-only control 15.6 15.6 
Water-only control 14.5 14.5 Water-only control 14.2 14.2 Water-only control 17.0 17.0 

Water-only control 15.5 15.5 Water-only control 14.2 14.2 Water-only control 18.7 18.7 

Water-only control 14.1 14.1 Water-only control 14.7 14.7 Water-only control 16.8 16.8 
Water-only control 15.0 15.0 Water-only control 13.4 13.4 Water-only control 17.0 17.0 

Water-only control 14.1 14.1 Water-only control 13.7 13.7 Water-only control 16.0 16.0 

Water-only control 15.2 15.2 Water-only control 14.0 14.0 Water-only control 15.2 15.2 
Sediment control 16.2 16.2 Sediment control 12.2 12.2 Sand control 15.6 15.6 

Sediment control 12.2 12.2 Sediment control 15.4 15.4 Sand control 17.0 17.0 

Sediment control 14.6 14.6 Sediment control 12.8 12.8 Sand control 16.7 16.7 
Sediment control 14.3 14.3 Sediment control 14.0 14.0 Sand control 16.5 16.5 

Solvent control 14.0 14.0 Solvent control 17.3 17.3 Solvent control 14.8 14.8 

Solvent control 15.4 15.4 Solvent control 14.8 14.8 Solvent control 15.3 15.3 
Solvent control 12.6 12.6 Solvent control 12.4 12.4 Solvent control 15.5 15.5 

Solvent control 15.4 15.4 Solvent control 14.9 14.9 Solvent control 17.4 17.4 

20 14.4 14.4 20 12.3 12.3 20 16.4 16.4 
20 13.5 13.5 20 14.7 14.7 20 17.4 17.4 

20 14.4 14.4 20 13.5 13.5 20 17.9 17.9 

20 14.1 14.1 20 13.6 13.6 20 16.5 16.5 
63 16.1 14.4 63 13.4 13.4 63 16.5 16.5 

63 13.3 13.3 63 16.0 16.0 63 17.4 17.4 

63 16.0 16.0 63 12.3 12.3 63 17.4 17.4 
63 14.2 14.2 63 14.2 14.2 63 16.6 16.6 

200 19.0 19.0 200 13.9 13.9 200 9.3 8.4 

200 12.2 12.2 200 14.6 14.6 200 12.1 10.9 
200 12.7 12.7 200 12.9 12.9 200 12.9 12.9 

200 15.3 15.3 200 13.7 13.7 200 3.5 1.1 

630 14.4 13.0 630 13.9 13.9 630 N/A N/A 
630 14.5 14.5 630 17.7 17.7 630 N/A N/A 

630 12.6 12.6 630 12.5 12.5 630 N/A N/A 
630 14.6 14.6 630 13.9 13.9 630 N/A N/A 

2000 15.0 15.0 2000 16.9 16.9 2000 N/A N/A 

2000 14.0 14.0 2000 16.9 16.9 2000 N/A N/A 
2000 14.9 14.9 2000 14.2 14.2 2000 4.1 0.8 

2000 14.6 14.6 2000 16.5 16.5 2000 N/A N/A 
         

N/A: There were no surviving larvae in these treatments.   
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Table A15 Values of Bray-Curtis dissimilarity index based on a comparison of severity of 

deformities in Pimephales promelas individuals exposed to naphthalene sulfonic acids via spiked 

sand compared against deformity severity in control treatment individuals. Larger index values 

represent a greater difference in severity scores between that treatment and the control. 

 

  

Nominal 

concentration of 

NSAs (µg/g dw) Cardiac edema Yolk edema Eye edema Kyphosis/Lordosis 

     

CaDNS (sand)     

Control 0.000 0.000 0.000 0.000 

20 0.013 0.025 0.025 0.013 

63 0.107 0.107 0.080 0.107 

200 0.200 0.185 0.200 0.185 

630 0.383 0.367 0.350 0.383 

2000 0.218 0.218 0.218 0.203 
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Table A16 Shell sizes of Planorbella pilsbryi adults were recorded as a proxy for age. 20 

individuals were measured with calipers as a sample representation of the population of each 

exposure. Measurements were recorded prior to the 96-h exposure to naphthalene sulfonic acids 

in water. 

 

Experiment   Shell size (mm) 

BaDNS 

   

 Mean 10.03 

 Standard Deviation 0.79 

 Max. 11.69 

 Min. 9.01 

CaDNS 

   

 Mean 9.38 

 Standard Deviation 1.12 

 Max. 12.00 

 Min. 8.00 

DNDS 

   

 Mean 9.43 

 Standard Deviation 0.92 

 Max. 11.00 

 Min. 8.00 

    

Pooled 

 Mean 9.61 

 Standard Deviation 0.98 

  Max. 12.00 

  Min. 8.00 
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Table A17 Mortality of Planorbella pilsbryi following exposure to naphthalene sulfonic acids 

(NSAs) for 96 h. Nominal values of 100% indicate a saturated solution of NSA in water, with 

lesser values indicating the degree of saturation, diluted from the stock saturated solution. 

 

Nominal 

concentration 

of BaDNS in 

water (%) 

Mortality 

(/5) 

Nominal 

concentration 

of CaDNS in 

water (%) 

Mortality 

(/5) 

Nominal 

concentration 

of DNDS in 

water (%) 

Mortality 

(/5) 

      

Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 

1.6 0 1.6 0 1.6 0 

1.6 0 1.6 0 1.6 0 

1.6 0 1.6 0 1.6 0 

4 0 4 0 4 0 

4 0 4 0 4 0 

4 0 4 0 4 0 

16 0 16 1 16 0 

16 0 16 1 16 0 

16 0 16 2 16 0 

40 0 40 4 40 0 

40 0 40 3 40 0 

40 1 40 4 40 0 

100 3 100 4 100 5 

100 4 100 5 100 5 

100 2 100 5 100 5 
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Table A18 Mortality of Hyalella azteca following exposure to naphthalene sulfonic acids 

(NSAs) for 96 h. Nominal values of 100% indicate a completely saturated solution of NSA in 

water, with lesser values indicating the degree of saturation diluted from the stock saturated 

solution. 

 

Nominal 

concentration 

of BaDNS in 

water (%) 

Mortality 

(/15) 

Nominal 

concentration 

of CaDNS in 

water (%) 

Mortality 

(/15) 

Nominal 

concentration 

of DNDS in 

water (%) 

Mortality 

(/15) 

      

Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 

1.6 0 1.6 6 1.6 0 

1.6 0 1.6 9 1.6 1 

1.6 0 1.6 4 1.6 0 

4 0 4 10 4 1 

4 0 4 5 4 3 

4 2 4 10 4 0 

16 4 16 15 16 6 

16 2 16 15 16 6 

16 3 16 15 16 6 

40 7 40 15 40 13 

40 10 40 15 40 15 

40 8 40 15 40 12 

100 15 100 15 100 15 

100 15 100 15 100 15 

100 15 100 15 100 15 
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Table A19 Measured concentration of naphthalene sulfonic acids (NSAs) in water at the 

initiation of the acute H. azteca and P. pilsbryi water-only exposures. The number in brackets is 

the standard deviation of triplicate samples. 

 Treatment 
Mean concentration 

(mg/L) 

Test 
Nominal 

concentration (%) 
0 h 

   

BaDNS Control < 2.88 x 10-3 

 1.6 < 2.88 x 10-3 

 4 0.3 (0.1) 

 16 2.5 (0.3) 

 40 6.1 (2.1) 

 100 20.1 (0.6) 

   

CaDNS Control < 5.40 x 10-3 

 1.6 0.9 (0.1) 

 4 2.7 (0.3) 

 16 8.7 (0.3) 

 40 16.2 (0.8) 

 100 30.1 (1.6) 

   

DNDS Control < 4.97 x 10-4 

 1.6 2.1 (0.2) 

 4 119.4 (2.8) 

 16 217.7 (7.4) 

 40 661.6 (108.7) 

 100 1555.1 (470.0) 

 

Note: Concentrations of NSA in water were only measured at test initiation and not upon 

conclusion of the test. 
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Table A20 Viability of glochidia prior to glochidia pooling for use in single chemical testing. 

Standard deviations (SD) are indicated in parentheses. 

Species NSA Mussel 
Viability of 

glochidia (%) 

Mean viability (%) 

(SD) 

     

L. cardium BaDNS 1 99.17  

  2 96.75  

  3 98.18 98.03 (1.21) 

     

L. cardium CaDNS 1 97.97  

  2 98.50  

  3 98.21 98.23 (0.26) 

     

L. cardium DNDS 1 97.39  

  2 98.03  

  3 96.30 97.24 (0.88) 

     

L. siliquoidea DNDS 1 97.03  

  2 95.24  

  3 99.07 97.11 (1.92) 
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Table A21 Measured concentration of naphthalene sulfonic acids in water at the initiation and 

conclusion of the glochidia tests using plain pocketbook mussels (Lampsilis cardium) and 

fatmucket mussels (Lampsilis siliquoidea). The number in brackets is the standard deviation of 

triplicate samples. 

 Treatment Mean concentration (mg/L) 

Test 
Nominal concentration 

(%) 
0 h 48 h 

Percent difference 

– 0 h vs. 48 h 

     

BaDNS – 

Lampsilis 

cardium 

Control < 2.88 x 10-3 < 2.88 x 10-3 - 

2.5 0.2 (0.2) 0.2 (0.1) 0% 

7.5 2.2 (0.6) 2.1 (0.1) 5% 

 15 4.2 (1.3) 4.1 (0.1) 2% 

 40 5.4 (0.6) 5.2 (0.5) 4% 

 100 8.6 (0.1) 11.7 (0.9) 31% 

     

CaDNS – 

Lampsilis 

cardium 

Control < 5.40 x 10-3 - - 

2.5 10.0 (0.5) - - 

7.5 12.5 (1.5) - - 

 15 28.4 (0.7) - - 

 40 33.1 (2.3) - - 

 100 69.3 (2.2) - - 

     

DNDS – 

Lampsilis 

cardium 

Control < 4.97 x 10-4 < 4.97 x 10-4 - 

5 42.6 (6.7) 47.5 (9.5) 11% 

15 158.1 (6.9) 192.7 (38.6) 20% 

 30 284.5 (29.5) 357.4 (33.1) 23% 

 60 703.1 (137.2) 697.1 (78.3) 1% 

 100 1138.7 (137.6) 1201.2 (293.2) 5% 

     

DNDS – 

Lampsilis 

siliquoidea 

Control < 4.97 x 10-4 < 4.97 x 10-4 - 

4.7 42.1 (1.9) 47.1 (0.7) 11% 

9.4 70.3 (3.2) 87.8 (6.2) 22% 

 18.8 169.3 (42.3) 175.2 (12.6) 3% 

 37.5 316.3 (15.7) 388.3 (35.3) 20% 

 75 648.3 (33.3) 709.0 (79.3) 9% 
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Table A22 Percentage of viable glochidia from plain pocketbook mussels (Lampsilis cardium) 

and fatmucket mussels (Lampsilis siliquoidea) following exposure to naphthalene sulfonic acids 

for 24 h. 

Nominal 

concentration of 

BaDNS in water 

(µg/L) 

Viability of 

L. cardium 

glochidia 

(%) 

Nominal 

concentration of 

CaDNS in water 

(µg/L) 

Viability of 

L. cardium 

glochidia 

(%) 

Nominal 

concentration of 

DNDS in water 

(µg/L) 

Viability of 

L. cardium 

glochidia 

(%) 

Nominal 

concentration of 

DNDS in water 

(µg/L) 

Viability of  

L. siliquoidea 

glochidia  

(%) 

        

Control 97.20 Control 89.94 Control 99.26 Control 99.26 

Control 95.08 Control 98.50 Control 96.86 Control 95.52 
Control 100.00 Control 95.97 Control 97.22 Control 95.15 

Control 98.28 Control 98.73 Control 97.73 Control 96.18 

Control 96.72 Control 95.69 Control 92.27 Control 99.03 
2.5 98.36 2.5 18.82 5 96.99 4.7 N/A 

2.5 89.00 2.5 11.22 5 96.88 4.7 96.08 

2.5 94.26 2.5 9.42 5 97.12 4.7 97.17 
2.5 98.64 2.5 16.94 5 80.00 4.7 94.48 

7.5 80.89 7.5 0.00 15 49.54 9.4 N/A 

7.5 26.43 7.5 0.00 15 24.27 9.4 82.05 
7.5 7.14 7.5 0.00 15 35.15 9.4 76.15 

7.5 2.36 7.5 0.00 15 36.64 9.4 91.74 

15 1.74 15 0.00 30 8.26 18.75 43.18 
15 3.43 15 0.00 30 2.78 18.75 52.46 

15 3.47 15 0.00 30 24.25 18.75 41.73 

15 4.91 15 0.00 30 38.07 18.75 43.68 
40 18.98 40 0.00 60 0 37.5 12.10 

40 0.00 40 0.00 60 0 37.5 4.73 

40 0.95 40 0.00 60 0 37.5 12.59 
40 0.00 40 0.00 60 0 37.5 4.88 

100 0.00 100 0.00 100 0 75 0.00 

100 0.00 100 0.00 100 0 75 0.00 
100 0.44 100 0.00 100 0 75 0.00 

100 0.00 100 0.00 100 0 75 0.00 

        

        

        

 

N/A: Omitted due to contamination caused by a broken chloride probe. 
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Table A23 Percentage of viable glochidia from plain pocketbook mussels (Lampsilis cardium) 

and fatmucket mussels (Lampsilis siliquoidea) following exposure to naphthalene sulfonic acids 

for 48 h. 

Nominal 

concentration of 

BaDNS in water 

(µg/L) 

Viability of 

L. cardium 

glochidia 

(%) 

Nominal 

concentration of 

CaDNS in water 

(µg/L) 

Viability of 

L. cardium 

glochidia 

(%) 

Nominal 

concentration of 

DNDS in water 

(µg/L) 

Viability of 

L. cardium 

glochidia 

(%) 

Nominal 

concentration of 

DNDS in water 

(µg/L) 

Viability of  

L. siliquoidea 

glochidia  

(%) 

        

Control 93.64 Control 86.09 Control 96.82 Control 96.09 

Control 90.37 Control 99.15 Control 97.58 Control 98.66 
Control 94.92 Control 96.61 Control 96.23 Control 93.67 

Control 94.96 Control 99.43 Control 98.84 Control 93.29 

Control 96.80 Control 100.00 Control 83.56 Control 96.92 
2.5 91.54 2.5 6.54 5 95.80 4.7 N/A 

2.5 73.11 2.5 9.09 5 96.62 4.7 95.07 

2.5 72.40 2.5 11.59 5 95.37 4.7 86.72 
2.5 75.68 2.5 7.52 5 75.19 4.7 91.67 

7.5 15.38 7.5 0.00 15 43.31 9.4 N/A 

7.5 4.17 7.5 1.31 15 48.00 9.4 90.18 
7.5 1.55 7.5 0.00 15 22.16 9.4 65.81 

7.5 0.00 7.5 0.00 15 35.42 9.4 80.14 

15 0.00 15 1.61 30 29.14 18.75 33.33 
15 0.00 15 0.00 30 2.29 18.75 45.13 

15 0.00 15 0.00 30 20.29 18.75 40.00 

15 8.45 15 0.00 30 11.43 18.75 23.62 
40 0.95 40 0.00 60 0.00 37.5 20.33 

40 0.99 40 0.00 60 0.00 37.5 5.31 

40 0.00 40 0.00 60 0.00 37.5 6.09 
40 0.86 40 0.00 60 0.00 37.5 12.60 

100 0.00 100 0.00 100 0.00 75 0.00 

100 0.00 100 0.00 100 0.00 75 0.00 
100 0.00 100 0.00 100 0.00 75 0.00 

100 0.00 100 0.00 100 0.00 75 0.00 

        

        

        

 

N/A: Omitted due to contamination caused by a broken chloride probe. 
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Table A24 Measured concentrations of naphthalene sulfonic acids (NSAs) in acute water-only exposures that resulted in 10, 25, or 

50% reduction in survival (LCx) or viability (ECx), with the standard error in brackets. Concentrations used to estimate these values 

were taken from the measured NSA in water upon test initiation. 

 

  BaDNS concentration (mg/L) CaDNS concentration (mg/L) DNDS concentration (mg/L) 

Species 
Life 

Stage 
LC10 LC25 LC50 LC10 LC25 LC50 LC10 LC25 LC50 

           

Hyalella 

azteca 

Juvenile 1.3 (0.3) 2.3 (0.4) 4.0 (0.4) 0.4 (0.1) 0.7 (0.1) 1.4 (0.2) 94.3 (16.2) 158.4 (19.1) 266.1 (26.4) 

          

           

           

Planorbella 

pilsbryi 

Adult 6.7 (0.4) 7.3 (0.3) 7.8 (0.3) 6.1 (1.4) 8.6 (1.4) 12.1 (1.5) > 661.6 > 661.6 > 661.6 

          

           

           

Lampsilis 

cardium 

Glochidia 0.14 (0.02) 0.26 (0.02) 0.47 (0.05) 7.45 (3.31) 7.99 (2.69) 8.57 (1.96) 46.3 (9.1) 75.6 (10.0) 123.3 (9.9) 

          

           

           

Lampsilis 

siliquoidea 

Glochidia - - - - - - 23.9 (8.0) 48.4 (10.5) 98.2 (14.7) 

          

           

: drc package was unable to estimate standard error or 95% confidence interval due to mortality only being observed in the highest 

concentration.
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Appendix B – Chapter 3 

Tables 

Table B1 Moisture content of the Long Point Marsh and Long Point Bay sediment mixtures 

(sieved to 500 µM) used in naphthalene sulfonic acid sediment exposures. Moisture content was 

determined using weight-loss analysis following the drying of sediment in an oven at 40 °C for 

24 h.  

 

    

Sample # Wet Mass (mg) Dry Mass (mg) 
Moisture 

Content 
Mean SD 

      

1 851.8 257.0 69.8%   

2 1227.1 336.0 72.6%   

3 1367.3 413.6 69.8%   

4 2670.8 817.4 69.4%   

5 2323.8 710.6 69.4%   

6 1430.7 438.7 69.3%   

7 932.6 292.7 68.6%   

8 1229.9 381.7 69.0%   

9 1918.9 538.3 71.9%   

10 747.0 223.5 70.1% 70.0% 1.2% 
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Table B2 Mean, standard deviation, maximum, and minimum of water quality parameters in replicate test vessels across treatments at 

the initiation and conclusions of tests that exposed adult oligochaetes (Tubifex tubifex) to naphthalene sulfonic acids in sand for 28 d.  

 

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

BaDNS 
t = 0 d Mean 8.17 6.88 315 <0.01 19.4 38.3 

 Standard Deviation 0.07 0.81 9  1.0 9.2 

  Max. 8.28 7.53 324 <0.01 21.1 54.8 

  Min. 8.09 5.29 302 <0.01 18.3 30.3 

         

 t = 28 d Mean 7.95 7.84 337 <0.01 N/R 38.4 

  Standard Deviation 0.27 0.29 10   1.3 

  Max. 8.18 8.17 346 <0.01  40.2 

  Min. 7.50 7.49 322 <0.01  37.0 

         

CaDNS 
t = 0 d Mean 8.30 8.14 329 <0.01 22.3 39.9 

 Standard Deviation 0 0.06 3  0.2 5.5 

  Max. 8.30 8.20 337 <0.01 22.6 50.3 

  Min. 8.30 8.10 322 <0.01 21.9 37.4 

         

 t = 28 d Mean 8.05 7.42 357 2.0 22.2 40.5 

  Standard Deviation 0.15 0.05 10 2.0 0.1 1.2 

  Max. 8.20 7.50 374 4.4 22.5 41.7 

  Min. 7.90 7.40 342 0 22.1 39.6 

         

DNDS 
t = 0 d Mean 7.55 7.38 351 1.60 22.1 N/R 

 Standard Deviation 0.08 0.10 35 1.11 0.3  

  Max. 7.60 7.50 375 4 22.3  

  Min. 7.40 7.30 290 <0.01 21.6  

         

 t = 28 d Mean 8.40 9.12 339 <0.01 22.0 54.3 

  Standard Deviation 0.05 0.21 15  0.4 4.1 

  Max. 8.44 9.42 354 <0.01 22.5 57.4 

  Min. 8.33 8.88 319 <0.01 21.6 47.6 

 

N/R: Not measured. 
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Table B3 Mean, standard deviation, maximum, and minimum of water quality parameters in replicate test vessels across treatments at 

the test initiation and conclusion that exposed adult oligochaetes (Tubifex tubifex) to naphthalene sulfonic acids in sediment for 28 d.  

 

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

BaDNS 
t = 0 d Mean 8.40 7.61 479 <0.01 22.4 N/R 

 Standard Deviation 0 0.05 48  0.2  

  Max. 8.40 7.70 555 <0.01 22.6  

  Min. 8.40 7.50 414 <0.01 22.0  

         

 t = 28 d Mean 8.53 9.13 522 <0.01 20.9 61.8 

  Standard Deviation 0.04 0.28 25  0.2 2.3 

  Max. 8.57 9.59 554 <0.01 21.1 65.8 

  Min. 8.46 8.82 488 <0.01 20.6 59.5 

         

CaDNS 
t = 0 d Mean 7.70 7.32 407 0.2 22.0 25.8 

 Standard Deviation 0.02 0.09 8 0.4 0.2 2.0 

  Max. 7.80 7.40 396 1.0 22.3 27.8 

  Min. 7.70 7.10 429 <0.01 21.6 23.1 

         

 t = 28 d Mean 7.94 7.51 452 <0.01 22.5 30.2 

  Standard Deviation 0.07 0.03 12  0.1 2.5 

  Max. 8.00 7.60 471 <0.01 22.6 34.5 

  Min. 7.80 7.50 434 <0.01 22.2 27.6 

         

DNDS 
t = 0 d Mean 8.38 7.05 442 0.09 23.9 N/R 

 Standard Deviation 0.04 0.10 24 0.06 0.1  

  Max. 8.40 7.20 491 0.2 24.0  

  Min. 8.30 6.90 408 0.04 23.6  

         

 t = 28 d Mean 8.59 7.72 514 0.1 20.7 61.2 

  Standard Deviation 0.13 0.17 94 0.1 0.5 15.7 

  Max. 8.74 8.00 585 0.25 21.2 72.6 

  Min. 8.44 7.55 351 <0.01 20.0 33.9 

 

N/R: Not measured because of a broken chloride probe. 
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Table B4 Mean, standard deviation, maximum, and minimum of water quality parameters in replicate test vessels across treatments at 

the initiation and conclusions of tests that exposed juvenile freshwater amphipods (Hyalella azteca) to naphthalene sulfonic acids in 

sand for 28 d.  

 

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

BaDNS 
t = 0 d Mean 8.29 7.12 324 <0.01 22.2 33.6 

 Standard Deviation 0.02 0.15 6  0.1 1.4 

  Max. 8.32 7.37 337 <0.01 22.3 35.5 

  Min. 8.26 6.96 319 <0.01 21.9 32.3 

         

 t = 28 d Mean 8.40 8.12 316 <0.01 21.7 44.2 

  Standard Deviation 0.04 0.09 6  0.2 0.8 

  Max. 8.44 8.26 322 <0.01 22.1 45.2 

  Min. 8.33 8.00 307 <0.01 21.5 42.6 

         

CaDNS 
t = 0 d Mean 8.14 7.33 340 <0.01 21.7 45.8 

 Standard Deviation 0.05 0.10 6  0.1 0.8 

  Max. 8.18 7.51 343 <0.01 21.9 46.6 

  Min. 8.03 7.22 328 <0.01 21.5 44.1 

         

 t = 28 d Mean 8.06 8.25 338 <0.01 21.1 47.9 

  Standard Deviation 0.05 0.18 8  0.3 6.7 

  Max. 8.11 8.46 348 <0.01 21.6 60.1 

  Min. 7.95 7.91 322 <0.01 20.8 40.8 

         

DNDS 
t = 0 d Mean 8.36 7.05 325 <0.01 22.4 39.6 

 Standard Deviation 0.03 0.13 9  0.1 3.4 

  Max. 8.40 7.24 339 <0.01 22.5 44.0 

  Min. 8.33 6.85 314 <0.01 22.3 34.6 

         

 t = 28 d Mean 8.28 7.51 336 <0.01 21.8 48.7 

  Standard Deviation 0.04 0.31 6  0.1 4.1 

  Max. 8.32 7.99 342 <0.01 21.8 53.1 

  Min. 8.20 7.18 327 <0.01 21.7 43.6 
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Table B5 Mean, standard deviation, maximum, and minimum of water quality parameters in replicate test vessels across treatments at 

the initiation and conclusions of tests that exposed juvenile freshwater amphipods (Hyalella azteca) to naphthalene sulfonic acids in 

sediment for 28 d.  

 

Experiment   pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(°C) 

Chloride 

(mg/L) 

BaDNS 
t = 0 d Mean 8.28 7.26 502 0.1 21.6 42.1 

 Standard Deviation 0.10 0.10 33 0.2 0.1 2.0 

  Max. 8.36 7.41 541 0.5 21.7 44.7 

  Min. 8.09 7.14 448 <0.01 21.5 39.3 

         

 t = 28 d Mean 8.50 7.42 535 <0.01 21.4 58.5 

  Standard Deviation 0.06 0.21 30  0.2 1.7 

  Max. 8.58 7.61 570 <0.01 21.7 60.5 

  Min. 8.42 7.03 488 <0.01 21.3 56.2 

         

CaDNS 
t = 0 d Mean 8.34 7.94 506 <0.01 22.0 42.3 

 Standard Deviation 0.03 0.13 12  0 0.5 

  Max. 8.38 8.12 517 <0.01 22.0 42.8 

  Min. 8.28 7.74 487 <0.01 22.0 41.5 

         

 t = 28 d Mean 8.17 8.18 520 <0.01 20.6 26.4 

  Standard Deviation 0.10 0.16 12  0.3 9.7 

  Max. 8.30 8.36 541 <0.01 20.9 42.6 

  Min. 8.06 7.93 507 <0.01 20.0 16.4 

         

DNDS 
t = 0 d Mean 7.67 7.53 515 0.4 22.1 N/R 

 Standard Deviation 0.29 0.22 14 0.8 0.1  

  Max. 7.99 7.83 531 2 22.2  

  Min. 7.13 7.14 487 <0.01 22.0  

         

 t = 28 d Mean 8.41 8.68 576 <0.01 25.0 45.3 

  Standard Deviation 0.06 0.08 17  0 0.7 

  Max. 8.48 8.84 591 <0.01 25.0 45.9 

  Min. 8.35 8.59 542 <0.01 25.0 44.4 

 

N/R: Not measured because of a broken chloride probe. 
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Table B6 Fate of calcium dinonylnaphthalene sulfonate (CaDNS) in sediment and sandy substrates stored under differing conditions 

for various lengths of time. Percent differences in CaDNS concentration over time is shown relative to the measured concentrations on 

day 0 and are separated by the type of spiked substrate (sediment vs. sand). The percent relative standard deviation (SD) is shown and 

was calculated to give context to the magnitude of the variation.  

 
  Mean concentration – sediment (µg/g dw) Mean concentration – sand (µg/g dw) 

Treatment 

Elapsed time  

(days from 

spiking) 

Measured 

concentration 
SD 

Percent 

Relative SD 

Percent 

difference – 

from time 0 

Measured 

concentration 
SD 

Percent 

Relative SD 

Percent 

difference – 

from time 0 

          

Equilibration in 

fridge  

(4 ± 2 °C) 

0 1063.38 298.3 28% - 2392.92 670.9 28% - 

7 1494.80 134.3 9% 34% 1999.07 243.7 12% 18% 

21 1411.48 83.7 6% 28% 1944.16 212.0 11% 21% 

 28 1635.63 230.9 14% 42% 2476.77 483.8 20% 3% 

 
Average across 

time points 
1437.56 293.8 21% - 2203.23 502.0 23% - 

          

          

Mock exposure 

with overlying 

water 

(23 ± 2 °C) 

0 1236.11 200.5 16% - 2962.18 625.8 21% - 

7 1374.29 245.0 18% 11% 2559.43 260.2 10% 15% 

21 1627.70 81.0 5% 27% 2429.28 577.1 24% 20% 

42 2301.76 369.0 16% 60% 3502.46 526.7 15% 17% 

Average across 

time points 
1454.97 406.4 28% - 2895.04 654.3 23% - 
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Table B7 Adult mortality, number of juvenile worms >500 µm, number of juvenile worms <500 µm, number of full cocoons, number 

of empty cocoons, total number of cocoons and total number of juveniles for each replicate in experiments exposing Tubifex tubifex to 

sand spiked with naphthalene sulfonic acids for 28 days. 

 

Experiment 

Nominal 

concentration 

in sand 

(μg/g dw) 

Adult 

mortality 

(/4) 

Juvenile 

worms > 

500 μm 

Juvenile 

worms < 

500 μm 

Full 

cocoons 

Empty 

cocoons 

Total 

cocoons 

Total 

juveniles 

BaDNS Control 0 3 14 18 7 25 17 

 Control 0 13 4 29 7 36 17 

 Control 0 3 7 22 4 26 10 

 Control 0 3 19 14 4 18 22 

 Solvent 0 0 12 29 4 33 12 

 Solvent 0 7 12 27 3 30 19 

 Solvent 0 1 7 3 2 5 8 

 Solvent 0 0 7 18 1 19 9 

 20 0 1 4 3 1 4 5 

 20 0 0 0 1 0 1 0 

 20 0 0 0 2 0 2 0 

 20 0 0 0 2 4 6 0 

 100 0 0 0 0 0 0 0 

 100 0 0 1 3 10 13 1 

 100 0 0 0 2 0 2 0 

 100 0 0 0 0 0 0 0 

 200 0 0 0 1 0 1 0 

 200 0 0 0 1 0 1 0 

 200 0 1 0 0 0 0 1 

 200 0 0 0 0 0 0 0 

 500 2 0 0 0 0 0 0 

 500 1 0 0 1 0 1 0 

 500 2 0 0 0 0 0 0 

 500 1 0 0 0 0 0 0 
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Table B7 continued 

 

Experiment 

Nominal 

concentration 

in sand 

(μg/g dw) 

Adult 

mortality 

(/4) 

Juvenile 

worms > 

500 μm 

Juvenile 

worms < 

500 μm 

Full 

cocoons 

Empty 

cocoons 

Total 

cocoons 

Total 

juveniles 

CaDNS Control 1 0 31 0 12 12 31 

 Control 0 1 25 0 23 23 26 

 Control 0 8 43 2 21 23 51 

 Control 0 10 35 1 23 24 45 

 Solvent 0 4 5 0 11 11 9 

 Solvent 0 14 31 4 21 25 45 

 Solvent 0 8 50 0 23 23 58 

 Solvent 0 10 45 1 16 17 55 

 20 0 1 15 0 14 14 16 

 20 1 2 18 3 17 20 20 

 20 0 6 10 0 15 15 16 

 20 0 1 11 1 12 13 12 

 200 0 0 0 0 0 0 0 

 200 0 0 1 0 0 0 1 

 200 0 0 0 0 0 0 0 

 200 0 0 0 0 2 2 0 

 500 1 0 0 1 1 2 0 

 500 0 0 0 0 0 0 0 

 500 0 0 0 0 0 0 0 

 500 0 0 0 0 0 0 0 

 1000 1 1 0 0 0 0 1 

 1000 0 0 0 0 0 0 0 

 1000 3 0 0 0 0 0 0 

 1000 0 0 0 0 0 0 0 
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Table B7 continued 

 

Experiment 

Nominal 

concentration 

in sand 

(μg/g dw) 

Adult 

mortality 

(/4) 

Juvenile 

worms > 

500 μm 

Juvenile 

worms < 

500 μm 

Full 

cocoons 

Empty 

cocoons 

Total 

cocoons 

Total 

juveniles 

DNDS Control 0 5 17 11 12 23 22 

 Control 0 6 37 13 18 31 43 

 Control 0 8 13 9 11 20 21 

 Control 0 6 15 3 16 19 21 

 50 0 9 17 10 12 22 26 

 50 0 16 38 8 18 26 54 

 50 0 13 33 6 16 22 46 

 50 0 9 30 4 19 23 39 

 200 0 3 21 2 17 19 24 

 200 0 5 8 12 10 22 13 

 200 0 6 13 5 17 22 19 

 200 0 3 15 14 12 26 18 

 1000 0 0 2 8 5 13 2 

 1000 0 3 19 7 13 20 22 

 1000 0 1 19 2 13 15 20 

 1000 0 7 17 4 16 20 24 

 2000 0 0 9 2 6 8 9 

 2000 0 2 3 1 9 10 5 

 2000 0 0 0 2 0 2 0 

 2000 0 0 2 0 2 2 2 
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Table B8 Adult mortality, number of juvenile worms >500 µm, number of juvenile worms <500 µm, number of full cocoons, number 

of empty cocoons, total number of cocoons and total number of juveniles for each replicate in experiments exposing Tubifex tubifex to 

sediment spiked with naphthalene sulfonic acids for 28 days. 

 

Experiment 

Nominal 

concentration 

in sediment 

(μg/g dw) 

Adult 

mortality 

(/4) 

Juvenile 

worms > 

500 μm 

Juvenile 

worms < 

500 μm 

Full 

cocoons 

Empty 

cocoons 

Total 

cocoons 

Total 

juveniles 

BaDNS Control 0 37 57 18 20 38 94 

 Control 0 74 55 15 30 45 129 

 Control 0 76 51 19 29 48 127 

 Control 0 75 50 14 29 43 125 

 Solvent 0 49 51 14 13 27 100 

 Solvent 0 68 49 13 25 38 117 

 Solvent 0 46 46 16 12 28 92 

 Solvent 0 45 51 18 20 38 96 

 200 0 71 44 16 19 35 115 

 200 0 25 25 12 15 27 50 

 200 0 78 31 16 24 40 109 

 200 0 25 58 17 28 45 83 

 500 0 16 32 15 21 36 48 

 500 0 26 33 13 23 36 59 

 500 0 2 0 19 1 20 2 

 500 0 31 29 13 20 33 60 

 1000 0 0 13 6 11 17 13 

 1000 3 0 0 3 1 4 0 

 1000 3 0 5 4 3 7 5 

 1000 0 3 30 10 12 22 33 

 2000 4 0 0 0 0 0 0 

 2000 1 0 0 0 0 0 0 

 2000 1 0 0 0 0 0 0 

 2000 3 0 0 0 0 0 0 
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Table B8 continued 

 

Experiment 

Nominal 

concentration 

in sediment 

(μg/g dw) 

Adult 

mortality 

(/4) 

Juvenile 

worms > 

500 μm 

Juvenile 

worms < 

500 μm 

Full 

cocoons 

Empty 

cocoons 

Total 

cocoons 

Total 

juveniles 

CaDNS Control 0 19 32 14 22 36 51 

 Control 0 18 34 16 21 37 52 

 Control 0 22 33 16 22 38 55 

 Control 0 31 26 15 20 35 57 

 Solvent 0 24 36 17 23 40 60 

 Solvent 3 16 15 2 9 11 31 

 Solvent 0 19 38 17 23 40 57 

 Solvent 0 31 24 14 23 37 55 

 200 0 0 25 15 18 33 25 

 200 0 0 18 16 6 22 18 

 200 0 4 31 18 16 34 35 

 200 0 1 33 15 13 28 34 

 500 0 0 0 16 0 16 0 

 500 1 1 0 10 0 10 1 

 500 0 0 0 7 3 10 0 

 500 0 0 0 18 1 19 0 

 1000 1 0 0 4 2 6 0 

 1000 1 0 0 0 0 0 0 

 1000 1 0 0 0 0 0 0 

 1000 3 0 0 0 0 0 0 

 2000 4 0 0 0 0 0 0 

 2000 3 0 0 1 0 0 0 

 2000 3 0 0 0 0 0 0 

 2000 2 0 0 0 0 0 0 
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Table B8 continued 

 

Experiment 

Nominal 

concentration 

in sediment 

(μg/g dw) 

Adult 

mortality 

(/4) 

Juvenile 

worms > 

500 μm 

Juvenile 

worms < 

500 μm 

Full 

cocoons 

Empty 

cocoons 

Total 

cocoons 

Total 

juveniles 

DNDS Control 0 34 53 16 26 42 87 

 Control 0 41 69 17 26 43 110 

 Control 0 50 64 17 23 40 114 

 Control 0 43 66 14 25 39 109 

 200 0 46 53 19 27 46 99 

 200 0 54 49 19 21 40 103 

 200 0 38 55 15 19 34 93 

 200 0 38 55 19 25 44 93 

 1000 0 42 49 13 28 41 91 

 1000 0 43 48 25 25 50 91 

 1000 0 37 45 18 22 40 82 

 1000 0 57 27 17 25 42 84 

 5000 0 0 19 1 8 9 19 

 5000 1 0 26 0 5 5 26 

 5000 0 0 18 0 4 4 18 

 5000 0 2 6 0 9 9 8 

 10000 1 0 2 1 2 3 2 

 10000 0 0 2 0 1 1 2 

 10000 0 0 0 0 2 2 0 

 10000 0 0 0 2 2 4 0 
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Table B9 Mortality, growth (g dry weight (dw)/ amphipod), and production of biomass (g dw / test vessel) for each replicate in experiments 

exposing Hyalella azteca to sand spiked with naphthalene sulfonic acids for 28 days. 

Nominal 

concentration 

of BaDNS in 

sand 

(μg/g dw) 

Mortality 

(/15) 

Growth 

 

Biomass 

production 

Nominal 

concentration 

of CaDNS in 

sand 

(μg/g dw) 

Mortality 

(/15) 

Growth 

 

Biomass 

production 

Nominal 

concentration 

of DNDS in 

sand 

(μg/g dw) 

Mortality 

(/15) 

Growth 

 

Biomass 

production 

            

Control 2 0.000162 0.000141 Control 1 0.000200 0.000187 Control 1 0.000075 0.000070 

Control 1 0.000194 0.000181 Control 0 0.000153 0.000153 Control 1 0.000232 0.000217 

Control 1 0.000187 0.000175 Control 2 0.000223 0.000193 Control 0 0.000134 0.000134 

Control 0 0.000169 0.000169 Control 1 0.000129 0.000120 Control 0 0.000216 0.000216 

Control 0 0.000153 0.000153 Control 0 0.000133 0.000133 Control 2 0.000125 0.000108 

Solvent 0 0.000126 0.000126 Solvent 1 0.000071 0.000067 Solvent 2 0.000175 0.000151 

Solvent 4 0.000148 0.000109 Solvent 0 0.000040 0.000040 Solvent 11 0.000340 0.000091 

Solvent 2 0.000135 0.000117 Solvent 2 0.000085 0.000073 Solvent 5 0.000306 0.000204 

Solvent 3 0.000307 0.000245 Solvent 2 0.000054 0.000047 Solvent 0 0.000115 0.000115 

Solvent 0 0.000166 0.000166 Solvent 2 0.000092 0.000080 Solvent 1 0.000349 0.000325 

100 12 0.000060 0.000012 10 1 0.000236 0.000220 20 5 0.000320 0.000213 

100 2 0.000061 0.000053 10 0 0.000273 0.000273 20 1 0.000159 0.000149 

100 3 0.000058 0.000046 10 0 0.000347 0.000347 20 4 0.000218 0.000160 

100 1 0.000106 0.000099 10 2 0.000315 0.000273 20 3 0.000127 0.000101 

100 6 0.000040 0.000024 10 0 0.000307 0.000307 20 1 0.000111 0.000103 

200 15 0.000000 0.000000 25 0 0.000280 0.000280 80 0 0.000141 0.000141 

200 14 0.000110 0.000007 25 1 0.000271 0.000253 80 1 0.000194 0.000181 

200 15 0.000000 0.000000 25 1 0.000200 0.000187 80 3 0.000142 0.000113 

200 15 0.000000 0.000000 25 3 0.000342 0.000273 80 0 0.000369 0.000369 

200 14 0.000120 0.000008 25 0 0.000233 0.000233 80 1 0.000301 0.000281 

400 15 0.000000 0.000000 75 15 0.000000 0.000000 160 2 0.000425 0.000369 

400 15 0.000000 0.000000 75 3 0.000042 0.000033 160 2 0.000527 0.000457 

400 15 0.000000 0.000000 75 8 0.000057 0.000027 160 8 0.000334 0.000156 

400 15 0.000000 0.000000 75 7 0.000088 0.000047 160 9 0.000418 0.000167 

400 15 0.000000 0.000000 75 6 0.000078 0.000047 160 2 0.000499 0.000433 

800 15 0.000000 0.000000 150 15 0.000000 0.000000 320 12 0.000003 0.000001 

800 15 0.000000 0.000000 150 13 0.000050 0.000007 320 12 0.000573 0.000115 

800 15 0.000000 0.000000 150 9 0.000083 0.000033 320 10 0.000340 0.000113 

800 15 0.000000 0.000000 150 13 0.000050 0.000007 320 3 0.000383 0.000307 

800 15 0.000000 0.000000 150 15 0.000000 0.000000 320 9 0.000020 0.000008 

2000 15 0.000000 0.000000 250 15 0.000000 0.000000 400 6 0.000269 0.000161 

2000 15 0.000000 0.000000 250 15 0.000000 0.000000 400 9 0.000472 0.000189 

2000 15 0.000000 0.000000 250 15 0.000000 0.000000 400 9 0.000323 0.000129 

2000 15 0.000000 0.000000 250 15 0.000000 0.000000 400 13 0.000775 0.000103 

2000 15 0.000000 0.000000 250 12 0.000033 0.000007 400 13 0.000200 0.000027 
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Table B10 Mortality, growth (g dry weight (dw)/ amphipod), and production of biomass (g dw / test vessel) for each replicate in experiments exposing 

Hyalella azteca to sediment spiked with naphthalene sulfonic acids for 28 days. 

Nominal 

concentration 

of BaDNS in 

sediment 

(μg/g dw) 

Mortality 

(/15) 

Growth 

 

Biomass 

production 

Nominal 

concentration 

of CaDNS in 

sediment 

(μg/g dw) 

Mortality 

(/15) 

Growth 

 

Biomass 

production 

Nominal 

concentration 

of DNDS in 

sediment 

(μg/g dw) 

Mortality 

(/15) 

Growth 

 

Biomass 

production 

            

Control 1 0.000254 0.000237 Control 0 0.00034 0.00034 Control 0 0.000280 0.000280 

Control 1 0.000314 0.000293 Control 0 0.00029 0.00029 Control 1 0.000164 0.000153 

Control 0 0.000317 0.000317 Control 3 0.00044 0.00035 Control 0 0.000153 0.000153 

Control 1 0.000317 0.000296 Control 2 0.00036 0.00031 Control 1 0.000050 0.000047 

Control 2 0.000300 0.000260 Control 0 0.00021 0.00021 Control 1 0.000171 0.000160 

Solvent 1 0.000312 0.000291 Solvent 1 0.00030 0.00028 Solvent 2 0.000123 0.000107 

Solvent 1 0.000256 0.000239 Solvent 0 0.00023 0.00023 Solvent 3 0.000200 0.000160 

Solvent 1 0.000193 0.000180 Solvent 0 0.00029 0.00029 Solvent 3 0.000175 0.000140 

Solvent 0 0.000188 0.000188 Solvent 0 0.00036 0.00036 Solvent 1 0.000179 0.000167 

Solvent 0 0.000417 0.000417 Solvent 0 0.00026 0.00026 Solvent 1 0.000179 0.000167 

100 0 0.000418 0.000418 100 3 0.00036 0.00029 175 2 0.000408 0.000353 

100 1 0.000436 0.000407 100 1 0.00021 0.00020 175 0 0.000333 0.000333 

100 1 0.000458 0.000427 100 1 0.00041 0.00038 175 1 0.000257 0.000240 

100 2 0.000420 0.000364 100 0 0.00034 0.00034 175 4 0.000364 0.000267 

100 1 0.000375 0.000350 100 0 0.00024 0.00024 175 0 0.000360 0.000360 

200 1 0.000378 0.000353 200 2 0.00033 0.00029 350 1 0.000350 0.000327 

200 1 0.000434 0.000405 200 0 0.00021 0.00021 350 0 0.000387 0.000387 

200 0 0.000363 0.000363 200 1 0.00023 0.00021 350 2 0.000215 0.000187 

200 0 0.000410 0.000410 200 1 0.00034 0.00032 350 3 0.000375 0.000300 

200 2 0.000380 0.000329 200 4 0.00039 0.00029 350 2 0.000431 0.000373 

400 1 0.000461 0.000431 400 1 0.00017 0.00016 700 1 0.000257 0.000240 

400 1 0.000305 0.000285 400 1 0.00009 0.00009 700 3 0.000142 0.000113 

400 1 0.000347 0.000324 400 1 0.00012 0.00011 700 3 0.000233 0.000187 

400 0 0.000386 0.000386 400 0 0.00019 0.00019 700 0 0.000240 0.000240 

400 0 0.000307 0.000307 400 1 0.00009 0.00008 700 0 0.000280 0.000280 

800 5 0.000030 0.000020 800 8 0.00014 0.00007 1400 0 0.000287 0.000287 

800 4 0.000051 0.000037 800 10 0.00016 0.00005 1400 2 0.000300 0.000260 

800 10 0.000048 0.000016 800 8 0.00003 0.00001 1400 1 0.000364 0.000340 

800 7 0.000033 0.000017 800 12 0.00004 0.00001 1400 0 0.000387 0.000387 

800 3 0.000063 0.000051 800 10 0.00009 0.00003 1400 2 0.000238 0.000207 

2000 15 0.000000 0.000000 2000 15 0.00000 0.00000 2000 7 0.000312 0.000167 

2000 15 0.000000 0.000000 2000 15 0.00000 0.00000 2000 6 0.000289 0.000173 

2000 15 0.000000 0.000000 2000 15 0.00000 0.00000 2000 4 0.000236 0.000173 

2000 15 0.000000 0.000000 2000 15 0.00000 0.00000 2000 4 0.000127 0.000093 

2000 15 0.000000 0.000000 2000 15 0.00000 0.00000 2000 6 0.000211 0.000127 
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Table B11 Mean concentrations of naphthalene sulfonic acids in sand and overlying water of test vessels at the initiation and 

conclusion of 28-day sand exposures with Tubifex tubifex. The number in brackets is the standard deviation of triplicate samples. 

Percent differences between nominal and measured concentrations in sand on day 0 (day 28 in the case of DNDS) are displayed as 

well as the percent differences between measured concentrations in sand at day 0 and 28, and percent differences between measured 

concentrations in overlying water on day 0 and 28.  

 
  Mean concentration – sand (g/g dw) Mean concentration – overlying water (µg/L) 

NSA 

Nominal 

concentration – 

sand (µg/g dw) 

Day 0 Day 28 

Percent 

difference – 

nominal vs. 

measured 

Percent 

difference – 

day 0 to 28 

Day 0 Day 28 

Percent 

difference – 

day 0 to 28 

BaDNS Control < 6.40 x 10-4 < 6.40 x 10-4 - - < 0.865 < 0.865 - 

 Solvent control < 6.40 x 10-4 < 6.40 x 10-4 - - < 0.865 < 0.865 - 

 20 12.7 (3.7) 18.2 (0.4) 45% 36% < 0.865 < 0.865 - 

 100 72.3 (8.0) 77.6 (8.1) 32% 7% 24.7 (6.8) 8.6 (1.2) 97% 

 200 136.7 (38.0) 209.7 (15.5) 38% 42% 52.6 (17.8) 26.5 (4.4) 66% 

 500 577.2 (50.1) 501.4 (62.7) 14% 14% 455.7 (58.2) 235.9 (48.3) 64% 

         

CaDNS Control < 5.33 x 10-4 < 5.33 x 10-4 - - < 1.62 < 1.62 - 

 Solvent control < 5.33 x 10-4 < 5.33 x 10-4 - - < 1.62 < 1.62 - 

 20 41.9 (10.3) 26.6 (1.7) 71% 45% < 1.62 < 1.62 - 

 200 235.1 (36.9) 271.3 (5.5) 16% 14% 300.9 (46.2) 487.2 (36.3) 47% 

 500 325.5 (46.0) 558.1 (61.3) 42% 53% 879.4 (464.5) 561.8 (51.9) 44% 

 1000 785.8 (73.6) 893.1 (42.7) 24% 13% 884.4 (374.6) 645 (16.3) 31% 

         

DNDS Control  - < 7.73 x 10-4 - - - < 0.149 - 

 50  - 4.4 (0.9) 168% - - 15 (5) - 

 200  - 48.1 (3.6) 122% - - 23153 (216) - 

 1000  - 98.5 (15.6) 164% - - 132533 (7355) - 

 2000  - 121.9 (11.5) 177% - - 310180 (37738) - 

 

: The concentrations of DNDS in sand and water were only measured upon conclusion of the test and not on day 0.  
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Table B12 Mean concentrations of naphthalene sulfonic acids in sediment and overlying water of test vessels at the initiation and 

conclusion of 28-day sediment exposures with Tubifex tubifex. The number in brackets is the standard deviation of triplicate samples. 

Percent differences between nominal and measured concentrations in sediment on day 0 (day 28 in the case of DNDS) are displayed 

as well as the percent differences between measured concentrations in sediment at day 0 and 28, and percent differences between 

measured concentrations in overlying water on day 0 and 28.  

 

  

Mean 

concentration – 

sediment (g/g 

dw) 

Mean concentration – overlying water (µg/L) 

NSA 

Nominal 

concentration – 

sediment (µg/g 

dw) 

Day 0 Day 28 

Percent 

difference – 

nominal vs. 

measured 

Percent 

difference – 

day 0 to 28 

Day 0 Day 28 

Percent 

difference – 

day 0 to 28 

BaDNS Control < 5.37 x 10-4 < 5.37 x 10-4 - - < 0.865 < 0.865 - 

 Solvent control < 5.37 x 10-4 < 5.37 x 10-4 - - < 0.865 < 0.865 - 

 200 153.3 (4.2) 166.8 (5.7) 26% 8% < 0.865 < 0.865 - 

 500 377.6 (117.0) 330.3 (17.6) 28% 13% < 0.865 < 0.865 - 

 1000 870.8 (109.2) 640.2 (13.4) 14% 31% < 0.865 3.6 (0.4) - 

 2000 1784.7 (377.1) 1394.9 (151.5) 11% 25% 17.5 (2.8) 16.2 (11.7) 8% 

         

CaDNS Control < 1.01 x 10-3 < 1.01 x 10-3 - - < 1.62 < 1.62 - 

 Solvent control < 1.01 x 10-3 < 1.01 x 10-3 - - < 1.62 < 1.62 - 

 200 279.7 (41.2) 353.9 (9.8) 33% 23% 7.1 (6.5) 4.5 (2.4) 45% 

 500 575.4 (179.6) 818.3 (3.6) 14% 35% 11.1 (1.4) 29.8 (7.6) 91% 

 1000 803.1 (112.6) 949.3 (95.0) 22% 17% 34.2 (9.7) 83.1 (21.3) 83% 

 2000 1462.1 (68.2) 1731.8 (82.6) 31% 17% 80.0 (40.6) 103.3 (2.2) 25% 

         

DNDS Control - < 1.67 x 10-3 - - - < 0.149 - 

 1000 - 48.8 (0.4) 181% - - 15375.0 (267.5) - 

 2000 - 108.8 (6.7) 179% - - 75013.3 (11391.9) - 

 5000 - 466.9 (66.9) 166% - - 261966.7 (17288.1) - 

 10000 - 623.2 (25.5) 177% - - 615016.7 (33488.7) - 

 

: The concentrations of DNDS in sediment and water were only measured upon test conclusion 
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Table B13 Mean concentrations of naphthalene sulfonic acids in sand and overlying water of test vessels at the initiation and 

conclusion of 28-day sand exposures with Hyalella azteca. The number in brackets is the standard deviation of triplicate samples. 

Percent differences between nominal and measured concentrations in sand on day 0 are displayed as well as the percent differences 

between measured concentrations in sand at day 0 and 28, and percent differences between measured concentrations in overlying 

water on day 0 and 28.  

 
  Mean concentration – sand (g/g dw) Mean concentration – overlying water (µg/L) 

NSA 

Nominal 

concentration – 

sand (µg/g dw) 

Day 0 Day 28 

Percent 

difference – 

nominal vs. 

measured 

Percent 

difference – 

day 0 to 28 

Day 0 Day 28 

Percent 

difference – 

day 0 to 28 

BaDNS Control < 6.40 x 10-4 < 6.40 x 10-4 - - < 0.865 < 0.865 - 

 Solvent control < 6.40 x 10-4 < 6.40 x 10-4 - - < 0.865 < 0.865 - 

 100 96.7 (1.1) 101.6 (13.3) 3% 5% 34.8 (19.1) 34.7 (5.5) 0% 

 200 181.0 (1.1) 212.0 (18.0) 10% 16% 125.0 (65.1) 451.1 (72.5) 113% 

 400 345.3 (47.2) 378.6 (90.0) 15% 9% 215.6 (41.5) 1180.5 (72.5) 138% 

 800 523.4 (42.5) 627.4 (21.1) 42% 18% 763.2 (53.4) 1497.3 (36.3) 65% 

 2000 1950.4 (127.8) 1709.7 (136.3 3% 13% 1253.4 (52.6) 1614.2 (26.5) 25% 

         

CaDNS Control < 5.33 x 10-4 < 5.33 x 10-4 - - < 1.62 < 1.62 - 

 Solvent control < 5.33 x 10-4 < 5.33 x 10-4 - - < 1.62 < 1.62 - 

 10 13.9 (2.2) 17.7 (1.8) 33% 24% < 1.62 < 1.62 - 

 25 36.1 (2.2) 33.8 (2.0) 36% 7% < 1.62 4.2 (1.3) - 

 75 95.9 (12.6) 67.7 (6.9) 24% 34% 1.7 (0.7) 42.0 (12.3) 184% 

 150 132.9 (50.6) 136.7 (26.8) 12% 3% 44.9 (18.8) 425.8 (99.2) 162% 

 250 264.4 (60.1) 243.5 (65.6) 6% 8% 138.3 (14.9) 711.7 (150.2) 135% 

         

DNDS Control < 7.73 x 10-4 < 7.73 x 10-4 - - < 0.149 < 0.149 - 

 Solvent control < 7.73 x 10-4 < 7.73 x 10-4 - - < 0.149 < 0.149 - 

 20 11.1 (2.3) 11.5 (1.0) 57% 4% 7098 (274) 11815 (1793) 50% 

 80 14.4 (0.4) 12.3 (1.9) 139% 16% 31733 (281) 23277 (1553) 31% 

 160 45.3 (1.0) 45.4 (0.9) 112% 0% 59562 (741) 51903 (4489) 14% 

 320 48.7 (2.7) 58.3 (7.7) 147% 18% 64030 (8185) 86133 (11365) 29% 

 400 55.6 (3.7) 60.6 (10.7) 151% 9% 85893 (13978) 109111 (3960) 24% 
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Table B14 Mean concentrations of naphthalene sulfonic acids in sediment and overlying water of test vessels at the initiation and 

conclusion of 28-day sediment exposures with Hyalella azteca. The number in brackets is the standard deviation of triplicate samples. 

Percent differences between nominal and measured concentrations in sediment on day 0 are displayed as well as the percent differences 

between measured concentrations in sediment at day 0 and 28, and percent differences between measured concentrations in overlying 

water on day 0 and 28.  

 
  Mean concentration – sediment (g/g dw) Mean concentration – overlying water (µg/L) 

NSA 

Nominal 

concentration – 

sediment (µg/g dw) 

Day 0 Day 28 

Percent 

difference – 

nominal vs. 

measured 

Percent 

difference – 

day 0 to 28 

Day 0 Day 28 

Percent 

difference – 

day 0 to 28 

BaDNS Control < 5.37 x 10-4 < 5.37 x 10-4 - - < 0.865 < 0.865 - 

 Solvent control < 5.37 x 10-4 < 5.37 x 10-4 - - < 0.865 < 0.865 - 

 100 62.9 (9.2) 55.4 (3.0) 46% 13% 1.8 (2.1) < 0.865 - 

 200 173.3 (7.9) 179.7 (17.9) 14% 4% < 0.865 < 0.865 - 

 400 318.4 (35.6) 283.2 (18.6) 23% 12% 1.3 (0.1) 3.6 (2.3) 94% 

 800 587.9 (125.2) 631.4 (89.8) 31% 7% 45.2 (10.1) 58.5 (10.0) 26% 

 2000 1586.6 (166.9) 1367.4 (70.6) 23% 15% 361.8 (120.0) 277.8 (20.3) 26% 

         

CaDNS Control < 1.01 x 10-3 < 1.01 x 10-3 - - < 1.62 < 1.62 - 

 Solvent control < 1.01 x 10-3 < 1.01 x 10-3 - - < 1.62 < 1.62 - 

 100 115.0 (8.5) 97.0 (7.5) 14% 17% 3.4 (0.8) < 1.62 - 

 200 257.5 (56.1) 242.7 (9.4) 25% 6% 8.8 (2.3) < 1.62 - 

 400 382.5 (155.4) 450.9 (37.4) 4% 16% 11.4 (4.6) 6.5 (6.0) 55% 

 800 956.8 (60.3) 1020.7 (94.6) 18% 6% 12.5 (5.3) 23.0 (3.6) 59% 

 2000 2318.6 (353.9) 1922.0 (223.3) 15% 19% 69.5 (2.6) 85.1 (26.4) 20% 

         

DNDS Control < 1.67 x 10-3 < 1.67 x 10-3 - - < 0.149  < 0.149 - 

 Solvent control < 1.67 x 10-3 < 1.67 x 10-3 - - < 0.149 < 0.149 - 

 175 59.6 (7.1) 60.2 (3.0) 98% 1% 22348 (518) 24615 (731) 10% 

 350 73.1 (7.7) 50.9 (3.2) 131% 36% 48943 (5660) 45390 (2773) 7% 

 700 110.9 (16.9) 86.2 (24.3) 145% 25% 69439 (2271) 96647 (13087) 33% 

 1400 205.2 (16.4) 152.4 (14.7) 149% 30% 123253 (16270) 160000 (2458) 26% 

 2000 305.7 (63.3) 188.5 (11.5) 147% 47% 167047 (8038) 228453 (14806) 31% 
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Table B15 Mean concentration of calcium dinonylnaphthalene sulfonate measured in sediments collected from 12 sites in southern 

Ontario watersheds. The standard deviation (SD) of measured concentrations (n=3) is shown. Sediment texture, pH, and carbon 

content were also measured. 

 

   

   
Mean measured 

concentration in sediment 

(ug/g dw) 

River GPS Coordinates Sediment Texture 
Total 

Carbon (%) 

Organic 

Carbon (%) 
pH Average SD 

        

Speed River (43.451367, -80.298279) Loamy fine sand 6.92 2.210 7.5 2.746 0.345 

Speed River (43.391211, -80.370359) Coarse sand 4.62 0.348 7.9 0.146 0.037 

St. Clair River (42.616131, -82.475842) Loam 3.76 0.533 7.9 0.132 0.062 

Old Ausauble Channel (43.300510, -81.770515) Gravelly coarse sand 2.80 0.382 7.7 0.149 0.118 

Maitland River – Morris Tract (43.722769, -81.626079) Gravelly loamy coarse sand 8.06 1.530 7.9 0.095 0.028 

Maitland River (43.892453, -81.309639) Sandy loam 5.30 2.150 7.7 0.399 0.082 

Etobicoke Creek (43.643118, -79.597616) Coarse sandy loam 3.58 1.320 7.5 0.225 0.050 

Humber River (43.657411, -79.499770) Loamy coarse sand 4.48 0.961 7.5 0.077 0.058 

Mimico Creek (43.650246, -79.525120) Loamy fine sand 2.90 0.849 7.6 0.008 0.007 

Credit River (43.547137, -79.655942) Loamy sand 3.79 0.713 7.8 < 0.001 - 

Grand River (43.396228, -80.404868) N/R N/R N/R N/R 0.088 0.020 

Grand River (43.386582, -80.386417) N/R N/R N/R N/R 0.019 0.027 

        

        

 

N/R denotes a measurement that was not recorded. 
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Appendix C – Chapter 4 

Tables 

Table C1 Concentration of potential inorganic and organic contaminants in culture water (n=4). 

Analyses were conducted using standard methods developed by Environment and Climate 

Change Canada’s National Laboratory of Environmental Testing. 

 

Contaminant Mean concentration (µg/L) Standard deviation 

   

Metals   

   

Lithium 1.91 0.01 

Beryllium 0.002 0.001 

Boron 21.8 3.4 

Aluminum 54.2 21.9 

Vanadium 0.308 0.014 

Chromium 0.19 0.01 

Manganese 0.12 0.02 

Iron 1.7 0.5 

Cobalt 0.018 0.001 

Nickel 0.66 0.16 

Copper 0.60 0.15 

Zinc 3.3 1.7 

Gallium 0.009 0.001 

Arsenic 0.99 0.23 

Selenium 0.14 0.01 

Rubidium 0.995 0.066 

Strontium 185 10 

Yttrium 0.055 0.051 

Niobium <0.001 - 

Molybdenum 1.31 0.03 

Silver 0.097 0.025 

Cadmium 0.007 0.002 

Tin 1.828 1.733 

Antimony 0.159 0.001 

Cesium 0.018 0.006 

Barium 25.7 2.6 

Lanthanum 2.14 0.58 

Cerium 0.014 0.008 

Tungsten 0.066 0.016 

Platinum 0.003 0.002 

Thallium 0.003 0.001 

Lead 1.211 0.429 

Bismuth 0.001 0.001 

Uranium 0.255 0.074 
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Table C1 continued 

 

Contaminant Mean concentration (ng/L) Standard deviation 

   

Organochlorines   

   

Pentachlorobenzene <0.440 - 

alpha-BHC <1.14 - 

Hexachlorobenzene <0.440 - 

gamma-BHC (lindane) <0.410 - 

Heptachlor <0.780 - 

Aldrin <0.770 - 

Heptachlor epoxide <0.600 - 

alpha-Chlordane <0.410 - 

Dieldrin <1.33 - 

p,p-DDE <1.28 - 

Endrin <1.26 - 

Endosulfan II <0.860 - 

p,p-DDD <1.32 - 

o,p-DDT <1.77 - 

p,p-DDT <1.58 - 

Methoxychlor <3.81 - 

Mirex <1.02 - 

Hexachlorobutadiene <0.530 - 

beta-BHC <0.850 - 

Pentachloroanisole <0.480 - 

Oxychlordane <0.450 - 

o,p-DDE <1.29 - 

o,p-DDD <0.940 - 

trans-nonachlor <0.590 - 

cis-nonachlor <0.600 - 
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Table C1 continued 

 

Contaminant Mean concentration (ng/L) Standard deviation 

   

Polycyclic aromatic hydrocarbons   

   

Acenaphthene <5.17 - 

Acenaphthylene <6.53 - 

Anthracene <6.12 - 

Benzo(a)anthracene <9.96 - 

Benzo(a)pyrene <9.42 - 

Benzo(b)fluoranthene <10.0 - 

Benzo(e)pyrene <8.70 - 

Benzo(g,h,i)perylene <17.1 - 

Benzo(k)fluoranthene <8.63 - 

Chrysene <2.95 - 

2-Chloronaphthalene <6.65 - 

Dibenzo(a,h)anthracene <25.1 - 

Dibenzothiophene <8.16 - 

Fluoranthene <4.08 - 

Fluorene <6.38 - 

Indene <5.05 - 

Indeno(1,2,3-c,d)pyrene <18.0 - 

1-Methylnaphthalene <6.73 - 

2-Methylnaphthalene <7.59 - 

Naphthalene <5.80 - 

Perylene <13.4 - 

Phenathrene <6.20 - 

Pyrene <3.93 - 

Retene <13.6 - 

1,2,3,4-Tetrahydronaphthlene <5.71 - 
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Table C2 Vessel IDs, gender, length, and burial at both 24- and 48-h of adult Lampsilis 

siliquoidea used in the evaluation of calcium dinonylnaphthalene sulfonate bioaccumulation & 

depuration.  

Vessel ID Gender Length (mm) 24-h burial 48-h burial 
1 Female 92.0 N N 
2 Male 91.4 Y Y 
3 Male 89.8 Y Y 
4 Female 74.4 Y Y 
5 Female 76.7 N N 
6 Female 72.7 Y Y 
7 Female 89.5 Y Y 
8 Male 87.2 Y Y 
9 Male 75.5 N N 
10 Male 97.1 N Y 
11 Male 81.0 N N 
12 Female 75.6 N N 
13 Male 93.3 N N 
14 Male 93.1 Y Y 
15 Female 77.4 Y Y 
16 Female 80.3 Y Y 
17 Female 82.2 Y Y 
18 Female 77.1 Y Y 
19 Male 84.8 Y Y 
20 Male 78.3 Y Y 
21 Male 74.5 N Y 
22 Male 73.1 Y Y 
23 Male 90.6 Y Y 
24 Male 80.7 N Y 
25 Female 83.4 Y Y 
26 Female 84.4 Y Y 
27 Male 75.2 Y Y 
28 Female 81.1 N N 
29 Female 77.9 Y Y 
30 Male 90.9 N Y 
31 Female 70.1 Y Y 
32 Female 82.8 Y Y 
33 Male 74.3 N Y 
34 Male 70.3 N Y 
35 Female 72.8 Y Y 
36 Male 83.7 N Y 
37 Male 70.5 N Y 
38 Female 73.4 Y Y 
39 Male 82.8 Y Y 
40 Female 72.4 Y Y 
41 Female 88.6 Y Y 
42 Female 68.9 Y Y 
43 Female 82.6 Y Y 
44 - - - - 
45 Female 88.5 N Y 
46 Female 86.0 Y Y 
47 Male 82.3 N N 
48 Male 80.6 N N 
49 Male 89.9 Y Y 
50 Female 87.0 Y Y 
51 Male 69.8 Y Y 
52 Male 84.9 Y Y 
53 Male 78.9 Y Y 
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Table C3 Length and net mass (shell included) of adult Lampsilis siliquoidea used in the 

bioaccumulation test with calcium dinonylnaphthalene sulfonate (CaDNS).  

 

 

NSA 
Mussel 

life-stage 

Number of 
individuals 
measured 

 
Net wet mass 

(Shell included) 
(g) 

Mussel 
length 
(mm) 

      
CaDNS Adult 51 Mean 16.38 81.2 

   Standard Deviation 5.34 7.23 
   Max. 36.35 97.1 
   Min. 6.82 68.9 
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Table C4 Mean, standard deviation, maximum, and minimum of water quality parameters in 

replicate test vessels across treatments sampled throughout tests that exposed adult Lampsilis 

siliquoidea to calcium dinonylnaphthalene sulfonate in sand for 25 d, followed by the water 

quality in the holding bins during the 28-d depuration phase.  

 

Experiment 

Phase 
 pH 

Dissolved 

Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Chloride 

(mg/L) 

       

 Mean 8.34 8.63 379 0.96 42.9 

Uptake Standard Deviation 0.09 0.32 40 0.88 5.9 

 Max. 8.49 9.11 441 2.50 50.8 

 Min. 8.19 8.15 319 < 0.01 31.2 

       

Depuration Mean 7.89 9.32 308 < 0.01 76.2 

 Standard Deviation 0.19 0.46 32  28.4 

 Max. 7.57 8.77 275 < 0.01 45.3 

 Min. 8.08 10.07 357 < 0.01 120.0 
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Table C5 Change in measured ammonia concentration in the overlying water before and after an 

80% water change on day 8 of the Lampsilis siliquoidea exposure to calcium dinonylnaphthalene 

sulfonate in sand during the uptake phase.  

 

Randomly measured 

vessel ID 

Ammonia 

(mg/L) 

(before) 

Ammonia 

(mg/L) 

(after) 

   

1 0.50 < 0.01 

2 4.00 0.25 

4 2.00 < 0.01 

5 1.00 < 0.01 

21 2.00 < 0.01 

22 3.00 < 0.01 

23 3.00 < 0.01 

45 0.50 < 0.01 

47 0.50 < 0.01 

53 2.00 < 0.01 

   

  



164 

 

Table C6 Comparing the concentration of calcium dinonylnaphthalene sulfonate in water and 

sand for individuals that were dissected on their scheduled date (labelled alive) or after 

unscheduled death (labelled dead). Values are presented as a mean with standard deviation in 

brackets (unless only one individual was measured at a given time). 

 

State of 

organism at 

dissection 

Time 

Measured 

concentration 

in sand  

(µg/g dw) 

Measured 

concentration 

in overlying 

water (µg/L) 

Percent 

difference in 

sand 

between live 

and dead 

Percent 

difference in 

overlying 

water between 

live and dead 

      

Alive 2 82.6 (2.0) 5.3 (1.6)   

 4 73.7 (1.5) 12.3 (3.7)   

 7 77.3 (4.3) 7.4 (4.0)   

 14 75.0 (7.7) 3.8 (0.9)   

 21 68.1 (2.0) 2.5 (0.4)   

 25 68.4 (5.8) 4.0 (1.4)   

 Mean 74.3 (6.7) 5.9 (4.1)   

      

      

Dead 7 88.9 57.3   

 11 78.6 39.9   

 13 73.1 1110.7   

 20 80.8 (10.0) 1258.0 (865.3)   

 24 84.4 29.9   

 25 66.2 (0.7) 228.8 (205.6)   

 Mean 78.7 (9.2) 454.1 (522.3) 5.8% 195% 
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Table C7 Water quality parameters of test vessels for each naphthalene sulfonic acid at the 

initiation and conclusion of the 28-d exposures for Tubifex tubifex in sediment.  

 

Experiment  pH 
Dissolved Oxygen 

(mg/L) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Temperature 

(C) 

       

BaDNS t=0 8.33 8.47 516 < 0.01 19.2 

       

 t=28 8.48 9.18 557 <0.01 20.4 

       

CaDNS t=0 8.47 8.22 517 <0.01 21.3 

       

 t=28 8.57 8.77 569 <0.01 21.6 

       

DNDS t=0 8.42 7.17 498 1 19.3 

       

 t=28 8.47 8.86 560 <0.01 20.1 

  



166 

 

Table C8 Mass of tissue in each replicate vessel at the initiation of naphthalene sulfonic acid 

bioaccumulation tests with Tubifex tubifex.  

 

Experiment Vessel 
Tissue mass at test 

initiation (g ww) 

BaDNS 1 1.0344 

 2 1.0033 

 3 1.0255 

 4 1.0231 

 5 1.0270 

 6 1.0300 

   

CaDNS 1 0.9976 

 2 1.0275 

 3 0.9966 

 4 1.0174 

 5 1.0178 

 6 1.0285 

   

DNDS 1 0.9909 

 2 1.0179 

 3 1.0052 

 4 1.0096 

 5 0.9997 

 6 0.9905 

   

Control 1 0.9975 

 2 1.0128 

 3 1.0072 
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Table C9 Measured concentration of naphthalene sulfonic acids (NSAs) in overlying water of 

test vessels at the initiation and conclusion of 28-d tests with Tubifex tubifex. The number in 

brackets is the standard deviation of triplicate samples. 

 

NSA 

Nominal 

concentration 

(µg/g dw) 

Measured 

concentration 

at initiation 

(µg/L) 

Measured 

concentration 

at conclusion 

(µg/L) 

Percent difference 

- day 0 vs. day 28 

     

BaDNS Control < 0.865 < 0.865 - 

 200 4.3 (1.2) 8.3 (0.6) 63% 

     

CaDNS Control < 1.62 < 1.62 - 

 200 23.8 (3.3) 8.3 (1.2) 97% 

     

DNDS Control < 0.149 < 0.149 - 

 200 
26285.0 

(1394.0) 

24173.3 

(1143.1) 
8% 
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Table C10 The p-values from the one-way analysis of variance and post-hoc Tukey’s test to 

compare 28-d BSAF values that were calculated from the concentration of naphthalene sulfonic 

acids (NSAs) in sediment on days 0, 28, or the geometric mean and the whole body NSA 

concentration of Tubifex tubifex on day 28. The p-values in bold are significant ( = 0.05). 

 

T. tubifex 0-day 28-day Geometric mean 

Whole body p-value p-value p-value 

BaDNS vs. CaDNS 0.042 0.236 0.116 

    

BaDNS vs. DNDS 0.001 0.001 0.001 

    

CaDNS vs. DNDS 0.001 0.001 0.001 
    

 

 


