
CHAPTER 6


SIMPLE TOXICANTS

6.1.  MODEL DESCRIPTION

Introduction

Some organic and inorganic chemicals can cause toxicity to aquatic organisms, or bioconcentrate through the food chain.  Humans may be affected by ingesting contaminated water or fish.  Criteria for protecting human health and indiginous aquatic communities have been promulgated for specific chemicals and for general toxicity.  


The simulation of toxicants has become common only in the past decade.  Near-field mixing zone models simulate the dilution and dispersal of waste plumes, along with associated toxicants.  Far-field models, such as WASP5, simulate the transport and ultimate fate of chemicals throughout a water body.  At a minimum, these models simulate the water column and a bed layer, and include both chemical degradation and sorption to solids.  The simpler models use first-order decay constants and equilibrium partition coefficients.  More complex models may employ second-order decay mechanisms and either nonlinear sorption isotherms or first-order sorption and desorption rate constants.


Several physical‑chemical processes can affect the transport and fate of toxic chemicals in the aquatic environment.  Some chemicals undergo a complex set of reactions, while others behave in a more simplified manner.  WASP5 allows the simulation of a variety of processes that may affect toxic chemicals.  The model is designed to provide a broad framework applicable to many environmental problems and to allow the user to match the model complexity with the requirements of the problem.


Although the potential amount and variety of data used by WASP5 is large, data requirements for any particular simulation can be quite small.  For example, it is possible to simulate a chemical using no reactions, or using only sorption and one or two transformation reactions that significantly affect a particular chemical.  Indeed, for empirical studies, all chemical constants, time functions, and  environmental parameters can be ignored and a simple user‑specified transformation rate constant used.  Thus, WASP5 can be used as a first‑order water pollutant model to conduct simulations of dye tracers, salinity intrusion, or coliform die‑off.

Overview of Simple WASP5 Toxicants
1Table 6.1  WASP5 State Variables for Toxicants.

PRIVATE 
  

	PRIVATE 
SYSTEM
	VARIABLE

	1
	CHEMICAL 1

	2
	SOLIDS 1

	3
	SOLIDS 2

	4
	SOLIDS 3

	5
	CHEMICAL 2

	6
	CHEMICAL 3



Simple toxicants and associated solids are simulated using the TOXI5 program.  TOXI5 simulates the transport and transformation of one to three chemicals and one to three types of particulate material (solids classes, Table 6.1).  The three chemicals may be independent or they may be linked with reaction yields, such as a parent compound‑daughter product sequence.  The simulation of solids is described in Chapter 3.  The simulation of simple toxicants is described below.  The simulation of more complex organic chemicals is described in Chapter 7.


In an aquatic environment, toxic chemicals may be transferred between phases and may be degraded by any of a number of chemical and biological processes.  Simplified transfer processes defined in the model include sorption and volatilization.  Transformation processes include biodegradation, hydrolysis, photolysis, and oxidation.  Sorption is treated as an equilibrium reaction.  The simplified transformation processes are described by first-order rate equations.


WASP5 uses a mass balance equation to calculate sediment and chemical mass and concentrations for every segment in a specialized network that may include surface water, underlying water, surface bed, and underlying bed.  In a simulation, sediment is advected and dispersed among water segments, settled to and eroded from benthic segments, and moved between benthic segments through net sedimentation, erosion, or bed load as detailed in Chapter 3.


Simulated chemicals undergo several physical or chemical reactions as specified by the user in the input dataset.  Chemicals are advected and dispersed among water segments, and exchanged with surficial benthic segments by dispersive mixing.  Sorbed chemicals settle through water column segments and deposit to or erode from surficial benthic segments.  Within the bed, dissolved chemicals migrate downward or upward through percolation and pore water diffusion.  Sorbed chemicals migrate downward or upward through net sedimentation or erosion.  Rate constants and equilibrium coefficients must be estimated from field or literature data in simplified toxic chemical studies.  Their calculation from laboratory and field data is described in Chapter 7.


Some limitations should be kept in mind when applying TOXI5.  First, chemical concentrations should be near trace levels, i.e., below half the solubility or 10‑5 molar.  At higher concentrations, the assumptions of linear partitioning and transformation begin to break down.  Chemical density may become important, particularly near the source, such as in a spill.  Large concentrations can affect key environmental characteristics, such as pH or bacterial populations, thus altering transformation rates.

2Table 6.2  Concentration Related Symbols Used in Mathematical Equations.

	PRIVATE 


PRIVATE 
Symbol
	Definition
	Units

	Cij
	Concentration of total chemical i in segment j.
	mgc/L

	Cwij
	Concentration of dissolved chemical i in segment j.
	mgc/L

	C'wij
	Concentration of dissolved chemical i in water in segment j.  C'wij = Cwij/nj
	mgc/Lw

	Csij
	Concentration of sorbed chemical i on sediment type "s" in segment j.
	mgc/L

	C'sij
	Concentration of sorbed chemical i on sediment type "s" in segment j.

C'sij = Csij/Msij
	mgc/kgs

	msj
	Concentration of sediment type "s" in segment j.
	mgs/L

	Msj
	Concentration of sediment type "s" in segment j.  Mj = mj ( 10-6
	kgs/L

	M'sj
	Concentration of sediment type "s" in water in segment j. 
	kgs/Lw

	nj
	Porosity or volume water per volume segment j.
	Lw/L

	Kpsij
	Partition coefficient of chemical i on sediment type "s" in segment j.
	Lw/kgs

	fDij
	Fraction of chemical i in segment j in dissolved phase
	  -

	fsij
	Fraction of chemical i in segment j in solid phase "s"
	  -



In TOXI5, it is convenient to define concentration related symbols as in Table 6.2.  Please note that in the general development of the equations below, subscripts "i" and "j" are sometimese omitted for convenience.

Simple Transformation Kinetics

TOXI5 allows the user to specify simple first-order reaction rates for the transformation reactions of each of the chemicals simulated.  First order rates may be applied to the total chemical and varied by segment.  Alternatively, constant first order rates may be specified for particular processes, including biodegradation, hydrolysis, photolysis, volatilization, and oxidation.  These constant rates may be used exclusively or in combination with model computed rates as described in Chapter 7.  For example, the user may specify a first-order rate for biodegradation and have TOXI5 compute a loss rate for volatilization.   

Option 1:  Total Lumped First Order Decay


The simplest rate expression allowed by TOXI5 is lumped, first-order decay.  This option allows the user to specify spatially-variable first order decay rate constants (day-1) for each of the chemicals simulated.  Because these are lumped decay reactions, chemical transformations to daughter products are not simulated.
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6.1
where:


Kij
=
lumped first order decay constants (day-1) for chemical i in segment j.  

The lumped decay rate constant is a model parameter that may be varied between model segments.  If a lumped decay rate constant is specified, the chemical will react at that rate regardless of other model input. 

Option 2:  Individual First Order Transformation


This option allows the user to input a global first-order reaction rate constant separately for each of the following processes:  volatilization, water column biodegradation, benthic biodegradation, alkaline hydrolysis, neutral hydrolysis, acid hydrolysis, oxidation, photolysis, and an extra reaction.  The total reaction is then based on the sum of each of the individual reactions as given by
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6.2
where:


Kki
=
first order transformation constants for reaction k of chemical i, day-1

The user may input half-lives rather than first-order decay rate constants.  If half-lives are provided for the transformation reactions, they will be converted internally to first order rate constants and used as above:
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6.3
where:


THki
=
half‑life of reaction k for chemical i, days.  

Equilibrium Sorption

Sorption is the bonding of dissolved chemicals onto solid phases, such as benthic and suspended sediment, biological material, and sometime dissolved or colloidal organic material.  Sorption can be important in controlling both the environmental fate and the toxicity of chemicals.  Sorption may cause the chemical to accumulate in bed sediment or bioconcentrate in fish.  Sorption may retard such reactions as volatilization and base hydrolysis, or enhance other reactions including photolysis and acid-catalyzed hydrolysis.


Sorption reactions are usually fast relative to other environmental processes, and equilibrium may be assumed.  For environmentally relevant concentrations (less than 10-5 M or one-half water solubility), equilibrium sorption is linear with dissolved chemical concentration (Karickhoff, 1984) or:
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At equilibrium, then, the distribution among the phases is controlled by the partition coefficients Kps.  As developed in Chapter 7, the total mass of chemical in each phase is controlled by Kps and the amount of solid phase present (ignoring here any DOC phase), so that
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and
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These fractions are determined in time and space throughout a simulation from the partition coefficients, internally calculated porosities, and simulated sediment concentrations.  Given the total concentration and the phase fractions of chemical i in segment j, the dissolved and sorbed concentrations are uniquely determined:
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In addition to the assumption of instantaneous equilibrium, implicit in the use of these equations is the assumption of reversibility.  Laboratory data for very hydrophobic chemicals suggest, however, that a hysteresis exists, with desorption being a much slower process than adsorption.  Karickhoff suggests that this effect may be the result of intraparticle kinetics in which the chemical is slowly incorporated into components of the sorbant.  This phenomenon is not well understood and no quantitative modeling framework is available to characterize it.


Values for the partition coefficients can be obtained from laboratory experiments or field data.  TOXI5 allows the input of either a single constant partition coefficient, or a set of spatially-variable partition coefficients.  These options are described under "Model Implementation" below.  The calculation of partition coefficients for organic chemicals is described in Chapter 7.

Transformations and Daughter Products

The three chemicals that may be simulated by TOXI5 may be independent, or they may be linked with reaction yields, such as a parent compound‑daughter product sequence.  Linked transformations may be implemented by simulating two or three chemicals and by specifying appropriate yield coefficients for each process:
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where:


Skci
=
production of chemical "i" from chemical "c" undergoing reaction "k," mgi/L‑day


Kkc
=
effective rate coefficient for chemical "c," reaction "k," day‑1

Ykci
=
yield coefficients for production of chemical "i" from chemical "c" undergoing reaction "k," mgi/mgc
5 illustrates some of the linked reactions that can be simulated by specifying appropriate yield coefficients.
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Figure 6.1.  Potential Reaction Products in WASP5

6.2 MODEL IMPLEMENTATION

Introduction

To simulate simple toxicants with WASP5, use the preprocessor to create a TOXI5 input file.  The model input dataset and the input parameters will be similar to those for the conservative tracer model as described in Chapter 2.  To those basic parameters, the user will add benthic segments, solids transport rates, and transformation parameters.  During the simulation, solids and toxicants will be transported both by the water column advection and dispersion rates and by these solids transport rates.


In WASP5, solids transport rates in the water column and the bed are input via up to three solids transport fields, as described in Chapter 3.  The transport of the particulate fraction of toxicants follows the solids flows.  The user must specify the dissolved fraction (i.e. 0.0) and the solids transport field for each simulated solid under initial conditions.  To simulate total solids, solids 1 must be used.

Model Input Parameters

This section summarizes the input parameters that must be specified in order to solve the simple toxicant equations in TOXI5.  The user is referred to Chapter 3 for a summary of input parameters for the sediment balance equations.  Input parameters are prepared for WASP5 in four major sections of the preprocessor -- environment, transport, boundaries, and transformation.  Basic model parameters are described in Chapter 2, and will not be repeated here.  

Environment Parameters


These parameters define the basic model identity, including the segmentation, and control the simulation.


Systems-- To simulate a toxicant, select "simulate" for chemical 1 and "bypass" for chemical 2 and chemical 3.  To simulate total solids along with the toxicant, select "simulate" for solids 1 and "bypass" for solids 2 and solids 3.  To simulate two or more toxicants or solids, select "simulate" for the appropriate variable. (Group A, Record 4, NOSYS; Record 9, SYSBY)


Bed Volume Option-- The user must determine whether bed volumes are to be held constant or allowed to vary.  Volumes may be held constant by specifying 0, in which case sediment concentrations and porosities in the bed segments will vary.  Alternatively, sediment concentrations and porosities may be held constant by specifying 1, in which case surficial bed segment volumes will vary. (Group C, Record 1, IBEDV)


Bed Time Step-- While mass transport calculations are repeated every model time step, certain benthic calculations are repeated only at this benthic time step, in days.  If the constant bed volume option is chosen, sediment concentrations are updated every model time step, but porosities are recalculated every benthic time step.  If the variable bed volume is chosen, upper benthic segment volumes are updated every time step, with compaction occurring every benthic time step. (Group C, Record 1, TDINTS)

Transport Parameters


Number of Flow Fields-- Under advection, the user has a choice of up to six flow fields.  To simulate surface water toxicant and solids transport, select water column flow.  When  simulating total solids, the user should also select solids 1 flow.  To simulate three sediment types, the user should select solids 1 flow, solids 2 flow, and solids 3 flow.  (Group D, Record 1, NFIELD)


Water Column Flows, m3/sec-- Time variable water column flows can be specified, as detailed in Chapter 2.  (Group D, Record 6, QT, TQ; Record 4, BQ, JQ, IQ)


Sediment Transport Velocities, m/sec-- Time variable settling, deposition, scour, and sedimentation velocities can be specified for each type of solid.  If the units conversion factor is set to 1.157e-5, then these velocities are input in units of m/day.  These velocities are multiplied internally by cross-sectional areas and treated as flows that carry solids and sorbed chemical between segments.  Settling velocities are important components of suspended sediment transport in the water column.  Scour and deposition velocities determine the transfer of solids and sorbed chemical between the water column and the sediment bed.  Sedimentation velocities represent the rate at which the bed is rising in response to net deposition. (Group D, Record 6, QT, TQ)


Cross-Sectional Areas, m2-- The interfacial surface area must be specified for adjoining segments where sediment transport occurs.  These surface areas are multiplied internally by sediment transport velocities to obtain sediment transport flows.

(Group D, Record 4, BQ, JQ, IQ)


Number of Exchange Fields-- Under dispersion, the user has a choice of up to two exchange fields.  To simulate surface water toxicant and solids dispersion, select water column dispersion.  To simulate exchange of dissolved toxicants with the bed, the user should also select pore water diffusion.  (Group B, Record 1, NRFLD)


Water Column Dispersion, m3/sec-- Time variable water column dispersion can be specified, as detailed in Chapter 2.  (Group B, Record 6, RT, TR; Record 4, A, EL)


Pore Water Diffusion Coefficients, m2/sec-- Time variable pore water diffusion coefficients can be specified for dissolved toxicant exchange within the bed or between the bed and the water column.  If the units conversion factor is set to 1.157e-5, then these coefficients are input in units of m2/day.  Diffusion coefficients are multiplied internally by cross-sectional areas divided by characteristic mixing lengths, and are treated as flows that carry dissolved toxicants between benthic segments and the water column. (Group B, Record 6, RT, TR)


Cross-Sectional Areas, m2-- The interfacial surface area must be specified for adjoining segments where pore water diffusion occurs.  These surface areas are multiplied internally by diffusion coefficients and divided by characteristic mixing lengths to obtain pore water exchange flows.  (Group B, Record 4, A)


Characteristic Mixing Lengths, m-- The characteristic mixing length must be specified for adjoining segments where pore water diffusion occurs.  The value for a mixing length is typically equal to the average depth of the pore water segments involved in the exchange.  These mixing lengths are divided into the product of the diffusion coefficients and cross-sectional areas to obtain pore water exchange flows.  (Group B, Record 4, EL)

Boundary Parameters


This group of parameters includes boundary concentrations, waste loads, and initial conditions.  Boundary concentrations must be specified for any segment receiving flow inputs, outputs, or exchanges.  Initial conditions includes not only initial concentrations, but also the density and solids transport field for each solid, and the dissolved fraction in each segment.


Boundary Concentrations, mg/L-- At each segment boundary, time variable concentrations must be specified for each toxicant and for each solids type simulated.  A boundary segment is characterized by water exchanges from outside the network, including tributary inflows, downstream outflows, and open water dispersive exchanges.  (Group E, Record 4, BCT)


Waste Loads, kg/day-- For each point source discharge, time variable toxicant and solids loads can be specified.  These loads can represent municipal and industrial wastewater discharges, or urban and agricultural runoff. (Group F.1, Record 4, WKT)


Solids Transport Field-- The transport field associated with total solids or each solids type must be specified under initial conditions. (Group J, Record 1, IFIELD)


Solid Density, g/cm3-- The average density of the total sediment, or the density of each solids type must be specified.  This information is used to compute the porosity of benthic segments.  Porosity is a function of sediment concentration and the density of each solids type.  (Group J, Record 1, DSED)


Initial Concentrations, mg/L-- Concentrations of toxicant and each solids type in each segment must be specified for the time at which the simulation begins.  If the variable benthic volume option is used, the benthic sediment concentrations specified here will remain constant for the entire simulation.  (Group J, Record 2, C)


Dissolved Fraction-- The dissolved fraction of each solid in each segment should be set to 0.  The dissolved fraction of toxicant will be controlled by the partition coefficient and solids concentrations.  (Group J, Record 2, DISSF)

Transformation Parameters


This group of parameters includes spatially variable parameters, constants, and kinetic time functions for the water quality constituents being simulated.  None are necessary for sediment transport.


First-Order Degradation-- There are two options to input first-order toxicant degradation:

Option 1:  Total Lumped First Order Decay


The use of the simple lumped first-order decay rate requires the user to input a decay rate constant for the chemical for each model segment.  If a simple lumped first order rate is specified for a particular chemical, the chemical will decay at that rate regardless of other input.  For example, if both a lumped decay rate and either a simple first order or second order transformation rate are specified, the simple first or second order rates will only be used if the lumped rate is zero.  (Group G, Record 4, PARAM(ISEG, 16), PARAM(ISEG, 17), PARAM(ISEG, 18)

Option 2:  Individual First Order Transformation

3Table 6.3.  TOXI5 Rate Coefficients for Simple Reactions.

PRIVATE 




	PRIVATE 
Constant
	C1
	C2
	C3
	 REACTION

	KV, day-1
	140
	740
	1340
	 Volatilization

	THV, day
	145?
	745?
	1345?
	

	KBW, day-1
	141
	741
	1341
	 Water Column

 Biodegradation

	THBW, day
	143
	743
	1343
	

	KBS, day-1
	142
	742
	1342
	 Benthic

 Biodegradation

	THBS, day
	144
	744
	1344
	

	KHOH, day-1
	181
	781
	1381
	 Alkaline 

 Hydrolysis

	THHOH, day
	252
	852
	1452
	

	KHN, day-1
	182
	782
	1382
	 Neutral

 Hydrolysis

	THHN, day
	253
	853
	1453
	

	KHH, day-1
	183
	783
	1383
	 Acid 

 Hydrolysis

	THHH, day
	254
	854
	1454
	

	KO, day-1
	256
	856
	1456
	 Oxidation

	THO, day
	257
	857
	1457
	

	KF, day-1
	287
	887
	1482
	 Photolysis

	THF, day
	289
	889
	1489
	

	KE, day-1
	571
	1171
	1771
	 Extra Reaction

	THE, day
	572
	1172
	1772
	



The use of the simple first-order transformation rate requires the user to input a global rate constant (day-1) or half-life (day) for each particular processes simulated.  If a simple first-order transformation rate is specified, it will take priority over other input for that particular processes.  For example, if both a first order and a second order transformation rate constant is specified, the second order rate will only be used if the first-order rate constant is zero.  First-order transformation rate constant numbers are given in Table 6.3.  (Group H, Record 4, CONST(i))


Partition Coefficients-- TOXI5 allows the input of either a single constant partition coefficient, or a set of spatially-variable partition coefficients:

Option 1:  Constant Partition Coefficient. 

Table 6.4  Constant Partition Coefficients PIXC  

	PRIVATE 


PRIVATE 

	  C1
	  C2
	  C3

	Solids 1
	111
	711
	1311

	Solids 2
	116
	716
	1316

	Solids 3
	121
	721
	1321



This option allows the user to directly input constant partition coefficients that apply over the entire model network.  These partition coefficients are input using the set of constants PIXC, in units of Lw/kgs (not in log units).  If only one chemical and one solids type is being simulated, then the partition coefficient can be input by specifying a value for Constant 111 -- PIXC(1,1).  All other partitioning information should be omitted (i.e. - LKOW, LKOC, and FOC).


If three chemicals are being simulated, the user may specify values for their partition coefficients to solids 1 using three separate PIXC values -- Constants 111, 711, and 1311, respectively.


If multiple solids types are being simulated, then separate partition coefficients may be input for each of the three solids types.  The constant partition coefficients for chemical 1 to solids type 2 and 3 can be input by specifying appropriate PIXC values for Constants 116 and 121, respectively.


Constant numbers for partitioning of chemical i to solid j are summarized in Table 6.4.

Option 2:  Spatially-Variable Partition Coefficients.  


This option allows the user to directly input spatially-variable partition coefficients for chemical 1.  These partition coefficients are input using the parameter FOC, in units of Lw/kgs (not in log units).  If only one chemical and one solids type is being simulated, then the partition coefficients can be input by specifying segment-variable values for Parameter 7 -- FOC(ISEG,1).  Constant 101, LKOC, should be given a small nonzero value, such as 1.0e-20.


If multiple solids types are being simulated, then separate sets of partition coefficients may be input for each of the three solids types.  The constant partition coefficients for chemical 1 to solids type 2 and 3 can be input by specifying segment-variable values for FOC(ISEG,2) and FOC(ISEG,3) -- Parameters 8 and 9, respectively.

5Table 6.5  TOXI5 Yield Constants for Chemical Reactions.

PRIVATE 




	PRIVATE 
FROM
	to C1
	to C2
	to C3
	   REACTION

	C1
	
	176
	177
	 Water Column

Biodegradation

   YBWci

	C2
	776
	
	777
	

	C3
	1376
	1377
	
	

	C1
	
	178
	179
	   Benthic

Biodegradation

   YBSci

	C2
	778
	
	779
	

	C3
	1378
	1379
	
	

	C1
	
	246
	247
	   Alkaline 

  Hydrolysis

   YHOHci

	C2
	846
	
	847
	

	C3
	1446
	1447
	
	

	C1
	
	248
	249
	   Neutral

  Hydrolysis

   YHNci

	C2
	848
	
	849
	

	C3
	1448
	1449
	
	

	C1
	
	250
	251
	   Acid 

  Hydrolysis

   YHHci

	C2
	850
	
	851
	

	C3
	1450
	1451
	
	

	C1
	
	281
	282
	  Oxidation

   YOXci

	C2
	881
	
	882
	

	C3
	1481
	1482
	
	

	C1
	
	566
	567
	  Photolysis

   YFci

	C2
	1166
	
	1167
	

	C3
	1766
	1767
	
	

	C1
	
	596
	597
	   Extra 

  Reaction

   YEci

	C2
	1196
	
	1197
	

	C3
	1796
	1797
	
	



Reaction Yields-- The input yield constants that may be specified are YHOHci, YHNci, YHHci, YBWci, YBSci, YFci, YOXci, and YEci where c is the chemical reactant (1, 2, or 3) and i is the chemical product (1, 2, or 3) in units of mgc/mgi.  Yield coefficients may be provided for all possible combinations of chemicals and for the reactions, as listed in Table 6.5.
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