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ABSTRACT OF THE THESIS

MERCURY INTERACTIONS WITH SUSPENDED SOLIDS AT THE UPPER

EAST FORK POPLAR CREEK, OAK RIDGE, TENNESSE

by

Elsa Cabrejo

Florida International University, 2011

Miami, Florida

Professor Fernando Miralles-Wilhelm, Major Professor

A water quality model was developed to analyze the impact of hydrological events on

mercury contamination of the Upper East Fork Poplar Creek, Tennessee. The model

simulates surface and subsurface hydrology and transport (MIKE SHE and MIKE 11)

and it is coupled with the reactive transport of sediments and mercury (ECOLAB). The

model was used to simulate the distribution of mercury contamination in the water and

sediments as a function of daily hydrological events.

Results from the model show a high correlation between suspended solids and

mercury in the water due to the affinity of mercury with suspended organics. The

governing parameters for the distribution of total suspended solids and mercury

contamination were the critical velocity of the stream for particle resuspension, the rates

of resuspension and production of particles, settling velocity, soil-water partition

coefficient, and desorption rate of mercury in the water. Flow and load duration curves at

the watershed exit were used to calibrate the model and to determine the impact of

hydrological events on the total maximum daily load at Station 17. The results confirmed

the strong link between hydrology and mercury transport.
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1 INTRODUCTION

During the early years of development and production of nuclear weapons, the Y-12

Plant at the Oak Ridge Reservation, TN, released more than 100 metric tons of elemental

mercury directly into the East Fork Poplar Creek (EFPC) (Turner and Southworth 1999).

The major releases of mercury into the creek stopped in 1963 when the use of mercury in

processes within the Oak Ridge Reservation (ORR) was terminated. However, mercury

pollution continued spreading into the watershed and the creek. The elemental mercury

dissolves and under typical environmental conditions becomes oxidized to mercuric ion

which has considerably greater solubility and affinity for complexing with natural

organic matter. Mercury complexation significantly increases the mobility of mercury

within the watershed and its surface (overland and river flow) and subsurface subdomains

(saturated and unsaturated zones). The availability of mercury in the EFPC has created

the potential for high levels of methylmercury in the creek biota.

During flood events, higher than expected concentrations of mercury have been

reported. Higher levels of suspended solids have been observed as well (DOE 1998). As a

result of higher volumes of water and higher velocities in the stream, particle bound

mercury in bed sediments is brought to the water column by the resuspended particles.

Consequently, the sediment bed of the creek serves as a continuous source of mercury to

the water column.

The factors affecting the fate and transport of mercury in the creek are related to the

high affinity of mercury to sorb to the organic component of the sediments and suspended

solids (Parkpoin et al., 2001, Yin et al., 1997, Liao et al., 2009). The suspended solids
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and the sorbed mercury are mobilized during stormwater events, which increase the

mercury concentration downstream (DOE 1998, TDEC 2008).

The exchange of dissolved mercury between the water column and sediment pore

water occurs by diffusion driven by the differences in concentrations. Another dynamic

process that occurs in the water and in the sediment is the exchange of mercury between

dissolved and adsorbed phases by the processes of adsorption-desorption.

Results from sediment samples collected at the UEFPC showed a relationship

between mercury concentration and sediment size. Coarser sand particles (1-2mm)

presented lower concentrations of mercury (18-180 mg/kg) than smaller particles (clay

sizes, <5 pm) which had concentrations ranging from 125 to 1700 mg/kg (DOE 1998).

This fact narrowed the focus of the study to the suspended solids rather than to the bed

load.

Previous modeling efforts for the Upper East Fork Poplar Creek have not included the

results of the diffusive transport between the water column and sediment pore water, or

the adsorption-desorption processes between dissolved mercury and suspended matter in

the water column as part of the total mercury concentration. Those processes are major

components of the model presented in this study.

In this Thesis, the results are described by load duration curves which better reflects

the correlation between suspended solids, mercury concentration flow rates in the creek.

2 BACKGROUND

Several studies have used computer modeling to highlight the importance of

sediments and suspended matter in the fate and transport of contaminants in the aquatic
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environment. The North Carolina Department of Natural Resources estimated that eroded

sediments were the source of about 75% of the total mercury load in the Cashie River

Watershed (DENR 2004). At Lahontan Reservoir in southwestern Nevada (USA), 90%

of the mercury that entered the system was retained by sediments and kept as a

continuous source of pollution (Gandhi et al. 2007). At the White Oak Creek watershed

in Tennessee, the major source of cesium-137 (a contaminant that tends to bind to

suspended solids) in surface water was channel bed sediments (Bao 1999).

Different computer model approaches have been used to study the effects of sediment

as a source of contaminants. Bao (1999) developed a sediment transport study using a

hydrological simulation program in Fortran, for cesium-137 at the White Oak Creek

watershed in Tennessee. The US Environmental Protection Agency used the IEM-2M

model to estimate mercury concentrations, dissolved and particle-bound, in the water

column and in bed sediments (USEPA 1997), mass balance equations accounted for the

sources of mercury loadings (runoff, soil erosion and diffusive transport from the

atmosphere), as well as for sinks (burial in bed sediments, volatilization, and advection

out of the water body). At the Cashie River Watershed and other Georgia rivers, a

combination of the Watershed Characterization System (WCS) developed by Tetra Tech,

and the WASP-TOXI computer model were used to support the development of total

maximum daily loads (DENR 2004). At the Lahontan Reservoir in southwestern Nevada,

a kinetic speciation mercury transport computer model, BIOTRANSPEC, was developed

based on mass balance calculations, the model simulates dissolved, colloidal and

particulate mercury concentrations in the water-sediment interface (Gandhi et al. 2007).
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Kubawara et al. (2002) developed a mercury flux (internal recycling) study for the

bottom sediment-water column interface in the Lahontan Reservoir, Nevada. The

objective of this study was to measure the benthic flux of dissolved mercury and methyl

mercury. The results showed that the interaction occurs both ways, with dissolved

mercury moving into the water column from the sediment (positive flux) or moving out

of the water column into the sediment (negative flux). In addition, the rate at which this

process occurs depended on the concentration gradients of other chemicals present in the

interfaces.
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Figure 1 Oak Ridge Reservation
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These studies highlight the importance of the effects of adsorption-desorption

processes in the fate and transport of contaminants like mercury that have a tendency to

sorb to soils (in the floodplain or in the sediment bed).

The Upper East Fork Poplar Creek (UEFPC), object of the present study, is located

within the Oak Ridge Reservation (ORR) in the state of Tennessee, in the counties of

Roane and Anderson. The reservation encompasses an area of about 14,260 ha, and has

three major US Department of Energy facilities: the Y-12 National Security Complex, the

East Tennessee Technology Park (ETTP) or K-25 complex, and the Oak Ridge National

Laboratory (Figure 1).

'3'
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Figure 2 UEFPC watershed

5



The UEFPC is defined as the upper waters of the East Fork Poplar Creek (Figure 2);

the basin is a sub-watershed of the Lower Clinch River and has a drainage area of 4.73

kM2, approximately 68% from the industrialized areas of the Y-12 Plant. Its boundaries

are at the top of Pine Ridge to the north, the top of Chestnut Ridge to the south, the Bear

Creek Watershed to the west, and the eastern boundary of the ORR along Scarboro Road

to the east.

The creek length is approximately 2.6 km, and runs from the emerging point at the

North-South pipe to Station 17 (Figure 3), which is the point where the creek leaves the

ORR boundary and becomes the Lower East Fork Poplar Creek. Elevation varies from

283 to 271 m, a gradient of 0.0046, or 4.6 m/km (Moran 1996).

/ f'

Figure 3 UEFPC channel

During the construction of the Y-12 Plant, the original topography of the watershed

was altered. Tributaries and part of the west and central main UEFPC channel were

6



covered with fill materials, with depths of up to 30 ft, and the creek was captured in a

subsurface drainage system.

The upper waters of the stream are composed of discharge from Outfall 200, which

drains the West End Mercury Area (WEMA), and water redirected from Melton Hill

Lake (MHL), which is added to the creek 6 m downstream from Outfall 200 as part of the

flow management program. The flow management program started in August 1996, for

the purposes of maintaining the base flow required by the National Pollution Discharge

Elimination System (NPDES), returning the creek to the original flow levels from the

1980s, preserving the wildlife habitat, and reducing the mercury concentration in the

water passing Station 17 by dilution (Southworth et al., 2009).

Under base flow conditions, as measured in February 2009, 80% of the total flow is

originated from MHL and 20% from the industrial waters of the outfall 200 (Miller et al.,

2009). The flow management program adds continuously to the creek water at a flow rate

of about 0.2 m3/s (OREIS database); the contribution of total suspended solids to the

stream by the raw water is between 5-10 mg/L (OREIS database).

3 RESEARCH HYPOTHESIS AND OBJECTIVES

The principal objective of this study is to understand and quantify the variables

affecting the processes of adsorption-desorption of mercury with suspended particles, the

sedimentation and resuspension of the sorbed mercury, and the diffusive transport of

dissolved mercury that takes place between the sediment and water phases, under the

conditions present at the UEFPC.
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The research hypothesis is that higher levels of mercury concentrations observed at

UEFPC Station 17 during high flow events are a result of non-point sources that include

the resuspension of smaller particles into the water column and the increased mobility of

mercury-contaminated suspended solid loads.

The present study took the described dynamics into account, adding to the existent

flow and transport model for the UEFPC, the exchange of mercury between sediment bed

and water column, which improved the simulation of mercury concentrations in the creek

when compared with the previous model, which only included the transport of mercury

by advection dispersion.

Topography
MIKE SHE .- Land use

Hydraulic conductivity

Overland and Advection and dispersion

Groundwater
Flow

Velocity
River Flow MIKE 11 -4 Discharge

Cross section

Sediment
Adsorption and desorption of the metal
Sedimentation of sorbed metal

ECOLAB Resuspension of settled metal
Diffusive transport of dissolved metal

Figure 4 MIKE SHE, MIKE11 and ECOLAB

ECOLAB was used to simulate the fate and transport of mercury at the water and

sediment interface for the UEFPC. ECOLAB is a numerical model supported by the

8



Danish Hydraulic Institute (DHI) that can be coupled with MIKE SHE and MIKE 11

software, where the hydrodynamics and advection dispersion calculations are carried out

(Figure 4). The model allows for the simulation of physical and chemical dynamics of

heavy metals interacting with sediments in the water body. One of the model's

advantages over previous models is that it can estimate dissolved and particulate mercury

in the water column and in sediments (DHI 2009).

4 RESEARCH METHODOLOGY

The integrated flow and transport model couples the hydrological and sediment

transport processes (including the interactions between sediment particles, mercury

species and water).

4.1 Sediment transport

The rate of transport and distribution of sediment in river channels has important

implications in the determination of the quality of the water and in the understanding of

the fate and transport of contaminants.

The transport of sediments is a process driven by gravity and drag forces between the

particles and the fluid, and turbulence in the water stream. It depends on fluid and

sediment properties, and characteristics of the sediment bed. The total sediment load

carried by a stream can be divided into bed load, suspended load and dissolved load

(wash load).

Bed load describes the particles that are transported along or close to the bed of the

stream. In general, the movement occurs by rolling, sliding, traction, saltation, and

collision between particles and with the bed. Particles will be rolling and sliding in
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continuous contact with the bed, for conditions with bed shear velocity slightly higher

than the critical value for initiation of motion. For higher values of bed shear velocity,

saltation will occur.

Once a particle is lifted up by the flow and, if the turbulence level is high enough, the

particle will travel as part of the suspended load, in which case the bed shear velocity

overcomes the fall velocity of the particle. Under this approach, the bed load transport is

dominated by gravity forces, while the suspended load is dominated by turbulent eddies

(Van Rijn L., 1984).

Suspended load is composed of the particles transported in suspension, with velocity

almost equal to the velocity of the water. The movement in this case is controlled by the

physical properties of the material and by the dynamics of the velocity field. Particles

traveling in suspension are then influenced by two main actions, one causing the

resuspension as a result of the upward and downward velocity components of the

turbulent eddies, and a second one, the gravitational action, which causes the settling of

the particles (Garde & Tanga Raju., 1985). Fine particles like clays and silts are carried in

suspension and tend to move with the flow, carrying adsorbed contaminants downstream.

The present study focuses on the total suspended solids (TSS) which are part of the

suspended load. The main difference between the two is based in the diameters of

particles that each parameter includes. The suspended load concentration is measured

from the whole sample, according to the American Society for Testing and Materials'

method (designation: D 3977-97), and incorporates coarser particles. The TSS

concentration is measured from a sub-sample, according to Method 160.2 (USEPA,

1999), and excludes the coarser solids in the influent due to settling. Guo (2006) showed
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a good correlation between TSS and suspended load concentration for particles up to

0.1mm, which corresponds to very fine sands, silts and clays.

The total suspended solids concentration in the water is expressed in terms of dry

weight per unit volume (i.e., mg/l), and is quantified by filtering a known volume of

water through a weighed standard glass-fiber filter, and then drying the residue retained

on the filter to a constant weight at 103-105*C (USEPA, 1999).

TSS incorporates material like silt and clay, decaying plants, industrial wastes, and

sewage. In general, levels and sizes of suspended particles transported by a stream are

affected by changes in the flow rate. More particles and of higher sizes are carried when

the flow rate increases due to resuspension of particulate matter from the stream bed

generated by the increase in the current' speed (Chapra, 1997).

4.2 Transport and fate of mercury in the water environment

Mercury can be found in the environment in the form of gas (elemental mercury), as

ionic mercury, and as organic mercury or methyl mercury (MeHg). Its behavior depends

on the oxidation state, which varies between metallic (Hg ), mercurous (Hg 2 2), and

mercuric (Hg2+) (Nriagu 1979).

Elemental mercury (Hg0) is a volatile metal with low viscosity, high surface tension

and is mobile, liquid at ambient temperatures, and practically insoluble in water. Hg0

oxidizes mainly in the presence of ozone, and also with other oxidants including HClO,

HS03 , and OH+. In the atmosphere, Hg0 is the most common form of mercury (Morel et

al., 1998). In natural waters it is generally bound to chloride, sulfide, or organic acids.

Methyl mercury is soluble in water and can be formed from inorganic mercury by

microbial processes in soils, sediments, and water, a process known as methylation. The
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reverse process, demethylation, is also possible, in which case MeHg is reduced to Hg0

and is reintroduced to the atmosphere. Due to its affinity for sulfhydryl groups of

proteins, MeHg is rapidly absorbed by living organisms, and since the rate of absorption

is much higher than the elimination rate, it can accumulate for years (Kaleri, 2000, p. 3).

In soils, sediments and surface waters, mercury is most commonly found as inorganic

mercuric salts and organomercurics, the most frequent compounds being the mercuric

salts HgCl 2, Hg(OH)2 and HgS. Due to the affinity of inorganic mercury for sulfur

containing compounds, in soils it tends to form complexes mainly with soil organic

matter and, to a lesser extent, to mineral colloids, a process which limits mercury's

mobility in the soil.

Mercury can enter freshwater in different forms, organic or inorganic, wet or dry, and

from different sources, such as a deposition from the atmosphere, as part of the runoff

"bound to suspended soils/humus or attached to dissolved organic carbon" (EPA, 1997,

pp. 2-12), or from groundwater as a result of leaching from soil.

In the water column the metal can be partitioned between dissolved and particulate-

bound phases, being found mainly forming complexes with organic matter, such as being

bound to dissolved organic carbon in the dissolved phase, and bound to suspended solids

in the particulate phase. Changes in the bacteria and phytoplankton populations in the

water body affect the temporal distribution of the metal between those phases (Morel,

Kraepiel and Amyot 1998).

Once in the water mercury can be exchanged in three main scenarios. The first,

between water and sediment during the sedimentation and/or resuspension of particles.

The second, between water and sediment pore water due to differences in concentrations

12



resulting in diffusive transport. The third, within water column and within the sediment

by processes of adsorption-desorption changing between dissolved and adsorbed phases

(DHI, 2009). Honeyman, et al., (1988), summarized the processes occurring with a

dissolved heavy metal reacting with a solid phase as follows: adsorption/desorption in the

water phase, adsorption/desorption in the sediment phase, sedimentation and

resuspension of particulate metal, diffusive transport of dissolved metal, and advection

and dispersion.

Water Surface

DissolveAdsoption Adsorbed
Metal Metal

Desorption

Water Tifser Sediment-Water Resuspension Sedimentation
Transfer -_ Interface --

Sediment
Adsoption

Dissolved Adsorbed
Metal Metal

Desorption

/ / / / / / / / / / / / // / / / /// / // / 7/ / 7

Stream Bed

Figure 5 Schematic illustrating the interactions between metal, sediment, and
water implemented in ECOLAB and MIKE 11

Adsorption and desorption are processes by which the metal is transferred between

solute and solid phases. The extent at which the metal is adsorbed depends on factors like

density and acidity of the adsorbent, metal-surface association constants, the presence of
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complexing ligands, type and concentration of particles, particle size, and interactions

between particles (Honeyman & Santschi, 1988).

Diffusion results from movement of particles along concentration gradients.

According to Fick's first law the mass flux is proportional to the gradient of

concentrations, and goes in the direction of higher to lower concentration (Chapra, 1997,

p. 137). When the concentration of dissolved mercury in the water column is lower than

that in the sediment pore water, there will be a release of the contaminant into the water.

Advection is the part of the transport that is originated by the motion of the water.

Dispersion is the component of transport that describes local mixing, which results in

varying fluid flow velocity (Chapra, 1997, p. 150).

Mercury mobilization and transport within the water creek involves an exchange

between the following principal domains:

i) Deposition and resuspension of sediment particles,

ii) Diffusive transfer of mercury species between sediment pore water and creek

water,

iii) Adsorption and desorption processes of mercury between sediment particles and

sediment pore water,

iv) Adsorption and desorption processes of mercury between suspended sediment

particles and creek water.

The ECOLAB water quality model is comprised of four compartments to define

mercury's transport processes, which are described in the following sections of the

present document.
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4.2.1 Dissolved mercury in the water (SHM)

Dissolved mercury concentration in water is the result of the relationships between

mercury desorbed from suspended solids into the water column, mercury adsorbed by the

suspended solids from the water column, and the dissolved mercury exchanged between

the water column and the sediment pore water, which is positive (mercury moving into

the water column) when the concentration of mercury in the sediment pore water is

higher than that in the water column, and negative in the opposite case.

The most important parameters driving this relationship are the partitioning

coefficient for mercury between particulate matter and water (Kd), and the concentrations

of mercury and suspended solids in the water.

Kd indicates the affinity of the contaminant for the soil phase; therefore, the higher

the parameter, the less the metal desorbs from the suspended matter into the water. Since

mercury binds to the organic part of the suspended solids, Kd in the model is defined

from the organic carbon partition coefficient (Equation 18) as mentioned in section 4.2.1,

which explains the importance of the level of organic matter in the suspended solids

(foc). Higher organic carbon content in the sediment, promotes the adsorption of the

metal to the suspended solids.

Dissolved mercury is calculated from the following relationship (DHI, 2009):

dt -M_-adss +dess +di fv [m bkd] (1)

Where: adss is the adsorption, dess is the desorption, and difv is the diffusion.

With adsorption calculated from the following formula. Where: SHM is the dissolved

mercury concentration in the water [g Hg/m3 H20], TSS is the suspended solids

concentration in the water [g DW/m3 bulk], kw is desorption rate in water [d"1 ], and Kd is
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the partitioning coefficient for mercury between particulate matter and water [m3

H20/gDW].

Adsorption = kW. Kd .SHM. TSS [m3buc.d] (2)

Desorption is calculated from the following expression. Where: k, is the desorption

rate in water [d 1] and XHM is the adsorbed mercury concentration in the water [gHg /m3

Bulk].

Desorption = kw.XHM [mu k] (3)
"mbulk.d~

The diffusive transfer is the transport across the water and sediment interfaces; it

occurs due to the difference between solute concentrations in the water column with

respect to the concentrations in the sediment pore waters.

In ECOLAB the diffusion is calculated from the following relationship, which is

based on Fick's law.

bitdif v I.LJWk -rsydd gyg(4di(d = zwf+dzds).dz Em3bulk.d

Where: difv is the diffusion coefficient in water, estimated from the metal's mole

weight [m2/d]; fbiot.diw is the factor for diffusion due to bioturbation [dimensionless],

assumed 1 for the model; SHMS is the dissolved heavy metal concentration in sediment

porewater [g Hg/m2]; HM is dissolved heavy metal concentration in the water [g Hg/m3

bulk] ~ [g Hg/m 3 H20]; dzwf is the average thickness water film that metals have to

diffuse through, default value of 0.1 mm; dzds is the thickness of diffusion layer in

sediment [m], calculated by the model from a built-in function; and dz is the thickness of

the actual layer in the computational grid [m], which is calculated by MIKE 11.
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4.2.2 Adsorbed mercury concentration on suspended matter (XHM)

The adsorbed mercury concentration in the water column (particulate mercury) is the

result of mercury adsorbed by the suspended solids present in the water column, and

mercury adsorbed to the particles that are resuspended from the river bed (increasing the

concentration) minus mercury desorbed from suspended solids into the water column and

mercury adsorbed to particles settling (decreasing the concentration). ECOLAB defines

the adsorbed mercury concentration on suspended matter as follows (DHI 2009),

dXHM g~u ~]g5
dI aM- adss - dess - sev + resv rm3b u k.'] (5)

Where: adss is adsorption defined from equation (2), dess is desorption defined by

equation (3), sev is sedimentation, and resv is resuspension.

Sedimentation defined as follows,

sv=vs.XHM [ Hg (6)sev="'" [3 ]~
dz m3bulk.d

Where: vs is the settling velocity of suspended solids [m/d], XHM is the adsorbed

mercury concentration in the water [g Hg/m3 bulk], and dz is the thickness of the actual

layer in the computational grid [m] calculated by MIKE 11.

Assuming that the current speed is higher than the critical value for initiation of the

movement (see section 5.1.2), Resuspension (res) is determined from the following

relationship (DHI 2009). Where: RR is the resuspension rate [gDW/m2/d], which is a

constant, subject to calibration, XHms is the adsorbed mercury concentration in the

sediment [g Hg/m2], XSED is the mass of sediment [g DW/m2], and dz is the thickness of

the actual layer in the computational grid [m] calculated by MIKE 11.

RR X HMS
TO XSED 9 H9res = dz [m3bulk.d] (7)
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4.2.3 Dissolved mercury in the sediment pore water (SHMs)

Mercury dissolved in the pore water is the result of the balance between mercury

desorbed from the sediments in the river bed minus the contaminants adsorbed from the

sediment pore water onto the sediments, and the result of the diffusive transport between

dissolved mercury in the water column and dissolved mercury in the sediment pore water,

as can be seen in the following relationship, and adsorption given by equation (9) (DHI

2009).

dSHms= -adsa + desa - difa [H ] (8)

With adsorption given by,

XSED ggadsa = ks. Kds. SHMS. dzspors (9)

Where: ks is the desorption rate in sediment [d"] from section 5.2.2, Kds is the

partitioning coefficient for metal between particulate matter and water in the sediment

[m3 H20/g DW] from section 5.2.1, SHMs is the dissolved mercury concentration in the

sediment [gHg/m2], dzs is the sediment layer thickness [m], XSED is the mass of the

sediment [g DW/m2] calculated in section 5.1.3, and pors is porosity of the sediment

[m3H20/m3 bulk], assumed as a constant value of 0.4.

Desorption is given by the following relation, where: XHM is the adsorbed mercury

concentration in the water [g Hg/m3 bulk].

desa = ks.XHMS [n d] (10)

Also, diffusion is calculated from equation (4).
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4.2.4 Adsorbed mercury in the sediment (XHMs)

The concentration of mercury sorbed to the sediments in the river bed is calculated in

ECOLAB from the following relationship (DHI 2009), which takes into consideration the

metal that adsorbs to particles in the sediment, metal that desorbs from sediment and

becomes dissolved, the sedimentation and resuspension of mercury contaminated

particles.

dXHMS - adsa - desa + sea - resa [H9 (1

With adsorption determined by,

adsa = ks. Kds. SHMS dzs.pors [ (12)

Where: ks is the desorption rate in sediment [d'1] see section 5.2.2, Kds is the

partitioning coefficient for metal between particulate matter and water [m3 H20/g DW],

see section 5.2.1, SHMS is the dissolved mercury concentration in the sediment [g Hg/m2],

dzs is the sediment layer thickness [m], XSED is the mass of sediment [g DW/m2], and porn

is the porosity of sediment [m3H2O/m3 bulk], assumed to be a constant value of 0.4.

The mass of the sediment is calculated as the difference between sedimentation of

particles from the water column, and resuspension of particles from the creek's bed, as

shown in equation (13), where: XSED is the mass of sediment [g DW/m2], vs is the settling

velocity of suspended solids [m/d], a constant subject to calibration; and RR is the

resuspension rate [m. ], also a constant subject to calibration.

dXSED = vs. TSS - RR [;;T] (13)
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Sedimentation is defined as the product of settling velocity [m/d] and the

concentration of mercury adsorbed to suspended particles, XHM [g Hg/m3 bulk], as

presented in the following equation,

sea = vs.XHM [ ] (14)

Resuspension, for current velocity exceeding the critical value is given by,

resa= RR.XXMS
resa= lXSED m.](5

Where: RR is the resuspension rate of suspended solids [gDW/m2/d], XxMs is the

adsorbed mercury in the sediment [g Hg/m2], and XSED is the mass of sediment [g

DW/m2].

5 MODEL DEVELOPMENT

The modeling system consists of coupled MIKE SHE (a 3-dimensional saturated and

unsaturated groundwater flow, 2-dimensional overland flow model), MIKE 11 (1-

dimensional river flow model), and ECOLAB (a 1-dimensional water quality model).

MIKE SHE is a deterministic, physically based and fully distributed hydrological

modeling system (Abbott and Refsgaard 1996). It consists of the Water Movement and

Water Quality modules. The hydrological processes are described mostly by physical

laws (laws of conservation of mass, momentum and energy). The 1-D and 2-D diffusive

wave Saint Venant equations describe channel and overland flow, respectively. The

Kristensen and Jensen methods are used for evapotranspiration, the 1-D Richards's

equation for unsaturated zone flow, and a 3-D Boussinesq equation for saturated zone

flow. These partial differential equations are solved by finite difference methods, while

other methods (interception, evapotranspiration and snowmelt) in the model are empirical
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equations obtained from independent experimental research (DHI 2008). MIKE 11 is a

one-dimensional modeling tool for the detailed analysis, design, management and

operation of both simple and complex river and channel systems. The MIKE 11

Hydrodynamic (HD) module solves the depth integrated equations for the conservation of

mass and momentum, i.e., the Saint Venant equations (DHI 2008). The HD module is the

nucleus of the MIKE 11 modeling system and forms the basis for most modules including

Flood Forecasting, Advection-Dispersion, Water Quality and Non-cohesive sediment

transport modules.

The present study was developed using ECOLAB, which is the water quality module

of the DHI MIKE SHE - MIKE 11. The module has the capability of estimating

dissolved and particulate mercury in the water column and in sediments. The module

allows the selection of the integration method for the differential equations among Euler,

Runge Kutta 4th order and Runge Kutta 5 th order. It also requires the specification of the

update frequency, which defines how often the ECOLAB processes are calculated in the

simulation. These two parameters define the precision and the CPU time necessary to run

simulations (DHI 2009b).

The ECOLAB template defined for the present study contains six state variables,

sixteen constants, and three forcing variables, in addition to auxiliary variables and

processes. The state variables (Table 1) are defined by the system of differential

equations, the variables in the sediment have a fixed spatial position and variables in the

water column are subject to transport by advection dispersion (AD) from MIKE11. The

constants are parameters given to the model that are constant in time, some of them are

calculated in the hydrodynamic model, while other constants have assigned default or
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measured values (e.g., mole weight of mercury, density of dry sediment, porosity of the

sediment), and some were subject to calibration (e.g., organic-carbon partition

coefficient, desorption rate in water, desorption rate in sediment, fraction of organic

carbon in suspended solids and fraction of organic carbon in sediment).

Table 1 ECOLAB state variables

s e rcury iwaecounA mg/t
Dissolved mercury in water column AD mg/l
Adsorbed mercury in water column AD mg/l
Dissolved mercury in sediment No transport g/mT
Adsorbed mercury in sediment No transport _____

Suspended solids AD mg/l
Mass of sediment No transport g/mT

The forcings are external factors that influence the system and are calculated in the

hydrodynamic model (e.g., thickness of the actual layer in the computational grid, total

water depth, and current speed).

Auxiliary variables and processes serve as arguments for the equations describing the

state variables.

5.1 Parameters affecting suspended solids transport in ECOLAB

Four main parameters define the total suspended solids (TSS) concentration: settling

velocity (vs), critical current velocity for initiation of the movement (va), resuspension

rate (RR), and particle production rate (PPR). Those parameters are influenced by the

level of sediments in the bed (XSED), and the sizes of the material in suspension.
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In ECOLAB the suspended solids concentration is given by the sum of production

and resuspension minus the sedimentation rates (DHI 2009),

dTSS pss - sedss + res [ gDW ] (16)
dt P~- +re mbulk.d'

The production of particles (prss) is calculated as a function of the rate of particle

production, which is a fix coefficient, as follows:

PPR gDW
prss = dz m3bulk.d) (17)

Where: PPR is the particle production rate [gDW/m2/d], in the present model defined

after calibration as 10 g/m2d; and dz is the thickness of the actual layer in the

computational grid [m], a forcing calculated by MIKE 11.

Sedimentation (sedss) is calculated based on settling velocity by the following

relationship (DHI 2009), which takes into account that the adsorbed mercury will be

transported with the suspended solids (DHI, 2009):

seds, = v,.TSS gDWu ] (18)s dz Lm3bulkAd

Where: vs is the settling velocity of suspended solids [m/d], a value of 6 m/d was used

in the present model as a calibration result and based on section 5.1.1; TSS is the

suspended solids concentration in the water [g DW/m3 bulk]; and dz is the thickness of

the actual layer in computational grid [m], calculated by MIKE 11.

Resuspension (res) is determined from the following relationship (DHI 2009),

assuming that the current speed is higher than the critical value for initiation of the

movement, calculated in section 5.1.2,

res = RR [ dW (19)
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Where: RR is the resuspension rate [gDW/m2/d], in the present model defined as 650

g/m2/d; and dz is the thickness of the sediment layer in the computational grid [m].

5.1.1 Settling velocity (vs)

Settling velocity reflects a balance between forces causing settling and forces

resisting the settling. It varies as a result of changes in the density and in the apparent

viscosity (sediment concentration) of the water. For the range of sediment sizes that we

are considered in this work, as the concentration of suspended solids in the stream

increases, the settling velocity decreases (Garde and Tanga Raju. 1985).

Once a particle enters the flow after being eroded from the floodplain or as a result of

direct discharges to the water body, it can travel in suspension or be deposited in the bed.

Coarser particles will move in suspension for shorter distances or might move as part of

the bed load by sliding, rolling and bouncing. Settling velocity is then determined by

characteristics of the water and by properties of the particles.

A characterization of suspended sediments for the EFPC was developed by the

Tennessee Valley Authority (TVA), in 1984 (DOE 1986). Surface layer samples were

collected along the creek from mile 0.23 (kilometer 0.37 from upstream) to mile

14.31(kilometer 23 from upstream) and then sieved and separated into fractions

according to particles sizes of less than 0.0005mm, 0.002mm, 0.008mm, 0.016mm,

0.062mm, 0.125mm, 0.60mm and 2.0mm (DOE 1986). Data collected during the study

are presented in Table 10 in the appendix section. At the time of the study (1984), about

45% of the particles just upstream of Station 17 (km 23) had a sieve size of 0.062 mm or

less and about 57% had a sieve size of 0.125 mm or less.
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Table 2 Settling velocity

Coarse Silt 0.062-0.031 1.8 144.81-36.20
Medium Silt 0.031-0.016 1.8 36.20-9.64
Fine Silt 0.016-0.008 1.8 9.64-2.41
Very Fine Silt 0.008-0.004 1.8 2.41-0.60

a Source Table 9
b Levine, Hargrove, & Forrest, 1995
C Navier Stokes equation

Based on these data and using Stokes' equation, the settling velocity is calculated for

silt size particles, resulting in variation from 0.6 to 145 m/d (Table 2). In the model, a

value of 6 m/d was used, as per the analysis presented in section 5.7.1.3.

5.1.2 Critical current velocity for initiation of suspension (Vc)

When water is flowing in a channel, there are two major forces in action: the force of

gravity moving the water down slope, and the force of friction of the water against the

bed of the channel, slowing the water down. The interaction of these forces generates a

shear stress field (T) with higher values near the river bed.

The moment at which a particle is entrained from the bed and is transported in

suspension is determined by the critical shear stress (tcr), which is the stress needed to

mobilize a particle from the bed. When the shear stress and the critical shear stress are

equal (T = tcr), the channel is in equilibrium; if r >> tcr, degradation (erosion) of the

channel occurs; and if T << Tcr, channel aggradation (deposition) will likely result

(Vermont Agency of Natural Resources 2009).

In order for a particle to be transported in suspension, the particle's velocity must be

exceeded by the vertical component of the turbulent eddies velocity of the stream. Such
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values have been reported to be in the same order of magnitude as the critical bed shear

velocity and, for this reason, the critical current velocity for initiation of suspension is

often expressed in terms of the critical bed shear velocity (L. Van Rijn 1984b, 1614).

Shields was the first in providing a dimensionless parameter (tci) for the critical shear

stress, based on specific density (s) of the sediment particles, critical bed shear velocity

for initiation of the motion (p*cr), and average particle diameter (D50) (Choi and Kwak

2001).

To calculate the critical current velocity, first, a dimensionless particle parameter

(D*) is calculated from the following equation.

D *= D5 0 [(S-1)g]1/ 3  (20)

Where: DSO is the average particle size, s is the specific density (particle density

divided by fluid density), g is the acceleration due to gravity (981 cm/s2), and v is the

kinematic viscosity coefficient (0.01 cm2/s).

Table 3 Shields dimensionless parameters (L. Van Rijn 1984b)

< 4 0.24 x D*

4<D.< 10 0.14 x D*
10<D*< 20 0.14 x D*~

20<D*< 150 0.14 x D*
D. >150 0.055

Then, the critical mobility parameter (icr) is read from Shields curve according to the

values presented in Table 3 and used in the calculation of the critical shear velocity

(p n.) from the following equation.

(cr (s-1).g.Dso (21)
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Calculated values of critical current velocity varied between 0.01 - 0.10 m/s, for

ranges of particles (D50) between 0.004 mm and 0.125 mm, according to the suspended

sediment characterization for the UEFPC presented in Table 10. Particles' specific

density (s) is 1.8 g/cm3 (Levine, Hargrove and Forrest 1995).

In this work, a value of 0.135 m/s was used, as per the analysis presented in section

5.7.1.1. The higher value used in the model is justified by the fact that Shields

dimensionless parameter does not consider the entrainment of a particle from a bed of

non-uniform size material; therefore, it does not account for the force needed to entrain a

particle that is surrounded by larger particles is higher than the force needed to move a

particle surrounded by smaller particles. This is known as the hiding effect (Andrews

1983). In the case of the EFPC, the bed is made of gravel (Table 11) with particle sizes

up to 38 mm.

Table 4 Mass of sediment at Station 17 (Southworth et. al., 2010)

1 85.2 196.9
2 23.0 152.6
3 7.3 158.6
4 36.9 103.9
5 45.7 259.0
6 15.8 152.3
7 111.0 204.3
8 54.3 270.8
9 305.0 89.1

Average 76.0 176.4
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5.1.3 Mass of sediment (XSED)

Based on data collected by Southworth et al., 2010, the total mass of sediment

available to be resuspended, per unit area, at a location close to Station 17 in the EFPC

was estimated at an average of 76 kg/m2 for the fines, and an average of 176 kg/m2 for

gravel (Table 4). In the model simulations, a value of 100 kg/m2 was used for the mass of

sediment available to be resuspended.

5.1.4 Resuspension rate (RR)

The resuspension of sediments occurs when the bottom shear stress exceeds the

critical sheer stress velocity (DHI 2009). During the resuspension, particles that have

been deposited in the bed of the stream are moved to the water column, providing an

internal source of mercury. The availability of sediments for resuspension can be limited

by the age of the deposits, the amount of particles available and the depth of the creek.

The resuspension rate increases in the presence of turbulence in the water body.

In the case of the ECOLAB model, the resuspension rate is a constant parameter, used

in the calculation of the sediments resuspended into the water column, therefore affecting

the levels of suspended particles in the water column as well as the concentration of

particulate mercury in the water.

During the sensitivity analysis, it was determined that this is the parameter that

defines the peaks in the concentrations of suspended solids. After several simulations, a

value of 650 g/m2/d was used in this thesis.

5.1.5 Particle production rate (PPR)

Particle production rate is the variable that simulates the production of particles in the

stream due to primary production of algae, and the photosynthesis. Species, composition

28



and productivity of algae in natural streams are affected by factors like watershed area,

levels of inorganic phosphorous, temperature, discharge, canopy cover, and light

availability (Wehr and Sheath 2003).

In open rivers, the algae production is more significant than in highly covered areas

due to the availability of light. The periphyton uses sunlight to produce biomass from

plant nutrients and dissolved inorganic carbon; this alga grows attached to sediments in

the bed, and can be scoured out as a result of higher current velocities or as a result of

bioturbation, generating suspended solids in the water column (Hill et. al., 2010).

The effect of levels of microalgae in streams is also extended to the fate and transport

of the contaminants due to periphyton's large surface area and sorptive nature, which

increases the bioavailability of the contaminant as it is also a source of food for

herbivores.

Inputs of inorganic nutrients, like phosphorus and nitrogen, stimulate periphyton

growth, in the case of the EFPC, Hill et al. (2010) reported that levels of nutrients were

over the boundary for eutrophication. A mean biomass of periphyton (data for years 1998

- 2002) was measured as 15 pg/cm 2, and the primary productivity rate as an average of

7.5 pg C/cm2/h, an equivalent to 1.8 g C/m2/d. If the fraction of organic carbon varies

between 0.05 and 0.1 (session 5.2.1), then the particle production rate can be estimated in

the range of 18 to 36 g/m2/d, using the average primary productivity rate, which means

that there is a higher range of variation for the calculated PPR.

5.2 Parameters affecting mercury's fate and transport in ECOLAB

The main parameters in the ECOLAB module that define the concentrations of

mercury in the water and sediment include the partition coefficients (organic carbon
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partition coefficient, soil-water partition coefficient), the fraction of organic carbon

present in the suspended solids and sediments, and the desorption rate of mercury in the

water and in the sediments.

5.2.1 Partition coefficients

Partition coefficients are empirically derived constants, and are use to describe the

fate of contaminants in the environment, signifying how the contaminant is distributed

among two phases (i.e., liquid to liquid, liquid to solid, two solids) by indicating the

affinity of the contaminant for a specific phase (LaGrega, Buckingham and Evans 2001).

In the present study, the principal coefficients used are the soil-water partition coefficient

(Kd), and the organic carbon partition coefficient (Ko).

K4 describes the tendency of the chemical to be adsorbed by soil or sediment; it is a

ratio of metal sorbed to the soil (mg of metal/ kg of soil) to metal dissolved in the liquid

media (mg of metal/L of solution). High values of Kd indicate affinity of the chemical for

soils and, consequently, lower values are indicative of the tendency to stay in solution.

Allison et al. (2005), based on an extensive literature review, proposed the partition

coefficients presented in Table 5 for inorganic mercury, expressed as Log Kd (L/kg).

Table 5 Log Kd (L/kg) values for inorganic mercury

Soil/soil water 3.6a 0.7 2.2 5.8 3-9

Sediment/pore water 4.96 0.6 3.8 6.0 3-12

Suspend solids/water 5.3c 0.4 4.2 6.9 3-15

a3,981 L/kg, b79,432 L/kg, and '199,526 L/kg

Values presented in Table 5, show a strong affinity of inorganic mercury to remain

bound to soils, with higher affinity (>Kd) for suspended solids than for sediments. Kd for
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a particular stream and metal, will vary depending on the nature of the suspended solids

and sediments, pH of the water, concentration of the metal in the particulate and

dissolved phase, and presence and levels of metal complexing agents, among other

factors (Honeyman and Santschi 1988). In the case of the EFPC, a value of 1,796.7 L/kg

was reported for the phase soil to soil water (DOE 2005).

Kd can be calculated from the following relation (DHI 2009),

Kd = foc x Koc (22)

Where: fog is the fraction of organic matter and Kos is the organic carbon partition

coefficient.

The fraction of organic carbon (fo,) is a dimensionless parameter that measures grams

of organic carbon over grams of soil; therefore, it gives the fraction of organic matter

available for adsorbing the organic contaminant. Soils with high organic carbon content

will adsorb more of the contaminant, consequently limiting the mobility to the water

phase.

Values for fog in suspended sediments have been reported in the order of 0.05 - 0.1,

with a mean of 0.075, and for soils in the range of 0.002-0.024, with a mean of 0.01

(USEPA 2008). The USGS (2000) reported fo, in bed sediments in the range of 0.011 to

0.04, with mean of 0.02. In the case of the EFPC, fog for soil was reported in the range of

0.0002 - 0.014, with a median of 0.003 (DOE 2005b).

Koe is the organic carbon partition coefficient, defined as the concentration of the

chemical in the organic carbon component of the soil [pg adsorbed/kg organic C,or ppb]

divided by the concentration of the chemical in water [[ g/L]. High values of Ke

characterize less mobile organic chemicals.
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5.2.2 Adsorption/desorption rates from suspended matter and sediments

The balance between adsorption and desorption processes define the concentration of

mercury in the water. These processes are governed by factors like organic matter content

of the sediments, pH of the water, levels of chloride ions, redox potential, and ionic

strength (Parkpoin et al., 2001).

In the formulation of ECOLAB, as well as in the literature, the role of organic matter

in the sorption kinetics is vital. In general, high organic matter contributes to higher

levels of adsorption (Parkpoin et al., 2001, Yin et al., 1997, Liao et al., 2009). Also, the

higher the organic carbon content of the soil (suspended mater and sediments), the

"higher the fraction of Hg(II) that is resistant to desorption" (Yin et al., 1997, p.496).

This resistance of mercury to desorb from soils might be due to its diffusion within the

micropores of the soil particles and to its affinity for sulfur sites.

Adsorption and desorption are reverse reactions that describe the transition, of

mercury in this case, between the solute and the solid phases. With adsorption being the

forward reaction occurring from the concentration in water to the concentration in soils,

and desorption being the reverse reaction (DHI 2009). The partition coefficient (Kd)

establishes a linear relationship between the concentration of a contaminant in soil and

the concentration of that contaminant in water at equilibrium, therefore the adsorption

and desorption rates are related to each other by Kd, as expressed in the equation below.

Kd=ka / kw (23)

Where: ka is the adsorption rate [m3 H20/gDW/d] and k, is the desorption rate [d'].

Kd is different for suspended solids and sediment (Table 5); therefore, the rates are

different.
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The desorption rate of mercury from sediments was reported by Parkpoin et al. (2001)

in the range of 0.0006 - 0.014/d with a median of 0.004/d, for sediments with fog of 0.02

to 0.03 and more than 50% clay content. Higher values for this rate correspond to

sediments with higher levels of chloride ions (30%). During the model calibration, the

best fit for this parameter was a value of 0.02/d.

5.3 Model domain

The model domain defined for this project is the Upper East Fork Poplar Creek

watershed, with a drainage area of about of 4.73 km2. Figure 2 presents two subdomains

of the East Fork Poplar Creek; the Upper Bear Creek (blue) and the Upper East Fork

Poplar Creek (pink).

A total of 22 cross-sections were defined for the UEFPC; Table 13 presents the

descriptions for the cross-sections in the chainages 0 m and 2663 m.

5.4 Coupling of MIKE SHE and MIKE 11 HD with ECOLAB

MIKE SHE and MIKE 11 were coupled by defining branches (reaches) where MIKE

11 HD interacts with MIKE SHE. The hydrologic components of MIKE SHE are directly

coupled to DHI's river hydraulic program MIKE 11.

The MIKE SHE-MIKE 11 coupling enables one-dimensional simulation of river

flows and water levels using the fully dynamic Saint Venant equations; simulation of a

wide range of hydraulic control structures; area-inundation modeling; dynamic overland

flooding flow to and from the MIKE 11 river network; and full coupling of surface and

sub-surface flow processes in MIKE 11 and MIKE SHE.

To simulate the exchange between river and groundwater, an assumption was made

that the river is in full contact with the aquifer material. In this case, the only head loss
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between the river and the grid node is that created by the flow from the grid node to the

river itself. This is typical of gaining streams, or streams that are fast moving.

Figure 6 shows a typical Mike SHE river cross-section compared to an equivalent

Mike 11 HD cross-section. In this case, the conductance, C, between the grid node and

the river link is given by:

K .da .dx (24)

Where K is the horizontal hydraulic conductivity in the grid cell, da is the vertical

surface available for exchange flow, dx is the grid size used in the saturated zone

component, and ds is the average flow length. The average flow length, ds, is the distance

from the grid node to the middle of the river bank in the triangular, river-link cross-

section. ds is limited to between 1/2 and 1/4 of a cell width, since the maximum river-link

width is one cell width (half cell width per side).

The MIKE 11 (HD) hydraulic model uses the precise cross-sections, as defined in the

MIKE 11 .xnsl 1 (cross-section) file, for calculating the river water levels and the river

volumes. However, the exchange of water between MIKE 11 and MIKE SHE is

calculated based on the river-link cross-section. The river-link is a simplified, triangular

cross-section interpolated (distance weighted) from the two nearest MIKE 11 cross-

sections. The top width is equal to the distance between the cross-section's left and right

bank markers. The elevation of the bottom of the triangle equals the lowest depth of the

MIKE 11 cross-section (the elevation of Marker 2 in the cross-section). The left and right

bank elevations in MIKE 11 (cross-section markers 1 and 3 in MIKE 11) are used to

define the left and right bank elevations of the river link.
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Figure 6 A typical MIKE SHE river link cross-section

5.5 Boundary conditions

An Open Boundary was specified assuming free upstream and downstream ends of

the model domain. The boundary conditions used in the river model are shown in Table

12. When the Open option is selected in a Boundary Description cell, a branch name and

chainage are also needed in order to identify the location of the boundary.

An open boundary condition has two valid boundary types: 1) Inflow, which was

specified when a time-varying or constant flow hydrograph condition (for the HD model)

is required with or without a solute component (for the AD model); 2) Q-h was specified

when the relationship between the discharge and the water level (HD model) is known

and used with or without a solute component (used in the AD model).

5.6 Conceptual model

In the ECOLAB module, there are four sub-domains among which mercury is

exchanged: dissolved and adsorbed mercury in the water and dissolved and adsorbed

mercury in the sediment (Figure 5).
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The concentration of mercury in each sub-domain depends on: 1) the interactions that

take place by processes of adsorption and desorption within the water column, and within

the sediment phase; 2) the sedimentation and resuspension of small particles, to and from

the river bed, bringing mercury contaminated particles into the water column; and 3) the

diffusive transport of dissolved mercury between the water column and sediment pore

water.

5.7 Model calibration

The purpose of model calibration is to define optimum values for the parameters

affecting the processes in the system, and implies the need to carry several simulations.

Once the calibration parameters are identified, a sensitivity analysis is performed to gain

insight into which assumptions are critical, to evaluate the effect on the process under

simulation of changes in input parameters, and to determine the importance of each

parameter in terms of its effect in the output (USEPA 2009).

For the sensitivity analysis, the input parameters are fixed during a simulation and are

changed in different runs. A model parameter can be derived from observed or measured

data, a constant that is characteristic of the process or region being modeled (i.e., porosity

and density of the sediment), a quantity estimated from the physical formulation of the

parameter (i.e., critical current velocity, settling velocity), or an estimated value from

literature review (i.e., fraction of organic carbon).

Due to the wide range of variability that usually occurs in stream flows, and in order

to effectively calibrate the variables for the model, flow and load duration curves

constitute a valid tool for the analysis of data.
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A flow duration curve (FDC) presents a relationship between the frequency and the

magnitude of the flow in a particular stream. The daily main flow is presented on the Y-

axis in cubic meters per second (cms). On the X-axis is the corresponding percent of time

in which that flow value is met or exceeded. To construct it, the daily mean flow data for

the given interval, is ranked from largest to smallest and a probability is assigned

according to the rank using the following equation (USEPA 2008b).

Pi - n+i (25)

Where: pi is the exceedance probability, i is the rank number, and n is the
number of observations.
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Flows Conditions Flows Conditions Flows

0

1.0 Average=0.38 cms
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v ) Median =0.33 as

0

0.0
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Flow Duration Interval

Figure 7 Flow duration curve UEFPC Station 17(data from OREIS database years
1996-2008)

Figure 7 presents a flow duration curve for the UEFPC using observed data from the

OREIS database for Station 17 for the years from 1996 to 2008. The highest observed

flow value at this station for the studied period is 6.3 cms: the lowest observed flow is 0.1
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cms, and the median flow (the 50 percent FDI) is 0.33 cms. Also, there were five levels

of flow established according to the flow duration interval.

Table 6 Probabilistic distribution observed flow UEFPC station 17

0.01 1.4016 High flow
0.05 0.6658 High flow
0.10 0.4818 High flow
0.25 0.3767 Moist conditions
0.50 0.3329 Mid-range flow
0.75 0.311 Dry conditions

0.90 0.2891 Dry conditions

0.95 0.254 Low flow
0.99 0.1314 Low flow
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Figure 8 Load duration curve for suspended solids ranked by discharge at
UEFPC Station 17 (data from OREIS database, years 1996-2009)

The load duration curve (LDC) was constructed by multiplying daily mean flow by

the observed concentration of suspended solids in the water, as measured at Station 17.

The results were ranked from highest to smallest flow and the probability per event was

calculated from equation (25)pt = n (25,
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Figure 8 shows the results. Table 7 presents the 90h and 5 0th percentile for TSS according

to the level of flow, showing the relationship between discharge and levels of TSS, with

higher concentrations of TSS occurring during high flows.

To show the relationship between suspended solids concentration and discharge, in

Figure 9, suspended solids were ranked by flow: the 90th and 50t percentiles are

presented in Table 7.

Table 7 TSS, Load of TSS, load of Hg, 9 0th and 5 0 th percentile, under different
flow conditions (data from OREIS database, years 1996-2008)

IIS g,,h IS e5gg SS

'IS I9t eS 0t 0tg 50tI

High Flows 59.0 12.4 6401.0 958.0 0.240 0.050

Moist 24.5 6.4 827.0 218.0 0.035 0.013
conditions
Mid-range 19.3 5.8 569.0 169.0 0.027 0.011
flow
Dry 12.0 5.0 316.0 138.0 0.018 0.009
conditions

Low flow 15.2 5.0 276.0 95.0 0.019 0.009

The LDC for mercury was also constructed, by multiplying daily mean flow by the

observed concentration of mercury in the water, as measured at Station 17. The results

were ranked from highest to smallest flow (Figure 10). In this case, the observed

concentration of total mercury is also higher during high flows, with a decrease of one

order of magnitude (from 0.298 kg/d to 0.024 kg/d) from high flow to low flow

conditions. Table 7 presents the 9 0 th and 5 0 th percentiles for the load of mercury in kg/d,

according to the level of flow.
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Figure 9 Total suspended solids by discharge at UEFPC Station 17 (data from
OREIS database, years 1996-2009)
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Figure 10 Load duration curve for mercury ranked by discharge at UEFPC

Station 17 (data from OREIS database, years 1996-2008)

Calibration was carried out in two main steps. The first involved the parameters

affecting the calculation of the total suspended solids in the system: the second step

included the parameters affecting mercury concentrations and transport.
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5.7.1 Sensitivity analysis for total suspended solids

The simulation of suspended particles at the UEFPC presents a challenge due to the

high variability in the levels of suspended particles as shown in Figure 11, with daily

observed values that vary between 1 and 177 mg/L, and have an average of 11 mg/L and

a standard deviation of 21 mg/L.

100

80

E 60

40

~0

Jan-00 Mar-00 Apr-00 Jun-00 Aug-00 Oct-00 Dec-00

Figure 11 Total Suspended Solids at the UEFPC Station 17. Data from OREIS
database year 2000

There are four input parameters in ECOLAB that directly affect the concentration of

total suspended solids (TSS): critical current velocity (vt), settling velocity (vs),

resuspension rate (RR), and particle production rate (PPR). Simulations were run first for

the year 2000 to find an acceptable range of parameters and then were extended for a

period of 8 years (2000 to 2008) to finalize the calibration. The results are presented in

the following sections, with an analysis based on load duration curves for both suspended

solids and total mercury. Results are better described by load duration curves due to a

high dependency of suspended solids and mercury concentration on the level of discharge

in the creek.
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5.7.1.1 Critical current velocity (v,)

Since the resuspension of particles from the bed occurs when the velocity of the

stream is higher than the critical value for initiation of the movement (va), lower values of

this parameter contribute to the resuspension of more particles, increasing the load of

suspended solids in the water column (Figure 12).

100000 __ Observed
........ Vc=0.170m/s

10000 - - Vc=0150 m/s
Vc=0.135 m/s

-- Vc=0.120 ns

1000 .

10

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

TSS Load Percentage Exceedance

Figure 12 Effect of critical current velocity in the load of TSS

The effect of v, variations on TSS load is illustrated in Figure 13, where a 10%

decrease in the critical current velocity (from 0.150 to 0.135 m/s and from 0.135 to 0.120

m/s) highly affects the TSS load in the high loads range while almost no change is

produced in the lower loads (80% - 100% percentage exceedance). In general, the

decrease of 10% in vc increased the average TSS load by 26%. TSS shows the highest

sensitivity to critical current velocity among all other effective parameters in the

ECOLAB module of the model.
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Figure 13 Effect in TSS load by decreasing critical velocity

After the sensitivity analysis, a value of 0.135 m/s was chosen as the best value for

this parameter, which makes the computed and observed data to be in the closest possible

agreement (Figure 12).

5.7.1.2 Resuspension Rate (RR)

The resuspension rate is the most influential parameter on TSS peaks. The higher the

resuspension rate, the higher the peak in the load of suspended solids, and in

consequence, the higher the average concentration of TSS. Figure 14 shows the effect of

RR variations on the TSS load. An increase in RR leads to a higher increase in larger

values of TSS load and a lower increase in lower values of TSS and could even result in a

decrease in the very low values of TSS as shown in Figure 15.
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Figure 14 Effect of resuspension rate in the load of TSS

After the sensitivity analysis on resuspension rate, the value of 650 g/m2/d was

chosen as it gives the least error when comparing computed load to the observed load

(Figure 14).
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Figure 15 Effect in TSS load by increasing resuspension rate
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5.7.1.3 Settling velocity (Vs)

The lower the settling velocity, the longer it will take for particles to settle down,

therefore increasing the TSS in water. In general, the TSS load increases with decreasing

settling velocity as illustrated in Figure 16.
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Figure 16 Effect of settling velocity in the load of TSS

Changes in settling velocity have the least effect on high loads, which correspond to

the 0 to 20 percentage exceedance, and cause higher changes on lower TSS loads. In

Figure 17, a 25% decrease in the Vs increased the TSS load by about 20% in the mid-

range loads, while affecting lower loads only by 10%. On average, during the 8-year

period of the simulation, the load increased from 384 to 406 kg/d, about 6%, as a result of

a 25% decrease in the settling velocity.

Sensitivity analysis on settling velocity has been performed within the ranges for very

fine and fine silt, calculated in Table 2, which is in agreement with the sizes of suspended

particles present in the creek. A value of 6 m/d was chosen as the best value which results

in the best fit to the observed data.
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Figure 17 Effect in TSS load by decreasing settling velocity from 8 to 6 m/d
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Figure 18 Effect of particle production rate in the load of TSS

5.7.1.4 Particle production rate (PPR)

The particle production rate is a fixed coefficient that simulates waterborne

particulate matter (DHI 2009). A series of simulations were run for different values of the

parameter between 1 and 30 g/m2/d while other parameters were set at default values. As
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shown in Figure 18, increasing the PPR increases the load of suspended solids in the

water column, with higher effects on low loads (Figure 19).
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Figure 19 Effect in TSS load by increasing PPR from 7 to 10 g/m2/d
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Figure 20 TSS load simulated and observed (2000 - 2008), UEFPC-Station 17

Increasing the PPR by 43% (Figure 19) increased the average load of suspended

solids during the 8-year simulation period by 10%, from an average of 370 kg/d (PPR = 7
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g/m2/d) to 406 kg/d (PPR = 10 g/m2/d). The average TSS increased from 10.17 to 11.36

mg/L during the same period.

A value of 10 g/m2/d was chosen as the best value for PPR following the sensitivity

analysis as it creates the best agreement between the computed load and the observed

load.

Figure 20 compares the computed and observed TSS load for a period of 8 years,

including dry and wet years, with an average observed TSS of 11.72 g/m3 and an average

computed TSS of 11.36 g/m3. Parameters for the simulation include particle production

rate (10 g/m2/d), resuspension rate (650 g/m2/d), settling velocity (6 m/d), and critical

velocity (0.135 m/s).

5.7.2 Sensitivity analysis mercury variables

In the present study, mercury concentration is being analyzed in four sub-domains:

dissolved in the water, adsorbed in the water (particulate), dissolved in the sediment pore

water, and adsorbed in the sediment. At the Station 17 of the UEFPC, total mercury in the

water column (dissolved plus particulate) is measured in a regular basis but there is no

consistent observed data that reports dissolved and adsorbed mercury separately. For the

purpose of the calibration, the average percentage of the dissolved and adsorbed mercury

in the water column was calculated from data collected during the biological monitoring

and abatement program during 1997 and 1998 (Bechtel Jacobs 1999), presented in the

appendix section under Table 14.

For mercury in sediment, there were a few observed values from the OREIS database

from data collected in 1996 during the UEFPC remedial investigation. Data for dissolved

mercury in pore water can be found in the Appendix section in Table 15 and has an
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average concentration of 0.00067 mg/L and a standard deviation of 0.00096 mg/L. Data

for adsorbed mercury in the sediment is presented in Table 16 and has an average

concentration of 33.90 mg/L and a standard deviation 32.56 mg/L.

There are four input parameters in ECOLAB that directly affect the concentration of

mercury in the water column and/or the sediment: organic-carbon partition coefficient

(ko), fraction of organic carbon in suspended solids (foess), fraction of organic carbon in

sediments (focsed), desorption rate in water (k,) and desorption rate in sediments (ks).

Since mercury in water is mainly (about 80%) in the particulate form, the level of

suspended solids in the water also plays an important role in the simulation of mercury

concentration.

5.7.2.1 Organic carbon partition coefficient and fraction of organic carbon

The organic carbon partition coefficient (koc) defines the concentration of mercury in

the organic carbon component of the soil. As ko refers to the organic carbon content of

the soil, the parameter can be calculated from the relationship between the fraction of

organic carbon (fo) and the soil-water partition coefficient (kd) presented in equation

(22). In the case of the EFPC, for the phase soil to water, a kd of 1796.7 L/kg was

reported for mercury, and an average fog in soil of 0.003 (DOE 2005), which lead to a

calculated ko of 590,000 L/kg.

Following the sensitivity analysis, a value of 500,000 L/kg was chosen as the best

value for ko, as it creates the best agreement between the computed mercury

concentrations and the observed values.

The major effect of ko0 in the ECOLAB formulation is in the dissolved mercury in the

sediment (Table 8). In general, as koc decreases, the dissolved mercury in the sediment
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increases. If the fraction of organic carbon is kept constant, decreasing ko0 results in a

lower partition coefficient for the sediment (kdse), which represents an increasing affinity

of the contaminant for the liquid phase, resulting in a higher concentration of dissolved

mercury in the sediment.

No major effect was detected in the computed dissolved mercury in the water column,

because the major parameter controlling it is mercury's desorption rate in water.

The fraction organic carbon coefficients were defined from average values for

suspended solids and sediments in streams, presented by USEPA (2008) as 0.05 for

suspended solids, and 0.02 for sediment (section 5.2.1).

Table 8 Effect of changes in ko0 in mercury concentrations in water and sediment

DIs 'c Ad.H

1,000,000 0.000217 0.000447 0.000237 29.55

700,000 0.000221 0.000445 0.000337 29.54

500,000 0.000224 0.000444 0.000472 29.53
50,000 0.000232 0.000434 0.004700 29.16

5,000 0.000232 0.000434 0.046370 29.16

The above parameters resulted in a kd of 25,000 L/kg for the phase suspended

solids/water column, and kd of 10,000 L/kg for the phase sediment/pore water.

5.7.2.2 Desorption rate in water

The desorption rate of mercury in water (kw) is one of the most important parameters

in the simulation of dissolved and adsorbed mercury in the water, along with the level of

suspended solids in the system. Simulations were carried out varying the parameter

between 0.0003/d and 30/d. As kW decreases the dissolved mercury in the water column
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decreases and the adsorbed mercury increases, generating also a decrease in the total

mercury.
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Figure 21 Effects in mercury concentration in water by changing k,
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Figure 22 Effect in load of mercury as desorption rate in water changes

A decrease in kW generates a decrease in the load of total mercury in the water column

as shown in Figure 22, with no noticeable effect in rates below 0.003/d. After the

sensitivity analysis, a value of 0.03/d was chosen as the best value for the parameter, as it
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makes the computed mercury (dissolved and adsorbed) concentrations and the load of

total mercury to be in the best agreement with the observed values.

5.7.2.3 Suspended solids concentration

The level of suspended solids in the system is a determinant factor in the total

mercury in the water. The observed adsorbed mercury represents about 85% of the total

mercury in the water column (Table 14), which explains the sensitivity of the model to

the concentration of suspended solids.
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Figure 23 Effect in load of mercury as TSS load changes

6 DISCUSSION

Numerical model results show that most of the mercury in the water column is in the

form of particulate mercury; the high affinity of mercury to the organic component of the

soil (high kd) contributes to such behavior.
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Figure 24 Observed and Simulated rainfall, Q, TSS load and Hg load, UEFPC-
Station 17, year 2005. Observed values from OREIS database.
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During rain events, the water flow is higher, which causes the shear stress (friction of

the water against the bed of the channel) to overcome the critical value for initiation of

movement, moving mercury contaminated particles into the water column. Figure 24

presents results from the calibrated model, along with observed values, for the year 2005.

During the month of July, the highest rain events of the year occurred: 31 mm/day on the

13 th, and 95 mm/day on the 14th, as measured at Station 17 (OREIS Database). Results

from the model during the days following the high rain events show an increase in the

water flow, up to 4.6 m3/s, a significant increase from a yearly average of 0.4 m3/s. The

load of suspended solids increased up to 7,569 kg/d (simulated) and 7,848 kg/d

(observed) from an average of 373 kg/d. The load of mercury in the water increased up to

0.27 kg/d (simulated), and 0.37 kg/d (observed), from a yearly average of 0.019 kg/d.

This shows the correlation between the increased total mercury and the increased

mercury-contaminated suspended solid loads.

About 43 outfalls discharge into the UEFPC and constitute a point source for mercury

into the creek, bringing residual mercury from the Y12 plant as a result of the collection

of stormwater. Observed discharge and total mercury contribution from those outfalls are

included in the model as a boundary condition. Results from the model show that during

the year 2005, a total mass of 6.8 kg of mercury passed through Station 17, from which

4.6 kg (68%) were contributed by the outfalls. It can be inferred that the remaining 32%

originated from non-point sources, presumably the exchange of particulate mercury with

the river bed. The proportion between total mercury load and point source contribution,

for the year 2005, can be observed in Figure 25. Furthermore, the accumulated load is

presented in Figure 26.
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Figure 25 Mercury load from outfalls and total at Station 17

Even though there was an increase in the total mercury load from outfalls during the

high rain events, the maximum load generated from the outfalls in a single day (0.32 kg/d

in July 2005) is not enough to explain the maximum load in a single day ( 0.38 kg/d)

measured at Station 17, about 20% higher for this day.
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Figure 26 Accumulated mercury load from outfalls and total at Station 17
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As a result of the implementation of the sedimentation module (ECOLAB), the

prediction capability of the model has been improved, as can be observed in Figure 27,

where the simulated load of mercury with ECOLAB shows a better fit with the observed

data. The simulation period covers years 2000 to 2008.
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Mercury Load Percentage Exceedance

Figure 27 Simulated load with and without ECOLAB

7 CONCLUSIONS

The ECOLAB water quality model was used to add the exchange of mercury between

sediments and stream flow to the existing flow and transport model built in MIKE

SHE/MIKE 11 software, for the Upper East Fork Poplar Creek Watershed, located in Oak

Ridge, Tennessee. The contribution of small mercury contaminated particles settling

down into the riverbed and being resuspended by changes in hydrodynamic conditions in

the creek is fundamental to the accurate simulation of mercury concentrations in streams.

The higher surface area characteristic of clay and silt particles increases their capacity to

adsorb higher concentrations of mercury when compared with coarser particles,
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explaining the importance of studying the interaction between suspended sediments and

the contaminant.

The transport processes in the ECOLAB module are defined by the constant

interaction among four river sub-domains: dissolved mercury in the water, adsorbed

mercury in the suspended solids in the water, dissolved mercury in the sediment pore

water, and adsorbed mercury in the sediment. Adsorption/desorption of the metal occurs

to and from particulate and dissolved phases in the water column and in the sediment bed.

Diffusive transfer of dissolved metal occurs between the water column and the sediment

pore water.

Results from the sensitivity analysis show that among all the parameters in the

ECOLAB module, suspended solids have the highest sensitivity to critical current

velocity; the resuspension rate is the most influential parameter for the simulation of TSS

peaks while particle production rate and settling velocity have more influence for lower

loads. In general, the TSS load increases when the resuspension rate and/or particle

production rate increases, and when the settling velocity and/or the critical velocity

decreases.

Among the ECOLAB variables controlling mercury concentration in the sediments,

and water column, the organic carbon partition coefficient (koc) has the largest effect on

the dissolved mercury in the sediment. In general, as koc decreases, the dissolved mercury

in the sediment increases, as it represents an increasing affinity of the contaminant for the

liquid phase. The desorption rate of mercury in water (kW) is the variable controlling the

dissolved and adsorbed mercury in the water column; increase in this rate results in
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higher dissolved mercury and lower particulate mercury. The concentration of suspended

solids in the water is also a major parameter in the simulation of adsorbed mercury in the

water column.

Total mercury concentrations in the water column are strongly influenced by the

hydrodynamics of the water body. The numerical model results show a high correlation

between water flow, suspended solids load, and mercury concentration in the water,

highlighting the importance of the exchange of small particles with the bed, which serves

as a continuous source of mercury to the surface water. After considering the mass of

mercury contributed by the outfalls it was concluded that, in 2005, 32% of the mercury

measured at Station 17 originated from non-point sources, most likely the exchange of

sediments with the bed.

Mercury in water is found in both the dissolved and the particulate phase. In the

dissolved phase, mercury bounds to the dissolve organic carbon, and in the particulate

phase it bounds to suspended solids. According to the simulation results, approximately

73% of the total mercury in the water column is particulate bound. This behavior can be

attributed to the high affinity of mercury to the organic matter content of the sediments;

in consequence, the higher the fraction of organic carbon, the higher the affinity of the

metal for the particulate phase.
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APPENDICES

Table 9 Wentworth grade scale for particle size to standardize sieve diameters
(Garde and Tanga Raju. 1985)

>256 Boulders
256-128 Large Cobbles
128-64 Small Cobbles
64-32 Very Coarse Gravel
32-16 Coarse Gravel
16-8 Medium Gravel
8-4 Fine Gravel
4-2 Very Fine Gravel
2-1 Very, Coarse Sand

1-1.5 Coarse Sand
0.5-0.25 Medium Sand

0.25-0.125 Fine Sand
0.125-0.062 Very Fine Sand
0.062-0.031 Coarse Silt
0.031-0.016 Medium Silt
0.016-0.008 Fine Silt
0.008-0.004 Very Fine Silt
0.004-0.002 Coarse Clay
0.002-0.001 Medium Clay

0.0010-0.0005 Fine Clay
0.0005-0.00024 Very Fine Clay
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Table 10 Suspended sediments characterization (DOE, Instream Contaminat
Study Task 2, V2. Sediment Characterization. 1986)

Sieve Sieve Sieve Sieve Sieve Sieve Sieve Sieve

Sownstream <0.0005 < 2 <0.008 I. <0.062 <0.125 <0.500 < I
mm mm mm mm mm mm mm mm

2 7.7 26.7 41.9 49.3 64.0
4 7.0 14.5 24.2 29.9 44.0

4 8.3 17.0 28.7 35.5 48.6

4 29.2 35.5 71.3 98.9
6 9.9 19.8 33.2 39.1 56.6 33.0 59.5 97.7
6 26.6

7 13.9 27.0 44.2 51.6 81.9
9 11.6 21.3 36.8 48.4 64.6
9 31.1 40.2 63.4 90.3

11 1.7 16.4 23.2 24.0 26.1 53.0 90.4 98.2
11 44.2
13 10.7 17.2 26.2 32.4 41.0
13 18.1 45.2 87.3

13 31.9 40.9 84.4

13 33.7 75.6 87.9

15 8.9 16.1 26.0 30.6 40.3
16 9.3 16.9 27.6 33.1 42.2
18 9.1 15.8 25.3 28.8 41.5
20 13.2 22.3 32.3 42.1 53.0
21 5.1 11.2 18.0 21.7 31.9
22 4.8 7.5 12.2 14.9 24.1 36.6 60.3 86.4
22 6.1 9.2 12.9 16.0 23.5 36.4 66.2 93.8
22 3.6 8.6 15.5 18.6 35.7

22 4.6 11.7 19.4 23.9 28.5 47.9 69.2 94.7
23 2.8 8.1 20.2 32.5 47.5 59.3 85.2 97.4
23 10.0 16.2 24.6 29.7 44.4 55.0 83.8 96.3
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Table 11 Data Collected for the bed sediment characterization (Moran 1996)

Station Grain % Station Grain %

64 38.1 100 48 38.1 97.533

64 25.4 94.5323 48 25.4 89.602

64 19.1 86.144 48 19.1 81.428

64 12.7 69.115 48 12.7 68.416
64 9.5 58.787 48 9.5 58.617
64 4.76 41.061 48 4.76 39.748
64 2 21.816 48 2 23.329
64 1 11.584 48 1 11.707
64 0.5 5.758 48 0.5 4.384
64 0.243 3.558 48 0.243 3.091
64 0.118 2.956 48 0.118 2.468
64 0.063 2.488 48 0.063 2.034
64 0.035 2.104 48 0.035 1.8
64 0.02 1.658 48 0.02 1.496
64 0.005 0.639 48 0.005 0.913
64 0.00043 0 48 0.00043 0
56 38.1 100 40 38.1 96.058
56 25.4 97.537 40 25.4 94.594
56 19.1 89.634 40 19.1 88.16
56 12.7 74.622 40 12.7 73.882
56 9.5 61.911 40 9.5 62.434
56 4.76 40.393 40 4.76 43.326
56 2 24.015 40 2 28.355
56 1 13.354 40 1 16.03
56 0.5 6.681 40 0.5 6.294
56 0.243 5.608 40 0.243 3.116
56 0.118 4.944 40 0.118 2.412
56 0.063 4.308 40 0.063 1.953
56 0.035 3.994 40 0.035 1.63
56 0.02 3.548 40 0.02 1.3
56 0.005 2.25 40 0.005 0.585
56 0.00043 0 40 0.00043 0.011
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Continuation Table 11

Station Grain % Station Grain %
size, mm Passing size, mm Passing

32 38.1 96.058 6 38.1 100
32 25.4 94.594 6 25.4 100
32 19.1 88.16 6 19.1 92.575
32 12.7 73.882 6 12.7 79.817
32 9.5 62.434 6 9.5 71.089
32 4.76 43.326 6 4.76 53.623
32 2 28.355 6 2 33.278
32 1 16.03 6 1 19.813
32 0.5 6.294 6 0.5 9.244
32 0.243 3.116 6 0.243 3.297
32 0.118 2.412 6 0.118 2.258
32 0.063 1.953 6 0.063 1.613
32 0.035 1.63 6 0.035 1.317
32 0.02 1.3 6 0.02 1.08
32 0.005 0.585 6 0.005 0.002
32 0.00043 0.011 6 0.00043 0
24 38.1 97.499 2 38.1 100
24 25.4 90.22 2 25.4 100
24 19.1 79.006 2 19.1 100
24 12.7 67.361 2 12.7 90.088
24 9.5 58.232 2 9.5 81.112
24 4.76 41.957 2 4.76 58.447
24 2 27.399 2 2 30.214
24 1 15.314 2 1 16.724
24 0.5 6.803 2 0.5 5.419
24 0.243 2.96 2 0.243 2.185
24 0.118 2.158 2 0.118 1.529
24 0.063 1.758 2 0.063 1.189
24 0.035 1.473 2 0.035 0.76
24 0.02 1.166 2 0.02 0.643
24 0.005 0.528 2 0.005 0
24 0.00043 0 2 0.00043 0

68



Continuation Table 11

Lake reality 38.1 100

Lake reality 25.4 98.08
Lake reality 19.1 97.813

Lake reality 12.7 95.256
Lake reality 9.5 92.613

Lake reality 4.76 82.299

Lake reality 2 68.108

Lake reality 1 52.978
Lake reality 0.5 39.235
Lake reality 0.243 28.447

Lake reality 0.118 14.921

Lake reality 0.063 9.139
Lake reality 0.035 6.778
Lake reality 0.02 5.752
Lake reality 0.005 3.677
Lake reality 0.00043 0

USGS station 17 38.1 100
USGS station 17 25.4 95.329
USGS station 17 19.1 86.842
USGS station 17 12.7 73.016
USGS station 17 9.5 60.515
USGS station 17 4.76 39.703
USGS station 17 2 23.446
USGS station 17 1 13.696
USGS station 17 0.5 6.895
USGS station 17 0.243 4.55

USGS station 17 0.118 3.484
USGS station 17 0.063 2.83
USGS station 17 0.035 2.459

USGS station 17 0.02 2.055

USGS station 17 0.005 1.195

USGS station 17 0.00043 0
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Table 12 Boundary conditions for East Fork Poplar Creek

Boundary Description Boundary Chainage
Type

Open Q-h 2663.78
Open Inflow 0.00

Point Source (outfalls) Inflow 7.70
Point Source (outfalls) Inflow 15.18
Point Source (outfalls) Inflow 28.53
Point Source (outfalls) Inflow 93.20
Point Source (outfalls) Inflow 99.91
Point Source (outfalls) Inflow 144.27
Point Source (outfalls) Inflow 253.30
Point Source (outfalls) Inflow 318.68
Point Source (outfalls) Inflow 364.90
Point Source (outfalls) Inflow 370.04
Point Source (outfalls) Inflow 390.36
Point Source (outfalls) Inflow 459.80
Point Source (outfalls) Inflow 459.80
Point Source (outfalls) Inflow 484.09
Point Source (outfalls) Inflow 487.20

Point Source (outfalls) Inflow 551.87

Point Source (outfalls) Inflow 582.15

Point Source (outfalls) Inflow 622.59

Point Source (outfalls) Inflow 628.42

Point Source (outfalls) Inflow 632.57

Point Source (outfalls) Inflow 697.07

Point Source (outfalls) Inflow 701.91

Point Source (outfalls) Inflow 716.78

Point Source (outfalls) Inflow 741.48

Point Source (outfalls) Inflow 764.02

Point Source (outfalls) Inflow 785.40

Point Source (outfalls) Inflow 787.82

Point Source (outfalls) Inflow 804.50

Point Source (outfalls) Inflow 820.95
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Continuation Table 12

Point Source (outfalls) Inflow 845.45
Point Source (outfalls) Inflow 883.15
Point Source (outfalls) Inflow 933.00
Point Source (outfalls) Inflow 943.00
Point Source (outfalls) Inflow 1020.79
Point Source (outfalls) Inflow 1059.24
Point Source (outfalls) Inflow 1177.78

Point Source (outfalls) Inflow 1347.74

Point Source (outfalls) Inflow 1399.70

Point Source (outfalls) Inflow 1946.27

Point Source (outfalls) Inflow 2050.33
Point Source (outfalls) Inflow 2398.77

Point Source (outfalls) Inflow 2456.77

Open Q-h 2663.78
Closed 0.00
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Table 13 UEFPC cross-sections description for chainages Om and 2663m

Chainage Level Cross se. Hydraulic Width Resist.
(in) () area (m2) radius m) (m) factor

0 281.575 0 0 0 30
281.775 0.648 0.161 4.645 30
281.976 1.677 0.333 5.573 30
282.176 2.862 0.507 6.24 30
282.377 4.176 0.679 6.863 30
282.578 5.615 0.847 7.497 30
282.778 7.19 1.01 8.208 30
282.979 8.906 1.168 8.882 30
283.179 10.746 1.326 9.444 30
283.38 12.67 1.487 9.74 30
283.58 14.653 1.654 10.037 30

283.781 16.696 1.822 10.334 30
283.981 18.793 1.991 10.562 30
284.182 20.932 2.163 10.766 30
284.383 23.112 2.336 10.971 30
284.583 25.332 2.509 11.175 30
284.784 27.594 2.683 11.38 30
284.984 29.897 2.857 11.584 30
285.185 32.24 3.03 11.757 30
285.385 34.608 3.205 11.864 30

2663.775 266.37 0 0 0 1
266.706 1.31 0.327 4.164 1

267.042 2.798 0.638 4.69 1

267.378 4.462 0.937 5.217 1

267.714 6.303 1.226 5.744 1

268.05 8.322 1.506 6.27 1

268.386 10.516 1.779 6.784 1
268.722 12.879 2.048 7.279 1

269.058 15.408 2.313 7.764 1

269.394 18.086 2.577 8.175 1
269.73 20.902 2.841 8.586 1

270.066 23.856 3.104 8.997 1

270.402 26.948 3.365 9.401 1

270.738 30.146 3.63 9.631 1

271.074 33.42 3.9 9.86 1

271.41 36.772 4.174 10.089 1

271.746 40.2 4.45 10.318 1

272.082 43.706 4.726 10.547 1

272.418 47.288 5.002 10.828 1

272.754 51.346 5.214 13.071 1
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Table 14 Dissolved and particulate mercury in the water column, observed data
from UEFPC-Station 17 (Bechtel Jacobs 1999)

Date TSS Diss. Hg Part. Hg Total Hg Part.Hg Diss. Hg

02/19/97 2.20 0.114 0.506 0.620 82% 18%
06/20/97 2.90 0.089 0.409 0.498 82% 18%
11/20/97 2.79 0.075 0.441 0.516 85% 15%
08/11/98 11.07 0.070 0.922 0.992 93% 7%
12/17/98 7.01 0.100 0.426 0.526 81% 19%
Average 5.19 0.090 0.541 0.630 85% 15%
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Table 15 Observed dissolved mercury in pore water, UEFPC (Source: OREIS
database)

UEFPC-3 12/11/1996 4.00E-08
UEFPC-2 12/11/1996 4.00E-08
UEFPC-1 12/11/1996 4.00E-08
UEFPC-4 12/12/1996 1.20E-07
UEFPC-1 12/11/1996 1.70E-07
UEFPC-5 12/12/1996 6.90E-07
UEFPC-1 12/11/1996 7.29E-06
UEFPC-1 12/11/1996 7.29E-06
UEFPC-3 12/11/1996 2.33E-05
UEFPC-4 12/12/1996 3.67E-05
UEFPC-5 12/12/1996 5.00E-05
UEFPC-2 12/11/1996 7.63E-05
UEFPC-5 12/12/1996 2.00E-03
UEFPC-4 12/12/1996 2.00E-03
UEFPC-3 12/11/1996 2.00E-03
UEFPC-2 12/11/1996 2.00E-03
UEFPC-1 12/11/1996 2.00E-03
UEFPC-1 12/11/1996 2.00E-03
Average 6.78E-04

St. Dev. 9.62E-04
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Table 16 Observed adsorbed mercury in sediment, UEFPC (OREIS database)

UEFPC-2 12/11/1996 5.26
UEFPC-1 12/11/1996 5.95
UEFPC-1 12/11/1996 6.37
UEFPC-1 12/11/1996 7.22
UEFPC-1 12/11/1996 7.48
UEFPC-1 12/11/1996 12.70
UEFPC-1 12/11/1996 14.08
UEFPC-5 12/12/1996 26.60
UEFPC-5 12/12/1996 28.53
UEFPC-4 12/12/1996 29.73
UEFPC-3 12/11/1996 30.08
UEFPC-4 12/12/1996 35.40
UEFPC-3 12/11/1996 38.65
UEFPC-5 12/12/1996 38.68
UEFPC-3 12/11/1996 46.60
UEFPC-4 12/12/1996 50.99
UEFPC-2 12/11/1996 100.50

UEFPC-2 12/11/1996 125.31
Average 33.90

St. Dev. 32.56
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