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Cover. Conceptualization of salt movement between the Fort Lyon
irrigation canal and Arkansas River located in southeastern Colorado.
Non-point source pollutant feedback between surface water irrigation
systems and alluvial aquifers require sophisticated groundwater solute
transport codes. Photograph by Bill Cotton, Colorado State University.
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Preface

This report describes an updated version of the MT3DMS computer program, hereafter
referred to as “MT3D-USGS.” MT3D-USGS can be used with many of the new features
recently developed for MODFLOW. The overarching goals for developing MT3D-USGS
are two fold—to keep pace with advancements in MODFLOW and to provide users of the
MT3DMS solute transport simulator with expanded functionality for tackling increasingly
complex water-quality issues.

MT3D-USGS has been tested with applications distributed with MT3DMS (obtained from
http://hydro.geo.ua.edu/mt3d/), as well as with new applications described herein. As the num-
ber of MODFLOW packages has grown, so too has the possibility for various inter-package
flow exchanges (for example, water discharging to land surface can be amended to streamflow).
Benchmark simulations have been designed to ensure that flow exchanges and associated solute
transport work properly. However, as MT3D-USGS is applied to transport problems, previously
undetected errors may be identified. In such instances, users are requested to send notifications
of suspected errors either in this documentation or the model it describes to the contact listed on
the MT3D-USGS webpage. Users are encouraged to check for model updates on the MT3D-
USGS webpage (http.//dx.doi.org/10.5066/F75T3HKD).

MT3D-USGS is not a replacement for MT3DMS. Separate updates to both codes will likely
continue in the future. Therefore, MT3D users should check appropriate webpages for updates
and releases of MT3D-USGS and MT3DMS separately.
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MT3D-USGS Version 1: A U.S. Geological Survey Release
of MT3DMS Updated with New and Expanded Transport
Capabilities for Use with MODFLOW

By Vivek Bedekar'?, Eric D. Morway?, Christian D. Langevin®, and Matt J. Tonkin'

Abstract

MT3D-USGS, a U.S. Geological Survey updated release
of the groundwater solute transport code MT3DMS, includes
new transport modeling capabilities to accommodate
flow terms calculated by MODFLOW packages that were
previously unsupported by MT3DMS and to provide greater
flexibility in the simulation of solute transport and reactive
solute transport. Unsaturated-zone transport and transport
within streams and lakes, including solute exchange with
connected groundwater, are among the new capabilities
included in the MT3D-USGS code. MT3D-USGS also
includes the capability to route a solute through dry cells
that may occur in the Newton-Raphson formulation of
MODFLOW (that is, MODFLOW-NWT). New chemical
reaction Package options include the ability to simulate inter-
species reactions and parent-daughter chain reactions. A new
pump-and-treat recirculation package enables the simulation
of dynamic recirculation with or without treatment for
combinations of wells that are represented in the flow model,
mimicking the above-ground treatment of extracted water.

A reformulation of the treatment of transient mass storage
improves conservation of mass and yields solutions for better
agreement with analytical benchmarks. Several additional
features of MT3D-USGS are (1) the separate specification of
the partitioning coefficient (K ) within mobile and immobile
domains; (2) the capability to assign prescribed concentrations
to the top-most active layer; (3) the change in mass storage
owing to the change in water volume now appears as its own
budget item in the global mass balance summary; (4) the
ability to ignore cross-dispersion terms; (5) the definition

of Hydrocarbon Spill-Source Package (HSS) mass loading
zones using regular and irregular polygons, in addition to

the currently supported circular zones; and (6) the ability to
specify an absolute minimum thickness rather than the default
percent minimum thickness in dry-cell circumstances.

'S.S. Papadopulos & Associates, Inc.
*Department of Civil Engineering, Auburn University.
3U.S. Geological Survey.

Benchmark problems that implement the new features and
packages test the accuracy of new code through comparison to
analytical benchmarks, as well as to solutions from other pub-
lished codes. The input file structure for MT3D-USGS adheres
to MT3DMS conventions for backward compatibility: the new
capabilities and packages described herein are readily invoked
by adding three-letter package name acronyms to the name
file or by setting input flags as needed. Memory is managed in
MT3D-USGS using FORTRAN modules in order to simplify
code development and expansion.

Introduction

In 1990, the transport modeling code Mass Transport in
3-Dimensions (MT3D) (Zheng, 1990) was first released. Soon
after, enhanced capabilities from commercial venders were
made available (Zheng, 1996). More than 2 decades later, the
enhancement of MT3D, facilitated by its modular design and
motivated by the need for more sophisticated capabilities,
continues with the release of U.S. Geological Survey (USGS)
designed MT3D-USGS. MT3D-USGS builds upon MT3DMS
version 5.3 (Zheng and Wang, 1999) by introducing new capa-
bilities (for example, surface-water transport) and enhancing
existing functionality.

MT3D-USGS uses the modular design of MT3DMS. This
design facilitates rapid integration of custom modules by
developers [for example, the Transport Observation Package
(TOB) and Hydrocarbon Spill-Source (HSS) package (Zheng,
2010)] and enables users to focus on only those capabilities
of the program needed for their application(s). Examples of
programs based upon MT3D/MT3DMS include (1) RT3D
(Reactive Transport in 3-Dimensions; Clement, 1997), (2)
PHT3D (Prommer and others, 2003), (3) SEAM3D (Sequen-
tial Electron Acceptor Model in 3-Dimensions; Waddill and
Widdowson, 1998) (4) GMT3D (Guerin and Zheng), (5)
MT3D99 (Zheng, 1999), and (6) BioRedox-MT3DMS (Carey
and others, 1999). Not long after the first release of RT3D,
PHT3D (Prommer and others, 2003) debuted the integration
of MT3D with PHREEQC-2 (Parkhurst and Appelo, 1999),
further extending solute transport capabilities of MT3D to
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complex geochemical reactions needing to account for pH and
reduction potential (pe, redox state). Recently, PHT3D was
expanded to include unsaturated zone processes with the debut
of PHT3D-UZF (Wu and others, 2016). The SEAM3D code
provides biodegradation and microbial growth functionality

to the core capabilities of MT3DMS. MT3DMS is also the
underlying transport model of the SEAWAT (Langevin and
others, 2008) program, which is frequently used for variable-
density flow and transport applications, such as saltwater
intrusion.

Expanding the multi-species capabilities within MT3DMS,
MT3D-USGS simulates reactive inter-species contaminant
transport in three dimensions. Moreover, all of the functional-
ity described in Zheng and Wang (1999), including numeri-
cal schemes, package options, model input files, and model
output files, is preserved in MT3D-USGS. MT3D-USGS also
includes new packages and input flags to maintain compat-
ibility with recent MODFLOW developments. The new
packages and new options for existing packages, described in
the sections that follow, provide greatly expanded simulation
capabilities to tackle water-quality concerns facing water-
resource managers.

Although the modular concept is preserved, those familiar
with the MT3DMS source code will notice that, to the extent
possible, variables within MT3D-USGS are no longer passed
to subroutines as arguments. Rather, the FORTRAN module
concept, as implemented in MODFLOW-2005 (Harbaugh,
2005), guided the redesign of the MT3D-USGS source code.
The new structure streamlines data declaration and sharing
among MT3D-USGS subroutines, reducing argument lists and
improving code legibility.

This report documents the new and enhanced capabili-
ties available with MT3D-USGS; users are referred to the
MT3DMS documentation (Zheng and Wang, 1999) for details
on the transport capabilities common to MT3D-USGS and
MT3DMS, including the solution techniques available for
advection and dispersion. This report does not detail the
MT3D-USGS input file formats; instead, details on the input
file structure for previously existing packages with new
parameter amendments and newly available packages are
included with the software distribution, which is available
for download from the Internet (http.//dx.doi.org/10.5066/
F75T3HKD).

This report is divided into five sections. The first of these,
the Introduction, is followed by a section that summarizes
the mathematical and numerical formulations implemented in
MT3D-USGS. The third section describes specific modifica-
tions intended to enhance existing MT3DMS functionality
within the previously published packages. New transport
packages that were developed specifically for MT3D-USGS
are described in the fourth section titled “New Transport Pack-
ages Developed for MT3D-USGS.” The final section pres-
ents benchmark problems and application examples, which
demonstrate many of the new capabilities available in MT3D-
USGS. These problems also can be used to ensure future
code customization does not interfere with, or otherwise alter,
verified results.

The following is a list of the new features and capabilities
that have been added to existing MT3DMS packages, avail-
able within MT3D-USGS.

1. The Basic Transport (BTN) Package in MT3D-USGS
has a new option that makes solute transport compatible
with MODFLOW-NWT (Niswonger and others, 2011)
simulations. With this option, MT3D-USGS can route
solute mass through dry model cells using the simulated
flow rates.

2. The Reaction (RCT) Package has been modified to
include the following enhancements:

New capabilities for simulating MONOD kinetics;

b. A new capability to specify different partitioning
coefficients for the mobile and immobile domains
in dual-domain simulations; and

c. Inter-species reactions, including

i. Instantaneous reactions between a single
electron donor and single electron acceptor,

ii. Kinetic reactions between multiple electron
donors and acceptors, and

iii. First-order parent-daughter chain reactions.

3. The Dispersion (DSP) Package has a new option to set
the cross-dispersion terms to zero in highly advection-
dominated simulations.

4. The Hydrocarbon Spill Source (HSS) Package can be
used with irregularly shaped polygons in addition to
being used with circular shapes.

The following is a list of the four new simulation packages
that have been implemented within MT3D-USGS and are
described in detail in this report.

1. The Lake Transport (LKT) Package calculates solute
concentrations in lakes. The package uses simulated
flows calculated by the Lake (LAK) Package of MOD-
FLOW (Merritt and Konikow, 2000). The package
works by instantaneously mixing tributary inflow,
groundwater inflow, and overland runoff while account-
ing for natural or managed outflow(s), evaporation, and
seepage from the simulated lake to calculate updated
lake concentrations for multiple species. The LKT Pack-
age does not currently support coalescing lakes.

2. The Streamflow Transport (SFT) Package simulates
solute concentrations in stream reaches, where stream
reaches are defined in the Stream-Flow Routing (SFR1)
documentation (Prudic and others, 2004). The package
uses simulated flows calculated by the SFR2 Package
(Niswonger and others, 2005). SFT routes mass through
stream networks accounting for convergent flows,
exchange with lakes, diversions, groundwater/surface-
water exchange, precipitation and evaporation to and
from stream surfaces, respectively, and overland runoff.



3. The Unsaturated Zone Transport (UZT) Package simu-

lates solute concentrations in the unsaturated zone. This
new package uses flow terms calculated by the Unsatu-
rated-Zone Flow (UZF1) (Niswonger and others, 2006)
Package available with MODFLOW-2005 and MOD-
FLOW-NWT. This capability was originally described
in Morway and others (2013).

The Contaminant Treatment System (CTS) Package can
represent changes in solute concentrations in response
to external treatment, prior to injection into the aquifer,

Introduction 3

The transfer of solute mass between some of these new
packages can also be represented. For example, solute mass
that passes between streams and lakes (and vice versa) is
handled using exchange terms between the LKT and SFT
packages. Overland runoff calculated by UZF1, resulting from
land-surface application rates that exceed the specified vertical
hydraulic conductivity or from rejected infiltration owing to
near-surface saturated conditions, that is routed to a surface-
water feature (whether an SFR2 stream segment or LAK Pack-
age lake) is passed from the UZT Package to the LKT and (or)

such as what occurs within an above-ground pump-
and-treat remediation system. The CTS Package works

SFT packages.
A complete list of the new features available in MT3D-

with the well (WEL) Package and the Multi-Node Well USGS is provided in table 1. Figure 1 depicts the structure

(MNW2) Package.

of the MT3D-USGS source code and highlights areas of the
source code that were changed from the original MT3DMS

Table 1. Summary of transport capability enhancements and additions in MT3D-USGS.
[UZF1, Unsaturated-Zone Flow Package; SFR2, Streamflow Routing Package; LAK, Lake Package]

Name

Acronym

Enhancements and Modifications'

Basic Transport Package

Advection Package
Dispersion Package

Source-Sink Mixing Package

Reaction Package

Generalized Conjugate Gradient Solver Package

Transport Observation Package

Flow Model Interface Module

Utility Module
Hydrocarbon Spill Source Package

Lake Transport Package

Streamflow Transport Package

Unsaturated-Zone Transport Package

Contaminant Treatment System Package

BTN

ADV
DSP
SSM

RCT

GCG
TOB

FMI

UTL
HSS

LKT

SFT

UZT

CTS

—

W

—_ = =

W

—_ - =

. Revised storage formulation
. DRYCELL Option

. Automatic selection of highest active cell for proper handling of boundary conditions

applied to dry cells.

. No major changes; source code now uses FORTRAN modules for memory management
. Option to set cross dispersion terms to zero

. No major changes, source code now uses FORTRAN modules for memory management
. Instantaneous inter-species reactions

. Kinetic inter-species reactions

. Separate partitioning coefficients in the mobile and immobile domains in dual domain

simulations

. No major changes; source code now uses FORTRAN modules for memory management
. No major changes; source code now uses FORTRAN modules for memory management
. Assimilate UZF1-calculated fluxes for the unsaturated zone

. Assimilate SFR2 reach-by-reach fluxes and associated sources and sinks, including

exchanges with lakes, exchanges with groundwater, precipitation, evaporation, or other
specified inputs/outputs

3. Assimilate lake-groundwater exchange and streamflow inflow(s) and outflow(s)

—_ = =

—

—

—_

. Assimilate UZF1 discharges (that is, rejected infiltration, groundwater discharge) to

streams and lakes

. Option to use MODFLOW-2005 array readers has been added.
. Define regular and irregular polygon spill site configurations

. Calculates lake concentration based on simulated inputs and outputs (for example, ground-

water exchange, stream inflow/outflow, precipitation, evaporation)

. Optionally, treats groundwater exchange as calculated by the LAK as a boundary condi-

tion

. Solves 1D surface-water network transport accounting for groundwater interaction and

stream/lake/UZT connections

. Optionally, treats groundwater exchange as calculated by the SFR2 Package as a boundary

condition (solute is not routed downstream)

. Solves 1D variably saturated transport with and without reactions

. Assigns a concentration to groundwater discharge and rejected infiltration that is routed to

streams and lakes by runoff processes

. Provides functionality for simulating pump-and-treat systems

'All packages updated with “modules” code design.
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More Flow Model packages
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Yes More Stress

Periods? = New functionality

| Deallocate Memory | This figure is related to figure 22 in Zheng and Wang (1999).

Function names are color coded according to changes from the base MT3DMS (v5.3) code as
follows: unmodified (orange); modified, including enhancements (green); new functionality (blue).

@ Changes that are a part of the code modernization effort were applied uniformly to the entire code
and are not reflected by the color codes.

Figure 1. Flow chart of the MT3D-USGS functions, illustrating where in the source code new and updated capabilities have been
inserted.



(v 5.3) code in order to accommodate new features and
capabilities. Function names are color-coded to indicate those
that remain unchanged (orange), were modified (green), or are
entirely new (blue).

Some of the new simulation capabilities may increase com-
putational demand and simulation complexity. For example,
a key enhancement in MT3D-USGS is the ability to simulate
mass-conservative solute transport in a surface-water network
that is connected to groundwater. Historically, surface-water
influences on groundwater quality were typically represented
in MT3D as fixed boundary conditions. In the new code, the
surface-water concentration is no longer restricted to a fixed
value specified prior to model execution; rather, the calculated
concentration in a stream segment can be updated during
model run time, if desired. Thus, users have the option to let
upstream surface and groundwater exchanges affect down-
stream constituent concentrations in the stream and aquifer.
This capability is critical to models for which the effects of
alternative surface-water or conjunctive management schemes,
or future projections of streamflow constituent concentra-
tions, are sought. Therefore, the new functionality available in
MT3D-USGS should be adopted only after careful consider-
ation of project goals.

Introduction 5

Use of the new features in MT3D-USGS requires MOD-
FLOW-NWT version 1.1.0 or later to ensure that the necessary
flow terms (that is, unsaturated-zone fluxes; surface-water
fluxes between stream reaches, as well as between stream seg-
ments and lakes) are saved to the flow-transport link (FTL) file
accordingly. Like MT3DMS, MT3D-USGS is designed as a
generalized groundwater solute transport code for use with any
block-centered finite-difference groundwater flow model. As
such, the user needs to ensure that groundwater and surface-
water flow- and storage-related terms are properly assembled
in the FTL file. For information on how to assemble saturated
thickness, fluxes across cell interfaces, and locations and flow
rates of the various sources and sinks, readers are referred
to Appendix C of Zheng and Wang (1999), as well as the
supplemental information distributed with MT3D-USGS. The
MT3D-USGS version documented in this report cannot be
used in its present form with output from MODFLOW-USG
(Panday and others, 2013).
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Mathematical Model and Formulations in MT3D-USGS

Since MT3D-USGS is an enhancement of MT3DMS, the formulation within MT3D-USGS builds upon that implemented in
MT3DMS, as described below.

Mathematical Model

Like MT3DMS, MT3D-USGS solves the following advection-dispersion-reaction equation in a groundwater flow system
under generalized hydrogeologic conditions using

oC* oc* o oC* 0 , =
n 9 lep, -~ OvCr+qg Cr—qg C*—20C*"—1,p.C*
82‘ pb a[ axi y ax ax i QS K qs 1 Zpb

] l

¢ (1

where
6  is porosity or volume averaged water content (-),

C*  is the dissolved concentration of species k, in units of mass per volume (M/L?),
t is time (T),
P, is the bulk density of the subsurface material (M/L?),
C* s the concentration of species k sorbed to the subsurface material, as mass/mass (M/M),
x;andx;  is the distance along the respective Cartesian coordinate axis, as length (L),
is the dispersion coefficient tensor, as area/time (L%T),
v, is the linear pore water velocity (L/T),
qs is the volumetric flow rate per unit volume representing sources or sinks (T),
C}  isthe source or sink concentration of species & (M/L?),
qs is the change in water storage per unit volume (1/T),
A is the first-order reaction rate for the dissolved phase (1/T),
A is the first-order reaction rate for the sorbed (solid) phase (1/T), and

0 signifies the partial derivative of the variable that follows.

Previous versions of MT3D deal only with the saturated zone, where 8 is assumed equal to porosity. This is also true with
MT3D-USGS, unless the UZT Package is used to simulate transport through the unsaturated zone. As described later, if the UZT
Package is active, then 6 represents the volume averaged water content for those cells above, and including, the water table.

Though MT3D-USGS solves the same general governing equation as MT3DMS, MT3D-USGS implements a corrected
formulation of the transient storage term, as will be described in the “Storage Formulation for Saturated Conditions” section.
The primary groundwater transport packages framework of MT3DMS, commonly referred to using three-letter acronyms, such
as BTN, ADV (Advection Package), DSP, SSM (Source-Sink Mixing Package), and RCT, are retained by MT3D-USGS. Thus,
users can convert existing MT3DMS models to MT3D-USGS (that is, backward compatibility is assured) and continue to use
previously available options while taking advantage of new features, if desired.

Numerical Formulation

The finite-difference approximation for the three-dimensional advective-dispersive-reactive governing equation is derived in
Zheng and Wang (1999) as

A C+A4°

i,j,k~1,j.k i,j.k

+4]. Cr 4P

i,j ki, j+k i,j.k

12 n+ 13 n+ 14 n+ 15 n+ 16 n+ 2
+Ai,j,k Ci—l,_j,kﬂ + Ai,j,k Ci,_/—l,k at Ai, jik Ci,j+1,k+l + Ai,j,k Ci+1,j,k at Ai,_j,k Ci—l,_j—l,k @)

AL O A CH L+ A CH L = RS,

i,j,k i1, j+Lk i,j,k i+, j-Lk i,j,k i+, j+Lk

n+l 3 n+l 4
Cl + A, O+ A,

Cn+l
i,j,k i, k+H i,j.k i,j= Lk

n+l 9 n+l 10 n+l 11 n+l
Ci*l,j,k*l + Ai,j,kCi,j*l,k*l + Ai,j,kci,jﬂ,k*l + Ai,j,kCiH,j,k*l

n+l 5 n+l 6
Cliat A, Cly i T4

i,j,k i+, jk i,j,k
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where A is the coefficient matrix, RHS is the right-hand side vector containing all known quantities, either fixed or calculated in
previous transport step, the indices i, j, k correspond to the row, column, layer indeces, respectively, and n+1 is the new time for

which concentrations are being solved. Descritions of the 19 coefficients of the 4 matrix and the entries in the known right-hand
side vector RHS can be found in equation 66 of Zheng and Wang (1999). Modifications to existing routines and incorporation of
new features affects the way equation 2 is filled, as described in this report.

Storage Formulation for Saturated Conditions

In MT3DMS, the left-hand side of equation 1 represents the change in mass storage for both the dissolved and sorbed phases
at any given time. Further, the g, C* term on the right-hand side of equation 1 represents the change in storage owing to the
change in the volume of water in storage. Consider the change in mass in storage with respect to time,

oM, _ oM +M)_aM oM
ot ot o o

3)

where
M; is the total mass in the system,
M is the amount of dissolved (aqueous) phase mass, and
M s the amount of sorbed (solid) phase mass.

Considering the two terms shown on the right side of equation 3, the first can be rewritten as
oM _ a(cv,)
ot ot

where C is the dissolved concentration of the species being solved for and ¥, is the volume of water in the cell. Adopting a
finite-difference approximation, equation 4 can be rewritten as

olcy,) _(Cva-cr'va)
ot At )

where superscripts 7 and n-1 represent the current and previous time steps, respectively, and At is the discrete transport time
step size. The constituent concentration C" is calculated at every transport time step. The concentration C"" is stored in MT3D-
USGS memory because it is the calculated concentration from the previous time step. The two volumes, ¥,/ and V"' represent
the volume of water at the end of transport time steps # and n—1. These volume terms are derived from the flow terms passed to
MT3D-USGS via the FTL file. If the transport simulation uses finer time steps than the flow simulation, as often is the case, the
volume of water at transport time steps 7 and n—1 is interpolated as discussed later in this section. The term V"' appearing in
equation 5 requires a small calculation because MT3D-USGS does not store flow terms from the previous transport step. Thus,
V' is calculated using the volume of water at the end of the transport step in the cell, ¥}/, and the corresponding change in fluid
storage for the current flow step, AV, that is passed to MT3D-USGS:

4)

n—1 _ yn
V., =V.—AV, (6)

Substituting equation 6 into equation 5 gives

Ccr-cvi) _levp-cm-an)]_cr-cm)rcmay]

At At At
or
C'r=C™n)_,AC | nd,
At At At ®)
Equation 8 represents the change in dissolved mass storage over each transport time step.
The change in storage in the sorbed phase is represented by the second term of equation 3, which can be rewritten as
oM _ 3(psCVu) _ 3 psKiCVi) o

ot ot ot

where V,, is the saturated bulk volume of the model cell (L*) and K|, is the partitioning coefficient (L’/M) that describes the linear
partitioning between the dissolved and sorbed phases, as shown in equation 10,
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C =K,C (10)

In MT3D-USGS, both the bulk density and partitioning coefficient remain fixed throughout the simulation and therefore can be
moved outside the derivative,

(11)

0P KiCh) = , - O(Cliu)
ot ot

Applying a finite-difference approximation to equation 11 that uses the same n and n-1 superscripts as described above, as
well as the substitution V;; ! by V;i,— AV,,, akin to equation 6, since no memory of V%! is retained by the code, yields the follow-
ing finite-difference approximation for the transient storage change of sorbed mass,

p K ( sat ) (C sat C” II/AZII) p [C sut C” I(VAZt _AVsat )]
U ot At b At 1)
AC AV
L= p KV S
pb d( sat At At j

Substituting equations 8 and 12 back into equation 3 gives

oM, _ (VW AC | o AV, j+ (VSZL %%‘"‘1 AI{a,j

ot At At At (13)

o oM
ot ot

Equation 13 gives the total change in mass storage over time. Because MT3D and its derivatives considered only the saturated

zone up until now, ¥, implicitly equaled 6V, Substituting 6V, for V,, in equation 13 gives

8Mt n - QA I{at —] Aléa
{QVW,A—C%“ ) K, (Vs:; Ao j

ot At At At (14)
Rearranging terms gives
oM, . AC w1 AV
ot (0+ph )szE+(9+pbKd)C IE t (15)
Using the retardation term (R), defined as
P Ky
16
R=1 0 (16)
and substituting into equation 15 gives
oM, AC 1 AV
=6R — + ORC"
at 9 I/v&‘at A At (17)

The second term on the right hand side of equation 17 replaces the term ¢;C; in equation 1. Because the second term is calcu-
lated from the known concentration from the previous transport time step, this term is added to the RHS vector during matrix
assembly. This formulation is different from MT3D, which adds ¢;C to the coefficient matrix.

Conceptually, the second term on the right hand side of equation 17 represents the redistributed mass within the changed vol-
ume AV, over the transport time step Az. This change in constituent mass is composed of the dissolved mass and the adsorbed
mass. For instantaneous equilibrium adsorption, the mass residing on soil is either “lost” to the dewatered portion of model cell
as the head falls or is “gained” within the newly resaturated portion of the model cell as head rises within a time step. This loss
or gain of adsorbed mass is accounted for by adding a term to the right hand side of equation 17.



MT3D-USGS conceptualizes the gain and loss of the
adsorbed mass owing to AV, in two ways: (1) by storing the
mass on soil within the non-saturated portion of a model cell,
that is the height of the model cell between the top elevation
of the model cell and the head within the cell, in a “reservoir,”
which provides for the adsorbed mass gained as the water
table rises and which becomes a sink for the adsorbed mass as
water table drops (this option is the default option in MT3D-
USGS) and (2) by instantaneously creating mass as the water
table rises and by losing mass as the water table drops via an
accounting process so that the mass is conserved (this option is
provided as an alternate formulation). The adsorbed mass M,
that is lost or gained within the dewatered/resaturated portion
of the model for the default option 1 is given by equation 18,

Q(R— 1)(/"”1 ﬂw falling head
Alsorb — At (18)
At _ Mturf

rising head

At

The rate at which sorbed mass M,,,, is lost or gained for an
alternate formation is given by equation 19,

AV

Alsorb — H(R_ l)Cn71 Tsm falllng head (19)
At e AV
H(R I)C A rising hea

where M,,, is the mass stored within the reservoir of the non-
saturated portion of the model cell and fis the fraction of the
non-saturated zone that gets re-saturated over a transport time
step. Note that the equation for the falling head is the same

in both of the above options, whereas equations for the rising
head differ. For the first option, which is the default option,
mass entering the saturated portion comes from the stored
reservoir, whereas for the second option, mass is created on
the basis of the constituent concentration at the end of the
transport time step C". The alternate formulation that is pre-
sented above can be invoked from within the BTN Package by
selecting the appropriate options that are detailed in the input
instructions.

The amount of dissolved mass accumulated to (or released
from) storage under transient conditions has until now (2015)
relied upon the flow model’s calculated head (and volume)
at the end of the flow time step. However, owing to stability
considerations associated with solute transport [for example,
Peclet and Courant numbers (Zheng and Bennett, 2002; Zheng
and Wang, 1999)], the user, as well as the model itself, may
reduce the length of the transport time step to a value shorter
than the flow model time step. Under these circumstances, use
of the head value (and volume) at the end of the flow time-
step will lead to errors in the calculated amount of mass in the
system, resulting in incorrect mass computation (the result of
this approach is depicted in figures 2A and 2C with the origi-
nal MT3DMS formulation for a simple one-cell model with a
fluctuating water table). The original MT3DMS formulation
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is left as an option should users need to evaluate the effect of
the updated transient mass storage calculation on previously
reported findings. MT3D-USGS uses the new formulation as
the default. In cases where the transport time step length is
less than the flow time step, accurate calculation of the mass
in the transport problem is found by adjusting the amount of
fluid available for storage, V.7, using the rate of change of fluid
storage. Equation 20 shows how this adjustment is applied by
the source code,

VE=V!" = Ouorage (HT2 — TIME2) (20)
where Oyorage 18 the volumetric flow rate (L¥/T) released from
or accumulated in transient groundwater storage (positive for
release and negative for accumulation), and H7? is the time at
the end of the flow time step, whereas TIME? is the time at the
end of transport time step n, and V" is the volume of water
at the end of a flow time step m. In previous MT3D versions,
V.m was used as the volume of water available for storage.

If instead Qyonaee multiplied by HT2 — TIME? is subtracted
from V", then the change in storage needed in equation 6
is calculated on the basis of the amount of time remaining
between the end of the current transport step and flow time
step in which the transport step resides.

A simple one-cell model is used to demonstrate the new
storage formulation. The model cell is a cube with a length
of 10 meters (m). The model cell starts completely satu-
rated by setting the initial head equal to the top elevation
of the cell. Porosity is set to 0.1. Hence, the total volume
of the model cell and the initial volume of water in the
model are 1,000 cubic meters (m*) and 100 m?, respectively.
A conservative solute with an initial dissolved concentra-
tion of 100 grams per cubic meter (g/m?) (a total mass of
10,000 grams) is simulated. Water is removed at a rate of
25 m*/day for 2 days, and then 50 m® of water with no solute
is injected at the same rate over a period of 2 days. In the first
half of the simulation (2 days of extraction), half of the dis-
solved mass is removed from the system without affecting the
concentration; in the second half of the simulation (2 days of
injection of zero-concentration water), the total solute mass
remains constant, but the concentration decreases owing to
dilution.

Figure 2 includes three measures for this problem—the
fluid volume within the cell (figs. 2A and 2B), the known and
simulated solute mass (figs. 2C and 2D), and the known and
simulated solute concentration (figs. 2E and 2F)—that clearly
highlight the differences between the old and new transient
mass storage formulation on the model results. Using the
new formulation, the simulated concentrations (and mass)
match the expected responses (figs. 2B, 2D, and 2F), which
can be calculated using simple mixing equations. The correct
responses were simulated with MT3D-USGS because the lin-
ear interpolation applied to the volume of water corresponds to
the current transport-step length.
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Using the new storage formulation for saturated conditions,
the contributions to the diagonal of the coefficient matrix A
and right-hand side vector RHS, respectively, are

_ ORVu _ O(R-1)AK,

option 2 rising head
P Y. P g

n @n
— %It{”’ all other options
_ n—1 A Vsat _ echileZt Msorb
RHS=6RC Al A7 + A7 (22)

where the V,,, as defined earlier, is the saturated bulk volume
that is either less than the total model cell volume for uncon-
fined flow conditions or equal to the total model cell volume
for confined flow conditions. Because the term M,,,/At is
added to the RHS, it is equal to zero for option 2, rising head.

Storage Formulation for Unsaturated Conditions

MT3D-USGS simulates variably saturated transport using
unsaturated-zone flow and storage terms calculated using the
UZF1 Package in MODFLOW. In active MT3D-USGS cells
that are above the water table, the water content and change
in unsaturated-zone water storage, as calculated by UZF1, are
used in equation 17 for 8 and change in fluid storage, respec-
tively. Recall that previously, 8 was assumed equal to the
porosity in saturated-only transport simulations.

MODFLOW models that simulate unsaturated conditions
will necessarily calculate the location of the water table in at
least some of the numerical grid cells. Thus, there will be a
layer of cells containing the water table (though not always
in the same layer for each row—column index). In these
cells, both saturated and unsaturated conditions are passed to
MT3D-USGS through the FTL file and require an additional
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Figure 2. Change in fluid storage volume at each transport step for A, the original MT3DMS formulation and B, the new MT3D-USGS
formulation. Differences between the analytical solution and simulated mass for, C, the original storage formulation are at times
significant. D, The new MT3D-USGS formulation matches the analytical solution. The calculated constituent concentration under the,
E, original transient storage formulation is inaccurate owing to the use of C". F, The simulated constituent concentration matches the

analytical solution using the new MT3D-USGS formulation.



calculation that resolves the saturated and unsaturated portions
of the cell into an equivalent water content. The described
calculation effectively “smears” the water in the saturated
portion of the cell over the entire grid cell, resulting in a depth
averaged water content, 6,, that is greater than the original
unsaturated-zone water content (because the original 4 is
amended by the saturated water) but less than effective poros-
ity over the entire depth of the model cell. Referred to here-
after as the “volume-average approach,” a single 6 is carried
through the calculations for each grid cell containing the water
table. In areas requiring detailed simulation of solute transport
between the unsaturated and saturated zones, increased verti-
cal discretization in both the flow and transport models may be
necessary to overcome some of the limitations associated with
the volume-average approach.

For unsaturated-zone transport, equation 13 can be rewrit-
ten as

oM, " AC a1 A, AC
= 2 4 Y% 1 a4
N (Kellgw Al Veer C At P KaVien Al (23)
oM oM
o o

where V., is the total volume of the model cell and 6, is the
water content at the end of a transport time step. Water content
0, is calculated by linear interpolation of water content at

the beginning and at the end of a flow time step. Note that in
equation 23, the complete cell volume is available for storing
mass on soil, that is, adsorption sites available for sorbed mass
are not scaled by the amount of saturation. This formulation

is based on the understanding that a continuous film of water
covers the soil particles in the unsaturated zone assuming that
the water content in the unsaturated zone cannot become lower
than the residual water content.

Mathematical Model and Formulations in MT3D-USGS 11

The retardation factor of the unsaturated zone given by
equation 16 needs to be updated for each transport time step,
and therefore, the notation used for retardation factor R has a
superscript n, indicating that R" is the retardation factor calcu-
lated at the end of transport time step,

0 K
R =1+ %i (24)

The final finite-difference approximation for the storage
term within the unsaturated zone is

oM,
ot
Equations 26 and 27 incorporate equation 25 into the coef-

ficient matrix 4 and right-hand side vector RHS, respectively,
as follows:

AC

n n n— A01/\1
=) R GWEH/,,,C 1Tt (25)
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Modifications to the Existing MT3DMS
Program and Packages

This section describes changes that were made to existing
packages and routines that are part of the MT3DMS program.
The next section presents new packages that were created
for MT3D-USGS. Many of the enhanced and new features
described in the following sections were tested using a variety
of problems specifically designed to stress the new functional-
ity, including comparison to analytical solutions along with
results obtained using existing codes, to verify the proper
function of the new features of MT3D-USGS.

Memory Management

MT3D-USGS uses FORTRAN modules to store most
variables and arrays. The design is based on the approach
described in Chapter 9 of the MODFLOW-2005 documenta-
tion (Harbaugh, 2005). Instead of allocating a large block of
memory to contain all of the floating point arrays and another
block of memory to contain all of the integer arrays as is
done in MT3DMS, each individual array in MT3D-USGS is
dynamically allocated using the required array dimensions for
the specific problem. These variables and arrays are stored
within a FORTRAN module, which allows them to be used
anywhere in the program without having to pass them as array
arguments. This updated design will make it easier to add new
capabilities to MT3D-USGS in the future.

Handling of Dry Cells

As MT3DMS reads flow information from the FTL file,
cells flagged as having less than a minimum saturated thick-
ness are deactivated for solute transport, and fluxes into or
out of these cells are reset to zero. If the flow solution was
calculated using MODFLOW-2005 (or an earlier version of
MODFLOW), then this is a reasonable approach. However,
this approach does not work with output from MODFLOW-
NWT because flow will often occur through “dry” cells. Dry
cells (that is, cells that remain above the water table for the
entirety of a flow time step) are no longer deactivated (that
is, IBOUND is no longer set to 0) in MODFLOW-NWT but
instead remain active even though the calculated head is below
the bottom of the cell.

For the conceptual head distribution shown in figure 3, a
flow pattern will develop in MODFLOW-NWT that moves
fluid from the top-left cell to the top-right cell, which then
flows to layer 2. Thus, to prevent mass accumulation in the
upper-left cell and enforce mass conservation over the entire
modeled domain, an option for handling flow through dry
cells was added to MT3D-USGS. If this option is invoked
through the use of the keyword “DRYCELL” in the BTN file,
a corresponding message is written to the standard output file
documenting its activation. The keyword should be added to
the first non-commented line (commented lines start with the
“#” character) of the BTN input file and is available only if the

Flow to(dry cell
Layer 1 Layer 1 Head
Layer 2 Head
Layer 1 Head
Layer 2 Layer 2 Head
Figure 3. Four-cell model grid showing flow to dry cells in the

MT3D-USGS model. In the original MT3D code, the flow passing
from the top-left cell to the top-right dry cell would be reset to zero
owing to the saturated thickness equal to zero. As a result, the
mass that should be routed through this cell as drainage to the cell
below accumulates in the top-left cell.

finite-difference method (MIXELM = 0) or the Total Variation
Diminishing (TVD) scheme (MIXELM = —1) is selected in the
ADV Package. With the DRYCELL keyword option acti-
vated, dissolved mass can exit an active cell(s), enter adjacent
dry cells, and subsequently re-enter the active domain (that
is, cells with a greater than a minimum saturated thickness,
ICBUND#0). The DRYCELL keyword option will likely not
affect the solution in saturated-only simulations. In simula-
tions that use UZT, whether over the entire model domain or a
small subsection of it, cells with zero saturated thickness (and
therefore inactive in saturated-only simulations) are already
active to enable unsaturated-zone transport, thereby allowing
mass from neighboring cells to move in and out of these cells.
To illustrate, figure 4 depicts a simple 12-cell model grid
specifically designed to show how dry cells degrade the
MT3DMS transport solution using a MODFLOW-NWT-
generated FTL file. Table 2 provides a summary of the model

Table 2. Numerical model parameter values for the DRYCELL
benchmark simulation in the MT3D-USGS model.

[ft, feet; ft/d, feet per day; —, no value; mg/L, milligrams per liter]

Model parameter Value
Cell width along rows (Ax) 10 ft
Cell width along columns (Ay) 10 ft
Layer thickness (Az) 10 ft
Hydraulic conductivity of the aquifer (K) 100 ft/d
Porosity (¢; unitless) 0.2
*Longitudinal dispersivity (a;,) —
Left constant-head elevation 15 ft
Right constant-head elevation 2 ft
Constant concentration cell value 100 mg/L

*For simplicity, the Dispersion Package (DSP) is not used in this demonstration model.
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parameter values and boundary conditions. The simulation
is a steady flow problem with the final calculated water-table
elevation shown in figure 4 as a blue line.

In the upper layer of this model, flow enters the third cell
from the right from its neighbor on the left before draining
to the cell below. Because MODFLOW-NWT keeps all cells
in the model domain active (Niswonger and others, 2011),
despite the absence of the water table, it both calculates the
fluxes through dry cells and passes them to MT3D-USGS
through the FTL file. In MT3DMS, the absence of the water
table (by virtue of the head below the cell bottom elevation
reported in the FTL file) would signal the code to inactivate
the cell, thereby causing errors in the calculated concentration,
as will be described shortly. Larger MODFLOW-NWT appli-
cations with a high degree of water-table elevation variability,
meaning the water table rises and falls through numerical grid
layers during the course of the simulation, may be more sus-
ceptible to solute transport mass balance errors resulting from
flow through dry cells. Thus, this new functionality may prove
most valuable in unconfined simulations.

After running the flow simulation, both MT3DMS and
MT3D-USGS were run using the boundary conditions and
parameter values listed in table 2. Figure 4 gives the location
of the constant concentration cell that introduces solute into
the simulated domain. The next two sections highlight the dif-
ferences between (1) the original MT3DMS solution with no
accounting of fluid fluxes through dry cells and (2) activation
of the DRYCELL option in MT3D-USGS.

Original MT3DMS Solution

Figure 5 shows the simulated concentrations at the end
of the 100-day simulation period. Because dry model cells
are inactivated by MT3DMS and flow into and out of these
cells is reset to zero by MT3DMS, mass accumulates in the
cell upstream from the deactivated cell as a result of the local

Constant concentration

flow imbalance created by MT3DMS. This is a physically
unrealistic result that is not consistent with the flow solu-
tion from MODFLOW-NWT. Though this small benchmark
problem was manufactured in such a way so as to amplify the
dry cell problem, it nevertheless calls attention to an impor-
tant limitation of MT3DMS when used in conjunction with
MODFLOW-NWT.

Use of the DRYCELL Option

The new DRYCELL option in MT3D-USGS prevents
flows entering and exiting dry cells from being reset to zero
when MODFLOW-NWT provides the flow solution. As noted
above, the DRYCELL keyword is added to the first non-
commented line of the BTN file. The keyword DRYCELL is
not case sensitive and can appear in any order when used in
concert with other keyword options specified on this line (that
is, MODFLOWStyleArrays).

As a result of invoking the DRYCELL option, a maximum
concentration of 100 milligrams per liter (mg/L) was simu-
lated in the cell discharging to the dry cell, which corresponds
to the constant concentration boundary of the cell discharging
to it. Thus, simulated concentrations are not artificially inflated
in cells upgradient from a dry cell. Mass that enters dry cells
is reported in the global mass balance summary found in the
standard output file [highlighted by the red text in fig. 6 that
reads, “INACTIVE CELLS (ICBUND=0):"].

As would be expected, the MT3D-USGS DRYCELL option
further enables dissolved mass to re-enter the simulation
from a dry cell(s) (that is, exiting and reentering the “active”
domain), corresponding to the MODFLOW-NWT flow solu-
tion. This approach ensures that mass is conserved. Note that,
in this example, mass is routed instantaneously through a dry
cell or vertical column of dry cells; there is no possibility of
reaction (that is, sorption) as the solute travels through a dry
cell(s).

Dry)t\:ells

Layer 1

Flow into dry cell

——

Layer 2

Flow out of
dry cell

Blue shaded cells are constant-head boundary conditions, the red cell is a constant-concentration cell, and all other
cells do not have any associated boundary conditions. The right-sloping blue line is the interpolated water table.

Figure 4. Twelve-cell model grid showing flow into and out of dry cells in the MODFLOW model. Layout of the benchmark model for

testing the DRYCELL keyword option available in MT3D-USGS.
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EXPLANATION

Dissolved-solids
concentration, in
milligrams per liter

0
20
IN ouT 30
CONSTANT CONCENTRATION: 8011347. 0.000000 40
CONSTANT HEAD: 0.000000 -7984894. 50
MASS STORAGE (SOLUTE) : 0.000000 -26452.50 (753 .
[TOTAL] 8011347. LB -8011347. LB 80
90
NET (IN - OUT) : 0.000000 100
DISCREPANCY (PERCENT) : 0.000000 120 B

(LB, pounds; Although LB is the mass units specified in the BTN file in this example, MT3D-USGS gives users the freedom to
specify alternate units of mass, similar to MT3DMS. Specification of units does not affect the calculations.)

Figure 5. Model grid showing the simulated concentration field after 100 days using MT3DMS, version 5.3, and mass balance summary
report. The mass balance summary report indicates that the solution is balanced, yet a significant concentration anomaly (shown by the

red cell) exists in the final concentration field.

Figure 6 shows the simulated concentrations across the
model domain after 100 days. Note the conservation of mass
as reported in the mass balance summary provided in figure 6.
The instantaneous movement of mass through dry cells associ-
ated with the DRYCELL option creates an additional non-
linearity in the transport solution. To overcome this, multiple
non-linear (outer) iterations may be needed. It is recommended
that the user set the maximum number of outer iterations [vari-
able MXITER in the General Conjugate Gradient (GCG) input
file] to be larger than 1 to achieve convergence.

MT3D-USGS identifies cells that are converted from active
to inactive within each flow time step on the basis of the
saturated thicknesses reported in the FTL file. Equipped with
this information, the converted cells are ordered such that the
cells receiving water from other converted cells are consid-
ered for calculation only after the calculation is performed on
“upstream” cells that also receive their water from active cells.
This ensures accurate computation of blended concentrations
(Chiendea) from all cells discharging to dry cells. Flow into and
out of these cells is saved in a separate array.

MT3D-USGS calculates the blended concentration as

6 nbc
z Q;r Ci + Z Ql:rc Cbc + Qstor Cvtor
i=1 be=1

Chtendea = 3 he (28)

Z Q:— + Z QI;+Qstor
i=1 be=1

where

is the flow entering a dry cell across face i,

is the concentration of the model cell from which
mass is entering,

are the inflowing boundary condition flow rate
and concentration, respectively, for each
boundary condition, bc, that enters the cell,

is the number of boundary conditions entering
the cell,

is the rate of change of volume of water within
the cell; this term is ignored in Version 1 of
MT3D-USGS, and

is the concentration of the dry cell before it
becomes dry.

The solute mass flowing from dry cells to active cells is

treated as a mass injection boundary and is therefore added

to the right-hand side vector. Because the calculated value of

Chienaea may depend on the contributing concentration from

several cells for the current transport time step, additional non-

linearity is introduced to the transport equation. As previously

mentioned, the number of outer iterations (MXITER) should

be set larger than 1 to allow for solution convergence.
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Maximum
concentration =
100 milligrams

per liter

hrRrrEa EXPLANATION
seen owing to Dissolved-solids
: concentration, in
DRYCELL option milligrams per liter
0
IN ouT 10
CONSTANT CONCENTRATION: 8011340. 0.000000 20
CONSTANT HEAD: 0.000000 -7991622. o/
INACTIVE CELLS (ICBND=0) : 3397203. -3397192. 40
MASS STOR (FLOW MODEL) : 0.000000 0.000000 50
MASS STORAGE (SOLUTE) : 0.000000 -19718.21 60
——————————————————————————————————————————————————————————————————————————— 70
[TOTAL]: 0.1140854E+08 LB -0.1140853E+08 LB g0l
90
NET (IN - OUT): 11.00000 100 aa
ISCREPANCY (PERCENT) : 0.9641902E-04
( ) 120

(LB, pounds; Although LB is the mass units specified in the BTN file in this example, MT3D-USGS gives users the freedom to
specify alternate units of mass, similar to MT3DMS. Specification of units does not affect the calculations.)

Figure 6. Schematic model grid showing the simulated concentration field after 100 days using MT3D-USGS and the mass balance
summary report. The mass balance line highlighted in red (“Treatment System”) reveals that all mass entering the dry cell left. With the
DRYCELL option activated, more mass was transmitted down to layer 2.

Dispersion (DSP) Package

Treatment of dispersion in MT3D-USGS remains largely
the same as in MT3DMS (Zheng and Wang, 1999). As it is
currently (2015) formulated, the dispersion tensor consists of
principal components Dy, Dy, and D,, and the cross terms Dy,
Dy, Dy, Dy,, D,, and D,,. The NCRS option in the GCG Pack-
age (see input instruction distributed with model for descrip-
tion) provides an option to use a full dispersion tensor or to
lump all cross-dispersion terms to the right hand side. Even
lumped cross dispersion terms, in certain situations, can cause
negative concentrations. To help alleviate the issue of negative
concentrations owing to cross dispersion in MT3D-USGS, a
new option was added to MT3DMS that enables the user to
omit cross-dispersion terms from the formulation. A keyword
NOCROSS was implemented in the DSP package to accom-
modate this option. When invoked, the NOCROSS option
sets the cross dispersion terms Dy, Dy,, Dy, Dy,, D, and D,
to zero. For most simulations, users should retain the cross-
dispersion terms because they typically improve accuracy. For
complex problems resulting in negative concentrations, the
NOCROSS option provides a way to determine the cause of
the negative concentrations.

Source-Sink Mixing (SSM) Package

MT3D-USGS contains a new capability for specifying
a prescribed concentration boundary to the top-most active
layer. This option is related to and based on the recharge
option of MODFLOW, in which a user may choose to apply
recharge to the highest active model cell. When the Recharge
Package (RCH) is used with MODFLOW, the FTL file will
contain an array of integers indicating the layer to which the
recharge is applied (referred to as the IRCH array), followed
by an array of the corresponding recharge rates (RECH).
Next, MT3D-USGS uses the layer information recorded in
the FTL file to guide where (which layer, row, and column)
the prescribed concentration boundary is applied. To invoke
the option that assigns a user-specified concentration to the
top-most active cells where areal recharge occurs, ensure that
0 (zero) is specified as the layer number in the SSM input file;
the prescribed concentration boundary will then be assigned
to the appropriate layer to which the recharge flux is applied.
This capability is useful when a prescribed concentration
boundary is to be defined at the water table but the layer in
which the water table resides is not known prior to running the
flow model.
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Reaction (RCT) Package

In some modeling applications, successful simulation of
solute transport may not be possible if chemical reactions are
not adequately represented. Historically, MT3D has provided
a number of solute reaction capabilities, including (1) equi-
librium-controlled linear and nonlinear sorption (for example,
linear, Freundlich, and Langmuir isotherms), (2) nonequilib-
rium sorption (that is, the local equilibrium approximation
is not valid), and (3) radioactive decay and biodegradation.
Where chemical reactions including inter-species reactions,
or geochemically and (or) biologically driven processes
occur that could not be adequately simulated by base MT3D
capabilities, other codes were developed [for example, RT3D
(Clement, 1997), PHT3D (Prommer and others, 2003) and
SEAM3D (Waddill and Widdowson, 1998)].

MT3D-USGS features several new RCT Package options.
These include

1. Instantaneous reactions between one electron donor
and one electron acceptor,

2. Monod kinetics,
3. Sequential first-order reactions,

4. Kinetic reaction between multiple electron donors and
acceptors, and

5. Separate specification of the solid-aqueous phase parti-
tioning coefficient in mobile and immobile domains.

Although these capabilities offer some overlap with other
MT3D-based codes such as RT3D and SEAM3D, it has been
beneficial to integrate these capabilities into the MT3D-USGS
code that supports recent releases of MODFLOW, including
the Newton-Raphson [MODFLOW-NWT; Niswonger and oth-
ers, (2011)] formulation and other updates.

Instantaneous Inter-Species Reactions

The instantaneous reaction option simulates the consump-
tion of one species through the interaction with another spe-
cies and the potential formation of a third species as a result.
This can be used, for example, to simulate the consumption of
an electron donor (ED) by an electron acceptor (EA) and the
potential formation of a daughter product. A common example
of this type of reaction is the injection of ethanol (the electron
donor) to produce conditions within the subsurface that will
reduce chromium present in its toxic hexavalent form [Cr(VI):
the electron acceptor] to its less toxic trivalent form [Cr(III)].
This new reaction option does not simulate the transport and
fate of the species formed from the reaction—in this case,
Cr(III).

Full input instructions to implement this reaction option are
provided with the program distribution files. In general terms,
the new input required from the user to implement the instan-
taneous inter-species reaction functionality is a mass fraction
F, that is a ratio at which the EA will consume the ED (that is,
the stoichiometric relation between the two simulated species).

This reaction option is implemented, assuming that the
reaction is instantaneous; kinetic processes are not accounted
for. Furthermore, this option uses a simple mass balance
approach to instantaneously deplete the mass of an ED on the
basis of the mass of an EA and the mass ratio between them.
Inter-species reactions are solved using the operator-split (OS)
numerical scheme (Clement, 1997; Yeh and Tripathi, 1989) at
the end of each transport step before budget calculations are
made.

EA and ED mass depleted from the system is reported in
the mass balance summary in the standard output file as a new
term called “EA-ED REACTION:”. Because the reactions are
only expected to deplete mass, the new term associated with
the EA-ED reactions in the global mass balance summary is
expected only to appear as a sink.

Monod Kinetics

Monod (1949) presents a general kinetic expression for
describing biodegradation of a particular constituent as

¢ 29
H= oy
K+C (29)
where
u  is the specific growth rate of the in-situ microbial
population (1/T),
Umar 18 the maximum specific growth rate (1/T),

C s the concentration of the constituent affected by
microbial activity (M/L?), and

K, is aconstant, described by Alexander (1994),
called the half-saturation constant, and is equal
to the constituent concentration (M/L?) at which
the microbial growth rate is half of u,,,, (Zheng
and Bennett, 2002).
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When K; is much larger or much smaller than the con-
stituent concentration in the aquifer, equation 29 approaches
either a first-order or zero-order reaction. For example, where
K >>C, equation 29 can be simplified to

B C
H= W =

X (30)

and is equal to the first-order irreversible kinetic reaction term
40C appearing on the right-hand side of equation 1, where

)“ — ILtmaX 31
1 _Ks (1)
Alternatively, if K,<<C, then equation 29 becomes a zero-
order kinetic reaction that is described by
W= Max (32)

Equipped with these relations and simplifying equation 1
by considering only the dissolved phase for first-order kinetic
reactions and replacing the advection, dispersion, and fluid
source/sink terms with L(C), we are left with

oC

a7 =L(C)—AC (33)

Replacing the second term, AC, with the Monod growth func-
tion (equation 29) that describes the decrease of an organic
compound by microbial consumption (Rifai and others, 2000)
gives

oC _

E (C) _Mict/umax

C
K+C 34
where Mic, is the total microbial concentration (M/L?). It is
important to note that the microbial concentration depends on
many chemical and biological considerations and is there-
fore difficult to estimate. The total microbial concentration is
assumed constant in this implementation. Nevertheless, Mic,,
Umax, and K require specification by the user and need to be
carefully considered during model calibration procedures.
Finally, the Monod kinetics are available only for dissolved-
phase organic compounds and do not consider sorbed concen-
trations, though reduction in dissolved concentrations result-
ing from microbial remediation may lead to desorption and a
consequent rebound of concentration.

First-Order Parent-Daughter Chain Reactions

MT3D-USGS gives users the option of simulating first-
order parent-daughter reactions. Using the same L(C) place
holder for advective, dispersive, and fluid source/sink terms
as described above, the first-order chain decay reactions (with
species denoted by superscripts 1 through k) are described by,

aC] 1 1,1
e - 35
- LCH-iC (35)
2
o L)-PCHICT o)
k
a_C = L(ck) —/1"C"+ kal/kik_lck_l (37)

ot

where A* specifies the first-order reaction coefficient for spe-
cies k and Y,_,, sets the yield coefficient between species k—1
and k. Yield coefficients are based on stoichiometric relations
between the species for which relations are specified.

Kinetic Reaction Between Multiple Electron
Donors and Acceptors

In addition to simulating the instantaneous reaction
between two species, MT3D-USGS can simulate kinetic reac-
tions between multiple EDs and multiple EAs. This capabil-
ity uses a Monod-type formulation with inhibition after Lu
and others (1999) and was developed under contract to the
U.S. Environmental Protection Agency (EPA) with particular
emphasis on the simulation of the degradation of gasoline
compounds following their release from underground storage
tanks (USTs). The simulation of such releases requires simula-
tion of the reactive transport of hydrocarbons, oxygenates, and
other fuel components that have entered the groundwater sys-
tem, together with the role that multiple EAs play in the degra-
dation of those compounds. The development of this simula-
tion capability is therefore described in the context of the
transport and fate of gasoline releases. However, though this
capability was developed with emphasis on gasoline releases,
the resulting code implements the following processes that are
applicable to many transport applications:

1. Sequential Chain decay,
2. Inhibition, and

3. Stoichiometry.
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Fuel releases containing benzene, toluene, ethylbenzene,
and xylenes (BTEX) or ethanol, methyl-tertiary-butyl-ether
(MTBE) and other fuel oxygenates are a common source of
contamination. Assessment of the fate and transport of these
chemicals can require simulation of the transport of light
non-aqueous phase liquids (LNAPLs), followed by their dis-
solution and transport in groundwater. Several models have
been developed to assess the fate and transport of contamina-
tion from fuel leaks. A Monod-type formulation was used by
Lu and others (1999) to describe the degradation of a single
BTEX compound in groundwater in the presence of multiple
electron acceptors that inhibit the ability of each other to
degrade the contaminant plume. The method described by Lu
and others (1999), which considers degradation of BTEX via
aerobic respiration, de-nitrification, iron reduction, sulfate
reduction, and methanogenesis, was programmed into RT3D
(Clement, 1997). The RT3D implementation considers the
degradation of a single species, although RT3D enables users
to develop additional and more sophisticated reaction pack-
ages. Lu and others (1999) demonstrate their method using
data collected at Hill Air Force Base, Utah, and illustrate that
selection of certain values for the half-saturation and inhibition
parameters can enable the method to simulate zero- to first-
order dependence of the reaction with respect to the electron
acceptor.

Multi-Component Reactive Transport in Groundwater

This section describes the development of the governing
equations for multi-component reactive transport in groundwa-
ter in the presence of multiple electron acceptors by consider-
ing a system with two electron donors, ED1 and ED2, and
five electron acceptors—oxygen (aerobic respiration), nitrate
(denitrification), iron (iron reduction), sulfate (sulfate reduc-
tion), and organic carbon (methanogenesis). The model pre-
sented by Lu and others (1999) provides the starting point for
this development. The development of the equations consists

of the following sections:

1. Stoichiometry of gasoline component degradation by
multiple electron acceptors;

2. Statements of mass conservation (mass transport equa-
tions);

3. Reaction rates for the electron donors, ED1 and ED2;

4. Reaction rates for electron donor utilization by sequen-

tial electron acceptors and transformation to methane,
including effects of inhibition; and

5. Generalized form of equations relating electron donor
degradation and electron acceptor consumption (or deg-
radation product formation).

Stoichiometry of Gasoline Component Biodegradation by
Multiple Electron Acceptors

The stoichiometry of the degradation reactions associated
with various gasoline components coupled to specific electron
acceptors follow the treatment presented by Lu and others
(1999, Egs 7-11). The chemical reactions that accompany
benzene (C4H,) degradation are described in the following
example.

During aerobic respiration, oxygen (O) is consumed and
carbon dioxide (CO,) is produced:

C¢Hs + 7.50, — 6CO, + 3H,O (3%)
In addition, denitrification concurrently consumes nitrate
(NO;) and produces nitrogen gas (N,):
CsHg + 6NO; + 6H" — 6CO, + 6H,0 + 3N, 39

Solid oxide/hydroxide phase ferric iron [Fe’* or Fe(IIl)] is
reduced to dissolved ferrous iron (Fe*"):

CsHg + 30Fe(OH); + 60H" — 6CO, + 78H,0 + 30Fe™"  (40)

Sulfate (SO;") is consumed, resulting in the production of
hydrogen sulfide (H,S):

C¢Hg +3.7580; + 7.5H" — 6CO, + 3H,O + 3.75H,S  (41)

Carbon dioxide and methane (CH,) are produced during
methanogenesis:
CsHs + 4.5H,0 — 2.25CO, + 3.75CH, (42)

The statement of these reactions is significant with respect
to model parameterization because their stoichiometry fixes
the values of the yield coefficients for each combination of
electron donor and electron acceptor. Stoichiometric coef-
ficients for other electron donors can be developed similarly.
Similar equations can be developed for other electron accep-
tor processes like manganese reduction of Mn(IV) to Mn(II)

or for the degradation of a another ED concurrently being
depleted by available EAs.
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Mass Transport Equations

The following equations are derived by Lu and others (1999, Eqs 1-6), with equations 43 and 44 accounting for ED1 and
ED2:

Rep, 6[%? 1 aixi (Df G[STI?IU - a% (v[ED1])+ % [ED1] +rep (43)
. a[%?z] = % (D,j %M} - % (v.[ED2])+ % [ED2] +reps (44)
i j i

where rgp is the is the total reaction (destruction) rate of ED via all aerobic and anaerobic degradation pathways. Equations 45
and 46 account for oxygen and nitrate, respectively.

Roz a[(;);] - ai-xl [l)y dai.?(;]] - aix, (Vi [02]) + % [02]s+ rED1,02+ rED2,02 (45)
RNO3 6[12?3] = 8ix, (l)ij 8[1;—):])3]) - aix, (Vi [NOg]) + q_é [NO;]S‘*' V'ED1,NO; +r ED2,NO; (46)

For ferrous iron, Lu and others (1999, Eqn 4) present terms that consider both the ferrous iron (Fe?*) and ferric iron (Fe*"):

Fe]_ o ( a[Fea]j_ 0 (e 9 [t 3
Ry o o, D; —axj ox, (vi[Fe ])+ 7] [Fe ]s-l- FBTEX Fe (47)

The electron acceptor in this case is ferric iron [Fe** or Fe(III)] in the solid (immobile) phase. Lu and others (1999) suggest
that ferric iron (Fe**) concentrations cannot be measured in the field and chose to simulate the assimilative capacity for iron
reduction in terms of the maximum expressible ferrous iron (Fe?*) concentration by tracking the soluble product Fe?* (Lu and
others, 1999, Eq 17):

(Fe**) = (Fe? ) — (Fe*) (48)

In other words, the assimilative capacity owing to iron reduction is treated as a property of the groundwater, whereas it is
actually a property of the aquifer matrix. In certain scenarios, this could lead to over-prediction of gasoline degradation resulting
from iron reduction because the iron depleted zone would be transported away from the source area as groundwater flows past
the spill. In reality, the iron depleted zone would grow downgradient from the source area because solid phase ferric iron would
not be replenished once depleted.

In MT3D-USGS, an alternative approach was chosen. The assimilative capacity resulting from iron reduction in the aquifer
at any location at a given time is represented by Fe(IIl) and is a stationary property of the aquifer matrix, whereas the expressed
assimilative capacity resulting from iron reduction in groundwater is transported with groundwater and is represented by Fe(II).
When oxygen and nitrate have been depleted, Fe(IIl) is transformed to Fe(II) by reaction with dissolved gasoline components
until either the gasoline or Fe(IIl) are depleted. Although the iron-coupled reaction is correctly interpreted as being between the
electron donor and Fe(IIl), the appropriate form of the transport equation for the Fe*” produced from two electron donors is

2+ 2+
R0 (p D (e @
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and for sulfate is

SO,

ot axi 8x,

i

olsozl o 0[SO 0 E s K
u:_(aj [ 4 ]j—— (w[SOi ])‘f‘%[soi ];" Tip1,50, T ¥ED2,50,

(50)

Similar to ferrous iron, methane is produced as a result of the degradation of gasoline, thus

R M:i@/ﬁ[cﬂ;]]_ 8

M ot ox; ox;

Reaction Rates for the Electron Donors ED1 and ED?2

Ox; (Vi [CH, ]) - % [CH 7o it Fevacn,

(1)

After Lu and others (1999, Eq 19), the combined (or total) reaction rate for each electron donor is represented as the sum
of the reaction rates determined with respect to each electron acceptor. Thus, for the two electron donors ED1 and ED2, this

equates to

Tep1 = ep1,0, T Vep1No; T TEDLFe T 7ED1SO, T 7EDICH,

Vep2 = V2,0, +r ED2,NO; + Fepope T 7 ED2,S0, + 7 ED2,CH,

Here, rprexre2+ 18 replaced with rgp; r. and rgp, . to be
consistent with the developments presented above. The actual
reaction rates for each ED with respect to each EA are a func-
tion of several elements, which are described in section “Reac-
tion Rates for ED Utilization by Sequential EAs.”

Reaction Rates for ED Utilization by Sequential EAs

Reaction rates are cast in terms of the variables listed

below.

1. Yield coefficients (Yg,): these are determined from the
reaction stoichiometry and are calculated as the concen-
tration of EA degraded per unit concentration of ED for
each ED—EA reaction. See equation 69.

2. Half saturation constants (Kgs pp): the half saturation
constant of the EA represents the growth-limiting sub-
strate concentration that allows microorganisms to react
with the ED at one-half its maximum growth rate.

3. Inhibition constants (K;gs): the inhibition term repre-
sents the concept that the availability of any electron
acceptor may inhibit the use of other electron acceptors
that provide less Gibbs free energy. Consistent with the
equations presented above, the thermodynamic order
for the electron accepting redox reactions is gener-
ally (1) aerobic respiration, (2) denitrification, (3) iron
reduction, (4) sulfate reduction, and (5) methanogenic
fermentation (Alvarez and Illman, 2006; Schlesinger,
1997), although redox zones may overlap.

(52)

(53)

Considering the biodegradation of two electron donor spe-
cies, EDI and ED2, the following can be derived, following the
presentation of Lu and others (1999, equations 12—16):

[O.]

"ep1.0, ™ _kozﬂDl[EDl]KO o1 +10,] (54)
(0)
Tep0,~ _kOZED2 [EDZ] Ko 51[32 j-] [0,] (55)

) [NO;] Kio,
oo~ "o EDI e 15 (56

[NO)| Ko,

=—fk ED2
TED2NO; NOs,EDZ[ ]X Kxompat [NO3_ ] Ki,02+ [02

(57
]
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[Fe(IID) Ko, Kino,
x x = (58)
Keeppi ™ [Fe(IH)] Ki,02+ [Oz] Ki,NO3+ [NO3]

epiFe = —Kre DI [ED 1] X

- Fe(III)| Kio Kino
— oo ED2| T T
Fepn e = hreeon] ]XKFQED2+ [Fe(III) XK,.,O; [OQ]XK,-,N@+ INO;]

(39)

where kg, zp is the first order degradation (or decay) rate constant for an ED using an EA, and rgp, 4 is the reaction rate for an
electron donor relative to a given electron acceptor.

For sulfate (SO,), Lu and others (1999) cast nitrate inhibition in terms of NO,. Results of our review indicate that the expres-
sion for the reaction rate be cast in terms of nitrate concentration, that is,

, _ [EDI]x [S y ] o K, o Ko, y Ky, 60)
ED1,50, SO, EDI Koo, oo + [Soi'] Ko, + [Oz] Kixo, + I:NO;] K+ [Fe(IH)]
SO; K, K, K
Tep2so, = _kSO4,ED2 [ED2]x [ - :I © s = (61)

X X X
Koo, 00 +[ SO | Kio, +[0.] Ko, +[NO; | Ky, +[Fe(lID)]

1,

With regard to methane, the expression for the reaction rate for methanogenesis in Lu and others (1999, Eq 16) is cast in
terms of CO, rather than methane. The equation is

[Coz] % Ki,Oz « Ki,NO§ % Ki,Fe“ % Ki,soz
Koy, +[CO,| Kio,#[05] Kinos+[NO3| Kiport+[Fe™] Kiso, +[SO;] (62

TBTEX Me _kMe[BTEX] x

where 737y . 18 the reaction rate via methanogenesis and K. is the decay constant resulting from methanogenesis. Equation 62
indicates that the concentration of carbon dioxide (CO,) cannot be routinely measured as described by Lu and others (1999)
(although it can in principle be determined from alkalinity and pH) and can only be inferred from the expressed and maximum
(max) expressible methane concentration:

[CO,] = [CH, 1] — [CH,] (63)

This depicts carbon dioxide as acting as the electron acceptor in the biodegradation of BTEX under methanogenic conditions.
However, this is not consistent with current models of hydrocarbon degradation. Currently, methanogenesis is considered a two-
step fermentation process. In the first reaction, hydrocarbon fermentation to organic acid [for example, acetic acid (CH;COOH)]
is considered

C¢H, + 6 H,0 — 3 CH,COOH + 3 H, (64)
followed by acetoclastic fermentation,
CH,COOH — CO, + CH, (65)
In the first fermentation step there is no electron acceptor, and the process is redox neutral. The products of the reaction are
hydrogen gas (H,) and acetic acid. Acetoclastic fermentation refers to the process of bacteria utilizing acetic acid to produce
methane under anaerobic conditions. As with the first fermentation reaction, no electron acceptor is involved. The first fermen-

tation is generally considered to be the rate-limiting step. Hydrogen gas produced in the first step reacts rapidly with carbon
dioxide produced in the second step; therefore, hydrogen gas is a pool that gets turned over quickly. Carbon dioxide is produced
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in excess of its consumption and is never limiting (Wiedemeier and others, 1999). Methanogenesis is therefore represented in
MT3D-USGS as a reaction with a Monod-like zero-order to first-order dependence on electron donor concentration. The metha-
nogenic degradation rates for ED1 and ED2 are therefore

CO,] K, K, K. K.
— _k EDl [ 2 1,0» 1,NO3 i,Fe 1,504
VEDI1,CH, EDI,CH, [ ]X Kooy et [COZ] ><Ki’02+ [02] XK,-’NO;L [NO;] XKi,Fe+ [Fe:”] ><Ki’804+ [ 3 04,] (66)
and

Fepo.cn = “Kepo.cn, [EDZ] x [COZ] x Rio Kino, Kire Kiso, (67)

X —= X FuRT =
KEDZ,CH4+[COZ] Ki,02+ [Oz] Ki,NO3+ [NO3] Kipct [Fe ] Ki,SO4+[SO4]

Generalized Form of Equations Relating ED Degradation and EA Consumption

As demonstrated above, the approach described by Lu and others (1999) for a single electron donor can be expanded and
generalized to consider the (bio-)degradation of multiple electron donors. First presented is a general form from Lu and others
(1999, equation 19), which describes the rate of change in concentration of the electron donor, it is denoted here as ED,

OED 1 ez EA, Kig,,
— = X Z— K4, x ! (68)
ot RED n=1 KEA,, + EAn KiEA,,,] + EAn—l

where

ED is the concentration of the electron donor (M/L?),

EA is the concentration electron acceptor (M/L3),

NEy is the total number of electron acceptors,

Rep is the retardation rate of the ED,

kg4, is the first order decay rate of the £D consuming EA4,,
is the inhibition constant for £4,, and
Kgy, is the half saturation constant for £4,,.

The exclamation mark indicates that terms in the preceding parentheses are a series: that is, the inhibition terms are calculated
for each and every EA in the decay series, in sequence.

As described by Lu and others (1999), small values of inhibition constants would simulate pure sequential process, whereas
setting inhibition constants to a very large value as compared to the maximum concentration of the EA species would make the
inhibition function 1, thus simulating simultaneous use of EAs.

Next, a general form modified from Lu and others (1999, Eqns 20-24) is presented, which describes the rate of change in
concentration of the electron acceptor, denoted here as EA4:

EA 1 EA Kig,, ,
4, _ Yy, < EDX X kg, — |x EA ! (69)
Req "\Key+EA,) \Kig,, +EA,

where Yz, is the yield coefficient for £4, through destruction of that ED. As with equation 68, the exclamation mark indicates
that terms in the preceding parentheses are a series. That is, inhibition terms are calculated for each and every higher-level elec-
tron acceptor in the decay series, in sequence.
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Inspection of equations 68 and 69 indicates that most terms
on the right hand side of each equation are equivalent. The
only difference between equations 68 and 69 is that when
calculating the change in the concentration of the electron
acceptor (equation 69), the terms common to equation 68 are
pre-multiplied by the quantity (Yg,, X ED), the yield coef-
ficient multiplied by the concentration of the electron donor.
As implemented in MT3D-USGS, this is actually 0ED/0¢, the
change of the electron donor’s concentration over the cor-
responding transport step. Developers will notice from the
MT3D-USGS that the common base of equations 68 and 69
forms the basis of the implementation of the kinetic reaction
between multiple electron donors and acceptors.

Finally, in practical field problems involving the transport
and fate of gasoline contaminants, degradation of a higher-
order ED can, on some occasions, lead to the production of a
lower-order ED: for example, the degradation of MTBE can
produce tert-butyl alcohol (TBA). When simulating the (bio-)
degradation of multiple EDs, MT3D-USGS can simulate this
production of lower-order EDs (that is, daughters): the user
accomplishes this by specifying a yield coefficient to produce
the appropriate quantity of the lower-order ED through degra-
dation of the higher-order ED.

Additional Considerations

The user needs to be aware of the following considerations
when using the new multi-species simulation capability. First,
it is not practical to directly measure the assimilative capacity
owing to Fe** in the field because it resides initially within the
solid aquifer matrix. Lu and others (1999) use the maximum
expressed field capacity based on observed dissolved Fe?* con-
centrations, assuming this is representative of the (finite) res-
ervoir of available Fe** that is converted to dissolved Fe** that
can accumulate in groundwater up to the maximum observed
concentration. In a similar manner, it is difficult to estimate or
measure the assimilative capacity owing to methanogenesis.
Lu and others (1999) use a maximum expressed field capacity
based on observed concentrations of methane in groundwater.
For comparability with RT3D and the work of Lu and others
(1999), MT3D-USGS offers alternate options for iron and
methane, depending on the preference of the user. In either
instance, iron and methane are treated as special components,
with different options for the other EAs. In both cases, use of
the option “MAXEC” (see input instructions provided with
the program for further details) will mimic the formulation
presented by Lu and others (1999), using a maximum express-
ible concentration. As such, for equivalent inputs, as described
by Lu and others (1999), and provided with RT3D, equiva-
lent results will be obtained for a single electron donor using
MT3D-USGS (see section “Benchmark Problems and Appli-
cation Examples” for this comparison).

With regard to iron, an alternate formulation is provided
using the option “SOLID”: when the user selects this option,
an additional species is used to represent solid-phase iron
(Fe*") (this additional species must be indicated in the BTN

Package input file by adding 1 to MCOMP). With this option,
Fe* is explicitly simulated as an immobile (that is, solid
phase) reservoir, incorporating calculations to transfer mass
from this reservoir to dissolved Fe*" by dissimilatory iron
reduction as a terminal electron accepting process (TEAP)
until the Fe** is depleted, at which point the TEAP can no
longer occur. The initial concentration specified for this spe-
cies represents the initial solid-phase (immobile) concentra-
tion of iron as Fe** that is present in each model cell at the
commencement of the simulation. As Fe?* is generated, this
reservoir of Fe** is reduced (that is, consumed). This formula-
tion enables the user to simulate a formation-specific, spa-
tially varying reservoir of Fe** such as might be encountered
within a layered sequence of sands and clays, for example.
As presently implemented within MT3D-USGS, the Fe**

is transported with the groundwater, whereas the Fe*" is an
immobile property of the aquifer matrix. The Fe** can only be
consumed; it cannot be replenished as might occur in some
circumstances where Fe*" oxidizes to form Fe**, for example,
where water with high dissolved concentrations of Fe** may
migrate into areas of low Fe*" concentration such as at the
leading edge of a migrating plume that is reaching steady
state. Note also that this iron reaction is composed of iron and
manganese, though it is usually dominated by iron. If the user
wishes to sum the concentrations of iron and manganese, the
reaction coefficients for the combined species would need to
be calculated accordingly.

With regard to methane, on some occasions the potential
for generation of methane gas is of particular interest, such as
in proximity to gasoline releases, particularly those contain-
ing large percentages of ethanol. Selection by the user of the
option “STORE” will prompt MT3D-USGS to record within
a two-dimensional array the accumulation of methane that
exceeded the maximum expressible capacity (usually the solu-
bility) within groundwater. The formulation that is used when
“STORE” is selected is equivalent to the formulation used
when “MAXEC” is selected. As such, the dissolved concentra-
tions of methane calculated will be equivalent. However, an
additional output file records the accumulated excess meth-
ane that has “degassed.” Methane produced by fermentation
will accumulate in groundwater in a manner similar to that
used by Lu and others (1999) until an upper limit in concen-
tration, typically corresponding to its aqueous solubility, is
reached. Methane production via fermentation can continue as
long as substrate is available: any mass in excess of solubil-
ity that is degassed is stored by MT3D-USGS. As presently
implemented within MT3D-USGS, the mass stored in this
file cannot be interpreted in a sensible manner as a soil-gas
concentration of methane: it simply represents a spatially
varying, relative, abundance of excess methane generated
through the degradation of the electron donors that might,
under certain field conditions, be available to migrate into
soil vapor as gaseous phase methane. The degassed methane
is not considered to be mobile and does not move with the
groundwater. In contrast, the dissolved methane is mobile, and
as such, groundwater with low methane concentrations may
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enter a row-column location at which methane was previously
produced that exceeded the expressed capacity. In MT3D-
USGS this reaction is not reversible: the methane cannot dis-
solve back into the groundwater. This simplification is not too
limiting for the original application for which this capability
was developed, that is, the simulation of leaking underground
storage tanks (LUSTs) and their effects on the water table,
and the representation of areas of relative concern for meth-
ane production in soil vapor. In that case, methane production
would most likely occur at or close to the water table where
movement into soil vapor and exposure to vapors is a concern.
In this case, the representation in MT3D-USGS is probably
reasonable. However, this simplification would become more
limiting at much greater depths below the water table.

Implementation of Multi-Component Reactive Transport
in MT3D-USGS

RT3D (Clement, 1997) was expanded by implementing
the equations described by Lu and others (1999), in which
reaction terms are calculated following the calculation of all
other terms and solved using an ordinary differential equa-
tion (ODE) solver that is separate and distinct from the GCG
solver. In doing so, RT3D does not manipulate the left hand
side matrix (A) or the right hand side vector (RHS): rather,
RT3D manipulates arrays that store the old (COLD) and new
(CNEW) concentrations, respectively. The separate ODE
solver promotes solution stability for the non-linear reactive
transport equations but requires that the simulation code be
compiled together with a separate ODE solver, giving rise
to additional maintenance and possible future compatibility
concerns.

In MT3D-USGS, these new developments are implemented
within the more familiar structure of MT3D program flow
(albeit with updated coding techniques) without a separate
solver. In doing so, it is assumed that the EDs decay con-
currently and that the EAs are consumed sequentially. The
standard calculation loop of MT3D-USGS, which executes
sequentially for each active species, is retained and the reac-
tion terms are solved with all other terms using the standard
GCG solver. Results from several example applications
indicate that when concentrations are relatively high and the
transport step is relatively small, this approach is both stable
and accurate. When concentrations are relatively low and the
transport step is relatively large, however, this approach can
lead to instability at solution points where the concentration of
any species becomes negative. If the simulated concentration
of any species participating in the simulated reactions becomes
negative, a correction is made during the budget calculations
that “zeros-out” negative concentrations to avoid the creation
of erroneous concentrations. Since this condition occurs only
at very low concentrations, mass balance errors resulting from
this correction to ED/EA chain reactions are expected to be
small and limited to the model cells in which the concentra-
tions become negative. Moreover, this type of error is further
limited to the transport time-step in which the concentration

turned negative and will not affect concentrations in subse-
quent time steps (that is, it does not accumulate). It is noted
that the explicit TVD advection solution scheme [in fact the
standard finite difference (FD) method in its entirety for solv-
ing the advective-dispersive-reactive transport equations] is
not unconditionally non-negative.

Program Structure and Solution of Equations

MT3D-USGS formulates the transport equations using
the standard left-hand-side (4) and right-hand-side (RHS)
matrices. Updates to these matrices with terms corresponding
to the reactions occur in the MT3D-USGS within the subrou-
tine RCT1FM, where FM indicates formulation of the matrix
terms.

Inspection of equations 68 and 69 reveals that implementa-
tion of the desired reactions requires a subroutine that calcu-
lates the following common element that forms the kernel of
the calculations:

EA,
Ky, + EA,

Kig, |
! (70)
KiEA,,fl + EAn*l

EA,

The second parenthetical term is a series that is imple-
mented for each n—1 preceding electron acceptors. Consistent
with the MT3DMS program structure, the developments
described here are implemented in the RCT1FM subroutine
within MT3D-USGS. This is accomplished by (1) develop-
ing a separate subroutine “reaction_sub” that implements the
equations in their general form as described above and (2) the
addition of a code within the subroutine RCT1FM that calls
the reactive transport subroutine to perform the calculations
and updates the A and RHS matrices accordingly.

Separate Specification of Solid and Aqueous
Phase Partitioning Coefficient in Mobile and
Immobile Domains

MT3D-USGS provides a reaction package option to simu-
late a dual domain system with adsorption in both the mobile
and immobile domains. The option is made available by set-
ting ISOTHM in the RCT Package to 6. When dual-domain
adsorption is simulated with MT3DMS, the same partition-
ing (distribution) coefficient is used for both the mobile
and immobile domains. A cell-by-cell spatially distributed
partitioning coefficient, K, potentially can be entered, but
it is implicitly assumed that the mobile partitioning coeffi-
cient, K , is equal to the coefficient that describes the solute
partitioning with immobile K;, . A new option was added to
MT3D-USGS that removes this restriction. In settings that
require different partitioning coefficients for the mobile and
immobile domains, users can now set the ISOTHM flag to
-6, thereby allowing users to specify K; on a cell-by-cell
basis, similar to the way K; would be entered in MT3DMS.
Instructions on how to set K;, can be found in the model input
instructions.



Modifications to the Existing MT3DMS Program and Packages 25

Hydrocarbon Spill Source (HSS) Package

Although MT3D simulates the movement of dissolved sol-
utes in groundwater, in the case of groundwater contamination
studies, the source of these solutes is often a multi-component
non-aqueous phase liquid (NAPL). For water-table aquifers,
the source of the NAPL is often a fuel spill, such as one that
arises from LUSTs. These spills often result in a NAPL that is
lighter than water (LNAPL). The HSS Package was developed
to link capabilities of the EPA Hydrocarbon Spill Screen-
ing Model (HSSM) (Charbeneau and others, 1995; Weaver
and others, 1994) to Version 5 of MT3DMS. The HSSM is
a screening-level simulation program designed to calculate
the movement of LNAPL vertically through the vadose zone,
the formation of an LNAPL lens upon and beneath the water
table, and dissolution and migration of soluble components of
the LNAPL within the underlying groundwater. The HSSM
program simulates dissolved-phase transport using an analyti-
cal solution to the advection-dispersion equation. The EPA
sought to integrate the vadose-zone simulation capabilities
of the HSSM with the more sophisticated finite-difference
dissolved-phase transport capabilities of MT3DMS. As part
of that project, the MT3DMS HSS Package was specifi-
cally developed to enable a modeler to define an arbitrary
mass-loading time series over a defined area that is read and
directly input to the MT3D source term matrix: when executed
together with a dynamic linked library (DLL) version of the
vadose zone transport components of HSSM, the source of
this mass-loading time series is the HSSM program, which
meets the requirements of the EPA project. However, the HSS
Package was developed in a general manner so that the source
of the mass-loading time series can be defined using any
number of simulators either linked with MT3D or executed
prior to an MT3D simulation. Through the HSS Package, the
effect of one or more user-defined, time-varying mass-loading
sources can thus be directly incorporated into MT3D-USGS
simulations.

Detailed documentation of the HSS Package developed
under EPA Contract #RFQ-RT-03-00390-0 was provided via
an addendum to the MT3DMS version 5.3 manual (Zheng,
2010). The following subsections summarize the original HSS
Package capabilities and subsequent enhancements to those
capabilities that are incorporated within MT3D-USGS.

HSS Package Summary

This summary describes the input requirements for a user
of MT3D-USGS for incorporating the capabilities of the HSS
Package in a simulation, assuming that the mass-loading time
series is readily available to the user and is not obtained via
a linkage with MT3D-USGS program. Readers interested in
executing MT3D-USGS with the HSS Package using a simu-
lator that is linked to the MT3D-USGS program code directly
can refer to Zheng and others (2008) for reference on how this
can be accomplished. Example simulations executed using the

HSS Package are not provided herein but are detailed in Zheng
and others (2008).

In the original HSS Package (Zheng and others, 2008),
each HSS source is assumed to be circular so that its location
and size can be described by center coordinates and a (pos-
sibly time-varying) radius. The finite difference cells used by
MODFLOW and MT3D-USGS are rectangular. The center of
each HSS source is assumed to be at the center of the finite
difference cell in which it is located. If the source circle of
the HSS Package does not cross a cell boundary, the full HSS
source remains within a single cell, and the full mass load-
ing rate is applied to that single cell. If the source circle of
the HSS Package crosses one or more cell boundaries, mass
must be allocated among these cells in a mass-conserved and
numerically continuous manner. To accomplish this, area
weighting is used: when the radius of an HSS source is greater
than the half-width of the cell in either direction, the new
cell(s) becomes the active HSS source cell, and an allocation
algorithm discretizes the perimeter of the HSS source as a
polyline, computes the area of overlap of the HSS source with
each intercepted finite-difference cell, and applies an area-
weighted flux for each cell on the basis of overlap area. The
default number of discrete points (NPOINT=51) and sub-grid
rows and columns (NSUBGRID=25) used in this procedure
can be modified in the subroutine HSS1AR. Large values lead
to more accurate results in computing overlap areas at the
expense of longer computational times. Numerical “spread-
ing” of simulated groundwater solutes, similar in appearance
but not mechanism to numerical dispersion, can result from
specifying finite-difference cells that are significantly larger
than the HSS source radius: the HSS source radius and cell
dimensions need to be evaluated to mitigate this possible
spreading behavior.

Since the release of the first version of the HSS Package,
described in Zheng and others (2008), the following enhance-
ment was made within the HSS Package provided with
MT3D-USGS. Each HSS source can now be defined using the
circle, as was previously available, or using either a regular or
irregular polygon. A regular polygon is defined by the number
of vertices of the polygon, and the shape of the regular poly-
gon is automatically calculated by MT3D-USGS. To define an
irregular polygon, the user is expected to enter the coordinates
for each polygon vertex. An area-based weighting strategy
allocates mass loading between multiple finite-difference cells
and remains essentially unchanged, with the noted exception
that the algorithm can accommodate these new geometries.

Finite-Difference Equations

The HSS Package is implemented through an implicit
formulation. That is, for each transport step in the aquifer, the
location and (potentially time-varying) rate of dissolved mass
loading from a source into the aquifer is processed by the
HSS Package directly into the MT3D-USGS matrix equations
that account for the contribution to mass fluxes from various
source terms. The mass-loading sources defined by the HSS
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Package are then solved implicitly along with all other source
and sink stresses using the GCG solver (Zheng and Wang,
1999). With the implicit formulation, there is no transport
step-size limitation on the accommodation of different source
strengths. The contribution to the right-hand side vector of
equation 2 from one or more HSS sources can be expressed as
follows:

RHS k= RHS, ;1 — q¢ 1 (71)
where the term g7;; 5, is the mass loading rate of the HSS
sources at time step 7 and model cell (i, j, k) (M/T). The time-
dependent mass loading rates of any HSS source are computed
by the Hydrocarbon Spill Screening Model — KOPT OILENS
(HSSM-KO; Weaver and others, 1994) module and saved in
a “source definition file” (see the description of this file in
Input Instructions for the module). If the mass loading rate is
required at an arbitrary time, ¢, between any two HSSM time
steps (say, ¢, and ¢,), linear interpolation of the mass loading
rates at ¢, and ¢, is performed to obtain the mass loading rate at
time 7.

Implementation in MT3D-USGS

The HSS Package consists of four primary subroutines,
HSS1AL, HSSIRP, HSS1FM, and HSS1BD, where the
integer 1 indicates the new MT3D-USGS version number.
HSS1AL allocates memory space for data and working arrays;
HSS1RP reads input data for the HSS Package and calls
subroutines and functions to determine the area-based weight-
ing. HSS1FM formulates and adds the HSS source term to the
implicit finite-difference equations, and HSS1BD calculates
mass budgets associated with the HSS source term(s).

Simulation Input Requirements and Instructions

Input for the HSS Package is read from a file with “HSS”
as the file type in the file name. The input data are read in
free format. To activate the HSS Package, insert a line in the
MT3D-USGS name file as shown below:

HSS iunit input_file name .

HSS is the keyword for the HSS Package, iunit is the input
unit number for the HSS Package, and input_file name is the
name of an input file for the HSS Package, for example,

HSS 0 testl.hss .

Note that unit number “0” instructs MT3D-USGS to use preset
default unit numbers. Full input instructions for the HSS
Package, including instructions for the format of one or more
source definition files are provided in the input instruction
distributed with MT3D-USGS.

New Transport Packages Developed
for MT3D-USGS

Newly developed transport packages specific to MT3D-
USGS are described in the sections that follow. New transport
packages facilitate solute transport in surface-water networks;
flow solutions are provided by the LAK and SFR2 Packages
available in MODFLOW. The two MT3D-USGS transport
packages for use with MODFLOW’s LAK and SFR2 are the
LKT and SFT Packages, respectively. In addition to simulating
solute transport in surface-water systems, MT3D-USGS simu-
lates unsaturated-zone solute transport using fluxes calculated
by the UZF1 Package. Moreover, MT3D-USGS allows simu-
lation of solute transport accompanying any simulated flow
interaction between the two surface-water packages, LAK
and SFR2, and the UZF1 Package. For example, groundwater
discharge (that is, discharge from springs) and rejected/excess
infiltration can be routed to lakes and streams. Note, however,
that unsaturated-zone transport beneath streams and lakes can-
not be simulated in this first release of MT3D-USGS. The new
Contaminant Treatment System (CTS) Package for simulating
pump-and-treat systems is described first.

Contaminant Treatment System (CTS) Package

A new package referred to as the "Contaminant Treatment
System (CTS) Package" in keeping with the three letter nam-
ing convention commonly used to identify specific MT3D
packages, simulates pump-and-treat groundwater remediation.
In simulating pump-and-treat systems, the quality of injected
water depends upon the quality of the extracted water as well
as the level of treatment. As the simulation moves forward
in time, both will dynamically change; prior knowledge of
injected constituent concentrations in pump-and-treat systems
is lacking and therefore cannot be specified with the required
degree of accuracy before model execution. In other words,
attempts to treat injection well concentrations associated with
pump-and-treat systems as boundary conditions will lead
to erroneous results in certain situations. To deal with this
issue, pump-and-treat systems are meant to be holistically
implemented in the solute transport simulation to avoid rigid
boundary condition restrictions and to ensure mass conserva-
tion. In this way, extraction and injection well concentrations
are internal circulation components of the groundwater system
and are not subject to “best guesses” of what the injected
concentration might be. Pumping-related fluxes required by
the CTS Package are provided by the WEL or MNW2 Pack-
ages in the companion MODFLOW model. Users invoking the
CTS Package need to ensure that the MODFLOW-calculated
pumped volumes entering a CTS system are balanced by the
volumes injected into the aquifer, bearing in mind that a flow
balance error would lead to solute mass balance error.

The CTS module incorporates extraction and injection
flow terms calculated by the groundwater model, as well as



user-specified mixing and treatment, to simulate the remedia-
tion process. A schematic showing the conceptualization of the
CTS module is presented in figure 7.

As shown in figure 7, the CTS Package is capable of
handling water from several extraction wells within a single
treatment system. For flexibility, the CTS Package gives
users the option of adding water from a source outside the
model domain. This provision is useful for large pump-and-
treat systems where some of the wells are located beyond the
model extents. Water from these wells can significantly affect
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the quality of the blended water and are therefore important
to include in the treatment. Total volumetric flow rate enter-
ing the treatment system, Q,,;, is the sum of all the various
sources, including flows from external sources, O, and
simulated extraction wells, X Q,, where n is the number of
simulated extraction wells slalpplying the CTS. Total volumet-
ric flow is calculated using

Qmix = ann + ;1 Qi

(72)
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Figure 7. The conceptual design of an MT3D-USGS Contaminant Treatment System Package.
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The blended concentration (C,,;,) of the CTS is calculated
using

anncgan + ;chl

Cmix - (73)
Qmix

where
C,.ix 1s the blended concentration in the treatment system,

o

C; is the concentration of each extraction well
contributing to the CTS.

w18 the concentration of imported water, and

Users can choose whether treated water leaving the CTS
is injected into the groundwater system through the speci-
fied injection wells or whether it is exported from the model
domain. Three treatment alternatives are provided in the
module: (1) no treatment to the blended water, (2) common
treatment to the blended water, or (3) different treatment
applied to each injection well. In cases where no treatment is
selected, the concentration of the injected water will be equal
to the blended water concentration, C,,;,.

Under treatment options 2 and 3, indicating common treat-
ment to the blended water or well-specific treatment, respec-
tively, the user can further refine how treatment is simulated
using one of the following four refinement options:

1. Specify a percent addition or removal of either the con-
stituent concentration or mass to the treated water,

2. Add or remove a specified concentration (that is, the
specified concentration is deducted from the concen-
tration of the blended water when removing concen-
tration),

3. Add or remove a prescribed mass, and

4. Treat to a specified concentration.

Refinement 1, indicating that a percent removal or addition
of concentration (or mass) is to be applied, employs the fol-
lowing equation to calculate the constituent concentration in
the injected water,

Cs,j = Cmix + (Cmix x Fracadd/rem) (74)
where
C

5; 1 the treated concentration of the water injected to

well j in treatment system s and

Frac,qqpem 1s the percent addition or removal of the
concentration resulting from the treatment.

The sign convention used in this package is to treat a positive
value for Frac as addition and a negative value as removal.
The same equation is used to specify a fraction of mass
removal or addition because the amount of water is the same
in either case.

If the chosen treatment is to add or remove a specified con-
centration (refinement 2), then equation 75 is used to calculate
the constituent concentration in the injected water,

Csj = Cmix + Cadd/rem (75)
where C, ;4. 1S the concentration to be added or removed.
When a specified amount of mass is to be added or removed,
the constituent concentration in the injected water is instead
calculated as

Cg _ (Qmimeix + Madd/rem) (7 6)

W Qm ix

where Mudaren 18 the amount of mass added or removed. If
mass is to be added or removed at different treatment levels
for each of the injection wells under refinement option 3,
equation 76 is modified to

C _ (Qs,jcmbc + M,add/rem)
s,Jj Q ]
S’.]

where M; ,uuen 15 the amount of mass added or removed from
the water injected into well j. Q;; is the volume of water
injected into well j of treatment system s.

Finally, if the selected treatment reaches the specified
concentration (refinement 4), the user can specify the post-
treatment concentration, C,,,., which is injected into well /,

(77

Cs,j = Cspec (78)

Also, users can choose whether refinement option 4 is
applied for the duration of the simulation or, optionally,
provide treatment only when the blended concentration of
the treatment system exceeds a specified “not-to-exceed”
concentration. Although treatment systems usually remove
contaminants, the CTS Package allows for the addition of con-
taminants to the aquifer. In some circumstances, it may be a
necessary option. Built-in error checks ensure that the selected
treatment options do not remove more concentration or mass
than is present in the blended water. If this situation happens,
concentrations are set to zero.

Several independent treatment systems may be imple-
mented in a model. Within each system, extraction and
injection wells, and treatment options and levels, are specified
independently of one another. Further, the number of speci-
fied extraction and injection wells, the treatment alternatives
(for example, no treatment, common treatment to the blended
water), and the refinement options (for example, add/remove a
specified mass, treat to a specified concentration) within each
treatment system can vary by stress period. The CTS module
was designed and implemented with a general framework to
provide maximum flexibility on the basis of project needs.

Maintaining water and constituent mass balance through
the treatment systems at all times is essential. The amount
of mass leaving and entering the groundwater system for all
treatment systems is reported in the global mass balance sum-
mary of the MT3DMS output file. A separate mass balance
summary is also reported for each treatment system. The sum-
mary includes mass terms entering each treatment system from



the extraction wells and external sources associated with that
system, the addition or removal of mass owing to the applied
treatment, and the amount of mass exiting the treatment sys-
tem that is injected into the groundwater system via injection
wells or leaves the model via an external sink. If user-specified
flow rates associated with imported or exported water do not
balance, a flow error term is reported in the output file. A sepa-
rate well-by-well output file is provided.

The main limitation of this module is that the transfer
of water and contaminants through a treatment system is
assumed to be instantaneous. Storage in the treatment system
is ignored. The current version of the module can discharge
treated water into the groundwater only via injection wells
as point discharge but cannot discharge the treated water in a
spatially distributed manner as in the case of irrigation.

Implementation in MT3D-USGS

The CTS Package consists of four primary subroutines,
CTS1AR, CTS1RP, CTS1FM, and CTS1BD, where the
integer 1 indicates the new MT3D-USGS version number.
CTS1AR allocates computer memory for data and working
arrays after reading the user-specified input in the CTS input
file. CTS1RP reads transient input data for the CTS Package.
CTS1FM formulates and adds the CTS source term to the
implicit finite-difference equations by adjusting the contribu-
tions to the coefficient matrix 4 and right-hand side vector
RHS, as follows:

Al =Aijp+ Opy (79)

RHS; ;. = RHS,;; — Opr, Ciy (80)
where Q%7 and Q;T, are the volumetric flow rates of water
injected (+) and extracted (—) from cells with indices i, /,

and k, respectively. The concentration of treated and injected
water, C;;, is calculated internally on the basis of the user-
specified pump-and-treat parameters and the constituent
concentration in water entering the pump-and-treat system.
CTS1BD calculates constituent mass budgets associated with
the CTS treatment level(s) and the CTS source and sink terms
for the overall groundwater mass balance.

Simulation Input Requirements and Instructions

Input for the CTS Package is read from a file listed in the
name file with “CTS” as the file type. The input data are read
in free format. To activate the CTS Package, insert a line to the
MT3D-USGS name file as shown below:

CTS iunit input_file name,

where CTS is the keyword for the CTS Package; iunit is the
input unit number for the CTS Package; and input_file name
is the name of an input file for the CTS Package, for example,

CTS 0 testl.cts .
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Note that unit number “0” instructs MT3D-USGS to use preset
default unit numbers. Full input instructions for the CTS
Package are provided in the input instruction distributed with
MT3D-USGS.

Solute Transport Through Generalized Networks

A series of new packages, each one described in a section
below, constitute the generalized network transport functional-
ity for solving solute transport in connected linear features.
Included with this release of MT3D-USGS are the SFT and
LKT Packages. Future code development may include trans-
port in surface-water networks represented by the Surface-
Water Routing (SWR) Package for MODFLOW (Hughes and
others, 2012). Though not included in this release of MT3D-
USGS, future efforts may extend the generalized network
capabilities to intra-borehole transport problems (Konikow
and Hornberger, 2006; Neville and Tonkin, 2004; Neville and
Zhang, 2010). This could be implemented by applying the
generalized network solution to the linear network of well
nodes (that is, well bores that effectively connect multiple
model nodes, as in the case of long well screens that span
multiple model layers). Intra-borehole fluxes calculated by the
Multi-Node Well (MNW1 or MNW?2, Halford and Hanson,
2002; Konikow and others, 2009) Packages would be passed
to MT3D-USGS using the FTL file.

Streamflow Transport (SFT) Package

In previous versions of MT3D, surface-water systems
could be represented with boundary conditions, for example
the River (RIV) or General-Head Boundary (GHB) Packages.
Now, however, contaminated groundwater discharging to a
stream will not only affect the contaminant concentration in
the streamflow, but may subsequently contribute mass back
to the aquifer at downstream locations where seepage occurs.
SFT Package makes this an internal calculation, alleviating the
need to specify concentrations associated with surface-water
boundaries prior to model execution.

The concentrations of up to # solutes may be simulated in
the stream network. Changes in constituent concentration in
streamflow owing to confluences with other streams in the
network, lake interaction (entering and exiting), groundwater
exchange, precipitation, evaporation, and overland runoff are
simulated. The concentration of surface water entering a diver-
sion is set equal to the concentration of the waterway from
which it is diverted. Consequently, MT3D-USGS offers users
a single integrated platform with the ability to pursue water-
quality investigations of spatially and temporally variable
surface-water constituent concentrations that affect groundwa-
ter analyses.

An important limitation with the SFR2 and SFT approaches
implemented in MODFLOW and MT3D-USGS, respectively,
is that streamflow with transport is one dimensional. This may
not be appropriate for deep or wide streams and rivers because
SFT will calculate an average concentration for the entire
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reach. Therefore, it will not be possible to simulate solute
stratification within a deep river or lateral variations in solute
concentration for wide rivers. Furthermore, regional models
that use the SFR2 Package may have reaches that are too large
to be used for solute transport research. Users should carefully
consider these issues and determine whether or not these trans-
port capabilities are sufficient for a particular problem.
Information pertaining to stream segment and lake inter-
connections in the SFR2 and LAK Packages is passed to
MT3D-USGS through the FTL file. Before activating SFT,
a MODFLOW model with the Link-Mass Transport (LMT)
Package (Zheng and others, 2001) and the SFR2 Package must
be run; doing so will ensure surface-water fluxes are written
to the FTL file. SFR2 calculates surface flows on a per reach
basis, where reaches compose a stream segment and where
stream segments constitute the non-lake portion of the surface-
water network. Each reach is associated with a single finite-
difference cell to facilitate simulation of spatially variable
accretions and depletion along a stream segment. Depending
on the size of the surface-water network, the additional flux
terms passed via the FTL file may quickly increase the overall
file size.

Transport in the surface-water network is solved using
the sparse matrix solver library, yMD, distributed with
MODFLOW-NWT (Niswonger and others, 2011). The one-
dimensional advection-dispersion equation solved in the SFT
Package takes the form of a mass balance equation:

AC

ANAC _ ppc)+pa AE +0c,

(81)
At

where

A is the stream cross-sectional area (L?);
Ax s the length of a stream reach (fig. 8) (L);

At s the time-step length (T);

Q is the streamflow rate (L*/T);

D is the stream dispersion coefficient (L%T);

C s the stream constituent concentration (M/L?);

Q, s the stream source/sink flow rate (L3/T), including
exchange with groundwater; and

C, is the stream source/sink concentration (M/L?).

This formulation does not facilitate reactive transport
within SFT.
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Figure 8. Terms of the Stream Transport Package finite-difference formulation.
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Applying spatial and temporal weighting schemes to equation 81, the finite-difference expansion of equation 81 is

Qi*l

At (0,Cl+ (1= 0,)C1) +

AiAXiC?—AiAXiC?71 = (OCAX,_1+ Axl)
Ax_+Ax;

Dy At (0,07, + (1= 0,) L) +

( Ax,+ Axl») 2 VAT W)L

D4, . D, A4
((Axi_1 +AX)2  (Ax+Axiiy)2
0,
—— (- a)Ax;
At g (A
D1 4; i1

(Ax+Ax;,,)/2

where
o is a user-defined spatial weighting factor;
o is a user-defined temporal weighting factor;
n-1 and n are the previous and current transport time steps,
respectively; and
i 1is astream reach index.

Depending upon the SFT application, users may need to
experiment with the value of the temporal weighting term,
. Setting o equal to 1 results in a fully implicit (Zheng and
Bennett, 2002, pg 179) solution and is unconditionally stable,
especially when used in conjunction with upstream weight-
ing (o= 1). Although ® = 0.5 also is stable, the solution may
suffer from oscillations at the leading front if Courant number
(Cr) constraints are violated. In situations where oscillations
persist, negative surface-water concentrations may result. To
mitigate this problem, time-step controls may help maintain
Courant number compliance (Cr =v Ar 2). Long-duration
time steps (for example, monthly, annual) facilitate the use of
a fully implicit solution. In applications attempting to match
temporal swings in concentrations over shorter time intervals
(that is, daily or shorter), use of @ = 0.5 is recommended in
addition to keeping a close eye on time-step lengths.

Implementation in MT3D-USGS

The SFT Package consists of four primary subroutines,
SFT1AR, SFTIRP, SFT1FM, and SFT1BD, where the integer
1 indicates the new MT3D-USGS version number. SFT1AR
allocates computer memory for data and working arrays after
reading the user-specified input in the SFT input file. SFT1RP
reads transient input data for the SFT Package.

O 0,
(AxilJrAx,-)(l A (Ax,»JrAx,-+1

(@Ax+Ax )| AL (0,014 (1= 0,)C )+

(82)

At- 0,01+ (1= 0,)C ') -
At (0, (1= 0,)Cl) +

At (0,Ct (1= o) C )+ O,C,

The solution of the SFT Package is explicitly coupled with
the groundwater transport solution of MT3D-USGS. That is,
the concentration at the i stream reach, C. sw;» 18 solved by
assembling a matrix of a linear system of equations in order
to solve equation 82. Mass discharging from the groundwater
cells to each connected surface-water reach is accounted for
using the calculated constituent concentration in the ground-
water from the previous outer iteration level. The system of
equations formulated exclusively for the stream reaches is
solved using the yMD linear solver (Niswonger and others,
2011). The solution obtained for stream reaches is then used
to formulate the groundwater system of equations as shown
in equations 83 and 84. SFT1FM formulates and adds the
SFT source term to the implicit finite-difference equations by
adjusting the coefficient matrix, 4, and right-hand side vector,
RHS, as follows:

1 _ g4l —
ijk Ai,j,k + QGWSVV’;,j,k (83)

RHS; ;= RHS,;; — Q+GWSW,-,,,,{ Con, (84)
where Qgwsw,,, and Qgwsw,, are the volumetric flow rates of
groundwater/surface-water (GWSW) exchange, with “+” sig-
nifying seepage from the surface-water system to the aquifer
and “—” indicative of groundwater discharge to the stream net-
work for cells with indices i, j, and k. The concentration of the
seeped surface water, C,,, is calculated by the SFT Package
and will be updated with each outer iteration. As a result of the
explicit coupling of the transport solution of stream reaches
and groundwater cells, it is imperative that the number of
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outer iterations (MXITER) for the groundwater transport solu-
tion be set greater than 1. SFT1BD calculates mass budgets
associated with the SFT source term(s).

Simulation Input Requirements and Instructions

Input for the SFT Package is read from a file listed in the
name file with “SFT” as the file type. The input data are read
in free format. To activate the SFT Package, insert a line to the
MT3D-USGS name file as shown below:

SFT iunit input_file name,

where SFT is the keyword for the SFT Package, iunit is the
input unit number for the SFT Package, and input_file name is
the name of an input file for the SFT Package, for example,

SFT 0 testl.sft .

Note that unit number “0” instructs MT3D-USGS to use
preset default unit numbers. Full input instructions for the SFT

Package are provided in the input instruction distributed with
MT3D-USGS.

Lake Transport (LKT)

Before MT3D-USGS, evaluation of solute transfer between
MODFLOW lake features and the underlying aquifer was pos-
sible in the Groundwater Transport (GWT) Package (Konikow
and others, 1996) available with MODFLOW-2000 (Harbaugh
and others, 2000). In order to incorporate this functionality
into MT3D-USGS, an approach similar to that of Merritt and
Konikow (2000) was adopted for simulating solute exchange
between lakes and the aquifer. Solute entering the lake is
instantaneously mixed throughout the entire volume of the
lake while the constituent concentration in lake seepage is
equal to the concentration in the lake. Moreover, flow into and
out of lakes via a stream network is possible. Lake—stream
connections established in the corresponding MODFLOW
simulation are communicated through the FTL file. An impor-
tant implication of the instantaneous mixing assumption is that
a solute entering the lake is immediately available at the lake’s
outlet, if only in trace amounts. Therefore, users are cautioned
that contaminated streamflow or groundwater entering the
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lake may be transported across considerable distances to the
lake’s outlet in unrealistically short periods of time under

the instantaneous mixing assumption (Merritt and Konikow,
2000). Because flow dynamics within lakes are not considered
and the effects of stratification or spatially variable concentra-
tions may be important to questions being asked of the model,
LKT may not be an appropriate simulation package in such
instances.

The continuity equation (mass entering the lake minus the
mass leaving the lake equals the change in mass stored in the
lake) is applied to each lake for calculating the constituent
concentration in the lake over time,

20y, (At)Cs,, — 20, (A)Cy;, = VICr = V'CI™t (85)

where
Oso Osi,  are the inflow and outflow from the i source
and sink, respectively (L¥T);
Cs,» Gy, are the solute concentrations of the i source and

sink, respectively (M/L3);
At is the length of the n” time increment used by
the transport model;
¥V, is the volume of the I lake (L*); and
C; is the concentration in the [ lake (M/L?).

By rearranging terms in equation 85, the concentration in
the lake at the end of the current time step can be explicitly
solved for,

Cr= 2 QSO,(At) Cso™ ZQS[,- (At) Csi vrter
m—
V'ln

(86)

The sources and sinks entering (0s,,) and exiting (QO;) each
lake may consist of j tributary inflows, Op.,; k streams leaving
the lake, Ops,; precipitation, 0,; evaporation, Q.; overland
runoff, O,; m direct withdrawals, Oy; groundwater discharge
from aquifer cells underlying lake /, Qgw,,,; and seepage of lake
water to the aquifer cells underlying lake /, Os..,. With regard
to Q,, users have the option of specifying the concentration of
the evaporative flux from lakes. Using the same subscripts for
the corresponding concentration of each flow term and substi-

tuting into equation 86 yields

pJAt n—1 ~n—1
LG (87)
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Equation 87 accommodates N7rib tributaries entering lake /.
In applications with multiple streams or managed diversions
flowing out of lake /, NDiv may be greater than 1. In these
instances, Cp;,, = C/". In a similar fashion, the concentration of
each direct withdrawal, Cy, from lake /, will be set equal to C;'.
NWithDrw specifies the total number of direct withdrawals.
Users have the option of entering non-zero concentrations for
precipitation (C,) and evaporation (C,) as called for by the
application. If values are not specified, C, and C, default to
zero. Where groundwater is discharging to the lake (Qgy), the
concentration of the flux crossing the lake—aquifer interface

is equal to the calculated concentration of the aquifer cell
from which the discharge originates, Qgw,,. It is necessary to
account for each cell discharging to a lake individually; the
notation X implies sum of each i,/,k index connected to the /th
lake. In contrast, wherever the lake is recharging the aquifer,
the concentration of the lake seepage, Cs..,, is equal to the
calculated concentration of the /th lake, C/".

An important consideration to keep in mind when using
LKT is that MODFLOW allows lakes to coalesce and sepa-
rate as stages rise and fall. This presents an additional level
of calculation needed in the transport code that is unavailable
with the first release of MT3D-USGS. Therefore, users who
have simulated coalescing and separating lakes in their flow
models are directed to GWT (Konikow and others, 1996) as an
alternative until this functionality is added to MT3D-USGS.

Implementation in MT3D-USGS

The LKT Package consists of four primary subroutines,
LKTI1AR, LKT1RP, LKT1FM, and LKT1BD, where the
integer 1 indicates the new MT3D-USGS version number.
LKT1AR allocates computer memory for data and working
arrays after reading the user-specified input in the LK T input
file. LKT1RP reads transient input data for the LKT Package.
LKT1FM formulates and adds the LKT source term to the
implicit finite-difference equations by adjusting the coefficient
matrix, A, and right-hand side vector, RHS, as follows:
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where QEWLKW and Qgwik,, are the volumetric flow rates of
groundwater/lake-water (GWLK) exchange, with “+” signify-
ing seepage from the lake to the aquifer and “—” indicative of
groundwater discharge to a lake for the cell(s) with indices i,
J, and k. The concentration of the seeped lake water, Cy, is
calculated by the LKT Package and will be updated with each
outer iteration. LKT1BD calculates mass budgets associated
with the LKT source term(s).

Simulation Input Requirements and Instructions

Input for the LKT Package is read from a file listed in the
name file with “LKT” as the file type. The input data are read
in free format. To activate the LKT Package, insert a line to
the MT3D-USGS name file as shown below:

LKT iunit input_file_name ,

where LKT is the keyword for the LKT Package, iunit is the
input unit number for the LKT Package, and input_file name
is the name of an input file for the LKT Package, for example,

LKT 0 testl.lkt .

Note that unit number “0” instructs MT3D-USGS to use preset
default unit numbers. Full input instructions for the LKT
Package are provided in the input instruction distributed with
MT3D-USGS.

Transport within the Unsaturated Zone

Morway and others (2013) document the expansion of
MT3DMS to include unsaturated zone transport. That effort,
referred to as “UZF-MT3DMS,” has been incorporated into
MT3D-USGS. Transport in the unsaturated zone is facilitated
by calculating volume-averaged water content on the basis of
saturated and unsaturated water volumes in a finite-difference
cell containing the water table. Under this assumption, water
occupying the saturated portion of the cell is conceptual-
ized as being “smeared” over the entire thickness of the cell

A =4 + o) (88) (fig. 9), resulting in an equivalent water content that is used
ijk ik GWLK, : 1
in the unsaturated-zone solute transport equations solved by
R HS[,j,k =R HSi,j,k _ QEWLK,;,;,( Cix (89) MT3D-US.GS.. As aresult of t.hlS approach, the cglculateq
' concentration in cells containing the water table is reflective
/
\/

Figure 9. Saturated portion of a model cell (left) and its volume-averaged equivalent (right) in MT3D-USGS. An equivalent water content
for cells containing the water table is calculated when the Unsaturated Zone Flow Package is active. The equivalent water content will
be greater than the water content in the unsaturated portion of the cell but less than saturation, as a result of this approximation.
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of the volume-averaged water content and is not meant to

be interpreted as the concentration of water recharging the
groundwater. In regional-scale problems using a relatively
coarse vertical numerical grid, simulated arrival times of an
infiltrating solute to the saturated zone could be the result of
grid design, which does not accurately reflect the system it is
meant to model. In non-point source applications wherein a
ubiquitous contaminant persists, vertical grid refinement near
the water table may be less of a concern.

The UZT Package relies on flux and storage terms cal-
culated in the UZF1 (Niswonger and others, 2006) Package
available in MODFLOW-2005 (Harbaugh, 2005) and MOD-
FLOW-NWT (Niswonger and others, 2011). UZF1 solves
unsaturated-zone flow processes using the method of charac-
teristics technique to solve the kinematic wave approximation
for one-dimensional downward vertical flow in the unsaturated
zone. This approach neglects the diffusive term found in
Richards’ equation (Richards, 1931), resulting in sharp wetting
fronts and precludes the ability to simulate capillary pressures
that draw water upward. However, the approach is numeri-
cally efficient and stable; the method has provided reasonable
results where Richards’ equation has historically struggled
(Harman and others, 2011; McGrath and others, 2008a;
McGrath and others, 2008b; Ross, 1990; Struthers and others,
2006; Van Dam and Feddes, 2000) and therefore is a viable
alternative.

UZF1 uses the Method of Characteristics (MOC) (Smith
and Hebbert, 1983; Smith, 1983) to solve the kinematic wave
equation for routing flow through the unsaturated zone while
also partitioning the infiltrating water into evapotranspiration
(ET), recharge, runoff [either rejected infiltration (application
rates in excess of the vertical hydraulic conductivity and (or)
saturation induced runoff) or groundwater discharge (spring
flow)], and unsaturated-zone storage changes. Because the
discretization scheme within UZF1 is distinct from the MOD-
FLOW grid, an intermediate step that maps the UZF1 fluid
fluxes and calculated storage changes onto the MODFLOW
grid for use by MT3D-USGS is required. MODFLOW’s
LMT7 Package takes care of this intermediate step and records
the appropriate values in the FTL file. To illustrate this,
figure 10A shows two idealized (smooth) moisture contents
at times ¢, and ¢,, where £, is greater than ¢, and the corre-
sponding step function (dashed lines) calculated and updated
by UZF1 that approximates the idealized moisture content
profiles. In figure 10B, the flux between layers 1 (L1) and 2
(L2) is greater than 0, whereas between L2 and L3, L3 and
L4, and L4 and L5 there is no flux to record. The advancing
wetting front has not yet crossed these layer interfaces, and the
moisture within these cells is at residual. In figure 10C, a non-
zero downward flux persists between L1 and L2, and between
L2 and L3. The downward flux recorded in the FTL file will
remain 0 between L3 and L4, and between L4 and L5. Owing

gR 93 GR 93 QR HS
A B : c : Equivalent @
L1 ' ey mapped to
: e MODFLOW grid
L2 ] ey - S
- a rmmmm——— 1
:
= L3 E :- T
1
L4 : '
L5 1 '
6r
EXPLANATION Vertical grid

Wetting front att;
Wetting/drying profile at t,
== === UZF1 approximation of wetting front att;

----- UZF2 approximation of wetting/drying profile at t,

Residual water content
fs  Saturated water content

L1 Labels L1 to L6 indicate layer and number

discretization

Figure 10. A, two idealized wetting fronts moving downward through a uniform column of unsaturated material (smooth lines) that

are approximated by step functions (dashed lines) using kinematic waves simulated with the Unsaturated Zone Flow Package (UZF1).
Because wetting and drying waves are maintained by UZF1, which does not make use of the finite-difference grid, water content, 0,
and between-layer fluxes must be mapped to the MODFLOW grid for use by MT3D-USGS. In B and C, the darker shades of blue indicate
cells with higher moisture contents (€ closer to 8,) than cells with lighter shades of blue (8 closer to ;). The discretization employed
by UZF1 for simulating wetting and drying fronts will, in many model applications, be maintained at a finer resolution than the finite-
difference grid. Therefore, multiple UZF1-calculated water contents may exist within the span of a single finite-difference cell. The
equivalent water content that is passed to MT3D-USGS via the FTL file accounts for this heterogeneity.



to the trailing drying waves that form at #,, the volumetric
flux rate between L1 and L2 will decrease in addition to the
decrease in unsaturated-zone storage in L1.

In addition to UZF1-calculated fluxes and storage terms
passed to MT3D-USGS via the FTL file, a few new user-
specified inputs are required by the UZT Package. New inputs
include initial saturated thickness and water contents entered
into the UZT input file. Concentrations associated with the
UZF1-related terms are entered in the UZT input file and
include the concentration of (1) unsaturated-zone ET, (2)
groundwater ET, and (3) surface leakage (that is, groundwater
discharge). The ability to specify the constituent concentra-
tion in ET flux is in keeping with traditional MT3DMS input
formats. ET and surface leakage are the only types of sinks
whose concentrations may be specified externally. The con-
centration in ET occurring from the saturated and unsaturated
zones defaults to zero if not specified by the user. In contrast,
the concentration in spring discharge defaults to the calculated
concentration in the groundwater in that cell. MT3D-USGS
also requires that the ICBUND (see input instructions for
description of ICBUND) array used to track the boundary con-
dition type for each cell be set equal to 1 for partially saturated
cells.

Readers are referred to the example models distributed with
MT3D-USGS for exploring UZT functionality. When the UZT
Package is active, MOC approaches available in saturated-
only simulations (that is, MIXELM = 1, 2, or 3 in the ADV
Package; see input instruction for description of MIXELM)
cannot be used as they are left unsupported with version 1 of
MT3D-USGS. Thus, users are limited to the implicit finite dif-
ference and TVD solution techniques when using UZT.

Implementation in MT3D-USGS

The UZT Package consists of four primary subroutines,
UZT1AR, UZT1RP, UZT1FM, and UZT1BD, where the
integer 1 indicates the new MT3D-USGS version number.
UZT1AR allocates computer memory for data and working
arrays after reading the user-specified input in the UZT input
file. UZT1RP reads transient input data for the UZT Pack-
age. UZT1FM formulates and adds the UZT source and sink
terms to the implicit finite-difference equations depending
on which of the four types of sources and sinks simulated by
MODFLOW?’s UZF1 Package are occurring in a cell. Infiltra-
tion, unsaturated-zone ET, ET originating from the saturated
zone, and groundwater discharge to land surface (for example,
spring discharge) act as sources and sinks that adjust the coef-
ficient matrix, 4, and right-hand side vector, RHS, as follows:

A=Al + O,

i)k Sijik

(90)

RHSz‘,j,k = RHSi,j,k - Q:/A C]NFi,/‘,k oD

where O and O, are the volumetric flow rates of fluid
sources (that is, infiltration) and sinks (that is, ET occurring
from the unsaturated and saturated zones and groundwater
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discharge to land surface), respectively. Cpyr, , is the constitu-
ent concentration in the infiltrating water at location i, k.

The concentration in ET occurring from the saturated and
unsaturated zones defaults to zero if not specified by the user.
In contrast, the concentration in spring discharge defaults to
the calculated concentration in the groundwater in that cell.
UZTI1BD calculates constituent mass budgets associated with
the UZT source term(s).

Simulation Input Requirements and Instructions

Input for the UZT Package is read from a file listed in the
name file with “UZT” as the file type. The input data are read
in free format. To activate the HSS Package, insert a line to the
MT3D-USGS name file as shown below:

UZT iunit input_file_name ,

where UZT is the keyword for the UZT Package, iunit is the
input unit number for the UZT Package, and input_file name
is the name of an input file for the UZT Package, for example,

UZT 0 testl.uzt .

Note that unit number “0” instructs MT3D-USGS to use preset
default unit numbers. Full input instructions for the UZT
Package are provided in the input instruction distributed with
MT3D-USGS.

Incorporation of MODFLOW-2005 Array Utilities
Options

The array reading utility functions included in the original
release of MT3D had their own nuanced differences relative to
the array readers included with MODFLOW. The MODFLOW
array reader utility functions are included with MT3D-USGS.
With the first release of MT3D-USGS, the MT3D- and
MODFLOW-style array reader formats were available to the
user. Note, however, that future releases of MT3D-USGS
likely will not include the original MT3D-style array reader;
instead MT3D-USGS likely will remain consistent with
USGS-released versions of MODFLOW. A warning message
is printed to the standard MT3D-USGS output file reminding
users of this pending change in future versions of MT3D-
USGS. Documentation of the MODFLOW-style array readers
can be found on pages 8-57 of Harbaugh (2005). To enable
MODFLOW-style array reader utilities in MT3D-USGS, enter
the keyword “MODFLOWSTYLEARRAYS” on the first line
of the BTN input file.
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Benchmark Problems and Application
Examples

A wide variety of benchmark problems are included with
the MT3D-USGS distribution files. Reasons for including a
large suite of benchmark problems are three fold. First, the
models provide baseline benchmarks to verify that future code
changes, by the USGS or otherwise, do not alter model results
or performance. Second, model results discussed next for each
of the benchmark models verifies that the code is working
properly. Third, the included benchmarks serve as examples
that demonstrate functionality of the MT3D-USGS program.

All of the model input files, whether associated with
the MODFLOW or MT3D-USGS are provided among the
MT3D-USGS distribution files. Those new to MODFLOW
and MT3D are encouraged to familiarize themselves with
the benchmark problems before pursuing larger, site-specific
applications of their own.

The MT3D-USGS code has been tested with the bench-
mark problems distributed with MT3DMS version 5.3. Doing
so verified that the modifications and enhancements did not
significantly alter the simulated results, except for cases
where the revised storage formulation had an effect. Because
backward-compatibility is maintained with the first release of
MT3D-USGS, the original MT3DMS example models, as well
as any existing MT3DMS simulation that does not rely on
customized modifications, were run as-is using MT3D-USGS.
Results from these benchmarks are not described in this report.
Readers are directed to Zheng and Wang (1999) for additional
information on those example problems.

Routing Mass Through Dry Cells

The model first published in Keating and Zyvoloski (2009)
and described under the heading, “Extension to Mixed Vadose/
Saturated Zone Simulations,” is solved with MODFLOW-
NWT and MT3D-USGS to demonstrate the routing of solute
mass through dry cells. In this problem, an aquitard above
the underlying regional flow intercepts recharge and forms a
perched aquifer. Under steady-state flow conditions, perched
groundwater flows over the edges of the aquitard, and MOD-
FLOW-NWT instantaneously applies this water to the top of
the underlying aquifer. In the transport problem, the initial
concentration is zero throughout the entire domain. Water
entering and exiting the domain through the left and right
boundaries, respectively, is assigned a concentration of 0. Only
the recharge, specified in layer 1 (note that the highest active
layer is 8) is specified with a non-zero concentration equal to
100 mg/L for the first 730 days of the simulation. Thus, the
solute arrives first in the perched aquifer before eventually
spilling over the sides of the aquitard and entering the lower
aquifer. It is the new DRYCELL keyword functionality in
MT3D-USGS that makes this type of simulation possible.
Once in the lower aquifer, the solute is transported toward the

right boundary in response to groundwater flow patterns and
in this way is routed through the perched and lower regional
aquifers. Parameters for this model are given in table 3.

The MODFLOW-NWT simulation is steady-state; how-
ever, 100 time steps, each 100 days long, are used in MT3D-
USGS to represent the transient response of solute added to
the top of the model. Figure 11 shows the migration of the
plume at 100, 1,000, and 3,000 days (fig. 11A, B, and C,
respectively). Once the solute reaches the lower aquifer, it
migrates to the right. Figure 12 shows the breakthrough curves
at two locations in the lower aquifer (fig. 11A), one below the
left edge of the aquitard and the other near the right edge of
the simulation, just upstream from the area where water exits
the model. The standard output listing file shows the mass
balance for the movement of mass through otherwise dry, and
therefore inactive, cells in MT3D-USGS and confirms the
mass concentration of the new functionality.

Table 3. Parameter values for a two-dimensional (2D)
benchmark model simulating a perched aquifer intercepting and
bifurcating contaminated recharge.

[Aquifer properties are uniform except for the aquitard denoted in figure 12. ft, feet; ft/d,
feet per day; mg/L, milligrams per liter]

Parameter Value
Cell width along rows (Ax) 25.0 ft
Cell width along columns (Ay) 25.0 ft
Aquifer hydraulic conductivity 0.8476 ft/d
Aquitard hydraulic conductivity 8.476 x 107 ft/d
Anisotropy 1.0
Porosity (¢; unitless) 0.10
Recharge rate 0.072 ft/d
Recharge concentration 100.0 mg/L
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Figure 11. Progression of a hypothetical plume that originates from recharge containing a solute in MT3D-USGS. A, 100 days after
the solute first arrives in the perched aquifer. B, At 1,000 days, the solute has spilled over the sides of the aquitard and has migrated
downward into the lower aquifer. C, After 3,000 days, the plume migrates toward the right model boundary.
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Figure 12. Concentration breakthrough curves located A, within the lower regional aquifer below the left end of the aquitard and B,
within the lower regional aquifer close to where groundwater flows out of the MODFLOW and MT3D-USGS simulations. Locations of
the simulated breakthrough curves are shown in figure 11A. MT3D-USGS results are shown with results first published in Keating and
Zyvoloski (2009).



Instantaneous Electron Acceptor and Electron
Donor Reaction

A simple example is presented to demonstrate the simula-
tion of an ED in the presence of an EA and the instantaneous
reaction that results. Results are compared to a known analyti-
cal solution.

A single-cell numerical model was constructed with the cell
length, width, and height being equal to 10 m with a constant
porosity of 0.2 over the model domain. A transient flow and
transport simulation was designed such that the volume of
water in the model does not change with time. Thus, the initial
saturated thickness is maintained throughout the simulation.
To force this condition, water was injected at the same rate as
water was removed by ET. The ET concentration remained at
its default value of zero. As a result, the mass introduced to the
system does not leave the model domain, and the volume of
water in the model remains constant.

The transport simulation was performed with two solutes—
the first an EA and the second an ED. In all of the benchmark
problem variants described next, the initial concentration of
the first acceptor species was set equal to 1,000 milligrams
per cubic meter (mg/m?), whereas the initial concentration
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of the second donor species was set equal to zero. Species 2
was introduced through the injection boundary at a rate of
2000 mg/d. Adding species two at this injection rate to the
constant volume of 200 m? supports a concentration build-up
rate of 10 milligrams per cubic meter per day (mg/m?/d) in the
absence of reactions.

The first variant of this benchmark problem held species
1 at the initial concentration and did not allow any reac-
tion between the two species. Figure 13 shows the resulting
concentration in the cell for species 1 and 2 and verifies that
the initial and boundary conditions are simulated in the desired
manner for the duration of the simulation. As a result, the con-
centration of species 2 at the end of the simulation (500 days)
is 5,000 mg/m’.

The next variant of the EA/ED benchmark problem is a
modification of the first example that allows the two species
to react with one another. The stoichiometric ratio between the
two simulated constituents was set equal to 1.0, meaning that
a unit of species 1 consumes a unit of species 2. The simulated
concentration is shown in figure 14 where it can be seen that
species 2 consumes species 1 until it is completely consumed
at 100 days. After this time, the concentration of species 2
accumulates at the injection rate of 10 mg/m?/d.
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Figure 13. Concentrations of species 1 and 2 with no inter-species reactions simulated during the modeled period in MT3D-USGS.
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Figure 14. Concentrations of species 1 and 2 are shown for the problem where inter-species reactions take place using a

stoichiometric ratio of 1.0 in MT3D-USGS.

The third and final variant of the EA/ED benchmark
problem modified the stoichiometric ratio to 2.0, meaning that
1 unit of species 1 is consumed by 2 units of species 2. In so
doing, the time to total consumption of species 2 is doubled
and now occurs 200 days after the start of the simulation
(fig. 15). As with the first two variants of this benchmark prob-
lem, the concentration of species 2 builds up at the injection
rate (10 mg/m*/d) after species 1 is completely consumed.

Multiple EA and ED Reactions: Verification of
Implementation

Verification of the new reaction package implementa-
tion within MT3D-USGS is demonstrated with two example
problems.

Benchmark using Independent Reaction
Program and RT3D

The first example is designed to verify that the reaction
module was correctly coupled with MT3D-USGS and is cor-
rectly executed by MT3D-USGS at run-time. The problem
was first described by Lu and others (1999) and is solved with
RT3D when simulating a single ED. This benchmark example
ensures that MT3D-USGS, incorporating parent-daughter
reactions, matches RT3D results when simulating a single ED

and employing transport variables and options analogous to
those offered by the RT3D program.

A simple two-cell MODFLOW model was used to provide
a FTL file suitable for use with both MT3D-USGS—incor-
porating the new reaction package—and RT3D. Using a flow
model that simulates no net flow and executing both MT3D-
USGS and RT3D using only their respective Source-Sink Mix-
ing (SSM) and Reaction (RCT) Packages (that is, neglecting
dispersion), the calculations performed by MT3D-USGS and
RT3D are essentially isolated “batch” reaction calculations.
As such, for a single ED and five EAs, including the use of
Fe(IT) and methane (as described in the section “Kinetic Reac-
tion Between Multiple Electron Donors and Acceptors”), as
employed by RT3D, MT3D-USGS incorporating the reaction
module should produce results identical to those from RT3D.

Table 4 lists the transport parameters specified for use in
this benchmark analysis. Figure 16 shows plots of the degrada-
tion of the single ED in the presence of multiple EAs, as cal-
culated by MT3D-USGS, incorporating the reaction equations
as a subroutine and RT3D. Because the equations developed
in the earlier sections used benzene as an example reactant,
in this example BTEX is the constituent being simulated and
is predominantly composed of benzene. A comparison of the
results clearly shows that when MT3D-USGS uses equivalent
treatments for iron and methane as RT3D, the results are iden-
tical between the two programs.
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Figure 15. Concentrations of species 1 and 2 are shown for the problem where between-species reactions take place using a
stoichiometric ratio of 2.0 in MT3D-USGS.

Table 4. Transport parameters specified in MT3D-USGS benchmark simulations.
[BTEX, benzene toluene ethylbenzene and xylene; O,, oxygen; NO,, nitrate; Fe**, iron(Il); SO,, sulfate; CH,, methane; n/a, not applicable]

4|

Sooci Initial Yield Inhibition Halt Maximum
pecies concentration coefficient constant saturation expressm_le Decay rate
constant concentration

BTEX 10.0 n/a n/a n/a n/a 0.00168
O2 6.0 3.14 0.01 0.5 n/a 0.00168
NO, 17.0 4.9 0.01 0.5 n/a 0.00168
Fe? 0.001 -21.8 0.01 0.5 50.5 0.00168
SO 100 4.7 0.01 0.5 n/a 0.00168

4

CH 0.0001 -0.78 n/a 0.5 2.05 0.00168

4
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Plots for the benchmark simulation of a single electron donor in the presence of multiple electron acceptors simulated using

MT3D-USGS and RT3D. The spacing between MT3D-USGS simulated equivalents (denoted by “x”) does not imply time-step length;

intermittent simulated equivalents are plotted to reduce clutter.

Benchmark of a Multiple Electron Donor Case: A
Mass Balance Approach

Because the published version of RT3D considers the
degradation of a single ED, it is not possible to use RT3D to
verify the simulation of more than one ED. Therefore, the sec-
ond benchmark exercise consists of a simple simulation aimed
at identifying whether the multiple-ED reaction equations
execute as expected.

This benchmark is based on the premise that the consump-
tion of EAs by a single ED that has an initial concentration
of 1.0 unit should be equivalent (at least, until such time as
diminishingly small concentrations occur) to the consump-
tion of EAs by two EDs that have an initial concentration
of 0.5 unit. That is, it is assumed that in the general case the
effect of one ED is equivalent to the summed effect of two
EDs that have equivalent properties.

The transport parameters specified for use in this bench-
mark analysis (table 4) are identical to those used in the first
benchmark simulation. Figure 17 shows the plots of the deg-
radation of the two EDs in the presence of multiple EAs cal-
culated by MT3D-USGS incorporating the reaction equations
as a subroutine. Also plotted is the degradation of the single

ED in the presence of the same EAs; degradation was calcu-
lated by the stand alone reaction program. Review of figure 17
reveals that, as expected by inference, the consumption of EAs
by two EDs that possess initial concentrations of 0.5 units is
equivalent to the consumption of EAs by one ED that has an
initial concentration of 1.0 unit.

Two-Dimensional Application Example

The next example is a two-dimensional demonstration that
is based upon the applications described in this report and the
linkage of the Kinematic Oily Pollutant Transport (KOPT)
and the OILENS (Weaver and others, 1994) modules of the
original HSSM program to MT3DMS (Zheng and others,
2008). However, in the current example application, each of
the two sources of contaminants is considered to consist of
a multi-component LNAPL, represented in this example as
a single ED; the reactive transport of a subset of these com-
ponents is simulated. The example simulation is a simplified
two-dimensional flow-and-transport problem, which demon-
strates that the new MT3D-USGS reaction package achieves
three functions.
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Figure 17. Plots for the benchmark simulation of two electron donors in the presence of multiple electron acceptors simulated using
RT3D and MT3D-USGS.

1. MT3D-USGS correctly loads the parameters that define Table 5. Parameter values for a two-dimensional (2D)

the transport characteristics of the multiple components. benchmark model simulating an electron donor and multiple
2. It accurately solves the transient mass-transport equation electron acceptors.

using the GCG solver to implicitly update the source [ft/d, feet per day; ft, feet]

matrix over time. Parameter Value
3. It simulates the degradation of the electron donor (ED), Hydraulic conductivity 200 ft/d

and consumption of the electron acceptors and the gen- Recharge 1.67 f/d

eration of products emanating from electron acceptors Porosity (¢; unitless) 03

(both commonly referred to as EAs). The terms EDs and e .

Longitudinal dispersivity (unitless) 6.63

EAs are used to demonstrate the generic nature of the —
reaction package added to MT3D-USGS. Transverse dispersivity 0663 ft

A hypothetical subsurface release of a gasoline fuel is simu-
lated using (1) a simple advective-dispersive transport model
and (2) the new MT3D-USGS reactive transport code. For
the latter, transport of a single ED and five EAs is simulated.
Aquifer and transport parameters used for this benchmark
simulation are listed in table 5. Reactive transport parameters
associated with the new package are listed in table 6. The
input instructions distributed with the source code and model
executable provide additional detail for formatting multiple
EA/ED input files.

The model domain is a regular finite difference grid com-
posed of 1 layer, 161 rows, and 161 columns (fig. 18). The
flow field (that is hydraulic gradient) is maintained constant
throughout the simulation using constant head (Dirichlet)
conditions on the upgradient (right) and downgradient (left)
boundaries. The TVD scheme is used to solve the advection
component of the partitioned transport equation to minimize
numerical dispersion (Zheng and Wang, 1999). The dissolved
phase concentration of the arbitrary ED is monitored at a
hypothetical monitoring (receptor) well placed downgradient
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Table 6. Reactive transport parameter values for a two-
dimensional (2D) benchmark model simulating an electron donor
and multiple electron acceptors.

[EA, electron acceptor; ED, electron donor; n/a, not applicable]

Constituent Decay rate coerif?tI:(ilent I:::l:::ﬁ:' co:t:::g:atlra-
Electron acceptor 1 (EA1) -0.008 25 0.01 1
Electron acceptor 2 (EA2) -0.008 50 0.01 1
Electron acceptor 3 (EA3) -0.008 -5 0.01 0.01
Electron acceptor 4 (EA4) -0.008 300 0.01 1
Electron acceptor 5 (EAS5)'!  -0.008 -15 n/a 0.1
Electron donor 1 (ED1) n/a 0 n/a 210

'Product of an electron accepting reaction, demonstrating the effect of the base electron
acceptor on consuming the ED.
2Source concentration (initial concentration is 0).

from the north LNAPL source. In this simulation, the sources
are identical, and results, including breakthrough curves and
plume extents (figs. 19 and 20, respectively), are shown for
the upper source (fig. 18) only. The total simulation time is
100 days. The source is activated at t=0.0 days (that is at time
Zero).

Because the purpose of this example is to demonstrate that
the new reaction package is working as expected, parameter
values associated with the new package were chosen fairly
arbitrarily in order to clearly demonstrate that the developed
code simulated degradation of the ED, consumption of EAs 1,
2, and 4 (notionally representing oxygen, nitrate, and sulfate)
and the effect of EAs (notionally representing the ferric iron
and organic carbon) represented by the production of reaction
products of EAs 3 and 5 (notionally representing the ferrous
iron and methane). EAs 1, 2, and 4 had different positive yield
coefficients to demonstrate consumption of EAs at different

EXPLANATION
@ Simulated source (not to scale)
@ Receptor (monitoring well) (not to scale)
B Constant head

Figure 18. Two-dimensional hypothetical model domain with the location of principal features in MT3D-USGS.
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Figure 20.
multi-species MT3D-USGS code.

EA, electron acceptor; ED, electron donor;
BTEX, benzene toluene ethylbenzene xylene

0
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EXPLANATION
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Extent of electron donor, BTEX, plume at 50 and 100 days calculated A, without and B, with reactive transport using the
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Breakthrough curves at receptor calculated using the multi-species MT3D-USGS transport code with reaction (solid black
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rates. EAs 3 and 5 had different negative yield coefficients to
demonstrate production of these products resulting from EA
reactions at different rates.

The concentration breakthrough curves at the receptor well
for the ED and each of the 5 EAs is presented in figure 19.
A comparison of the reactive and the non-reactive ED break-
through curves in figure 19 reveals that the ED was consumed.
The amount of consumption (the difference between these two
curves) is controlled by the decay rate used for each EA. In
addition, the consumption or production of the different EAs
and their products occurred in correspondence with their order
in the input file. For example, consumption of EA1 occurred
first, followed by EA2.

The areal extents of the ED and the EAs after 50 days
and 100 days are presented in figure 20. Arbitrary contour
intervals are used to clearly depict the ED degradation and
EA consumption/production. The contour level for the ED
corresponds to a concentration of 0.001 mg/L. The contour
levels for the EAs that are consumed correspond to a concen-
tration of 0.95 mg/L, which in turn corresponds to 5-percent
consumption from the original concentration of 1.0 mg/L. The
extents of the EAs representing the product of electron accep-
tors that are produced correspond to a concentration value
slightly higher than their initial concentrations. For EA3, this
concentration is 0.015 mg/L, and for EAS this concentration is
0.11 mg/L.

As expected, the extent of the ED plume under reactive
conditions is less than its extent under non-reactive condi-
tions. The difference is small because only a relatively small
fraction (about 5%) of the ED was degraded in this simulation
(see fig. 19). The extent of EA1 depletion is the largest of the
EAs, followed by EA2, EA3, EA4, and EAS. The extent of
EA4 depletion is greater than that of EA3 because its yield
coefficient is significantly greater. That is, after EA4 begins to
degrade, it does so at a greater rate. As expected, the extents
of each of the plumes increased between the 50 and 100 days
owing to the longer migration time.

Contaminant Treatment System Benchmark
Problems

The benchmark problems designed for the new CTS mod-
ule serves a four-fold purpose. First, the benchmark problems
ensure that mass is preserved under each of the treatment
options. Second, each treatment option also provides a bench-
mark for testing future CTS enhancements. Third, the CTS
benchmark models provide an input format template. Fourth,
the benchmark models demonstrate the effect of each of the
available treatment options on the final solution. All four of
the benchmark models use the same model setup—a cluster of
four extraction wells on the left side of the model domain and
four injection wells on the right (fig. 21). Contaminated water

EXPLANATION

. Prescribed concentration

D Extraction well

B Injection well

B Constant-head boundary

C = 40, concentration is 40 milligrams per liter (mg/L);

C =60, 60 mg/L;
C =80, 80 mg/L;
C

100, 100 mg/L

Figure 21.
extraction wells.

Model grid representing the Contaminant Treatment System Package benchmark problem and the positions of injection and



extracted from the aquifer and collected in one of the two
treatment systems included in benchmark simulations receives
various treatment for testing each of the available treatment
options. The treatment systems present users with an option

to treat extracted water or to leave it untreated. In addition,
extracted water may be blended or left unblended before being
sent back to the injection wells. The various treatment options
for the extracted water are also explored in the discussion of
the benchmark simulations that follow.

CTS Benchmark Simulation 1

The first CTS benchmark problem tests whether the CTS
module was implemented as intended. Four extraction wells

withdraw contaminated water in a confined single layer model.

Four injection wells simultaneously inject contaminated water
back into the confined aquifer at the injection sites. For verifi-
cation purposes, results from the CTS simulation are com-
pared with predicted output from a simulation that uses the
Source-Sink Mixing (SSM) Package of MT3DMS to represent
a simplified treatment option.

The numerical grid consists of 31 rows, 31 columns, and 1
layer. Spatial and temporal discretization of the model is pro-
vided in table 7. Note that this recirculation simulation is an
extension of a benchmark problem described in Section 7 of
the MT3DMS manual (Zheng and Wang, 1999). Note the four
prescribed concentration cells (with specified concentrations,
from top to bottom, of 40, 60, 80, and 100 mg/L, respectively)

Table 7.

[ft, feet; ft/s, feet per second; yr, year]

Flow and transport model input parameters.

Model parameter Value
Cell width along rows (Ax) 900 ft
Cell width along columns (Ay) 900 ft
Layer thickness (Az) 20 ft
Hydraulic conductivity of the aquifer (K) 0.005 ft/s
Porosity (¢; unitless) 0.3
Longitudinal dispersivity (o) 100 ft
Ratio of transverse to longitudinal dispersivity (a,/ ;) 1.0
Length of the first stress period 2.5yr
Length of the second stress period 7.5 yr

Extraction pumping rates and associated
concentration as boundary condition
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next to the extraction wells (fig. 21) that serve as the source of
the aquifer contamination. Use of the specified concentration
cells forces a known concentration to enter the CTS systems
and facilitates verification of the treatment system. During
stress period two, the prescribed concentration cells are altered
such that their concentrations, from top to bottom respectively,
are 30, 50, 70, and 90 mg/L. This forces the concentration in
the extraction well to respond to transient boundary conditions
and once again enables quick viewing of the model response
to ensure that it is working as expected. Extracted water is
treated by one of two treatment systems, as alluded to above,
and injected into the aquifer via the injection wells. Table 8
shows the rates of extraction and injection for each of the eight
wells.

The baseline simulation invoking SSM, to which CTS
results are compared, extracts water from the model with a
constituent concentration equal to the simulated constituent
concentration in groundwater from which water is withdrawn.
Moreover, the constituent concentration in the injected water
is prescribed as 50 and 60 mg/L during the first and second
stress periods, respectively. Figure 22 depicts a conceptual
representation of this setup. Note the use of two CTS sys-
tems; the first exports the contaminated groundwater from the
simulation, thereby emulating the extraction boundary condi-
tions imposed by the pumped wells in the SSM simulation.
The second CTS system pumps water back into the aquifer

Table 8. Simulated pumping rates in the Contaminant Treatment
System (CTS) benchmark simulation.

[ft*/s, cubic feet per second]

Pumping rate (ft¥/s)

m‘ll:’:l::er Stress period 1 Stress period 2
(912.5 days) (2,731.5 days)

1 -5.0 -6.0

2 -3.0 -4.0

3 -2.0 -3.0

4 -1.0 -2.0

5 0.5 1.5

6 1.5 2.5

7 35 4.5

8 5.5 6.5

"Negative rates indicate extraction, whereas positive rates indicate injection.

Injection pumping rates and associated
concentration as a boundary condition

Land surface

01, 02, 03, 04
C1,C2, C3, C4

Extraction wells

a5, a6, 07, 08
C5, C6, C7, C8

Injection wells

Figure 22. Conceptual representation of the baseline Source-Sink Mixing Package simulated pumping and injection boundary
conditions used to verify the Contaminant Treatment System simulation.
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via the four injection wells at constituent concentration levels  simulations. The first stress period extends from 0 to

described previously and in so doing mimics the injection 912.5 days, at which point the second stress period begins.

wells in the SSM simulation. Figure 23 shows how each CTS ~ Results presented in figure 24 show that the CTS Pack-

is configured in this simulation. age is working as expected. The concentration of the water
Breakthrough curves at the well locations as predicted extracted from wells 1 through 4 (fig. 21) drops in response

by the SSM baseline and CTS simulation are compared for to a 10 mg/L lowering of the specified concentration cells.

assessing the performance of the CTS Package. Figure 24 Similarly, the four injection well breakthrough curves high-

shows the extraction well breakthrough curves for both light excellent agreement between the baseline SSM and CTS

simulations (fig. 25).

Qesrc > Qesnk
Cesrc Treatment System 1 Cesnk
g
0.1 0.2 0.3 0.4 0-5 0-6 0-7 0-8
C1 CZ C3 C4 c5 cB c7 c8
Extraction wells Injection wells
Qesrc > Qesnk
Cesrc Treatment System 2 Cesnk
vV v v Y
0.1 0.2 0.3 0.4 0-5 0-6 0-7 0-8
C1 CZ C3 C4 c5 cB c7 c8
Extraction wells Injection wells
EXPLANATION

> Implemented route in example

Possible route not implemented in example

Q. Flow entering simulation domain from an external source

Qe Flow exported from the simulation domain to an external sink

Q;  Flow pumped from well 1

Q,  Flow pumped from well 2

Q;  Flow pumped from well 3

Q,  Flow pumped from well 4

Qs Flow injected into well 5

Qs  Flow injected into well 6

Q;  Flow injected into well 7

Qg Flow injected into well 8

Cesre  Concentration of flow entering the simulation domain from an external source
Cesnic  Concentration of flow exported from the simulation domain to an external sink
C Concentration of flow pumped from well 1

C, Concentration of flow pumped from well 2

C;  Concentration of flow pumped from well 3

C,  Concentration of flow pumped from well 4

Cs Concentration of water injected into well 5

C;  Concentration of water injected into well 6

C, Concentration of water injected into well 7

Cs Concentration of water injected into well 8

Figure 23. Conceptual routing of water and contaminant in the Contaminant Treatment System simulation. Extracted water is exported
during the simulation by the first Contaminant Treatment System (CTS), whereas the second CTS (Treatment System 2) injects water at a
prescribed concentration.



Figure 24. Breakthrough curves as predicted by the baseline Source-Sink Mixing Package and equivalent Contaminant Treatment
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Figure 25. Breakthrough curves as predicted by the baseline Source-Sink Mixing Package and equivalent Contaminant Treatment
System simulations for the four injection wells. The first stress period extends from 0to 912.5 days, at which point the second stress

period begins.
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During each of the stress periods, the constituent concentration
in the extracted water begins to rise in response to the con-
taminated injection water. At the four injection well locations
(that is, wells 5, 6, 7, and 8), constituent concentrations in
groundwater approach the prescribed injection concentrations
of 50 and 60 mg/L during the first and second stress periods,
respectively. Constituent mass budgets for the baseline SSM
and CTS simulations are identical.

Additional CTS Benchmark Simulations

The next several benchmark problems are presented to
demonstrate the simulation of various treatment options avail-
able in the CTS Package. The same model setup as shown
in figure 21 is used in the following examples; however, the
configuration of the two treatment systems is altered (fig. 26).
To highlight some of the CTS capabilities, the flow rates at
extraction and injection wells associated with the two treat-
ment systems are altered between stress periods. During the

MT3D-USGS: A U.S. Geological Survey Release of MT3DMS Updated with New and Expanded Transport Capabilities

first stress period, extraction wells 1, 2, and 4 are connected to
treatment system 1. Extraction well 3 is connected to treat-
ment system 2. Effluent from treatment system 1 is injected
into wells 7 and 8, whereas effluent from treatment system 2 is
injected into wells 5 and 6. In stress period 2, treatment system
1 treats water from well 1 and subsequently injects its effluent
into wells 5 and 7. Treatment system 2 treats water extracted
from wells 2, 3, and 4 and then injects the treated effluent into
wells 6 and 8. In this particular set of benchmark problems,
there are no external sources or sinks of mass to and from the
treatment systems.

Five simulations were run to introduce and verify vari-
ous treatment options available in the CTS Package. In the
first simulation, no treatment was provided by either of the
treatment systems. Figure 27 shows the resulting break-
through curves at each of the four injection wells using the
no treatment option. The first stress period extends from 0 to
912.5 days, at which point the second stress period begins.
The MT3D-USGS solution was compared to simulated values

Treatment Treatment
System 1 »| System1
Q 0 Q4 Q; Qg Q Qs Q;
C; G Cq C; Cg Cq Cs C;
Extraction wells Injection wells  Extraction wells Injection wells
Treatment Treatment
System 2 System 2

Q3
Cs
Extraction wells

05 Qg
Cs Cg
Injection wells

Stress period 1 |

Q 0; 0
C;, C; C4
Extraction wells

Qs Qg
Ce Cg

Injection wells

Stress period 2 |

EXPLANATION
—> Implemented route in example

Q,  Flow pumped from well 1 C,
Q, Flow pumped from well 2 C,
Q;  Flow pumped from well 3 Cs
Q,  Flow pumped from well 4 C,
Qs  Flow injected into well 5 Cs
Qs  Flow injected into well 6 Ce
Q, Flow injected into well 7 C,
Qs  Flow injected into well 8 [

Figure 26.
simulation.

Concentration of flow pumped from well 1

Concentration of flow pumped from well 2
Concentration of flow pumped from well 3
Concentration of flow pumped from well 4
Concentration of water injected into well 5
Concentration of water injected into well 6
Concentration of water injected into well 7
Concentration of water injected into well 8

Well configuration for the two treatment systems for stress periods 1 and 2 in the Contaminant Treatment System
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S.S. Papadopulos & Associates (SSPA) is the solution calculated

using a code developed in a collaborative effort between CH2M
and SSPA (CH2M Hill Plateau Remediation Company, 2010).

Locations of the four extraction wells are shown in figure 21

Figure 27.

generated by a previously published code, referred to as
MT3D-SSPA, a version of MT3D maintained by S.S. Papa-
dopulos & Associates (SSPA) and developed in a collabora-
tive effort between CH2M and SSPA (CH2M Hill Plateau
Remediation Company, 2010). It is important to note that the
constituent concentrations shown in figure 27 correspond to
the concentration of the injected water and not the simulated
concentration in the aquifer. In this example, the concentra-
tions in the wells are higher than the simulated concentrations
in the aquifer. Concentrations in the aquifer are reflected by
the concentrations in the water removed by the extraction
wells, as shown in figure 28.

During stress period 1 of the “no treatment” option, water
of time-varying quality is extracted from wells 1, 2, and 4
by treatment system 1 (fig. 26). Next, the collected water is
blended and injected into wells 7 and 8. Water pumped from
well 3 is circulated through treatment system 2 and injected
into wells 5 and 6. It is no surprise that the concentrations in
injection wells 7 and 8 are identical as they receive the same
blend of water extracted from wells 1, 2, and 4. Similarly,
concentrations in injections wells 5 and 6 are identical and are
the same as concentrations noted in extraction well 3 in stress
period 1. At the outset of stress period 2, the configuration of
wells for treatment systems 1 and 2 is changed, as shown in
figure 26. The concentrations in injection wells 5 and 7 are
identical to the concentration of water extracted from well 1

EXPLANATION

— Well 5, MT3D-SSPA Well 5, MT3D-USGS
—— Well 6, MT3D-SSPA Well 6, MT3D-USGS
—— Well 7, MT3D-SSPA Well 7, MT3D-USGS

Well 8, MT3D-SSPA Well 8, MT3D-USGS

*

v
.
N

Constituent concentrations for the four injection wells with no treatment administered.

during stress period 2. The concentrations in water injected
into wells 6 and 8 result from the blending of water extracted
from wells 2, 3, and 4.

The next four simulations use the configuration just
described but have different treatment options selected to dem-
onstrate the “out-of-the-box” functionality provided in CTS.
Treatment options can either be applied to an entire treatment
system, effectively providing treatment to all of the wells
serviced by that treatment system, or well-specific treatment
can be pursued where needed. Table 9 summarizes the type of
treatments simulated in benchmark simulations that follow.

Table 9. An example of four types of Contaminant Treatment
System (CTS) treatments available.

[CTS treatments are applied to benchmark simulations. IOPT, variable name for selec-
tion of treatment option; %, percent; mg/L, milligrams per liter; kg/d, kilograms per day]

Treatment
option
(I0PT)

1

Description

Treatment with 50% efficiency (50% concentration/mass removal)

2 Specified concentration reduction of 10 mg/L
3 Specified mass removal of 28.3 kg/d
4 Concentration treatment to a specified level of 15 mg/L only if the

blended concentration exceeds 15 mg/L
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S.S. Papadopulos & Associates (SSPA) is the solution calculated
using a code developed in a collaborative effort between CH2M
and SSPA (CH2M Hill Plateau Remediation Company, 2010).

Locations of the four extraction wells are shown in figure 21

— Well 1, MT3D-SSPA
—— Well 2, MT3D-SSPA
—— Well 3, MT3D-SSPA

Well 4, MT3D-SSPA

+ Well 1, MT3D-USGS
v Well 2, MT3D-USGS
e Well 3, MT3D-USGS
+ Well 4, MT3D-USGS

Figure 28. Simulated constituent concentrations for four extraction wells using the Contaminant Treatment System Package. There is
no treatment in this simulation. The first stress period extends from 0 to 912.5 days, at which point the second stress period begins.

Results for injection well 5 for each of the simulated
treatment options are shown in figure 29. The “no treatment”
option originally plotted in figure 27 for well 5 is replotted in
figure 29 (blue line) and serves as the baseline to which the
other results can be compared. Readers are reminded that “no
treatment” results in the blended concentration being sent out
to injection wells connected to such treatment systems.

The first treatment option removes 50 percent of the mass
(or concentration) from the blended water. Thus, the con-
centration in well 5 is half that of the “no treatment” option
results. Under the second treatment (IOPT=2), the resulting
concentration in well 5 is 10 mg/L less than the simulated “no
treatment” option results. During the second stress period, the
requested 10-mg/L reduction of the injected water is reduced
such that it equals the concentration of the blended water in
the treatment system because negative concentrations can-
not occur. The third treatment option (IOPT=3) simulates the
removal of 28.3 kg/d of mass from the blended water before it
is injected. Figure 29 shows the effect this treatment has on the
concentration of the injected water. Finally, under the fourth
treatment option (IOPT=4), the concentration of the injected
water is set equal to 15 mg/L, meaning that the treatment sys-
tem removed mass from the pumped and blended water such
that its concentration prior to injection is equal to 15 mg/L.
During the second stress period the baseline concentration
falls below 15 mg/L even without treatment; it is no surprise,

then, that the concentration in the injected water in IOPT=4 is
equal to the original “no treatment” concentration calculated
for this stress period.

SFT and LKT Benchmark Problems

To demonstrate the utility and accuracy of the SFT and
LKT functionality, three benchmark problems are described.
The first problem compares MT3D-USGS output for an SFT-
only simulation in which groundwater is entering a stream.

In the second benchmark problem, a LKT-only simulation is
presented to verify accurate simulation of lake concentrations
assuming instantaneous mixing throughout the lake. The third
benchmark problem originally appeared in Merritt and Koni-
kow (2000) under the heading “Test Simulation 4: Simulation
of Solute Concentrations,” then again in Prudic and others
(2004) under the heading “Test 2: Stream-Lake Interaction
with Solute Transport.”

Streamflow Transport with Groundwater
Discharge Example
The first benchmark problem for the new streamflow

transport capabilities was to compare MT3D-USGS output
with results from a published One-Dimensional Transport
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I0PT, model variable for selecting type of treatment for the
Contaminant Treatment System Package to simulate
MT3D-SSPA, version of MT3D maintained by S.S.
Papadopulos & Associates (SSPA)

%, percent; mg/L, milligrams per liter; kg/d, kilograms per day;

Conc, concentration

S.S. Papadopulos & Associates (SSPA) is the solution
calculated using a code developed in a collaborative effort
between CH2M and SSPA (CH2M Hill Plateau Remediation
Company, 2010).

—— No Treatment - MT3D-SSPA

—— 10PT=1; 50% Conc/Mass Removal - MT3D-SSPA
—— 10PT=2; 10.0 mg/L Conc Removal - MT3D-SSPA
10PT=3; 28.3 kg/d Mass Removal - MT3D-SSPA
10PT=4; Conc=15 mg/L - MT3D-SSPA

No Treatment - MT3D-USGS

10PT=1; 50% Conc/Mass Removal - MT3D-USGS
10PT=2; 10.0 mg/L Conc Removal - MT3D-USGS
10PT=3; 28.3 kg/d Mass Removal - MT3D-USGS
10PT=4; Conc=15 mg/L - MT3D-USGS

> e < *

Figure 29. The simulated concentration of water injected into well 5 for the four different treatment options—50-percent efficiency,
specified concentration reduction, specified mass removal, and specified level—in the Contaminant Treatment System Package. (See
table 9 for details of options.) During the first stress period, well 5 receives treated water from well 3, whereas in the second stress
period well 5 receives treated water from well 1. The first stress period extends from 0to 912.5 days, at which point the second stress

period begins.

with Inflow and Storage [OTIS; (Runkel, 1998)] simulation
that was built and calibrated on the basis of a chloride tracer
release in Uvas Creek, California (Bencala and Walters, 1983).
Bencala and Walters (1983) report measured and specified
values used in the OTIS simulation, which also were used

in the MT3D-USGS simulation (table 10). There are a few
notable differences between the OTIS and MT3D-USGS
simulations. For example, OTIS requires users to specify
cross-sectional area; in MODFLOW-NWT, however, the
cross-sectional area is calculated at run time on the basis of
the user-specified channel geometry and parameter values (for
example, Manning’s n) and model-calculated flow rate that
takes into account groundwater/surface-water exchanges with
the underlying aquifer. Figure 3 of Bencala and Walters (1983)
highlights the considerable variability in cross-sectional area
of the study channel. Although this dataset provides a nice

test case for MT3D-USGS, no attempt was made to infuse

Table 10. Simulation values used in OTIS (One-Dimensional
Transport with Inflow and Storage) and MT3D-USGS simulations.

[ISEG, segment number; SFR2, streamflow routing; m, meter; m*/s, cubic meter per
second]

Simulated streamflow

S(elglgg;l t Segme(r:'t‘)Length ra:e‘ Dispersivity (m)
(m/s)
1 38 0.0125 0.12
2 67 0.0125 0.15
3 176 0.0133 0.24
4 152 0.0136 0.31
5 186 0.0140 0.40

'Reported flow rates are for the end of the simulated segment, or ISEG as described in
the SFR2 documentation (Niswonger and Prudic, 2005).
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this kind of variability into the model. Thus, the flow rates
calculated by MODFLOW-NWT at different points along the
channel, namely those monitored in the original study (that
is, at 38, 105, 281, 433, and 619 m from the release point)
were checked to ensure that they were equal to the flow rates
specified in the OTIS simulation. Where discrepancies were
found, input parameters, such as Manning’s n, were adjusted
until flow rates and cross-sectional areas at each of the five
monitored locations were equal to those used in the OTIS
simulation. As briefly alluded to above, arbitrary channel-bed
geometries were used in the SFR2 Package through the use of
the selected ICALC option (Prudic and others, 2004). Flow
depth was therefore calculated at run time and accounts for net
groundwater accretion in the channel. Note that the groundwa-
ter discharge was approximately equally distributed over the
length of the stream segment, using the definition of stream
segment defined in Prudic and others (2004).

The MODFLOW and MT3D-USGS model domains consist
of a single layer containing three 5-m wide rows and 650
1-m wide columns. Because the overall length of the original
Uvas Creek study was relatively small (< 1 kilometer), the
overall spatial discretization was also allowed to remain small.
Temporal discretization in both models included three stress
periods—(1) before (8.5 hours), (2) during (3 hours), and (3)
after (12.5 hours)—the release of the chloride tracer into the
creek. The release of a tracer is simulated as a “headwater”

boundary condition (streamflow entering the simulated
domain) and is equal to 11.4 mg/L, the concentration specified
in the OTIS simulation. Fifteen-minute time steps were used
within each stress period. The stream is situated in the middle
row of the model grid, with the first and third rows set up as
constant head boundaries. The rationale for this approach was
to allow users to specify a groundwater table higher than the
water surface, thereby sustaining groundwater discharge to the
creek. Hydraulic conductivity of the streambed material was
manipulated such that the groundwater inflow was equal to
that reported in Bencala and Walters (1983), as noted above.
The initial constituent concentrations in the groundwater and
surface water were specified as 3.7 mg/L. Longitudinal disper-
sion coefficients specified in the SFT input file differed by
stream segment to match what was specified in Bencala and
Walters (1983). Table 10 lists the values used in the original
modeling study that used OTIS as well as in MT3D-USGS.
Two variants of the simulation are compared to the OTIS
solution. The first variant used a fully implicit solution,
whereas the second adopted a Crank-Nicolson scheme (Run-
kel, 1998) by setting the temporal weighting factor to 0.5. The
final MT3D-USGS simulated surface-water constituent con-
centrations and OTIS output for the fully implicit and Crank-
Nicolson variations are shown in figures 30 and 31, respec-
tively. The original data used to calibrate the OTIS model are
reported in Bencala and Walters (1983) and Runkel (1998) and
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and Walters, 1983).
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Figure 30. One-Dimensional Transport with Inflow and Storage (OTIS) model output and MT3D-USGS simulated concentrations before,
during, and after a 3-hour chloride tracer release into Uvas Creek, CA (Bencala and Walters, 1983).



are not replotted in figures 30 and 31. As stated previously,
the purpose of this exercise was to verify the accuracy of the
MT3D-USGS numerical simulation by comparing the results
to output predicted by published codes.

Using the Crank-Nicoloson scheme yielded results that
closely match those calculated by OTIS and first reported in
Runkel (1998), which also uses a Crank-Nicolson scheme.
Using a fully implicit scheme led to more dispersion in the
final MT3D-USGS solution compared to the OTIS output.

LAK Example

A simple lake transport problem is presented to verify the
accuracy of the LKT Package. This problem is described in
Merritt and Konikow (2000) in the section “Test Simulation
1.” In this particular problem, a 5,000-day transient simulation
period is divided into 100 time steps. Plan and profile views
of the grid discretization are shown in figures 32A and 32B,
respectively, with shaded cells showing the location of the lake
within the model domain.

In this simple benchmark problem, initial groundwater
concentrations are set equal to zero. Upon execution of the
simulation, groundwater begins flowing into the lake as a
result of a lake stage that is 50 ft below fixed groundwater
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heads on the left edge of the model boundary. The initial
constituent concentration in the lake is 100 mg/L. Thus, the
discharge of “clean” groundwater to the lake dilutes the lake
concentrations for the remainder of the simulation. Streams
entering or exiting the lake are not simulated. Precipitation and
evaporation rates of 0.0115 ft/d and 0.0103 ft/d, respectively,
remain constant throughout the simulation and have associated
concentrations equal to zero. Thus, the analytical solution for
this problem is easy to calculate and is shown as the black line
in figure 33. The simulated LKT concentrations, depicted as
green color-filled circles in figure 33, demonstrate the accu-
racy of MT3D-USGS.

As the lake fills, seepage from the lake to the surficial
aquifer begins to occur at approximately 1,230 days into the
simulation, when the lake stage rises sufficiently above the
fixed head boundary along the right-hand edge of the model
domain. Furthermore, after 3,000 simulation days, the amount
of precipitation falling on the lake, which has a significantly
expanded surface area by this point in the simulation, plus
groundwater inflow to the lake is roughly balanced by the
combination of evaporation and seepage losses to the surficial
aquifer below the lake. Hence, even after the lake stage levels
off, the lake constituent concentration continues to drop as
solute is continually lost to the groundwater system through
seepage occurring in parts of the lakebed, and is diluted by

Concentration, in milligrams per liter
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0TIS, One-Dimensional Transport with Inflow and Storage

16 18 20 22 24
Time, in hours
EXPLANATION
——0OTIS, Site1  © MT3D-USGS, Site 1
——OTIS, Site2  * MT3D-USGS, Site 2
——OTIS, Site3  + MT3D-USGS, Site 3
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——OTIS, Site5  © MT3D-USGS, Site 5

Figure 31.

One-Dimensional Transport with Inflow and Storage (OTIS) model output and MT3D-USGS simulated concentrations using

a Crank-Nicolson weighting factor of 0.5. MT3D-USGS using a weighting factor of 0.5, achieved a much better fit to the OTIS output than
MT3D-USGS without the weighting factor at the five monitored locations.
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Figure 32. A 17-row by 17-column by 5-layer grid is used in the Lake Transport benchmark problem in A, plan and B, profile views. This

problem first appeared in Merritt and Konikow (2000).

precipitation and by groundwater inflow occurring in other
parts of the lakebed with zero (or very low) concentrations.
The simulation maintains a good mass balance and verifies
lake transport related calculations in the absence of lake—
stream interaction.

GWT Example

Test Simulation 2 of the SFR1 documentation (Prudic
and others, 2004), also appearing as Test Simulation 4 in the
LAK Package documentation (Merritt and Konikow, 2000),
was used to verify accurate simulation of stream—lake—aqui-
fer interaction, where (1) groundwater to lake, (2) lake to
groundwater, (3) stream to lake, (4) lake to stream, and (5)
stream to groundwater exchanges are concurrently simulated
in a groundwater/surface-water simulation. As stated in Mer-
ritt and Konikow (2000), this problem is based on a sewage
plume migrating through a sand and gravel aquifer on Cape
Cod, Massachusetts (LeBlanc, 1984). Because observations
of boron concentrations in both the sewage release and the

resulting plume were available, boron is the simulated species
in this example. Though this simulation is not calibrated and
is therefore not intended to be an accurate simulation of the
contaminant migration, it nevertheless provides a good test
case for groundwater/surface-water exchange and associated
consequences on solute exchange between these two inte-
grated systems. Migration of the contaminant is simulated
over a 25-year period. Simulation values used in GWT and
MT3D-USGS are provided in table 11.

At the beginning of the simulation, leaked sewage began
migrating away from a spill site located near the top of the
model domain; the leaked sewage migrated southward and
intersected, or at least passed under, Ashumet Pond (Lake 1),
the location of which is shown by yellow cells in figure 34.
In the SFR1 presentation of the benchmark problem, creeks
entering and exiting the lake are also simulated (fig. 34).
Owing to the instantaneous mixing assumption in the lake,
contaminated groundwater discharged to the lake is imme-
diately available as a contaminant source to the underly-
ing aquifer in locations where the lake is discharging to the
groundwater system (note the higher isoconcentration lines in
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Figure 33. The analytical and simulated Lake Transport Package concentrations for the 5,000-day simulation. Groundwater discharge
acts to dilute the lake concentrations. No other flows (for example, precipitation, evaporation, streamflow) enter or exit the lake. The red
line, depicting total inundated lake volume, corresponds to the right y-axis.

Table 11. Parameter and property values used in the
Groundwater Transport Package (GWT) benchmark problem used
to further evaluate MT3D-USGS results when simulating aquifer-
stream-lake (thatis, SFT and LKT packages are active) transport
processes simultaneously.

[ft/d, feet per day; ft, feet; d, day; ft*/d, square feet per day; pg/L, micrograms per liter]

Model parameter Value
Vertical hydraulic conductivity 125 ft/d
Aquifer thickness 120 ft

Recharge rate 4.79 x 103 ft/d

Streambed hydraulic conductivity 100 ft/d
Longitudinal dispersivity 20 ft
Vertical transverse dispersivity 0.20 ft
Initial concentration 0 pg/L

!Storage coefficient is set equal to 0 owing to the steady state nature of the simulation.

the vicinity where stream segment 2 exits the lake). Moreover,
because stream segment 2 is a losing segment, contaminated
lake water exiting the lake via the stream labeled “2” (fig. 34)
will contaminate the downgradient areas of the aquifer much
faster than groundwater contaminant transport alone would
predict. More generally, contaminant discharging to a surface-
water system, albeit at low levels, acts as a short circuit allow-
ing the contaminant to move rapidly through a modeled sys-
tem. Thus, capabilities for simulating both the aquifer and the
surface-water system provide a powerful tool for simulating
contaminant transport in connected stream—aquifer systems.

UZT Benchmark Problems

Three sets of one-dimensional analytical solutions reported
in Vanderborght and others (2005) are used to confirm the
accuracy of MT3D-USGS as applied to variably saturated con-
ditions. The first benchmark problem includes only variations
in dispersivity; the reaction package is inactive. The second
and third benchmark problems demonstrate that the UZT
Package works properly when reactions (in this case, sorption)
are simulated in the unsaturated zone. The second problem
can be solved analytically; it incorporates nonlinear sorption
when the equilibrium assumption is appropriate. Sorption
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Figure 34. Boron isoconcentration contours for A, layer 1, B, layer 3, and C, layer 5 in a connected stream-aquifer system after 25

years for the Groundwater Transport Package and MT3D-USGS.




occurs when dissolved phase mass is converted to solid phase
mass by fixing onto the porous medium through which the
fluid is traveling. When the transfer of mass between the dis-
solved and solid phases happens sufficiently fast relative to
groundwater velocity, the equilibrium-controlled assumption
is valid (Zheng and Bennett, 2002). In conditions where the
equilibrium assumption is invalid (that is, sorption and desorp-
tion processes do not occur sufficiently fast relative to the
time in which solute and porous media are in contact with one
another), MT3D-USGS, as with MT3D, can simulate nonequi-
librium controlled reactions. This type of reaction is tested by
the third benchmark problem of this section solved analyti-
cally and with MT3D-USGS.

Variations in Dispersivity

The first UZT benchmark problem explores the perfor-
mance of the UZT Package under two different dispersivi-
ties separated by two orders of magnitude. A steady-flow,
one-dimensional model spanning 200 centimeters (cm)
was created for comparison with the analytical benchmark.
Vertical discretization is 1 cm; other model parameters are
listed in table 12 and are specified on the basis of the analyti-
cal solution described by Vanderborght and others (2005).
Simulated output for dispersivities (o) of 0.1 and 10 cm are
compared to the respective analytical solutions reported in
Vanderborght and others (2005). Peclet numbers (Ax/a;) for
the 0.1- and 10-cm dispersivity benchmark models are 10 and
0.1, respectively. Zheng and Bennett (2002) recommend grid
Peclet numbers be kept below 2; otherwise, artificial numeri-
cal oscillations may result from sharp concentration fronts.
Because the benchmark problem with o, equal to 0.1 cm
results in a Peclet number of 10, the model was run twice. In
the first simulation, the advection and dispersion terms are
solved using the implicit finite-difference method. The second
simulation invoked the TVD scheme and the implicit finite-
difference method to solve the advection term. This was done

Table 12. Parameter values for the Unsaturated-Zone Flow and
Transport packages (UZF and UZT, respectively) in a benchmark
model used for testing two dispersivities.

[mg/L, milligrams per liter; cm/d, centimeters per day; cm, centimeters; >, greater than;
<, less than; <, less than or equal to]

Model parameter Value

Initial water content 0.378639
Initial concentration 0.00 mg/L
Infiltrating flux S cm/d
Vertical hydraulic conductivity 50.0 cm/d
Saturated water content 0.43
Residual water content 0.08
Dispersivity (a,) 0.1, 10 cm
Concentration of infiltrating water

0<t<1 day 100 mg/L

t>1 day 0 mg/L
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to overcome numerical difficulties associated with the high
Peclet number. As with the first variant of this benchmark
simulation, the dispersion term is solved using the implicit
finite-difference method.

Results for the simulation with a; equal to 0.1 cm are
shown in figure 35. As expected, the simulated concentrations
without the use of the TVD scheme led to artificial oscilla-
tions. As a result, negative concentrations are a part of the final
solution (see figure 35A inset). With the TVD option activated,
the MT3D-USGS solution achieved an excellent match to the
analytical solution.

For the simulation with a; equal to 10.0 cm (Peclet num-
ber equal to 0.1), the simulated concentration matched the
analytical solution over most of the 200-cm profile. Concen-
trations are slightly over predicted near the bottom boundary
(190-200 cm), which may be due to the proximity of the
model boundary, which is 10 cm (or 1 ¢,) beyond the interval
over which the analytical solution was calculated. Despite
the misfit near the boundary of the simulated domain, there is
good agreement between the analytical and simulated concen-
trations for the simulation with a; equal to 10 cm.

Nonlinear Equilibrium Sorption

An analytical solution for non-linear equilibrium con-
trolled reaction under variably saturated conditions described
in Vanderborght and others (2005) is used to verify MT3D-
USGS results when both the UZT and RCT Packages are
active. Model parameter values and boundary conditions that
are congruent with the specified analytical solution values are
listed in table 13. The Freundlich isotherm, which assumes
that the aquifer material has infinite storage capacity (Zheng
and Bennett, 2002), was used to simulate retardation in this
problem. Because the shape of the downward advancing
concentration front remains constant with time (Vanderborght
and others, 2005), the analytical solution was provided for
transformed depth coordinates, the equation for which is given
in Vanderborght and others (2005). In addition to the analyti-
cal solution, a variably saturated two-dimensional transport
[VS2DT; (Healy, 1990; Lappala and others, 1987)] solution
was calculated to show the advance of the concentration front
with time (20, 40, and 60 days) using untransformed coordi-
nates. The MT3D-USGS solution matches well the analyti-
cal benchmark solution (fig. 36A) and the VS2DT solution
(fig. 36B).
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Figure 35. The simulated concentration profiles after 10 days using the Unsaturated Zone Transport Package in MT3D-USGS. A, two
MT3D-USGS simulations with and without the TVD scheme selected for solving the advection problem with o; equal to 0.1 centimeter
(cm; Peclet Number equal to 10). B, Concentration profile for o; equal to 1 cm after 10 days. C, Concentration profile for a; equal to

10 cm (Peclet number equal to 0.1) after 10 days. D, Breakthrough curves at 200 cm below the top of the model domain show good
agreement with the analytical solution described in Vanderborght and others (2005) for o; equal to 0.10 cm.

E, Breakthrough curve at 200 cm below the top of the model domain for &; equal to 1 cm. F, Breakthrough curve at 200 cm below the
top of the model domain for &; equal to 10 cm. The peak concentration of the breakthrough curves is reduced as a; increases.



Table 13. Parameter values for the flow and transport bench-
mark model used for testing nonlinear equilibrium controlled
sorption in the unsaturated zone.

[mg/L, milligrams per liter; cm/d, centimeters per day; cm, centimeters; g/mL, grams per
milliliter; mg/mL, milligrams per milliliter]

Model parameter Value
Initial water content 0.40
Initial concentration 0.00 mg/L
Infiltrating flux 2 cm/d
Vertical hydraulic conductivity 3.0 cm/d
Saturated water content 0.43
Residual water content 0.08
Dispersivity (a,) 1.0 cm
Bulk density (p,) 1.0 g/mL
Freundlich isotherm parameter' (a) 2/3

Partitioning coefficient' (K)) 1 mL/(g/mg*")

Concentration of infiltrating water (t > 0) 10 mg/mL

'The parameters p, and a are used to calculate the retardation coefficient, R, for the
Freundlich isotherm expressed in the form R = 1 +(%)aK,C” .

Nonequilibrium Sorption

Some field conditions may render the equilibrium assump-
tion inappropriate. In this situation, reactions (that is, sorption
and desorption) can be simulated using first-order revers-
ible kinetic reactions. As with the previous two examples,
an analytical benchmark problem first appearing in Vander-
borght and others (2005) is used to confirm that MT3D-USGS
accurately models dissolved and sorbed concentrations when
retardation (that is, sorption and desorption) is rate limited
(nonequilibrium). Model parameter values used in this simula-
tion are listed in table 14. Infiltration is steady and equal to
the vertical hydraulic conductivity. Constant head boundaries
were used to fix the water table below the upper 10 cm of the
model domain, the region of the published analytical solu-
tion (Vanderborght and others, 2005). After the equivalent of
20 pore volumes (200 1/hr) passed through the upper 10 cm
of the model domain, inflow was interrupted long enough to
allow the dissolved and sorbed concentration to equilibrate.
Naturally occurring gravity drainage was prevented by replac-
ing the 480-hour stop-flow period flux terms with zeroes in the
FTL file. After the stop-flow period, infiltration and subse-
quent drainage resumed pre-stop-flow rates.

The dissolved and sorbed concentration profiles closely
match the analytical solution calculated for the moment
preceding the stop-flow period (that is, 200 hour; fig. 37A).
Figure 37B shows the concentration breakthrough curve with
pore volumes marking elapsed time in order to easily account
for the stop-flow period. A slight bump in the concentration at
100 mm below grade when flow resumes (that is, 20 pore vol-
umes) results from the release of sorbed mass during the stop-

flow period that subsequently flows past the observation depth.

Good agreement between MT3D-USGS and the analytical
solution is achieved throughout the simulated period.
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Table 14. Parameter values for the flow and transport
benchmark model used for testing the nonequilibrium controlled
sorption problem with flow terms calculated by the Unsaturated
Zone Flow (UZF1) Package.

[mg/L, milligrams per liter; cm/hr, centimeters per hour; cm, centimeters; g/mL, grams
per milliliter; mL/g, milliliter per gram; mg/mL, milligrams per milliliter; hr, hour(s);

>, greater than; <, less than; <, less than or equal to; t, time; C, concentration; C, sorbed
concentration]

Model parameter Value
Initial concentration 0.00 mg/L
Vertical hydraulic conductivity 0.5 cm/hr
Residual water content 0.15
Bulk density (p,) 1.0 g/mL
Partitioning coefficient' (K) 10. mL/g
0<t<1day 100,000 mg/mL

'The parameters K, and f are used to calculate non-equilibrium sorption using the

equation ph%?:/)’ X, where C is the concentration of the sorbed phase. The mass
transfer coefficient , used in equation 12 of Vanderborght and others (2005) and equal
to 0.01 1/hr in the original benchmark problem differs from $ used in MT3D-USGS by a
factor of p,K, (Zheng and Wang, 1999).

Regional Scale UZT Application

Although helpful for demonstrating accuracy, the three
previous UZT example applications rely on one-dimensional
simulations. Here, the problem that first appeared in Keating
and Zyvoloski (2009) and used in the “Routing Mass through
Dry Cells” section is modified by adding unsaturated-zone
transport in the cells above the perched aquifer. This applica-
tion uses the parameter values listed in table 3 plus the new
unsaturated-zone parameters listed in table 15. Figures 38A,
38B, and 38C show snapshots of the spread of the contami-
nation through the unsaturated and saturated zones of the
regional aquifer at 730, 2,500, and 9,000 days, respectively.
Alterations in the concentration breakthrough curves result-
ing from explicit simulation of unsaturated-zone transport
are shown in figures 39A and 39B, where lengthy delays
(>> 1,000 days) in the peak breakthrough concentrations are
noted. The locations of the observations points are given in
figures 11A and 38A.

This example highlights a current limitation in both the
UZF]1 and UZT Packages; unsaturated-zone transport is
simulated only between the area where infiltration is speci-
fied in the flow model (commonly land surface) and the first
encounter with a saturated cell. Subsequent unsaturated-zone
flow and transport, for example where the perched aquifer
spills over the edge of the aquitard, is not supported by the
UZF1 flow package and, therefore, cannot be simulated in this
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Table 15. Unsaturated zone parameter values for a two- release of MT3D-USGS. However, use of the DRYCELL key-
dimensional (2D) benchmark model simulating transport through word option ensures that the mass spilling over the sides of the
the unsaturated zone in a perched aquifer simulation. aquitard is reintroduced to the lower regional aquifer; without
[mg/L, milligrams per liter; ft/d, feet per day; ft, feet; ¢, time; >, greater than; the use of this option, mass would accumulate in the perched
= less than: <, less than or equal to] aquifer owing to dry cells blocking its downward migration.
Model parameter Value As previously described, transport occurs instantaneously

Initial water content 0.254 through cells separating the perched and regional aquifers.
Initial concentration 0.0 mg/L
Infiltrating flux 0.072 ft/d
Vertical hydraulic conductivity of unsaturated zone 0.85 ft/d
Saturated water content 0.3
Residual water content 0.2
Brooks-Corey exponent (g) 4
Dispersivity (a,) 1ft
Concentration in infiltrating water

0<t<730 day 1 mg/L

t>730 day 0 mg/L

2,000 T

1,500 730 days

1,000 Aquitard

500

2,000 T T T T
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Figure 38. Progression of a hypothetical plume that originates from infiltration occurring at land surface. A, Solute travels downward
under variably saturated conditions toward the perched aquifer and B, eventually reaches the perched aquifer, spreads throughout it,
and begins spilling over the sides of the aquitard. C, After arrival in the lower part of the regional aquifer, the plume migrates toward the
right model boundary.
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simulations. Location of the observations points are shown in figure 38A.
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Summary

This report describes modifications made to the popular
MT3DMS v5.3 program, resulting in a new version of MT3D
called MT3D-USGS. As new packages have been added to
MODFLOW over the years, solute transport support for the
flow terms calculated within these packages (for example,
UZF1) was needed. Thus, nearly all of the enhancements to
existing MT3DMS packages, as well as the new packages, are
a result of practical application problems using recent versions
of MODFLOW.

MT3D-USGS is backward compatible, making it pos-
sible to run existing MT3DMS models within MT3D-USGS.
Programmers will note that MT3D-USGS source code was
rewritten such that the modules programming approach,
described in the MODFLOW-2005 documentation, is now
adopted. Several enhancements to existing MT3DMS pack-
ages have been described, most notably the ability to simulate
transport through dry cells for use with MODFLOW-NWT
simulations and inter-species reactions within the RCT pack-
age. Several new packages support the simulation of solute
transport in lakes, streams, and the unsaturated zone, and are
referred to as the LKT, SFT, and UZT Packages, respectively.
These new packages not only route solutes through their
respective domains, but account for solute exchange with the
groundwater system. In addition, solute exchange among these
packages, including streams contributing dissolved constitu-
ents to lakes (SFT to LKT exchange), contaminated lake
outflows into streams (LKT to SFT exchange), and overland
runoff from non-infiltrated water and groundwater discharge
into either streams or lakes (UZT to SFT and (or) UZT to
LKT exchange), is supported. A fourth package available
with MT3D-USGS, referred to as the CTS Package, facili-
tates simulation of pump-and-treat systems for groundwater
remediation. The features and capabilities of the MT3D-USGS
program are demonstrated using several example problems.
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