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Chapter 4 — Yolo Bypass Mercury/Methylmercury Modeling

Introduction-Yolo Bypass Mercury and Methylmercury Modeling

The Delta Mercury Control Program (DMCP) requires the (California) Department of Water Resources
(DWR) to reduce methylmercury (MeHg) open water sediment flux from areas out of compliance in the
Sacramento-San Joaquin Delta (Delta) and the Yolo Bypass (See Chapter 1). Application of a mercury
(Hg) mass balance mechanistic model, complemented by field data and laboratory approaches, was
approved by the Central Valley Regional Water Quality Control Board (Regional Board) to pursue and
evaluate options to reduce MeHg supply from open water sediments via operational changes. Chapter 3
summarized the scientific studies conducted as part of the approved Workplan. The objective of Chapter 4
is to summarize and provide key findings of interest associated with model development and model
findings to management and policy makers for the Yolo Bypass, based on the application of the Dynamic
Mercury Cycling Model (D-MCM). While D-MCM is a proprietary model (EPRI, 2013) the approach to
Hg cycling in D-MCM has been published (Harris and others, 2012, Hudson and others, 1994). In
addition to the Technical Appendix, any model input and output information is available on request.

Site Description

The Yolo Bypass

The Yolo Bypass is a 3-mile wide, 40 mile-long, 59,000-acre flood conveyance system that diverts flood
waters from the Sacramento River around the City of Sacramento (Figure 4-1). The Yolo Bypass floods
in roughly 7 out of 10 years with inundation occurring typically between October and April. When
completely flooded, the Yolo Bypass approximately doubles the wetted area of the Delta (Schmitt, 2011)
and can carry up to four times the flow of the Sacramento River’s main channel during large floods
(Suddeth Grimm and Lund, 2016). The project design capacity is 343,000 cfs (DWR, 2010).

The primary source of water to the Yolo Bypass is the 2-mile wide Fremont Weir where water passively
flows into the Yolo Bypass when the Sacramento river reaches 32 feet stage height (NAVDS88 datum) or
approximately 60,000 cfs. Additional tributaries into the Yolo Bypass include the Knight’s Landing
Ridge Cut (KLRC), the Cache Creek Overflow weir and low flow channel for the Cache Creek Settling
Basin (CCSB), Willow Slough and Putah Creek (Figure 4-1). Depending on flood flows, the flood gates
of the Sacramento Weir can also be opened. The dominant hydrological feature at the southern end of the
Yolo Bypass is Liberty Island, a 5,300-acre parcel of open water and wetland habitat that is tidally
influenced except during large floods in the Yolo Bypass. Just north of Liberty Island is the feature
referred to as the Stairsteps drainage canals (Figure 4-1).

Page 4-1



Mercury Open Water Final Report

Figure 4-1. Yolo Bypass Schematic Map
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Chapter 4 — Yolo Bypass Mercury/Methylmercury Modeling

Study Objectives and Approach

Objectives

The primary objectives associated with developing a biogeochemical Hg cycling model to the Yolo
Bypass were to:
e Create a model that can simulate concentrations, fluxes, transport and fate of inorganic Hg and
MeHg in water and surface sediments in the Yolo Bypass.
e Use the model to evaluate processes governing MeHg supply to the Yolo Bypass.
e Use the model to help evaluate whether there are operational changes or other strategies that
can be implemented to reduce ambient MeHg concentrations in Yolo Bypass floodwaters.

Model Integration with other Project Studies

The overall project included studies based on mechanistic modelling, field and laboratory data (Figure 4-
2, Table 4-1). The model analysis was designed to primarily use existing models and data. Supplemental
additional studies were carried out to provide information needed to better characterize conditions
affecting Hg, and specifically MeHg loads, in the Yolo Bypass. Summary results for the studies in Figure
4-2 other than modeling can be found in Chapter 3, as well as detailed information in the Technical

Appendices.

Figure 4-2 Yolo Bypass Modeling, Field and Experimental Study Components

Mercury Model
Erosion Studies Soil Hg & MeHg
(Gust Chamber) Sampling

Yolo Bypass Studies

Inflow/Outflow Sediment Water
Mass Balances Flux Experiments
(Hg & MeHg) (Hg & MeHg)

\ Vegetation

Senescence
Experiments
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Table 4-1 Studies Carried Out to Support Modelling

Information Source

Information Provided

How was the Information Used?

2017 Yolo Bypass Mass
Balance Study

Hg, MeHg, TSS, and other
water chemistry
concentrations and fluxes at
inlet, outlet and intermediate
locations in the Yolo Bypass.

Development of boundary tributary fluxes for suspended
sediment, Hg and MeHg

Used to help calibrate Hg and MeHg partitioning between
solids and dissolved phase in model.

Comparison with model results for other years, whether the
Yolo Bypass is a source or sink for sediments, Hg and
MeHg

Sediment-water Flux
Study

THg and MeHg concentrations
in pore water and sediment
solids.

Pore-water chemistry
(DOC, pH, etc.)

Combined with other data to help calibrate Hg
concentrations in surface sediments in model.

Used to help calibrate dissolved fluxes of Hg and MeHg
from sediments to overlying water in model.

Soil Hg concentration
study

Soil concentrations of Hg and
MeHg in different land uses
and locations in the Yolo
Bypass

Contributed to data used to estimate Hg and MeHg
concentrations in surface soils in the Yolo Bypass

Used to help calibrate surface sediment concentrations of
Hg and MeHg in model.

Used to help calibrate model resuspension fluxes of Hg and
MeHg from sediments to water in model.

Gust Chamber Erosion
Study

Sediment resuspension rates
for different flow velocities and
shear stresses, in different
land uses in the Yolo Bypass

Assisted to estimate sediment resuspension rates in the
Yolo Bypass as a function of flow.

Vegetation Senescence
Studies

Effects of vegetation on MeHg
production.

Contributed to model calibration of effects of vegetation

Provided information to compare with results of model
simulations of effects of removing vegetation

Model Selection

At the time of Workplan approval, no single model existed to adequately simulate hydrology, sediment
transport and Hg cycling in the Delta and/or Yolo Bypass. For the Yolo Bypass, two existing models were
used in combination, one simulated hydrology and the other simulated sediment transport and Hg in water
and sediments. Both models were capable of 2D simulations needed for the Yolo Bypass. Hg simulations
explicitly followed MeHg and two forms of inorganic Hg (Hg(II) and Hg(0)). The Yolo Bypass was

simulated first, and results were then passed to the Delta Model (see Chapter 5). The modeling domain for
the two models is shown in Figure 4-3. The model analysis did not simulate MeHg in the food web, as the
key end point was MeHg loads from sediments to open waters.
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Figure 4-3. Modeling Domains for Yolo Bypass D-MCM and the DSM2-Hg Models
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From the Hg perspective, the Yolo Bypass is especially challenging to simulate because conditions
affecting Hg cycling, including MeHg supply, are highly variable and change quickly. Most of the Yolo
Bypass is intermittently wet and dry, a situation known to affect MeHg production, but difficult to
quantify. There have also been many human activities in the Yolo Bypass beyond flood control, including
rice agriculture, and management of seasonal wetland and pasture habitats. These land uses affect site
conditions that influence MeHg supply, for example hydrology and the supply of organic matter.
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The Dynamic Mercury Cycling Model (v4.0, EPRI, 2013) was chosen to model Hg and MeHg in the
water column and sediment bed in the Yolo Bypass. The D-MCM is a Windows-based simulation model
for personal computers. A summary of the approach used in D-MCM to represent Hg cycling in aquatic
systems is presented in a later section. Previous versions of D-MCM have been used in large
multidisciplinary research projects in the Gulf of Mexico (Harris and others, 2012a), Florida Everglades
(Harris and others, 2003a), METAALICUS (Harris and others, 2007), and Wisconsin Lakes (Hudson and
others, 1994). It has also been used in pilot TMDL studies in Florida (Atkeson and others, 2003) and
Wisconsin (Harris and others, 2003b) and a model analysis of the effects of climate change on Hg cycling
and bioaccumulation in the Great Lakes Basin, funded by the US EPA (Harris and others, 2015, 2012b).

Major Components of Model Analysis — Yolo Bypass
Application of D-MCM to the Yolo Bypass included the following steps:

Development of model grid

Estimates of hydrology

Estimates of suspended sediment loads (other than vegetation)
Incorporation of vegetation

Calibration of the model to available data for suspended sediments and Hg
Sensitivity/uncertainty analysis, and

Simulations of sensitivity runs agreed to with Regional Board

Nk =

Model Grid Development

D-MCM was set up for the Yolo Bypass using a coarse spatial resolution with 47 cells, each assumed to
have uniform characteristics internally. D-MCM is not a high spatial resolution model, and a finer spatial
scale analysis would also not have been adequately supported with the level of data available and the
uncertainties regarding some aspects of Hg cycling within the Yolo Bypass (e.g. effects of vegetation and
wetting/drying). The model grid reflected 5 GIS layers that considered the following features:

e Land use

e Hg and MeHg concentrations in sediments

e Agricultural disking (the model calibration did not distinguish disked/undisked areas)
e Hydrology - Fraction of time wet

e Hydrology - wet/dry cycling frequency

Multiple land uses within the Yolo Bypass were grouped as follows to develop the model grid: pasture,
fallow, white rice, wild rice, seasonal wetlands, tidal marshes, mixed other, and water conveyance
channels. Individual parcels of land in the Yolo Bypass used for various purposes were too small to be
represented individually in the model analysis. Therefore, model cells were set up, to the extent possible,
to include a single dominant land use within each cell, while maintaining the same overall fractions of
land used for different purposes in the Yolo Bypass. Information on land used for crops was drawn
primarily from a 2005-2009 survey conducted by Howitt and others (2013). Land use data in the Yolo
Wildlife Area were obtained from the Yolo Wildlife Area manager. In addition, wetland GIS data
developed by Duck’s Unlimited for the Delta Methylmercury TMDL TMDL Nonpoint Source
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Workgroup (NPS Workgroup, 2012) and the National Wetlands Inventory were also examined (U.S. Fish
and Wildlife Service, 2020).

Surface sediment concentrations of Hg and MeHg vary within the Yolo Bypass. Characterization of the
spatial variability of surface sediment Hg and MeHg concentrations was carried out using data from
1999-2016 (see additional discussion later in Chapter).

Frequency of land wetting and frequency of wet/dry cycling have the potential to stimulate Hg
methylation. These factors were characterized using outputs from previous hydrodynamic simulations
carried out for 1997-2012 using a model called TUFLOW (additional information is provided later in the
Chapter). Frequency of wetting was calculated as the percentage of wet days in TUFLOW simulations in
a given TUFLOW cell. Wet/dry cycling was defined as the average number of wet/dry cycles per year in
TUFLOW simulations. GIS layers were created for each factor, and both displayed a slight east to west
gradient across the Yolo Bypass.

The final model grid is shown in Figure 4-4. It features 17 permanently wet cells (classified as water) and
30 land (seasonally wet) cells classified under different land use types. Additional details on the
development of the model grid are available in the 2015 Progress Report (DWR, 2015).

Outputs from the Yolo Bypass model were passed to the Delta model at the stairsteps. This location was
chosen rather than the bottom of Liberty Island because flows at the stairsteps are primarily in one
direction (downstream). Conditions below the stairsteps do not have a large effect on Hg above the
stairsteps.
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Figure 4-4 Model Grid Used for the Yolo Bypass Dynamic Mercury Cycling Model
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Model Approach

Approach to Hydrology

Hydrology for D-MCM simulations must be estimated externally to the model and then provided as input
information. For this study, hydrology was available from a hydrodynamic model called TUFLOW
(www.tuflow.com), previously developed for DWR as part of an EIS/EIR for the Yolo Bypass Salmonid
Habitat Restoration and Fish Passage Project (DOI/DWR, 2019). TUFLOW outputs were available for
Water Years (WY) 1997-2012 (October 1996 - May 2012). Because this was the period that realistic
hydrology could be represented in Yolo Bypass simulations, this was also the period that D-MCM was
applied to simulate Hg. As shown in Table 4-2 this time period captured a wide range of flow conditions,
including some of the wettest years on record with sustained flooding in the Yolo Bypass, and drought
years when little or no overtopping of the Fremont weir occurred.

Table 4-2 Index of Sacramento Valley Water Year Classification.

Water Year Index
1997 W
1998 W
1999 W
2000 AN
2001 D
2002 D
2003 AN
2004 BN
2005 AN
2006 W
2007 D
2008 C
2009 D
2010 BN
2011 W
2012 BN

Water Year classifications from wettest to driest are: W=Wet, AN=Above Normal, BN=Below Normal, D=Dry, C=Critical (CDEC 2020).

TUFLOW simulations used a grid with much higher spatial resolution (approximately 25’ x 25”) than the
D-MCM Hg analysis. TUFLOW outputs were aggregated spatially to match the Hg model grid consisting
of 47 cells. TUFLOW outputs were also aggregated in time from hourly to daily average estimates.

Hydrology in the Yolo Bypass is complex, with a high degree of human intervention:
a. Flood control: TUFLOW simulations considered natural flows and the management of water for
flood control during the wet season from October through May each year but did not simulate

summer flows and did not consider other water uses in the Yolo Bypass.

b. Agriculture and wetland management: Rice cultivation occurs in the Yolo Bypass, as well as
management of wetland areas where water is added seasonally to enhance waterfowl habitat. Both
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of these uses involve water additions and removals. Estimates of water usage for these purposes
were calculated in a coarse manner (information available upon request)

To allow a single simulation from October 1996-May 2012, rather than simulate 16 wet seasons
separately, summer flows from June-September were generated each year to hydrologically link
TUFLOW results for different wet seasons. This was done by calculating summer flows for each model
cell that would transition from the water volume at the end of a TUFLOW simulation in May to match the
volume of water in October, used to start the next wet season simulation with TUFLOW.

Approach to Represent Suspended and Bed Sediments

D-MCM was set up for the Yolo Bypass with four particle types:

Organic matter other than vegetation
Vegetation solids.

Fine inorganics (e.g. silt and clay)
Coarse inorganics (e.g. sand)

o op

Each particle type had unique properties in terms of particle densities, settling velocities, resuspension
rates, and Hg partitioning (ratio of solids:dissolved concentrations).

Tributary loads for suspended sediments were estimated using empirical approaches that varied among
tributaries. For example, Fremont Weir is an important source of suspended sediments to the Yolo
Bypass. Measurements of suspended sediment at Fremont Weir were limited (n=13 in 2006, n=9 in
2016/2017). Daily suspended sediment estimates were available however for the simulation period at
Freeport, approximately 36 river miles downstream in the Sacramento River (Sacramento River Forum,
2020). A relationship between suspended sediment concentrations between Fremont Weir and Freeport
was developed to estimate daily suspended sediment concentrations at Fremont Weir (see comparison of
observed and estimated SSC at Fremont Weir in Figure 4-5). For other tributary inflows to the Yolo
Bypass, daily flow estimates were available (from TUFLOW), but daily measurements of other
constituents, e.g. suspended sediments, were not. Regressions were developed between suspended
sediments and flow for these inflows using limited tributary-specific observations. Daily flow estimates
for tributaries from the TUFLOW model were then used to estimate daily suspended sediment
concentrations in these inflows to the Yolo Bypass.
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Figure 4-5 Regression-Estimated and Field-Measured Concentrations of Suspended Sediments at
Fremont Weir in 2006 and 2017

300
= 250
=
()
£
2 200
m
£
k]
w 150
c .
2
a , e ®
[} 3
= 100 :
v . t'. =
B o o4
] G
& 50 .

0
0 50 100 150 200 250 300
Observed S5C (mg/L)
& 2006 2016-2017 ----- 1:1

Figure Note: 2006 observations from Foe and others, 2008. 2017 observations from DWR Mass Balance Study.

Once loaded into Yolo Bypass waters, suspended sediments could settle to the sediment bed or remain in
suspension. Resuspension of sediments from the sediment bed to overlying water was also included.
TUFLOW velocity estimates were used to estimate shear stress and sediment resuspension in the Yolo
Bypass at high resolution. These resuspension estimates were summed within each of the 47 Hg model
cells and used as inputs to Hg simulations. Terrain-specific erosion experiments were carried out using a
Gust chamber to support the model analysis (Technical Appendix D). In the sediment bed, the active
surface layer was assigned a thickness of 2 cm and a mass balance was maintained for sediment mass.
The difference between inputs (settling) and losses (resuspension and decomposition) determined if there
was net accumulation or erosion of the surface sediment layer.

Vegetation also supplied solids to the system during die-off periods each year. Approximately 3/4 of the
surface area of the Yolo Bypass upstream of the stairsteps was assigned as pasture, white rice, wild rice or
seasonal wetland terrain. When compared to the overall external supply of sediments to the Yolo Bypass,
vegetation solids loads were secondary (17%). In terms of the supply of organic matter however,
vegetation supplied more than half (63%) and was an important source of carbon supporting wet season
MeHg production in simulations.

As shown in Figure 4-6, different seasonal patterns for growth and die-off, and peak biomasses were
developed for pasture, wetlands, white rice and wild rice vegetation (Figure 4-6).
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Vegetation solids were quickly delivered through the water column to sediments following senescence
and were instantly mixed into the surface sediment layer with other sediments. In reality, vegetation
solids may remain as a separate compartment from surface sediments, but the current construct of D-
MCM did not allow this configuration. Vegetation was assumed to decompose within the sediment bed
more easily than other sediments. Overall, the timing, magnitude and fate of vegetation in D-MCM
simulations of the Yolo Bypass was viewed as a preliminary treatment that could be refined if future

modeling is carried out.

Figure 4-6 Model Inputs for Vegetation Biomass
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Figure Note: Seasonality of growth and die off was based on Stephenson (2019). Peak biomass values: pasture from
Stephenson (2020), white rice and wild rice based on Wyndham-Myers and others (2014), seasonal wetland from

Stephenson (2017).

Approach to Represent Hg Cycling
Hg cycling was simulated using the D-MCM model. D-MCM is a time dependent, mechanistic mass

balance model for Hg cycling and bioaccumulation, modeling the cycling and fate of three major forms of
Hg (MeHg, inorganic Hg (II), and elemental Hg) in aquatic systems. Model compartments include one or
more layers in the water column and sediments and can include a food web (not done in this analysis).
Key Hg processes in D-MCM are shown in Figure 4-7. D-MCM also includes vegetation, which is
important in the Yolo Bypass, where land types include seasonal wetlands, rice agriculture and
intermittently flooded pasture lands. Although the effects of vegetation on Hg cycling, and MeHg
production in particular, could only be simulated coarsely in D-MCM, this first attempt still provided.
insights into the role of vegetation on MeHg supply. The model is capable of simulating systems using a
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1, 2 or 3D scheme. For the Yolo Bypass, the D-MCM was set up in a 2D configuration, where conditions
varied in the direction of flow and horizontally perpendicular to flow but were well mixed vertically.

Figure 4-7 Schematic Representation of Processes Modeled by The Dynamic Mercury Cycling
Model (Vegetation not Shown)
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e

Volatilization Atmospheric
Deposition

Atmospheric wet deposition of inorganic Hg was estimated using data from the nearest Mercury
Deposition Network (MDN) site, CA72, near San Jose. The site was operated from January 11, 2000
through December 27, 2006. Weekly data were used to estimate overall monthly averages for the entire
period of record, for use in the DSM2-Hg analysis. Dry Hg deposition was assigned a constant value of
19 ug/m2/yr, the mean value reported by Tsai and Hoenecke (2001) for the San Francisco Bay Estuary
from August 1999 through November 2000.

Tributary loads of inorganic uHg and uMeHg were based on empirical relationships between
concentrations and flow or TSS (which was subsequently estimated on the basis of flow). This was done
using tributary-specific data to the extent possible. For example, comparisons of regression estimates and
field-based estimates of uHg and uMeHg loads to the Yolo Bypass for Cache Creek Settling Basin are
shown in Figure 4-8 and Figure 4-9.
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Figure 4-8 Regression Model versus Field Estimates of uHg Loads to the Yolo Bypass from the

Cache Creek Settling Basin
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Figure 4-9 Regression Model Estimates of MeHg Loads to the Yolo Bypass Versus Field-Based

Estimates for the Cache Creek Settling Basin
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Initial sediment bed concentrations of Hg and MeHg for each model cell (0-2 cm) were estimated using
data from 2005-2016 (this study Technical Appendix F; Heim and others, 2010; Marvin-DiPasquale and
others (2009). Observations from different years were combined due to limited data availability. Data
were filtered to include only samples in the top 5 cm and for the months from October through May,
above the stairsteps. The resulting dataset included 106 samples for Hg and 103 for MeHg. In both cases
most samples (94%) were collected in 2015-2016.

Approach to Model Calibration

D-MCM was calibrated for the period from October 1996-May 2012, when necessary hydrologic
information was available from the TUFLOW model (US DOI, 2019). TUFLOW hydrology used in
simulations was not changed during the model calibration. It is often desirable to calibrate a model to one
dataset and validate the model by applying it to a different dataset and comparing model results to
observations. Due to the limited amount of available data, all observations were used to calibrate the
model. It is also preferable to use data collected within the calibration period when comparing model
results to observations. For this study, most of the available sediment Hg and MeHg data were collected
in 2015-2016, outside the calibration period for water years 1999-2012.

Flows through Yolo Bypass are primarily unidirectional until the area known as the Stairsteps.
Downstream of the Stairsteps in Liberty Island, tidal influences and two-way flows become more
important. Given the limitations of TUFLOW model, and limited data for Hg, MeHg and SSC
downstream of Liberty Island that become more important when there is tidal back flow, the model
calibration focused on data upstream of the Stairsteps.

D-MCM results for suspended sediments and Hg were compared to field observations in the Yolo
Bypass, upstream of the Stairsteps (Figure 4-1). Various model inputs (“parameters”) were adjusted to
improve the fit between the model and observations. This was done in two stages. First an initial manual
calibration was performed, visually comparing model results to observations. This was done for
suspended sediment concentrations, then Hg and finally MeHg in water and surface sediments. The
manual calibration was carried out until results were subjectively deemed adequate to be used as a starting
point for the final calibration using parameter estimation software (PEST ++) (See Technical Appendix
H). PEST++ continued to systematically adjust selected model parameters (e.g. rate constants) to reduce
the overall error between model results and observations for SSC, Hg and MeHg in water (filtered and
unfiltered), and sediments (solids and porewater). Parameter estimation techniques have generally been
applied previously to hydrologic models but are less commonly applied to geochemical contaminant
models. Unlike the manual calibration, PEST ++ varied parameters related to suspended sediments, Hg
and MeHg simultaneously in order to reduce the overall error for these three components combined.
Because the number of observations available and some observation values can have order-of-magnitude
differences, variable weighting was applied to allow PEST ++ to obtain a more balanced match across the
different types of observations. PEST ++ software continued to adjust parameter values the best fit was
obtained.

Uncertainty Analysis

The quantitative framework of the PEST++ simulations provided information used for assessing model
uncertainty. For example, certainty associated with the value of the Hg(II) partitioning constant improved
dramatically during the PEST analysis, while information contained in the observations provided was not
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sufficient to improve certainty for the model input related to resuspension of coarse inorganic sediments
(Figure 4-10). The improvement in certainty depends in part on the number and type of observations
available for parameters. A related concept is identifiability (Doherty and Hunt 2009). Parameter
identifiability extends traditional parameter sensitivity by accounting for confounding parameter
correlation, as the both parameter sensitivity and correlation drive the performance of parameter
estimation. A parameter that has higher identifiability is more constrained by information contained in the
observations therefore has less room to vary. Model forecasts that depend on that parameter are therefore
more certain. A parameter having low identifiability, on the other hand, is not highly constrained by
observations. Parameters with low identifiability and a large influence on model results are candidates to
focus future data collection \ to improve certainty associated with model results. That analysis is possible
but was outside the scope of the current work.

Figure 4-10 Uncertainty Associated with Two Model Input Parameters, Prior to and Following
PEST++ Analysis
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Figure Note: Dashed line = prior to PEST++ analysis. Blue area = after PEST++ analysis.

PEST++ also generated information that helped to estimate the uncertainty associated with model results.
Uncertainties for two model forecasts, average annual loads averaged (1998-2012) for uHg and uMeHg,
are shown in Figure 4-11. Both forecasted annual export fluxes (uHg and uMeHg) are appreciably more
certain after the PEST++ calibration. An important limitation should be noted. The reported uncertainty
only includes adjustable parameters included in the uncertainty analysis; all other model design and related
inputs relating to process, structure and parameters are assumed to be perfectly known for the purposes of
the uncertainty calculation (Hunt 2017). For example, the model assumed the pool of Hg(II) available for
methylation was the dissolved concentration in sediment porewater, and that carbon turnover reflected the
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activity of methylating microbes. This results in relatively smaller uncertainty ranges and should be taken
as a reflection of the true uncertainty. In reality, there is significant uncertainty regarding both of these
issues. In the absence of providing PEST with information to quantify these uncertainties in the conceptual
model, it was effectively assuming the model approach was correct. Overall then PEST was given
information allowing it to capture some but not all of the uncertainty involved in model forecasts. A
second limitation is that the computationally efficient linear approach used can result in reported forecast
uncertainties spanning unrealistic ranges. e.g. negative uHg export forecast in Figure 4-11 (shown in grey)
prior to the PEST refinement of the calibration. More computationally intensive uncertainty approaches,
such as Monte Carlo, do not exhibit this type of confounding artifact, but were not implemented in this
work. Regardless, the uncertainty analysis performed conveys the primary findings regarding which model
forecasts had relatively higher uncertainty, and which were most improved during calibration.

Figure 4-11 Forecasted Average Annual Export of (a) uHg and (b) uMeHg at the Stairsteps for
October 1997 — May 2012
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The gray bell curve is the forecast uncertainty prior to the PEST++ model calibration; the blue bell curve is the uncertainty
after the PEST++ calibration. The red line is the forecasted value from the calibrated DMCM model. Note that prior
uncertainty spanning a negative load forecast in (b) is a result of the approach used and does not reflect the actual
probability of physically unrealistic negative loads.

Sensitivity Simulations

Following the calibration of the model to existing conditions, a series of simulations was carried out to
examine the sensitivity of the model forecasts to changes in selected model inputs (Table 4-3). These
simulations were developed in consultation with the Regional Board. 50% reductions were applied to the
model inputs shown in Table 4-4. Simulations were carried out for the same period as the model
calibration (October 1996-May 2012). The export of MeHg at the stairsteps was used as the key metric to
assess the effect of each simulation.
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Table 4-3 Sensitivity Analyses Agreed upon with Regional Board

Category

Goal

Particle Related

Investigate sensitivity of simulated MeHg to changes in suspended sediment inputs to
the Yolo Bypass. Begin by varying suspended sediment concentrations from the Cache
Creek Settling Basin (CCSB).

External Inorganic Hg Loads

Investigate sensitivity of simulated MeHg to changes in inorganic Hg inputs from
tributaries to the Yolo Bypass. Begin by varying CCSB inorganic Hg concentrations to
the Yolo Bypass. Investigate sensitivity of simulated MeHg to changes in atmospheric
inputs.

External MeHg Loads

Investigate sensitivity of simulated MeHg to changes in MeHg inputs from tributaries to
the Yolo Bypass. Begin by varying CCSB MeHg concentrations to the Yolo Bypass.

Internal MeHg Loads

Investigate sensitivity of simulated MeHg to the rate of MeHg supply generated within
the Yolo Bypass.

Influence of Vegetation

Investigate sensitivity of simulated MeHg to vegetation effects in the Yolo Bypass.
Begin by reducing pasture or seasonal wet-land vegetated areas in the model.

Table 4-4 Model Inputs Changed for Sensitivity Simulations

Category

Model Input Changed
(50% reduction in all cases)

Particle related

1 | Cache Creek Settling Basin outflow suspended sediment concentrations

2 | Fremont Weir suspended sediment concentrations

External inorganic Hg loads

3 | Cache Creek Settling Basin outflow Hg(II) concentrations

4 | Fremont Weir Hg(II) concentrations

5 | Atmospheric wet Hg(II) deposition

External MeHg loads 6 | Cache Creek Settling Basin outflow MeHg concentrations
7 | Fremont Weir MeHg concentrations

Internal MeHg loads 8 | Methylation rate constants in all Yolo Bypass sediments

Vegetation 9 | Vegetation biomass loads to Yolo Bypass sediments
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Yolo Bypass D-MCM Calibration Results

Calibration Improvement with PEST++

During the calibration of the model to existing conditions from October 1996 - May 2012, the PEST++
analysis reduced the error between observations and model estimates by 51% relative to the initial manual
calibration. (Technical Appendix H)

Hydrology Results

The largest source of water to the Yolo Bypass in simulations was Fremont Weir, representing 71% of
inputs for the overall period from October 1996-May 2012 (Figure 4-12a). The total amount of flow and the
relative contributions of different water sources varied widely among the simulated years (Figure 4-13a,
Figure 4-14a). The relative importance of Fremont Weir as a source of water varied appreciably among
years, from 0-86% and was greater in wet years (expected for a flood control structure). While Knights
Landing Ridge Cut represented 10% of the tributary supply of water for the overall simulation period
(Figure 4-12a), it represented up to 80% of tributary inputs in dry conditions (Figure 4-14a).

Suspended Sediment Calibration Results

The greatest source of suspended sediments to the Yolo Bypass in simulations was also the Fremont
Weir, representing two thirds of freshwater input for the overall period from October 1996-May 2012
(Figure 4-12b). Similar to water loads to the Yolo Bypass, the annual sediment loads and the relative
contributions of different tributaries varied widely among the simulated years (Figure 4-13b, Figure 4-
14b). In wet years, Fremont Weir was the largest source of suspended sediments, followed by Cache
Creek Settling Basin. Knights Landing Ridge Cut was a secondary overall source of suspended sediments
for the simulation period (9%), but increased in importance in dry years, representing up to 90% of
tributary sediment inputs (Figure 4-14b)

Within the simulation period, suspended sediment data were available in 5 model cells upstream of the
stairsteps. An example of simulated and observed suspended sediment concentrations is shown in Figure 4-15
for cell 42, a section of the Toe Drain passing the Stairsteps (Figure 4-4). Additional plots for other sites with
observations are provided in Technical Appendix G.

Overall, the Yolo Bypass (to the Stairsteps) was simulated to be a net sink for suspended sediments, with
less sediment exported at the stairsteps each year than loaded externally from tributaries (Figure 4-16).
Overall, between October 1996 through May 2012, the loads of suspended sediments exiting the Yolo
Bypass at the Stairsteps were 30% less than the sediment load entering the Yolo Bypass from its
tributaries. (18-69% range among years). Trapping efficiency tended to be greater in dry years.
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Figure 4-12 Average Estimated Tributary Loads of Suspended Sediment, uHg(ll) and uMeHg to the Yolo Bypass, October 1996- May 2012
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Figure 4-13 Estimated Tributary Loads of a) Water, b) Suspended Sediment, c) uHg(ll) and d) uMeHg to the Yolo Bypass by Water Year
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Figure 4-14 Estimated Fractions of Tributary Loads of a) water, b) suspended sediment, c) uHg(ll), and d) MeHg to the Yolo Bypass by
water year
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Figure 4-15 Simulated and Observed Suspended Sediment Concentrations in Model Cell 42
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Figure Note: Cell 42 located in Toe Drain. See Figure 4-4 for location. Data from Louie and others (2008)
Figure 4-16 Simulated Yearly Ratios of Freshwater Export/Inflows for Suspended Sediments,
Inorganic Hg and MeHg in the Yolo Bypass for Water Years 1997-2012
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Inorganic Hg Calibration

The largest estimated sources of inorganic Hg were from the Cache Creek Settling Basin and the Fremont
Weir (Figure 4-12c¢), representing a combined 94% of the total tributary load for October 1996-May 2012.
Among individual water years, Fremont Weir represented 0-76% of overall loading of inorganic Hg,
while Cache Creek Settling Basin represented 11-72% (Figure 4-14d). These two sources had greater
relative importance in wet years. In drier years, Knights Landing Ridge Cut was the largest estimated
tributary source of inorganic Hg, up to ~80% of the annual total. Direct atmospheric loading of inorganic
Hg was small, less than 3 percent of tributary loads for the simulation period. For the overall simulation
period, the Yolo Bypass was a net trap for inorganic Hg (Figure 4-16), with 20 percent less exported at
the stairsteps than was loaded from tributaries, (11-58% range among years). Trapping efficiency was
generally greater in drier years.

For the simulation period, water column concentrations of uHg, upstream of the stairsteps, were available
within the boundaries of 6 model cells upstream of the stairstep. An example of simulated and observed
concentrations of uHg is shown in Figure 4-17 for a location in the Toe Drain (model cell 42). Additional
plots for other sites with observations are provided in Technical Appendix G. Model simulations also
reasonably reflected Hg concentrations in the surface of the sediment bed in the Yolo Bypass (Figure 4-
18a), although porewater concentrations of inorganic Hg(Il) were underestimated (Figure 4-18b).

Figure 4-17 Simulated and Observed Concentrations of uHg(ll) in Model Cell 42
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Figure 4-18 Simulated and Observed Concentrations of Hg and MeHg Surface Sediments, and Hg(ll) and MeHg in Pore Waters in Yolo
Bypass Model Cells
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bars for field data.
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MeHg Calibration Results

Overall, the Yolo Bypass (to the stairsteps) was simulated to be a net source for uMeHg, i.e. the export of
MeHg exceeded tributary inputs. This occurred in simulations via sediment production and the associated
flux to overlying waters. The average annual net load of MeHg as water passed through the Yolo Bypass
(to the stairsteps) was roughly 1000 g/yr (Figure 4-19). The Yolo Bypass was a net source of uMeHg in
every year simulated (export/tributary load >1.0 in all years (Figure 4-16). Atmospheric MeHg sources
were small, less than 1% of the total supply. The largest tributary source of uMeHg for the overall
simulation period was Fremont Weir (49% of the tributary supply) followed by Cache Creek Settling
Basin (34%) (Figure 4-12d), representing a combined 83% of the total tributary uMeHg load for October
1996 - May 2012. Among individual water years, Fremont Weir represented 0-71% of tributary MeHg
loading, while Cache Creek Settling Basin represented 19-57% (Figure 4-14d). Similar to tributary
loading for sediments and inorganic Hg, the Fremont Weir and the Cache Creek Settling Basin had
greater relative importance in wet years, while the Knights Landing Ridge Cut was more important in dry
years, providing up to ~70% of the annual total MeHg supply from tributaries.

Figure 4-19 Estimated Tributary and In-Situ uMeHg Loads to the Yolo Bypass
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Figure Note: Values in labels are MeHg loads expressed as g/yr averages for October 1996-May 2012, and percentage of
totals. KLRC = Knights Landing Ridge Cut, CCSB = Cache Creek Settling Basin, Sac. Weir = Sacramento Weir. Net in-situ
load = outflows at the stairsteps minus tributary inflows.

Water column concentrations of uMeHg were available within the boundaries of 7 model cells upstream
of the stairsteps for the simulation period. An example of simulated and observed concentrations of uHg
is shown in Figure 4-20 for a cell in the Toe Drain (cell 42). Additional plots for other sites with
observations of MeHg concentrations in water are provided in Technical Appendix G. Model simulations
also reasonably reflected MeHg concentrations in surface sediments and porewater in the Yolo Bypass
(Figure 4-18c and d).
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Figure 4-20 Simulated and Observed uMeHg Concentrations in Model Cell 42
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Figure Note: See Figure 4-4 for location. Data from Foe and others (2008) and Larry Walker Associates (2005).

Comparisons to Previous Studies

As a check on the performance of the model, calibration results were compared to other studies where
possible. Given that different studies have different purposes and usually involve different time periods
and methods, it was not expected that results would be directly comparable or identical. The purpose of
the comparison was to compare in terms of general magnitudes and trends (e.g. relative importance).
Examples are provided below for suspended sediment inflows and outflows (Figure 4-21), uHg tributary
loads (Figure 4-22) and uMeHg tributary loads (Figure 4-23).
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Figure 4-21 Comparison of Estimated Tributary Suspended Sediment Loads and Export for the
Yolo Bypass, from Springborn and others (2011) and this study
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Figure Note: Tributary loads represent the sum of the Fremont Weir, the Sacramento Weir, Knight’s Landing Ridge Cut,
Cache Creek Settling Basin (low flow channel and overflow weir), Willow Slough, and Putah Creek. Export for this study was
at stairsteps.

Figure 4-22 Comparison of Estimated Tributary uHg loads to the Yolo Bypass (1997-2003) from
Springborn and others (2011) and this study
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Figure Note: Tributary loads represent the sum of the Fremont Weir, the Sacramento Weir, Knight’s Landing Ridge Cut,
Cache Creek Settling Basin (low flow channel and overflow weir), Willow Slough, and Putah Creek.
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Figure 4-23 Comparison of Estimated Tributary MeHg Loads to the Yolo Bypass for Water Years
2000-2003, from Wood and others (2011) and this study
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Sensitivity Scenario Results

Results for the nine scenario simulations developed by DWR and Regional Board staff (Table 4-4) are
summarized in Table 4-5, in terms of the effect on the downstream export of MeHg at the stairsteps,
averaged for water years 1998-2012. In some cases, the results were unexpected, and it became apparent
that interpreting the simulations simply based on the modeled percent change in uMeHg export could be
misleading. Overall, the simulations reduced the predicted export of uMeHg at the stairstep from less than
5% up to roughly 20%. The largest benefit was associated with the simulation reducing the efficiency of
converting Hg(II) in Yolo Bypass sediments into MeHg by 50% (Simulation #8). This simulation reduced
the gross production of MeHg in Yolo Bypass sediments by ~50%. The average annual net flux of MeHg
from sediments to water declined by about 1/3 for water years 1998-2012. Given that the portion of the
overall MeHg supply to the Yolo Bypass from tributaries was unaltered during this simulation, MeHg
export at the stairsteps declined less for this simulation, roughly 20%, than the MeHg load from
sediments to water.

Simulations #6 and #7, which reduced uMeHg concentrations in inflows from the CCSB and the Fremont
Weir respectively, reduced MeHg export by 5-10%. Results from some of these simulations had less
effect than anticipated. For example, reducing the load of suspended sediments from the CCSB (and
associated Hg(I) and MeHg) had a small effect on MeHg concentrations and export in the Yolo Bypass,
despite CCSB being an important source of Hg(II) in the Yolo Bypass budget. A closer examination of
the simulation indicated that the 16-year simulation may not have allowed sufficient time for the effects
of this simulation to be fully realized.
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A simulation (#9) that reduced the supply of vegetation solids to the sediment bed after die-off by 50%
produced less than a 5% decline in MeHg export. This was surprising given the results of a
complementary simulation that removed all vegetation from, leading to a predicted decline of roughly
60% in net MeHg production in Yolo Bypass sediments (Figure 4-24).
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Table 4-5 Summary of Simulated Effects of Sensitivity Analyses for MeHg Export from the Yolo Bypass at Stairsteps.

Category

Change to Model Inputs

Change in MeHg
Export

Interpretation

Particle related

1 Reduce CCSB TSS
concentrations 50%

Verysmall @
decline (<5%)

The modeled decline in MeHg export from the Yolo Bypass was less than expected. This may have
been related to the time required for effects to be fully evident, which may have been longer than the
16-year simulation. The decline in sediment loading slowed sedimentation rates which affected how
quickly Yolo Bypass sediments responded to changes in Hg loading. It is expected that a greater
decline would have occurred if the simulation could be extended for a longer simulation period.

2  Reduce Fremont Weir
TSS concentrations 50%

Hg concentrations entering the Yolo Bypass via the Fremont Weir were lower than the average for all
tributaries in simulations. Fremont Weir suspended sediments tended to "dilute" the average Hg
concentrations of sediments entering the Bypass from all tributaries. Less supply of sediments over

21:2:;2' \nd Fremont weir therefore had competing influences: (1) reduced load of Hg associated with particles,
versus (2) less "dilution" of other particles entering the Bypass from other tributaries with higher Hg
concentrations. The net result in the simulation was almost no change in sediment Hg concentrations
and MeHg export.

External 3 Reduce CCSB inorganic The response was less than expected. Reasons had not been clearly identified at the time of
inorganic Hg Hg concentration 50% Very small publication of this report.
loads decline (<5%)

4  Reduce Fremont Weir
inorganic Hg
concentrations 50%

Very small
decline (<5%)

The response was less than expected. Reasons had not been clearly identified at the time of
publication of this report.

loads

constants in all Yolo
Bypass cells 50%

decline
(~20%) ‘

5 Reduce atmospheric wet | \inimal Atmospheric Hg deposition represented less than 3% of the overall external load of inorganic Hg.
Hg(ll) deposition 50% change ‘=
External MeHg | 6 Reduce CCSB MeHg Modest CCSB supplied about 15% of the overall MeHg load to the Yolo Bypass in simulations (external plus
loads concentrations 50% decline ‘ internal loads). Reducing this load by 50% had a moderate effect on MeHg export at the downstream
(5-10%) end of the system.
7  Reduce Fremont Weir Modest Fremont Weir supplied about 20% of the overall MeHg load to the Yolo Bypass in simulations (external
MeHg concentrations decline ‘ plus internal loads). Reducing this load by 50% had a moderate effect on MeHg export at the
50% (5-10%) downstream end of the system.
Internal MeHg 8 Reduce methylation rate Moderat Yolo Bypass sediments supplied about half of the overall MeHg load in simulations (external + internal).
oderate

This simulation reduced MeHg production in Bypass sediments by roughly half, reducing the overall
load of MeHg to the Yolo Bypass (internal + external sources) by about 20%
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Category

Change to Model Inputs

Change in MeHg
Export

Interpretation

Vegetation

9 Reduce vegetation
biomass load to
sediments 50%

Very small @
declne (<5%)

This simulation reduced the supply of organic matter to Yolo Bypass sediments. Gross methylation
declined about 20%, but microbial demethylation also declined. Net methylation declined about 10%.
Reduced upward flux of MeHg from sediments to water was partly offset by reduced settling of MeHg
from water to sediments, because of less settling sediments. Reduced vegetation inputs could reduce
MeHg loads and export from the Yolo Bypass more than suggested by this simulation. See discussion
of results.
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Figure 4-24 Simulated Effect of Removing all Vegetation on Simulated Net MeHg Production in the
Yolo Bypass
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Figure Note: Net MeHg production = Sediment methylation minus sediment demethylation. Fluxes are averages above
stairsteps for October 1997 — May 2012. Overall reduction in net methylation for Yolo Bypass sediments was nearly 60%.
Little change occurred for net methylation in model cells without vegetation (Water channels, mixed, fallow).

Discussion

A model analysis was carried out to simulate Hg cycling in water and sediments in the Yolo Bypass, with
an emphasis on sources of MeHg. It was clear prior to the model analysis that flow and sediment transport
would be important processes. The model framework therefore included components for hydrology,
sediment transport, inorganic Hg and MeHg in water and surface sediments. The modeling was carried
out at a relatively coarse spatial resolution, representing Yolo Bypass with 47 cells (Figure 4-4). This
reflected a combination of the model capabilities, data limitations and uncertainties regarding Hg cycling,
such as the influence of different land use types and effects of soil wetting and drying. Increased data and
knowledge of Hg cycling would be needed to warrant a higher special resolution analysis in the Yolo
Bypass. Additional information is provided below.

Model Fit to Observations

Data were limited but sufficient to carry out a model calibration for suspended sediments, uHg and
uMeHg for the period October 1996-2012. Data for fHg and fMeHg were included in the model
calibration but were only available for 2 cells during the model calibration period (n=14 for fHg, n=9 for
fMeHg) and were insufficient for calibration purposes. PEST++ significantly improved the preliminary
manual calibration, reducing the overall misfit between observations and the simulation by about half.
The final model calibration reasonably captured the magnitude and variability of observations in the water
column (e.g.Figure 4-16, Figure 4-17, Figure 4-18). In the surface layer of the sediment bed (0-2 cm), the
model also reasonable matched observed average concentrations of Hg and MeHg on solids, and pore
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water MeHg concentrations (Figure 4-20). Observed pore water Hg(Il) concentrations were
underestimated with the model. As mentioned earlier, sediment observations were combined from 2005-
2016 for Hg and MeHg due to limited data availability. This assumed no systematic change in Hg
concentrations during this period. It also does not address seasonal variability that may occur for MeHg
concentrations.

Simulated Hg and MeHg Fluxes

The largest estimated source of water to Yolo Bypass for the calibration period from October 1996-May
2012 was Fremont Weir (71%, Figure 4-12a). The largest external sources of suspended sediment, Hg(II)
and MeHg were Fremont Weir and CCSB (Figure 4-12b,c,d). Cache Creek Settling Basin was the single
largest estimated source of Hg(II) to the Yolo Bypass (51% for the overall simulation). A detailed
examination the model results raised the possibility however that the Hg(II) load from the Cache Creek
Settling Basin could be overestimated under high flow conditions. There were flow events during the
simulation period that exceeded the flows encountered during actual field sampling programs. This meant
that the regression used to estimate inorganic Hg concentrations on the basis of flow had to be applied on
some occasions to conditions outside the observed range. This issue is not interpreted to put into question
whether Cache Creek Settling Basin is an important source of inorganic Hg, rather it is a question of how
important, and under what circumstances.

The 16-year simulation period spanned a wide range of hydrologic conditions ranging from wet to
critically dry years (Table 4-2). Estimated flows from October - May ranged 65X among simulated years,
based on TUFLOW modeling. In wet years, most of the freshwater load to Yolo Bypass was from
Fremont Weir, while Knights Landing Ridge Cut was more important in dry years (Figure 4-13a, Figure
4-14a). Estimated tributary loads of suspended sediments, Hg(Il) and MeHg also varied by more than an
order of magnitude among years, strongly influenced by hydrology. Fremont Weir and the Cache Creek
Settling Basin were the largest tributary sources of Hg(Il) and MeHg in wet years (Figure 4-13c,d, Figure
4-14c,d). Knights Landing Ridge Cut was a secondary source of suspended sediment, Hg(II) and MeHg
in wet years but became more important (in relative terms) in dry years, representing the largest
individual tributary source of water, suspended sediment, Hg(I[) and MeHg in some dry years.

The Yolo Bypass (to the stairsteps) was simulated to be a net trap for suspended sediments and uHg, with
roughly 30% less outflow of suspended sediments, and 20% less outflow of Hg(II) at the stairsteps than
loaded from tributaries. These model results are averages for the calibration period from October 1996-
May 2012. For the same period, the Yolo Bypass (to the stairsteps) was simulated to be a net source for
uMeHg, via sediment production and the associated flux to overlying waters. The export of MeHg at the
stairsteps was roughly twice the tributary load. The net load of MeHg to water passing through the Yolo
Bypass, i.e. the difference between outflow and inflow fluxes, was approximately 1000 g/yr (Figure 4-19).
Most of this net load occurred during the wet season, when more of the Yolo Bypass was flooded, and
flows were greater. This loading rate is comparable to net MeHg loads based on field estimates of flows
and concentrations at major inflow and outflow locations in the Yolo Bypass, carried out by DWR from
January 11,2017 to April 25,2017 (Chapter 3). The average net MeHg load from the 2017 study was

14.1 g/day (difference between outflow and inflow). The Yolo Bypass model simulations in this study did
not include 2017, so direct comparisons cannot be made. However, the model average for the same date
range (January 11 — April 25), for years classified as wet in Table 4-2 (2017 was a wet year), was 18 g/day
(range 11-32 g/day among these wet years).
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The model estimates of MeHg loading in the Yolo Bypass also compared well with the The Delta
Mercury Control Program (DMCP) estimate for water years 2000-2003. Wood and others (2010)
estimated a total MeHg load of 1068 g/yr to the Yolo Bypass for this period. This included 604 g/yr of
loading as water passed through the Yolo Bypass, from open waters, wetlands, agricultural drainage,
atmospheric deposition and NPDES facilities. The model difference between outflow and inflow fluxes
for the same period was 618 g/yr. The model flux from sediments to water would be slightly greater
(some of the flux from surface sediments would be photodegraded rather than exported downstream). Foe
and others (2008), also estimated the Yolo Bypass to be a net source of MeHg using inflow and outflow
data from water year 2006 (a wet year).

The net load of MeHg to water passing through the Yolo Bypass was influenced in simulations primarily
by the net flux from sediments to overlying water, and photodegradation which removed MeHg. As a
result, the flux of MeHg from sediments to water was larger than the difference between inflowing and
outflowing fluxes, and is estimated to be on the order of 1200 g/yr.

Key Processes

The model analysis confirmed the key roles of hydrodynamics on Hg cycling and MeHg supply in the
Delta. Increased flow led to increased tributary loads (Figure 4-13). The supply of water, suspended
sediment, Hg(II) and MeHg all varied by an order of magnitude or more among the years simulated. The
relative importance of tributaries also varied widely among years, depending on the hydrology, as
discussed above. Flow events also led to a high degree of short term variability in simulated fluxes and
concentrations of suspended sediment, Hg(Il) and MeHg. The high temporal variability at different time
scales, e.g. events and annual averages, has important implications when using available data to set
targets for MeHg loading, and when monitoring for compliance.

The Yolo Bypass also has several other features with the potential to affect MeHg supply, including
vegetation, agriculture, wetlands, excess inorganic Hg from historical mining upstream, and large tracts of
land experiencing wetting and drying periods. Vegetation was an important factor affecting MeHg
production in simulations. The treatment of vegetation in D-MCM is considered coarse and conceptually
could be revisited. For example, after vegetation senesces in the model, vegetation solids are first
delivered to the water column, where exchange can occur with surface waters. The vegetation solids then
settle quickly and mix into the surface layer of the sediment bed. Effectively the vegetation supplies
carbon and stimulates methylation in surface sediments. In reality, vegetation may remain sufficiently
intact initially after senescence to be a distinct compartment that rests on the sediment surface where
decomposition occurs. This could lead to differences in the effects of vegetation on methylation and
MeHg supply to the water column, relative to the current model construct. Overall though, the model
analysis suggest that vegetation has a strong influence on MeHg production in the Yolo Bypass. In
simulations this effect was primarily via the additional supply of organic matter in simulations, consistent
with experimental work described in Chapter 3 and studies by the US Geological Survey (e.g. Marvin-
DiPasquale and others, 2014)

The D-MCM model is also constructed on the basis that higher concentrations of dissolved Hg(II)
available for methylation lead to higher MeHg production. Thus areas with vegetation and higher Hg(II)
concentrations in surface sediments tended to have higher MeHg concentrations (e.g. cell 29, a pasture
cell in Figure 4-18). Other pasture cells with lower Hg(II) concentrations also had vegetation but lower
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MeHg concentrations in surface sediments (e.g. cells 34 and 39), supporting the assumption that Hg(II)
concentrations affect MeHg production, in addition to the presence of vegetation.

While wetting and drying cycles have been shown to affect MeHg production in other settings (e.g.
Gilmour and others, 2004), insufficient data were available to assess this issue for the Yolo Bypass.
Finally, it is important to note that large tributary sources of uHg and uMeHg do not necessarily lead to
higher concentrations within the Yolo Bypass. The combination of a high flow and low concentration for
a tributary could lead to a source being large relative to other tributary inputs but acting to dilute
concentrations in receiving waters. If, for example, measures were taken that reduced the flow of a source
with lower than the average MeHg concentration for tributaries (Fremont Weir), it might not lead to lower
concentrations in Bypass waters. Additional simulations would be needed to explore this concept, but the
key point is that it is important to consider concentrations as well as loads for tributaries when evaluating
remedial options.

Sensitivity Scenarios

The nine sensitivity scenarios developed by DWR and Regional Board staff (Table 4-4, Table 4-5)
reduced the predicted export of uMeHg at the stairsteps from less than 5% up to roughly 20%. Given that
all simulations vary a specific input (e.g. tributary concentration or reaction rate constant) by 50%, the
results reflect a system with multiple sources of MeHg. The simulation that reduced the gross production
in Yolo Bypass sediments by half, and the net load of MeHg from surface sediments to water by 1/3,
reduced MeHg export by less, about 20%, because other sources of MeHg were not changed. Regarding
options to reduce the supply of MeHg from sediments to water within Yolo Bypass, the sensitivity
analysis suggests that measures reducing the production of MeHg in Bypass surface sediments could be
beneficial, but the challenge is identifying options that are practical in a system with a surface area
exceeding 200 km?. The model analysis, experimental studies described in Chapter 3, and previous work
by the US Geological Survey collectively indicate that vegetation promotes MeHg production, at least
partly by supplying labile carbon.

The net flux of MeHg from surface sediments to water included three components in the simulation:
diffusion, resuspension, and settling. Diffusion and resuspension of MeHg tend to move MeHg from
surface sediments to overlying water, while settling at least partially offsets the upward fluxes. Some
sensitivity scenarios affected the relative balance of these three terms affecting the net load to water. For
example, removing vegetation affected not just the production of MeHg, but also settling and
sedimentation in simulations. Reducing tributary loads of suspended sediments reduced not just the
sediment load, but also the supply of Hg(II) and MeHg, and affected sedimentation rates in the Yolo
Bypass. Sedimentation rates in turn affect how quickly the surface sediment layer responds to changes in
conditions, e.g. how quickly will Hg(II) and MeHg concentrations decline if loading declines? The model
analysis carried out was capable of providing some initial insights into the response of the system to
perturbations but in situations involving changes to the balance of multiple competing influences on
MeHg supply, reliable quantification of these changes would require a better understanding and more
realistic model representation of some key processes. Additional discussion is provided below.

Conclusions

An existing model of Hg cycling was combined with outputs from a hydrodynamic model and applied to
Yolo Bypass waters and surface sediments. The model calibration reasonably reflected observations for
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suspended sediments, Hg and MeHg concentrations in the water column and surface sediments and
compared reasonably with some load estimates from other published studies. The use of parameter
estimation software (PEST++) significantly improved the model fit to observations, reducing the error in
the preliminary manual calibration by half. The largest external sources of sediment, Hg and MeHg for
the overall 16-year simulation were Fremont Weir and CCSB, especially in wet years. KLRC was more
important in dry years. Sediment production of MeHg in the Yolo Bypass and supply to overlying waters
was important. The simulated export of MeHg at the stairsteps was roughly twice the inflowing tributary
supply. In contrast to MeHg, less suspended and sediments and Hg(II) were exported than loaded from
tributaries for the 16 year simulation period, i.e. the Yolo Bypass (to the stairsteps) was a net trap for
these constituents. Vegetation and inorganic Hg concentrations both affected MeHg production in
simulations. The vegetation effect was primarily via the additional supply of organic matter. Fluxes of
inorganic Hg and MeHg varied by an order of magnitude or more among the years simulated, which
spanned a wide range of hydrologic conditions. This has implications in terms of developing TMDL
target MeHg loads and associated monitoring programs designed to determine if TMDL targets are met.
A multi-year perspective is needed as well as the ability to capture short term dynamics.

Data/Knowledge Gaps and Next Steps

Data gaps: Available field data were limited in terms of characterizing boundary inflow loads, and
concentrations within the Yolo Bypass, for suspended sediments, Hg and MeHg. This issue was
magnified by the dynamic nature of hydrology in the Bypass, leading to a high degree of temporal and
spatial variability that could not be captured with limited sampling. This constrains the current ability to
quantify mercury cycling in the Yolo Bypass to a coarser perspective rather than a tightly quantified
analysis. Additional data are needed to better characterize inflow loads and within-Bypass conditions for
a range of hydrologic conditions and a range of years. A multi-year perspective is needed as well as the
ability to capture short term dynamics. These data include measurements of inorganic Hg and MeHg in
filtered, unfiltered and particulate phases in the water column and sediments, as well as ancillary data
such as water chemistry and sediment characterization. Manual sampling and analysis for suspended
sediments and Hg can be labor intensive and costly. Alternative options to obtain higher-frequency data
should be considered, e.g. surrogates that can be sampled continuously (e.g. turbidity for suspended
solids) and the use of automatic samplers for Hg.

Knowledge gaps: There are scientific gaps that also contributed to uncertainty in the model analysis,

including:

e How does vegetation influence MeHg cycling and production? Better information is needed regarding
the magnitude and timing of the supply of carbon and subsequent decomposition that supports MeHg
production, for different land uses.

e s the availability (for methylation) of Hg(II) contamination from legacy upstream mining similar to
the availability of other sources of Hg(II)?

e Is mercury on suspended and bed sediments readily exchangeable or are some sources of inorganic
Hg more important that others, in terms of supplying MeHg production? The analysis carried out in
this study assumed that Hg on solids is readily exchangeable with the dissolved phase. Closely related
to this question is the need for more data on filtered and particulate concentrations of inorganic Hg
and MeHg in tributaries and Yolo Bypass waters.

e What is the influence of wetting and drying cycles? Wetting and drying is known to affect MeHg
production. Existing data were insufficient to examine this issue in the Yolo Bypass. Field data in
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surface sediments and surface waters in areas with different wetting and drying patterns would be
useful, along with ancillary water chemistry (e.g. DOC, pH, redox, temperature).
Modeling Scope:

o MeHg in fish: Given that fish and shellfish MeHg levels are the ultimate end point of interest, the
model analysis could be extended to include a food web and bioaccumulation component.

o Management Scenarios: Further testing of model scenarios would be beneficial. Discussions of
results to-date and potential scenarios that could help identify practical solutions to reduce MeHg
supply should continue.

o Climate change is altering conditions in the Delta that have the potential to affect Hg cycling and
bioaccumulation (see for example, Dettinger and others, 2016 and Chapter 6). This issue should
be incorporated into future assessments.

o Uncertainty: The continued used of PEST++ would be beneficial to help quantify uncertainty and
identify the types of data that would most effectively reduce uncertainty in model predictions is
recommended.

e Model Development:

o D-MCM was an appropriate tool to use for the study reported here, given the level of data
available and the state of knowledge of Hg cycling. A more realistic model analysis could be
carried out using a single model that represents hydrodynamics, sediment transport, water quality
and Hg cycling, capable of high spatial resolution in 2D. This is beyond the capabilities of D-
MCM (or any other 2D or 3D model currently). D-MCM is not constructed in a manner amenable
to such enhancements. Consider integrating Hg into an existing high-resolution model that already
simulates hydrodynamics, sediment transport and water quality. This could involve using one
model for the Yolo Bypass and another (DSM2-Hg) for the Delta, or a single model for the Delta
and the Yolo Bypass. Preferably the software would be publicly available software.

o The representation of vegetation in D-MCM was coarse in terms of capturing the effects of
vegetation on methylation via carbon supply and decomposition. A more realistic representation of
vegetation would allow better simulations of remedial options involving vegetation.

o A supporting field program (see comments above) would be needed to take advantage of the
increased model capability.
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